1498

A Catalytic Metal Ion Interacts with the Cleavage Site G-U Wobble in the HDV
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ABSTRACT: The HDV ribozyme self-cleaves by a chemical mechanism involving general acid—base catalysis
to generate 2’,3’-cyclic phosphate and 5’-hydroxyl termini. Biochemical studies from several laboratories
have implicated C75 as the general acid and hydrated magnesium as the general base. We have previously
shown that C75 has a pK, shifted >2 pH units toward neutrality [Gong, B., Chen, J. H., Chase, E.,
Chadalavada, D. M., Yajima, R., Golden, B. L., Bevilacqua, P. C., and Carey, P. R. (2007) J. Am. Chem.
Soc. 129, 13335—13342], while in crystal structures, it is well-positioned for proton transfer. However,
no evidence for a hydrated magnesium poised to serve as a general base in the reaction has been observed
in high-resolution crystal structures of various reaction states and mutants. Herein, we use solution kinetic
experiments and parallel Raman crystallographic studies to examine the effects of pH on the rate and
Mg?* binding properties of wild-type and 7-deazaguanosine mutants of the HDV ribozyme. These data
suggest that a previously unobserved hydrated magnesium ion interacts with N7 of the cleavage site G+U
wobble base pair. Integrating this metal ion binding site with the available crystal structures provides a
new three-dimensional model for the active site of the ribozyme that accommodates all available biochemical
data and appears competent for catalysis. The position of this metal is consistent with a role of a magnesium-

bound hydroxide as a general base as dictated by biochemical data.

RNA enzymes or ribozymes use a variety of catalytic
strategies, including general acid—base catalysis and metal-
mediated catalysis, to effect biological activity within cells.
The hepatitis delta virus (HDV)' ribozyme is a self-cleaving
RNA element integral to the life cycle of the hepatitis delta
virus, a human pathogen (7). Similar versions of this
ribozyme are encoded within the genomic and antigenomic
viral RNAs. Each ribozyme comprises ~85 nucleotides and
catalyzes a self-cleavage reaction that separates nascent
multimer-copy 1.7 kb genomes into single unit-length
genomes (Figure 1A). The reverse reaction (ligation) has not
been detected for the HDV ribozyme, most likely because it
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does not contain a significant binding site for the upstream
cleavage product (2, 3). The sequences of genomic and
antigenomic ribozymes differ slightly, but both fold into a
similar tertiary structure and catalyze strand scission through
the same mechanism (2). A similar ribozyme has recently
been discovered within mammalian transcriptomes (4).

Crystal structures have been determined for the genomic
ribozyme both after (5) and prior to (6, 7) self-cleavage. The
postcleavage structure reveals C75 positioned for proton
transfer as a general acid in the cleavage reaction. In contrast,
the precleavage structure does not show C75 in position to
be either a general acid or a general base. In the precleavage
structure, a hydrated magnesium ion is positioned to act as
the general acid and C75 was modeled into a position where
it could serve as a general base. High-resolution structures
of the precleaved ribozyme, however, may not reflect the
catalytically active form of the ribozyme because they were
solved either with an inactivating C75U mutation or in the
absence of magnesium cofactor. In the postcleavage structure,
no magnesium ions were found at the active site. We are
interested in the positioning of the catalytic Mg?* ion within
the active site of the precleaved ribozyme in the presence of
an unmodified C75. None of the magnesium ions observed
in the available crystal structures to date have the charac-
teristics expected for this catalytic Mg>* ion.

Inspection of the active site of the HDV ribozyme
postcleavage structure reveals a potential metal binding site
within the major goove of the cleavage site base pair. The
leaving group nucleotide is a guanosine (G1) base-paired to
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FIGURE 1: Overview of the genomic HDV ribozyme structure. (A) Secondary structure of the genomic HDV ribozyme used in this study.
The nine-nucleotide substrate strand (boxed) is introduced in trans. The solid line with an embedded arrow shows the 5" to 3" direction of
chain connectivity in the ribozyme strand. The cleavage site between U(—1) and G1 is indicated with a thick red arrow. Important nucleotides
are colored as follows: purple for C75, green for the cleavage site G+U wobble pair, and blue for G2. (B) Atoms surrounding the G1-U37
wobble pair in postcleaved HDV ribozyme (PDB entry 1cx0) (5). Nucleotides are colored as in panel A. Non-hydrogen atoms within 4.5
A to N7 of G1 are represented by black dotted lines. The crystallographic metal ion found closest to G1 is 5.3 A away and highlighted by
a red dashed line. (c) Chemical structures of guanine and 7-deazaguanine.

a uridine within the ribozyme to generate a G+U wobble.
The genomic HDV, antigenomic HDV, and human ribozy-
mes all contain a G+U pair, or rarely a different purine-
pyrimidine pair, at the cleavage site. The major groove of
G-U wobble pairs is known to provide binding sites for
divalent metal ions and their hexammine analogues (8—10).
In addition, the HDV cleavage site wobble pair is surrounded
by phosphate groups, including the scissile phosphate and
G76 which could potentially provide inner or outer sphere
ligands to a Mg?* ion.

The role of the cleavage site G*U wobble has been
previously examined in some detail (see Results). Substitut-
ing the wobble pair with many base combinations results in
significant defects (//, 12). Purine-pyrimidine combinations,
however, are well-tolerated and have similar metal ion and
pH dependencies for reactivity (/3). While the wobble
geometry is not necessary for efficient reaction, a purine at
cleavage site position 1 in either Watson—Crick or wobble
geometry is required. These findings indicate that the purine
at the cleavage site plays an important structural role in the
ribozyme reaction (/3) and could even participate in binding
a metal ion. Notably, in the available crystal structures, there
are no ligands binding in the major groove of the cleavage
site purine (Figure 1B) (5, 6).

