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Riboswitches are natural ligand-sensing RNAs typically that are
found in the 5’ UTRs of mRNA. Numerous classes of riboswitches
have been discovered, enabling mRNA to be regulated by diverse
and physiologically important cellular metabolites and small mol-
ecules. Here we describe Spinach riboswitches, a new class of ge-
netically encoded metabolite sensor derived from naturally occur-
ring riboswitches. Drawing upon the structural switching mechanism
of natural riboswitches, we show that Spinach can be swapped for
the expression platform of various riboswitches, allowing metabo-
lite binding to induce Spinach fluorescence directly. In the case of the
thiamine 5’-pyrophosphate (TPP) riboswitch from the Escherichia
coli thiM gene encoding hydroxyethylthiazole kinase, we show
that insertion of Spinach results in an RNA sensor that exhibits
fluorescence upon binding TPP. This TPP Spinach riboswitch binds
TPP with affinity and selectivity similar to that of the endogenous
riboswitch and enables the discovery of agonists and antagonists
of the TPP riboswitch using simple fluorescence readouts. Further-
more, expression of the TPP Spinach riboswitch in Escherichia coli
enables live imaging of dynamic changes in intracellular TPP con-
centrations in individual cells. Additionally, we show that other
riboswitches that use a structural mechanism similar to that of the
TPP riboswitch, including the guanine and adenine riboswitches from
the Bacillus subtilis xpt gene encoding xanthine phosphoribosyl-
transferase, and the S-adenosyl-methionine-l riboswitch from the
B. subtilis yit) gene encoding methionine synthase, can be converted
into Spinach riboswitches. Thus, Spinach riboswitches constitute a
novel class of RNA-based fluorescent metabolite sensors that exploit
the diversity of naturally occurring ligand-binding riboswitches.

RNA probes | cellular imaging | riboswitch | fluorescence | metabolite

mong the most important tools for studying the dynamic

changes in the intracellular level of signaling molecules and
metabolites in living cells are genetically encoded fluorescent
sensors. Most sensors comprise two fluorescent proteins flanking
a central target-binding domain (1, 2). Binding of the target mol-
ecule induces conformational changes that reposition the fluo-
rescent proteins. This repositioning results in changes in FRET
between the fluorescent proteins, which can be imaged by mi-
croscopy in living cells (3). These sensors have provided fun-
damentally novel insights into the dynamic changes in calcium,
cyclic nucleotides, glucose, and other molecules during cellular
signaling and disease states (4).

Although genetically encoded sensors are powerful tools for
imaging cellular metabolites, only a small number of sensors have
been created because these sensors require a protein that binds
the target molecule of interest and which undergoes a target-
induced conformational change that is sufficient to induce a
change in FRET. However, proteins with these properties are not
readily available for most physiologically important metabolites.
As a result, sensors have not been generated for many important
metabolites and signaling molecules.

Recently we described an alternative class of genetically encoded
sensors composed of RNA (5). These sensors are based on Spin-
ach, an “RNA mimic of green fluorescent protein” (6). Spinach is
an RNA aptamer that binds fluorophores resembling the hydroxy-
benzylidene imidazolinone (HBI) fluorophore in GFP, including
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3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI) (6, 7).
Similar to the manner by which GFP induces fluorescence in HBI,
Spinach binds to the otherwise nonfluorescent DFHBI and
switches it to a highly fluorescent state. This property has allowed
Spinach to be used to tag and image specific RNAs in living cells (6).

We recently converted the constitutively fluorescent Spinach—
DFHBI complex into sensors that fluoresce in proportion to the
concentration of specific metabolites (5). These sensors comprise
two domains: Spinach and a target-binding aptamer. The target-
binding aptamer is inserted into a structurally critical stem of
Spinach (5). Because the target-binding aptamer is unstructured
without the target molecule, the critical stem is disrupted, pre-
venting Spinach from folding and binding DFHBI. However, when
the aptamer binds its target, the aptamer folds, enabling the folding
of the critical stem in Spinach (Fig. S14). This folding leads to
Spinach fluorescence that can be detected in vitro or in cells. Using
this approach, we created sensors by fusing Spinach to aptamers
that bind S-adenosyl-methionine (SAM), ADP, and other metab-
olites (5). These sensors allowed imaging of the dynamics and
turnover of SAM and ADP in live bacterial cells (5). This approach
was applied subsequently to detect and image cyclic di-GMP and
various proteins in living cells (8, 9). These allosteric Spinach-based
sensors demonstrate the versatility of RNA as a platform for cre-
ating genetically encoded sensors for imaging cellular metabolites.

There are important technical challenges that must be ad-
dressed when creating allosteric Spinach-based sensors. These
sensors rely on metabolite-binding aptamers, which typically
are generated using approaches such as systematic evolution of
ligands by exponential enrichment (SELEX) (10, 11). SELEX-
generated aptamers typically exhibit poor selectivity and af-
finity that are not desirable for sensors. Selectivity is important
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because the cellular environment is highly complex and can
contain unknown metabolites with structures similar to that of
the desired target molecule. In principle, aptamer selectivity
can be achieved using negative selection during SELEX (12);
however, it is difficult to perform negative selection against all
the diverse, structurally related metabolites in the cell, espe-
cially if some of them are unknown.

Aptamer affinity also is critical for sensor function (13). If the
aptamer has too high affinity for the target, the target will be fully
bound to the aptamer regardless of how its concentration changes
in cells. If the affinity is too low, very little target will be bound,
resulting in minimal fluorescence activation in cells. In most cases,
aptamer binding affinities that are similar to the cellular metabolite
concentration will produce sensors exhibiting fluorescence that
corresponds directly to the metabolite concentration (13). How-
ever, it is difficult to obtain aptamers with a predetermined affinity
for a target molecule using SELEX (14). Thus, obtaining aptamers
that have a suitable target-binding affinity remains a challenge.

In contrast, riboswitches have evolved to have the type of in
vivo binding affinity and selectivity needed to function as highly
precise sensors for physiologically important intracellular me-
tabolites. Riboswitches are RNA regulatory elements found
primarily in bacterial mRNAs that switch conformations upon
binding small molecules (15). These conformational switches
typically activate or inhibit protein synthesis but can regulate
other aspects of mRNA metabolism (16). Computational com-
parative genomics-based approaches have identified more than
100 different putative riboswitches (17-22), most of which are
found in transcripts encoding metabolic enzymes or regulators.
Riboswitches appear to have evolved to allow highly precise
control of protein expression in response to dynamic changes in
cellular metabolite concentrations.

