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ABSTRACT: The glmS ribozyme is a conserved riboswitch
found in numerous Gram-positive bacteria and responds to the
cellular concentrations of glucosamine 6-phosphate (GIcN6P).
GIcN6P binding promotes site-specific self-cleavage in the S’
UTR of the glmS mRNA, resulting in downregulation of gene
expression. The glmS ribozyme has previously been shown to
lack strong cation specificity when the rate-limiting folding step
of the cleavage reaction pathway is measured. This does not
provide data regarding cation and ligand specificities of the glmS
ribozyme during the rapid ligand bindin{gL chemical catalysis
events. Prefolding of the ribozyme in Mg> " -containing buffers
effectively isolates the rapid ligand binding and catalytic events
(kops > 60 min ') from rate-limiting folding (kps < 4 min ).
Here we employ this experimental design to assay the cations
and ligand requirements for rapid ligand binding and catalysis.
We show that molar concentrations of monovalent cations are
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also capable of inducing the formation of the native GIcN6P binding structure but are unable to promote ligand binding and catalysis
rates of >4 min~ . Our data show that the sole obligatory role for divalent cations, for which there is crystallographic evidence, is
coordination of the phosphate moiety of GIcN6P in the ligand-binding pocket. In further support of this hypothesis, our data show
that a nonphosphorylated analogue of GIcN6P, glucosamine, is unable to promote rapid ligand binding and catalysis in the presence
of divalent cations. Folding of the ribozyme is, therefore, relatively independent of cation identity, but the rapid initiation of catalysis

upon the addition of ligand is stricter.

iboswitches are structural genetic control elements that are
Rgenerally located in the mRNAs that they regulate.' ~* These
motifs act as biosensors, sensitive to the intracellular concentra-
tions of specific metabolites. The glmS ribozyme is a conserved
riboswitch motif in numerous Gram-positive bacteria and is
located upstream of the gene encoding glucosamine-6-phosphate
(GIcN6P) synthetase.® This enzyme catalyzes the conversion of
glutamine and fructose 6-phosphate to glutamate and GIcN6P, a
compound that is required for sugar metabolism and cell wall
biosynthesis.*"® Binding of GIcN6P triggers a self-cleavage
reaction that results in rapid RNase J1-mediated degradation of
the 3’ cleavage product, including the coding region of the
mRNA.” Degradation of glmS mRNA leads to the downregula-
tion of glmS protein expression, thereby decreasing the concen-
tration of available GIcN6P. The glmS gene is believed to be the
primary control point for cell wall synthesis in Gram-positive
bacteria, including pathogenic species such as Staphylococcus
aureus,"® which carries a copy of the glm$ ribozyme motif.”
Through the use of in-line probing® X-ray crystallo-
graphy,"""* hydroxyl radical footprinting,"> and fluorescence
resonance energy transfer (FRET),"" it has been determined
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that the glmS ribozyme’s li%and—binding pocket is preformed in
the absence of its ligand. A=14 1h addition, we and others
have determined that the ligand binding and catalysis steps
can be experimentally isolated from native tertiary folding
(Figure 1).1516 By this kinetic method, we identified a slow
folding step that precedes ligand binding and catalysis.'® Dissec-
tion of the catalytic pathway provides the opportunity to define
the intrinsic base sequence and nucleotide functional group
requirements as well as the extrinsic temperature, pH, and cation
requirements for individual steps in the reaction pathway. In
addition, experimental designs that isolate native ribozyme
folding from ligand binding and catalysis open the door to a
more careful examination of ligand specificity.

The ligand specificity for the glmS ribozyme is a significant
focus of study due in large measure to the potential antibiotic use
of GIcN6P analogues to disrupt cell wall synthesis in Gram-
positive pathogenic bacteria. In addition, significant biochemical
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Figure 1. Folding and reaction pathway model for the glmS ribozyme.
(A) Global folding from the unfolded (U) to a compact nativelike
intermediate (I) or misfolded (M) form occurs rapidly upon addition of
MgClL,. A second Mg*"-dependent event folds the catalytic RNA into a
complex capable of GIcN6P binding (N). GIcN6P binding and catalysis
occur on a second time scale once the native (N) structure is formed. (B)
A complex-initiated experimental design assays the rate of formation of
N. (C) Ligand binding and catalysis can be assayed in a manner
independent of the rate-limiting step by prefolding gImS-Rz-S in cations
and triggering reactions through the addition of ligand.

and structural data point to the hypothesis that the ligand func-
tions as a coenzyme in the glmS reaction. 12141718 The amine
residue of GIcNGP is in a position to serve as a proton donor to
the G 4+ 1 & oxygen. This function is unique among naturally
occurring ribozymes and has an impact on our understanding of
the enzymatic repertoire of ribozymes because coenzymes
prov1de numerous chemical functionalities not present in
RNA." Crystallographic data support a hgand binding model
in which the GIcN6P makes contacts with Mg> " ions and RNA.
Two fully hydrated Mg*" ions can be modeled into the ligand-
binding pocket and are hypothesized to make a set of water- and
outer sphere-mediated contacts that bridge the phosphate group
of GIcN6P and RNA functlonal groups. Although present in the
catalytic core, these Mg>" ions are not in a position to directly
participate in reaction chemistry.'>'”*° In addition, phosphor-
othioate substitution within the catalytlc core of the Bacillus cereus
glmS ribozyme was rescued by Mn®" at sites that mediate ligand
phosphate recognition.”® Protonation of the ligand phosphate is
expected to have a negative impact on binding by altering this
network of Mg”* and water interactions and has been proposed to
give rise to an increase in GIcN6P binding affinity as a function of
pH."® In addition, a hydrogen bonding interaction between a
GIcN6P phosphate oxygen and the N1 hydrogen of the highly
conserved G1 residue has been proposed.*" Substitution of G1 with
adenosine has a large impact on GIcN6P-mediated cleavage activity
but only a modest effect on activity in the presence of a nonpho-
sphorylated ligand analogue glucosamine, GIcN. Because most
experiments that have specifically addressed the question of ligand
specificity have utilized protocols that do not rule out the impact of
slow global folding on their outcome, we have an incomplete
picture of the requirements for the very rapid ligand binding that
has been observed in the glmS system. Finally, the degree to which
divalent cations are required for rapid ligand binding and ligand
specificity has not been specifically addressed.

