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ABSTRACT: One of the most intriguing ways through which nature

achieves regulation of biological pathways encompasses the coordination

of noncovalent interactions that bring biomolecules to be colocalized in a

designated restricted space. Inspired by this mechanism, we have explored

the possibility of using antibodies as bivalent biomolecular substrates for

the templated assembly of a functional RNA structure. We have developed

a biosupramolecular complementation assay by assembling a fluorescent

Spinach aptamer, which is a synthetic RNA mimic of the Green Fluorescent

Protein, from its split segments. We have employed two antigen-tagged

RNA strands that, upon binding to the target antibody, are colocalized in a

confined space and can reassemble into the native Spinach conformation,

yielding a measurable fluorescence emission as a function of the templating

antibody concentration. We have demonstrated the generality of our

approach using two different antigen/antibody systems and found that both

platforms show high binding

affinity, specificity for the target antibody, and enough selectivity to work in crude cellular extracts. This study highlights the
potential of biosupramolecular RNA engineering for the development of innovative biomimetic tools for nanobiotechnology

and
bioanalytical assays.

n living systems information is stored, transferred, and

processed through a complex network of reactions that

involve thousands of different species. In order to
preserve the functionality of cells, this sophisticated system
has to be controlled and regulated in a highly specific and
precise way. To do this, nature has developed refined
strategies based on noncovalent interactions that allow
biomolecules to be colocalized in an extremely confined
volume, which results in an increase of their effective local
concentrations.!?> Such local concentration enhancement
triggers reactions and promotes interactions that would
otherwise be negligible at the low concentration levels found
in cells.> * Inspired by this mechanism, spatial colocalization
of interacting species has been artificially recreated to
generate hierarchical architectures and to seize control of
synthetic reactions.’”’ This proximitybased strategy has been
successfully employed for biosupramolecular assembly® '
and templated organic synthesis.!""'? It also has seen growing
application in bioanalytical chemistry and synthetic
biology."*'® One of the best examples of colocalization-
based assembly is the protein-fragment complementation
assay. This method allows for monitoring biomolecular
interactions through the use of a reporter protein initially
split into two halves, each one tethered to a specific
recognition element. The interaction between the two
recognition elements, or with a third interactive species,
induces the colocalization-based assembly of the protein
halves into the active protein conformation, which can then
report on the interaction event (Figure S1).!7!® On the basis
of this

mechanism, the bioassisted assembly of a Split Green
Fluorescent Protein (split GFP) has been proposed as a
protein reporter system for the analysis of protein—protein
interactions,'® the intracellular detection of target nucleic

acids,”® and the creation of semisynthetic assembling
proteins.?! However, split GFP-based techniques do not
come without limitations. The conjugation of the GFP
fragments to the desired recognition element may prove
challenging.”? Moreover, GFP fragments may be susceptible
to self-aggregation, which lowers the amount of competent
split GFP fragments and then the probability of interaction-
dependent reassembly.'®?* Recently, a synthetic RNA
structure has been proposed as an alternative system to GFP.
Such a GFP-mimic RNA aptamer, named Spinach,
specifically binds to a synthetic copy (3,5-difluoro-4-
hyroxybenzylidene imidazoline, DFHBI) of the natural GFP
fluorophore, leading to the display of GFP-like fluorescence
properties.?* Spinach and related Spinach-like daughter
structures have since then emerged as groundbreaking
biochemical tools and been employed for real-time imaging
of RNA transcription,? detection of cellular metabolites,?
and monitoring of dynamic bioprocesses.?’ Inspired by the
above  colocalization  mechanism, split  Spinach
complementation strategies have been proposed in which the