To probe the role of the cleavage site G+U wobble base
pair of the HDV ribozyme further, we have characterized
the wild-type (WT) ribozyme and ribozymes with 7-deaza-
guanosine (7DG) substitutions (Figure 1C) using pH- and
metal-dependent solution kinetic experiments and Raman
crystallography. It was found that introduction of 7DG at
the cleavage site guanosine (G1) was detrimental to cleavage.
This observation strongly supports the involvement of N7
of G1 in the reaction mechanism despite structural analyses
showing no interactions with this atom. Characterization of
the pH dependence and Mg?* binding kinetic properties of
the WT and modified ribozymes suggests that the 7DG
modification destabilizes binding of the catalytic metal ion.
Raman crystallography on the WT ribozyme indicates that
protonation of C75 results in decoordination of a guanosine

N7 and loss of an inner sphere bound magnesium ion.
Substitution of G1 with 7DG localized the source of the
Raman guanosine signal to the cleavage site guanosine and
strongly suggests that the magnesium ion directly coordinates
N7 of G1.

These data suggest the cleavage site G+U wobble pair is
involved in coordinating a partially hydrated Mg>" ion that
has many of the biochemical properties associated with the
catalytic magnesium ion of the HDV ribozyme. A model
for the active site of the HDV ribozyme is proposed that is
consistent with the available biochemical data for the WT
HDV ribozyme.

MATERIALS AND METHODS

Sample Preparation. The HDV ribozyme sequence was
based on studies of a fast-folding ribozyme presented
previously (/4—16). In all experiments, two strands of
RNA were used. The larger strand spanned nucleotides
10—71 of the HDV RNA (Figure 1A, complete sequence
shown in Figure S1 of the Supporting Information),
contained most of the active site, and is formally
considered the ribozyme, or enzyme, strand. This RNA
was made by T7 transcription and purified by a 6%
polyacylamide, 7 M urea denaturing gel. The smaller
oligonucleotide was either an all-RNA, cleavable substrate or
a modified, uncleavable inhibitor. The sequences and modifica-
tions of the oligomers are as follows: Substrates: WT, 5’UGG
CUUGCAZ’; G1(7DG), 5S'U(7TDG)GCUUGCA3’; G2(7DG),
5'UG (7DG)CUUGCAZ3’; G1G2(7DG), 5'U(7DG)(7DG)CU
UGCA3’. Inhibitors: 2’-OCH;, 5(mU)GGCUUGCA3"; Gl
(7DG)_2"-OCHs;, 5'(mU)(7DG)GCUUGCA3'.

All oligonucleotides were purchased from Dharmacon
except those containing 7-deazaguanosine, which were
purchased from the W. M. Keck Facility (Yale University,
New Haven, CT). After deprotection and desalting using
standard protocols provided by the companies, the 7-deaza-
guanosine-containing oligonucleotides were further purified
by TLC (PTLC Glass Plates Si 60, F254 20 cm x 20 cm,
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0.5 mm thickness, from EMD Chemicals Inc.) using a
1-propanol/ammonium hydroxide/water solvent system (55/
35/10). The chromatogram was run until the solvent reached
0.75 times the height of the plate. The plate was air-dried,
and bands were visualized by UV shadowing. The full-length
product was excised with a razor blade and extracted with 2
mL of water three times. The collected supernatant containing
the oligonucleotides was recovered by centrifugation. After
being desalted, the eluted fractions were dried using a speed-
vac concentrator. The substrate strands that were used to
study the ribozyme kinetics were 5’-end radiolabeled by T4
polynucleotide kinase and [y-*>P]ATP (3000 Ci/mmol).

Ribozyme Kinetics and Data Fitting. The cleavage reac-
tions were carried out under single-turnover conditions with
the ribozyme in 250-fold excess over the substrate strand.
The ribozyme and 3?P-labeled substrate strands were mixed
in 25 mM Tris-HCI (pH 7.0) or sodium acetate (pH 5.0),
heated at 90 °C for 2 min, and cooled to room temperature
for 10 min. The mixture was prewarmed at 37 °C in the
absence of magnesium ion for 2 min, and an aliquot was
withdrawn as time zero. The cleavage reaction was initiated
by adding MgCl, solution. At appropriate time points,
aliquots of the reaction were removed and quenched with
an equal volume of formamide buffer (95% formamide and
50—200 mM EDTA). Samples were analyzed on an 18%
acrylamide, 7 M urea denaturing gel. The radioactivity signal
was recorded on a Phosphorlmager (Molecular Dynamics),
and the fraction of RNA cleaved was quantified using
ImageQuant (Molecular Dynamics). Plots of the fraction
reacted (f) versus time were fit using KaleidaGraph (Synergy
Software) to the single-exponential equation

f=A+Be " (1
where f is the fraction of ribozyme cleaved at time ¢, A is
the fraction of ribozyme cleaved at completion, A + B is
the burst fraction, and kg, is the observed first-order rate
constant. The values of ky. and Kqmg2+ were determined
from a fit of ks versus MgCl, concentration to eq 2:

k

kobs Kd Mgt oMe (2)
1+ (— or )
(Mg™ ]
where Ky mg2+ is the apparent dissociation constant, ki, iS
the maximal observed rate constant, and oM¢ is the Hill
coefficient.