Here we describe Spinach riboswitches, a new type of geneti-
cally encoded sensor for imaging metabolites based on natural
riboswitches. We show that Spinach can be incorporated into the
thiamine 5'-pyrophosphate (TPP) riboswitch from the Escherichia
coli thiM gene encoding hydroxyethylthiazole kinase, resulting in
an RNA-based sensor that is fluorescently activated upon bind-
ing TPP. This TPP Spinach riboswitch binds TPP with affinity
and selectivity similar to that of the endogenous riboswitch and
enables the discovery of agonists and antagonists of the TPP
riboswitch through simple fluorescence readouts. Furthermore,
expression of the TPP Spinach riboswitch in E. coli enables im-
aging of dynamic changes in intracellular TPP concentrations that
occur in response to extracellular thiamine (23). Last, we show
that other riboswitches that use a structural mechanism similar to
that of the TPP riboswitch, including the guanine and adenine
riboswitches from the Bacillus subtilis xpt gene encoding xanthine
phosphoribosyltransferase, and the S-adenosyl-methionine-I
riboswitch from the B. subtilis yit] gene encoding methionine
synthase, can be converted into Spinach riboswitches. Thus,
Spinach riboswitches constitute a novel class of RNA-based fluo-
rescent metabolite sensors that take advantage of the evolution-
arily optimized affinity and selectivity seen in natural riboswitches.

Results

Structure-Guided Design and Optimization of a Spinach Riboswitch.
We wondered if the ligand-induced conformational switching
mechanisms seen in riboswitches could be used to switch Spinach
from a nonfluorescent to a fluorescent state. We were struck by
the structural similarity of a portion of the thiM TPP riboswitch
and Spinach. The TPP riboswitch contains a TPP-binding aptamer
domain and a second expression platform that regulates the
translation of the thiM transcript (Fig. 14) (24). This expression
platform constitutes an ~40-A-long helical domain (25, 26). Im-
portantly, a short transducer sequence in the riboswitch can
adopt two positions within the riboswitch (Fig. 14). In the ab-
sence of TPP, the transducer sequence binds to the switching
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sequence in the TPP-binding domain. However, TPP binding to
the riboswitch displaces the transducer sequence, allowing the
transducer sequence to form one of the strands of the expression
platform helix (Fig. 1L4). As a result of helix formation, the ri-
bosome’s access to the Shine-Dalgarno (SD) element is blocked,
thereby inhibiting translation (25-28).

Spinach has a structure similar to that of the helical expression
platform of the TPP riboswitch. The fluorophore-binding domain
of Spinach comprises a coaxial helical stack composed of two A-
form helices separated by an atypical G-quadruplex motif (29, 30).
The DFHBI-binding pocket is formed by the junction between the
upper helix (H;) and the G-quadruplex (29, 30). The helical
structure is necessary to stabilize a U-A-U base triple that serves as
the upper surface of the DFHBI-binding pocket (Fig. 1C). Because
the helical structure is required for DFHBI binding to Spinach, we
reasoned the TPP riboswitch could regulate Spinach fluorescence if
the transducer sequence controls the formation of the H; helix.

We therefore decided to engineer the TPP riboswitch so that
TPP binding would cause the transducer sequence to reposition
itself into the H; helix of Spinach and thereby activate Spinach
fluorescence (Fig. 1B). In these experiments, we did not want to
alter the switching sequence, to preserve the naturally evolved af-
finity and specificity of TPP binding in the riboswitch. Therefore we
focused on the transducer sequence. In the thiM TPP riboswitch
the transducer sequence (5'-CUUCUU-3’) hybridizes to the
switching sequence (5-GGGAAG-3’). We noticed that a portion
of the H; helix (5'-UCCA-3’) that abuts the DFHBI-binding
pocket has near base complementarity to the switching sequence
(Fig. 1C). We therefore designed the sensors so that these H; helix
sequences would serve as the transducer sequence, hybridizing to
different portions of the switching sequence in the TPP-binding
aptamer domain (Table S1). The number and composition of nu-
cleotides in the transducer sequence that hybridizes with the
switching sequence were varied, and in each case base comple-
mentarity within the H; helix was maintained (Fig. 24 and Fig. S2).

We next asked if these RNAs function as TPP sensors. Each
RNA contained a different H; helix sequence adjacent to the
DFHBI-binding pocket (Fig. 24 and Fig. S2). The fluorescence
spectrum of each RNA was measured in a solution containing
100 nM RNA and 10 pM DFHBI. The RNAs exhibited between
1.3- and 15.9-fold increase in fluorescence upon addition of
100 pM TPP (Fig. 24). The optimal sensor (transducer 4) con-
tained a transducer sequence helix of only four Watson-Crick
base pairs. The 5'-U base of this transducer sequence is positioned
to form the U-A-U base triple that serves as the upper surface of
the DFHBI-binding pocket (Fig. 1C). Thus, TPP riboswitches can
be fashioned into TPP-sensing Spinach riboswitches.

Optimizing Spinach Riboswitch Performance. We next asked if the
Spinach riboswitch performance could be optimized further.
The Spinach riboswitch contains a two-nucleotide-long single-
stranded linker between the TPP-binding aptamer domain and
Spinach. To test if changing its length and flexibility enhances
sensor function, we made variants of optimal sensor (transducer
4) in which the linker was one of eight double-stranded or single-
stranded sequences (Fig. 2B). The double-stranded linkers of
different lengths (linkers 1-5) are predicted to extend the lower
helix (H,) and rotate Spinach, thereby facilitating or disturbing
the ability of the transducer sequence to access its binding site in
the H; helix. The different single-stranded linkers (linkers 6-8)
change the distance that the transducer sequence must traverse
to complete the H; helix in Spinach and provide additional
flexibility that could facilitate helix formation.

