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1. Zusammenfassung

In den vergangenen Jahrzehnten war RNA das Forschungsobjekt unzahliger
Universitaten und Pharmaunternehmen weltweit. Doch auch die breite Bevolkerung ist
mit der Zulassung der mRNA basierten COVID-19 Impfstoffe! mit dem Aufbau und der
Wirkweise von Nukleinsauren in Beruhrung gekommen. Viele Wissenschaftler gehen
davon aus, dass RNA in Zukunft eine immer grof3ere Rolle in der Medizin und der
Behandlung von Krankheiten spielen wird.>* Doch nicht nur die Entwicklung von
therapeutischen Oligonukleotiden ist von groflem Interesse. Um die unzahligen
Wirkungsmechanismen von Nukleinsauren zu verstehen, ist noch immer viel
Grundlagenforschung noétig. Dabei ist es zum Beispiel wichtig zu verstehen, wo
Nukleinsauren in der Zelle hergestellt werden, wohin sie transportiert werden und wie
sie am Ankunftsort regulatorisch wirken. Da DNA und RNA mit blofem Auge nicht
sichtbar ist, wurden in den vergangenen Jahren viele Werkzeuge und Methoden
entwickelt, um sie sichtbar zu machen.>® Neben Protein-basierten Methoden (MS2,
Pepper, dCas3), Fluorophor-Aptamer Paaren (Mango, Spinach, Broccoli) und
Fluorophor-Quencher Paaren (SRB-2, Riboglow) haben sich vor allem molecular
beacons als Werkzeug fiir die RNA-Visualisierung etabliert.® Gegenlber den zuvor
genannten Methoden haben Sie den groRen Vorteil, dass sie nicht nur zur
Visualisierung exogener synthetischer, sondern auch von endogener RNA geeignet

sind.

Die vorliegende Arbeit befasst sich mit der Synthese und Entwicklung von neuen
Werkzeugen zur Visualisierung endogener RNA. Dabei wurden sowohl herkdmmliche,
als auch lichtaktivierbare Werkzeuge synthetisiert und in Zellexperimenten angewandt.
Im ersten Schritt wurden molecular beacons zur Visualisierung von CamK2, Beta-actin
und PSD95 mRNA hergestellt, die anschlielend am Max-Planck-Institut fur
Hirnforschung in Frankfurt verwendet wurden, um deren Transportdynamiken in
Neuronen zu untersuchen.” Molecular beacons sind Oligonukleotide mit einer Lange
von ca. 25-35 Basen, die eine Stamm-Schleife Struktur ausbilden. Die Schleifenregion
ist komplementar zur Ziel-RNA und der Stamm ist selbstkomplementar. An einem
Ende des Oligonukleotids ist ein Fluorophor angebracht, am anderen Ende ein
Quencher. Durch die raumliche Nahe der beiden Chromophore in der Stamm-Schleife
Struktur wird das Emissionslicht des Fluorophors durch den Quencher abgefangen.
Nur wenn der molecular beacon mit der Ziel-RNA hybridisiert, werden Fluorophor und
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Quencher raumlich getrennt und es kann ein Fluoreszenzsignal detektiert werden. Im
ersten Teilprojekt dieser Arbeit wurden insgesamt acht molecular beacons hergestellt.
Die Zielsequenzen der Sonden waren in der 3-UTR von CamK2, Beta-actin und
PSD95 mRNA Iokalisiert. Es wurden pro mRNA zwei komplementare Sonden
verwendet. Eine davon war mit ATTO 565/BHQ2 und die andere mit ATTO 647N/BBQ-
650 als Fluorophor/Quencher Paar ausgestattet. Weiterhin wurden zwei Sonden mit
den genannten Chromophoren gegen GFP-mRNA synthetisiert, welche spater als
negativ-Kontrolle eingesetzt wurden. Zur Verbesserung der Stabilitat gegenuber
Nukleasen und der Hybridisierungsaffinitat gegenuber RNA wurde ein 2’-OMe-
Ruckgrat verwendet. Die Sonden wurden nach erfolgreicher Synthese von Paul G.
