Disparate HDV ribozyme crystal structures represent
intermediates on a rugged free-energy landscape
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ABSTRACT

The hepatitis delta virus (HDV) ribozyme is a member of the class of small, self-cleaving catalytic RNAs found in a wide range of
genomes from HDV to human. Both pre- and post-catalysis (precursor and product) crystal structures of the cis-acting genomic
HDV ribozyme have been determined. These structures, together with extensive solution probing, have suggested that a significant
conformational change accompanies catalysis. A recent crystal structure of a trans-acting precursor, obtained at low pH and by
molecular replacement from the previous product conformation, conforms to the product, raising the possibility that it
represents an activated conformer past the conformational change. Here, using fluorescence resonance energy transfer (FRET),
we discovered that cleavage of this ribozyme at physiological pH is accompanied by a structural lengthening in magnitude
comparable to previous trans-acting HDV ribozymes. Conformational heterogeneity observed by FRET in solution appears to
have been removed upon crystallization. Analysis of a total of 1.8 psec of molecular dynamics (MD) simulations showed that the
crystallographically unresolved cleavage site conformation is likely correctly modeled after the hammerhead ribozyme, but that
crystal contacts and the removal of several 2’-oxygens near the scissile phosphate compromise catalytic in-line fitness. A cis-
acting version of the ribozyme exhibits a more dynamic active site, while a G-1 residue upstream of the scissile phosphate favors
poor fitness, allowing us to rationalize corresponding changes in catalytic activity. Based on these data, we propose that the
available crystal structures of the HDV ribozyme represent intermediates on an overall rugged RNA folding free-energy landscape.
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INTRODUCTION Been 2002), which leads to a tight-knit structure with a deep-
ly electronegative active site cleft. This cleft attracts metal ions
and promotes cleavage by shifting the pK, of an active site cy-
tosine at position 75 (in the genomic ribozyme; C76 in the
antigenomic form) toward neutrality (Ferre-D’Amare et al.
1998; Shih and Been 2002). Based on these structural con-
straints, numerous HDV-like ribozymes were recently discov-
ered in the human and other eukaryotic genomes, suggesting
that this RNA motif may have widespread functions in RNA
processing and gene regulation (Salehi-Ashtiani et al. 2006;
Webb et al. 2009; Webb and Luptak 2011).

In addition to numerous studies of self-cleavage by the cis-

The hepatitis delta virus (HDV) ribozyme (Fig. 1) is a small
catalytic RNA originally found in the genome and antige-
nome of the hepatitis delta virus (Lai 1995; Been 2006;
Flores et al. 2012; Taylor 2012). It has a minimal length of
~85 nt and catalyzes the cleavage of its own phosphodiester
backbone in cis, resulting in the formation of 5-OH and
2/,3’-cyclic phosphate products. Self-cleavage of the genomic
and antigenomic ribozymes, which share ~75% sequence
identity, is an essential step in the double rolling-circle repli-
cation of the HDV (Lai 1995; Been 2006). The overall fold of
the HDV ribozyme consists of a double-nested pseudoknot

encompassing helices P1, P1.1, P2, P3, and P4 (Fig. 1A,B;
Ferre-D’Amare et al. 1998; Pereira et al. 2002; Shih and
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FIGURE 1. The trans-acting HDV ribozyme studied here. (A)
Superpositions of trans-acting (red) (Chen et al. 2010) and cis-acting
(blue) (Ke et al. 2004) precursor crystal structures on the cis-acting
product structure (silver) (Ferre-D’Amare et al. 1998). Active site mag-
nesium ions are shown in orange and cyan for the trans- and cis-acting
ribozymes, respectively. The smaller black boxes on both overlays high-
light the region where there is a break in the RNA backbone for the
trans-acting ribozyme. The green arrows indicate the cleavage site in
both insets. The U-1 nucleotide and scissile phosphate were not resolved
in the trans-acting precursor structure. (B) The eight three-stranded
precursor and product ribozymes used in our solution experiments.
(C) Cleavage assay time courses for S1-U, S8-U, and S1-G. Cleavage as-
says were conducted at 25°C in 40 mM Tris-HCL, pH 7.5, 25 mM DTT,
and 11 mM MgCI2. Data for S1-G were fit with a single-exponential in-
crease function, while the data for S1-U and S8-U were best fit with a
double-exponential increase function (raising the R? as a measure of
fit quality of 0.94 for single-exponentials to 0.999 for double-exponen-
tials). Standard deviations from at least three independent assays are
shown as error bars.

Wickham 1997; Perrotta et al. 1999a,b, 2006; Wadkins et al.
1999; Nakano et al. 2000, 2003; Shih and Been 2002; Harris
et al. 2004; Been 2006; Perrotta and Been 2006; Chadalavada

et al. 2007; Gong et al. 2007, 2009; Sefcikova et al. 2007a,b;
Cerrone-Szakal et al. 2008; Gong et al. 2008; Chen et al.
2009), significant work has also been performed to investi-
gate trans-acting forms of this ribozyme for enzymology
and therapeutic purposes (Been 1994; Luptak et al. 2001;
Harris et al. 2002; Pereira et al. 2002; Jeong et al. 2003; Tinsley
et al. 2003, 2004; Das and Piccirilli 2005; Tinsley and Walter
2007; Walter and Perumal 2009). Generally, trans-acting
HDV ribozymes exhibit a 1-2 order-of-magnitude slower
catalytic rate constant compared to their cis-acting counter-
parts, likely due to a less tightly knit structure (Tinsley and
Walter 2007). Both cis- and trans-acting ribozymes have
been shown to exhibit in solution end-to-end lengthening
(defined as between the topmost residues of P2 and the bot-
tommost residues of P4, where our FRET pair is attached as
denoted in Fig. 1B) when the catalytic precursor cleaves to
form the product, with the cis-acting versions exhibiting
more modest changes than the ~15 A observed for some
trans-acting ribozymes (Pereira et al. 2002; Tanaka et al.
2002; Jeong et al. 2003; Harris et al. 2004).

Since 1998, a number of crystal structures of the cis-acting
genomic ribozyme have been solved for both precursor and
product forms (Ferre-D’Amare et al. 1998; Ferre-D’Amare
and Doudna 2000; Ke et al. 2004; Chen et al. 2010). The emer-
gent crystal structure of the inactivated cis-acting C75U mu-
tant precursor at up to 2.2 A-resolution (Ke et al. 2004) was
probed by independent molecular dynamics (MD) studies
in which residue 75 was changed back to C (Krasovska et al.
2005). In combination, these studies led to the discovery of
astructural change upon release of the 5’ product and catalytic
metal ion, as C75 moves deeper into the active site cleft to
form hydrogen bonds with C22’s nonbridging oxygen and
the 5 OH leaving group of G1, while the adjacent G25 rotates
in conformation from anti to syn (Ke et al. 2004; Krasovska
et al. 2005). These changes result in a collapse of the P1 and
P3 helices toward the active site and a more compact catalytic
core and concomitant overall P2-P4 axial lengthening of
the product (Fig. 1A); Ke et al. 2004). These observations
are consistent with the results from solution probing using
terbium(III) (Pereira et al. 2002; Jeong et al. 2003; Harris
et al. 2004), which has been shown to be an effective agent
for trapping and accurately probing RNA secondary and ter-
tiary structure (Walter et al. 2000; Todd and Walter 2013).

As is typical, the cis-acting precursor was modified to pre-
vent self-cleavage during crystallization in these studies,
which was accomplished by either a C75U mutation, crystal-
lization in the absence of Mg”*, or incorporation of a single
2'-deoxy modification at the cleavage site, although the latter
structure was low in resolution (Ke et al. 2004). In 2010, a dif-
ferent team solved a low-pH, 1.9 A-resolution crystal struc-
ture of a trans-acting precursor HDV ribozyme in the
presence of Mg>", inactivated with three 2’-deoxy modifica-
tions at the —1, 1, and 2 positions around the cleavage site
(Fig. 1A, bottom inset; Chen et al. 2010). It was solved by mo-
lecular replacement using the cis-acting product structure
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and features both active-site and global conformations simi-
lar to those of the product (Fig. 1A; Ferre-D’Amare et al.
1998; Chen et al. 2010). For example, G25 is in the syn con-
formation, and the relative positions of the P1 and P3 helices
are more similar to those in the cis-acting product than the
precursor ribozyme (Fig. 1A). Such close resemblance to
the product suggests that this model may capture an activated
conformer past the conformational change needed to activate
all previous ribozyme versions. This hypothesis would pre-
dict a fast cleavage rate constant; however, the newly crystal-
lized HDV ribozyme cleaves similarly slowly to other trans-
acting versions (Chen et al. 2010). Additionally, the substrate
strand was sufficiently flexible (and/or nicked) so that no
electron density was observed for the scissile phosphate and
upstream U-1 nucleotide, further increasing resemblance
with the cleavage product. The authors modeled these moie-
ties using the cleavage site of the hammerhead ribozyme
(Chen et al. 2010). Consequently, questions remain con-
cerning the relationship of the various proposed and experi-
mentally observed conformations to each other and to the
functional activity of the HDV ribozyme.

