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A 1.9 Å Crystal Structure of the HDV Ribozyme Precleavage Suggests both Lewis Acid
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ABSTRACT: The hepatitis delta virus (HDV) ribozyme and HDV-like ribozymes are self-cleaving RNAs found
throughout all kingdoms of life. These RNAs fold into a double-nested pseudoknot structure and cleave
RNA, yielding 20,30-cyclic phosphate and 50-hydroxyl termini. The active site nucleotide C75 has a pKa shifted
>2 pH units toward neutrality and has been implicated as a general acid/base in the cleavage reaction. An
active site Mg2þ ion that helps activate the 20-hydroxyl for nucleophilic attack has been characterized
biochemically; however, this ion has not been visualized in any previous structures. To create a snapshot of the
ribozyme in a state poised for catalysis, we have crystallized and determined the structure of the HDV
ribozyme bound to an inhibitor RNA containing a deoxynucleotide at the cleavage site. This structure
includes the wild-type C75 nucleotide and Mg2þ ions, both of which are required for maximal ribozyme
activity. This structure suggests that the position of C75 does not change during the cleavage reaction.
A partially hydrated Mg2þ ion is also found within the active site where it interacts with a newly resolved
G 3U reverse wobble. Although the inhibitor exhibits crystallographic disorder, we modeled the ribozyme-
substrate complex using the conformation of the inhibitor strand observed in the hammerhead ribozyme. This
model suggests that the pro-RP oxygen of the scissile phosphate and the 20-hydroxyl nucleophile are inner-
sphere ligands to the active siteMg2þ ion. Thus, theHDV ribozymemay use a combination ofmetal ion Lewis
acid and nucleobase general acid strategies to effect RNA cleavage.

RNA molecules, like their protein counterparts, can fold into
stable, compact tertiary structures capable of performing bio-
logical catalysis (1). Since their discovery nearly 30 years ago,
catalytic RNAs, or ribozymes, have been found to function in a
wide variety of biological processes, including splicing, transla-
tion, gene regulation, and critical RNA processing events, often
in the presence of proteins (2). The functions of ribozymes are
typically Mg2þ ion-dependent, and Mg2þ can serve both struc-
tural and functional roles (3).

The ribozymes are often split into two families. Large ribo-
zymes include the group I and group II self-splicing introns and
RNase P. These RNAs are generally 200-300 nucleotides in
length, have multiple domains, and possess an active site that is
large enough to bind RNA duplex substrates and nucleotide or
water substrates. They cleaveRNA substrates to generate termini
with 50-phosphate and 30-hydroxyl groups. These ribozymes have
been shown to use metal ion catalysis as a key strategy for reac-
tion at phosphodiester centers (4-8). Metal binding is accom-
plished by bringing phosphate groups, often from regions distant

in the primary structure, into a tight cluster where they create a
Mg2þ binding pocket. The Mg2þ ions participate directly in
catalysis by acting as Lewis acids to activate nucleophiles,
neutralizing developing charges on leaving groups, and stabiliz-
ing the high negative charge of the transition state.

The small nucleolytic ribozymes make up the second major
family ofRNAcatalysts. The hepatitis delta virus (HDV), hammer-
head, hairpin, VS, and glmS ribozymes are all naturally occurring
members of this family. The small ribozymes are, in general,
fewer than 150 nucleotides in length and have evolved to perform
single-turnover phosphodiester self-cleavage reactions. All acti-
vate a 20-hydroxyl of an upstream nucleotide for attack at the
phosphate group on the following nucleotide (Figure 1A). The
products of this strand scission are a 20,30-cyclic phosphate and a
50-hydroxyl group. In contrast to the largely metal-mediated
catalysis observed in the large ribozymes, the small ribozymes all
appear to use nucleobase catalysis as part of their mechanism (8).
As a result, these ribozymes can often function in the absence of
Mg2þ ions if the ionic strength of the surrounding buffer is suf-
ficient to support folding of the RNA (9).

The HDV ribozyme (Figure 1B) was initially discovered in the
human pathogen HDV, where it is found in closely related
genomic and antigenomic forms. It plays a critical role in the
viral life cycle, cleaving tandem copies of the RNA genome into
single, unit-length pieces (10, 11). Recently, HDV-like ribozymes
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have been discovered throughout all kingdoms of life, including
the human genome (12, 13). Therefore, understanding these mole-
cules has implications for human health, mosquito control, and
general RNA function in vivo.

The majority of small ribozymes position their cleavage sites
by forming base-paired duplexes with the two regions that
flank the scissile phosphate. These duplex regions help orient
the 20-hydroxyl of the upstreamnucleotide for nucleophilic attack
at the scissile phosphate and also facilitate the reverse reaction of
ligation by positioning the upstream sequences. In contrast, the
HDV ribozyme does not have a guide sequence upstream of the
scissile phosphate. As a result, it has proven to be difficult to
characterize the upstream portion of the HDV ribozyme, and we
currently lack a clear understanding of the interactions necessary
to position and activate the 20-hydroxyl for catalysis. In addition,
anynucleotidewill serve as the-1 residue in self-cleavage (14, 15),
there is little metal specificity to the reaction (16, 17), and a 20,50

linkage will be cleaved by the HDV ribozyme (18). All of these
observations are consistent with limited interactions upstream of
the scissile phosphate in the HDV ribozyme.

The HDV ribozymes contain a conserved and catalytically
essential cytosine, C75 (numbered C76 in the antigenomic ribo-
zyme), which has a pKa shifted toward neutrality (19-21) and
whose role as a general acid/base catalyst (19, 22) is key in the
mechanism. Nevertheless, despite a number of studies, the role
of C75 has not been elucidated from a structural point of view.
The first high-resolution picture of this ribozyme came from the
structure of a self-cleaving version of theRNA, captured after the
reaction, in the product state, and cleaved between U(-1) and
G1 (23). The structure revealed a complex double, pseudoknotted
topology with five pairing elements (Figure 1B), in agreement
with solution studies (24, 25). In addition, C75 was poised to
accept a hydrogen bond from the 50-hydroxyl of G1 to its N3
atom. By microscopic reversibility, assuming no significant

conformational changes at the active site, C75 would be proto-
nated in the substrate-bound state, suggesting a role as the general
acid in phosphodiester bond cleavage (20). This role was defini-
tively established by Das and Piccirilli (26), who performed key
mechanistic studies associating C75 with the leaving group of the
ribozyme cleavage reaction.

