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Molecular dynamics suggest multifunctionality

of an adenine imino group in acid-base catalysis
of the hairpin ribozyme

MARK A. DITZLER,1,2 JIŘÍ ŠPONER,3 and NILS G. WALTER2

1Biophysics, University of Michigan, Ann Arbor, Michigan 48109-1055, USA
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3Institute of Biophysics, Academy of Sciences of the Czech Republic, Kralovopolska 135, 612 65 Brno, Czech Republic

ABSTRACT

Despite numerous structural and biochemical investigations, the catalytic mechanism of hairpin ribozyme self-cleavage remains
elusive. To gain insight into the coupling of active site dynamics with activity of this small catalytic RNA, we analyzed a total of
;300 ns of molecular dynamics (MD) simulations. Our simulations predict improved global stability for an in vitro selected
‘‘gain of function’’ mutation, which is validated by native gel electrophoretic mobility shift assay. We observe that active site
nucleobases and water molecules stabilize a geometry favorable to catalysis through a dynamic hydrogen bonding network.
Simulations in which A38 is unprotonated show its N1 move into close proximity of the active site 29-OH, indicating that A38
may act as a general base during cleavage, a role that has generally been discounted due to the longer distances observed in
crystal structures involving inactivating substrate analogs. By contrast, simulations in which N1 of A38 is protonated place N1 in
close proximity to the 59-oxygen leaving group, which supports the proposal that A38 serves as a general acid. In analogy to
protein enzymes, we discuss a plausible mechanism in which A38 acts bifunctionally and shuttles a proton directly from the
29-OH to the 59-oxygen. Furthermore, our simulations suggest an important role for protonation of N1 of A38 in promoting a
favorable geometry similar to that observed in transition-state analog crystal structures, and support previously proposed roles
of A38, G8, and long residency water molecules in transition-state stabilization.

Keywords: RNA conformational change; hydrogen bonding network

INTRODUCTION

Over two decades of investigations into RNA catalysis have
revealed numerous structural and dynamic properties of
RNA that give rise to site-specific phosphoryl transfer. For
example, the first ribozymes to be discovered, RNase P
(Guerrier-Takada et al. 1983) and the self-splicing group I
introns (Kruger et al. 1982), utilize specifically bound metal
ions as cofactors in their catalytic mechanisms (Stahley and
Strobel 2005), a strategy also used by protein-based RNases
(Vogel et al. 2005; Mandel et al. 2006). Positioning of
organic cofactors by the glmS ribozyme (Winkler et al.
2004), and the group I intron, is an additional means of
specifying the reactive phosphate. In analogy, early hypoth-

eses proposed that the small self-cleaving ribozymes use
specifically bound divalent metal ions as the necessary base
and acid catalysts. Subsequently it was recognized that the
catalytic competence of several small self-cleaving RNAs
(the hairpin, hammerhead, and Varkud satellite ribozymes)
in a wide range of ionic conditions, including in the
presence of monovalent ions alone, supports the notion
that nucleobase functional groups directly support reaction
chemistry (Murray et al. 1998). These naturally occurring
ribozymes are now generally considered to rely, at least
partially, on nucleobase facilitated proton transfer to carry
out their cleavage and ligation function.

High-resolution crystal structures exist for the HDV (Ke
et al. 2004, 2007), hammerhead (Martick and Scott 2006;
Lee et al. 2008), glmS (Klein and Ferré-D’Amaré 2006;
Cochrane et al. 2007), and hairpin ribozymes (Rupert and
Ferré-D’Amaré 2001; Rupert et al. 2002; Alam et al. 2005;
Salter et al. 2006; Torelli et al. 2007; MacElrevey et al. 2008;
Torelli et al. 2008). Based on these structures only the
hairpin ribozyme’s active site is unambiguously devoid of
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stably bound metal ions that could potentially participate
in catalysis with the possible exception of electrostatic
stabilization, which could influence chemistry from outside
the active site. Furthermore, the hairpin ribozyme is highly
active in cobalt(III) hexammine, which can only form
chemically inert outer-sphere complexes, while in contrast
the HDV ribozyme is competitively inhibited by it (Hampel
and Cowan 1997; Ke et al. 2004). This limited potential for
a catalytic role of metal ions makes the hairpin ribozyme
especially useful in probing the direct role of nucleobases in
RNA catalysis. In addition, its small size has allowed a wide
range of modifications and base substitutions to be incor-
porated, facilitating investigations into structure, function,
and dynamics (Pinard et al. 2001; Lebruska et al. 2002;
Ryder and Strobel 2002; Bokinsky et al. 2003; Kuzmin et al.
2004; Rueda et al. 2004; Kuzmin et al. 2005; Lambert et al.
2006; Cottrell et al. 2007). Despite intense study, much
remains unclear about the chemical mechanism and the
structural dynamics of the catalytically competent global
conformation. Here we present the results of z300 ns of
explicit solvent molecular dynamics (MD) simulations on
the hairpin ribozyme in which we examine the active site
geometry together with the role of both nucleobases and
structural water molecules in facilitating RNA catalysis.

MD simulation is a computational method describing the
dynamics of solvated nucleic acids using classical empirical
potential force fields. The outcome of simulations is deter-
mined by the quality of the force field, by the affordable
simulation time scale and by the starting structures. There-
fore, MD simulations are a tool primarily suitable to provide
complementary analyses of known RNA structures, includ-
ing testing the effects of base substitutions, modifications,
protonation, and deprotonation on structural dynamics and
hydration. Although such a classical simulation does not
allow bond breaking and creating, it can evaluate possible
catalytic mechanisms by assessment of the conformational
dynamics observed in the simulation (Cheatham 2004; Li
et al. 2006; Auffinger and Hashem 2007; Deng and Cieplak
2007; McDowell et al. 2007; Musselman et al. 2007; Razga
et al. 2007). This was our goal here.

Biochemical and structural data have implicated G8 and
A38 as participants in the catalysis of cleavage and ligation.
The conserved guanine G8 in loop A is positioned near the
active site and mutation or deletion at this site impairs
activity 100- to 1000-fold without significantly disrupting
the ribozyme’s global structure (Pinard et al. 2001; Kuzmin
et al. 2004). The position of G8 near the reactive 29-OH in
crystal structures suggests the possibility that an unproto-
nated N1 acts as a general base (Pinard et al. 2001; Rupert
and Ferré-D’Amaré 2001; Rupert et al. 2002; Bevilacqua
2003; Salter et al. 2006). By contrast, exogenous nucleobase
rescue experiments suggest that the roles of G8 in catalysis
lie in charge stabilization of the transition state and/or
alignment of the reactive groups (Lebruska et al. 2002;
Kuzmin et al. 2004; Walter 2007; Cochrane and Strobel

2008). Our MD simulations are consistent with the latter
model as they provide evidence that G8 facilitates catalysis
through stabilizing both the developing charge on the
scissile phosphate and the strained backbone conforma-
tions adopted along the reaction pathway.