To probe the functional dynamics of the newly crystallized
trans-acting HDV ribozyme in solution, here we have em-
ployed a combination of experimental and computational ap-
proaches. Fluorescence resonance energy transfer (FRET) gel
shift assays revealed a heterogeneous population of molecules
in solution at physiological pH, suggesting that the crystal
structure represents a conformation purified by crystalliza-
tion. Steady-state and time-resolved FRET measurements
consistently detected an ~8-A lengthening of the end-to-end
distance along the P2—P4 axis accompanying cleavage in solu-
tion, an elongation consistent with the range previously found
for trans- and cis-acting HDV ribozymes (Pereira et al. 2002;
Tanaka et al. 2002; Jeong et al. 2003; Harris et al. 2004). We
also performed a total of 1.8 psec of MD simulations that
showed that the hammerhead ribozyme model of the substrate
conformation in the active site is compatible with a favorable
catalytic in-line fitness (a measure of the poise to undergo cat-
alytic transesterification), as long as C75 is protonated, consis-
tent with previous results (Veeraraghavan et al. 2011). In
contrast, intermolecular crystal contacts and 2’-deoxyribose
modifications found in the crystal structure near the active
site result in unfavorable in-line fitness, offering an explana-
tion for the lack of experimental electron density in this re-
gion. A cis-acting version of the crystallized ribozyme inter-
converts more frequently between unfavorable and favorable
fitness, consistent with a lowered kinetic barrier toward
cleavage. Finally, a U-1G mutation results in long-lived states
of unfavorable fitness, consistent with its low cleavage activity
and the conservation of U-1 in clinical isolates of the virus.
Taken together, our data are consistent with a parsimonious
model wherein the existing precursor crystal structures,
determined for distinct constructs at varying pH, represent
alternate RNA conformations on a rugged folding free-ener-
gy landscape.
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RESULTS

The trans-acting HDV ribozyme preferentially cleaves
a short U-1 substrate with biphasic kinetics

The crystallized trans-acting HDV ribozyme (Chen et al.
2010) consists of two strands: the substrate and ribozyme seg-
ments. To incorporate site-specific fluorophore labels for sol-
ution probing by FRET, we instead synthesized three RNA
strands by opening the nonconserved capping loop on helix
P4 and labeling the 5" and 3'-ends of the downstream seg-
ment (Strand B) with fluorescein and tetramethylrhodamine,
respectively (Fig. 1B), following an established strategy
(Pereira et al. 2002). We first tested the catalytic activity of
the resulting two-strand ribozyme using radioactive single-
turnover cleavage assays at 25°C on three cleavable trans-sub-
strates (Fig. 1B): (1) the short, U-1-containing substrate with
the sequence used in the crystal structure (Chen et al. 2010),
termed here S1-U; (2) the U-1G mutant substrate S1-G, to
check whether this clinically rare HDV ribozyme mutation
is as catalytically deleterious as previously observed (Sefci-
kova et al. 2007b); and (3) the longer, 8-nt substrate S8-U
with U-1 and a 5" sequence selected for its predicted low ten-
dency to form alternate secondary structures. For S1-U and
S8-U, the time traces of fraction cleaved were best fit with
double-exponential functions (Fig. 1C). The observed bipha-
sic rate constants kops; and kopsy; for S1-U were 1.5 min™!
(amplitude: 0.64) and 0.12 min™"' (0.28), respectively. For
S8-U, kops1 and kops» were approximately twofold slower,
with 0.77 min™" (0.36) and 0.075 min™" (0.30), respectively,
consistent with a potential of the ribozyme to form compet-
ing, weak, alternative secondary structures as predicted by the
program mfold (Zuker 2003). A fivefold increase in ribozyme
concentration resulted in a modest twofold increase in the
kobs values for both S1-U and S8-U, suggesting that the re-
ported values approach the inherent cleavage rate constant
(Supplemental Fig. S1). In the case of S1-G, cleavage time
traces were best fit with a single-exponential function, yield-
ing a kqps of 0.087 min~" (Fig. 1C). A fivefold increase in ri-
bozyme concentration did not further increase this low value
(Supplemental Fig. S1). The ~17-fold lower activity of the S1-
G compared to the S1-U substrate is consistent with previous
observations that G-1 is much disfavored relative to U-1
(Sefcikova et al. 2007b), rationalizing the evolutionary con-
servation of U-1 in clinical isolates of the virus (Wadkins
and Been 2002). The observation of double-exponential
cleavage time courses and final fractions cleaved of less
than unity for the S1-U and S8-U substrates under single-
turnover conditions suggests kinetic heterogeneity of the ri-
bozyme population. Conversely, the fact that the S1-G sub-
strate is cleaved in a single-exponential time course does
not rule out such heterogeneity, especially in light of the sig-
nificantly lower-than-unity cleavage extent (Fig. 1C).

For the crystallized parent ribozyme with S1-U substrate
(Chen et al. 2010), a single k,,, of ~6.5 min~" was reported
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at 37°C, in 25 mM Tris-HCI, pH 7.0, 10 mM MgCl, (Chen
et al. 2009), slightly higher than our kops;. We, therefore,
asked what impact the higher temperature and slightly differ-
ent annealing protocol have by repeating our assay under
these conditions. We again observed double-exponential
cleavage, yielding a kops; of 2.4 min~" (0.63) and a kgps, of
0.99 min~"' (0.30) (Supplemental Fig. S1). The only small
(2.7-fold) difference between our kg, at 37°C and the previ-
ously reported kps suggests that our fluorophore-labeled var-
iant is a relevant model system for the crystallized HDV
ribozyme (Chen et al. 2010).

The crystallized precursor ribozyme exhibits
heterogeneous, catalytically active populations

Fluorescence resonance energy transfer is a powerful tool
to determine global conformations of RNA in solution
(Walter and Burke 2000; Walter 2001; Walter et al. 2001b).
To ask whether the observed heterogeneous cleavage kinetics
of the crystallized trans-acting HDV ribozyme (Chen et al.
2010) are reflected in folding heterogeneities, we used elec-
trophoretic mobility shift assays (EMSAs). These assays are
sensitive to the distinct charges and hydrodynamic radii of
RNA conformers and can be monitored by FRET, as previ-
ously described (Pereira et al. 2002; Jeong et al. 2003). In ad-
dition to our three cleavable substrates S1-U, S1-G, and S8-U,
which are expected to largely convert to product upon ribo-
zyme cleavage during either sample preparation or gel elec-
trophoresis, as well as the product strand P for reference,
we generated four noncleavable substrate versions that are ex-
pected to remain in the precursor state (Fig. 1B): one version
of each substrate with a single 2'-deoxy modification at the
cleavage site (i.e., modifying the U-1 or G-1 nucleotide),
termed S1-dU, S1-dG, and S8-dU, and one substrate identi-
cal to the crystallized one with three 2’-deoxy modifications
at the —1, 1, and 2 positions, encompassing the cleavage site
(S1-dUGG). (Jeong et al. 2003; Sefcikova et al. 2007b). We
then formed substrate-free ribozyme (Strands A and B an-
nealed, or “Free Rz”) (Fig. 1B) and added each one of the
cleavable or noncleavable substrates, or the product strand,
to compare all complexes with Strand B alone on an EMSA
gel (Fig. 2A).

