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Selective small-molecule inhibition
of an RNA structural element
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Riboswitches are non-coding RNA structures located in messenger RNAs that bind endogenous ligands, such as a specific
metabolite or ion, to regulate gene expression. As such, riboswitches serve as a novel, yet largely unexploited, class of
emerging drug targets. Demonstrating this potential, however, has proven difficult and is restricted to structurally
similar antimetabolites and semi-synthetic analogues of their cognate ligand, thus greatly restricting the chemical
space and selectivity sought for such inhibitors. Here we report the discovery and characterization of ribocil, a highly
selective chemical modulator of bacterial riboflavin riboswitches, which was identified in a phenotypic screen and acts
as a structurally distinct synthetic mimic of the natural ligand, flavin mononucleotide, to repress riboswitch-mediated
ribB gene expression and inhibit bacterial cell growth. Our findings indicate that non-coding RNA structural elements
may be more broadly targeted by synthetic small molecules than previously expected.

Bacterial riboswitches are cis regulatory structural elements present in
the 59 untranslated region (UTR) of mRNAs that specifically bind to
natural ligands and regulate gene expression1–6. Riboswitches are
composed of two functionally distinct domains: an aptamer ligand-
binding domain, and an expression platform. Distinct families of ribo-
switches bind specific metabolites, including amino acids, vitamins,
glucosamine-6-phosphate, S-adenosylmethionine, thiamine pyropho-
sphate, ions, and flavin mononucleotide (FMN)1–6. Mechanistically,
metabolite binding to the cognate riboswitch aptamer induces a con-
formational change within the expression platform (hence referred to
as a ‘riboswitch’) leading to altered expression of a gene (or genes)
involved in the corresponding biosynthetic pathway4,6. Riboswitch–
ligand interactions can therefore provide a negative feedback circuit
to modulate metabolism.

Small molecules that are structurally dissimilar to the natural ligand
but which mimic its activity to selectively downregulate riboswitch-
controlled biosynthetic genes essential for growth (herein referred to
as a synthetic mimic) could serve as mechanistically novel therapeutic
agents7–12. Riboflavin (vitamin B2) biosynthesis serves as one poten-
tially attractive metabolic pathway to apply this strategy in antibac-
terial discovery11–14. FMN riboswitches regulate gene expression of
enzymes and transporters of riboflavin biosynthesis and uptake and
are broadly conserved across bacterial pathogens yet are absent in
vertebrates15,16. Whereas bacteria, fungi, and plants either synthesize
this essential vitamin de novo (Extended Data Fig. 1) or acquire it from
their environment, humans lack the riboflavin biosynthetic repertoire
and must consume it as part of their diet. Importantly, riboflavin
serves as the immediate precursor to FMN, which is subsequently
converted to flavin adenine dinucleotide (FAD), two essential cofac-
tors for a diverse set of flavoenzymes central to intermediary meta-
bolism. Although FMN riboswitches can bind riboflavin and FAD,
FMN is the cognate ligand with highest affinity to its receptor to

control riboflavin biosynthesis1,11,13. Therefore, disrupting riboflavin
biosynthesis either by synthetic mimics of FMN or enzyme inhibitors
of the pathway represents a novel target for antibacterial intervention
with limited predicted off-target effects.

To date, little success has been achieved in identifying synthetic
mimics of riboswitch ligands despite using a variety of in vitro screening
strategies, including affinity-based or fragment-based screening, or
structure-guided design approaches starting with natural ligands7–9.
One of the best-characterized antimetabolite inhibitors to a riboswitch
is roseoflavin17, a naturally-produced analogue of riboflavin, which
targets FMN riboswitches from multiple bacterial species11,13,18,19. Like
riboflavin, roseoflavin is converted to the flavoenzyme cofactor analo-
gues, roseoflavin mononucleotide (RoFMN) and roseoflavin adenine
dinucleotide (RoFAD)18. In Bacillus subtilis, roseoflavin resistant
mutants map either to the ribG FMN riboswitch or the FAD synthetase
gene, ribC5,20. Accordingly, the antibacterial effect of RoFMN results
from both inhibition of the FMN riboswitch leading to reduced rib gene
expression19, as well as inhibiting as many as 40 bacterial flavoenzymes21,
of which many are conserved in humans21,22. Therefore, roseoflavin or
other riboflavin derivatives pose significant potential side-effects as
antibacterials and lack the necessary target-selectivity as chemical
probes for chemical biology studies.

Here we report a phenotypic screen and the discovery of ribocil, a
highly specific bioactive synthetic mimic of FMN, which competes
with the natural ligand to inhibit FMN riboswitch-mediated express-
ion of ribB and inhibits bacterial growth.

Riboflavin pathway validation and discovery of ribocil
Riboflavin is essential for microbial growth, however, bacterial genes
involved in riboflavin biosynthesis are conditionally essential as they
are indispensable under conditions where external riboflavin is
absent, but not required under conditions where exogenous riboflavin
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is present and the vitamin can be acquired by either active or passive
transport mechanisms1,16,23–26. Accordingly, we first examined the
pathogenicity of Escherichia coli strains deleted of ribA or ribB, which
correspond to early steps in riboflavin biosynthesis but are viable
when grown in the presence of 20 mM riboflavin supplementation
(Extended Data Fig. 1). In a murine septicaemia model, E. coli
DribA and DribB mutants are highly attenuated in their virulence,
yielding approximately a 3 3 log10 reduction in bacterial burden ver-
sus the wild-type isogenic control strain at all infectious doses tested
(Fig. 1a). Notably, whereas wild-type E. coli causes significant mor-
tality at the higher infectious doses tested, mice failed to show signs of
morbidity or mortality with DribA and DribB strains infected at sim-
ilar or higher infectious inoculates. These results provide genetic
evidence that E. coli is unable to scavenge sufficient riboflavin in a
relevant infection setting and predict that selective inhibitors of ribo-
flavin biosynthesis could display antibacterial efficacy.

We screened an internal library of ,57,000 synthetic small mole-
cules with antibacterial activity to identify compounds whose growth
inhibitory activity against E. coli recapitulates the conditional essen-
tiality of the riboflavin biosynthetic pathway. To enhance the oppor-
tunity of identifying such molecules, a suitable E. coli strain (MB5746)
defective in wild-type lipopolysaccharide (LPS) levels and drug efflux
was selected27. One compound resulting from this phenotypic screen,

named ribocil (Fig. 1b) demonstrated complete suppression of its
bioactivity specifically in the presence of exogenous riboflavin
(Fig. 1c). As the conditional growth inhibitory activity of ribocil is a
phenocopy of E. coli Drib mutants, it was further investigated as a
potential target-specific inhibitor of the riboflavin biosynthetic path-
way. Corroborating this view, riboflavin levels in E. coli ribocil-treated
cells revealed a dose-dependent depletion of riboflavin (IC50 5 0.3mM;
Fig. 1d), as well as reduced levels of FAD and FMN (Extended Data
Fig. 1), mirroring the phenotype of DribA and DribB mutants
(Extended Data Fig. 1).

Ribocil target identification and mechanism of action
To identify the corresponding cellular target of ribocil, we isolated
multiple (n 5 19) independently derived E. coli ribocil-resistant
(ribocilR) mutants and mapped drug resistant mutations to their tar-
get through whole-genome sequencing (WGS) (Fig. 1e). Remarkably,
all drug-resistant mutants contain base pair changes mapping to the
FMN riboswitch within ribB (Fig. 2a, b). Notably, none of the iden-
tified mutations act as compensatory (that is, bypass) mutations con-
ferring drug resistance by dramatically inducing elevated expression
of riboflavin either in the presence or absence of ribocil treatment
(Extended Data Fig. 1). As WGS failed to detect any additional muta-
tions in all ribocilR isolates, these data firmly implicate the FMN
riboswitch mutations as causal for ribocil resistance (Fig. 1e). The
biological significance of this finding is underscored by the essential
role of the FMN riboswitch in mediating transcriptional and trans-
lational control of the riboflavin pathway25, which controls ribB
expression via a negative feedback loop in concert with its effector
ligand, FMN (Fig. 2a). Based on the functional role of the FMN
riboswitch and that all ribocilR mutations map to this regulatory
element, we hypothesized that ribocil inhibits riboflavin biosynthesis
directly by mimicking the FMN ligand and binding to the FMN
riboswitch to inhibit ribB expression.

Direct demonstration that ribocil specifically targets the riboflavin
riboswitch was initially achieved using a plasmid-based GFP reporter
gene under the control of E. coli ribB promoter and FMN riboswitch
59 sequence and whose expression is monitored in a ribocilR isolate,
where a ribocil-mediated effect on GFP expression can be quantified
without inhibiting cell growth (Extended Data Fig. 2). Ribocil strongly
inhibits GFP expression, achieving a 50% effective concentration
(EC50) of 0.3 mM (Extended Data Fig. 2) and paralleling ribocil’s
50% inhibitory concentration (IC50) to impair riboflavin synthesis
(Fig. 1d). Similarly, ribocil effectively inhibited expression of the
GFP reporter when regulated by orthologous riboswitches from
Pseudomonas aeruginosa or Acinetobacter baumannii, albeit at
approximately fivefold higher EC50 values than against the E. coli
riboswitch (Extended Data Fig. 2). Conversely, GFP reporter con-
structs harbouring E. coli ribocilR riboswitch mutations are largely
non-responsive to ribocil inhibition (Extended Data Fig. 3), corrob-
orating a direct interaction between ribocil and the riboswitch.

