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Abstract

Several RNA aptamers that bind small molecules and enhance their fluorescence have been
successfully used to tag and track RNAs /n vivo, but these genetically-encodable tags have not yet
achieved single-fluorophore resolution. Recently, Mango-I1, an RNA that binds TO1-Biotin with
~1 nM affinity and enhances its fluorescence by >1,500-fold was isolated by fluorescence
selection from the pool that yielded the original RNA Mango. We now determined crystal
structures of Mango-1I in complex with two fluorophores, TO1-Biotin and TO3-Biotin, and found
that despite their high affinity, the ligands adopt multiple distinct conformations, indicative of a
binding pocket with modest stereoselectivity. Mutational analysis of the binding site led to Mango-
I1(A22U), which retains high affinity for TO1-Biotin but now discriminates over 5-fold against
TO3-biotin. Moreover, fluorescence enhancement of TO1-Biotin increases 18% while that of
TO3-Biotin decreases by 25%. Crystallographic, spectroscopic, and analog studies show that the
A22U mutation improves conformational homogeneity and shape complementarity of the
fluorophore-RNA interface. Our work demonstrates that even after extensive functional selection,
aptamer RNAs can be further improved through structure-guided engineering.
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Several aptamers that induce fluorescence of their cognate small molecules by >1000-fold,
and that can be used /n vivo as RNA analogues of fluorescent proteins have been described.
1-3 Among these, RNA Mango is noteworthy because of its small size (<30 nucleotides) and
its high affinity for the thiazole orange-derived fluorophore, TO1-Biotin (Ky = 3.1 nM).
Moreover, its complex with the related fluorophore TO3-Biotin (K = 8 nM) is one of the
most red-shifted fluorogenic tags described to date, having an emission maximum of longer
wavelength than the fluorescent protein mPlum.# The Co-crystal structure of RNA Mango
revealed a three-tiered G-quadruplex. TO1-Biotin binds on one of its flat faces, with each of
its three heterocylces, benzothiazole (BzT), mehtylquinoline (MQ) and biotin sequestered
under an unpaired nucleotide.>6

Mango-11 was recently obtained by subjecting the final pool of the RNA Mango selection to
compartmentalization coupled to fluorescence sorting.” Compared to the original aptamer
(hereafter Mango-1), the new RNA is brighter (11,000 M~1cm= vs. 17,000 M~1cm™1 for
Mango-1 and Mango-Il, respectively), and binds to both TO1-Biotin and TO3-Biotin (Figure
1A) with higher affinity (Ky = 1.1£0.3 nM and 1.4+0.3 nM, respectively). To elucidate the
structural basis for the enhanced properties of Mango-I1, and as a starting point for structure-
guided engineering, we have now determined its co-crystal structures in complex with TO1-
Biotin (Figure 1B,C) and TO3-Biotin (Supplementary Fig. 1) at 2.9 A and 3.0 A resolution,
respectively (Supplementary Table 1). The two complexes crystallized in similar unit cells
with three crystallographically independent RNAs (chains A, B, C) in the asymmetric unit
(A.U.). Overall, the three RNAs in each structure are very similar (rmsd ~ 0.7 A for all non-
hydrogen RNA atoms), and so are the RNAs in complex with the two different fluorophores
(rmsd ~ 0.2 A between the best-ordered chains in each structure; the coordinate precisions of
the two structures are 0.42A and 0.40A, respectively). The folds of Mango-1 and Mango-1I
are overall similar, and this similarity extends to crystal packing, in which adjacent aptamers
stack pairwise through their fluorophore-distal quadruplex faces. Nonetheless, and as in the
case of Mango-I, analytical ultracentrifugation indicates the aptamer RNA is monomeric in
solution (Supplementary Fig. 2).

Mango-I1 has an almost identical melting profile in both the presence and absence of TO1-
Biotin and is more thermostable than Mango-1.” In addition, Mango-II is remarkably
formaldehyde resistant; Mango-I1 reacted with formaldehyde, can still bind and induce
fluorescence of TO1-Biotin. Together, these data suggest that the Mango-I1 aptamer has a
pre-organized binding pocket.

