
Gene regulation by a glycine riboswitch singlet uses a finely
tuned energetic landscape for helical switching

CHAD D. TORGERSON,1,2 DAVID A. HILLER,1,3 SHIRA STAV,4 and SCOTT A. STROBEL1,2,3

1Chemical Biology Institute, Yale University, West Haven, Connecticut 06516, USA
2Department of Chemistry, 3Department of Molecular Biophysics and Biochemistry, 4Department of Molecular, Cellular, and Developmental
Biology, Yale University, New Haven, Connecticut 06520, USA

ABSTRACT

Riboswitches contain structured aptamer domains that, upon ligand binding, facilitate helical switching in their down-
stream expression platforms to alter gene expression. To fully dissect how riboswitches function requires a better under-
standing of the energetic landscape for helical switching. Here, we report a sequencing-based high-throughput assay for
monitoring in vitro transcription termination and use it to simultaneously characterize the functional effects of all 522 single
point mutants of a glycine riboswitch type-1 singlet. Mutations throughout the riboswitch cause ligand-dependent de-
fects, but only mutations within the terminator hairpin alter readthrough efficiencies in the absence of ligand. A compre-
hensive analysis of the expression platform reveals that ligand binding stabilizes the antiterminator by just 2–3 kcal/mol,
indicating that the competing expression platform helices must be extremely close in energy to elicit a significant ligand-
dependent response. These results demonstrate that gene regulation by this riboswitch is highly constrained by the ener-
getics of ligand binding and conformational switching. These findings exemplify the energetic parameters of RNA confor-
mational rearrangements driven by binding events.
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INTRODUCTION

Riboswitches are noncoding RNA elements that alter gene
expression in response to changing levels of specific effec-
tor molecules (Mandal and Breaker 2004b; Nudler and
Mironov 2004). They typically contain a structured aptamer
domain that, upon ligand-binding, stabilizes one of two
or more competing helices in a downstream expression
platform (Barrick and Breaker 2007). This promotes gene
expression in “ON” switches and reduces expression in
“OFF” switches by presenting or sequestering key ele-
ments, often at the levels of transcription or translation
(Sherwood and Henkin 2016). For instance, ligand-bind-
ing by a transcriptionalON switch stabilizes an antitermina-
tor helix that is mutually exclusive with the formation of a
terminator hairpin. This leads to production of more full-
length mRNA and increased levels of gene expression
(Fig. 1).
The molecular basis of ligand recognition by the con-

served aptamer domain is well understood for many ribos-
witches. X-ray crystal structures of isolated aptamers

bound to ligand have elucidated details of the aptamer
folds and revealed which functional groups directly con-
tact the ligand (Serganov and Patel 2012). Mutagenesis
and structure-activity relationship analyses have subse-
quently established the energetic contributions of specific
RNA-ligand interactions (Gilbert et al. 2007; Shanahan
et al. 2011; Meehan et al. 2016). These studies form the
framework for our current understanding of how aptamers
achieve physiologically sufficient specificity and affinity.
However, the role of the aptamer extends beyond ligand

binding. Aptamers must facilitate helical switching in the
associated expression platform to alter gene expression.
The nucleotides in these helices are typically not con-
served, yet the sequence identity affects riboswitch func-
tion. Multiple studies have demonstrated that the
dynamic range of a riboswitch can be modified by altering
the strength of these helices (Heppell et al. 2011; Ceres
et al. 2013;Marcano-VelázquezandBatey2015), indicating
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that helical switching depends on their relative stabilities.
Yet, it is not known how close in energy these competing
helices need to be or how deviations from the consensus
aptamer sequence affect the energy supplied to the ex-
pression platform. Resolving these questions would pro-
vide important insights about the energetic constraints
riboswitches face. Therefore, we set out to systematically
analyze how mutations throughout the aptamer and ex-
pression-platform domains of a transcriptionally controlled
riboswitch affect termination efficiency. We selected the
glycine riboswitch type-1 singlet as a model system.

The glycine riboswitch is widespread across bacteria and
controls genes related to glycinemetabolism and transport
(Mandal et al. 2004; Kazanov et al. 2007; McCown et al.
2017). There are three subtypes of glycine riboswitches:
two single-aptamer variants, referred to as singlets, and a
tandem dual-aptamer version (Mandal et al. 2004; Ruff
et al. 2016). The tandem system is the most common and
uses two consecutive and homologous aptamer domains
to control a single expression platform (Barrick and
Breaker 2007; Ruff and Strobel 2014; Ruff et al. 2016).
Singlets contain just one aptamer that is either followed
(type-1) or preceded (type-2) by a short hairpin termed
the “ghost aptamer” (Ruff et al. 2016). Bioinformatic infor-
mation for these ghost aptamers is limited, but the bio-
chemical evidence indicates that both singlets form an A-
minor motif between their ghost aptamer and conserved
adenines in the P3 helix. For type-1 singlets, the ghost
aptamer is expected to be part of the expression platform
and become stabilized upon ligand binding, likely through
the formation of this A-minor motif (Ruff et al. 2016). Mean-
while, the ghost aptamer is expected to play a structural
role for type-2 singlets with ligand binding predicted to
stabilize the P1 stem, similar to tandem systems (Mandal
et al. 2004; Ruff et al. 2016). All three subtypes of the gly-

cine riboswitch have been shown to
bind glycine (Mandal et al. 2004; Ruff
et al. 2016). However, the ability to
regulate gene expression has only
been demonstrated for the tandem
system (Mandal et al. 2004; Babina
et al. 2017).
Here, we report consensus align-

ments for the type-1 and type-2
singlets and demonstrate that both
singlet subtypes can functionally mo-
dulate transcription termination in
vitro. We also present a high-through-
put method for performing in vitro
transcription termination that we have
termed SMARTT (Sequencing-based
Mutational Analysis of RNA Transcrip-
tion Termination). Using SMARTT, we
quantitatively and simultaneously an-
alyzed all 522 single point mutants

and several combinations of double mutants of a glycine
riboswitch type-1 singlet. The effects of these mutations
provide a quantitative measure of the functional impor-
tance of individual structural elements. These data demon-
strate an exemplary case of riboswitch gene regulation that
is highly constrained by the energetics of ligand binding
and conformational switching.

RESULTS

Bioinformatic analysis of the type-1 and type-2
singlets

We generated consensus alignments for the type-1 and
type-2 singlet sequences to determine if there are any sys-
tematic differences between these variants (Fig. 2). We
found 15,847 unique glycine riboswitch sequences, of
which 4221 (27%) contain a single aptamer. After applying
stringent filters to limit the number of false positives
(Materials and Methods), 269 and 380 of these single-
aptamer variants could be unambiguously classified as
type-1 and type-2 singlets, respectively.

