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The spatiotemporal localization and tracing of biomacromol-
ecules, such as proteins and RNAs, are essential for investiga-
tion of their functions, mechanisms and interplay in biology. 

The discovery and development of fluorescent proteins (FPs) have 
provided a marked increase in the applicability of live-cell protein 
imaging impacting function1. Live-cell RNA imaging, however, 
does not yet have such a powerful tag, given that no intrinsi-
cally fluorescent RNAs have ever been found in nature. Current 
state-of-the-art methods to detect the distribution and level of cel-
lular RNA include fluorescence in situ hybridization (FISH)2 and 
engineered RNA motifs tethering fluorescent protein fusions with 
specific RNA-binding proteins, for example, MS2, λN and even 
Cas3–7. However, FISH requires cell fixation and is not suitable for 
live-cell RNA imaging. By comparison, fluorescent protein tether-
ing systems could allow real-time imaging of single RNA molecules 
in live cells, but still they suffer from high background signal due to 
unbound fluorescent proteins, and the dependence on many copies 
of tandem repeat RNA motifs, which might interfere with the bio-
logical functions of the target RNA8,9.

Fluorescent RNAs (FRs), the complex of RNA aptamers with their 
cognate dye ligands, mimic the fluorogenic properties of fluorescent 
proteins and enable genetically encoded labeling of target RNA10–29. 
Despite RNA tagging and imaging being achieved in live cells, many 
FRs still suffer from limitations, such as high background11–15,21–25, 
weak cellular brightness15–19, limited thermostability or photostabil-
ity15–19,30,31 or their multimeric nature19,32. To this end, the recently 
reported Pepper fluorescent RNAs (Extended Data Fig. 1a) have 
emerged as a powerful tool for live-cell RNA imaging, as they are 
monomeric, bright, stable and exhibit multiple spectral properties 
in vitro and in live cells, thus allowing robust and no-background 
imaging of diverse RNA in live cells33. Compared to other fluores-
cent RNAs, Pepper tags have one order of magnitude enhanced cel-
lular brightness and fluorescence turn-on ratio, one or two orders 
of magnitude enhanced fluorophore affinity, an increase in melting 

temperature (Tm) of ~20 °C and expanded pH tolerance33. Sequence 
analysis of Pepper aptamer shows that a 43-nucleotide, non-G-tetrad 
RNA module is essential for HBC ((4-((2-hydroxyrthyl)(methyl)
amino)-benzylidene)-cyanophenyl-acetonitrile) (1) binding and 
activation, which is composed of two short duplexes flanked by 
two invariant intermediate junctions and one terminal loop. To 
elucidate the mechanism underlying the fluorescence activation of 
this fluorogenic RNA aptamer, we determined the tertiary struc-
tures of Pepper aptamer in complex with HBC and its related ana-
logs using X-ray crystallography, which was further supplemented 
with structure-guided in vitro and live-cell mutational analysis. Our 
research thus establishes thorough structural principles underlying 
the photophysics of Pepper fluorescent RNA and provides insights 
into the rational design of HBC complexes with improved properties.

Results
Crystallization of the Pepper-HBC complex. The chemical struc-
ture of the fluorophore molecule HBC is shown in Fig. 1a, together 
with the SELEX-selected initial RNA sequence, which can specifi-
cally recognize HBC, as shown in Extended Data Fig. 1a (ref. 33). To 
facilitate the crystallization of the complex of Pepper bound with 
HBC, we changed the length of the stem P1 and P3 and replaced 
the terminus variable loops of stem P3 and P1 with other optional 
sequences. After screening a large number of different Pepper 
aptamer constructs, we obtained high diffraction-quality crystals of 
one 49-nucleotide Pepper construct in complex with HBC, in which 
the UUCG tetraloop was introduced into the terminus of stem P3 
as a closed loop, L3, and the terminus of stem P1 was mutated to a 
blunt end (Fig. 1b). We solved the Pepper-HBC complex structure 
with the single-wavelength anomalous diffraction (SAD) method 
by using the anomalous signal of three Ir(NH3)6

3+ heavy atoms from 
Ir(NH3)6

3+-soaked crystals (Extended Data Fig. 2a). The structure of 
the Pepper-HBC complex was refined at a high resolution of 1.64 Å 
with Rwork / Rfree values of 0.20 / 0.25 (Supplementary Table 1).
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Structure of Pepper bound to HBC. The secondary structure sche-
matic and cartoon representation of the tertiary structure of the 
Pepper-HBC complex are shown in Fig. 1c,d. The tertiary fold of 
Pepper aptamer contains three stems, P1 (gold), P2 (violet) and P3 
(green), connected by three junctions, J1/2 (slate), J2/1 (slate) and 
J3/2 (cyan), which conform to the proposed secondary structure 
(Fig. 1b and Extended Data Fig. 1a). Stems P1, P2 and P3, and the 
zipped junctions J1/2 and J2/1, stack continuously, thereby form-
ing a long stable helix (Extended Data Fig. 1b). The bulge region 
J3/2 located between stems P2 and P3 extrudes from the helix 
and is positioned in the major groove of stem P2, where it forms 
long-distance interactions with stem P2 and the zipped junction 
J2/1 (Fig. 1c,d). HBC is bound at the intersection of stem P2, zipped 
junctions J1/2 and J2/1 and the bulge region J3/2 (Fig. 1c,d and 
Extended Data Fig. 1b).