Cations play important roles in the formation of ribozyme
tertiary structure and can participate directly in catalysis.”>** In

some cases, ribozymes that were previously thought to function
as metalloenzymes have been found to work well in the absence
of cations capable of assisting in active site catalysis.”*** In
addition, the Thermotoga maritima lysine riboswitch has been
shown to form nearly identical structures in the presence of K"
and Mg*" ions.*® In many ribozyme systems, high concentra-
tions of monovalent cations can support significant activity. 27730
In most cases, however, monovalent cation-supported activities
are lower than those obtained in divalent cations. These differ-
ences have been ascribed to divalent cations, notably Mg*™,

being uniquely suited to assist directly in chemical catalysis as
seen in group I and ITintrons,>" ~** and guiding the formation of
specific tertiary structures required for optimal catalysis.”* These
types of experiments are important because they have the poten-
tial to define the obligatory roles for specific types of cations in
the function of catalytic RNAs. A general lack of cation specificity
for catalysis has been observed for the glmS ribozyme. Monova-
lent cations, several divalent cations, and cobalt hexaammine
have all been shown to allow for some level of activity. These
experiments, however, followed the rate-limiting step in the
reaction pathway.®'”** Therefore, in the presence of cations
that permit rapid ligand binding, these data probably represent
the rate of formation of the native ribozyme structure or
unfolding of a non-native intermediate rather than the rate of
ligand binding and catalysis. We know little about the range of
cations that are able to support rapid ligand binding and catalytic
activity that we and others have observed.

Here we present a ribozyme kinetics study aimed at defining
the cation and ligand requirements for fast catalysis by the gImS
ribozyme. Our data support the hypothesis that the ligand
phosphate is involved in rapid binding and that divalent cations
are uniquely suited to provide a rapid GIcN6P binding mode. In
addition, we have observed that the glmS ribozyme, folded in the
presence of monovalent cations, is indistinguishable from one
folded in Mg**.

B EXPERIMENTAL PROCEDURES

RNA Preparation. The 19-nucleotide substrate RNA
(Figure 2A) was generated on an Applied Biosystems DNA/
RNA synthesizer using standard phophoramidite chemistry from
Glen Research. The RNA products were deprotected and
purified by denaturing PAGE and reverse phase HPLC as
described previously.*® The glmS-Rz and glmS 3' P RNAs
(Figure 2) were made by transcription of double-stranded
DNA templates with T7 RNA polymerase. Transcription tem-
plates were constructed by annealing two large overlapping
DNaAs, filling the single-stranded regions with Klenow fragment
DNA polymerase, and subsequent PCR amplification as pre-
viously described."® To generate glmS-3' P cleavage products,
10 mM GIcN6P was added to glmS-cis transcriptions following
the standard transcription incubation of 3 h, and this mixture was
allowed to incubate for an additional 1 h at 37 °C. All transcrip-
tion products were purlﬁed by polyacrylamide gel electrophor-
esis as described previously.®” Radiolabeled RNAs were Erepared
by phosphorylation of the §'-terminal hydroxyl with [y-"*P]ATP
(ICN) and polynucleotide kinase.

Ribozyme Cleavage Kinetics. A 25 mM TAPS/HEPES/
cacodylate/sodium acetate (THCA) buffer was utilized as pre-
viously described at all pH values so that buffer-specific effects
could be minimized.'® All buffer reagents were purchased from
Sigma. The pH of THCA was adjusted via addition of NaOH to
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Figure 2. Secondary structure diagrams of the Bacillus subtilis glmS
trans-acting ribozyme—substrate complex (glmS-Rz-S) used in cleavage
kinetics experiments (A) and gImS 3’ cleavage product (B) used in
hydroxyl radical footprinting. The secondary structures are shown
according to existing crystal structures for the glmS ribozyme'>'* and
numbered according the system of Winkler and co-workers.® The §' to 3/
direction of the RNA is indicated with black triangles. The cleavage site is
denoted with an empty triangle.

each buffer stock. The final concentration of Na' ions was,
therefore, different at each pH. This difference was adjusted by
the addition of NaCl to reaction buffers at pH >6 so that the final
concentration of Na® was equal to 60 mM for all reaction
mixtures. The pH of ligand stocks were adjusted to the pH of
the reaction mixture to which they were added. All RNAs were
subjected to a 2 min incubation at 70 °C in 25 mM THCA with
0.1 mM EDTA followed by a S min benchtop cooling time. This
incubation served to release the RNAs from any nonproductive
conformations present upon thawing. All ribozyme kinetics
assays were single-turnover experiments in which the concentra-
tion of glmS-Rz was 0.5 uM and labeled substrate was present at a
concentration of <10 nM. The reaction time course were
generally continued for 7 h for reaction rates of <0.1 min~ '
and 1 h for reaction rates of >0.1 min ™.

Complex-Initiated Reactions. RNAs were incubated in
25 mM THCA (pH 7.5) in the presence of various mono-, di-,
and multivalent cations and 15 mM ligand at 25 °C for 1.5 h.
Cleavage reactions were initiated via addition of an equal volume
of a solution containing 25 mM THCA and specified concentra-
tions of glmS-Rz, cation, and GIcN6P. Reactions were quenched
via addition of 1 uL of the reaction mixture to 9 uL of loading
buffer, 95% (v/v) formamide, 25 mM EDTA, 0.01% (w/v)
bromophenol blue, and 0.01% (w/v) xylene cyanol. Reactions
performed in 3 M NaCl were quenched via addition of 1 uL of
the reaction mixture to 49 uL of loading buffer. The reaction
products were separated on denaturing 20% polyacrylamide gels,
and the data were quantified using Bio-Rad phosphorimager
analysis and Quantity One 1-D. The resulting data points were
plotted and fitted using Synergy’s Kalidegraph (version 3.6)
to the double-exponential equation y = y, = A;(1 — e /™) +
A1 —e ™), yielding cleavage rate constants k; (=1/7;) and
amplitudes A;. Rapid quench reactions were conducted on a

three-syringe Kintek rapid quench mixer. Equal volumes from
the two sample ports containing RNA and buffer components as
described were pushed into the mixing chamber to initiate
reactions. The push buffers were identical in composition to
the samples that they pushed without the RNA and GIcN6P. The
quench syringe contained rapid quench buffer (RQB), 86%
(v/v) formamide, 35 mM EDTA, and 1x Tris-borate-EDTA
(TBE) buffer. Reaction mixtures containing a monovalent cation
background were expelled into microcentrifuge tubes containing
400 uL of additional RQB, as listed above.

