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ABSTRACT: Divalent cations play critical structural and functional roles in many RNAs. While the hepatitis
delta virus (HDV) ribozyme can undergo self-cleavage in the presence of molar concentrations of monovalent
cations, divalent cations such as Mg2þ are required for efficient catalysis under physiological conditions.
Moreover, the cleavage reaction can be inhibited with Co(NH3)6

3þ, an analogue of Mg(H2O)6
2þ. Here, the

binding ofMg2þ and Co(NH3)6
3þ to theHDV ribozyme is studied byRamanmicroscopic analysis of crystals.

Raman difference spectra acquired at different metal ion conditions reveal changes in the ribozyme. When
Mg2þ alone is introduced to the ribozyme, inner sphere coordination of Mg(H2O)x

2þ (x e 5) to nonbridging
PO2

- oxygen and changes in base stretches and phosphodiester group conformation are observed. In
addition, binding of Mg2þ induces deprotonation of a cytosine assigned to the general acid C75, consistent
with solution studies. When Co(NH3)6

3þ alone is introduced, deprotonation of C75 is again observed, as are
distinctive changes in base vibrational ringmodes and phosphodiester backbone conformation. In contrast to
Mg2þ binding, Co(NH3)6

3þ binding does not perturb PO2
- group vibrations, consistent with its ability to

make only outer sphere contacts. Surprisingly, competitive binding studies reveal that Co(NH3)6
3þ ions

displace some inner sphere-coordinatedmagnesium species, including ions coordinated to PO2
- groups or the

N7 of a guanine, likely G1 at the active site. These observations contrast with the tenet that Co(NH3)6
3þ ions

displace only outer spheremagnesium ions. Overall, our data support two classes of inner sphereMg2þ-PO2
-

binding sites: sites that Co(NH3)6
3þ can displace and others it cannot.

Metal ions play essential roles in the structure and function
of ribozymes. Effects of metal ions on the small nucleolytic
HDV1 ribozyme (Figure 1) have been studied for a number of
years (1-9). Self-cleavage of the HDV ribozyme has only a weak
dependence on divalent ion identity. For instance, self-cleavage is
efficient in the presence millimolar amounts of Mg2þ, Ca2þ,
Mn2þ, Sr2þ, Ba2þ, or Co2þ (1, 5). In addition, self-cleavage can
occur in the complete absence of divalent cations if molar
concentrations of monovalent cations such as Naþ, Liþ, and
NH4

þ are provided (3, 4, 6, 10, 11). Nonetheless, the reaction
catalyzed in the presence of 1 M monovalent cations alone is
25-100-fold less efficient (4-6) and when extrapolated to
physiological monovalent concentrations (∼150 mM ionic
strength) is ∼500-fold less efficient (4). These observations
suggest critical structural and functional roles for divalent cations
in the ribozyme (3, 6).

The catalytic activity of the HDV ribozyme is inhibited by
competition of Co(NH3)6

3þ ions for Mg2þ ions (3). Co(NH3)6
3þ

mimics hexhydrated Mg2þ in its size and coordination geometry
and is exchange-inert (kexchange,NH3

∼10-10 s-1); as such, it can
make only outer sphere interactions with RNA (2, 12-14). On
the basis of these characteristics, it was initially suggested that the
catalyticMg2þ ion bound within the HDV ribozyme active site is
in the hexahydrated form. Recent Raman crystallographic and
biochemical studies, however, indicate that this ion is directly
coordinated to the N7 of the cleavage site guanosine as an inner
sphere ion and that it is likely only penta- or tetracoordinated
to water molecules (9).

For several decades, Raman spectroscopy has provided in-
valuable insights into interactions betweenmetal ions and nucleic
acids (15-21). The ability of Raman to probemetal-nucleic acid
interactions is further enabled by Raman difference spectro-
scopy (21, 22). In this approach, the spectrum of the RNA
without metal ions is subtracted from the spectrum of RNAwith
metal ions. Features in the difference spectrum provide detailed
information on metal ion binding sites, changes in base stacking
interactions, and backbone conformational changes owing to
metal ion binding. This approach is particularly powerful when
single crystals are used since Raman of single RNA or protein
crystals provides data of unprecedented quality owing to high
sample concentration in crystals, low background interference,
and high spectral resolution (8, 23-25).

Although we have not previously published data on cobalt
hexamine binding to HDV, in order to understand the data and
discussion in the present paper, we must summarize the findings
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of three recent publications from our laboratories. In Gong
et al. (8) we provided the first evidence for a direct relationship
between the magnesium hydrate binding inner sphere to the
oxygens of -PO2

- backbone groups and the upshift in the
Raman symmetrical stretching frequency of these groups. This
involved titrating Mg2þ hydrate into single crystals of the HDV
ribozyme and identifying the Ramanmode of bound magnesium
penta- or tetrahydrate using isotopic substitutions. There is a
simple linear relationship between the intensity of the upshifted
(by 17 cm-1) -PO2

- mode and the intensity of the magnesium
penta- or tetrahydrate mode that appears near 320 cm-1. This
uniquely establishes that direct contact between the Mg2þ ion
and the -PO2

- group brings about the observed upshift in the
latter’sRaman frequency. Other papers have dealt with the active
site properties of HDV. In Gong et al. (24) we measured directly
the pKa of the active site cytosine 75 (C75) in crystals of HDV.
This was made possible by the fact that we could identify the
Raman feature from a single neutral cytosine in HDV, occurring
near 1528 cm-1. Its identity as C75 was confirmed by the finding
that the variant of HDV possessing C75 replaced by uridine
showed no evidence for a titration in the Raman spectra of the
corresponding crystals. The results on the crystals received
additional support from the observation that the crystal pKa

values obtained in the presence of 20 and 2 mM Mg2þ, 6.15 and
6.40, respectively, agree well with the values derived from HDV
activity studies in solution. The active site studies were extended
recently in Chen et al. (9) where solution kinetic and parallel
Raman crystallographic studies examined the effects of pH
on the rate and Mg2þ binding properties of wild-type and
7-deazaguanosine mutants of the HDV ribozyme. These data
suggested that a previously unobserved hydrated magnesium ion
interacts with N7 of the cleavage site G 3U wobble base pair.

Herein, we use Raman crystallography to study interactions of
Mg2þ and Co(NH3)6

3þ ions with the HDV ribozyme. These ions
were chosen because of their unique physicochemical character-
istics, spectrally disperse Raman features, and well-documented
effects on HDV ribozyme function in solution. We find that
introduction of either Mg2þ or Co(NH3)6

3þ results in deproto-
nation of a cytosine, previously identified as C75, as well as
perturbation of the N7 of a guanine, previously identified as G1.
C75 directly participates in catalysis, acting as the general acid
in the cleavage reaction. Together, these data suggest that the
binding sites of these two ionsmust be in proximity toC75 within
the ribozyme active site and likely at least partially overlap. More-
over, these results indicate that inactivation of a ribozyme’s activity
by Co(NH3)6

3þ does not necessarily imply that the displacedMg2þ

ions were hexahydrated. Raman spectra also reveal that the
molecular conformation of the HDV ribozyme in the presence of
Co(NH3)6

3þ is slightly different from that in the presence ofMg2þ,
which indicates that inhibition by Co(NH3)6

3þ could, in part,
involve rearrangement of the active tertiary conformation.

