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Abstract: Riboswitch-mediated control of gene expression
depends on ligand binding properties (kinetics and affinity) of
its aptamer domain. A detailed analysis of interior regions of
the aptamer, which affect the ligand binding properties, is
important for both understanding natural riboswitch functions
and for enabling rational design of tuneable artificial ribo-
switches. Kinetic analyses of binding reaction between flavin
mononucleotide (FMN) and several natural and mutant
aptamer domains of FMN-specific riboswitches were per-
formed. The strong dependence of the dissociation rate (52.6-
fold) and affinity (100-fold) on the identities of base pairs in the
aptamer stem suggested that the stem region, which is
conserved in length but variable in base-pair composition
and context, is the tuning region of the FMN-specific aptamer.
Synthetic riboswitches were constructed based on the same
aptamer domain by rationally modifying the tuning regions.
The observed 9.31-fold difference in the half-maximal effective
concentration (ECsy) corresponded to a 11.6-fold difference in
the dissociation constant (Kp) of the aptamer domains and
suggested that the gene expression can be controlled by
rationally adjusting the tuning regions.

Synthetic riboswitches have the potential to program
cellular functions, sense bioactive molecules, and mediate
antibacterial therapy.!"? Like their natural counterparts,”! the
functions of synthetic riboswitches are triggered in response
to a specific target molecule. The aptamer domain that
recognizes the specific ligand is indispensable for function of
both natural and synthetic riboswitches. Synthetic riboswitch-
es are generally constructed by linking an aptamer specifically
selected from an RNA library with an expression platform;
the function of the aptamer is to control gene expression from
this platform.!?' Most synthetic riboswitches exhibit ON or
OFF responses” in which the gene expression is either
permitted or inhibited by the specific target molecule. Along
with converting riboswitches from simple ON to OFF state
and vice-versa, a change in the each state to respond at ligand
concentrations higher or lower than the half-maximal effec-
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tive concentration (ECs,) of the natural or originally con-
structed ones are often desired for biomedical and biotech-
nological applications such as 1) synthesis of metabolites in
microorganisms to levels higher than the natural intracellular
concentration;™ 2) balanced regulation of expression from
multiple genes for production of recombinant proteins® or
natural products; and 3) reduction of the ECs, concentra-
tion of drug to overcome drug resistance. Currently, it is very
difficult to rationally tune the ECys of aptamers, and new
approaches are needed to enable design of controllable
riboswitch aptamer domains.

As an alternative to traditional in vitro aptamer selec-
tion,l’! aptamers have been produced by reengineering pre-
existing aptamer domains derived from natural riboswitch-
es.f! This approach is promising; however, only a few
riboswitch aptamers have been successfully reengineered to
date.® Since riboswitch-mediated control of gene expression
relies on binding kinetics and affinity of the ligand for the
aptamer domain,®! it is important to identify interior “tuning”
regions of the aptamers responsible for these ligand binding
parameters. If the tuning mechanism were understood,
ligand-dependent gene expression could be artificially altered
by rational design of the tuning regions of the riboswitches.

We envisaged that comparative analysis of kinetic param-
eters of the riboswitch aptamers that bind to the same ligand
would provide insight into relationship between the aptamer
sequence and its ligand binding properties. This is possible
because different bacterial species employ the same class of
riboswitch aptamers to regulate genes with different control
mechanisms.”) Here, we studied aptamer domains derived
from flavin mononucleotide (FMN) riboswitches to identify
variable tuning regions that can be altered to modulate FMN
binding kinetics and affinity. FMN riboswitches are involved
in the biosynthesis and transport of riboflavin (vitamin B2).
Riboflavin is a direct precursor of the flavin nucleotides, FMN
and flavin adenine dinucleotide (FAD), which mediate
essential oxidation-reduction reactions when bound to fla-
voproteins.! We chose the FMN riboswitch for the present
study owing to its therapeutic”! and biotechnological™
relevance.

Previous sequence alignment'!! and X-ray crystallogra-
phy!"? studies demonstrated a unique structure of FMN
riboswitch aptamers consists of six stems (P1-P6) and five
loops (L2-L6) (Figure 1a,b; Supporting Information, Fig-
ure S1). The evolutionary conservation of stem orientations
and their variable base-pair compositions in FMN aptamers!'!
suggested to us that the stem regions tune the riboswitch
responsiveness to FMN in each organism. Here, we focused
on Watson-Crick (G-C and A‘T) and non-Watson—Crick
(G-U) base-pairs and their sequence context in stems P3, P4,
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Figure 1. a) The conserved secondary structure of FMN aptamer. Stem
(P1-P6), loop (L2-L6), and junction (J1-2, J4-5, and )6-1) regions are
depicted in different colors. Two additional non-conserved stem-loops
on the top of loops L3 and L4 are indicated with dashed lines.

b) Secondary structure of F. nucleatum riboswitch aptamer sequence
(aptamer 1). The position of the nucleotide from the 5’ end of aptamer
is indicated by the number next to arrow. The nucleotides in red are
involved in the interaction with FMN and the base-pairs positions
mutated in this study are shown in blue. c¢) Chemical structure of
FMN.

