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Characteristics of Ligand Recognition by a gimS
Self-Cleaving Ribozyme**
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The glmsS ribozyme!"" from Bacillus cereus is a representative
of a unique riboswitch class®™°! whose members undergo self-
cleavage with accelerated rate constants when bound to
glucosamine-6-phosphate (GIcN6P). These metabolite-sens-
ing ribozymes are found in numerous Gram-positive bacteria,
where they control expression of the g/mS gene. The gimS
gene product (glutamine:fructose-6-phosphate amidotrans-
ferase) generates GlcN6P'"!! which binds to the ribozyme
and triggers self-cleavage by internal phosphoester transfer.[!
The ribozyme is embedded within the 5" untranslated region
(UTR) of the gimS messenger RNA and self-cleavage
prevents production of GImS protein, thereby decreasing
the concentration of GlcN6P. The combination of molecular
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sensing, self-cleavage, and gene control functions allows this
small RNA to operate both as a ribozyme and as a riboswitch.

Previous studies have shown that the g/msS ribozyme from
B. cereus and the homologous ribozyme from Bacillus subtilis
respond to GIcN6P with an apparent dissociation constant
(Kp) of approximately 200 pm."*! Although this Kp, value is
greater than those determined for most other natural
riboswitches, g/msS ribozymes exhibit a high level of molecular
recognition specificity and are able to reject even close
chemical analogues of GIcN6P. For example, glucosamine-6-
sulphate can induce ribozyme activation to the same extent as
GIcN6P, albeit when present at concentrations that are
approximately 100-fold greater. In contrast, glucose-6-phos-
phate, wherein the 2-amine group of GIcN6P is replaced with
a hydroxy group, completely fails to trigger ribozyme
action.”

Riboswitches must be capable of discriminating against
compounds related to their natural ligands to prevent
undesirable regulation of metabolic genes. However, it is
possible to generate analogues that trigger riboswitch func-
tion and inhibit bacterial growth, as has been demonstrated
for riboswitches that normally respond to lysine!”” and
thiamine pyrophosphate.['¥ Proper expression of the GlmS
protein is critical for bacterial viability,'>!"! and analogues of
GIcNG6P that could interfere with normal gene expression by
triggering glmsS ribozyme activity might serve as new types of
antimicrobial agents. Therefore, we sought an increased
understanding of the molecular recognition characteristics
of glmS ribozymes.

We evaluated the molecular recognition characteristics of
the glmS ribozyme by determining the effects of GIcN6P and
various GIcN6P analogues on the self-cleavage activity of a
200-nucleotide glmS ribozyme construct from B. cereus
(Figure 1). Ky, values for each ligand were determined by
plotting ribozyme rate constants versus ligand concentrations
(see Experimental Section). Previous studies using similar
methods revealed that the phosphate moiety of GIcN6P
(Figure 1b; 1a) is necessary for maximal affinity between
ligand and glmsS ribozyme.!"* The amine group of the ligand is
also known to be essential for ribozyme function.*) How-
ever, linear amine-containing compounds can induce modest
ribozyme activity,””! suggesting that acyclic (1b) or alternative
anomeric forms (1¢) of GIcN6P might be active. Therefore,
we tested a series of analogues (Figure2) to probe the
importance of structural conformation of GIcN6P and of
individual functional groups on the pyranose ring.!'*!

Under physiological conditions, GIcN6P equilibrates
between an acyclic form (1b) and two cyclic f-anomer (1a)
and a-anomer (1¢) forms (Figure 1b).* The relative ratio of
1a and 1c in solution is 60:40 at 25°C as determined by
'HNMR spectroscopy in D,O (data not shown), with less
than 1% in the acyclic form.['”) Each conformer could exhibit
differences in RNA binding affinity and ribozyme activity
similar to that observed for the GlmS protein.®

Small molecules such as serinol and ethanolamine pro-
mote ribozyme activity, although they are orders of magni-
tude less effective than GIcN6P! Similarly, the acyclic
analogue 3 has no detectable activity under the assay
conditions used in the current study (see Figure2b and

www.angewandte.de

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a) cUa b)
A G 0
A-U—20 HO\F{/
C-G HO/\
P1A-U UG 0
yu-A G A H °
C-G G-C HO OH
A-U A-U HzN
A-U— 1a
"N A-U
1 ula U-Apgq
| v, g 6 Uu-G
AG-C A A A-U
C-G G-C C-G
P22c-G Cc-GP21 U+G—120
G-C U-A 100—A A
1\Gc—e A G A g Hous
, G G ~
5 PA A AU*AA HO’P\O
P A U UG OH
¢ 6 6 v C-G H
G A G N A-U HO =0
U U C U UsG HaN
C A UG U-aA 1b
U U cC-G v U*AP4
U Up2c-a U-A
G A “G.g e’ a
u A geu
U A GeU
c u | o~ ¢
U ¢ CGCAA u
N
Vo oY p3y-a—we 3 HO~g’
u ATTc-¢c u HO™ \
U U B A [e]
c A VU-A G o)
u A | C-G p H
c A U-Ap3q ¢ H
A G A-U HaN
AaG C - G—140 A 1c OH
A U-AGAGAAGAGGC