The consensus sequences for these two classes of sin-
glets are highly homologous with two main exceptions.
First, a putative pseudoknot was identified between the
P3b stem–loop and the nucleotides following the ghost
aptamer in 85% of type-1 singlets. This pseudoknot dis-
plays covariation and frequently contains 3–4 consecutive
cytosine nucleotides within the P3b stem–loop and 3–4
guanosine nucleotides following the ghost aptamer. The
location of this G-rich sequence downstream from the
ghost aptamer tends to roughly correlate with the length
of the P3b stem–loop and often overlaps with portions of
the alternative expression platform helix. Similar pseudo-
knots have been implicated to play key roles in the

FIGURE 1. Gene regulation by a transcriptional ON switch. Depicted is an example of a gly-
cine riboswitch type-1 singlet transcriptional ON switch. A terminator hairpin forms in the ab-
sence of ligand, which leads to termination of the mRNA upstream of the gene of interest.
Ligand binding induces a structural rearrangement and stabilizes an antiterminator helix that
is mutually exclusive with the terminator hairpin. This causes an increase in production of
full-length mRNA and gene expression.
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mechanism of gene regulation in other riboswitches
(Corbino et al. 2005; Klein et al. 2009; Johnson et al.
2012; Nelson et al. 2013) and an analogous pseudoknot
was previously described for the tandem glycine system
(Kladwang et al. 2012), but was not experimentally veri-
fied. Pseudoknots were not identified in any of the type-
2 singlets. A second difference between the two singlet
subtypes is that the type-1 singlet typically contains a lon-
ger P1 helix in its aptamer domain and a shorter ghost
aptamer helix compared to the type-2 singlet. This is sim-
ilar to tandem systems, where the P1 stem tends to be lon-
ger in the first aptamer than the second (Mandal et al.
2004; Barrick and Breaker 2007).
The consensus sequences additionally revealed that the

ghost aptamer helix of both singlets frequently contains a
set of purine–purine mispairs—depicted as an internal
loop in Figure 2A. This motif resembles the stretch of pu-
rine–purine pairs that stack on top of the P1 helix of glycine
aptamers (Mandal et al. 2004; Barrick and Breaker 2007;
Butler et al. 2011). In the crystal structure of the Fusobacte-
rium nucleatum tandem glycine riboswitch, these purines
form two sheared GA base pairs that stack with an interca-
lating adenine from the P3 helix of the same aptamer

(Supplemental Fig. S1). Singlets do not have this adenine,
so it is unclear if a similar structure is formed within the
ghost aptamers. These observations suggest that the
ghost aptamermay not be just a generic helix, but contains
specific sequence elements that may be important for
function.
The genes located downstream from a riboswitch often

provide clues about its function. The genetic context of
type-1 and type-2 singlets was analyzed to determine
whether the two subtypes control similar sets of genes.
Consistent with previous bioinformatic analyses of glycine
riboswitches, the majority of characterized proteins follow-
ing the 4221 singlets were either involved in the metabo-
lism of glycine and other amino acids (55%) or annotated
as various types of amino acid transporters (44%; Fig. 2E;
Mandal et al. 2004; Kazanov et al. 2007; Ruff et al. 2016).
However, a clear bias was observed regarding genes
controlled by type-1 singlets versus type-2 singlets. 93%
of the characterized genes located downstream from
type-1 singlets are involved in glycine catabolism, whereas
99% of the characterized genes controlled by type-2 sin-
glets encode amino acid transporters (Fig. 2C,D). Tandem
glycine riboswitches that regulate gcvT (glycine cleavage

BA
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FIGURE 2. Bioinformatic analysis of glycine riboswitch singlets. Consensus sequences are shown for the type-1 (A) and type-2 (B) glycine ribos-
witch singlets. Pie charts depict the relative abundance of the genes located directly downstream from the type-1 singlets (C ), the type-2 singlets
(D), and all identified singlets (E).
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system aminomethlytransferase T)
and alsT (annotated as a sodium:ala-
nine symporter) have been shown to
act as ON and OFF switches, respec-
tively (Mandal et al. 2004; Babina
et al. 2017; Khani et al. 2018). This
means that at high concentrations of
glycine, gcvT would be up-regulated
and used to degrade excess glycine,
while alsT would be down-regulated
and limit the import of glycine and/
or alanine. Altogether, these data
suggest that type-1 singlets primarily
function as ON switches whereas
type-2 singlets predominantly act as
OFF switches.

Type-1 and type-2 singlets are
functional in transcription
termination assays

Ruff et al. previously reported that iso-
lated aptamers from type-1 and type-
2 singlets bind glycine with affinities
similar to tandem variants (Ruff et al.
2016). However, the ability to bind
ligand does not always translate to a
functional role in gene control (Li
et al. 2016). We set out to determine
whether both singlet subtypes are ca-
pable of regulating gene expression
using an in vitro transcription termination assay. This assay
monitors termination efficiency across a range of ligand
concentrations. Transcription products are separated by
gel electrophoresis and the relative intensities of the full-
length and truncated transcripts are quantified.

We selected a type-1 singlet fromClostridium tetani and
a type-2 singlet from Desulfitobacterium hafniense that
were both predicted to contain a Rho-independent termi-
nator helix in their expression platforms. The type-1 singlet
is located upstream of rhaT, a gene encoding a permease
from the drug/metabolite transporter superfamily. The
type-2 singlet is located upstream of an uncharacterized
gene.

Both singlet constructs successfully modulate transcrip-
tion termination in a glycine-dependent manner in vitro
(Fig. 3). Consistent with our bioinformatics observations,
the type-1 singlet is an ON switch and the type-2 singlet
is anOFF switch. The type-1 singlet had a robust amplitude
of 86±1% and half-maximal termination (K1/2) occurred at
420±20µM. The type-2 singlet had amodest amplitude of
−10±1% and a K1/2 of 15±3 µM. For additional com-
parison, we tested a tandem variant from Bacillus subtilis.
This construct is an ON switch and displayed an amplitude
of 24±1%and aK1/2 of 56±6µM. It had aHill coefficient of

1.0 ± 0.1, indicating that this riboswitch is not cooperative
under these conditions. These results demonstrate that
both type-1 and type-2 singlets function as genetic regula-
tors and produce similar response profiles to tandem
constructs.

Mutational analysis of all type-1 singlet point
mutants highlights conserved sequence elements

