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ABSTRACT: We have examined the tertiary structure of the ligand-activatedglmSribozyme by a combination
of methods with the aim of evaluating the magnitude of RNA conformational change induced by binding
of the cofactor, glucosamine 6-phosphate (GlcN6P). Hydroxyl radical footprinting of a trans-acting ribozyme
complex identifies several sites of solvent protection upon incubation of the RNA in Mg2+-containing
solutions, providing initial evidence of the tertiary fold of the ribozyme. Under these folding conditions
and at GlcN6P concentrations that saturate the ligand-induced cleavage reaction, we do not observe changes
to this pattern. Cross-linking with short-wave UV light of the complex yielded similar overall results. In
addition, ribozyme-substrate complexes cross-linked in the absence of GlcN6P could be gel purified and
then activated in the presence of ligand. One of these active cross-linked species links the base immediately
3′ of the cleavage site to a highly conserved region of the ribozyme core and could be catalytically activated
by ligand. Combined with recent studies that argue that GlcN6P acts as a coenzyme in the reaction, our
data point to a riboswitch mechanism in which ligand binds to a prefolded active site pocket and assists
in catalysis via a direct participation in the reaction chemistry, the local influence on the geometry of the
active site constituents, or a combination of both mechanisms. This mode of action is different from that
observed for other riboswitches characterized to date, which act by inducing secondary and tertiary structure
changes.

Riboswitches are mRNA elements that control expression
of a large number of bacterial and some eukaryotic genes
(1-6). Found predominantly in the 5′-untranslated regions
of mRNAs, these RNA motifs bind small molecules, often
the products of the enzymes encoded by their mRNAs.
Riboswitch RNAs adopt a stable conformation in the absence
of ligand, but ligand binding by the RNA induces a
conformational switch to an alternative structure that acts
directly to modulate gene expression (1). These conforma-
tional changes generally entail a secondary structure re-
arrangement that induces transcriptional termination or
inhibits ribosome binding by sequestering the Shine-Delgarno
sequence of the mRNA. A third strategy was recently
identified in a riboswitch that responds to glucosamine
6-phosphate (GlcN6P)1 binding by cleaving a target site
upstream of the start codon for theglmS gene (7). The
product encoded by theglmSgene, glutamine-fructose-6-
phosphate amidotransferase, generates GlcN6P and glutamate
from fructose 6-phosphate and glutamine. Though a highly
conserved consensus sequence is available for theglmSRNA

motif from Gram-positive bacteria, there is insufficient
evidence to conclude that changes in tertiary or secondary
structure are induced by ligand binding (2, 7). In principle,
only local structural rearrangement is required to activate
catalysis by a small molecule-dependent ribozyme. For
example, group I introns are activated by binding of the
substrate guanosine, the nucleophile in the first step of
splicing, and the Mg2+ ions that are required to catalyze the
reaction (8). Nevertheless, folding of group I introns into an
active conformation in the presence of Mg2+ can be ac-
complished in the absence of guanosine in cases where water
serves as the nucleophile (9, 10). The glmSribozyme may
similarly preorganize a binding pocket for GlcN6P. Sup-
porting this hypothesis are recent data from the Soukup
laboratories that provide evidence for the direct participation
of the sugar amine of GlcN6P in the cleavage reaction (11).

A secondary structure has been proposed for the catalytic
motif on the basis of phylogenetic variation between several
Gram-positive bacteria (2). The motif contains four major
stem-loop structures, P1-P4, two of which contain con-
served internal loops (P2 and P4) (Figure 1). The internal
loop between P2 and P2a is highly conserved, and its 3′-
half is proposed to form an important pseudoknot, P2.1, with
the single-stranded sequence immediately downstream of the
cleavage site (12). A second pseudoknot, P3.1, has been
shown to form between L3 and the sequences 3′ to P4 and
though nonessential for catalysis promotes higher levels of
cleavage activity and reduces the Mg2+ requirement for the
cleavage reaction (13, 14).

The chemical mechanism of site-specific self-cleavage
appears to be similar to that observed in many small natural
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ribozymes and the VS ribozyme (7, 15). Transesterification
is initiated through a nucleophilic attack of the 2′-hydroxyl
of the nucleotide immediately 5′ to the cleavage site on the
adjacent phosphodiester. A catalytically essential proton
transfer role has been proposed for the amine functional
group of GlcN6P (11). Otherwise, the chemical participants
in this reaction are not known, but base functional groups
have been clearly implicated in the reactions catalyzed by
other ribozymes that use the same general catalytic strategy
(16-21). Chemical probing of theglmSribozyme has been
limited to the use of in-line probing of the self-cleaving form
in the presence and absence of the native ligand (7). The
lone position on the RNA that responded to binding of the
ligand was found in the joining region between P1 and P2,
J1/2. It is not known if the reduction in the level of
spontaneous cleavage at this site in Mg2+ is due to direct
binding of GlcN6P or results from a conformational change
that accompanies binding to a distal metabolite receptor. In
the work presented here, we sought to define the level of
conformational changes imparted to the riboswitch RNA
upon ligand binding by use of hydroxyl radical probing and
short-wave UV-induced cross-linking. These methods allow
us to probe global tertiary structure at nucleotide resolution
as well as local base-base stacking interactions within the
catalytic motif under a variety of solution conditions.

