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Abstract

The hammerhead ribozyme is a self-cleaving RNA broadly dispersed across all kingdoms of life.
Although it was the first of the small, nucleolytic ribozymes discovered, the mechanism by which
it catalyzes its reaction remains elusive. The nucleobase of G12 is well positioned to be a general
base, but it is unclear if or how this guanine base becomes activated for proton transfer. Metal ions
have been implicated in the chemical mechanism, but no interactions between divalent metal ions
and the cleavage site have been observed crystallographically. To better understand how this
ribozyme functions, we have solved crystal structures of wild-type and G12A mutant ribozymes.
We observe a pH-dependent conformational change centered around G12, consistent with this
nucleotide becoming deprotonated. Crystallographic and kinetic analysis of the G12A mutant
reveals a Zn?* specificity switch suggesting a direct interaction between a divalent metal ion and
the purine at position 12. The metal ion specificity switch and the pH-rate profile of the G12A
mutant suggest that the minor imino tautomer of A12 serves as the general base in the mutant
ribozyme. We propose a model in which the hammerhead ribozyme rearranges prior to the
cleavage reaction, positioning two divalent metal ions in the process. The first metal ion,
positioned near G12, becomes directly coordinated to the O6 keto oxygen, to lower the pK, of the
general base and organize the active site. The second metal ion, positioned near G10.1, bridges the
N7 of G10.1 and the scissile phosphate and may participate directly in the cleavage reaction.
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In 1987, Olke Uhlenbeck first reported the existence of a small, self-cleaving RNA known
as the hammerhead ribozyme.! This compact RNA catalyst was composed of three short
base-paired stems and a cluster of core nucleotides. Although these minimal hammerhead
ribozymes are functional, it was eventually discovered that maximal activity requires some
form of tertiary interaction between stems | and Il (Figure 1A). Using the known conserved
elements of the hammerhead ribozyme, several groups have used bioinformatics and
secondary structure predictions to search for hammerheadlike sequences in the available
genomes. Now, thousands of hammerhead ribozyme sequences have been identified in a
variety of species, spanning all domains of life.2~> While many viroids use hammerhead
ribozyme sequences to process their RNA genomes, the physiological functions of the
majority of these hammerhead-like sequences are still unclear.

Although the hammerhead ribozyme was the first small nucleolytic ribozyme to be
discovered, its catalytic mechanism remains elusive. Most small nucleolytic ribozymes often
cleave their target RNAs by activating a 2’-hydroxyl for nucleophilic attack at the phosphate
of the adjacent nucleotide (Figure 2). The 5’-hydroxyl of the following nucleotide is
released, generating 2/,3’-cyclic phosphate and 5’-hydroxyl termini on the products. This
reaction requires deprotonation of the 2’-hydroxyl that serves as the nucleophile and
protonation of the 5’-hydroxyl leaving group. The mechanism by which this reaction occurs,
however, varies from ribozyme to ribozyme.

Small nucleolytic ribozymes can be divided into two distinct classes based on their ability to
react in the presence of [Co(NH3)g]3*.% [Co(NH3)]3" is a trivalent ion with nonexchangable
ligands that mimics hydrated Mg?* ions. Unlike [Mg(H20)g]%*, [Co(NH3)g]3* cannot
coordinate directly to ligands from the RNA, and [Co(NH3)g]®* does not readily participate
in proton transfer reactions because the pK, of the amine ligands of [Co(NHz3)g]®* is much
higher than that of a Mg2*-bound water.” Class | ribozymes, such as the hairpin ribozyme,
glmS ribozyme, and twister ribozyme can react in the presence of [Co(NH3)g]3* alone.8-12
Consistent with this lack of dependence on Mg?*, none of these ribozymes appear to use
metal ion-mediated catalysis in the reaction mechanism. Class | ribozymes use nucleobase
or cofactors to perform general acid or general base catalysis. In many class | ribozymes, the
pK, of the general acid is shifted by the active site environment toward neutrality, increasing
the population of the catalytically active protonation state.13-16

In contrast, class Il ribozymes, such as the hammerhead and hepatitis delta virus (HDV)
ribozymes, do not have high activity in the presence of [Co(NH3)g]3* alone, and their Mg2*-
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dependent reaction is strongly inhibited by the presence of [Co(NH3)g]3+.17-19 Recent
crystallographic studies have demonstrated that the hepatitis delta virus ribozyme binds a
Mg?2* ion within its active site.29 Mutational analyses and simulations suggest that this Mg2*
ion participates in the cleavage reaction.?1:22 On the basis of the response of the
hammerhead ribozyme to [Co(NH3)g]3*, this ribozyme would also be predicted to use Mg2*
ions in its catalytic mechanism.18

A Mg?*-independent mechanism for the hammerhead ribozyme has been proposed based on
cross-linking studies, kinetic analyses, and the crystal structure of the Schistosoma mansoni
hammerhead ribozyme.23-26 In this mechanism, the nucleobase of G12 serves as a general
base to abstract the proton from the 2’-hydroxyl that serves as the nucleophile. The N1 of
G12 would therefore need to be deprotonated, and negatively charged, prior to cleavage
(Figure 1). The general acid was proposed to be 2’-hydroxyl of G8 which is observed to be
hydrogen bonded to the 5’-hydoxyl leaving group in crystal structures.

This proposed mechanism is problematic for several reasons. The pK;'s of N1 of G12 and
2/-OH of G8 are ~9 and ~13 respectively if they are not shifted by the active site
environment. These pKj, values are far from neutrality, and, unless their pKy's are shifted by
the active site, are not optimized for general acid—base catalysis near neutrality as the
fraction of ribozyme in the active state would be very small.2’ It is not clear what elements
within the hammerhead ribozyme would serve to shift the pKj's of the proposed general acid
and general base.

