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Design of a synthetic luminescent probe from
a biomolecule binding domain: selective detection
of AU-rich mRNA sequencest

Laurent Raibaut,2* William Vasseur,?*¢ Geoffrey D. Shimberg,? Christine Saint-
Pierre,®" Jean-Luc Ravanat,® Sarah L. J. Michel*® and Olivier Séneque*@°°

We report the design of a luminescent sensor based upon the zinc finger (ZF) protein TIS11d, that allows for
the selective time-resolved detection of the UUAUUUAUU sequence of the 3’ -untranslated region of

messenger RNA. This sensor is composed of the tandem ZF RNA binding domain of TIS11d
Received 12th September 2016 . ti lized with a lumi t Th3+ l f the ZF q itizi t th
Accepted 2nd November 2016 unctionalized with a luminescen complex on one of the ZFs and a sensitizing antenna on the
other. This work provides the proof of principle that an RNA binding protein can be re-engineered as an

DOI: 10.1035/c65c04086a RNA sensor and, more generally, that tunable synthetic luminescent probes for biomolecules can be
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Introduction

Fluorescence spectroscopy is routinely utilized in laboratories
to study biological systems because it is a sensitive, cheap and
easy-to-use technique.” To go one step further in understanding
life at the molecular level, smart luminescent probes that
selectively detect, quantify or image the key components (DNA,
RNA, protein, small molecules or metal cations) involved in
specific biological processes are needed. Even though synthetic
chemists have developed a large number of low-molecular-
weight fluorescent probes that can detect various analytes
(reactive oxygen species, amino acids, anions or metal cations)
or that can respond to their microenvironment (pH, redox
potential),>® selective sensing of larger biomolecules such as
proteins, DNA or RNA is more challenging with small molecular
probes.***® Compared to low-molecular-weight analytes, the
selective recognition of large biomolecules requires a high
number of interactions between the probe and its target, which
are difficult to implement and control with small synthetic
molecular probes.

An attractive strategy for the design of luminescent probes of
biomolecules is to exploit the native recognition properties of
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obtained by modifying biomolecule-binding domains.

certain biomolecules for other biomolecules. For instance,
DNA/RNA or DNA/DNA recognition has been used successfully
to design selective fluorescent probes for specific RNA or DNA
sequences. The approach relies on the hybridization of the
target RNA or DNA strand with a complementary DNA strand}
that incorporates a suitable fluorophore (and a quencher in the
case of molecular beacons).'®'*'”'®* The binding domains of
proteins are also attractive for the design of probes for various
analytes, including biomolecules. Here, the best examples are
the genetically encoded probes that have been developed for
various small bio-analytes,*2* (metal cations (Ca**, Zn**, Cu"),
Cl™, H,0,, cAMP) or larger biomolecules like DNA* or RNA*®
oligonucleotides. These probes were created by linking fluo-
rescent proteins with a protein that binds the analyte of interest.
One advantage of this approach is that the binding domains of
proteins intrinsically feature the required selectivity and affinity
as well as association and dissociation kinetics in a suitable
range for reversible and dynamic exchange of the analyte in
biological media. This makes them ideal recognition units to
design probes for biological applications. However, there are
several drawbacks to the use of genetically encoded sensors:
they can only be used in organisms that can be genetically
modified and control of the levels of the probe's expression,
localization and optical properties is not straightforward.
Alternative strategies, such as the development of synthetic
luminescent probes of large biomolecules — and more generally
bio-analytes - that can be tuned and utilized for applications in
vitro or in vivo (in any organism) are needed. To meet this need,
one approach would be to prepare synthetic probes that repli-
cate the biomolecule-binding domains of proteins. However,
these domains are typically large (>50 amino acids) and the
entire domain must be synthesized in order for it to adopt the
stable three-dimensional structure required for an optimal

