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DNA-based tools

RNA aptamers: e.g., Spinach technology

Genetic code expansion (GCE) and
related technologies

Over the next few weeks: Fundamental concepts:

– cell cycle and DNA replication, and nucleotides
– fluorescence-based quantitative readouts
(e.g., flow cytometry); photocrosslinking
– basic principles of fluorophores
– sensors, reversibility, and binding affinities
– ribosomal translation
– unnatural amino acids, including
mRNA-display/target profiling concepts

(genome) (transcriptome)

(proteome)

Concepts & tools 
to perturb & probe
proteins/proteome
(Lecture Week 1-4)

Central Dogma: DNA to RNA to Protein

TODAY’s
TOPIC
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Biological Questions (often unsolvable/not easily solvable using conventional tools)

- How can we monitor DNA replication rate in cellular context

- How do we map changes in DNA-protein interactions in response to specific perturbation

- How do we interrogate specific cell-cycle stages

- How do we track and report cellular mRNAs in real time

- How do we sense and report endogenous metabolites in living systems

Spinach & related technologies

Week 5
lecture

This
lecture
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Representative Chemical Biology Toolsets to Perturb & Probe cellular RNA/DNA

EdU(alkyne):

BrdU:

and likewise CldU and IdU

PAR-CLIP probe:

and similarly, 6SG and so on

‘Spinach’ probes:

In addition to improvements in experimental design, methodologies for detecting s4U-RNAs have also advanced. While
HPDP-biotin expanded the use of s4U metabolic labeling, it was later shown to be inefficient in its reactivity with s4U, leading
to low yields and biases in enrichment (Duffy et al., 2015). A more efficient activated disulfide, methane thiosulfonate conju-
gated to biotin (MTS-biotin), was demonstrated to improve s4U metabolic labeling by increasing yields and alleviating length
bias. This advance enabled the first study of s4U-labeled microRNA (miRNA) turnover in proliferating cells, which revealed a
population of mature miRNAs with rapid turnover in HEK 293T cells (Duffy et al., 2015). Recently, methane thiosulfonate
was directly coupled to magnetic sepharose, which reduces the number of handling steps through a one-step capture of s4U-
RNAs (Duffy et al., 2018). This enables s4U-RNA enrichment from small number of cells and extending the utility of s4U
metabolic labeling from yeast and cell culture models to primary cells including neurons. Enrichment-free techniques have

BOX 1

METABOLIC LABELING REAGENTS FOR THE CAPTURE OF NEWLY TRANSCRIBED RNA

DUFFY ET AL. 3 of 18

5-Bromo-2'-deoxyuridine

Intercalators:

Hoechst-33342

DAPI

PI (propinium iodide)

e.g., DHFBI:

intensity of DNA labeling after a pulse of EdU during S phase
correlates with the EdU concentration and the length of the
pulse (data not shown). EdU has been previously evaluated as an
antiviral compound (7). These early studies concluded that EdU
was not incorporated into bacterial and phage DNA (8); its
incorporation into eukaryotic DNA, however, was not investi-
gated. We find that EdU is strongly incorporated into the DNA
of proliferating mammalian cells. EdU is also incorporated into
DNA replicated in vitro in Xenopus egg extracts (data not shown,
see Materials and Methods) by simple addition to the cycling
extract preparation.

The [3 ! 2] cycloaddition reaction used to detect EdU in cells
is catalyzed by Cu(I) ions. Because of the low solubility of Cu(I)
salts, Cu(I) is often introduced in [3 ! 2] cycloaddition reactions
in a liganded form (9). We found that the best EdU staining was
obtained by generating Cu(I) from Cu(II) in situ, using ascorbic
acid as reducing agent. The intensity of the staining obtained was
proportional to the concentration of the fluorescent azide and
that of ascorbic acid in the staining reaction (data not shown).
In the case of ascorbic acid, for a fixed concentration of Cu(II)
of 1 mM (in the form of CuSO4), the intensity of the EdU stain
increased as the ascorbic acid concentration was increased to
50–100 mM.

The staining reaction between cellular EdU-labeled DNA and
fluorescent azides proceeds very quickly, being half-maximal in
"5 min under the staining conditions we used (see below). This
fast kinetics might be because EdU-labeled DNA is a multiva-
lent, polymeric click chemistry substrate. The triazoles formed
from the reaction between the ethynyl group and the fluorescent
azide are Cu(I) chelators, increasing the local concentration of
the catalyst and accelerating the reaction of neighboring ethynyl
groups. This effect has been described for other multivalent
[3 ! 2] cycloaddition substrates (10).

EdU detection proceeds smoothly with a variety of fluorescent
azides we synthesized, including aliphatic azides (compounds 2
and 3 in Fig. 1) and aromatic ones (compound 4 in Fig. 1, which
can be easily synthesized in a single step in large amounts as
required for some whole-mount staining procedures). The EdU
detection method is also compatible with immunostaining. We
recommend performing a regular immunostaining protocol
after first performing the EdU stain (see below).

We find that under the conditions used (1 mM CuSO4, 100
mM ascorbic acid, and 10 !M fluorescent azide), the staining
reaction does not proceed to completion and only a fraction of
the ethynyl groups present on DNA is reacted before the staining
mixture loses activity. As shown in Fig. 3A, if EdU-labeled cells
first stained with Alexa488-azide (green) are subsequently re-

Fig. 1. Use of 5-ethynyl-2#-deoxyuridine (EdU) to label DNA in cells. (A)
Structure of 5-ethynyl-2#-deoxyuridine, a thymidine analogue that carries a
terminal alkyne group instead of a methyl in the 5 position of the pyrimidine
ring. (B) Schematic of the click reaction for detecting EdU incorporated into
cellular DNA. The terminal alkyne group, exposed in the major groove of the
DNA helix readily reacts with an organic azide (R can be any fluorophore,
hapten, electron-dense particle, quantum dot, etc.) in the presence of catalytic
amounts of Cu(I). (C) Structures of the fluorescent azides used in the present
study. Unlike azide 2, azide 3 is cell-permeable, allowing cells to be stained
while alive, without fixation and/or permeabilization. Fluorescein azide 4 can
be easily prepared in large amounts by using inexpensive starting materials.
See text and Materials and Methods for details.