assembly of the functional aptamer is controlled by nucleic
acid strand displacement reactions?®? or guided by the
hybridization with complementary mRNA strands.*
However, there are no reports of split Spinach assembly
strategies using proteins as biomolecular templates.
Motivated by the above considerations, we demonstrate here
a strategy for the antibody-templated assembly of a
functional RNA structure mimicking the fluorescent
properties of GFP. Because of their bivalent recognition-site
structure, antibodies represent privileged substrates to assist
colocalization-based assembly.'* We thus propose the use of
a split Spinach aptamer (GFP-like RNA mimic) as a flexible
and dynamic tool to design a complementation assay that is
responsive to target antibodies.
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l TEMPLATED ASSEMBLY OF A SPLIT
SPINACH
APTAMER USING AN ANTI-DIG ANTIBODY
Our strategy is based on the use of two RNA strands that,
when joined together, constitute the active conformation of
the Spinach aptamer. Each of the two Spinach fragments is
conjugated at one end with a ligand (i.e., an antigen) that is
recognized by a specific antibody. In the absence of the
antibody, the two Spinach fragments display a very weak
luminescent signal because of the poor binding affinity for
DFHBI. The interaction between the target antibody and the
RNA-conjugated antigens brings the two RNA strands in
close proximity, which greatly increases their effective local
concentration. This ultimately triggers the assembly of the
functional Spinach structure and leads to efficient binding of
DFHBI with consequent increase of the fluorescence signal
(Figure 1 and Figures S1 and S2).
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Figure 1. Antibody-templated assembly of the Spinach aptamer. In
this strategy, Spinach is ideally cut into two segments (red and blue
in the figure),?? and each of the two fragments is conjugated with a
recognition element (antigen) specific for a target antibody. Only in
the presence of the antibody the two fragments are colocalized in a
confined volume and can reassemble into the functional Spinach
aptamer which, by binding to the fluorophore DFHBI, provides a
GFP-like fluorescence signal.

As a test bed, we initially focused on digoxigenin (Dig) as
the recognition element (antigen) and Anti-Dig antibody as
the biomolecular target (Figure 2A). Given the proof-of-
principle nature of this study, we used here the original
minimized version of the Spinach aptamer,®' which was
recently employed for split Spinach assembly controlled by
strand displacement reactions.?® The actual crystal structure
of this Spinach aptamer, which significantly differs from
simplified in silico models, has been elucidated and reported
by Ferre- D’ Amaré and coworkers (see Figure S2).32 We split
up the original single strand RNA aptamer into two
fragments (Split-1 and Split-2) by executing an ideal cut
along the stem of the so-called P3 paired region.? This
region of the Spinach structure is more prone to undergo
sequence modification without significant loss of the DFHBI

binding activity (i.e., activation of fluorescence emission),
due to its sole structural role. In particular, the reported
crystal structure has evidenced that a G-quadruplex folding,
formed upon interactions of the bases in the other regions of
the Spinach, is necessary for competent DFHBI binding, thus
leaving the P3 region as the only suitable one for structural
modifications.?®3!*2 Additional spacer tails composed of 10
uracil units were introduced at the 5'-terminus of Split-1 and
at the 3'-terminus of Split-2 (i.e., in correspondence of the
base of the main stem P1 of the Spinach aptamer), in order
to endow the two RNA segments with enough flexibility
once they are bound to the target antibody (Figure 1 and
Figure S2 RNA sequences are reported in the Supporting
Information). A Dig molecule is then conjugated to each of
these spacer tails (Figure 2A). In the absence of the target
antibody, an equimolar solution of Split-1 and Split-2 (20
nM) shows an affinity toward DFHBI (Kq= 17 £ 2 uM) that
is 10fold poorer than that of the original native aptamer (Kq
=1.6 £ 0.1 uM) (Figure 2B). This demonstrates that the split
Spinach configuration shows only a poor DFHBI binding
ability which, consequently, leads to very weak signaling for
DFHBI concentrations as high as 10 uM (Figure 2B, black
curve). However, in the presence of Anti-Dig antibody (20
nM), the affinity of the split Spinach for DFHBI is restored
to a value (Kq= 3.3 £ 0.4 uM) approaching that of the
original wild-type aptamer, thus providing evidence for the
proposed mechanism. The small difference in DFHBI
affinity between the antibodytemplated Spinach and the
original aptamer may be ascribed to a slight destabilization
of the Spinach structure induced by the presence of the
additional poly-U tails as well as to possible steric hindrance
caused by the antibody structure. Further proof of the
proposed antibody-templated assembly of the split Spinach
is given by the result obtained using Anti-Dig Fab fragments,
which feature only one binding site instead of the traditional
two of the complete Anti-Dig IgG antibody. In this case,
addition of the Fab fragments to the Anti-Dig-tagged RNA
strands did not yield any measurable increase in the
fluorescence output (Figure 2F). No improvement on DFHBI
affinity could be achieved compared to the split Spinach
configuration, even at saturating concentrations of the Anti-
Dig Fab (100 nM) (Figure S3). In order to find the optimal
experimental conditions for our antibody-templated
assembly, we compared the signal gains % obtained in the
presence of a fixed concentration of Anti-Dig antibody (20
nM), at different DFHBI concentrations. A concentration of
3 uM DFHBI yields the highest signal gain (175%), which is
in accordance with the affinity curve for DFHBI (Figure 2B)
and with the lower background signal due to split Spinach
(see also Figures S5 and S6). However, we note that, because
of the difference in affinity, a higher DFHBI concentration
(10 uM) provides more intense, and thus more reliable,
absolute fluorescence signals despite a slightly lower total
signal gain (125%) (Figure 2C and Figure S7). The obtained
fluorescence gains account for the fact that, statistically, only
half of the total amount of Split-1 and Split-2 is thought to
bind to the receptor
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Figure 2. Antibody-templated assembly of the Spinach aptamer. (A) We first employed Digoxigenin (Dig) as the recognition tag and Anti-
Dig antibody as the target antibody. (B) DFHBI binding curves of Split Spinach in absence (black) and presence of Anti-Dig antibody (20
nM) (red). As a comparison, the original wild-type Spinach aptamer (green) is also shown. (C) Fluorescence % signal gains in the presence
of Anti-Dig antibody (20 nM) obtained at different DFHBI concentrations. (D) Binding curve at increasing Anti-Dig antibody concentrations.
(E) Fluorescence kinetics profiles of the split spinach aptamer in absence (black line) and in the presence of Anti-Dig antibody 100 nM (red
line). (F) Cross reactivity experiments using different antibodies demonstrate the high specificity of the system. Moreover, the system
responds to the specific Anti-Dig antibody (20 nM) in RPMI cell culture medium or HeLa Cell whole lysate with similar performances
compared to those observed in pure buffer solution. (G) Representative fluorescence microscopy micrographs of the progressive phases of
the assembly process (1.5 pL droplets, exposure time 10 s). Scale bar is 200 um. Signal gain is calculated as the fluorescence intensity
enhancement upon addition of the Anti-Dig antibody, relative to the Split Spinach background fluorescence signal in the presence of DFHBI
(10 uM). Unless otherwise noted the experiments are obtained in phosphate buffer saline PBS buffer, pH 7.4, T = 37 °C, using an equimolar
concentration of the split strands ([split 1] = [split 2] = 20 nM) and a concentration of DFHBI of 10 pM. Results are reported as mean value
of three independent measurements and the error bars reflect the standard deviations.