There is also considerable evidence from solution biochemical experiments that a divalent
metal ion, such as Mg2™, is involved in the cleavage reaction. A direct interaction between a
metal ion and the pro-Rp oxygen of the scissile phosphate has been proposed based on metal
rescue of phosphorothioate-substituted substrates.28-31 While the hammerhead ribozyme is
capable of reaction in the absence of divalent metal ions,32 very high concentrations of
monovalent ions are required to promote cleavage under these conditions, and the reaction
appears to proceed though an alternate channel.18:29

Divalent metals have been shown to produce considerable rate enhancements when
compared to reactions in their absence,33 and the rate constant of the reaction appears to be
affected by the identities of the divalent metals used.®* For example, reactions in Mn2*
proceed faster than ZnZ* or Mg?*. Crystal structures and electron paramagnetic resonance
experiments have revealed a high affinity Mn2* binding site at the A9-G10.1 region;3>-37
however based on crystal structures, this ion cannot interact directly with the cleavage site.
York and colleagues have performed molecular dynamics simulations that suggest prior to
catalysis a metal ion moves from the position near G10.1 observed in the crystal structure to
the scissile phosphate where it is well-positioned to participate in catalysis.38-40 Together,
these studies point to significant roles for divalent metal ions in the cleavage reaction of the
hammerhead ribozyme under cellular conditions.

To address these open questions in what may be the most heavily investigated of the known
small nucleolytic ribozyme, we have reinvestigated the crystal structure of the hammerhead
ribozyme using an artificial hammerhead ribozyme, RzB, generated by the Burke
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laboratory.#> Compared to the S. mansoni and satellite tobacco ringspot virus hammerhead
ribozymes previously studied,24:26.42 this ribozyme has a different tertiary interaction
between stems | and I, crystallizes under different conditions, and has distinctly different
crystal packing interactions. In spite of these differences, the active site structure is not
significantly different than the previously determined structures.

We therefore examined the activity, metal specificity, and the pH-rate profiles of ribozymes
with various mutations. We found that the solution biochemical results were not fully
consistent with the crystal structures. We identify two divalention binding sites which have
the potential to directly contribute to metal-mediated catalysis in the hammerhead ribozyme.
Taken together, these data suggest that the ground state of the hammerhead ribozyme
observed in crystal structures does not represent a catalytically active conformation, but
rather a precatalytic state that must rearrange, at least subtly prior to catalysis.31:38

Materials and Methods

RNA Synthesis

The two trans-acting versions of the hammerhead ribozyme were designed based on the
previously reported sequences of the SELEX derived RzB*! and the S. mansoni ribozyme.24
To make the ribozyme strand, the ribozyme sequence was placed between a T7 promotor
and an Earl restriction site, which was then inserted into pUC-19 and amplified in
Escherichia coli DH5a cells. DNA plasmid was obtained using QIAGEN Mega kit. In vitro
transcription and RNA purification by denaturing polyacrylamide gel electrophoresis
(PAGE) were performed as previously described.3 The RNA sample was concentrated
using an Amicon Ultra centrifugal filter and stored at —20 °C.

For crystallization, a 20-nt inhibitor strand carrying a 2’-deoxy modification at the C17
position was purchased from Thermo Scientific, deprotected according to manufacturer's
guidelines, and further purified by denaturing PAGE gel. For solution kinetic experiments,
an all ribose substrate used was chemically synthesized and DY-547 labeled at its 5’-end.

RNA Crystallization

To refold the hammerhead ribozyme, equal molar concentrations of ribozyme strand and the
inhibitor strand were mixed in a buffer containing 10 mM potassium cacodylate at pH 6.0.
The complex was heated at 90 °C for 1 min and cooled to room temperature for 10 min.
MgCl, was then added to the complex to achieve a concentration of 10 mM. Following
addition of Mg2*, the complex was heated at 50 °C for 5 min and cooled to room
temperature for 20 min prior to use. The final concentration of the refolded complex was 5.5
mg/mL.

The ribozyme—-inhibitor complex was crystallized by vapor diffusion using hanging drops.
Drops were created by mixing 1 or 2 pL of the refolded complex with 1 pL of a reservoir
solution containing 33% MPD, 0.4 M potassium chloride, 50 mM potassium acetate pH 5.0,
and 0.5 mM spermine. The drops were equilibrated against 1 mL of reservoir solution in a
Linbro plate (Hampton Research) at room temperature. Ribozyme crystals started to appear
in ~4 weeks and grew to the size of ~0.2 mm x 0.1 mm x 0.05 mm in the next few weeks.
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Prior to data collection, crystals were soaked into a solution containing 33% MPD, 50 mM
potassium acetate pH 5.0 or Tris-HCI pH 8.0, 5% isopropanol, 0.4 M potassium chloride, 1
mM spermine, and 50 mM MgCl, for 0.5-1 h. For anomalous diffraction experiments,
crystals were soaked in buffers containing 10 mM MnCl, and 50 mM Tris-HCI pH 8.0, 50
mM MnCl, and potassium acetate pH 5.0 or 10 mM Zn(O,CCHs), and 50 mM potassium
acetate pH 5.0. In addition to the divalent metal ions and buffers, each solution contained
5% isopropanol, 33% MPD, 0.4 M potassium chloride, and 1 mM spermine. Crystals were
then flash-frozen and stored in liquid nitrogen.

Diffraction data were collected at LS-CAT or NE-CAT beamlines at the Advanced Photon
Source (Argonne National Laboratory, Argonne, IL). Data were processed by HKL2000** in
space group C222;.

Structure Determination and Refinement

The search model used for molecular replacement was derived from the crystal structure of
S. mansoni hammerhead ribozyme (PDB code: 3ZD5). The entire stem I region, the stem Il
loop, and active site residues including C3, G8, A9, G12, C17, and C1.1 were removed from
the search model. The phase was determined using Phaser in Phenix.#> The asymmetric unit
contains a single ribozyme and the best solution had a TFZ score of 8.8 and an LLG of 222.
The initial model was improved by the Autobuild routine implemented in Phenix. The initial
model was improved by several rounds of manual building and refinement using Coot#6 and
Phenix. Waters and Mg2* ions were manually modeled using Coot. Variants of the initial
structure solution were refined using a constant set of test set of reflections used to calculate
Rtree N the initial structure.