The role of C75 as a general acid in the cleavage reaction was
challenged, however, by the structures of the HDV ribozyme
precleavage. To trap the precleaved state, an inactivating C75U
mutation was introduced or Mg2þ was removed from the reac-
tion mixture (27). In contrast to the position of C75 in the pro-
duct state, these structures revealed an altered active site with
U75 in a position to serve as the general base for cleavage, which
was supported by molecular dynamics simulations (28, 29).
However, interpretation of these structures is clearly complicated
by the fact that C75 and Mg2þ ions also serve structural roles in
the wild-type ribozyme: C75 uses its exocyclic amine to form a
hydrogen bond with a phosphate, which cannot be achieved by
uracil, and the presence of Mg2þ ions alters the conformation of
RNA in manners that range from subtle to major. As such, it is
likely that a number of catalytically relevant interactions were
lost in these structures and were not recovered in molecular
dynamics simulations beginning with them.

In an effort to clarify the roles of C75 and Mg2þ ion in the
mechanism, we report here the structure of a genomic HDV
ribozyme trapped in an inhibited, precleavage state. This struc-
ture differs from previous studies of the precleaved state, in that
the ribozyme contains the native cytosine at position 75 and was
determined in the presence of Mg2þ ions. The self-cleavage
reaction of the ribozyme was inhibited when the 20-OH nucleo-
phile was changed to a 20-H. The RNA structure differs signifi-
cantly from the C75U mutant, is strikingly similar to that of the
cleaved formof the ribozyme, and contains aMg2þ ionwithin the
active site. The experimental structure combined with modeling

FIGURE 1: HDV ribozyme reaction mechanism and secondary and tertiary structure. (A) In the HDV ribozyme, RNA strand cleavage is
catalyzed by activating the 20-hydroxyl of the upstream nucleotide for attack at the scissile phosphate and by stabilizing the 50-bridging oxygen
leaving group.Biochemical analysis, spectroscopic analysis, and this structural analysis suggest thatC75participates in leaving group stabilization
by acting as a general acid. Activation of the 20-hydroxyl appears to be performed by a Mg2þ ion-mediated mechanism; however, the exact
nature of the interaction is not fully characterized. (B) Primary and secondary structure of the genomicHDV ribozyme-inhibitor complex used
in this study. The sequence is based on a fast-folding, highly reactive HDV ribozyme sequence (39) with a GAAA tetraloop introduced into P4
and an extra base pair introduced intoP2 to facilitate crystallization. The numbering based on the sequence of the genomic ribozyme is retained.
Shown in bold are bases critical to the mechanism, including the nucleotides U(-1) and G1 at the base of P1, a reverse G 3Uwobble pair at the
base of P3, and C75. Paired regions are highlighted with colored boxes. (C) Cartoon rendering of the 1.9 Å crystal structure of the HDV
ribozyme. Base-paired double-helical regions are colored as in panel B. C75 is colored dark blue and the G25 3U20 reverse wobble light blue.
The catalyticMg2þ ion and its hydration shell are shown as spheres. The 30-end of the inhibitor strand and the 50-end of the ribozyme strand are
close in space, as expected as these two strands are covalently linked in the self-cleaving version of this RNA.
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of the upstream region supports amechanism inwhichC75 serves
as a general acid and an active site Mg2þ ion serves as a Lewis
acid in the cleavage mechanism.

EXPERIMENTAL PROCEDURES

Sample Preparation. The RNA was synthesized in two
strands. The first strand, formally the ribozyme, spans the
50-strand of P2 to the 30-strand of P2, including the 30-strand
of P1 (Figure 1), and was made by T7 transcription. The seq-
uence encoding the ribozyme strand was fused to a T7 pro-
moter and an EarI restriction site, cloned between the
HindIII and XbaI restriction sites of pUC-19, and propagated
in Escherichia coli strain XL-1 Blue. DNA template preparation,
RNA synthesis, and RNA purification were performed as pre-
viously described (30). The ribozyme was exchanged into water or
5 mM potassium cacodylate buffer (pH 6.0), concentrated by
ultrafiltration to ∼10 mg/mL, and stored at -20 �C.

The second strand, which is formally an inhibitor, spans the
50-strand of P1 and the cleavage site and was generated by chemical
synthesis. To reduce the level of nicking of the inhibitor strand
during the crystallization process, three ribonucleotides at the
50-end were replaced with deoxynucleotides. The sequence of
the inhibitor was 50d(UGG)CUUGCA30. This RNA was pur-
chased from Dharmacon or Thermo Scientific (Lafayette, CO)
and was deprotected and desalted according to the manufac-
turer’s protocols.
Crystallization and Data Collection. To refold the HDV

ribozyme-inhibitor complex, equal molar concentrations of
ribozyme and inhibitor strands were mixed at a final concentra-
tion of 3.5 mg/mL in 5 mM Tris-HCl buffer (pH 7.5). The mix-
ture was heated to 90 �C for 1 min and cooled to room temp-
erature. MgCl2 was added to a final concentration of 10 mM
followed by a 10 min incubation at 50 �C. The complex was then
allowed to equilibrate at room temperature for 10 min prior to
the preparation of crystallization trays.

To obtain crystals of this RNA, 1 μL of the refoldedRNAwas
mixed with an equal volume of reservoir solution containing
50 mM sodium acetate (pH 5.0), 1 mM spermine, and 28-33%
2-methyl-2,4-pentanediol. Low pHwas used, as it has been shown
thatC75 is protonated in these crystals under these conditions (21).
These drops were equilibrated against 1 mL of the reservoir
solution by standard hanging-drop vapor diffusion at 20 �C.
Orthorhombic crystals with dimensions of 0.3 mm � 0.05 mm �
0.02 mm were obtained in ∼3 weeks. For the collection of cryo-
genic data, crystals were transferred in a single step to a solution
containing 50% 2-methyl-2,4-pentanediol, 50 mM MgCl2, 2 mM
spermine, and 50mMpotassiumacetate (pH5.0) for at least 2-3 h.
Crystals were then flashed-cooled and stored in liquid nitrogen.