This journal is © The Royal Society of Chemistry 2017
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interaction with the target biomolecule. This approach is
therefore synthetically challenging. A few examples of synthetic
luminescent probes of biomolecules have been described based
upon short peptide segments (<25-30 amino acids) derived
from protein- or DNA- or RNA-binding proteins.”’-** These
peptide-based probes are almost unfolded in the absence of the
analyte and fold upon analyte binding. The energy cost associ-
ated with this folding event lowers the affinity of the probe for
the analyte compared to the well-folded parent protein. There-
fore, such probes are less sensitive. Recent progress in chemical
protein synthesis***** allowed us to envision the design of
synthetic luminescent probes based on biomolecule-binding
domains of proteins comprising up to more than 100 amino
acids and incorporating chromophores/fluorophores with
optimized and tunable optical properties. Such probes should
have superior sensitivity to short peptide based probes.

The main challenge in designing a luminescent sensor is to
couple the binding event to the emission event, i.e. the change in
light emission is due only to the binding of the receptor to its
target. Trivalent lanthanide ions (Ln*") are appealing emitting
moieties for biological sensing applications because of their
desirable luminescence properties.***” These properties include
narrow emission bands that are not influenced by the environ-
ment, emission spectra covering the visible to NIR domain
depending on Ln** and long luminescence lifetimes that allow
for time-resolved detection to suppress background fluorescence
contributions. Additionally, sensitization of Ln*" luminescence
requires the presence of a proximal chromophore, called an
antenna. Once excited, the antenna transfers its energy to
generate the excited state of the Ln*" ion. Modulation of the
lanthanide emission can be achieved by varying the antenna/Ln*"
distance, which alters the energy transfer.** This approach has
the potential to be generalizable as it only requires that the probe
adopts different conformations in the bound and unbound
states, affecting the antenna/Ln*" distance.**

In this article, we demonstrate that a biomolecule-binding
domain of a protein can be re-engineered into a lanthanide-
based turn-on luminescent probe that retains the intrinsic
binding properties of the native protein. We describe the
rational design, the synthesis and the characterization of
a luminescent probe that detects the 9-nucleotide long
UUAUUUAUU RNA sequence located in the adenylate-uracy-
late-rich elements (AU-rich elements) of the 3’-untranslated
region of messenger RNA (mRNA). The probe utilizes lantha-
nide luminescence and it was designed based upon the
tandem zinc finger RNA binding domain (RBD) of TIS11d (also
called ZP36L2), a protein of the tristetraprolin (TTP, also called
ZP36) family that plays critical roles in mRNA regulation by
simultaneously regulating multiple cytokines associated with
inflammation (e.g. TNFa) and also functions as a tumor
suppressor.***° The probe was obtained by chemical synthesis,
is selective for the target mRNA sequence and exhibits
a similar binding affinity compared to that of the native
TIS11d RBD with the same RNA target. These findings provide
the proof-of-principle that fully synthetic biomolecule-based
luminescent probes that are selective for a specific target can
be prepared.

This journal is © The Royal Society of Chemistry 2017
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Results and discussion
Design of the probe

Among the proteins of the TTP family, TTP/ZFP36, TIS11b/
ZFP36L1, and TIS11d/ZFP36L2 are highly homologous and all
bind to same AU-rich mRNA targets. We chose TIS11d as the
basis for our designed luminescent probe because it is the only
homolog for which there is an NMR structure of the two CCCH
domains bound to RNA. This allowed us to identify amino acids
that we could mutate without affecting the RNA binding activity.
TIS11d is a ca. 500 amino acid protein that features a 70 amino
acid RBD comprised of two non-classical CCCH zinc fingers®*>**
separated by a ca. 10-residue flexible linker (Fig. 1A).>** RNA
binding brings the two zinc fingers closer together and the
RNA-bound TIS11d RBD (Fig. 1B) adopts a more compact fold
than the free form, as revealed by its NMR solution structure and
by molecular dynamic calculations.*** We speculated that this
conformational change could be harnessed to design a lumines-
cent probe, named LTIS™, by grafting a DOTA[Tb®'] complex
onto one of the zinc fingers of the RBD and a sensitizing antenna
onto the other. A more efficient electronic energy transfer (EET)
between the antenna and the lanthanide was expected in the
presence of the target UUAUUUAUU RNA sequence, resulting in
a stronger Tb*" emission (Fig. 1C). The use of an energy transfer
system with an organic donor/Ln** acceptor pair rather than an
organic donor/organic acceptor pair was motivated by both the
luminescence properties of lanthanides and by the requirement
of a short distance between the antenna and the lanthanide
(below ca. 10-15 A) for efficient sensitization of Ln*" lumines-
cence. Purely organic systems require distances up to 40-60 A in
order for efficient energy transfer to occur. This distance exceeds
the size of the TIS11d RBD (ca. 40 A, based upon the NMR
structure of RNA-bound TIS11d RBD*).

