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SUMMARY

Fluorescent RNA aptamers have been used in cells as biosensor reporters and tags for tracking transcripts.
Recently, combined SELEX and microfluidic fluorescence sorting yielded three aptamers that activate fluo-
rescence of TO1-Biotin: Mango-II, Mango-III, andMango-IV. Of these,Mango-IV was best at imaging RNAs in
both fixed and live mammalian cells. To understand how Mango-IV achieves activity in cells, we determined
its crystal structure complexed with TO1-Biotin. The structure reveals a domain-swapped homodimer with
two independent G-quadruplex fluorophore binding pockets. Structure-based analyses indicate that the
Mango-IV core has relaxed fluorophore specificity, and a tendency to reorganize binding pocket residues.
These molecular properties may endow it with robustness in the cellular milieu. Based on the domain-swap-
ped structure, heterodimers between Mango-IV and the fluorescent aptamer iSpinach, joined by Watson-
Crick base pairing, were constructed. These exhibited FRET between their respective aptamer-activated
fluorophores, advancing fluorescent aptamer technology toward multi-color, RNA-based imaging of RNA
coexpression and colocalization.

INTRODUCTION

Fluorescence turn-on aptamers (Strack and Jaffrey, 2013;

Trachman and Ferré-D’Amaré, 2019; Trachman et al., 2017a)

are in-vitro-selected RNAs that bind and activate conditionally

fluorescent small molecules. They have been used as genetically

encoded tags for visualizing and tracking RNA in live cells, and

reporter modules for biosensors (Kellenberger et al., 2013; Paige

et al., 2012). One of the first fluorescent aptamers, Mango-I

(Dolgosheina et al., 2014), was selected (Ellington and Szostak,

1990; Tuerk and Gold, 1990) to bind the fluorophore TO1-

Biotin (Figure 1A) with high affinity so as to enable imaging of

low copy-number RNAs. The selection yielded an aptamer of

exceptional affinity (Kd � 3 nM); however, fluorescence was

limited by a quantum yield (F) of 0.14. The X-ray crystal structure

of Mango-I in complex with TO1-Biotin revealed that the

benzothiazole (BzT) and methylquinoline (MQ) heterocycles of

the fluorophore were twisted by 52� about the methyne linker.

Yet, a coplanar conformation should maximize F (Trachman

et al., 2017b).

To search for brighter variant aptamers, a functional selection

using fluorescence-activated microfluidic droplet sorting was

performed on the final pool of the Mango-I selection. This re-

sulted in three new fluorescent aptamers, Mango-II, Mango-III,

and Mango-IV (Autour, et al., 2018). In addition to maintaining

high affinity for TO1-Biotin (1 nM < Kd < 11 nM), the new Mango

aptamers demonstrated largerF. Mango-II has the highest affin-

ity for TO1-Biotin (Kd % 1 nM) while Mango-III is the brightest

(F = 0.56). Despite having the lowest affinity for TO1-Biotin

(Kd = 11 nM) and the second brightest fluorescence (F = 0.41),

Mango-IV exhibited the greatest brightness in live mammalian

cells, being resolved as distinct foci when transcribed as either

a 5S or U6 RNA fusion. Statistical analysis of photobleaching

indicated that as few as four Mango-IV molecules could yield

an observable fluorescent focus, thus nearing single-fluorophore

imaging of tagged RNAs in cells (Autour et al., 2018).

Why Mango-IV exhibits superior activity in live cells is not

apparent from sequence comparison with Mango-I and

Mango-II, with which it is 70%–80% identical in the conserved

core (Figure 1B; Mango-III is more divergent). To provide a

structural framework for understanding its robust fluorescence

activity in cells, and as a starting point for structure-guided engi-

neering, we have now determined the co-crystal structure of

Mango-IV in complex with TO1-Biotin. Twomolecular properties

ofMango-IV uncovered in our studies, an open fluorophore bind-

ing site and a propensity to adopt multiple folds, may account for
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the usefulness of this aptamer in cellular studies. Unexpectedly,

but consistent with the results of hydrodynamic ana-

lyses, Mango-IV forms a domain-swapped homodimer. The

domain-swapped structure of Mango-IV is thus far unique

among fluorescence turn-on aptamers, and allowed us to engi-

neer heterodimerization with the iSpinach fluorescent aptamer

(Autour et al., 2016; Fernandez-Millan et al., 2017). The hetero-

dimer exhibits substantial Förster resonance energy transfer

(FRET) between its two bound, aptamer-activated fluorophores,

and opens the way to designer multi-color imaging tools for

tracking higher-order RNA interactions.

RESULTS

Overall Structure of Mango-IV
An RNA construct comprising the conserved 25-nt Mango-IV

sequence (Figure 1B) flanked by three nucleotides (two on the

50 end, one on the 30 end) presumed to form two base pairs ex-

tending a terminal helix was co-crystalized with TO1-Biotin (Fig-

ure 1A). Co-crystals were also obtained with RNAs in which U2

and U11 were replaced with 5-bromouracil (5BrU). The structure

was solved at 2.8 Å resolution by the single anomalous disper-

sion method. Strong anomalous features were observed for

5BrU2 (Figure S1); the nucleobase of U11 is mostly disordered

with an anomalous signal located adjacent to C50 of U11. We

were unable to model this feature, which may reflect radiation

Figure 1. Overall Structure of the Mango-IV-

TO1-Biotin Complex

(A) Chemical structures of TO1-Biotin, TO3-Biotin,

and YO3-Biotin.