We set out to systematically analyze the functional effect of
every point mutant within the singlet aptamer and expres-
sion-platform domains to determine the sequence and en-
ergetic requirements for gene control. To achieve this,
we developed Sequencing-based Mutational Analysis of
RNA Transcription Termination (SMARTT), a high-through-
put method for generating ligand-dependent transcrip-
tion termination profiles. SMARTT is a modified version
of the gel-based assay for in vitro transcription termination
(Fig. 4A). It is similar to the sequencing-based approach
that was reported by the Yokobayashi Laboratory to study
the activity of ribozyme variants (Kobori et al. 2015) and
adds to the growing list of sequencing-based high-
throughput approaches for studying mutational effects
(Pitt and Ferré-D’Amaré 2010; Kladwang et al. 2011;
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FIGURE 3. Ligand-dependentmodulation of transcription termination in vitro. Ligand-depen-
dent response profiles and representative gels are shown for prototypical examples of the
type-1 singlet (A,B), type-2 singlet (C,D), and tandem (E,F ) glycine riboswitches. All three ex-
amples functionally modulate transcription termination in vitro. Error bars represent the stan-
dard deviation of three replicates.
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Fowler et al. 2014). We chose to analyze theC. tetani type-
1 singlet due to the large amplitude we observed for its
wild-type (WT) response profile in the gel-based assay.
Riboswitches that control gene expression transcription-

ally produce RNAs of distinct lengths based on whether a
terminator or antiterminator hairpin forms in the expres-
sion platform. SMARTT leverages high-throughput se-
quencing technology to quantify the relative abundance
of full-length and truncated transcripts produced by these
riboswitches as a function of ligand concentration and
RNA sequence. Because the exact sequence and length
is determined for each read, thousands of mutants can
be quantitatively analyzed simultaneously.
A library containing all possible single point mutants

within the aptamer and expression-platform domains of

the C. tetani type-1 singlet was created by error-prone
PCR (Supplemental Tables S1, S2 and Supplemental
Text). This librarywas used as template for in vitro transcrip-
tion reactions with varying concentrations of glycine, which
resulted in full-length and truncated RNAs. The RNAs were
subsequently prepared for high-throughput sequencing.
Full response profiles were generated for WT and all 522
singlet pointmutants by counting the numberof full-length
and truncated sequences observed at each glycine con-
centration for all variants. These SMARTT-generated pro-
files are consistent with the conventional gel-based assay
(Fig. 5; see also Supplemental Table S3 and Supplemental
Text). A comparison of these data with those obtained in
a preliminary evaluation of the assay illustrates that the
results are reproducible between independent trials

C

D

B

A

FIGURE 4. Sequencing-based mutational analysis of RNA transcription termination (SMARTT). (A) Schematic of the strategy used for the high-
throughput mutational analysis of transcription termination by sequencing. Mutant libraries were made by error-prone PCR (hypothetical muta-
tions shown in yellow) and used as DNA template for a series of in vitro transcription reactions containing varying concentrations of glycine. RNA
obtained from these reactions was prepared and sent for high-throughput sequencing (sequencing adapters are shown in cyan). The resulting
sequences were computationally analyzed to produce response profiles for all variants with 0–2 mutations simultaneously. Representative re-
sponse profiles are shown for mutants that alter the parameters Ymin (B), Ymax (C ), and K1/2 (D). Error bars representing the standard deviation
do not appear as they would be smaller than the size of each point.
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(Supplemental Fig. S2). Together, these results indicate
these SMARTT-generated profiles can be relied upon to
draw inferences about the riboswitch.

Many of the individual mutants in the high-throughput
data set affected one or more of the three fit parameters:
Ymin, Ymax, and K1/2 (Fig. 4B–D). Ymin and Ymax are the per-
centages of full-length RNA produced either in the ab-

sence of ligand (Ymin) or at saturating
concentrations (Ymax). These values
report how “OFF” the riboswitch is
when no ligand is bound and how
“ON” it is when fully bound. K1/2 is
the concentration of ligand needed
to produce half-maximal modulation.
It provides a measure of the re-
sponsiveness of the riboswitch to li-
gand concentration. Changes to
these parameters reveal which states
of the system mutations affect.
To visualize the impact of each

mutation on these parameters, we
mapped the mean value observed at

each position for Ymin, Ymax, and K1/2 onto the predicted
RNA secondary structure (Fig. 6). The most common ef-
fects were an increase in both Ymin and Ymax or a decrease
in Ymax and/or an increase in K1/2. The only mutations that
significantly altered the readthrough efficiency in the ab-
sence of ligand (Ymin) were located within the terminator
hairpin (Fig. 6A). An increase in Ymin signifies that these

BA

FIGURE 5. Validation of SMARTT-generated response profiles. In vitro transcription termina-
tion profiles generated using SMARTT (A) and the conventional gel-based (B) approach are
shown. Comparable response profiles are produced with both methods. Error bars represent
the standard deviation.

CBA

FIGURE 6. Heat maps. The mean Ymin (A), Ymax (B), and K1/2 (C ) values for the three variants at each nucleotide position were mapped onto the
predicted secondary structure. Deleteriousmutations highlight functionally relevant regions of the riboswitch. Variants with an amplitude of <15%
were excluded when computing the K1/2 mean values shown in C, as K1/2 values for these mutants may be influenced by minor amounts of WT
contamination (see Supplemental Text).
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mutants start in a partially or fully ON state. Most of these
variants appear to weaken the overall stability of the termi-
nator hairpin. In contrast, mutations that alter Ymax and/or
K1/2 were located throughout the riboswitch (Fig. 6B,C).
Changes to K1/2 suggest an altered binding affinity, which
is caused by mutating structurally important regions in the
aptamer domain. Notably, any mutation resulting in more
than a ∼1000-fold defect to K1/2 will not show significant
modulation over the concentrations tested and will instead
have a decreased Ymax. Ymax can also be reduced if the
communication pathway between the aptamer and ex-
pression-platform domains is disrupted or if the helix that
becomes stabilized upon ligand binding is weakened.
Important structural elements of the riboswitch are high-

lighted by these heat maps. As described previously, li-
gand binding is proposed to stabilize the ghost aptamer
through the formation of an A-minor motif between themi-
nor groove of the ghost aptamer and conserved adenines
in the P3 helix (Ruff et al. 2016). Consistent with this hy-
pothesis, mutations to the binding pocket (located in the
P3a helix), the conserved P3 adenines, and the ghost
aptamer all cause substantial effects to Ymax and/or K1/2.
Mutations to a kink-turn predicted to form in the area be-
tween P0 and the start of P1 (Ruff et al. 2016) also negative-
ly affect these parameters. This is consistent with the
known importance of an analogous kink-turn found in tan-
dem systems, where it is proposed to help organize the
quaternary structure (Baird and Ferré-D’Amaré 2013).
These data suggest that this motif plays a similar role in sin-
glet systems.
The high-throughput data set also provides evidence for

the importance of the two conserved sequence elements
identified by bioinformatics. A purine-rich region was iden-
tified within the ghost aptamer of both singlet subtypes. In
theC. tetani system, this region consists of putativeGAand
AA pairs at the top of this helix. Mutations to the GA pair
and, to a lesser extent, the following AA pair caused sig-
nificant defects, mainly to Ymax (Supplemental Fig. S3). As
predicted by the consensus sequence, the GA-to-AA con-
versionwas the least disruptiveGAmutation. Previous data
showed that truncating the ghost aptamer loop of the
Listeria monocytogenes type-1 singlet to a GAGA tetra-
loop results in significant binding defects, but a GAUAA
pentaloop restores ligand binding (Ruff et al. 2016). The
pentaloop, but not the tetraloop, would allow for at least
thebottomGApair to form.Altogether, thesedata indicate
that these noncanonical pairs in the ghost aptamer have an
important functional role.
The bioinformatic search also identified a pseudoknot in

85% of type-1 singlets. In the C. tetani system, this pseu-
doknot is predicted to form between the P3b stem–loop
and the apex of the terminator hairpin. Single muta-
tions to the CG base pairs in this motif display reduced val-
ues for Ymax and increased values for K1/2. Changes to
both Ymax and K1/2 within the terminator hairpin indicate

these nucleotides are involved in glycine-dependent
long-range interactions. These results provide additional
evidence that the pseudoknot identified in the consen-
sus alignment is an authentic motif and has functional
importance.

