Fluorogenic aptamers resolve the flexibility of RNA
junctions using orientation-dependent FRET
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ABSTRACT

To further understand the transcriptome, new tools capable of measuring folding, interactions, and localization of RNA are
needed. Although Férster resonance energy transfer (FRET) is an angle- and distance-dependent phenomenon, the major-
ity of FRET measurements have been used to report distances, by assuming rotationally averaged donor-acceptor
pairs. Angle-dependent FRET measurements have proven challenging for nucleic acids due to the difficulties in incorpo-
rating fluorophores rigidly into local substructures in a biocompatible manner. Fluorescence turn-on RNA aptamers are ge-
netically encodable tags that appear to rigidly confine their cognate fluorophores, and thus have the potential to report
angular-resolved FRET. Here, we use the fluorescent aptamers Broccoli and Mango-Ill as donor and acceptor, respectively,
to measure the angular dependence of FRET. Joining the two fluorescent aptamers by a helix of variable length allowed
systematic rotation of the acceptor fluorophore relative to the donor. FRET oscillated in a sinusoidal manner as a function of
helix length, consistent with simulated data generated from models of oriented fluorophores separated by an inflexible
helix. Analysis of the orientation dependence of FRET allowed us to demonstrate structural rigidification of the NiCo ribos-
witch upon transition metal-ion binding. This application of fluorescence turn-on aptamers opens the way to improved
structural interpretation of ensemble and single-molecule FRET measurements of RNA.
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INTRODUCTION therefore, the vast majority of FRET studies have disre-
garded angular information and used FRET measurements
as a type of “molecular ruler” (Stryer and Haugland 1967)
to measure changes in molecular conformation or assem-
bly (Heyduk 2002). Observing angular-dependent chang-
es in FRET is significantly more challenging due to the
difficulty of rigidly orienting both the donor and acceptor
fluorophores within macromolecule(s).

Several synthetic strategies have been attempted to re-
solve angular information from FRET measurements. In vi-
tro nucleic acid synthesis has allowed the attachment of
fluorescein/rhodamine (Gohlke et al. 1994), Cy3/Cy5 (Igbal
et al. 2008a; Fess| and Lilley 2013) and pyrene/perylene
(Kashida et al. 2017) FRET pairs to DNA or RNA. However,
these approaches provide only transient fluorophore local-
ization, due to low stacking propensity, and therefore suffer

All kingdoms of life possess numerous structured RNAs
that are essential for proper cellular physiology. While
many chemical tools have been developed to observe
and measure protein function, analogous systems are of-
ten lacking for nucleic acids. Foremost, genetically encod-
able fluorescent markers revolutionized proteomics,
enabling the measurements of localization, folding, and in-
teractions (Rodriguez et al. 2017). Further development of
fluorescent tools to measure RNA folding, dynamics, and
colocalization are required to keep pace with the ever-ex-
panding field of RNA biology (Schmidt et al. 2020).
Forster resonance energy transfer (FRET) between
organic fluorophores has long been understood to be ori-
entation- and distance-dependent when analyzed in the
dipole—dipole Forster coupling model (Clegg 1992).
Fluorophore rotation is difficult to prevent in solution;
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from significant rotational averaging (Sanbom et al. 2007;
Igbal et al. 2008b; Spiriti et al. 2011). To overcome the lim-
itations imposed by rotational averaging, a stilbene/pery-
lene (Lewis et al. 2005) FRET pair along with fluorescent
cytosine analogs have been used to generate sensitive ori-
entation-dependent FRET (Borjesson et al. 2009). Addi-
tionally, a Cy3/Cy5 FRET pair was introduced internally to
a DNA helix and found to be sensitive to backbone motions
(Lee et al. 2014). Nevertheless, all of these strategies pre-
clude the study of biologically transcribed RNA either in vi-
tro orin vivo.

Fluorogenic aptamers, RNAs that bind and enhance
fluorescence of otherwise dark molecules, are promising
chemical tools for studying interactions (Lacerda et al.
2017), folding (Kellenberger et al. 2015), and localization
(Strack et al. 2013) of RNA. Several fluorogenic RNA
aptamers bind and appear to rigidly orient fluorophores
in a biologically compatible manner. Recently, it was
shown that a 4-cyanoindole/Chili-DMHBI™ (Steinmetzger
et al. 2020) FRET pair can be used to map the binding
site of a fluorescent aptamer. By incorporating the fluoro-
genic aptamer FRET (apta-FRET) pairs, Mango-| (Dolgosh-
eina et al. 2014), Spinach (Paige et al. 2011), and Broccoli
(Filonov et al. 2014), or Mango-IV (Autour et al. 2018) and
iSpinach (Autour et al. 2016), into self-assembling RNA
structures, it was recently shown that apta-FRET is indeed
possible (Jepsen et al. 2018; Trachman et al. 2020). How-
ever, the crystal structures of Mango-l (Trachman et al.
2017a) and Mango-IV (Trachman et al. 2020) suggest con-
siderable flexibility at the junction of the fluorophore-bind-
ing pocket and variable helix; therefore, these aptamers
would be predicted to exhibit rotational averaging. In con-
trast, the crystal structures of Mango-lll (Trachman et al.
2019a,b), and Spinach (Warner et al. 2014) indicate that
both fluorogen-binding aptamer cores are rigidly connect-
ed to external helical elements. Thus, rotational averaging
would not be expected from this apta-FRET pair.

To determine the integrity of complex RNA junctions,
we sought to develop an orientation-dependent FRET sys-
tem using apta-FRET pairs. The combination of Mango-lll
and Broccoli (Filonov et al. 2014) enables robust orienta-
tion-dependent FRET, while the Mango-I/Broccoli chime-
ras are rotationally averaged. The fluorophores of
Mango-IIl and Broccoli are therefore rigidly positioned rel-
ative to the connecting helix while the helical junction of
Mango-| is flexible. The Mango-lll/Broccoli chimeras are
in agreement with the dipole—dipole coupling approxima-
tion, thus supporting the hypothesis that the fluorophore
dipole vectors are positioned nearly perpendicular to,
and rigid along, the helical axis separating the two
aptamers. Using the rigidly connected Mango-Ill and
Broccoli FRET pairs, the flexibility of the NiCo riboswitch
(Furukawa et al. 2015) four-way junction was studied. By al-
tering the distance and rotation between apta-FRET pairs,
we observe that the unfolded, apoNiCo riboswitch lacks
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defined structure while the folded, Co?* bound, NiCo
riboswitch is surprisingly rigid. These data demonstrate
the ability to resolve the orientation dependence of
FRET using fluorescent aptamers and provide the founda-
tion for improving structural interpretation of ensemble
and single-molecule FRET measurements.

