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ABSTRACT: The hepatitis delta virus (HDV) ribozyme uses
both metal ion and nucleobase catalysis in its cleavage mechan-
ism. A reverse G-U wobble was observed in a recent crystal
structure of the precleaved state. This unusual base pair posi-
tions a Mg ion to participate in catalysis. Herein, we used
molecular dynamics (MD) and X-ray crystallography to char-
acterize the conformation and metal binding characteristics of
this base pair in product and precleaved forms. Beginning with a
crystal structure of the product form, we observed formation of
the reverse G+U wobble during MD trajectories. We also

demonstrated that this base pair is compatible with the diffraction data for the product-bound state Durmg MD trajectories of

the product form, Na' ions interacted with the reverse G- U wobble in the RNA active site, and a Mg

ion, introduced in certain

tra)ectorles, remained bound at this site. Beginning with a crystal structure of the precleaved form, the reverse G- U wobble with

bound Mg

remained intact during MD simulations. When we removed Mg*" from the starting precleaved structure, Na* 1ons

interacted with the reverse G - U wobble. In support of the computational results, we observed competition between Na* and Mg**

in the precleaved ribozyme crystallographically. Nonlinear Poisson—Boltzmann calculations revealed a negatively charged patch
near the reverse G+-U wobble. This anionic pocket likely serves to bind metal ions and to help shift the pK, of the catalytic
nucleobase, C75. Thus, the reverse G-U wobble motif serves to organize two catalytic elements, a metal ion and catalytic

nucleobase, within the active site of the HDV ribozyme.

Rb NA is involved in many aspects of blology, where it serves
oth informational and functional roles.' > Indeed, RNA
can act as a rlbosmtch binding small molecules and regulating
gene expression,*® and as an enzyme, cleaving phosphodiester
bonds durmg catalysis and driving peptide bond formation on the
ribosome.® These functions require the RNA to attain a precise
three-dimensional structure’ '* and utilize key catalync strategies,
including general acid—base and metal ion catalysis."* '

A challenge in studying RNA is determining functionally
relevant structures at high resolution. 7722 Over the course of
the last 15 years, X-ray crystallography has revolutionized our
understanding of RNA structure and function.”® Crystal struc-
tures, however, provide only a snapshot of a molecule, often
trapped in a catalytically incompetent state. Furthermore, crys-
tals of RNAs often diffract X-rays to only moderate resolution
(2.8 A or worse), and key catalytic regions within these structures
can be disordered.'”"** As a result, fitting structural models to
electron density data can be ambiguous, which can lead to
uncertainties in the RNA structure. Even high-resolution crystal
structures often have local regions of disorder, and highly
ordered regions can change in conformation during the course
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of areaction. Theoretical approaches such as molecular dynamics
(MD)**™?® have the potential to both decrease ambiguities in
the available RNA crystal structures and provide insight into
motions inherent to RNA molecules.

The structure and function of small ribozymes are of growing
interest.**” The hepatitis delta virus (HDV) ribozyme occurs as
two closely related ~85 nt double-pseudoknotted genomic and
antigenomic versions (Figure 1A) that function to linearize the
RNA concatemers that form during replication of the genome.**~**
A closely related, highly reactive version of this ribozyme also
occurs in the human genome in an intron of the CPEB3 gene.”***
Moreover, HDV and HDV-like ribozymes are widespread,
occurring in plants, fish, and insects,®® making their chemical
mechanisms of heightened interest.

The HDV ribozyme self-cleaves using a combination of metal
ion and general acid—base catalysis, in which a cytosine nucleo-
base, C75, acts as a general acid and a divalent metal ion acts as a
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Figure 1. Structure and proposed mechanism of the HDV ribozyme. (A) Secondary structure of the precleaved HDV ribozyme used in a recent
crystallography study and herein for MD (PDB ID 3NKB). Numbering is based on the genomic HDV ribozyme.* This is a two-piece, fast-folding U27A
variant,” in which P4 has been truncated and modified to facilitate crystallography.** The reverse G - U wobble and catalytic C75 residue are in large bold
font. The cleavage site is between U-1 and G1, and the five pairing regions are noted as P1—P4 and P1.1. The product ribozyme sequence used for MD is
similar to the one shown, but it has a further truncated P4, a joining region between P1 and P2, and a single additional nucleotide insertion, U27, and it
lacks the —1 nucleotide.”* (B) Proposed mechanism of HDV ribozyme self-cleavage in which Mg*™ serves as a Lewis acid and C75 as a general

. 137,39,42
acid.”"”””

The C75 protonation states depicted in the precleaved and product states are used in the MD simulations.

Lewis acid**~** (Figure 1B). The pK, of C75 is shifted toward
neutrality in the precleaved but not the product state,>>*7*3~#°
and C75 appears to donate a proton in the cleavage
reaction.””*"**™* The role of the divalent metal ion in the
reaction is less clear; however, a Mg2+ ion in position to interact
directly with the 2'-hydroxyl nucleophile is clearly resolved in the
crystal structure of the inhibited precleaved HDV ribozyme
(PDB ID 3NKB).* This metal ion is in position to interact with
the pro-Rp oxygen of the scissile phosphate, the pro-Sp oxygen of
U23, and, through its hydration shell, the Hoogsteen face of G25.
This Mg”" ion also appears to interact with the 2'O of U-1,
serving as a Lewis acid. The binding of Mg>" ions within the
HDV ribozyme active site is, however, not highly specific. A wide
range of divalent ions, including all alkaline earth and even certain
transition metals, will react with similar or slightly greater
activity.*”** In addition, under certain reaction conditions, the
ribozyme will react in the absence of divalent ions through a
channel in which monovalent ions promote the reaction.*®>"