C .
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]

5-UUUAUUUAUUU-3'

OTALTb]

Fig. 1 (A) Structure of TIS11d. The two zinc fingers (ZF1 and ZF2) are
displayed in red and blue (with Zn®* in grey) and the linker region in
green. (B) NMR solution structure (pdb 1RGO) of TIS11d bound to the
RNA nonamer UUAUUUAUU (yellow) with Arg160 and Pro210 dis-
played in pink and cyan, respectively.#? Another view of the protein is
presented in Fig. S1 of ESIL.¥ (C) Principle of AU-rich elements sensing
by LTIS™.
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To design LTIS™, we used a 68 amino acid peptide with the
sequence corresponding to residues 151 to 218 of human
TIS11d, which is the RBD.§ For the antenna, we utilized Car-
bostyril 124 (Cs124) because it is excited in the 325-350 nm
which is a wavelength range where RNA or DNA nucleobases do
not absorb. Cs124 is an efficient sensitizer of Tb** lumines-
cence® that can be used in the vicinity of an oligonucleotide,*®
without quenching the sensitizing process by nucleobases.>*
Due to the short antenna/Ln** distance required for efficient
energy transfer, we searched for ideal positions to introduce the
Ln*" complex and the antenna on the TIS11d RBD sequence.
The amino acid residues had to be (i) in close proximity when
TIS11d RBD binds RNA, (ii) solvent exposed, (iii) not conserved
among TIS11d homologs so as not to be functionally important
and (iv) not involved in hydrogen bonding or hydrophobic
interactions with the RNA strand or with other amino acids of
the protein. Inspection of the solution structure of TIS11d*
revealed that Arg160 and Pro210 fulfilled all of these criteria,
with a ca. 5.5 A gap between their side chains.q Therefore,
positions 160 and 210 in the sequence of TIS11d were chosen to
incorporate the Tb®* complex and the Cs124 antenna, respec-
tively (Fig. 1B and S1 of ESIY).

Synthesis of the probe

Inspired by recent achievements in the field of protein chemical
synthesis for accessing small functional protein domains,* we
synthesized LTIS™ by assembling three short unprotected
peptide segments in water by the combination of native
chemical ligation (NCL)* and SEA ligation (SEA = bis(sulfany-
lethyl)amido),* taking advantage of the numerous zinc-binding
cysteines present in TIS11d RBD (Scheme 1). The N-terminal
segment 1 features a DOTA[Tb] complex on a lysine side chain
in the middle of its sequence and an alkylthioester at its C-end.
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Scheme 1 One-pot N-to-C three-segment assembly of apo-LTIS™.
Amino acid numbering of TIS11d is used for clarity. The StBu group on

