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ABSTRACT: Numerous studies on naturally occurring ribozymes have shown that the functional roles of
metal ions in promoting RNA catalysis are diverse. Earlier studies performed on the in vitro selected
aminoacyl-transferase ribozyme (ATRib) have revealed that a fully hydrated Mg2+ ion plays an essential
role in catalysis [Suga, H., Cowan, J. A., and Szostak, J. W. (1998)Biochemistry28, 10118-10125].
More recently, we have evolved this ATRib into a bifunctional ribozyme, called AD02 [Lee, N., et al.
(2000)Nat. Struct. Biol. 7, 28-33]. This new ribozyme consists of two catalytic domains, the original
ATRib domain and a new glutamine-recognition (QR) domain, and exhibits a function of charging glutamine
to tRNA. Here we elucidate crucial roles of metal ions involved in the QR domain, that are distinct from
those in the ATRib domain. The metal ions in the QR domain require innersphere coordinations, and
both Mg2+ and Ca2+ can support catalysis. Extensive Tb3+-Mg2+ and Tb3+-Co(NH3)6

3+ competition
cleavage experiments have shown that the QR domain has high and low affinity metal binding sites,
which are involved in the Mg2+-dependent structural alteration to form the glutamine binding site [Lee,
N., and Suga, H. (2001)RNA 7, 1043-1051]. Kinetic studies in the presence of divalent and monovalent
ions have suggested that the essential role of the metal ions in the QR domain is most likely structural.

In the past decade, in vitro selection and directed evolution
of RNA molecules have yielded a number of novel ri-
bozymes (1-5) that are not seen in modern biological
systems. The isolation of such ribozymes has extended the
spectrum of reactions that can be catalyzed by RNA, showing
that their catalytic repertoire is far greater than the phos-
phodiester transfer reaction catalyzed by the majority of
natural ribozymes. We have previously used this technique
to isolate a novel ribozyme, called AD02 (6), which consists
of two distinct catalytic domains (Figure 1A), glutamine-
recognition (QR)1 and acyl-transferase (ATRib) domains, and
catalyzes the two sequential steps of aminoacylation to
exhibit an aminoacyl-tRNA synthetase-like function (Figure
1B). In the closed state, the QR domain chargesL-glutamine
cyanomethyl ester (biotin-L-Gln-CME) to the 5′-hydroxyl (5′-
OH) group of the ATRib domain, where an internal loop
(L6b) docks onto the internal guide sequence (IGS). Sub-
sequently, the ribozyme rearranges to the opened state, which
allows the IGS to interact with a transfer RNA (tRNA), and

the 5′-glutaminyl (5′-Gln) group is transferred to the 3′-end
of tRNA (Figure 1B).

We have previously defined the essential catalytic core
of the QR domain by extensive biochemical probing, NAIM
(nucleotide analogue interference mapping), mutational
analysis, and structural minimization (7). The minimized
structure is a 29-nt RNA consisting of the lower half of P6a
and the P6b-L6b region (C103-G129, highlighted in bold
letters in Figure 1A), and this mini-helix-loop RNA is
capable of glutaminylating the 5′-OH group of ATRib in
trans. On the basis of biochemical studies on AD02, we have
proposed that a dynamic structural alteration occurs in the
core of P6b upon L6b docking onto the IGS, thus allowing
the formation of the Gln binding site.

Our previous studies (8-10) have shown that ATRibtrans

as an independent ribozyme (Figure 1A) is able to use both
Mg2+ and Co(NH3)6

3+, suggesting that the outersphere
interactions of a single metal ion (via water or ammonium
ligands) with the ribozyme are responsible for activity. More
recent studies described in the preceding paper in this issue
(11) have defined a potential metal binding site consisting
of G1-G2/U75-U76 and A41-U42. Since the AD02
ribozyme is bifunctional relying on both ATRib and QR
domains, we wondered whether the QR domain has a distinct
catalytic metal ion from the ATRib domain. Here we report
extensive biochemical studies that focus on characterizing
the role of the metal ion in the glutaminylation step and its
potential binding site.

EXPERIMENTAL PROCEDURES

General Method for the Preparation of Ribozyme. The
ribozyme was synthesized by T7 RNA polymerase runoff
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transcription of a PCR-DNA template either in the absence
or presence ofR-[32P]-UTP. After RNase-free DNase treat-

ment for 15 min, the transcript was purified by 6% denaturing
polyacrylamide gel electrophoresis (PAGE). The purified

FIGURE 1: The AD02 ribozyme and its catalysis in tRNA aminoacylation. (A) Secondary structure of AD02. The ATRib (acyl-transferase
ribozyme) domain consists of three stems (P1-3), three connecting internal loops (L2-L4), and an internal guide sequence (IGS). The QR
(glutamine recognition) domain is composed of three major stems (P5, P6a-b, and P7) and two internal loops (L6b and L7). The base pair
interaction between IGS and L6b, which are highlighted in thick line boxes, are indicated by a large arrow. Five adenosines connecting the
two domains can be removed, generating QRtrans and ATRibtrans, where QRtrans trans-glutaminylates the 5′-OH of ATRibtrans. Essential
catalytic residues of QRtrans are highlighted in bold. Single and double C-mutations in P3 and P1, respectively, and substitutions of L2 and
L4 with the corresponding loops are highlighted in boxes, in which mutated bases are shown in lower case letters. (B) Schematic representation
of AD02-catalyzed tRNA (or RNA) aminoacylation. The IGS and P6b regions are shown in thick lines. The acceptor tRNA, whose 3′-end
sequence is complementary to IGS, is shown in thick line. The conformational rearrangement is induced by thermocycling in order to
facilitate competition between the intermolecular IGS-tRNA and the intramolecular IGS-L6b interactions. CME and CMA denote cyanomethyl
ester and alcohol, respectively.
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RNA was dephosphorylated by calf intestinal phosphatase
for 1 h, and the desired RNA was isolated by phenol-
chloroform extraction and ethanol-precipitation. The pellet
was then resuspended in DEPC (diethyl pyrocarbonate) water
and stored at-20 °C.