In the crystal structure of the inhibited precleaved HDV
ribozyme, the nucleotide G235 is in the syn conformation, forming
a rare reverse wobble base pair with U20.** Divalent metal ions
are often observed to interact with canonical G+ U wobble base
pairs through their hydration shells.”” >* In contrast to Wat-
son—Crick base pairs, canonical G+U wobble pairs provide a
concentration of negative dipoles in the major groove that
attracts cations. When a reverse G+U wobble is formed with a
syn G base, a negatively charged surface is also formed, but it is
found on the more accessible minor groove face of the helix.
Thus, reverse wobbles represent a strategy to create minor-
groove metal binding motifs that could be used to facilitate
tertiary contacts or the binding of catalytic metal ions.

In this study, we combine crystallographic experiments and
all-atom MD calculations to characterize the HDV ribozyme’s
G25-U20 reverse wobble. We observe that this base pair is stable
in both precleaved and product forms of the HDV ribozyme. In
contrast, the inactive C75U variant of the ribozyme does not
support formation of a reverse G25-U20 wobble pair. Our

investigations indicate that the reverse wobble base pair con-
tributes to a negatively charged pocket capable of binding either
Mg>" or Na™ ions in both the precleaved and product states of
the ribozyme. Moreover, this negatively charged pocket likely
contributes to the shifted pK, of the catalytic nucleobase,
C75.%** Identification of this unusual reverse G+U wobble in
the active sites of both the precleaved and product structures has
key mechanistic implications for both metal ion- and nucleobase-
mediated catalytic strategies.

Bl MATERIALS AND METHODS

Molecular Dynamics Simulations. We computed MD tra-
jectories starting with product and precleaved crystal structures,
using reactant and product states derived from the genomic HDV
ribozyme and consistent with the proposed mechanism
(Figure 1B). The groduct starting structure was obtained from
PDB ID 1CXO0,>>*° with P4 truncated by removing residues 48—
69 according to standard numbering32 (B148—B157 in PDB ID
1CX0). C75 was left unprotonated, as pK, measurements on the
product form suggest this is the predominant state under
biologically relevant conditions.** The precleaved starting struc-
ture was derived from PDB ID 3NKB, with the upstream
nucleotide and scissile phosphate built as described previously;**
deoxynucleotides at positions 1 and 2 were converted to ribo-
nucleotides by addition of 2-hydroxyls with ideal bond lengths
and bond angles. For this structure, C7S was protonated at N3, as
suggested by pK, measurements on the precleaved form.**
The resulting product and precleaved models contained 62 and
73 nucleotides, respectively. Hydrogen atoms were added using
Accelrys Discover Studio Visualizer 2.0.

All HDV ribozyme models were solvated with rigid TIP3P
waters®” in a periodically replicated orthorhombic box. Mg*"
ions resolved in the crystal structure were included, although
divalent metal ions near the U1A binding domain in the product
RNA were excluded; in total, 10 and 11 Mg2+ ions were included
for the product and precleaved states, respectively. Structures

2673 dx.doi.org/10.1021/bi2000164 |Biochemistry 2011, 50, 2672-2682



Biochemistry

y -2 ii \ @ A
PN o ST 01
Wivs | ,—5,!"'5\5 2 N
iearAmS TiEE IS ET ,,
vVl Avay. i ! /
Ry e ,.l_,_‘a_‘_a bl \ N
> \ 4 ‘.2"“_.‘\ 2 g_ S
LR o, A
Ml A7 YO R ST
W == !":'/‘ﬂ,'f“ﬁv %"!e’!r :
= S Nygm Vi
oA A AP R
“!.'-‘\!"” ‘&é‘p'/ {7
= g L=
< A ~J /

Figure 2. Crystallographic data from the HDV ribozyme product are consistent with formation of a G25-U20 reverse wobble. (A) The G25-U20
reverse wobble from the 1.9 A crystal structure of the precleaved HDV ribozyme (PDB ID 3NKB).* The 2F, — F. electron density map is contoured at
10 and drawn within 3 A of atoms shown. (B) The coordinates of the HDV ribozyme product (PDB ID 1CX0) (magenta lines) do not indicate a
G25-U20 reverse wobble pair. This structure was adjusted by a slight rotation of U20 to form a G- U reverse wobble, and the structure was refined as
described to generate the model shown in sticks. A 2.3 A composite simulated annealing omit map contoured at 10 within § A of the illustrated atoms
shows that the crystallographic data are compatible with the G- U reverse wobble geometry.

were neutralized with Na™ ions, and physiological monovalent
ionic strength was added to the solvent to give ~0.15 M NaCl.
The force field does not distinguish between Na™ and K with
quantitative accuracy, as discussed previously;>® thus, the simula-
tions with Na™ are viewed as qualitatively representative of either
monovalent cation.