Ligand-Initiated Reactions. RNAs were incubated in 25 mM
THCA, pH 7.5, in the presence of 3 M NaCl and 1 mM EDTA
and incubated at 25 °C for 1.5 h. Cleavage reactions were
initiated via addition of an equal volume of a solution containing
25 mM THCA and specified concentrations of cation and
GIcNG6P. Reactions were quenched via addition of 1 uL of the
reaction mixture to 49 uL of loading buffer, 95% (v/v) forma-
mide, 25 mM EDTA, 0.01% (w/v) bromophenol blue, and
0.01% (w/v) xylene cyanol. The reaction products were sepa-
rated on denaturing 20% polyacrylamide gels, and the data were
quantified and fit as described above. Rapid quench reactions
were conducted as described above and quenched into 400 uL of
additional RQB as described above.

Measurement of the Rate of GIcN6P-Independent Fold-
ing. Unlabeled ribozyme and 5'-end-labeled substrate were
incubated separately in 25 mM THCA in the presence of
15 mM MgCl, for 1.5 h at 25 °C. Folding reactions were initiated
via addition of equal volumes of ribozyme and substrate solutions
together. At various time points a 15 mM GIcN6P, chase was
added to the reaction mixture, and the mixture was incubated for
S s before the reaction was quenched. Time points faster than 10
s reactions were conducted on a three-syringe Kintek rapid
quench mixer. The right sample syringe contained 5'-end-labeled
cleavable substrate in 25 mM THCA (pH 7.5) and 15 mM
MgCl,. The left sample syringe contained cold ribozyme in the
presence of 25 mM THCA (pH 7.5) and 15 mM MgCl,. Buffer
syringes contained 25 mM THCA and 15 mM MgCl,. The
quench syringe contained equal concentrations of buffer and
MgZJr in addition to saturating concentrations of GIcNG6P.
Individual reactions proceeded with an initial mixing of equal
volumes of the two sample syringes. This mixture was allowed to
fold for a specified time at 25 °C prior to being rapidly mixed with
GIcN6P from the quench syringe. When the quench syringe
solution is introduced into the reaction mixture, GIcN6P binds
the native Rz-S complex, resulting in cleavage of the RNA
backbone. This solution is pushed into an empty microcentrifuge
tube and allowed to incubate for S s, and then the reaction is
quenched with 400 uL of RQB. Substrate and product were
separated on 20% denaturing polyacrylamide gels and analyzed
with a Bio-Rad phosphorimager as described above.

pH Dependence of Ligand-Initiated Reactions. RNAs were
incubated in 25 mM THCA, pH 5.5 to pH 8, in the presence of
15 mM MgCl, or 3 M NaCl and 1 mM EDTA at 25 °C for 1.5 h.
Cleavage reactions were initiated via addition of an equal volume of
a solution containing 25 mM THCA and specified concentrations
of cation and saturating concentrations of either GIeN6P or GIcN
(Figures S3 and S4 of the Supporting Information). Reactions
including MgCl, were quenched via addition of 1 L of the reaction
mixture to 9 uL of loading buffer, 95% (v/v) formamide, 25 mM
EDTA, 0.01% (w/v) bromophenol blue, and 0.01% (w/v) xylene
cyanol. Reactions including a 3 M NaCl background were
quenched via addition of 1 #L of the reaction mixture to 49 uL
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of loading buffer. The reaction products were separated on
denaturing 20% polyacrylamide gels, and the individual cleavage
rates were quantified and fit using the double-exponential equation
described above. Cleavage rates were plotted as a function of pH
and fit to the single-ionization equation kgps = kpa/(1 +
10°%PH) \here ky. is the intrinsic rate of the cleavage reaction
and pK, is the acid dissociation constant of a single titrating
functional group. Rapid quench reactions were conducted as
described above, and reactions including 3 M NaCl were addition-
ally quenched into 400 #L of RQB, as described above.
Equilibrium Hydroxyl Radical Footprinting Reactions.
End-labeled glmS 3’ cleavage product (Figure 2A) was incubated
in a buffer containing 25 mM sodium cacodylate (pH 7) and a
range of NaCl and MgCl, concentrations for 2 min at 70 °C
followed by 90 min at room temperature and then probed using
hydroxyl radicals as described previously."> Polyacrylamide gel
electrophoretic separation of the cleavage products and quantifica-
tion of the results were conducted according to our previously
published methods.'? Protected fractions at each site were normal-
ized to the highest level of protection observed in individual experi-
ments and plotted as a function of cation concentration. Magni-
tudes of protection matched our previously reported range."®

B RESULTS

Our objective for this work was to define the cation specificity
and ligand requirements for the rapid ligand binding and catalysis
that we and others have observed upon addition of ligand to
prefolded ribozymes (Figure 1).'>'® We have previously demon-
strated that the gImS ribozyme rapidly collapses into a nearly
native tertiary structure as shown by time-resolved hydroxyl
radical footprinting.'® These experiments, performed in the
presence and absence of GIcN6P, indicate a rapid compaction
(~1s"") of the ribozyme into a (nearly) native tertiary structure
without any evidence of a distinct conformational rearrange-
ment. In contrast, the gImS ribozyme achieves a catalytically
active conformation on a much slower time scale, ~3 min ", in
the presence of saturating levels of MgCl, and GIcN6P. This slow
step is cation-dependent and must be completed prior to catalysis
(Figure 1A). These experiments were performed in the presence
of GIcN6P and, therefore, do not provide data for the potential of
ligand-induced behavior during this transition. Therefore, before
examining the requirements for rapid ligand binding and cata-
lysis, we wanted to be able to rule out ligand-assisted prefolding
of the native complex.