(B) Sequence alignment of Mango-I, Mango-II, and

Mango-IV. Residues identical between Mango-IV

and Mango-I, Mango-II, or both are highlighted

(blue, red, and purple, respectively). Capital letters

denote conserved regions while period (.) and

lowercase letters denote variable nucleotides for

Mango variants and Mango-IV, respectively.

(C) Cartoon representation of the three-dimen-

sional structure. Nucleotides of protomers A and B

are labeled in uppercase and lowercase, respec-

tively. Translucent spheres depict van der Waals

surfaces of the bound fluorophores.

(D) Secondary structure. Thin lines with arrow-

heads denote connectivity. Base pairs are repre-

sented with Leontis-Westhof symbols (Leontis and

Westhof, 2001). Approximate locations of metal

ions (Mx) and fluorophores (TO1) are indicated.

damage or multiple conformations that

are not resolved at the current resolution.

Refinement against a native dataset

yielded the current 2.4-Å resolutionmodel

(STAR Methods; Table S1).

The crystallographic asymmetric unit

contains two Mango-IV aptamers forming

a domain-swapped homodimer that is

linked through the intermolecular P1 helix

(Figures 1C and 1D). P1 is formed by the

first six nucleotides of the sequence.

Residues 2 through 5 make canonical

Watson-Crick pairs, while residues 1 and 6 form two A,G pairs,

one at each end of P1. The core residues of each Mango-IV fold

into a three-tiered G-quadruplex, coordinated with two axial K+

ions. The G-quadruplexes stack coaxially on the terminal A,G
pairs of P1. The guanine residues of the four guanine tracts of

the two duplex-proximal G-quartets are consecutive; therefore,

these two tiers (T1 and T2) are parallel. T3 is anti-parallel to T1

and T2, because its four guanines are each in a propeller loop

connecting consecutive guanine tracts, after the RNA chain

has reversed direction (Figures 1C and 1D). Five unpaired pro-

peller loop nucleobases surround the fluorophore binding face

of the G-quadruplex.

Fluorophore Binding Sites of Mango-IV
Unbiased residual electron density corresponding to the BzT,

MQ, and a short segment of the polyethylene glycol linker was

observed for three distinct TO1-Biotin fluorophores in the

Mango-IV homodimer (Figure 2A). RNA chains A and B bind to

one and two fluorophore molecules, respectively. The TO1-

Biotin bound to chain A (TO1A) is observed in two distinct, mutu-

ally exclusive, conformations. In the first conformation, MQ and

BzT stack onG26 and G10, respectively, while in the second, the

heterocycle stacking order is reversed (Figures 2B and 2C). In

both poses, the fluorophore head group is modestly twisted

about the methyne linker (by 30� and 25�, respectively), and
thus slightly out of the mean nucleobase plane of T3.
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The two fluorophores bound to chain B of the Mango-IV dimer

(TO1B and TO1C) are each in a unique conformation (Figures 2A

and 2D–2G). The BzT and MQ groups of TO1B stack on g26 and

g21 (chain B nucleotides are denoted by lower-case letters) of

T3. TO1C stacks on TO1B such that its BzT overlies the MQ of

TO1B and vice versa. TO1C makes van der Waals interactions

with TO1B and the nucleobases of propeller loop residues a9,

c25, and a19 (Figures 2F and 2G). Electron density was not

observed within 5.3 Å of TO1C in the native dataset (Figure S2A),

although we cannot exclude contacts made by crystallographi-

cally disorderedmoieties. The lower-resolution anomalous data-

set did reveal a weak positive feature along a symmetry axis in

both 2|Fo|�|Fc| and |Fo|�|Fc| difference maps (peak heights of

2s and 3s, respectively) Noise is exacerbated at special posi-

tions, and efforts to model these features were unsuccessful.

Job plot analysis shows that, in solution, the TO1-Bio-

tin:Mango-IV stoichiometry is 1:1.4 (Figure S2B), suggesting a

substantial binding-inactive aptamer population. Given that fluo-

rophore stacking has the potential to quench fluorescence,

stacked dimers likely do not exist in solution.

Oligomeric State of Mango-IV
The sequence-variable P1 helix is minimized in our crystallization

construct. It is possible that the dimerization and domain

swapping observed crystallographically are caused by the

shortened P1. We examined by size-exclusion chromatography

(SEC) four Mango-IV constructs with 50 and 30 complementary

sequences of 3, 6, and 8 nucleotides (hereafter Mango-IV3,

Mango-IV6, and Mango-IV8, respectively), as well as a construct

consisting only of the Mango-IV core sequence, residues 3–27

(Mango-IVcore). When loaded at an RNA concentration of

35 mM after thermal annealing (STAR Methods), Mango-IV6 and

Mango-IV8 exhibit a major species with an elution volume (Ve)

presumed to be, and consistent with, that of a dimer. Smaller

chromatographic peaks corresponding to monomer and

unfolded species are also present (Figure 3A). The non-

conserved region of Mango-IV8 has low self-complementarity

(only four consecutive canonical base pairs; Key Resources Ta-

ble), suggesting that dimerization can occur through mecha-

nisms other than the formation of P1 by reciprocal Watson-Crick

base pairing. We isolated the presumed monomer and dimer

Mango-IV8 peaks by SEC and incubated the fractionated

RNAs at room temperature for 15 min. When re-analyzed by

SEC, themonomer fraction had formed an additional higher-mo-

lecular-weight species (Ve = 10 mL), while the dimer fraction ex-

hibited a dominant species eluting at 10.9 mL, comparable with

its initial Ve (Figure S3). It should be noted that these two elution

volumes and the populations of species are not identical to the

chromatograms after thermal annealing and suggests that the

population is not yet at equilibrium after a 15-min incubation at

room temperature. SEC analysis shows that Mango-IV6 has a

larger fraction of dimeric species than Mango-IV8 (Figure 3A).