Crystal Preparation. Equimolar concentrations of the
ribozyme strand and the inhibitor strand, which contained a
2’-OCHj; group at U(—1), were mixed at a final concentration
of 5 mg/mL in 5 mM Tris-HCl buffer (pH 7.5). The mixture
was heated at 90 °C for 1 min and cooled to room
temperature. MgCl, was added to a final concentration of
10 mM, and the mixture was incubated at 50 °C for 10 min
and at room temperature for 10 min. The cooled sample was
then mixed with an equal volume of precipitant [50 mM
sodium acetate (pH 5.0), 1 mM spermine, and 28—33%
MPD] and crystallized using the hanging-drop vapor-
diffusion method. Cubic crystals with dimensions of 0.2 mm
x 0.2 mm x 0.2 mm were obtained in 1—3 weeks. These
crystals diffract X-rays to a resolution of ~5 A (unpublished
data). The crystals were held in a stabilization solution
containing 20 mM MgCl,, 2 mM spermine, and 50% MPD
with sodium cacodylate buffers (pH 5.0—5.4).
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Raman Spectroscopy. The key experimental Raman data
were recorded from a single crystal of HDV ribozyme using
a Raman microscope system (Kaiser Optical Systems) as
described previously (/7). In brief, a single HDV ribozyme
crystal in a hanging drop, containing 20 mM MgCl, in 50
mM acetate (pH 5.0) or cacodylate (pH 7.5) buffers, was
excited with 100 mW of 647 nm laser irradiation. The 180°
back-scattered Raman light from the crystal was collected
via the microscope objective with spectral acquisition times
of 100 s. The Raman spectra of the HDV crystal with buffer
and of buffer alone were each obtained at both pH 5.0 and
7.5. The computer-aided subtraction of [HDV crystal +
buffer] minus [buffer] using GRAMS/32 (ThermoGalactic,
Inc., Salem, NH) gave the spectra of [HDV crystal] at pH
5.0 and 7.5, as well as the Raman difference spectrum of
[pH 7.5] minus [pH 5.0].

RESULTS

Cleavage Site Base Pair Considerations. Previous char-
acterization of the HDV ribozyme implicated the cleavage
site G+U wobble in a structural role but did not exclude its
involvement in binding metal ions (/3). The cleavage site
base pair is a G+U base pair in 61 of 76 genomic HDV
isolates and a G-C base pair in the other 15, while it can be
aG-U,G-C,or A-Ubase pairin the mammalian version (4, 13, 18).
In the antigenomic HDV ribozyme, it is exclusively G+U
(269 of 269 isolates). Thus, in nature, the cleavage site base
pair is exclusively in a 5’purine-3’pyrimidine orientation. We
recently reported pH- and Mg>"-dependent kinetics for
genomic HDV ribozymes with G+U, G-C, A-U, and A"+-C
base pairs at the cleavage site (/3). These four variants
exhibited remarkably similar behavior, with only the A*+C
ribozyme deviating and only at high pH. The behavior
observed with the AT+-C wobble pair is expected because
formation of this base pair requires protonation at N1 of A
(pK, ~ 6.5) (19, 20). Our recent study indicated that the
cleavage site base pair plays a structural role in the ribozyme
(13). Because the four purine-pyrimidine base pairs func-
tioned similarly regardless of the identity of the purine, if a
metal ion does bind to this base pair it likely does so through
N7 of the purine at position 1 since this is the only common
molecular feature.

Ribozyme Design. The ribozyme strand used in this study
was designed to crystallize readily for use in Raman
crystallography experiments. The sequence is based on a fast-
folding variant with less propensity to misfold than the native
sequence (I5, 16). The substrate was provided to the
ribozyme in trans and had a single nucleotide upstream of
the cleavage site (Figure 1A). To facilitate crystallization,
the P4 helix was shortened and capped with a GAAA
tetraloop as previously described (/7). As shown in this
study, these modifications do not affect the catalytic activity
of the ribozyme in any detectable manner. In RNAs used in
crystallization experiments, a methoxyuridine was substituted
for U(—1) of the substrate to inhibit the reaction and prevent
cleavage.

N7 of the Cleavage Site Wobble Pair Is Required for
Maximal Reactivity. The sp? nitrogen has stronger electrone-
gativity than carbon and is inclined to interact with metal
ions (27). Therefore, the nitrogen-to-carbon substitution
provides a potential means of disrupting binding of metal
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FIGURE 2: 7-Deazaguanosine at the cleavage site reduces ribozyme activity. Plots of ks with varying concentrations of MgCl,. (A) Comparison
of wild type (WT) (M) and G1(7DG) (@) substrates. (B) WT (M) and G2(7DG) (V) substrates. (C) G1(7DG) (®) and G1G2(7DG) (a)
substrates. The cleavage reactions were performed at 37 °C in 25 mM Tris buffer (pH 7.0). Each point is the average of three independent
experiments, and the standard deviation is shown as an error bar. Data were fit to eq 2 described in Materials and Methods. The resulting

kinetic parameters are provided in Table 1.

Table 1: Single-Turnover Kinetics Parameters”

kmax (minil) [<d,Mg:Jr (mM) (X_Mg
substrate pH 5.0 pH 7.0 pH 5.0 pH 7.0° pH 5.0 pH 7.0
WT 20+0.2 7.0+0.2 30+ 8 2.1+0.1 0.78 + 0.08 1.6 £0.1
G1(7DG) 1.24+0.1 1.1+0.1 60 £ 22 1.9+03 0.78 + 0.09 1.7+04
G2(7DG) ND“ 6.2+04 ND“ 3.0£0.6 ND¢ 1.3+03
G1G2(7DG) ND“ 0.62 +0.01 ND“ 1.7+ 0.1 ND“ 23402

“The values and standard errors were obtained by nonlinear least-squares fitting in KaleidaGraph (Synergy Software). ” Kymg+ should be treated as
the apparent Ky m,2+ when the Hill coefficients are greater than 1. “ Not determined.

ions and assessing the contributions of the metal ions to
activity (22). This strategy was employed herein to probe
the existence of a metal ion binding site within the major
groove of the cleavage site base pair in the HDV ribozyme.
At pH 7.0, the substrate containing a 7DG modification at
residue G1 [abbreviated as G1(7DG)] exhibited a 6.3-fold
decrease in k,x compared to the WT substrate (Figure 2A).
Kinetic parameters are compiled in Table 1. This result
suggests that N7 of Gl contributes to catalysis in some
manner. This finding was surprising because within 3.3 A
of N7 of GI there are no RNA atoms or metal ions in any
of the available crystal structures (5, 6).