Recent crystallographic studies of a transition state analog
of the hairpin ribozyme have suggested that localized water
molecules also play a role in transition state charge stabili-
zation (Torelli et al. 2007), which is also supported by our
MD simulations. Transition-state analog crystal structures
place N1 of the invariant A38 close to the 59-oxygen leaving
group of the cleavage site, implicating A38 as the general acid
(Rupert et al. 2002; Torelli et al. 2007; MacElrevey et al. 2008;
Torelli et al. 2008). Abasic substitution of A38 impairs
catalysis >10,000-fold and exogenous nucleobase rescue
experiments indicate that the protonation state of A38(N1)
plays a direct role in chemistry (Kuzmin et al. 2005). It has
also been suggested that the catalytic roles of A38 are to align
reactive groups and to stabilize negative charge in the
transition state (Kuzmin et al. 2005; Cottrell et al. 2007).
Our MD simulations offer support for multiple roles of A38
as the general acid, in aligning reactive groups, and in
stabilizing negative charge. Contrary to the prevailing opin-
ion, however, our results also implicate A38 as the general
base in the cleavage reaction, leading us to consider a
previously undescribed type of proton transfer mechanism
for RNA involving a single nucleobase as bifunctional general
base and acid catalyst, in analogy to protein enzymes, such as
serine-carboxyl peptidases, and similar to roles proposed for
glucose-amine-6-phosphate in the glmS ribozyme mechanism.

RESULTS

Overview of our simulations

We performed 15 charge neutralized MD simulations of the
hairpin ribozyme for a combined total of z300 ns using
explicit solvent, either with or without five crystallograph-
ically resolved interdomain water molecules and either with
or without a single Mg2+ ion in a well-resolved metal
binding site, all based on the 2.05–2.65 Å resolution crystal
structures of junctionless forms of the hairpin ribozyme in
complex with a noncleavable substrate analog (Table 1).
We simulated three different sequences based on the
available crystal structures for each variant; the native
sequence containing a U39 (PDB ID 2D2K), a G8A mutant
(in the following termed A8) that inhibits cleavage (1ZFV),
and a U39C mutant (in the following termed C39) that
increases activity (Fig. 1A, 2OUE; Berzal-Herranz et al.
1993; Joseph and Burke 1993). We also performed three
simulations in which an active site adenosine was pro-
tonated at the N1 position (in the following termed
A38H+), based on recent evidence for catalytic relevance
of the ionized form (Kuzmin et al. 2005; Cottrell et al. 2007).
Where present, a catalytically inactivating 29-O-methyl
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modification of A-1 at the cleavage site was replaced with
the natural 29-OH.

MD simulations properly predict backbone
conformations as defined by their suiteness
and provide indirect evidence for protonation
of A38 in crystal structures

Given the large number of torsion angles in the RNA
backbone, a particular challenge of MD simulations is to
correctly predict backbone conformations over extended
simulation times (McDowell et al. 2007). To evaluate the
validity of our simulations, screen for potential force-field
artifacts, and rapidly identify regions of interest we there-
fore applied the recently developed program Suitename
(Davis et al. 2007; Richardson et al. 2008) to the backbone
torsion angles in all our simulations. Overall, we observe
that the conformity of the experimentally derived crystal
structures with empirically inferred low-energy conforma-
tions is largely maintained in their corresponding simu-
lations (Fig. 1B; Supplemental Fig. 2). Generally, backbone
conformations that fall outside the empirically identified
low energy conformations during the simulation also do so
in the starting crystal structure, and therefore do not
appear to arise from limitations of the parm99 (see
Materials and Methods) force-field. In fact, we observe
that some regions of the backbone are more accurately
represented in the simulations. For example, the suite
following U37 consistently shifts from 1g in the U39 crystal
structure, usually observed as part of GNRA tetra loops, to
the more conserved 2o suite observed in the higher
resolution C39 crystal structures (highlighted in Fig. 1B).
This result is consistent with regularization of the RNA
backbone in the course of previous simulations of the HDV

ribozyme (Krasovska et al. 2006). In general, backbone
conformations in the hairpin ribozyme depart from empir-
ically identified low energy structures more significantly in
the U39 simulations than in the C39 containing simula-
tions (Fig. 1B), potentially indicating increased dynamics of
the U39 containing ribozyme.

Simulations in which N1 of A38 [A38(N1)] is not pro-
tonated diverge from the crystallographic backbone confor-
mations more significantly than simulations in which N1 is
protonated (Fig. 1B; Supplemental Fig. 2), providing indirect
evidence that A38(N1) (unperturbed solution pKa = 3.5
[Bloomfield et al. 2000]) may be protonated in the crystal
(pH = 6.0). The observed similarities between simulations of
the G8A mutant in which A38 is protonated and the
corresponding crystal structure, such as in overall backbone
conformation and 29O-P9-59O in-line attack angle (IAA) of
the scissile phosphate (simulation average = 107°; crystal =
112°), are consistent with protonation of A38(N1) in the G8A
crystal also. Taken together, our results support previous
biochemical (Kuzmin et al. 2005), structural (Rupert et al.
2002; Torelli et al. 2007), and computational evidence (Tang
et al. 2007) for a functionally relevant shift in the pKa of A38.

MD simulations correctly predict enhanced docking
stability of the C39 gain-of-function mutant

We have previously observed that MD simulations are
effective at predicting the stability of the active docked state
of the hairpin ribozyme. To assess stability, we used
hydrogen bond inventories that add up all fractional hy-
drogen bonds as derived from the fraction of time that the
heavy-atom distances of these hydrogen bonds are #3.1 Å
and that the X–H–Y angle is within 60° of linearity. When
taken at 10 ns after equilibration such hydrogen bond

TABLE 1. MD simulations performed for the current study

Simulation
Starting
structure Characteristics

Experimental
activitya Ions

Crystal
waterb

Length
(ns)

H-bond
(after 10 ns)c

C39-1 2OUE U39C ++ 57 Na+ 5 20 12.37
C39-2 2OUE U39C ++ 57 Na+ 5 40 11.03
C39-3 2OUE U39C ++ 57 Na+ 0 20 9.57
A38H+-1 C39-1 (4 ns) U39C, A38H+ ++ 56 Na+ 5 20 11.37
A38H+-2 2OUE U39C, A38H+ ++ 56 Na+ 5 20 10.05
U39-S1 2D2K U37 sequestered + 57 Na+ 5 25 7.23
U39-E1 2D2K U37 exposed + 57 Na+ 5 24 10.66
U39-S2 2D2K U37 sequestered + 55 Na+, 1 Mg2+ 5 10 9.66
U39-E2 2D2K U37 exposed + 55 Na+, 1 Mg2+ 5 13.6 8.82
U39-S3 2D2K U37 sequestered + 57 Na+ 0 20 7.59
U39-E3 2D2K U37 exposed + 57 Na+ 0 14.6 9.69
U39-S4 2D2K U37 sequestered + 55 Na+, 1 Mg2+ 0 10 12.94
U39-E4 2D2K U37 exposed + 55 Na+, 1 Mg2+ 0 10 6.61
A8 1ZFV U39C, G8A � 57 Na+ 5 20 11.18
A8 A38H+ 1ZFV U39C, G8A, A38H+ � 56 Na+ 5 20 10.89

aRelative catalytic activity observed in prior experimental cleavage assays of this variant.
bNumber of water molecules crystallographically resolved in the catalytic core and retained for the simulation.
cHydrogen bond inventory calculated as described in Materials and Methods between 9.9 and 10 ns.
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inventories were found to correlate linearly with the
experimentally observed decreased stability of mutants,
yielding a reasonable DDG of 2.4 kcal/mol per hydrogen
bond lost during the simulation (Rhodes et al. 2006).
Hydrogen bond inventories of our current simulations
predict that the inactive A8/C39 double mutant (Table 1,
A8) should form a docked state equal in stability to the C39
gain-of-function mutant, consistent with previous electro-
phoretic mobility shift assays (EMSA) (Pinard et al. 2001).