Calculations were performed with the Desmond MD
program59’60 using the AMBER99 force field,*"%* as in recent
calculations from our laboratories.”> Partial charges for 5proto-
nated cytosine were calculated with the RESP method®*®® using
the RED-II program66 as described previously.”> Updated
charges for protonated cytosine are provided in Supporting
Information. Long-range electrostatic interactions were calcu-
lated using the smooth particle mesh Ewald method®” with a
cutoff of 12 A, and SHAKE®® constraints were applied to bonds
involving hydrogen. Following a comprehensive simulated an-
nealing equilibration procedure described in Supporting Infor-
mation, we collected at least 25 ns of data at 298 K in the
canonical ensemble (ie., constant NVT) for each system. A
Nosé-Hoover thermostat®””® was used to maintain temperature
and pressure, and the time step was 1 fs for all MD trajectories.

Nonlinear Poisson—Boltzmann Analysis. Electrostatic po-
tential calculations were carried out using numerical solutions to
the nonlinear Poisson—Boltzmann (NLPB) equation, as de-
scribed previously.*®”"~7 The calculations were performed with
the adaptive Poisson—Boltzmann solver (APBS).”* Structural
coordinates for the precleaved form were obtained from the

starting structure for MD, as described above. Structural coordi-
nates for the product form were obtained after extensive equili-
bration and 20 ns of MD, as described above, in order to allow the
reverse G+U wobble to form. Metal ions and water molecules
were omitted from NLPB calculations, as per standard
protocols.”®”' ™7 In addition, C75 was not protonated at N3
in either precleaved or product forms, although C41 was proto-
nated using the updated partial charges provided in the Sugport—
ing Information. We chose not to include the catalytic Mg~ " ion
and not to protonate C75 to enable the assessment of negative
potentials that attract these cationic species; we chose to proto-
nate C41 to allow it to maintain its structural triple.*>%%37°
Because C41 is ~15 A from the active site, its electrostatic
influence on the protonation of C75 is expected to be small.
For these calculations, the ribozyme was placed in a medium
with a dielectric constant of 2 within the solvent-accessible
surface-enclosed volume, which was obtained using a probe
radius of 1.4 A. External solvent was treated as a continuum with
a dielectric constant of 80, containing a 1:1 electrolyte. A 2.0 A
ion exclusion radius was added to the surface of the RNA to
approximate a hydrated sodium ion. A salt concentration of 0.15
M was used in these calculations to mimic physiological
conditions.”®”” Atomic radii and partial charges were defined
using the Amber99 parameter set, except for C41", which was
defined as described in the Supporting Information. The calcula-
tions were performed with a 97 X 97 X 65 cubic lattice for the
product state and a 129 X 65 x 97 cubic lattice for the precleaved
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state. The electrostatic potentials were calculated using a se-
quential focusing procedure.”® Initial potentials were approxi-
mated analytically at lattice points on the boundary of the grid
using the Debye—Hiickel equation,” and solutions were ob-
tained using the sequential focusing method. Three-dimensional
structures and electrostatic potentials were rendered using
PyMOL.*

Crystallographic Refinement of the HDV Ribozyme Post-
cleavage. Coordinates and data for the product form of the
HDV ribozyme were obtained from the Protein Data Bank (PDB
ID 1CX0).>>* The structure of the ribozyme was adjusted by
slightly rotating U20 to allow formation of a reverse G - U wobble
pair between G25 and U20. These coordinates were subjected to
two rounds of positional and B-factor refinement in Phenix®" to
generate a model with reasonable statistics. The original test set
was retained in all calculations.

Crystallographic Analysis of the HDV Ribozyme Preclea-
vage. RNA was synthesized and crystallized as described.** Prior
to data collection, crystals were transferred in a single step to a
solution containing 50% 2-methyl-2,4-pentanediol, S0 mM
MgCl,, 2 mM spermine, and S0 mM sodium acetate (pH 5.0)
for2—3 h.

Data were collected at GM/CA-CAT of the Advanced Photon
Source, beamline 23-ID-D, processed using SCALEPACK20-
00,%? and indexed in space group C222,.An F,(K") — F,(Na™)
map was calculated using CNS.#*#* The structure factors Fo(K")
were obtained from a crystal soaked in potassium-containing
cryostabilizing buffer described previously,** while the structure
factors Fo(Na") were obtained from a crystal soaked in sodium-
containing cryostabilizing buffer described above (data collection
statistics are given in Supporting Information Table S3). Phases
were back-calculated from the coordinates of the HDV ribozyme
precleavage (PDB ID 3NKB) after removal of the active site
Mg”" and solvent molecules.

B RESULTS

Overview. We recently solved the structure of the active form
of the HDV ribozyme in the presence of C75 and Mg*" at 1.9 A
resolution and pH 5.0.*” This molecule was trapped precleavage
by substituting the 2'-OH of U-1 with a 2’-H (PDB ID 3NKB),
thereby removing the nucleophile. In this precleavage structure, a
reverse wobble between G25 and U20 was observed, with
hydrogen-bonding distances of 2.9—3.0 A and angles of 172—
176° (Figure 2A). This non-Watson—Crick base pair is of
interest because it occurs rarely in other RNA structures (J. E.
Sokoloski, S. A. Godfrey, and P. C. Bevilacqua, in preparation),
the nucleotides involved are conserved in all known HDV and
HDV-like ribozymes,” and it is located in the active site where it
makes key contributions to binding a catalytic metal ion. More-
over, site-directed mutagenesis of these nucleotides has been
shown to severely compromise catalytic activity.*>