Data were collected at LS-CAT beamline 21-ID-G at the
Advanced Photon Source (Argonne National Laboratory,
Argonne, IL). Data were processed using HKL2000 (31) and
indexed in space group C2221.
Phase Determination and Structure Refinement. The

initial phases were determined using Phaser, implemented within
the CCP4 suite (32). The search model was derived from the
structure of the cleaved HDV ribozyme from which helix P2 and
most of helix P4 had been deleted [Protein Data Bank (PDB)
entry 1CX0 (23)]. The Z-score from the translation function
was 8.4, and the LLG was 111. The molecular replacement
solution was improved by iterative manual rebuilding and re-
finement in CNS (33, 34), Phenix (35), Pymol (36), and O (37).

Coordinates have been deposited with the Protein Data Bank
(entry 3NKB).

RESULTS

The naturally occurring sequence of the HDV ribozyme does
not fold into a single, catalytically active population under most
conditions. Rather, a significant fraction of this RNA folds into
non-native, nonreactive structures whose reactivity is stimulated
by chemical denaturants (25, 38). This propensity to misfold
complicates analysis of biochemical experiments and can prevent
formation of high-quality, catalytically relevant crystals needed
for X-ray crystallographic analyses. We therefore initiated crys-
tallization experiments using a fast-folding version of the HDV
ribozyme that had been designed to destabilize base pairs within
misfolded RNAswithout compromising the conformation of the
native RNA (39). Both self-cleaving and trans-cleaving versions
of this ribozyme sequence react largely monophasically and
rapidly, consistent with homogeneous, native folding (39, 40).
Crystallization Strategies. The earliest published crystal-

lographic studies of theHDV ribozyme focused on a self-cleaving
version of the RNA in which a single strand of RNA contains
both the active site and the cleavage site. This molecule will
efficiently self-cleave, and the first structures of the HDV
ribozyme came from the self-cleaved, product form (23). To
obtain a crystal containing uncleaved RNA with the scissile
phosphate and to generate a picture of the ribozyme prior to
cleavage, one must prevent the reaction in some fashion. In the
previous studies, this was accomplished by a single strand of
RNA, using a mutation of the general acid, C75, to uri-
dine (27). This sequence variant is completely inactive and
has only been shown to function in the presence of imidazole
for both antigenomic (19) and genomic versions of the HDV
ribozyme (20).

In this study, we use a trans-cleaving ribozyme in which the
substrate is provided in an inhibited form as a second RNA
strand, held in place by base pairing to the ribozyme. This is a
strategy similar to that used to crystallize the hairpin, hammer-
head, and glmS ribozymes (41-45). The substrate is small
enough to be efficiently synthesized chemically, which allows
us to prevent cleavage by introducing a deoxyribonucleotide at
U(-1), the nucleotide upstream of the scissile phosphate. This
modification removes the nucleophile and thereby prevents self-
cleavage, creating an inhibitor (here termed “inhibitor strand”).
In this manner, the atomic structure of the ribozyme active site,
including nucleotideC75 andMg2þ ions, remains intact.We have
previously demonstrated that this modification leads to crystals
that do not alter the pKa of C75 (21) and that have biochemically
relevant Mg2þ binding (40, 46, 47). These findings provide
confidence that this strategy can be used to capture a picture of
the ribozyme bound to a substrate analogue, without disrupting
the native interactions that stabilize the active site.

A series of related RNA sequences based on the fast folding
variant were generated to introduce mutations into regions of the
molecule that could potentially be involved in crystal contacts.
The lengths of helices P2 and P4 were varied, and the sequence in
L4 was changed. It can be noted that P4 is catalytically dis-
pensable (15), and that the lengths of P2 and P4 vary in
nature (13). This RNA crystallized readily, and a variety of
crystal forms were obtained using simple sparse matrix screens.
By addition of a base pair to P2, an orthorhombic crystal form
was produced, and by variation of cryostabilization conditions,
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the diffraction limit was eventually extended to∼1.9 Å resolution
(Table 1 and Table S1 of the Supporting Information). This
represents significant improvement over the previously deter-
mined structures of theHDV ribozyme (23, 27) and is close to the
maximal resolution observed for any ribozyme.

The structure was readily determined by molecular replace-
ment, using core base-paired nucleotides from the crystal struc-
ture of the self-cleaved HDV ribozyme. The peripheral regions
and single-stranded loops were added to the model by iterative
rounds of manual model building and energy minimization. The
overall geometry of the HDV ribozyme is provided in Figure 1C
and is similar to that previously reported (23), including the
presence of five pairing regions and a topology that results in a
double pseudoknot in the cis-acting form of the ribozyme.

Naturally occurring HDV-like ribozymes are self-cleaving mole-
cules in which the cleaved RNA sequence is covalently linked to
the 50-end of the ribozyme. Although these two strands are
separated in the ribozyme-inhibitor complex and are involved in
different crystal contacts in the two structures, they remain close
in space [∼10 Å (Figure 1C)].

One notable feature is found in the new structure: a reverse
G 3Uwobble (48) [described as a transW 3C/W 3C pair by Leontis
and Westhof (49)] forms between G25 and U20 (Figure 2). In
the structure of the product-bound ribozyme [PDB entry
1CX0 (23, 50)], G25 and U20 are coplanar and are oriented
such that their Watson-Crick faces could interact; however, in
that structure the geometry is not optimal, and they are not
within hydrogen bonding distance of each other (the G25
N1-U20O4 distance is 5.2 Å, and theG25O6-U20N3 distance
is 4.2 Å). In the C75U mutant structure, U20 interacts with
the Hoogsteen face of G25 (27). The reverse wobble has
been observed in MD studies of the product structure (ref 29,
Veeraghavan, N., P.C.B., and Hammes-Schiffer, S., unpublished
data). As in the previous structures, these nucleotides are stacked
between the P3 helix and C24, thereby extending the P3 helix. As
described below, this reverse wobble plays a critical role in the
proposed catalytic mechanism.