Additionally, our hydrogen bond inventories suggest that
the U39 sequence is less stably docked than the C39
mutants due to a loss of, on average, z2 hydrogen bonds
(Fig. 1C). To pinpoint this observation more specifically,
we monitored the integrity of the U42 binding pocket,
ribose zipper, and the G+1 binding pocket, three inter-
actions known to be essential to docking stability (Fig. 1D,E;
Bokinsky et al. 2003). The U39 wild-type sequence exhibits
a relative loss of hydrogen bonding interactions particularly

FIGURE 1. Backbone conformational dynamics and global stability observed in MD simulations agree well with experimental data. (A)
Secondary structure schematic of the minimal hairpin ribozyme used in our simulations. The cleavage site between A-1 and G+1 is indicated by a
red arrow. Important interdomain hydrogen bond interactions are indicated in blue (ribose zipper), purple (U42 binding pocket), and orange
(G+1 binding pocket). The S-turn and E-loop motifs in loop B are indicated with red and yellow boxes, respectively. (B) Analysis of a highly
contorted region of the backbone using the software Suitename (Richardson et al. 2008), whereby regions of the backbone that fall within one of
the inferred low energy conformations are identified by their corresponding two character codes and outliers are identified by ‘‘!!.’’ Crystal
structures and corresponding simulations are aligned to compare backbone conformations. Two regions of the backbone that are likely more
accurately represented in the simulations than the corresponding crystal structures are highlighted in yellow. Backbone conformations of
simulations were determined using coordinates averaged over the last 10 ns of each simulation. The degree of conformity of the entire backbone
to conformations experimentally observed for RNA, in general, is indicated by the average suiteness given in parentheses. Suiteness can range
from 0 to 1, where 1 signifies that all suites are exactly equal to the mean dihedral values associated with their respective conformation. (C)
Histograms of the number of C39 (black) and U39 (gray) simulations with a given number of interdomain hydrogen bonds observed between 9.9
and 10 ns into the simulation. (D) Snapshots of the U42 binding pocket and part of the ribose zipper from the end of three simulations as
indicated (averaged from 19.9 to 20 ns) with key hydrogen bonds indicated by dashed red tubes. (E) Density plots of the interatomic distances
involved in key interdomain hydrogen bonds (color coded as in panel A) as tracked over the first 20 ns of each simulation. Distances are color
coded as indicated in the legend, i.e., red indicates atoms within hydrogen bonding distance. (F) Experimental EMSA analysis of a two-way
junction form of the hairpin ribozyme indicates greater abundance of predominantly docked (D) relative to predominantly undocked (U)
conformers for the C39 gain-of-function mutant compared to the U39 wild type.
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in the U42 binding pocket and the ribose zipper, which
involves the 29-OH functional groups of A10, G11, A24,
and C25 (Fig. 1D,E; Supplemental Fig. 3; Table 1). These
observations suggest that the C39 gain-of-function mutant
increases activity indirectly by stabilizing the catalytically
active docked state through tertiary contacts distal from
C39, attesting to a significant long-range effect of the
mutation.

To further test the validity of our MD simulations, we
sought to experimentally assess the relative stabilities of the
U39 wild type and C39 gain-of-function mutant by sub-
jecting a common two-way junction form of the ribozyme
to EMSA. We find that the C39 mutant is characterized by
two bands of distinct mobility, whereas the U39 ribozyme
lacks the more rapidly migrating band (Fig. 1E). It has been
previously shown that mutations that disturb global stabil-
ity result in the loss of the more rapidly migrating band,
which contains a predominantly docked and thus compact
species (Hampel and Burke 2001; Pinard et al. 2001; Gaur
et al. 2008). Our EMSA results therefore suggest that indeed
the U39 wild type is less stably docked than the C39 gain-
of-function mutant, as also predicted by our simulations.

MD simulations corroborate an experimentally
observed conformational heterogeneity in the U39
wild-type ribozyme

Crystal structures of the U39 wild-type ribozyme reveal two
distinct conformations (termed ‘‘U37-sequestered’’ and
‘‘U37-exposed’’) at position 37 within the S-turn of loop
B (Fig. 1A; Alam et al. 2005). We performed MD on both
conformations of the U39 ribozyme (Table 1) and based on
hydrogen bond inventories do not observe any clear
differences in stability between the two conformations
(Table 1). Remarkably, after 19 ns of one of our four
U37-sequestered simulations the ribozyme undergoes a
conformational change in which U37 moves away from
the G+1 binding pocket and adopts a conformation similar
to the U37-exposed conformation; extending this simula-
tion for an additional 5 ns following this conformational
change did not result in a return to the U37-sequestered
conformation (Supplemental Fig. 4). By contrast, in over
100 ns of U39 simulations, the U37-exposed conformation
is never observed to adopt the U37-sequestered conforma-
tion, nor is the U37-exposed conformation observed in any
of our C39 simulations. These results provide evidence,
within the framework of a necessarily limited set of
simulations, that the U39 wild-type sequence can transition
from the U37-sequestered to the U37-exposed conforma-
tion within a single docking event, whereas the C39
mutation suppresses this conformational change, consistent
with the observed crystallographic heterogeneity of the U39
wild type and its absence in the C39 gain-of-function
mutant (Alam et al. 2005). It has been speculated that the
enhanced conformational stability of the adjacent S-turn

leads to, at least in part, the higher metal ion binding
affinity and catalytic activity of the C39 mutant (Alam et al.
2005). Our data support this notion and further implicate
increased docking stability as a source of catalytic enhance-
ment of the C39 mutant.

MD simulations properly predict crystallographically
resolved water molecules that are part of an extended
interdomain hydrogen bonding network

Consistent with previous x-ray crystallography (Alam et al.
2005; Salter et al. 2006) and MD studies (Rhodes et al.
2006), we observe long residency water molecules in an
interdomain cavity near the catalytic core (Fig. 2). The two
most stable structural water molecules are observed at the
active site with residency times longer than can be
characterized by our typically 20 ns simulations, while an
additional set of three to five water molecules is present and
remains relatively mobile within the interdomain cavity,
but only slowly exchanges with bulk solvent (Fig. 2). All of
these water molecules are an integral part of an extensive
interdomain hydrogen bonding network (Fig. 2A), and
notably are most stable in simulations of the C39 sequence
that experimentally is most active and yields the crystal
structures of highest resolution in which water is clearly
identified (Salter et al. 2006). The behavior of explicit water
in our simulations is therefore generally consistent with the
crystal structures and previous MD simulations, providing
collective evidence for an essential structural and poten-
tially catalytic role for long residency water molecules in the
hairpin ribozyme catalytic core.

More specifically, water molecules W3 and W5 in our
simulations occupy nearly identical positions to water
molecules resolved in crystal structures of vanadate transi-
tion state analog and noncleavable ribozyme-substrate
analog complex (2P7E and 2OUE) (Fig. 2C). The stable
binding of W5 bridging A9 and G+1 throughout our
simulations regardless of protonation state of A38 and
the resulting stable hydrogen bond donated to the pro-R
nonbridging oxygen upon protonation of A38 support the
notion of a role of structural water molecules in stabilizing
the developing negative charge of the scissile phosphate in
the transition state (Salter et al. 2006). In contrast, W52 is
present in the noncleavable ribozyme-substrate analog
complex, but absent in the vanadate transition state analog
and, accordingly, is lost during our simulations (Fig. 2C).
In our simulations the site occupied by W52 is instead
occupied by A-1(29OH) when A38 in unprotonated, and by
the pro-R nonbridging oxygen in the protonated A38H+
simulations. The fact that the same water molecule (W52)
is also experimentally observed to be replaced by the same
pro-R nonbridging oxygen in crystal structures of both
vanadate and 29,59-phosphodiester transition state analogs
(TSAs) (2P7E and 2P7F) links A38 protonation to the
ability to access the transition state geometry.
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To test the impact of initial water placement on our MD
simulations we performed five simulations in which the
crystallographic water molecules were removed and all
water was placed using the LEAP module of AMBER-8;
these simulations began without any intercavity water
(Table 1). During the course of each simulation water
moved into the interdomain cavity. Differences between
simulations were most pronounced at early time points
with behavior converging as the simulations progressed,
thus reflecting a longer equilibration period as observed
previously (Rhodes et al. 2006). Accordingly, we noted a
tendency for a sugar pucker flip at A-1 (discussed in detail
below) to occur more slowly when experimentally resolved
waters were excluded from the starting structure.