The downward-projecting bulge region J3/2 is composed 
of nucleotides from C29 to U35 (Fig. 1c). From top to bottom, 
two continuously stacking alignments, C29-A30-A31-U32 and 
U35-G34-C33, are aligned towards the junctional HBC-binding 
pocket (Fig. 1e). On the top of J3/2, C29 and A30 stack on A31. In the 
middle of J3/2, A31 forms one hydrogen bond with G37p (the phos-
phate of G37) from stem P2 (Fig. 1e and Extended Data Fig. 3a,b). 
U32 forms a noncanonical pairing interaction with U35 between 

the two stacking alignments C29-A30-A31-32 and U35-G34-C33, 
wherein U35 forms two additional hydrogen bonds with the base of 
G37 and C38p from stem P2 (Fig. 1e and Extended Data Fig. 3a,b). 
Below the noncanonical U35-U32 base pair, G34 from J3/2 forms 
one base triple with G39·C11 from stem P2 in the tertiary structure 
of the complex (Fig. 1f and Extended Data Fig. 3c). In the bottom of 
J3/2, C33 forms hydrogen-bond interactions with G9 from J1/2 and 
U40·G10, the terminal base pair of stem P2. This results in the for-
mation of a sheared base tetrad G10-U40-C33-G9 at the intersec-
tion of J3/2, stem P2 and J1/2, which is positioned to accommodate 
the bound ligand HBC (Fig. 1f and Extended Data Fig. 3d).

There are eight nucleotides distributed in the junction region 
between stem P1 and P2, in which the consecutive nucleotides 
A6-C7-U8-G9 and G41-U42-C43-G44 in two strands are desig-
nated as J1/2 and J2/1, respectively (Fig. 1b,c). Except for G9, which 
is involved in the formation of the base tetrad above the bound 
HBC, all the other nucleotides participate in the formation of two 
base tiers below the bound HBC (Extended Data Fig. 3d). U8 from 
J1/2 and G41, U42 and C43 from J2/1 are positioned in the same 
plane and form the first non-G-tetrad tier (Fig. 1f and Extended 
Data Fig. 3e). C7 from J1/2 forms a canonical Watson–Crick base 
pair with G44 from J2/1 (Fig. 1f and Extended Data Fig. 3f). A6 
from J1/2 is positioned in the major groove side of C7·G44 and 
hydrogen bonds with the base of C7, resulting in the formation of 
a base triple G44-C7-A6, constituting formation of a second tier 
above stem P1 (Fig. 1f and Extended Data Fig. 3f). Between the two 
tiers, it should be noted that both G41 and U42 in the first tier adopt 
a 2′-endo sugar pucker conformation and form hydrogen-bonding 
interactions with the second-tier G44-C7-A6 base triple (Fig. 1f). 
At the same time, A6 in the second tier also adopts a 2′-endo sugar 
pucker and interacts with the base of U8 in the first tier (Fig. 1f). 
In addition, the 2′-OH of A6 interacts with the bases of G9 and 
C33 in the base tetrad above the bound HBC (Fig. 1f), while the 
base of A6 forms a hydrogen-bond interaction with the phosphate 
of C5 from stem P1 (Extended Data Fig. 3f,g). Taken together, these 
stacking interactions and the extensive tertiary contacts stabilize 
the conformation of the junction region, including J1/2, J2/1 and 
J3/2, therefore assisting in defining the tertiary structure of the 
Pepper aptamer.

Metal ions mediate tertiary structure formation. It is notable 
that several hydrated Mg2+ ions are identified participating in the 
tertiary folding of the HBC-bound Pepper aptamer, which have 
been confirmed by the observed anomalous signal collected from 
divalent cation Mn2+-soaked crystals of the Pepper-HBC complex, 
which contrasts with the absence of an anomalous signal for mon-
ovalent cation, Cs+-soaked crystals of the complex (Extended Data 
Fig. 2b,c). Except for M5, which is coordinated to the major groove 
of stem P1, all other metal ions, including M1, M2, M3 and M4, 
are coordinated to the junction regions J1/2, J2/1 and J3/2 (Fig. 2a).

M1 is located in the upper segment of J3/2, near the intersec-
tion of stems P2 and P3, where it forms inner-sphere coordina-
tion with the nonbridging phosphate oxygen of A30 and forms 
outer-sphere coordination with the nonbridging phosphate oxygen 
of C29, A31 and G37, as well as the bases of A30, A31 and U32 (Fig. 
2b). M2 is coordinated to the lower segment of J3/2, where it forms 
inner-sphere coordination with the nonbridging phosphate oxygen 
of U32 and forms outer-sphere coordination with the nonbridging 
phosphate oxygen of A31, C33 and G34 (Fig. 2b).

M3 is located adjacent to the HBC-binding site, where it is coor-
dinated directly to the residues in junction J1/2, including N7 of G9, 
the phosphate between A6 and C7 and the phosphate between C7 
and U8 (Fig. 2c). M4 is located between junction J2/1 and stem P1 
and forms inner-sphere coordination with the nonbridging phos-
phate oxygen of U42, while forming outer-sphere coordination with 
the 2′-OH of G41 and the bases of G4, C5 and G45 (Fig. 2d). The 
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Fig. 1 | Secondary and tertiary structure of Pepper aptamer in complex 
with HBC. a, Chemical structure of HBC. b, Predicted secondary structure 
of the Pepper aptamer construct used in crystallization. c, Schematic of the 
secondary structure of the Pepper aptamer depicted on the basis of the 
tertiary structure determined by X-ray crystallography. d, Tertiary structure 
of the Pepper aptamer (shown in cartoon representation) in complex 
with HBC (shown in sphere representation). e, Tertiary conformation of 
the downward-pointing junction J3/2, in which two stacking alignments 
are formed by C29-A30-A31-U32 and C33-G34-U35, respectively. f, 
Tertiary interaction of junction J1/2 and J2/1, in which a non-G tetrad, 
U8-G41-U42-C43, and a base triple, G44-C7-A6, are formed beneath the 
bound HBC. It is noted that A6, U42 and C43 adopted 2’-endo sugar pucker 
conformations and formed hydrogen bonds with adjacent residues.
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composite omit electron density map (contoured at level 1.0σ) of 
M1 to M4 and the coordinated residues are shown in Extended Data 
Fig. 4a. We identified one additional metal, M5, that is located in the 
major groove of stem P1, which forms outer-sphere coordination 
with the main chain of G45, C46 and G47 and the bases of G47 and 
G2 (Fig. 2a and Extended Data Fig. 4b).