At 1.9 Å resolution, Mg2þ ions and solvent molecules could
readily be incorporated into the model. The electron density in
the active site of the ribozyme is rendered in Figure 2.

Although the resolution of the diffraction pattern was quite
high, the RNA in the region of the scissile phosphate is dis-
ordered. While the electron density for the inhibitor strand at
nucleobases from position 1 to 8 is well determined, the position
of the backbone for nucleotides 1-3 is somewhat disordered
(Figure S1 of the Supporting Information). In addition, contin-
uous density for the upstream nucleotide U(-1) is not visible in
electron density maps. There are several potential sources for
the disorder observed in the inhibitor strand. First, when RNA
from crystals is recovered and analyzed, between 10 and 50% of
the inhibitor strand is observed to be nicked (Figure S2 of the
Supporting Information). Thus, the disorder could be due to
reduced occupancy in this region. Second, disorder may result
from the modification of the 20-hydroxyl nucleophile at position
U(-1), or third, it may be inherent to the HDV ribozyme active
site (see Discussion).

FIGURE 2: Stereoviewof the electrondensity in the regionof the active site. The composite simulatedannealingomitmap is contoured at 1σwithin
3 Å of the illustrated atoms.

Table 1: Data Collection and Refinement Statistics

Data Collection

cell dimensions a, b, c (Å) 64.84, 84.10, 102.02

wavelength (Å) 0.97872

resolution (Å) 50-1.9

Rsym (%)a 5.5 (42.3)b

I/σ(I) 44.3 (2.2)b

no. of reflections 20583

completeness (%) 94.3 (54.6)b

redundancy 7.2 (3.4)b

Refinement

resolution (Å) 27-1.9

no. of reflections 20555

no. of reflections in the test set 1999

Rwork/Rfree (%) 21.4/24.1 (29.1/31.4)

no. of atoms

RNA 1538

ion 10

water 169

average B-factor 41.2

root-mean-square deviation

bond lengths (Å) 0.003

bond angles (deg) 1.254

coordinate error (Å) 0.29

aRsym is the linear R-factor of
P

|I- ÆIæ|/
P

I, where the I is the observed
intensity and ÆIæ is the average intensity of the multiple observations of
symmetry-related reflections. bThe value for the high-resolution shell is
listed in parentheses.
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The Position of C75 Suggests That It Serves as the
General Acid Catalyst in the Cleavage Reaction. In the
crystal structure of the HDV ribozyme in its postcleavage state,
C75 is observed to make a hydrogen bond between its N3 atom
and the protonated leaving group, the 50-hydroxyl of G1 (23).
This conformation suggested that C75 might be protonated in
the reactant state, donate its proton to the 50-O leaving group,
and thereby serve as a general acid in the cleavage reaction. This
role was supported by experiments in which the phosphodiester
linkage between U(-1) and G1 is replaced with a 50-bridging
phosphorothiolate linkage (i.e., 50-bridging O to 50-bridging S)
(26): this modification creates a hyperactive leaving group,
and under these conditions, C75 was expendable. This experi-
ment suggests that general acid catalysis is no longer necessary
when the leaving group is stabilized and provides strong evidence
that C75 serves as a general acid in the cleavage reaction.
Mechanistic and spectroscopic analyses provide additional evi-
dence that C75 serves as the general acid in the cleavage
reaction (20, 21).

The identification of C75 as a general acid in the solution
biochemical studies was confounded somewhat by the crystal
structure of the precleaved RNA, trapped in a substrate-bound
state by mutation of C75 to uridine (27). In this crystal structure,
nucleotide 75 is displaced from its binding pocket and can no
longer form hydrogen bonds to the 50-hydroxyl of G1 but instead
can be modeled near the 20-hydroxyl of U(-1). In this manner,
nucleotide 75 was implicated as the general base for the cleavage
reaction. Molecular dynamics (MD) studies based on this
structure appear to support the interpretation that C75 can-
not serve as a general acid but rather serves as the general
base (28, 29).

It is therefore important to address whether the alternate
conformation of nucleotide 75 in the precleaved state was due
to the presence of the scissile phosphate or the C75U mutation.
We examined the conformation of C75 in our inhibitor-bound
structure. In this structure, C75 is in the same conformation as
the postcleavage structure, but substantially different from the
precleaved structure (Figure 3). The exocyclic amine of C75
hydrogen bonds to the pro-RP phosphoryl oxygen of C22, and its
N3 atom is positioned near the 50-hydroxyl of G1, both interac-
tions being similar to those in the postcleavage structure (23).
Moreover, the RNA in this region of our structure is very well
determined by the diffraction data, with the non-hydrogen atoms
in C75 having B-factors ranging from just 22 to 30 Å2. This
agreement with our inhibited structure suggests that the position
of U75 observed in the precleaved state may be due to the loss of

key interactions between the ribozyme core and the exocyclic
amine of C75 (which is changed to a carbonyl when C is mutated
to U) (27).
A Metal Ion Is Found near C75. Solution biochemical

studies and Raman crystallographic studies have suggested
that there is a Mg2þ ion in the active site of the HDV ribozyme
(17, 40, 46, 47, 51). Biochemical studies revealed that a 20,50

linkage of the scissile phosphate alters the metal dependence of
the reaction (18), and mutagenesis of the upstream (-1) nucleo-
tide results in an altered divalent metal ion preference (52), both
suggesting a divalent metal ion is present near position -1.
Raman and biochemical studies showed that thisMg2þ ion binds
anticooperatively with the proton on the N3 atom of
C75 (20, 21, 53), suggesting it is close in space to C75. Moreover,
comparison of the pH-rate profiles of the ribozyme in the
presence and absence of Mg2þ suggests that this Mg2þ ion
participates in catalysis under biologically relevant condi-
tions (20, 51, 54). The anticooperative interaction between the
active siteMg2þ ion and the proton onC75may be the molecular
basis for proposed ground-state destabilization as a driving force
for catalysis (20).

