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urrently used antibiotics act on only a few cellu-

lar processes (1-3), and bacteria are steadily be-

coming resistant to known drugs (4, 5). Com-
mon classes of antibiotics bind to diverse targets,
including enzymes in the folic acid biosynthesis path-
way (6), cell wall biosynthesis components (7), DNA to-
poisomerase enzymes (8), and ribosomes (9). However,
novel antibacterial agents that affect different cellular
systems are needed to combat emerging antibiotics-
resistant bacteria. Unfortunately, it is challenging to
identify critical processes and pathways that are suffi-
ciently widespread and conserved to permit the devel-
opment of broad-spectrum antibiotics.

The involvement of ribosomes in the mechanisms of
antibacterial agents is intriguing because they carry the
only noncoding RNAs that are targeted by commercial
antibiotics. However, numerous classes of noncoding
RNAs are being discovered in bacteria (10), which may
offer new RNA-based targets for antibacterial compound
development. We have been particularly interested in
determining whether riboswitches (11-15) could act as
such targets.

Riboswitches are structured RNA elements that are
usually located in the 5’ untranslated regions (UTRs) of
bacterial mRNAs, though plant and fungal riboswitches
have also been characterized (16—20). Riboswitches se-
lectively bind to small molecules, and ligand binding
typically results in the regulation of genes that are in-
volved in the biosynthesis or transport of the cognate li-
gand. Each riboswitch class generally consists of two re-
gions, an aptamer domain and an expression platform.
The aptamer is a conserved, structured receptor that se-
lectively recognizes the ligand. The expression platform
adopts different folded conformations depending on the
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ABSTRACT Riboswitches are structured RNA domains that can bind directly to
specific ligands and regulate gene expression. These RNA elements are located
most commonly within the noncoding regions of bacterial mRNAs, although repre-
sentatives of one riboswitch class have been discovered in organisms from all
three domains of life. In several Gram-positive species of bacteria, riboswitches
that selectively recognize guanine regulate the expression of genes involved in pu-
rine biosynthesis and transport. Because these genes are involved in fundamen-

tal metabolic pathways in certain bacterial pathogens, guanine-binding ribo-
switches may be targets for the development of novel antibacterial compounds.

To explore this possibility, the atomic-resolution structure of a guanine ribo-
switch aptamer from Bacillus subtilis was used to guide the design of several riboswitch-
compatible guanine analogues. The ability of these compounds to be bound by

the riboswitch and repress bacterial growth was examined. Many of these ratio-
nally designed compounds are bound by a guanine riboswitch aptamer in vitro with
affinities comparable to that of the natural ligand, and several also inhibit bacte-
rial growth. We found that one of these antimicrobial guanine analogues (6-N-hydroxyl-
aminopurine, or G7) represses expression of a reporter gene controlled by a gua-
nine riboswitch in B. subtilis, suggesting it may inhibit bacterial growth by
triggering guanine riboswitch action. These studies demonstrate the utility of a three-
dimensional structure model of a natural aptamer to design ligand analogues

that target riboswitches. This approach also could be implemented to design anti-
bacterial compounds that specifically target other riboswitch classes.
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Figure 1. Guanine riboswitches and guanine riboswitch-controlled genes in B. subtilis. a) Sequence and secondary structure of the
xpt-pbuX guanine riboswitch from B. subtilis. Base-paired stems are denoted P1, P2, and P3, and loops are designated L2 and L3.
Circled nucleotides identify those that undergo reduction of spontaneous cleavage during in-line probing reactions containing
guanine concentrations above the Kp, and positions are numbered as in Figure 3, panel b. Shaded nucleotides identify alternative
pairing for the formation of the putative anti-terminator stem that may form when ligand is absent. Asterisks indicate nucleotides
added to the RNA sequence to facilitate synthesis when this construct was prepared by in vitro transcription. b) Purine meta-
bolic pathways in B. subtilis (47, 78, 79). Genes essential for B. subtilis growth (47) are highlighted in red; genes regulated by
guanine riboswitches (37) are depicted in blue. c) The effects of the disruption of all four guanine riboswitch-controlled transcrip-
tional units in B. subtilis. Growth curves of a wild-type B. subtilis strain (wild type) and a strain with all guanine riboswitch-
controlled genes disrupted (mutant) are shown. The mutant strain carries knockouts of the genes controlled by the xpt-pbuX,
pbuG, and nupG riboswitches and carries the pur operon downstream of a xylose-inducible promoter. The average of three inde-
pendent growth assays is shown. Error bars depict the standard deviation of three separate assays and were not added when the
error was less than the width of the points.

occupation state of the aptamer, and the structure of Most known riboswitches are involved in feedback
the expression platform ultimately establishes whether  control wherein the build-up of an essential metabolite
the associated genes are expressed. triggers the down-regulation of genes whose protein
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products make or import more of the metabolite. In
these cases, it is predicted that analogues of the natu-
ral ligand could bind to a riboswitch and cause repres-
sion of genes necessary for maintaining an adequate
concentration of the metabolite. Riboswitch-mediated
repression of genes necessary to synthesize or import
essential metabolites may cause inhibition of bacterial
growth or even bacterial cell death.