Theory and background

In the dipole-dipole approximation, which has some nota-
ble limitations at short distances (Mufioz-Losa et al. 2009),
Errer (the quantum efficiency of energy transfer between a
donor and acceptor fluorophore) is related to the sixth
power of the distance between the two molecules, and is
given by:

(M

Here R is the distance between the two fluorophores and
the Férster radius (Ry) is the distance where Erger is 50%.
Importantly RS is directly proportional to the orientation
factor x2 defined by Equation 2 (Scheme 1):

K¥=(d-a-3d R@E- R )

Here d is a unit vector representing the donor excitation
dipole orientation and & is a unit vector representing the
acceptor dipole orientation, both of which can point in
any given direction (see Scheme 1). R is the vector from
the donor fluorophore (green circle) to the acceptor fluoro-
phore (red circle) and R is the corresponding unit vector.
The Forster radius is given by:

RS = adpi? 3)

where a is determined from the following parameters: Jpa
the spectral overlap between the donor and acceptor and
n the index of refraction of the medium between the two di-
poles (Borjesson et al. 2009). Importantly, in the dipole ap-
proximation the parameters o and ¢p are constants that can
be related to the properties of each fluorophore in isolation.
Thus, and discounting changes in permittivity of the space
(proportional to n?) between the two dipoles, Epger de-
pends on only the distance R between the dipoles, and
the orientation factor x? as defined by Equation 2. While
the Forster radius, as defined by Equation 3, is traditionally

SCHEME 1. Diagram of fluorophore angles, distances and vectors
defined in Equation 2.
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used, it complicates FRET analysis as it is not directly related
to the experimental observables seen in a typical (time-
independent) FRET experiment. Here, we define a more ex-
perimentally accessible characteristic radius, which can be
simply related to standard FRET donor and acceptor peak
areas observed using a fluorometer:

R = apar® 4)

where ¢, is the quantum yield of the acceptor fluorophore in
isolation. The experimental difference between these two
measures can be negligible, for example when the donor
and acceptor quantum yields are within a factor of three
of each other (1/3 <¢p/pa < 3), then the error between R,
and Ry is <20% (i.e., 0.83 < Ry/R'y< 1.20), and, if needed,
can be easily corrected for via Equations 3 and 4. The ad-
vantage of this representation is that it enables FRET signals
that are acquired experimentally and that are proportional
to the photon fluxes out of either the donor or the acceptor
fluorophores to be quickly analyzed. Thus, from Equation 4,
one can write:

, 1 I

FRET = <R)6:/A+/D'
1+ =
Ro

()

where |, is the area of the acceptor emission peak and Ip is
the area of the donor emission, respectively (see Materials
and Methods, Egs. 9-11).

RESULTS

Design of apta-FRET chimeras

To test if apta-FRET chimeras can rigidly orient fluoro-
phores so as to resolve the angular dependence of FRET,
structural, photophysical, and biochemical inspection of
previously characterized fluorescent aptamers was per-
formed. Of the approximately ten fluorescent aptamer
classes characterized to date (Trachman and Ferré-
D’Amaré 2019), the Spinach and Mango fluorescent
aptamers were the most promising for apta-FRET. Both
of these classes are structurally well characterized
(Trachman et al. 2017b) and demonstrate reasonable spec-
tral overlap, specificity, and affinity for their cognate fluoro-
phores (Jeng et al. 2016). The Mango aptamers are
particularly intriguing given they all induce bright fluores-
cence and nanomolar affinity for the fluorophores TO1-
Biotin and TO3-Biotin (Supplemental Fig. S1A). Of the
four Mango aptamers, only Mango-| (Trachman et al.
2017a) and Mango-lll (Trachman et al. 2019a) reveal
well-ordered fluorophores by X-ray crystallography.
These two aptamers are structurally distinct; Mango-| links
its fluorophore-binding quadruplex module with an exter-
nal helix through a partially crystallographically disordered
GAANA tetraloop-like junction (A indicates quadruplex in-
sertion site, Fig. 1A), while the analogous helix-quadru-

plex junction of Mango-lll is a well-defined coaxially
stacked triplex (Fig. 1B). The fluorophore-binding pocket
of the Spinach class aptamers resides between two coaxi-
ally stacked paired elements of variable sequence and
length (Fig. 1C). This structure provides the opportunity
to splice RNAs into the intervening sequence of P2 (Fig.
1D). Indeed, Spinach2 was able to incorporate an interven-
ing tRNA"*3 sequence in this region (Strack et al. 2013).
Lastly, the “plug and play” (Song et al. 2014) nature of
both the Mango and Spinach class of aptamers makes it
possible to tune spectral overlap and orthogonality.