Ligand binding stabilizes the ghost aptamer
by 2–3 kcal/mol

The standard model of gene regulation by riboswitches
indicates that ligand binding by the aptamer domain pro-
motes a conformational rearrangement that stabilizes one
of two or more competing helices in a downstream expres-
sion platform. Based on this model, we hypothesized that
the relative populations of these expression platform heli-
ces would be dependent on the difference in their free
energies. This would be expected for riboswitches that
are thermodynamically controlled. It should also hold for
riboswitches that are kinetically controlled if a linear rela-
tionship exists between the free energy of the competing
expression platform helices and their rates of formation
and/or interconversion. Such linear free energy relation-
ships have been observed for small perturbations in other
contexts (Wells 1963; Kingery and Strobel 2012). To test
this hypothesis, the readthrough efficiencies observed in
the absence of ligand (Ymin) and at saturating levels
(Ymax) for the mutations located within base-pairing re-
gions of the type-1 singlet expression platform were com-
pared with the predicted net free energy change to the
expression platform (ΔΔGEP) caused by these same muta-
tions (Fig. 7). Here, ΔGEP is defined as the difference in
the predicted stability of the terminator and antiterminator
(ghost aptamer) helices and ΔΔGEP is the change to this
value upon mutation (Equation 7, Materials and Methods).
We started by only considering mutations to base pairs

in the ghost aptamer and the first four base pairs of the ter-
minator hairpin. This subset was chosen because previous
work indicates that the formation of these base pairs within
the terminator provides the energy required for disrup-
tion of the RNA:DNA hybrid in the elongation complex
and because mutations distal to the base of a terminator
hairpin have been observed to haveminimal effects on ter-
mination efficiencies (Wilson and von Hippel 1995; Larson
et al. 2008). As hypothesized, mutations at these positions
exhibit a dependence on ΔΔGEP and fit well to a standard
two-state model (Equation 10, Materials and Methods;
Fig. 7B–D).
However, two variants located within the ghost aptamer

significantly deviate from the overall observed trend.
A131G and A131C are completely nonfunctional despite
predicted net free energy changes of just −0.7 and −1.0
kcal/mol, respectively. The predicted values for ΔΔGEP

used in our analysis only take into account energetic
contributions from secondary structure (Materials and

Gene regulation by a glycine riboswitch singlet
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Methods). Deviations from the overall trend could there-
fore indicate that important tertiary interactions are being
disrupted. Significant biochemical and structural evidence
indicates that the minor groove of type-1 singlet ghost
aptamers is involved in a series of important A-minor
interactions (Butler et al. 2011; Ruff et al. 2016). Type-1
A-minor interactions are known to discriminate against
noncanonical base pairs due to steric clashes (Battle and
Doudna 2002). The A131G mutation replaces the canoni-
cal U119–A131 base pair located in the ghost aptamer
with a noncanonical UG wobble pair. This suggests that
a type-1 A-minor interaction may form in the minor groove
of this base pair in theWT construct, but is disrupted by the
UGwobble pair present in this variant. Because of possible
tertiary interactions with the U119–A131 pair, all mutations
at these two positions were excluded from the fits dis-
played in Figure 7.

Although this subset of the data fit well to Equation 10
(Materials and Methods), the model breaks down when
more terminator stem variants are included (Supplemental
Fig. S4). The effects of mutations located farther from
the base of the terminator hairpin deviate by increasing
amounts from the values predicted by the fits described
above. The residuals for these variants display a linear de-
pendence on the distance between the location of themu-

tation and the base of the terminator helix (Fig. 7E–G). This
indicates that it is largely the stability of the base of the ter-
minator that determines the probability of termination.
This is consistent with the observations made by Larson
et al. (2008) that the energy required for disrupting the
RNA:DNA hybrid of the elongation complex is obtained
from the formation of the final 3–4 bp of the terminator
hairpin.

To incorporate this position-dependence into the mod-
el, Equation 10 was modified to include an additional
variable to be fit, a correction factor for ΔΔGEP, that is mul-
tiplied by a preset distance term equal to the number of
base pairs separating the mutation from the base of the
terminator helix (Equation 11, Materials and Methods;
Fig. 7H,I). Upon fitting the data to Equation 11, optimal
correction factors of −0.66±0.05 kcal/(bp mol) and
−0.08±0.05 kcal/(bp mol) were determined for the Ymin

and Ymax values of terminator stem variants, respectively.
The near-zero correction applied to Ymax values indicates
that the terminator helix is already largely destabilized in
the WT construct under high glycine conditions. A differ-
ence of 2.6 ± 0.4 kcal/mol was observed between the val-
ues obtained for ΔG° (the additive inverse of the midpoint
of the fit) in the absence of ligand (Ymin; −0.7 ±0.3 kcal/
mol) and at saturating concentrations (Ymax; 1.9± 0.3

BA C D
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FIGURE 7. Dependence of readthrough efficiencies on ΔΔGEP. (A) Predicted secondary structures for the antiterminator and terminator sequenc-
es used in the free energy calculations of ΔΔGEP. Nucleotides are colored according to plots B–I. Correlations are shown between ΔΔGEP and Ymin

(B), Ymax (C ), and amplitude (D). Only data associated withWT andmutations within the base-pairing regions of the ghost aptamer or the first four
base pairs of the terminator hairpin were considered for the fits displayed in B–D. Red diamonds indicate nucleotides that are expected to par-
ticipate in a type-1 A-minor interaction. These datawere excluded from all fits as energetic contributions from tertiary interactions are not account-
ed for in the free energy calculations of ΔΔGEP. Correlations between the positional distance of a mutation from the base of the terminator stem
and the associated residuals (based on the fits depicted in B–D) are shown for Ymin (E), Ymax (F ), and amplitude (G). A linear dependence was
observed and a correction term was added to the model to account for this dependence. Fits obtained with the updated model are shown
for Ymin (H) and Ymax (I ). The gray bands in B,C,H, and I are the 95% confidence intervals for the displayed fits. The dotted line shown inD depicts
the difference between the Ymin and Ymax fits depicted in B and C.
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kcal/mol). ΔG° provides ameasure of the overall stability of
the WT expression platform under the condition analyzed.
Therefore, these data indicate that the addition
of saturating ligand concentrations stabilizes the ghost
aptamer by just 2–3 kcal/mol in this construct.
A few mutations in the terminator hairpin deviate from

the model even after this correction term is added, partic-
ularly at saturating concentrations of glycine (Ymax). This in-
cludes five U-to-G mutations, one U-to-C mutation, and
one C-to-G mutation all between positions 152 and 159.
This is a uracil-rich region in the helix, which is a sequence
motif predicted to induce polymerase pausing (Gusarov
and Nudler 1999; Yarnell and Roberts 1999; Shundrovsky
et al. 2004). In the wild-type construct, low levels of termi-
nation are observed immediately following positions C158
and U159 at all glycine concentrations tested (Sup-
plemental Fig. S5A), which is consistent with this being
a pause site (Larson et al. 2014). Thus, one explanation
for this observation is that these mutations disrupt a criti-
cal pausing event that provides additional time for the
aptamer domain to bind glycine and undergo a conforma-
tional rearrangement before the rest of the terminator is
transcribed. This would explain why these mutants all sig-
nificantly deviate from the model under conditions of sat-
urating ligand, but follow the trend in its absence.