To determine the importance of this Mg2+-involved coordination 
in the tertiary structure folding of Pepper aptamer and the fluores-
cence activation of HBC, we performed the fluorescence activation 
assay of Pepper aptamer in the presence of different concentrations 
of Mg2+, as well as other divalent cations, such as Mn2+, Ca2+ and 
Ba2+ (Extended Data Fig. 5a–d and Supplementary Table 3). It was 
found that in the absence of Mg2+, the Pepper has minimal acti-
vated fluorescence. Increasing the concentration of Mg2+ leads to 
a significant increase of the fitted binding affinity of Pepper with 
HBC, and a lower HBC concentration to reach the maximal fluo-
rescence intensity (Extended Data Fig. 5a and Supplementary Table 
3). Pepper can also activate the fluorescence of HBC in the presence 
of Mn2+, but showed lower dependence on Mn2+ and lower maxi-
mal fluorescence intensity compared to Mg2+ (Extended Data Fig. 
5b). Other divalent cations, such as Ca2+ and Ba2+, do not support 
the binding of Pepper with HBC and result in minimal fluorescence 
(Extended Data Fig. 5c,d and Supplementary Table 3). Beside these 
divalent cations, we also tested the dependence of Pepper on the 
monovalent cation K+ and found that the activated fluorescence is 

not affected by K+ concentrations from 0 mM to 50 mM (Extended 
Data Fig. 5e and Supplementary Table 3).

Architecture of the HBC-binding pocket. As shown in Fig. 
1c,d, the fluorophore molecule HBC is bound in the intersection 
region of stem P2, internal junctions J1/2 and J2/1 and the bulge 
junction J3/2. To investigate the composition of the HBC-binding 
site, we show the schematic secondary structure of Pepper RNA 
in Fig. 3a, with emphasis on the junction region architecture. A 
surface representation reveals that a planar and compact binding 
pocket is formed in the center of the overall structure (Fig. 3b), 
in which two alignments of consecutive residues U8-G9-G10 and 
U40-G41-U42-C43, supplemented with one terminal residue C33 
in J3/2, form a four-sided box that accommodates the bound HBC 
molecule (Fig. 3c and Extended Data Fig. 6a,b). HBC intercalates 
in the ligand-binding pocket and becomes stacked between the top 
and bottom faces of the box (Fig. 3b). The noncanonical base pair 
formed by G10 and U40 at the terminus of stem P2 constitutes the 
top face of the box, while the non-G-tetrad G41-U42-C43-U8 com-
prises the bottom face of the box (Figs. 1f and 3c–e). The face at the 
left-hand side of the box consists of G9 and C33, which is fastened 
to the top face by the hydrogen-bonding interaction between C33 
and U40 and the linked phosphate between G10 and G9, and to the 
bottom face by the linked phosphate between U8 and G9 (Figs. 1f 
and 3c). The face at the right-hand side of the box consists of the 
linked phosphate between U40 and G41, which stabilizes both the 
top and bottom faces of the box and anchors HBC firmly in the box 
(Fig. 3c). Within the binding box, it is notable that one hydrogen 
bond is formed between the terminal group –OH of HBC and N7 
of G41 (Fig. 3d,e). Outside the binding box, three faces of the box 
are wrapped additionally on the top by the base triple G39-C11-G34 
(Extended Data Fig. 6c,d) and on the bottom by the base layer 
formed by A6, C7 and G44 (Fig. 1f and Extended Data Fig. 6c,d), 
followed by the continuous stacking interaction in opposite direc-
tions from stem P1 and P2 (Fig. 3a). The composite omit electron 
density maps (contoured at 1.0σ level) of the residues involved in 
the binding interaction and the bound HBC are shown in Extended 
Data Fig. 6e,f.