As ribocil lacks potent whole-cell activity against A. baumannii and
P. aeruginosa (see below), classical drug resistance selection studies
could not be performed against such organisms. To overcome this
issue, we constructed surrogate E. coli strains in which the native
chromosomal FMN riboswitch element regulating ribB was replaced
with a functional AbFMN or PaFMN riboswitch. RibocilR selections
in either heterologous strain background identified 11 and 19 ribocilR

mutations causing unique single nucleotide changes or deletions
within the AbFMN and PaFMN riboswitch, respectively (Extended
Data Fig. 2). Finally, the frequency of resistance (FOR) to ribocil
was quantified against E. coli MB5746 and FMN riboswitch recom-
binant strains (Extended Data Table 1). Whereas the E. coli parent
(FOR 5 2.4 3 1026) and PaFMN recombinant (FOR 5 6.4 3 1027)
displayed significant target-based resistance, the AbFMN riboswitch
variant yielded an approximately 80-fold lower (FOR 5 3.3 3 1028)
resistance rate compared to the parental strain. Collectively,
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Figure 1 | Genetic and pharmacological inhibition of riboflavin
biosynthesis. a, Attenuated virulence ofDribA (red) andDribB (blue) mutants
versus isogenic parent E. coli strain MB5746 (black) across 3 3 log escalation
in infectious dose. Colony forming units per gram of spleen were determined
at 24 h after infection and are reported as an average (n 5 5 mice) 6 s.e.m.
Numbers denote mouse survival at 24 h time point. b, Chemical structure of
ribocil. c, Whole-cell screening assay to identify riboflavin (RF) inhibitors.
In the absence of exogenous riboflavin, ribocil demonstrates a clear zone of
growth inhibition when spotted (twofold dilution series) on an agar plate
seeded with MB5746. Supplementing the plates with 20mM riboflavin fully
suppresses ribocil bioactivity. The figure is representative of three independent
experiments. d, Dose-dependent depletion of cellular riboflavin levels (AUC,
area under the curve) by HPLC analysis following ribocil treatment of MB5746
(ribocil IC50 5 0.3mM). The data in the figure is the average of two technical
repeats (6s.d.) and is representative of three independent experiments. e, Heat
map summary of mutations (in red) identified in MB5746 by illumina-based
whole-genome sequencing (.100 3 genome coverage) and verified by
Sanger sequencing for 19 independently isolated ribocilR mutants. All base
changes are listed in the left column and map to the FMN riboswitch. Black;
no change versus the parental genome sequence.
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these genetic data strongly suggest that ribocil directly inhibits FMN
riboswitch-mediated ribB expression across FMN riboswitches span-
ning phylogenetically diverse bacteria.

Direct ligand binding of ribocil to the E. coli FMN riboswitch was
obtained by biophysical means using the synthesized FMN aptamer
(Extended Data Fig. 3). To first characterize the structural integrity of
the purified aptamer, FMN binding was quantified using spectro-
scopy to monitor quenching of the intrinsic fluorescence of FMN
upon complex formation with RNA2,28. The binding affinity Kd value
obtained for FMN binding to the E. coli FMN riboswitch aptamer
(Kd 5 1.2 nM), other kinetic parameters, and divalent cation (Mg21)
requirement were found to be similar in range to data reported
for FMN riboswitches from a wide variety of bacterial species
(Extended Data Fig. 3)13,29. Addition of ribocil in this FMN fluor-
escence quenching assay restores FMN fluorescence in a potent and
dose-dependent manner (Kd 5 16 nM), demonstrating that ribocil
directly competes with FMN for binding to the RNA aptamer
(Extended Data Fig. 3).

Structure of ribocil–riboswitch RNA aptamer
Whereas we were unsuccessful in co-crystalizing the E. coli FMN
aptamer with ribocil, a 2.95 Å structure of ribocil bound to the
Fusobacterium nucleatum impX FMN riboswitch aptamer was
achieved (Fig. 3a, b and Extended Data Fig. 4). The primary sequence
of the F. nucleatum aptamer conforms well to the E. coli sequence as

well as the riboswitch family consensus sequence (Extended Data
Fig. 5) and to date is the only FMN riboswitch aptamer for which a
crystal structure has been reported13. In the ribocil–F. nucleatum apta-
mer co-crystal, ribocil adopts a constrained U-shaped conformation
(Extended Data Fig. 4) and, like FMN13, is positioned inside the junc-
tional region of the six RNA stems (Fig. 3a). Within the left arm of
ribocil, the 6-thiophenyl-pyrimidonyl group stacks face-to-face
between A48 and A85 and edge-to-face with A49 (Fig. 3b). A key
H-bond also forms between the ribocil pyrimidonyl oxygen and A48
and A99. Overall, the left arm of ribocil binds in a similar conformation
as the planar isoalloxazine ring system of FMN (Extended Data Fig. 4),
which adopts a continuous stacking alignment bridging the P6 and P3
helices of the riboswitch13. Further, ribocil’s right arm methyl group at
position 5 in the piperidinyl acts as a weak H-bond donor with G11
while the methylamino-pyrimidinyl stacks face-to-face with G62
(Fig. 3b). Notably, both G11 and G62 are conserved guanines that form
key interactions with the phosphate group of FMN13.

Although a racemic mixture of (S) and (R) enantiomers was
used for co-crystallization, electron density mapping of ribocil in
the co-crystal structure predicts that only the (S)-isomer is bound
(see Methods and Extended Data Fig. 4). Separation of the ribocil
mixture led to isolation of the isomers named ribocil-A and ribocil-B.
Ribocil-B demonstrated superior microbiological activity as compared
to ribocil-A (minimum inhibitory concentration (MIC) 5 1mg ml21

versus MIC $ 64mg ml21; Extended Data Table 1), inhibition of
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Figure 2 | FMN riboswitch and ribocilR mutation mapping. a, Schematic
representation of the FMN riboswitch containing the 59 mRNA FMN
aptamer which binds FMN and the 39 expression platform which directly
coordinates expression of the downstream ribB gene open reading frame
(ORF). Left, FMN aptamer binding to the FMN ligand transduces a
conformational change in the expression platform, resulting in the formation
of a terminator/sequester loop that abolishes ribB expression (OFF) in a
dual manner: (1) early termination of transcription of the ribB ORF; and
(2) sequestering the Shine–Dalgarno ribosome binding sequence (RBS) to
prevent translation of fully transcribed ribB mRNAs25. Alternatively, in the

absence or depletion of FMN (right), the FMN aptamer adopts a second
structural conformation (ON) that induces an anti-terminator/anti-sequester
loop, thereby facilitating uninterrupted ribB expression. In this way, the FMN
riboswitch serves as a highly tunable negative feedback system to control
riboflavin biosynthesis through the regulation of ribB expression. b, Predicted
secondary structure of the E. coli FMN riboswitch and mapping of ribocilR

mutations. Initial secondary structure predictions were derived by global
alignment of E. coli, A. baumannii, P. aeruginosa and F. nucleatum FMN
riboswitches (Extended Data Fig. 5). RibocilR mutations are indicated in red.
Green boxes indicate predicted key contacts with FMN in the E. coli riboswitch.
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riboflavin synthesis (IC50 5 0.13mM versus IC50 . 26mM; Extended
Data Fig. 3), and binding affinity to the E. coli FMN aptamer
(Kd 5 6.6 nM versus Kd $ 10,000 nM, Extended Data Fig. 3).
Together these results provide compelling evidence that the biologically
active ribocil-B isomer is the (S)-isomer bound in the co-crystal.