Targeted analysis of double mutant data reveals
a mutant with a substantially improved K1/2

The C. tetani riboswitch displayed the weakest K1/2 of the
three glycine riboswitch variants we analyzed. However, an
alternate type-1 singlet from L. monocytogenes was previ-
ously shown to bind glycine with an affinity similar to the
D. hafniense type-2 singlet tested here (Ruff et al. 2016).
Therefore, we predicted a more responsive C. tetani mu-
tant may exist. No single mutation in the SMARTT data
set was sufficient to substantially improve the K1/2, indicat-
ing that such a variant would requiremultiplemutations if it
exists at all.
We compared the C. tetani con-

struct to the consensus alignment
and identified an AU base pair be-
tween positions 50 and 85 that is con-
served as a GC base pair in 89% of
type-1 singlets. Although the double
mutant A50G/U85C had low se-
quence coverage in the SMARTT
data set—an average of just 22.8
reads per glycine concentration—its
fit indicated a substantial improve-
ment to the K1/2 (40±30 µM; Fig.
8A). This was confirmed by the gel-
based assay (14±1 µM; Fig. 8B). This
K1/2 is 30-fold better than WT and
comparable to the values obtained

for the type-2 singlet and tandem constructs tested here.
Unexpectedly, the variant also showed an improved affinity
for alanine with a K1/2 of 4± 1 mM. This corresponds to a
decrease in selectivity from ∼5000-fold for WT to 300-
fold and is significantly lower than what was observed for
the D. hafniense type-2 singlet (>2500-fold) and B. subtilis
tandem construct (∼2000-fold). This result suggests that a
sacrifice of binding affinity for higher selectivity may be ad-
vantageous in this system.

DISCUSSION

For a riboswitch to provide functional utility, it must bind
specifically to its ligand at a physiologically relevant con-
centration and facilitate helical switching in an associated
expression platform. These requirements must be satisfied
using only the free energy provided from interactions be-
tween the RNA and the ligand. However, any energy
that is devoted to stabilizing conformational rearrange-
ments is not available to improve the binding affinity,
and vice versa (Gartenberg and Crothers 1988; Williamson
2000). This means that the free energy available to the
riboswitch for promoting helical switching is constrained
by the number and type of contacts that can be made be-
tween the RNA and ligand and the binding affinity that is
physiologically required.
In the case of the C. tetani type-1 singlet, we have dem-

onstrated that ligand binding stabilizes its ghost aptamer
by just 2–3 kcal/mol. This is roughly equivalent to making
a single GU-to-GC mutation in this region and indicates
that its expression platform helices have to be extremely
close in energy for a significant ligand-dependent change
in gene expression to be possible. Although riboswitch ex-
pression platforms typically display little to no sequence
conservation, this result suggests that these helices are
finely tuned based on the amount of energy that is avail-
able for helical switching.

BA

FIGURE 8. Targeted analysis of double mutant data. (A) In vitro transcription termination re-
sponse profiles generated by SMARTT for WT and A50G/U85C. Although a mean of just
22.8 reads per glycine concentration was obtained for A50G/U85C, the data suggest this dou-
blemutant has an improvedK1/2 compared toWT. This was verified by gel. (B) In vitro transcrip-
tion termination response profiles obtained by the conventional gel-based approach for WT
and A50G/U85C. Filled circles indicate that glycine was used as the ligand; open circles indi-
cate alanine. Error bars represent the standard deviation.
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As a transcriptional riboswitch, the C. tetani type-1 sin-
glet must additionally respond to glycine within a limited
timeframe. Previous work has demonstrated that many
riboswitches under similar time constraints are unable to
reach equilibrium before a genetic decision must be
made (Wickiser et al. 2005). The data presented here can-
not distinguish whether this type-1 singlet is kinetically
controlled or if it reaches equilibrium over the time course
of transcription. However, it is clear from our results that its
readthrough efficiency is dependent on the stabilities of
both the terminator and antiterminator, indicating both
helices must be fine-tuned for function. This fine-tuning in-
cludes preserving a critical pausing element located within
its expression platform. Similar pause sites are frequently
observed within the expression platform of many ribos-
witches. They serve to extend the time allotted for ligand
binding and conformational rearrangements and can also
coordinate folding (Wickiser et al. 2005; Perdrizet et al.
2012).

The particular constraints felt by individual riboswitches
are likely to vary based on several factors, including the li-
gand recognized, the range of ligand concentrations that
are physiologically relevant, and the type of expression
platform utilized (transcriptional versus translational, isolat-
ed riboswitch versus logic gate, etc.). For example, the
C. tetani type-1 singlet displays a significantly higher K1/2

compared to theD. hafniense type-2 singlet and B. subtilis
tandem constructs. Yet, a doublemutation within its P3 he-
lix was shown here to provide a 30-fold improvement to its
K1/2. This indicates that these differences in responsive-
ness may be functionally important—likely based on the
unique physiological and genetic contexts of these con-
structs. Continuing these comparisons, tandem glycine
riboswitches bind two molecules of glycine to stabilize a
single expression platform, while singlets only bind one.
As such, tandem systems have access to additional energy
for driving helical switching compared to singlets. This
could allow for more complex and diverse expression plat-
forms in these systems.

Other riboswitches (e.g., the thiamine pyrophosphate
(TPP), cyclic-di-GMP, and adenosylcobalamine ribos-
witches) respond to ligands that are much larger than gly-
cine. As the size and complexity of these ligands increases,
so too does the potential for these molecules to more
extensively contact the aptamer binding pocket and con-
tribute more free energy to the system (Kuntz et al. 1999;
Reynolds et al. 2007). Consistent with this concept, optical
trapping experiments performed on examples of the ade-
nine and TPP riboswitches report that ligand binding stabi-
lizes the aptamer domains of these constructs by 4±1
kcal/mol, 8 ± 2 kcal/mol, and 17±5 kcal/mol for the
pbuE adenine, add adenine, and thiC TPP riboswitches,
respectively (Greenleaf et al. 2008; Neupane et al. 2011;
Anthony et al. 2012). Thus, glycine, which is smaller and
forms fewer contacts than either of these ligands, contrib-

utes the least amount of energy toward stabilizing the
aptamer domain.