sites in a complementary fashion (thus assembling into
Spinach), with the remaining part leading to homologous
noninteracting Split-1/Split-1 or Split-2/Split-2
combinations. This is in accordance with a fluorescence
turn-on ratio lower than that observed for split Spinach
systems assembled on templating mRNA strands.’® As we
anticipated, at higher DFHBI concentrations (i.e., above 15
uM), the signal gain was largely suppressed due to the strong
background fluorescence (Figure 2C). Additionally, we
investigated the behavior of our system using different
concentrations of split Spinach in the presence of either 3
uM or 10 pM DFHBI, and found that 20 nM RNA ensured
the highest signal gain %, namely, the best signal-to-noise

ratio (Figures S5 and S6). We observed a concentration-
dependent increase of Spinach fluorescence emission at
increasing concentrations of Anti-Dig antibody, showing
nanomolar affinity (Ki2= 5 + 1 nM,Figure 2D). Affinity
binding curves showing the increase of fluorescence
intensity as a function of antibody concentration are included
in the Supporting Information (Figure S7). The above
affinity binding value is in good accordance with the one
reported in the literature obtained with different assays, such
as ELISA.*® Kinetic profiles showed that the Spinach
assembly triggered by the presence of Anti-Dig antibody
leads to rapid binding of

DFHBI, yielding 90% of the final signal in less than 5 min
(Figure 2E).

We then tested our system against nonspecific cross
reactivity. Saturating concentrations (100 nM) of nonspecific
antibodies induced no variation in terms of signal gain,
demonstrating the high specificity of our approach (Figure
2F). In view of further biomedical applications, we also
tested the performances of the assembly process both in
RPMI cell culture medium and HeLa Cell whole lysate.
Notably, the fluorescence signal gains obtained working in
these complex biomatrixes were comparable with those
registered in pure buffer solution (Figure 2F). Fluorescence
microscopy analysis confirmed that bright green
fluorescence emission is achieved only when in the presence
of the specific target antibody, which suggests the potential
use of this technology for bioimaging and bioanalytical
purposes (Figure 2G).