G-quadruplex junctions vary in structural integrity

To test the feasibility of orientation-resolved FRET, chimeras
of Broccoli (a variant of Spinach) and Mango-lll aptamers,

D
J3 ]
P1 RNA Duplex
(4-18 bp)

2 =

nEe i
_i (DFHBI or DFHBI-1T)
5 3

FIGURE 1. Structural comparison of fluorescent aptamers for apta-
FRET. (A) Structure of the Mango-l aptamer (light gray, cartoon) bound
to TO1-Biotin (orange stick and transparent spheres). GAAMA tetra-
loop-like junction (red), and helix (orange/gray) are proximally oriented
to the binding pocket. (B) Mango-Ill core (light gray, cartoon) bound to
TO1-Biotin (orange sticks and transparent spheres) coaxially stacked
onto a helical-duplex junction (red) continuous with a variable helix (or-
ange and gray). (C) Structure of Spinach (shown to represent Broccoli)
bound to DFHBI (cyan sticks and transparent spheres). Coaxial helical
junctions (red) are flanked by helical duplexes (cyan and gray). (D)
Schematic representation of Broccoli (cyan)/Mango (orange) aptamers
in a chimeric construct connected by an RNA duplex (gray).
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separated by a canonical Watson-Crick A-form helix of var-
iable length, were designed and transcribed. We hypothe-
size that the acceptor and donor dipoles found in Mango-llI
and Broccoli aptamers are approximately perpendicular to
the spacer helix, which leads to the prediction that FRET
maxima and minima should alternate every 90° of rotation
about the helical axis if the fluorophores are rigid relative
to the central helical axis (Eq. 2). Sequential addition of
base pairs increases the distance between the two aptamers
while rotating the aptamers about the helical axis. The
maximum FRET signal between Broccoli-bound DFHBI
(Paige et al. 2011) (donor) and Mango-lll-bound TO3-
Biotin (Dolgosheina et al. 2014) (acceptor) (Materials and
Methods, Eq. 6; Supplemental Fig. S1A,B) was recorded
while systematically changing the length of the connecting
helix from 4 to 14 bp [Broc-bp-M3 constructs (Broc=
Broccoli, bp = 4-14 bp, and M3 = Mango-Ill); Supplemental
Table S1]. Asthe pitch of an A-form dsRNA helix is expected
to be ~11 bp (Lacerda et al. 2017), a 90° rotation corre-
sponds to ~2.75 bp of extension. These expectations corre-
late well with the observed pattern of maxima and minimain
these data (Supplemental Fig. S1C). In contrast, a similar he-
lical series using Mango-| and Broccoli did not exhibit such
oscillations (Supplemental Fig. S1C, blue data), instead, a
linearly regressing signal reminiscent of transiently helical
end-stacked fluorophores was observed (Igbal et al.
2008b). The FRET signal for the Broc-bp-M1 is consistently
larger than Broc-bp-M3 for a given spacer length. While itis
possible that the flexible junction of Mango-I may support
reduced distances between donor and acceptor, these re-
sults are likely caused by deviation of the normal vector of
the acceptor dipole and a resulting increase in k% These
data are consistent with the prediction that the helical
junctions and fluorophore-binding cores of Mango-IIl and
Broccoli are rigid relative to the helix, while that of Man-
go-l is not.

Improvement of spectral properties and specificity
for an apta-FRET pair

As shown in Jepsen et al., DFHBI-1T (Song et al. 2014) and
YO3-Biotin (Jepsen et al. 2018) have greater spectral over-

lap than DFHBI and TO3-Biotin (Jepsen et al. 2018). In or-
der to obtain a similar spectral overlap, we used DFHBI-1T
in the Broccoli pocket and YO3-Biotin as the acceptor in
the Mango-lIl pocket (Supplemental Fig. S2A) and found
that these fluorophores show greater orthogonality since
DFHBI-1T and YO3-Biotin bind with greater specificity to
Broccoli and Mango-lll, respectively (Table 1). Specificity
is required for interpretable FRET results when using
apta-FRET. There are nine potential occupancy states for
a biomolecule with two independent binding sites and
two distinct ligands. Of these combinations, only four
binding-states modify the FRET signal; single occupancy
of DFHBI-1T in either (i) Mango-lll or (ii) Broccoli binding
pocket, (i) double occupancy of Mango-lll and Broccoli
by DFHBI-1T, and (iv) Mango-Ill bound to DFHBI-1T and
Broccoli bound to YO3-Biotin. The first three states (i—iii)
would give rise to underestimated E’rret values since no ac-
ceptor is present (Eq. 5). Only binding state (iv) would con-
found orientational FRET. Fortunately, Mango-Ill binds with
high specificity and affinity to YO3-Biotin, while Broccoli
binds YO3-Biotin weakly (Table 1, and Materials and
Methods). DFHBI-1T can be displaced from the Broccoli
binding pocket, but only at high concentration of YO3-
Biotin (Jepsen et al. 2018). Finally, in apta-FRET experi-
ments, one could reasonably expect fluorescent signals to
result from low levels of nonspecific fluorophore-bound
states other than from fluorophore-aptamer binding. This
matter will be addressed in the sections “Generation of
structural models for FRET simulation” and “FRET life-
times.” However, titration of YO3-Biotin results in increased
FRET with a reduction of DFHBI-1T fluorescence emission
due to energy transfer (Supplemental Fig. S2C).

FRET oscillates as a function of connecting duplex
length using Broc-bp-M3 constructs

FRET was measured for the Broc-bp-M3 (M3 = Mango-Ill)
series of constructs extending from 4 to 18 bp (~1.4 turns
of an A-form RNA duplex) using DFHBI-1T and YO3-Biotin
fluorophores. Triple gaussians were fit to the donor and ac-
ceptor emission peaks to accurately determine their rela-
tive areas (Fig. 2A; Supplemental Table S2). The

TABLE 1. Binding affinity and excitation/emission peaks of Broccoli and Mango-IIl with DFHBI, DFHBI-1T, TO3-Biotin, and YO3-Biotin

Broccoli Mango-llI
ECso (nM) ex/em max (nm) ECso (nM) ex/em max (nm)
DFHBI 420 + 40? 469/5032 >> n/a
TO3-Biotin 22+10 637/658 25+2 625/655
DFHBI-1T 270+10 473/505 >> n/a
YO3-Biotin 910 =40 592/615 10+£0.2 595/620

(>>) ECsg was greater than detection limit of assay.