Construction of ATRibtrans and QRtrans.For ATRibtrans

mutants, the DNA template coding for ATRibtrans (6) was
amplified by PCR in the presence of appropriate primers that
introduce the desired mutations. For QRtrans, the PCR-DNA
template of AD02 ribozyme was first passed through G-50
Sephadex columns (Boehringer Mannheim) to remove the
wild-type primers that remained from the PCR reaction. The
purified DNA was then used for PCR to generate the QRtrans
DNA in the presence of the corresponding internal 5′-primer
(containing T7 promoter sequence) and the 3′-primer.

End-Radiolabeling of Ribozyme. The unlabeled full-length
AD02 ribozyme, prepared by the general RNA preparation
method, was labeled byγ-[32P]-ATP using T4 polynucleotide
kinase (Promega) to yield 5′-[32P]-labeled AD02. For 3′-end-
labeling, unlabeled AD02 was treated with DNA Klenow
fragment DNA polymerase I (Promega) in the presence of
R-[32P]-dATP, as described by Huang and Szostak (12).

Metal-Mediated CleaVage Reactions. A mixture consisting
of a trace amount of the end-labeled RNA and an excess
amount of the unlabeled RNA (a total of 1µM) was
dissolved in EK buffer (50 mM EPPS, 50 mM KCl, pH 7.5),
denatured at 95°C for 1 min, and slowly cooled to 25°C
for 5 min. The RNA was then equilibrated in the presence
of 100 mM MgCl2 at 25°C for 3 min. Lead- and terbium-
mediated cleavage reactions were initiated by either adding
freshly prepared Pb(OAc)2 or TbCl3 solution with various
final concentrations (0.03, 0.06, 0.12, 0.25, 1.0, 2.0 mM),
and reaction samples were incubated at 25°C for 1 h.
Reactions were quenched with 80 mM EDTA, and the
resulting RNA samples were ethanol-precipitated twice.
Cleavage products were resolved by 8 and 10% PAGE and
quantified using the Molecular Imager FX (Bio-Rad). For
Tb3+-Mg2+ and Tb3+-Co(NH3)6

3+ competition assays,
experiments were conducted in a manner similar to the above
experiment with the following modifications: To RNA
samples in EK buffer, various amounts of MgCl2 (0-100
mM) or Co(NH3)6

3+ (0-1.0 mM) were added and allowed
to equilibrate at 25°C for 3 min. Cleavage reactions were
initiated by addition of 50µM TbCl3 and incubated at 25
°C for 1 h.

General Kinetic Assays.Cis-reactions were carried out as
follows: A total of 8µL of ribozyme solution was prepared
by mixing 1 µL of 10 µM ribozyme, 2.5µL of EK buffer
(pH 7.5 or 8.0), and 4.5µL of DEPC water. The RNA
solution was heated at 95°C for 1 min and cooled to 25°C
over 5 min. To this solution was added 1µL of 500 mM
MgCl2 or CaCl2 (giving a final concentration of 50 mM),
and the mixture was equilibrated at 25°C for 3 min. For
glutaminylation (QR activity), reactions were initiated by the
addition of 1µL of 20 mM biotinylatedL-Gln cyanomethyl
ester (biotin-L-Gln-CME) to the ribozyme solution. For the
aminoacyl-transfer reaction (ATRib activity), reactions were
initiated by the addition of 1µL of 50 µM biotin-L-Met-3′-
ACCAAC-5′ to the ribozyme solution, similar to the
procedure reported elsewhere (9, 10). Aliquots were removed
at various times, quenched with 80 mM EDTA, and ethanol-
precipitated twice, and the pellets were resuspended in 4µL

of MEUS buffer (25 mM MOPS, 5 mM EDTA, 8 M urea,
10 µM streptavidin, pH 6.5). The resulting products were
resolved by 6% PAGE at 4°C and quantified using the
Molecular Imager FX. Velocities were determined by talking
at least six points from the linear regions of the time course
and fitted using the KaleidaGraph graphing and curve-fitting
package (Abelbeck Software). Trans-reactions were carried
out in a similar manner as described above, except that the
ribozyme solution was prepared by mixing 1µL of 30 µM
QRtrans, 1µL of 20 µM [32P]-body-labeled ATRibtrans, 2.5
µL of EK buffer at pH 7.5, and 3.5µL of DEPC water.

Metal Ion-Dependent Kinetics and Co(NH3)6
3+ Inhibition.

100 mM divalent metal chloride solutions (Ca2+, Mn2+, Co2+,
Cu2+, Zn2+, and Cd2+) in DEPC water were freshly prepared
prior to set up the following experiments. The ribozyme
solution containing 50 mM divalent metal ion was prepared
as described in the general kinetic assays, except that the
MgCl2 solution was replaced with a divalent metal chloride
solution. A stock of NaCl or KCl solution was prepared as
a 4 or 1.6 M solution containing 2 mM EDTA. For the
monovalent metal ion-dependent assays, the ribozyme solu-
tion was prepared by mixing 0.25µL of 40 µM ribozyme,
2.5µL of buffer (200 mM EPPS, pH 7.5), and 6.25µL of 4
or 1.6 M monovalent solution. A 4 M NaCl stock solution
containing 2 mM EDTA was diluted with DEPC water to
prepare various concentrations of NaCl solution prior to the
Mg2+-Na+ competition assay. The ribozyme solution was
prepared in a manner similar to the monovalent metal ion-
dependent assays, except that 2.5µL of EK buffer at pH
7.5, 0.4µL of MgCl2, and 5µL of various concentrations of
NaCl solution were used instead. Prior to the Co(NH3)6

3+

inhibition assay, a 100 mM Co(NH3)6
3+ stock solution

containing 1 mM EDTA was serially diluted with DEPC
water to prepare various concentrations of Co(NH3)6

3+

solution. The ribozyme solution was prepared in a manner
similar to the general kinetic assays, except that 3.5µL of
DEPC water was used instead of 4.5µL, giving a total of 7
µL of solution. To this ribozyme solution was simultaneously
added 1µL of various concentrations of Co(NH3)6

3+ solution
and 1µL of 500 mM MgCl2. The remaining procedures were
the same as the general kinetic assays.

pH-Dependent Kinetics.Buffers were MES (pH 5.5-6.5),
PIPES (pH 6.5-7.5), EPPS (pH 7.3-8.7), and CHES (pH
8.6-10). An 8µL of RNA solution was prepared in a manner
similar to the general kinetic assays, except that the EPPS
buffer was replaced with the appropriate buffer to achieve
the desired pH. After the RNA folding procedure, 1µL of
500 mM MgCl2 or 200 mM CaCl2 was added. For the assays
in the presence of spermidine, 1µL of 100 mM MgCl2 or
CaCl2 containing 20 mM spermidine was added to the folded
RNA solution. The remaining procedures were carried out
as described in the general kinetic assays.