MATERIALS AND METHODS

RNA Preparation.Substrate RNAs were generated on an
Applied Biosystems DNA/RNA synthesizer using standard
phosphoramidite chemistry from Glen Research. The RNA
products were deprotected and then purified by denaturing
PAGE and reverse phase HPLC as described previously (22).

Ribozyme RNAs RzP1-2 and RzP1-3 were transcribed from
partially double stranded templates as described previously
(23). TheglmS-Rz and Rz-P3.1 ribozymes were prepared
by transcription of double-stranded DNA templates with T7
RNA polymerase. These templates were constructed by
annealing two DNA strands each comprising half of the
coding sequence that overlapped by 21 nucleotides from
position 67 to 87, inclusive. A T7 RNA polymerase promoter
was appended to the 5′-end of the 5′-primer to facilitate in
vitro transcription. The 5′-overhangs were filled with Klenow
DNA polymerase (Amersham) using the supplied buffer and
then added to a PCR mixture containing appropriate primers.
The PCR products were precipitated and the pellets resus-
pended in TE buffer [10 mM Tris-HCl (pH 8) and 0.1 mM
EDTA (pH 8)]. The PCR product was then applied to a
Sephadex G-50 column (equilibrated in TE buffer) for
removal of salts and unincorporated deoxyribonucleotides
and transcribed by T7 RNA polymerase as described
previously (24). The volume for transcriptions of templates
created in this manner was one-half the volume of the PCR.

Radiolabeled RNAs were prepared by phosphorylation of
the 5′-terminal hydroxyl group with [γ-32P]ATP (ICN) and
polynucleotide kinase. Labeling of 3′-terminal hydroxyl
groups was carried out with [R-32P]cytidine 3′,5′-[5-32P]-
biphosphate (pCp) and RNA ligase as described previously
(25). The pCp was made by phosphorylation of the 5′-
hydroxyl group of 3′-CMP with [γ-32P]ATP and polynucle-
otide kinase.

Hydroxyl Radical Footprinting Reactions.Ribozyme-
substrate complexes were assembled in 50 mM sodium
cacodylate (pH 7) at varying concentrations of MgCl2 and
GlcN6P (Sigma) in a final volume of 8µL at room
temperature and were allowed to equilibrate for 1 h.
Increasing the time of incubation had no effect on the
magnitude or identities of the hydroxyl radical protections.
For these experiments, we employed 2× 105 dpm (final
concentration of<20 nM) of the labeled RNA and a final
concentration of unlabeled RNA of 0.5µM. The resulting
complexes were treated with 0.7µL of Fe(II)-EDTA [5 mM
Na-EDTA (pH 8.0) and 5 mM Fe(NH4)2(SO4)2 prepared
immediately prior to the experiment], 60 mM sodium
ascorbate, and 0.38% (v/v) H2O2 as described previously
(26). The reactions were quenched by adding 200µL of a
solution containing 0.3 M sodium acetate (pH 7), 0.1µg/
mL yeast tRNA (Sigma), and 600µL of 100% ethanol.
Following a 1 h precipitation at-70 °C, the quenched
reaction products were recovered by microcentrifugation at
14 000 rpm for 20 min. Samples were resuspended in gel
loading buffer, 95% (v/v) formamide, 25 mM EDTA, 0.01%
(w/v) bromophenol blue, and 0.01% (w/v) xylene cyanol.
The resuspended samples were then loaded onto sequencing
gels.

Curve fitting of data sets from the normalized fraction
protected versus the concentration of Mg2+ plots to the
cooperative binding equationf ) fmax - [Mg2+]n/[[Mg2+]n

+ (Kd
Mg)n] was carried out exactly as described by Hampel

and Burke (27).
Cross-Linking Analysis.UV cross-linking was carried out

using a handheld 254 nm lamp (model UVG-54, UVP Inc.).
Samples for analytical cross-linking were prepared in a final
volume of 10µL, containing 0.5µM unlabeled substrate or
ribozyme RNA, 1× 106 dpm of 5′-end-labeled RNA (final

FIGURE 1: Predicted secondary structure of theB. subtilis glmS
trans-cleaving construct based on sequence conservation within
Gram-positive bacteria (7, 12, 13). Ribozyme and substrate strands
are labeledglmS-Rz and S, respectively. TheB. subtilis glmS
mRNA contains a P1 terminal loop of 12 nucleotides. Nucleotide
numbering of the ribozyme and substrate strands is taken from
Breaker and co-workers (1). Nucleotides 5′ to the cleavage site are
numbered starting with-1, consistent with the numbering of other
self-cleaving catalytic RNAs such as the hairpin ribozyme and group
I introns. The cleavage site is denoted with a black arrowhead. The
sites and names for 3′-truncations of the ribozyme used in this study
are denoted with white arrowheads.