We first examined the double-stranded linkers. For all ex-
periments, we used the optimal transducer and switching se-
quence identified in Fig. 24. A short double-stranded sequence
(linker 3) produced optimal signal (Fig. 2B). Sensors containing
this linker exhibited low background fluorescence and a 15.9-fold
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Fig. 1. Structure-guided design of a TPP Spinach riboswitch. (A) Metabolite-dependent natural switching mechanism of TPP riboswitches. Riboswitches
contain an aptamer domain (blue) and an expression platform (black). In the absence of TPP binding, the transducer sequence (gray) is hybridized to the
switching sequence (yellow) in the aptamer domain, leaving the SD sequence accessible. When TPP binds, the aptamer domain undergoes a structural
rearrangement, which disrupts this strand hybridization. The transducer sequence is displaced from the switching sequence and hybridizes to the SD se-
quence, forming the helical structure of the expression domain. (B) Secondary structure and design of TPP Spinach riboswitch. The Spinach riboswitch is
generated by replacing the expression platform of the thiM TPP riboswitch with Spinach (green). TPP binding releases the transducer sequence (gray) from
the switching sequence (yellow), forming a critical helix in Spinach. Formation of this helix is critical for Spinach to bind and activate the fluorescence of DFHBI
(green ball). A linker sequence (dark gray) is used to position the aptamer domain and Spinach optimally. (C) Structural model of DFHBI binding to Spinach.
The figure was prepared with PyMOL software based on previously reported Spinach structure (29). The portion of Spinach that contains the transducer
sequence that is modified to form the TPP Spinach riboswitch is shown. The structural model highlights the DFHBI-binding pocket (green ball-and-stick
model), which is formed by a U-A-U base triple (teal; bases are labeled with letters) and a G-quadruplex (deep violet). The portion of the H; helix (5'-UCCA-3’)
that provides the U in the U-A-U base triple is indicated in light gray. This sequence is modified to form the transducer sequence in the TPP Spinach riboswitch.

increase in fluorescence upon incubation with 100 pM TPP (Figs.
2B and 3A). The effects of these linkers were not caused by
improved folding of Spinach because the addition of these
double-stranded linkers to Spinach did not influence Spinach
fluorescence (29, 30). Because of the optimal performance of
linker 3, sensors with this linker were used to generate the data
presented in Fig. 24.

We next examined the effect of single-stranded linkers added
to linker 3. Each of these linkers (linkers 6-8) exhibited either
high background fluorescence or low fluorescence activation (Fig.
2B). Interestingly, a structural model of the Spinach riboswitch
containing linker 3 suggests that the transducer sequence is po-
sitioned in space so that it can interact readily with the aptamer
domain in the riboswitch (Fig. S3). Thus, the improved perfor-
mance of linker 3 may reflect optimized positioning of the trans-
ducer sequence relative to the switching sequence.

In Vitro Characterization of the Spinach Riboswitch. We next asked
if the Spinach riboswitch retains the moderate binding affinity
of the thiM TPP riboswitch. A dose-response curve for TPP was
measured with the optimized Spinach riboswitch. The ECs, of
the Spinach riboswitch measured at physiological magnesium
levels (2 mM) was 9.0 pM. The Spinach riboswitch detected
TPP throughout the concentration range (5-100 pM) that TPP
is known to exhibit normally in bacteria (31). Half-maximal
fluorescence measured at 20 mM MgCl, was reached at 770 nM
TPP (Fig. 3B). This ECs is similar, although slightly weaker,
than the Ky (~600 nM) measured for the thiM TPP riboswitch
at 20 mM MgCl, (24, 32). Taken together, these data suggest

E2758 | www.pnas.org/cgi/doi/10.1073/pnas. 1504354112

that the Spinach riboswitch preserves the affinity seen in the
natural riboswitch.

We next asked if the Spinach riboswitch retains the selectivity
of the natural riboswitch. The thiM TPP riboswitch binds both
thiamine and thiamine monophosphate, albeit at a lower affinity
than TPP (24). The Spinach riboswitch showed binding to both
thiamine and thiamine monophosphate, with an ECs, of 955 pM
and 116 pM, respectively (Fig. 3C). These 216-fold and 25.4-fold
decreases in affinity relative to TPP are consistent with the
previously reported selectivity of the E. coli TPP riboswitch (24).
Additionally, as expected, pyrithiamine and oxythiamine, which
show minimal binding to the TPP riboswitch (24), induce nearly
undetectable levels of fluorescence in the TPP Spinach riboswitch
(Fig. 3D). To rule out the possibility that these compounds simply
inhibit Spinach fluorescence or DFHBI binding to Spinach, we
incubated these compounds with Spinach. None of these com-
pounds affected Spinach fluorescence (Fig. S44). These results
suggest that the binding selectivity of the Spinach riboswitch
matches that of the parental TPP riboswitch.

Using the Spinach Riboswitch to Identify Agonists and Antagonists of
Riboswitch. Riboswitches, including the TPP riboswitch, are
promising antimicrobial drug targets (33, 34). To identify small
molecules that bind and activate or inhibit riboswitches, the
riboswitches have been placed in front of GFP or other reporters
to monitor riboswitch activity in cells (35). However, these ap-
proaches miss potentially valuable hits that are not cell per-
meable but which could be the basis for further lead develop-
ment. Thus, there is considerable interest in simple in vitro assays
that can be used to identify and characterize riboswitch-binding

You et al.

www.manaraa.com


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504354112/-/DCSupplemental/pnas.201504354SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504354112/-/DCSupplemental/pnas.201504354SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1504354112

o
&
S
&
~
S
8
&
E
e
8
@
o
=
S
B
2
=3
3
3
g
<]
=
g
o
g
=
8
I
@
o
©
o
8
°
8
k-l
8
S
=
H
8
a

A AG
(kcal/mol)
100+ . -
Transu:lu.::er1:3 AICI;JLOJCI:LIJLIJCI 5 (=4.1)
o — TPP 5-UAGGGAAG-3'
s % mm 3-ACUUGUAC-5'
& +TEP Transducer2: | “esil 1  (=2.9)
8 60 5-UAGGGAAG-3
3 Transducer 3: 3I'UGA{|:{|:L|"GG'5_ (=3.8)
& 40- 5-UAGGGAAG-3
o ; :
H ransducer 4:3-UG999'}JGG'5 (=-5.7)
| 20 5-UAGGGAAG-3’
™ " '
o - 1 1 A S Transducer 5: SI'Ulf???lT'GG‘SI (=5.7)
AL G L e S S s B 5-UAGGGAAG-3
§O Y Y P Y 88 3-AUCCCUGG-5
g.»é P T T Transducer 6: 7 171111 (-6.7)
P AP TGP GNP L) 5-UAGGGAAG
100, _Double stranded _Single stranded Linker 1: =
. 5-U-3 9
_ Linker 2: , 2 g
3 80 3-G5 &£
s — o =
= ]
@ -UG-5) o
g 60 . 5-GAU-3' 5
o Linker 4: e a
8 40l 3-CUG5 2
] B . sgg AU-3'
- inker 5: N Bl
S 2 3-CECUGS
3 YT O
w i Linker 6: 2. 085 Lg_
> 5-AAAAU-3 D
. . A "
'\6{' Linker 7: 3'-U(.3-5' g
v Linker g5 PAAAALS' 2
: FUG5 &