RESULTS AND DISCUSSION

Metal Ion Dependence.Since the QR domain of the AD02
ribozyme was evolved in the presence of Mg2+ and K+, the
self-glutaminylation activity might rely on these metal ions.
Our earlier study revealed that lowering the concentration
of K+ does not affect the catalytic rate (data not shown),
thus suggesting that K+ is not an essential component for
catalysis. On the other hand, lowering the Mg2+ concentration
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notably decreases the activity (vide infra). Therefore, we first
attempted to uncover the scope of metal ion specificity by
substituting Mg2+ with various divalent metal ions (Figure
2).

Among seven divalent metal ions tested, only the alkaline
earth metal ions (Mg2+ and Ca2+) are able to assist catalysis,
whereas none of the tested transition metal ions, including
Mn2+, exhibits activity (Figure 2). A lack of activity observed

for Mn2+ is a striking contrast to the metal dependence
observed for naturally occurring ribozymes (13-17) (Mn2+

often supports catalysis to a certain extent), and also an
interesting contrast to the metal dependence observed for
the ATRib’s function where Mn2+ can modestly support
catalysis (10). Thus, the result suggests a unique role of the
alkaline earth metal ion for the catalytic function of the QR
domain.

To gain more insight into the Mg2+ preference, the initial
rate constant was determined as a function of the Mg2+ ion
concentration (Figure 3A). The titration plot ([Mg2+] vs kobs)
displays a biphasic behavior; the activity initially increases
according to a sigmoid-like curve below 20 mM, but above
20 mM it behaves linearly. This cooperative behavior can
be ascribed to the involvement of multiple Mg2+ ions in the
active form of the ribozyme. Since nonspecific Mg2+ often
plays a role in shielding negative charges of phosphate
backbone to avoid their unfavorable repulsion, to distinguish
the catalytically essential Mg2+ ion(s) from a such non-
specific one(s), we attempted to replace the latter Mg2+ ion-

FIGURE 2: Divalent metal ion dependence of 5′-glutaminylation
(QR activity). Cis-reactions were carried out in the presence of 50
mM metal (II) chloride, in 50 mM KCl and 50 mM EPPS, pH 7.5,
for 1 h. The self-glutaminylated AD02 was resolved from the
unreacted AD02 by streptavidin (SAv)-dependent gel mobility-shift
assay. The arrowhead shows: a, biotin-Gln-AD02 complexed with
SAv; b, AD02.

FIGURE 3: Catalytic activity of AD02 (cis-acting) as a function of divalent metal ion concentration at pH 8.0. (A) The Mg2+-stimulated QR
activity in the absence of spermidine. (B) The Mg2+-stimulated QR activity in the presence of 2 mM spermidine. The inset shows a Hill
analysis of the data below 100 mM Mg2+, in which f represents fraction of activity at saturating Mg2+. (C) The Ca2+-stimulated QR activity
in the presence of 2 mM spermidine. The inset shows a Hill analysis of the data below 10 mM Ca2+. (D) The Mg2+-stimulated ATRib
activity in the presence of 2 mM spermidine. The inset shows a Hill analysis of the data below 40 mM Mg2+.
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(s) with spermidine (10, 18-20). In the presence of 2 mM
spermidine, the Mg2+-titration data fit well to a single-site
saturation-like curve (Figure 3B), where the dissociation
constant for Mg2+ (Kd

Mg2+) and maximal rate constant (kobs
max)

are determined to be 45.7 mM and 0.218 min-1, respectively.
However, Hill analysis of these titration data yields a slope
of 1.20 ( 0.05 (inset in Figure 3B). Hence, the observed
Hill coefficient indicates that more than one metal ion is
likely required for the QR-domain-dependent self-glutami-
nylation (hereafter called QR activity).

The Ca2+-titration data in the presence of 2 mM spermidine
are similar to the Mg2+-titration data but fit a saturation curve
only at concentrations below 10 mM (Figure 3C). Above
10 mM, the activity slowly increases up to 30 mM and
gradually decreases beyond 30 mM. Although the nature of
this inhibitory behavior at high Ca2+ concentrations remains
unclear, our results clearly display the unique role of the
catalytic Mg2+ ion for the ribozyme function. It is notewor-
thy, however, that the catalytic rate below 10 mM Ca2+ is
comparable with that of Mg2+ (more insight into this
observation is discussed in the sectionpH-Dependent ActiVity
of Self-Glutaminylation).

The Hill coefficient of 1.2 led us to hypothesize that
multiple Mg2+ ions bind to the AD02 ribozyme. Previous
studies on ATRibtrans have revealed that a single metal ion
is required for catalysis and itsKd

Mg2+ is 14.0 ( 1.5 mM
(10). We therefore wondered whetherKd

Mg2+ of the ATRib
domain in the AD02 ribozyme was similar, i.e. whether the
catalytic Mg2+ in the ATRib domain still binds to the same
site. To monitor the specific activity of ATRib domain, we
utilized biotin-L-Met-3′-ACCAAC-5′ as a substrate and
measured the initial rate constant for the “reverse” acyl-
transferase activity (6) as a function of the Mg2+ ion
concentration in the presence of 2 mM spermidine. The
titration data fit well to a saturation-like curve below 40 mM,
but the activity was notably diminished above 40 mM (Figure
3D). It should be recalled thatKd

Mg2+ for the QR activity is
approximately 45 mM and the QR activity relies on docking
of L6b onto IGS, which is the substrate binding site for the
ATRib domain. Hence, the decline ofkobs can be attributed
to an increase in the population of the closed state (i.e.,
docking of L6b onto IGS) over the open state (i.e., the active
state for the ATRib domain) with increasing the concentra-
tion of Mg2+ (Figure 1B), thus resulting in inhibition of the
ATRib activity.