Under the same conditions, Mango-IVcore elutes as a mixture

of monomer (Ve = 14.8 mL) and dimer (Ve = 12.6 mL), with a pre-

ponderance of the former (Figure 3A). Mango-IV3 exhibited pri-

marily a monomeric species (Figure 3B). Overall, the results of

SEC analysis suggest that dimerization is at least in part a result

of intermolecular interactions between conserved core nucleo-

tides of Mango-IV, and can be modulated by the sequence

and complementarity of P1.

Figure 2. TO1-Biotin Recognition by Mango-IV

(A) Location of the three bound fluorophores in the homodimer crystal structure.

(B) Close up of TO1A cross-section from (A) outlined in red. Ligand binding pocket is shown as a ball-and-stick representation.

(C) Cartoon representation of 75� rotation of (B). Two conformers are modeled purple and green.

(D) Close up of TO1B cross-section from (A) outlined in blue. Ligand binding pocket is shown as ball-and-stick representation.

(E) Cartoon representation of 75� rotation of (D).

(F) Close up of TO1C cross-section from (A) outlined in green. Ligand binding pocket is shown as a ball-and-stick representation.

(G) Cartoon representation of 75� rotation of (F). Panels depict ligand binding pocket superimposed on the |Fo| � |Fc| electron density map, contoured at 1.5s,

before placement of the fluorophore in the model.
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Mango-IV6 and Mango-IV8 were further examined by constant

velocity analytical ultracentrifugation (AUC). Sedimentation co-

efficients could be determined for multiple species at concentra-

tions ranging from 0.1 to 1.0 mM (detected by absorbance at

260 nm), and from 2.5 to 7.5 mM (absorbance at 295 nm; Figures

4 and S4). This analysis shows that both Mango-IV6 and Mango-

IV8 exhibit concentration-dependent dimerization, even at these

relatively low concentrations (Figure 4A; Table S2). Dimerization

was not affected by the presence of TO1-Biotin.

To test how dimerization is affected by the conserved nucleo-

tides that connect the Mango-IV G-quadruplex core to the

non-conserved 50 and 30 P1-forming sequences, RNAs bearing

mutations to nucleotides 3, 4, and 27 were analyzed by AUC.

The corresponding residues in the sequence alignment (Fig-

ure 1B) with the monomeric fluorescent aptamers Mango-I

(Trachman et al., 2017b) and Mango-II (Trachman et al., 2018)

fold into a split GAA^A tetraloop junction (^ denotes the insertion

point of the Mango-I and Mango-II G-quadruplexes). Although

Mango-IV residues 3, 4, 5, and 27 might fold into a CGA^A tetra-

loop junction, this sequence does not conform to either the

GNRA or UNCG (N, any residue; R, purine) tetraloop consensus.

To examine if Mango-IV has a propensity to form a tetraloop

junction, we determined the oligomerization state of its C3G,

G4A double mutant (Mango-IVGAAA) by velocity AUC (Table

S2). Normalized c(S) traces reveal that Mango-IVGAAA forms

both monomer and dimer populations, suggesting that the

monomeric fold of Mango-I and Mango-II are not exclusively a

result of the split GAA^A tetraloop junction. To further assess

the importance of the connecting sequences for oligomerization,

A27 was deleted, and this mutant (Mango-IVD27) analyzed by

AUC (Figure 4B). Mango-IVD27 exists almost exclusively as a

monomer, with only a small dimer population present at concen-

trations as high as 7.5 mM. Thus, Mango-IV can be turned into a

monomer by mutating a residue immediately 30 to its G-quadru-

plex core. Overall, these results are consistent with dimerization

being an intrinsic property of the core sequences of Mango-IV

and the immediately adjacent residues, independent of (but

modulated by) P1.

A Guanine-Rich Segment Results in Frustrated Folding
The five-nucleotide segment that forms the first guanine tract of

the three-tiered Mango-IV G-quadruplex (residues 6–10) con-

tains four guanines. This could give rise to alternative folds, either

forming the quadruplex with the consecutive G6, G7, and G8, or

by shifting register, with G7, G8, and G10. The consecutive and

shifted registers are analogous to the G-quadruplex structures of

Mango-I (Figure 5A, left) and Mango-II (Figure 5A, right), respec-

tively. The structure of this segment of Mango-IV more closely

resembles that of Mango-II than Mango-I, despite having higher

core sequence identity to the latter (70% and 80%, respectively).

The Mango-II-like register in the crystal structure is not consis-

tent with the results of Mango-IV dimethylsulfate probing (Autour

et al., 2018), in which G10 (crystal structure numbering scheme)

was reactive, and judged to be unpaired. Given that multiple

conformations and oligomeric states are observed for Mango-

IV in solution (Figures 3 and 4), it is possible that the crystal struc-

ture and the chemical probing are reporting on subpopulations

with different folds.