Analysis of E. coli ribocilR mutations (Fig. 2b, Extended Data Fig. 5
and Supplementary Video) predicts that FMN aptamer mutant D94–
102 directly disrupts ribocil binding by the deletion of a key nucleotide
contact (G96) with the compound. This is based on bacterial FMN
aptamer homology models which highlight G96 as being equivalent to
the G62 nucleotide in the F. nucleatum FMN aptamer (Extended Data
Fig. 5) and that this guanine stacks with the right arm methylamino-
pyrimidinyl portion of ribocil in the co-crystal structure (Fig. 3b).
Corroborating this view, the EcFMN–GFP fusion containing the
D94–102 allele is unaffected by ribocil (EC50 . 200 mM) (Extended
Data Fig. 3). Alternatively, four other ribocilR FMN aptamer muta-
tions (C33U, G37U, G93U and C111U) do not directly impair direct
contacts with ribocil but probably disrupt Watson–Crick base pairing
or tertiary contacts within the FMN riboswitch structure. As such,
each of these mutations probably induces a conformational change

within the riboswitch sufficient to effectively reduce ribocil binding
affinity. Indeed, all EcFMN–GFP fusions containing these alleles also
demonstrate significantly reduced ribocil binding (EC50 $ 200 mM)
yet preserve sufficient functional expression of ribB to maintain cell
growth (Extended Data Fig. 3). Alternatively, ribocil effectively inhi-
bits expression (EC50 5 0.2 mM) of the EcFMN–GFP fusion contain-
ing the ribocilR mutant (C100U), demonstrating that ribocil binding
was unaffected and resistance must be conveyed by an alternative
mechanism (see below). U218C and C219U map to the expression
platform rather than the FMN aptamer (Fig. 2b) and probably
uncouple FMN-mediated repression of ribB expression by disrupting
the requisite base pairing within the sequestration loop to expose the
Shine–Delgarno sequence for constitutive ribB expression. Consistent
with this possibility, ribocil EC50 values against EcFMN–GFP con-
taining these mutations are similar to the wild-type EcFMN–GFP
fusion (EC50 5 0.2–2.0 mM) (Extended Data Fig. 3). Although
C100U, U218C and C219U bind ribocil with EC50 values similar to
the wild-type riboswitch, these mutations probably confer ribocil res-
istance because riboflavin levels are not suppressed sufficiently to
inhibit cell growth (Extended Data Fig. 1). Notably, all ribocilR muta-
tions are markedly cross-resistant to roseoflavin (Extended Data
Fig. 6), consistent with ribocil and roseoflavin competitively binding
to the FMN aptamer.

Ribocil specifically displays microbiological activity against
E. coli MB5746 maintaining either the native FMN riboswitch
(MIC 5 2 mg ml21) or orthologous FMN aptamers (MIC range
1–16 mg ml21) (Extended Data Table 1) and lacks activity against
yeasts and human cells which lack the cognate target (Extended
Data Table 1; see Methods). Although ribocil is effectively effluxed
in E. coli (Extended Data Table 1), inactivity against yeasts is not
mediated by efflux (Extended Data Table 1). Ribocil is also more
potent than roseoflavin (MIC . 128 mg ml21) against MB5746
(Extended Data Table 1) and, unlike roseoflavin, ribocil bioactivity
is fully suppressed by exogenous riboflavin (Extended Data Fig. 6).

To evaluate the effects of inhibiting FMN riboswitch function in a
murine E. coli septicaemia model of infection, an (S) enantiomer
analogue of ribocil named ribocil-C that is mechanistically equivalent
to ribocil (Extended Data Fig. 3) and displays eightfold improved
antibacterial activity (Extended Data Table 1) was tested. MB5746
bacterial burden in sham-treated mice and low-dose ribocil-C-treated
groups (30 mg kg21 ribocil-C) ranged from 9–9.5 log10[colony-form-
ing units (CFU) per g spleen] (Fig. 4a,b). Conversely, higher dose
ribocil-C treatment groups (60 and 120 mg kg21 ribocil-C) demon-
strated a dose-dependent reduction in bacterial burden of 1.87 and
3.29 log10[CFU per g spleen] reduction respectively versus sham-
treated mice, without mortality or gross effects of toxicity observed
(Fig. 4). These data provide a pharmacological demonstration that
riboswitch-mediated inhibition of riboflavin biosynthesis is effi-
cacious in a murine systemic infection model.

Discussion
As a synthetic mimic, ribocil demonstrates high affinity and shares
critical contacts to the FMN binding site sufficient to effectively com-
pete with the natural ligand for binding to the riboswitch aptamer and
disrupt gene expression. Ribocil elicits its antimicrobial effects in a
highly target-selective manner (Supplementary Discussion) and
demonstrates that gene regulatory riboswitches are ‘druggable’ by syn-
thetic chemistry. Ribocil also illustrates how such a synthetic mimic
demonstrates superior selectivity in its inhibitory effects on whole cells
compared to roseoflavin or other antimetabolite ligands. For example,
roseoflavin not only targets the FMN aptamer but FAD synthetase22, as
well as multiple functionally diverse flavoproteins that require FMN as
a cofactor and that are conserved in humans21,30. Conversely, ribocil
specifically targets bacterial FMN riboswitches and (unlike roseofla-
vin) its growth-inhibitory activity is completely suppressed by the
addition of exogenous riboflavin (Extended Data Fig. 6); a condition
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Figure 3 | X-ray crystal structure of ribocil bound to the F. nucleatum FMN
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riboswitch aptamer. The aptamer is represented as a cartoon and coloured
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H-bond donor is drawn as a black dashed line.
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only expected if ribocil does not additionally inhibit flavoproteins or
other essential proteins. Notably, roseoflavin (and presumably other
riboflavin antimetabolites) normally requires a highly specific cognate
transporter to enter cells that is absent among Gram-negative bac-
teria16,25. This complicates roseoflavin or similar antimetabolites
achieving antibacterial activity against the most serious class of
drug-resistant bacterial pathogens31. As a synthetic mimic, however,
ribocil is not dependent on a riboflavin transport system to enter
bacterial cells and inhibit growth.

Phenotypic screens have historically proven highly successful,
prompting the renewed interest in them, particularly in the areas of
infectious disease and oncology32,33. Notwithstanding potential lim-
itations to the phenotypic screen we describe here (Supplementary
Discussion), several advantages to such a screening approach are
noteworthy. Importantly, all targets constituting the pathway of inter-
est are screened in an agnostic fashion for cognate inhibitors. Here,

rather than identifying enzyme inhibitors to any of the steps in the
riboflavin pathway, ribocil with its unique mechanism of action
was identified, exemplifying the value of unbiased phenotypic
screens. Importantly, a robust demonstration that target-specific
inhibitors are identified in the screen is simply achieved by reversing
their bioactivity in a pathway-specific manner; namely, supplement-
ing drug-treated cells with riboflavin. Indeed, suppression of small-
molecule bioactivity, whether achieved genetically34,35 or through
metabolite supplementation36, provides a straightforward means to
unambiguously identify bioactive pathway-specific inhibitors. Lastly,
performing a chemical similarity search for roseoflavin-like molecules
within the screening library revealed several riboflavin analogues
not identified in the phenotypic screen. Although all these com-
pounds demonstrate potent antibacterial activity and inhibit ribo-
flavin, FMN and FAD synthesis, none of these compounds are
effectively suppressed by riboflavin (Extended Data Fig. 7). Like
roseoflavin, we conclude that the growth-inhibiting effects of these
riboflavin analogues are also unselective, highlighting the effective-
ness of the phenotypic screen to uniquely identify bona fide synthetic
mimics of FMN.