Previous studies have examined the potential utility
of several riboswitch classes as antibacterial drug tar-
gets (21). For example, the thiamin pyrophosphate (TPP)
analogue pyrithiamine pyrophosphate binds to TPP ri-
boswitches in vitro (22-25) and can inhibit bacterial
and fungal growth, likely at least in part by binding to
TPP riboswitches and repressing the expression of thia-
min biosynthesis and transport genes (26-30). Also, ly-
sine analogues such as L-aminoethylcysteine (AEC) and
pL-4-oxalysine are known to bind to lysine riboswitches
and repress gene expression of riboswitch-controlled
genes (31, 32). However, the antimicrobial effects of
compounds such as AEC may also be caused by their in-
corporation into proteins (33). Furthermore, it was re-
cently discovered that the flavin mononucleotide (FMN)
analogue roseoflavin can bind to an FMN riboswitch
in vitro (21, 34, 35) and possibly inhibits B. subtilis
growth by repressing the expression of genes controlled
by FMN riboswitches (35, 36). Other riboswitch classes
also regulate fundamental metabolic pathways (11-15)
and thus have the potential to become antibiotic tar-
gets. One example is the guanine riboswitch class (37),
which also has one of the most highly characterized
three-dimensional structures (38—44), making it an
ideal candidate for structure-based drug design.

RESULTS AND DISCUSSION

Guanine Riboswitch-Controlled Genes in B. subtilis.
Guanine riboswitches are found in several Gram-
positive species of bacteria, including the pathogens
Bacillus anthracis and Staphylococcus aureus (37, 45).
Often, as in the case of the xpt-pbuX guanine riboswitch
in B. subtilis (Figure 1, panel a), a guanine riboswitch
forms a transcription terminator stem in response to li-
gand binding and thereby represses the expression of
the downstream gene or set of genes. B. subtilis carries
four highly conserved guanine riboswitches that collec-
tively regulate the expression of the purine transport and
metabolism genes xpt-pbuX, pbuG, and nupG (formerly
named yxjA) (46), as well as the 12-gene operon respon-
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sible for de novo purine biosynthesis (pur operon)
(Figure 1, panel b). The level of conservation among
these four riboswitch aptamers suggests that a com-
pound could be designed to bind to all of them. Thus, al-
though none of the genes associated with this ribo-
switch have been identified as individually essential for
survival (47), the combined effect of suppressing ex-
pression of all of the associated genes may impede pu-
rine metabolism and transport sufficiently to be delete-
rious to bacterial replication or viability.

To test whether simultaneously repressing all of the
guanine riboswitch-controlled genes would be deleteri-
ous to B. subtilis, we systematically deleted all of these
transcriptional units, except for the pur operon. For this
operon, the region of the genome encompassing the
promoter and the riboswitch element was replaced with
a xylose-inducible promoter (Pxyl) (35, 48). In the ab-
sence of xylose, the growth rate of this conditional
knockout strain (Figure 1, panel c) in Luria—Bertani (LB)
medium was reduced compared to that of a wild-type
strain, demonstrating that repression of the guanine
riboswitch-controlled genes indeed results in slower
growth. Under these growth conditions, quantitative re-
verse transcription and polymerase chain reaction (RT-
PCR) amplification of the pur operon transcript revealed
that a low level of transcript is present in the popula-
tion of cells even in the absence of xylose (data not
shown). This suggests that complete growth inhibition
was not observed due to the low level of pur operon ex-
pression, which would maintain a low level of de novo
purine biosynthesis.

Repeated attempts to delete the pur operon entirely
in a xpt-pbuX, pbuG, nupG triple knockout strain were
unsuccessful, suggesting that the simultaneous repres-
sion of all of these gene products may completely inhibit
bacterial growth. These observations are consistent
with our hypothesis that a novel compound designed
to selectively target guanine riboswitches could inhibit
B. subtilis growth. However, it is important to note that
guanine-mediated repression of gene expression by pu-
rine riboswitch action may still permit low amounts of
gene expression (37, 42), and therefore our gene dele-
tion experiments may not perfectly mimic the cellular ef-
fects of analogues that trigger riboswitch action.

Guanine Analogues Are Bound by Guanine
Riboswitch Aptamers. Guanine riboswitch aptamers
fold to form a three-stem junction from which the three
base-paired stems P1, P2, and P3 radiate (37) (Figure 1,
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panel a). For the xpt-pbuX riboswitch from B. subtilis
(hereafter termed the xpt riboswitch), the formation of
the P1 helix is stabilized by the binding of guanine, al-
lowing a terminator structure to form in the expression
platform. In the absence of ligand, the 3’ shoulder of P1
can base pair with a region of the expression platform
to form an anti-terminator hairpin, thereby preventing
the formation of the terminator and allowing transcrip-
tion of the open reading frame (ORF) to proceed. Many
nucleotides within the two hairpin loops L2 and L3 are
highly conserved, and the loops interact both in the
presence or absence of ligand to aid the process of li-
gand recognition (43, 44). Similarly, most of the nucle-
otides in the junction region of the aptamer are highly
conserved and are also involved in ligand recognition.
When the ligand is absent, the nucleotides of the junc-
tion region are relatively disordered, whereas in the
presence of guanine these nucleotides assemble into a
tight binding pocket (37-39).

The three-dimensional structure of the xpt riboswitch
aptamer from B. subtilis bound to guanine illustrates
that the ligand is almost completely enveloped by nucle-
otides of the aptamer core (Figure 2, panel a) (38, 39).
The aptamer makes several contacts with the ligand,
and seven intermolecular hydrogen bonds are formed.
The relative binding affinities for numerous guanine ana-
logues are consistent with this model for intimate li-
gand recognition (37). Notably, one of the cytosine resi-
dues of the riboswitch junction region (C74) (Figure 1,
panel a) forms a Watson—Crick pairing interaction with
the guanine ligand. Mutation of C74 to a uridine residue
renders the riboswitch unresponsive to guanine (49), re-
flecting its crucial role in ligand recognition.