Donlin-Asp am Max-Planck-Institut fur Hirnforschung in Neuronen transfiziert und die
mRNA/beacon Hybride mit einer automatisierten Analyse-Pipeline, geschrieben von
Claudio Polisseni, analysiert. Es ist bekannt, dass mRNA im Zellkern aus DNA
transkribiert wird und im Anschluss zu den einzelnen Synapsen transportiert wird um
dort lokal in Proteine Ubersetzt zu werden.® In der vorliegenden Arbeit wurde dieses
Transportverhalten nun genauer untersucht. Es zeigte sich, dass mRNAs nicht nur
einzeln, sondern auch in multimeren Komplexen, sogenannten ,RNA-granules®
entlang der Dendriten transportiert werden. Die Transportgeschwindigkeiten der drei
untersuchten mRNAs waren dabei sehr ahnlich (ca. 1 um/s), sowohl fur den Transport
vom Zellkern weg (anterograde), als auch zum Zellkern zurtck (retrograde). Auch die
insgesamt zuruckgelegten Distanzen unterschieden sich kaum. Alle drei mRNAs
wurden im Durchschnitt etwa 20 um Uber den gesamten Untersuchungszeitraum
transportiert. Im nachsten Schritt wurde untersucht, ob die Assoziation von Ribosomen
an der mRNA einen Einfluss auf die Transporteigenschaften hat. Dabei wurden die
Zellen von Paul G. Donlin-Asp einmal mit Puromycin behandelt, welches eine
Dissoziation von Ribosom und mRNA zur Folge hat und einmal mit Anisomycin, das
die assoziierten Ribosomen an der mRNA einfriert. In diesen Experimenten wurde
festgestellt, dass der Translationsstatus einen direkten Einfluss auf die
Transporteigenschaften hat. Wahrend die generelle Transportgeschwindigkeit gleich
blieb, hat sich der Anteil der beweglichen mRNAs bei der Behandlung mit Puromycin
deutlich erhoht. Dies kann damit erklart werden, dass die mMRNAs nicht mehr von den
Ribosomen fur eine lokale Translation festgehalten werden. Gleichzeitig hat sich der
Anteil der temporar stationaren mRNAs bei der Behandlung mit Anisomycin erhoht.
Durch das Einfrieren der Ribosomen an der mRNA konnte diese nicht weiter
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transportiert werden. Die zurlckgelegten Distanzen der einzelnen mRNAs haben sich
nicht signifikant geandert. Es wurden zusatzliche Experimente zum Transport unter
Langzeitpotentierung (long-term potentiation, LTP) und Langzeitdepression (long-term
depression, LTD) der Neuronen durchgefuhrt. Diese werden in der vorliegenden
Zusammenfassung nicht genauer beschrieben. Insgesamt konnte gezeigt werden,
dass sich chemisch modifizierte molecular beacons hervorragend zur Untersuchung
von endogener RNA eignen. Durch die hohe Selektivitat und Affinitat zur Zielsequenz
konnen gezielt Transporteigenschaften von mRNA in lebenden Zellen untersucht
werden. Dennoch haben molecular beacons einen Nachteil. Die Untersuchungsdauer
unter dem Mikroskop ist limitiert, da die organischen Fluorophore und Quencher nach
einer gewissen Anzahl an Anregungen beginnen zu bleichen. Zwar wurden bei den
oben beschriebenen Sonden bereits sehr photostabile Chromophore verwendet,
jedoch war der Untersuchungszeitraum trotzdem auf nur 20 Minuten begrenzt. Daher
wurden im nachsten Schritt chemisch modifizierte molecular beacons entwickelt,
welche diese Limitierung umgehen konnen. Durch chemische Modifikationen wurde
den Sonden eine lichtaktivierbare Komponente hinzugefigt mit dem Ziel die
Anregungsfrequenz des Lasers Uber den Beobachtungszeitraum zu verringern. Genau
gesagt wurde ein zweiter Quencher kovalent am Fluorophor Uber eine photolabile
Schutzgruppe verknupft. Durch dieses Design wurde das Emissionslicht des
Fluorophors auch im hybridisierten Zustand mit der Ziel-RNA durch den zweiten
Quencher abgefangen. Durch Licht mit einer Wellenlange von 405 nm konnte die
photolabile Schutzgruppe und damit der zweite Quencher abgespalten werden. Somit
wurde nur ein Fluoreszenzsignal erhalten, wenn sowohl eine Hybridisierung, als auch
eine Lichtaktivierung stattgefunden hat. Zur Realisierung dieses Konzepts wurde
zunachst die photolabile Schutzgruppe — in diesem Fall ein Cumarin-Derivat — als
Phosphoramidit Uber eine achtstufige Synthese hergestellt. Es wurde ein Cumarin-
Derivat gewahlt, da sich diese Chromophore, im Gegensatz zum kommerziell
erhaltlichen o-Nitrobenzyl, mit sichtbarem Licht photolysieren lassen. Fur
Anwendungen in Zellen ist es vorteilhaft, Licht langerer Wellenlangen zu verwenden,
da dieses eine geringere Zelltoxizitdt aufweist.®'® Gleichzeit ist das
Absorptionsspektrum von Cumarin aber noch nicht so weit rotverschoben, als dass es
mit der Absorption des verwendeten Fluorophors ATTO 565 interferiert. Somit war eine
orthogonale Anregung moglich. Nach erfolgreicher Synthese des Phosphoramidits

wurden drei lichtaktivierbare molecular beacons per Festphasensynthese hergestellt.