“Values were measured with the Spinach aptamer and obtained from a previous study (Jeng et al. 2016).
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ing, the cocrystal structures of Mango-
lI-YO3-Biotin and iSpinach-DFHBI-1T
were determined. The cocrystal struc-
ture of YO3-Biotin in complex with
Mango-Ill was solved at 2.8 A resolu-
tion (Supplemental Table S4) by mo-
lecular replacement (the structure of
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FIGURE 2. FRET efficiency as a function of duplex length. (A) FRET signal observed for the
Broc-6bp-M3 duplex fit to a three parameter gaussian for the DFHBI-1T donor (blue) and
YO3-Biotin acceptor (orange) (see Supplemental Fig. S3 for full set). (B) FRET efficiency as a
function of helical extension calculated using Equations 4 and 5. Open black circles represent
the averaged data points. Red circles with dashed red line represent the values fitted using the
structural models. Gray line indicates the poor correlation of simulated data using a constant k2
value of 2/3. (C) x? values determined from the model analysis over the apta-FRET series. (D)

R, calculated for the observe apta-FRET «? range.

residuals from these fits are small (Supplemental Fig. S3;
Supplemental Table S2), allowing extraction of donor
and acceptor emission peak areas. Using the fitted peak
areas, E'rrer was calculated by taking the ratio of the ac-
ceptor peak area to the sum of the donor and acceptor ar-
eas (Egs. 5, 10, and 11). As seen with our initial trial with
DFHBI and TO3-Biotin, oscillations in E‘gger tracked pre-
cisely with the 11 bp per helical turn of an A-form duplex.
Three local maxima and two local minima are observed
with maxima being displaced by 5-6 bp (Fig. 2B;
Supplemental Table S3). Therefore, the fluorophore-bind-
ing cores of Broccoli and Mango-lll rigidly orient the im-
proved FRET pairs DFHBI-1T and YO3-Biotin.

Mango-lll-YO3-Biotin and iSpinach-DFHBI-1T
cocrystal structures

To help determine the relative orientation of the excitation
and emission fluorophore dipoles in each of the complexes
shown in Figure 1D, and to facilitate accurate model build-

[0 R o e e e o e

0 5 10 15
Duplex Length (bp)

'l'l'l'l"'l'l'l'l‘rl'l'l'l‘rl'l'l'l‘rl'l'l'l‘rl'l'l‘l‘l
0 5 10 15 10 20 30 40 50 60
Duplex Length (bp) R,

@ the Mango-IlI-TO1-Biotin complex
NP (Trachman et al. 2019a), without the
e° fluorophore, was used as the search
20 model). The Mango-lll-YO3-Biotin

complex superimposed closely on
that of the Mango-IlI-TO1-Biotin com-
plex, with a root mean squared devia-
tion (RMSD) of 0.24 A for all non-
hydrogen atoms. Residual electron
density corresponding to the (E) con-
formation of YO3-Biotin was observed
and modeled into the binding pocket
(Fig. 3A). Structural superposition of
the Mango-lll-YO3-Biotin  binding
pocket onto the Mango-llI-TO1-Biotin
binding pocket yields an RMSD value
of 0.23 A (Fig. 3B). The fluorophores
are highly similar in binding pocket lo-
cation and overall orientation.

To determine if structural and orien-
tation differences exist between
DFHBI and DFHBI-1T, we determined
the cocrystal structure of iSpinach-
DFHBI-1T. The iSpinach aptamer
(Autour et al. 2016; Fernandez-Millan
et al. 2017) was chosen for structural
characterization in  complex with
DFHBI-1T for three reasons: (i) a high resolution structure
of the Broccoli aptamer has not yet been reported, (i) se-
quence alignment of all three DFHBI-1T aptamers and
structural superposition of iSpinach-DFHBI and Spinach—
DFHBI (RMSD 0.24 A) suggest highly similar binding pock-
et structures (Supplemental Fig. S4), and (jii) of the
Spinach-derived aptamers (Spinach, iSpinach, and
Broccoli), the iSpinach crystallizing construct achieves the
highest resolution, and therefore greatest model precision
(Fernandez-Millan et al. 2017). The iSpinach-DFHBI-1T
cocrystal structure was determined at 2.1 A resolution by
molecular replacement (using the iSpinach-DFHBI struc-
ture with the fluorophore omitted as the search model).
Residual electron density was observed for the DFHBI-1T
fluorophore in the binding pocket (Fig. 3C,D). The tri-
fluoroethane substitution, which distinguishes DFHBI
from DFHBI-1T, is packed in a groove formed by residues
A22, A45, and AS50 (Fig. 3D) and likely prevents sliding of
the fluorophore in the binding pocket. The iSpinach-
DFHBI-1T binding pocket is highly similar to the
iSpinach-DFHBI and Spinach-DFHBI-1T binding pockets
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FIGURE 3. Structural characterization of the apta-FRET complexes and chimeras. (A) Binding pocket of Mango-Ill (cartoon) bound to YO3-Biotin
(orange, ball-stick). |Fo| — |F¢| electron density map prior to ligand placement contoured at 2.0 o is shown in gray mesh. (B) Structural superposition
of Mango-III/YO3-Biotin and Mango-II/TO1-Biotin (PDB: 6E8S) binding pockets. Binding pocket of the Mango-1I/YO3-Biotin complex (cartoon)
with YO3-Biotin (orange, ball-stick) and TO1-Biotin (gray, ball-stick). (C) Binding pocket of iSpinach (cartoon) bound to DFHBI-1T (cyan, ball-stick).
|Fo| — [F¢| electron density map prior to ligand placement contoured at 2.5 o (gray mesh). (D) 90° rotation of (C) highlighting trifluoromethane pack-
ing against residue A50. (E) Structural superposition of non-hydrogen, RNA atoms of iSpinach/DFHBI-1T and iSpinach/DFHBI (PDB: 50B3) bind-
ing pockets. iSpinach/DFHBI-1T complex (cartoon) with DFHBI-1T (cyan, ball-stick) and DFHBI (gray, ball-stick). (F) Structural model of Broc-6bp-
M3 with side (left) and top (right) views demonstrating parallel dipole alignment. (G) Structural model of Broc-9bp-M3 with side (left) and top
(right) views demonstrating perpendicular dipole alignment. P1 helices (see Fig. 1D) in panels F and G are deleted for clarity.

with RMSD values of 0.17 and 0.41 A, respectively (Fig. 3E;
Supplemental Fig. S4). Thus, the structure of iSpinach-
DFHBI-1T complex likely captures the molecular details
necessary to accurately model the Broccoli-DFHBI-1T
aptamer.