MD simulations reproduce experimentally observed
metal ion binding sites

Generally, we observe good agreement between the avail-
able experimental data and the behavior of metal ions in
our MD simulations, as previously noted (Rhodes et al.
2006). For example, we find the highest Na+ ion density at
two sites within the E-loop (E1 and E2) of loop B, along the
major groove of domain A (M), and in some simulations at
the S-turn (S) in domain B (Fig. 3A). The Na+ density in

the E-loop corresponds to two crystallographically
observed calcium binding sites in the four-way junction
crystal structures (Fig. 3B; Pinard et al. 2001) and,
consequently, is strongly competed during our MD simu-
lations upon placement of a Mg2+ ion into the E-loop (Fig.
3C). Notably, site E2 is only observed when the IAA is
favorable and is lost upon formation of the hydrogen bond
from A-1(29OH) to A38(N1) discussed below. When pre-
sent, monovalent ion density observed at the S-turn (Fig.
3A) corresponds to a high-affinity metal binding site
identified through foot printing (Walter et al. 2000). In
our A8 simulations (Table 1) we observe additional high
Na+ density in close proximity to the nonbridging oxygens
of the scissile phosphate.

Most of our simulations were carried out in charge-
neutralizing monovalent cations alone due to the limitations
in the parameters used for divalent ions (McDowell et al.
2007) and the catalytic proficiency of the hairpin ribozyme in
monovalents alone (Rhodes et al. 2006). In four of our
simulations we placed a single Mg2+ ion at a well-characterized
multivalent outer-sphere metal ion binding site within the E-
loop motif of Loop B (Fig. 3C; Alam et al. 2005), and again
charge neutralized with Na+ ions (Table 1). We do not ob-
serve significant differences in either global stability or active
site architecture upon inclusion of this Mg2+, consistent with

FIGURE 2. Long residency interdomain waters are an integral part of the interdomain hydrogen bonding network. (A) The positions of
interdomain waters typical of our simulations are shown. (B) Specific interdomain waters were identified 10 ns into the simulation and
interatomic distances of their hydrogen bonding partners were tracked over the entire length of three representative simulations. Distances are
color coded as in Figure 1E. (C) The crystal structure of the noncleavable ribozyme–substrate analog complex (Pre, gray) (2OUE), as well as
snapshots from two simulations (C39-1 and A38H+-1, color) overlaid with a vanadate TSA crystal structure (green) (2P7E). In the TSA crystal
structure, a crystallographically resolved active-site water molecule in the precursor structure (W52) is displaced by the nonbridging pro-S
oxygen, while flanking waters (W3 and W5) remain in nearly identical positions. In contrast, during simulations in which A38 is unprotonated
(such as C39-1) the 29-OH of A-1 takes the place of W52, while flanking waters remain in nearly identical positions. Similarly to the TSA
structure, during simulations in which A38 is protonated (such as A38H+-1) the nonbridging pro-S oxygen takes the place of W52, while flanking
waters remain in nearly identical positions.
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observations from previous simulations (Rhodes et al. 2006).
We only note that the outer-sphere bound Mg2+ ion quickly
loses a water molecule of its inner coordination sphere and
then directly chelates the RNA at U41 (Fig. 3C), consistent
with the known bias toward inner-shell binding of Mg2+ ions
in RNA simulations due to force field approximations
(Reblova et al. 2006).

A 29-OH substitution at the cleavage site restores an
active site architecture perturbed in 29-O-methylated
crystal structures

The starting coordinates for our MD simulations were
derived from high-resolution crystal structures of the
minimal hairpin ribozyme in complex with a noncleavable
substrate analog, solved with a cleavage blocking 29-O-
methyl substitution in place of the nucleophilic 29-OH of
residue A-1 (Alam et al. 2005; Salter et al. 2006). For our
simulations we reverted back to the native 29-OH, allowing
us to test for any impact that the 29-O-methyl substitution
may have on active site architecture. In all but one of our
simulations, we observe a flip in the A-1 sugar pucker from
the 29-endo/39-exo of the ribozyme-substrate analog com-

plex to a 29-exo/39-endo conformation (Fig. 4A), usually
within the first few nanoseconds of the simulation and
consistent with our previous observations (Rhodes et al.
2006). An analysis of a total of 16 MD simulations
(including four previously reported simulations [Rhodes
et al. 2006]) yields a single-exponentially distributed rate
constant for this irreversible conformational change of kflip =
0.3 3 10�9 s�1 (Fig. 4B). The change in sugar pucker is
accommodated by a slight reorientation of the whole
nucleotide and frequently results in a hydrogen bond from
the A-1(29-OH) to A38(N1) (Fig. 4A). The formation of
this additional, partially occupied (Fig. 5B; Supplemental
Fig. 5), interdomain hydrogen bond is consistent with the
increased stability of the cleavable ribozyme–substrate
complex [containing A-1(29-OH)] relative to the non-
cleavable ribozyme–substrate analog complex [containing
A-1(29-O-methyl)] as observed by single-molecule FRET
(1.8 kcal/mol) (Liu et al. 2007). This hydrogen bond is
precluded from forming in the crystal structure due to the
presence of the 29-O-methyl modification, which cannot
donate a hydrogen bond and is not easily accommodated
sterically by the active site when the A-1 sugar adopts the
MD simulated 29-exo/39-endo conformation.

Notably, four high-resolution precursor crystal struc-
tures containing the native 29-OH together with inactivat-
ing mutations exist (Salter et al. 2006), none of which
exhibit the 29-endo/39-exo sugar pucker observed in the

FIGURE 3. Monovalent ion behavior shows agreement with exper-
imentally determined metal ion binding sites. (A) Regions of high Na+

density observed in our simulations are shown in green. High density
is observed in the major grove MA and in the E-loop at site E1 in
domain B in all of our simulations. High density is observed at site E2
only when the IAA is favorable. The crystallographically observed
cobalt(III) hexammine binding site (blue) (2OUE) and an ion binding
site observed through solution foot printing (red) (Walter et al. 2000)
are indicated for comparison. High density at site S is only
occasionally observed in our simulations. (B) Sites E1 and E2 in the
E-loop are overlaid with the corresponding calcium binding sites
(yellow sticks) and the crystallogaphically resolved calcium ions
(transparent yellow spheres)) from the four-way junction hairpin
ribozyme precursor crystal structure (1M5K) (Rupert et al. 2002). (C)
The region of high Mg2+ density is shown in magenta, high sodium
density is not observed at this site when Mg2+ is present. The Mg2+

binding site is overlaid with the corresponding cobalt(III) hexammine
binding site (red) and the crystallographically resolved cobalt(III)
hexamine (orange) from the crystal structure of the junctionless
noncleavable ribozyme-substrate analog complex (2OUE).