7862 Biochemistry, Vol. 45, No. 25, 2006 Hampel and Tinsley



concentration of∼40 nM), 25 mM Mg2+, and 50 mM Tris-
HCl (pH 7.5), and incubated at 25°C for 1 h. The samples
were then pipetted into 96-well microtiter plate wells and
irradiated 1 cm from the UV source at room temperature
for 3 min. To prepare isolated cross-linked RNAs, the

reaction described above was scaled up to a volume of 100
µL without any change in the concentrations of the compo-
nents except that∼1 × 108 dpm of 5′- or 3′-end-labeled
RNA was employed (final concentration of 0.5µM). These
samples were aliquoted into 10 wells of a 96-well microtiter

FIGURE 2: Hydroxyl radical protection of theglmSribozyme-substrate complexes in Mg2+ is ligand-independent. Hydroxyl radical footprinting
was performed on complexes formed with 5′-end-labeledglmS-Rz (A and B) and substrate (C) strands as described in Materials and
Methods and then separated on 6 (A), 10 (B), and 20% (C) PAGE sequencing gels. Labeled ribozyme and substrate complexes, constituted
as shown in the figure panels, were incubated in the presence or absence of varying concentrations of Mg2+ and 10 mM GlcN6P. The
addition of GlcN6P did not affect the pattern of solvent protection or the magnitude of individual protections. The sites of protected residues
were determined as described in Materials and Methods and are indicated at the right with black circles. The ribonuclease T1 and alkali
hydrolysis sequencing ladders to the left of the panel are annotated by the location of several G residues. Since hydoxyl radical probing
results in removal of the entire nucleotide at the site of attack, the identity of the protected nucleotide is shifted one band lower relative to
the sequencing ladder. Thus, a protected site at G40 has a gel mobility identical to that of the G39 ribonuclease T1 digestion product.
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plate and irradiated as described above for 8 min. The
aliquots were pooled and applied to a Centrisep (Princeton
Separations) gel exclusion column equilibrated in distilled
deionized H2O (ddH2O) and microcentrifuged for 3 min at
3000 rpm. An equal volume of formamide gel loading buffer
was added to the eluted samples, and the cross-linked RNAs
were separated on 8% denaturing gels. Individual cross-links
were visualized by autoradiography and recovered from the
gels as described previously (28). Mapping the sites of cross-
linking was performed as described previously (28).

The kinetics of self-cleavage were determined by mixing
purified cross-linked RNAs resuspended in ddH2O with an
equal volume of reaction buffer so that the final concentra-
tions were 25 mM Mg2+ and 25 mM Tris-HCl (pH 7.5) with
or without 10 mM GlcN6P in a final volume of 15µL.
Reactions were allowed to proceed at 25°C, and 1µL
aliquots were quenched at the indicated time points into gel
loading buffer on ice. The self-cleavage rate (kobs) was
calculated by fitting the plots of fraction cleaved versus time
as described previously to single- or double-exponential
equations (29).

RESULTS

Our initial aim was to probe theglmS ribozyme RNA
tertiary structure in the presence and absence of ligand by
hydroxyl radical footprinting. Hydroxyl radicals attack C4′
of ribose and initiate a chemical reaction that results in strand
scission (30-32). Since this site is accessible in double-
stranded RNA, the reagent can be used to study nucleotide-
level solvent accessibility for the entire RNA of interest (33).
Radiolabeled RNA products of hydroxyl radical probing can
be separated on PAGE sequencing gels, quantified, and
compared to those from unfolded RNA to examine the
solvent accessibilities of sites in a structured RNA at single-
nucleotide resolution. Since binding of small molecule
ligands in other riboswitch systems results in significant
changes in the secondary and tertiary structure of the RNA
receptor, we reasoned that hydroxyl radical probing could
be employed to map the changes in structure induced by
binding of GlcN6P to theBacillus subtilis glmSribozyme.
These folding experiments cannot be conducted on cleavable
ribozyme-substrate complexes since the cleavage of the
scissile linkage, particularly in the presence of ligand where
the reaction is greatly accelerated, would obscure the
footprinting data obtained with a labeled RNA that carries
the cleavage site. Likewise, if labeled ribozyme were to be
footprinted in the presence of a cleavable substrate and
ligand, cleavage of the substrate would possibly allow the
highly conserved residues 5′ to the cleavage site to dissociate
from the complex (7). We therefore chose to conduct our
experiments on a trans-acting ribozyme-substrate complex
with a chemically synthesized substrate containing a 2′-deoxy
substitution of the nucleotide immediately 5′ to the cleavage
site, A-1. This substitution renders the scissile bond non-
cleavable by internal nucleophile attack. Photo-cross-linking
of these constructs shows that identical sites are cross-linked
with cleavable, all-ribose substrates and with the substrates
containing the 2′-deoxy A-1 substitution (data not shown).
This suggests that this 2′-deoxy substitution does not interfere
with the formation of the native ribozyme-substrate structure
formed in Mg2+. Although theglmSmRNA motif contains
conserved bases as many as 60 nucleotides upstream of the

cleavage site, to keep the substrate sufficiently short to be
synthesized chemically, we chose the substrate previously
used by Breaker and co-workers which terminates at position
-10 relative to the cleavage site (2, 7). The ribozyme strand
was truncated nine nucleotides beyond the end of P4. This
enabled us to retain the conserved pseudoknot structure, P3.1
(13, 14).