The cleavable substrate complexes all comigrate with the
single band of the product form of the ribozyme, indicating
that they cleave essentially to completeness before or during
electrophoresis (Fig. 2A). This product band is only slightly
slower migrating than the free ribozyme, suggesting that
the addition of the product strand does not significantly in-
crease the hydrodynamic radius of the free ribozyme. In con-
trast, each of the noncleavable substrates shows more than
one distinct band, where one band migrates similarly to the
product complex and another is shifted up significantly,
with the relative contribution of each band indicated in
Figure 2A. The only exception is the crystallized S1-dUGG
substrate, whose precursor ribozyme complex runs as a
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FIGURE 2. FRET probing of our eight trans-acting precursor and
product ribozymes. (A) Fluorescent EMSA of the individual complexes
as indicated. Where appropriate, the relative fractions in the main bands
of a lane are given. Strand B and free ribozyme (Rz) lanes are shown for
reference. (B) Normalized ssFRET time courses upon substrate or prod-
uct addition, as indicated. A decrease in FRET ratio indicates a length-
ening of the fluorophore distance along the longitudinal axis of the
ribozyme. Each trace is an average of at least three trials. (C)
Representative fluorescein fluorescence decays for free ribozyme (Rz),
ribozyme bound to noncleavable substrates, and ribozyme bound to
product (P), as indicated. Traces for ribozymes labeled with donor-
only (D) and with donor plus acceptor (DA) are plotted. Each trace is
one of three replicates but composed of an average of five reads.

smear spanning the two bands observed for the other non-
cleavable substrate complexes (Fig. 2A). These observations
suggest that each precursor ribozyme complex forms more
than one conformation. These conformations either rapidly
(compared to the electrophoretic migration time) intercon-
vert or happen to migrate in a continuum of conformations
of only slightly different hydrodynamic radius, leading to
smearing. Such conformational heterogeneity is consistent
with the catalytic heterogeneity observed in our cleavage
assays.
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The S1-dUGG bound ribozyme appears to exist in solution
as a particularly broad set of conformations (Fig. 2A), sug-
gesting that crystallization leads to the relative enrichment
(purification) of just one of these conformers (Chen et al.
2010). This observation, together with the fact that the bot-
tom band in all precursor complexes almost comigrates
with the product complex, may provide an explanation for
why the recent precursor crystal structure resembles the pre-
vious product crystal structures more than their precursor
counterparts: A more product-like conformation was puri-
fied during crystal growth. Consistent with this hypothesis
and the notion that the more product-like conformation
is catalytically more activated, the noncleavable S1-dG sub-
strate leads to a smaller fractional population of the prod-
uct-like band (Fig. 2A), as well as to lower catalytic activity
(Fig. 1C).

All trans-acting ribozymes undergo a global
conformational change accompanying cleavage

To corroborate our EMSA results, we employed a previous-
ly developed steady-state FRET (ssFRET) assay (Pereira
et al. 2002; Jeong et al. 2003), in which we first form the sub-
strate-free ribozyme, then add a cleavable or noncleavable
substrate or the product strand while monitoring in real-
time the evolution of the relative FRET ratio. This ratio serves
as a measure of changes in distance between the two fluoro-
phores that mark the ends of helixes P4 and P2 (Fig. 1B), thus
allowing us to quantify the time dependence of global confor-
mational change. As observed for a majority of similar cases
before (Jeong et al. 2003), binding of noncleavable substrate
to the free HDV ribozyme leads to a temporal decrease in
FRET ratio, reflecting the substrate binding kinetics (Fig.
2B). When adding the product strand P instead, the decrease
is more pronounced, suggesting that the P4-P2 end-to-end
distance monitored by the FRET pair becomes longer in
the product than in any of the precursor structures. The ki-
netics of the FRET ratio decrease in all cases but the S1-G ri-
bozyme are characterized by a double-exponential decay,
providing additional evidence for heterogeneous folding
(Fig. 2B). Supporting the notion that formation of product
leads to further lengthening of the P4-P2 axis, the combina-
tion of binding and subsequent (partial) cleavage upon addi-
tion of the cleavable substrates S1-U, S-1G, and S8-U leads to
FRET ratio decreases close to that associated with binding
of product strand P (Fig. 2B). The fact that, for the S-1U
and S-1G substrates, the overall decrease falls between those
of binding the corresponding noncleavable strands S1-dU/
S1-dG and product strand P is further consistent with the ob-
served incomplete conversion of these substrates into prod-
uct (Fig. 1C). Taken together, these observations strongly
support the result from our EMSAs that the precursor and
product forms of the most recently crystallized trans-acting
ribozyme version display distinct global conformations.
Thus, a global conformational change appears to accompany

1116 RNA, Vol. 20, No. 7

cleavage, consistent with previous findings on other trans-
acting HDV ribozymes (Harris et al. 2002; Pereira et al.
2002; Jeong et al. 2003; Tinsley et al. 2004).

To quantify this conformational change and the resulting
P4-P2 end-to-end lengthening, we performed time-resolved
FRET (trFRET) measurements as described (Walter et al.
1999, 2001a; Pereira et al. 2002; Jeong et al. 2003; Rueda
et al. 2003) on ribozyme free of substrate as well as bound
to each one of our noncleavable substrates or the product
strand. As expected, the fluorescein-only singly labeled ribo-
zyme complexes display nearly identical fluorescence decay
curves, whereas all fluorescein-tetramethylrhodamine dou-
bly labeled ribozymes exhibit distinct, faster decays due to
varying FRET efficiencies (Fig. 2C). Analysis of these decay
curves yielded the single Gaussian inter-fluorophore distance
distributions summarized in Table 1. The free ribozyme ex-
hibits the most compact structure, with a mean inter-fluoro-
phore distance of ~51 A. The precursor ribozymes adopt
distances of between 53 A (S8-dU) and 59 A (S1-dUGG)
(Table 1), depending on the noncleavable substrate. The
product conformation, with a mean fluorescein-tetramethyl-
rhodamine distance of ~67 A, is indeed extended, by ~8 A
in the P4-P2 end-to-end distance, compared to the crystal-
lized S1-dUGG complex (Table 1). Such an extension is con-
sistent with our ssFRET results as well as previous studies of
other trans-acting HDV ribozymes that showed extensions
of between 2 and 15 A upon conversion of the precursor to
the product (Pereira et al. 2002; Jeong et al. 2003). Evidence
of this extension also underscores the results from our
EMSAs, which characterize the product as the fastest-migrat-
ing species (Fig. 2A), presumably because their lengthened
and thus more oblong conformation is conducive to higher
gel mobility.

Taken together, our EMSA, ssFRET, and trFRET data con-
sistently show that the newly crystallized trans-acting HDV
ribozyme (Chen et al. 2010) in solution undergoes a signifi-
cant conformational change accompanying cleavage. The ri-
bozyme also displays folding heterogeneity in the precursor
form that is removed upon cleavage. The finding that, in
our EMSAs, all of our substrates cleave to completion (Fig.
2A) further indicates that all conformational isomers are cat-
alytically active, although to varying degrees as evident from
the biphasic kinetics of our cleavage assays (Fig. 1C). That the

TABLE 1. Distance distribution parameters obtained from time-
resolved FRET data

Mean distance (A)  FWHM (A) v
DA-Rz 5142 30+3 3.1+08
DA-S1-dU 58+ 1 48+8 32+1.2
DA-S1-dUGG 59 +3 36+19 3.4+1.3
DA-$8-dU 53+3 307 33+09
DA-P 67 +4 38+5 2.7+0.3
DA-51-G 592 40+3 3.0+0.4
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crystal structure shows a relatively well-defined single global
conformation further suggests that crystallization may have
purified a more product-like conformer. Consistent with
this notion, the P4-P2 end-to-end distance in the crystal is
~70 A (Chen et al. 2010), close to that of the product con-
former in solution as observed here (~67 A).