Fig. 2. Detection of EdU incorporated into the DNA of cultured NIH 3T3 cells
(A–M) and HeLa cells (N–P) by fluorescence microscopy. NIH 3T3 cells were
incubated in media without EdU (A, D, G, J, and L), media supplemented
with10 !M EdU (B, E, and H) or media with 10 !M EdU and 10 mM hydroxyurea
to block DNA synthesis (C, F, I, K, and M). In A–M, the cells were fixed and then
reacted with 10 !M Alexa568-azide (Fig. 1C, compound 2) for 10 min. The cells
were then counterstained with Hoechst to reveal cellular DNA, washed, and
imaged by fluorescence microscopy and differential interference contrast
(DIC). Note the strong specific and low nonspecific azide stain in the presence
(H) and absence (G) of EdU, respectively. Not all nuclei in H are labeled after
overnight incubation with EdU, suggesting that only cells that went through
S phase became labeled. Blocking DNA replication with hydroxyurea abolishes
EdU incorporation almost completely (I). If cells labeled with EdU in the
presence of hydroxyurea are photographed with longer exposure times (3-s
exposure time in L and M, compared with 40-ms exposure time for G–I under
otherwise identical illumination and camera settings), low levels of EdU
incorporation can be seen in a small fraction of the hydroxyurea-treated cells.
(N–P) Still images from a time-lapse recording of EdU staining of live cells by
using the cell-permeable TMR-azide (Fig. 1C, compound 3). Live HeLa cells
labeled with 10 !M EdU were stained with 500 nM TMR-azide in the presence
of Cu(I) in PBS. Time is shown in minutes in the upper right corners of M–P.
Note that Cu(I) is cytotoxic and the cells do not survive the staining reaction.
See text and Materials and Methods for details.

2416 ! www.pnas.org"cgi"doi"10.1073"pnas.0712168105 Salic and Mitchison
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Zebrafish embryos expressing 
GFP-tagged Halo protein
2017 Nature Chem Biol 13 333-338 

A brief intro to fluorescent proteins

Macrophages and Neutrophils 
(2 types of innate Immune cells) 
marked by GFP and RFP
2021 Nature Commun 5736

Jellyfish Aequorea victoria

Osamu Shimomura Martin Chalfie Roger Tsien

https://www.nobelprize.org/prizes/chemistry/2008/illustrated-information/

By introducing the 
DNA wherein a 
tissue-specific 
promoter drives 
the expression of 
GFP gene, the 
green 
fluorescence is 
observed 
selectively in 
certain types of 
neurons where 
the protomer is 
switched on

A brilliant experiment by 
Chalfie (1988):

(1960s)
Tsien creates a palette with all the colours of the rainbow (1990s)

GFP: a green guiding star for biosciences
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STRUCTURE 

AEQUOREA 
VICTORIA 

GFP associated with 
aquorin shifts #em to 
longer wavelength via 

FRET  

TRANSGENICS 

TOPLOGY 

GREEN FLUORESCENT PROTEIN: THE AFPs 

ALBA 

6 

GFP-derived mRFP1-derived 

2004 palette (SHORT TALK) 

Highest overall brightness (",!)  2x MWt) 

Longest #em, largest Stokes’ shift, quite photostable 

Closest successor to mRFP1, higher !, faster maturn, more photostable 

Easily and reversibly photoisomerized by 470 nm illumination 

High " (0.7), good FRET acceptor, H+ quenched, exocytosis indicator 

* * 

* evolved by SHM (somatic hypermutation) 

Nature Biotech 2004, 22, 1568-72 

intramolecular

air

Q: what are the 3 

amino acids 

involved in 

chromophore 

assembly?

Chemistry underpinning GFP maturation

Excites by blue/UV light
Emits green light (fluorescence)

Note: R1, R2 are continuing amino 
acid chain within GFP protein:

exogenous small-molecule fluorophores and enhance their fluorescence several thousand-
fold. Several recent publications have reviewed this promising approach for RNA visualization
[15–18]. Here, we compare and contrast the malachite green (MG) aptamer, Spinach, and RNA
Mango, the three fluorogenic RNAs for which structures have been determined, with a focus on
common themes and likely approaches for further improvement.

The Malachite Green Aptamer
The first small-molecule binding RNAs selected in vitro were specific for conjugated heterocy-
clic dyes [10]. Thus, the discovery of RNAs that bound to fluorophores, such as sulforhodamine
B (SRB, chemically similar to fluorescein), was not surprising [19]. An aptamer that binds the
triphenylmethane dye MG was also selected for use in laser-assisted cleavage and inactivation
of RNA transcripts, taking advantage of free radical production by photo-excited MG [20].
Subsequent characterization of these two aptamers demonstrated that the RNAs not only bind
SRB or MG selectively with dissociation constants (Kd) of approximately 0.3 mM and 0.1 mM,
respectively, but also enhance their fluorescence by approximately 100 and approximately
2400-fold, respectively [19,21]. Triphenylmethane dyes, such as MG and SRB, fluoresce
minimally in solution, but their quantum yields increase when the viscosity of the solvent is
increased, dampening vibrational de-excitation. Binding to the aptamers increases their quan-
tum yield even more dramatically (as does specific binding to proteins; e.g., [22]).

The structures of the MG aptamer in complex with tetramethylrosamine (TMR, Figure 1) and
MG have been determined by X-ray crystallography and NMR spectroscopy, respectively
[23,24]. TMR differs from MG in having a bridging oxygen between two phenyl rings, which
constrains them into a plane. The structures are in good agreement, showing the

Box 1. Fluorescent Proteins
Since the discovery of GFP [2], numerous proteins whose fluorescence collectively spans the visible spectrum have been isolated or engineered. With a few
exceptions (e.g., [63]), these all share a common 11-stranded b-barrel architecture that was first determined for GFP [64,65]. All the GFP-related fluorescent proteins
autocatalytically mature their own fluorophores, which are derived from conventional amino acids in the interior of the b-barrel [29] in the presence of molecular
oxygen (Figure I). Structure-guided engineering has produced some of the most useful fluorescent proteins, including several that bind exogenous ligands similar to
how fluorescent aptamers function [4].

Figure I. Structure of GFP. (A) Structure of GFP with its intrinsic fluorophore shown in ball-and-stick representation [Protein Data Bank (PDB) ID: 2WUR) [66]. (B)
Close-up view of the GFP fluorophore with residues involved in hydrogen-bonding and electrostatic interactions and residues adjacent to the fluorophore in the
protein main chain (Leu64 and Val68) in gray and yellow sticks, respectively. (C) Autocatalytic maturation of the GFP chromophore starting with Ser65, Tyr66, and
Gly67 of the precursor (left).