We observe a partially hydrated Mg2þ ion bound within the
active site, in the proximity of C75 (Figures 2 and 4). Although
electron density for the inhibitor in this region is poor, electron
density that can be assigned to the scissile phosphate (Figure S3
of the Supporting Information, overlapping red sphere and green
mesh) is visible near the Mg2þ ion. A single inner-sphere contact
from the ribozyme, the pro-SP oxygen of U23, is also clearly
observed between the Mg2þ ion and the active site. In addition,
this ion interacts through its hydration shell with the N7 and O6
atoms of G25. Thus, the conformation of the G25 3U20 reverse
wobble is critical to the structure of the active site, and stable
base pairing between G25 and U20 may depend on the pre-
sence of the Mg2þ ion and the scissile phosphate. The remainder
of the density was modeled with three waters. At least one of the
“water” molecules in the hydration shell exhibits nonspherical
electron density. It is likely that this electron density is not water
but corresponds to inner-sphere coordination of the scissile
phosphate and/or the U(-1) nucleotide in the inhibitor strand.
The crystallographic data alone, however, do not allow un-
ambiguous assignment of this electron density to atoms from the
inhibitor strand.

If this Mg2þ ion represents the catalytic Mg2þ ion, then three
predictions can be made. First, the conformation of the reverse
G 3U wobble should be critical to active site structure. Mutation
of G25 to an A is predicted to destabilize the Mg2þ ion binding
site by changing the geometry of the base pair from reverse
wobble to reverse Watson-Crick and by reducing the electro-
negativity in the active site. The Westhof and Been laboratories
have shown that this variant is 50-3000-fold less reactive than
the parental, wild-type (WT) sequence (14, 55). Moreover,
mutation of U20 to an A or a C resulted in at least 104-fold less
activity (14). It is also notable that U20 and G25 are two of only
six invariant positions found in all HDV-like ribozymes (13).

Second, we expect that this Mg2þ ion would be displaced by
Co(NH3)6

3þ. Co(NH3)6
3þ is amimic of a hydratedmetal ion that

can displace both outer- and inner-sphere Mg2þ ions (47) and
strongly inhibits HDV ribozyme activity under biologically
relevant Mg2þ ion-containing buffer conditions (51). Inhibition
of the HDV ribozyme by Co(NH3)6

3þ has been shown to be
competitive with Mg2þ ion (20), suggesting a Co(NH3)6

3þ

binding site overlaps with aMg2þ ion that is critical for catalysis.

FIGURE 3: Comparison of the active site of the HDV ribozyme in
the cleaved, precleaved, and inhibited states. (A) Superposition of the
structure of the inhibited ribozyme determined here (green) on the
cleaved ribozyme (yellow) (PDB entry 1CX0). Few conformational
changes are observed between the cleaved and inhibited states. (B)
Superposition of the structure of the inhibited ribozyme deter-
mined here (green) on the inactive C75U mutant (PDB entry 1SJ3)
(pink) reveals significant conformational changes in the active site.
(C) Superposition of the structure of the cleaved HDV ribozyme
(PDB entry 1CX0) on the inactive C75U mutant (PDB entry 1SJ3)
shows fewer differences than in panel B, but major differences in
conformation induced by the C75U mutation are still apparent.
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Finally, Raman spectroscopic characterization of Co(NH3)6
3þ

binding to the HDV ribozyme shows that it, like Mg2þ, binds
anticooperatively with the proton on C75, suggesting that the
Co(NH3)6

3þ binding site is in the proximity of C75 (47). Indeed,
the location of thisMg2þ ion is similar to that observed crystallo-
graphically for Co(NH3)6

3þ (PDB entry 1SJF) (27), suggesting
that Co(NH3)6

3þ and Mg2þ ion must compete for this single ion
binding site near the reverse G 3U wobble.

Third, the distance from the active siteMg2þ ion to theN3 atom
of C75 is 5.5 Å. There is strong evidence that these two species
interact electrostatically, as mentioned above. This distance is
well within the range for through-space electrostatic coupling in
RNA (56), further supporting the catalytic relevance of this ion.
Collectively, the three observations described above indicate that
the Mg2þ ion observed in the crystal structure has properties
similar to that of the catalytic Mg2þ ion inferred from solution
biochemical studies.
Building a Model for the Upstream Nucleotide. Electron

density for nucleotides U(-1) and part of G1 was poor, which
precluded building a model for the cleavage site using purely
crystallographic data. There are, however, significant limits on
conformations of the nucleotides that flank the scissile phosphate.
Phosphodiester cleavage requires the 20-hydroxyl of U(-1) to be
positioned for in-line attack at the scissile phosphate. In addition,
G1 remains base-paired in helix P1, as supported by extensive
structure-function and phylogenetic studies at this position.
All naturally occurring HDV-like ribozymes have a purine-
pyrimidine base pair at this location (12, 13), and mutagenesis
experiments confirm that all combinations of purine-pyrimidine
base pairs, includingG 3U andAþ

3Cwobble pairs, are tolerated,
but pyrimidine-purine or purine-purine base pairs will not sup-
portmaximal activity (14, 15, 57-60). These data suggest that the
base pair between positions 1 and 37 must form and that there
must be some requirement for the purine structure at posi-
tion 1. Finally, U(-1) cannot overlap with the covalent structure
of the HDV active site.

To explore the possible locations of the nucleotide at position
-1, we compared the crystal structure of the HDV ribozyme at
theG1 nucleotide with the conformation of the scissile phosphate,

upstream nucleotide, and downstream nucleotide in the hairpin,
hammerhead, and glmS ribozymes. The conformation of the
cleavage site in the hairpin ribozyme (41, 42, 61) is not compatible
with the active site in the HDV ribozyme. Superposition of the
nucleotide downstream of the scissile phosphate with G1 of the
HDV ribozyme leads to significant steric clashes between the
upstream nucleotide and the HDV ribozyme active site (data not
shown). Superposition of the nucleotide downstream of the
scissile phosphate from the hammerhead ribozyme (43) with
G1 of the HDV, however, leads to a model for U(-1) and the
scissile phosphate that can be well accommodated within the
HDV ribozyme active site (Figure 4). The resulting model is in
agreement with previous biochemical data and suggests a cata-
lytic strategy for the HDV ribozyme (see Discussion). A list of
distances between key atoms is given in Table 2. Superposition of
the HDV ribozyme active site with the substrate region of the
glmS ribozyme (44, 45) provides a model that is largely similar to
that produced with the hammerhead ribozyme but produces a
few steric clashes.