Finally, our work suggests ‘druggable’ targets be considered more
broadly from how they are traditionally viewed, which is generally
defined as single enzymes, receptors or structural proteins susceptible
to chemical inhibition. Indeed, the diverse modes of action that anti-
bacterial agents exhibit emphasizes that therapeutic small molecules
interdict substantially more complex targets that are often only rel-
evant in a cellular context37. Although our study emphasizes that
target-based drug resistance may compromise the suitability of
FMN riboswitches as antibacterial targets, we caution that it is pre-
mature to generalize this conclusion across other classes of ribos-
witches. Indeed, drug resistance may be mitigated by targeting
genus-specific riboswitches (Supplementary Discussion) with the
added benefit that such antimicrobials may minimally impact gut
microbiota38. Finally, human genetic disorders including fragile X
syndrome, myotonic dystrophy, and Huntington disease, all result
from expanded nucleotide repeats located in transcripts which fold
into stable RNA hairpin structures and result in impaired splicing
and/or translation39. As such, these disease-causing RNA elements
represent a completely novel class of drug targets to which significant
drug resistance would not be predicted from somatic cells. It is also
estimated that the human transcriptome comprises thousands of non-
coding RNAs which also adopt highly specific secondary structures of
potential functional and disease-causing significance40,41. Thus, RNA
structural elements may substantially expand our view of the target
space susceptible to therapeutic intervention.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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Figure 4 | In vivo activity of ribocil in a murine systemic infection model of
E. coli. a, DBA/2J mice were infected by intraperitoneal injectionwith E. coli
strain MB5746 (5.0 3 104 CFU per mouse) and treated by subcutaneous
injection with ribocil-C or ciprofloxacin at the indicated doses (mg kg21) three
times over a 24 h infection period. Spleens were aseptically collected from
five mice per group and the reduction of log[CFU per g spleen tissue] was
calculated on the basis of bacterial burden in spleens of the vehicle-treated (10%
DMSO) control group. Data represents the average CFU per g spleen 6 s.e.m.
One-way ANOVA with Dunnett’s multiple comparison test demonstrates
statistically significant (***P , 0.001) log[CFU per g] reductions in the 60 and
120 mg kg21 ribocil-C treatment groups and ciprofloxacin control. b, The CFU
data from each mouse plotted as individual points, solid bar and error bars
represent the average CFU per g spleen 6 s.e.m. One-way ANOVA with
Dunnett’s multiple comparison test demonstrates statistically significant
(***P , 0.001) log[CFU per g] reductions in the 60 and 120 mg kg21 ribocil-C
treatment groups and ciprofloxacin control. Similar efficacy was observed
independently at a tenfold higher infectious inoculum (Extended Data Fig. 8).
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METHODS
No statistical methods were used to predetermine sample size. The experiments
were not randomized.
Microbiological studies. MB5746 is an antibiotic-sensitized E. coli strain har-
bouring an envA1 mutation and tolC deletion42. Consequently, MB5746 is outer
membrane hyper-permeable and efflux deficient. The primary screen was per-
formed in 1,536-well plate format. MB5746 (1:10,000 dilution of an overnight
culture 2–4 3 109 CFU ml21) was grown in cation-adjusted Mueller Hinton
broth (CAMHB; BD BBL, cat. no. 212322), with or without 10 mM riboflavin
(riboflavin; Sigma, cat. no. 4500-100G) supplementation. The final medium
volume in each well was 5ml, to which 50 nl DMSO containing twofold-titrated
compound was transferred. Hit compounds whose activity was suppressed by
riboflavin were retested with CAMH agar containing MB5746 (1:1,000 dilution of
overnight culture). MICs were determined by the broth microdilution method as
recommended by the Clinical and Laboratory Standards Institute with one excep-
tion: bacterial strains were tested in M9 broth.
Isolation of E. coli ribocil resistant mutants. MB5746 was grown to late-expo-
nential phase in CAMHB and spread on CAMH agar plates (BD BBL cat. no.
211438) containing twofold escalating agar MIC levels of ribocil. To establish
the number of viable cells in the starting inoculum, the culture was serially
diluted and plated on CAMH agar plates lacking ribocil. Resistant isolates were
re-streaked on plates containing the same ribocil concentration. The frequency of
resistance (FOR) was determined, dividing the number of resistant isolates by the
viable CFU in the late-exponential inoculum.
Deletion of E. coli ribA and ribB. ribA and ribB were knocked out in strain
MB5746 by l-Red recombineering using the linear PCR product generated by
amplification from pKD4 (ref. 2) with the primer pairs P1/P2 or P3/P4, respect-
ively. Transformation and selection on kanamycin were performed as described
previously43, except that 500mg ml21 riboflavin was added to the selection plate to
maintain the auxotrophic mutants. Upon obtaining strains MB5746DribA::kan
and MB5746 DribB::kan, riboflavin growth assays were performed to deter-
mine the minimal concentration of riboflavin required to maintain growth
of the auxotrophic mutant. Liquid cultures of CAMHB inoculated with
1 3 105 CFU ml21 of the mutants grown overnight on solid media were supple-
mented with a twofold dilution series of riboflavin ranging from 250mg ml21 to
0.25 mg ml21. After 24 h of incubation at 37 uC growth was scored visually and it
was determined that as little as 0.5mg ml21 was sufficient to maintain some
growth of the auxotrophic mutants, but optimal growth was observed with a
minimum of 4mg ml21 riboflavin.
RNA preparation of the E. coli wild-type FMN aptamers. DNA templates for
in vitro transcription of aptamer RNA were prepared by PCR from the pCDF-
EcFMN–GFP reporter plasmid using a forward primer ApT7 (TAATACGACTC
ATTATAGGgcttattctcagggcg) incorporating the T7 promoter and a reverse pri-
mer ApRev (cgttactctctcccatccg). Uppercase represents additional sequences
added in the primer including the T7 promoter, lowercase represents the ribos-
witch sequence. In vitro RNA aptamer transcription was carried out using the
RiboMAX large scale RNA production system kit (P1300, Promega) using the
protocols provided by the manufacturer. After extraction with phenol/cholor-
form the RNA aptamers were further purified by column chromatography on
NAP-10 sephadex columns (GE Healthcare) and isopropanol precipitation.
In vivo evaluation of E. coli DribA and DribB virulence. E. coli MB5746
and deletion mutants (DribA, DribB) were reconstituted in 10 ml trypticase
soy broth (TSB, Corning, cat. no. 46-060-CI). The mutant strains were supple-
mented with 2.5mg ml21 riboflavin (Sigma, cat. no. R4500-100G) and incubated
at 35 uC for 6 h with shaking at 250 r.p.m. The respective 6-h cultures were used to
seed, at a ratio of 1:50 ml, TSB either with or without 2.5mg ml21 riboflavin in a
250 ml flask and were incubated at 35 uC for 16 h with shaking at 250 r.p.m.
Overnight cultures were centrifuged at 5,000 r.p.m. for 12 min at 5 uC.
Supernatant was decanted and pellets were re-suspended in 50 ml fresh TSB to
remove excess riboflavin. Six tenfold serial dilutions were made in TSB from these
stock cultures (1.2 3 1010 CFU ml21 for wild type, 5.7 3 109 CFU ml21 forDribA,
3.6 3 109 CFU ml21 for DribB). Select serial dilutions were further diluted 1:10
into 3% gastric hog mucin for intra-peritoneal (i.p.) injection into mice. The
initial dilutions without mucin were plated for quantification on TSA II
(5% sheep’s blood) agar plates (BD BBL, cat. no. 221261) for the wild-type strain
or 10 mg ml21 riboflavin-infused Muller Hinton II Agar (BD BBL, cat. no.
211438) plates for mutant strains.

Eleven-week-old female DBA2/J mice (Jackson Labs) were chosen for this
study based on weight (,20 g) and combined into one pool. Animals were then
randomly selected from this pool and placed in groups of five in separate boxes.
Subjects were treated with 150 mg kg21 i.p. cyclophosphamide (Baxter, NDC#
10019-955-50) on day 24 and 100 mg kg21 on day 21. On day 0, five mice per

group were injected i.p. with 0.5 ml of a respective dilution of bacteria in 3%
mucin (6.0 3 106, 105, 104 CFU ml21 for wild type, 2.85 3 107, 106,
105 CFU ml21 for DribA, 1.8 3 107, 106, 105 CFU ml21 for DribB). On day 1,
subjects were euthanized via CO2 asphyxiation and spleens were aseptically
removed, weighed and homogenized in 1.5 ml of sterile saline (Hyclone, cat.
no. SH30028.03) with 10% glycerol (Fisher Scientific, cat. no. BP229-1). Tissue
homogenates were serially diluted tenfold in sterile saline and selected concen-
trations were plated on either TSA II (5% sheep’s blood) agar plates for the wild
type or MH riboflavin infused agar plates for DribA and DribB mutants. Plates
were incubated at 35 uC for 24 h and CFU per g of spleen tissue were determined.
No data was excluded from this study and investigator blinding was not imple-
mented during this study. This study was approved and was in compliance with
the ethical regulations set forth by the Institutional Animal Care and Use
Committee (IACUC) at Merck Research Laboratories, Kenilworth, New Jersey.
Antibacterial effect of ribocil-C in a mouse septicaemia model. E. coli MB5746
was reconstituted in 10 ml trypticase soy broth (TSB, Corning, cat. no. 46-060-CI)
and incubated at 35 uC for 6 h with shaking at 250 r.p.m. The 6 h culture was used
to seed, at a ratio of 1:50 ml, TSB in a 250 ml flask and were incubated at 35 uC for
16 h with shaking at 250 r.p.m. The overnight culture was centrifuged at
5,000 r.p.m. for 12 min at 5 uC. Supernatant was decanted and the pellet was
re-suspended in 50 ml fresh TSB to remove excess riboflavin. Nine tenfold serial
dilutions were made in TSB from the culture (1.0 3 1010 CFU ml21). The third
dilution (1.0 3 107 CFU ml21) was further diluted into 3% gastric hog mucin for
i.p. injection into mice. The initial dilutions without mucin were plated for quan-
tification on TSA II (5% sheep’s blood) agar plates (BD BBL, cat. no. 221261).