The hydroxyl radical probing experiments were conducted
by incubating the labeled ribozyme strand or substrate strand
with its pairing partner in the presence or absence of Mg2+

with or without added GlcN6P. We used a GlcN6P concen-
tration that was shown to be saturating for the ribozyme
cleavage reaction (data not shown) under similar ionic
conditions and with identical constructs. Figure 2 shows the
results of representative footprinting experiments. Upon
addition of Mg2+, several areas on the ribozyme-substrate
complex are protected from hydroxyl radical-mediated strand
scission. Folding in the presence or absence of GlcN6P as a
function of Mg2+ concentration did not reveal any specific,
reproducible differences in the degree of solvent protection
at specific sites or the identities of the protected sites. We
can envision two testable hypotheses that could be evidenced
by this result.

First, the footprinted structure reports on a dominant non-
native structure that does not bind ligand. Evidence that a
single, dominant structure is observed is twofold. First, the

FIGURE 3: Mg2+ titrations of hydroxyl radical footprinting reveal
that all sites of solvent protection are half-saturated at<1 mM
Mg2+. The fractional hydroxyl radical protection at each site on
the backbone of the ribozyme and substrate was calculated as
described previously (27). These data were then normalized so that
the highest level of protection at each site was given a value of 1
and plotted as a function of the Mg2+ concentration. Each data point
represents an average of at least two independent measurements.
The actual magnitudes of protection ranged between 0.35 and 0.80.
Each data set was fit to the cooperative binding equationf ) fmax
- {[Mg2+]n/[[Mg2+]n + (Kd

Mg)n]}. The resulting curve fits can be
used to extrapolate the range of the Mg2+ dependence for protection
at each well-protected site in the ribozyme-substrate complex. The
results from three to four different sites of backbone protection are
plotted in each panel.
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magnitude of solvent protection at individual sites is very
strong, between 35 and 80%, at saturating concentrations of
Mg2+ (data not shown). Second, Mg2+ titrations reveal that
all sites become half-saturated at concentrations of Mg2+ that
vary by less than 5-fold (0.2-1 mM) (Figure 3). These
observations are difficult to reconcile with the suggestion
that the solvent protections arise from an ensemble of native
and non-native structures. If multiple alternative tertiary
forms of the complex were present in solution, we would
expect to find that the magnitude of protection at specific
sites would be lower than that which we observe and that
the protected regions would become saturated over a wider
range of Mg2+ concentrations, reflecting a variation in the
stabilities of more than one unrelated structure.

If a single solution structure is defined by these probing
experiments, how can we be certain that the data report on
the native structure of the catalytic motif? First, we find that
many of the sites of protection correspond to the highly
conserved regions of the ribozyme and substrate strands as
expected if these conserved elements interact with one
another to form the active fold. These sites include the entire
highly conserved 5′-GACGAGG-3′ sequence in J1/2 which
is very well protected from solvent in our experiments (7).
Second, the observation that binding of the substrate is
required for solvent protection of ribozyme and vice versa
suggests that we are observing the native form of the complex
since essential catalytic elements are required. Another way

to examine this question would be to study to structure of
truncated ribozyme constructs. The minimal catalytic form
of theglmSribozyme extends from the cleavage site to the
end of P2 (7). If the solvent protections that we have
observed in ourglmS-Rz construct are indeed the result of
native tertiary interactions, a significant subset of them should
be found upon probing of this minimal variant and other
3′-truncated ribozymes. The results in Figure 4 demonstrate
that many of the protected sites in theglmS-Rz construct
are also found when the RzP1-2 and RzP1-3 ribozyme-
substrate constructs are probed. These results are summarized
in Figure 5. In addition, while theglmS-Rz ribozyme has
more solvent-protected regions than the 3′-truncated ri-
bozymes, likely due to folding of the P3 and P4 structures
upon the minimal catalytic structure, we find no protected
sites that are unique to the minimal form. This observation
further argues that our data for the minimal ribozyme define
a native tertiary structure. These results also indicate possible
points of direct interaction between the nonessential 3′-
conserved domain comprising P3 and P4, termed domain 2
(7), and the core of the ribozyme. This includes conserved
base pairs in P1 and specific regions of the highly conserved
J1/2 segment which are protected in the longer constructs.
We also note that the Mg2+ dependence for folding of the
minimal RzP1-2 constructs is much greater than of longer
constructs and that the minimal ribozyme is generally more
solvent accessible even at concentrations of Mg2+ that