The saturation-like fit below 40 mM in Figure 3D allows
us to estimateKd

Mg2+ ) 19.2( 2.3 mM, and the Hill analysis
of this region yields a slope of 1.00( 0.05 (inset in Figure
3D). The similarKd

Mg2+ values observed for ATRibtrans and
the ATRib domain in AD02 as well as the requirement of a
single metal ion suggest that the metal binding site in the
ATRib domain remains largely unchanged. However, this
Kd

Mg2+ value for the ATRib activity is approximately 2.5-
fold lower than that for the QR activity. The fact that there
is a difference between theKd

Mg2+ values for ATRib and QR
activities implies that the AD02 ribozyme has multiple metal
binding sites. This view is indeed consistent with the
requirement of more than one Mg2+ ion for the QR activity
as seen in the Hill analysis (inset of Figure 3B).

It should be noted again that the AD02 ribozyme has two
conformational states: In the closed state the QR domain is
active, whereas in the open state the ATRib domain is active

(Figure 1B). To monitor the specific activity of each
conformation, we performed the metal-titration experiments
using the substrate specific to each domain’s activity (biotin-
Gln-CME or biotin-Phe-3′-ACCAAC-5′). Even so, it is
difficult to completely separate one conformer from the other
since the formation of each substrate binding site is depend-
ent upon the internal IGS-L6b interaction. The analysis of
Mg2+-dependent activity would be even more complicated
when the formation of each substrate binding site could be
Mg2+-dependent, as seen in the Figure 3D. The pH-dependent
kinetics of the QR domain-dependent self-aminoacylation
(vide infra) have suggested that its chemistry is most likely
rate-limiting at high concentrations of metal ion, and
therefore the apparent affinity and cooperativity of Mg2+

monitored in the region of high Mg2+ concentrations in
Figure 3B are a result of the Mg2+-dependent chemistry of
the QR domain. However, it is still possible that the rate-
limiting step changes when the metal concentration decreases.
Therefore, more detailed kinetics are necessary to better
understand the rate-limiting step at lower concentrations of
metal ion. Nonetheless, the critical information obtained by
the series of metal-titration experiments is the possibility for
the involvement of multiple metal ions in QR-dependent self-
aminoacylation.

Location and Number of Metal Ions in the QR Domain.
The hydrolytic ability of Pb2+ and Tb3+ toward RNA
backbone provides a useful method to resolve the secondary
structure of RNA (21-25) based on their preferential
accessibility to structurally relaxed regions, such as loops
and bulges. However, this property is condition-dependent:
When Pb2+ or Tb3+ cleavage was employed in the presence
of an excess amount of competing divalent metal ion such
as Mg2+, the cleavage sites were largely consistent with
secondary structure, where the structurally accessible sites
are generally cleaved (26-29). On the other hand, low
concentrations of Pb2+ or Tb3+ in the absence or limited
amount of competing divalent metal ion tend to induce
cleavage at significantly different sites from those observed
for the former condition. It has been shown that these sites
closely overlap with the divalent metal binding sites resolved
in X-ray structures of RNAs (21, 28, 30, 31). Thus, Pb2+

and Tb3+ cleavage sites can be used to approximate the
locations of high affinity metal binding sites in an RNA
structure (26-28, 30-32). To identify the Mg2+ binding site-
(s), we have employed a series of Pb2+- and Tb3+-dependent
cleavages of AD02 in the presence of various concentrations
of Mg2+.

As discussed above, the Pb2+ and Tb3+-dependent cleavage
experiments shed insights into two aspects of RNA struc-
ture: (i) structurally accessible sites by the hydrolytic metal
ions, e.g., single-stranded regions such as bulges and loops,
and (ii) high affinity metal binding sites. With the aim of
distinguishing the cleavage sites in regard to these two
distinct aspects, we first carried out the experiments in the
presence of 100 mM Mg2+ and various concentrations of
Pb2+ or Tb3+. With 100 mM Mg2+ the ribozyme should fold
into its active tertiary structure, and an excess Mg2+ over
Pb2+ or Tb3+ would compete for high affinity metal binding
sites. Therefore, the observed cleavage profile should mainly
represent the structurally accessible sites.

In the Pb2+-induced cleavage profile (Figure 4A), the
cleavage occurred predominantly in single-stranded regions,
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L4, J5-6a, and J6a-7, when Pb2+ was present below 0.25
mM (lanes 2-5). The only exception are the cleavages
observed at U124 and U125 in P6b, which are in the essential
region for the QR domain (vide infra). Above 1 mM Pb2+

(lanes 6 and 7), a strong cleavage at A116 in L6b and
nonspecific cleavages in P1 and IGS began to appear. Low
concentrations of Tb3+-induced cleavages at virtually identi-
cal sites as those observed under the low Pb2+ conditions,
while high concentrations yielded more nonspecific cleavage
sites than those witnessed using Pb2+. Nonetheless, the nearly
identical cleavage profiles observed for low concentrations
of Pb2+ and Tb3+ indicate that the probed regions are
structurally accessible sites.

Although the overall cleavage profiles between Pb2+ and
Tb3+ are similar, minor differences in the cleavage sites were
observed: Pb2+ cleaves both G96 and U97, while Tb3+

specifically cleaves G96. Similarly, Pb2+ cleaves both U124

and U125, whereas Tb3+ specifically cleaves U124. In the
case of Tb3+, mild but specific cleavage was observed at
U106 in J6a-6b. These results might be attributed to
differences in the physical properties between Pb2+ and Tb3+

in size and electrostatic strength; the ionic radii of their
hexahydrate form are 1.19 and 0.92 Å (33), respectively,
and Tb3+ has a greater electrostatic strength than Pb2+. With
the consideration of exploring the high affinity Mg2+ binding
site, Tb3+ seems to be more appropriate choice over Pb2+ as
a probing reagent because of its smaller size (which is closer
to 0.72 Å of Mg2+), its ability to cleave at lower concentra-
tions and higher specificity toward cleavage in certain sites.
Therefore, our further studies focused on Tb3+ cleavage.