In MD simulations, the modeled hammerhead
ribozyme cleavage site results in favorable in-line
fitness, as long as C75 is protonated

While a single product-like trans-acting HDV ribozyme con-
former was crystallized (Chen et al. 2010), our FRET studies
show that in solution multiple catalytically active global con-
formations coexist. This discrepancy raises the question of
whether the crystal structure itself may hint at such confor-
mational divergence. Indeed, the U-1 and scissile phosphate
were not resolved in the otherwise high-resolution electron
density and had to be modeled in (Chen et al. 2010). The
two simplest explanations for this lack of electron density
are that a significant fraction of molecules degraded during
crystal growth or that the crystal contains a conformational
ensemble with some flexibility and/or disparity around the
active site, a possibility favored by the authors (Chen et al.
2010). To test this notion and provide a window into the rap-
id (sub-microsecond), small-scale dynamics of the ribozyme,
not easily accessible by experimental techniques (Ditzler
et al. 2010), we performed MD simulations on the crystal-
lized trans-acting precursor using our established protocols
(Krasovska et al. 2005, 2006; Rhodes et al. 2006; McDowell
et al. 2007, 2010; Sefcikova et al. 2007a,b; Ditzler et al.
2010). We used the latest parmbscOxors (Perez et al. 2007;
Zgarbova et al. 2011) variant of the Cornell et al. AMBER
force field (Cornell et al. 1995), which is essential for stable
RNA simulations (Banas et al. 2010). We analyzed 49 simu-

TABLE 2. List of MD simulations performed here

lations with an aggregate 1.8 psec of simulation time (Table
2). With such an extent of simulations available, we focused
our analysis on a parameter that monitors the most critical
part of the underlying crystal structure, the modeled cleavage
site, and is able to relate its conformation to a functional pa-
rameter, catalytic activity. To this end, we used the previously
described in-line fitness that combines the distance between
the attacking 2’-O nucleophile and the phosphorus atom
with the in-line attack angle formed by the 2’-O nucleophile,
phosphorus, and 5’-O leaving group (Lee et al. 2011) into a
single value reflecting the relative poise to undergo catalysis
(Soukup and Breaker 1999). In essence, a “high” fitness value
close to 1 indicates a phosphodiester bond geometry more
amenable to cleavage than one described by a “low” fitness
value closer to 0.

The cleavage site of the crystallized trans-acting HDV ri-
bozyme (Chen et al. 2010) was proposed to resemble the
splayed cleavage site conformation of the crystal structure
of the hammerhead ribozyme (PDB ID 20EU) (Martick
and Scott 2006; Chen et al. 2010). Incorporating this model
into an all-ribose form of the trans-acting crystal structure
with an N3-protonated C75H", we performed six simula-
tions termed U-1+ (Table 2). We found that half of our sim-
ulations predominantly retained high (>0.5) in-line fitness,
whereas the other half showed low (<0.5) values with occa-
sional excursions to higher values (Fig. 3A). Alternatively,
we modeled the cleavage site using an alternative “U-turn”
motif topology that we had identified in the previous cis-act-
ing precursor crystal structure (PDB ID 1SJ3) (Fig. 3B;
Sefcikova et al. 2007b). The resulting five 1S]3_U-1+ simula-
tions (Table 2) exhibited poor in-line fitness, with >99% of
the total simulation time resulting in values of <0.5 (Fig.
3A). In addition, when restraining the U-1(N3)...C3(O2P)
distance for the first 10 nsec in two simulations (numbers 1
and 2) to that of a hydrogen bond characteristic of the

C75 protonation Number of Length of each

Simulation name state Modifications of starting structure replicates replicate (ns)

U-1+ Protonated All ribose; G1 phosphate and U-1 modeled from 20EU 6 40, 20, 20, 20, 20, 100

15)3_U-1+2 Protonated All ribose; G1 phosphate and U-1 modeled from 15)3 5 50, 50, 50, 50, 20

U-1 Unprotonated All ribose; G1 phosphate and U-1 modeled from 20EU 5 100, 50, 50, 50, 20

Product Unprotonated All ribose; no U-1 5 20, 20, 20, 20, 20

Xtal_U-1+° Protonated All ribose; G1 phosphate and U-1 modeled from 15)3; 5 20, 20, 20, 50, 20
contains a neighboring P4 stem-loop

dU-1+ Protonated d(U-1); G1 phosphate and U-1 modeled from 20EU 5 100, 50, 50, 50, 20

dUGG+ Protonated d(U-1G1G2); G1 phosphate and U-1 modeled from 20EU 5 20, 20, 20, 20, 20

Xtal_dUGG+® Protonated d(U-1G1G2); G1 phosphate and U-1 modeled from 20EU; 5 20, 20, 20, 50, 20
contains a neighboring P4 stem-loop

dUGG Unprotonated d(U-1G1G2); G1 phosphate and U-1 modeled from 20EU 5 20, 20, 20, 20, 20

Cis+ Protonated All ribose no U-1; G1 phosphate and U-1 modeled from 5 20, 20, 20, 20, 20
20EU; J1/2 modeled from 1S)3

U-1G+ Protonated All ribose, G1 phosphate and G-1 modeled from 20EU 5 50, 50, 50, 20, 20

“U-1(N3)-C3(O2P) was restrained during equilibration and for the first 10 nsec in replicate 1 and 2, and during equilibration of replicate 5.
PSix intermolecular distances were restrained during the entire simulation as indicated in Figure 5A.
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FIGURE 3. Testing the hammerhead ribozyme model for the cleavage site. (A) In-line fitness of our U-1+ and 1SJ3_U-1+ simulations (Table 2). (B)
Overlay of 15J3_U-1+ and U-1+ scissile phosphates. The 1SJ3_U-1+ structure is shown in color, while the U-1+ structure is shown in transparent
cartoon with relevant residues shown as thickened lines. The U-1(N3)C3(O2P) heavy atom distance restrained in some simulations (Table 2) is de-
noted with a black dashed line, while the destabilized C75(N3H3)G1(05') distance is denoted with a light blue dashed line. For reference, the stable
C75(N3H3)G1(05’) distance is denoted in the gray U-1+ structure with a black dashed line. In all stick representations of 1SJ3_U-1+ structures,
carbons are colored dark red, nitrogens are blue, oxygens are red, and hydrogens are white. (C) Comparison of C75H"(N3H3)...G1(05') hydrogen
bonding occupancies of U-1+ and 1SJ3_U-1+ simulations. Traces were computed using the Simulaid program and in-house scripts, with cutoffs of
>120° and <3.5 A to indicate the presence of a hydrogen bond. (D) Monitoring of alternate A77(N6)...G1(O1/02P) hydrogen bonding interactions
for U-1+ and 1SJ3_U-1+ simulations. (E) The alternative ion cage observed in 1SJ3_U-1+ simulations. Overlays of 1S]3_U-1+ and U-1 are shown in
the left-hand portion of the figure. As in panel B, the 1SJ3_U-1+ structure is shown in color, while the U-1+ structure is in transparent gray cartoon for
reference. Relevant residues are shown in sticks and thickened lines, respectively. Red dashed lines indicate hydrogen bonds/ionic interactions that
form and are stable in 1SJ3_U-1+ trajectories, while blue dashed lines indicate hydrogen bonds in U-1+ simulations that are destabilized due to
the new scissile phosphate conformation of the 1SJ3_U-1+ structure. A sodium ion is shown as a large navy sphere. The cyan lines in panel A denote
from which replicate and at what times the snapshots were taken. (F) Coordination number of sodium ions at a given distance from each of the func-
tional groups specified. The plotted curves are weighted averages from all available simulations of a given type.
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U-turn motif (Sefcikova et al. 2007b), the in-line fitness never
increased beyond 0.5 (Fig. 3A). In almost all 1SJ3_U-1+ sim-
ulations, C75H" resided far from G1(05'), disrupting a hy-
drogen bond that appears critical for retaining an optimal
scissile phosphate geometry (Fig. 3C). Often, the scissile
phosphate’s two nonbridging oxygens accepted a fluctuating,
bifurcated hydrogen bond from the two exocyclic amino pro-
tons of A77(N6) (Fig. 3D). In turn, this interaction created a
cation-binding pocket different from that observed in the
hammerhead model of the cleavage site, with, on average,
one ion bound to G1(O1P), and a partially (~25%) occupied
ion bound to A77(N7) and C75H"(02) (Fig. 3E,F). Such Na*
ion binding is often predictive of Mg>* binding while avoid-
ing the complications from insufficient sampling and lack
of polarization associated with simulating a tightly binding
Mngr (Krasovska et al. 2006; Ditzler et al. 2010). We conclude
that, while the U-turn motif is consistent with the earlier cis-
acting precursor crystal structure, it does not lend itself to
high in-line fitness in the context of the product-like trans-
acting ribozyme. In addition, combining the simulation
data, while still far from full sampling, with our experimental
findings suggests that the catalytic core of the HDV ribozyme
occupies a rugged folding free-energy landscape with multi-
ple low-energy wells (Zhuang et al. 2002; Rueda et al. 2004;
Marek et al. 2011).