P5, and P6. To assess whether these base-pair variations affect
FMN binding properties, we investigated ligand binding
kinetics of several FMN riboswitch aptamers. We selected
FMN riboswitch aptamers 1 to 8 with different lengths and
sequence compositions (Supporting Information, Table S1,
entries 1-8).1"° Each riboswitch aptamer was selected from
a different bacterial genome, and thus there is significant
sequence variation in the stem regions. Aptamer 1, which is
derived from riboflavin transporter impX gene of F nuclea-
tum, was chosen as its crystal structure has been solved.l* All
of the aptamers were synthesized from DNA templates by in

vitro transcription using T7 RNA polymerase as described in
Supporting Information.

The binding kinetics of all selected riboswitch aptamers
were quantitatively evaluated using stopped-flow fluores-
cence spectroscopy at 25°C. Stopped-flow fluorescence
spectroscopy has been used to monitor kinetics of ligand
binding and aptamer folding in various riboswitch classes
including the FMN riboswitches.* To study binding kinetics,
we made use of intrinsic fluorescent properties of FMN
(Figure 1¢). The fluorescence intensity of FMN decreases
with a change in RNA aptamer conformation.” A decrease
in fluorescence intensity of FMN was observed after addition
of each of the aptamers 1 to 8 indicating that all the selected
riboswitch aptamers have ability to bind FMN (data not
shown). The kinetic data obtained at different concentrations
of aptamer were fitted by a pseudo first-order equation S1 to
obtain apparent rate constant k,,, (Supporting Information,
Figure S2a). The association rates k, and dissociation rates kg
of the FMN binding to the riboswitch aptamers were
calculated by plotting k,,, versus RNA concentration (Sup-
porting Information, Figure S2b and Equation (S2)). The
equilibrium dissociation constant (Kp,) was calculated from k,
and k, values.

Table 1 shows k,, k4, and Ky, values for FMN binding to
aptamers 1 to 8. The data are arranged in decreasing order of
k4 values. Aptamer 7 (with one U-A base pair in stem P5) and
aptamer 2 (with four U-A pairs and one U-G base pair) bound
FMN with highest (3.02x 10°Lmol 's™') and lowest (0.68 x
10°Lmol's™") association rate constants, respectively. Apta-
mer 1 (with seven non-G-C pairs) and aptamer 8 (with all G-C
base pairs) had the highest (37.9x107°s™") and the lowest
(0.72x 10~ s™") dissociation rate constants, respectively. The
k, and k,; parameters reported here are in the range of
previously reported kinetic parameters for other natural
FMN aptamers.’”) The K, values ranged from 321 nm to
3.2 nm (a 100-fold difference).

Table 1: Kinetic parameters of FMN binding with selected natural aptamers.?

Aptamer Bacteria name Stem no. with base-pair compositions Kinetic parameters
no. abbreviation® P3 P4 P5 P6 k, ky Ky
[10° Lmol™'s™] [107°s7] [10®* molL™