FIGURE 4: Hydroxyl radical protection of ribozyme-substrate complexes formed with 3′-truncated ribozymes defines points of additional
RNA packing with longer constructs. End-labeled ribozyme (panels A and B) and substrate (C) were folded in the presence of 25 mM
Mg2+ and then subjected to hydroxyl radical probing as described in Materials and Methods. The products of these reactions were separated
on 10 (A), 6 (B), and 20% (C) sequencing gels. Negative control complexes for ribozyme and substrate folding were assembled in Mg2+

in the absence of unlabeled substrate and ribozyme, respectively. The sites of protection in the various complexes are indicated at the right
of each set of ribozyme-specific data with a small black circle. White circles indicate the sites that are not protected in the individual
truncated complex but that are protected in theglmS-Rz construct-containing complexes. Base references for protected sites are listed at
the right of each panel.
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approach saturation (Figure 4, data not shown). Likewise,
the Mg2+ dependence of the cleavage reaction rate for the
glmS-Rz construct is markedly lower than that of the
RzP1-2 construct (13, 14; M. M. Tinsley and K. J. Hampel,
unpublished observations).

The second hypothesis that we can put forward to explain
the lack of solvent protection unique to a ligand-bound
complex is that the magnitude of the conformational change
induced by ligand binding is nonexistent or cannot be
detected by the method. Since we were not able to observe
differences between the unbound and ligand-bound forms
of the ribozyme-substrate complex by footprinting, we
turned to photo-cross-linking with short-wave UV light to
define points of contact between the RNA components and
possibly differences between the apo and ligand-bound forms
of the ribozyme-substrate complex. UV cross-linking has
been used in many ribozyme systems to define points of
direct interaction or closely juxtaposed bases in three-
dimensional space (28, 34-37). In the hammerhead ribozyme
system, it has been possible to cross-link bases that are
involved in structures that are predicted to be very short-
lived or not favored at equilibrium (38). Thus, it may be
possible in theglmS system to define specific points of
difference between the ligand-bound and unbound ribozymes
that cannot ne detected by methods, such as equilibrium
footprinting, which monitor the formation of stable structures.
In addition, we wanted to identify covalently cross-linked
sites and determined if these trapped structures retain catalytic
activity. Those that retain catalytic activity identify con-
straints in structure that are compatible with the active
ribozyme tertiary structure.

While some cross-linking strategies employ tethered cross-
linking agents capable of acting at distances of several
angstroms (28, 39), we chose to apply short-wavelength UV
light (254 nm) to trap direct contacts between stacked

nucleobases (40). In this way, we could negate, as much as
is possible, the ability of the RNA to compensate for non-
native interactions through its inherent flexibility, as de-
scribed for theTetrahymenagroup I intron (41). In our initial
screens for UV-induced cross-links,32P-labeled ribozyme-
substrate complexes formed in the presence or absence of
GlcN6P and Mg2+ were exposed to 254 nm UV light for
short periods of time (3 min) and analyzed on denaturing
gels. Several cross-links were formed under these conditions,
most of which required the presence of Mg2+, but we did
not observe cross-links that were dependent upon or were
inhibited by the presence of GlcN6P (Figure 6). This
preliminary data generally confirmed our results obtained
through footprinting analysis, but since the data were
negative, we were again left with the concern that nonde-
tectable conformational changes could be taking place as a
result of ligand binding. In addition, since it is possible that
more than one cross-link can comigrate on these gels,
information about ligand-specific cross-links can be lost.

To test the emerging idea that the ribozyme-substrate
complex can fold into a native structure that can subsequently
bind ligand productively without inducing significant con-
formational changes, we required a positive assay. Since we
observed no gross differences between complexes cross-
linked in the presence or absence of ligand, we reasoned
that it might be possible to cross-link cleavable ribozyme-
substrate complexes in the absence of ligand and then
catalytically activate them upon incubation with the ligand.
This would provide evidence for the formation of a stable
ligand binding pocket that can form in the absence of
GlcN6P. Figure 7A shows the results of one of these
experiments. Results using the RzP1-3 ribozyme construct
are shown here since it was with this construct that we were

FIGURE 5: Summary of the hydroxyl radical footprinting results.
Shaded areas are protected from hydroxyl radical attack in
ribozyme-substrate complexes. Nucleotides highlighted in yellow
are protected in all constructs studied in this work; nucleotides
highlighted in blue are protected in only theglmS-Rz and Rz-
P3.1 constructs, and the nucleotide highlighted in orange is protected
in the glmS-Rz construct alone.

FIGURE 6: Cross-linking pattern ofglmS ribozyme-substrate
complexes that is unaffected by the presence of GlcN6P. [32P]Rz-
P1-3 complexes were prepared at various concentrations of Mg2+,
GlcN6P, and 2′-deoxy A-1-modified substrate as described in
Materials and Methods and allowed to equilibrate for 1 h atroom
temperature prior to being irradiated with UV (254 nm) light. The
products were separated on an 8% denaturing PAGE gel. The
positions of cross-linked products and the un-cross-linked ribozyme
are indicated at the right. Most of the cross-linked products link
the Rz-P1-3 construct to the substrate, and one major cross-link
forms between two separate sites on the ribozyme strand.
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able to achieve the best electrophoretic separation of the
cross-linked products. By labeling only the ribozyme RNA,
we are restricted to monitoring the cleavage of the substrate
under conditions where the cross-link between the two RNAs
is preserved during the cleavage reaction.