In our simulations so far, we used an N3-protonated
C75H*, which we found leads to a C75H"(N3)...G1(5'0)
hydrogen bond critical for maintaining a favorable in-line
fitness. Previous MD studies have identified two protonated

cytosines as structurally important: C41, that upon proton-
ation forms a rare stabilizing quadruple interaction just be-
low the active site (Krasovska et al. 2005; Veeraraghavan
et al. 2010), and C75, that upon protonation promotes a sta-
ble active site in the context of the trans-acting precursor
(Veeraraghavan et al. 2011) as well as cis-acting product
structure (Krasovska et al. 2005). Protonation in the context
of the new, trans-acting ribozyme is justified since the crystal
structure was obtained at a pH of 5.0 (Chen et al. 2010); how-
ever, since the pK, of C75 of the HDV ribozyme was mea-
sured as ~6.4 (Nakano et al. 2000; Gong et al. 2007), at the
more physiological pH of 7.5 used in our solution, probing
a protonated C75H" will represent only a minor (as low as
10%) species. To ask what impact an unprotonated C75
has on in-line fitness, we performed five U-1 simulations
without protonating C75 in the starting structure (Table 2).
Indeed, very few excursions to high (>0.5) in-line fitness oc-
curred (Fig. 4A), and without the C75H"(N3)...G1(5'O) hy-
drogen bond, this distance increased to typically 5-10 A (Fig.
4B). Such distances are not typically seen in the U-1+ simu-
lations (Fig. 4B). On average, a single Na* ion occupied a
position close to the unprotonated C75(N3), as well as C75
(02), essentially adopting the position of the H(C75N3)
proton in the U-1+ simulations, occupying a pocket of the
ribozyme rendered more negative in electrostatic surface po-
tential due to deprotonation of C75H" (Fig. 4C). The frac-
tional residency of this ion was 101 £29% for C75(N3)
(indicating that occasionally more than one Na* binds in
the pocket) and 78 £21% for C75(02) (Fig. 4D). These
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while the U-1+ structure is in transparent gray. Relevant residues are shown as sticks and thickened lines, respectively. Red dashed lines indicate stable
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observations are consistent with previous experimental stud-
ies that suggested anti-cooperativity between protonation of
C75 and relatively weak binding of an active-site magnesium
ion (Nakano et al. 2001; Krasovska et al. 2006). Taken togeth-
er, our data strongly suggest that protonation of C75 to form
a C75H"(N3)...G1(5'0) hydrogen bond is critical for the
trans-acting HDV ribozyme precursor to adopt a favorable
in-line fitness value, positioning its scissile phosphate for
catalysis.

Further supporting the notion that the C75H"(N3)...Gl1
(5'0) hydrogen bond is a critical anchoring point for a prod-
uct-like structure, we found that five simulations of a product
form of the trans-acting crystal structure (with U-1 removed,
G1(5'0O) protonated, and C75 left unprotonated) (termed
“Product” in Table 2) showed only a subtle difference within
the active site relative to our U-1+ simulations. In this case of
a less crowded active site without U-1, an even more stable
GI1(OH5’)...C75(N3) hydrogen bond forms. This hydrogen
bond is present in all five Product simulations, with occupan-
cies ranging from 30% to 80% (Fig. 4E).

Intermolecular crystal contacts

and 2’-deoxy modifications decrease
in-line fitness and stacking of U-1

on U23

Upon inspection of the crystal structure,
we noticed an intermolecular contact be-
tween the closing GAAA tetraloop of P4
of one molecule in the unit cell and the
active site in another (Fig. 5A; Chen
et al. 2010). While the several hydrogen
bonds from this contact may have fortu-

In-Line Fitness.

in our U-1+ simulations (Fig. 5A). The crystal packing con-
tact thus may contribute to the lack of U-1 electron density
(Chen et al. 2010) since it confers a less well-defined posi-
tioning of U-1.

Another unusual feature of the crystal structure (Chen
et al. 2010) is the presence of three 2'-deoxy modifications
in U-1, G1, and G2 flanking the cleavage site (Fig. 1A).
While a single such modification of the N-1 nucleotide is of-
ten used to render a ribozyme substrate noncleavable by re-
moving the 2’-OH nucleophile that serves as a nucleophile
during cleavage, multiple 2’-deoxy modifications are less
common. To ask what effect these extended modifications
may have on the local structural dynamics of the cleavage
site, we first performed five dU-1+ simulations with a single
2’-deoxy modification at U-1 (Table 2) and compared them
to our all-ribose U-1+ simulations. Because there is no U-1
(2’0) in the dU-1+ simulations, an in-line fitness “equiva-
lent” was calculated by using U-1(2'H) in place of U-1
(2’0). In two of our dU-1+ simulations, in-line fitness start-
ed off at favorable values but later sampled unfavorable values
as well (Fig. 5B). In two other dU-1+ simulations, fitness
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started with and remained at unfavorable values (Fig. 5B).
This behavior resembles that of the all-ribose U-1+ simula-
tions (Fig. 3A).

We then performed five dUGG+ simulations that carried
all three 2’-deoxy modifications of the crystal structure
(Table 2). In this case, less frequent adoption of favorable
in-line fitness was observed and, if adopted, high in-line
fitness values were often rapidly lost (Fig. 5C). These observa-
tions suggest that, as with the intermolecular crystal contacts,
2'-deoxy modifications near the cleavage site may reduce cat-
alytic poise. Specifically, the absence of a G1(2’OH)...U-1
(5'0) interaction seems to affect this difference, whereas hy-
drogen bonding by G2(2'OH) does not appear to have dis-
tinct effects. Interestingly, the dynamic exchange between
high and low fitness values appears to be accelerated for
the dUGG+ simulations (Fig. 5C), consistent with the large
number of closely related (i.e., almost comigrating) confor-
mations we observed in our EMSAs for S1-dUGG ribozymes
(Fig. 2A). Such an enhanced flexibility may further have con-
tributed to the lack of experimental electron density for U-1
and the cleavage site in the 2’-deoxy-modified crystal struc-
ture (Chen et al. 2010). When we performed simulations
with the crystal contacts and all three 2’-deoxy modifications
at the active site (“Xtal_dUGG+”) (Table 2), we observed
a greater dominance of in-line fitness values <0.4 in each rep-
licate compared to Xtal_U-14 or dUGG+ (Fig. 5C). Finally,
when performing five dUGG simulations with an unproto-
nated C75, we observed behavior similar to that of the C75

A C Replicate

U-1G+

unprotonated dU simulations with particularly low in-line
fitness. We also observed generally unfavorable C75(N3)...
G1(5'0O) heavy atom distances in both the dUGG+ and
dUGG simulations (Fig. 5D), indicating that the incorpo-
ration of all three 2'-deoxy modifications contributes to fur-
ther active site destabilization beyond simply unfavorable in-
line fitness.

A cis-acting precursor model exhibits greater
fluctuations in fitness, whereas multimodal stacking
of a U-1G mutation with U23 results in decreased fitness

A wealth of experimental evidence has indicated that cis-
acting HDV ribozymes generally cleave ~10-100 times faster
than their trans-acting counterparts (Pereira et al. 2002; Shih
and Been 2002; Sefcikova et al. 2007a; Tinsley and Walter
2007; Chen et al. 2009). It has been hypothesized that the
loss in catalytic activity of trans-acting ribozymes is due to
a less poised or stable cleavage site architecture as a result
of the distal discontinuity of the RNA backbone (Shih and
Been 2002; Tinsley and Walter 2007). To test this hypothe-
sis in the context of the trans-acting crystal structure, we
modeled into it two J1/2 joiner nucleotides (A8 and U9)
from the previous cis-acting product crystal structure
(Ferre-D’Amare et al. 1998) to arrive at a corresponding,
C75(N3)-protonated (or C75H") cis-acting precursor model
(Cis+) (see Table 2 and Fig. 6A). While generally similar
in the probability distribution of in-line fitness values
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noted in purple. (B) In-line fitness of our Cis+ simulations. (C) In-line fitness (top plot), stacking behavior (middle plot), and representative stacking
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(Supplemental Fig. S2), we found this model to exhibit great-
er dynamics in fitness than our U-1+ simulations, as all five
of our Cis+ simulations converted multiple times between
high and low in-line fitness values (Fig. 6B). This finding
contrasts with our U-1+ simulations that show either mostly
high or mostly poor in-line fitness over entire 20 nsec simu-
lations (Fig. 3A). These more rapid fluctuations of Cis+ in-
line fitness compared to that of the U-1+ simulations are
consistent with a lower barrier to transitioning between inac-
tive and active local conformations once C75 is protonated
and may rationalize the generally higher catalytic activity of
cis-acting HDV ribozymes.