To monitor the rate-limiting folding event in the absence of
ligand, we performed “GIcN6P chase” experiments. Briefly,
trans-ribozyme—substrate complex [glmS-Rz-S (Figure 2A)]
was prefolded in MgCl, in the absence of GIcN6P for varying
amounts of time. After this folding time, we introduced a
saturating concentration of GIcN6P into the solution and
allowed the reaction to proceed for 5 s before quenching
(Figure 3A). The S s chase time was chosen for these reactions
because of the observation that when the ribozyme—substrate
complex was folded in MgCl,-containing solutions prior to
initiation via addition of a saturating concentration of GIcN6P,
>80% substrates are cleaved during this time."® In addition, the S
s chase time can be accurately and reproducibly made by hand
mixing. Although cation-dependent folding is ongoing during the
short chase time, we did not expect this to significantly increase
the apparent rate of this slow step in the reaction. Thus, we
measured the fraction of molecules that are folded into a

A glnls-Rz S
Mgz+ M+92+
GIcN6P
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Time

kobs =3.5min+0.1
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Figure 3. Determining the global folding rate of the glmS ribozyme in
the absence of GIcN6P. (A) Experimental design used to determine the
rate of global folding in the absence of GIcN6P. Ribozyme and substrate
strands were mixed in the presence of MgCl, and allowed to fold for a
specific time. The level of native folding was then assayed by addition of
GIcN6P for a fixed period of time, S s. (B) Comparison of a representa-
tive complex-initiated reaction (O) in the presence of GIcN6P pre-
viously reported'® and three replicate GIcN6P chase reactions (@)
(error bars set at one standard deviation). The fraction of substrate
cleaved is plotted as a function of time and fit to a double-exponential
equation as described in Experimental Procedures.

catalytically active conformation as a function of folding time.
Experiments were performed in the rapid quench and via hand-
held mixing. We observed equal global folding rates, within error,
in the presence and absence of GIcN6P [3.5 £ 0.1 and 3.4 4= 0.26
min~ , respectively (Figure 3B)]. These findings support our
previous data indicating that the rate-limiting step is cation-
dependent with no detectable influence of GIcN6P. We have also
demonstrated, through the use of two distinct experimental
designs, that the ligand binding and catalysis steps of the reaction
pathway can be isolated from this slow, rate-limiting, folding step
by preincubating the RNA in MgCl, prior to initiation of catalysis
(Figure 1).16

To gain a better understanding of the cation specificity of
the glmS ribozyme, we sought to elucidate the role that cations
play in the process of folding, ligand binding, and catalysis. We
utilized the glmS-Rz-S construct (Figure 2B) and performed
single-turnover kinetic complex-initiated experiments, as pre-
viously described'® (Figure 1B) in the presence of mono-, di-,
and multivalent cations. This assay measures the rate-limiting
step of the catalytic pathway. Our findings support previous
data showing a lack of strong cation specificity as measured in
this manner.'” Mn>* and Ca®" ions promote rates of self-
cleavage that are similar (within a 4-fold range) to those in the
presence of MgZJr (Figure 4 and Table 1). Co(NH;)s*", an
exchange-inert structural mimic of hexahydrated Mg*", associ-
ates with RNA only through outer sphere and electrostatic
interactions.*® This cation promotes a cleavage rate 1 order of
magnitude slower than that achieved in MgCl,. In addition, we
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Figure 4. Complex-initiated trans-cleavage reactions in various cations.
Complex-initiated cleavage assays were conducted as described pre-
viously,'® utilizing the glmS-Rz-S construct, at pH 7.5. Experiments were
conducted over a range of cation concentrations using saturating
amounts of GIcN6P. Reaction rates were plotted as a function of cation
concentration on alog scale. The symbols used for each cation are shown
in the graph: Mg”" (@), Ca>" (O), Mn*" (H), Co(NH;)s>" (O), and
Na™ (#). All data points are the average of three replicate experiments
with error bars set at one standard deviation from the mean. Individual
titrations were fit to the Hill equation as described in Experimental
Procedures. k™™, K4*?, and the Hill cofficient, n, for each cation are
reported in Table 1.

Table 1. Apparent K, Values and Maximal Cleavage Rates
(kops™™) for Complex-Initiated Reactions” Employing a
Variety of Cations at pH 7.5

cation KPrt Kops™ (min~ ") n
Na* 1L.5M 12 2.7
Mgt 10 mM 36 2.0
Ca>*" 6 mM 3.4 2.5
Mn*" 2.5 mM 0.77 L5
Co(NH,)s*" 0.28 mM 0.33 1.3

“ The complex-initiated experimental design is outlined in Figure 1B and
described in Experimental Procedures. K4 values were determined by
fitting ko, vs cation concentration plots to the Hill equation, as
described in Experimental Procedures, where the value for the Hill
coefficient (n) is shown above for each cation tested.

observed that the use of molar concentrations of NaCl resulted in
cleavage rates within 3-fold of the rate achieved in MgCl,
(Figure 4)."” These data support previous findings indicating the
gImS ribozyme lacks an essential role for divalent metal ions in either
the folding process or the promotion of catalysis."”” K ions have been
found to promote catalysis at rates similar to molar concentrations of
Na™ ions."” Next, we wanted to determine if molar concentrations of
NaCl are sufficient to fold the glmS motif into its native tertiary
structure. Equilibrium hydroyxl radical footprinting experiments were
performed using the gimS 3'-cleavage product (Figure 2B) in
increasing concentrations of NaCl. Figure S shows the comparison
solvent protection as a function of NaCl concentration and 15 mM
MgCl, at two sites on the ribozyme backbone. A12 is protected by a
long-range tertiary interaction between the L4 tetraloop and P1
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Figure 5. Global folding of the glmS-3’ P as a function of Na™
concentration. End-labeled glmS-3’ P was folded at the indicated
concentration of Na™ or 15 mM Mg>*" and then probed with hydroxyl
radical as described in Experimental Procedures. (A) Secondary struc-
ture of glmS-3' P with the sites of hydroxyl radical protection shaded.
Positions 12 and 36 are denoted with asterisks. (B) Quantification of the
solvent protection at one site of the core tertiary structure, G36 (empty
symbols), and one site of peripheral tertiary interaction, A12 (filled
symbols), in the presence of 15 mM MgCl, (squares) and a range of
NaCl concentrations (circles).