The 5′-[32P]-labeled ribozyme was folded by our standard
protocol in the presence of 50 mM K+ and subjected to the
Tb3+ cleavage in the absence of Mg2+ (Figure 4B, lane 1).
Several notable differences were observed in comparison
with the profile obtained with 100 mM Mg2+ (lane 10): the
cleavages at A116 and U124 were no longer pronounced,
while G112 was strongly cleaved along with weak cleavages
at A118 and A114 (lane 1). The titration of Mg2+ ion seems
to display a biphasic cleavage profile. In the first phase, the
addition of Mg2+ leads to a gradual decrease in cleavage at
G112, A118, and A114 (lanes 2-6). It also leads to an
increase of A116 cleavage up to 6.25 mM (lanes 2-6). In
the second phase, further addition of Mg2+ induces the
cleavage of U124, while the cleavage at A116 remains the
same (lanes 7-10). The Mg2+-dependent behavior of these
sites is in stark contrast to the Mg2+-independent behavior
of U106 (lanes 1-10) as well as G96-A98 and A136-U138
(data not shown), all of which appeared to be structurally
accessible sites (7). Importantly, the half-maximal Mg2+

concentration for the decrease of G112 cleavage, which is
approximately 6 mM (lane 4), appears to correlate with its
increase of A116 cleavage, suggesting that these two residues
are likely communicating. In contrast, the half-maximal Mg2+

concentration that induces the U124 cleavage is 30-40 mM
(between lanes 8 and 9). In light of the above observations
in biphasic cleavage profiles, we hypothesize that there are
two Mg2+ binding sites in the QR domain: The first Mg2+

ion binds strongly to the G112/A116 region (hereafter, this
site is referred to as the high affinity metal binding site),
resulting in the structural stabilization (or alteration) of the
G112-A118 region. The second Mg2+ ion, whose binding
site is yet undetermined (thereafter, this site is referred to as
the low affinity metal binding site), plays a role in the
structural alteration observed for the U124 site (7).

It should be noted that the critical roles of G112, A116,
and U124 in catalysis have been ascertained in previous
biochemical analyses (7). The mutation of G112 to A or its
substitution with inosine in nucleotide analogue interference
mapping (NAIM) had detrimental effect on ribozyme activ-
ity. Similarly, the substitution of A116 with 7-deaza-
adenosine and purine riboside as well as the U124C mutation
and 5-methyluridine substitution by NAIM strongly interfered
the activity. Since the characteristic of the cleavages at these
three bases is clearly Mg2+-dependent (Figure 4B), their
critical catalytic roles must be governed by Mg2+ binding
to the G112 site.

We also observed two notable cleavage sites in the ATRib
domain, A41 and G60-U61. Both sites showed Mg2+-
dependent behavior, where the addition of Mg2+ diminishes

FIGURE 4: Pb2+ and Tb3+ cleavage profiles of AD02. (A) Cleavage
of 5′-[32P]-labeled AD02 in the presence of 100 mM Mg2+. Lanes
1-7 and 8-14 represent the cleavage profiles incubated at the
following concentrations of Pb2+ and Tb3+, respectively: 0, 0.03,
0.06, 0.12, 0.25, 1, and 2 mM. Lanes 15 and 16 represent an alkaline
hydrolysis and T1 ladders, respectively. Cleaved residues were
determined based on independent mapping experiments using T1,
T2, and S1 nucleases. (B) Cleavage of 5′-[32P]-labeled AD02 in
the presence of 50µM Tb3+ as progressively increasing Mg2+.
Lanes 1-10 represent the cleavage profiles incubated at the
following concentrations of Mg2+: 0, 0.39, 0.78, 1.56, 3.12, 6.25,
12.5, 25, 50, and 100 mM. Lanes 11 and 12 represent an alkaline
hydrolysis and T1 ladders, respectively. (C) Cleavage of 5′-[32P]-
labeled AD02 in the presence of 50µM Tb3+ as progressively
increasing Co(NH3)6

3+. Lanes 1-7 represent the cleavage profiles
incubated at the following concentrations of Co(NH3)6

3+: 0, 0.03,
0.06, 0.12, 0.25, 0.5, and 1 mM.
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the cleavage intensity. Our extensive Pb2+ and Tb3+ studies
on ATRibtrans (11) have suggested that the A41-U42 site
forms the Mg2+ binding site in concert with the tandem G:U
base pairs (G1-G2/U75-U76). The Mg2+-dependent inhibi-
tion of the A41 cleavage can be attributed to the Tb3+-
Mg2+ competition at this site. On the other hand, the G60-
U61 cleavage decreases by the addition of Mg2+ but does
not completely disappear even after the addition of 100 mM
Mg2+. It should be noted that elevation of the Tb3+

concentration resulted in a gradual increase of the cleavage
along with a change of the cleavage site from G60-U61 to
U61-U62 (the former trend was also observed for Pb2+

cleavage at U62), in stark contrast to the observation that
the cleavage of G112 remained protected (Figure 4A).
Therefore, the Mg2+-dependent inhibition of the G60-U62
cleavage likely represents a Mg2+-dependent tertiary struc-
tural interaction with a certain structural motif(s).

The experiments performed thus far have suggested the
presence of three independent metal ion binding sites in
AD02. We propose that these sites are located in (i) P3 A41-
U42 and P1 G1-G2/U75-U76 in the ATRib domain, based
on the results described in the preceding paper in this issue
(11), and (ii) two metal binding sites in the QR domain, one
of which (high affinity metal binding site) is the G112/A116
site and the other of which (low affinity metal binding site)
is unknown. If the above hypothesis is correct, mutations
that disrupt the Mg2+ binding site for the ATRib domain
should not affect the QR activity, and vice versa. We have
previously demonstrated that two catalytic domains of AD02
can be disconnected to afford ATRibtransand QRtrans (Figure
1A), and this QRtrans can act as a trans-glutaminylation
catalyst for ATRibtrans (7). Since this trans-acting function
of QRtrans greatly facilitates the studies for structure-
function relationship between two domains, we mainly used
this trans-acting catalytic system to verify our hypothesis
above.