We first examined other existing HDV ribozyme crystal
structures to determine whether formation of the G25-U20
reverse wobble was a conserved feature. Structural biology of the
HDV ribozyme is extensive and includes crystal structures of the
product (postcleavage) form (PDB ID 1CX0)***® and a struc-
ture of the catalytically inactive C75U mutant bound to an all
RNA substrate (PDB ID 15J3).5%%” The G25-U20 reverse
wobble is not present in either of these crystal structures. In
the product structure (1CX0), G2S5 is syn, but the relative angle
between U20 and G2S results in long distances between
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Figure 3. Molecular dynamics simulations of reverse G+U wobble in
the product and precleaved forms of HDV ribozyme. (A) Schematic
depiction of reverse G - U wobble observed in the crystal structure of the
precleaved form.* Color coding of the hydrogen bonds is maintained in
panel B. (B) Hydrogen-bonding distances in MD trajectory of product
C75° state (upper panel). At neutral pH, C75 is deprotonated in the
product state.*® Hydrogen-bonding distances in MD trajectory of
precleaved C75™ state (lower panel). In the precleaved state, C75 has
a pK, near neutrality and is largely protonated. Distances plotted are
between N and O atoms of each hydrogen bond. See Supporting
Information for additional independent MD trajectories.

hydrogen bond donors and acceptors: (U20(04)—G25(N1) is
5.2 A and U20(N3)—G25(06) is 4.2 A (Figure 2B, magenta
structure)*). In the C75U mutant structure (18)3) G25 is anti,
precluding reverse wobble pair formation.*® As the previous
crystal structures do not provide evidence for a G25- U20 reverse
wobble, we sought herein to explore the stability and metal
binding properties of this key structural feature.

MD Analysis of the Reverse G-U Wobble in Product and
Precleaved Forms. Previous crystallographic and computational
studies on the HDV ribozyme sugggested that conformational
switching accompanies catalysis.****%? These studies, however,
drew heavily on the structure of the catalytically inactive C75U
mutant ribozyme, which has a reorientation of residue 75. To
ascertain whether the reverse G25-U20 wobble changes con-
formation during catalysis, we computed MD trajectories starting
with product and precleaved crystal structures, both solved with
the wild-type, C75, nucleobase. Given that C75 appears to act as
the general acid in cleavage,”***" we used protonated C75 for
the reactant, precleaved state and deprotonated C7S5 for the
product, cleaved state (Figure 1B). Moreover, these protonation
states represent the predominant C75 species under biologically
relevant buffer conditions on the basis of pK, measurements*>**
and are consistent with microscopic reversibility.

As shown in Figure 3B, when beginning with the product form
of the ribozyme, during equilibration and throughout the 25 ns
trajectory, U20 and G2S5 form a stable two-hydrogen bond
reverse wobble that undergoes only occasional fluctuation of
one or the other of the hydrogen bonds. The hydrogen-bonding
distances are typically between ~2.8 and ~3.1 A, and the angles
U20(04)—G25(H1)—G25(N1) and U20(N3)—U20(H3)—
G25(06) are ~160 £ 10°. Notably, these distances and angles
are very similar to those observed in the precleaved structure.*

2675 dx.doi.org/10.1021/bi2000164 |Biochemistry 2011, 50, 2672-2682
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Table 1. Metal Ion Residency at the Reverse G- U Wobble
Site for Product and Precleaved Forms*

Mgt Mg+ Nat
present residency residency
structure trajectory initially (%) (%)
product (C75°) 1 no 0 94
2 no 0 99
1 yes 86 12
2 yes 100
precleaved (C75") 1 yes 100
2 yes 100
1 no 0 93
2 no 0 99

“ Percentage residency of metal ions at the reverse G+ U wobble site for
product C75° and precleaved C75" states from MD simulations is
presented. Metal ion residency is defined as the percentage of time
during the trajectory in which a Mg®* or Na™ ion, as appropriate, is
located within S A from at least one of the following three atoms:
G25(N7), G25(06), or U20(02). This distance is consistent with
observed second shell ligands.”" Results are obtained from 25 ns
trajectories, with data points taken every S ps.

Formation of this reverse wobble was also observed in an indepen-
dent MD trajectory, with occasional fluctuation of one of the two
hydrogen bonds (Supporting Information Figure S2A), and was
observed in our previous simulations of the product form.* Note
that this product crystal structure includes U27, which was omitted
in the recent precleaved structure* because it is dispensable and
U27A variants are fast folding” To ascertain the impact of this
nucleotide, we propagated an MD trajectory for which U27 was
removed from the product crystal structure. We observed formation
of the reverse wobble in this case as well (Supporting Information
Figure S2C).

We also computed similar trajectories for the C75U pre-
cleaved structure. The trajectories on this mutant ribozyme,
however, did not result in such hydrogen-bonding interactions
between G25 and U20. Instead, over the course of several
independent 4.5 ns trajectories, only a one-hydrogen bond
interaction involving the N3 of U20 and the Hoogsteen face
(either O6 or N7 of G25) formed (data not shown). Sponer,
Walter, and colleagues previously conducted MD simulations
using the AMBER 99 force field on product and C75U pre-
cleaved crystal structures and obtained similar results: a reverse
G-U wobble formed in the product structure but not in the
C75U mutant structure.®® Thus, these data suggest that the
reverse G-U wobble is compatible with the wild-type base at
position 75 but not a U.