Is this model supported by the crystallographic data? We were
unsuccessful in attempts to refine the model against the diffrac-
tion data. This could be the result of positional disorder, reduced
occupancy at this position, or dynamics intrinsic to the HDV
ribozyme (seeDiscussion).Nonetheless, there is density inFo- Fc
difference Fourier maps that is consistent with this model at
positions corresponding to the scissile phosphate, the deoxyri-
bose U(-1), and the nucleobase of U(-1) (Figure 2 and Figure
S3 of the Supporting Information).

FIGURE 4: Proposed model for the upstream nucleotide and the scissile phosphate. (A) Model for the substrate-bound state of the HDV active
site. The model was generated by superposing the cleavage site from the hammerhead ribozyme [pink, PDB entry 2OEU (43)] with G1 from the
HDV-inhibitor complex (not shown). The active site nucleotides from the crystal structure of the HDV inhibitor complex are colored green. No
further adjustments to the conformationweremade.Thismodel suggests that the pro-RP oxygen fromthe scissile phosphate and the 20-hydroxyl of
U(-1) are ligands to the catalyticMg2þ ion (green sphere). (B) Schematic of the contacts shown in panel A. The catalyticMg2þ ion is drawn as a
gray sphere, and water molecules are shown as black circles. For the sake of clarity, one water ligand to the catalytic Mg2þ ion is not shown.
Distances are from the model shown in panel A and differ slightly from those derived from the refined crystal structure (Table 2). The
Mg2þ-water distance is 2.3 Å for all threewater ligands to the catalyticMg2þ ion (Table 2).Anarrow indicates in-line attackof the 20-hydroxyl of
U(-1) at the scissile phosphate.

Table 2: Distances within the Crystal Structure

atom 1 atom 2 distance (Å)

Mg2þ U(-1) 20-OH 2.4a

Mg2þ U23 pro-SP O 2.1a

Mg2þ G1 pro-RP O 2.2

C75 N3 G1 50O 3.7

aIn the crystal structure, these atoms were modeled as a water molecule.
The distance reported is that between the water molecule and theMg2þ ion.
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DISCUSSION

The crystal structure of the HDV ribozyme described here
differs from those in previous studies in that both the scissile
phosphate andC75 are present in the active site. As described, the
catalytic mechanism most consistent with this structure suggests
that prior to cleavage, C75 is protonated and a catalytic metal ion
is bound. In the model described here, the N3 atom of C75 is
within 3.7 Å of the 50-bridging oxygen of G1 (Table 2). This
distance and previous Raman spectroscopic analysis of these
crystals (21) are consistent with protonation of C75. We observe
that the positively charged C75 N3 atom and Mg2þ functional-
ities are close in space (5.5 Å). This is consistent with previous
studies that show these two cations interact electrostatically and
thereby could help drive the reaction by ground-state destabiliza-
tion (21, 47, 51). It is therefore unlikely that protonation of C75
andmetal binding in the active site can occur without the presence
of the negatively charged scissile phosphate. In the model of the
substrate-bound ribozyme developed here (Figure 4), the scissile
phosphate bridges these two positively charged groups, an inter-
action that is reminiscent of metal-metal positioning in other
ribozymes and protein enzymes (4-7, 62, 63).

Although the inhibitorRNA strand near the scissile phosphate
is disordered in the electron density maps, there is evidence that it
is present within our crystals with reasonable occupancy. First,
the catalytic metal ion is seen bound within the active site. This
metal is not observed in the structureof the cleaved ribozyme (23),
although the binding site appears to be intact. As described
above, the affinity for the catalytic metal ion is likely to be very
low in the absence of the scissile phosphate. Second, there is
electron density near the catalytic metal ion that is in good
position to be the scissile phosphate, and it is of sufficient
intensity (5σ in the Fo - Fc difference Fourier map) to result
from an electron-rich phosphate group. Finally, analysis of
crystals indicates that the full-length inhibitor strand is at least
50-90% intact (Figure S2 of the Supporting Information). Thus,
the crystal structure here provides the first picture of the HDV
ribozyme with the invariant C75 nucleotide and the scissile
phosphate in the presence of the Mg2þ ion.
The pro-RP Oxygen of the Scissile Phosphate Is an

Inner-Sphere Ligand to the Catalytic Mg2þ Ion. In the
model generated by superposition of the conformation of the
hammerhead ribozyme substrate on the HDV ribozyme core, the
pro-RP oxygen of the scissile phosphate appears to interact
directly with the catalytic metal ion (Figure 4). This interaction
is supported crystallographically by ∼5σ electron density at this
position in the Fo - Fc difference Fourier map (Figure S3 of the
Supporting Information). There are also solution biochemical
data that support coordination of the pro-RP oxygen by a metal
ion: substitution of this atom with a sulfur has been shown to
result in a less active population of ribozyme in which 80%of the
ribozyme is nonreactive and 20% reacts with kinetics similar
to that of the unmodified or pro-SP-modified substrates (64).
[It is conceivable that the pro-RP-modified substrate sample
was contaminated by pro-SP-modified substrate or unmodified
RNA, or that the reactive 20% reacted through an alternate,
metal-independent channel (51).] Interaction of the catalytic
Mg2þ ion with the scissile phosphate allows for potential close
positioning to the nucleophilic 20-hydroxyl of U(-1). There is a
wealth of evidence from the hammerhead ribozyme that impli-
cates an interaction between an active site metal ion and the pro-
RP oxygen of the scissile phosphate (65-71). Thus, the HDV and

hammerhead ribozymes may share similarities in their cleavage
mechanisms.
A Binding Site for the U(-1) Nucleotide? There does not

appear to be a tight binding pocket for the nucleotide upstreamof
the scissile phosphate. Phylogenetic analysis reveals no sequence
specificity for the nucleotide at position-1, suggesting few if any
contacts to the nucleobase at position -1 (14, 15, 18). Indeed, if
the upstream product exhibited significant binding, it would be
predicted that the HDV ribozyme, like the hammerhead and
hairpin ribozymes, would be able to catalyze ligation of the 20,30-
cyclic phosphate and the 50-hydroxyl termini. However, HDV-
catalyzed ligation reactions cannot be observed (72). While the
contacts between the ribozyme active site and the nucleotide at
position -1 are minimal, there are almost certainly several key
contacts that serve to position the 20-hydroxyl for in-line attack at
the scissile phosphate and to enhance the nucleophilicity of the
20-hydroxyl group. The catalytic metal ion appears to provide
one of these contacts, interacting with both the 20-hydroxyl and
pro-RP oxygen of the scissile phosphate, thereby orienting the
nucleotide for catalysis.