Two mutants of ATRibtrans, P3 U42c and P1 U75c/U76c,
were tested for QRtrans-catalyzed glutaminylation (Figure
1A). These mutations were shown to be detrimental for acyl-
transfer activity of ATRibtrans likely due to the disruption of
Mg2+ binding (11). In contrast, these mutants were active
in QRtrans-catalyzed glutaminylation activity, resulting in
only mild reduction of activity as compared to the wild-type
ATRibtrans(Table 1). The observed mild reduction in activity
is presumably due to a slight structural change of the 5′-
aminoacylation site since both bases are known to constitute
the catalytic site of ATRib domain that shares the same 5′-
aminoacylation site. These observations agree with the view
that QRtrans (or QR domain) has independent metal binding
sites from that of ATRibtrans (or ATRib domain). We also

tested QRtrans-catalyzed glutaminylation of three mutants
of ATRibtrans, L2 U1A, L4 U61a/U62g, and L4 uacg (Figure
1A), all of which were known to retain the full ATRib
activity (11). Interestingly, QRtrans glutaminylated the
former mutant as well as the wild-type ATRibtrans, whereas
the glutaminylations on the latter two mutants displayed
appreciable reduction of activity as compared to the wild-
type (Table 1). These mutations in L4 should not change
the structure of the 5′-aminoacylation site of ATRib domain,
unlike the L3 and P1 mutations. As discussed earlier, the
G60-U62 site is postulated to be involved in Mg2+-
dependent tertiary structural interactions. Therefore, the
mutations in L4 might disrupt an important tertiary contact
with the QRtrans ribozyme to cause significant reduction in
trans-glutaminylation.

On the other hand, the G112A mutation in P6b was
detrimental for the QR activity in both cis and trans (7), but
this mutation did not interfere with the acyl-transfer activity
of the ATRib domain in AD02 (cis-acting G112A AD02
mutant) or ATRibtrans in the presence of QRtrans (data not
shown). These observations are consistent with the view that
the QR domain has metal binding sites independent from
the ATRib domain.

Co(NH3)6
3+ Inhibits the QR-Dependent Glutaminylation.

Previously, we reported that ATRibtrans functions with Co-
(NH3)6

3+ as proficiently as with Mg2+ (10). This has provided
concrete evidence that the catalytic Mg2+ in ATRibtrans is a
hydrated form, Mg2+(H2O)6, that interacts with catalytic
residues via outersphere water ligands. Since the Mg2+-
dependent kinetics and Tb3+-Mg2+competition cleavage
experiments on AD02 have suggested an independent metal
binding site present in each catalytic domain, we wondered
whether Co(NH3)6

3+ could function for the QR activity. If
the QR activity were not supported by Co(NH3)6

3+, the view
of independent metal binding sites in QR would be further
strengthened. To obtain a general idea of how AD02 behaves
in the presence of these two metal ions, we first tested the
ATRib and QR activities of AD02 in the presence of Co-
(NH3)6

3+ or in the presence of both Co(NH3)6
3+ and Mg2+.

The results were quite disparate: The ATRib activity was
sustained with Co(NH3)6

3+ and synergistically enhanced by
the presence of both metals as expected, whereas the QR
activity was inactive with Co(NH3)6

3+ and reduced by the
presence of both metals (data not shown). The latter
observation suggests that Co(NH3)6

3+ acts as an inhibitor
for the QR activity. To gain more insights into the inhibitory
effect of Co(NH3)6

3+ for the QR activity, the Mg2+-stimulated
self-glutaminylation rate was measured in the presence of
various concentrations of Co(NH3)6

3+ (Figure 5). As ex-
pected, Co(NH3)6

3+ is a strong inhibitor for the QR activity,
giving an inhibition constant of approximately 4 mM for 50
mM Mg2+. This phenomenon can be explained by two
scenarios: Co(NH3)6

3+ competes with the essential Mg2+ for
the same site (either the high or low affinity metal site, or
possibly both sites), but slow exchange rate of ligands of
Co(NH3)6

3+ prohibits the formation of active state of the
catalytic core of QR domain, i.e., the QR domain requires a
metal ion that is able to coordinate with the catalytic residues
via innersphere interaction. Alternatively, Co(NH3)6

3+ could
bind to an independent metal binding site and thereby causes
a structural change from the catalytically active form to an
inactive conformation.

Table 1: Relative Rates of 5′-glutaminylation for ATRib Mutants

position mutationa relative activityb

P3 U42c 0.81
P1 U75c/U76c 0.76
L2 U1A 0.98
L4 U61a/U62 g 0.09

uacg 0.29
a See Figure 1A for the structure and position of mutations.b The

relative rate of each mutant was determined by the comparison of its
kobs with the wild type,kobs ) 4.8 × 10-2 min-1, in the presence of
100 mM Mg2+ in EK buffer.
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To resolve these two distinct inhibitory mechanisms, we
have carried out the Tb3+-induced cleavage by competing
with Co(NH3)6

3+ instead of Mg2+ (Figure 4C). The cleavage
profile by the Co(NH3)6

3+ competition was nearly identical
to that observed for the Mg2+ competition, except that no
cleavage at U124 was observed in elevated concentrations
of Co(NH3)6

3+. It should be recalled that the Tb3+-Mg2+

competition displayed biphasic cleavage profiles (Figure 4B),
where the competition at the high and low affinity metal
binding sites were unveiled in the first (lanes 1-5) and
second (lanes 6-10) phases, respectively. The observed
profiles in the first phase for both Tb3+-Mg2+ (Figure 4A,
lanes 1-5) and Tb3+-Co(NH3)6

3+ (Figure 4B, lanes 1-5)
competitions were identical, suggesting that the high affinity
metal binding site is an outersphere metal binding site. On
the other hand, the lack of U124 cleavage in the presence of
Co(NH3)6

3+ during the second phase (lanes 6-7) indicates
that the induction of U124 cleavage is dependent upon the
presence of an innersphere metal ion. It should be noted that
Co(NH3)6

3+ does not support catalysis, rather acts as a strong
inhibitor for the QR activity. This is consistent with the
observation that Co(NH3)6

3+ can display the same degree of
inhibition of Tb3+ cleavage as Mg2+ at 10-fold lower
concentrations. On the basis of above results, we speculate
that the binding of Co(NH3)6

3+ to the high affinity metal
binding site may inhibit the subsequent binding of Mg2+ to
the low affinity metal binding site. Alternatively (or at the
same time), Co(NH3)6

3+ may bind to the low affinity metal
binding site or nearby, preventing Mg2+ from binding to this
site. Although this is our favorable hypothesis for the
mechanism of Co(NH3)6

3+ inhibition that is also consistent
with further analysis of Tb3+-Mg2+ and Tb3+-Co(NH3)6

3+

competition experiments using 3′-[32P]-labeled ribozymes
(vide infra), we cannot completely rule out the possibility
that Co(NH3)6

3+ allosterically inhibits the QR activity by
binding to metal binding sites different from the Mg2+

binding sites. Nonetheless, the above results suggest that the
innersphere metal ion is essential for activity presumably in
the relation to the structural alteration of P6b (vide infra),

which was previously supported by a number of biochemical
mapping studies (7).