SEMBLY

Motivated by the above results, we tested our technology
using a second antigen—antibody couple, in order to
demonstrate the general applicability of the proposed
approach. We employed 2,4-dinitrophenol (DNP) tags that
a

function of the concentration of the Anti-DNP antibody, (C)
binding curve at increasing Anti-DNP antibody concentrations, and
(D) cross-reactivity experiments carried out with different
nonspecific antibodies. The Anti-DNP-based assembly system also
works in complex biomatrixes such as RPMI medium or HeLa Cell
whole lysate. All reported fluorescence intensities are relative to
background DFHBI signal considered as blank sample (10 uM).
Unless otherwise noted the experiments are obtained in phosphate
buffer saline PBS buffer, pH 7.4, T = 37 °C, using an equimolar
concentration of the split strands ([split 1] = [split 2] = 20 nM) and
a concentration of DFHBI of 10 uM. Results are reported as mean
value of three independent measurements, and the error bars reflect
the standard deviations.

segments were designed as for the above Dig-labeled RNA
strands (Figure 3A). Following the same experimental
protocol, we recorded fluorescence emission spectra that
demonstrated that the same colocalization-based assembly
of the split Spinach is achieved using Anti-DNP antibodies.
Fluorescence emission (Figure 3B) and signal gains %
comparable to those registered for Anti-Dig antibodies were
obtained. Moreover, the binding curve obtained at increasing
concentrations of Anti-DNP antibody also showed
nanomolar affinity (K, = 2.1 + 0.4 nM, Figure 3C and
Figure S6), in accordance with the literature values.** We
demonstrated again that the assembly of the Spinach

structure1s tricoered onlbz by the nresence of the snecific
o0 J J | i
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target antibody (here Anti-DNP antibody), as we observed
no fluorescence enhancement at saturating concentrations of
nonspecific antibodies (Figure 3D). The use of RPMI and
HeLa Cell whole lysate as matrices did not affect the
performance of the Anti-DNP-assisted assembly and we
observed comparable signal gains to those obtained in pure
buffer solution (Figure 3D).

- CONCLUSIONS

We have presented a biosupramolecular mechanism in which
a split Spinach is led to reassemble into the functional RNA
GFPmimic conformation as the effect of a guided spatial
nanoconfinement. We demonstrated the applicability of this
approach using antibodies as template biomolecules that
induce colocalization of split Spinach halves, mediated by
the binding of antigen tags conjugated to the ends of the
RNA fragments. Looking forward, modification of the
design may be explored to improve the fluorescence
background of split Spinach, for instance through the
introduction of different split points, variable length of the
uracil tails, or different base pairing in the P3 region. We also
believe the same mechanism might be translated to some of
the available alternative formats of the Spinach
aptamer.’?33¢ More advanced designs may account for
peptide/RNA chimeras to extend this strategy to a wider
range of target antibodies, allowing for the development of
even more robust tools for colocalization-based sensing.
This would also allow orthogonal assembly of diversified
RNA mimics of GFP activated by different antibodies.
Given the crucial role that nucleic acids and proteins play
when employed together as building blocks for the
semisynthetic assembly of functional nanostructures,’’ we
believe our strategy may find different possible applications.
Our colocalization mechanism may be extended to other
RNA aptamers and sequences, opening the way to the
construction of programmable supramolecular RNA-based
nanostructures with binding-responsive properties, which is
of high relevance in the field of RNA nanotechnology.
Looking forward, we believe that the presented Spinach
complementation assay might find application as a means to
perform in situ imaging of antibodies and other bivalent
cellular receptors. Despite this work being a proof-of-
principle study, we in fact envision that an analogous
mechanism could be explored in the future to generate new
sets of colocalization-based probes. This would allow, for
instance, for imaging of B-cell receptors (BCRs) on the
surface of B-cells, leading to their visualization in situ in
realtime.’® Likewise, imaging of other bivalent cellular
receptors (e.g., tyrosine kinases) might be achieved by using
properly designed ligand-tagged RNA strands.*® Eventually,
we believe our strategy may be valid for a large number of
other substrates, namely, all those proteins that display bi- or
multivalency and are then amenable to assist colocalization
assembly. Given this, a split Spinach complementation assay
may be developed for intracellular imaging of RNA- and
aptamer-binding proteins, being then fully genetically

encodable. This would allow this technology to be further
implemented as an expressible signaling system.
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