Conversely, previous studies have shown that a G-1 up-
stream of the scissile phosphate results in a decrease in cata-
Iytic rate relative to the U-1 found conserved in clinical
isolates of HDV (Wadkins and Been 2002; Sefcikova et al.
2007b). Our bulk FRET assays also indicated that this muta-
tion results in kinetic behavior distinct from that of the native
U-1. To ask whether the trans-acting ribozyme structure may
offer an explanation for both of these effects, we analyzed five
simulations with a G-1 in place of the U-1, in the presence of
an N3-protonated C75H* (U-1G+) (Table 2). We found
98.5% of the total frames of these trajectories to adopt in-
line fitness <0.5 (Fig. 6C). This trend was mainly determined
by unfavorable in-line attack angles, which, in turn, appeared
to be due to variable stacking of G-1 with U23; in addition to
a sliding motion of U23 on the larger G-1, significant
unstacking of the two bases was observed in three out of
five trajectories (Fig. 6C). These observations rationalize
the decrease in catalytic activity upon U-1G mutation of
trans-acting HDV ribozymes (Sefcikova et al. 2007b) and fur-
ther support the functional relevance of our MD simulations.

DISCUSSION

Disparate crystal structure models of the cleavage precursor
of the HDV ribozyme have raised questions about the validity
of the particular modifications needed for each specific con-
struct to crystallize. In the case of the cis-acting precursor, ei-
ther the catalytic C75 was mutated to U or divalent metal ions
were omitted (Ke et al. 2004), both of which may have led to
trapping of an off-pathway conformation. In the case of a
more recent trans-acting precursor structure (Chen et al.
2010), three 2'-deoxy modifications surrounding the cleavage
site and the establishment of intermolecular contacts during
crystal growth may have led to the poorly defined cleavage
site, which lacks electron density for the U-1 nucleotide
and scissile phosphate. In addition, this structure was grown
at pH 5.0, protonating C75 into an ionized species that would
be relatively rare at physiological pH given C75’s pK, of ~6.4
and the competition of protonation with Mg*" binding
(Nakano et al. 2000; Gong et al. 2007); this protonation, in
turn, likely trapped a rare, more product-like conformation
that would be slow to react, as cleavage is disfavored at low
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Free Energy

Reaction Coordinate

FIGURE 7. A parsimonious, unifying, minimal model of the HDV ri-
bozyme folding free-energy landscape focused on the catalytic reaction
coordinate, indicating the divergence of the trans-acting, cis-acting, and
U-1G mutant ribozymes. Below each of the main on-pathway interme-
diates, structural models as derived from the available crystal structures
are depicted. The cis-acting precursor crystal structure (Ke et al. 2004)
resembles most closely an early intermediate dominant at physiological
pH (left). This intermediate still needs to undergo a conformational
change that positions the C75H+ for general acid catalysis and was
trapped at low pH in the trans-acting precursor structure (Chen et al.
2010) (middle). If a magnesium hydroxide is bound to the active site
simultaneously, cleavage into the product leads to loss of the 5’-precur-
sor sequence and magnesium ion (right).

pH due to the scarcity of the required general base (Perrotta
et al. 1999b; Nakano et al. 2000).

Our data support the unifying minimal model summa-
rized in Figure 7 that resolves these questions. We find that
the crystallized trans-acting ribozyme shows multiple distinct
conformations in solution at physiological pH as evidenced
by biphasic cleavage kinetics (Fig. 1C) and a smear upon na-
tive gel electrophoresis (EMSA) (Fig. 2A). The fact that the
EMSA smear is converted into a single product band upon
cleavage in the gel (Fig. 2A) suggests that all of these confor-
mations eventually cleave and, hence, are catalytically active
even if with varying rate constants. Accompanying cleavage
in solution at physiological pH, the crystallized trans-acting
HDV ribozyme undergoes a significant conformational
change, as observed by ssFRET and trFRET in the form of
a significant lengthening along the longitudinal axis (Fig.
2B,C). This finding is similar to observations for all previous
trans- and cis-acting ribozymes (Pereira et al. 2002; Tanaka
et al. 2002; Jeong et al. 2003; Harris et al. 2004), suggesting
that it represents an immutable, common feature of the
HDV ribozyme in general. Taken together, these observa-
tions suggest that occasional, stochastic protonation of C75
at physiologic pH leads to the transient adoption of an ion-
ized state that moves C75H" closer to the cleavage site so
that its N3 donates a hydrogen bond to the G1(O5’) leaving
group (while its exocyclic amine donates a hydrogen bond to
one of C22’s nonbridging oxygens; it remains unclear wheth-
er the adjacent G25 rotates from anti to syn before, during, or
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after this event). This conformational adjustment sets the
stage for the adoption of favorable in-line fitness. If, concom-
itantly, a Mg®* ion bound to the adjacent electronegative
cleft carries a deprotonated water molecule in its inner-coor-
dination sphere, cleavage can proceed with C75H" and Mg
(OH)" serving as the general acid and base, respectively
(Fig. 7). Since the opposing protonation states of C75H"
and Mg(OH)" are rare and transient, cleavage is slow com-
pared to protein-based ribonucleases (Bevilacqua 2003; Bev-
ilacqua et al. 2004; Walter 2007). According to this model,
the conformational change accompanying catalysis (Ke
et al. 2004) is induced by the—at physiological pH—rare
protonation of C75. The resulting transient adoption of an
active site conformation similar to that modeled into the
trans-acting ribozyme structure was enriched by crystalliza-
tion at low pH. Conversely, our solution probing at physio-
logical pH detects a dominant conformation more similar
to the cis-acting precursor crystal structure, prior to the con-
formational change, which represents a legitimate alternate
conformation and on-pathway catalytic intermediate. (We
note that there must also be other, more globally distinct con-
formations present in solution to explain the broad smear
and multiple bands of the various frans-acting ribozyme ob-
served during EMSA, as well as the biphasic cleavage kinetics,
which points to deeply trapped conformations [Zhuang et al.
2002; Rueda et al. 2004; Marek et al. 2011].)

Energetically, we have evidence that the cis-acting HDV
ribozyme has a lower barrier toward catalysis than the
trans-acting version (Fig. 7). First, all cis-acting ribozymes
are 1-2 orders of magnitude faster in cleavage (Tinsley and
Walter 2007). Second, in our MD simulations, a cis-acting
precursor model appears to exhibit more rapid fluctuations
between conformations of high and low fitness (Fig. 6B), sug-
gesting that the barrier between the pre- and post-conforma-
tional change states and, as a consequence, also the overall
energetic barrier of catalysis, are lowered (Fig. 7). However,
at physiological pH, the preconformational change state is
still thermodynamically favored, leading to the observed pre-
conformational cis-acting crystal structure. Conversely, a U-
1G mutation leads to generally low in-line fitness, and thus
a higher catalytic barrier, by disfavoring the conformational
change needed to adopt a suitable active site conformation
(Fig. 7), at least partially due to trapping of G-1 in a shifted
stacking interaction with U23 (Fig. 6C). Our data and result-
ing parsimonious model thus offer rationalizations for a
number of independent experimental observations. In addi-
tion, they further advance a widely held view of RNA folding
free-energy landscapes as particularly rugged (compared to,
for example, those of proteins) (Woodson 2010; Marek
et al. 2011).

Our MD simulations provide a glimpse of how subtle some
of the conformational rearrangements may be that control a
catalytically critical parameter such as the in-line fitness,
which needs to reach a value of >0.5 for RNA cleavage to be-
come significant (Soukup and Breaker 1999). Efficient ribo-

zymes are likely to stabilize favorable in-line fitness, as well as
position general acid and base catalysts. The cis-acting HDV
ribozyme is one of the most efficient self-cleaving ribozymes
known, yet is still many orders of magnitude slower than
RNase A (Walter 2007; Nakano et al. 2000). One reason
may be the electrostatic competition between C75 proton-
ation and Mg”* binding to the active site (Nakano et al.
2001). Furthermore, while C75H" is a rare protonated spe-
cies needed for catalysis, the hydrated Mg*" ion with its
high pK, of ~12 needs to adopt a rare deprotonated state
to act as the general base, contrasting events that will have a
low probability to coincide. Protonation of C75, in turn,
leads to a C75H+(N3)...G1(05’) hydrogen bond that aids
in adopting a favorable in-line fitness. It appears that it is
the required temporal coincidence of these partially com-
peting, dynamic low-probability protonation and conforma-
tional change events that slows RNA self-cleavage to, at best,
some 10s to 100s min~" (Sefcikova et al. 2007b; McDowell
etal. 2010). Future studies will likely reveal more such exam-
ples for the complex relationship between the folding dynam-
ics and function of RNA. Linking results from experimental
structural and functional probing with those from computa-
tional MD simulations, as accomplished here through the use
of in-line fitness as a parameter transcending the gap in ac-
cessible timescales, is likely to pave the way for more advances
in this direction.