Examination of the three-dimensional structure of
the xpt aptamer also reveals two regions of the binding
pocket wherein functional group modifications of gua-
nine should be accommodated without large adverse ef-
fects on the binding interaction. These regions sur-
round the C2 and C6 positions of the guanine ligand
(Figure 2, panel b). We therefore predicted that addi-
tional functional groups could be added to C2 or C6 with

Figure 2. Assessing ligand recognition by a riboswitch
aptamer. a) Atomic-resolution structure of the xpt riboswitch
aptamer bound to guanine (39). b) A close-up view of guanine ~ Minimal deleterious effects on ligand binding. To test
in the binding pocket of the aptamer. Dashed lines desig- this hypothesis, a collection of C2- or C6-modified gua-
nate hydrogen bonding interactions between nucleotides of nine analogues were obtained or synthesized (Figure 3,

the binding pocket and the guanine ligand (central base). The d their abili indto theri itch and in-
gray shaded areas (near C2 and C6 positions of guanine) panel 2) and their ability to bind to the fiboswitch and in

highlight spaces where it may be possible to add different hibit l?acterial growth was assessed (Figure 3, pa.mel b).
chemical groups without substantially disrupting binding to In-line probing assays (50) were performed with the
the aptamer. Xxpt aptamer to assess the changes caused by these ana-
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Figure 3. Guanine analogue design and the binding characteristics of guanine analogues by the xpt-pbuX riboswitch in vitro. a) Guanine ana-
logue structures and Kj values. The 16 guanine analogues are separated into two groups depending on whether chemical changes are made to
the C2 or C6 position. b) PAGE analysis of the products of an in-line probing assay with the xpt aptamer (Figure 1, panel a). NR, T1, and ~OH des-
ignate 5’ 32P-labeled RNAs subjected to no reaction, partial digest with RNase T1, or partial digestion with alkali, respectively. RNAs were incu-
bated with G7 concentrations ranging from 0 to 1 pM, where (—) indicates incubation without ligand. Arrowheads identify several bands corre-
sponding to nuclease cleavage after G residues (T1 lane) as designated according to the numbering system used in Figure 1, panel a. Regions
1-4 denote areas of structural modulation within the aptamer when ligand is bound.

logues on the structure of the aptamer and to derive
the apparent dissociation constant (Kp) for analogue
binding. In-line probing assays exploit the fact that inter-
nucleotide linkages in unstructured regions of RNA usu-
ally undergo more rapid spontaneous internal phos-
phoester transfer compared to linkages in structured
regions. Internal phosphoester transfer involving nucleo-
philic attack by a 2’-oxygen atom on the adjoining phos-
phorus center results in chain cleavage. As the second-
ary or tertiary structures of a riboswitch aptamer change
with addition of ligand, some internucleotide linkages
change both their structural context and their suscepti-
bility to spontaneous cleavage. The differences in RNA
degradation products can be visualized via polyacryl-
amide agarose gel electrophoresis (PAGE) and evalu-
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ated to determine the locations of RNA shape changes
and to estimate Kp values for ligand-RNA complexes (50,
51).

An in-line probing assay using the xpt aptamer
(Figure 1, panel a) from B. subtilis was used to assess
whether each guanine analogue at a concentration of
1 wM causes modulation of aptamer structure. Indeed,
the majority of the analogues induce changes in sponta-
neous cleavage of the xpt aptamer to yield a pattern of
RNA cleavage products similar to that observed when
guanine is added to the reaction (data not shown). Even
compounds that induce little or no structural modula-
tion at 1 wM exhibit binding at higher ligand concentra-
tions (Figure 3, panel a). Equilibrium dissociation con-
stant (Kp) values for the analogues were determined by
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Figure 4. Identification of guanine analogues that inhibit cell growth and repress reporter gene expression. a) Growth in-
hibition by guanine analogues. Each guanine analogue was added to B. subtilis cultures to a final concentration of

100 .M, and the relative growth compared to that observed with no added analogue (—) was determined after incuba-
tion for 10 h at 37 °C. The average growth for three independent cultures is shown, wherein open and filled bars identify
analogues that inhibit bacterial growth less than or greater than 50%, respectively. Error bars represent the standard
deviation between three independent assays. b) Plots comparing the K, and MIC values for three guanine analogues. The
MIC values for G6, G7, and G15 MIC (GMM) and MIC (LB) values were established using the wild-type 1A1 B. subtilis
strain. MIC (Gé-resistant strain, GMM) values were established using a 1A1 B. subtilis variant that was generated to ex-
hibit resistance to G6 (the variant carrying the near complete deletion of the terminator stem of the pbuk riboswitch; see
Figure 5). MIC values for G7 and G15 in rich medium were not detected even at 1 mM, as represented by the > symbol.
c,d) Plots of B-galactosidase expression for the wild-type and mutant (M1; see Methods) xpt-pbuX constructs normalized
to the level of expression observed without added ligand. The xpt-pbuX guanine riboswitch was placed upstream of a
lacZ reporter gene in a wild-type B. subtilis strain, and each compound was added to this strain at 75% of the MIC for the
compound, or 200 .M in the case of guanine. The annotations (—) and gua designate no added ligand and guanine, re-
spectively. A normalized value of 1 equals 45 Miller units for the wild-type xpt-pbuX strain and 27 Miller units for the mu-

tant xpt-pbuX strain.

conducting in-line probing assays at various concentra-
tions of each compound as depicted for G7 (Figure 3,
panel b). Kp values observed range from 500 pM to

3.3 uM, with one of the analogues (G4) exhibiting bet-
ter binding affinity for the riboswitch than guanine (Kp
~5nM) (37). These findings indicate that new chemi-
cal groups can be added at the C2 and C6 positions of
guanine without completely disrupting the RNA-ligand
binding interaction, and in some instances can improve
binding.