Ribozyme-substrate complexes in which the ribozyme is
labeled were allowed to fold in Mg2+-containing buffers for
1 h and then exposed to UV light for several minutes (see
Materials and Methods). The products were separated on
preparative denaturing PAGE gels, excised from the gels,
eluted, and precipitated. The purified cross-linked ribozyme-
substrate complexes were then resuspended in Tris buffer
and treated with Mg2+ in the presence or absence of GlcN6P.
We were able to carefully control for the site specificity of
ligand-dependent cleavage by conducting parallel experi-
ments in which the native scissile linkage was protected from
cleavage by 2′-deoxy modification (Figure 7A, right panel).
Complexes formed from noncleavable substrates do not show
any cleavage products, but four of the complexes formed
with all ribose substrates were cleaved preferentially upon

incubation with GlcN6P. The levels of cleavage in the
presence and absence of GlcN6P lead us to believe that the
catalytic motif retained some level of ligand dependence even
when constrained by cross-linking specific bases. We were
intrigued, however, by the high apparent level of catalysis
by two cross-linked species in the absence of ligand (cross-
links 4 and 6). Catalysis in the absence of ligand could imply
that we had trapped a ligand-independent form of the
complex. To inspect the catalytic activities of these species
further, we carried out kinetic analysis of self-cleavage in
the presence and absence of GlcN6P (Figure 7B). The results
confirmed that these cross-linked species were significantly
dependent on GlcN6P for activity. Incubation with ligand
increased the cleavage rate of XL 4 and XL 6 by>1000-
fold relative to the rate achieved in Tris buffer and Mg2+

alone (7, 11). It should be noted that Tris has been shown to
stimulateglmSself-cleavage, most likely by acting as a ligand
coenzyme in the reaction (11). Thus, our observation of
observable site-specificglmScleavage in Tris buffer is not
surprising. The cleavage rates reported in Figure 6 for XL 4
and XL 6 at pH 8 could not be directly compared to the rate
of the un-cross-linked ribozyme since its rate is to fast to be
measured by hand mixing. However, given the published
rate-pH profile of theglmSribozyme, we can extrapolate
from the cleavage rate of 1 min-1 that we observe for the
un-cross-linked ribozyme at pH 5.5 at identical Mg2+ and
GlcN6P concentrations (data not shown). Correcting for the
increase in rate from pH 5.5 to 7.5, we arrive at a predicted
cleavage rate of∼100 min-1 at pH 7.5. This value is∼30-
fold faster than the rates observed for the cross-linked
products. The low amplitude of cleavage for the cross-linked
ribozymes, 30-50%, is consistent with the effect of RNA
lesions induced by prolonged exposure to short-wave UV
light. We have observed a similar loss of cleavage amplitude
in hairpin ribozyme complexes exposed to 254 nm light (36).

The identities of the cross-linked bases were mapped by
subjecting the labeled cross-linked species to limited alkaline
hydrolysis and then separating the products on a sequencing
gel. These hydrolysis ladders terminate at the nucleotide
involved in the cross-linking event (28). Two of the active
cross-linked forms and two inactive cross-links could be
mapped in this manner. Cross-link 2 maps from U59 of the
ribozyme strand to U11 in the P1 helix portion of the
substrate, defining a close approach of these bases or a native
tertiary structure between the L2 loop and P1 (Figure 8).
The second active cross-link, XL 4, mapped to G1, the base
immediately 3′ to the cleavage site, and U44. Mapping of
the cross-link to G1 is complicated somewhat by the presence
of an additional cutoff at G3. Mapping of the cross-link using
3′-end-labeled substrates, however, did not show any strong
cutoff at G3 but confirmed the involvement of G1 in this
cross-link (data not shown). Thus, it seems that the G3 cross-
link is a minor cross-linked form. The observation of a cross-
link from the active site of the ribozyme to a distant element
of the complex helps us to define elements of the ribozyme
active site distal to the nucleotides adjacent to the cleavage
site. Catalytically inactive cross-links also mapped to the
invariant cleavage site guanosine, G1. The ribozyme sites
of these cross-links mapped to G36 and G55. Unfortunately,
XL 6 could not be mapped since the mobility of the cross-
link reverted to that of the un-cross-linked RNA after partial
alkaline hydrolysis. XL 1, though active, could not be