(Figure 2). G36 is protected by formation of the core double-
pseudoknot structure."* The results from the quantification of these
two sites are representative of the entire protection pattern in molar
NaCl and 15 mM MgCl,. These experiments revealed that molar
concentrations of Na" ions are sufficient to promote equivalent
solvent protection at the same RINA sites as obtained in the presence
of MgCl, (Figure S and Figure S1 of Supporting Information).
Because molar concentrations of NaCl are capable of prefold-
ing a native tertiary structure, we sought to determine if 3 M
NaCl could promote rapid ligand binding and chemical catalysis
in a GlcN6P-initiated experimental design (Figure 1C). Briefly,
the ribozyme and substrate were preincubated together in 3 M
NaCl for 90 min. This time of incubation is sufficient to allow Rz-
S complexes to reach a prefolded equilibrium end point. Reac-
tions were then initiated by the addition of a saturating concen-
tration of GIcN6P in the presence or absence of 15 mM MgCl,.
The background concentration of NaCl was maintained at 3 M
for the initiation of the reactions. To ensure saturation of the
system with GIcN6P in a background of 3 M NaCl, a shallow
titration of ligand was conducted using a 3 M NaCl background
to prefold the ribozyme—substrate complex and various cations
and GIcN6P to initiate the reaction (see Figure S3 of the
Supporting Information). Little variation in the concentration
of ligand required to saturate the reaction among the various
cations was observed in these experiments. We compared the
results of experiments performed in 3 M NaCl, with or without
15 mM MgCl,, with the results of identical experiments in which
prefolding and GIcN6P initiation were conducted in 15 mM
MgCl, (Figure 6A). Reactions initiated with GIcN6P in 3 M
NaCl and 15 mM MgCl, proceeded with the same rate as
reactions initiated with GIcN6P and 15 mM MgCl,
(Figure 6A). However, reactions that were initiated in the presence
of 3 M NaCl as the sole cation proceeded 18-fold slower than those
initiated in the presence of 15 mM MgCl, (Figure 6A). These
findings indicate that molar concentrations of monovalent cations
are sufficient to induce the formation of the native coenzyme
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Figure 6. GlcN6P-initiated trans-cleavage demonstrates the require-
ment for both divalent cations and a ligand phosphate for fast catalysis.
GIcN6P-initiated cleavage reactions were conducted at pH 7.5, utilizing
the glmS-Rz-S construct as described previously.'® (A) Reaction rates
determined as described in Experimental Procedures plotted as a
function of the folding and initiating cations, 15 mM MgCl, and 3 M
NaCl, respectively, in the presence of saturating concentrations of
GIcNG6P. (B) Loss of rapid cleavage kinetics in the absence of the ligand
phosphate group. Reactions were initiated using various cations and
saturating levels of GIcN6P (empty bars) or GlcN (filled bars) after
prefolding glmS-Rz-S in 3 M NaCl for 90 min. The following concentra-
tions of cations were used: 15 mM MgCl,, CaCl,, and MnCl,; 10 mM
Co(NH;)s>"; and 3 M NaCl (maintained in a buffer containing 3 M
NaCl). All reaction rates are the average of three replicate experiments,
and error bars indicate one standard deviation from the mean.

binding structure but do not result in the rapid burst of catalysis in
the presence of GIcN6P (Figure 6A). Overall, our data suggest that
the ribozyme —substrate complex can be prefolded in 3 M NaCl into
a native structure equivalent to that produced in MgClL,.

Having previously demonstrated a lack of cation specificity
through the slow folding step of the reaction pathway (Figure 4),
we wanted to explore the ability of a variety of cations to promote
fast ligand binding and reaction chemistry. To do this, we utilized
the ability of the ribozyme to fold to a native ligand-unbound, or
apo, conformation in 3 M NaCl. Reactions were initiated with
saturating concentrations of both GIcN6P and the cations listed
while maintaining 3 M NaCl (Figure 6B, empty bars). Our data
show that the identity of the cation affects the ability of the glmS

ribozyme to undergo rapid catalysis in a background of mono-
valent cation. Of the divalent cations tested, Mngr was most
efficient in promoting rapid catalysis in the presence of ligand,
with Mn** and Ca** promoting similar catalytic rates under these
conditions (Figure 6B). The reduced catalytic rate in the
presence of Mn”" and Ca*" ions could be the result of conforma-
tional or structural limitations of the active site. Although Mn®*
and Ca”" are the smallest and largest of the divalent cations
tested, at 0.67 and 1.12 A, respectively, they exhibit essentially no
difference in their ability to promote catalysis in the presence of
ligand. These data suggest an optimal cation size necessary to
effectively position the ligand and promote catalysis.”® Co-
(NH;)s>", a structural analogue of fully hydrated Mg2+, was
very inefficient at promoting catalysis in the presence of ligand,
with a cleavage rate that was only slightly higher than the rate of
cleavage triggered by ligand and 3 M NaCl alone (Figure 6B).
Unlike the associated water ligands of MgH, Ca*", and Mn*™,
the ammine ligands of Co(NH;)> " cannot be displaced to make
inner sphere contacts.®® This indicates that to achieve rapid
catalysis, there may be a requirement for water-mediated co-
ordination to achieve appropriate or rapid placement of GIcN6P
within the binding pocket. Overall, our data suggest that divalent
cations are more effective than monovalents or Co(NH3)63Jr at
positioning GIcN6P within the ligand-binding pocket. Alterna-
tively, Co(NH;)s>" may induce ribozyme conformation that is
not optimal for rapid catalysis.