Inhibition of Bacterial Growth by Riboswitch-
Binding Guanine Analogues. Each of the compounds
tested for guanine riboswitch binding was assessed for
the ability to inhibit bacterial growth. B. subtilis cultures
were grown for 10 h at 37 °C in glucose-minimal me-
dium (GMM) in the presence of 100 uM of each com-
pound separately (Figure 4, panel a). Under these condi-

e 915-927 + 2009 KIM ET AL.

tions, five of the analogues cause greater than 50%
inhibition of cell growth as measured by ODggo. Antimi-
crobial susceptibility testing (52) revealed that G6, G7,
and G15 completely inhibit growth for 24 h in GMM
when concentrations of analogue are at or above the
minimum inhibitory concentration (MIC) (Figure 4,
panel b). Although G6 exhibits an MIC in the low micro-
molar range (3.9 wM), the MICs for G7 and G15 are rela-
tively high (260 and 500 M, respectively) compared
to commonly used antibacterial agents (52). Moreover,
the MICs for G6, G7, and G15 are higher in a rich me-
dium (LB). These findings indicate that exogenous nutri-
ents present in rich medium, which include natural pu-
rine metabolic intermediates, can offset the effects of
these antibacterial purine analogues. Compounds G2
and G14 failed to completely inhibit B. subtilis growth
at analogue concentrations up to 1 mM (data not
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Figure 5. Sequence and secondary structure of the pbuE adenine ribo-
switch in B. subtilis. In the absence of adenine, the riboswitch as-
sembles a transcription terminator stem (shown in the box above).
Lines from the box to the pbuE secondary structure designate the be-
ginning and end points of the nucleotides shown in the box. The red
nucleotides depict the deletion mutation found in one Gé6-resistant
strain. The blue circles each represent one Gé6-resistant mutant strain

switch in B. subtilis. The 5’ UTR of the

B. subtilis xpt-pbuX gene, including the en-
dogenous promoter and riboswitch, was
cloned upstream of a lacZ reporter gene,
and the resulting construct was transformed
into the B. subtilis amyE locus. A reporter
construct in which the riboswitch is ren-
dered incapable of regulating expression
by mutation was also prepared. This con-
struct carries three mutations that disrupt
the P1 secondary structure element of the
riboswitch aptamer and prevent guanine
binding (construct M1 in ref 37). Reporter
activity was then measured after adding
each guanine analogue at a concentration
near its MIC.

B-Galactosidase expression in the wild-
type reporter strain is repressed by the addi-
tion of 200 wM guanine to the medium
(Figure 4, panel c), whereas no repression

in which the corresponding point mutation was found.

shown), despite the fact that they caused more than
50% inhibition of cell growth at 100 wM (Figure 4,
panel a).

Interestingly, many of the analogues, most notably
G4 and G11, do not repress growth even though in-line
probing assays indicate that these compounds can bind
relatively tightly to a guanine riboswitch aptamer. There
are several possible explanations for these observa-
tions. For example, these analogues may not enter bac-
terial cells to yield a concentration that is sufficient to in-
hibit riboswitch-mediated gene expression. If the
compounds do enter cells by diffusion or by the action
of purine transporters, they may be actively removed
from cells by transporter protein activity (see further dis-
cussion below). Alternatively, compounds that do enter
cells may be chemically modified such that the deriva-
tive compounds are no longer recognized by guanine
riboswitches. Similarly, the compounds may be con-
verted to natural intermediates in the purine metabolic
pathway. In this case, repression of riboswitch-
controlled genes may be irrelevant if the analogue
serves as a source for purine intermediates.

Gene regulation assays were performed to deter-
mine whether G6, G7, and G15 can repress the expres-
sion of a reporter gene controlled by a guanine ribo-

www.acschemicalbiology.org

is observed with the mutant strain under

these conditions (Figure 4, panel d). In con-
trast, the addition of 3 M G6 (75% of the MIC) does
not repress reporter gene expression, even though bac-
terial growth is substantially slowed. Since the mea-
sured Kp for G6 in vitro is 3.3 wM, perhaps this ana-
logue does not accumulate inside bacteria at a
sufficiently high concentration to trigger riboswitch
function. More importantly, since G6 does
not repress reporter gene expression at concentrations
where growth inhibition occurs, its antimicrobial mecha-
nism is probably not related to targeting guanine
riboswitches.

At a concentration slightly below its MIC, G15 does re-
duce B-galactosidase expression by ~34%. However,
repression is reduced to a similar extent in the strain
containing an inactive riboswitch mutant, implying that
reporter gene repression is not caused by G15-triggered
riboswitch function. As with G6, G15 may inhibit bacte-
rial growth through a mechanism that does not involve
guanine riboswitches.

In contrast, significant repression of 3-galactosidase
activity occurs when the guanine analogue G7 is added
to the growth medium at concentrations near its MIC.
Moreover, little repression is observed with the reporter
strain carrying an inactive riboswitch variant, indi-
cating that repression of reporter gene expression by
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G7 is likely mediated by the adjoining guanine
riboswitch.