FIGURE 4. Replacement of the inactivating A-1(29-O-methyl) mod-
ification with the native A-1(29OH) results in a local, functionally
relevant conformational change. (A) Active site geometry of a C39
gain-of-function mutant simulation (color) overlaid with the non-
cleavable ribozyme-substrate analog complex crystal structure (PDB
ID 2OUE, gray) illustrates a change in sugar pucker of A-1 that results
in a hydrogen bond from A-1(29OH) to A38(N1) and hydrogen
bonds from G8 to the nonbridging pro-R oxygen (red dashed tubes).
(B) The number of simulations that change sugar pucker after a given
time (open circles) is well fit with a single-exponential (line).
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ribozyme–substrate analog crystal structures. Two of these
four structures adopt the 29-exo/39-endo conformation
observed in our simulations, while the other two are
assigned an unusual planar sugar ring (possibly represent-
ing an average of 29-endo and 39-endo sugar puckers), thus
further supporting our proposal that a 29-O-methyl mod-
ification of A-1 distorts the backbone geometry in the
catalytic core by suppressing the favorable 29-exo/39-endo
sugar pucker of A-1.

The simulated active site conformation rationalizes
the experimentally observed higher importance of
A38 compared to G8 in catalysis

The prevailing conformational change in our simulations
toward a 29-exo/39-endo A-1 sugar pucker moves the
29-OH away from G8, thus eliminating the intra-domain
G8(N1) to A-1(29O) hydrogen bond observed in the crystal
structures (Figs. 4A, 5A, 6A). This finding contradicts

proposals that G8 either acts as a general base or plays a
direct role in the positioning and pKa suppression of the
29-OH of A-1 for catalysis (Pinard et al. 2001; Rupert and
Ferré-D’Amaré 2001; Rupert et al. 2002; Salter et al. 2006).
Instead, the observed new hydrogen bond from A-1
(29-OH) to A38(N1) supports the notion that A38 plays
the role of general base and hydrogen bonds from A38(N6)
and A10(N6) to the A-1(29-OH) provides an alternative
means of pKa suppression of the 29-OH. This emphasis of
A38 over G8 is consistent with the significantly larger
catalytic rate decrease (>10,000-fold) measured upon muta-
tion or deletion of A38 compared to that observed upon
mutation or deletion of G8 (only 100- to 1,000-fold) (Pinard
et al. 2001; Kuzmin et al. 2004; Kuzmin et al. 2005; Cottrell
et al. 2007), as well as the particularly critical role observed
for the Watson–Crick face of A38 in shaping cleavage site
architecture (MacElrevey et al. 2008; Torelli et al. 2008).

In simulations with a charge neutral (unprotonated)
A38(N1) we find that the 29-OH of A-1 is the most

FIGURE 5. Active site dynamics provide insight into plausible roles of the functionally critical active site nucleobases G8 and A38. (A) Snapshots
of the active site from the end of the three indicated simulations (averaged from 19.9 to 20 ns), in which N1 of A38 is unprotonated. Key
hydrogen bonds are indicated by red dash tubes. (B) In-line attack angle and key interatomic distances over the course of each simulation, with
distances and angles color coded as indicated in the legend. Close proximity of A-1(29OH) and A38(N1) is frequently observed for ribozymes
known to be catalytically active (C39 and U39) and is correlated with an unfavorable in-line attack angle. Hydrogen bonds observed in TSA crystal
structures (2P7E, 2P7F, and 1M50, indicated in green) generally are not observed in these simulations.

Adenine-based catalysis of the hairpin ribozyme

www.rnajournal.org 567

 Cold Spring Harbor Laboratory Press on March 19, 2009 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


common hydrogen bond donor to A38(N1), implicating
A38 as a general base in the cleavage reaction. We note,
however, that this hydrogen bond is observed only when
the IAA of 29O-P9-59O is quite unfavorable (<130° or even
lower; Fig. 5; Supplemental Fig. 5), far removed from the
180°, thought to be optimal for nucleophilic substitution
(Soukup and Breaker 1999; Min et al. 2007), or the 162°
predicted in the transition state for model reactions of RNA
backbone cleavage (Lopez et al. 2006). A conformational
change would thus be needed upon deprotonation of A-
1(29-OH) for cleavage to proceed, a notion that we address
below. In addition to the prevalent hydrogen bond to
A38(N1), we find that A-1(29-OH) alternatively donates a
hydrogen to the nonbridging pro-R oxygen, or to a long
residency interdomain water bridging the A-1(29-OH) and
A38(N1) (Fig. 5; Supplemental Fig. 5). These two addi-
tional hydrogen bond acceptors have also been proposed to
play a role in catalysis based on earlier simulations (Rhodes
et al. 2006; Nam et al. 2008a,b).

Coincident with the change in A-1 sugar pucker, G8(N1)
moves within hydrogen bonding distance of the nonbridg-
ing phosphate oxygens, specifically the pro-R oxygen, thus
supporting the previous proposal that G8 stabilizes the
increased negative charge on the scissile phosphate in the

transition state (Lebruska et al. 2002; Kuzmin et al. 2004;
Walter 2007). The 59-oxygen leaving group is hydrogen
bond acceptor to several transiently bound water molecules
from bulk solvent that could potentially serve as specific
acid catalysts in the cleavage reaction.

Protonation of A38 drives the active site toward
the expected transition-state geometry

The significant biochemical and structural evidence for a
shift in the pKa of A38 in the context of the docked
ribozyme (Rupert et al. 2002; Kuzmin et al. 2005; Cottrell
et al. 2007; Torelli et al. 2007) prompted us to carry out
simulations in which N1 of A38 is protonated (A38H+),
complementing our simulations with the charge neutral
(unprotonated) A38 (Table 1). In striking contrast to the
charge neutral A38 simulations, A38(N1H+) now primarily
donates a hydrogen bond to the 59-oxygen of G+1, the cleav-
age reaction’s leaving group (and, to an extent, to the 39-
oxygen; Fig. 6), placing A38 in a position to serve as the
general acid during catalysis. Furthermore, we observe that
proximity of A38(N1) and G+1(59O) frequently coincides
with a favorable (>130°) IAA (Fig. 5). G8 moves again
within hydrogen bonding distance of the nonbridging

FIGURE 6. Protonation of A38(N1) results in a conformational rearrangement around the active site that establishes structural features
predicted to be present within the transition state. (A) Snapshots of the active site from three simulations (averaged either from 9.9 to 10 ns for
A38H+-1 or from 19.9 to 20 ns for A38H+-2 and A8A38H+) in which N1 of A38 is protonated. Key hydrogen bonds are indicated by red dash
tubes. (B) In-line attack angle and important interatomic distances are tracked over the course of the simulation, with distances and angles color
coded as in Figure 4. Proximity of the cleavage site G+1(59O) and A38(N1) is frequently observed in all three simulations. A favorable IAA
coincides with rotation of the nonbridging oxygens such that of G8(N1) loses its hydrogen bonding with the pro-R nonbridging oxygen in favor
of a hydrogen bond with the pro-S nonbridging oxygen, as illustrated in the A38H+-1 snapshot of (A). Hydrogen bonding partners observed in
TSA crystal structures (2P7E, 2P7F, and 1M50, indicated in green) are more frequently observed in these simulations.
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scissile phosphate oxygens, but now we observe alternating
proximity to both the pro-S and the pro-R oxygens, with
proximity to the pro-S oxygen strongly correlated with the
ribozyme adopting a favorable IAA. These observations
further support a primary role of G8 in stabilizing the
negative charge of the scissile phosphate, rather than as a
general base catalyst. Additionally, the nonbridging pro-R
oxygen is the most common hydrogen bond acceptor of the
A-1(29-OH), consistent with the idea that it may be a
suitable general base catalyst (Nam et al. 2008a,b).