the N-terminal Cys of segment 2 is introduced as a protecting group
for synthetic reasons and is removed in situ by MPAA in step 1 (ESIT).
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The peptide was obtained by solid phase peptide synthesis on
SEA-PS resin and the DOTA ligand was introduced onto the
resin by coupling the commercially available DOTA-tris(¢Bu)
ester on the lysine side chain after removal of its alloc protecting
group. After cleavage from the resin, the unprotected peptide
displaying a SEA group at its C-terminus (1a, see ESI{) was both
converted into an alkyl thioester using 3-mercaptopropionic
acid and metallated with Tb®" in a one-pot reaction in water
at pH 4.3. The central segment 2 displays the latent thioester
SEA group in its oxidized form (SEA°Y) at its C-terminus to
prevent oligomerization or cyclization during NCL assembly of
segments 1 and 2.*° Finally, the C-terminal segment 3 displays
the Cs124 chromophore on the side chain of a glutamate. This
chromophore was introduced using Fmoc-Glu(Cs124)-OH>'
during solid phase peptide synthesis of the segment. The one-
pot assembly of the three segments was performed as described
by Melnyk et al.>* 1 and 2 were assembled in a phosphate buffer
(pH 7.2) containing mercaptophenylacetic acid (MPAA) to
unmask the C-terminal cysteine of 2 and catalyze NCL. After
completion of this first ligation step (24 h), 3 was added to the
reaction mixture along with the reducing agent tris(carbox-
yethyl)phosphine (TCEP) to convert the SEA°T group at the
C-end of the (1 + 2) segment into an active SEA°" form and
initiate the SEA ligation step.** The overall process was
completed within 48 h and apo-LTIS was obtained in 48% yield
after purification. Fig. 2A and B show the HPLC chromatogram
and mass spectrum of purified apo-LTIS.

The CD spectrum of apo-LTIS™ (Fig. 2C) is characteristic of
a random coil (unstructured) peptide. A CD titration with Zn**
shows that the synthesized protein can bind 2 equiv. Zn>* (see
ESIt) to yield LTIS™,|| which displays a CD spectrum similar to
that of the Zn-loaded RBD of TIS11d homologs with a local
maximum and minimum at 215 and 230 nm, respectively.*>*
This indicates that LTIS™ is able to adopt the correct fold in the
presence of Zn**,
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Fig. 2 (A) HPLC chromatogram and (B) MALDI-TOF spectrum of
purified apo-LTIS™ (expected MW = 8850.8). (C) CD spectra of the
apo- (dotted line) and Zn-loaded (solid line) forms of LTIS™ (5 pM)
recorded in a phosphate buffer (10 mM, pH 7.0).

This journal is © The Royal Society of Chemistry 2017
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RNA-binding properties

The RNA binding properties of LTIS™ were investigated by
luminescence spectroscopy in HEPES buffer (pH 7.5) with the
RNA 11-mer UUUAUUUAUUU (*AU), which comprises the
target sequence of proteins of the TTP family. In the absence of
RNA, excitation at 330 nm promotes emission from the D,
excited state of Tb®" with characteristic °D, — “F; (J = 6, 5, 4, 3)
transitions at 490, 545, 585 and 623 nm, respectively (Fig. 3A).
The excitation spectrum confirms that Cs124 acts as a sensi-
tizing antenna for Tb** luminescence (see ESIT). Upon addition
of ™AU to LTIS™ (90 nM), the intensity of the Th** emission
increases progressively and plateaus after 1 equiv. RNA, with
a 5.6-fold enhancement of Tb*" emission (Fig. 3A and B). This
indicates the formation of a high affinity 1:1 complex
"AU-LTIS™ and confirms that LTIS™ acts as a turn-on sensor
for the target RNA sequence, as expected. The Tb*" lumines-
cence lifetime remains constant and equal to 1.9 ms during the
titration.