MATERIALS AND METHODS

Chemicals. Chemicals used in the present study were pur-
chased fromSigma. All stabilizing buffer solutions were prepared
using 50 mM sodium cacodylate adjusted to the appropriate pH
using HCl. BothMg2þ and Co(NH3)6

3þ binding experiments were
therefore performed in the presence of 50 mM Naþ ions. Experi-
ments were conducted at pH 6.0, except for competitive binding
experiments betweenMg2þ andCo(NH3)6

3þ, which were at pH 7.0
to allow comparison with previous experiments in solution (3).
Preparation and Crystallization of the HDV Ribozyme.

HDV ribozyme crystals used for Raman crystallography studies
were prepared as described (9, 26). For the present study, the
cleavage reaction was inhibited by modifying the catalytic 20-OH
on the U-1 group to a 20-OCH3.
Raman Spectroscopy of HDV Ribozyme Crystals.

Raman spectra were nonresonant and obtained at room tempera-
ture (22 �C) as described (25,26).All boundMg2þ ions in the original
HDV ribozyme crystals were removed by soaking in 50 mMEDTA
five times, as described in Gong et al. (8). Crystals were then
transferred to 5 μL drops containing stabilizing buffer (50% MPD,
2 mM spermine in 50 mM sodium cacodylate buffer, pH 6.0) and
washedwith this buffer three to five times to remove theEDTA from
the crystals. Spectra in the absence of Mg2þ were then obtained. To
obtain Raman spectra of the HDV crystal with varying Mg2þ and
Co(NH3)6

3þ concentrations, crystals were then soaked in 5 μL of
stabilizing buffer containing the desired cation salt for three times
over the course of 2 h to ensure that metal ion-binding equilibrium
had been reached. Equilibriumwas determined by recording Raman
spectra at several different times following buffer exchange.

Raman difference spectra and data analysis were performed
using GRAMS/32 software (Galactic Industries, Inc.). In gen-
eral, data were treated by first subtracting out the buffer from
each spectrum according to the equation (25):

½RNA crystal ð2Þ�-½RNA crystal ð1Þ�
¼ f½RNA crystal ð2Þþ buffer ð2Þ�-½buffer ð2Þ�g
-f½RNA crystal ð1Þþ buffer ð1Þ�-½buffer ð1Þ�g

Binding Analysis of Mg2þ in HDV Ribozyme Crystals.
Mg2þ binding experiments were performed at pH 6.0 at con-
centrations of Mg2þ ranging from 0 to 30 mM. Standardized

FIGURE 1: Secondary structure of the genomic HDV ribozyme. The
RNAs used in this study are a 62 nt ribozyme annealed to a 9 nt
inhibitor strand containing a methoxyuridine at position -1 to pre-
vent cleavage. The ribozyme cleavage site is indicated with an arrow.
Nucleotides involved in binding Co(NH3)6

3þ ion 1 (Figure 6A) are
circled, and nucleotides involved in binding Co(NH3)6

3þ ion 2
(Figure 6C) are circled and shaded.
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Raman intensity of the neutral cytosine band at 1528 cm-1,
assigned to C75, was plotted as a function of Mg2þ concentra-
tion. The Hill coefficient was obtained by fitting to a Hill-type
equation (eq 1; see Supporting Information for derivation):

Iobs

IIS
¼ I0

IIS
þ Imax

IIS
-

I0

IIS

� � ½Mg2þ�n
Kn

D,Mg2þ
þ ½Mg2þ�n ð1Þ

where Iobs is the observed intensity at 1528 cm-1, IIS is the
intensity of an internal standard band at 725 cm-1, which
represents an adenine ring mode that is insensitive to metal
binding in HDV, I0 is the intensity of the 1528 cm-1 band at
0 mM Mg2þ, Imax is the intensity of the 1528 cm-1 band at
saturating Mg2þ, n is Hill coefficient, and KD,Mg2þ is the
concentration of Mg2þ corresponding to half-occupation of the
Mg2þ binding sites in the ribozyme.
Analysis of Co(NH3)6

3þ Binding in HDV Ribozyme
Crystals. Competitive binding of Co(NH3)6

3þ (0-1 mM) in
the presence of 0-5 mM Mg2þ at pH 7.0 was studied using
Raman crystallography. The standardized intensity of the band
at 441 cm-1, representing the Co-N stretching of Co(NH3)6

3þ,
was plotted as function of Co(NH3)6

3þ concentration and fit to
eq 2 (see Supporting Information for derivation):

Iobs

IIS
¼ Imax

IIS

½CoðNH3Þ63þ�n
Kn

i, app þ ½CoðNH3Þ63þ�n

0
@

1
A ð2Þ

where Iobs is the observed intensity at 441 cm
-1, IIS is the intensity

of the internal standard band at 725 cm-1, Imax is the intensity of
the 441 cm-1 band at saturating Co(NH3)6

3þ, n is the Hill
coefficient for Co(NH3)6

3þ binding, and Ki,app is the concentra-
tion of Co(NH3)6

3þ corresponding to half-occupation of the
Co(NH3)6

3þ binding sites. This equation is essentially identical to
eq 1, butwith I0=0,which is the case at 441 cm-1 (see Figure 7A).

The Co(NH3)6
3þ inhibition constantKi,Co(NH3)6

3þ and theMg2þ

dissociation constantKD,Mg2þwere determinedby a secondary plot
of Ki,app

n versus [Mg2þ]n (n fixed to 1.5 or 2, as appropriate) and
fitting to eq 3 (see Supporting Information for derivation):

Kn
i, app ¼ Kn

i, CoðNH3Þ63þ
1þ ½Mg2þ�n

Kn
D,Mg2þ

0
@

1
A ð3Þ

Apparent binding constants of Co(NH3)6
3þ (Ki,app) in 0, 1, 2, 3, 4,

and 5 mM Mg2þ were obtained by fitting Co(NH3)6
3þ titration

data to eq 2. Initially, we allowed the value of n to float and fit all of
the data individually. Fitting gave values for n between 1.2 and 1.6
(Table 2). Next, we fit all data forcing n=1, 1.5, 2, or 3. Only n=
1.5 or 2 gave good fits to the data, supporting binding of at least
two Co(NH3)6

3þ ions to the ribozyme. Data for n = 1.5 are
provided in the Results, while data for n=2 are in the Supporting
Information.

RESULTS

Overview. The Results are divided into eight sections. The
first four sections describe howMg2þ alone (1) interacts with the
phosphate groups and nucleotide bases of the ribozyme, (2)
induces conformational changes within the RNA, (3) causes
cytosine deprotonation, and (4) binds in a reversible manner.
The next two sections describe how Co(NH3)6

3þ alone (5) inter-
acts with the ribozyme and causes cytosine deprotonation and
(6) induces unique conformational changes of the ribozyme.