Fig. 2. Optimization of Spinach riboswitch performance. (A) Optimization
of transducer sequences. Six transducer sequences (transducers 1-6, gray)
were tested for their ability to mediate TPP-induced fluorescence of the TPP
Spinach riboswitch. In each case, the transducer sequence is similar to the
transducer sequence found in the wild-type thiM TPP riboswitches. In each
case, the switching sequence (yellow) in the aptamer domain is unchanged.
The optimal sensor (transducer 4) contained a transducer sequence helix
comprising only four Watson-Crick base pairs. The 5'-U base of this trans-
ducer sequence is positioned to form the U-A-U base triple that serves as the
upper surface of the DFHBI-binding pocket. Shown are mean and SEM values
of three independent replicates. The Gibbs free energy change (AG) of hy-
bridization events between each transducer sequence and the switching
sequence was calculated using Mfold online software. (B) Optimization of
linker sequences. Spinach was connected with the aptamer domain by dif-
ferent linker sequences. The linker position is highlighted in dark gray in Fig.
1B. The linker was one of eight double-stranded or single-stranded se-
quences. The double-stranded linkers of different lengths (linkers 1-5) ex-
tend the lower helix (H,) and rotate Spinach. The different single-stranded
linkers (linkers 6-8) provide flexibility of relative domain positions that
could facilitate helix formation. Shown are mean and SEM values of three
independent replicates. The optimal linker (linker 3) displayed a 15.9-fold
increase in fluorescence signal upon the addition of 100 uM TPP. a.u.,
arbitrary units.

molecules directly (36). We therefore asked if Spinach riboswitches
can be used to identify antagonists and agonists of the TPP
riboswitch using simple fluorescence readouts.

The antimicrobial drug pyrithiamine pyrophosphate (PTPP) is
a known agonist of the TPP riboswitch (35). The Spinach riboswitch
exhibited a 14.8-fold increase in fluorescence upon addition of
PTPP, whereas its prodrug pyrithiamine only induced back-
ground fluorescence signal (Fig. 44). Several other thiamine
analog drug candidates, including oxythiamine, hypoxanthine,
6-aminoquinoxaline, and benzothiadiazol-5-ylmethanol (36-38), also
were incubated with the Spinach riboswitch. Only minor increases
in fluorescence were observed with these compounds (Fig. 44),
consistent with the reported poor TPP riboswitch activation by
these drug candidates (36). Thus, the Spinach riboswitch is capa-
ble of identifying a known agonist of the TPP riboswitch.

We next asked if the Spinach riboswitch also can be used to
identify antagonists of the TPP riboswitch. In these experiments,
the Spinach riboswitch (100 nM) was incubated with 2 pM TPP
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and 100 uM of each potential antagonist (Fig. 4B). These ex-
periments showed that pyrithiamine and thiamine could inhibit
TPP-mediated activation of the Spinach riboswitch, as is con-
sistent with the known ability of these compounds to block ac-
tivation of the TPP riboswitch (24). As a control, we tested each
compound with Spinach to confirm that they do not inhibit
Spinach fluorescence or DFHBI binding to Spinach. None of
these compounds affected Spinach fluorescence (Fig. S44).
Taken together, these data indicate that the Spinach riboswitch
can be used to identify and characterize agonists and antagonists
of the TPP riboswitch readily.

Kinetics of Spinach Riboswitch Activation and Deactivation. We next
asked if the Spinach riboswitch could be used as a genetically
encoded sensor to image TPP levels in E. coli in real time. For
the Spinach riboswitch to be useful, it must have rapid TPP-
induced fluorescence activation relative to the timescale of TPP
biosynthesis in cells. Thus, we first wanted to assess the kinetics
of Spinach riboswitch activation and deactivation. Mixing TPP
with the Spinach riboswitch led to half the maximal fluorescence
signal in 150 s, with >90% of maximal levels within ~10 min
(Fig. S4B).

In addition, we measured how quickly the Spinach riboswitch
fluorescence is lost upon TPP removal. In these experiments, the
Spinach riboswitch was incubated with TPP (100 pM) for 1 h,
and then the TPP was removed by rapid gel filtration. Spinach
riboswitch fluorescence was deactivated by >90% within 8 min
(Fig. S4C). The rates of fluorescence activation and deactivation
are similar to the switching kinetics of the endogenous thiM TPP
riboswitch (39). These results indicated that the kinetics of
fluorescence activation and deactivation occur within a timescale
that is significantly faster than the previously described 1-hr time
courses for changes in endogenous TPP levels in bacteria (40).

Live-Cell Imaging of TPP Biosynthesis with the Spinach Riboswitch.
We next used the sensor to monitor TPP synthesis dynamics in
living Rosetta2 (DE3) E. coli cells (Novagen). Thiamine can be
actively transported into cells and converted to TPP by thiamine
kinase (23, 34). Thus, we added thiamine (10 pM) to Spinach
riboswitch-expressing cells cultured in thiamine-free medium for
2 h. Cells were imaged every 15 min over 3 h (Fig. 54). The
fluorescence level per cell from 250 cells was measured at each
time point in three independent experiments. Under these condi-
tions, we observed a time-dependent increase in the mean cellular
fluorescence at each time point (Fig. 54). These data indicate
thiamine treatment increases Spinach riboswitch fluorescence.

We next asked if the increase in Spinach riboswitch fluores-
cence correlates linearly with the actual TPP levels in cells. To
answer this question, we measured the intracellular TPP concen-
tration at each time point using an HPLC assay (41). In these ex-
periments the increase in fluorescence from the Spinach riboswitch
correlated directly with the measured cellular TPP level (Fig. S5).
Thus, the Spinach riboswitch fluorescence corresponds directly to
the intracellular TPP concentration in E. coli.

We next wanted to confirm that Spinach riboswitch fluores-
cence reflects binding to TPP but not to other cellular compo-
nents. To do so, we used adenosine, which inhibits the synthesis
of thiazole phosphate, a TPP precursor in the de novo TPP bio-
synthesis pathway (42). Cells were cultured in thiamine-free me-
dium, resulting in TPP levels generated exclusively through the
de novo pathway. In these cells, adenosine treatment (300 pg/mL)
markedly reduced Spinach riboswitch fluorescence (0 min time
point of Fig. 5B). These data are consistent with the idea that
Spinach riboswitch fluorescence is regulated by endogenous
TPP levels.