Crystallographic structures indicate the presence of two fully
hydrated magnesium ions within the ligand-binding pocket of the
glmS ribozyme.'? The magnesium ions coordinate the phosphate
group of GIcN6P in addition to making contacts with the RNA
backbone and multiple functional groups within the active site.
To test the hypothesis that rapid ligand binding and catalysis are
assessed in part by interactions between Mg” " and the ligand
phosphate, we examined the ability of glucosamine (GlcN), a
nonphosphorylated analogue, to promote ligand-initiated reac-
tions. Substitution of GIcN for GIcN6P largely eliminates the
cation-dependent variability in ligand-initiated cleavage rates
observed with GIcN6P (Figure 6B). Indeed, all GlcN-initiated
reactions rates are within approximately 2-fold of one another
and are all below 4.5 min~ . It should be noted that under all
conditions we have employed GIcN at a concentration beyond
which we see no further rate enhancement (see Figures S3 and S4
of the Supporting Information). These data support the hypoth-
esis that an interaction between divalent cations and the phos-
phate moiety of GIcN6P increases the ligand binding rate.

In addition to interacting with the phosphate group of
GIcN6P, crystallographic structures also show the Mg”" ions
making contact with nucleobase functional groups within the
ligand-binding pocket. Additionally, previous experiments have
shown that GIcN6P binding is weak at low pH, which has been
postulated to be due to neutralization of the phosphate moiety
and loss of the ability to coordinate Mg>*."> The pK, of the
phosphate group has been determined, via NMR, to be ~6.1."°
To examine the possibility of Mg*"-dependent pH effects, we
determined the rate—pH profiles of GIcN6P-initiated reactions
in MgCl, and 3 M NaCl (Figure 7). When the reaction is
triggered with MgCl, and GIcN6P, we observed a base activation
rate—pH profile with a k,,,,, of 70 and a pK,, of 6.2 when fitting to
an equation assuming a single titratable group (Figure 7). The
pK, for this experiment is very close to previous findings'’
(Figure 7). Reactions initiated with 3 M NaCl and GIcN6P
display a pK, of 6.4 and also fit to an equation assuming a single
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Figure 7. pH dependence of gImS ribozyme trans-cleavage in the
presence of GIcN6P or GlcN. Reaction rates determined as described
in Experimental Procedures are plotted as a function of pH (pH 5.5—8).
The glmS-Rz-S construct was prefolded in MgCl, (squares) or 3 M NaCl
(circles) for 90 min prior to initiation of the reaction with saturating
concentrations (see Figure S4 of the Supporting Information) of
GIcNG6P (filled symbols) or GIcN (empty symbols). The data were fit
to a single-ionization equation as described in Experimental Procedures.
Each data point is the average of three replicate experiments, and error
bars indicating one standard deviation from the mean are shown but are

smaller than the symbols.

titratable group, but with an 18-fold lower k... When the same
reactions were initiated with GIcN, we observed the same pH-
dependent reactions in the presence of MgCl, but not NaCl. In3 M
NaCl, GlcN-initiated reactions displayed an only 2-fold increase in
the cleavage rate over the pH range of 5.5—8 (Figure 7). These data
indicate that removal of the phosphate moiety in the presence of
Mg”" ions does not eliminate the pH dependence of the catalytic
reaction, as observed with Na™ as the sole cation.

W DISCUSSION

The rate of the glmS ribozyme reaction pathway is limited by a
slow folding step that precedes formation of a native structure
capable of ligand binding.'® Having previously shown that the
pathway can be dissected such that the combined rate of the
ligand binding and catalysis steps can be studied in isolation from
this rate-limiting step, our goal in this work was to define the
cation and ligand requirements for these rapid steps.'® All
previous examinations of the cation requirements for the glmS
ribozyme have used experimental designs that assay the rate-
limiting step in the pathway.”'” Here we have shown that in
molar concentrations of Na™ ions, the ribozyme is able to fold to
the native state and catalyze reactions through the rate-limiting
step at a rate similar to that observed in MgCl,-containing
solutions (Figures 4 and 5). We define “through the rate-limiting
step” as complex-initiated reactions in which the ribozyme —sub-
strate complex must fold into its native three-dimensional
structure during the assay. More importantly, a high NaCl
concentration allows the ribozyme to fold into a complex that
is competent to bind ligand, preincubated in MgCl,, rapidly
(=70 min~ ') and execute chemical catalysis (Figure 6A). These

data also indicate that the reduction in water activity in 3 M NaCl
compared to dilute salt conditions does not strongly influence
the folding of the ribozyme (Figure S). We cannot exclude the
possibility that this solution property plays a role in the low
catalytic rate of the glmS ribozyme in 3 M NaCl. However, our
data fit more closely to a model in which Mg*" ions are
particularly well suited to the promotion of rapid ligand binding
and catalysis.