The presence of a hydrogen bond from A38(N1H+) to
the G+1(59O) leaving group of the cleavage site and the
adoption of favorable in-line attack angles both coincide
with a rotation of the scissile phosphate, thus maximizing
the number of intramolecular hydrogen bonds to the
nonbridging oxygens, as expected for transition state stabi-
lization. In particular the scissile phosphate rotates away
from the precursor structure resulting in the pro-R oxygen
accepting alternating hydrogen bonds from the exocyclic
amines of A9 and A38, A-1(29OH), and the highly stable
specifically bound water molecule W5, while the pro-S
oxygen accepts a bifurcated hydrogen bond from N1 and
N3 of G8 (Figs. 2C, 6). Taken together, this dynamic
conformation results in a hydrogen bonding network very
similar to that observed in crystal structures of transition
state analogs (TSAs) (Figs. 2C, 6; Rupert et al. 2002; Torelli
et al. 2007). While this TSA-like conformation is observed
z20% of the time in A38H+ simulations, it is not present
in any of our simulations with a neutral A38, further
supporting the catalytic relevance of the molecular dynam-
ics observed in our A38H+ simulations.

Active site nucleobases stabilize strained
backbone conformations

Not surprisingly, examination of the backbone conforma-
tions in our simulations and the starting crystal structures
reveals that the cleavage site does not conform to any of the
established RNA backbone conformational families (Sup-
plemental Fig. 2; Richardson et al. 2008). Specifically the
epsilon (C49-C39-O-P) dihedral is significantly smaller than
that typically observed experimentally (Richardson et al.
2008). In our MD simulations a decreased epsilon angle
correlates with an increased IAA (Fig. 7A), and inspection
of multiple hairpin ribozyme crystal structures reveals the
same correlation in experimental data (Fig. 7A). In order to
determine how general this trend is in backbone cleavage,
we evaluated all naturally occurring self-cleaving ribozymes
for which high resolution crystal structures are available
(hairpin, hammerhead, HDV, and glmS ribozymes) and
find the same trend in all four ribozymes (Fig. 7A). The
general trend of lower epsilon angles accompanying the
high IAA angles required for catalysis suggests that distor-
tion of this dihedral plays an important role in defining the
cleavage site in self-cleaving RNA. Importantly, proton-

ation of A38 results in a broader range of epsilon values at
the cleavage site during our simulations (Fig. 7B), resulting
in sampling of both lower epsilon and higher IAA angles
than when A38 is not protonated (Fig. 7A). Regardless of
A38 protonation state the distributions of epsilon angles at
the cleavage site favor smaller values than all other regions
of the backbone, consistent with the distribution range of
epsilon angles that is experimentally observed at the
cleavage site of self-cleaving RNAs (Fig. 7B).

FIGURE 7. The cleavage site dynamics of the RNA backbone of our
simulations share conformational features common among the small
self-cleaving RNAs. (A) Cleavage site dihedral angle epsilon as a
function of the IAA for all crystal structures with <3.1 Å resolution of
the hairpin ribozyme, the glmS ribozyme bound to glucose amine 6-
phosphate, the HDV ribozyme, and the full-length hammerhead
ribozyme (open circles). Epsilon as a function of IAA is also shown
for the A38H+ simulations (red dots), as well as the C39-1 and C39-2
simulations (blue dots). The A38H+ simulations sample a wider range
of values in these plots; notably, the region of both lowest epsilon and
highest IAA (red arrow) is more frequently sampled in the A38H+
simulations. (B) Probability densities of the cleavage site (A-1) epsilon
angles as well as all backbone epsilon angles in our simulations (left axis
and lines) and cleavage site (A-1) epsilon distributions among the avail-
able ribozyme crystal structures (right axis and open boxes). The
epsilon angles at the cleavage site during our simulations and in the
crystal structures both favor low values relative to the distribution
observed in our simulations for all epsilon angles in the entire
backbone. Moreover, simulations in which A38 is protonated (red
line) favor even lower epsilon values than simulations where A38 is
unprotonated (blue line).
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DISCUSSION

A number of catalytic mechanisms have been proposed for
the hairpin ribozyme. Cleavage is generally thought to
proceed through a mechanism analogous to that carried
out by RNase A where two histidine residues of near-
neutral pKa act as separate base and acid catalysts and a
protonated lysine residue neutralizes the increased negative
charge of the scissile transition state phosphate (Doudna
and Lorsch 2005; Fedor and Williamson 2005; Walter 2007;
Cochrane and Strobel 2008). While the solution pKa’s of
RNA functional groups are far from neutrality, there is
substantial evidence for pKa up-shifting in the context of
the strong, long-range, negative electrostatic field of struc-
tured RNA (Knitt et al. 1994; Kuzmin et al. 2005; Gong
et al. 2007; Tang et al. 2007; Torelli et al. 2007). Bio-
chemical and computational approaches have suggested
that in the catalytically active hairpin ribozyme the pKa’s of
one or all of the adenosines A10 (Ryder et al. 2001; Tang
et al. 2007), A22 (Tang et al. 2007), and A38 (Rupert et al.
2002; Kuzmin et al. 2005; Tang et al. 2007; Torelli et al.
2007) are significantly perturbed toward neutrality. Our
MD simulations indicate that A38 is positioned to con-
comitantly fulfill multiple catalytic functions potentially
including general base catalysis (when unprotonated),
transition state stabilization, and general acid catalysis
(once protonated), consistent with the extraordinarily
detrimental impact its replacement with an abasic site has
on catalytic activity (Kuzmin et al. 2005).

MD simulations are generally known to have significant
limitations in the attainable sampling (i.e., short simulated
time spans) and underlying force fields (McDowell et al.
2007), however, they uniquely reveal detailed dynamics at
an atomistic level that allow one to test and derive
structure-based mechanistic hypotheses. Overall, we find
surprisingly good agreement between the available exper-
imental data and our multiple, independent, explicit-
solvent MD simulations of the hairpin ribozyme (Table
1), suggesting that the AMBER-8 (parm99) (see Materials
and Methods) force-field performs well in such an appli-
cation. In particular, the backbone conformations generally
remain consistent with those observed in the underlying
crystal structures or make them more canonical; the C39
gain-of function mutant is correctly predicted to dock
more stably and to show less conformational heterogeneity
than the U39 wild type (Fig. 1); and our simulations
reproduce the binding sites of crystallographically resolved
water molecules and cations (Figs. 2, 3). We therefore focus
our discussion on aspects of our MD simulations that
provide unexpected insights into structural dynamics and
catalysis of the hairpin ribozyme.