A consequence of the reduced TPP levels in adenosine-treated
cells is an up-regulation of thiamine kinase, a critical component
of the TPP salvage pathway (40). The increase in thiamine kinase

PNAS | Published online May 11, 2015 | E2759

%)
=2
o
a
w
<
=
[

BIOCHEMISTRY

www.manaraa.com


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504354112/-/DCSupplemental/pnas.201504354SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504354112/-/DCSupplemental/pnas.201504354SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504354112/-/DCSupplemental/pnas.201504354SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504354112/-/DCSupplemental/pnas.201504354SI.pdf?targetid=nameddest=SF5

L T

/

1\

=y

Downloaded at Palestinian Territory, occupied on December 17, 2021

A . B
A1oo — +TPP 100+ [;fil)gCﬁ
~ — _— v m
3 80 (i 3 80| == 5mM 7
‘q-,' -~ e 2mM
S 601 S 60 g
=
[+1] [1]
§ 404 2 40
[ o
S 20 S 20
o o
0 . . : . 0 . : :
480 510 540 570 600 107 108 107 107
Wavelength (nm) TPP concentration (M)
C D HoN ,,%/\‘
1004 === TPP 100+ NER, e
- TP 3 AN thiamine
& 80{ — Thiamine T NH; on
S 60 g 604 A & pyrithiamine
o [
S 40 @ 40 2
8 o
S 20 y, S 201
o i » i

0+ . . . .
107 10°% 10° 10* 107
TPP concentration (M)

Fig. 3. In vitro characterization of the Spinach riboswitch. (A) Fluorescence emission spectra of the Spinach riboswitch in the presence or absence of TPP.

Spectra were measured in a solution containing 100 nM RNA, 10 uM DFHBI, and either 0 or 100 pM TPP. (B) Dose-response curve for fluorescence detection of
TPP by the Spinach riboswitch at different concentrations of MgCl,. The maximum fluorescence signal of the Spinach riboswitch at each concentration of
MqgCl, was set to 100. Half-maximal fluorescence is reached at 9.0 uM, 4.4 pM, and 0.77 uM TPP at 2 mM (gray), 5 mM (blue), and 20 mM (green) concen-
trations of MgCl,, respectively. The ECso of the Spinach riboswitch is influenced by magnesium concentration, as is consistent with the known effect of
magnesium on the binding affinity of the TPP riboswitch (32). In live-cell experiments, 2 mM MgCl, was used to image TPP Spinach riboswitch fluorescence
because 2 mM represents a physiological magnesium level often seen in bacterial cells (Fig. S4D) (59). (C) Dose-response curve for fluorescence activation of
the TPP Spinach riboswitch by TPP and TPP analogs. Half-maximal fluorescence is reached at 4.4 pM TPP (blue). The dose-response curves for thiamine (gray)
and thiamine monophosphate (TP, green) were measured also; half-maximal fluorescence is reached at 955 pM and 116 pM, respectively. The Spinach
riboswitch is highly specific for TPP but also is activated by thiamine monophosphate or thiamine, as is consistent with the known binding specificity of the
TPP riboswitch (32). (D) Selectivity of the Spinach riboswitch. Fluorescence emission was measured in the presence of 30 pM of the indicated compounds.
Shown are mean and SEM values of three independent replicates. Chemical structures of pyrithiamine and oxythiamine are drawn with differences from

thiamine indicated in red.

is expected to allow bacteria to convert thiamine to TPP more
efficiently. Indeed, in cells treated with adenosine (300 pg/mL)
for 2 h, thiamine treatment resulted in a rate of fluorescence
increase that was 2.3-fold faster than in cells not treated with
adenosine (Fig. 5B). However, pretreatment of cells with the
thiamine kinase inhibitor oxythiamine (1 mM) (43) for 10 min
before the addition of thiamine prevented this accelerated in-
crease in Spinach riboswitch fluorescence (Fig. 5B). Taken to-
gether, these results indicate that the Spinach riboswitch fluo-
rescence derives from intracellular TPP.

Population Analysis Reveals Cell-to-Cell Variation in TPP Biosynthesis.
We next asked if there is cell-to-cell variability in TPP bio-
synthesis. The intracellular level of TPP has not been measured
previously at the single-cell level because of the absence of im-
aging tools. Previous methods have used HPLC and therefore
represent population-wide measurements of TPP (42). To test
the cell-to-cell variability in TPP biosynthesis, we modified the
Spinach riboswitch expression plasmid to contain a separate
promoter expressing the eqFP670 far-red fluorescent protein
(44). Thus, eqFP670 expression can be used to normalize for
variations in plasmid expression level between cells. A similar
plasmid has been used previously to normalize aptamer expres-
sion for directed evolution experiments (45).

E2760 | www.pnas.org/cgi/doi/10.1073/pnas. 1504354112

We next asked if all cells exhibit identical responses to thia-
mine treatment. In these experiments, thiamine was added to cells
cultured in thiamine-free medium for 3 h. The Spinach riboswitch
fluorescence was measured at a single-cell level in E. coli and
normalized to eqFP670 fluorescence. The distribution of these
fluorescence measurements showed a largely symmetric distribu-
tion; however, a prominent population of outliers exhibited high
levels of Spinach riboswitch fluorescence (Fig. 5C). This variation
does not reflect variation in plasmid expression, because the
eqFP670 expression lacked this variability (Fig. 5C).

To understand further the cell-to-cell variation in TPP bio-
synthesis, we monitored TPP biosynthesis over time in individual
cells. Spinach fluorescence was measured every 30 min, and the
trajectory of TPP biosynthesis was plotted for each cell. Exami-
nation of these trajectories indicated that the cells differed in the
initial rate of TPP biosynthesis—slow, moderate, or fast—resulting
in different final steady-state levels of TPP measured at 3 h (Fig.
5D). The majority (74%) of cells exhibited moderate TPP bio-
synthesis rates, but 12% and 14% of cells exhibited slow and fast
biosynthesis rates, respectively. Although other aspects of TPP
biosynthesis could influence the cell-to-cell variability in TPP
levels, these data suggest that initial TPP biosynthesis rates likely
have an important role.

We next wanted to obtain further evidence that the variation
in Spinach riboswitch fluorescence reflects changes in the cellular
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Fig. 4. Using the Spinach riboswitch to identify agonists and antagonists of the TPP riboswitch. (A) Agonist activity of thiamine analogs on the Spinach
riboswitch. Fluorescence emission was measured by incubating the Spinach riboswitch (100 nM) with 100 uM of each thiamine analog. Only PTPP, a known
TPP riboswitch agonist, induced substantial fluorescence (14.8-fold increase). Shown are mean and SEM values of three independent replicates. The chemical
structures of all compounds are indicated. (B) Characterization of thiamine analogs for TPP riboswitch antagonist activity. To identify antagonists, each
candidate was incubated in the presence of the known riboswitch activator, TPP. Fluorescence emission was measured in the presence of 100 nM sensor, 2 uM
TPP, and 100 uM of each thiamine analog drug candidate. An identical mixture of each drug candidate with TPP and 100 nM Spinach was used to normalize
the fluorescence signal. Shown are mean and SEM values of three independent replicates. The chemical structures of all of the compounds are indicated.