Kinetic Assays

Single turnover reactions were performed under various conditions to obtain observed rate
constants Kqps. Ribozyme (2 uM) was mixed with 50 nM fluorescently labeled substrate in
50 mM buffer adjusted to a desired pH. Buffers used were potassium acetate pH 4.5 or 5.0,
MES pH 5.5, 6.0 or 6.5, MOPS pH 7.0, and Tris-HCI pH 7.5, 8, or 8.5. The mixture was
then heated at 90 °C for 2 min, cooled to room temperature for 10 min, and equilibrated at
37 °C for 2 min. Reactions were initiated using 5 uL of initiation buffers which contained
the appropriate divalent metal ion (MgCl,, MnCl,, or Zn(O,CCHj3),) at the desired
concentration and 50 mM buffer. At various time intervals, 5 L aliquots of reaction were
thoroughly mixed, on ice, with 5-20 pL of the quenching buffer (25 mM EDTA, 0.5x TBE,
and 90% formamide) to ensure efficient quenching. The progress of the reaction was
analyzed by separating the cleaved and uncleaved substrate on denaturing (7 M urea) 10%
acrylamide gels, detecting the emission of DY-547 on Typhoon FLA9500 variable mode
imager (GE Healthcare) and quantifying bands using Image-Quant 5.1 (GE Healthcare).
Fraction cleaved (f) values were plotted against time (t) using KaleidaGraph (Synergy
Software) and data were fit to a single exponential equation:

f=A+Ble(TFr:t)] ()
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where A is the fraction cleaved at completion, A + B is the burst fraction, and kg is the first
order rate constant. For very slow reactions, A was artificially set at 0.9.

To find apparent pK, values, Kqps Values obtained from eq 1 were plotted as a function of
pH, and the data were fit to a linear equation or egs 2 or 3 as appropriate:

kobs:kmax/[ 1+10(pKapr)] (2)

kobszkmax/[1_|_10(PKa1—PH)+10(PH—PKa2)+10(PKa1—pKaz)] 3)

Metal titration experiments were fit to eq 4:

kobs:kmax/[1+(KDYM‘2+ /[M2+D(nllill)] @)
where Kmnax is the maximal rate constant, Kp p2+ is the apparent dissociation constant of
divalent metal, and ny;; is the apparent Hill coefficient for divalent metal binding to the
ribozyme.

To better explore the structural biology of the hammerhead ribozyme, we sought to identify
and characterize a crystal form that differed significantly from the previously described
crystals of the ribozymes from S. mansoni2426 and satellite tobacco ringspot virus.42 We
selected RzB, an artificially evolved variant of the hammerhead ribozyme with an alternate
tertiary contact between stems I and 11,4 Several variants were screened to identify RNAs
that would readily crystallize, and the sequence used in this study is shown in Figure 1. To
prevent cleavage of the substrate RNA strand during crystallization and data collection, C17
was replaced with a deoxynucleotide, a substitution that deletes the nucleophile.
Crystallization screens were performed under relatively low monovalent salt conditions that
would allow Mg2* ions and other divalent metals to interact with the ribozyme. The
structures described here have been determined at a resolution of 2.7-3.1 A. Data collection
and refinement statistics can be found in Table 1, and composite omit maps are shown in
Supporting Information, Figure S1.

The RNA crystallizes as a domain-swapped dimer in which one strand from stem la forms
intermolecular base pairs with a second molecule within the unit cell (Supporting
Information, Figure S2). The two monomers are related by crystallographic symmetry.
Although the RNA strands are swapped to form the dimer, a monomer model can be
generated by switching the crossed over strands (Supporting Information, Figure S1). In
spite of the intermolecular crystal contact, the tertiary contact between stem | and stem Il
appears to be intact (Supporting Information, Figure S3). Loop Il forms a pocket in which an
adenosine from stem | can dock. The U at position L2.1 and A at position L2.5 form a
Hoogsteen base pair. The A at position L1.3 in stem I is extruded and stacks upon the
Hoogsteen base pair from loop Il and the Watson—Crick face of L1.3 hydrogen bonds to the
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minor groove face of the first G in loop Il. Overall, the topology of the three guanosines in
loop Il resembles that of a GNRA tetraloop with a long-range tertiary interaction taking the
place of the adenosine normally found at the last position of the tetraloop (Supporting
Information, Figure S3).

The conformation of the active site of hammerhead ribozyme depends critically on the
tertiary interaction between stem | and stem II. The active site of the RzB hammerhead
ribozyme is strikingly similar to that observed in the S. mansoni hammerhead ribozyme and
differs significantly from the structure of the minimal hammerhead ribozyme. This suggests
that the active site structure observed in crystals of the RzB hammerhead ribozyme is native
in spite of the base pairing formed across the molecules in the crystals (Figure 3). The
structural similarities between the S. mansoni and RzB ribozymes remain in spite of the
differences in sequence, in crystal contacts, and in crystallization conditions. We therefore
used these crystals and this RNA sequence to explore the roles of divalent metal ions and
individual nucleotides to hammerhead ribozyme catalysis.

The G12A Mutation Is Disruptive to Catalysis

We next investigated the proposed general base, G12. Mutation of the highly conserved G12
nucleotide to an adenosine severely reduced the kqps of the reaction in 10 mM Mg2* at pH
6.5 (Table 2). The rate constant for the reaction of the WT ribozyme was measured to be
~1.4 minL. In contrast, the ko, measured for G12A under similar conditions was
~0.00011 min~1, which represents about a 13 000-fold decrease in the reaction rate. Such a
low reaction rate is consistent with previous studies showing the importance of G12 for the
cleavage reaction.23:42:47

To confirm that the G12A mutation does not cause significant structural changes in the RzB
ribozyme, we determined the crystal structure of the G12A mutant ribozyme (Figure 4). As
previously observed, there are minimal structural differences between the WT ribozyme and
G12A mutant.*247 The ribozyme was crystallized with a deoxynucleotide at C17, and
therefore an exact measurement between the N1 of the purine at position 12 and the 2’-
hydroxyl of C17 is impossible. The distance between C2’ of C17 and the N1 of A12 in the
G12A crystal structures is 4.0 A, while the equivalent distance is 4.2 A for the N1 of G12 in
the WT ribozyme. The distance of the proposed general acid, the 2’-OH of G8 to the 5-O
leaving group on U1.1, remains unchanged at 3.2 A in both the G12A mutant and WT
ribozymes. Thus, the A12 mutation does not appear to cause significant structural changes in
the ground state conformation observed in the crystal structure.