Three structural differences between Mango-I and Mango-11 are consistent with a higher
stability of the latter RNA and its improved fluorophore affinity. First, each guanine in the
T3 G-quartet is isolated from the T2 G-quartet by one of four adenine containing propeller
loops (Figure 2B). This approximate four-fold rotational symmetry is lacking in Mango-I
where one T3 guanine buckles 30° out of plane of the other guanines.® Second, the GAAMA
junction between the P1 duplex and the quadruplex of Mango-11 appears to have more
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hydrogen bonding interactions than that of Mango-1 (Supplementary Fig. 3). Consistent with
a higher stability of the Mango-II junction, all P1 helices in the A.U. are crystallographically
resolved. In contrast, only one of the two P1s in the Mango-I A.U. exhibited electron
density. Third, the T1 G-quartet (distal from the fluorophore) of Mango-I1 is augmented into
a hexad by two adenines, A14 and A25 (Figure 2A). The corresponding T1 in Mango-1 is
augmented by one adenine into only a pentad. ® The higher stability of Mango-11 may reflect
the higher temperature at which it was selected (45 °C vs. 37 °C for Mango-1).

The five adenines in the four propeller loops and the planar T3 quadruplex they create
together define the fluorophore binding pocket of Mango-I1I. In this complex, the MQ and
BzT of TO1-Biotin are coplanar and, in chains A and B, stack on G13 and G29 of T3,
respectively (Figure 3A). The binding modes of the headgroup of the fluorophore in the
Mango-I and Mango-Il complexes are near-mirror images. When seen from above the plane
of T3, the BzT and MQ heterocycles are arranged clockwise and counter-clockwise in the
two structures, respectively. As a result, the long axes of the BzT and MQ heterocycles are
parallel and perpendicular to those of the T3 guanines on which they stack in the Mango-I
and Mango-I1 complexes, respectively (ref. 5, Supplementary Fig. 4). The perpendicular
stacking arrangement is also present in chain C of the Mango-1I structure but the
heterocycles of the fluorophore are rotated by 90° around the 4-fold symmetry axis of the G-
quartet with respect to that found in the A and B chains (Figure 3B). Concomitant with this
rotation, four of the flap adenines of chain C of the A.U. (A17, A22, A23, and A28) adopt
different conformations from those of chains A and B (Figure 3B). A17 reorients from anti
to sy, A22 and A28 become disordered; and A23 reorients from syrto anti. In additional
contrast to the Mango-1 structure, electron density for atoms 1’ through 7’ of the PEG linker
is coplanar with the T3 guanine layer, with the biotin moiety being disordered in all three
complexes. The increased coplanarity of the TO1 heterocycles is consistent with the higher
quantum yield of Mango-11-TO1-Biotin complex (0.21 vs. 0.14 for the corresponding
Mango-I complex).

In the structure of Mango-11 bound to TO3-Biotin, electron density corresponding to the
fluorophore was only observed for the headgroup (BzT, MQ, and the trimethine linker), and
only in RNA chains A and B (Figure 3C,D). Notably, in the two chains with bound TO3-
Biotin, the nucleobase of A22 stacks directly on G24 of T3. In chain B, A22 also is in van
der Waals contact with the methine linker of TO3-Biotin. These interactions may further
stabilize the complex, and the packing of A22 observed in chain B may directly promote
fluorescence of TO3-Biotin by stabilizing a coplanar conformation BzT, MQ, and the
extended methine linker of this fluorophore.