The fraction of energy that can be devoted toward con-
formational changes is also dependent on the observed
binding affinity. Glycine, adenine, and TPP riboswitches
all respond to their ligands across similar ranges of concen-
trations: the low- to mid-micromolar range for glycine
riboswitches (Sherman et al. 2012; Ruff and Strobel 2014;
Ruff et al. 2016), the mid-nanomolar to low-micromolar
range for adenine riboswitches (Mandal and Breaker
2004a; Gilbert et al. 2006; Rieder et al. 2007), and the
low- to mid-nanomolar range for TPP riboswitches (Sudar-
sanet al. 2003; Kulshina et al. 2010). Yet, some riboswitches
must respond to their ligands at even lower concentrations
than these. Such riboswitches will necessarily devote more
of the total energy provided from ligand binding toward
the affinity. For instance, cyclic-di-GMP riboswitches have
affinities as low as 10 pM (Smith et al. 2009). This is roughly
105-fold tighter than the affinities observed for glycine
riboswitches and is equivalent to devoting an extra ∼7
kcal/mol toward the affinity (Ruff et al. 2016). In the case
of the c-di-GMP riboswitch, there is still likely to be suffi-
cient energy to promote conformational rearrangements
given the number of contacts it makes with its ligand. Yet,
riboswitches that bindmuch smaller ligands with fewer po-
tential contacts are likely to find such abinding affinity to be
a limiting factor. The ability of RNA to finely tune helical en-
ergy and other parameters through small sequence alter-
ations is therefore an important property that allows it to
successfully regulate gene expression in a variety of con-
texts for a diverse set of ligands.

The concept of RNA undergoing functionally important
conformational changes in response to the formation of in-
termolecular interactions is prevalent in biology. RNA com-
monly associates with proteins and other binding partners.
The interactions formed upon binding often result in RNA
structural rearrangements that are critical to the function
of either the RNA or the associated protein. For example,
the RNA portions of telomerase, the spliceosome, and
the ribosome all undergo conformational rearrangements
driven by interactions with their protein binding partners
(Berman et al. 2010; Singh et al. 2012; Fica and Nagai
2017; Noller et al. 2017). As with riboswitches, the interac-
tions formed contribute the energy necessary to stabilize
functionally relevant states of the RNA. Therefore, the find-
ings presented here regarding the energetics of ligand-in-
duced conformational switching by theC. tetani riboswitch
expand our understanding of this general principle.

MATERIALS AND METHODS

Bioinformatic analysis of RNA sequences

Updated seed alignments of the type-1 singlet, type-2 singlet,
and the tandem version of the glycine riboswitch were produced
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by manually modifying existing alignments from previous bio-
informatic searches (Barrick and Breaker 2007; Ruff et al. 2016)
to include the kink-turn motif that was identified more recent-
ly (Kladwang et al. 2012; Sherman et al. 2012) on the 5′ end.
Bioinformatic searches based on these seed alignments, as
well as a minimal glycine riboswitch aptamer, were performed
using Infernal 1.1 (Nawrocki and Eddy 2013) on the National
Center for Biotechnology Information (NCBI) Reference Se-
quence (RefSeq) Database (O’Leary et al. 2016) release 76, as
well as several metagenomics environmental data sets described
previously (Weinberg et al. 2015). An E-value cutoff of 0.1 was ap-
plied. Sequences were removed if they contained an aptamer that
lacked P1 and/or P3a (the binding pocket) helices. This left a total
of 15,847 unique glycine riboswitch sequences. A list of all single-
aptamer glycine riboswitches (4221 unique sequences) was creat-
ed by removing sequences with an aptamer that was within 150 nt
of another aptamer identified in the search.

To limit the number of false positives in the single-aptamer list,
an additional search for glycine aptamers was performed within a
region of 200 nt on either side of the identified singlet aptamers.
Constructs were removed if an additional aptamer was identified
or if full sequence datawas not available in this region. Sequences
in this subset that were also uniquely identified in the initial type-1
and type-2 singlet searches (excluding all type-1 and type-2 sin-
glets found in the list lacking a reasonable ghost aptamer) were
manually aligned. Using these as seed alignments, a final bioinfor-
matic search was performed on the filtered subset of all single-
aptamer glycine riboswitches (potential false positives removed)
with Infernal 1.1 (E-value cutoff of 0.1). The search space for this
final run was limited to the aptamer plus 5 nt on the side lacking
the ghost aptamer and 150 nt on the side containing the ghost
aptamer. Constructs without a reasonable ghost aptamer were
again removed and the remaining sequences that were uniquely
identified by each seed alignment were aligned manually. Con-
sensus sequence figures based on these final alignments were
created with R2R and edited with Inkscape.

Downstream gene associations were determined for the se-
quences in these final alignments as described previously (Wein-
berg et al. 2015). The locations of genes were retrieved from
RefSeq (O’Leary et al. 2016) or IMG/M (Markowitz et al. 2008) an-
notations, or predicted with MetaGene (Noguchi et al. 2006) or
MetaGeneMark (Zhu et al. 2010). Conserved domains were pre-
dicted using the Conserved Domain Database (Marchler-Bauer
et al. 2015) version 2.25. A custom MATLAB script was used to
combine and count equivalent genes. Additional manual curation
was done on the list of genes to further combine and count equiv-
alent genes. Downstreamgenes identified as RNAs or ambiguous
annotations were discarded and counted as “No gene identi-
fied.” This occurred rarely and usually no other gene was identi-
fied downstream. Corresponding gene-association pie charts
were created with Adobe Illustrator and further edited with Ink-
scape. Only the first downstream gene or domain was considered
for these pie charts.

Design of plasmids and template DNA for gel-based
in vitro transcription termination assays

A plasmid containing the B. subtilis riboswitch was created using
standard molecular biology techniques. Plasmids containing the

C. tetani and D. hafniense riboswitches were ordered from
GeneArt (Thermo Fisher Scientific). For the B. subtilis construct,
30 nt upstream of its WT promoter through ∼30 nt downstream
from its terminator hairpin (NC_000964.3/2549731-2549344)
were cloned into a pUC19 plasmid. This region, plus an additional
50ntdownstream,wasPCRamplifiedwithPhusionHFPolymerase
(NEB or Thermo Fisher Scientific) and used as the template DNA
for the gel-based in vitro transcription termination assays. For
the C. tetani and D. hafniense singlet constructs, the aptamer
region of the B. subtilis construct (starting at P0) through the
∼30 nt downstream from the expression platform was replaced
by the corresponding singlet aptamer through∼40ntdownstream
from their associated terminator hairpins (C. tetani: NC_004557.1/
1925407-1925619;D. hafniense: CP001336.1/1219348-1219627).
These regions, plus an additional 40 nt downstream, were PCR
amplified with Phusion HF Polymerase and used as the template
DNA in the associated gel-based transcription termination assays
(see Supplemental Table S4 for the exact sequences used for each
construct).