Fluorescence assay of Pepper aptamer mutants. To evaluate the 
impact of the residues involved in HBC binding, we performed 
nucleotide substitutions of the binding pocket and measured their 
ability to enhance the fluorescence of HBC in vitro and in live mam-
malian cells (Fig. 4 and Extended Data Figs. 7–9). G10 and U40 
form a wobble base pair above the bound HBC in the binding site 
(Fig. 3c–e). The individual U40 to C (M01) and G10 to A (M02) 
mutations, which resulted in replacement of the wobble base pair 
with canonical Watson–Crick base pair variants, partly decreased 
the activated fluorescence intensity to 40% and 60%, respectively, 
in vitro (Fig. 4a,b). Accordingly, the population of the cells express-
ing M01 and M02 Pepper mutants with green fluorescence became 
noticeably smaller, and the fluorescence signals of these cells with 
green fluorescence were also markedly decreased when compared to 
the cells expressing wild-type (WT) Pepper (Fig. 4c). Additionally, 
the residue switched mutant U40G·G10U (M03) was also prepared 
and expressed in mammalian cells; however, the fluorescence was 
no longer detectable (Fig. 4). G9 from J1/2 forms a long-distance 
interaction with C33 from J3/2 in the tertiary structure lining the 
HBC-binding pocket (Figs. 1c,f and 3c). Substitutions of G9 to A 
(M04) or C (M05) completely abolished the activated fluorescence, 
while substitutions of C33 to U (M06) resulted in a reduction in flu-
orescence by more than a half, and of C33 to A (M07) decreased the 
fluorescence by more than tenfold (Fig. 4b). These results were fur-
ther confirmed by the expression of these mutants (M04, M05, M06 
and M07) in mammalian cells (Fig. 4c), which was in agreement 
with our observations in the tertiary structure (Fig. 1f). Mutations 
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Fig. 2 | metals involved in interaction in the tertiary structure of Pepper 
aptamer in complex with HBC. a, Five divalent metal cations, M1–M5, 
are identified in the tertiary structure of Pepper aptamer in complex with 
HBC, four of which (M1–M4) are located in the junction region and one 
of which (M5) is bound to the stem P1. b, M1 and M2 are located in the 
bulge junction region J3/2. M1 forms direct coordination with A30p (the 
phosphate of A30), while it forms indirect coordination with phosphates 
of C29p, A31p and G37p and the bases of A30, A31 and U32. M2 forms 
direct and indirect coordination with A31p, U32p, C33p and G34p. c, M3 
forms inner-sphere coordination with U8p, C7p and the base of G9. d, M4 
is located in the intersection of stem P1 and junction region J1/2 and J2/1, 
which forms direct coordination with U42p and indirect coordination with 
the sugar of G41 and the bases of G4 and C5.
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(M08–M13) based on the formation of the U8-G41-U42-C43 tet-
rad positioned beneath the ligand reduced the fluorescence by 
varying levels (Fig. 4). Except for the mutant U42A (M09), which 
generated less than half the fluorescence, the remaining mutants, 
such as U8A (M08), U42C·U8G (M10), U42C·U8C (M11), G41A 
(M12) and C43U (M13), generated either low fluorescence (around 
10%) or no fluorescence (Fig. 4b). Mutations of G44, C7 and A6 
(M14–M17) also showed diminished fluorescence compared to 
WT Pepper aptamer (Fig. 4b). Live-cell expression of these mutants 
(M08–M17) in mammalian cells generated coincident results with 
the in vitro fluorescence activation experiments (Fig. 4c). Together, 
all these mutation results highlight the importance of the related 
nucleotides lining the binding pocket.

We noticed that A6, G41 and U42 all adopt 2′-endo sugar pucker 
conformations in the tertiary structure and participate in the for-
mation of the platform in the HBC-binding pocket (Fig. 1f and 
Extended Data Fig. 3f–g). Thus, we also investigated the signifi-
cance of the 2′-OH of A6, G41 and U42, by replacing those residues 
with the cognate deoxynucleotides. As shown in Extended Data Fig. 
7, A6dA, G41dG and U42dU exhibited markedly low HBC-binding 
affinity and weak capacity to activate HBC fluorescence, even in the 
presence of high concentration of ligand (5 μM HBC) (Extended 
Data Fig. 7). These results agree with the observed interaction in 
the crystal structure and highlight the functional importance of the 
2′-endo sugar pucker and 2′-OH groups in RNA molecules.

To further explore the composition tolerance of the Pepper 
aptamer, we tried truncation variants of the Pepper aptamer with 

a reduced number of base pairs in the stem P1 or P3, respectively, 
and deletion of the protruded junction region J3/2 (M18–M24, 
Extended Data Figs. 8 and 9a). The activated fluorescence signal 
was comparable to the wild-type Pepper aptamer until the length 
of the stem P1 was reduced to one base pair (M18–M20, Extended 
Data Figs. 8 and 9a,b). The fluorescence intensity was reduced to 
half on retention of two base pairs in stem P3 (M21, Extended Data 
Figs. 8 and 9a,b) and became very weak after deletion of the entire 
stem P3 (M22, Extended Data Figs. 8 and 9a,b). Deletion of the 
whole bulge junction J3/2 (M23), or deletion of both bulge junc-
tion J3/2 and stem P3 (M24), almost abolished the fluorescence 
(Extended Data Figs. 8 and 9a). In addition, when we expressed 
these mutants (M21–M24) in mammalian cells, the resulting cell 
populations and fluorescence intensity showed the same tendency 
as above (Extended Data Fig. 8 and 9c). Taken together, these results 
provide a structural and experimental basis to optimize the array of 
tandem Pepper aptamers in further applications.

Structure of Pepper aptamer bound to HBC analogs. The chemi-
cal formula of HBC consists of an acceptor and an electron donor 
linked by aromatic π conjugation (Fig. 1a). Our previous results 
showed that the introduction of different electric properties of 
chemical groupings in the HBC molecule generated a wide range 
of fluorescence wavelength, from cyan to red33. To detect the pat-
tern of these HBC-like fluorophores interacting with Pepper 
aptamer, we attempted cocrystallization of the Pepper aptamer with 
HBC analogs, including HBC514 (2), HBC508 (3), HBC497 (4), 
HBC620 (5), HBC525 (6) and HBC485 (7), and determined the 
structures of Pepper-HBC514, Pepper-HBC508, Pepper-HBC497, 
Pepper-HBC620, Pepper-HBC525 and Pepper-HBC485 complexes 
(Fig. 5 and Extended Data Fig. 10).