Figure 1. a) Secondary structure model of the glmS ribozyme from

B. cereus. The model was adapted using data from a model for the
glmS ribozyme from Thermoanaerobacter tengcongensis based on X-ray
crystal structural data.”! b) Equilibrium of the -anomer (1a), acyclic
form (1b), and a-anomer (1c) of GIcN6P, the ligand of glmS
ribozyme.

Experimental Section). In contrast, the cyclic analogue 8,
which lacks the hydroxy group at the 1-position, activates
ribozyme self-cleavage to approximately 1/70th of the activity
exhibited by GIcN6P (Figure 2¢, Figure 3). These results
demonstrate that alteration of the chemical structure at the 1-
position of the pyranose ring has only a modest effect on
ribozyme activity, but opening of the ring at this position (as
in 3 and most likely in 1b) is far more deleterious.

Because 1b is unlikely to be relevant for normal function
of the ribozyme, one or both of the anomers of GIcN6P must
serve as the activator. We tested analogues of 1a (5) and 1¢
(6), in which the stereochemistry of the analogues are
maintained by methylation of the oxygen atoms at the 1-
position. Unfortunately, neither § nor 6 induced ribozyme
cleavage, and this result prevents us from establishing the
activities of the two anomers by using these analogues.
Perhaps a future study might exploit similar analogues in
which the methoxy groups are replaced with fluorine.
However, the current results suggest the ribozyme forms a
tight binding pocket near the 1-position that precludes
analogue binding. As 8 can activate ribozyme cleavage
substantially, the modification at the 1-position might only
modestly disrupt a molecular interaction between the ligand
and ribozyme. Alternatively, the influence of the 1-hydroxy
group on the pK, value of the 2-amine group also could be the
cause of the reduction in activity of 8. For example, ethyl-
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Figure 2. GIcN6P analogues and their influence on glmS ribozyme self-
cleavage. a) Chemical structures of GIcN6P analogues.'" Red portions
designate differences from GIcN6P. b) Yields of ribozyme cleavage
actions using a 200-nucleotide glmS RNA construct incubated with
GIcN6P (1) or with various compounds as indicated. 5'-*?P-labeled
precursor (Pre)-RNAs were incubated for 30 minutes in the presence
of 1 mm effector as noted for each lane. The bar labeled with “—”
reveals the extent of RNA cleavage when a reaction containing 1 mm
GlcN6P was terminated with loading buffer'™ at time zero. Data for all
assays were corrected for the amount of cleaved RNA present in the
reaction generating the lowest amount of cleavage (reaction containing
7). Unshaded bars designate active compounds that were further
examined to establish ribozyme rate constants. c) Observed rate
constants (k) for ribozyme cleavage and the ratio of rate constants
(k,/k) measured using GIcN6P (1) versus the most active GIcN6P
analogues, each at 100 um. Rate constants for the remaining com-
pounds are estimated to be less than 0.001 min~".

amine (pK, =10.7) has a higher pK, value than ethanolamine
(pK,=9.50)," indicating that an adjacent hydroxy group can
reduce the basicity of an amine by more than one unit.
Therefore the change in the pK, value caused by the absence
of the 1-hydroxy group in 8 could disrupt either ligand binding
or ribozyme catalysis.
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Figure 3. Observed rate constants for ribozyme self-cleavage at differ-
ent concentrations of 8.1l The inset depicts three representative
assays in which the radiolabeled precursor (Pre) was incubated for
various times with different concentrations (c) of 8 as indicated.
Cleaved (Clv) RNAs were separated by polyacrylamide gel electro-
phoresis (PAGE). Aliquots of ribozyme reactions were removed and
terminated at t=0, 4, 15.3, and 19.5 h.

Compounds 2 and 13 were examined to determine the
importance of the 3- and 4-hydroxy groups for ribozyme
activation. While 13 exhibits activity that is similar to that of
GIcN6P, 2 does not induce activity under the assay conditions
used (Figure 2b and c). These results imply that the 4-hydroxy
group is critical for binding. In contrast, the 3-hydroxy group
might have only a modest impact on binding or otherwise
might influence reactivity by means of an inductive effect on
the 2-amine group.