Twelve-week-old female DBA2/J mice (Charles River Laboratory) were chosen
for this study based on weight (,20 g) and combined into one pool. Animals were
then randomly selected from this pool and placed in groups of five in separate
boxes. Subjects were treated by intraperitoneal (i.p.) injection with 150 mg kg21 of
cyclophosphamide (Baxter, NDC# 10019-955-50) on day 24 and 100 mg kg21

on day 21. On day 0, mice were inoculated i.p. with 0.5 ml of bacteria in 3%
mucin (5.0 3 104 CFU ml21; Fig. 4) or a higher inoculum of 5.0 3 105 CFU ml21

(Extended Data Figure 8). Thirty minutes post-inoculation, mice (n 5 5 per
group) were treated by subcutaneous (s.c.) injection three times over 24 h with
either ciprofloxacin (0.5 mg kg21, Sigma Aldrich, cat. no. 17850-5G-F, ribocil-C
(at either 120, 60, or 30 mg kg21)) or 10% DMSO (Sigma Aldrich, cat. no. 276855-
1L) sham. On day 1, subjects were euthanized via CO2 asphyxiation and spleens
were aseptically removed, weighed and homogenized in 1.5 ml of sterile saline
(Hyclone, cat. no. SH30028.03) with 10% glycerol (Fisher Scientific, cat. no.
BP229-1). Tissue homogenates were serially diluted tenfold in sterile saline and
selected concentrations were plated on TSA II (5% sheep’s blood) agar plates.
Plates were incubated at 35 uC for 24 h and CFU per g of spleen tissue were
determined. A normality test was performed to verify normal distribution of data
before determining statistical significance via the one-way Bonferroni ANOVA.
No data was excluded from these studies and investigator blinding was not
implemented during this study. This study was approved and was in compliance
with the ethical regulations set forth by the Institutional Animal Care and Use
Committee (IACUC) at Merck Research Laboratories, Kenilworth, New Jersey.
HPLC-based quantitative analysis of flavins. Overnight cultures of MB5746 or
MB5746 RibocilR cells were diluted 1:50 in CAMHB and distributed (1.25 ml)
into 10-ml culture tubes containing diluted ribocil (twofold dilution series) or
DMSO (1%) as mock control. The treated cultures were incubated with shaking at
37 uC for about 20 h, after which the OD600 of the culture was determined and 500
ml was moved to a 96-well deep-well plate. After centrifugation (4,000 r.p.m.) for
10 min, the bacterial cell pellets were rinsed with lysozyme dilution buffer (10 mM
Tris HCl (pH 8.0), 25 mM NaCl, 1 mM EDTA) and centrifuged again. Cell
pellets were then re-suspended in 100 ml of lysozyme solution (10 mg ml21

lysozyme (Sigma) in lysozyme dilution buffer), incubated at 37 uC for 30 min,
and then frozen at 220 uC. Riboflavin, FMN and FAD concentrations in the
bacterial lysates were determined using the Vitamin B2 HPLC detection kit
(ImmuChrom, GmbH) and Vitamin B2 column (IC2300rp, ImmuChrom
GmbH) following the procedure recommended by the manufacturer scaled
for a 50ml sample (bacterial lysate). A Shimadzu HPLC system with fluorescence
detector was used at a flow rate of 1.0 ml min21 and flavin detection was
carried out at 450 nm. Flavin levels were determined for an equivalent number
of cells by correcting raw AUCs using the OD600 ratio of the treated versus the
untreated cultures.
Oligonucleotides used for reporter and strain construction. P1:tatggcaaaat
aagccaatacagaaccagcattatctggagaatttcatggtgcaggctggagctgcttc; P2:aagcaaatgaatta
cacaatgcaagagggttatttgttcagcaaatggcccatatgaatatcctccttag; P3:gactgccctgattctggta
accataattttagtgaggtttttttaccatggtgcaggctggagctgcttc; P4:gattaaggcagtaaattaagcagc
ggttttcagctggctttacgctcatgcatatgaatatcctccttag; P5:CTCAAATGCCTGAGGTTT
CAGcaggacttgcgtttggacgtc; P6:GAAAAGTTCTTCTCCTTTACTCATggtaaaaaa
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acctcactaaaattatg; P7:GACGTCCAAACGCAAGTCCTGctgaaacctcaggcatttgag;
P8:CATGGATGAGCTCTACAAATAAgcgcaacgcaattaatgtaag; P9:CATAATTT
TAGTGAGGTTTTTTTACCatgagtaaaggagaagaacttttc; P10:CTTACATTAATT
GCGTTGCGCttatttgtagagctcatccatg; P11:CATTAGCGTTATAGTGAATCCGC
taacgttctcagggcggggtg; P12:GAAAAGTTCTTCTCCTTTACTCATgcgacctcccgtttt
tccgcc; P13:CATTAGCGTTATAGTGAATCCGCtaaaacccatcgcttcagggc; P14:GA
AAAGTTCTTCTCCTTTACTCATaatgaaacgctctcgtaagaatac; P15:CACCCCGCC
CTGAGAACGTTAgcggattcactataacgctaatg; P16:GGCGGAAAAACGGGAGGT
CGCatgagtaaaggagaagaacttttc; P17:GCCCTGAAGCGATGGGTTTTAgcggattcac
tataacgctaatg; P18:GTATTCTTACGAGAGCGTTTCATTatgagtaaaggagaagaactt
ttc; AbRFN-ribB_RED forward: ttgcatcagtcctgaaatgttcaaccgtattcttacgagagcgtttcatta
tgaatcagacgctactttc; PaRFN-ribB_RED forward: gtcgcgccggccatgctgcgcgcctgtgcg
gcggaaaaacgggaggtcgcatgaatcagacgctactttc, Ab/Pa RFN-ribB_RED reverse: agatccc
ggtgcctaatgagtgagctaacttacattaattgcgttgcgcgctggctttacgctcatgtg; yqiC_RED for-
ward: caggacttgcgtttggacgtcgaactcttcacggcttacaaggtcgaggcgcgtcagctgcgcttgtagg;
ribB_RED reverse: gattaaggcagtaaattaagcagcggttttcagctggctttacgctcatgtgcctgacg
gtatgccacca; yqiC seq. reverse: agttcgctgattctttgttc; ribB seq. reverse 1: agcggaatt
aacatcttgc; ribB seq. reverse 2: gcttcaatggtcacggtaa. Transition from capital to
lowercase letters for P5–P18 denotes boundaries of fragments that facilitate
in-fusion cloning.
FMN–GFP reporter construction. EcFMN–GFP reporter plasmids were con-
structed by fusing the EcFMN region, inclusive of 550 bp upstream of ribB
through the start codon, to gfpuv and cloning into a vector with the low copy
CloDF13 origin of replication. Primers P5 and P6 were used to amplify the
EcFMN region from wild-type and resistant mutants by colony PCR, primers
P7 and P8 were used to amplify the CloDF13 origin and SmR cassette from pCDF-
1b (EMD Millipore), and primers P9 and P10 were used to amplify gfpuv
from pGFPuv (Clontech). Upon purification, all three linear PCR products were
combined using the in-fusion HD cloning system (Clontech) and transformed
into TOP10 cells (Life Technologies) with selection on spectinomycin (MP bio-
medicals) to yield pCDF-EcFMN–GFP reporter plasmids. Plasmids were subse-
quently transformed into the MB5746 ribocilR mutant M5 background for
compound testing.

Initial attempts to create Pseudomonas aeruginosa and Acinetobacter bauman-
nii FMN–GFP reporters in a similar fashion to the EcFMN–GFP reporters by
using the PaFMN or AbFMN region, inclusive of 550 bp upstream of ParibE or
AbribB through the start codon, did not yield constructs with sufficient baseline
fluorescence (data not shown). In order to optimize fluorescence, hybrid con-
structs were made in which the E. coli promoter region was placed upstream of the
PaFMN or AbFMN elements. Primer combinations P11/P12 or P13/P14 were
used to amplify the PaFMN or AbFMN elements, respectively, from wild-type
cells by colony PCR, and primer pairs P15/P16 and P17/P18 were used to amplify
the E. coli promoter, gfpuv, and vector backbone from the previously constructed
pCDF-EcFMN–GFP plasmid for combination with PaFMN and AbFMN,
respectively. Purified linear PCR products were combined and transformed as
described above to yield pCDF-EcPro-PaFMN–GFP and pCDF-EcPro-AbFMN–
GFP reporter plasmids. Again, plasmids were transformed into the MB5746
ribocilR mutant M5 background for compound testing.
Construction of the hybrid AbFMN and PaFMN EcribB strains. The native,
chromosomal E. coli ribB riboswitch was replaced with that of either A. bauman-
nii or P. aeruginosa using a two-step l-RED recombineering process44. In the first
recombineering event, the GFPuv coding sequence from either the pCDF-EcPro-
AbFMN–GFP or pCDF-EcPro-PaFMN–GFP plasmid was replaced with the
E. coli ribB coding sequence (EcribB). To this end, MB5746 ribB::kan cells were
grown in CAMH broth supplemented with 4 mg ml21 riboflavin (reconstituted in
1:1 dH2O:ethanol) and transformed (as described below) with the temperature-
sensitive plasmid pKD4644. Reactions were plated onto CAMH agar 150 mg ml21

ampicillin at 30 uC. Next, either the pCDF-EcPro-AbFMN–GFP or pCDF-
EcPro-PaFMN–GFP plasmid was transformed into MB5746 ribB::kan/pKD46
and plated onto CAMH 1 4 mg ml21 riboflavin 1 50mg ml21 spectinomycin 1

50 mg ml21 ampicillin at 30 uC to maintain double plasmid selection. The result-
ing strains were recombineered with EcribB PCR product containing flanking
regions homologous to the cognate pCDF plasmid. Substrate PCR products were
obtained through colony PCR of the wild-type ribB locus of MB5746 and
either the AbFMN-ribB_RED forward or PaFMN-ribB_RED forward primer
in combination with the Ab/Pa FMN-ribB_RED reverse primer. Cells were recov-
ered in CAMH broth for 1 h and Rib1 colonies were selected on CAMH agar
150 mg ml21 spectinomycin and incubated at 37 uC to remove pKD46. The
resulting strains, MB5746 ribB::kan (pCDF-EcPro-AbFMN-EcribB) or (pCDF-
EcPro-PaFMN-EcribB) carry a plasmid-borne EcribB gene downstream of the
native E. coli ribB promoter fused to either AbFMN or PaFMN.