It has been reported previously that the observed rate at which WT ribozyme cleaves
increases log-linearly with respect to pH.23:33 A similar pH-rate profile was obtained for the
WT ribozyme in 5 mM Mg?2* (Figure 5). The observed rate constant is observed to be log-
linear from pH 4.5 through ~ pH 8.0. Such a profile is consistent with a theoretical pH-rate
profile that would arise from a general base having a pK; of ~8 (N1 of G12), and thus is
largely consistent with the mechanism proposed by Scott.24 The change in slope at pH 8.0
suggests that the N1 of G12 may have a pKj that is lowered toward neutrality in the context
of the folded hammerhead ribozyme as suggested previously*®. Above pH 8.5, the rate
constant decreases, and it is not clear if this is due to deprotonation of a general acid, such as
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the 2/-OH of G8 or a water molecule, being deprotonated or if this is due to denaturation of
the RNA.

In the G12A mutant, however, the pH-rate profile would be expected to be significantly
different than that observed for the wild type ribozyme. Adenosine in solution has a pK, of
~3.5. A general base with that pK, and a general acid with a pK, ~13 would be expected to
give rise to a pH-rate profile that is flat in the measurable pH range (Supporting
Information, Figure S5). We characterized the pH-rate profile of the G12A mutant using 50
mM Mg?2* where the reaction is faster, allowing more accurate measurements to be made
(Figure 5). As with the WT ribozyme, the pH-rate profile of the G12A mutant is log—linear;
however, a change in the slope at high pH is not observed with this mutant (Figure 5). As
the G12A mutant replaces a potential general base with a pK, of ~9 with a potential general
base with a pK, of around 4, these data suggest either that the pH-rate profile of the
hammerhead ribozyme does not reflect the protonation state of G12 or that the mechanism
of the G12A mutant must be revisited.

A pH-Dependent Conformational Switch in the Hammerhead Ribozyme Active Site

The hammerhead ribozyme exhibits maximal activity at high pH. We therefore compared
crystal structures of the hammerhead ribozyme at pH 5.0 and pH 8.0 (Figure 3). The WT
ribozyme exhibits maximal activity at pH 8.0 with the observed rate constant about 3 orders
of magnitude higher in pH 8.0 than in pH 5.0. In both structures, MnCl, was included in the
soaking buffer to allow unambiguous identification of divalent metal binding sites using
anomalous diffraction.

A significant rearrangement of the active site of the hammerhead ribozyme is observed at
pH 8.0. The observed changes in conformation are centered around G12 (Figure 3C). At pH
5.0, G12 makes a sheared base pair with A9 with two hydrogen bonds formed between the
two bases. When the pH is shifted to pH 8.0, this base pair is disrupted and G12 shifts 2-3 A
away from A9 to stack upon C17. The only other significant shift is at nucleotide A9, which
shifts in the same direction but only ~1-1.5 A. In these crystal structures, we are missing
the 2’-OH nucleophile, and therefore it is difficult to determine how the distance from G12
to the nucleophile changes. However, the distance from the N1 of G12 to the phosphorus
atom of the scissile phosphate can be readily measured. At pH 5.0, this distance is 5.4 A,
and at pH 8.0, this distance is 5.9 A.

The locations of Mn2* ions can be unambiguously identified in these structures through
anomalous scattering experiments. At both pH 5.0 and pH 8.0, an MnZ* ion is observed near
G10.1 as previously described.3” An additional Mn2* ion is observed to bind near the
Hoogsteen face of G12, but only at pH 8.0 (Figure 3 and Supporting Information, Figure
$6). The position of this Mn2* ion suggests that the coordination to N7 of G12 is direct,
while coordinate of O6 of the metal ion of G12 is outer sphere and mediated by a metal-
bound water molecule. If a Mg2* ion were to bind at this site, the ligands would be expected
to be slightly different as Mg?* does not usually coordinate directly to the N7 nitrogen.

It is impossible to tell from a static crystal structure if the observed change in conformation
is due to a change in the ionization state of a functional group on the ribozyme or which
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functional group is ionizing. However, there is striking change in conformation of G12 and a
small, but significant movement away from the negatively charged scissile phosphate. In
addition, a positively charged metal ion is only observed to associate with G12 at pH 8.0.
Both of these observations suggest that G12 may be deprotonated and negatively charged at
pH 8.0, consistent with the inflection point observed in the pH-rate profile. Curiously, at
high pH, G12 is in a position similar to that of A12 in the G12A mutant. If G12 is, in fact,
deprotonated at pH 8.0, this similarity may reflect the conversion of the hydrogen bond
donor at N1 of G12 into a hydrogen bond acceptor.

The G12A Mutation Exhibits a Metal lon Specificity Switch

Several studies have shown that the divalent metals influence the observed rate constants in
tertiary-stabilized hammerhead ribozyme.33:34 In an attempt to understand how divalent
metals impact the reaction, metal ion titration studies were performed using both WT and
G12A mutant ribozymes. For this study, we focused on the response of the hammerhead
ribozyme to Mg2*, Mn2*, and Zn2* ions. The pH was kept low (6.5) to avoid complications
arising from lower solubility of divalent metals at higher pH conditions. For the wild-type
RzB ribozyme, the kqps Values only show minor differences between MnZ*, Mg2*, or Zn2*
(Figure 6). Reactions in Zn2* and Mn?* appear slightly faster when compared to Mg2* as
previously observed;33 however the observed kmax values in the different metal ions are
within 2-fold of each other (Table 3). Likewise, the reactions in the various metal ions
exhibit only small differences between the apparent Kp's and Hill coefficients.

In contrast, the G12A mutant of RzB ribozyme shows a very different preference for
divalent metals than the wild-type ribozyme. The observed rate constant was significantly
higher in Zn2* as compared to Mn%* or Mg?* (Figure 6B). kyay Of the RzB G12A mutant in
the presence of Zn2* was ~0.10 min~1, which is 10-fold higher than that observed in Mn2*
and about 50-fold higher than that observed in Mg2*. The trends in apparent dissociation
constants and Hill coefficients remain similar to those observed in the wild-type RzB
ribozyme. In contrast to the 13 000-fold difference in reactivity between the WT and G12A
mutant ribozymes in Mg?* ion, there is only a 170-fold difference in kyax between the WT
and G12A mutant ribozymes in Zn?* ion (Table 3).