MATERIALS AND METHODS

Preparation of RNAs

All sequences used here were based on the recent trans-acting HDV
ribozyme crystal structure (Chen et al. 2010). The GAAA loop of the
P4 stem was replaced with an extension of the P4 helix to generate a
three-stranded version of the ribozyme (Fig. 1B), as done before
(Pereira et al. 2002). Additionally, U55 in the P4 helix was omitted
to prevent potential misfolding. All RNA oligonucleotides were pur-
chased from the Keck Biotechnology Resource Laboratory at the
Yale University School of Medicine (http:/keck.med.yale.edu/
oligo). Some strands were ordered already 2'-de-protected and car-
tridge-(Glen-Pak)purified, while others were 2’-de-protected in-
house according to the manufacturer’s instructions and then puri-
fied as described (Walter 2002) by denaturing, 8 M urea, 20% poly-
acrylamide (19:1 acrylamide:bisacrylamide) gel electrophoresis. The
bands of interest were cut out, diffusion-eluted into either 1 mM
EDTA or “Crush ‘n Soak” buffer (0.5 M NH,OAc, 0.1 mM
EDTA), ethanol-precipitated, and resuspended in autoclaved dou-
ble-distilled water, similar to previous protocols (Walter 2002).
Oligonucleotides that were cartridge-purified by Keck were analyzed
by denaturing, 8 M urea, 20% polyacrylamide gel electrophoresis to
ensure high purity. RNA concentrations were calculated from ab-
sorption at 260 nm.

Strand B was purchased already labeled with a 5’'-fluorescein and
a 3’-C7-amino modifier in preparation for further in-house labeling
with 5-carboxytetramethylrhodamine (TMR) succinimidyl ester
(Invitrogen) according to the manufacturer’s protocol, using
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overnight incubation at room temperature (22°C). The doubly la-
beled RNA was then purified by denaturing, 8 M urea, 20% poly-
acrylamide gel electrophoresis. The bands of interest were cut and
diffusion-eluted either into 1 mM EDTA or Crush ‘n Soak buffer.
The RNA was then ethanol-precipitated and resuspended using
autoclaved, double-distilled water, similar to previous protocols
(Walter 2002). The concentration of the doubly labeled Strand B
was determined from the absorption spectrum and estimated to
contain ~35% of singly labeled starting material.

Radioactive cleavage assays

Radioactive cleavage assays to determine ribozyme activity were per-
formed similar to those previously described (Pereira et al. 2002).
Cleavable substrate strands were 5'-end-labeled using T4 polynucle-
otide kinase (NEB) and [y-32P] ATP. All cleavage assays were
carried out under single-turnover conditions, where the free ribo-
zyme concentration was ~125-fold above the substrate concentra-
tion, unless otherwise noted. Standard assay conditions were a
buffer of 40 mM Tris-HCI, pH 7.5, 25 mM DTT, and 11 mM
MgCl, at 25°C, unless otherwise stated. Ribozymes were prean-
nealed by mixing Strand A and twice the concentration of Strand
B (labeled with fluorescein and TMR) under standard assay condi-
tions without magnesium, heating to 90°C for 2 min, and then cool-
ing to 25°C for 10 min using a water bath. MgCl, was added to a final
concentration of 11 mM. The free ribozyme was incubated at 50°C
for 10 min, followed by cooling to 25°C for 10 min. The final ribo-
zyme concentration, based on the concentration of Strand A, was
750 nM. Cleavage assays were initiated by adding a trace amount
(<6 nM) of 5'-**P-labeled substrate. Alternatively, the conditions
of a previous study (Chen et al. 2009) were followed by mixing a
250-fold excess of ribozyme over the *’P-labeled substrate in
25 mM Tris-HCl, pH 7.0, heating at 90°C for 2 min, and cooling to
room temperature for 10 min. The mixture was then incubated at
37°C for 2 min. Magnesium chloride was added to initiate the assay
to be carried out at 37°C. In either case, aliquots of 5 pL were taken at
appropriate time intervals and quenched with 10 pL of stop solution
(75% [v/v] formamide, 150 mM EDTA, and 0.1% [w/v] each of bro-
mophenol blue and xylene cyanol dyes). The 5 cleavage product
was separated from the uncleaved substrate by gel electrophore-
sis using denaturing, 8 M urea, 20% polyacrylamide gel electropho-
resis at a limiting power of 25 W for 1.5 to 2 h at room temperature.
The gel was then exposed to a phosphorimager screen for 18-22 h
and scanned using a Typhoon 9410 Variable Mode Imager. Bands
were quantified using Image] (Schneider et al. 2012), and the
calculated fraction cleaved at each time point was normalized to
the sum of the substrate and product bands. Error bars were derived
from 3-5 independent assays. Time traces of product formation
were fitted with either a single-exponential (y = A(1 — e{~ko?))
or double-exponential increase function (y = A;(1 — e(kas?)
+ Ay(1 — eFe20y) utilizing the Marquardt-Levenberg nonlinear
least-squares regression method (GraphPad Prism version 4.0b for
Mac, GraphPad Software), where A is the pre-exponential factor
and ks is the observed rate constant for the reaction.

Gel electrophoretic mobility shift assays (EMSAs)

Similar to previous protocols (Pereira et al. 2002), 50 pmol of sub-
strate or product strand were incubated with 30 pmol of Strand A
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and 8 pmol of Strand B in standard buffer without magnesium (final
concentration of 40 mM Tris-HCI, pH 7.5, 25 mM DTT), supple-
mented with 10% (v/v) glycerol. The samples were then incubated
using the protocol outlined for cleavage assays, with two minor
changes: The initial 90°C incubation lasted 1 instead of 2 min,
and the two 10-min incubations were conducted at room tempera-
ture on the bench top instead of in a 25°C water bath. MgCl, was
added to a final concentration of 11 mM and the solution incubated
for at least 10 min at 50°C. The electrophoresis unit had been al-
lowed to pre-equilibrate at 4°C for at least 2 h. After incubation,
the samples were loaded onto a nondenaturing 10% polyacrylamide
(19:1 acrylamide:bisacrylamide) gel containing 11 mM Mg(OAc),
and 40 mM Tris(OAc), pH 7.5. An electric field of ~10 V/cm was
applied to the samples, which were electrophoresed for 12-14 h at
4°C. The gel was then imaged using a Typhoon 9410 Variable
Mode Imager as described (Pereira et al. 2002). A dual-color image
was generated by the scanner software and opened in ImageQuant.
Relative band intensities were determined by analysis using Image]J
(Schneider et al. 2012); relative band percentages were obtained
by summing the intensities from the fluorescein and TMR scans
and normalizing them to their sum for each lane.

Steady-state FRET measurements

Solutions of 43—49 nM Strand B (final concentration after full as-
sembly) in standard buffer were annealed as specified in the
EMSA protocol. One hundred forty microliters of such a solution
were added to a Starna quartz fluorescence cuvette, its fluorescein
label excited at 470 nm (bandwidth 8 nm) and emissions detected
at 520 nm (bandwidth 16 nm) and 585 nm (bandwidth 16 nm)
for fluorescein and TMR, respectively. After Strand B signal proved
stable, 5 uL Strand A were added in a 3.25-fold excess over Strand B
for S8-U, S8-dU, S1-U, S1-dU, and S1-dUGG and P runs, and in a
3.8-fold excess over Strand B for S1-G and S1-dG runs. The result-
ing change in FRET was recorded for 30 min. Once this signal was
stable, traces were further followed upon the addition of a substrate
or product strand in a 5.42-fold excess over Strand B for S8-U, S8-
dU, S1-U, S1-dU, S1-dUGG, and P runs, and in a 5.8-fold excess for
the S1-G and S1-dG runs. All substrate and product strands were
added in 5-pL volumes, for a total final volume of 150 pL. The re-
sultant signal change was measured in all cases for at least 5000
sec. In the case of the free Rz runs, 5 uL of standard buffer were add-
ed instead of the third strand, so that the final reaction volume was
consistent. The ratio of acceptor to donor signal was calculated and
normalized to the starting baseline. Each trace was then smoothed
using a running average with a window of 10 and further normalized
to control runs. Average curves of three runs for substrates and con-
trol, and four runs for the product, are reported here. Results were
plotted as the relative FRET ratio decrease using Prism (GraphPad
Prism version 4.0b for Mac, GraphPad Software).