To test whether the reduced rate of reaction is specific to
N7 of G1, two control substrates, G2(7DG) and G1G2(7DG),
were studied. Substitution of G2 with 7DG gave a ky,, that
is quite close to that of the WT substrate (Figure 2B). The
double substitution with 7DG at G1 and G2, on the other
hand, exacerbated the effect of the G1(7DG) substitution by
another factor of ~2 (Figure 2C). These results suggest that
in the WT ribozyme, N7 of G1 plays an important role in
the reaction.

We then studied the magnesium dependence of the
ribozyme reaction and compared the apparent Ky (Kqwmg2+)
and Hill values (0™¢) for Mg?* binding to the WT and three
variant ribozymes. At pH 7.0, the 7DG modifications had
little effect on the magnesium binding parameters. All of
the Kgme2+ and oM values were similar to each other,
1.7-3.0 mM and 1.3—2.3, respectively (Table 1). These
values are also similar to those obtained previously with a
one-piece self-cleaving RNA construct (/3, 23), which
confirms that the variations in the sequence and the use of a
trans-acting form of the HDV ribozyme do not significantly
affect activity.

The values of kya and Kgme2+ determined for G2(7DG)
and G1G2(7DG) suggest that when N7 of G1 is absent, the

metal binding site is shifted or distorted to involve the nearby
N7 of G2. Thus, in the G1(7DG)-modified ribozyme, the
magnesium ion is likely bound in a suboptimal position that
results in the observed reduction in k., but without a
measurable effect on Ky,2+ (see Discussion). The G1G2(7DG)-
modified ribozyme likely further alters the Mg**-binding
pocket, which results in a somewhat more pronounced defect
N Kpax.

The Mg?t at GI Senses the Protonation State of C75.
According to the postcleavage crystal structure (5), C75 is well
positioned to be a general acid in the HDV ribozyme cleavage
reaction, and experimental studies show that it possesses a pK,
near neutrality (/7, 23, 24). If the metal ion is indeed located
in the active site, the electrostatic repulsion from the nearby
protonated C75 is expected to weaken its binding. Anticoop-
erative binding between the proton on C75 and the catalytic
metal ion has been observed by multiple methods (17, 23, 25).
To further characterize the effect that the G1(7DG) modification
had on metal binding, the magnesium dependence of the rate
constant was examined at pH 5.0 where C75 is expected to be
almost entirely protonated.

When the pH is lowered to 5.0, the WT substrate exhibits
an ~3.5-fold lower k. (Figure 3). In addition, o™ drops
from ~1.6 to 0.8, a trend that is consistent with previous
reports (/3). In contrast, when the G1(7DG) substrate is used,
the k. 1S observed to be unchanged when the pH is lowered
from 7.0 to 5.0 (Figure 3). In the WT ribozyme, the overall
observed rate—pH profile has been ascribed to the involve-
ment of a general acid (C75) with a pK, of near neutrality,
along with a magnesium-bound hydroxide general base with
a pK, of >9. For WT, the increase in rate with pH from 5
to 7 is ascribed largely to deprotonation of the magnesium-
bound water (23, 26, 27). Thus, the lack of a pH effect on
kmax for G1(7DG) is consistent with less (or no) involvement
of the catalytic Mg* ion in the G1(7DG)-modified ribozyme.
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FIGURE 3: Effect of 7-deazaguanosine on Mg?" affinity which is apparent at pH 5.0. Plots of k, as a function of MgCl, at (A) pH 7.0 and
(B) pH 5.0. The cleavage reaction was performed at 37 °C in 25 mM Tris-HCI (pH 7.0) or 25 mM sodium acetate (pH 5.0). In each plot,
the scale for kg, measured with the WT substrate (M) is shown on the left Y axis, and the scale for ks measured with G1(7DG) (@) is
shown on the right Y axis. Each point is the average of at least two independent experiments, and the standard deviation is shown as error
bars. Data were fit to eq 2. The resulting kinetic parameters are provided in Table 1.

An effect of the 7DG modification on the Kgme2+ is
observable when the pH is lowered to 5.0. In both the WT
and the GI1(7DG) variants, an increase in Kg,2+ is seen at
pH 5.0, which is attributed to binding of the proton at C75
interfering with binding of the positively charged magnesium
ion. While the Mg**-binding data for the WT and G1(7DG)-
modified ribozyme are superimposable at pH 7, at pH 5, the
Mg?" requirement to reach partial saturation of k., for the
G1(7DG) variant is shifted higher in every measurement
made. Apparently, protonation of C75 exacerbates the effect
of the G1(7DG) modification on binding of the active site
magnesium ion. These data suggest that the magnesium
binding site within the active site of the G1(7DG)-modified
ribozyme is measurably different (i.e. less tightly bound) than
that within the WT ribozyme.