Trends in Pharmacological Sciences, October 2017, Vol. 38, No. 10 929

Tyr66Gly-67

Ser-65

Tyr66 Gly-67

Ser-65

ßQ: 

comment on 

absorbance 

trace vs. 

excitation 

trace



RNA aptamers
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Structure and Mechanism
of RNA Mimics of Green
Fluorescent Protein
Mingxu You and Samie R. Jaffrey
Department of Pharmacology, Weill Medical College, Cornell University, New York,
New York 10065; email: miy2003@med.cornell.edu, srj2003@med.cornell.edu
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Keywords
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Abstract
RNAs have highly complex and dynamic cellular localization patterns. Tech-
nologies for imaging RNA in living cells are important for uncovering
their function and regulatory pathways. One approach for imaging RNA in-
volves genetically encoding fluorescent RNAs using RNA mimics of green
fluorescent protein (GFP). These mimics are RNA aptamers that bind
fluorophores resembling those naturally found in GFP and activate
their fluorescence. These RNA–fluorophore complexes, including Spinach,
Spinach2, and Broccoli, can be used to tag RNAs and to image their localiza-
tion in living cells. In this article, we describe the generation and optimization
of these aptamers, along with strategies for expanding the spectral properties
of their associated RNA–fluorophore complexes. We also discuss the struc-
tural basis for the fluorescence and photophysical properties of Spinach,
and we describe future prospects for designing enhanced RNA–fluorophore
complexes with enhanced photostability and increased sensitivity.
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Ser-Tyr-Gly 

Primary sequence of GFP/eGFP 
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Figure 1
Structures of the green fluorescent protein (GFP) fluorophore and of fluorophores that are switched on by
RNA aptamers. The fluorophores in GFP and in its close variant, enhanced GFP (eGFP), are derived from a
Ser–Tyr–Gly tripeptide within the protein. The folded protein catalyzes an intramolecular cyclization that
converts the tripeptide into the HBI fluorophore. In eGFP, unlike in GFP, the fluorophore is predominantly
in the deprotonated, or phenolate, form; this form accounts for the higher extinction coefficient and
brightness of eGFP. RNA mimics of GFP bind to fluorophores resembling HBI. The original RNA
aptamers were designed to bind DMHBI, which resembles HBI in GFP in that the fluorophore is
predominantly protonated (left). The DFHBI fluorophore was designed to overcome this problem and was
designed as a biomimetic of the fluorophore in eGFP (right). Owing to the addition of fluorines, the DFHBI
fluorophore is deprotonated at neutral pH. Thus, RNA aptamers that bind DFHBI, such as Spinach,
Spinach2, and Broccoli, are highly bright, in part because of the higher extinction coefficient of DFHBI.
Abbreviations: DFHBI, (Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one;
DMHBI, (Z)-4-(3,5-dimethoxy-4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one; HBI,
4-hydroxy-benzylidene-imidazolinone.

Conditional
fluorescence: the
emitted radiation that
occurs only when
some conditions or
requirements are met

We therefore considered the fluorophore that is formed within GFP, as this protein also exhibits
conditional fluorescence. After GFP is synthesized, it undergoes an autocatalytic intramolecular
cyclization reaction that involves an internal Ser–Tyr–Gly tripeptide (14). The cyclized product
is subsequently oxidized to the final 4-hydroxy-benzylidene-imidazolinone (HBI) fluorophore
(Figure 1). The oxidation results in delocalization of the π-electron system.

Surprisingly, when this fluorophore is chemically synthesized, it is nonfluorescent (44). Sim-
ilarly, denatured GFP is nonfluorescent, and the fluorescence returns upon protein renaturation
(9). The basis for the conditional fluorescence of GFP is due to the chemical structure of the
fluorophore. After photoexcitation, a molecule can dissipate the energy of the excited state
either through a radiative (i.e., fluorescence) pathway or through a nonradiative pathway, which
usually involves vibrational or other intramolecular movements. In folded GFP, the excited-state
fluorophore dissipates its energy by radiative decay (fluorescence) (Figure 2) (40). GFP unfolding
allows the fluorophore to dissipate its energy by various bond rotations, however, and these

www.annualreviews.org • RNA Mimics of GFP 191
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Fluorescent 

Irradiation

Non!uorescent owing to
nonradiative decay 
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Figure 2
Fluorescence of green fluorescent protein (GFP) depends on the presence of protein contacts surrounding
the fluorophore. GFP exhibits conditional fluorescence that depends on the folded state of the protein.
When the protein is unfolded (left), the fluorophore portion of the protein undergoes an isomerization in
response to irradiation. The folded state of the protein (right) inhibits this nonradiative decay pathway for
dissipation of the energy of the excited state of the fluorophore. Instead, the major pathway available for the
fluorophore to dissipate the energy of its excited state is fluorescence. RNA aptamers such as Spinach and
Broccoli mimic the protein-suppressing effect of GFP for DFHBI [(Z)-4-(3,5-difluoro-4-
hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one] and related GFP-like fluorophores.

rotations likely involve a twisting motion about the ethylenic bridge referred to as a “hula twist”
that results in a cis–trans isomerization (4). The folded GFP protein prevents these motions,
thereby making the radiative decay pathway the major means of dissipating the energy of the
excited state fluorophore (Figure 2) (4, 40). Indeed, GFP variants that permit conformational
freedom of the fluorophore have normal fluorophore maturation but reduced fluorescence (37).

One key experiment (44) tested the idea that fluorophore rigidification is essential for fluores-
cence using artificial restriction of bond movement by immobilizing the fluorophore in ethanol
glass (ethanol at 77K). This treatment transformed the fluorophore into an intensely fluorescent
species, in contrast to the fluorophore in ethanol solution at 25◦C, which is nonfluorescent (44).
Thus, the GFP contains a conditionally fluorescent fluorophore for which fluorescence arises
because of immobilization induced by the GFP protein.

Identification of RNAs that Switch On the Fluorescence of Green
Fluorescent Protein–Based Fluorophores
We asked whether an RNA aptamer could immobilize the GFP fluorophore in a fluorescent
conformation similar to what is seen in GFP. We synthesized a variety of GFP-like fluo-
rophores, including novel ones with potentially useful spectral properties. The synthesis of the
GFP fluorophore, HBI [(Z)-4-(4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one],

192 You · Jaffrey

A
nn

u.
 R

ev
. B

io
ph

ys
. 2

01
5.

44
:1

87
-2

06
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 C

or
ne

ll 
U

ni
ve

rs
ity

 o
n 

07
/2

6/
16

. F
or

 p
er

so
na

l u
se

 o
nl

y.