Replacement of the phosphate group with sulfate reduces
affinity for the ligand by about 100-fold."! However, removal
of the phosphate group (glucosamine) causes an even greater
loss of ligand affinity. To further assess the importance of
phosphate oxygen atoms, we generated the phosphorothio-
late analogue 4. This change also reduces the rate constant of
ribozyme cleavage by approximately two orders of magnitude
relative to 1. However, GIcN6P is bound by the ribozyme
about 1000-fold more tightly than is glucosamine.['*1%1)
Although the phosphate modifications tested might only
disrupt a single interaction between ligand and ribozyme, it is
likely that more than one binding interaction is made to this
part of the ligand.

The 2-amine group, or an analogous amine, is present in
all compounds that induce ribozyme activity.""* Therefore,
we tested a series of structural and stereochemical isomers of
1 in which this functional group was altered. The interchange
of 1-hydroxy and 2-amine groups in 7 does not support
ribozyme cleavage, which suggests that the location of the 2-
amine group is critical for activity. The ribozyme is activated
by 9 with only a modest reduction in efficiency compared to
GIcN6P, despite the steric hindrance that might be caused by
the methyl group. In contrast, 10 and 11 are inactive,
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suggesting that the ability of the amine to accept or donate
protons for bonding or catalysis is essential.

Compound 12 carries an amine group at the 2-position
with opposing stereochemical configuration and surprisingly
induces cleavage to 1/35th of that of the natural ligand. It
seems possible that 12 could be bound using the same contacts
that are used to bind GIcN6P, but the relocation of the amine
group in this pocket only slightly detracts from its ability to
bind or to participate in proton-transfer-mediated catalysis.

On the basis of our findings, we generated a series of
predicted molecular recognition determinants for GIcN6P
binding (Figure 4). The 6-phosphate and 4-hydroxy groups

o]
hydrogen-bond —P'O‘F{’

acceptors w0 g dr(i)rﬁgd
hydrogen-bond<_ HO%
donor HO OH)
N=H steric
H constraint
essential

Figure 4. Predicted molecular recognition determinants of glmS ribo-
zymes. Confirmation of the precise type or number of molecular
contacts for some functional groups requires testing of additional
analogues.

are likely to serve as hydrogen-bond donor and acceptor sites.
Although the nonbridging oxygen atoms of a phosphate
group can interact with metal ions by inner-sphere coordina-
tion, this is unlikely for this RNA because the ribozyme can
attain full activity when Mg*" ions are replaced with cobalt
hexamine.[! Cobalt hexamine simulates fully hydrated Mg**
ions and can only form hydrogen bonds with an adjacent
phosphate.

The exact role of the essential 2-amine group remains
unclear. The reduced activity for 8 could be a result of the
expected increase in the pK, value of the amine, which would
influence its ability to function in proton-transfer reactions.
However, it is not clear whether the loss of activity observed
with 8 is due entirely to a shift in pK, value of the amine or
due at least in part to disruption of a molecular recognition
contact. We have suggested that GIcN6P could function as a
cofactor for RNA cleavage,! and nucleic acid enzymes that
use small molecules presumably to assist in proton transfer
have been identified previously.”” Both the absence of ligand-
induced shape change in the RNAP! and pH profile changes
brought about by the use of various ligand analogues® are
consistent with the hypothesis that GIcN6P directly partic-
ipates in the chemical step of the reaction.

If the amine group of GIcN6P is a key moiety in the
ribozyme active site, then the simplest explanation for the
data is that the ligand serves as a general base catalyst. The
logarithm of kg, for ribozyme activity with increasing pH
value increases linearly with a slope of 1."*¢! Furthermore,
GIcN6P analogues that exhibit higher pK, values for the
amine group are less effective inducers of ribozyme activity
(i.e. 8) or exhibit an increase in the pH required to reach half-
maximal ribozyme activity.”} Although other more complex
mechanisms are possible, the ribozyme might use GIcN6P to
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assist in deprotonation of the 2-hydroxy group at the labile
internucleotide linkage.[®!

Previous studies of the molecular recognition character-
istics of other riboswitch classes revealed that a high level of
molecular discrimination can be achieved by natural ligand-
binding RNAs.”?! Although the gimS ribozyme also strongly
discriminates against many closely related GlcN6P analogues,
there appears to be considerable opportunity to design novel
analogues that efficiently and selectively trigger glmS ribo-
zyme cleavage. Such compounds possibly could be used to
reduce the expression of GImS metabolic enzymes in
pathogenic bacteria, which is expected to disrupt their
normal cellular function.