The Active Site Mg®t Ion Can Be Detected by Raman
Difference Spectroscopy. We have previously used Raman
crystallography to measure the pK, of C75 (/7). Consistent
with kinetics studies (23), this value is shifted from 4.2, the
value expected for an unperturbed cytosine base (27), to 6.4
within the active site of the HDV ribozyme (at 2 mM Mg?").
In addition, proton binding to C75 is anticooperative with
magnesium ion binding (/7, 23). In this prior study, we used
crystals of the HDV ribozyme in which the catalytic 2’-OH
group on the U(—1) base had been modified to -H, -OCHj,
or -F to inhibit the reaction (/7). These modifications all
returned similar pK, values, suggesting these changes do not
significantly perturb the active site of the HDV ribozyme.
Importantly, these inhibited constructs allow the ribozyme
to be crystallized with both the scissile phosphate and the
catalytic nucleobase C75. The strong correlation between the
pK, values measured in the crystal and in solution suggests
that the WT ribozyme is in a catalytically relevant conforma-
tion within these crystals. Using the same RNA crystals, we
show here that Raman difference spectroscopy collected as
a function of pH reveals details of the active site Mg>" within
the HDV ribozyme that support and extend the kinetic data
presented above.

The positive and negative features in the Raman pH
difference spectra in Figure 4 represent the changes in the
parent Raman spectrum with a change in pH. Positive peaks
are from HDV groups that are present at pH 7.5 but absent
at pH 5.0 and negative peaks vice versa. The assignments
are listed in Table S1 of the Supporting Information. The
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FIGURE 4: Raman difference spectra of (A) [HDV pH 7.5] minus
[HDV pH5.0]and (B) [HDV(G1(7DG)) pH7.5] minus [HDV(G1(7DG))
pH 5.0]. The HDV ribozyme crystal was surrounded by cacodylate
buffer (pH 7.5) or acetate buffer (pH 5.0) containing 20 mM Mg?>*.
Experimental details were described in previous Raman studies (/7).
Peak assignments are provided in Table S1 of the Supporting
Information. Vertical bars represent photon events.

details of the feature identifications and assignments in
the HDV difference spectra (Figure 4) can be found in the
Supporting Information. Most features could be assigned on
the basis of earlier assignments of reference compounds (28, 29)
and HDV ribozyme crystals (17, 30). The peak at 1528 cm™!
in Figure 4A was previously assigned to a neutral cytosine
ring mode possessing a major contribution from N3—C4
stretching (/7). We also demonstrated that one cytosine base,
identified as C75, was protonated when the pH was reduced
from 7.5 to 5.0. Thus, we attribute the cytosine-based changes
in Figure 4A to C75 in the active site.
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In addition to features associated with protonation of C75,
a band at 323 cm™! corresponding to a hydrated Mg?" ion
with at least one non-water ligand is observed (Figure 4A).
This ion is termed an inner sphere Mg>t hydrate. Several
lines of evidence support the conclusion that this feature is
due to a single inner sphere Mg?* hydrate bound within the
active site. Raman analysis of Mg?" binding to HDV crystals
(at 20 mM Mg?") (30) and analysis of the X-ray data (5)
both demonstrated the presence of approximately five inner
sphere Mg>" hydrates per HDV molecule. These give rise
to a standardized Raman intensity of ~21000 units at the
signature 323 cm™! position for inner sphere Mg?" hydrate
in the unsubtracted data at pH 7.5 (data not shown). These
data have a standardized intensity of ~3400 units at the 323
cm™! peak in the pH-difference spectrum (Figure 4A). The
3400/21000 ratio with a value of 1/6.2 strongly supports the
finding that the 323 cm™! band in Figure 4A emanates from
a single inner sphere Mg>* hydrate per HDV molecule. This
conclusion finds further support from our observation that
introduction of a single 7DG modification is sufficient to
disrupt the inner sphere Mg?" hydrate detectable in this assay
(next section, Figure 4B).

Taken together, it can be concluded that upon going from
pH 7.5 to 5.0 there is one inner sphere Mg?* hydrate per
HDV lost as a single cytosine ring (C75) is protonated. The
anticooperative binding between this Mg>" and the proton
on C75 is consistent with our kinetics results in solution that
support competition between the proton bound to C75 and
the active site Mg*" (23, 24). Therefore, it is likely that this
inner sphere Mg?" hydrate detected by Raman difference
spectroscopy is the active site Mg?".

Structural Characterization of the Active Site Mg*" and
Its Binding Site by Raman Difference Spectroscopy. When
the pH is shifted from 7.5 to 5.0 and the catalytic Mg*" is
ejected, the Raman difference spectrum, [pH 7.5] minus [pH
5.0], is expected to reveal differences that correspond to the
metal’s ligands. Often, phosphate oxygens provide ligands
to Mg?*, and indeed, we recently showed that inner sphere
interactions between Mg*" and PO,~ groups are detectable
and quantifiable in HDV ribozyme crystals (30). The
characteristic marker on Raman difference spectroscopy for
interaction of PO, with Mg?" was the very clear intensity
decrease and upshift (to 1117 cm™!) of the 1100 cm ™! peak
(E. L. Christian, V. Anderson, and M. E. Harris, personal
communication and ref 30). In Figure 4A, the striking
absence of a differential feature near 1100 cm™! with the
change in pH indicates that the active site Mg?" does not
form inner sphere interactions with PO,™ groups of the HDV
ribozyme. Thus, although the Raman marker of Mg(H,0),>"
(x < 5) at 323 cm™! in Figure 4A unambiguously specified
that the active site Mg?" hydrate forms inner sphere
interactions with HDV groups, these do not arise from PO, ™.

A potential RNA ligand for interacting with Mg(H,0),>*
is N7 of guanine. This feature is evidenced in the Raman
spectra by a differential peak near 1489 cm™!. This spectral
region contains ring modes of purine, with a strong N7—C8
stretching component (31, 32). Due to the fact that guanine
makes an intense contribution in this region as compared to
adenine, nucleic acid peak perturbations in the 1485 cm™!
region have been considered as an indicator of coordination
of electrophilic agents (e.g., metal ions) at the N7 position
of guanine (32). Thus, the differential peak observed near
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1489 ¢cm™! with its trough near 1473 cm™! (Figure 4A)
suggests that the active site Mg?" binds in an inner sphere
manner to N7 of guanine. Because this Mg?t ion is close
enough to C75 to sense its protonation state, N7 of guanine
observed in the Raman spectra must also be close in space
to C75. These results are not explained by the HDV crystal
structures (5, 6). There are no Mg?" ions that both are in the
proximity of C75 and directly coordinate N7 of a guanosine
base. A limited number of candidates exist for a guanine
within the HDV active site that could provide a ligand to
the Mg?* ion observed spectroscopically, and G1 is the most
likely nucleotide.