Preparation of mutagenized DNA library

A mutagenized library was made by error-prone PCR using the
GeneMorph II Random Mutagenesis Kit from Agilent Technolo-
gies. Primers were chosen to flank the aptamer and expression-
platform domains of the C. tetani type-1 singlet and mutations
were introduced using a 16 cycle error-prone PCR reaction. Addi-
tional DNA was added upstream of the riboswitch through a
two-step PCR reaction using two forward primers with large over-
hangs (∼80 nt) on their 5′ ends and Phusion HF Polymerase (NEB
or Thermo Fisher Scientific). This additional DNA included a
B. subtilis promoter (also recognizable by E. coli RNApolymerase)
and matches the DNA template used in the gel-based tran-
scription termination assay. This region, plus ∼25 nt downstream
fromthe terminator hairpin,was further amplifiedbyPCRwithPhu-
sion HF Polymerase (NEB or Thermo Fisher Scientific) and used as
the templateDNA in the SMARTT transcription termination assays
(see Supplemental Table S4 for the specific sequence used).

Gel-based in vitro transcription termination assays

Sets of 20 μl in vitro transcription reactionmixtures were prepared
on ice.Mixtures contained40mMTris-HCl (pH7.5), 10mMMgCl2,
150mMKCl, 1mMDTT, 10 µg/mL BSA, 1%Glycerol, 25 nMDNA
template, 50 µM NTPs, approximately 2.5 µCi [α-32P] GTP, 0.5
units E. coli RNAPolymeraseHoloenzyme (NEB), and varying con-
centrations of ligand (glycine or alanine). Reactions were incubat-
ed at 37°C for 1 h and then placed on ice. 2 volumes of stop/
loading buffer (25 mM EDTA, <0.1% Xylene Cyanol, <0.1%
Bromophenol, ∼93% formamide) were added to each reaction.
Full-length and truncated RNA transcripts were separated using
a 6% PAGE gel and visualized with a Typhoon FLA 9500 (GE
Healthcare). Individual band intensities were determined using
ImageQuant (GE Healthcare) and normalized based on the ex-
pected number of guanosine nucleotides contained in each
band. Data from individual glycine titrationswere fit to Equation 1:

% Full-length = (Ymax − Ymin)
X

K1/2 + X

( )
+ Ymin, (1)
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where X is the ligand concentration, Ymax is the percentage of full-
length RNA at saturating concentrations of ligand, Ymin is the per-
centage of full-length RNA in the absence of ligand, andK1/2 is the
point of half-maximal termination. Ligand titrations were per-
formed in triplicate. When testing the response of the riboswitch
to alanine, little modulation was often observed over the range
of concentrations tested. In these cases, estimates of the K1/2

were obtained by constraining the amplitude to be equal to the
value obtained with glycine as the ligand.

Preparation of RNA for high-throughput
sequencing

A set of 100 μl in vitro transcription reactions was prepared on ice.
Reaction mixtures contained the same reagents as in the gel-
based transcription termination assay described above, except
no radiolabeled GTP was added. A single titration was per-
formed. Reactions were incubated at 37°C for 1 h and then placed
back on ice for >1 min. Template DNA was removed through
DNase treatment. Ninety microliters of the transcription sample
were combined with 10 µL of 10× TURBO DNase Buffer
(Thermo Fisher Scientific) and 1 µL TURBO DNase (2 units;
Thermo Fisher Scientific) and incubated at 37°C for 20 min. The
RNA was then purified using an RNeasy Minelute Cleanup Kit
(QIAGEN).

A preadenylated DNA adapter was ligated onto the 3′ end of
the RNA (/5rApp/NNNNNCTGTAGGCACCATCAAT/3ddC/; or-
dered from IDT). Ligation reaction mixtures were incubated at
16°C overnight (final concentrations: 1× T4 RNase Ligase II
Buffer [NEB], 100 µM DNA adapter, 15% PEG8000, 10 U/µL T4
RNA Ligase II, Trunc. K227Q [NEB], and ∼70% of the purified
RNA). The RNA was again purified using an RNeasy Minelute
Cleanup Kit (QIAGEN).

The ligated adapter provides a handle for reverse-transcription
into cDNA. Aprimer (36.2 nM; 5′GATTGATGGTGCCTACAG)was
annealed to the RNA for 5 min at 65°C in the presence of dNTPs
(725 µM) and then cooled to 4°C for 2 min before addition of the
rest of the reagents. The full reaction mixture (final concentra-
tions: 1× FS Buffer [Thermo Fisher Scientific], 500 µM dNTPs,
25 nM primer, 5 mM DTT, 0.2 U/µL RNaseOUT [Invitrogen], 10
U/µL SuperScript III [Thermo Fisher Scientific]) was incubated at
55°C for 45 min and then heated to 85°C for 5 min to heat inac-
tivate the SuperScript III enzyme. The RNA was then degraded
by incubation with RNase A (0.5 µg/µL; Thermo Fisher Scientific)
and RNase H (0.1 U/µL; Invitrogen) at 37°C for 1 h. The resulting
cDNA was purified using Agencourt Ampure XP magnetic beads
(Beckman Coulter). Relative concentrations of cDNA were then
determined by qPCR.

Illumina sequencing adapters and a unique index were added
to the cDNA from each sample condition through two rounds of
PCR using Phusion HF Polymerase (NEB or Thermo Fisher Scien-
tific) and primers with large 5′ overhangs (Supplemental Table
S5). Five cycles were used in the first round of PCR and 4–6 cycles
were used in the second round (based on cDNA qPCR results).
Relative final DNA concentrations were estimated for each sam-
ple by qPCR following the second round of PCR. All samples
were combined at approximately equal ratios before being sub-
mitted for sequencing at the Yale Center for Genome Analysis
(YCGA). A final purification was performed by the YCGA using

solid phase reversible immobilization (SPRI) beads to remove
any residual short DNA impurities (e.g., primer dimers) prior to
sequencing.

High-throughput sequencing

Sequencing was performed at the YCGA on an Illumina HiSeq
4000 (2 ×150). Samples were combined and mixed with human
genome libraries by the YCGA to prevent sequencing issues
stemming from the low sequence diversity of the type-1 singlet
samples. The 13 samples produced in the full glycine titration
were sequenced across two half lanes (∼7.7%of a lane per sample
in total). The three samples described in Supplemental Figure S2
(Replicate B) occupied ∼2.5% of a lane per sample. Demultiplex-
ing was done by the YCGA.

Analysis of sequencing results

The region upstream of the aptamer and the 3′ adapter were re-
moved from the sequencing reads using the program Cutadapt
(Martin 2011). Flags were applied to require a minimum adapter
overlap length of 10 bases, a minimum sequence length of 80
nt after adapter removal, and a minimum quality score of five.
Sequences missing adapters were discarded. The remaining se-
quences were aligned to a reference file containing the full-length
WT sequence using Bowtie2 (Langmead and Salzberg 2012).
Discordant alignments were not permitted.

Custom Python scripts adapted from the RTEventsCounter
software by the Simon Laboratory (Sexton et al. 2017) were
used to analyze SAM files to determine the fraction of full-length
RNA for all variants with 0–2 mutations at each ligand concentra-
tion. Reads containing any base call quality scores below 20 with-
in the mutagenized region of the RNA were discarded. The
remaining reads were classified according to the mutations con-
tained through position 173. Reads were labeled as terminated
if the last nucleotide was between positions 165 and 173 (in-
clusive). This window was determined manually based on an
observed glycine-dependent increase in the frequency of termi-
nation in this region (see Supplemental Fig. S5A). Reads were la-
beled as full-length if the last nucleotide fell after this window and
discarded if it fell before. The number of full-length and truncated
reads were then counted for each variant to determine the frac-
tion of full-length RNA at each ligand concentration.