FIGURE 7: Isolated cross-linked ribozyme-substrate complexes can
be stimulated to self-cleave in the presence of GlcN6P. (A)
Complexes consisting of 5′-end-labeled ribozyme cross-linked to
unlabeled substrate (XL 1-6) were incubated overnight in cleavage
buffer [50 mM Tris-HCl (pH 8) and 20 mM Mg2+] in the presence
or absence of 10 mM GlcN6P and then separated on denaturing
8% PAGE gels. Specific cleavage products that predominate in
ligand-containing reaction mixtures are denoted with asterisks and
are not observed when the cleavage site is 2′-deoxy-modified
(compare left and right panels). Each cross-linked product reversed
to a limited degree during cross-link isolation so that the 5′-end-
labeled ribozyme, or reversal product, can be seen at the bottom
of each panel. (B) Kinetics of self-cleavage of XL 4 and XL 6
with or without GlcN6P. Isolated cross-links were incubated in
buffer containing 50 mM Tris-HCl (pH 7.5) and 25 mM MgCl2
for the indicated times in the presence (+) or absence (-) of 10
mM GlcN6P at 25°C. The fraction of self-cleaved cross-linked
complexes was determined and plotted as a function of time, and
the data were curve fit as described in Materials and Methods.
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mapped efficiently as well. It should be noted that we
identified all of the major cross-linked species in the minimal
ribozyme (RzP1-2) and theglmS-Rz construct in addition
to the RzP1-3 construct. Thus, the cross-links appear to
represent common folded structures or kinetic folding
intermediates.

DISCUSSION
TheglmSribozyme is among a class of mRNA elements,

the riboswitches, that effect a change in gene expression in
response to ligand binding (1, 3). Prior to the discovery of
the glmS ribozyme, all known naturally occurring ri-
boswitches had been shown to function by ligand-induced
conformational change. Current evidence for these allosteric
effector riboswitches supports a model in which the unbound
mRNAs exist predominantly in a structure that is different
from the ligand-bound form, and the structural differences
between the bound and unbound forms dictate the effect on
gene expression (1). An important question of theglmS
system is, therefore, whether this riboswitch functions
similarly. Put another way, the question is whether GlcN6P
acts as an allosteric effector or a coenzyme. Recent data from
the Soukup laboratories point to the direct involvement of
the ligand in the cleavage reaction (11). Such coenzyme
involvement in catalysis does not necessarily require large-
scale conformational rearrangement of the active site. Here
we present complementary data showing that the riboswitch
can fold into the active tertiary structure in a manner
independent of the GlcN6P binding. Our evidence support
the hypothesis that the ligand binds to a prefolded active
site. In addition, we have implemented the use of structure
probing methods, hydroxyl radical footprinting and photo-
cross-linking, to monitor tertiary folding of theglmS ri-

bozyme. We expect that these tools will be very useful in
defining the roles of catalytically important nucleotides
within the glmSribozyme and following the RNA folding
pathway, as shown in other ribozyme systems (16, 29, 42,
43).

A combination of structural measurements was used to
determine the magnitude of the conformational change within
the riboswitch RNA as a function of added ligand. We found
no clear evidence of a conformational change expected if
the ligand acts as an allosteric effector. Though the successful
implementation of hydroxyl radical probing to this system
provides a useful tool for assaying the native structure of
the ribozyme, our results constitute negative data with respect
to the question of a ligand-induced conformational change
within the active complex. Indeed, in addition to the two
hypotheses presented above to explain this lack of ligand-
dependent probing results, the third possibility is that ligand
is not stoichiometrically bound by the complex under the
conditions used in these assays. This could be the case if,
for example, the concentration of ligand required to saturate
a ribozyme cleavage assay with an all-ribose substrate is not
sufficient to saturate a complex containing a 2′-deoxy-
modified cleavage site. Evidence for a direct role of the
ligand in the chemistry of the cleavage reaction makes it
more likely that GlcN6P binds at or very near the active
site; thus, changes to the sugar pucker and the loss of a
hydrogen bond delivered by the 2′-deoxy substitution cannot
be overlooked. Further work will be required to develop
assays for binding of ligand to these catalytically inert
mutants so that we can isolate the individual steps in the
reaction pathway, such as ligand binding, from the chemical
cleavage step.

FIGURE 8: Nucleotide mapping of cross-links 2-5 on the substrate and ribozyme strands. (A) Purified cross-linked RNAs (XL 2-XL 5)
derived from 5′-end-labeled substrate (left) and ribozyme (right) were subjected to alkali hydrolysis, and the products were separated on
denaturing PAGE gels. Non-cross-linked control RNAs were treated with alkali and ribonuclease T1 and were run in parallel (innermost
lanes in both panels). Sites of cross-linking are denoted with black arrowheads to the side of each panel and are annotated by the base
designation. (B) Secondary structure of theB. subtillis glmSribozyme with the sites of cross-linking indicated. Lines connect bases that can
be cross-linked to form a catalytically active complex between the ribozyme and substrate. Asterisks denote bases (G36 and G55) that can
be cross-linked to G1, forming inactive complexes.
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Nevertheless, we were able to overcome the systematic
limitations of the probing data to address our central question
regarding the RNA conformation in the presence and absence
of ligand. Since the appearance of the covalent cross-links
that we observed was ligand-independent, and we could assay
covalently cross-linked RNAs for catalytic activity in a very
well controlled manner, we chose to characterize the ability
of cross-linked RNAs to be activated to self-cleave by
addition of ligand. We identified two distinct covalent cross-
links within the minimal ribozyme motif that were capable
of catalytic activation by GlcN6P. Thus, a model can be put
forward in which, upon incubation with appropriate folding
cations, the riboswitch presents a preformed ligand binding
pocket to which the ligand binds without inducing large-
scale changes in RNA tertiary structure. The in vitro selected
Diels-Alder ribozyme similarly presents a preformed bind-
ing pocket for its substrate upon incubation in a folding
solution (44, 45). In contrast, previously characterized
bacterial riboswitches and several in vitro-derived aptamers
are not predominantly prefolded into a ligand binding
conformation in the absence of the ligand (1, 5, 46, 47). In
these aptamer-ligand complexes, ligand binding induces the
formation of a complex tertiary structure or captures a
specific tertiary structure. The recently reported structures
of the three purine riboswitches make it seem very unlikely
that a prefolded ligand binding pocket could admit these
bases since the ligands are surrounded on all sides by RNA
(48, 49).