As shown in Fig. 5a and Extended Data Fig. 10a, the composi-
tion of the binding pocket of HBC514 is similar to HBC, but the 
introduction of the aliphatic amine group instead of the hydroxy 
group in the terminus made the ligand lose the hydrogen-bonding 
interaction with G41. Substitution of the benzene moiety by pyri-
dine (HBC508) or pyrazine (HBC497) generated the same inter-
actions between the Pepper aptamer and the ligand (Fig. 5b,c 
and Extended Data Fig. 10b,c). The ligand-binding pocket of 
the Pepper aptamer can also accommodate HBC620, in which 
the bithiophene with longer length was introduced to improve π 
conjugation. However, due to the long length of the bithiophene, 
HBC620 did not form any hydrogen-bonding interaction with the 
Pepper aptamer (Fig. 5d and Extended Data Fig. 10d). HBC525, 
in which the electron acceptor was replaced with 2-benzoxazole, 
retained the ligand interactions between HBC and Pepper aptamer, 
including the hydrogen-bonding interaction (Fig. 5e and Extended 
Data Fig. 10e). Another ligand, named HBC485, was substituted 
with both the aliphatic amine group (introduced in HBC514, 
Fig. 5a and Extended Data Fig. 10a) and pyrazine (introduced in 
HBC497, Fig. 5c and Extended Data Fig. 10c), which resulted in 
a similar interaction with Pepper as for HBC514 (Fig. 5a,f and 
Extended Data Fig. 10a,f).

Discussion
Over the past two decades, the family of GFP-like FPs has been con-
siderably expanded, and has become one of the most widely used 
tools in molecular biology, cell biology, biotechnology and medi-
cine, not only for tracing of proteins and cells, but also for monitor-
ing of metabolites, ions and cellular signals in live cells and in vivo1,34. 
Numerous crystal structures of these FPs are available, which share 
a similar β-can structure, comprising 11 strands of β-sheet with an 
α-helix inside and short helical segments on the ends of the cyl-
inder. The structures of FPs have greatly facilitated efforts towards 
improving photophysical properties and spectral spanning, as well 
as the design of genetically encoded biosensors1,35,36.
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In contrast to this rich set of tools for studies using FPs, the 
development of FRs, the equivalent of FPs for RNA studies, has 
turned out to be more difficult than their protein counterparts, as 
there are no native FR scaffolds that can serve as a starting point for 
engineering37. In 1999, Grate et al. evolved an RNA aptamer to bind 
malachite green (MG), aiming to specifically inactivate its attached 
messenger RNA by illuminating the dye to generate reactive oxygen 
species38. It was not until 2003 that Roger Y. Tsien’s group raised the 
concept towards development of fluorescent RNA by using the MG 
aptamer to specifically bind the MG dye and significantly activate 
its fluorescence10. So far, several fluorescent RNAs based on Hoechst 
derivatives, cyanine and GFP-derived fluorophores have been 
developed and some of their tertiary structures have been solved by 
X-ray crystallography. Most of these FRs contain a G-quadruplex 
in their fluorophore-binding site. For example, Spinach contains 
an unusual antiparallel G-quadruplex together with a base triplet 

and an unpaired G to form the binding pocket39,40; Mango folds into 
mixed parallel and antiparallel G-quadruplexes by using six loops 
to connect the 12 guanine residues of its three G-quartets32,41; Corn 
forms a homodimer that encapsulates one DFHO (3,5-difluoro-4-hy-
droxybenzylidene-imidazolinone-2-oxime) at its interprotomer 
interface, sandwiching it with a G-quadruplex from each pro-
tomer32. However, previous studies have shown that eukaryotic cells 
have machinery that specifically inhibits the formation of G-quartet 
folded structures42, suggesting that G-quartet-containing FRs may 
have poor folding propensity in live cells and are not optimal for 
RNA imaging. DIR2s, second-generation dimethylindole reds, are 
the only FRs that lack a G-quadruplex motif and adopt a compact, 
tuning-fork-like architecture consisting of a helix and two short 
stem loops oriented in parallel to create the ligand-binding pocket43. 
Nevertheless, DIR2s show a high tendency to dimerize, which may 
interfere with the behavior and function of the tagged RNA.
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The Pepper series FRs developed recently fulfill almost all of the 
favorability criteria for ideal FRs; namely, they should be mono-
meric, stable, bright and multicolored33. In this study, we have deter-
mined the structures of Pepper in complex with HBC and its analogs. 
The Pepper aptamer folds into a monomeric non-G-quadruplex 
tuning-fork-like architecture composed of a helix and one pro-
truded junction region, which is consistent with previous biochemi-
cal studies, which showed that Pepper is independent of potassium 
ions and probably lacks a G-quartet in its folded topology33. Further 
structure-based analysis and the impact of divalent cations revealed 
that Pepper is dependent on Mg2+ cations. As shown in Fig. 2b, all 
the residues except U35 in J3/2 are coordinated to M1 (Mg2+) and 
M2 (Mg2+), which together help to define the tertiary conformation  