The final two sections describe competition between Mg2þ and
Co(NH3)6

3þ in (7) structural and (8) quantitative fashions.
Mg2þ Interactions with the HDVRibozyme. The effect of

Mg2þ on the HDV ribozyme was studied by recording Raman
spectra of a ribozyme crystal in the presence and absence of
Mg2þ. As described (8), the condition of [HDV no Mg2þ] was
obtained by replacing the surrounding buffer containing 20 mM
Mg2þ through five independent 50 mM EDTA soaks. This
process “soaks out” the Mg2þ inside the solvent channels of
the crystal. The resulting Raman difference spectrum of [HDVþ
Mg2þ] minus [HDV no Mg2þ] is shown in Figure 2A, where
features above the baseline arise from [HDV þ Mg2þ] and
features below the baseline arise from [HDV no Mg2þ]. Impor-
tantly, the spectrum of the stabilization buffer was subtracted
from each spectrum first, as described in the Materials and
Methods. Spectral features were assigned on the basis of litera-
ture studies (15, 16, 27, 28) and our recent work (8, 25, 26) and are
provided in Table 1.

As shown in Figure 2A, the most intense differential band is
centered near 1110 cm-1.2 The negative feature at 1101 cm-1,
which has been unambiguously assigned to symmetric stretching
of PO2

- (27, 28), shifts to 1117 cm-1 owing to Mg2þ-PO2
-

interactions. We recently assigned this differential spectral fea-
ture to inner sphere interactions betweenMg2þ and PO2

- groups
on the basis of Mg hydrates bound to the HDV ribozyme, model
compound studies, isotope effects, and quantum-mechanical
calculations (8).

Differential bands are also observed near 1719, 1570/1557,
1491/1480, 1320, and 671 cm-1 (Figure 2A) and are likely due to
effects ofMg2þ on the nucleobases. Importantly, these effects are
not due simply to changes in ionic strength, as a Raman
difference spectrum of [300 mM Naþ] minus [50 mM Naþ] does
not show these features (data not shown). The negative band at
1719 cm-1 is assigned to the stretching vibrations of the carbonyl

FIGURE 2: Effects of Mg2þ on HDV ribozyme conformation. (A)
Raman difference spectrum of [HDVþ 20 mMMg2þ] minus [HDV
no Mg2þ] (pH 6.0) was collected. [HDV no Mg2þ] condition was
obtained by removing Mg2þ using 50 mM EDTA. The spectrum of
the stabilization buffer was subtracted from each spectrum prior to
subtraction (see Materials and Methods). Experimental details are
described in Gong et al. (8). (B) Raman difference spectrum of
[original crystal with 20 mM Mg2þ] minus [crystal resoaked in
20 mMMg2þ] (pH 6.0). To obtain the spectrum of [crystal resoaked
in 20mMMg2þ], a crystal of [HDVnoMg2þ] was resoaked in 20mM
Mg2þ-containing stabilization buffer after Mg2þ had been soaked
out by EDTA.

2Differential bands are of special interest in the Raman because they
generally mark where molecular features of metal-free RNA have been
converted to features of metal-bound RNA.
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groups of G, C, and U involved in interbase hydrogen
bonds (27-29). The intensity loss of this band likely reflects
subtle change in interbase hydrogen binding interactions in the
presence of Mg2þ. The differential band at 1570/1557 cm-1 is
attributed toG ringmodes with possibility ofminor contribution
from A and represents perturbations of purines upon Mg2þ

binding, the details of which are not yet understood. These
changes are also consistent with the observation of negative
bands at 1320 and 671 cm-1, as these two bands have been
unambiguously assigned to ring breathing of G bases. The
intensity decrease of these two bands in the presence of Mg2þ

may also indicate alteration of G stacking (30, 31).
The differential band at 1491/1480 cm-1 is assigned mainly to

a G mode with a strong component from N7-C8 vibrational
motion (16, 32). Previous Raman studies showed that the band
perturbation at this region indicates binding of electrophilic
agents (Mg2þ in this case) at N7 of G (16, 33). In our recent
work, we observed a similar spectral feature in the pH difference
spectrum of [HDV pH 7.5] minus [HDV pH 5.0] (9). This feature
is lost upon site-specific mutation at N7 of G1 using 7-deaza
substitution, supporting the conclusion that the band perturba-
tion near 1485 cm-1 results, at least in part, from an inner sphere
contact between the active site Mg2þ and the N7 of G1 (9).
Mg2þ Binding Induces Ribozyme Conformational

Changes. The differential feature observed at 825/812 cm-1 in
Figure 2A can be assigned to symmetric stretches of phospho-
diester backbone modes (-O-P-O-), which are sensitive to
conformational changes (27, 28). The negative band of 812 cm-1

resulting from canonical A-formRNA shifts to higher frequency
(825 cm-1) in the presence of Mg2þ. In other nucleic acids, this
kind of shift has been considered an indicator of conformational
changes upon Mg2þ binding, where canonical A-type C30-endo-
anti ribose puckers change to C20-endo-anti (34).

The nonhelical regions of HDV (bulge, loop, etc.) are likely
candidates for generating these conformational perturbations
(34, 35). A semiquantitative analysis on the basis of band inten-
sity decrease of -O-P-O- indicates that the deviation is∼3%
the intensity of the peak in the parent spectrum, suggesting that
the conformational change is small. These changes may be

localized to C41 and C75, or they may represent small effects
spread over the entire ribozyme (see Discussion).
Mg2þ Binding Induces Cytosine Deprotonation. Raman

Mg2þ difference spectra reveal features that arise from neutral
and protonated cytosine, including a positive band at 1528 cm-1,
a negative band at 1265 cm-1, and a differential band at 788/
779 cm-1 (Figure 2A). These spectral features are readily
assigned on the basis of work of ourselves (9) and others (27).
The negative 1265 cm-1 band has been assigned to protonated
cytosine, indicating that cytosine deprotonates at pH 6.0 when
Mg2þ is added. Complementarily, the positive 1528 cm-1 band
denotes the presence of additional neutral cytosine in the presence
of 20 mM Mg2þ.

We previously demonstrated that there is just a single cytosine
base that is protonatable in this pH range and assigned it as the
catalytic cytosine (C75) on the basis of mutational analysis (26).
The Raman difference spectrum of [HDV þ Mg2þ] minus
[HDV no Mg2þ] (Figure 2A) thus provides strong evidence that
addition of 20 mM Mg2þ leads to the deprotonation of C75.

The extent of cytosine deprotonation can be quantitated via
the absolute intensity of the 1528 cm-1 band in the Raman
difference spectrum. Using band integrations as previously
described (26), we determined that exposing the pH 6.0 crystal
to 20 mMMg2þ creates a population increase of neutral cytosine
of about 10 mM. Since pH 6.0 is slightly below the pKa value
of 6.15, previously identified by Raman crystallography under
these Mg2þ conditions, and because the concentration of HDV
ribozyme in the crystal is about 26 mM (26), it appears that
adding Mg2þ at constant pH drives deprotonation of a single
cytosine, the active site cytosine residue (C75).3 This interpreta-
tion is consistent with solution kinetics and Raman crystallo-
graphic data, which demonstrated that the pKa ofC75 is inversely
correlated with Mg2þ concentration (3, 26).