GraphpadPrism7or customR scriptswereused toperformnon-
linear regressionwith inverse-varianceweighting to fit thedataob-
tained for all variantswith 0–2mutations to Equation1 (see above).
Individual reads were treated as independent Bernoulli trials. Two
alternative methods were used to approximate the mean and var-
iance of the percentage of full-length reads based on whether or
not the normal approximation was reasonable. When both np
and n(1-p) were greater than five at all concentrations of a given
variant, the normal approximation was used and the mean and
variance were determined by solving Equations 2 and 3:

m = np, (2)

s2 = p(1− p)
n

, (3)

where µ is the mean, σ2 is the variance, p is the fraction of full-
length reads, and n is total the number of full-length and truncated
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reads. If these criteria were not met for any concentration,
Bayesian inferencewas used. Themean and variance of the poste-
rior distribution function obtained using the Jeffreys prior [Beta
(0.5,0.5)] were calculated by solving Equations 4 and 5:

m = s+ 0.5
n+ 1

, (4)

s2 = (s+ 0.5)(n− s+ 0.5)

(n+ 1)2(n+ 2)
, (5)

where s is the number of full-length reads and n is the total number
of full-length and truncated reads.

Heat maps

A vector image of the predicted secondary structure of the
C. tetani riboswitch was created using Inkscape in SVG format.
Objects corresponding to each position were manually relabeled
with unique object IDs based on the WT sequence. A custom
Python script was then used to edit the fill colors of these objects
in the associated SVG file. The assigned object IDs were used
to look up the parameter values for all three mutants at each po-
sition and themean valuewas calculated. The color of each object
was determined based on this value using linear interpolation in
RGB color space and the SVG file was updated accordingly.
Additional minor editing of heat maps was done manually using
Inkscape.

Due to the close relationship between binding affinity and K1/2,
heat maps related to K1/2 report the apparent free energy
(ΔΔGapp). This is done because this relationship suggests that cu-
mulative effects for this parameter are likely to be multiplicative
instead of additive and therefore are better represented on a
log scale. ΔΔGapp was determined by solving Equation 6:

DDGapp = RT ln
K1/2,variant

K1/2,WT

( )
, (6)

where R is the ideal gas constant (0.001987 kcal K−1 mol−1), T is
the temperature of the transcription reaction (310 K), and the
point of half-maximal termination for a particular variant and WT
are denoted as K1/2,variant and K1/2,WT, respectively. K1/2 values
for mutants with an amplitude under 15% were not included in
the mean values reported (see Supplemental Text).

RNA secondary structure free energy calculations

The enf2 function of RNAStructure (Reuter and Mathews 2010)
version 6.0 was used to calculate the free energy of the terminator
and antiterminator helices in the expression platform for WT and
all single point mutants in the expression platform. The WT se-
quences used are: 5′-CUCUGGAAAGUAAACAGAGAGAGAGC
GAACGUGGGGU (ghost aptamer) and 5′-GAAAGUAAACAGA
GAGAGAGCGAACGUGGGGUUUGUUCUCUCUuuauuuuu (ter-
minator hairpin). Underlined nucleotides were predicted to
base pair in the WT construct. Lowercase nucleotides were
forced to be single stranded when searching for the minimum
free energy secondary structure. The exact length of the termi-
nator hairpin used was determined based on the site of termina-
tion and other factors (see Supplemental Text). Nucleotides
outside of the WT base-pairing regions were kept for these

two helices if they were located within the expression platform
and remained single stranded in the lowest free energy WT
structure determined by RNAStructure 6.0. This was done
to allow for as many alternate secondary structures of mutant
constructs as possible. Predicted net free energy changes to
the expression platform (ΔΔGEP) were determined by solving
Equation 7:

DDGEP = (DGMut
T − DGMut

AT )− (DGWT
T − DGWT

AT ), (7)

where ΔG is the calculated free energy of a given helix and the
subscripts/superscripts T, AT, Mut, and WT correspond to the
terminator, antiterminator (ghost aptamer), mutant construct,
and WT construct, respectively.
The data were initially fit to the two-state model described in

Equation 10. This model is based on the hypothesis that read-
through efficiencies depend on the fraction of antiterminator
formed at a given ligand concentration and can be derived
from Equations 8 and 9:

% Full-length/ [AT]
[AT]+ [T]

, (8)

KFL = [AT]
[T]

= e(DG
◦+DDGEP)/RT, (9)

% Full-length = (Bmax − Bmin)
e(DG

◦+DDGEP)/RT

e(DG
◦+DDGEP)/RT + 1

( )
+ Bmin, (10)

where Bmax is the readthrough efficiency when terminator hairpin
formation is fully disrupted, Bmin is the readthrough efficiency
when terminator hairpin formation is fully stabilized, KFL is the
equilibrium constant for the conversion between the terminator
and antiterminator helices, ΔG° is the additive inverse of the
free energy of the WT expression platform (the midpoint of the
fit), and ΔΔGEP is the predicted net free energy change to the ex-
pression platform.
As noted in the text, only a subset of the data fit well to Equa-

tion 10. However, a linear dependence was observed between
the positional distance of a variant from the start of the terminator
hairpin and the effect of thatmutation. A correction termwas add-
ed to account for this dependence and the data were fit again to
Equation 11:

%FL = (Bmax − Bmin)
e((DG

◦+DDGEP+CD)/RT)

e((DG◦+DDGEP+CD)/RT) + 1

( )
+ Bmin, (11)

whereC is a correction factor variable (determined in the fit) andD
is the distance from the base of the terminator hairpin. Variants lo-
cated within the first base pair of the terminator hairpin or outside
of the terminator hairpin were assigned a distance D of zero.

DNA oligonucleotides and chemicals

All DNA oligos were ordered from the W.M. Keck Oligonucleo-
tide Synthesis Facility at Yale University unless specified other-
wise. Glycine and alanine were obtained from Sigma.

Code availability

Custom Python and R scripts used in the SMARTT analyses and for
the generation of heat maps are available on GitHub at https://
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github.com/strobel-lab/SMARTT. All other scripts related to this
work are available from the corresponding author upon request.

DATA DEPOSITION

Raw sequencing data used for the analyses presented in this man-
uscript have been deposited in the Sequence Read Archive under
accession number SRP150789. An Excel file containing the num-
ber of reads observed at each concentration, the observed per-
centage of full-length RNA, and the fit parameter values
generated for all single and double mutants are available in the
Supplemental Material. Sequence alignments (in Stockholm for-
mat) for the type-1 singlet, type-2 singlet, and all single-aptamer
constructs identified in the bioinformatic searches are also avail-
able in the Supplemental Material. All other data that support
the findings presented in this work are available from the corre-
sponding author upon request.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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