1 (FN) 3 CACC uvu AAACC GUC 1.50+0.14 37.94+1.35 25.2
5 GUGG AA UUUGG CAG

2 (DF) 3’ CGCC UG AAACC GUC 0.68+0.03 22.0£1.12 321
5 GCGG GC UUUGG CAG

3 (BA) 3 uGcc GG GGAUC GUC 1.04+0.03 12.8+0.64 12.2
5 GCGG cc UCUAG CAG

4 (BH) 3’ uGcc GG GGGCC GUC 0.80+0.06 8.24+£1.01 10.7
5’ GCGG cc CCUGG CAG

5 (VK) 3 CACC CG AAACC GUC 1.28+0.04 6.871+0.88 5.35
5 GUGG GC UUUGG CAG

6 (DHA) 3 cGgcecce AG GAACC GCC 0.77+0.00 3.42+0.18 4.45
5 GCGG uc CUUGG CGG

7 (BP) 3 cGgcc CG GGACC GCC 3.02+0.04 1.67+£0.47 0.55
5 GCGG GC CCUGG CGG

8 (PU) 3’ cCGCC CG GGGCC GCC 2.25+0.04 0.72+£0.27 0.32
5 GCGG GC CCCGG CGG

[a] The nucleotides in bold indicate non-G-C base-pair compositions in selected aptamer helices; in P3 and P4 only highly conserved base pairs near
binding pocket are shown. [b] Full names of bacterial species and complete sequences are given in the Supporting Information.
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The variations in K, values (with the exception of
aptamer 2) are due to differences in ky (52.6-fold difference)
rather than differences in k, (4.44-fold difference). The
aptamers with the same numbers of non-G-C base pairs
(five in aptamers 2, 3, and 5 and three in aptamers 4 and 6)
had different dissociation rate constants that depended on
sequence context of the non-G-C pairs. Aptamer 7 with one
A-U base pair in the centre of PS5 had a dissociation rate
constant 2.32-fold higher than that of aptamer 8 with all G-C
base pairs. These results suggest that the non-G-C base pair
composition has an effect on the dissociation rate constant.
However, not only the number of the non-G-C base pairs but
also their locations and sequence contexts affect the kinetic
parameters.

The observed differences in GC contents at the stem
region and kinetic parameters among studied aptamers might
be result of variation in habitat temperature of bacteria from
which they are derived. However, the bacteria from which
these natural aptamers are derived grow optimally at 37°C
with the exceptions of Bacillus halodurans (aptamer 4) and
Pseudomonas fluorescens (aptamer 8), which grow optimally
at 30°C. Thus, there is no correlation between optimal growth
temperatures and kinetic parameters. Another possible
explanation for observed kinetic differences is that these
aptamers control operons/genes that encode different pro-
teins required for riboflavin synthesis/transport."™® Kinetic
and affinity variations may ensure appropriate synthesis of
the riboflavin in each bacterium as riboflavin requirements
differ.

Table 1 shows relationship between base-pair composi-
tions in stem regions and k,, k4, and Ky, values; however, the
riboswitch aptamers have sequence variations in non-con-
served single-stranded regions (loops and junctions) as well.
The variations in the single-stranded regions might result in
the differences of the kinetic parameters. The sequence
alignment and secondary structures of the riboswitch aptam-
ers predicted by mfold™ are shown in the Supporting
Information, Table S1 and Figures S3-S10, respectively. To
determine the sequence basis for observed kinetic parameter
differences, we systematically mutated the non-G-C base pairs
in P3, P4, PS5, and P6 regions of aptamer 1''?* to compensatory
G-C base pairs. All mutated aptamer sequences and their
predicted secondary structures are shown in the Supporting
Information, Table S1, entries 9-16, and in Figures S11-S18.
We made five types of mutants that replaced A-U with G-C
pairs: 1) Replacements of single base pairs in each of P3, P4,
P5, and P6 stems (aptamers 9-12); 2) replacements of closing
base pairs in P4 and P5 (aptamer 13); 3) replacements of
three consecutive A-U base pairs in P5 (aptamer 14);
4) replacement of all seven A-U base pairs (aptamer 15);
and 5) replacement of all seven A-U base pairs along with
replacement of U61, which may pair with A48 (Figure 1b),
with A61 (aptamer 16). Mutations were designed to create
a G-Cbase pair in the same orientation as that of the G-C base
pair at the equivalent position in aptamer 8, which showed
highest affinity among the originally tested riboswitch
aptamers (aptamers 1-8). On a native gel run in buffer
containing cations in the same concentrations as used in the
stopped-flow experiment, the mutant aptamers (aptamers 9 to
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16) migrated to the same extent as aptamer 1 (Supporting
Information, Figure S19). This suggests that folding of these
mutants was similar to that of the wild type.