To test the contribution of residues 6, 7, 8, and 10 to function,

we site-specifically replaced these guanines with 1-methylgua-

nine (1mG) in the Mango-IVcore and Mango-IV8 constructs. For

Mango-IVcore, 1mG incorporation was most detrimental at posi-

tion 10, while it was least disruptive at position 6. Incorporation at

positions 7 and 8 had intermediate effects (Figure 5B). Incorpo-

ration of 1mG into Mango-IV8 positions 7, 8, and 10 resulted in

more pronounced effects, while the effect was again muted at

position 6 (Figure 5C). This gradation of severity of G-quartet

disruption from T3 to T1 is consistent with the Mango-IV crystal

structure, in which G10 stacks directly under the MQ of TO1-

Biotin (Figure 2B). Taken together, the results of 1mG incorpora-

tion indicate that, in the absence of a register-imposing P1 helix,

mutations of single nucleotides in the first G-tract of Mango-IV

can be compensated for by refolding of the core into the alterna-

tive register.

Mango-IV Accommodates Fluorophores with Extended
Conjugation
Like Mango-II, Mango-IV has an open binding pocket in which

‘‘flap’’ nucleobases do not stack on top of the fluorophore

heterocycles (on the face opposite to the G-quadruplex). This

contrasts with Mango-I and Mango-III, in which propeller loop

nucleotides form either unpaired flaps, or a tertiary base pair,

respectively, that stack on and restrain the MQ and BzT of

TO1-Biotin. To compare the fluorophore selectivity and

Figure 3. Size-Exclusion Chromatography of Mango-IV Variants

(A) Size-exclusion chromatography (SEC) of Mango-IV constructs that can

form P1 helices with 0 (core), 3, 6, and 8 bp (V0, void volume).

(B) SEC of the Mango-IV3 and the monomeric Mango-III aptamer.
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fluorescence enhancement of the structurally diverseMango ap-

tamer binding pockets, their ability to promote fluorescence of

several variant fluorophores was examined (Figure 6). This

shows that the fluorophores with propenate (three-carbon) con-

jugated linkers (TO3-acetate, TO3-Biotin, and YO3-Biotin) are

better accommodated by Mango-II and Mango-IV, the RNAs

with open binding pockets. Conversely, Mango-III(A10U) is

remarkably adept at enhancing fluorescence of TO1-Biotin and

derivatives with methyne (one carbon) conjugated linkers. How-

ever, its tertiary U,U base pair, which stacks on the MQ and BzT

groups of TO1-Biotin, is less adept at restraining and turning on

the larger fluorophores of TO3 and YO3. Among the known

Mango aptamers, Mango-IV achieves the greatest fluorescence

turn-on of TO3-Biotin and YO3-Biotin.

An Aptamer FRET Pair Based on a Mango-IV
Heterodimer
Previously, a fluorescence turn-on aptamer-based FRET system

was reported in which Spinach and Mango-I were held together,

intramolecularly, using an RNA origami scaffold (Jepsen et al.,

2018). The domain-swapped homodimeric architecture of

Mango-IV suggested that this aptamer could form the basis of

an intermolecular FRET pair that associates through sequence-

specific base pairing in P1. Such a FRET aptamer would be

able to report, for instance, on the colocalization of two RNAs

bearing complementary single-stranded RNA segments that hy-

bridize to form P1.

The emission spectrum of DFHBI-1T (Song, et al., 2014), a

small-molecule analog of the intrinsic fluorophore of green fluo-

rescent protein (GFP), bound to the optimized aptamer iSpinach

(Autour et al., 2016; Fernandez-Millan et al., 2017) overlaps sub-

stantially with the absorption spectrum of the oxazole-containing

fluorophore YO3-Biotin bound toMango-IV (Figure 7A). We trun-

cated the 30 terminus of iSpinach andmade its resulting 50 single-
stranded sequence complementary to a 50 unpaired sequence

on Mango-IV (also with a truncated 30 terminus), reasoning that

annealing of the two RNAs would result in an intermolecular ap-

tamer FRET pair (Figure 7B). Heterodimeric FRET pairs were

designed with P1 helices with 10, 11, and 12 bp.

To determine whether the 30-truncated Mango-IV constructs

retain YO3-Biotin activation, and to examine cross-activation

of this fluorophore by our iSpinach constructs, YO3-Biotin fluo-

rescence was measured for iSpinach, Mango-IV, and the iSpi-

nach-Mango-IV chimeras (Figure 7C). Consistent with previous

reports of limited selectivity of Spinach (Jeng et al., 2016), the

truncated iSpinach constructs activate YO3-Biotin, but more

weakly than the truncated Mango-IV constructs. The 10- and

11-bp iSpinach-Mango-IV chimeras activate YO3-Biotin more

than either of their constituents alone, suggesting that formation

of P1 stabilizes the fluorescent cores of the aptamers. Consistent

with this interpretation, measurement of YO3-Biotin activation by

the chimeric RNAs in the presence of DFHBI-1T (which presum-

ably outcompetes YO3-Biotin from iSpinach) shows reduction in

emission comparedwith YO3-Biotin alone.Whenwe determined

FRET between the two fluorophores in the presence of the
Figure 4. Sedimentation Velocity Analytical Ultracentrifugation of

Mango-IV6

(A) Non-normalized c(S) distributions of the Mango-IV6 aptamer determined at

260 nm absorbance (top) or 295 nm absorbance (bottom) at three concen-

trations each, in the presence of TO1-Biotin.