Molar concentrations of monovalent cations, suchas Na™, K,
Li", and NH*", have been employed in a number of ribozyme
systems in defining the specific requirements for Mg>" in
ribozyme structure and catalysis.”>*>*' Though molar concen-
trations of monovalents are not physiological, they can serve to
define structural and catalytic roles uniquely suited to divalent
cations.”**%** We have observed Na " -mediated native folding of
the glmS ribozyme into a tertiary structure that is able to bind
GIcN6P and Mg*", without any apparent conformational
change, and direct catalysis very rapidly. This suggests that the
sole obligatory role for Mg*" ions in the glmS system is to assist in
ligand binding. We are limited in this interpretation in one
respect only. If a Mg”*-dependent conformational change is
required of the 3 M NaCl folded ribozyme that is faster than the
rate of ligand binding, we would not observe this event in our
catalytic assays. We expect that if such a conformational change
exists, however, it is a short-range change in structure to
accommodate ligand binding. Nevertheless, the observation that
the native glmS tertiary structure can form in the complete
absence of divalent cations is unique among ribozyme systems.
The Tetrahymena group I intron ribozyme can be folded to a
nearly native three-dimensional conformation at high monova-
lent cation concentrations®>* but requires divalent cations to
activate the active site chemistry and to fold the catalytic core. In
the case of the glmS ribozyme, folding in 3 M NaCl is sufficient to
form all hydroxyl radical-protected sites to the same magnitude
observed in MgCl,. A high NaCl concentration can mediate
native tertiary contacts in the Schistosoma mansoni hammerhead
ribozyme but does not alone permit efficient catalysis to occur.*”
Furthermore, when molar concentrations are present, the clea-
vage rate in MgCl, is reduced 4600-fold, suggesting that mon-
ovalent cations are able to compete for divalent cation binding or
shield the RNA from divalent cations.>” In contrast, we find that 3
M NaCl has no observable effect on the ligand-initiated cleavage
rate in the presence of 15 mM MgCl, (Figure 6A). This result
indicates that Na™ is itself capable of folding the RNA to the
native conformation but requires the presence of Mg>" ions to
activate catalysis. In addition, our data indicate that high salt
concentration-induced changes to the electrostatic potential of
the RNA do not allow rapid ligand binding and catalysis observed
in the presence of Mg®". MgCl,-mediated reactions in the HDV
ribozyme system can be inhibited by up to 10-fold via the
addition of high concentrations of monovalent cations, but this
inhibition can be partially reversed by increasing the MgCl,
concentration,* suggesting that Mg”" ions can preferentially
occupy specific binding sites related to catalytic activity. Our
results also argue that there is no functional difference between
the structure prefolded in MgCl, or NaCl because both are able
to achieve the same cleavage rate enhancement upon addition of
GIcN6P and MgCl,. The T. maritima lysine riboswitch has also
been shown to form nearly identical structures in the presence of
K" and Mg*" ions.”*We conclude that folding of the ribozyme is
relatively independent of cation identity, but the rapid initiation
of catalysis upon the addition of ligand is stricter.
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Of the three divalent metals tested, Mger was most effective at
~65 min~ ', while Ca*" and Mn?" were almost 3-fold slower at
~20 and ~27 min"}, respectively, indicating specific require-
ments for achieving rapid catalysis. The reduced catalytic rate in
the presence of Mn>" and Ca”" could be the result of con-
formational or structural limitations of the active site. Although
Mn>" and Ca®" are the smallest and largest of the divalent
cations tested, at 0.67 and 1.12 A, respectively, they exhibit
essentially no difference in their ability to promote catalysis in the
presence of ligand. These data may indicate an optimal cation
size requirement necessary to effectively position the ligand and
promote catalysis.” To achieve maximal catalytic activity, it is
not unusual for certain ribozymes to discriminate against closely
related cations. For example, naturally occurring Tetrahymena
and Azoarcus group I ribozymes exhibit a strong dependence on
Mg™" for effective activity and display no detectable activity in
vitro with Ca®" as the sole divalent.* * Additionally, the
genomic and antigenomic forms of the HDV ribozyme also
exhibit an interesting Mg2+7ca2+ switch, in which the genomic
form is catalytically efficient in Mg*" whereas the antigenomic
form cleaves faster in Ca”*.** The difference in rates for the glm$
ribozyme could also be due to distinct metal ions coordinating
GIcN6P in slightly different manners within the ligand-binding
pocket, thus promoting a different binding mode that may result
in less efficient catalysis.>’

Finally, altered outer sphere coordination could be responsi-
ble for reduced catalytic efficiency when compared to Mg”".
Although all three of the divalent cations tested are hexahydrated,
Mg>" strongly prefers an octahedral geometry, while Ca®* is
more flexible and has a greater range of coordination numbers
and also exhibits a greater range of bond distances.’® Ca®>" and
Mn*", although hexahydrated, may not be able to create or
maintain the water-mediated contacts necessary for optimal
catalysis, because of the orientation and/or geometry of their sur-
rounding water molecules. Additionally, the coordination geo-
metry and the distance between coordinated ligands may be best
suited for Mngr.40 Co(NH;)s> ", a structural mimic of Mg2+, was
very ineflicient at promoting catalysis in the presence of ligand,
with a cleavage rate only slightly above the cleavage rate triggered
by ligand and Na™ alone (Figure 6A). Unlike the associated
water ligands of Mg2+, Ca>", and Mn>", the ammine ligands of
Co(NH;)s* " cannot be displaced to make inner sphere con-
tacts.’® The crystal structure indicates that the Mg®" ions make
both outer sphere and water-mediated contacts within the
ligand-binding pocket. The ammine groups of Co(NH;)s*
should be capable of creating appropriate outer sphere contacts
but would be incapable of creating the water-mediated contacts
with the nucleobase functional groups within the ligand-binding
pocket. These data indicate that to achieve rapid catalysis, there
may be a requirement for a specific geometry of water-mediated
coordination to achieve appropriate placement of GIcN6P within
the binding pocket to promote rapid catalysis. Overall, our data
indicate that divalent cations are more effective than monovalent
cations or Co(NH;)> " at positioning GIcN6P within the ligand-
binding pocket to promote rapid catalysis.