To further the analysis, we propagated MD trajectories based
on the new precleaved structure, which contains C75 and Mg> ™,
with the U-1 nucleotide and scissile phosphate.** As mentioned
above, these MD trajectories were propagated with protonated
C75, using the updated atomic charges provided in Supporting
Information; in this state, the ribozyme is poised for general acid
catalysis. As shown in Figure 3C, the trajectory in the precleaved
form indicates that the two hydrogen bonds of the reverse G-U
wobble are exceptionally stable, with hydrogen-bonding dis-
tances between 2.8 and 3.0 A and hydrogen-bonding angles of
159—163°, similar to those in the starting structure. Moreover,
this stability of the reverse G+ U wobble in the precleaved form
was reproduced in an independent trajectory (Supporting In-
formation Figure S2B). Overall, the MD data suggest that the

wild-type ribozyme does not change conformation at the
G25-U20 reverse wobble pair during catalysis and that it is
exceptionally stable in the precleaved state.

Crystallographic Analysis of the Reverse G-U Wobble in
Product and Precleaved Forms. Lack of hydrogen bonding
between U20 and G2S5 reported in the crystal structure of the
product ribozyme could be the result of absence of the scissile
phosphate, an artifact of crystal contacts, or because the con-
formation of these nucleotides may be inadequately restrained by
the diffraction data. We therefore examined the crystal structure
of the product state, adjusted the positions of G25 and U20 to
form the reverse wobble pair, and refined this model using the
deposited structure factors (see Materials and Methods). A
model with 3.0—3.4 A hydrogen bonds between the appropriate
non-hydrogen atoms in the reverse G+-U wobble was attained
(Figure 2B), with similar values for R, and Ryq. (Supporting
Information Table S6). The composite simulated annealing omit
map supports the modified conformation of U20 (Figure 2B).
We conclude, therefore, that the original X-ray diffraction data on
the product structure are compatible with formation of the
reverse G-U wobble, even if they were insufficient to readily
define it. Significantly, these results suggest that restraints
derived from MD studies could enhance accuracy of crystal
structures in regions not adequately restrained by high-quality
electron density.

MD Analysis of Metal lon Binding in Product and Pre-
cleaved Forms. In the crystal structure of the precleaved HDV
ribozyme, G25 is a second-shell ligand, interacting with the
catalytic Mg*" ion through solvent molecules. This ion is absent
in the crystal structure of the product HDV ribozyme. We
therefore examined MD trajectories of precleaved and product
forms to assess whether metal cations can interact with the
active site.

For the product structure, Na* ions bound near the reverse
wobble during equilibration in two independent MD trajectories.
A Na™" ion interacted stably within ~5 A from the O6 and N7 of
G25 and the 02 of U20 (Supporting Information Figure S3 and
Table SS) for ~96% of the time during these trajectories
(Table 1). These distances are consistent with a water-mediated
interaction between the reverse wobble and the Na™ ion.”!
Additionally, sometimes two Na' ions bound to this site
(~7% and ~40% of the time for the first and second indepen-
dent trajectories, respectively). Average distances of the Na™ ion
to the reverse G+ U wobble showed a relatively broad distribu-
tion, with rmsd values of 1.1—2.7 A (Supporting Information
Figure S3A and Table SS).

Mg>" ions are much less likely to bind to this site in these
trajectories because of the relatively low concentration of Mg>*
ions in the simulation system. Moreover, the Mg”" ions that were
included in the above simulations are expected to exhibit low
mobility because they were bound to the ribozyme in the product
crystal structure. To probe whether this site is capable of stably
binding Mg> ", we therefore propagated two independent trajec-
tories in which we removed two Na™ ions from the bulk solvent
and inserted a Mg”" ion into the active site so that it was bound
to the reverse G+ U wobble. We found that the Mg** remained
bound 86% and 100% of the time, with Na™* binding 12% and 0%
of the time, for the first and second independent trajectories,
respectively (Table 1). Average distances of the Mg”" ion to the
reverse G+ U wobble were again ~5 A but displayed a narrower
distribution, with rmsd values of only 0.3—1.2 A (Supporting
Information Figure S3B and Table SS). Together, these two sets
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Figure 4. Snapshots of movement of metal ion during MD trajectories of the precleaved C75™ state of the HDV ribozyme. (A) Coordination of Mg*"
for a trajectory with Mg bound to this site throughout the trajectory. (B) Coordination of Na™ for a trajectory with the bound Mg*" ion removed from
the active site and replaced by two Na™ ions in the bulk prior to equilibration. The colors show snapshots at various time steps: blue, 0 ns; cyan, 5 ns;
green, 10 ns; yellow, 15 ns; orange, 20 ns; red, 25 ns. These results were obtained for a single independent trajectory of each type. (For part B, the 0 ns
snapshot is actually a 1.5 ns snapshot to satisfy the criteria for bound Na™.) The snapshots at these time steps were aligned to minimize the rmsd for the
heavy atoms of residues G25 and U20. Average distances between key atoms of the reverse G- U wobble and these metal ions are indicated near the
dashed lines. These distances, as well as their standard deviations, are provided as the first trajectory in Supporting Information Table S5. See Supporting
Information Figure S3 for the analogous figure for the product C75° state.

Figure 5. Stereoview of the F,(K") — F,(Na™) difference Fourier map of the precleaved HDV ribozyme. Data to 1.9 A resolution were used to calculate
the map. The map is contoured at 30 (green) and at —30 (red) within S A of every atom shown. Positive peaks represent atoms that are present at higher
occupancy in the absence of Na™ ion, while negative peaks represent atoms that are present at higher occupancy in the presence of Na*. Mg** and Na ™

ions, colored orange and purple, respectively, are observed at competing sites within the HDV ribozyme active site.

of results suggest that either Na™ or Mg”" could potentially bind
to the reverse G+U wobble in the product state. Due to
limitations of the MD simulations, however, we are unable to
predict the probabilities or strength of such binding.