Binding of the upstream nucleotide U(-1) appears to be
further stabilized by base stacking between U(-1) and U23
(Figure 4A). In this study, there is a crystal contact near U23. It
was therefore unclear whether the conformation of U23 in the
inhibitor-bound form of the HDV ribozyme was native or due to
the interaction between neighboring molecules in the crystal. We
therefore examined the previously determined crystal structures
(Figure S4 of the Supporting Information). In the rhombohedral
crystal forms obtained by crystallization of the HDV ribozyme
with the U1A protein, there are no crystal contacts near U23. In
these structures, we see that U23 is flipped out into solution and
adopts a variety of conformations depending on the context.
These conformations are not compatible with base stacking of
U(-1) and U23. However, examination of the electron density
for the cleaved, product-bound HDV ribozyme (PDB entry
1CX0) does reveal electron density compatible with a structure
in which U23 is poised to stack on U(-1) (Figure S3 of the
Supporting Information). This electron density had previously
been interpreted as a Mg2þ ion but is more likely to represent an
alternate conformation for U23. Thus, it seems likely that

FIGURE 5: HDV ribozyme having an exit site for nucleotides up-
stream of the scissile phosphate. The crystal structure of the HDV
ribozyme is rendered as amolecular surface.U(-1) is drawn as sticks.
Nucleotides G1, C22, U23, G25, and G27 (blue) surround U(-1) to
create an exit site for the upstream nucleotides. This characteristic
likely allows theHDV ribozyme to efficiently fold and function in the
context of a long RNA molecule.
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stacking betweenU23 andU(-1) occurs in solution and is not an
artifact of crystal contacts. Consistent with this interaction,HDV
ribozyme cleavage of a substrate with an abasic nucleotide at
position -1 occurs with a rate constant ∼10-fold lower than
that of a natural RNA substrate (73). Base stacking interac-
tions between the ribozyme active site and the base at position
-1 would likely provide a small amount of favorable binding
energy for the upstream nucleotide without requiring sequence
specificity.
The HDV Ribozyme Has an Exit Site for the Upstream

RNA Product. Most small ribozymes, including the hairpin,
hammerhead, and VS types, orient their substrate RNA by
formation of base pairs both upstream and downstream of the
scissile phosphate. In contrast, the HDV ribozyme base pairs to
its substrate only downstream of the scissile phosphate. There
is no tight binding site for the upstream nucleotides, and con-
sequently, no reverse reaction is observed. Furthermore, the HDV
ribozyme has evolved to fold and function within a long RNA
transcript. Thus, it seemed likely that there is an exit from the
HDV ribozyme active site that would accommodate an RNA
long enough to serve as a mRNA. In contrast to the structure of
the inactive C75U precleaved RNA, we observe in our model a
sharp turn at the scissile phosphate that facilitates egress of the
upstream RNA sequence from the active site (Figure 4). Nucleo-
tides involved in forming the exit site areG1, C22, U23, G25, and
G27. The exit site (Figure 5) points the phosphate group of the
upstream nucleotide out into solution. This strategy would allow
the HDV ribozyme to fold more efficiently in the context of a
longRNA strandwithout depending on a guide sequence to form
a base pair with the upstream nucleotides. It is notable that with a
RNA molecule containing 54 upstream nucleotides, the first 17
nucleotides upstream of the cleavage site are single-stranded,
potentially facilitating this egress (74).
A Catalytic Role for the Interaction between the Mg2þ

Ion and the 20-Hydroxyl of U(-1). The reaction mechanism
of the HDV ribozyme has been extensively studied using solution
biochemical experiments. Analysis of the pH-rate profile, diva-
lent metal ion preferences, Co(NH3)6

3þ inhibition, the response to
modified substrates, and proton inventory experiments have sug-
gested a mechanism in which the 50-oxyanion leaving group is
stabilized by a proton transfer by C75 (summarized in ref 75). C75
has a pKa shifted ∼2 pH units to g6, which gives it the char-
acteristic of a good general acid (20, 21).

Analysis of the pH-rate profile in the presence and absence of
Mg2þ required a Mg2þ-dependent pKa that was g9, the experi-
mental limit of pH-rate profiles because of alkaline denatura-
tion of base pairing. This pKa is consistent with a Mg2þ-bound
water, which has an unperturbed pKa of 11.42 (76), serving as
a Brønsted base in the cleavage reaction (20). In addition,
Co(NH3)6

3þ, which is amimic of a hydratedMg2þ ion (77-80), is
a strong inhibitor of the HDV ribozyme, and the mechanism of
this inhibition is competitive with Mg2þ ion (17, 47). These experi-
ments and others led to amodel inwhich awatermolecule bound to
a largely hydrated Mg2þ ionizes to Mg2þ-bound hydroxide and
serves as the general base in the cleavage reaction (20).