Our evidence supports the hypothesis that this Mg** or
divalent cation requirement is due to the need for divalent
cations to bind to GIcN6P and assist in the binding of ligand
to the RNA. This hypothesis has been presented previously on
the basis of crystallographic structures that model two hydrated
Mg*" ions coordinated between RNA functional groups and the
phosphate moiety of GIcN6P within the ligand-binding

pocket.'>'* Substitution of glucosamine (GIcN), an analogue

of GIcNG6P lacking the phosphate group for GIcN6P, eliminates
all fast ligand-triggered reaction regardless of the cation em-
ployed. All cations tested promote catalysis at a rate of ~2 min ™'
(Figure 6B), supporting the idea that ligand binding is strongly
assisted by divalent cations and that the phosphate moiety of
GIcNG6P is required for rapid positioning and/or efficient cata-
Iytic activity within the ligand-binding pocket (Figure 7). The
phosphate group of GIcN6P may help to “lock” the ligand into
the ligand-binding pocket. The phosphate ed§e of the ligand-
binding pocket is solvent-exposed. Both Mg”" ions and water
molecules act to screen the negative charge of the RNA phos-
phate backbone from the phosphate group of GIcN6P,'* while
the remaining portion of the ligand is buried within the active
site. Glucose 6-phosphate (Glc6P), an analogue of GIcN6P, with
a hydroxyl group in place of the primary amine, is a competitive
inhibitor of the cleavage reaction.'® Crystal structures indicate
that Glc6P occupies the ligand-binding pocket of the active site in
a manner almost identical to that of GIcN6P binding. The glmS
ribozyme recognizes both the phosphate and sugar moieties of
Glc6P,'* making a set of contacts that is similar to the set made by
GIcNG6P." Even following cleavage, the glmS ribozyme retains
affinity for GIcN6P, as postcleavage crystallographic structures
identify density for at least the phosphate atom of GIcN6P."> Our
observation of similar reaction rates in GlcN, where the ligand
phosphate is absent, or in the presence of 3 M Na™ as a sole
cation suggests that the same reaction pathway step is limiting,
Under all conditions that we have tested, ligand titrations have
been conducted, and the reported rates are from experiments in
which ligand binding is saturating (see Figures S3 and S4 of the
Supporting Information). The intrinsic rate of association of
ligand with the ribozyme, however, has not been determined. We
do not, therefore, have direct evidence that ligand binding is rate-
limiting under these conditions. The flavin mononucleotide
(FMN) riboswitch also utilizes a Mg*"-dependent mechanism
for coordinating the ligand phosphate in the binding pocket, and
biochemical studies have shown a strong preference for binding
phosphorylated ligands and the presence of Mg*"*>" In addition,
the glycine riboswitch has been shown to form significant native
tertiary structure in the presence of molar concentrations of NaCl
but requires specific divalent cations to support ligand binding.*>>*
Evidence of the importance of the phosphate moiety of
GIcNG6P with respect to rapid ligand binding has also come from
experiments showing that the highest pK, for a nonbridging
phosphate oxygen, as determined by NMR (pH ~6.1), correlates
well with the K /, of the ligand, determined catalytically."> The
implication is that protonation of a single ligand nonbridging
phosphate oxygen impairs ligand binding due to loss of the Mg*
coordination between the ligand and RNA. Thus, the ribozyme is
activated under basic conditions. The same conclusion has been
reached recently on the basis of molecular dynamics simula-
tions.”* We determined the pH reactivity profiles determined at
saturating concentrations of GIcN6P or GleN in MgCl, or 3 M
NaCl to examine this idea in greater detail (Figure 7). In both
Na* and Mg*" GlcN6P-initiated reactions have rate—pH pro-
files, fit well to a single-ionization equation, and yield pK, values
of 6.4 and 6.5, respectively (Figure 7). This does not fit with the
Mg*" requirement in this model but does support the proposal
that the nonbridging oxygen can make a hydrogen bond with the
N1 hydrogen of the invariant guanosine at position 1, G1, in
MgCl, and 3 M NaCl.>' Phosphate protonation is expected to
both disrupt this interaction and be cation-independent. In
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addition, our data are consistent with a model for this rate—pH
behavior suggesting a general base role for scissile phosphate pro-
R, nonbridging phosphate oxygen.>*

More recently, molecular dynamics simulations and detailed
free energy calculations indicate the apparent SpKa of 6.1 to be
attributed to the amine group of GICN6P.> Because both
GIcN6P and GIcN retain an amine group at position 2, it is
plausible that the apparent pK, of ~6.5 cannot be attributed to
the phosphate group, but to the amine. To explore this idea
further, we determined the pH reactivity profile of the glmS
ribozyme utilizing saturating concentrations of GIcN in Mg~ " or
a 3 M NaCl background. Prefolding in MgCl, followed by GIcN
initiation resulted in a 10-fold decrease in the catalytic rate over
the pH range tested (pH 5.5—8), fitting to a single ionization event
with an apparent pK, of ~6.5. We did not observe a pH-dependent
cleavage rate when reactions were initiated with 3 M Na™. It is
possible that under these conditions a different, pH-independent,
step in the reaction is rate-limiting; however, the rate of GIcN-
mediated catalysis is 10-fold faster in the presence of 3 M NaCl than
in the presence of MgCl, at pH 5.5. Another possible reason GIcN
is less effective at promoting reaction rates closer to those produced
by GIcN6P is the presence of unfilled space within the ligand-
binding pocket in the absence of the phosphate group. Without the
phosphate moiety to form the fixed network of Mg " -coordinated
interactions with the various functional groups of the ligand-
binding pocket, it is possible that the hydrogen bonds coordinating
the glucosamine ring are not sufficient to effectively position GIcN
for reaction chemistry. In Na™, the binding pocket may be better
able to tolerate protonation of specific residues.

The ligand-initiated site-specific RNA cleavage catalyzed by
the glmS ribozyme is a very interesting and novel riboswitch
mechanism. Ligand recognition is clearly central to the function
of all riboswitches, and our data on this topic provide new insight
for the glmS ribozyme. We find that both the ligand phosphate
moiety and the presence of Mg”>" ions make significant con-
tributions to ligand binding and catalysis by the ribozyme. These
effects are largely nonadditive, suggesting that they affect the
same molecular event. This new insight may be useful in
designing chemical agonists or antagonists of the glmS ribozyme
for the use of antibiotics against Gram-positive bacteria of
biomedical importance that employ this catalyst.

B ASSOCIATED CONTENT

© Ssupporting Information. Hydroxyl radical footprinting
of the glmS ribozyme 3’ product reveals identical protections in
15 mM MgCl, and molar concentrations of NaCl (Figure S1).
The data presented in Figures S2—S4 show that under all
solution conditions employed in these experiments the cation
and/or ligand concentrations used were at a level beyond which
no increase in catalytic rate is observed. This material is available
free of charge via the Internet at http://pubs.acs.org.
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