When trajectories were propagated with the precleaved struc-
ture containing the crystallographically observed active site
MgZJr ion at the reverse wobble,” the Mgpr ion remained
bound 100% of the time for both MD trajectories (Table 1),
and its distances of ~4.3 A were relatively static, with rmsd values
of 0.2 A (Figure 4A and Supporting Information Table SS). For
comparison, MD trajectories were computed in which this Mg**
ion was removed from the active site and two additional Na™ ions
were placed in the bulk. We observed that Na™ ions bound to the
reverse wobble during the majority of these trajectories. Speci-
fically, at least one Na™ ion interacted stably with the reverse
wobble for ~96% of the time (Table 1). The distribution of
distances between the Na™ ion and the reverse G+ U wobble was
broader than that observed for the Mg*" ion, with average
distances ranging from ~3 to 7 A and rmsd values of 0.4—1.5
A (Figure 4B and Supporting Information Table SS).

In summary, both monovalent and divalent ions bound to
both product and precleaved forms of the HDV ribozyme in the
MD simulations. There appears to be a preference for binding of
divalent ions to the precleaved state because residency was 100%
and there was essentially no movement of the Mg*" ion as
compared to other metal ion/ribozyme state combinations. This
observation is qualitatively consistent with experimental data
indicating stronger binding of Mg2+ than Na™.**° However,

limited sampling in the MD trajectories prevents a quantitative
analysis of the relative probabilities and binding strengths.

Crystallographic Analysis of Metal lon binding in the
Precleaved Form. The MD trajectories described in the pre-
ceding section exhibited binding of either Na* or Mg”" in the
HDV ribozyme active site. We wanted to assess the extent to
which these calculations are supported by in vitro experimental
data. Prior results from our laboratory indicated that increasing
the concentration of Na™ above 200 mM inhibits self-cleavage in
the presence of 1 mM Mg>", consistent with competition
between these ions.”® Moreover, Hill analysis of these data,
which was conducted at high ionic strength of 0.3—2 M to
separate out folding effects, supported displacement of the Mg>*
jon by 1.7 & 0.2 Na" ions. Monovalent ions are known to
support cleavage by an alternative reaction mechanism,””>"
making it possible that Na™ ions observed herein participate in
catalysis by this alternative reaction channel.

We therefore examined whether competition between the
Mg*" and Na™ ions could be observed crystallographically. Two
crystals of the HDV ribozyme that varied only in the counterion
used in the cryostabilization buffer were compared. An F,(K*) —
F,(Na") difference Fourier map should contain positive peaks
representing features present in K but absent or smaller in the
presence of Na'. Likewise, features present in Na* buffers but
absent in K* will be revealed by negative peaks in the map
(Figure $). We observed that, in the presence of Na™, the active
site Mg®" has reduced occupancy and a Na™ binding site lies
nearby. Simultaneous binding of Mg>" and Na™ to this site is
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Figure 6. Surface electrostatic potential of precleaved HDV ribozyme.
The potential is colored according to the scales provided in the base of
each panel. The scale for panel A is —30 to +30 kT/e, while the scale for
panel B is —100 to +100 kT /e. Views shown here are near the reverse
G- U wobble, which is depicted in yellow sticks with hydrogen bonding
in black. (A) Orientation showing large negative potential in the center,
which reaches values greater in magnitude than —100 kT /e. Analogous
figure for the product state of the HDV ribozyme is provided in
Supporting Information Figure SSA. (B) Orientation showing interac-
tion of C75 and reverse G-U wobble with negative potential in the
precleaved state. C75 is in magenta with N4 hydrogens shown explicitly.
Note that the C75 is oriented toward the highly negatively charged
pocket generated near the reverse G- U wobble. The amine of C75 is a
second shell ligand to the catalytic Mg®" (not shown here) and is
hydrogen bonded to the scissile phosphate. View is rotated counter-
clockwise by ~90° from panel A and viewed from the top. Details of
phosphates contributing to the potential of the precleaved state are
provided in Supporting Information Figure SSB.

precluded sterically as well as electrostatically. The positive peak
in the F,(K") — F,(Na™") difference Fourier map (Figure 5)
cannot be due to binding of K™ at this position as the metal—

ligand distances (2.1—2.4 A) are smaller than those expected for
a K" ion (~2.7 A). In addition, the octahedral coordination
geometry is consistent with this ion being a Mg*". The larger
ionic radius of K presumably prevents binding of this ion in the
HDV ribozyme active site. Indeed, displacement of Mg** by K*
in the active site of group I introns induces significant rearrange-
ments to accommodate the larger cation.®”” Thus, these experi-
mental data support competition of Na* and Mg”" for binding
to the HDV ribozyme site, consistent with MD and biochemical
observations. No additional Na™ binding sites were observed in
the Fo(K") — F,(Na™) difference Fourier map.