Generation of structural models for FRET simulation

Using the iSpinach-DFHBI-1T and Mango-IlI-YO3-Biotin
crystal structures, a set of 3D models for the helical apta-
FRET chimeras were constructed to enable FRET simulation
(Fig. 3F,G; Supplemental Structure Files). Radii of gyration
(Rys), calculated from these structural models, were in fair
agreement with the Rgs measured by SAXS
(Supplemental Fig. S5). In addition, molecular envelopes
calculated from the SAXS data overlaid well with the mod-
els, revealing a consistent kink in the helical axis below
the two fluorophore-binding pockets (Supplemental Fig.
S5). from SAXS and were therefore used to report the static
fluorophore positions for the entire Broc-bp-M3 series
(Supplemental Table S1). The YO3-Biotin and DFHBI-1T flu-
orophores bind to their respective aptamers in a near planar
conformation. Assuming the fluorophore dipoles are within
the plane of the conjugated-bond network (Lacerda et al.
2017), a coordinate system uniquely parameterizing the ac-
ceptor and donor dipole orientations was created using a
clock-face type notation (Supplemental Fig. Sé).

FRET data for the entire set of models were fit by rotating
the acceptor and donor vectors around this clock face, while
fitting by least squares the E'rrer data (Supplemental Table
S5) to the theoretical expectation summarized in Equation
5. A fit to the data was obtained (Fig. 2B; Materials and
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Methods) with fitted «? values ranging between 0 to ~1.1
and R’y values ranging from 14 to 42 A (Fig. 2C,D). While
in principle a three-parameter fit corresponding to the
two clock-face angles (0 < Oprpp-1T < 360°%; 0 <Yy03-Biotin <
360°) and the coefficient B = aga should be sufficient, a lin-
ear factor m=0.096 (+0.046) was required to satisfactorily
fit the experimental data (Egs. 11 and 12). We attribute
this small term to nonspecific binding which results in rota-
tionally averaged fluorescence. We found aga=p=5.43 (=
2.21) x 107, OpprpiiT = +44 (£95) degrees, Yvos siotin = 45 (*
95) degrees. Consistent with the clock face of both the
donor and acceptor fluorophore being ~90° to the A-form
helical axis, fixing the absolute orientation of the acceptor
dipoles was challenging. Nevertheless the residual of the
x* fit (Eq. 13) plotted as a function of 8 and y indicate the
high correlation between our initial choice in donor and ac-
ceptor orientation 12 o’clock orientation (i.e., 6=0and y=0
as shown in Supplemental Fig. S6) and the overall quality of
the fit (Supplemental Fig. S7A,B). If the fluorophores are not
constrained and «? is taken as an average of 2/3, then R, for
this FRET series was found to be ~40 A (Fig. 2B). Taken to-
gether, these data support the initial hypotheses that the
fluorophore dipole vectors are perpendicular to the helical
axis and the variable helix is rigid over the length scale
tested.

FRET lifetimes

The measurement of FRET in the time domain has several
advantages over steady-state data. Time-resolved FRET
can measure heterogeneity in a FRET population, interfer-
ence from the direct excitation of the acceptor, and
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polarized transients due to observed segmental mobility,
nonspecifically bound fluorophore, and discrete angles be-
tween fluorophores. To measure FRET lifetime, we mea-
sured the donor decay in the presence of acceptor I and
the acceptor decay |, so that 1 appears with a negative pre-
exponential (Eq. 6b):

Iy(t) = ae™ V7, (6a)

Ia(t) = —Be™ " + Be~V™, (6b)

where 1, is the lifetime of the acceptor. From these data we
assessed that direct excitation of the acceptor, YO3-Biotin,
was minimal. In the presence of direct excitation of acceptor
by donor laser, the two B terms do not match and I4(t) be-
gins above zero. By providing an ~3 pM excess of RNA
over the fluorophore, free dye is virtually nonexistent owing
to the high affinity of these aptamers for their cognate fluo-
rophores. Lifetimes of the individual fluorophores in the ab-
sence of FRET counterparts were fit best with a single
exponential decay while lifetime traces of the FRET pair
complex were best fit with two lifetimes (Supplemental
Table Sé; Supplemental Fig. S8). An additional short life-
time was included as needed (~0.05 nsec) which accounted
for <1% of fluorescence lifetime intensity and is likely a re-
sult of nonspecific fluorophore binding. The main contribut-
ing lifetime of the donor/acceptor pairs is strongly
influenced by changes in ¥? and the distance between
the fluorophore pair. Fluorophores parallel or closer to
each other (large x? or fewer base pair spacers, respectively)
have shorter lifetimes than constructs with perpendicular
fluorophores or that are further apart. The efficiency of the
energy transfer (E;) between the donor and acceptor, with
1p corresponding to the lifetime with only the donor present
and 1pp corresponding to the lifetime with both donor and
acceptor present, is given by Equation 7:

E,=1-— (7—> 7)
TD

Using Equation 7, the efficiency of the energy transfer
decreased with increasing bp with 6, 8, and 9 bp having
FRET efficiencies of 0.83 (+0.3, —0.1), 0.68 (+0.07, —0.1),
and 0.19 (+0.5, —0.3), respectively. These values agree
with the corresponding loss of steady-state FRET efficiency
(Errer) observed in Figure 2B as the fluorophore pair rotate
from approximately parallel to perpendicular.

The chromophores in both the donor and acceptor sites
predominantly report a rigid conformation with overall
tumbling in the 15-20 nsec range, as expected based on
mass. The internal angles between excitation and emission
dipoles in each chromophore are significant, reducing the
measurable anisotropy even in the absence of FRET, thus
making precise recovery of transfer angles from transferred
anisotropy difficult. This system would thus need to be ex-
cited at multiple wavelengths, collected to very high signal

to noise ratios, and subjected to a global analysis to at-
tempt recovery of transferred anisotropy angles.