Metal specificity switches can result from binding of metal ions at locations distant from the
active site. We therefore repeated these experiments using the S. mansoni hammerhead
ribozyme. This ribozyme has different sequences in the peripheral helices, but the core
nucleotides in the active site are invariant. It was not possible to saturate the reaction of the
WT S. mansoni hammerhead ribozyme with Mg2* precluding an accurate description of the
kinetic parameters for the reaction in this ion. The observed rate constants in all three metal
ions, however, are similar (Figure 6, Table 3). We then examined the metal ion dependence
of the S. mansoni G12A mutant. This ribozyme displays the same preference for the divalent
metals as the RzB G12A mutant ribozyme (Figure 6, Table 3). Zn?* significantly enhances
the reactivity over that observed in Mn2* or Mg2*. As with the WT S. mansoni ribozyme,
saturation was not observed in the MgZ*-containing reactions. These experiments
demonstrate that replacing G12 with an adenosine switches the divalent metal binding
preference in at least two hammerhead ribozyme sequences. As the metal ion specificity
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switch is observed in different ribozymes with different peripheral elements, the switch in
divalent metal specificity is likely a conserved property of the catalytic core nucleotides in
the active site of the G12A mutant.

A Zn2* lon Binding Pocket at A12

To characterize the metal ion binding properties of the G12A mutant ribozyme, we soaked
crystals of this ribozyme in stabilization buffer containing Zn2* and collected anomalous
diffraction data from the Zn2* soaked crystals. A >5¢ peak is observed near A12 in the Zn2*
anomalous density map (Figure 4). Potential ligands to this Zn2* ion are the exocyclic amine
of A12 (4.5 A distant), the pro-Sp oxygen of U16.1 (4.1 A distant), and the exocyclic amino
of C17 (5.1 A distant). These distances are consistent with outer sphere interactions between
the ligands from the RNA and the water molecules bound to the hydrated Zn2* ion. Mn?* is
observed at the same site in an anomalous difference map obtained using an Mn2* soaked
crystal. However, the peak from the Mn2* ion is only ~3.5¢ in height, consistent with lower
occupancy and weaker rescue of the G12A mutant ribozyme with Mn2*,

There Is a Divalent Metal lon Binding Pocket at G10.1

A divalent metal ion has been previously observed at the G10.1-C11 base pair in the crystal
structure of the S. mansoni hammerhead ribozyme. There is significant evidence to suggest
that this metal ion participates in catalysis and interacts with the scissile phosphate during
the cleavage reaction.28:2° In the RzB ribozyme, we are also able to observe electron density
at the Hoogsteen face of G10.1 that appears to be a Mg2* ion. To confirm metal ion binding
at this position, we soaked crystals in Mn2* and calculated anomalous difference electron
density maps. At pH 5.0 MnZ* ion at G10.1 gives rise to a > 5¢ peak (Figure 3). As has been
observed previously with the S. mansoni hammerhead ribozyme,3” this ion is 4-5 A distant
from the scissile phosphate in the ground state crystal structure.

To characterize the role of the metal ion bound near G10.1, double mutants were generated
that preserved the base-pairing potential of nucelotides 11.1 and 10. The G10.1C-C11G
double mutant swaps the positions of the purine and the pyrimidine in the base pair. Thus,
the N7 on guanosine is moved to the opposing strand of RNA, and the exocyclic amine of
the cytosine occupies the major groove near the metal binding site. Secondary structure
predictions suggest that this double mutant retains the ability to fold into the wild-type
secondary structure. The activity of this mutant is 1050-fold lower relative to that of the
wild-type ribozyme (Table 2). The G10.1A-C11U double mutant retains the purine and the
N7 at the 10.1 position but replaces the keto group of the guanosine with the exocyclic
amine of an adenosine. This double mutant is also predicted to retain the secondary structure
of the wild-type ribozyme. The A10.1-U11 double mutant is only 18-fold less active than
the WT ribozyme. These results are consistent with previous studies of the minimal
hammerhead ribozyme that probed base pairing between G10.1 and C11 and the role of the
N7 of G10.1.4°

The mutagenesis experiments suggest that the metal ion binding site at the G10.1-C11 base
pair is important for catalysis, in spite of being 4-5 A distant from the cleavage site
dinucleotide. Loss of the N7 on the purine is expected to be highly disruptive to metal ion
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binding, while replacement of the keto oxygen on the guanosine with the exocyclic amino
group of adenosine is expected to be modestly disruptive.

Discussion

The hammerhead ribozyme has been extensively characterized since it was first discovered
in 1987. Early studies focused on a minimal ribozyme design containing only the core
nucleotides in the active site and three small stems. This molecule was systematically
studied using a variety of single atom substitutions and unnatural nucleotides.®? The crystal
structure of the minimal hammerhead ribozyme was also the very first ribozyme to be
characterized by X-ray crystallography.51:52 Surprisingly at the time, the crystal structure of
the minimal hammerhead ribozyme was not supported by the extensive biochemical data
(reviewed in ref 50), suggesting that the structure was not in a catalytically active
conformation. Eventually, a tertiary contact between stem | and stem Il of the hammerhead
ribozyme was discovered to exist in naturally occurring hammerhead ribozymes. When the
hammerhead ribozyme is extended to include this tertiary contact, the reactivity of the
ribozyme is greatly increased.#1:53-55 As predicted by the biochemical data, this tertiary
contact is necessary to reorganize the conformation of the active site, and the crystal
structure of the tertiary-contact stabilized ribozyme revealed a distinctly different
conformation in the active site. The structure of the active site in the extended hammerhead
is in agreement with most of the available biochemical data.%6>7 Crystal structures,
however, only reveal the structure of a trapped ground state, and evidence is accumulating
that suggests the active site of the hammerhead must further rearrange prior to catalysis or
during the reaction pathway.