Nonlinear Poisson—Boltzmann Calculations. In an effort to
discern a physical basis for cation binding to the reverse G-U
wobble, we performed NLPB electrostatic calculations on pro-
duct and precleaved states (Figures 6 and Supporting Informa-
tion Figure SS). These calculations provide qualitative insight by
identifying negatively charged regions of the ribozyme that can
serve as possible Na® and Mg”" binding sites. We first per-
formed NLPB calculations on the product state with deproto-
nated C7S at various time steps along the 25 ns trajectory, during
which the reverse G+ U wobble is present and a Na™ ion binds
(see above). The results for the snapshot at 20 ns are shown in
Supporting Information Figure SSA. A negatively charged bind-
ing pocket was observed near the reverse G+U wobble, which
persisted throughout the simulation.

Next, we carried out NLPB calculations on the precleaved
state in which C75 was left deprotonated and Mg”" ions were
removed (see Materials and Methods). The charged pocket
observed here was significantly more negative (<—100 kT/e in
precleaved versus ~—40 kT/e in product) (Figure 6). The
extremely negative potential appearing in the precleaved active
site is due in part to positioning of a constellation of phosphates,
including the scissile phosphate, in this region (Supporting
Information Figure SSB). The negatively charged character of
this site probably accounts for the high occupancy of Mg** in the
active site of the precleaved RNA, both in the crystals and in the
MD, and may assist in positioning and protonating C75 for
catalysis (Figure 6B).

l DISCUSSION

The MD and experimental results suggest that a reverse G+ U
wobble base pair, in conjunction with a constellation of sur-
rounding phosphates, provides a cation binding site within a
structured RNA. The reverse G+ U wobble motif is unusual in
that, outside of UNCG hairpin loops, it has been observed in only
one other large RNA (23S rRNA), based on a systematic study of
ribozymes in the PDB (J. E. Sokoloski, S. A. Godfrey, and P. C.
Bevilacqua, in preparation). Furthermore, this G and U are
universally conserved in HDV and HDV-like ribozymes.>> We
observed herein that the reverse G-U wobble in the HDV
ribozyme active site is stably formed in both functionally relevant
states of the HDV ribozyme (precleaved and product) but is
disrupted in the inactive C75U mutant. This conclusion is
derived from analyses of crystal structures and MD simulations.
Proper formation of this base pair is critical in that it contributes
to both the three-dimensional structure of the active site*” and a
highly negatively charged patch within the HDV ribozyme active
site. The resulting cation binding site appears to recruit a catalytic
Mg*" ion that participates directly in the cleavage reaction.
Moreover, the negatively charged character of this site facilitates
binding of monovalent ions and protonation of C75*** and may
aid in the accurate positioning of this catalytic nucleobase.
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A Motif That Contributes to a Negatively Charged Patchin
the Minor Groove. Large ribozymes, including group I introns,
group Il introns, and RNase P, have active site pockets created by
the junctions of multiple helices and “single-stranded”
RNAs.>'%”?7%* These complex active sites bring together clus-
ters of two to three negatively charged phosphate groups from
the ribozyme core that serve to bind and orient catalytic metal
ions. On the other hand, small ribozymes, such as the hammer-
head, hairpin, and HDV ribozymes, are only ~70 nts in length.
Their active sites are usually formed by the juxtaposition of two
base-paired helices and typically lack the phosphate clusters
observed in large ribozymes. It was therefore anticipated that
these ribozymes would function by Mg®"-free mechanisms, and
indeed all can react in the absence of Mg**.*"*

The crystal structures of the HDV ribozyme provided the first
glimpses of a metal ion within a small ribozyme active site
positioned to interact with the scissile phosphate.** Consistent
with the lack of phosphate clusters in small ribozyme active sites,
only a single phosphate from the HDV ribozyme core, that of
U23, interacts with the catalytic metal ion. This metal binding site
is buttressed by a reverse G+ U wobble, a motif compatible with
the duplex RNA structures often found in small ribozyme active
sites. The negative potential of the metal binding pocket is due, in
part, to the O6 and N7 of G25 and the O2 of U20 within the
minor groove of the RNA helix. This observation is qualitatively
consistent with previous observations that canonical G+ U wob-
ble pairs bind Mg®" ions in the major groove of RNA
helices.”>**? ™% A Watson—Crick A-U base pair cannot sub-
stitute for the G25-U20 base pair;gs however, additional work
will be required to determine if the G25A mutation disrupts
metal binding, the three-dimensional organization of the active
site, folding, or a combination of these factors.

In addition to the G25-U20 reverse wobble, the pro-Sp oxygen
of U23 and, in the precleavage state, the pro-Rp oxygen of the
scissile phosphate cluster to create a negatively charged region
within the HDV ribozyme active site. The negative potential in
this pocket reaches values of <—100 kT/e (Figure 6), which
contributes to metal binding.”"”* The value of this potential is
similar to that for the metal ion binding core of P4—P6,”! an
~160 nt independent folding domain of the Tetrahymena
thermophila ribozyme.”” Thus, the HDV ribozyme, although
having only approximately half the number of nucleotides, can
assume a similar negatively charged binding motif in its core.
Given that the P4—P6 motif functions in metal binding,52 it is
reasonable that a similarly negatively charged motif in the HDV
ribozyme could also function in metal binding,

Despite these similarities, there are also clear differences in
catalytic metal ion requirements for the large ribozymes and
HDV ribozymes. The former can use Mg®' and sometimes
Mn®*" for catalysis, while other ions such as Ca*t are
inhibitory.'” In contrast, the HDV ribozymes operate profi-
ciently with a broad range of divalent and monovalent ions,
including all alkaline earth and alkali metals, and several transi-
tion metals.*” " This loosening of specificity may be the result
of fewer inner sphere contacts between the ribozyme and the
catalytic metal, as well as the flexibility afforded by the water-
mediated interactions between the catalytic metal and G25.