BB44CH09-Jaffrey ARI 22 May 2015 10:2

Spinach DFHBI Spinach
+ DFHBI 

Figure 3
Fluorescence of the Spinach–DFHBI complex. The Spinach RNA aptamer robustly activates the
fluorescence of DFHBI. Each tube contains the indicated solution, and all tubes were irradiated at 365 nm.
Only the tube containing both Spinach and DFHBI exhibits fluorescence following irradiation.
Abbreviation: DFHBI, (Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one.

Because the absorbance spectra of RNA–DMHBI complexes indicated that the fluorophore
was in the phenol form, these RNA–fluorophore complexes were similar to the original GFP
rather than to eGFP (46). We therefore used a biomimetic strategy to create an RNA mimic of
eGFP. To do this, we synthesized a new fluorophore that contains a phenolate, resembling the
form of the fluorophore normally found in eGFP. To ensure that the new fluorophore, DFHBI
[(Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one], remained in
the phenolate form, it was synthesized to contain fluorine atoms (Figure 1). The fluorine atoms
lower the pKa of the phenolic proton to 5.5, compared with 8.1 for HBI (46). This ensures that
the fluorophore will present the phenolate state at physiological pH, including at the pH used for
generating aptamers via SELEX.

We used SELEX to identify RNA aptamers that bind and switch on the fluorescence of DFHBI
(Figure 3). The most efficient aptamer binds DFHBI with a Kd of ∼500 nM and exhibits high
fluorescence: Its quantum yield is 0.72, and its total molar brightness is equal to half that of eGFP.
Control RNAs, such as cellular RNA, tRNA, or scrambled RNA sequences, exhibit no fluorescence
upon incubation with DFHBI. Because this RNA–fluorophore complex is very similar to GFP,
we named it after the vegetable spinach, in analogy to the fruits that have been used in naming
fluorescent proteins (46).

OPTIMIZING RNA–FLUOROPHORE COMPLEXES

Directed Evolution to Generate Cell-Compatible RNA–Fluorophore Complexes

One of the major challenges in working with RNA aptamers is that they often fail to function as
expected in living cells. Once expressed in cells, aptamers are susceptible to RNA degradation and
often fail to fold (39). Misfolding can result from competing folding pathways, thermal instability,
or dependence on high magnesium ion concentrations that are not normally found in cells (49, 67).
In addition, adjacent sequences in a target RNA into which an aptamer is inserted can interfere
with folding (39, 57).
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Figure 2
Fluorescence of green fluorescent protein (GFP) depends on the presence of protein contacts surrounding
the fluorophore. GFP exhibits conditional fluorescence that depends on the folded state of the protein.
When the protein is unfolded (left), the fluorophore portion of the protein undergoes an isomerization in
response to irradiation. The folded state of the protein (right) inhibits this nonradiative decay pathway for
dissipation of the energy of the excited state of the fluorophore. Instead, the major pathway available for the
fluorophore to dissipate the energy of its excited state is fluorescence. RNA aptamers such as Spinach and
Broccoli mimic the protein-suppressing effect of GFP for DFHBI [(Z)-4-(3,5-difluoro-4-
hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one] and related GFP-like fluorophores.

rotations likely involve a twisting motion about the ethylenic bridge referred to as a “hula twist”
that results in a cis–trans isomerization (4). The folded GFP protein prevents these motions,
thereby making the radiative decay pathway the major means of dissipating the energy of the
excited state fluorophore (Figure 2) (4, 40). Indeed, GFP variants that permit conformational
freedom of the fluorophore have normal fluorophore maturation but reduced fluorescence (37).

One key experiment (44) tested the idea that fluorophore rigidification is essential for fluores-
cence using artificial restriction of bond movement by immobilizing the fluorophore in ethanol
glass (ethanol at 77K). This treatment transformed the fluorophore into an intensely fluorescent
species, in contrast to the fluorophore in ethanol solution at 25◦C, which is nonfluorescent (44).
Thus, the GFP contains a conditionally fluorescent fluorophore for which fluorescence arises
because of immobilization induced by the GFP protein.

Identification of RNAs that Switch On the Fluorescence of Green
Fluorescent Protein–Based Fluorophores
We asked whether an RNA aptamer could immobilize the GFP fluorophore in a fluorescent
conformation similar to what is seen in GFP. We synthesized a variety of GFP-like fluo-
rophores, including novel ones with potentially useful spectral properties. The synthesis of the
GFP fluorophore, HBI [(Z)-4-(4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one],

192 You · Jaffrey

A
nn

u.
 R

ev
. B

io
ph

ys
. 2

01
5.

44
:1

87
-2

06
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 C

or
ne

ll 
U

ni
ve

rs
ity

 o
n 

07
/2

6/
16

. F
or

 p
er

so
na

l u
se

 o
nl

y.

Biological aim: fluorescence proteins have revolutionize the 
way we can interrogate protein trafficking, protein 

associations, etc. How do we track cellular RNAs? Can we 
develop RNA mimics of GFP?

Figure 2.

(Figure legend continued on the bottom of the next page.)

Structure of the Spinach Aptamer. Structures of ligands of the Spinach aptamer: (A) DFHBI; (B) DFHBI 1T;
and (C) DFHBI 2T [31]. (D) Structure of the core of the Spinach aptamer bound to DFHBI (green ball and stick) with metal
ions displayed as purple spheres [Protein Data Bank (PDB) ID: 4TS0] [38]. (E) Cartoon representation of the Spinach
aptamer-binding pocket with connectivity and stereochemistry. Colors of bases correspond to (D) with thick outlines of
bases representing an anti nucleoside conformation (thin-outlined bases are syn). Circles denote the pucker of the
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3’

5’

Aptamers: short ssDNA/ssRNA engineered to ‘selectively’ bind target small- and biomolecules 

Model of Spinach—DFHBI complex:

DFHBI

65  66  67

(dehydration and 
air oxidation)



A critical requirement

Fluorophore must be in the dark state if unbound: How do we engineer to achieve this aspect?



Spinach aptamer: RNA-mimic of GFP

5S upstream 5S rRNA gene tRNALys Spinach aptamer seq. Term.tRNALys
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UUUU
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3’

Paige, et al. Fig. S6
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First key application of fluorescent RNA aptamers: to visualize/track RNA in live cells

Need to engineer/modify the RNA of interest such that we can introduce 
fluorophore-binding aptamer, here, DFHBI-binding aptamer called ‘Spinach’

Example shown here is for 
tracking ribosomal (r)RNA 
(labeled as 5S rRNA gene):

The other components 

integrated: namely, 

upstream, ’term’ 

(termination),

tRNALys sequences are, 

either the usual 

upstream / downstream 

components of an RNA 

encoding a gene, or 

stabilizing sequences (in 

the case of tRNALys) that 

extends the cellular 

lifetime of engineered 

RNA construct..