To semiquantitatively analyze the relationship of Mg2þ bind-
ing andC75 protonation, wemeasured the standardized intensity

Table 1: Positions (cm-1) and Assignment of Raman Difference Bands

Observed in Raman Difference Spectra of [HDVþMg2þ] minus [HDVNo

Mg2þ]a

wavenumber/cm-1 assignment

1719 CdO

1679 CdO

1570/1557 G (A?)

1528 C

1491/1480 G

1453 C-H deformation

1320 G

1265 (broad) Cþ

1197 G

1117/1101 PO2
-

930/915 ribose backbone

877 ribose backbone

825/812 -O-P-O-
779 C (U?)

788 Cþ (U?)

671 G

aC, neutral cytosine; Cþ, protonated cytosine; CdO, carbonyl group.
The features assigned to the bases are due to ring modes.

FIGURE 3: Dependence of C75 ionization on Mg2þ concentration.
HDV crystals at pH 6.0 show a Mg2þ concentration-dependent
change of Raman intensity of the neutral C75 peak (1528 cm-1).
The y-axis is the ratio ofRaman intensity of neutral C75 at 1528 cm-1

to the intensity of the adenine ring mode at 725 cm-1 (internal
standard). The intensity of the latter is independent of Mg2þ con-
centration.

3The fraction of deprotonated cytosine, assuming a simple single
protonation event, can be calculated as f = 10pH-pKa/(1 þ 10pH-pKa),
which gives a value of 0.41 using a pH of 6.0 and a pKa of 6.15. Given
that the concentration of RNA in the crystal is 26 mM, approximately
10.7 mM would deprotonate upon raising the Mg2þ concentration,
consistent with the data herein. These calculations assume that the pKa

for C75 in the absence of Mg2þ is significantly elevated, consistent with
an experimental pKa of 7.25 extrapolated to no bound Mg2þ from pH-
dependent Mg2þ binding experiments in solution (42).
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of the neutral C75 band at 1528 cm-1 as a function of added
Mg2þ concentration. The ratios of the 1528 to 725 cm-1

intensities in the Mg2þ concentration range from 0 to 30 mM
are plotted in Figure 3 and fit to eq 1. (The 725 cm-1 band, an
adenosine ring mode, was chosen since it is insensitive to Mg2þ

binding, as confirmed by the absence of the 725 cm-1 band in
Figure 2A.)4 Analysis gave a Hill coefficient of 8.0 ( 1.6 and a
dissociation constant KD,Mg2þ of 7.4 mM for bound magnesium
(Table 2). The latter value is in good agreement with biochemical
studies at pH 6.0 (KD,Mg2þ ∼9.8 mM) (3).
Binding of Mg2þ Is Reversible. As mentioned, the differ-

ence spectrum in Figure 2A was generated by treating a 20 mM
Mg2þ-containing crystal with 50 mM EDTA five times and
subtracting its Raman spectrum from that of the original crystal
in the presence of 20 mMMg2þ. Subsequently, we reexposed the
EDTA-soaked crystal to a solution of 20 mM Mg2þ in order to
“resoak in”Mg2þ. In this case, the crystal was soaked three times
in the 20 mM Mg2þ-containing stabilization buffer. The differ-
ence spectrum of [original crystal with 20 mM Mg2þ] minus
[crystal resoaked in 20 mM Mg2þ] is essentially flat (Figure 2B).
Absence of hysteresis suggests that soaking Mg2þ in and out
does not damage the crystals and that binding of Mg2þ is
reversible.
Co(NH3)6

3þ Interactions with the HDV Ribozyme and
Induction of Cytosine Deprotonation. Next, we turn our
attention to the interactions of Co(NH3)6

3þ with the HDV
ribozyme crystals. Effects of Co(NH3)6

3þ binding were revealed
by the Raman difference spectrum of [HDV þ 0.1 mM Co-
(NH3)6

3þ] minus [HDVnoCo(NH3)6
3þ] (Figure 4). An apparent

concentration of 0.1 mM Co(NH3)6
3þ was established in the

crystals by soaking them three times in 0.1 mM Co(NH3)6
3þ-

containing stabilization buffer. Intense positive bands observed
in the spectral region 250;1800 cm-1 are due mainly to bound
Co(NH3)6

3þ, including N-H3 bending near 1333 cm-1, Co-N
stretching at 491 and 441 cm-1, and N-Co-N deformation at
315 cm-1. These features are essentially unchanged compared to
the corresponding modes seen for the unbound cobalt hexamine.
Importantly, these signals arise from bound rather than free
Co(NH3)6

3þ because the Raman spectrum of the stabilization
buffer is subtracted from the parent [HDV þ 0.1 mM Co-
(NH3)6

3þ] spectrum (see Materials and Methods, “Raman
Spectroscopy of HDV Ribozyme Crystals”). Thus, negative
peaks from unbound Co(NH3)6

3þ do not appear in Figures 4
and 5.

Binding of Co(NH3)6
3þ also perturbs several vibrational

modes of the HDV ribozyme. The differential band of 1484/
1475 cm-1 in Figure 4 represents perturbation of one or more

Table 2: Comparison of Binding Parameters from Raman Crystallographic and Biochemical Studiesa

Raman crystallographic biochemical

condition KD,Mg2þ (mM) Ki,Co(NH3)6
3þ (μM) nHill KD,Mg2þ (mM) Ki,Co(NH3)6

3þ (μM) nHill

Mg2þ aloneb 7.4( 0.2 8.0 ( 1.6 9.8c 1.3

competitive binding of Co(NH3)6
3þ and Mg2þ d 1.7( 0.4 47( 9 1.5e 2.4f 45( 10 1.4g

2.0( 0.3 54( 8 2h

aThe HDV single crystal used in this study has 20-OCH3 substitution on the U-1 group. bMg2þ-HDV interaction was studied at pH 6.0. cValue measured
at pH 6.0 (3). dCompetitive binding of Co(NH3)6

3þ andMg2þwas performed at pH 7.0. eThe nHill for both Co(NH3)6
3þ andMg2þ binding was held constantly

at 1.5 for all analyses (see text) since the floating values of nHill in the presence of 0, 1, 2, 3, 4, and 5 mMMg2þ are 1.4( 0.2, 1.4( 0.3, 1.2( 0.3, 1.4( 0.4, 1.6(
0.2, and 1.4 ( 0.2, respectively (average R2 was 0.9814). fValue measured at pH 7.0 (3). gThis value is for Mg2þ binding at pH 7.0 (3). The Hill value for
Co(NH3)6

3þ was not measured explicitly in that study. hnHill = 2 also gave a good curve fit using eq 2 (Figure S1A; see Supporting Information) (average R2

was 0.9844). However, nHill = 1 and nHill = 3 did not (data not shown) (average R2 values were 0.9642 and 0.9544, respectively).

FIGURE 4: Effects of Co(NH3)6
3þ on HDV ribozyme conformation.