TPP concentration and not in the Spinach riboswitch expression.
Therefore we expressed the Spinach aptamer in the same ex-
pression plasmid and monitored the variability in Spinach ex-
pression (Fig. S5C). In these experiments, 84% of cells exhibited
Spinach fluorescence within (+) 10% of the mean Spinach fluo-
rescence. The distribution of fluorescence in these cells followed a
Gaussian distribution (Fig. S5D). Furthermore, thiamine treat-
ment caused very little change in Spinach fluorescence over the
time course of the 3-h treatment. Taken together, these results
support the idea that the variability in Spinach riboswitch fluo-
rescence reflects the cell-to-cell variation in TPP biosynthesis.

Modular Generation of Spinach Riboswitch Activated by Other Me-
tabolites. We next asked if this new Spinach riboswitch sensor
design can be applied to other riboswitch classes. We focused
on the Bacillus subtilis xpt guanine riboswitch, a mutant xpt
riboswitch that binds adenine, and the B. subtilis yit] SAM-I
riboswitch (Fig. S6) (46-48). Each riboswitch is similar to the
TPP riboswitch in that ligand binding displaces the transducer
sequence, resulting in the formation of a helix in the expression
platform. However, each of these riboswitches contains an addi-
tional 5’ competitor sequence that binds the switching sequence
after ligand binding. Thus, these riboswitches have a switching
mechanism similar to that in the TPP riboswitch.

To convert these riboswitches to Spinach riboswitches, we first
replaced their expression platforms with Spinach. Next, we fo-
cused on the switching sequence and the transducer sequence.
Unlike the TPP riboswitch, the switching sequences in these
riboswitches are fairly degenerate across species (46—48). We
therefore changed the switching sequence in these Spinach
riboswitches to the core 5'-GGGA-3’ switching sequence in the
TPP Spinach riboswitch. We next converted the transducer se-
quences in these riboswitches to the 5-UCCC-3’ that was used in
the optimal TPP Spinach riboswitch.

We next tested each candidate Spinach riboswitch after the
addition of 10 pM guanine, 100 pM adenine, or 100 pM SAM,
respectively (Fig. 6). In the guanine and adenine Spinach
riboswitches, metabolite binding induced 57% and 10% in-
creases in fluorescence, respectively, with high basal fluores-
cence seen in the absence of metabolite. However, in the SAM-I

You et al.

Spinach riboswitch, SAM induced a much more prominent (5.1-
fold) increase in fluorescence.

To improve sensor performance, we modified the competitor
sequence. The competitor sequence influences the riboswitch by
binding the switching sequence and displacing the transducer
sequence (46-48). We reasoned that this interaction may be too
strong in the guanine and adenine riboswitches, resulting in dis-
placed transducer sequence and high basal fluorescence. Thus,
we tested seven competitor sequences comprising different
lengths and predicted degrees of hybridization with the switching
sequence. In these experiments, a shorter competitor sequence
resulted in markedly improved performance, with a 6.4-fold in-
crease in fluorescence seen for the guanine Spinach riboswitch
(Fig. 6B). Similarly, a short competitor sequence resulted in op-
timal performance of the adenine and SAM-I riboswitch (4.3-
fold and 8.8-fold increases, respectively; Fig. 6 D and F).

Lasy we examine the specificity of these Spinach riboswitches
(Table S1). In each case, the Spinach riboswitch maintained the
high selectivity for the target molecule that is present in the
parental riboswitch (Fig. S7). Together, these data suggest that a
variety of naturally occurring riboswitches can be converted to
Spinach riboswitches.

Discussion

Here we describe a strategy for swapping Spinach into certain
naturally occurring riboswitches, allowing the riboswitches to
function as genetically encoded fluorescent metabolite sensors.
Drawing upon structural insights into the mechanism of struc-
tural switching in riboswitches, we show that Spinach can be
swapped for the expression platform of various riboswitches,
allowing metabolite binding to induce Spinach fluorescence di-
rectly. These Spinach riboswitches markedly simplify screening
for riboswitch agonists and antagonists and can be used for
fluorescence imaging of metabolite dynamics in living cells.
Spinach riboswitches therefore are a novel class of RNA-based
genetically encoded metabolite sensors.

Spinach riboswitches have advantages over other riboswitch-
based methods for imaging metabolite levels. Riboswitches have
been inserted into transcripts encoding GFP, so that changes
in metabolite levels lead to changes in cellular fluorescence