Highly selective fluorogenic RNAs would facilitate development of orthogonal fluorescent
tags. The structural heterogeneity revealed by our Mango-11 TO1-Biotin and TO3-Biotin co-
crystal structures, as well as the comparable affinity of the aptamer for the two fluorophores,
suggests that the fluorophore binding pocket of this aptamer is not highly stereoselective. To
increase selectivity of Mango-11, we constructed mutants focusing on residue A22, which in
our structures is conformationally plastic and appeared to have the most potential to
influence TO3-Biotin discrimination. Mutants were analyzed for affinity and fluorescence
enhancement of TO1-Biotin and TO3-Biotin (Supplementary Table 3). Mutation to guanine
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reduced the binding affinity and fluorescence enhancement of both TO1-Biotin and TO3-
Biotin (Supplementary Table 3). Such an outcome is not unexpected, as G-quadruplex
nucleic acids can undergo alternative folding when additional guanine bases are present.?
However, mutation to uridine or cytosine maintained the binding affinity for TO1-Biotin (0.9
nM) while decreasing the affinity of TO3-Biotin from ~1.4 nM to ~5.0 nM (Supplementary
Table 3). Unexpectedly, these mutations also increased the fluorescence enhancement of
TO1-Biotin by 18% while decreasing the fluorescence enhancement of TO3-Biotin by 25%
(Supplementary Table 3).

To understand how the Mango-Il1 A22U mutation results in increased TO1-Biotin
fluorescence enhancement, we determined the co-crystal structure of this complex at 2.8 A
resolution (Supplementary Table 2). The RNA structure is generally unchanged from that of
the wild-type. The nucleobase of U22 is ordered but projects into solvent rather than
interacting with T3. TO1-Biotin adopts the same orientation in all three chains in the A.U.
with Bzt and MQ stacking on G29 and G13, respectively (Figure 3 E,F). Among our crystal
structures, the binding pocket of the mutant is better ordered than that of either wild-type
complex as judged by the mean real-space correlation coefficient (Supplementary Table 5).
Ligand-RNA shape complementarity (SC) analysis® of each co-crystal structure indicates
that the A22U binding pocket conforms to TO1-Biotin better than wildtype, with SC
statistics of 0.796 (rms=0.004) and 0.750(rms=0.009), respectively. The SC statistic of
Mango-I1-TO3-Biotin complex, 0.800 (rms=0.019), was similar to that of Mango-11(A22U)-
TO1-Biotin.

To extend our crystallographic observations into solution conditions, we examined the
fluorescence lifetimes of the wildtype and A22U mutant Mango-I11 RNAs in complex with
TO1-Biotin. The A22U mutation increases the average lifetime of the emission from 1.51
(£0.06) ns to 1.92 (£0.03) ns. The lifetime of the Mango-11-TO1-Biotin complex has two
components, and both are increased in the mutant compared to the wild-type: the first from
0.52 (x0.02) ns to 0.72 (x0.01) ns, and the second from 2.33 (£0.12) ns to 2.904 (+0.001) ns
(Supplementary Figure 5, Supplementary Table 6). Our X-ray structures show that the wild-
type Mango-I1 has two different modes of TO1-Biotin binding, while the A22U mutant is
more homogeneous (Figure 3). The longer lifetimes of the mutant are consistent with this,
and in particular suggest reduced torsional freedom in the atoms of the methine linker, as has
been shown previously for other complexes of thiazole orange with nucleic acids.10

Our mutant co-crystal structure shows no direct contacts between U22 and TO1-Biotin. To
gain further insight into how the U22 mutation improves Mango-I1 properties, we examined
the effect of varying the length of the linker between the thiazole orange and biotin moieties
of TO1-Biotin. We determined the affinity and fluorescence enhancement of four
compounds: TO1-OAc (TO1-acetate), TO1-ME (TO1-methylester), TO1-PA (TO1-
propanylamide), TO1-PE (TO1-pentenoylester) (Figure 4, Supplementary Table 3) Binding
affinity and fluorescence enhancement of TO1-OAc is drastically diminished, and nearly
identical between the wild-type and A22U mutant. However, the TO1-ME and TO1-PA
exhibit greater fluorescence enhancement and binding affinity with the wild-type than with
A22U. This suggests that in the absence of an extended linker, the A22 stabilizes the binding
pocket, presumably by stacking on G24 as observed in chain B of the Mango-I-TO3-Biotin
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co-crystal structure (Figure 3 C,D). Further extension of the linker stabilizes the binding
pocket by stacking on T3 but becomes sterically hindered by a bulky purine in position 22.
The A22U mutation would limit steric clashes while preventing misfolding of the G-
quadruplex core. Thus, the improved properties of the Mango-11 A22U mutant may arise
from improved packing of the linker of the fluorophore with an RNA with a homogeneous
or predominant conformation.