The Curious Case of G12

In all the crystal structures of the extended hammerhead, G12 is pointed toward the position
that would be occupied by 2’-hydroxyl of U16.1, the nucleophile in the cleavage reaction.
G12 has been proposed to serve as the general base, capable of accepting a proton from the
nucleophile when G12 is in its deprotonated, negatively charged, state. Guanosine at
position 12 is completely conserved in all known hammerhead ribozymes, and substitution
with adenosine or unnatural purine analogues, including 2,6-diaminopurine, inosine, and 2-
aminopurine, is more detrimental to catalysis than would be predicted based on the position
of G12 within the active site and its function as a general base.23:47

G12 and A9 form a sheared base pair, and there is a hydrogen bond between the exocyclic
amine of G12 and the N7 of A9. Surprisingly, substitution of G12 with an inosine, which
lacks only the exocyclic amine, is severely disruptive to catalysis.#”:58 Inosine has a pK;
similar to that of guanosine (9.6 for guanosine vs 8.7 for inosine), and an inosine at position
12 would be expected to largely retain function. The nucleobases 2-aminopurine or 2,6-
diaminopurine retain the exocyclic amine at position 2, but either lacks a functional group at
position 6 or substitutes an exocyclic amine for the keto oxygen of guanine. Like adenosine,
2-aminopurine and 2,6-diaminopurine nucleobases severely reduce cleavage activity when
introduced at position 12. Comparing the activity for all of these nucleobase substitutions
suggests that maximal activity requires both an exocyclic amine at position 2 and either a
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keto oxygen or an exocyclic amine at position 6. This requirement is not supported by the
crystal structures as the keto oxygen of G12 points toward solvent and is not engaged in any
hydrogen bonds or direct metal ion interactions (Figure 3).

More curiously, all of these purine analogues retain the ability to perform proton transfer
reactions and would be expected to support function in the hammerhead ribozyme cleavage
reaction. The pKj's of the purines used in these studies ranges from ~4 to ~9. Yet, the pH-
rate profile for ribozymes with purine substitutions at position 12 are all very similar to a log
linear profile from ~ pH 4 to ~ pH 8.5. If G12 were involved in a proton transfer reaction,
the activity of the ribozyme would be expected to depend on the protonation state of G12 or
the protonation state of the purine introduced at position 12. This is clearly not evident in the
pH-rate profile.23 This suggests either that the pH-rate profile does not reflect the
protonation state of G12 or that the path to the cleavage reaction is more complex than
expected based on the ground state crystal structure. Thus, G12 likely plays key roles in
organization of the active site that have not yet been fully elucidated by the structures
observed in the available crystals.

G12 Positions an Active Site Metal lon

Here, we present data that suggest that the purine at position 12 plays critical roles in
positioning an active site metal ion. As observed in previous studies, the activity of the
G12A mutant ribozyme is over 4 orders of magnitude slower than the WT ribozyme in the
presence of Mg2*.47 However, the maximal rate of the G12A ribozyme is only 2 orders of
magnitude slower in the presence of the Zn?* ion (Figure 4, Table 3). The interaction
between A12 in the mutant ribozyme and the rescuing Zn2* ion could be direct, or it could
result from a long-range effect from ZnZ* binding elsewhere in the ribozyme. The Zn2*
rescue of the G12A mutant is not dependent on the identity of the hammerhead ribozyme as
it is observed both in the RzB ribozyme and in the S. mansoni ribozyme. Thus, the rescuing
Zn2* likely binds to an active site nucleotide present in the catalytic core common to both
ribozymes. In addition, we are able to observe a Zn?* ion interacting with the Hoogsteen
face of A12 in the mutant ribozyme (Figure 5). Both monovalent and divalent ions have
been observed to interact with the Hoogsteen face of G12 in crystal structures described here
and elsewhere.26:37

What role does the metal ion at the Hoogsteen face of position 12 play? One possibility is
that this metal ion serves solely to lower the pK; of G12 in the WT ribozyme through
electrostatic effects. However, the Zn?* rescue of the G12A mutant argues against this. Just
as metal ion binding at the Hoogsteen face of G12 could shift the pK, of G12 down toward
neutrality, metal ion binding at A12 in the mutant ribozyme would be expected to shift the
pK, of A12 down. But this shift would push the pK;, of A12 below ~4 and away from
neutrality. While this positively charged metal ion could stabilize the negative charge at the
N1 in the deprotonated state of G12, it should destabilize protonation of A12 due to
juxtaposition of multiple positive charges (Figure 7). Thus, binding of metal ion at the
Hoogsteen face would be expected to disfavor proton transfer if A12 were serving as the
general base in this mutant, and the only role for Zn2* were to lower the pK, of the purine
nucleobase (Figure 7). In contrast to the inhibition expected in this scenerio, however, we
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observe that Zn2* rescues the G12A mutant to within 2 orders of magnitude of the WT
ribozyme. This suggests that the rescuing Zn2* enhances the reactivity of the G12A mutant
through a different mechanism.

The location of the rescuing metal ion observed in ZnZ* anomalous difference maps of the
G12A ribozyme is also problematic. This Zn2* has three potential ligands that are atoms
within the covalent structure of the ribozyme. However, all of these atoms are >4.5 A distant
from the metal ion, suggesting the metal ion only interacts with the RNA through its water
shell (Figure 4). Most metal ion specificity switches result from metal ions coordinating
directly to atoms within the covalent structure of RNA. In addition, the metal ion is at the
periphery of the RNA, distant from most of the active site and the cleavage site (Figure 4).
Combined, the specificity switch and the location of the Zn?* ion near A12 suggest that the
hammerhead ribozyme undergoes a conformational change prior to or during the cleavage
reaction. This proposed conformational change could serve to bring A12 into direct contact
with the Zn?* ion and give rise to the observed metal specificity switch.

Zn2* Could Induce Tautomerization of A12

Zn2* jons, while commonly found at the Hoogsteen face of guanosine nucleotides, are not
observed to interact with adenosine nucleotides. The only difference between the Hoogsteen
face of G and the Hoogsteen face of A is that the keto group at the six position of guanine is
replaced with the exocyclic amine at the six position of adenine. Metal specificity switches
typically result from a direct contact between a metal ion and the ligand being probed. The
observed metal specificity switch would therefore suggest that the Zn2* ion at the Hoogsteen
face of A12 becomes directly coordinated to the N6 of A12 in the G12A mutant.
Chemically, this is problematic because aromatic exocyclic amine groups are not
particularly good metal ligands for Zn?* (Figure 8). In addition, as previously discussed, a
direct interaction between Zn2* and A12 is expected to lower the pK, and impair, not
improve, the ability of A12 to serve as a general base (Figure 7).