of J3/2. M3 (Mg2+) located in the vicinity of the HBC-binding 
pocket forms direct coordination interactions with residues lin-
ing the binding pocket, and is therefore involved in the stabiliza-
tion of the binding pocket. M4 (Mg2+) is positioned between J2/1 
and stem P1 and clamps them together by coordination. These 
metal-mediated interactions were also observed in the stabiliza-
tion of previously reported RNA tertiary structures and involved 
in their ligand-binding pocket formation44–46. The near-planar HBC 
fluorophore molecule intercalates in the middle of the structure and 
is sandwiched between one non-G-quadruplex base quadruple and 
one noncanonical G·U base pair, which are additionally stapled by 
the terminal coaxial stems as part of the long colinear helix (Fig. 
1c,d). The structures of Pepper aptamer in complex with each HBC 
analogs indicate that the ligand-recognition pocket is capable of tol-
erating specific modifications on HBC (Fig. 5), which may provide 
opportunities for further optimization on the fluorophore ligands. 
Our structure-based fluorescence assays on mutants of the mono-
meric non-G-quadruplex Pepper aptamer confirm the observa-
tions emerging from the tertiary structure (Fig. 4 and Extended 
Data Figs. 7–9). Nevertheless, no variants showing significantly 
improved properties were found. It appears that Pepper aptamer 
is already in its optimal form, which is not surprising as we had 
already performed extensive truncation and site-directed mutation 
studies on the D11 aptamer, the precursor of Pepper, in our original 
report33. Alternatively, the photophysical properties of Pepper fluo-
rescent RNAs may be improved by modification of HBC ligands. In 
the future, computer-aided rational design of HBC analogs, which 
may have higher affinity or broader spectral properties (for exam-
ple, infrared emission), may result in Pepper-HBC complexes with 
improved photophysical properties.
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methods
RNA preparation. To facilitate the crystallization of the Pepper-HBC complex, 
we tried the Pepper constructs with different length of stems P1 and P3, and 
introduced stable GNRA and UNCG tetraloops, or the U1A protein-binding loop, 
to close stem P1 or P3. The target RNA sequence followed by HDV ribozyme 
was inserted into pUT7 plasmid, which was amplified in Escherichia coli and 
linearized by Hind III restriction endonuclease to generate the DNA template 
for transcription. In vitro transcription was performed at 37 °C using T7 RNA 
polymerase for 4 h, which was followed by purification with urea-denatured 
polyacrylamide gel electrophoresis (urea–PAGE). The target RNA product was 
visualized with a UV lamp and excised from gel, followed by electroelution using 
the Elutrap electroelution system (GE Healthcare) at 4 °C in 0.5× Tris–acetate–
EDTA (TAE) buffer. The eluted RNA sample was further precipitated by the 
isopropanol method, washed with 70% ethanol and finally dissolved in diethyl 
pyrocarbonate (DEPC)-treated double-distilled water after lyophilization.

Crystallization. The fluorophore ligands HBC and its analogs were dissolved at 
a high concentration of 5 mM in DMSO as stock solutions. Then, 0.05 mM RNA 
was mixed with 0.25 mM HBC or HBC analog in a final solution containing 
40 mM HEPES, pH 7.4, 125 mM KCl, 5 mM MgCl2, 5% DMSO. The mixture of 
RNA and ligand was annealed at 65 °C for 5 min and cooled on ice for 1 hour to 
form the RNA-fluorophore complex. Then the RNA-fluorophore complex sample 
was concentrated tenfold to a final concentration of 0.5 mM RNA and 2.5 mM 
ligand for crystallization. The crystallization was performed at 16 °C by mixing 
the RNA-ligand complex with the reservoir well solution at a ratio of 1:1 using 
the sitting-drop diffusion method. The well-diffracted crystals of Pepper-HBC 
and Pepper-HBC analogs grew from the similar conditions, containing 0.1 M 
NH4Cl, 0.005 M MgCl2, 0.025 M HEPES pH 7.0, 1.25 M 1,6-hexanediol, 35–40% 
MPD after one week. The crystals were flash-frozen in liquid nitrogen before 
diffraction data collection. For anomalous diffraction data collection, crystals 
of the Pepper-HBC complex were transferred into the crystallization solution 
containing 0.1 M NH4Cl, 0.005 M MgCl2, 0.025 M HEPES pH 7.0, 1.25 M 
1,6-hexanediol, 40% MPD supplemented with 5 mM Ir(NH3)6Cl3 or 50 mM 
MnCl2, or 50 mM CsCl at 4 °C for 12 h to prepare the Ir(NH3)6

3+-, Mn2+- and 
Cs+-soaked crystals, respectively.

X-ray diffraction data collection and structure determination. X-ray diffraction 
data for crystals of the complexes were collected at beamline BL-19U1 at Shanghai 
Synchrotron Radiation Facility (SSRF). The collected data were processed using 
HKL3000 (HKL Research)47. The phase problem of the Pepper-HBC complex 
was determined with the SAD technique using the diffracted anomalous signal 
collected from Ir(NH3)6

3+-soaked crystals in the Phenix suite48. The structure model 
was further built and refined by Coot49 and Phenix programs48. The structures of 
Pepper-HBC analog complexes were solved by the molecular replacement method 
with the Pepper-HBC structure as the initial model, and further refined by Coot49 
and Phenix programs48. The statistics of crystal diffraction data and structure 
refinement are listed in Supplementary Tables 1 and 2.

In vitro characterization of Pepper and mutants. To confirm the observation 
in the tertiary structure of the Pepper-HBC complex, we made structure-based 
mutations of the Pepper aptamer. The nucleotide replacement mutants of the 
Pepper aptamer were prepared by in vitro transcription, while the deoxynucleotide 
replacement mutants (A6dA, G41dG and U42dU) of the Pepper aptamer were 
synthesized by Shanghai GenePharma.

To evaluate the capability of the Pepper mutants to activate the fluorophore 
ligand HBC, RNA was prepared in the buffer containing 40 mM HEPES pH 7.4, 
125 mM KCl, 5 mM MgCl2 and annealed at 65 °C for 5 min, followed by incubation 
on ice for 30 min. Before the fluorescence measurement experiment, 5 μM of the 
fluorophore ligand HBC was mixed with 1 μM annealed RNA and incubated at 
room temperature for another 30 min.