Raman difference spectrum of [HDVþ 0.1 mMCo(NH3)6
3þ] minus

[HDVnoCo(NH3)6
3þ] (pH6.0)was collected.Both [HDVþ 0.1mM

Co(NH3)6
3þ] and [HDV no Co(NH3)6

3þ] spectra were collected in
the absence of addedMg2þ. The spectrum of the stabilization buffer
was subtracted from each spectrum first. Main band assignments
are provided in Table 1 except bands resulting from Co(NH3)6

3þ:
1333 cm-1 (N-H3 bending of Co(NH3)6

3þ), 491 and 441 cm-1

(Co-N stretching of Co(NH3)6
3þ), and 315 cm-1 (N-Co-N defor-

mation of Co(NH3)6
3þ).

FIGURE 5: Competitive binding of Mg2þ and Co(NH3)6
3þ in the

HDV ribozyme. Raman difference spectrum of [HDV þ 20 mM
Mg2þþ 5mMCo(NH3)6

3þ] minus [HDVþ 20mMMg2þ] at pH 7.0
was collected.The spectrumof the stabilization bufferwas subtracted
from each spectrum first. The differential peak around 1100 cm-1

directly indicates the loss of inner sphere bound Mg2þ upon Co-
(NH3)6

3þ binding. Band assignments are described inTable 1 and the
caption of Figure 4.

4For pH titrations, we previously used the PO2
- stretch at 1101 cm-1

to standardize the 1528 cm-1 stretch (24), but that was not used here
because the 1101 cm-1 feature is sensitive toMg2þ binding (Figure 2A).
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guanine ring modes upon Co(NH3)6
3þ binding. The guanine

base(s) is in an environment in the absence of Co(NH3)6
3þ that

gives rise to the band of frequency of 1484 cm-1, which is similar
to the frequency of guanine ring in aqueous GTP (27). In the
presence of Co(NH3)6

3þ this band is reduced in intensity and/or
shifts providing a less intensity feature at 1475 cm-1. A similar
effect gives rise to a negative band at 1575 cm-1, which is due
to guanine or possibly adenine (Table 1). The negative band at
1720 cm-1 indicates modest perturbation to interbase hydrogen
bonding in the presence of the metal ions, while the positive band
at 777 cm-1 is assigned to C and/or U and indicates a small
change in the environment of these bases.

While binding of Co(NH3)6
3þ perturbs a number of vibra-

tional modes of the ribozyme, it does not perturb PO2
- bands of

the ribozyme. In contrast to Mg2þ binding, which gives a strong
PO2

- differential band near 1100 cm-1 (Figure 2A), the Raman
stabilization buffer-corrected difference spectrum of [HDV þ
Co(NH3)6

3þ] minus [HDV no Co(NH3)6
3þ] does not show peak

perturbations in this region. This observation is consistent with
our recent work that supported the ∼20 cm-1 upshift of the
1100 cm-1 PO2

- peak as being due to inner sphere interactions
with Mg2þ (8). Thus, as expected, Co(NH3)6

3þ does not form
inner sphere interactions with the ribozyme.

While many of the above features are expected when most
RNAs are exposed to Co(NH3)6

3þ, one feature is unique to
the HDV ribozyme. Deprotonation of C75 is induced when
Co(NH3)6

3þ, like Mg2þ, is soaked into HDV ribozyme crystals.
Evidence of cytosine deprotonation includes spectral features at
1526, 1258, and 777 cm-1 (Figure 4), as described above for
Mg2þ. This observation suggests that Co(NH3)6

3þ, like the
Mg(H2O)5

2þ coordinated to the N7 of G1, binds in the active
site close enough to C75 that it exhibits electrostatic repulsion
with the bound proton.
Co(NH3)6

3þBinding Induces RibozymeConformational
Changes. For Mg2þ binding, a positive differential band is
observed at 825 cm-1 (Figure 2A), while for Co(NH3)6

3þ

binding, a positive differential band is observed at 805 cm-1

(Figure 4). These differences support the appearance of sligh-
tly more canonical A-type RNA structures in the presence
of Co(NH3)6

3þ. The estimated change of intensity of the
-O-P-O- band at 805 cm-1 is ∼2% of the parent band,
which suggests that the main increase of canonical A-type RNA
conformation (which has a 30-endo sugar pucker) is very small.

Overall, comparison of the differential bands located at the
-O-P-O- region in Figures 2A and 4 provides spectroscopic
evidence that small conformational changes are induced by both
Co(NH3)6

3þ and Mg2þ binding but that the nature of these
conformational changes is different: Mg2þ induces an increase in
the mean amount of C20-endo in the sugar backbone, while
Co(NH3)6

3þ induces a decrease. These conformations are dis-
cussed in detail under “Mg2þ Binding Induces Ribozyme Con-
formational Changes” above.
Competitive Binding of Co(NH3)6

3þ and Mg2þ: Struc-
tural Analysis. Now that the separate effects of Mg2þ and
Co(NH3)6

3þ have been presented, we consider interactions
between these ions. Competitive binding between Co(NH3)6

3þ

and Mg2þ in HDV crystals can be probed using a Raman
difference experiment: [HDV þ Mg2þ þ Co(NH3)6

3þ] minus
[HDV þ Mg2þ], each with appropriate stabilization buffers
subtracted (Figure 5). Most of the spectral features observed in
this difference spectrum are similar to those for Co(NH3)6

3þ

binding alone (Figure 4). Since the Raman spectrum of [HDV þ

Mg2þ þ Co(NH3)6
3þ] was recorded in the presence of 5 mM

Co(NH3)6
3þ and 20 mM Mg2þ, this observation supports the

binding affinity of Co(NH3)6
3þ being significantly higher than

that of Mg2þ. This observation is consistent with solution
experiments, which indicated ∼50-fold tighter binding of Co-
(NH3)6

3þ (3). This observation is confirmed quantitatively in
the crystal by analyzing the inhibition constant of Co(NH3)6

3þ

(Ki,Co(NH3)6
3þ) and the dissociation constant of Mg2þ (KD,Mg2þ),

as described below.
A significant feature of Figure 5 is the differential band of

PO2
- in the 1100 cm-1 region, which is characterized by the

positive band at 1100 cm-1 with a trough at 1117 cm-1.
This differential is the inverse of that observed in Figure 2A
for inner sphere Mg2þ binding. The trough at 1117 cm-1

indicates less Mg2þ coordinated to the PO2
- oxygen in the

presence of Co(NH3)6
3þ. Similarly, the positive feature at

1100 cm-1 reflects the appearance of a new, unperturbed PO2
-

population. These observations comprise strong evidence that
Co(NH3)6

3þ has displaced inner sphere Mg2þ-PO2
- complexes

in the HDV ribozyme.
Using the intensity of the 1100 cm-1 differential in Figure 5

relative to the parent peak at 1100 cm-1, it is possible to assess
that 1-1.5 Mg2þ-PO2

- inner sphere contacts are displaced by
Co(NH3)6

3þ (8). This value is consistent with crystallographic
studies of the HDV ribozyme, in which one high-occupancy
Co(NH3)6

3þ binding site that overlaps with an inner sphere
bound Mg2þ was observed (Figure 6A,B); we note that a second
Co(NH3)6

3þ binding site was also observed, but it overlaps with
an outer sphere bound Mg2þ ion (Figure 6C,D). We also note
that the number of Mg2þ ions displaced is less than 5 (8), the
number of Mg2þ ions observed in the absence of Co(NH3)6

3þ,
indicating that Co(NH3)6

3þ cannot effectively displace all of the
Mg2þ ions (see Discussion).