The k,, kg, and K, values of the mutated aptamers 9 to 16
were obtained by the stopped-flow fluorescence spectroscopy
at 25°C (Table 2). All of the mutations decreased k4 and K,
compared to wild-type aptamer 1. The observed difference in
kq was larger (11.5-fold) than that of k, values (2.46-fold). K,
values of wild-type and mutant aptamers ranged from 252 nm
to 21.7nMm. The observed differences in apparent rate
constants between aptamer 1, which had the lowest affinity,
and mutated aptamer 16, with highest affinity, are shown in
the Supporting Information, Figure S20. The single base-pair
mutations in different stems had different influences on
kinetic parameters. In the case of the single base-pair
mutations inside stems, aptamer 12 had a higher binding
affinity than aptamer 9 owing to a lower k, value. In contrast,
for mutations at the closing positions of a stem (aptamers 10
and 11), the difference in the binding affinities was mainly due
to a difference in k, value. The combination of mutations at
two closing base pairs in aptamer 13 showed an adverse
synergistic effect on k; and K compared to aptamers with
these individual mutations (aptamers 10 and 11). As we
observed extensive variation of base pairs in P5, we mutated
three A-U base-pairs of only P5 (aptamer 14). The parameters
for aptamer 14 had no clear relationship to parameters of
aptamers with one (aptamer 11) or combined mutations
(aptamer 13). The mutated aptamer with highest G-C
composition showed lowest dissociation rate constant and
highest affinity (aptamers 15 and 16). These results suggest
that both stem base pair composition and the sequence
context influence ligand binding parameters. This finding
supports our recent!" and other group’s™ observations that
demonstrated importance of stem regions in another class of
aptamer on ligand binding affinity. We mutated U61 in
aptamer 15 to obtain aptamer 16. This position is not highly
conserved; only aptamer 2 also has a U at this position. This
mutation may disturb intercalation of FMN between A48 and
AS85 (Supporting Information, Figure $21)!" by forming an
A-U base pair with A48. We observed an increase in k, and
decreases in k4 and K}, values for aptamer 16 in comparison
with aptamer 15.

Along with the above mutants of aptamer 1, we con-
structed aptamer 17 (Supporting Information, Figure S22), in
which seven G-C base pairs in aptamer 8 were mutated to
A-U base pairs, to confirm whether the less stable tuning
region based on A-U base pairs inversely decrease the affinity.
The aptamer 17 showed 200-fold increase in Kp values
(641 nm) compared to its wild type aptamer 8 (3.2 nm)
(Supporting Information, Figure S22). These results suggest
the importance of base pairs identities in controlling ligand
binding properties.

Based on previous studies of ligand binding with RNA
aptamers, it was suggested that the FMN aptamer adopts
a pre-folded state in the absence of FMN, and only a small
structural transition occurs within the junction region of the
binding pocket during FMN binding.'*! If this is the case,
diffusion of FMN will be the rate-limiting step in association
of the ligand.®’) The comparatively small range (4.44-fold) in
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Table 2: Kinetic parameters of FMN binding to mutants of aptamer 1.F!

Aptamer Mutated base Stem and junction regions with nucleotide compositions Kinetic parameters
pair
no. position®®! P3 P4 J4-5 P5 P6 k, kg Ko
[10°Lmol™'s™" [107%s™"  [10°®molL™]
3'-46 45 44 43 60 59 8079787776 97 96 95
9 P3_m34 cCG C C UuUu UGA AAACC G UC 1144002 19.9+1.04 175
GC G G A A U UUGG C A G
5'-33 34 35 36 4950 616263 6465666768 868788
10 P4_m49 CA CC CU UGA AAACC G UC 273£0.18 29.94+0.76 11.0
GU G G G A UUUGG C A G
1 P5_m64 CA CC UuuUu UGA GAACC G UC 165+0710 2414+£1.29 147
GU G G A A CUUGG C A G
12 P6_m8&7 CA CC U U UGA AAACC G C C 1.14£0.03 143+£0.96 12.6
GU G G A A U U UG G cC G G
13 P4_m49 & CA C C C U UGA GAACEC G U C 1.70£0.04 32.6+£0.95 19.2
P5_m64 GU G G G A CUUGG C A G
14 P5_m64,65,66 CA CC U U UGA GGGCC G U C 200+0.04 304+£0.74 15.2
GU G G A A cccCcGG C A G
15 PAII_mAIl CG C C C G UGA GGGTCOC G C Cc 1.11£0.02 9.25+0.61 8.31
GC G G G C cCcCcCGG cC G G
16 PAI_mAIl & cCG C C C G AGA GGGTCC G €C C 1.52£0.05 3.30+0.27 2.7
J_m611 GC G G G C ccCcGG CGG

[a] The base pairs and nucleotides in bold are positions of mutations. [b] P and ] indicate helix or junction, respectively, as in Figure 1a. Numbers in
bold above and below the sequence of aptamer 9 indicate positions relative to the 5" end of aptamer 1. [c] Along with stem region mutations, U61 was

mutated to A.