We propose a mechanism in which A12 tautomerizes during the cleavage reaction of the
hammerhead ribozyme (Figure 8). Nucleobases have the ability to adopt tautomeric
structures, especially when constrained in the context of protein or RNA active sites.
Xanthine, a nucleobase not typically found in RNA, is observed to be in the rare tautomeric
species when bound in the binding pocket of the purine riboswitch.5® Rare tautomers of
naturally occurring DNA nucleobases also appear to be trapped within the active site of
polymerases.80:61

The imino-N1H tautomeric species of adenosine has chemical properties that could explain
how the N6 of A12 could directly interact with the Zn?* ion, and why the pH-rate profile of
the G12A mutant differs so little from that of the WT ribozyme. If A12 adopted the imino-
N1H tautomeric form in the context of the hammerhead ribozyme active site, N6 would
become more electron-rich and therefore a better inner-sphere ligand to Zn2*.
Computational studies predict that interactions between divalent metal ions are strengthened
in the rare, imino-NH1 species of adenine and, likewise, that the rare tautomeric species
would be stabilized by the presence of the metal ion.52 Thus, formation of the rare tautomer
of adenine and stabilization of the same by Zn?* coordinate could explain the observed
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metal specificity switch. This mechanism would predict that a Mg2* ion is bound at a similar
position to G12 in the WT ribozyme, leading to reduction in the pK, and activation of the
general base.

Tautomerization of A12 in the G12A mutation could also explain the pH-rate profile of the
G12A mutant (Figure 5). If the dominant, amino, tautomer of A is functioning in the
reaction, we would expect to see a different pH-rate profile in the WT and G12A mutant
ribozyme reactions as the pKjy's of A and G differ significantly. However, the imino-N1H
form of adenosine resembles guanosine in that N1 is protonated in its neutral form and the
pK; of this species would be predicted to be closer to that of guanine than that of adenine. If
the minor, imino, tautomer of adenosine were to serve as a general base, the pH-rate profile
for the G12A mutant ribozyme would therefore be expected to have the same overall shape
as the WT ribozyme, as we observe. In addition, the same driving forces that facilitate
deprotonation of the N1 of guanosine could facilitate deprotonation of the imino-N1
tautomeric form of A12. Such a mechanism would help to explain the increased reactivity of
2,6-diaminopurine relative to 2-aminopurine at position 12 as a metal ion can interact with
and stabilize the N6 imino-N1H tautomer of 2,6-diaminopurine nucleobase, but not the 2’-
aminopurine nucleobase. We would predict that if G12 were replaced with a 2,6-
diaminopurine, Zn%* could further enhance the cleavage activity as this nucleobase
possesses the N2 exocyclic amine lacking from adenine.

Active Site Rearrangements during the Hammerhead Ribozyme Cleavage Reaction

There are significant indications presented here and elsewhere31:38.63 that the ground-state
structure of the hammerhead ribozyme observed in crystals must undergo a significant
conformational change prior to or during the cleavage reaction. We are able to observe a
striking change in the position of G12 at high pH where the hammerhead ribozyme is the
most active. We cannot determine if the change in the conformation of the ribozyme is due
to deprotonation of G12. However, the change in position of G12 is consistent with
deprotonation of the nucleobase as G12 is observed to move away from the scissile
phosphate, yet remain in position to deprotonate the nucleophile. Such a change in
conformation in the active site has not previously been observed.

The location of the two active site metal ions in the available crystal structures suggests that
significant additional conformational changes are likely needed to occur prior to or during
the cleavage reaction. The metal ion near G12 appears to be critical for ribozyme function,
yet at maximum, this ion has a single inner-sphere ligand to the ribozyme and is located at
the periphery of the active site. The metal ion at G10.1 is also distal to the active site, yet
significant evidence exists that it contacts the scissile phosphate prior to the cleavage
reaction, and this has not been observed in any crystal structure. Wang et al. elegantly linked
Cd2* rescue of phosphorothioate-substitutions at A9 and the pro-Rp oxygen of the scissile
phosphate to the N7 of G10.1 in the context of a minimal hammerhead ribozyme that lacks
the tertiary contact between stems | and 11.28 These data suggest that the metal binding
pocket near G10.1 must contract and bring the metal ion into proximity of the scissile
phosphate. Ward et al. demonstrated that this metal ion interacts with the pro-Rp oxygen of
the scissile phosphate in the ground state of the S. mansoni ribozyme. We are unable to
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observe metal binding at this position in any of the anomalous diffraction experiments
described here. These data suggest that all of the crystal structures, including those presented
here, represent an open structure that must subtly rearrange during the cleavage reaction.

Conclusions

Over 25 years after the discovery of the hammerhead ribozyme, we still do not fully
understand how the hammerhead ribozyme performs its cleavage reaction. Most of the
known small nucleolytic ribozymes appear to be largely preordered for catalysis. The
hammerhead, however, seems to predominantly exist in an open and precatalytic state, and
its cleavage mechanism appears to involve significant molecular motions. In addition, there
are at least two distinct divalent metal ions involved in the cleavage reaction. One, near
G10.1, is well characterized and predicted biochemically to interact directly with the
cleavage site and likely participates in the cleavage reaction. The second, observed here to
be near G12, is predicted to be important for organization of the active site as it proceeds
through the cleavage reaction and likely tunes the pKj, of G12.

Our studies of the G12A mutant suggest that rare nucleobase tautomers could potentially
play key roles in ribozyme reaction mechanisms. While we observe this phenomenon in a
mutant ribozyme, native, wild-type ribozymes could also use this mechanism. Tautomeric
species may also be key intermediates in and facilitate nucleobase protonation/deprotonation
reactions in the nucleolytic ribozymes.54 Interpretation of pH-dependence is often
complicated due to the principle of kinetic equivalence, in which different reaction
mechanisms can give rise to the same pH-rate profile. Kinetic equivalence makes it difficult
to unambiguously identify the general acid and general base in enzymatic reactions.
Tautomerization of nucleobases has the potential to add further complexity to such
interpretation as seen here, where mutations and substitutions of the general base do not
result in predictable changes in the pH-rate profile of the hammerhead ribozyme. Many of
the small nucleolytic ribozymes, including the hairpin, gmsS, VS, and twister ribozymes,
employ conserved guanosine nucleo-tides that are well positioned to serve as proton donors
and acceptors.5® Formation of tautomeric species, and the accompanying changes in pKa,
have the potential to complicate analysis of these ribozyme reactions. Thus, we still have
much to learn about the mechanisms by which ribozymes can catalyze chemical reactions
under biological conditions.
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Figure 1.
Secondary structure and tertiary structure of the hammerhead ribozyme. (A) The RzB