To explore the impact of the types and concentration of metal ions on HBC 
fluorescence activation by the Pepper aptamer, the trace amount of Mg2+ was 
removed from the RNA sample by dialysis against a solution containing 0.5 mM 
EDTA and 6 M urea overnight. Then, the treated RNA was further precipitated 
by isopropanol, washed with 70% ethanol and finally dissolved in DEPC-H2O 
after lyophilization. To determine the influence of divalent metal ions, RNA was 
annealed at 65 °C for 5 min in 40 mM HEPES pH 7.4, 125 mM KCl and incubated 
on ice for 30 min. Then, titration of 50 nM refolded RNA in the reaction buffer 
containing 40 mM HEPES pH 7.4, 125 mM KCl supplemented with 0 mM to 10 mM 
individual divalent metal ions, such as Mg2+, Ca2+, Mn2+ or Ba2+, with increasing 
concentrations of HBC ranging from 0 μM to 2 μM was performed at room 
temperature. To test the impact of the monovalent anion K+ on the fluorophore 
activation of HBC, RNA was annealed at 65 °C for 5 min in a solution containing 
40 mM HEPES pH 7.4, 5 mM MgCl2 and followed by incubation on ice for 30 min. 
Then, titration of 50 nM RNA with HBC (concentrations ranging from 0 μM 
to 2 μM) was carried out at room temperature in the reaction buffer containing 
40 mM HEPES pH 7.4, 5 mM MgCl2 supplemented with 0 mM to 50 mM KCl.

The resulting data points were fitted to a curve on the basis of the Hill 
equation: y = Bmaxxh/(Kdh + xh), where Bmax is the maximum specific binding 

parameter in the same units as Y, h is the Hill slope, Kd is the concentration needed 
to achieve a half-maximum binding at equilibrium. The fluorescence signal was 
measured using a Synergy Neo2 Multi-Mode Microplate Reader (BioTek) with an 
excitation wavelength of 485 nm (±20 nm) and an emission wavelength of 530 nm 
(±20 nm) for ligand HBC. All fluorescence experiments were repeated three times 
independently.

DNA cloning, cell culture and transfection. For mammalian expression of the 
Pepper aptamer and its mutants, template DNA encoding ribozyme-flanked50 
Pepper was synthesized by Shanghai Generay Biotech. The template DNA 
was amplified and inserted into the original single guide RNA (sgRNA) 
expression plasmid using the Hieff Clone One Step Cloning Kit (Yeasen), which 
was linearized by PCR amplification to remove the native sgRNA scaffold51. 
Reverse PCR was performed using the primers containing different mutations 
in the Pepper sequence. The linearized fragments were self-ligated using the 
Hieff Clone One Step Cloning Kit (Yeasen). The plasmids were verified via 
sequencing by Shanghai Jie Li Biotech. HEK293T cells were cultured in DMEM 
(high glucose) supplemented with 10% FBS. The cell line was authenticated 
and mycoplasma-negative. The cell line was cultured at 37 °C in a humidified 
atmosphere of 95% air and 5% CO2 and split every 2 days or at confluence. 
Unless indicated, transient transfection was performed using the Hieff Trans 
liposomal transfection reagent (Yeasen, catalog no. 40802ES02) according to 
the manufacturer’s protocol. In detail, cells were seeded at 70–90% confluence 
before transfection. For a 96-well plate, 0.1 μg of DNA and 0.25 μl of Hieff Trans 
liposomal transfection reagent were diluted in 25 μl of Opti-MEM (Gibco). The 
DNA–lipid complex was added to the cells after a 20-min incubation at room 
temperature.

Flow cytometry. HEK293T cells were transfected with the plasmid expressing 
Pepper, or Pepper variant, according to the procedure described above. After 
36 hours, the cells were digested and resuspended in the 4% FBS/1× PBS solution 
containing 1 μM HBC and 20 mM MgSO4. The fluorescence was analyzed using 
a CytoFLEX-S flow cytometer (Beckman Coulter) with an excitation of 488/8 nm 
and an emission of 525/40 nm. The gate was placed on the basis of the control cells 
labeled with 1 μM HBC to determine the population fraction that exhibited higher 
fluorescence than the background. Processing and analysis of data were performed 
using the Cytexpert program (Beckman Coulter).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Atomic coordinates and structure factors for Pepper aptamer in complex  
with HBC and the analogs have been deposited at the Protein Data bank  
(www.rcsb.org) under accession numbers 7EOH, 7EOK, 7EOL, 7EOM, 7EON, 
7EOO and 7EOP. The crystal structures of Ir(NH3)6

3+-soaked, Mn2+-soaked  
and Cs+-soaked crystals have been deposited at the Protein Data bank under 
accession numbers 7EOG, 7EOI and 7EOJ, respectively. Source data are provided 
with this paper.
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Extended Data Fig. 1 | the sequence and structure of Pepper aptamer. a, The sequence and predicted secondary structure of the original selected Pepper 
aptamer. b, The tertiary structure of Pepper aptamer is shown in ribbon representation with the bases of the residues shown in stick and the bound HBC 
shown in sphere representation. Stems P1, P2, P3 and the zipped junction J1/2 and J2/1 stacks continuously and form the long helix.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Anomalous difference electron density map for ir(NH3)6
3+-soaked, mn2+-soaked and Cs+-soaked Pepper aptamer crystals. a, 

Anomalous electron density map contoured at level 3.0 σ for Ir(NH3)6
3+ sites (labelled with red arrow) in each asymmetric unit of Pepper aptamer were 