ß Q: what is this process?

At the DNA level:

At the RNA level:

Q: what about at protein level / translation

process – does this apply here?



New approaches for sensing metabolites and proteins in live cells
using RNA
Rita L Strack and Samie R Jaffrey

Tools to study the abundance, distribution, and flux of

intracellular molecules are crucial for understanding cellular

signaling and physiology. Although powerful, the current FRET-

based technology for imaging cellular metabolites is not easily

generalizable. Thus, new platforms for generating genetically

encoded sensors are needed. We recently developed a new

class of biosensors on the basis of Spinach, an RNA mimic of

GFP. In this case, RNA aptamers against a target ligand are

modularly fused to Spinach that substantially induce Spinach

fluorescence in the presence of ligand. We have used this

approach to detect metabolites and proteins both in vitro and in

living bacteria, thus providing an alternative to FRET-based

sensors and a generalizable approach for generating

fluorescent sensors to any ligand of interest.
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Introduction
Methods to sense the abundance and distribution of
molecules are crucial for studying cellular signaling path-
ways. Fluorescence-based sensing of biologically relevant
small molecules and proteins in living cells has advanced
tremendously in recent years, largely due to Förster
resonance energy transfer (FRET)-based technology
[1!,2]. Current FRET-based sensors are built by fusing
a fluorescent protein (FP) donor and acceptor pair to
either side of a protein recognition element that binds
a ligand of interest [1!]. For these sensors, ligand binding
results in a change in distance and/or orientation between
the FPs and in turn a change in FRET [3]. FRET-based
sensors are advantageous because they are genetically
encoded and can be used in living cells in real time.
However, these types of sensors are not easily general-
izable as each requires a unique protein that binds the
target molecule and undergoes a conformational change
that is sufficient to cause a change in FRET signal.

Recently, a novel class of sensors has been described on the
basis of Spinach, an RNA mimic of the green fluorescent
protein (GFP). Spinach is a 98-nt RNA aptamer that binds
and switches on fluorescence of a dye resembling the
chromophore of GFP (Figure 1a) [4!!,5]. The dye, 3,5-
difluoro-4-hydroxybenzylidene imidazolinone (DFHBI),
was synthesized alongside several related dyes and chosen
on the basis of photophysical properties [4!!]. Spinach was
discovered using the Systematic Evolution of Ligands by
Exponential Enrichment (SELEX) technique [6!,7]
against DFHBI immobilized on agarose resin [4!!]. Impor-
tantly, Spinach RNA and DFHBI are essentially nonfluor-
escent when unbound. Thus, background fluorescence is
low except where Spinach-DFHBI is localized. Spinach is
brightly fluorescent in vivo, and has been used to label
bacteria and to tag 5S RNA in mammalian cells [4!!].

Spinach-based sensors are genetically encoded and are
modular in design. Thus, they can be readily modified to
sense diverse biological molecules [4!!,8!!,9]. They are
built by inserting an aptamer sequence specific for any
target ligand within a stem-loop region of the Spinach
sequence (Figure 1b). These Spinach-based sensors are
unfolded and nonfluorescent in the absence of ligand.
However, in the presence of ligand, the transducer stem
formed by the ligand-binding aptamer folds and stabilizes
Spinach, enabling dye binding and fluorescence
(Figure 1c) [8!!].

Constructing Spinach-based sensors
We have used this approach to develop several Spinach-
based sensors. To show that these sensors can be used to
study metabolite levels in cells, we generated sensors
against adenosine, ADP, SAM, guanine, and GTP using
previously described aptamer sequences [8!!]. In each
case, several variants in the transducer region of Spinach
were tested to generate sensors with optimal ligand-
induced fluorescence. For each sensor, "20-fold increases
in fluorescence were observed upon ligand binding
(Figure 2a).

We also used this approach to generate sensors of
proteins. In this case, published aptamer sequences
against thrombin and streptavidin were fused to Spinach
and shown to be specifically activated in the presence of
their cognate protein ligands. As part of the same study,
the MS2 recognition element for the MS2 coat protein
was fused to Spinach to generate a sensor for MCP,
showing that natural protein-RNA interactions can also
be used to generate Spinach-based sensors [9].
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Modular strategy for Spinach-based sensors. (a) Spinach is an aptamer that binds a small molecule dye called DFHBI (green ball). Both DFHBI and
Spinach are nonfluorescent until binding occurs, which turns on fluorescence of the Spinach-DFHBI complex. Stem loop 2 of Spinach was found to
tolerate insertion of additional sequences, and is the region that is modified to generate sensors. (b) To generate sensors, Spinach is modified to
include a transducer region (orange) and a recognition module (blue). The recognition molecule is typically an aptamers generated against a target
ligand by SELEX. Transducer length and composition can be varied for optimal sensor function. (c) In the absence of DFHBI and ligand (purple
hexagon), the Spinach-based sensor displays minimal fluorescence. However, upon target binding, the recognition module of Spinach folds, which
induces overall folding. The Spinach-based sensor can then bind DFHBI and activate fluorescence. This general strategy can be used to generate
sensors against a vast array of targets.
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A Spinach-based sensor of SAM. (a) A SAM sensor shows minimal fluorescence in the absence of SAM, even in the presence of DFHBI. However,
upon SAM addition, fluorescence is activated over 20-fold. (b) The SAM sensor is specifically activated by SAM, and not the closely related molecules
S-adenyl histidine (SAH), methionine, or vehicle. (c) Fluorescence activation occurs rapidly for the SAM sensor and reaches saturation on the order of
minutes. (d) Fluorescence activation is reversible, and diminishes on the order of minutes for the SAM sensor after SAM has been removed. These data
are representative of the metabolite and protein sensors generated on the basis of Spinach, and are reproduced with permission from Ref. [5].
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Second key application of fluorescent RNA aptamers: to sense endogenous small-molecule metabolites

Begin with the Spinach aptamer that can host DFHBI (green sphere) (Fig. a). Stem-loop2 is then engineered such that recognition module (Fig. b) can serve as 
a host to an endogenous metabolite (purple hexagon, Fig. c). Through conformational gating (note: linking via transducer module), the resulting aptamer 
(RNA-based metabolite sensor) will now bind to DFHBI (and thus fluoresces) only when the metabolite is bound to the recognition module (Fig. c)
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Current Opinion in Chemical Biology