Implications for HDV Ribozyme Catalysis. Crystallographic
and MD studies support the presence of a cation binding site near
the reverse G25 - U20 wobble that is capable of binding either Mg*"
or Na'. This anionic pocket likely binds other divalent and
monovalent ions that support catalysis. On the basis of these studies

and others, we propose that this site binds a catalytic metal ion
capable of participating in catalysis, most likely through a Lewis acid
mechanism (Figure 1B).* These data are consistent with observed
inhibition of the Mg2+-de§)endent ribozyme reaction by sodium or
cobalt hexammine ions.*”>***" Na™ ions presumably are capable of
displacing the catalytic Mg*" ion, leading to a reduction in ribozyme
activity as the ribozyme shifts to a Mg”"-independent reaction
channel. Cobalt hexammine is capable of displacing Mg*" from the
HDV ribozyme;86 however, its ligands are nonlabile, and it cannot
serve as a Lewis acid. This ion therefore inhibits the reaction by
competing with the catalytic Mg**.

In the presence of Na™, the ribozyme is capable of Mg* " -free
catalysis.””**”> The overall rate of reaction is ~3000-fold faster
in saturating Mngr than 1 M NaCl, with ~125-fold due to Mg2+
facilitating folding and ~25-fold due to Mg”" facilitating chem-
istry. Thus, high concentrations of Na™ are reasonably effective
in facilitating catalysis, a characteristic also observed in the
hammerhead ribozyme,'*>'* although the mechanistic involve-
ment of Na' ions is unclear in that system. Several lines
of evidence suggest that the HDV ribozyme reaction cata-
lyzed by monovalent ions proceeds through an alternative but
related mechanism, described previously as a multichannel
mechanism.>® First, the pH—rate profile for the reaction is
inverted under Mg”"-free conditions.””*"** Second, proton
inventory experiments, which monitor the number of proton
transfers in the rate-limiting step, are 2 in low or no Mg”", but
approach 1 in high MgZJr concentration;*” moreover, similar
results, proton inventories of 1 in 10 mM Mg*, were reported
for the antigenomic ribozyme by the Been laboratory.*® These
data are consistent with a model in which Mg*" binding to the
U-1 2'-hydroxyl stabilizes deprotonation of the nucleophile,
leaving only a single proton transfer, from C7SH™ to the O3/
of G1, in the rate-limiting step. When Na™ displaces Mg”", the
active site cation is bound in a similar location, but it cannot play
the role of a Lewis acid. Indeed, solvent isotope effects under
these conditions support deprotonation of the 2’OH of U-1 by a
hydroxide ion from solution.*’ Na™ ions in the HDV ribozyme
active site have the potential to contribute to the reaction by
other catalytic means, such as stabilizing appropriate active site
and substrate geometries and contributing to favorable
electrostatics.

Contribution of the Motif to Organization of the Active
Site. The negatively charged 2pocket near the G25-U20 reverse
wobble not only binds Mg”" and Na™ ions but also likely
contributes to the catalytic properties of C75. The pK, of C75
is shifted toward 7 in the precleaved state of the ribozyme;
however, the pK, is similar to that of isolated cytosine in the
product form of the ribozyme.*™** Given that electrostatics help
to drive protonation of the nucleobases in general,'®* the
positioning of the phosphates, including the scissile phosphate
in the precleaved state, likely helps to drive the pK, of C75
toward neutrality (Figure 6B and Supporting Information Figure
SSB). Moreover, protonation of C75 is coupled anticoopera-
tively with binding of Mg ions.>”**** The negative potential of
this pocket appears extreme enough to engage both a divalent
metal ion and a positively charged base, helping to explain these
previous experimental results.

Lastly, this motif may help to position C75 properly for
catalysis. According to our calculations of partial charges for
protonated cytosine, the H4s on C75" carry a total net charge of
+0.93, while H3 has a charge of just +0.30 (Supporting
Information Table S2). These partial charges are consistent with
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crystal structures of the HDV ribozyme,** where the H4s of
C757, rather than H3, orient toward this patch. This positioning
is critical because it leaves the H3 positioned for proton transfer
to the OS' of Gl. Previous MD simulations based on an
alternative starting structure, in which the C75U crystal structure
was mutated back to C75™" and using different partial charges for
C757, resulted in the H3 of C75 being recruited to the negatively
charged phosphate of G1 rather than its 05'.**

Conclusions. In this paper, we presented evidence that a
reverse G-U wobble interaction capable of binding Na* and
Mg ions is present in both precleaved and product states of the
HDV ribozyme. This evidence was obtained from analyses of
crystallographic data and MD simulations. Moreover, electro-
static potential calculations indicated that formation of the
reverse G+ U wobble contributes to a highly negatively charged
patch within the HDV ribozyme active site, thereby facilitating
the binding of metal ions and the positioning of the catalytic
protonated C75. The existence of the metal binding reverse G+ U
wobble in both the precleaved and product states supports the
mechanistic hypothesis that the catalytic metal is retained
throughout the reaction. Thus, appropriate combinations of
experimental data, structural models, and MD simulations have
the potential to uncover catalytically relevant interactions from
RNA crystal structures.
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