Experimental Section

The gimsS ribozyme from B. cereus (Figure 1a) was generated by in
vitro transcription as described previously,® 5-*P-radiolabeled,”
and purified by PAGE. Rate constants were established by using
methods and reaction conditions similar to those described previ-
ously,! with the exception that reaction mixtures contained 50 mm
HEPES buffer (pH 7.5 at 23°C) in place of Tris-HCl buffer. Ligand
concentrations and incubation times used are defined for each assay.
Ribozyme activity was established by quantifying the amounts of
cleaved and uncleaved RNAs using a Typhoon imager (Amersham
Biosciences).!"

Received: June 23, 2006
Published online: September 20, 2006

Keywords: gene expression - molecular recognition - ribozymes -
RNA - structure—activity relationships

[1] W. C. Winkler, A. Nahvi, A. Roth, J. A. Collins, R. R. Breaker,
Nature 2004, 428, 281 —286.

[2] J. E. Barrick, K. A. Corbino, W. C. Winkler, A. Nahvi, M.
Mandal, J. Collins, M. Lee, A. Roth, N. Sudarsan, I. Jona, J. K.
Wickiser, R. R. Breaker, Proc. Natl. Acad. Sci. USA 2004, 101,
6421 - 6426.

[3] T.J. McCarthy, M. A. Plog, S. A. Floy, J. A. Jansen, J. K. Soukup,
G. A. Soukup, Chem. Biol. 2005, 12, 1221 -1226.

[4] S.R. Wilkinson, M. D. Been, RNA 2005, 11, 1788 —-1794.

[5] G. A. Soukup, Nucleic Acids Res. 2006, 34, 968 —975.

[6] A. Roth, A. Nahvi, M. Lee, I. Jona, R. R. Breaker, RNA 2006,
12, 607-619.

[7] J. A. Jansen, T.J. McCarthy, G. A. Soukup, J. K. Soukup, Nat.
Struct. Mol. Biol. 2006 13, 517 -523.

[8] M. Mandal, R. R. Breaker, Nat. Rev. Mol. Cell Biol. 2004, 5,
451 -463.

[9] W. C. Winkler, R. R. Breaker, Annu. Rev. Microbiol. 2005, 59,
487-517.

[10] M.-A. Badet-Denisot, L. René, B. Badet, Bull. Soc. Chim. Fr.
1993, 730, 249 -255.

[11] S. Milewski, Biochim. Biophys. Acta 2002, 1597, 173 -192.

[12] N. Sudarsan, J. K. Wickiser, S. Nakamura, M. S. Ebert, R. R.
Breaker, Genes Dev. 2003, 17, 2688 -2697.

[13] N. Sudarsan, S. Cohen-Chalamish, S. Nakamura, G. M. Emils-
son, R. R. Breaker, Chem. Biol. 2006, 13, 1325-1335.

[14] See Supporting Information for additional methods, synthetic
details and spectral data.

[15] K. J. Schray, S. J. Benkovic, Acc. Chem. Res. 1978, 11, 136—141.

[16] The atomic structure of GImS bound to GIcN6P reveals a
preference for the a-pyranose form; A. Teplyakov, G. Obmo-

Angew. Chem. 2006, 118, 6841-6845



Angewandte
Chemie

lova, M.-A. Badet-Denisot, B. Badet, 1. Polikarpov, Structure
1998, 6, 1047 -1055.

[17] D. R. Lide, CRC Handbook of Chemistry and Physics, 75th ed.,
CRC, Boca Raton, FL, 1994, pp. 8-45.

[18] G. Mayer, M. Famulok, ChemBioChem 2006, 7, 602 —604.

[19] K. F. Blount, I. Puskarz, R. Penchovsky, R. R. Breaker, RNA
Biol. 2006, in press.

[20] A. Roth, R. R. Breaker, Proc. Natl. Acad. Sci. USA 1998, 95,
6027 -6031.

[21] K. J. Hampel, M. M. Tinsley, Biochemistry 2006, 45, 7861 -7871.

[22] J. Lim, W. C. Winkler, S. Nakamura, V. Scott, R. R. Breaker,
Angew. Chem. 2006, 118, 978 -982; Angew. Chem. Int. Ed. 2006,
45,964 -968.

[23] J. Cochrane, S. Strobel, personal communication.

Angew. Chem. 2006, 118, 6841 -6845 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de 6845