hammerhead ribozyme folds into three helical domains, stem I, stem Il, and stem Ill. Stem |
is interrupted by an internal loop, and stem 11 is capped by loop I1. A single adenosine base,
A(L1.3), from stem | makes a tertiary contact within loop Il. The numbering system used
here was described by Hertel et al.%8 (B) The tertiary structure of the RzB ribozyme (wall-
eyed stereo).
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Cleavage reaction of the hammerhead ribozyme. Small nucleolytic ribozymes cleave their
substrates by activating a 2/-O for attack at the phosphate of the following nucleotide and
release of the 5-OH. G12 appears to serve as a general base, accepting a proton from the 2’-
OH of the nucleophile. A general acid (A:H) could facilitate catalysis by donating a proton

to the 5’-O leaving group.

Biochemistry. Author manuscript; available in PMC 2016 October 20.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mir et al.

Page 22

B
G10.1 y
l@; N
‘%” G12 U1.1
*
c17

Figure 3.
A pH-dependent conformational rearrangement of the active site. (A) At pH 5.0, G12 is

observed to be involved in a sheared base pair with A9. A single Mn2* ion is observed in the
active site near G10.1. (B) At pH 8.0, G12 has changed position to stack upon C17. Two
long, ~3.5 A, potential hydrogen bonds link G12 and A9. Two Mn2* ions are observed in
the active site at pH 8.0. The first, near G10.1 as seen at pH 5.0. The second is observed at
the Hoogsteen face of G12. (C) The structures of the RzB hammerhead ribozyme at pH 5.0
and 8.0 were superposed based on the position of the cleavage site dinucleotide (pink).
Active site nucleotides are shown in cyan (pH 5.0) and green (pH 8.0). The largest
difference in the two structures is the position of G12. Movement of G12 away from the
scissile phosphate and the recruitment of a metal ion (shown in panel B) to G12 suggest that
G12 may be deprotonated and negatively charged at pH 8.0.

Biochemistry. Author manuscript; available in PMC 2016 October 20.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mir et al.

Page 23

Figure 4.
Active site of the G12A mutant hammerhead ribozyme. The structure of the G12A mutant

ribozyme is very similar to that of the WT ribozyme. Due to the loss of the N2 exocyclic
amine at position A12 is displaced slightly from the position occupied by G12 in the WT
ribozyme. There is a 3.1 A hydrogen bond between the N3 of A12 and the N6 of A9.
Crystals of the G12A mutant ribozyme were soaked in 10 mM Zn(O,CCHys), prior to
freezing, and anomalous diffraction data were collected using X-rays at a wavelength of
1.181 A. An anomalous difference density map, shown here contoured at 40, was used to
indentify Zn2* binding sites within the ribozyme. A clear peak for Zn?* is observed near
A12. The distance between the N6 of A12 and the ZnZ* ion is 4.5 A, and the distance
between the N4 of C17 and the Zn2* jon is 5.1 A. In addition, a Zn2* ion occupies the
divalent ion binding pocket near G10.1.
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Figure 5.

10

pH-rate profile of WT hammerhead ribozyme (circles) is compared to pH-rate profile of
G12A (squares). Single turnover reactions were performed in 50 mM appropriate buffer.
WT ribozyme reactions were conducted using a 5 mM Mg2* concentration, and G12A
mutant ribozyme reactions were performed at 50 mM Mg?2*. Data were fit to eq 3 or to a line
as appropriate. Error bars represent standard deviations from at least three replicates.
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Figure 6.
G12A mutant shows a metal ion specificity switch. Single turnover reactions were

performed in Mg?* (green ¢), Mn™ (blue 0J), or Zn?* (red O). Reactions contained 2uM
ribozyme, 50 nM fluorescently labeled substrate, and 50 mM MES pH 6.5. The reactions
were performed using RzB hammerhead ribozyme (A) or the G12A mutant (B). Data from
these graphs were fit to eq 4, and the resulting parameters are given in Table 3.
Measurements at higher Zn2* concentrations were not possible due to the loss of Zn2*
solubility. Error bars represent standard deviation from three replicates. The S. mansoni
hammerhead ribozyme was characterized under the same conditions in panels (C) (WT) and
(D) (G12A).
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Figure 7.
Metal ion activation of G12. Coordination of a divalent metal ion to G12 is predicted to

lower the pK, of the nucleobase from ~9 toward neutrality because the positively charged
metal ion can stabilize the negative charge on the guanine base. In contrast, metal ion
binding to adenine is predicted to shift the pK, of the adenine nucleobase away from
neutrality as the metal ion would destabilize the positively charged, protonated form of the
nucleobase.
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Figure 8.

A conformational change is needed to stabilize the rare imino tautomeric form of A12. In
the crystal (left), a Zn2* ion is observed to coordinate the N6 of A12 through its water
ligand. Divalent metal ions are observed to stabilize tautomeric forms of adenine; however,
this involves direct coordination of the metal ion to the nucleobase.®2 Zn2* rescue of the
G12A mutant suggests that the Zn2* jon could become directly coordinated to the N6 of
Al12, and the pH-rate profile of the G12A mutant is consistent with a model in which the
reactive species is the rare imino tautomer (middle). In the WT ribozyme (right), a Mg2*

likely similarly coordinates to G12 to help lower the pK, of G12 and organize the active site
for catalysis.
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Table 2
Observed Rate Constants for WT RzB Hammerhead Ribozyme and Its Mutants?
Kobs (Min~1) Keol?
WT 1.39+0.04 NA
GI12A 0.00011 + 0.00003 ~ 0.00008

G10.1C/C11.1G  0.00132 +0.00008 0.001

G10.1A/C11.1U 0.078

aReactions were performed at 37°C under single turnover conditions in 5 mM Mg2+ and 50 mM MES pH 6.5.

0.06

b . .
krel represents the ratio of the observed rate constant to that of the WT RzB hammerhead ribozyme.
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