Analysis of B. subtilis Strains That Overcome
Inhibition by Guanine Analogues. In an effort to further
understand the mechanisms by which G6, G7, and G15
inhibit growth, we sought to generate B. subtilis vari-
ants resistant to each analogue. Wild-type B. subtilis
strains were grown in the presence of the compounds
at concentrations near their respective MICs, and serial
inoculations of media with increasing analogue concen-
trations were performed to generate resistant mutants.
Using this method, attempts to generate G7- and G15-
resistant B. subtilis mutant strains were unsuccessful
because G7 and G15 become insoluble at concentra-
tions only slightly higher than their respective MICs.
However, four Gé-resistant strains were isolated. The
MICs were determined to be 125 M for each of these
mutant strains, corresponding to a 30-fold increase rela-
tive to the wild-type strain (Figure 4, panel b).

All four guanine riboswitches in each of the G6-
resistant strains were sequenced and found to have no
mutations. This finding is consistent with our data show-
ing that G6 fails to suppress a reporter gene controlled
by a guanine riboswitch (Figure 4, panel c). As a control,
we also sequenced the analogous adenine riboswitch
(49) located upstream of the pbuE (formerly called ydhl)
gene of the resistant B. subtilis strains. Adenine ribo-
switches form the same global aptamer architecture as
do guanine riboswitches, but the RNA carries a key se-
quence difference in the ligand binding core that
changes its specificity from guanine to adenine (37,

39, 49). Therefore, we initially expected that the adenine
riboswitch would be far less likely than guanine ribo-
switches to acquire mutations that rendered bacteria re-
sistant to guanine analogues. Surprisingly, each of the
G6-resistant strains carried a mutation within the termi-
nator stem of the expression platform for the pbuE
adenine riboswitch (Figure 5).

In B. subtilis, the pbuE adenine riboswitch acts as a
genetic ON switch that activates gene expression in re-
sponse to adenine binding (49). Ligand binding by the
riboswitch results in expression of a purine efflux pump
that has been implicated in protection against toxic pu-
rine analogues (46). Among the four Gé6-resistant mu-
tants, three possess distinct individual mutations within
the pbuE riboswitch terminator, while the other mutant
contains a large deletion that nearly eliminates the en-
tire terminator stem (Figure 5). All of the single-

e 915-927 + 2009 KIM ET AL.

nucleotide mutations are predicted to weaken termina-
tor stem formation, which should favor activation of
pbuE expression even in the absence of ligand binding
by the adenine aptamer. Likewise, the loss of the termi-
nator stem should maximally activate pbuE gene expres-
sion. These findings suggest that these mutants gain re-
sistance to G6 by overexpressing a purine pump that
rids the cell of the toxic guanine analogue.

Interestingly, the large terminator stem deletion ob-
served in this study has also been reported in another
B. subtilis mutant resistant to the toxic purine analogue
2-fluoroadenine (46), suggesting that B. subtilis cells
may be particularly susceptible to this precise deletion
mutation. In this regard it is notable that the five nucleo-
tides immediately preceding the deleted segment
(CAGGA) are identical in sequence to the last five nucleo-
tides of the deleted segment. This sequence arrange-
ment suggests that a DNA slippage event during DNA
replication (53) may be unusually favorable in B. subti-
lis, leading us to identify a variant bacterium that is iden-
tical to a previously reported variant that is known to re-
sist inhibitory purine analogues (46).

Using the resistance generation method described
above, we also isolated Gé-resistant bacteria beginning
with a B. subtilis strain wherein the pbuE gene was dis-
rupted. The resulting G6-resistant bacteria still do not
carry mutations within any of the guanine riboswitch re-
gions, again suggesting that the antimicrobial effect of
G6 does not involve riboswitch binding. Although we did
not further pursue mapping of resistance mutations,
one possible target of G6 is bacterial DNA polymerase
llic, since several other C2-benzylated nucleobases are
known to block DNA replication by inhibiting this en-
zyme (54).

G7 May Be Targeting Guanine Riboswitches in
B. subtilis. G7 is the only analogue examined in this
study that binds to a guanine riboswitch aptamer
in vitro, inhibits B. subtilis growth, and represses expres-
sion of a reporter gene that is controlled by a guanine ri-
boswitch. In addition, the MIC values for G7 in all of
the Gé6-resistant strains generated from either wild-type
cells (Figure 4, panel b) or from cells carrying the pbukE
deletion (data not shown) are no different from the MIC
established for wild-type. These results could be ratio-
nalized if G7 is not recognized by the PbuE transporter
in Gé6-resistant cells carrying mutations to the pbuE
adenine riboswitch. Furthermore, mutations in the pbuf
deletion strain that render cells resistant to G6 must
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Figure 6. Plot depicting B-galactosidase expression versus
increasing concentrations of G7. The arrow depicts the
concentration at which gene expression is approximately
zero, which also corresponds to the MIC.

also have no effect on the mechanism for G7 activity,
which could be explained if G7 indeed inhibits bacte-
rial growth by binding riboswitches.

To further investigate the action of G7, various con-
centrations of G7 were added to media inoculated with
the B. subtilis strain carrying the xpt riboswitch fused to
a lacZ reporter gene as described earlier. We found that
the concentration of G7 needed to fully repress reporter
gene expression was 260 uM (Figure 6), which is the
same as the concentration required for complete growth
inhibition (Figure 4, panel b). This finding suggests that
G7 may be inhibiting bacterial growth by binding to gua-
nine riboswitches and repressing purine biosynthesis
and/or transport genes.

The concentration of 260 wM G7 in the medium re-
quired to fully bring about cell growth inhibition and
gene repression is more than 1000-fold higher than the
Kp value measured for this compound binding to the
Xpt riboswitch aptamer (Figure 3, panel a). However,
there are several possible explanations for this differ-
ence. For example, it is not known if the concentration
of G7 added to the medium accurately reflects the con-
centration of the compound in bacteria. The cell could
restrict entry of the compound, expel the compound if it
enters the cell, or chemically modify the compound to
change its ability to affect riboswitch function.