Time-resolved FRET measurements

Preparations of 53 nM of Strand B (six singly labeled with fluores-
cein and six doubly labeled with fluorescein and TMR) were incu-
bated in standard buffer without magnesium for 1 min at 90°C,
followed by 10 min at 25°C. MgCl, was added to a final concentra-
tion of 11 mM, and the solution was incubated for 10 min at 50°C,
followed by 10 min at 25°C. Strand A was then added so that its final
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concentration would be threefold that of Strand B. Strands A and B
were incubated at 25°C for 30 min. The third strand, i.e., one of the
noncleavable substrate strands or the product strand, or buffer in the
case of the free ribozyme sample, was then added to a final concen-
tration that was 50-fold that of Strand B. Each of the six pairs of sam-
ples was incubated at 25°C for 2 h and then kept at 4°C when not
being used to measure decay lifetimes.

An ISS Alba confocal fluctuation microscope (based on an
Olympus IX-81 frame) was used to collect fluorescein decay life-
times. Forty microliters of sample were loaded onto a coverslip,
which was placed on a 60 x 1.2 numerical aperture water immersion
objective. A blue-enhanced supercontinuum laser (Fianium SC 400-
6-PP, operated at 6 W) excited fluorescein at 488 nm with 100-psec
pulse width and 20-MHz pulse picking. Decays were collected at
531 nm using a photomultiplier tube (Hamamatsu H7422P-40)
feeding into a time-correlated single-photon counting acquisition
card SPCM-830 (Becker & Hickl), with 4096 bins at 12.20 psec/
bin. An instrument response function was obtained by measuring
the back reflection off a coverslip without sample. For each sample,
decays of donor (fluorescein) only and donor with acceptor (TMR)
present were collected. Decays were collected so that the maximum
raw peak count was between 40,000 and 60,000 counts. Five consec-
utive measurement reads were collected for a single sample, and
there were three inter-day replicates for each sample. Table 1 sum-
marizes the distance distribution parameters averaged from two or
three inter-day replicates.

The donor-only traces with fluorescence intensity I, were fit with
a sum of exponentials Ip(t) = Y ap; exp(—t/7p;) to extract three
intrinsic donor lifetimes (tp; is the intrinsic donor lifetime, and
ap; is the fractional contribution of each lifetime). Using these
donor lifetimes, the doubly labeled samples’ decays with fluores-
cence intensity Ip, were fit with the following model for a distance
distribution:

Ipa(t) = (1 — f)IY Z ap; exp(—t/7p;)

00 R 6
+fAI,gL P(r)ZaDiexp{—;[l + (ﬁ) “dR,

where IY) is the donor intensity at time 0, f, is the fraction of mole-
cules labeled with acceptor (allowing to correct for any singly labeled
RNA), R is the distance between donor and acceptor, Ry is the
Forster distance (55 A for the fluorescein and TMR pair), and P
(r) is the distance distribution. Distance distributions assumed a
three-dimensional Gaussian function model based on the equation:

P(r) = 4mR*cexp[—a(R — b)*],

where a and b are parameters that describe the shape of the distribu-
tion and ¢ is the normalization constant.

Molecular dynamics simulations

All MD trajectories were generated using the AMBER10/11 suite
of programs (Case et al. 2008, 2010) and the ff99 force field with re-
cent modifications to x (essential for RNA) and a/y torsions
(ff99bscOxor5 version, current AMBER default) (Perez et al. 2007;
Zgarbova et al. 2011). Structures were net-neutralized with Na*
ions placed at locations of optimal electrostatics using the LEaP
module of AMBER10/11 and solvated using a rectangular periodic

TIP3P water box model (Jorgensen et al. 1983) extended to a dis-
tance of >10 A from any ribozyme atom or Na* ion. The ABC pro-
tocol (Lavery et al. 2010; Beveridge et al. 2012) was used to minimize
and equilibrate structures prior to production runs. The minimiza-
tion and equilibration protocol as well as the production runs were
performed using the PMEMD module of the AMBER suite of pro-
grams. For the production runs, the particle mesh Ewald (PME)
method was employed with a grid spacing of 1.0 A, cubic-spline in-
terpolation, and a heuristic pair list update with a Lennard-Jones
cutoff of 9.0 A. Production runs were carried out at 300 K with cons-
tant-pressure boundary conditions and the Berendsen temperature
coupling algorithm (Berendsen et al. 1984) with a time constant of
1.0 psec. The SHAKE procedure (Ryckaert et al. 1977) was applied
to constrain bonds involving hydrogen. Parameters for the proton-
ated cytosine were derived using the Cornell et al. procedure
(Cornell et al. 1995; Banas et al. 2012). Partial atomic charges
were calculated for a protonated N1-methylcytosine using re-
strained electrostatic potential (RESP) fitting (Cornell et al. 1993)
and the HF/6-31G(d) method. Ab initio calculations were done us-
ing the program Gaussian03 (Frisch et al. 2004). These charges were
then used for the protonated cytosine; phosphate and sugar charges
were kept the same as in unprotonated cytidine phosphate. Residual
charge was added to C1’ to ensure a net charge of zero for the entire
nucleotide. The U-1+ starting structure was prepared by globally
aligning the hammerhead ribozyme 20EU and trans-acting HDV ri-
bozyme 3NKB (Chen et al. 2010) structures to copy the active site
residues from the former to the latter. The 1SJ3_U-1+ structure
was prepared by globally aligning the cis-acting 1SJ3 (Ke et al.
2004) and trans-acting 3NKB (Chen et al. 2010) structures. The co-
ordinates for U-1, the scissile phosphate, and G1 were then copied
from 1SJ3 (Ke et al. 2004) into 3NKB (Chen et al. 2010). The result-
ing structures were minimized and equilibrated using a protocol that
involved first restraining the newly incorporated nucleotides, and
subsequently removing those restraints. After these stages, the struc-
ture was equilibrated using the ABC protocol. Following minimiza-
tion and equilibration, the structure was carefully checked for the
presence of unfavorable geometry before carrying out production
runs. For the U-1G mutation, the U-1 residue was mutated to G-
1 by first deleting the atoms unique to uracil that do not overlay
with guanine. The AMBER LEaP module was then used to fill in
the missing atoms for guanine. The cis-acting model of the trans-act-
ing ribozyme was created similarly to that of the 1SJ3_U-1+ struc-
ture, by modeling in the J1/2 joiner nucleotides from the cis-
acting product crystal structure (PDB ID 1SJ3) (Ferre-D’Amare
etal. 1998). First, the product and trans-acting structures were glob-
ally aligned, then the J1/2 joiner region was cut and pasted into the
trans-acting structure using PyMol. The newly created cis-acting
structure was minimized and equilibrated using a protocol that in-
volved first restraining the newly incorporated J1/2 joiner region and
subsequently removing those restraints. Following minimization
and equilibration, the structure was carefully checked for the pres-
ence of unfavorable geometry before carrying out production
runs. The Sander module was used to set distance restraints for ap-
propriate simulations (Table 2).

MD trajectories were analyzed using the AMBER ptraj module
and the program Simulaid (Mezei 2010). The ptraj module was
used to calculate heavy-atom distances, angles, and radial distribu-
tion functions. All snapshots in the figures were generated from
100-psec-averaged structures calculated using ptraj. Simulaid was
used to determine hydrogen bonding time traces using parameters
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of >120° donor-hydrogen-acceptor angle and <3.5 A donor-accep-
tor distance. In-line fitness and other time traces were plotted using
Matlab (2010b) (The MathWorks Inc.). In-line fitness (F) was cal-
culated using the following equation (Soukup and Breaker 1999):

_(1—45) 33

F=—F—x—5—
180 —45 " dp

>

where T is the angle between the 2’ oxygen nucleophile (02'), the
phosphorus electrophile (P), and the 5" oxygen of the leaving group
(05'), and d is the distance between the 2" oxygen nucleophile and
the phosphorus electrophile.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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