Crystallographically observed atomic distances have been
used to propose that A38 and G8 function as the general
acid and general base catalysts, respectively, in hairpin
ribozyme catalysis (Rupert and Ferré-D’Amaré 2001;

Rupert et al. 2002; Bevilacqua 2003; Alam et al. 2005; Salter
et al. 2006; Torelli et al. 2007; MacElrevey et al. 2008).
However, our simulations reveal relevant local distortions
introduced into the crystal structures by the presence of a
catalysis blocking 29-O-methyl modification, and suggest
alternative roles for these nucleobases in backbone cleavage.
Most strikingly, the stable A-1(O29H) to A38(N1) hydrogen
bond, masked in crystal structures with A-1(29-O-methyl)
modification, but stably observed in our MD simulations
(Fig. 4), opens the possibility that A38 acts as the general
base. If instead G8 were the general base, as proposed
previously (Pinard et al. 2001; Rupert and Ferré-D’Amaré
2001; Bevilacqua 2003; Thomas and Perrin 2006; Wilson
et al. 2006), the catalytically relevant form of G8 would
need to be deprotonated at position N1 (or be in a rare enol
tautomeric form). However, exogenous nucleobase rescue
experiments suggest that it is the N1 protonated (charge-
neutral) state that activates catalysis (Lebruska et al. 2002;
Kuzmin et al. 2004). Furthermore, based on comparison of
precursor crystal structures of the U39C and G8A mutants
it has been suggested that the role of G8 is to facilitate a
favorable IAA by donating a hydrogen bond from G8(N1)
and/or G8(N2) to A-1(O29), and to lower the pKa of the
29-OH (Salter et al. 2006). However, this hydrogen bond is
lost in our simulations and we observe a hydrogen bond
with the nonbridging oxygens instead. This is consistent
with the observation that activity of a ribozyme with an
abasic substitution at position 8 is rescued by a cationic
exogenous nucleobase (Kuzmin et al. 2004). In addition,
deprotonation of G8(N1) seems unlikely considering the
pocket of deep negative electrostatic potential at the
catalytic center of the ribozyme, whereas participation of
the G8 tautomer is inconsistent with QM/MM simulations
(Nam et al. 2008b). Overall, our data support a catalytic
role of G8 in facilitating the reactive conformation through
its interaction with the nonbridging oxygens and in
stabilizing negative charge in the transition state, but not
in general base catalysis. This leaves A38 as a prime suspect
to remove the proton of A-1(O29H). The exocyclic amines
of A10 and A38 donate hydrogen bonds to the 29OH in our
simulations, which, similar to the role previously proposed
for G8, should help to lower the pKa of the 29-OH.

Alternatively, recent QM/MM simulations implicate the
nonbridging scissile phosphate oxygens as reasonable general
base candidates in hairpin ribozyme self-cleavage (Wilson
et al. 2006; Nam et al. 2008a,b). The frequent hydrogen bonds
between the A-1(29OH) and the nonbridging oxygen
observed in our MD simulations are consistent with such a
role (Figs. 5, 6). Active site nucleobases such as G8, A9, A10,
or A38 are in a position to potentially participate indirectly in
catalysis by promoting proton transfer to these nonbridg-
ing oxygens (Figs. 5, 6). The proximity of A38(N1) and
G+1(O59) in several crystal structures of reaction precursor,
TSA, and cleaved forms lend strong support to the proposal
that A38 acts as general acid in the cleavage reaction (Rupert
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and Ferré-D’Amaré 2001; Rupert et al. 2002; Alam et al. 2005;
Salter et al. 2006; Torelli et al. 2007; MacElrevey et al. 2008),
and our simulations further emphasize the stability of this
juxtaposition within hydrogen bonding distance, despite
rearrangement of the A-1 sugar pucker. Biochemical evi-
dence also suggests that A38 plays a vital role in stabilizing the
catalytically productive active site architecture in a way that is
dependent upon the protonation state of N1 (Kuzmin et al.
2005; Cottrell et al. 2007). Strikingly, our simulations begin
with coordinates from an inactivated precursor but, over the
course of simulations in which A38(N1) is protonated,
undergo significant local structural changes in the active site
to adopt characteristics exhibited by the experimentally
determined TSAs (Figs. 2C, 6; Rupert et al. 2002; Torelli
et al. 2007). In contrast, in simulations with an unprotonated
A38(N1) a similar transition of the nonbridging oxygen to a
TSA-like conformation is not observed (Fig. 5; Supplemental
Fig. 5). Moreover, in simulations with the inactivating G8A
mutation the transition is far less pronounced regardless of
the A38 protonation state (Figs. 5, 6).

Taken together, our observations support a vital struc-
tural role of A38 protonation in stabilizing the catalytic
geometry and provide further support for A38 as the
general acid catalyst. The structural importance of A38
may explain why previous QM/MM calculations that
imposed constraints on the hairpin ribozyme’s active site
geometry that were external to the standard force field
unexpectedly predicted a similar free energy barrier to
catalysis regardless of the protonation state of A38 (Nam
et al. 2008b), despite strong experimental evidence to the
contrary (Kuzmin et al. 2005; Cottrell et al. 2007). Our re-
sults indicate that maintenance of a favorable IAA requires
protonation of A38 so that the protonation state of A38 is
expected to significantly impact the overall energy barrier
to catalysis in a way that can only be fully assessed if the
dynamic ground state structure is kept unrestrained. The
greater consistency between the conformations in our
A38H+ simulations and the crystal structures than the
unprotonated simulations further suggests that the pro-
tonated A38H+ is the predominant ionization state at the
crystallographic pH of 6.0, consistent with the notion that
its pKa is perturbed from its solution value of 3.5. It should
be noted, however, that the ribozyme is most active at even
higher pH [with a pKa,app for cleavage of 6.1 that varies
among mutants with the identity of the functional group in
the position that A38(N1) occupies in the wild type
(Kuzmin et al. 2005)]; our simulations therefore may not
reflect on the predominant protonation state at optimal
cleavage conditions.

Our MD simulations depict the unprotonated A38(N1)
as receiving a hydrogen bond from A-1(O29H) (Figs. 4A, 5;
Supplemental Fig. 5), whereas the protonated A38(N1H+)
donates a hydrogen bond to the 59-oxygen (Fig. 6). A
recent TSA crystal structure containing a 29,59-linkage at
the cleavage site exhibits an apparently bifurcated hydrogen

bond between N1 of A38 and both the 29- and 59-oxygens
of the cleavage site (Torelli et al. 2007), supporting the
mechanistic relevance of our observations of both hydrogen
bonds in MD simulations. Several mechanisms are consis-
tent with these observations (Fig. 8). First, as previously
proposed A38 may serve as the general acid, with A9, A10,
water, or the nonbridging oxygens acting as general base
(Fig. 8A). In the context of this mechanism, the A-1(29OH)
to A38(N1) hydrogen bond and associated poor IAA may
be attributed to an unproductive ground state, wherein a
perturbed pKa allows A38 to accept a solvent proton and
subsequently aid adoption of the catalytically active con-
formation. Second, we propose a mechanism in which A38
acts bifunctionally as both general base and acid by
shuttling a proton directly from A-1(O29H) to G+1(O59)
(Fig. 8B). Such a mechanism is analogous to the role of, for
example, an active site Glu in the first step of the reaction
carried out by serine-carboxyl peptidases (Fig. 8C; Wlo-
dawer et al. 2004; Xu et al. 2007). Here, the A-1(29OH) to
A38(N1) hydrogen bond would be essential to the mech-
anism; following transfer of the proton from A-1(29OH) to
A38(N1) the protonated A38H+ again promotes formation
of the active geometry. This mechanism requires a certain
degree of conformational flexibility in that proton exchange
between 29-OH and A38(N1) must be followed by a rapid
transition of the deprotonated 29-oxyanion to a position
more favorable to in-line attack, as well as by a z0.4 Å
motion of the now protonated A38(N1H+) toward the
59-oxygen (Fig. 8B). We can infer that such dynamics
are indeed possible as we observe that the protonated
A38(N1H+) occasionally approaches the 29-OH, while the
unprotonated A38(N1) makes rapid excursions toward the
59-oxygen on a picosecond time scale (Figs. 5B, 6B),
however we do not formally attempt to simulate the actual
29-oxyanion, but rather maintain the 29OH at all times.
Consistent with a bifunctional A38 base-acid mechanism,
the asymmetric pH activity profile observed particularly in
studies involving the more structurally stable, native four-
way junction form of the hairpin ribozyme suggests the
presence of a single titratable group (Kuzmin et al. 2005).
In contrast, proton inventories are consistent with two
protons in flight during the transition state as indicated in
the first mechanism, however, the inventory data are
sufficiently ambiguous that a one-proton mechanism can-
not be discounted (Pinard et al. 2001). In addition, the
interpretation of proton inventories is complicated by the
fact that changes in hydrogen bonding alone can give rise to
the underlying kinetic solvent isotope effects (Tinsley et al.
2003).