In the second recombineering event, the plasmid-borne AbFMN- or PaFMN-
EcribB fusions engineered above were introduced into the E. coli chromosome in

single-copy at the native ribB locus. MB5746 ribB::kan/pKD46 cells were grown
to exponential phase in CAMH broth 1 4 mg ml21 riboflavin 1 50 mg ml21 ampi-
cillin and electroporated with either AbFMN-EcribB or PaFMN-EcribB PCR
product containing flanking regions homologous to the native ribB locus.
These PCR products were amplified from pCDF-EcPro-AbFMN-EcribB or
pCDF-EcPro-PaFMN-EcribB using the yqiC_RED forward and ribB_RED
reverse primers. Unlike strains carrying the plasmid-borne hybrid EcribB con-
structs, the chromosomal hybrid fusion constructs do not yield enough riboflavin
for optimal growth on CAMH in single copy. Therefore, reactions were recovered
in CAMH broth containing very low levels of riboflavin (0.4 mg ml21, a concen-
tration that does not permit growth of the ribB deletion mutant), plated
onto CAMH agar 1 0.4mg ml21 riboflavin, and incubated at 37 uC to remove
the pKD46 plasmid. The E. coli ribB promoter, hybrid riboswitch, and EcribB
coding regions were sequenced in resulting Rib1 cells and additionally sequenced
at joint sequences using yqiC seq. reverse, ribB seq. reverse 1, and ribB seq. reverse
2 primers.

All transformations were electroporation reactions performed as suggested2

with some modifications. Around 30–50 ml of cells were grown in CAMH to
exponential phase. For recombineering reactions, strains harbouring pKD46
were induced for 1 h with 1% arabinose before harvesting of cells. Cells were
washed with 30 ml of ice-cold ddH2O and pelleted at 4 uC, 3,000g for 10 min,
followed by two additional washes with 1 ml ice-cold ddH2O and pelleted each
time at 8,000g at 4 uC for 2 min. Pellets were re-suspended in 300ml ddH2O and
100ml cells were incubated with 1–2 ml PCR product for 5 min before electro-
poration. Electroporation reactions were performed using 0.1-cm gap cuvettes
and a GenePulser II (BioRad) with settings at 200V, 25 mF, and 1.8 kV. Cells were
recovered at the appropriate temperature in 1 ml CAMH broth as described above
and plated on CAMH agar containing the appropriate supplements. All PCR
reactions were performed using GoTaq Green Master Mix (Promega
Corporation) according to manufacturer’s instructions. DNA sequencing was
performed by Genewiz, Inc.
Crystallization and RNA–ribocil X-ray co-structure determination. Crystals of
the F. nucleatum FMN riboswitch in presence of the ligand were obtained fol-
lowing published protocols13,45 with minor modifications. The RNA was synthe-
sized in two strands: GGAUCUUCGGGGCAGGGUGAAAUUCCCGACCGG
UGGUAUAGUCCACGAAAGCUU and GCUUUGAUUUGGUGAAAUUCC
AAAACCGACAGUAGAGUCUGGAUGAGAGAAGAUUC. The oligonucleo-
tides were purchased from Sigma-Aldrich. After reception each strand was dis-
solved in water, aliquoted so that each aliquot would contain the material
necessary to make a 25 ml solution at 0.4 mM concentration. The aliquots were
lyophylized using a Centrivap concentrator (Labconco) and kept at 220 uC for
long-term storage. Prior to annealing the nucleic acids were re-suspended in 25 ml
annealing buffer (10 mM cacodylic acid, 100 mM acetate, 4 mM MgCl2 adjusted
to pH 6.8 using KOH). The oligomers were mixed together, along with 1.0 ml of an
inhibitor stock solution at 50 mM in 100% deuterated DMSO, and annealed in a
thermocycler by incubation at 37 uC for 30 min followed by cooling from 37 uC to
4 uC at a rate of 3 uC per min. The crystals were grown by vapour diffusion using a
15-well EasyXtal DropGuard X-Seal tool (Qiagen) after mixing 3 ml of ribos-
witch–ligand solution with 3 ml precipitant (0.1 M Na acetate, pH 5.0, 0.2 M
MgCl2, and 7 to 11% v/v PEG 4K). Small nuclei appear after a few days, and
are made to grow larger for diffraction studies by controlled drying. Drying is
achieved by substitution once a day of the adequate volume of well solution with a
50% v/v PEG 4K stock solution. The volume is calculated to achieve a ,2%
increase in precipitant concentration per step. The crystals after growth are
harvested and dipped for 1 to 2 min in a cryoprotectant solution (0.1 M Na
MES, pH 6.5, 0.2 M MgCl2, 10% v/v PEG 4K, 20% v/v glycerol, and ligand diluted
to 1 mM concentration). Crystals were harvested with a mesh Litholoop
(Molecular Dimensions Ltd) and flash-frozen in liquid nitrogen.
X-ray crystal structure determination. X-ray diffraction data (Extended Data
Table 2) were collected at the Advanced Photon Source (APS) sector 17 (IMCA)
at 1.0 Å wavelength using a Pilatus 6M (Dectris) pixel array detector. 720 frames
with an oscillation of 0.25u each were collected. The data were processed using the
automated pipeline autoPROC46, with calls to the programs XDS47 for integration
and AIMLESS48 for scaling. The structure was determined using PDB entry 3F4E
as a starting point after removing all heterogeneous atoms including the FMN.
The structure was refined without inclusion of the ligand coordinates at any step
before and until an omit map difference map is generated to fit the compound.
The steps include refinement using the program autoBUSTER49, corrections of
the model and inclusions of several cations with Coot, and Cartesian simulated
annealing using the program Phenix50 to further eliminate the potential of
bias against FMN which was present in the PDB 3F4E entry. The set of ‘free’
reflections was taken from the same PDB entry 3F4E and completed as required.
All refinement calculations after adding the ligand were performed using the
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program autoBUSTER49. Model visualization and rebuilding was performed
using the program Coot51. All figures in the manuscript generated with PyMol52.
Compound chirality. Co-crystallization of the heptamer with ribocil was per-
formed using a racemic mixture of the ligand. In spite of its limited resolution,
2.9 Å, the (R) isomer fits distinctly better than the (S) isomer in the initial electron
density. Consistent with this observation, crystallographic refinement of a model
which starts with the wrong (R) isomer ends up with a structure with the chiral
centre inversed and nearly planar, an impossible stereochemistry. By contrast, the
chiral volume remains unchanged in the course of refinement when starting from
the (S) isomer. Notwithstanding the electron density map, due to the constrained
nature of the binding site it is not possible to fit the (R) isomer while maintaining
reasonable ligand stereochemistry and parallelism of the pyrimidynonyl and the
methylaminopyrimidynyl between the bases of A48 and A85, and against the base
of G62. Altogether, crystallographic and stereochemical considerations strongly
support the conclusion that only the (S) form binds to the FMN aptamer. Further
observations made later when the isomers were separated agree with this inter-
pretation: only one of them is active against the riboswitch, and the ligand with
the correct chirality is more active than the racemic mixture (Extended Data Fig. 3
and Extended Data Table 1).
Homology modelling. A homology model of the E. coli FMN aptamer was
constructed using program mutate_bases53 of the 3DNA package using the
F. nucleatum impX riboswitch aptamer X-ray structure as the template and the
FMN aptamer alignment of E. coli, F. nucleatum, P. aeruginosa and A. baumannii
(Extended Data Fig. 5). All nucleotide insertions in the E. coli sequence were
removed in the model (Extended Data Fig. 5). There are 34 base changes among
the 111 nucleotides modelled. Base pairing when present remains consistent.
Energy minimization at A92 was performed to avoid VDW clashes using
Macromodel (Schrodinger, LLC).
FMN–GFP reporter assays. Reporter strains were diluted to ,5 3 106 CFU ml21