Essential Roles of Innersphere Metal Ions in the QR
Domain. Our previous CMCT modification of the AD02
ribozyme showed that U125 is exposed to solvent, i.e., bulged
out, only when 5′-OH group was glutaminylated (7). In
addition, Pb2+ cleavage at U124 in the presence of 100 mM
Mg2+ is protected by the 5′-glutaminylation (7). These results
imply that a dynamic change of the P6b configuration, in
particular at U124-U125, occurs after 5′-glutaminylation.
No Tb3+ cleavage at U124 in the presence of Co(NH3)6

3+

suggests that the above structural change may be a specific
event for an innersphere metal ion.

Since the series of Tb3+ cleavage experiments described
above were done with 5′-[32P]-labeled AD02, this system
does not allow us to detect the effect of 5′-glutaminylation
on the Tb3+ cleavage. It is also possible that 5′-phosphory-
lated ribozyme acts differently from 5′-OH- or 5′-Gln-
ribozyme. We therefore constructed a 3′-[32P]-labeled AD02
ribozyme and investigated Tb3+-dependent cleavage compet-
ing with Mg2+ using 5′-OH- or 5′-Gln-ribozyme (Figure 6A).
The cleavage profiles of these two forms of ribozyme were

FIGURE 5: Co(NH3)6
3+ inhibition of the QR activity. The observed

rate constants (kobs) of QR activity in the presence of 50 mM Mg2+

were determined by measuring the initial rates of self-glutaminy-
lation of AD02 (cis-acting) in the presence of various concentrations
of Co(NH3)6

3+.

FIGURE 6: Tb3+ cleavage competing with Mg2+ or Co(NH3)6
3+ of

5′-OH- or 5′-Gln-AD02. (A) Cleavage of 3′-[32P]-labeled AD02 in
the presence of 50µM Tb3+ in the presence of Mg2+. Lanes 1-4
and 5-8 represent two sets of samples in the absence and presence
of 5 mM biotin-L-Gln-CME, respectively. Both sets were titrated
with following Mg2+ concentration: 0, 10, 20, and 30 mM. (B)
Cleavage of 3′-[32P]-labeled AD02 in the presence of 50µM Tb3+

in the presence of Co(NH3)6
3+. Lanes 1-4 and 5-8 represent two

sets of samples in the absence and presence of 5 mM biotin-L-
Gln-CME, respectively. Both sets were titrated with following Co-
(NH3)6

3+ concentration: 0, 0.1, 0.5, and 1 mM. (C) Schematic
representation of Tb3+ cleavage profiles in the region of P6b-L6b
derived from Mg2+ and Co(NH3)6

3+ competition experiments in
the absence and presence of biotin-L-Gln-CME. Strong (filled) and
weak (open) Tb3+ cleavage sites are indicated by triangles.
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virtually the same as those observed for 5′-[32P]-ribozyme
at most cleavage sites, except that the cleavage at U124 was
more pronounced in the case of 5′-OH-ribozyme than the
5′-Gln-ribozyme. The top panel of Figure 6C summarizes
the cleavage profiles observed for 5′-OH and 5′-Gln-
ribozymes in the absence and presence of Mg2+. These
cleavage profiles are also consistent with those observed for
Pb2+-induced cleavage reported previously (7). The results
thus suggest that the U124 site is more accessible to Tb3+

cleavage in the 5′-OH ribozyme than the 5′-Gln-ribozyme
and also imply that the 5′-[32P]-ribozyme is a structural form
analogous to the 5′-Gln-ribozyme.

We next employed Tb3+-Co(NH3)6
3+ competition cleav-

age experiment with 5′-OH-ribozyme. The observed cleavage
profile was identical to that observed for 5′-[32P]-ribozyme
(Figure 6B), in which no U124 cleavage was observed
(Figure 6C, bottom panel). Since the ribozyme is unable to
glutaminylate the 5′-OH group in the presence of Co-
(NH3)6

3+, it is expected to see no change in the cleavage
profile in the presence of the Gln substrate (Figure 6B).
However, the 5′-[32P]-ribozyme should have an analogous
structural form to the 5′-Gln-ribozyme. Therefore, our earlier
observation for no Tb3+ cleavage at U124 in the presence
of Co(NH3)6

3+ using the 5′-[32P]-ribozyme suggests that Co-
(NH3)6

3+ is unable to induce the same structural change as
Mg2+ in the either form of ribozyme (5′-OH or 5′-Gln). Thus,
we conclude that the catalytic inability of Co(NH3)6

3+ for
the QR activity is most likely due to its lack of ability to
alter the configuration of P6b. The largest difference in
properties of Mg2+(H2O)6 from Co(NH3)6

3+ is the ability of
ligand exchange. Therefore, the formation of an innersphere
complex of Mg2+ with the catalytic residues in the metal
binding sites probably induces the structural alteration of P6b,
thus resulting in constitution of the Gln binding site.

pH-Dependent ActiVity of Self-Glutaminylation.To gain
more insights into the roles of metal ion in the QR activity,
kinetic assays were carried out under variable pH conditions
either with 50 mM Mg2+ or 20 mM Ca2+ in AD02 (Figure
7). Plots show a linear hydroxide ion dependence with

increasing pH (although in the case of Mg2+ the plot above
pH 8 becomes slightly less steep), suggesting that chemistry
is rate-limiting for the self-glutaminylation.