In order to assess the dissociation constant Kyq of the
MAU-LTIS™ complex and assess the reversibility of RNA
binding, we performed a competition titration with TTP-2D,
a recombinant protein corresponding to the RBD of murine TTP
protein, which has a K3 of 16 & 1 nM for "'AU.>* As expected,
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Fig. 3 (A and B) Time-gated Tb®" luminescence (Aex = 330 nm, delay
time = 200 ps) titration of LTIS™ (90 nM) by the RNA 11-mer
UUUAUUUAUUU (MAU). (C) Time-gated Tb>* luminescence titration of
a mixture of LTIS™ (90 nM) and AU RNA (90 nM) by recombinant
TTP-2D. The solid line in (C) corresponds to the fit of the data, which
yielded K\ tisto/K1p-20 = 0.35 + 0.03. (D) Selectivity diagram showing
the relative emission of Tb* at 545 nm (A, = 330 nm) of LTIS™ (100
nM) in the absence and the presence of various RNA (a = AU =
UUUAUUUAUUU; b = UUUUUUUUUUU; ¢ = UUUGUUUAUUU; d =
UUUGUUUGUUU) and DNA (e = TTTATTTATTT) 11-mer oligonucle-
otides (200 nM). Solutions were prepared in a 10 mM HEPES/50 mM
NaCl/DTT 2.5 mM/0.7 mg mL~ BSA buffer at pH 7.5 at 298 K.
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addition of TTP-2D toa 1 : 1 mixture of LTIS™ and **AU induces
a decrease of Tb®" emission in agreement with the displacement
of ™AU from LTIS™ to TTP-2D (Fig. 3C). Fitting the data to the
equilibrium *'AU-LTIS™ + TTP-2D = LTIS™ + MAU-TTP-2D
yielded a K4 of 5.6 + 0.8 nM for "'AU-LTIS™, in the 3-7 nM
range reported for TIS11d RBD.** These data show that the
introduction of the DOTA[Tb] complex and the Cs124 antenna
on the RBD does not affect RNA binding properties. Of note,
during all of these titrations, equilibrium is reached within the
mixing time (<10 s), which indicates that the association and
dissociation kinetics for *'AU-LTIS™ are rapid, a property that
is required for efficient real time monitoring of reversible bio-
logical processes. Another critical issue for biological probes is
selectivity. The selectivity of the luminescence response of
LTIS™ was investigated by measuring the response of LTIS™
with the 11-mer RNA sequence in which one or the two As were
changed for U or G (UUUUUUUUUUU, UUUGUUUAUUU and
UUUGUUUGUUU, which are common RNA benchmarks for TTP
protein selectivity®>**) as well as the DNA sequence TTTATT-
TATTT (Fig. 3D). None of these sequences promoted any Tbh*"
luminescence increase, indicating that LTIS™ responds selec-
tively to the target UUAUUUAUU RNA sequence, much like the
native peptide.

Discussion

We have described the successful design and in vitro analysis of
a selective luminescent probe for the RNA sequence
UUAUUUAUU. This sequence is the binding site for TTP family
proteins. In cells, the interaction of TTP with these RNA
sequences is a critical step in the regulation of inflammation
and cancer. Thus, a probe that monitors this pathway has
potential as a novel tool to study inflammation and cancer
signalling pathways. For example, TTP simultaneously regulates
multiple mRNAs that encode select pro-inflammatory factors
(e.g., TNFa, interleukins (IL)-2, -3, and -6, COX-2) and loss of
TTP results in systemic hyperinflammation.>®* A TTP-based
probe could function to measure these cytokine levels in cells
under different stimuli and therefore serve as a read-out of
inflammation. Similarly, TTP recognizes and destabilizes
a large number of tumor-related mRNAs (e.g. regulators of the
cell cycle (e.g. cyclin D1), angiogenesis (e.g. VEGF, HIF-1), and
metastasis (e.g. MMP-1, uPA)),*** and we envision using the
TTP-based probes to monitor mRNA levels in cancer cells. Our
approach involved modifying the RBD of one of the TTP family
proteins (TIS11d) with a lanthanide ion (Tb*") and a suitable
chromophore to sensitize lanthanide luminescence. By using
TIS11d as the basis for the probe, we created a probe that kept
the native RBD's selective RNA binding properties, i.e. reversible
and dynamic binding with the K, in the nM range.