A further observation in the competition difference spectrum is
the differential near 1489/1476 cm-1 (Figure 5). As observed
from inspection of Figures 2A and 4,Mg2þ andCo(NH3)6

3þ ions
give rise to differentials with opposite signs in this region,with the
differential in Mg2þ being characteristic of coordination to the
N7 of G1. Thus, the data in Figure 5 support the ability of a
Co(NH3)6

3þ ion to displace the catalytic inner sphere Mg2þ ion
at the N7 of G1.

FIGURE 6: Cobalt hexamine binding sites in the HDV ribozyme
overlap withMg2þ binding sites. The crystal structure of the inactive
C75U ribozyme bound to a substrate was determined in the presence
ofCo(NH3)6

3þ (PDB ID1SJF, shown in green) and in the presence of
Mg2þ (PDB ID 1SJ3, shown in blue) (37). Co(NH3)6

3þ ion near the
active site (A) (“site 1”) displaces a Mg2þ ion with an inner sphere
ligand fromU75 (B, highlighted in magenta). A second Co(NH3)6

3þ

ion binds in the major groove of P4, near C41 (C) (“site 2”). This
Co(NH3)6

3þ ion displaces a Mg(H2O)6
2þ ion bound to the RNA

purely through second-shell ligands (D).
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Competitive Binding of Co(NH3)6
3þ andMg2þ: Quanti-

tative Analysis. Lastly, a quantitative analysis of competition
between Co(NH3)6

3þ and Mg2þ was performed. This was
achieved bymeasuring the intensity ratio of the Co-N stretching
band at 441 cm-1 referenced to 725 cm-1 (the same internal
standard used in Figure 3) as a function of Co(NH3)6

3þ

concentration. This titration was carried out in the background
of 0, 1, 2, 3, 4, or 5 mM Mg2þ at pH 7.0 (Figure 7A).

Fitting the Co(NH3)6
3þ titration data to eq 2 using a Hill

coefficient of 1.5 (see Materials and Methods) gave Ki,apps for
Co(NH3)6

3þ of 0.046, 0.069, 0.085, 0.099, 0.119, and 0.167 mM,
respectively. A secondary plot of K1.5

i,app versus [Mg2þ]1.5

(Figure 7B) using eq 3 afforded the apparent inhibition constant
for Co(NH3)6

3þ (Ki,Co(NH3)6
3þ) of 47 μM and the apparent

dissociation constant of Mg2þ (KD,Mg2þ) of 1.7 mM, respectively
(Table 2). (This Ki is defined in eq 3 and is likely intermediate
between the actual Kis for the two Co(NH3)6

3þ suggested from
nHill.) These values are in agreement with previous biochemical
results at pH 7.0 of 45 μM and 2.4 mM for Ki,Co(NH3)6

3þ and
KD,Mg2þ, respectively (3), as well as the Hill value of 1.4 forMg2þ,
suggesting that the conformation of the RNA in the crystal
is catalytically relevant. In addition, the Hill constant of
1.5 supports binding of at least two Co(NH3)6

3þ ions in place
of Mg2þ ions, consistent with spectral data presented above.
A Hill coefficient of 2 also gave reasonable fits to the data, while
Hill coefficients of 1 or 3 were less good, consistent with this
interpretation (see Supporting Information).

DISCUSSION

Metal ions serve a variety of catalytic and structural roles in
RNA. Divalent ions are particularly important as they can
neutralize more charge with less entropy loss than monovalent
ions. In the case of the HDV ribozyme, crystal structures have
revealed the presence of many divalent metal ion binding sites
(36, 37). These include fully hydrated magnesium ions found in
the major groove and a partially hydrated magnesium ion that
bridges the close approach of the negatively charged RNA
backbone. A metal ion also appears to be recruited to the active
site in the presence of the inactivating C75U mutation (37).

Co(NH3)6
3þ has been used as a mechanistic probe in both

protein and RNA enzymes. As Jou and Cowan pointed out,
Co(NH3)6

3þ is similar in size to Mg(H2O)6
2þ, Co3þ is slow to

exchange its ligands, and Co(NH3)6
3þ can hydrogen bond

similarly to Mg(H2O)6
2þ (38). In some cases, protein and RNA

enzymatic activity has been shown to be retained when Co-
(NH3)6

3þ is added into the reaction, while in other cases activity it
is lost. Retention of activity has been used to infer a functional
role for fully hydrated metal ions that do not coordinate directly
to macromolecular ligands in the reaction. Examples include the
proteins RNase H and exonuclease III (38, 39), as well as the
hairpin ribozyme and an acyl-transferase ribozyme (12-14). In
these instances, the inference was that the hydrated magnesium
ion serves an electrostatic or structural role but does not
participate in proton transfer. Loss of activity through inhibition
of the competitive type has also been used to suggest a functional
role for an outer spheremetal ion in an enzymatic reaction, but in
a more active role wherein the ability of the metal ion to
deprotonate is lost (3). This follows because Co(NH3)6

3þ is
similar in size and charge toMg(H2O)6

2þ but lacks exchangeable
ligands and the ability to participate in proton transfer under
physiologically relevant conditions. In the case of the HDV
ribozyme, the inference was that a fully hydrated magnesium
ion serves as a general base in the reaction. Our results in the
present study serve as a paradigm shifter because they show that
Co(NH3)6

3þ can compete for Mg(H2O)4,5
2þ sites, too. As such,

retention of activity upon Co(NH3)6
3þ addition does not neces-

sarily imply that the displaced magnesium was outer sphere
bound (although they do show activity is at least compatible with
an outer sphere coordination); likewise, loss of activity upon
Co(NH3)6

3þ addition does not necessarily imply that the dis-
placed magnesium was outer sphere bound. Apparently, the
stronger Coulombic attractions and plasticity of the macro-
molecule allow the outer sphere trivalent ion to bind into inner
sphere sites.

In the present study, we used Raman spectroscopic data to
analyze the nature of Mg2þ ion interaction with the HDV
ribozyme by studying Mg2þ binding, Co(NH3)6

3þ binding, and
their competition. A key finding of our studies is that Co-
(NH3)6

3þ, which binds in an outer sphere fashion, can displace
several Mg2þ ions with inner sphere ligands, including the Mg2þ

ion at G1. Importantly, the qualitative and quantitative results
observed herein are fully consistent with solution data, support-
ing catalytic relevance of the interactions.
Nature of the Interactions betweenMetal Ions andRNA.