Orientation dependence of FRET in the NiCo
riboswitch

The NiCo riboswitch is composed of a four-way helical
junction that forms a cruciform shape upon binding Ni%*
or Co?* and folds without any long-range tertiary interac-
tions. To study the flexibility of the complex RNA junction
at the core of the NiCo riboswitch (Furukawa et al. 2015)
apta-FRET pairs were incorporated into the helical paired
elements, P2 and P4 (Fig. 4A). Insertion of Mango-lll into
P2 and Broccoli into P4 provided an E'gger response
upon titration of Co?" (Fig. 4B) which fit to a binding iso-
therm with a Hill coefficient of 1.9 and an EC57=0.84
0.05 pM. These data are consistent with previous results
from in-line probing analysis (Furukawa et al. 2015) and a
chimeric Spinach2 sensor assay (Xu and Cotruvo 2020).
The E'rrer value measured in the absence of Co?* was

A Brocolli

Mango-lll

YO3-Biotin

)

Mango-lll
YO3-Biotin

P2

5 3
B
0.3
0.2
5 1
_E ]
[ ]
0.1
03
0.001 0.01 0.1

1 4 5
Mango extention length

i 1
CoCI2 (micromolar)

FIGURE 4. NiCo riboswitch apta-FRET. (A) Secondary structure of the
NiCo riboswitch and aptamer insertions (left). Relative organization of
NiCo apta-FRET chimera sites upon folding (right). (B) E’rrer signal re-
sulting from a Co?" titration of construct 27 (see Supplemental Table
S1), fit to the Hill equation. (C) E'grer observed for each of the NiCo
apta-FRET chimeras plotted as a function of the Mango-lll, P2 helical
extension. The corresponding Broccoli P4 extension is indicated by
circles: O bp; squares: 1 bp; diamonds: 2 bp; and triangles: 3 bp
(see Supplemental Table S1 for the full set of sequences). Closed sym-
bols indicate the presence of 10 pM CoCl,, open symbols are in the
absence of CoCl,. As a visual aid, data points are connected by
smooth curves.
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0.09, likely resulting from intrinsic flexibility of the four-way
junction in the absence of Co?*.

To test if orientation-dependent FRET could be resolved
in the NiCo riboswitch, a series of seven Mango-lll helical
extensions in P2 were combined with a series of four
Broccoli helical extensions in P4, for a total of 28 RNA con-
structs (Supplemental Table S1). E’rrer was measured for
each construct in the presence or absence of 10 uM
CoCl, (Fig. 4C). In the absence of Co?*, E'rger values
were small, averaging 0.09 £0.025, and only weakly de-
pendent on the site of insertion of the Mango-Ill or
Broccoli aptamer (Fig. 4C). The average Errer value is con-
sistent with an extended form of the riboswitch and sup-
ports a flexible four-way helical junction. In the presence
of Co?" ions, E'rger values significantly increased and
showed a sinusoidal pattern with extension of the
Mango-IIl aptamer along the P2 helix. The phase and in-
tensity of these signals change as a function of the
Broccoli extension along the P4 helix (Fig. 4C), consistent
with rigid rotation about either helical axis. The seven
Mango-lIl constructs tested correspond to a rotation of
some 230° about the P2 stem and a corresponding move-
ment away from the core of the riboswitch (Fig. 4A) of ~25
A, whereas the four Broccoli variants correspond to a rota-
tion of some 130° and extension of 14 A along the P4 stem.
Based on the available X-ray structure of the NiCo ribo-
switch the P2 and P4 helices are inclined with respect to
each other by about 80° (Furukawa et al. 2015). The non-
coplanar locations of Mango-Ill and Broccoli will pass
each other in a nontrivial geometry consistent with the
changes in phase observed in our data set.

DISCUSSION

The utility and ability to visualize RNA using fluorescent
aptamers in live cells is well established (Strack et al.
2013; Autour et al. 2018; Jepsen et al. 2018; Cawte et al.
2020). To further advance RNA imaging techniques, we
have now systematically characterized and assessed fluo-
rescent aptamers for performing orientation-dependent
FRET. The apta-FRET pairs used here have R’y values rang-
ing from nearly zero to up to ~50 A. This falls within the
range of optimal Forster radii (10-100 A traditionally
needed to study biological macromolecules. This is com-
parable to the Ry of most fluorescent protein (Bajar et al.
2016) and small molecule FRET pairs (Wu and Brand
1994). In addition, the fluorescent lifetimes of these sys-
tems were observed to range from 4.7 to 1.2 nsec and
are therefore well-suited for existing fluorescence lifetime
imaging (FLIM) microscopy techniques (Lakowicz et al.
1992a,b). Further development and characterization of
fluorescent aptamers will likely expand the available tech-
niques for imaging RNA in live cells.

Previous FRET studies of RNA duplex and three-way
junctions utilized transiently end-stacked cyanine dye
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FRET pairs under the assumption that fluorophores were
oriented completely in parallel (Igbal et al. 2008a; Fessl
and Lilley 2013). The transient end-stacking of cyanine
dyes dampened the angle-dependent effect on FRET.
The rigid binding of fluorophores using the fluorogenic
aptamers Broccoli and Mango-IIl does not have this effect,
revealing steep peaks and troughs as a function of helix
length and twist. By substituting the FRET acceptor
Mango-Ill for Mango-I, we observed that FRET linearly re-
gressed in a manner similar to radially averaged cyanine
dye derivatives. These data demonstrate that not all fluoro-
genic aptamers are rigidly connected to their helical stems
and that the rigidity of helical junctions can be assessed
through orientation-resolved FRET. Indeed, the Co?*-
bound NiCo riboswitch demonstrated similar sinusoidal
FRET response to Broc-bp-M3 upon helical extension de-
spite having a complex four-way junction. These data are
surprising given NiCo lacks long-range tertiary contacts
to facilitate positioning of apta-FRET pairs, demonstrating
the robust nature of the apta-FRET system.

A significant advantage of angular-resolved FRET is that
a small angular rotation, with static fluorophore distance,
can result in a large change in FRET signal (Eq. 2).
Single-molecule FRET studies using rotationally averaged
fluorophores have concluded that multistep folding path-
ways are required for both cognate and reactive folding
pathways of riboswitches and ribozymes, respectively
(Tan et al. 2003; Nahas et al. 2004; Suddala et al. 2019).
Thus angle-dependent apta-FRET can be expected to in-
form on a variety of previously undetectable conformation-
al changes with consequent improvements in structural
interpretation. It should be noted that when implementing
rigid fluorophores to measure distances using FRET, one
must take caution to accurately determine «? rather than
assume a disordered FRET pair. Large oscillations in ?
may give rise to incorrect relative distances.