(B) Non-normalized c(S) distributions of the Mango-IV6 D27 aptamer

determined at 260 nm absorbance (top) or 295 nm absorbance (bottom) at

three concentrations each, in the presence of TO1-Biotin.
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chimeras by illuminating at the excitation peak for DFHBI-1T, the

11-bp variant exhibited over 20% of the fluorescence emission

measured by directly exciting at the DFHBI-1T absorption

maximum (Figure 7D), demonstrating activation through intra-

molecular FRET in the heterodimeric aptamer complex. In the

presence of both fluorophores, the 10- and 12-bp chimeras

have minimal YO3-Biotin fluorescence when illuminating at

DFHBI-1T peak. The rather modest FRET signal observed for

the 11-bp chimera is likely due to a mixture of heterodimers

and homodimers. The minimal FRET signal reported by the 10-

and 12-bp chimeras are likely a result of misfolding and or

misalignment of dipole moments, which can reduce FRET

upon a single nucleotide addition (Jepsen, et al., 2018). Howev-

er, the FRET signal observed for all chimeras is dependent on the

presence of DFHBI-1T, and therefore derived from active heter-

odimers (Figure 7D).

DISCUSSION

When compared with the other Mango aptamers, three struc-

tural features of Mango-IV are noteworthy. First is the connec-

tivity of its G-quadruplex, which results in an open fluorophore

binding pocket. Mango-I, Mango-II, and Mango-IV all have

three-tiered G-quadruplex cores, but the fluorophore-proximal

G-quartets (tier 3) of the latter two aptamers are fully anti-par-

allel to their two other G-quartets (tiers 1 and 2). Tier 3 of

Mango-I is partially parallel, yielding an asymmetric, partially

constrained ligand binding site (Trachman et al., 2017b).

Consistent with the open pockets of Mango-II and Mango-IV,

their bound fluorophores exhibit multiple poses in their respec-

tive crystal structures. In contrast, Mango-I binds to one

conformation of TO1-Biotin (Mango-III has a two-tiered G-

quadruplex [Trachman et al., 2019a], a fluorophore-binding

site overlaid by a trans Watson-Crick base pair, and is not

directly comparable). Second, Mango-IV lacks a junction con-

necting its P1 duplex and G-quadruplex cores. Mango-I and

Mango-II both link P1 and their G-quadruplex using a GAA^A

tetraloop-like junction. Both Mango-III and iMango-III (Trach-

man et al., 2019b) use base triples to coaxially stack P1 helices

and G-quadruplexes. Mango-IV has no analogous structural

element between P1 and the G-quadruplex, except a Wat-

son-Crick A,G pair, which, at least in our crystal structure, re-

sults from domain swapping. Third, Mango-IV is a domain-

swapped dimer, whereas all three other Mango aptamers are

monomeric.

Althoughmost structurally characterized fluorescence turn-on

aptamers are monomeric, Corn (Song et al., 2014), which was

selected to bind DFHO (a small-molecule analog of the red fluo-

rescent protein fluorophore) was found to be a homodimer

Figure 5. Structural Comparison andMutational Analysis of the First

Guanine Tract of Mango-IV

(A) Overlay of first guanine tract of Mango-IV (colored) with Mango-I (gray

transparent, left) and Mango-II (gray, right). Sequence alignments of first

guanine tract region are shown below each overlay. Red asterisk indicates

location of guanine insertion for the Mango-IV sequence.

(B) Fluorescence enhancement of the Mango-IVcore sequence and mutants to

the first guanine tract. Residue numbering is consistent with nucleotide posi-

tions of crystalizing construct depicted in (A).

(C) Fluorescence enhancement of the Mango-IV8 aptamer and mutants to the

first guanine tract and helical linker. Residue numbering is consistent with

nucleotide positions of crystalizing construct depicted in (A). Data are repre-

sented as means ± SEM.
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(Warner et al., 2017). Corn binds one molecule of its cognate flu-

orophore at its dimer interface, which lacks any inter-protomer

base pairing. DFHO makes contact with both protomers of the

Corn homodimer, each of which contributes a G-quadruplex to

form the ligand binding pocket. The Mango-IV homodimer, in

contrast, assembles through a Watson-Crick base-paired A-

form duplex, and has two independent fluorophore binding sites.

Our hydrodynamic analyses show that, unlike the extremely sta-

ble Corn homodimer (Kd < 1 nM), Mango-IV partitions into mono-

mer and dimer at micromolar concentration, and associates

reversibly in a concentration-dependent manner. Whereas the

Corn residues that form its interfacial fluorophore binding site

also participate in DFHObinding, and therefore their mutation af-

fects both dimerization and fluorescence turn-on (Warner et al.,

2017), the interprotomer interface of theMango-IV is distant from

its TO1-Biotin binding sites and, therefore, can be mutated

without directly affecting fluorophore activation (although we

found that mutations in P1 can destabilize the RNA, possibly

through formation of an altered G-quadruplex).

Two molecular properties of the Mango-IV aptamer uncovered

by our studies may explain its effectiveness for imaging RNAs in

cells. First, its open fluorophore binding pocket, while exhibiting

limited selectivity, is likely less sensitive to its precise cellular

context and the manner in which the aptamer is tagged onto the

RNA that is being visualized, as perturbation to the nucleotides

surrounding the binding pocket is less likely to affect fluorophore

activation, contrary to what would result if those nucleotides inter-

acted intimately with the fluorophore (as in Mango-III). Second,

the propensity of the Mango-IV core to adopt alternative folds,

possibly due to frustrated folding, while a liability in biophysical

Figure 6. Normalized Fluorescence Emis-

sion of Cyanine Dye Derivatives by Mango

Aptamers

Fluorescence emission is normalized to the

brightest RNA-dye complex for each fluorophore.