association rate constants among the eight natural riboswitch
aptamers evaluated here support this hypothesis. In contrast,
the FMN dissociation rate constant depends on the strength
of various short-range interactions within its tertiary structure
such as hydrogen bonding and stacking. Since the FMN is
encapsulated within a butterfly-like structure formed by
interactions among the helices,'? these helices may open
partially or fully when FMN dissociates from the aptamer.
The opening rates of the helices will be affected by the base-
pair compositions and sequence context."” Thus, replacement
of A-U or G-U pairs with a more stable G-C base pair should
result in an increase in helical stability and a reduction of the
FMN dissociation rate constant. This is indeed what we
observed in our comparison of mutated aptamers compared
to the wild type. These results suggest that the observed
decrease in affinity values is mainly due to decrease in
dissociation rates and not due to gross changes in native
conformation or impairment of the direct interaction with
ligand. Thus the compensatory base-pair mutation approach
is advantageous to generate high affinity aptamers for
biological applications, as it has ability to avoid non-specific-
ity issue of the aptamer, which may result from large
conformational changes.

To investigate whether the ECs, values of FMN-depen-
dent gene regulation can be “tuned” by alteration in base
pairs, we designed artificial riboswitches based on aptamer
1 (wild type), aptamer 16 (G-C mutated), and control
aptamer, in which the nucleotides directly binding with
FMN were mutated (Supporting Information, Figures S23—
S25). In the artificial riboswitches, we designed stem-loop
structures downstream of the FMN aptamer in such a way
that the ribosome-binding site (RBS) will be exposed on
a single-stranded region in the absence of FMN to turn gene
expression ON. In the presence of FMN, the RBS will be
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sequestered in a stem-loop to block translation initiation and
turn the gene expression OFF (Supporting Information,
Figure S26). The artificial riboswitch sequences were inserted
between T7 promoter and Renilla luciferase coding sequen-
ces. Assays were performed using an in vitro coupled tran-
scription/translation system. Gene expression levels were
evaluated by measuring the luminescence signals from Renilla
luciferase after a 30 min reaction at 37°C (Figure 2).

The luminescence intensity decreased with increasing
FMN concentration for the artificial riboswitches based on
both aptamer 1 and aptamer 16, while control riboswitch did
not show any changes in gene expression. The magnitude of
decrease was significantly different between the riboswitches
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Figure 2. In vitro coupled transcription/translation of artificial ribo-
switches consists of aptamers 1, 16, and control. In vitro experiments
were performed for each riboswitch over a range of concentrations of
FMN (24.4 nm to 100 um). The luciferase activity at 0 nm FMN
concentration was defined as 100%. Each data point is the average of
four independent experiments. Fitting curves for aptamer 1 and
aptamer 16 are shown with solid and dashed lines, respectively.
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based on aptamers 1 and 16. ECs, values were estimated by
fitting the plot of the relative luciferase activity versus FMN
concentration (Supporting Information, equation (S3)). The
EC;, values for the artificial riboswitches based on aptamer
1and 16 were 16.3 +3.45and 1.76 £ 0.17 um, respectively. The
compensatory A-U to G-C mutation increased FMN sensi-
tivity in the aptamer 16-based artificial riboswitch comparing
to that of the aptamer 1-based system resulting in a 9.31-fold
reduction in the ECy, value that corresponded to the 11.6-fold
differences in K, values between parental aptamer 1 and
aptamer 16. These results suggest that the gene expression can
be tuned by rationally controlling ligand binding properties
by adjusting compensatory base pairs in the tuning regions.

In summary, the dissociation rate constant and affinity of
the RNA aptamer for FMN depends on base-pair composi-
tion and sequence context in the aptamer helices. Aptamers
with higher G-C base-pair compositions have smaller differ-
ences in k,, but significantly lower k; and K, values relative to
those with more A-U and G-U pairs. The observed large
differences in dissociation rate (52.6-fold) and affinity (100-
fold) among natural aptamer domains suggested that the
compensatory base-pair variations in the natural riboswitch
aptamers might ensure appropriate levels of synthesis of
riboflavin in each bacterium. Furthermore, we performed
tuning of FMN-dependent gene regulation in vitro by rational
design of artificial riboswitches based on the kinetic results.
The FMN-dependent riboswitch control prevents accumula-
tion of large amounts of FMN and FAD, which are important
materials in pharmaceutical and food industries, because
expression of flavin nucleotides synthesis genes depends on
the ECs, value of the riboswitch.! Tuning of the ECs, value by
selecting appropriate A-U and G-U base-pair compositions in
variable stem regions as demonstrated here would be helpful
for various industrial applications such as cost-effective
production of flavin nucleotides in bacteria. The tuned
aptamers may also be utilized for construction of artificial
riboswitches for controlling expression of genes other than
those involved in riboflavin synthesis.
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