We observed earlier in the Mg2+ and Ca2+ titration
experiments that in the presence of spermidine the self-
glutaminylation rate is nearly identical between two metal
ions when the same concentration was used. We further
confirmed this behavior by running pH-dependent kinetics
at 10 mM of each divalent metal ion in the presence of 2
mM spermidine (Figure 7). The observed coinciding behavior
at low concentration of both metal ions indicates that
differences of their chemical properties, such as pKa of water
ligands and ionic radius, are not critical determinants for
activity. This suggests that the observed hydroxide-dependent
activity is due to a nonmetal hydroxide-dependent species
such as a hydroxide ion of the 5′-OH group of ribozyme.
We therefore propose that the alkaline earth metal ion
necessary for the QR activity unlikely plays a direct role in
chemistry but rather plays a critical structural role to
constitute the Gln binding site.

Catalytic ActiVity Supported by MonoValent Ions.The
catalytic function of ribozymes often relies on the presence
of divalent metal ions (13, 18, 30-32, 34-46), which are
argued to be involved directly in chemistry. However, recent
studies on hammerhead (47-49), hairpin (47), and VS (47)
ribozymes have shown that high concentration of monovalent
ion alone can support catalysis. Although monovalent ions
fail to display an equal activity to that supported by Mg2+

or other divalent metal ions, the difference is considerably
little in terms of rate acceleration gained by monovalent ion-
supported ribozyme catalysis over its uncatalyzed rate. Our
recent studies on ATRibtrans (11) have revealed that Na+ is
a potent inhibitor of Mg2+-supported ATRib activity. How-
ever, an excess (2 M) addition of Na+ can support catalysis
with a 10-fold lower activity than the maximal activity under
saturating Mg2+ conditions. Taken together with other kinetic
data, we conclude that the roles of metal ion are both
structural and chemical, in which the metal ion helps to
constitute the catalytic core motif and simultaneously
stabilizes the oxyanion developed in the transition state of
acyl-transfer reaction via the outersphere coordination.

As hypothesized, if Mg2+ ion in the QR domain plays
purely a structural role, we expect that high concentration
of monovalent ion should support catalysis. We therefore
examined the QR activity in the presence of either NaCl or
KCl. Although 1 M Na+ supports catalysis modestly, 2.5 M
Na+ shows considerable activity where the activity is only
2.4-fold lower as compared to that with 50 mM Mg2+ (Figure
8). On the other hand, K+ is a much poorer substitute for

FIGURE 7: pH-dependence of the QR activity. Cis-reactions were
carried out in the presence of 50 mM Mg2+ (open triangles), 20
mM Ca2+ (filled triangles), 10 mM Mg2+ (open circles), or 10 mM
Ca2+ (filled circles). For the pH-dependent kinetics performed with
10 mM Mg2+ or Ca2+, 2 mM spermidine was added in the reaction.

FIGURE 8: The stimulation of QR activity by monovalent ions. Cis-
reactions were carried out in 50 mM EPPS, pH 7.5, 1.25 mM
EDTA, and either 1 or 2.5 M of NaCl or KCl for 1 h. Lane 1 is the
control lane in which reaction was carried out in 50 mM KCl, 50
mM EPPS, pH 7.5, and 50 mM MgCl2. The arrowhead shows: a,
biotin-Gln-AD02 complexed with SAv; b, AD02.
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Mg2+ than Na+, giving very weak activity even at 2.5 M.
This difference between Na+ and K+ can be explained by a
difference of their physical properties, Na+ is closer in size
to Mg2+ than K+. However, the requirement of high
concentrations of Na+ ion provides only ambiguous support
for our hypothesis, since this can be explained by two
possible scenarios (i.e., supporting or opposing our hypoth-
esis): Na+ ion has a much weaker affinity to the metal
binding site compared to Mg2+ due to its weaker electrostatic
strength, thereby requires high concentrations for binding.
Alternatively, monovalent ion can act as an inhibitor (i.e., it
can bind well to the Mg2+ binding site but cannot support
catalysis at low concentrations due to its weaker electrostatic
strength), but supports catalysis at high concentrations via
an unknown mechanism, similar to the phenomena observed
in ATRibtrans(11). To resolve these two distinct mechanisms,
we measured the QR activity in the presence of 20 mM Mg2+

by competing with various concentrations of NaCl (0.5-2
M). The QR activity under these conditions showed no
significant change from that observed in the absence of NaCl,
except that a modest cooperative enhancement of activity
was observed when both 2 M NaCl and 20 mM Mg2+ were
present (data not shown). This allows us to rule out the
second scenario but strongly supports the first scenario. This
in turn indicates that the metal binding site in QR domain is
highly specific to Mg2+. Thus, the role of Mg2+ in QR
domain is purely structural, which is probably responsible
to trigger the formation of glutamine binding site.

CONCLUSION

Here we have revealed distinct roles of divalent metal ions
in the bifunctional AD02 ribozyme. The acyl-transfer activity
is supported by both Mg2+ and Co(NH3)6

3+, whereas the
glutaminylation activity is supported by Mg2+ (and Ca2+)
but not Co(NH3)6

3+ which rather acts as a strong inhibitor.
We have proposed that the former metal ion in the ATRib
domain plays both structural and chemical roles, and the latter
metal ion in the QR domain plays a purely structural role.
The extensive Pb2+ and Tb3+ cleavage and kinetic studies
have revealed that each catalytic domain has independent
metal binding sites. The present study shows that two metal
binding sites are present in the QR domain. The first site is
a high affinity metal binding site most likely composed of
the G112/A116 region, and the second site is a low affinity
site whose location is not yet determined. The innersphere
interaction of metal ion to these binding sites is critical to
form the glutamine binding site in the QR domain, in contrast
to the requirement of outersphere ligand contacts in the
ATRib domain. Thus, the in vitro evolution of ATRib into
the more sophisticated AD02 ribozyme (6) has added a novel
catalytic domain that utilizes a chemical mechanism distinct
from the preexisting mechanism. Similar event could have
taken place to evolve functionally complex ribozymes, such
as splicing ribozymes and ribosomal RNA, from primitive
precursor ribozymes in the RNA world (30).

The approach utilized in this and the preceding studies
(11) is a useful means to determine potential high affinity
metal binding sites. We believe that this approach is generally
applicable to other RNA molecules, as recently demonstrated
by Walter et al. in a hairpin ribozyme (26), Sigel et al. in a
group II intron ribozyme (27), and Vaidya et al. in an acyl-
transferase ribozyme (29). The combination of other bio-

chemical methods with this approach would shed further light
on diverse roles of metal ions in ribozyme catalysis.
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