The backbone of RNA is negatively charged, and many magne-
sium binding sites within folded RNAs involve direct coordina-
tion between divalent metal ions and nonbridging phosphate
oxygens. Our earlier observations showed that inner sphere
Mg2þ-PO2

- contacts in HDV give rise to a strong spectral

FIGURE 7: Quantitative assessment of competition between Co-
(NH3)6

3þ and Mg2þ. (A) Co(NH3)6
3þ binding profiles in HDV

ribozyme at Mg2þ concentrations of 0 mM (O), 1 mM (b), 2 mM
(0), 3 mM (9) 4 mM (4), and 5 mM (2). The y-axis is the ratio of
Raman intensity of Co-N stretching of Co(NH3)6

3þ at 441 cm-1 to
the intensity of the adenine ringmode at 725 cm-1 (internal standard).
Data were fit to eq 2, from which the apparent binding constants
of Co(NH3)6

3þ (Ki,app) were obtained in the presence of different
[Mg2þ]. All experimentswere performed at pH7.0. (B) Secondary plot
of K1.5

i,app versus [Mg2þ]1.5 fit to eq 3. This gave values of 47 μM and
1.7 mM for Ki,Co(NH3)6

3þ and KD,Mg2þ, respectively.



11968 Biochemistry, Vol. 48, No. 50, 2009 Gong et al.

perturbation of the PO2
- symmetric stretch peak near 1100 cm-1,

which take the form of a significant intensity loss of the PO2
-

peak combined with an ∼20 cm-1 higher frequency shift (8).
Similar effects have been noted in model compounds (Christian,
Gong, and Carey, unpublished observations). The inner sphere
nature of this ligand was confirmed by a positive correlation
between the perturbation to the PO2

- stretch and the appearance
of a Mg(H2O)x

2þ ion (x e 5) mode near 320 cm-1. The present
work builds on these findings, and the data in Figure 2 show that
the changes inHDVuponMg2þ binding extendbeyond the PO2

-

groups to include changes in base ring modes and in the
conformation of the ribose groups within the backbone.

The changes brought about by Co(NH3)6
3þ binding in HDV

crystals are markedly different than those observed upon Mg2þ

ion binding. Since the cobalt complex cannot make inner sphere
contact to the phosphate oxygens, no band perturbation near
1100 cm-1 is observed (Figure 4). Moreover, when 5 mM
Co(NH3)6

3þ is allowed to compete with 20 mM Mg2þ, a 1117/
1100 cm-1 differential is revealed in the Raman difference data
(Figure 5). This feature was quantitated to show that Co-
(NH3)6

3þ displaces Mg(H2O)x
2þ ion (x e 5) at approximately

1-1.5 inner sphere PO2
- sites in the HDV ribozyme.

RNAs attract a cloud of diffusely bound positive ions whose
binding is weak (millimolar) and likely highly dynamic (40, 41),
and thus, it can be envisaged that Co(NH3)6

3þ can out-compete
Mg2þ at these sites on an electrostatic basis. This contrasts with
Mg(H2O)x

2þ (x e 5) ions that are bound within discrete
electronegative binding pockets formed by the RNA and are
often visible in X-ray crystal structures. Thus, competition
between Mg(H2O)x

2þ and Co(NH3)6
3þ may occur at 1-2 in-

dividual sites or may result from the mean of lower occupancies
at more sites. Previous studies have suggested that there are
5-6 Mg2þ ions within the HDV ribozyme that coordinate to
-PO2

- and could contribute to this differential (8). Our finding
that Co(NH3)6

3þ can displace Mg(H2O)x
2þ with inner sphere

contacts at the oxygens of PO2
- is at variance with the generally

stated view that Co(NH3)6
3þ can only displace Mg2þ at outer

sphere sites, although it is also clear that Co(NH3)6
3þ cannot

displace all inner sphere Mg2þ ions.
Raman difference spectra also revealmetal-dependent changes

in the bases. In competition experiments between Mg2þ and
Co(NH3)6

3þ a differential band corresponding to the guanosine
base is observed around 1480 cm-1 (Figure 5). The negative limb
at 1489 cm-1 is likely due to release of Mg2þ bound at the N7 of
G (9) while the positive limb at 1476 cm-1 is assigned to G free
from any strong direct interaction with a metal. These data
suggest that Co(NH3)6

3þ can displace a Mg(H2O)x
2þ ion that

makes an inner sphere contact to the N7 of a guanosine. In
addition, at least twoMg2þ ions are displaced as suggested by the
Hill coefficient of 1.5 for Co(NH3)6

3þ competition with Mg2þ

ions bound (Figure 7). Thus, it is likely that at least oneMg2þ ion
at an inner sphere complex with PO2

- is displaced. AsMg2þ ions
rarely make simultaneous contact to an N7 and a nonbridging
phosphate oxygen, theMg(H2O)x

2þ ion displaced from theN7 of
G is likely distinct from the ion(s) displaced at nonbridging
phosphate oxygens.
Sugar Pucker ChangesMayBeDue toC41 andC75.The

Raman spectra near 800 cm-1 are sensitive to changes in the
phosphodiester backbone conformation. This region undergoes
small and opposing changes when either Mg2þ or Co(NH3)6

3þ

binds in HDV crystals. The data suggest that 2-3% of the
linkages undergo a change in the ribosemoietywhenMg2þ binds.

In addition, the changes are in opposite directions for the two ions,
with Mg2þ binding slightly increasing the C20-endo and cobalt
hexamine increasing the C30-endo conformations (27, 28, 34).

Analysis of the cleaved structure of the ribozyme by MC-
annotate (42) reveals that only two HDV ribozyme nucleotides
are in the C20-endo-anti conformation: C41 and C75. Moreover,
both of these protonatable residues have been implicated as being
nearMg2þ ions (36, 43), consistent with appearance of these rare
sugar puckers upon Mg2þ uptake. The crystal structure of the
cleaved form of the ribozyme likely represents protonated C41
and deprotonated C75 (36, 44). This is because C41 protonation
couples favorably with Mg2þ binding,5 while C75 couples
unfavorably; moreover, the scissile phosphate is likely necessary
for upward pKa shifting of C75 and is absent in this structure.
Together, these and other observations suggest that Mg2þ

binding drives deprotonation of C75 and protonation of C41,
both of which give rise to C20-endo-anti conformations. Since
there are 71 nt in our crystallographic construct, changes at these
two residues could account for all of the ∼3% observed signal
intensity change.
Quantitative Analysis of Metal Ion and Proton Binding

in the HDV Ribozyme: Comparison with Other Studies.
Previous Raman crystallographic studies suggest that proton-
ation of C75 and Mg2þ binding in the crystal form of the HDV
ribozyme are similar in solution (26). For example, pKa values of
6.15 and 6.4 in the presence of 20 and 2 mMMg2þ measured for
catalytic C75 in the crystal (24) are consistent with solution pKas
of 6.1 and 6.5 in 10 and 1.9 mM Mg2þ (3), respectively. Here,
we found that the pH 7.0 inhibition constant for Co(NH3)6

3þ

(Ki,Co(NH3)6
3þ) and dissociation constant (KD,Mg2þ) for Mg2þ are

47 μM and 1.7 mM in the crystal, in good agreement with values
of 45 μM and 2.4 mM in solution (Table 2) (3). In addition, the
Hill values for Mg2þ binding are in agreement in the crystal and
solution with values of 1.5 and 1.4, respectively (Table 2). These
data strongly support metal ion binding behavior in the crystal
being essentially the same as in solution.