There are also several reasons why the function of
the riboswitch may cause the difference between the
values for MIC and Kp. For example, Kp values for
aptamers are typically conducted with the aptamers in
isolation from their adjoining expression platforms or
other flanking nucleotides. Minimal aptamer constructs
are likely to explore fewer alternative folding conformers
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that may involve nucleotides critical for ligand binding.
Indeed, some aptamer constructs carrying flanking re-
gions have been shown to have weaker ligand binding
affinities compared to their minimized variants (e.g., see
refs 22 and 55). Given that the riboswitch RNA is being
actively transcribed during the time it is sensing its li-
gand and controlling gene expression, the actual Kp
value may vary with the elongation state of the 5" UTR.
Furthermore, it has been shown that some riboswitches
function as kinetically driven switches, rather than
reaching thermodynamic equilibrium (40, 55-58). For
riboswitches that terminate transcription using intrinsic
terminator stems, such as the xpt representative, the
concentration of ligand needed to efficiently trigger ribo-
switch function may be much higher than the Kj value
measured in vitro.

Conclusions. Our survey of the functions of 16 gua-
nine analogues designed to bind guanine riboswitches
reveals several important issues that may be considered
by those who seek to create antimicrobial compounds
that target riboswitches. Like many other riboswitch
classes, guanine riboswitches carry a well-conserved
aptamer that is very specific for its ligand. The RNA al-
most entirely engulfs guanine and uses every non-
carbon atom on the purine ring as a point of recogni-
tion. This creates a binding pocket that discriminates
against a great diversity of purine analogues (37). De-
spite the selectivity of the aptamer’s binding pocket, we
have made use of the atomic-resolution structures of
guanine riboswitch aptamers (38, 39) to create a series
of analogues that are biased in favor of tight binding.

It is likely that analogues could be designed that
bind even more tightly to the aptamer by taking advan-
tage of new interactions between the analogue and
functional groups of the aptamer that reside near the
natural binding pocket. New tight-binding analogues
also could be created that take advantage of structural
rearrangements at the binding site, although these
movements and interactions would be more difficult to
predict only using the static structures derived from
X-ray data. Even analogues more closely related to pyri-
midines have been shown to be bound by a guanine
riboswitch (59). These findings demonstrate that con-
siderable chemical space has yet to be explored in the
search for compounds that may bind and trigger gua-
nine riboswitch function.

Similar rational design strategies should be appli-
cable to other riboswitch classes when atomic-
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resolution structures become available. Currently, the
three-dimensional structures of nine major classes of
metabolite-binding riboswitches have been published
(23-25, 34, 38, 39, 60-69). Some of these riboswitches
control essential genes or multiple genes in various bac-
terial species, making them intriguing potential antibac-
terial targets (21). The availability of these atomic-
resolution structures should allow researchers to assess
space constraints within the binding pockets (70) and
to identify analogues of the natural ligands that should
retain binding and riboswitch triggering activities.
Although our collection of compounds is enriched
for riboswitch binding activity in vitro, only about a
third of the compounds are able to inhibit bacterial
growth. In B. subtilis, guanine riboswitches control a col-
lection of genes (Figure 1, panel b) that together ap-
pear essential for robust bacterial growth (Figure 1,
panel ). Therefore, the low correspondence between
riboswitch binding and bacterial growth inhibition is un-

likely to be due to a problem with B. subtilis guanine ribo-

switches as targets for antimicrobial compounds.
Rather, many other factors such as bioavailability and
stability of the compound are likely involved in deter-
mining whether a riboswitch-binding analogue will re-
press bacterial growth.

On the basis of MICs, the two compounds that are
most effective at inhibiting bacterial growth are G6 and
G7. Unfortunately, G6 does not repress the expression
of a guanine riboswitch-controlled reporter gene in
B. subtilis when the compound is present near its MIC.
Therefore, G6 likely inhibits cell growth by a mechanism
that does not involve guanine riboswitch binding. In

contrast, G7 strongly represses guanine riboswitch-
controlled reporter gene expression at a concentration
that matches its MIC. However, this observation alone
does not provide conclusive proof that the antibacterial
activity of G7 is mediated exclusively by its action on
guanine riboswitches. It is possible that G7 inhibits bac-
terial growth by associating with other targets in bacte-
ria, or perhaps these other targets work synergistically
with riboswitch-mediated gene inhibition to prevent
bacterial growth.

G7 (6-N-hydroxylaminopurine) is a known mutagen
in certain bacteria, as well as some yeast and mamma-
lian cells (71, 72). It is thought that G7 can be converted
to deoxyguanosine-5'-triphosphate in cells and thus be-
come incorporated into DNA during replication (73).
However, many organisms (including some bacteria)
are able to protect themselves against the effects of the
compound (73, 74). G7 has low potency in GMM and
this potency decreases in rich medium (LB). Although
the action of G7 suggests that guanine riboswitches can
be made to serve as targets for antibacterial agents,
new guanine analogues must be examined to create
compounds that exhibit more drug-like properties.

B. subtilis is not known to cause disease, and therefore
the efficacy of antimicrobial compounds that target ribo-
switches in pathogenic bacteria should be evaluated to
further ascertain clinical relevance. Even though guanine
riboswitch distribution is not widespread in pathogens,
the presence of representatives of this riboswitch class
in key pathogens such as B. anthracis and S. aureus
may offer opportunities to employ drugs that target this
riboswitch class.