While the current study focused on organization of RNA
junctions void of protein cofactors, research on ribonu-
cleoprotein interactions will likely benefit from the sensitiv-
ity of apta-FRET reporters. The ubiquitous 50° angle of the
kink-turn motif can be induced by protein binding part-
ners; however, many of these RNAs are prefolded by
Mg®* alone (Huang and Lilley 2016). Angular-dependent
FRET will likely be required to resolve the subtle changes
induced by protein binding in these and other systems
such as the spliceosome, ribosome and numerous
IncRNAs, already, and yet to be discovered.

MATERIALS AND METHODS

Broc-bp-M3 and Broc-bp-M1 FRET measurements

All fluorescence data are steady state measurements using a
Varian Cary Eclipse fluorescence spectrophotometer at room
temperature. Experiments were performed in 140 mM KCI,
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10 mM NaH,PO,4 pH 7.2, 1 mM MgCl,, 0.05% Tween-20. Samples
containing 30 nM RNA, 1.5 uM DFHBI-1T and 200 nM YO3-Biotin
were incubated at RT for 1 h then exciting at 460 nm and emission
scanned at a rate of 1 nm/sec from 475-750 nm at 25°C. The po-
tential difference in the photomultiplier tube was set to 800 V
and ex/em slit widths at 5/10 mm, respectively.

RNA for these experiments was transcribed from dsDNA tem-
plates using T7 RNAP as described elsewhere (Trachman et al.
2020).

For the Broc-nbp-M1 series, concentrations are as follows: 500
nM RNA, 3 uM DFHBI, 3 pM TO3-Biotin. For the Broc-nbp-M3 se-
ries, 500 nM RNA, 3 uM DFHBI, 200 nM TO3-Biotin. Here, we es-
timated apta-FRET transfer efficiency (E'rrer) by taking the
maximum peak heights of the TO3 emission and dividing it by
the sum of the DFHBI and TO3 emission peak heights as follows:

Sto3 ®)

FRET¢ = ————— |
>~ S103 + Soruai

FRET spectrum fitting for DFHBI and YO3
fluorophores

Raw FRET spectra were fit to preassigned Gaussians using the fol-
lowing equation:

(A—500.5+m1)2 (A—520.2+m1)2 (/\—544+m1>2
F=nl|e 16.35 +0.8409 28.47 +0.2574e 47.58

()\—616.1 +m2)2 (/\—634‘3+m2>2 (/\—663.5+m2)2
+n2|e 20.42 +0.3175¢ 343 +0.0904e 5873
9

The fluorescence signal F resulting from donor and acceptor
emission was fit as follows: n1 and m1 are the Y-scaling factors
and a small term to correct for wavelength shift, respectively of
the donor Broccoli-DFHBI-1T Gaussians. Correspondingly, n2
and m2 serve the same function for the Mango-YO3-Biotin ac-
ceptor Gaussians. Gaussian peak shapes were predetermined
by fitting the emission of Broccoli/DFHBI-1T without acceptor flu-
orophore and the Mango-YO3-Biotin emission spectrum in the
absence of donor fluorophore. Emission peak shifts between
each construct as defined by m1 and m2 were found to be small
and relatively insignificant (Supplemental Table S2).

E'rret values were calculated by integration of the two
Gaussian groups after fitting n1, n2, m1, and m2 parameters in
Equation 6. The Broccoli-DFHBI-1T emission peak area being:

(/\—500A5+m1)2 (A—520A2+m1)2 ()\—544+m1)2
ID:j nfe 16.35 +0.840%¢ 28.47 +0.2574e \ 4758 di.
0

(10)

The Mango-YO3-Biotin emission integral being:
A—616.1+m2\* A—634.3+m2)* A—663.5+m2\*
IA:j n2 (e( 2042 ) +0.3‘|75e7( 343 ) +o.o904e7( 58.73 ) )d)\.
0
(1
Small angle X-ray scattering
RNA was transcribed from synthetic DNA as described previously

(Trachman et al. 2018) and treated prior to shipment as described
previously (Lau et al. 2017). Briefly, transcripts were purified on a

12% (19:1) polyacrylamide gel, 8 M Urea, 1x TBE. RNA was
electo-eluted from gel slices and exchanged into Buffer A (20
mM MOPS pH 7.5, 150 mM KCI, 1 mM MgCl,, 1 pM DFHBI, 0.1
pM YO3-Biotin) after addition of an equal molar ratio of DFHBI
and YO3-Biotin to occupy all binding sites on the RNA.
Transcripts were annealed by heating to 95°C for 3 min followed
cooling on ice. Transcripts underwent size exclusion purification
on an AKTApurifier with a Superdex200 Increase column (GE
Healthcare) equilibrated with Buffer A. Monomeric species were
collected and subjected for small angle X-ray scattering measure-
ments (SAXS).

SAXS was performed at the Advanced Photon Source, beam-
line 12-ID-B (APS 12-ID-B). Data were collected on a Pilatus 2M
detector at a beam energy of 14 keV. Forty measurements were
taken per sample with a 0.5 sec exposure time and a 2 sec delay
between measurements. Samples were passed through a flow cell
to reduce radiation damage during collection. Radially averaged
data for all 40 measurements were plotted and checked for outli-
ers due to air contamination. Scattering curve averaging and buff-
er subtraction was performed in IgorPro.

Data were analyzed using the ATSAS program suite. The radius
of gyration (Rg) and maximum scattering distance (Dwax) was calcu-
lated using AUTORG (Petoukhov and Svergun 2007). These pa-
rameters were provided to GNOM (Svergun 1992), without
specifying shape constraints, to generate P(r) plots. The output
from GNOM was input into DAMMIF (Franke and Svergun 2009),
without prior assumption of shape, using a random seed, 20 har-
monics, 4 A dummy atom radius, and nine Shannon channels for
200 steps. Ten DAMMIF simulations were performed in succes-
sion. Dummy atom coordinates from all 10 DAMMIF simulations
were provided to Damaver (Volkov and Svergun 2003) pipeline
and filtered with Damfilt (Volkov and Svergun 2003). The refined
SAXS envelopes were then fit to the modeled chimeras using
SUPCOMB (Kozin and Svergun 2001). The Rys for the modeled chi-
meras were determined using CRYSOL (Svergun et al. 1995).