LTIS™ is a rare example of a protein-based RNA sensor.?**
Most RNA sensors described to date are based on hybridization
with a nucleic acid oligomer-based fluorescent probe. With
such a probe, the target RNA sequence must be longer than 15
nucleotides to form an RNA/probe hybrid with sufficient stability.
LTIS™ recognizes a shorter RNA sequence (UUAUUUAUU, 9
nucleotides) showing that this protein-based approach may be

Chem. Sci,, 2017, 8, 1658-1664 | 1661
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a valuable alternative to hybridization probes for the sensing of
short RNA sequences.

In the LTIS™ probe, the RNA binding event is transduced
into an increased Th** emission based upon the modulation of
Tb*" sensitization though a conformational change between the
Cs124 antenna and Tb*" ion. The use of a lanthanide emitter is
critical to the design of LTIS™ as small conformational changes
are sensed due to the short distances required for efficient
energy transfer from the antenna. The lanthanide complex and
its antenna were introduced on the RBD of TIS11d based upon
simple structural and functional considerations. Moreover,
lanthanide luminescence offers unique properties to study
biological systems. They have a long luminescence lifetime -
exemplified here by the 1.9 ms lifetime for Tb>* luminescence in
LTIS™ - that allows the time-resolved detection to suppress
autofluorescence of the biological background and increase the
signal/noise ratio. With this promising prototype probe in
hand, we envision future studies in which modifications are
made to the probe for different applications. For example, we
could apply the convergent synthetic pathway for LTIS™ in
a combinatorial manner by varying the Ln®" ion, its ligand (the
DOTA ligand usually leaves a free coordination site on the
lanthanide that is occupied by water molecules and this is
detrimental to emission efficiency), the antenna and the posi-
tion of the DOTA and antenna on the RBD to optimize the
probe's emission properties. Additionally, we envision
appending functionalities for in vivo applications, e.g. addition
of a cell penetrating peptide sequence or a second lanthanide
complex to create a ratiometric sensor.

The work we have described here demonstrates that a fully
synthetic luminescent probe of a target analyte (RNA) based
upon a biomolecule-binding domain of a protein can be engi-
neered. By utilizing the robust chemical ligation methodologies
that have been developed in the past decade for the chemical
synthesis of proteins, the straightforward preparation of
a biomolecule with a conjugated antenna and lanthanide
complex from short peptide segments was achieved. The
biomolecule utilized as the basis for the probe contains two zinc
finger domains. These types of domains are amenable to
chemical synthesis via chemical ligation methods®®” because
they contain numerous zinc-binding cysteines (2 to 4 per Zn**
ion, depending on the type of zinc finger). In addition, Nature
often uses zinc fingers to fold biomolecule-binding sites and
mediate protein/protein, protein/DNA, protein/RNA and
protein/low-molecular-weight molecules interactions, suggest-
ing that our approach can be expanded to target other
biomolecules by functionalizing other zinc fingers. Addition-
ally, this design strategy is not limited to zinc finger proteins or
cysteine-containing proteins as progress in chemical ligation
methods now allows straightforward synthesis of proteins that
do not contain cysteines,***® thereby extending the scope of
such probe design.

Conclusion

We have successfully engineered a luminescent sensor for the
RNA sequence UUAUUUAUU by modifying the RNA binding

1662 | Chem. Sci., 2017, 8, 1658-1664
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domain of TIS11d, a member of the TTP family, such that
it contains a Ln®" complex and a sensitizing antenna. The
sensor was designed based on simple structural consider-
ations and synthesized by the native chemical ligation
methodology, which allows straightforward introduction of
the Ln®" emitter and antenna. Of note, the probe retains all of
the RNA binding properties of the native TIS11d RBD, vali-
dating this approach. We believe that the design strategy has
the potential to be expanded to other biomolecule-binding
proteins, providing a general strategy for the development of
luminescent probes.
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titration, which shows an increase of Tb** emission up to 2.0 eq. Zn** (see ESIY).
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