in CAMHB supplemented with 30 mg ml21 spectinomycin. Compounds to
be tested were serially diluted twofold through 11 points in 100% DMSO.
A BioMek FX liquid handler was used to deliver 49 ml of diluted culture into a
384-well, black/clear-bottom assay plate followed by 1 ml of titrated compound.
DMSO and antibiotic controls were added manually to appropriate wells and the
plates were shaken for 1 min before incubating at 37 uC. After overnight growth,
fluorescence, using 405 nm excitation and 510 nm emission, and absorbance at
600 nm, was assessed on an EnVision multiplate reader (Perkin Elmer).
Fluorescence response (RFU), relative to full growth and fully inhibited (50mM
ribocil) controls and absorbance response (OD600), relative to full growth and
sterile controls, were fitted to four parameter (variable slope) curves. The con-
centration of compound which decreased the specific fluorescence signal by 50%
is reported as the GFP EC50.
FMN binding to riboswitch aptamer. Aptamers were first re-annealed at a
20 mM concentration in 4 mM KH2PO4, 16 mM K2HPO4, 64 mM KCl and
0.1 mM EDTA, pH 7.4 buffer by heating at 95 uC for 5 min followed by incubation
at room temperature for 15 min. Only one re-annealing cycle was performed per
aptamer sample. A 1.25-fold serial dilution of the re-annealed aptamer was pre-
pared to have a final concentration ranging from 6.6 to 150 nM in 50 mM Tris-
HCl, 100 mM KCl and 2 mM MgCl2 assay buffer, pH 7.4. This was mixed with
FMN ligand (30–240 nM final concentration). Fluorescence signal was read using
the Spectramax M5 at an excitation wavelength of 455 nm and emission wave-
length at 525 nm with cut-off filter at 515 nm. The instrument was set up in kinetic
mode to acquire data every 20 s. The steady-state Kd and the binding-competent
fraction of aptamer were determined from fluorescence data obtained at 120 min

of the reaction by fitting to a quadratic equation fully describing the binding
equilibrium under tight-binding conditions.
Competition binding kinetics. A twofold serial dilution of compounds was
prepared to have a final assay concentration range from 1.22 to 10,000 nM.
This was prepared in 50 mM Tris-HCl, 100 mM KCl and 2 mM MgCl2 assay
buffer, pH 7.4, with 0.2% DMSO. FMN ligand concentration was 60 nM and
the E. coli FMN aptamer concentration was 48 nM or, for ribocil, 150 nM. The
fluorescence signal was read on the Spectramax M5 as described above. The
steady-state binding competition data at 120 min was fitted to a cubic equation
fully describing the competition binding equilibria to derive the Ki value for the
compound, while fixing Kd to the value obtained earlier for FMN binding. The
binding kinetics data was fitted by KinTek Explorer-based numerical integration
with Ki constrained to derive the dissociation rate constant (koff). The association
(kon) rate constant is then calculated from Ki and koff.
Mammalian cytotoxicity assay. The Click-iT EdU Alexa Fluor 488 HCS assay kit
(Life Technologies, C10351) was used to assess the potential cytoxicity of ribocil
in mammalian cell cultures using a modified version of the manufacturer’s pro-
tocol. For the assay, mycoplasma-tested HeLa cells (ATTC) were seeded at 4,000
cells per well in 384-well poly-D-lysine-coated plates (Greiner, 781946) in 25 ml of
culture medium (Optimem I, Life Technologies) and treated with a 20-point
twofold dilution series of ribocil. After addition of EdU (5mM) and incubation
(37 uC) for 24 h, images were captured and analysed using an Acumen eXC3 (TTP
Labtech Ltd) laser scanning cytometer. Total cell numbers were determined using
Hoechst 33342 (Life Tech, H3530). Ribocil displayed no HeLa cell cytoxicity as
detected by cell count (EC50 $ 100mm, activity at 100 mM 5 17%) or EdU mea-
surement (EC50 $ 100mM, activity at 100 mM 5 11%).
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Extended Data Figure 1 | Enzymatic steps responsible for riboflavin, FMN,
and FAD biosynthesis in E. coli. a, Enzyme names are shown above reaction
arrows. RibA is a GTP cyclohydrolase II, RibB is a (3S)-3,4-dihydroxy-2-
butanone 4-phasphate synthase. RibDG is a bifunctional enzyme encoding
2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone 59-phosphate deaminase
and 5-amino-6-ribosylamino-2,4(1H,3H)-pyrimidinedione 59-phosphate
reductase activity. RibH is a lumazine synthase. RibE is a riboflavin synthase.
RibFC is another bifunctional enzyme encoding flaviokinase and FAD
synthetase activity. Note, one molecule of GTP and two molecules of
ribulose 5-phosphate are required to make one molecule of riboflavin.
I, 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone 59 phosphate; II,
5-amino-6-ribosylamino-2,4(1H,3H)-pyrimidinedione 59-phosphate; III,
5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione 59-phosphate; IV,
5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione; V, (3S)-3,4-dihydroxy-
2-butanone 4-phosphate; VI, 6,6-dimethyl-8-D-ribityllumazine. Note two
molecules of VI dismutate (step 7) to give IV and riboflavin. Note also that the
phosphatase converting III to IV (step 4) is not known. Adapted from
Pedrolli et al.25. b, HPLC-based quantitative analysis of riboflavin, FMN, and
FAD levels in E. coli strain MB5746 following genetic inactivation of riboflavin

biosynthesis (DribA or DribB) or ribocil drug treatment. Wild-type strain
MB5746 and isogenicDribA orDribB strains were grown overnight in CAMHB
media containing 10 mM riboflavin, washed in CAMHB media lacking
riboflavin, diluted (1:50) and grown for an additional 20 h before harvesting
cells and HPLC analysis of cell lysates as described in the Methods. In parallel,
overnight cultures of MB5746 grown in CAMHB were diluted (1:50) and
treated with DMSO as a control or 20 mM ribocil, grown for an additional 20 h
and analysed as above (middle panel). Data are presented as the mean of two
technical repeats and are representative of two independent experiments.
Riboflavin, FMN and FAD depletion levels are listed as a percentage relative to
wild-type controls (right panel). c, HPLC-based quantitative analysis of
riboflavin levels in 19 independent E. coli ribocilR mutant isolates versus the
isogenic parent strain, MB5746. Overnight cultures of each strain were
diluted 1:50 in CAMHB and treated with 10mM ribocil or mock treated
(1% DMSO). After growth at 37 uC with agitation for 20 h, cell lysates were
prepared and riboflavin levels were quantitated as described in the Methods.
Data are the mean of two technical repeats (error bars indicate range) and is
representative of two independent experiments.
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Extended Data Figure 2 | E. coli FMN riboswitch-regulated reporter gene
expression and ribocil-mediated inhibition and isolation of ribocilR

mutations mapping to A. baumannii and P. aeruginosa FMN riboswitches.
a, GFP reporter constructs under the control of the intact E. coli ribB promoter
and FMN riboswitch (EcPro-EcFMN–GFP), or replaced with the A. baumannii
FMN riboswitch (EcPro-AbFMN–GFP) or P. aeruginosa FMN riboswitch
(EcPro-PaFMN–GFP) are maintained in E. coli ribocilR mutant, M5 (Fig. 1e).
Note, E. coli ribB upstream promoter sequence (EcPro) was fused to
A. baumannii and P. aeruginosa FMN elements (AbFMN and PaFMN,
respectively) to facilitate sufficient baseline expression in E. coli MB5746 host
cells. b, Introduction of FMN riboswitch reporter plasmids into a ribocilR

mutant strain background (M5) enables ribocil dose-dependent inhibition of
GFP expression without inhibiting cell growth. Dose-response curve for 16
technical repeats of ribocil-mediated inhibition of EcPro-EcFMN–GFP

expression is shown. c, Tabulated EC50 values (6s.d.) of ribocil required to
inhibit EcPro-EcFMN–GFP, EcPro-AbFMN–GFP and EcPro-PaFMN–GFP
expression. Data for EcPro-EcFMN–GFP are from eight independent
experiments each with two technical repeats, whereas data for EcPro-AbFMN–
GFP and EcPro-PaFMN–GFP are from two independent experiments each
with four technical repeats. d, Schematic summary of E. coli recombineered
ribB locus, EcPro-AbFMN-ribB, in which the endogenous FMN riboswitch is
replaced with the A. baumannii FMN riboswitch. Below, predicted secondary
structure of the A. baumannii FMN riboswitch and ribocilR mutations
highlighted in red. e, Schematic summary of E. coli recombineered ribB locus,
EcPro-PaFMN-ribB, in which the E. coli FMN riboswitch is replaced by the
P. aeruginosa FMN riboswitch. Below, predicted secondary structure of the
P. aeruginosa FMN riboswitch and ribocilR mutations highlighted in red.
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Extended Data Figure 3 | Ribocil mutant analysis; Ribocil:FMN
competition binding and Ribocil–analogue binding studies. a, Wild-type
FMN and mutant constructs responsive to ribocil are displayed with a curve fit.
Fluorescence was measured using 405 nm excitation and 510 nm emission
and data represent the mean of two independent experiments (error bars
indicate range). EC50, the maximum cell-density-adjusted fluorescence signal
observed with no ribocil addition, and the maximum per cent inhibition of
fluorescence for each construct is listed in the accompanying table. b, Wild-type
RNA aptamer samples were separated on 1.2% agarose gels and visualized
by ethidium bromide staining. c, Binding affinity for ribocil. Binding affinity to
the E. coli FMN riboswitch aptamer is determined from ribocil dose-dependent
competition against a fixed concentration of FMN (60 nM) and a fixed
concentration of E. coli FMN riboswitch aptamer (150 nM). Shown is a
representative example of ribocil competition data. Mean affinity (6s.d.) from
four independent experiments for ribocil, ribocil-A, ribocil-B and ribocil-C
is reported in the table (panel e of this figure). d, Chemical structure of