The Hill coefficient for Mg2þ binding obtained by measuring
deprotonation of C75 as a function of Mg2þ concentration was
determined to be 8.0 ( 1.6 (Figure 3). This number differs from
the Hill coefficient determined by examining the dependence of
the rate constant for chemistry on the Mg2þ concentration (3). It
is has been noted, however, that a Hill coefficient >1 may not
reflect the true number of metal binding sites (45). One possibility
is that binding of the structural and catalytic ions is accompanied
by the 5-6 additional ions observed in crystal structures of the
ribozyme. Such ions could be silent to functional experiments in
solution, which is consistent with their occupancy of non active
site regions of the ribozyme such as within the major grooves of
double helices.
Binding of eitherMg2þ orCo(NH3)6

3þ Induces Deproto-
nation of C75. Solution kinetic studies indicate that the proton
on C75 binds anticooperatively with a magnesium ion in the
HDV ribozyme active site. In our previous characterization of the
pKa of C75, this is revealed as a shift of the pKa of C75 toward
neutrality as the magnesium ion concentration is reduced. In the
present study, we observe related effects.

Introduction of the magnesium ion to the HDV ribozyme
active site induces deprotonation of C75. At pH 6.0, binding of

5Protonation of C41 is likely invisible to the Raman features observed
for CMP and C75. This is because C41, but not C75 or CMP, engages in
extensive base pairing when it protonates.
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g10 mM Mg2þ (Figure 3) results in net gain of approximately
one-half of a neutral cytosine. Since this pH is close to the
measured pKa of C75 and C75 is the only protonatable cytosine
in this pH range, we interpret this finding in terms of proton-
ation/deprotonation of the active site cytosine. As with the
previous study, the values obtained by Raman crystallography
agree with values obtained by kinetics studies in solution,
suggesting that the conformation of the ribozyme in the crystal
is relevant to the conformation of the ribozyme in solution.

In contrast to Mg2þ binding, introduction of Co(NH3)6
3þ to

theHDV ribozyme is inhibitory; thus, it is difficult tomeasure the
effects of this ion on pKa using solution kinetic methods. As
Raman spectroscopy does not depend on ribozyme activity for
readout, we used it to ask whether Co(NH3)6

3þ and Mg2þ have
similar effects on the pKa of C75. As observed in Figure 4,
binding of Co(NH3)6

3þ to the HDV ribozyme induces cytosine
deprotonation. These data suggest that one of the binding sites
for Co(NH3)6

3þ is within the HDV ribozyme active site such that
the metal ion and the proton on C75 interact by electrostatic
repulsion.
Structural Basis for Co(NH3)6

3þ Inhibition of the HDV
Ribozyme. A unique characteristic of the HDV ribozyme is its
inhibition by Co(NH3)6

3þ ions. While many of the small
ribozymes fold and function in the absence ofMg2þ and presence
of high concentrations of monovalent cations, and the hairpin
ribozyme functions in the presence of Co(NH3)6

3þ (12, 13), the
HDV ribozyme is strongly inhibited by this Mg(H2O)6

2þ mimic.
Binding of Co(NH3)6

3þ to the HDV ribozyme has been shown to
be tight (Ki,Co(NH3)6

3þ∼45 μM) and competitive withMg(H2O)6
2þ

(KD,Mg2þ ∼2.4 mM) (3). There are two models by which Co-
(NH3)6

3þ could have this effect on ribozyme activity: model 1, in
which there are overlapping binding sites for Co(NH3)6

3þ and
catalytic Mg2þ, or model 2, in which Co(NH3)6

3þ induces
inhibitory conformational changes.

In favor of model 1, there is significant evidence that supports
overlapping binding sites for Co(NH3)6

3þ and Mg(H2O)x
2þ

(x e 5) within the HDV ribozyme active site. Raman data
provide direct evidence for displacement of inner sphereMg2þ by
Co(NH3)6

3þ, and binding of Co(NH3)6
3þ andMg(H2O)x

2þ both
induce deprotonation of C75. Thus, both of these ions are bound
within the HDV ribozyme active site in proximity to C75. In
addition, there is evidence that the inner sphere Mg2þ displaced
by Co(NH3)6

3þ is bound to a guanosine N7, and we have
previously demonstrated that an Mg(H2O)x

2þ ion is bound to
the N7 of G1. Finally, solution biochemical data have demon-
strated that Co(NH3)6

3þ inhibits the HDV ribozyme by binding
competitively with Mg2þ (3). Thus, solution and Raman crystal-
lographic data are both consistent with a model in which
Co(NH3)6

3þ inhibits the HDV ribozyme by displacing the active
site Mg(H2O)x

2þ bound to G1. It is noteworthy that Been
et al. (46) also suggested the possibility of the replacement of
the inner sphere coordinated catalytic Mg2þ by Co(NH3)6

3þ due
to the flexibility of HDV ribozyme active site.

Nevertheless, there is also support for model 2, in which
Co(NH3)6

3þ inhibits the HDV ribozyme by inducing a confor-
mational change upon displacing Mg2þ ions and stabilizing an
inactive conformation of the ribozyme. Small conformational
changes could play a critical role in positioning functional groups
for the in-line attack during catalysis. Such amechanismhas been
observed in the hammerhead ribozyme wherein lanthanides
stabilize a ground-state, nonfunctional conformation of the
ribozyme (47). Indeed, we have demonstrated that addition of

Mg2þ or Co(NH3)6
3þ to the HDV ribozyme induces unique

minor conformational changes of opposite effect and of un-
known origin.

Of course, model 1 and model 2 are not mutually exclusive.
Changes in activity may arise both from the ability of Co-
(NH3)6

3þ to displace inner sphere bound catalytic Mg2þ in
HDV and from different conformations caused by Mg2þ and
Co(NH3)6

3þ binding.
Finally, there is the observation that monovalent cations such

as Naþ support catalysis, albeit less efficiently than Mg2þ, while
Co(NH3)6

3þ is inhibitory. If model 1 best describes the mechan-
ism of Co(NH3)6

3þ inhibition, then activity with small monova-
lent ions may be related to their ability to directly coordinate to
the N7 and provide an ordered water from their hydration shell
for general base catalysis, as seen crystallographically with
Tlþ (7). However, if model 2 is correct, then monovalent ions
may simply support an active fold similar to that seen in the
presence of Mg2þ.

Clearly, it will take additional studies to fully understand roles
of metal ions in the HDV ribozyme. Further, X-ray crystallo-
graphic analysis of the HDV ribozyme active site with a substrate
analogue bound could provide deeper understanding of how
metal ions bind within the active site. In addition, isotopic
substitutions at the N7 of G1 and at specific phosphodiester
bonds would allow Raman spectroscopy to follow these changes
at the site-specific level.
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cient is held to 2 (Figure S1). This material is available free of
charge via the Internet at http://pubs.acs.org.
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