We have identified two covalent cross-links that fix the
ribozyme-substrate complex into a form that can produc-
tively bind GlcN6P. The identities of these cross-links tell
us about the native tertiary structure of theglmSribozyme.
One of these is an active site cross-link that covalently fixes
the base immediately 3′ to the cleavage site, G1, to the
nonconserved U44 located at the 3′-end of J1/2. The A43-
U44 phosphodiester linkage was previously shown to be
susceptible to a spontaneous in-line cleavage event that is
quenched by the presence of the ligand (7). If GlcN6P binds
at or near the active site, as expected of a coenzyme, then
our cross-linking data which link the cleavage site and J1/2,
combined with the in-line probing results, suggest that J1/2
is a ligand binding element. It is noteworthy that J1/2 is the
longest and most highly conserved single-stranded segment
in the minimal ribozyme motif. Though binding of the ligand
could be specified in part by specific, conserved double-
stranded regions of the RNA, it is more likely that an
essential, highly conserved single-stranded region comprises
the bulk of a ligand binding pocket, as observed with other
small molecule binding RNAs (48, 50-52). The cleavage
rate of this cross-linked form is within 30-fold of the
estimated rate of the un-cross-linked ribozyme under identical
conditions. In the hairpin ribozyme system, an active site
cross-link, G8-A-1, which correlates strongly with base
stacking seen in high-resolution structures, has been shown
to achieve a cleavage rate constant∼100 fold lower than
the wild-type rate (J. E. Heckman and J. M. Burke, personal
communication) (53). Thus, the rate constant of XL 4 is
within the range that we expect of a native base stacking
interaction. Two prominent inactive cross-links that link G1
to sites in the ribozyme, G36 and G55, were identified. It is
difficult to reconcile these cross-links with the active cross-
link between G1 and U44, particularly if one considers the

proposed pseudoknot interaction between the nucleotides
immediately 3′ to G1 and J2a/2 that has been proposed (11).
It is possible that these two inactive cross-links represent
structures at an early step in the native folding pathway for
the ribozyme, but such a hypothesis would be very difficult
to test experimentally.

In contrast to the active site cross-link described above,
the catalytically active U11-U59 pair traps helical elements
peripheral to the active site. U11 is located within P1 and is
part of a phylogenetically conserved set of base pairs, 5′-
C10U11-3′ and 5′-A32G33-3′. We initially speculated that the
conserved GUGA tetraloop that caps P4 would interact with
this double-stranded receptor in P1. GUGA tetraloops
preferentially interact with this double-helical sequence (54,
55). This hypothesis is bolstered by the finding that the
hydroxyl radical protection of a P1 sequence that overlaps
this conserved dinucleotide motif is observed only in
ribozyme constructs that contain the P4 domain (Figure 4).
Our cross-linking data, however, also point to at least a
transient interaction between L2 and P1 that is consistent
with the active tertiary structure of the ribozyme. In addition
to the P1 solvent protection, we have observed several points
of solvent protection that are due to the folding of the P4
stem-loop structure. These certainly represent at least some
direct interactions between P4 and the minimal catalytic
sequence as well as additional compaction of the minimal
motif that results from folding of all the conserved structural
elements. However, we have noted no change in the affinity
of the ligand for the ribozyme in the minimal ribozyme
relative to theglmS-Rz construct (M. M. Tinsley and K. J.
Hampel, unpublished observations); thus, we cannot specu-
late that any of the P4-dependent protections in J1/2 are
involved in ligand recognition.

The evolutionary origin of theglmS riboswitch is an
important question. Our data support the hypothesis that the
glmS ribozyme forms a prefolded RNA pocket to which
GlcN6P binds without inducing large-scale conformational
changes. The implication of this idea is that theglmS
riboswitch may have evolved a stable ligand binding domain
and catalytic activity properties simultaneously. The alterna-
tive hypothesis would be that an evolutionary predecessor
for the currentglmSriboswitch used GlcN6P binding to effect
a conformational change as observed in most naturally
occurring riboswitches (1). Additional changes optimized the
ligand binding pocket such that GlcN6P could function more
directly in catalysis, as seen currently (11).
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