Fluorescence emission is shown for Mango-I (red),

Mango-II (yellow), Mango-II-A22U (green), Mango-

III (blue), Mango-III-A10U (navy), and Mango-IV

(purple). Chemical structures of fluorophores are

shown below the graph. Data are represented as

means ± SEM.

studies, may be advantageous for an

in vivo RNA tag. This plasticity may allow

the aptamer to sample multiple fluores-

cently active conformations and folding

schemes in the cellular milieu, even if it is

placed in an RNA context where a sub-

stantial fraction of theMango-IV tag initially

misfolds. Overall, the effectiveness of

Mango-IV as an imaging tag in cells

despite its apparently suboptimal molecu-

lar properties points to the importance of

selecting molecular tags for their intended

cellular context, and not simply for optimal

performance in vitro.

The ability to observe simultaneously

the location and interactions of different

RNAs is important for elucidating higher-order RNA assembly

in cells. Numerous biological processes, such as splicing

(Crick, 1979), translational initiation and ribosome assembly

(Hinnebusch and Lorsch, 2012), and stress granule formation

(Van Treeck and Parker, 2018) rely upon colocalization and

complex formation between multiple RNA species. Split fluo-

rescent aptamers (Alam et al., 2017; Rogers et al., 2015;

Warner et al., 2014), which, upon strand hybridization, form

a single-fluorophore binding pocket to induce fluorescence,

have been engineered to probe RNA colocalization. However,

split aptamers require that long sequences of unstructured

RNA (up to 45 nucleotides) be genetically fused to the RNA

of interest. These long, unstructured segments may induce

misfolding of the native RNA component and have the poten-

tial to artificially over stabilize RNA complexes. The heterodi-

meric iSpinach-Mango-IV FRET pair has the benefit of

requiring as few as 11 nucleotides flanking the 50 aptamer

cores, thus reducing the potential to misfold and providing a

simple platform to engineer dimerization through complemen-

tary strand annealing. Because fluorescent aptamer hetero-

dimers form two distinct binding pockets, they provide the

added benefit of substituting fluorophore components in a

‘‘plug and play’’ manner to optimize FRET. By combining the

minimal fluorescence background of a GFP-derived fluoro-

phore (DFHBI-1T) with the bright, red-shifted emission of a

cyanine dye derivative (YO3-Biotin), a unique fluorescence

signal can be generated at a desirable emission wavelength.

Further optimization of this intramolecular FRET pair may yield

improvements in folding behavior, as well as additional fluoro-

phore combinations.
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Significance
The Mango-IV aptamer activates conditionally fluorescent li-

gands, such as TO1-Biotin, and is particularly effective for im-

aging RNA transcripts in both fixed and live cells. Its crystal

structure reveals an unexpected domain-swapped homodimer,

and structure-guided analyses indicate that the RNA has a ten-

dency to sample alternative folds. While reducing the binding-

competent fraction of molecules in vitro, this may endow

Mango-IV with robustness when deployed for imaging in cells,

as the RNA may be able more effectively to refold, even if ex-

pressed in contexts where it initially misfolds. The biophysical

and imaging properties of Mango-IV underscore the impor-

tance of functionally selecting imaging probes in their intended

cellular context. The domain-swapped homodimer of Mango-

IV is linked by a simple base-paired helix. This feature was

exploited to design heterodimers of Mango-IV and a second

fluorescence turn-on aptamer, iSpinach. These dimers, whose

interaction depends on a short segment of sequence

complementarity that links them through A-form helix forma-

tion, exhibit intermolecular FRET between the respective ap-

tamer bound fluorophores. Further engineering of the fluoro-

phore binding sites of the two aptamers, as well as the

conditional fluorophores, may yield improvements in orthogo-

nality and FRET efficiency.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact: Adrian R.

Ferré-D’Amaré.

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
Structure coordinates generated during this study are available at the Protein DataBank under accession codes PDB: 6V9B

and 6V9D.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

No experimental models and subjects were used in this study.

METHOD DETAILS

RNA Preparation
RNA constructs used in this study are listed in Key Resources Table. RNAs 1-2, 5-7, and 10-21 were chemically synthesized (Dhar-

macon), deprotected according the manufacturer’s instructions, and purified by electrophoresis on 14% polyacrylamide (19:1 acryl-

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

TO1-Biotin Dolgosheina et al., 2014 N/A

Thiazole orange Sigma-Aldrich 17237

TO1-Acetate Dolgosheina et al., 2014 N/A

TO1-CMPD1 Dolgosheina et al., 2014 N/A

TO1-CMPD2 Dolgosheina et al., 2014 N/A

TO1-ME Trachman et al., 2018 N/A

TO1-PE Trachman et al., 2018 N/A

TO3-Biotin Dolgosheina et al., 2014 N/A

YO3-Biotin Jepsen et al., (2018) N/A

Deposited Data

Mango-IV-TO1-Biotin (native) This study 6V9D

Mango-IV-TO1-Biotin (Br derivative) This study 6V9B

Oligonucleotides

See Table S3

Software and Algorithms

HKL2000 Otwinowski and Minor, 1997 http://www.hkl-xray.com/

XDS Kabsch (2010b) http://xds.mpimf-heidelberg.mpg.de/

DIALS Winter et al., 2018 http://dials.github.io/

Phenix Adams et al., 2010 https://www.phenix-online.org/

Coot Emsley and Cowtan, 2004 https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/