We demonstrate that Mango-I1 is a versatile platform for fluorescence enhancement of
thiazole-orange derived fluorophores, and have shown that variants of this RNA tag,
designed with the aid of crystal structures, have improved properties. Analysis of the
fluorophore-RNA shape complementarity of each of our structures reveals that fluorescence
enhancement correlates directly with the SC statistic. The Mango-I1-TO3-Biotin and
Mango-11(A22U)-TO1-Biotin complexes both yield similarly high SC statistics, possibly
indicating an upper limit to the shape complementarity attainable from this RNA scaffold.
The high SC statistic observed for the A22U mutant-TO1-Biotin complex also correlates
with improved binding affinity, fluorescence enhancement and fluorescence lifetime.
Fluorescence binding studies on TO1-Biotin variants independently suggest that these
improvements are due to removal of steric constraints on the ligand by the transversion
mutation to a pyrimidine, consistent with our crystallographic analysis. By achieving
enhanced fluorescence properties through improved ligand-RNA packing and structural
homogeneity, this work demonstrates that even functionally selected fluorogenic RNAs can
potentially be improved through detailed structural and mechanistic analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 11. Structure of Mango-II in complex with TO1-Biotin.
(A) Chemical structures of TO1-Biotin and TO3-Biotin. The latter contains two additional

methine carbons. (B) Secondary structure of the Mango-11-TO1-Biotin complex. Thin lines
with arrows denote connectivity. Base pairs are represented with Leontis-Westhof symbols.

11 |_ocation of fluorophore and two potassium ions (TO1,

Mg, and M) is indicated. This

color scheme is used throughout the manuscript except where noted. (C) Cartoon
representation of the Mango-11-TO1-Biotin complex. Arrows adjacent to the cartoon denote

chain direction.
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Figure21. The Mango-11 G-quadruplex.
(A) Augmented Tier 1 (T1, purple) and Tier 2 G-quartets (T2, blue) of the Mango-11-TO1-

Biotin complex. T1 is augmented into a hexad. (B) Side view.
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Figure 3 1. Plasticity of the Mango-I I ligand binding pocket.
(A) Cartoon representation of the ligand binding pocket of chain A of the Mango-II-TO1-

Biotin complex structure, with fluorophore electron density (21 ~l-1 /| prior to building the
ligand, contoured at 1.2 o, blue mesh) shown in mesh. (B) Overlay of the fluorophores from
the three complexes in the asymmetric unit aligned on chain C. TO1-Biotin from chains A,
B, and C are shown in transparent red, transparent purple and blue, respectively. In chain C,
A22 and A28 are disordered. (C) Fluorophore electron density (21 /~l-1/l) prior to building
the ligand, contoured at 1.2 o, blue mesh) for chain A of the Mango-11-TO3-Biotin complex
structure. (D) Overlay of the ligands in chain A (purple) and chain B (red). The chain A
RNA is shown. (E) Cartoon representation of the ligand binding pocket of chain B of the
Mango-11(A22U)-TO1-Biotin complex Fluorophore electron density (21 ~l-1F| prior to
building the ligand, contoured at 1.2 o) blue mesh. (F) Overlay of the ligands in chains A, B
and C (purple,blue and red, respectively). Chain A RNA shown.
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Figure4 1. Mango-11 binding and fluorescence enhancement of thiazole orange derivatives.
Dissociation constants, K, and fluorescence enhancement, (gray and green bars,

respectively) for various TO1-Biotin derivatives. Length of the linker between TO1 and
biotin increases from left to right. Error bars report standard error, see Supplementary Table
3 for values.
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