Modular strategy for Spinach-based sensors. (a) Spinach is an aptamer that binds a small molecule dye called DFHBI (green ball). Both DFHBI and
Spinach are nonfluorescent until binding occurs, which turns on fluorescence of the Spinach-DFHBI complex. Stem loop 2 of Spinach was found to
tolerate insertion of additional sequences, and is the region that is modified to generate sensors. (b) To generate sensors, Spinach is modified to
include a transducer region (orange) and a recognition module (blue). The recognition molecule is typically an aptamers generated against a target
ligand by SELEX. Transducer length and composition can be varied for optimal sensor function. (c) In the absence of DFHBI and ligand (purple
hexagon), the Spinach-based sensor displays minimal fluorescence. However, upon target binding, the recognition module of Spinach folds, which
induces overall folding. The Spinach-based sensor can then bind DFHBI and activate fluorescence. This general strategy can be used to generate
sensors against a vast array of targets.
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A Spinach-based sensor of SAM. (a) A SAM sensor shows minimal fluorescence in the absence of SAM, even in the presence of DFHBI. However,
upon SAM addition, fluorescence is activated over 20-fold. (b) The SAM sensor is specifically activated by SAM, and not the closely related molecules
S-adenyl histidine (SAH), methionine, or vehicle. (c) Fluorescence activation occurs rapidly for the SAM sensor and reaches saturation on the order of
minutes. (d) Fluorescence activation is reversible, and diminishes on the order of minutes for the SAM sensor after SAM has been removed. These data
are representative of the metabolite and protein sensors generated on the basis of Spinach, and are reproduced with permission from Ref. [5].
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RNA-based sensor for the metabolite SAM – a case study

SAM (S-adenosyl methionine) SAH (S-adenosyl homocysteine) A (adenosine)

M (methionine)

Question: Please help interpret the data in (c) and (d), given the following experiment set-up:
(c) Fluorescence was measured following addition of SAM to a solution containing the Spinach-based sensor and DFHBI;
(d) Fluorescence was measured after removal of SAM from the solution containing Spinach-based sensor, DFHBI, and SAM

(a, b) Specificity (c) ‘fast’ turn-on (d) reversibility

(c) Saturation is observed
as binding equilibrium is 
reached
as expected 

(d) Equilibrium is driven 
backwards
to dissociated state due to 
dilution
(likely “removal” of SAM
(metabolite)
is in practice triggered by
rapid dilution,
to perturb the ligand-binding 
equilibrium,
Just like what we learned in 
class during
Inhibitor topic lectures earlier 
on. Also it’s worthwhile 
thinking about this data to 
Figure C in the slide above.
Effectively you’re going 
“backwards” so you get to 
the unstructured state of the 
aptamer once metabolite 
(purple hexagon) has 
dissociated and in that state 
the DFHBI (green circle) 
ligand can no longer bind to 
the aptamer since 
fluorescence signal 
decreases over time
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Next, we examined the e!ect of Spinach arrays on RNA degradation. We conducted an mRNA 
decay assay for E. coli cells expressing RFP-Spi-32R or untagged RFP. We monitored the "uorescence of 
RFP-Spi-32R mRNA and mRFP1 protein a#er IPTG removal which would stop the synthesis of target 
RNAs. Spinach "uorescence levels greatly decreased within 30 min and were depleted within 90 min 
a#er withdrawal of IPTG suggesting mRNA degradation (Fig. 3A,B). We also compared mRFP1 "uores-
cence between E. coli expressing RFP-Spi-32R and untagged RFP (Fig. 3A and Supplementary Fig. S7). 
In both cases the "uorescence drop showed a signi%cant time lag behind Spinach "uorescence change, 
which possibly resulted from the combination of the following: (1) continuous translation of mRFP1 
from the remaining mRNA a#er IPTG removal, (2) much longer lifetime of protein compared to that of 
mRNA57–59, and/or (3) mRFP1 maturation60,61. We observed very similar trends of mRFP1 "uorescence 
intensity change in cells expressing RFP-Spi-32R and RFP (Supplementary Fig. S7), indicating that the 
Spinach array does not a!ect mRNA degradation or translation kinetics. To further con%rm the e!ect 
of Spinach array on mRNA degradation, we conducted qPCR experiment to measure the abundance of 
untagged RFP mRNA and RFP-Spi-nR (n =  8, 32) as a function of time a#er IPTG removal (Fig. 3C). 
qPCR data showed that RFP-Spi-nR mRNA level was decreased by approximately 60% and 90% 30 and 
120 min a#er IPTG removal, respectively, with the same trend observed for the untagged RFP. We there-
fore conclude that Spinach arrays do not in"uence mRNA decay.

As the Spinach array e!ectively enhanced the "uorescence signal compared to single Spinach tag and 
performed well in quantitatively reporting the mRNA abundance in live cells through imaging, we then 
tuned the mRNA transcription level to further characterize the imaging sensitivity of the Spinach array. 
We replaced the T7 promoter (PT7-RFP-Spi-32R) with a native lacZYA promoter (Plac) for RFP-Spi-32R 
transcription (Plac-RFP-Spi-32R). RNA synthesis by endogenous E. coli RNA polymerase instead of T7 
polymerase reduced the mRNA expression level by approximately two orders of magnitude according 
to qPCR quanti%cation (Fig.  4B). Using 16S ribosomal RNA (16S rRNA) (~20,000–70,000 copies per 
E. coli cell27,62) as a reference, we estimated the copy number of RFP-Spi-32R mRNA transcribed under 
the control of Plac and PT7 to be ~50–180 and ~3,000–11,000 per cell (Fig.  4B), respectively, which is 
consistent with the reported transcription levels for the two expression systems63,64. We %rst conducted 

Figure 2. (A) Sketch of RFP-Spi-nR expression system in E. coli. (B) mRNA expression level of RFP or 
RFP-Spi-nR in E. coli a#er 60 min of 1 mM IPTG induction, measured by qPCR and normalized by the 
mRNA level of unmodi%ed RFP in E. coli. (C) mRNA (Spinach) and protein (mRFP1) "uorescence in E. coli 
expressing RFP or RFP-Spi-nR upon induction, measured via epi"uorescence imaging. (D) Representative 
"uorescence images of E. coli expressing RFP or RFP-Spi-nR upon induction.