In conclusion, our results further support the impor-
tance of nucleobase functional groups in ribozyme cataly-
sis, and the utility of MD simulations in exploring their
impact in atomistic detail. Most significantly, our simu-
lations expose the significant structural consequences of
the protonation state of the active site A38 nucleobase,
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providing a detailed rationalization for previous mechanis-
tic proposals based on experimental data of the hairpin
ribozyme. Finally, our simulations reveal that in addition to
transition state stabilization and general acid catalysis A38
should be considered a plausible candidate for general base
catalysis.

MATERIALS AND METHODS

Initial MD structures, water, and ion placement

Table 1 summarizes all 15 (10–40 ns long) simulations performed
for this study. Simulations of the C39 ribozyme were started from
the 2.05 Å resolution crystal structure of the junctionless ligated
hairpin ribozyme (PDB ID 2OUE). For Simulations C39-1 and
C39-2 five interdomain water molecules were placed based on
their crystallographic coordinates, a third simulation (C39-3) was
initiated without these core water molecules. Eight simulations of
the U39 sequence were started from the 2.65 Å resolution crystal
structure of the same ribozyme (2D2K), using either the U37
sequestered (U39-S) or U37 exposed (U39-E) conformation. Half
of the U39 simulations were run with a single Mg2+ placed based
on the coordinates of a crystallographically resolved cobalt(III)

hexammine binding site (Table 1; Alam et al. 2005). Another half
of the U39 simulations (encompassing half of the Mg2+ containing
simulations) were initiated with five interdomain water molecules,
placed by superimposing the C39 structure (for which interdo-
main waters could be clearly resolved) on the U39 structure. A
G8A mutant ribozyme was simulated based on the corresponding
2.4 Å resolution crystal structure (1ZFV), with interdomain water
molecules placed by superimposing the C39 structure onto the
G8A structure. An additional three simulations were performed in
which A38 was protonated at atom N1 starting from either the
junctionless C39 crystal structure (2OUE) or the G8A structure
(1ZFV), and all three used the crystallographically placed inter-
domain water molecules. The LEAP module from the AMBER-8
software package was used to place additional bulk water
molecules and a charge neutralizing number (55–57) of Na+ ions
at points of favorable electrostatic surface potential.

MD equilibration and simulation

All MD simulations were carried out by using the AMBER-8 software
package with the parm99 Cornell et al. force field (Cornell et al. 1995;
Cheatham et al. 1999; Wang et al. 2000). The initial structures were
solvated in a rectangular periodic box of TIP3P water molecules
extending (at least) 10 Å from the RNA surface. The Sander module of

FIGURE 8. Plausible mechanisms for the reversible cleavage/ligation by the hairpin ribozyme consistent with the active site dynamics observed
during MD. (A) Mechanism in which protonation of A38 is required to drive the active site toward the catalytic geometry and the protonated
A38H+ acts as the general acid, while A9, A10, a water, or a nonbridging oxygen could serve as the base in the cleavage reaction. (B) Mechanism
in which A38 acts as both general base and acid by shuttling a proton (gray sphere) directly from the 29-OH of A-1 to the 59-oxygen of G+1 for
the cleavage reaction. In both mechanistic proposals G8, A10, A38, and water 5 stabilize the negative charge accumulated in the transition state.
(C) Mechanism proposed for the protein-based serine-carboxyl peptidase kumamolisin-As (Wlodawer et al. 2004; Xu et al. 2007), analogous to
the mechanism in panel B. A glutamate side chain with acidic solution pKa (4.3) acts as both general base and acid by shuttling a proton directly
from the serine nucleophile with solution pKa of (z13) to the leaving group during formation of the acylated enzyme.
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AMBER-8 was used for the equilibration and production simulations
based on our standard protocols (Krasovska et al. 2005; Krasovska
et al. 2006; Rhodes et al. 2006; Sefcikova et al. 2007a,b). The particle
mesh Ewald method (Essmann et al. 1995) was applied with a
heuristic pair list update, using a 2.0 Å nonbonded pair list buffer and
a 9.0 Å cutoff. A charge grid spacing of close to 1 Å and a cubic
interpolation scheme were used. The production runs were carried
out at 300 K with constant-pressure boundary conditions using the
Berendsen temperature coupling algorithm (Berendsen et al. 1984)
with a time constant of 1.0 ps. SHAKE (Ryckaert et al. 1977) was
applied with a tolerance of 10�8 to constrain bonds involving
hydrogens. Parameters for the protonated form of A38 were obtained
by applying the RESP (Bayly et al. 1993) fitting method to the
quantum mechanically (BLY/6-31G*) derived electrostatic potential.
The charges on the backbone atoms were held constant with those
present in the parm99 force field, and atom types were adjusted as
necessary to maintain consistency with the parm99 force field
(Supplemental Fig. 1).

MD analysis

Production trajectories were analyzed using the ptraj modules of
the AMBER-8 package to obtain interatomic distances, angles,
pseudorotation angles, and ion density maps. To obtain a detailed
inventory of all direct interdomain RNA–RNA hydrogen bonds,
the ptraj module of AMBER-8 was used to track the number of
hydrogen bonds formed after 9.9–10 ns of simulation time.
Fractional hydrogen bonds were calculated from the fraction of
time that the heavy-atom distances of these hydrogen bonds were
<3.1 Å and that the X–H. . .Y angle was within 60° of linearity. List
density plots of distances were generated from the appropriate
ptraj output using Matlab (The MathWorks, Inc.). Backbone
torsion angle analysis was carried out using Molprobity (Davis
et al. 2007). The average backbone suiteness was determined from
all complete suites, including triaged suites. Snapshots averaged
over 100 ps of MD simulation time were rendered using Pymol
(DeLano Scientific LLC).

Electrophoretic mobility shift assay (EMSA)

The hairpin ribozyme sequences used were Strand RzA
(59-AAAUAGAGAAACGAACCAGAGAAACACACGCCAAA-39)
with the underlined residue at position 8 mutated from a G to an A
to prevent cleavage during electrophoresis, and Strand RzB
(59-AUAUAUUUGGCGUGGUAYAUUACCUGGUACCCCCUC
GCAGUCCUAUUU-39) with the underlined pyrimidine represent-
ing either a U in the wild-type sequence or a C in the gain-of-
function mutant. RNA was generated in vitro from single-stranded
DNA templates containing a double-stranded T7 promoter as
described (Milligan et al. 1987). Strand RzA was 59-32P labeled
using g-32P-ATP and T4 polynucleotide kinase. The two composite
strands were annealed in buffer (50 mM Tris–acetate at pH 7.5, 50
mM Na–acetate) by heating to 70°C for 2 min followed by cooling to
25°C, 10% (v/v) glycerol were added, and the sample loaded onto a
nondenaturing 10% (w/v) polyacrylamide (19:1 acrylamide:bis-
acrylamide ratio) gel containing 50 mM Tris–acetate at pH 7.5, 12
mM Mg–acetate. Gels were run at 20 V/cm and 4°C for 15 h, and
radioactive bands visualized using autoradiography with phos-
phorscreens and quantified using a PhosphorImager Storm 840
with ImageQuant software (Molecular Dynamics).

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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