ribocil-A, ribocil-B and ribocil-C. e, Steady-state Kd, binding kinetics, riboflavin
biosynthesis inhibition and minimum inhibitory concentration (MIC) in
E. coli MB5746 for ribocil-A, ribocil-B and ribocil-C. Binding kinetics were
determined using a competition method employing a fixed amount of FMN
(60 nM) and E. coli FMN riboswitch (48 nM). FMN binding affinity and
kinetics are determined by fluorescence quenching experiments (see Methods).
Given the tight-binding conditions, both FMN and ribocil affinity values
represent an upper limit. As a result, the koff values may also be an upper limit,
and/or the kon values may be a lower limit. Inhibition of riboflavin biosynthesis
after treatment of E. coli MB5746 with ribocil, ribocil-A, ribocil-B and ribocil-C
for 20 h as described in Methods. Data for ribocil are the mean (6s.d.) of
three independent experiments, for ribocil-B the mean (6s.d.) of four
independent experiments and for ribocil-C the mean (error bars indicate range)
of two independent experiments. MIC of ribocil, ribocil-A, ribocil-B and
ribocil-C against E. coli MB5746 determined by the broth microdilution
method.
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Extended Data Figure 4 | Electron density omit map of F. nucleatum impX
FMN aptamer–ribocil co-crystal structure. a, The electron density difference
map (see Methods for details regarding its calculation) is shown as a grid
contoured at 3.0s level. The refined structure of the ligand is shown as sticks,
methyls in slate blue, the aptamer as lines with the methyl coloured in
orange, cations as spheres coloured in purple. b, Same figure as a but rotated
to bring the electron density around the planar 6-thiophenyl-pyrimidonyl
horizontal and perpendicular to the figure plane. The best fit of the (S)-isomer
which maintains the pyrimidinyl in its electron density, stacking against G62,

and inserts the 6-thiophenyl-pyrimidonyl between A48 and A85 is shown (see
Methods). The 6-thiophenyl-pyrimidonyl is clearly slanted compared to the
density and the planes of the A48 or A85 bases. c, Superposition of the X-ray
co-structures of the F. nucleatum riboswitch aptamer with either FMN
(PDB entry 3F2Q) or ribocil. After superposition using the phosphorus atoms
of the bases in the immediate vicinity of the ligand, the RNA is represented
as lines in cyan and orange for the co-structures with FMN and ribocil,
respectively, and as sticks for the ligand, in cyan and slate blue, respectively. The
number for the key bases interacting with either FMN or ribocil is indicated.

RESEARCH ARTICLE

G2015 Macmillan Publishers Limited. All rights reserved



Extended Data Figure 5 | Homology model of the predicted ribocil binding
site within the E. coli FMN aptamer. a, The homology model was constructed
using program mutate_bases of the 3DNA package53 using the F. nucleatum
impX riboswitch aptamer X-ray structure as the template and the FMN
aptamer alignment of E. coli, F. nucleatum, P. aeruginosa and A. baumannii.
Only two bases differ (in red labels) compared to F. nucleatum FMN riboswitch,
G66A and A95U. b, A full-length homology model of the E. coli FMN
aptamer and mapping of ribocilR mutations. Location of the ribocilR mutants
C33U, G37U, G93U, C100U, C111U and D94–102 are mapped on the E. coli
homology model of the ribocil-bound E. coli FMN riboswitch aptamer. In
the model, all nucleotide insertions in the E. coli sequence not found in

F. nucleatum were not modelled in the resulting crystal structure. There are
34 base changes among the 111 nucleotide modelled. A119 is removed for
clarity. Nucleotides C33, G37, G93, C100 and C111 are coloured (green) and
bases deleted in D94–102 are highlighted (red). G96 (red) which makes direct
contact with ribocil (blue) in the wild-type aptamer is deleted in D94–102.
c, Alignment of bacterial riboswitch sequences from RFAM54. E. coli aptamer
nucleotide G96, which is equivalent to nucleotide G62 in the F. nucleatum
aptamer, is indicated with an asterisk. Black shading represents identical and
grey is similar using default consensus settings with the BOXCHADE program
(http://sourceforge.net/projects/boxshade/).
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Extended Data Figure 6 | Ribocil, roseoflavin and ribocil-C cross-resistance
to E. coli ribocilR mutants. a, 5ml of ribocil (1.3 mM), roseoflavin (31 mM)
and the negative control, novobiocin (2.5 mM), were spotted (twofold
dilution series) on the surface of a CAMH plate (a) or CAMH plate plus 20 mM
riboflavin (b) and seeded with E. coli MB5746. c–i, Same as a but plates seeded
with the indicated ribocilR mutants. Note, whereas the growth-inhibiting
activity of ribocil is completely suppressed by riboflavin, roseoflavin activity is
only partially suppressed and ribocilR mutants are cross-resistant to roseoflavin

and display similar level of suppression as riboflavin supplementation.
The figure is representative of two independent experiments. j, Ribocil-C
inhibits the FMN riboswitch and is cross-resistant to ribocilR mutations. 5ml of
ribocil (1.3 mM), ribocil-C (153 mM) and the negative control, novobiocin
(2.5 mM), were spotted (twofold dilution series) on the surface of CAMH plates
seeded with the above described strains and/or riboflavin supplement as shown
in a–i. The figure is representative of three independent experiments. RF,
riboflavin.
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Extended Data Figure 7 | Bioactivity of riboflavin analogues are not
suppressed by riboflavin supplements. a, Left plates; 5 ml of ribocil (1.3 mM),
roseoflavin (31 mM), C002 (2 mM), C003 (2 mM), C004 (2 mM), C005
(2 mM), C006 (2 mM), C007 (2 mM), C008 (2 mM), and the negative control,
Chiron 90 (9mM), were spotted (twofold dilution series) on the surface of a
CAMH plate seeded with E. coli MB5746. Right plates; same as left plates

but supplemented with 20 mM riboflavin. Chemical structures are shown. The
figure is representative of two independent experiments. b, Inhibition of
flavin synthesis by COO6. Flavin levels were determined by HPLC after C006
treatment of MB5746. All data are from a single 11-point dose titration and
is representative of two independent experiments.
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Extended Data Figure 8 | In vivo activity of ribocil-C in a murine systemic
infection model of E. coli. a, DBA/2J mice were infected i.p. with E. coli
strain MB5746 (5.0 3 105 CFU per mouse, a tenfold higher inoculum than that
used in Fig. 4) and treated by subcutaneous injection with ribocil-C or
ciprofloxacin at the indicated doses (mg kg21) three times over a 24 h infection
period. Spleens were aseptically collected from five mice per group and the
reduction of log[CFU per g spleen tissue] was calculated on the basis of bacterial
burden in spleens of the vehicle-treated (10% DMSO) control group. Data
represents the average CFU per g spleen 6 s.e.m. One-way ANOVA with

Dunnett’s multiple comparison test demonstrates statistically significant
(*P , 0.05, ***P , 0.001) log[CFU per g spleen] reductions in the 60 and
120 mg kg21 ribocil-C treatment groups and ciprofloxacin control. b, The CFU
data from each mouse plotted as individual points, solid bar and error bars
represent the average CFU per g spleen 6s.e.m. One-way ANOVA with
Dunnett’s multiple comparison test demonstrates statistically significant
(*P , 0.05, ***P , 0.001) log[CFU per g spleen] reductions in the 60 and
120 mg kg21 ribocil-C treatment groups and ciprofloxacin control.
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Extended Data Table 1 | Frequency of resistance (FOR) determination and microbiological activity summary

a, Frequency of resistance to ribocil by E. coli strain MB5746 carrying A. baumannii, P. aeruginosa or native RFN. Testing was performed with both Mueller Hinton (CAMH) and M9 (Minimal Media) broth.
b, Antibacterial activity of ribocil analogues and standard controls tested against: (1) efflux- and permeability-deficient E. coli MB5746 and two progenitor strains; (2) E. coli strain MB5746 carrying wild-type
and mutant alleles of A. baumannii and P. aeruginosa RFN. Minimum inhibitory concentrations (MICs) were determined by CLSI standard broth microdilution. c, Antibacterial activity of ribocil analogues and
standard controls tested against sensitized P. aeruginosa and A. baumannii isolates. MICs were determined by CLSI standard broth microdilution. d, Antifungal activity of ribocil analogues and standard controls
tested against wild-type and efflux-deficient Saccharomyces cerevisiae and Candida albicans. MICs were determined by CLSI standard broth microdilution. All MIC values are expressed as mg ml21.
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Extended Data Table 2 | X-ray crystal data collection and refinement
statistics

A full data set was collected with one crystal. Coordinate error estimated from Luzzati plot using
SFCHECK55.
*Highest resolution shell is shown in parenthesis.
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