METHODS

Guanine Analogues. G4 was purchased from TCl Inc. G10
was purchased from Cheminpharma. G1 (75) and G11 (76)
were synthesized as described previously. Other purine ana-
logues were synthesized from 2-bromohypoxanthine or
2-amino-6-chloropurine precursors (Sigma-Aldrich) using meth-
ods similar to those described previously (76). Specifically, halo-
purine (2-bromohypoxanthine or 2-amino-6-chloropurine,
1 mmol) and the corresponding amine or hydrazine (3 mmol)
were heated at 95 °C for 3 h in either dry methoxyethanol (G2,
G3, G7, G8, G9, G14, G15, and G16) or methoxylethanol/water
3:1 (G5, G6, G12, G13, G16, and G17). After cooling to RT, each
reaction was diluted with ethyl acetate and filtered through a
scintered glass funnel to give the product, which was subse-
quently washed with ethyl acetate, water, and ethanol.

Guanine analogues were purified using an Agilent Technolo-
gies 1200 series HPLC with an Agilent Eclipse XDB-C18 column
(5 wm; 250 mm length and 9.4 mm internal diameter) using a gra-

915-927 « 2009 KIM ET AL.

dient of water/acetonitrile/trifluoroacetic acid (95:5:0.01 v/v/v)
to acetonitrile/trifluoroacetic acid (100:0.01 v/v). The purity of
each compound was confirmed as greater than 95% by ana-
lytical HPLC with an Agilent Eclipse XDB-C18 column (5 pm;

75 mm length and 4.6 mm internal diameter) using a gradient
of acetonitrile in water with 0.01% trifluoroacetic acid and detec-
tion at 254 and 210 nm wavelengths. Compounds typically
eluted between 5% and 25% acetonitrile. The identities of the
compounds were confirmed with *H NMR and mass spectros-
copy. (G1) *H NMR (500 MHz, DMSO-dy) & 8.13 (s, 1H);

HRMS (ES) calculated for C¢HsFsN4O 204.0259, found (MH+)
205.0486. (G2) *H NMR (500 MHz, DMSO-d¢) & 3.69 (s, 3H), 8.31
(s, 1H), 11.5 (br, s, 1H); HRMS (El) calculated for C¢H;N5O,
181.0600, found (M+) 181.0602. (G3) *H NMR (500 MHz,
DMSO-dy) & 4.88 (s, 3H), 7.25-7.43 (m, 3H), 7.43-7.51 (m,
2H), 7.82 (br s, 1H), 9.90 (br, s, 1H), 11.05 (br, s, 1H); HRMS
(ES) calculated for C1,H1;N50, 257.0913, found (M — H)~
256.0833. (G5) H NMR (500 MHz, DMSO-dg) 3 2.51 (s, 3H),
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5.01 (br, s, 2H), 7.89 (br, s, 1H), 9.91 (br, s, 1H); HRMS (ES) cal-
culated for C4HgNgO 180.0760, found (MH+) 181.0830. (G6)
IH NMR (500 MHz, DMSO-de) 8 6.73—6.77 (m, 3H), 7.15-7.19
(m, 2H), 7.87 (br, s, 1H), 8.20 (br, s, 1H), 8.90 (br, s, 1H), 10.90
(br, s, 1H); HRMS (ES) calculated for C;1H;oN¢O 242.0916, found
(M — H)™ 241.0836. (G7) *H NMR (500 MHz, DMSO-dq) § 6.50
(s, 2H), 7.69 (br, s, 1 H), 9.66 (br, s, 1H); HRMS (ES) calculated
for CsHgNgO 166.0603, found (M — H)~ 165.0520. (G8) *H NMR
(500 MHz, DMSO-dy) & 3.77 (s, 3H), 6.81 (br, s, 2H), 7.89 (br,
s, 1H); HRMS (ES) calculated for C¢HgNgO 180.0760, found

(M — H)~ 179.0688. (G9) *H NMR (500 MHz, DMSO-dq) & 4.83
(s, 2H), 7.09-7.34 (m, 7H), 7.80 (br, s, 1H), 10.35 (br, 1H),
13.00 (br, 1H); HRMS (ES) calculated for C;,H;,NgO 256.1073,
found (MH+) 257.3022. (G10) *H NMR (400 MHz, DMSO-d¢)

3 5.80 (br, S, 2H),| 6.60 (d, 2H), 7.70-7.80 (d, 3H), 9.0 (s, 1H),
9.15 (S, 1H), 12.2 (br, S, 1H); LRMS (ES) calculated for
Cy1H10NgO: 242.1, found (MH+) 243.8. (G11) H NMR (500 MHz,
D,0) 8 7.56 (s, 1H); HRMS (ES) calculated for CsH;N; 165.0763,
found (MH+) 166.2352. (G12) *H NMR (500 MHz, DMSO-d¢)

d 3.44 (s, 3H), 6.53 (br, s, 2H), 7.90 (s, 1H); HRMS (ES) calcu-
lated for C¢HqoN; 180.0998, found (MH+) 181.0974. (G13) *H
NMR (500 MHz, DMSO-dg) & 5.2 (s, 2H) 7.25-7.31 (m, 1H),
7.32-7.36 (m. 3H), 7.91 (br s, 1H); HRMS (EI) calculated for
CioHisN; 255.1232, found (M+) 255.1230. (G14) *H NMR