In the model of the precleavage substrate-bound state deve-
loped here, however, the 20-hydroxyl of the upstream nucleotide
is best positioned as an inner-sphere ligand to the catalytic Mg2þ

ion; i.e., it may not interact through a water molecule (Table 2).
This model suggests that, under biologically relevant Mg2þ-con-
taining conditions, the 20-hydroxyl nucleophile may be activated
by a Lewis acid mechanism. This mechanism is fully consistent

with the pH-rate profiles as well. Hydroxide ion, which has a
pKa of 15.7 (i.e., >9), could deprotonate the 20-hydroxyl in a
rapid equilibrium or concerted deprotonation step. Indeed, the
involvement of hydroxide ion as a specific base in the HDV
ribozyme mechanism has been recently provided by solvent
isotope and proton inventory experiments in the absence of diva-
lent ions (54) and is also fully consistent with proton inventories
of two in the presence of divalent ions (81). Moreover, if
hydroxide ion acts to deprotonate the 20-hydroxyl, then the
pKa of the metal ion-bound water would not influence the rate
of the reaction.1 In fact, this is largely what has been observed in
prior biochemical studies: the reaction rate is similar (or slightly
faster) in Ca2þ and Mg2þ (2-fold faster without added Naþ and
equal in 1 M Naþ) (17) despite the respective pKa values for
metal-bound waters being 12.70 and 11.42 (76), and adding 1 M
NaCl to the reactionmixture allows Zn2þ to react as fast asMg2þ

and Ca2þ (17), despite a pKa on Zn2þ-bound water of just 8.96.2

In summary, prior pH-rate profile data can be fully explained by
a Lewis acid role for the active site divalent ion, with hydroxide
ion performing deprotonation—and prior metal rate dependence
data are more fully in line with a Lewis acid role than a Brønsted
base role for the divalent ion. Nonetheless, we cannot rule out a
bridging water without further experiments.
The HDV Ribozyme Uses Two Catalytic Strategies To

Achieve Catalysis. Large ribozymes including group I and II
introns are metalloenzymes, as established by metal specificity
switch experiments and recent crystallographic studies. It was
thereforewidely believed that all ribozymeswould follow suit and
be metalloenzymes. However, Scott and co-workers surprisingly
showed that the small nucleolytic ribozymes, such as the hammer-
head, hairpin, VS, and HDV ribozymes, function in the absence
of divalent cations as long as the ionic strength of the buffer is
sufficient to stabilize tertiary structure (9, 20, 68, 82). As a result,
the paradigm was revised to a model in which the nucleolytic
ribozymes do not usemetal ions to catalyze their cleavage. Indeed,
metal ions are not observed in the active sites of the hairpin or
glmS ribozymes (41, 42, 44, 45). The active site of the hammer-
head ribozyme contains a metal ion that contributes structurally
to the active site andmay contribute to catalysis through a proton
chain (42) or may be more directly involved in stabilizing the
50-hydroxyl leaving group in the cleavage reaction (71, 83).

The model for the HDV ribozyme presented here differs
significantly from all of the previously studied small ribozyme
crystal structures in that a magnesium ion is positioned in the
active site in such a way that it can interact directly with the sub-
strate RNA. This observation suggests that this RNA uses
strategies common to both large and other small ribozymes. The
metal binding site is similar to that observed in group I and group
II intron crystal structures in that a single metal ion serves as a
ligand to both a nonbridging oxygen atom from the scissile
phosphate and the nucleophile (4-7, 63, 84-86). Thus, the
mechanism for the HDV ribozyme proposed here represents a

1von Hippel and co-workers described a scenario in which Lewis acid
catalysis demands faster reactivity in Mg2þ than Ca2þ for another small
ribozyme (87). However, their model required rate-limiting deprotona-
tion of the 20-OH, which is not consistent with studies on the HDV
ribozyme that reveal proton inventories of two and a dependence of rate
on the pKa of C75; moreover, the HDV ribozyme reacts the same or
slower in Mg2þ than in Ca2þ.

2It was previously realized that this effect did not fit expectations for a
Brønsted base role formetal-boundwaters, but it was suggested that this
could be due to the additional and idiosyncratic roles of RNA folding
that most divalent ions serve.
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hybrid between the metal-mediated catalysis observed for the
large ribozymes and the nucleobase-mediated catalysis observed
within the hairpin and VS ribozymes.
A Structural Role for the N7 Atom of G1. In naturally

occurring versions of the HDV ribozyme, the cleavage site base
pair is strictly limited to purine-pyrimidine pairs, although both
wobble and Watson-Crick geometries can be accommodated.
Comparison of G-C, A-U, G 3U, and Aþ

3C base pairs, all of
which are reactive (60), reveals only a single consistent feature,
the N7 atom of the purine ring. Biochemical experiments reveal
that an atomic mutation of the N7 atom to a carbon results in
modest reductions in metal binding and activity under restrictive
conditions, while accompanying Raman spectroscopy suggests
that metal binding and Mg2þ-N7 interactions are disrupted by
this substitution (40).

Examination of the structure reveals why position 1 is limited
to a purine. Although the electron density is rather poor in this
region, there is a ligand to the N7 atom of G1, likely a water
(theN7-water distance is 3.1 Å), but the difference Fouriermaps
do not strictly rule out a Mg2þ ion in this region (not shown).
Given that the metal dependence for the reaction is quite
loose (16, 17), with most divalents and many transition metals
acting similarly with respect to rate, if there were a metal ion in
this region it might be quite labile in its kinetics and difficult to
observe in the structure. The other ligands to the ordered water
near theN7 atomofG1 are the pro-RP oxygen ofG76 (2.6 Å) and
the 20-hydroxyl of C75 (3.1 Å) (not shown). Thus, the N7 at
position 1 helps stabilize the conformation of the active site
through solvent-mediated interactions with C75 and G76. Dis-
rupting this network has a measurable effect on catalytic
activity (58, 59). If a pyrimidine were present at position 1, the
substitution of a six-membered ring for the five-membered ring
and the exocyclic amine (on a C) or the keto oxygen (on a U)
would disrupt this network of hydrogen bonds and perturb the
active site structure.
Why Does the Inhibitor Exhibit Crystallographic Dis-

order? The HDV ribozyme has a remarkable lack of specificity
in many regards. It has no upstream guide sequence and no
sequence specificity for the nucleotide at position-1 (14, 15), will
cleave with most divalent ions (16, 17), and readily cleaves a 20,50

phosphodiester linkage (18). These observations are consistent
with lack of a highly ordered cleavage site. As such, dynamics
may be inherent to this ribozyme and perhaps even essential to its
mechanism. Future studies of MD simulations and additional
crystal structures will be necessary to address this potentially
important issue.
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(Figure S2), difference Fourier maps near the cleavage site
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mary of data collection statistics by resolution shell (Table S1).
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