Pymol DeLano, 2002 https://pymol.org/2/

Sednterp Laue et al., 1992

SEDFIT Peter Schuck, 2000 https://sedfitsedphat.nibib.nih.gov/software/default.aspx
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amide/bisacrylamide), 1xTBE, 8M Urea gels; electroeluted from gel slices; washed once with 1M KCl; desalted and exchanged into

20 mM MOPS-KOH pH 7.0, 150 mM KCl and 10 mM EDTA through centrifugal ultrafiltration (3,000-Da cutoff, Millipore), filtered

(0.1 mmcutoff, Amicon Ultrafree-MC, Millipore); and stored at 4�C. RNAs 3-4, 8-9, 22-33were in vitro transcribed as described (Trach-

man et al., 2017b); purified by electrophoresis on 14% polyacrylamide (19:1 acrylamide/bisacrylamide), 1xTBE, 8M Urea gels; elec-

troeluted from gel slices; washed once with 1MKCl; desalted by ultrafiltration, filtered (0.1 mmcutoff, Amicon Ultrafree-MC, Millipore)

and stored at 4�C. In vitro transcription was performed using recombinantly expressed and purified T7 RNA polymerase in 70 mM

Tris,HCl pH 7.5, 50 mM MgCl2, 2 mM DTT, 0.01 % Triton, 2.5 mM each trinucleotide (ATP, GTP, CTP, and UTP).

Fluorophores
TO1-Biotin, TO3-Biotin, TO1-Acetate, TO1-CMPD1, TO1-CMPD2, and TO3-Acetate were synthesized at a purity of >95%using syn-

thetic methods as described previously (Dolgosheina et al., 2014). Briefly, the acetate forms of TO1 and TO3 were synthesized from

the metylquinolinium and benzotiazole groups. For TO1-Biotin and TO3-Biotin, PEG-Biotin was covalently attached to the fluoro-

phore by nucleophilic attack of a primary amine. TO1-CMPD1 and TO1-CMPD2were synthesized from TO1-Acetate by nucleophylic

attack of a primary amine on propyl and ethyl esther substituents, respectively. TO1-ME and TO1-PE were synthesized and purified

by HPLC as described previously (Trachman et al., 2018). Briefly, these compounds were synthesized from the TO1-Acetate starting

material using a Williamson reaction. Alkylation was performed from 1-Iodo reagents. All chemicals were purified by reverse-phase

HPLC using a C18 column at a flow rate of 1ml/min in an aqueous buffer of 50 mM ammonium acetate. A linear gradient of 0% to

100% acetonitrile was run for 60 minutes.

Crystallization and Diffraction Data Collection
Mango-IV-TO1-Biotin (RNA 1) in 20mMMOPS-KOHpH 7.0, 150mMKCl, 10 mMEDTAwas heated to 95�C for 3minutes, incubated at

RT for 10 minutes, mixed with equimolar TO1-Biotin, then incubated at RT for 30 minutes. For crystallization, 0.2 ml of RNA solution

(300 mM) and 0.2 ml reservoir solution (0.1 M Tris-HCl pH 8.5, 0.01 M CoCl2, 1.65-1.75 M NH4SO4, 0.01-0.015 M Phenol) were mixed

and equilibrated at 294 K by sitting drop vapor diffusion. Hexagonal plate crystals grew in 1-3 days tomaximumdimensions of 75 x 75

x 20 mm3. Cryoprotection was performed by supplementing the reservoir solution with 150 mM KCl and 10% glycerol prior to

mounting the crystal in a nylon loop and vitrified by plunging into liquid nitrogen. Data were collected at 100 K at APS 24-ID-C

with 1.495 Å X-radiation. Bromine derivatized RNA (RNA 2) for phasing was crystalized under the same conditions as RNA 1. Crystals

were soaked in cryoprotectant conditions above supplemented with 10 mM Iridium hexamine for 90 minutes and then vitrifying by

plunging into liquid nitrogen. Datasets of iridium-soaked crystals were collected at 100 K at ALS BCSB 5.0.2 using 0.917 Å X-radi-

ation. Anomalous signal corresponding to iridium hexamine was not observed. Data were reduced in XDS (Kabsch, 2010a; 2010b)

and DIALS (Parkhurst et al. 2016) with 10% of reflections flagged for RFree calculation. Data collection statistics are summarized in

Table S1.

Structure Determination and Refinement
Data sets reporting a significant anomalous signal by DIALS were further analyzed for phasing. SHELXC (Sheldrick, 2010) reported

significant anomalous signal extending to 2.7 Å from a single crystal. Two heavy atom sites were located by AutoSol (Terwilliger et al.,

2009; Terwilliger, 2000) yielding a mean overall figure of merit of 0.304. Density modification using Resolve (Terwilliger, 2000)

resulted in an electron density map into which 50 nucleotides could be built manually using Coot. This model was then refined using

Phenix.refine (Afonine et al., 2012) and molecular replaced into the native data set (2.4 Å resolution) collected at APS 24-ID-C using

the program Phaser (McCoy et al., 2007). The top solution had a TFZ score of 24.1. Manual building and refinement was performed in

Coot and Phenix.refine (Afonine et al., 2012), respectively. HL coefficients were used as a target during refinement. Electron density

for terminal residue U28 was not observed in chain A despite being observed in chain B, thus resulting in a difference in perceived

sequence length. Refinement statistics are summarized in Table S1. Structure factors and coordinates have been uploaded to the

Protein Data Bank under accession codes PDB: 6V9B and PDB: 6V9D.