To probe the role of N7 of G1 in coordinating the active
site magnesium, we prepared and crystallized the G1(7DG)
ribozyme variant and recorded Raman spectra of these
crystals. The Raman difference spectrum of [G1(7DG) pH
7.5] minus [G1(7DG) pH 5.0] is shown in Figure 4B. The
most significant observation is the absence of a guanine N7
Raman marker around 1485 cm ™!, which supports N7 of G1
making a direct inner sphere contact with Mg?* in WT
crystals. In addition, this difference spectrum lacks the
Raman marker of Mg(H,0),>" at 323 cm™!. Simultaneous
loss of the guanine N7 and inner sphere Mg?* hydrate Raman
markers indicates that protonation of C75 is correlated with
both a change in inner sphere magnesium ion binding and a
change in the coordinate of N7 of G1. These data suggest
that the G1(7DG) ribozyme either does not bind a metal in
the active site, perhaps instead binding the metal in an
alternate pocket in a way that is less sensitive to changes in
the protonation state of C75, or binds the active site
magnesium as a fully hydrated Mg(H,O)s>" ion where it will
likely be undetectable by Raman difference spectroscopy.

A Model for the Active Site of the HDV Ribozyme. A model
of the catalytic metal ion in the active site was made by
superposing the precleavage crystal structure of the HDV
ribozyme (PDB entry 1sj3) (6) with the postcleavage crystal
structure (PDB entry 1cx0) (5) (Figure 5). The coordinates
of the scissile phosphate and U(—1) were modeled according
to the coordinates of the precleavage structure, while the rest
of the structure was of the postcleavage structure. Although
the exact position of the U(—1) nucleotide is not precisely
defined by this process, there are very few conformations in
which the —1 nucleotide can be accommodated within the
active site, and none of the possible variations affect the
subsequent positioning of the Mg?" at the active site. The
active site Mg?" ion was modeled on the basis of the ion
observed to have an inner sphere interaction with N7 of G163
of the high-resolution P4—P6 AC209 RNA crystal structure
(33) (PDB entry 1hr2, chain B). HDV G1 was superposed
with G163 to provide the position of the associated hydrated
Mg?* relative to the G+U wobble pair. As presented in
Discussion, this model accommodates the Kkinetic and
spectroscopic data presented herein, as well as previously
published biochemical data for the HDV ribozyme, which
together support C75 as the general acid and Mg?"-bound
hydroxide as the general base for cleavage.

DISCUSSION

RNA performs many critical functions in biology, includ-
ing gene regulation and catalysis. Its wide range of cellular
functions is possible because it both contains decodable
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FIGURE 5: Proposed model with a hydrated metal ion close to the G+U pair. Nucleotides are colored as in Flgure 1A,B. C75 is colored
purple, the cleavage site G+U wobble green, and G2 blue. N7 of G1 interacts with a hydrated Mg ion (magenta sphere) by inner sphere
coordination (shown as a red dashed line). The distance criteria used for inner sphere (1.9—2.5 A) and outer sphere (2 5-3.3 A) contacts
are based on the studies of Juneau and Cech (33). Five water molecules (light blue sphere) surround the active site Mg*" and complete the
inner sphere shell (1.9—2.1 A, shown with black dashed lines). The exact positions of the waters in this model are not known; however,
the water coordinates are drawn to provide a model of the expected radius of the hydration shell. The possible interactions between these
coordinated waters and RNA functional groups are denoted by blue dotted lines. Other experimental criteria used to build the model are

described in the text.

genetic information and has the ability to fold into complex
three-dimensional structures. Perhaps due in part to its binary
role in the cell, RNA lacks the chemical diversity of protein
catalysts. This renders RNA prone to misfolding, and there-
fore, high-resolution crystal structures need to be reconciled
with biochemical data. For example, in the case of a small
lead-dependent ribozyme, a structural model based on
biochemical data (34) is more consistent with recent func-
tional probing of the active site with conformationally
restricted nucleotides (35) than experimental structures
determined by NMR (36) and X-ray crystallography (37, 38).
For the hammerhead ribozyme, a crystal structure of a
construct with extended regions that engage in a tertiary
structure (39) is consistent with extensive biochemical
data (40—43), but these solution experiments could not be
reconciled with previous crystal structures that used a
minimal hammerhead sequence (44, 45).

Similar structure—function disparities exist in the HDV
ribozyme literature. Work from the Been laboratory impli-
cates a metal ion at the cleavage site. In particular, switching
the scissile phosphate from the native 3'—5’ linkage to 2’—5’
or changing the identity of the —1 nucleotide alters the metal
ion specificity of the reaction (46, 47), and solution kinetic
experiments implicate a magnesium-bound water as the
general base in the reaction (23, 27). However, a metal ion
that would explain these results is not observed in the
available crystal structures. Moreover, in the crystal structure
of the HDV ribozyme in the precleavage state, the catalytic
nucleobase at position 75 is not in position to perform general
acid or general base catalysis (5, 6). We have acquired
additional solution and Raman crystallographic data on WT
and active site mutants and combined these with existing
functional and structural data to arrive at a new structural
model of this ribozyme in a state that is catalytically
competent.