A problem to think about in your own time: Do the data attest to the fact that more Spinach repeats give a higher signal to noise in detecting RNA?
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Tandem Spinach Array for mRNA 
Imaging in Living Bacterial Cells
Jichuan Zhang1,2, Jingyi Fei1, Benjamin J. Leslie1,6, Kyu Young Han1,6, Thomas E. Kuhlman1 
& Taekjip Ha1,3,4,5,6

Live cell RNA imaging using genetically encoded fluorescent labels is an important tool for 
monitoring RNA activities. A recently reported RNA aptamer-fluorogen system, the Spinach, 
in which an RNA aptamer binds and induces the fluorescence of a GFP-like 3,5-difluoro-4-
hydroxybenzylidene imidazolinone (DFHBI) ligand, can be readily tagged to the RNA of interest. 
Although the aptamer–fluorogen system is sufficient for imaging highly abundant non-coding RNAs 
(tRNAs, rRNAs, etc.), it performs poorly for mRNA imaging due to low brightness. In addition, 
whether the aptamer-fluorogen system may perturb the native RNA characteristics has not been 
systematically characterized at the levels of RNA transcription, translation and degradation. To 
increase the brightness of these aptamer-fluorogen systems, we constructed and tested tandem 
arrays containing multiple Spinach aptamers (8–64 aptamer repeats). Such arrays enhanced the 
brightness of the tagged mRNA molecules by up to ~17 fold in living cells. Strong laser excitation 
with pulsed illumination further increased the imaging sensitivity of Spinach array-tagged RNAs. 
Moreover, transcriptional fusion to the Spinach array did not affect mRNA transcription, translation 
or degradation, indicating that aptamer arrays might be a generalizable labeling method for high-
performance and low-perturbation live cell RNA imaging.

RNAs play diverse functions in living cells, including delivering genetic information, catalyzing chemical 
reactions and regulating gene expression at multiple levels1,2. Recent genome-wide analysis has suggested 
that inhomogeneous RNA localization within di!erent cellular compartments might be more preva-
lent than previously appreciated3,4, resulting in highly localized spatio-temporal modulations in gene 
expression levels within those subcellular compartments. Compared to biochemical approaches, such as 
northern blot, quantitative reverse transcription PCR (qPCR), high-throughput RNA sequencing, etc., 
direct visualization of RNAs by "uorescence imaging allows spatial and temporal RNA tracking and is 
capable of correlating transcription, localization, translation and degradation of RNAs and simultane-
ously revealing cell-to-cell heterogeneity5–7. Nevertheless, unlike imaging proteins, there are not many 
tools for imaging RNAs. Fluorescence in situ hybridization (FISH) utilizes "uorescent dye-conjugated 
oligonucleotides ("uorescent probes) complementary to target RNAs to directly label RNA molecules 
and has been widely applied to accurately quantify the expression level and to localize distribution of 
mRNAs in biological samples8,9. Introduction of the "uorescence probes usually requires cell #xation 
and permeabilization #xed cell8. Alternative delivery methods compatible with live cell imaging include 
microinjection10,11, electroporation3, or transfection using polycationic molecules such as liposomes and 
dendrimers12, and membrane permeabilization via cell-penetrating peptides13 and streptolysin O14,15. 
However, these methods sometimes lead to problems such as cell damage, inhomogeneous probe deliv-
ery and ine$cient probe annealing to target RNAs12.
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From Taekjip Ha’s lab

A tandem spinach array
E. coli cells were engineered to express the construct 

(shown in Fig. A) Note the presence of Spinach aptamer 

sequence; here they use a tandem repeat of Spinach 

aptamer sequence (where n is the number of 

monomeric unit). 

[You may ignore T7 promoter and lac operon in this 

question, which are simply components that render 

gene transcription to be under temporal control (i.e., 

inducible system) in the presence of a small-molecule 

inducer known as IPTG].

Q: First, interpret these data. (Note: the data in Fig. 

C is the quantitation of images in Fig. D). Then, think 

about why the data set in Fig. B is necessary before 

we can conclude that the tandem spinach array offers 

a better signal to noise in tracking mRNA, which is 

the authors’ hypothesis.

RFP (with n=1) RFP (with n=8) RFP (with n=32)
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Next, we examined the e!ect of Spinach arrays on RNA degradation. We conducted an mRNA 
decay assay for E. coli cells expressing RFP-Spi-32R or untagged RFP. We monitored the "uorescence of 
RFP-Spi-32R mRNA and mRFP1 protein a#er IPTG removal which would stop the synthesis of target 
RNAs. Spinach "uorescence levels greatly decreased within 30 min and were depleted within 90 min 
a#er withdrawal of IPTG suggesting mRNA degradation (Fig. 3A,B). We also compared mRFP1 "uores-
cence between E. coli expressing RFP-Spi-32R and untagged RFP (Fig. 3A and Supplementary Fig. S7). 
In both cases the "uorescence drop showed a signi%cant time lag behind Spinach "uorescence change, 
which possibly resulted from the combination of the following: (1) continuous translation of mRFP1 
from the remaining mRNA a#er IPTG removal, (2) much longer lifetime of protein compared to that of 
mRNA57–59, and/or (3) mRFP1 maturation60,61. We observed very similar trends of mRFP1 "uorescence 
intensity change in cells expressing RFP-Spi-32R and RFP (Supplementary Fig. S7), indicating that the 
Spinach array does not a!ect mRNA degradation or translation kinetics. To further con%rm the e!ect 
of Spinach array on mRNA degradation, we conducted qPCR experiment to measure the abundance of 
untagged RFP mRNA and RFP-Spi-nR (n =  8, 32) as a function of time a#er IPTG removal (Fig. 3C). 
qPCR data showed that RFP-Spi-nR mRNA level was decreased by approximately 60% and 90% 30 and 
120 min a#er IPTG removal, respectively, with the same trend observed for the untagged RFP. We there-
fore conclude that Spinach arrays do not in"uence mRNA decay.