PNAS | Published online May 11, 2015 | E2761
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Fig. 5. Imaging of TPP biosynthesis in living cells using the Spinach riboswitch. (A) Kinetics of TPP biosynthesis in E. coli. Cells expressing the Spinach riboswitch
were cultured briefly in thiamine-free medium for 2 h and then imaged every 15 min for 3 h after the addition of 10 uM thiamine. Adenosine is an inhibitor of
de novo TPP biosynthesis. Adenosine (300 pg/mL) was preadded to the thiamine-free medium to reduce basal TPP levels. Spinach riboswitch activation was
monitored as an increase in fluorescence signal over time. Images are pseudocolored to show the fold increase in fluorescence at each time point relative to
0 min. The color scale represents 0- to 10.0-fold changes (black to yellow) in fluorescence signal. (Scale bar, 5 um.) (B) The fluorescence increase in Spinach
riboswitch-expressing cells is caused by TPP biosynthesis. In this experiment, we used pharmacologic treatments to determine if Spinach riboswitch fluorescence
reflects binding to TPP and not to other cell metabolites. In each experiment, Spinach-riboswitch-expressing cells were cultured in thiamine-free medium for 2 h
and then were treated with 10 uM thiamine and the indicated compounds. Adenosine is an inhibitor of de novo TPP biosynthesis. Cells pretreated for 2 h with
adenosine (300 pg/mL) exhibited markedly reduced Spinach riboswitch fluorescence at 0 min, reflecting reduced basal TPP levels. Adenosine induces the ex-
pression of thiamine kinase (40); the increase in initial fluorescence was 2.3-fold faster in adenosine-treated cells than in cells not treated with adenosine. In
another experiment, 1 mM oxythiamine was added 10 min before the addition of 10 pM thiamine and was present throughout imaging. Oxythiamine is a
competitive inhibitor of thiamine kinase; the increase in initial fluorescence was 3.1-fold slower in cells treated with oxythiamine than in cells treated with
thiamine only. As a control, the addition of 500 pM oxythiamine did not activate the fluorescence of the Spinach riboswitch (gray line, pretreated for 2 h with
300 pg/mL adenosine). Each data point represents the average fluorescence value of 250 cells from three experimental replicates. (C) Distribution of Spinach
riboswitch fluorescence levels within a population of E. coli cells. The fluorescence in each cell was normalized to control for cell-to-cell variability in Spinach
riboswitch expression levels. To do so, we used a plasmid that expresses both the Spinach riboswitch and the eqFP670 far-red fluorescent protein. Cells were
imaged after 3 h of treatment with 10 pM thiamine, and the fluorescence of the Spinach riboswitch in individual cells was normalized for the fluorescence signal
from eqFP670 (red) in the same cells. The average normalized fluorescence value (blue) was set to 100%, and individual cells were binned according to relative
brightness. The percentage of cells in each bin is plotted. A total of 250 cells were quantified from three experimental replicates. (Scale bar, 10 pm.)
(D) Representative examples of fast, moderate, and slow TPP-synthesizing cells. Imaging of Spinach riboswitch fluorescence revealed different cellular populations
based on the rate of TPP biosynthesis. Cells that have a rate of increase within two SDs of the average (black) are considered to have moderate biosynthesis rates
(gray). Cells that have a rate of increase greater or less than two SDs from the average are termed “fast” (red) or “slow” (blue), respectively. Time points after
the addition of thiamine are indicated. The color scale represents 0- to 10.0-fold changes (black to yellow) in fluorescence signal. (Scale bar, 3 pm.)

(49, 50). However, because GFP accumulates in cells, it is dif- quires chemical modification of the RNA, which is much more

ficult to observe fluctuations in metabolite levels using this
method. Temporal resolution also may be limited because of the
time required for nascent GFP to mature to a fluorescent form
(49, 50). Riboswitches also have been modified to contain fluo-
rescent dyes, enabling FRET signals to occur in response to
changes in metabolite concentration (51). This approach re-

E2762 | www.pnas.org/cgi/doi/10.1073/pnas. 1504354112

challenging than using the Spinach riboswitches described here.
Furthermore, these chemically tagged riboswitches are not ge-
netically encodable, so they are difficult to use in living cells.
Using naturally occurring riboswitches for the design of sen-
sors takes advantage of the affinity and selectivity that have
been optimized by evolutionary selection. A major challenge
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Fig. 6. Generation of Spinach riboswitches activated by diverse metabolites. (4) Secondary structure and design of the optimal guanine Spinach riboswitch
inspired by the natural switching mechanism of the xpt guanine riboswitches. The guanine Spinach riboswitch is generated by swapping Spinach (green) into
the expression platform of the xpt guanine riboswitch. Spinach binds and activates the fluorescence of DFHBI only after the target metabolite induces the
release of the transducer sequence (gray) from the aptamer domain (blue) so it can bind to the Hy helix in Spinach. The switching sequence and the competitor
sequence are highlighted in yellow and blue, respectively. (B) Optimization of the competitor sequence in the guanine Spinach riboswitch. Seven competitor
sequences based on the xpt guanine riboswitches (competitors 1-7) were incorporated to transduce guanine binding into a Spinach riboswitch fluorescence
signal. The optimal sensor (competitor 3) displayed a 6.2-fold increase in fluorescence signal upon the addition of 10 uM guanine. Shown are mean and SEM
values of three independent replicates. The Gibbs free energy change (AG) of hybridization events between each competitor sequence and the switching
sequence was calculated using Mfold online software. (C) Secondary structure and design of the optimal adenine Spinach riboswitch inspired by the switching
mechanism of the xpt adenine riboswitches. The adenine Spinach riboswitch is generated by swapping Spinach (green) into the expression platform of the xpt
adenine riboswitch. Spinach binds and activates the fluorescence of DFHBI only after the target metabolite induces the release of the transducer sequence
(gray) from the aptamer domain (blue) so it can bind to the Hq helix in Spinach. The switching sequence and the competitor sequence are highlighted in yellow
and blue, respectively. (D) Optimization of the competitor sequence in the adenine Spinach riboswitch. Six competitor sequences based on the xpt adenine
riboswitch (competitors 1-6) were incorporated to transduce adenine binding into a Spinach riboswitch fluorescence signal. The optimal sensor (competitor 4)
displayed a 4.3-fold increase in fluorescence signal upon the addition of 100 uM adenine. Shown are mean and SEM values of three independent replicates. The
Gibbs free energy change (AG) of hybridization events between each competitor sequence and the switching sequence was calculated using Mfold online
software. (E) Secondary structure and design of the optimal SAM-I Spinach riboswitch inspired by the natural switching mechanism of the yit/ SAM-I ribos-
witches. The SAM-I Spinach riboswitch is generated by swapping Spinach (green) into the expression platform of the yit/ SAM-I riboswitch. Spinach binds and
activates the fluorescence of DFHBI only after the target metabolite induces the release of the transducer sequence (gray) from the aptamer domain (blue) so it
can bind to the Hq helix in Spinach. The switching sequence and the competitor sequence are highlighted in yellow and blue, respectively. (F) Optimization of
the competitor sequence in the SAM-I Spinach riboswitch. Six competitor sequences from the yit/ SAM-I riboswitch (competitors 1-6) were incorporated to
transduce SAM binding into a Spinach riboswitch fluorescence signal. The optimal sensor (competitor 4) displayed an 8.8-fold increase in fluorescence signal
upon the addition of 100 pM SAM. Shown are mean and SEM values of three independent replicates. The Gibbs free energy change (AG) of hybridization events
between each competitor sequence and the switching sequence was calculated using Mfold online software.

with SELEX-generated aptamers is achieving the desired af- 1,000 uM range (53), aptamers with these affinities would be
finity. These aptamers typically bind target in the 0.1-10 pM  needed for sensor development. This requirement is compli-
range (52). Because many metabolites are present in the 10—  cated further because the binding affinity usually is measured
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in an artificial solution and can be highly influenced by ion
concentrations, as is the case with the TPP riboswitch. Thus, it
is difficult to know the binding affinity for a SELEX-derived
aptamer in the cytosol of a living cell. This problem can be
overcome by using naturally occurring riboswitches. Naturally
occurring riboswitches have evolved to exhibit in vivo binding
affinities that correspond to the cellular concentrations of their
targets. Thus, using riboswitches rather than SELEX-derived
aptamers provides an opportunity to achieve affinity and se-
lectivity tuned for live bacterial cells.