Consequences of the 7DG Substitution Support a Metal
lon at the Active Site. Previous biochemical studies support
a general acid role for C75. Briefly, the catalytically inactive

C75U mutants can be rescued by imidazole (48). This result
supports a mechanism in which C75 could be either a general
acid or a general base. However, pH—rate profiles in the
presence and absence of Mg2+ are inverted (23, 27), and
C75U mutants can be rescued by a very good leaving group
(49). These data provide strong support that C75 serves as
a general acid catalyst, in agreement with the conformation
of C75 observed in the crystal structure of the HDV ribozyme
after cleavage (5).

Biochemical data are consistent with a multichannel model
for catalysis, in which a hydrated magnesium hydroxide acts
as the general base under physiological ion conditions but
water acts as the general base at neutral pH in the absence
of divalent metal ions (25, 27, 50). Rates in the presence
and absence of a catalytic metal ion differ by only ~25-
fold, consistent with a relatively minor contribution of the
catalytic magnesium to rate enhancement.

In this study, the G1(7DG) change resulted in a k.
decrease of ~7-fold, rather than the full 25-fold decrease
observed in the absence of magnesium. One possibility is
that the catalytic metal ion is still positioned within the active
site of the G1(7DG) variant, albeit suboptimally, allowing
it to make only a partial contribution to catalysis. Consistent
with a suboptimal positioning of the catalytic ion, there is
loss of the Raman spectroscopic signature of the metal at
the active site. Also consistent with partial, rather than no,
contribution of the metal ion in G1(7DG), G1G2(7DG)
exhibited a larger (11-fold) decrease in ky,.x, Which is within
2-fold of the total contribution of the metal ion, and the lower
pH increased the Mg?*" requirement of G1(7DG) relative to
that of WT. This suggests that the catalytic metal ion stays
loosely associated with the active site in G1(7DG) and is
almost completely ejected from the active site in the double
mutant or by lowering the pH. The lack of any discernible
kinetic or binding effect in single mutant G2(7DG) supports
G2 not having a role in metal retention in the WT
background.
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Effects of 7DG mutants on Kqyg2+ are, for the most part,
subtle. This may be partially attributable to the nature of the
metal binding site. The catalytic metal ion appears to make a
single inner sphere contact directly to the HDV ribozyme, at
N7 of G1. Other interactions with the ribozyme are likely outer
sphere contacts, mediated by magnesium-bound water mol-
ecules. Disruption of the inner sphere ligand may result in a
metal binding site that is not measurably destabilized at pH 7.0
but that is poorly oriented for general base catalysis. Thus,
effects are observed on ky, but not on Ky pe2+. A 2-fold increase
in Kqme2+ for the G1(7DG) variant relative to the WT HDV
ribozyme is observable, but only at low pH, a condition that
disfavors metal binding. Overall, both the biochemical and
Raman data on the WT and single and double 7DG mutants
support a metal ion interacting with N7 of G1 at the cleavage
site.

It is possible that the effects of incorporation of 7DG at
the cleavage site are the result of destabilization of the P1
helix. However, 7DG substitutions have a relatively minor
effect on RNA helix stability. For example, Burkard and
Turner (57) showed that this substitution destabilizes an RNA
helix with a G+G base pair by an entropy-corrected value
of only 0—0.6 kcal/mol in free energy, with a smaller effect
for mismatches near the end of a helix. Thermodynamic
studies on DNA hairpins led to a penalty of just 0.34 kcal/
mol for the 7DG substitution in a Watson—Crick base pair
just one base from end of the helix (52). Moreover, the active
site of the HDV ribozyme is relatively tolerant at the cleavage
site base pair, as evidenced by recent work showing that the
ribozyme is equally active with G-U, G-C, A-U, and
protonated A+ C pairs at the cleavage site base pair (/3). On
the basis of the minor thermodynamic penalty of the
7-deazaguanosine substitution, especially near the end of
helices, and the tolerance of the active site with respect to
the cleavage site base pair, it is unlikely that the 7DG
substitution destabilizes the active site.

Support for the Active Site Model. In the proposed model
(Figure 5), the catalytic metal ion is bound in the major
groove of the P1 helix and is directly coordinated to N7 of
G1. A wide variety of biochemical data presented here and
elsewhere support this interaction. First, kinetic characteriza-
tion of ribozyme variants has demonstrated that either
Watson—Crick or wobble geometry can be accommodated
at the cleavage site, but position 1 must be a purine (/3).
This suggests that N7, but neither the keto oxygen nor the
Watson—Cerick face of G1, is important for catalysis. Second,
we have now demonstrated biochemically that N7 of position
1 is required for the optimal activity of the HDV ribozyme.
Third, a ribozyme with a A™+C wobble pair at the cleavage
site exhibits behavior consistent with the close approach of
the active site Mg?" to nucleotide 1: the pK, of the A*-C
wobble pair decreases as the Mg?" concentration increases,
suggesting binding of the proton to N1 is destabilized by
the close approach of the positively charged Mg?" (13). This
is consistent with a binding site for the catalytic metal ion
in the proximity of N1 of the nucleotide at position 1. Fourth,
Raman difference spectroscopy indicates that C75 proton-
ation is coupled to N7 of a guanine base through an inner
sphere metal-mediated interaction, and the G1(7DG) modi-
fication pinpoints this N7 as that of G1.

If, as previously proposed, a magnesium-bound hydroxide
serves as a catalytic base in the ribozyme reaction, then the
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magnesium ion must be close in space to the 2’-hydroxyl of
U(—1), which is accommodated in the model. In addition,
C75, which has been shown biochemically to serve as the
general acid in the reaction (23, 27, 49), is positioned next
to the leaving group, the 5’-bridging oxygen of U(—1), in
the model.