used to determine the phase problem of the structure. b, Anomalous electron density map contoured at level 3.0 σ for Mn2+ sites (shown as purple balls, 
labelled with red arrow) in each asymmetric unit of Pepper aptamer. c, Anomalous electron density map contoured at level 3.0 σ for Cs+ sites (shown as 
cyan balls) in each asymmetric unit of Pepper aptamer. The bound Mg2+ sites are shown as green ball and labelled with red arrow.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Structural details of Pepper aptamer. a, b, Interaction between junction J3/2 and stem P2. A31 (J3/2) forms one hydrogen 
bond with the phosphate of G37 (stem P2). N3 of U32 forms one hydrogen bond with O4 of U35 within J3/2. Then, U35 forms two additional hydrogen 
bonds with the base of G37 and the phosphate of C38 from stem P2. c, A base triple is formed by G34 (J3/2) and the base pair G39-C22 from stem 
P2. d, C33 (J3/2) forms one hydrogen bond with U40 from the terminal of stem P2 and three additional hydrogen bonds with the Watson-Crick edge 
of G9 from J1/2, hence a base quadruple G10-U40-C33-G9 is formed in the bottom of J3/2. e, Three consecutive nucleotides G41, U42 and C43 from 
J2/1 are positioned in the same plane and form hydrogen-bonding interactions with the Watson-Crick edge of U8 from J1/2. f, G44 (J2/1) forms a 
canonical Watson-Crick base pair with C7 (J1/2). The base of A6 forms extensive interaction with the phosphate of C5, the base of C7 and the sugar 
of G41. Additionally, the sugar of U42 forms one hydrogen bond with the base of G44. It is notable that A6, G41 and U42 adopt 2’-endo sugar pucker 
conformation in the structure. g, 2’-OH of A6 pointes upwards and forms hydrogen bond interaction with the base of U8 and G9. The base of A6 forms 
two hydrogen bonds with the sugar of G41 and the phosphate of C5.
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Extended Data Fig. 4 | the identified divalent metals and the involved interaction in Pepper structure. a, The composite omit electron density map 
(contoured at level 1.0 σ) for four metal cations M1, M2, M3 and M4 (shown as green balls) and the coordinated residues in Pepper aptamer. b, M5 
located in the major groove of stem P1 and forms indirect coordination with the phosphates of G45, G46, G47, G48 and the base of G47, G2 from stem P1.
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Extended Data Fig. 5 | the metal ions dependence assay of Pepper aptamer. a-d, The fluorescence activation assay of HBC by Pepper aptamer in 
the presence of Mg2+ (a), Mn2+ (b), Ca2+ (c) and Ba2+ (d). 50 nM refolded RNA in the reaction buffer containing 40 mM HEPES, pH 7.4, 125 mM KCl 
supplemented with individual divalent metal ions at different concentration ranging from 0 mM to 10 mM was titrated with increasing concentrations of 
HBC ranging from 0 μM to 2 μM. e, The activated fluorescence of HBC by Pepper aptamer in the presence of K+ at different concentration from 0 mM to 
50 mM. The titration of 50 nM refolded RNA with HBC (concentrations ranging from 0 μM to 2 μM) in the reaction buffer containing 40 mM HEPES, pH 
7.4, 5 mM MgCl2 supplemented with 0 mM to 50 mM KCl was carried out. Three independent experiments were carried out with similar results. Data 
represent the mean ± s.d. from three replicates.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | the composition of HBC binding pocket in Pepper tertiary structure. a, b, Two rotated views of the four-sided binding box shown 
in Fig. 3c that capsulate ligand HBC in the tertiary structure. c, d, The binding box of HBC is further wrapped by the base triples G39-C11-G34 and A6-
C7-G44 between stem P2 and the zipped junction J1/2 and J2/1. e, f, The composite omit electron density map (contoured at 1.0 σ level) of the residues 
involved in the formation of HBC-binding pocket (e) and the bound HBC (f) are shown respectively.
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Extended Data Fig. 7 | effect with deoxynucleotide mutations in Pepper aptamer. a, The activated fluorescence of HBC by Pepper mutants A6dA, G41dG 
and U42dU from three independently-repeated experiments are normalized for comparison with the wild-type (WT) Pepper aptamer. b, The titration of 
Pepper mutants A6dA, G41dG and U42dU with HBC were carried out in the buffer containing 40 mM HEPES, pH 7.4, 125 mM KCl and 5 mM MgCl2 at 
room temperature. All the titrations are performed three times independently. Data represent the mean ± s.d. from three replicates.
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Extended Data Fig. 8 | the secondary structure of Pepper aptamer and selected mutants m18-24. a, The secondary structure of Pepper aptamer used 
in crystallization. b-d, The secondary structure of Pepper aptamer mutants M18 (b), M19 (c) and M20 (d) with truncated stem P1. e, f, The secondary 
structure of Pepper aptamer mutants M21 (e) and M22 (f) with truncated stem P3. g, The secondary structure of Pepper aptamer mutant M23, in which 
the bulge junction J3/2 is deleted. h, The secondary structure of Pepper aptamer mutant M24, in which the bulge junction J3/2 and stem P3 are deleted.
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Extended Data Fig. 9 | In vitro and in vivo fluorescence assay of selected mutants for m18-m24. a, Structure-based mutants of Pepper aptamer focusing 
on the truncation of Pepper aptamer. b, The in vitro fluorescence activation of HBC by Pepper mutants are normalized for comparison with the wild-type 
(WT) Pepper aptamer. All the tests are performed three times independently. Data represent the mean ± s.d. from three replicates. c, FACS analysis of 
Pepper fluorescence in mammalian cells. HEK293T cells transfected with plasmid expressing Pepper or Pepper variant were incubated with 1 μM HBC and 
analyzed using a flow cytometer. HEK293T cells transfected with mock plasmid and labeled with 1 μM HBC were used as the controls. Gate (green) was 
placed based on the control cells to determine the population fraction that exhibited higher fluorescence than the background.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | the binding pockets composition of HBC-like fluorophores. The chemical structures, the spectral properties and the composition 
of the binding pockets of HBC514 (a), HBC508 (b), HBC497 (c), HBC620 (d), HBC525 (e) and HBC485 (f) in rotated view as shown in Fig. 5. All the 
modification sites of HBC-like fluorophores are labelled in red in the chemical structure and shown with transparent ball in the binding pocket composition. 
The excitation (Ex.) and emission (Em.) wavelengths, and the binding dissociation constant of each HBC-like fluorophore were shown with the compound 
as well.
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