(500 MHz, DMSO-dy) 8 6.48 (s, 1H), 7.23 (t, / = 8 Hz, 2H), 7.42
(t,/ = 8 Hz, 2H), 7.63 (d, 2H), 8.01 (s, 1H); HRMS (ES) calculated
for C41H11N; 241.1076, found (M — H)~ 240.1000. (G15) *H
NMR (500 MHz, DMSO-dg) & 3.79 (s, 3H), 6.98-7.01 (m, 2H),
7.52 (br, s, 1H), 7.72-7.76 (m, 2H), 8.26 (S, 1H), 10.45 (s, 1H);
HRMS (El) calculated for C;,H;,NgO 256.1073, found (M+)
256.1072. (G16) *H NMR (500 MHz, DMSO-dy) 8 3.00 (t, / =

4 Hz, 4H), 3.72 (t, / = 4 Hz, 4H), 6.80 (d, / = 8 Hz, 2H), 7.73
(d,J = 8 Hz, 2H), 8.84 (s, 1H), 12.13 (s, 1H); HRMS (ES) calcu-
lated for C;5H17N,0 311.1495, found (MH+) 312.1862.

B. subtilis Gene Knockouts and Growth Assays. Four plasmid
constructs were prepared via double-crossover to disrupt ex-
pression of the four guanine riboswitch-controlled genes (or
operons) in B. subtilis. Regions homologous to fragments of
nupG, pbuG, xpt-pbuX, and the pur operon were placed into
pDG647, a modified pMXL3 (spectinomycin resistant marker,
no xylose-inducible promoter) (35), pDG1515, and pMXL3, re-
spectively. These four vectors were systematically transformed
into B. subtilis strain 1A1, and in most cases this transformation
integrated an antibiotic resistance cassette into the B. subtilis
genome in place of the targeted gene. In the case of pMXL3, the
entire pur operon was left intact but placed under a xylose-
inducible promoter.

Overnight cultures (in LB) of this strain and a 1A1 wild-type
strain were diluted to an ODgyo of 0.1 in Mueller-Hinton broth
(2 g L* beef extract, 17.5 g L™! casein hydrolysate, 1.5 g L™*
starch) and grown for 1 h. The cultures were centrifuged for
10 min at 2500 rpm, and pellets were resuspended and di-
luted to an ODgq of 0.3 in chemically defined glucose-minimal
medium (GMM) (0.5% w/v glucose, 2 g L™ (NH,),S0,, 14 g L?
K,HPO,, 6 g L~ ! KH,PO,, 1 g L ! sodium citrate, 0.2 g L™*
MgS0,:7H,0, 5 uM MnCl,, 0.5 mM CacCl,, 2.5 mM MgCl,, 50 pg
mL~! tryptophan). In a 96-well plate, 50 pL of culture was added
to 50 pL of GMM. The entire plate was sealed with breathable
film (USA Scientific) and incubated at 37 °C with shaking. The
absorbance was measured at 600 nm every hour for 13 h to
evaluate bacterial growth.

In-Line Probing. A 90 nucleotide xpt-pbuX RNA construct en-
compassing the guanine riboswitch aptamer (Figure 1, panel a)
was synthesized using a DNA template obtained from colony
PCR of B. subtilis strain 1A1. In vitro transcription followed by
desphosphorylation and 5’ 3P labeling was conducted as de-
scribed previously (32) to produce RNA for in-line probing with
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different guanine analogues. Denaturing (8 M urea) 10% PAGE
followed by analysis using a Molecular Dynamics Phosphor-
imager were used to establish RNA spontaneous cleavage pat-
terns. In-line probing with increasing concentrations of each
analogue was used to assess binding affinities. The amount of
RNA structural modulation was quantified as described previ-
ously (32) to estimate K; values.

Antibacterial Assays. To measure the inhibitory effects of gua-
nine analogues on bacterial growth, an overnight culture of
B. subtilis 168 strain 1A1 in GMM was diluted by a factor of
100 and supplemented with the indicated analogue at a final
concentration of 100 wM. After growing for 10 h at 37 °C with
shaking, ODgq Of the culture was measured and compared to
that of the control culture where the medium was supplemented
with only the corresponding solvent for the analogue. The sol-
vent was 100:5 dimethyl sulfoxide/10 N NaOH (v/v) for G11 and
was dimethyl sulfoxide for all other compounds. The MIC of
each guanine analogue was determined by growing a 1A1
B. subtilis strain overnight in LB, then diluting the culture into
an ODggo of 0.1 in LB or GMM as noted. Guanine analogue was
added at various concentrations, the absorbance at 600 nm was
monitored over time, and the MIC was calculated using the Clini-
cal and Laboratory Standards Institute (CLSI) guidelines (77).

Reporter Gene Assays. A construct encompassing the entire

xpt-pbuX guanine riboswitch or the M1 version of the ribo-

switch (37) was placed in a pDG1661 plasmid upstream of a
B-galactosidase reporter gene. This vector was transformed into
the amyE locus of B. subtilis strain 1A1, and B-galactosidase ex-
pression after the addition of various guanine analogues was
measured using standard Miller assays as previously described
(3.

Generation of G6-Resistant Mutants. B. subtilis strain 1A1
was grown with shaking at 37 °C in GMM with G6 added at the
MIC (3.9 pM). When saturation of growth was reached, 10 mL
culture was transferred into a culture tube containing 1 mL GMM
with G6 added to a final concentration that was 2-fold above
the MIC (7.8 M). This procedure was conducted four times, with
the G6 concentration doubling with each serial passage, so
that the final G6 concentration was 62.4 wM. The culture was
plated onto LB, and DNA from the resulting colonies was iso-
lated and used as a template to amplify the four guanine ribo-
switches and one adenine riboswitch found in B. subtilis. The re-
sulting amplicons were sequenced to determine whether
mutations were present. This experiment was repeated four
times to discover several different mutations.
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