The mechanism of Spinach riboswitches is different from that
of the initial allosteric Spinach sensors (Fig. S1) (5, 8, 9, 54).
Spinach riboswitches switch between two folded conformations
in which the transducer sequence is associated with either the
ligand-binding pocket or Spinach. In contrast, allosteric Spinach
sensors switch from an unfolded to a folded state. In both cases,
the sensor relies on stabilizing the helix that terminates in a
U-A-U base triple that forms the surface of the DFHBI-binding
pocket in Spinach. Although the two types of sensors use differ-
ent mechanisms to switch from nonfluorescent to fluorescent states,
the signal-to-noise ratio and kinetics of activation/deactivation of
allosteric Spinach sensors (5) are similar to those of the Spinach
riboswitches reported here. Thus, the primary advantage of Spinach
riboswitches is that they retain the affinity and selectivity of the
parental riboswitch.

In principle, the aptamer domains of riboswitches can be fused
directly to the Spinach to make allosteric Spinach sensors (5, 8, 9,
54). Indeed, the aptamer domain of the SAM-III and GEMM-I
riboswitches were used to generate SAM and cyclic di-GMP sen-
sors, respectively (5, 8, 9, 54). However, this approach cannot be
used if the aptamer domain does not have a stem at its base, as
is the case in the pseudoknot-containing SAM-II, preQ1-II, and
S-adenosylhomocysteine (SAH) riboswitches (55-57). Additionally,
this approach can be used only if the aptamer domains undergo
metabolite-induced folding upon binding the metabolites. Thus,
the Spinach riboswitch has important advantages over allosteric
Spinach sensors that use aptamer domains of riboswitches.

Riboswitches are seen primarily in bacteria and fungi but are
rarely seen in mammalian cells. As a result, riboswitches have
evolved to detect critical microbial metabolites that may not be
as important for mammalian physiology. Additionally, the af-
finity and selectivity that evolved in bacterial riboswitches may
not be suitable for use in mammalian cells. Also, because riboswitches
are highly structured, they may be highly susceptible to degrada-
tion pathways in mammalian cells. Thus, selectivity, affinity, and
RNA stability would be need to be optimized to use these sensors in
mammalian cells.

Currently, many riboswitches remain as “orphans” with no
known target. Various computational approaches have been de-
scribed to predict potential metabolites that bind to the riboswitch,
often based on the identity of the gene products that are regulated
by the riboswitch (17-22). Because these riboswitches potentially
can be converted into Spinach riboswitches, it can be valuable to
deorphanize riboswitches to facilitate the development of novel
genetically encoded sensors for diverse metabolites.
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Materials and Methods

Cloning Sensor for Expression in E. coli. RNA sensors were expressed in E. coli
using pET28c (EMD Biosciences). The Spinach riboswitch was PCR amplified
with primers containing either Bglll or Xhol restriction sites on the 5" or 3’
ends of the sensor sequence, respectively. This PCR product then was cloned
into a pET28c-based vector (45) directly upstream of the T7 terminator se-
quence with Bglll and Xhol restriction sites.

A pETDuet-1-based vector was engineered (45) to allow expression of the
TPP Spinach riboswitch sensor under a T7 promoter and the eqFP670 far-red
fluorescent protein under a second T7 promoter, which was used for ex-
pression normalization. The TPP Spinach riboswitch sensor was PCR ampli-
fied with primers containing either Eagl or Sacll restriction sites on the 5’ or
3’ ends of the sensor sequence, respectively. This PCR product then was
cloned into the previously described (45) pETDuet-6-eqFP670 vector directly
upstream of the T7 terminator sequence with Eagl and Sacll restriction sites.

Live-Cell Imaging of TPP Accumulation. Rosetta2 (DE3) E. coli cells (Novagen)
were transformed to express the Spinach riboswitch from pET28c under the
control of a T7 promoter as previously described (5). Control cells were trans-
formed with pET28c or pET28c containing the Spinach2 sequence (58). Cells were
plated and grown overnight, and single colonies were picked for inoculation
overnight in LB medium supplemented with 50 pg/mL kanamycin (LB-Kan). At
ODggo = 0.4, 1 mM isopropyl p-p-1-thiogalactopyranoside (IPTG) was added to
the culture alone or with 300 pg/mL adenosine, and shaking at 37 °C was con-
tinued for another 2 h. After induction, 100 pL of the culture was removed, spun
down to pellet the culture, and resuspended in 1 mL of M9 minimal medium
(pH 6.0). A 200-pL aliquot of resuspended culture then was plated on poly-p-lysine—
coated, 24-well, glass-bottom dishes (MatTek) and incubated for 45 min at 37 °C.
Adherent cells were washed twice and then incubated with 200 uM DFHBI in M9
minimal medium (pH 6.0) for 1 h at 25 °C. Then cells were treated with a 10-uM
final concentration of thiamine or pyrithiamine alone or thiamine with 1 mM
oxythiamine. Live fluorescence images were taken with a CoolSNAP HQ2 CCD
camera (Photometrics) through a 60x oil objective mounted on a Nikon TE2000
microscope and were analyzed with the NIS-Elements software (Nikon), as de-
scribed previously (5). The filter set was a sputter-coated filter cube with exci-
tation filter 470/40 nm, dichroic mirror 495 nm (long pass), and emission filter
525/50 nm (Chroma Technology). The background signal for DFHBI alone was
determined by imaging cells expressing an empty control vector under identical
conditions and was subtracted using NIS-Elements software.

The eqFP670 fluorescent protein gene and the Spinach riboswitch
coexpressing experiments were carried out from the pETDuet-5-TPP-eqFP670
plasmid described above. After induction, cells were adhered and imaged as
described above.

Population Analysis of TPP Synthesis. Population analysis was carried out
using NIS-Elements software. Individual cells in a captured field were traced
manually as regions of interest (ROIs) and were tracked through the dif-
ferent time points of image capture. Then fluorescence intensity was cal-
culated by dividing the total fluorescence by the calculated volume for each
ROI to give the mean intensity per unit volume. Volume was estimated using
the equation V = ar?[(4/3)r + al, where V is volume, r is radius, and a is the
side length of the E. coli cell. The fold increase in fluorescence over time
was calculated as the ratio of mean intensity at a desired time point to that
at time 0. After this value was calculated, cells were binned according to
their percentage of total signal relative to the average signal, which was
normalized to 100%.
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