Anticooperative interaction of the proton on C75 and the
active site Mg?*, which has been demonstrated by solution
kinetic experiments and by Raman crystallography herein
(Figure 4) and in the literature (17, 23, 25), is accommodated
by the model. In our model, the active site magnesium is
found 5.2 A from N3 of C75, which should be sufficient for
a through-space electrostatic interaction. Thus, in our pro-
posed model, the Mg(H,0)s>" ion is juxtaposed with
functional groups known to be close in space to the catalytic
metal ion.

Several structural studies support this model. The HDV
ribozyme has been cocrystallized with thallium ions, allowing
the position of the monovalent ions within the ribozyme to
be unambiguously identified by anomalous scattering (7).
In these maps, a thallium ion is observed to bind in a position
quite similar to the location of the Mg(H,0)s>" ion in the
model presented here. Molecular dynamics simulations have
also implicated this site in monovalent ion binding (53). In
addition, the imino proton signals in the NMR spectra of
the HDV ribozyme have been assigned, and the region near
the cleavage site wobble pair exhibited the greatest change
in chemical shift in response to magnesium ion, suggesting
a metal binding site is close in space (54).

Potential Ligands to the Catalytic Mg(H,0)st Ion.
Inspection of the ribozyme active site suggests other potential
ligands to the catalytic Mg(H,0)s>" ion (Figure 5). The pro-
Rp oxygens of the scissile phosphate and the phosphate of
G76 are strong candidates as outer sphere ligands. Because
these atoms are not directly coordinated to the magnesium
ion, their roles in ion binding cannot be readily tested
experimentally. Substitution of these atoms with sulfur is
not necessarily expected to have a profound deleterious
effect, nor have such modifications ever been shown to be
rescuable with thiophilic metal ions (J. A. Piccirilli, personal
communication). Nonetheless, modifications of these pro-
Rp oxygen atoms do, in fact, interfere with catalysis (55—57).
Substitution of the pro-R;, oxygen at the scissile phosphate
results in a substrate that only cleaves to 20% completion
(57), and substitution at G76 inhibits catalysis (56).

The keto O2 atom of C75 represents another potential outer
sphere ligand to the catalytic metal ion. Several studies have
reported effects of base substitutions at C75, and all of the
functional modifications at this position retain the keto
oxygen (49, 58). While the C75A mutant lacks a keto oxygen
and can function as the general acid in the HDV ribozyme
reaction, its activity is decreased 300-fold relative to that of
the WT sequence, suggesting that this mutant lacks a key
feature(s) relative to the C75, WT sequence (23, 49). Last,
the 2’-hydroxyl of C75 is also a potential ligand. Nishikawa
et al. characterized a ribozyme with a deoxyribose modifica-
tion at C75 and found that removal of the 2"-hydroxyl of
C75 decreased the reaction rate more than 2 orders of
magnitude, which was the most disruptive of all the
modifications tested in the study (59).
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CONCLUSIONS

We have generated a catalytically competent model for
the active site of the HDV ribozyme in a state just prior to
cleavage, which positions C75 to act as the general acid and
a hydrated magnesium ion to act as the general base. It
accommodates all prior biochemical data on this ribozyme,
as well as 7DG mutant biochemical and spectroscopic data
reported here.

One appealing feature of this model that it is consistent
with data from kinetics studies and Raman spectroscopy is
its ability to explain repulsion between a protonated C75 and
a cationic divalent ion. This interaction should be relieved
in the transition state as the proton is transferred, especially
given Brgnsted coefficients for general acid and base catalysis
near 0.5 (25, 60). Thus, the repulsion between protonated
C75 and the magnesium ion may drive the reaction through
the catalytic strategy of ground-state destabilization (61).
Observation that binding of the magnesium ion is saturable
in the presence of a protonated C75 is consistent with the
reaction requiring binding of these like-charged species (24).

The crystal structures of the HDV ribozyme in the
literature are not consistent with microscopic reversibility
unless a considerable conformational change is invoked at
the active site. In particular, the crystal structure of the
cleaved ribozyme suggests that C75 serves as the general
acid for cleavage, while the precleaved structures suggest it
serves as the general base for cleavage (5, 6). Our model
resolves this discrepancy by providing a picture of the
precleaved state in which C75 serves as the general acid in
the cleavage reaction. Although the ligation reaction of the
HDV ribozyme is not observed experimentally (2, 3),
presumably due to the low affinity of the ribozyme for the
upstream product, our model predicts that the crystal structure
of the cleaved ribozyme is catalytically relevant, as C75 is
well-positioned to serve as the general base in a ligation
reaction. Thus, we provide a picture of the HDV active site
that is compatible with the principle of microscopic
reversibility.

Lastly, we do not assert that the precise details of the active
site are correct; this will have to await additional crystal
structures. Nonetheless, the active site model presented herein
is congruent with a wealth of biochemical, spectroscopic,
and structural data and should help guide mechanistic
analysis of this catalytic RNA.
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SUPPORTING INFORMATION AVAILABLE

Basis for assignments in the HDV Raman difference
spectrum, quantum mechanical calculations of pentahydrate
Mg?" bound in an inner sphere manner to N7 of a guanine,
positions (cm™!) and assignments of major Raman difference
bands observed in Raman difference spectra of [HDV pH
7.5] minus [HDV pH 5.0] and [CMP pH 6.0] minus [CMP
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pH 3.0] (Table S1), sequence of the HDV ribozyme used in
this study (Figure S1), Raman difference spectrum of [CMP
pH 6.0] minus [CMP pH 3.0] (Figure S2), and a model used
in quantum mechanical calculations of a pentahydrate Mg?*
bound in an inner sphere manner to N7 of guanine (Figure
S3). This material is available free of charge via the Internet
at http://pubs.acs.org.
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