X-ray crystallography

RNA was in vitro transcribed and exchanged into buffer as de-
scribed previously (Trachman and Draper 2017). iSpinach was ex-
changed into 40 mM Tris-HCI pH 7.5, 100 mM KCl, 1 mM MgCl,
with the addition of DFHBI-1T in a molar ratio of 1:1.2 after ex-
change. The solution was heated to 85°C and cooled to 25°C
(=1.5°C/min). iSpinach-DFHBI-1T cocrystals were grown by vapor
diffusion at 21°C. Sitting drops were prepared by mixing 0.2 pL of
the RNA-fluorophore mixture (210 pM RNA and 252 pM fluoro-
phore) with the same volume of a reservoir solution comprised of
40 mM Na cacodylate pH 7.0, 40 mM NaCl, 12 mM spermine hy-
drochloride, 32% (v/v) 2-methyl-2,4-pentanediol (MPD). Crystals
were cryo-protected in a solution of 40 mM Na cacodylate pH
7.0, 40 mM Tris-HCI pH 7.5, 12 mM spermine, 100 mM KCl, 1
mM MgCl,, 46% (v/v) MPD, and 10% (v/v) glycerol. Mango-lll
was exchanged into 20 mM MOPS pH 7.0, 150 mM KCI, and 10
pM EDTA. The RNA was annealed by heating 95°C for 1 min and
then cooled on bench, at room temperature, for 10 min. For crys-
tallization, an equimolar ratio of YO3-Biotin was added and 0.2
pL of RNA solution was added to 0.2 pL to reservoir solution (40
mM Na cacadylate pH 7.0, 80 mM NaCl, 12 mM KCI, 1 mM
MgCl,, 10 mM Spermine, 5% sucrose, and 33% 2-methyl-2,4-
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pentanediol). Additional cryo-protection was not necessary for pre-
paring crystals. Both iSpinach and Mango-lll crystals were mounted
in nylon loops and flash frozen by plunging into liquid nitrogen.
Diffraction data were collected at 100 K using the rotation
method at beamline 24-ID-C of the Advanced Photon Source
(APS) and integrated and scaled using XDS (Kabsch 2010).
Phase solutions were obtained by the program Phaser (McCoy
et al. 2007) using the PDB deposits 50B3 and 6E8S, with the li-
gands and ions removed from the search model, for iSpinach
and Mango-lll, respectively. Refinements were carried out in phe-
nix.refine (Afonine et al. 2012) with iterative rounds of building
and simulated annealing, energy minimization, and B-factor re-
finement. Data are summarized in Supplemental Table S4.

Structure models and corresponding model
parameters

Structural models of Broc-nbp-M3 constructs were generated
from the crystal structures of Mango-Ill-YO3-B described here,
iSpinach-DFHBI-1T and an A-form RNA duplex (Tolbert et al.
2010). Models were built using a combination of UCSF Chimera
(Lacerda et al. 2017), PyMol (The PyMOL Molecular Graphics
System, Version 1.2r3pre, Schrédinger, LLC). and python scripts
(Supplemental Material). The main parameters extracted from
these models were: R; the distance vector from the donor to the
acceptor and the unit vectors: a; and d; that are perpendicular
to the “clock-face” that defines the area contained by either the
acceptor or donor fluorophore respectively and are determined
by principal component analysis using MatLab software.

Model fitting to FRET data

A Matlab script was built to model the helical data set. For the ith
E’erer model, values were calculated as follows:

2
E;:IT,i _ Bk(@,zy)f +m. 12)
Bk(6, )i + Ré

Here, the donor and acceptor dipoles are allowed to explore
each clock-face angle (i.e., from 0 <8< 360° in the clock-face coor-
dinate system for the DFHBI-1T dipole and 0 <y <360 for YO3-B),
and since structural models were built for each helical construct, this
allowed the calculation of x(6,7),2 as a function of these two angles
forthe i model. The parameter p = ag s was in principle directly cal-
culable but was fit as free parameter of the model. The parameter
mis not theoretically justified but was required to satisfactorily fit an
offset found in the data that likely resulted from a small amount of
rotationally averaged signal common to all samples. The parame-

ters 0, v, B, and m were then fit by minimizing:

M=

X0, v, B, m? =Y (Epw; — Ere (0, v, B, ). (13)

1

NiCo riboswitch series

RNAs where produced by transcription and E'rrer measured as
described for the Broc-nbp-M3 constructs except for the addition
of the indicated amounts of CoCl,.
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Fluorescence lifetime measurements

For 412 nm excitation, a Coherent Mira 900-D Ti:sapphire laser
(76 MHz, fs configuration) was tuned to 825 nm before being
pulse picked with a ConOptics Electro-Optic Modulator (Model
350-160-02) and frequency doubled with a BBO crystal. For
570 nm excitation, a Spectra Physics Vanguard 2000-HM532
NdYVO4 synchronously pumped a tunable Spectra Physics
Model 3500 (4 MHz) cavity dumped dye laser containing rhoda-
mine 6G. Emissions were collected and detected with a
JYH10 monochromator (8 nm bandwidth) and a Peltier cooled
Hamamatsu MCP photomultiplier.

All samples were excited vertically; emissions were collected at
55° for lifetime measurements and at 0° and 90° for anisotropy
measurements. Lifetimes were obtained by fitting the decay
data to a multiexponential model using 2, the residuals, and their
autocorrelation as a measure of quality. The instrument response
function (typically <150 psec) was recorded at the excitation
wavelengths from a light scattering suspension of dilute colloidal
silica.

DATA DEPOSITION

Analyzed data and primary data are available upon request to the
corresponding authors. Coordinates and structure factors have
been deposited to the Protein Database under accession codes
PDB: 6UPQ and 7L0Z.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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