As the Spinach array e!ectively enhanced the "uorescence signal compared to single Spinach tag and 
performed well in quantitatively reporting the mRNA abundance in live cells through imaging, we then 
tuned the mRNA transcription level to further characterize the imaging sensitivity of the Spinach array. 
We replaced the T7 promoter (PT7-RFP-Spi-32R) with a native lacZYA promoter (Plac) for RFP-Spi-32R 
transcription (Plac-RFP-Spi-32R). RNA synthesis by endogenous E. coli RNA polymerase instead of T7 
polymerase reduced the mRNA expression level by approximately two orders of magnitude according 
to qPCR quanti%cation (Fig.  4B). Using 16S ribosomal RNA (16S rRNA) (~20,000–70,000 copies per 
E. coli cell27,62) as a reference, we estimated the copy number of RFP-Spi-32R mRNA transcribed under 
the control of Plac and PT7 to be ~50–180 and ~3,000–11,000 per cell (Fig.  4B), respectively, which is 
consistent with the reported transcription levels for the two expression systems63,64. We %rst conducted 

Figure 2. (A) Sketch of RFP-Spi-nR expression system in E. coli. (B) mRNA expression level of RFP or 
RFP-Spi-nR in E. coli a#er 60 min of 1 mM IPTG induction, measured by qPCR and normalized by the 
mRNA level of unmodi%ed RFP in E. coli. (C) mRNA (Spinach) and protein (mRFP1) "uorescence in E. coli 
expressing RFP or RFP-Spi-nR upon induction, measured via epi"uorescence imaging. (D) Representative 
"uorescence images of E. coli expressing RFP or RFP-Spi-nR upon induction.

A problem to think about in your own time: Do the data attest to the fact that more Spinach repeats give a higher signal to noise in detecting RNA?
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Live cell RNA imaging using genetically encoded fluorescent labels is an important tool for 
monitoring RNA activities. A recently reported RNA aptamer-fluorogen system, the Spinach, 
in which an RNA aptamer binds and induces the fluorescence of a GFP-like 3,5-difluoro-4-
hydroxybenzylidene imidazolinone (DFHBI) ligand, can be readily tagged to the RNA of interest. 
Although the aptamer–fluorogen system is sufficient for imaging highly abundant non-coding RNAs 
(tRNAs, rRNAs, etc.), it performs poorly for mRNA imaging due to low brightness. In addition, 
whether the aptamer-fluorogen system may perturb the native RNA characteristics has not been 
systematically characterized at the levels of RNA transcription, translation and degradation. To 
increase the brightness of these aptamer-fluorogen systems, we constructed and tested tandem 
arrays containing multiple Spinach aptamers (8–64 aptamer repeats). Such arrays enhanced the 
brightness of the tagged mRNA molecules by up to ~17 fold in living cells. Strong laser excitation 
with pulsed illumination further increased the imaging sensitivity of Spinach array-tagged RNAs. 
Moreover, transcriptional fusion to the Spinach array did not affect mRNA transcription, translation 
or degradation, indicating that aptamer arrays might be a generalizable labeling method for high-
performance and low-perturbation live cell RNA imaging.

RNAs play diverse functions in living cells, including delivering genetic information, catalyzing chemical 
reactions and regulating gene expression at multiple levels1,2. Recent genome-wide analysis has suggested 
that inhomogeneous RNA localization within di!erent cellular compartments might be more preva-
lent than previously appreciated3,4, resulting in highly localized spatio-temporal modulations in gene 
expression levels within those subcellular compartments. Compared to biochemical approaches, such as 
northern blot, quantitative reverse transcription PCR (qPCR), high-throughput RNA sequencing, etc., 
direct visualization of RNAs by "uorescence imaging allows spatial and temporal RNA tracking and is 
capable of correlating transcription, localization, translation and degradation of RNAs and simultane-
ously revealing cell-to-cell heterogeneity5–7. Nevertheless, unlike imaging proteins, there are not many 
tools for imaging RNAs. Fluorescence in situ hybridization (FISH) utilizes "uorescent dye-conjugated 
oligonucleotides ("uorescent probes) complementary to target RNAs to directly label RNA molecules 
and has been widely applied to accurately quantify the expression level and to localize distribution of 
mRNAs in biological samples8,9. Introduction of the "uorescence probes usually requires cell #xation 
and permeabilization #xed cell8. Alternative delivery methods compatible with live cell imaging include 
microinjection10,11, electroporation3, or transfection using polycationic molecules such as liposomes and 
dendrimers12, and membrane permeabilization via cell-penetrating peptides13 and streptolysin O14,15. 
However, these methods sometimes lead to problems such as cell damage, inhomogeneous probe deliv-
ery and ine$cient probe annealing to target RNAs12.
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A tandem spinach array
E. coli cells were engineered to express the construct 

(shown in Fig. A) Note the presence of Spinach aptamer 

sequence; here they use a tandem repeat of Spinach 

aptamer sequence (where n is the number of 

monomeric unit). 

[You may ignore T7 promoter and lac operon in this 

question, which are simply components that render 

gene transcription to be under temporal control (i.e., 

inducible system) in the presence of a small-molecule 

inducer known as IPTG].

Q: First, interpret these data. (Note: the data in Fig. 

C is the quantitation of images in Fig. D). Then, think 

about why the data set in Fig. B is necessary before 

we can conclude that the tandem spinach array offers 

a better signal to noise in tracking mRNA, which is 

the authors’ hypothesis.

RFP (with n=1) RFP (with n=8) RFP (with n=32)

ANSWER KEY:
First it is important to appreciate that mRFP1 is protein (just like GFP) and spinach is RNA aptamer, so one is 
looking at protein level and mRNA levels, respectively, here… 

Validation
Shown in 
B is critical
Because
If you read the
Plot axes in
B, we are
Measuring
mRNA abundance
And the data
Are showing that
mRNA abundance
Does not change
Even if you change
The no. of individual 
Spinach aptamers in the
‘polymeric’ array of aptamers
you’re expressing. This point 
is obvious since the question 
says that these aptamers are 
in tandem repeat (i.e. fused 
at the DNA level so remains 
fused at the RNA level). 
However it’s still crucial to be 
tested because if the mRNA 
levels are to be increasing as 
you increase the repeat 
units, then one will end up 
artificially reporting increase 
in signal of DFHBI-Spinach
Complexes due to many 
mRNA molecules…(as 
opposed to increase in 
signal that comes per a 
single mRNA molecule)

Tandem array offers a better signal-to-noise
As you can see in Data C. RFP protein signal levels do not change (this also serves as an internal control since
Both RFP and Spinach are driven by the same promoter). However, fluorescence signal (green) that comes 
from SPINACH-DHFBI complexes is rising as a function of repeat unit in this polymeric aptamer. And this 
Increase comes
As a direct
Result of
More 
Spinach-DFHPI complexes per mRNA molecule
And not due
To having
Increased no. of
mRNA molecules
(this is shown
By validation experiment in B)



Learning outcomes (Week 6: CH-313 Chemical Biology - Synopsis)

- Fundamentals of fluorescent proteins vs. fluorescent RNAs

- Concepts underlying the design of fluorescent RNAs 

- 2 major applications of fluorescent RNA aptamers: strengths & limitations 

and data interpretations