Size-Exclusion Chromatography
To monitor oligomerization state, RNA samples (RNA 3-6) were refolded in 20 mMMOPS pH 7.0, 150 mMKCl, 10 mMEDTA at 35 mM

concentration by heating to 95�C for 3 minutes following incubation at RT for 30 minutes. Samples were run on an ÄKTApurifier at

1ml/minute over a Superdex 75 Increase size-exclusion column (GE Life Sciences) at room temperature. Absorbance wasmonitored

at 260 nm, 280 nm, and 295 nm.

Tomonitor exchange between oligomerization states, RNA samples (RNA 3-4) were refolded in 20mMMOPS pH 7.0, 150mMKCl,

10 mMEDTA at 10 mM concentration by heating to 95�C for 3 minutes following incubation at RT for 30 minutes. Samples were run on

an ÄKTApurifier at 1 ml/minute over a Superdex 75 Increase size-exclusion column (GE Life Sciences) at room temperature. Absor-

bance was monitored at 260 nm, 280 nm, and 295 nm. Fractions corresponding to the peak of interest where separated and incu-

bated at room temperature for 15 minutes prior to reanalyzing by ÄKTApurifier using the same method above.

Analytical Ultracentrifugation
Analytical Ultracentrifugation was performed on RNAs 3,6,8, and 9 in the presence and absence of TO1-Biotin. RNAs were thermally

annealed as previously described and incubated at room temperature for a minimum of 30 minutes prior to analysis. Cells contained
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Mango-IV RNAs at a concentration range of 0.25-7.5 mM in addition to 20 mM MOPS-KOH, pH 7.0, 150 mM KCl, 10 mM EDTA.

Samples were prepared as above. 500 scans were collected and averaged on a Beckman XLI analytical ultracentrifuge. Radial scans

were collected on a Beckman XLI analytical ultracentrifuge at a run speed 60,000 r.p.m. and 20�C, using either 260 nm or 295 nm

absorbance detection. The viscosity and density of the buffer were estimated as 0.01015 P and 1.0068 g ml-1, respectively, with

the Sednterp server (http://rasmb.org/sednterp). c(S) distributions were calculated using SEDFIT assuming a partial specific volume

of 0.53 cm3 g-1 (Ramesh et al., 2011).

Fluorescence Enhancement of Thiazole Orange Derivatives
Fluorescence measurements were recorded on a Varian Cary Eclipse Spectrofluorimeter set to measure at excitation wavelength of

510 nm (for TO1 dyes), 637 nm (for TO3 dyes), and 595 nm for YO3-Biotin, with emission wavelengths of 535 nm (TO1 dyes), 658 nm

(TO3 dyes), and 620 nm (YO3-Biotin). RNA aptamers (M1, M2, M2 A22U, M3, M3 A10U, M4) at 500 nM final concentration were incu-

bated at room temperature for 1 hr with dyes (Thiazole Orange, TO1-Ac, TO1-Biotin, TO1-CMPD1, TO1-CMPD2, TO1-ME, TO1-PE,

TO3-Ac, TO3-Biotin) at 10 nM final concentration in Mango selection buffer (140 mM KCl, 1 mM MgCl2, 10 mM NaH2PO4 pH 7.2,

0.05% (v/v) Tween-20).

Fluorescence Enhancement of Mango-IV Mutants
Fluorescencewasmeasured on a Photon Technologies International/820 Photomultiplier Detection Systemwith excitation and emis-

sion tuned to 510 nm and 535 nm, respectively. Initial readings at 0 nm and 500 nM TO1-Biotin were performed in a 0.1 mm cuvette.

Prefolded RNA was added to the same cuvette to a final concentration of 2 mM, and allowed to incubate at RT for approximately

5 minutes. The fluorescence signals were acquired and averaged over 60s. RNA samples (RNA 3,6, and 9-21) in 20 mM MOPS

pH 7.0, 150mMKCl, 10 mMEDTA at 20 mMconcentration, and equimolar concentration of DFHBI-1T, YO3-Biotin, or both, were heat-

ed to 95�C for 3minutes and incubated at RT for 20minutes. Samples were run on an ÄKTApurifier at 1ml/minute over a Superdex 200

Increase size exclusion column (GE Life Sciences) at room temperature. The running buffer was the same as the RNA folding buffer

supplementedwith 400 nMDFHBI-1T, 20 nMYO3-Biotin, or both. Fractions corresponding to the complex of interest were collected,

and concentrations were immediately determined on aNanoDrop 2000 (Thermo Scientific). Fluorescencewasmeasured on a Photon

Technologies International/820 Photomultiplier Detection System. Measurements were performed at an excitation of either 469 nm

or 580 nm, and an emission of 616 nm.

QUANTIFICATION AND STATISTICAL ANALYSIS

Structure modeling and refinement were validated by both Rwork and Rfree as described in ‘‘Method Details’’. Ten percent of reflec-

tions were randomly selected by XDS and the model validated against these data using Phenix.refine. Fluorescence enhancement is

reported as the mean of at least three measurements with error reported by standard error measurement (SEM).
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