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Als Zielsequenzen wurden die bereits zuvor positiv getesteten 3'UTR Abschnitte aus
dem ersten Teilprojekt gegen CamK2, Beta-actin und eine Negativkontrolle gegen
GFP-mRNA verwendet. Die in vitro Fluoreszenzexperimente der lichtkativierbaren
molecular beacons zeigten das gewunschte Verhalten. Bei Hybridisierung mit der
komplementaren RNA war kein signifikanter Fluoreszenzanstieg zu beobachten, da
das Emissionslicht vom zweiten Quencher abgefangen wurde. Auch bei Photolyse der
Schutzgruppe, ohne Zugabe einer komplementaren Sequenz, blieb eine signifikante
Erhéhung der Fluoreszenzintensitat aus, da der Quencher am gegenuberliegenden
Ende des Oligonukleotids noch immer in raumlicher Nahe war. Nur wenn
Lichtaktivierung und die Anwesenheit einer Ziel-RNA gegeben waren, konnte ein
deutliches Emissionslicht detektiert werden. Die lichtaktivierbaren molecular beacons
wurden im Anschluss von Paul Donlin-Asp am Max-Planck-Institut fur Hirnforschung
in kultivierte hippocampale Neuronen transfiziert. Vor der Aktivierung mit einem 405
nm Laser konnte lediglich Hintergrundfluoreszenz detektiert werden. Ein definiertes
Areal im Zellkdrper wurde dann mit dem Laser lokal bestrahlt, woraufhin dort eine
starke Erhohung der Fluoreszenzintensitat beobachtet wurde. Dieses Experiment
bewies, dass eine lokale Aktivierung in Zellen ohne toxische Nebeneffekte moglich
war. Nun konnten die mRNA/molecular beacon Hybride in der Zelle untersucht
werden. Da durch die lokale Aktivierung im Zellkorper der genaue Ursprung jedes
fluoreszenten Signals bekannt war, konnte die Anregungsfrequenz fur den Fluorophor
deutlich gesenkt werden. Anstatt ein Mal pro Sekunde anzuregen, wie es im ersten
Teilprojekt der Fall war, wurde die Frequenz mit den lichtaktivierbaren molecular
beacons auf ein Mal alle zehn Minuten reduziert. Dies hatte zur Folge, dass die mRNAs
uber einen Zeitraum von 14 Stunden beobachtet werden konnten, anstatt lediglich 20
Minuten. Mit dieser Technik war es zum Beispiel moglich, die Halbwertszeit zu
berechnen, die eine mRNA braucht um die gesamten Dendriten zu populieren. Mit
dieser Art der lichtaktivierbaren molecular beacons konnte also mit Hilfe eines Laser-
Pulses eine Subpopulation an mRNAs sichtbar gemacht werden. Jedoch waren alle
molecular beacons dazu in der Lage mit ihren Ziel-Sequenzen zu hybridisieren, sobald
sie transfiziert wurden. Im nachsten Schritt sollte nicht nur die Visualisierung von RNA,
sondern auch die Hybridisierung durch Licht steuerbar gemacht werden. Dafur wurde
eine neue Klasse von molecular beacons entwickelt, die Uber photolabile
Schutzgruppen zyklisiert wurden. Durch die Zyklisierung sollte es ihnen nicht mehr
moglich sein, mit der Ziel-RNA zu hybridisieren. Um dieses Konzept zu realisieren,
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wurde zunachst ein Cytidin-analoges Phosphoramidit hergestellt, das an seinem
Phosphor(lll)-Atom eine photolabile Schutzgruppe trug. Diese Schutzgruppe war mit
einem Alkin-Rest verknupft, welcher sich photolytisch abspalten lasst. Das
Phosphoramidit wurde an zwei Positionen in der Schleifenregion eines molecular
beacons angebracht. AnschlielRend wurden die beiden Alkine mithilfe eines Bisazids
uber eine kupferkatalysierte Cycloaddition miteinander verknupft. Das resultierende
zyklische Oligonukleotid war nicht mehr in der Lage, mit einem komplementaren
Gegenstrang zu hybridisieren, was sich durch in vitro Fluoreszenzmessungen
beweisen lie3. Die Zugabe der Zielsequenz fuhrte zu keinem Fluoreszenzanstieg. Erst
nach Aktivierung mit Licht konnte die volle Aktivitat des molecular beacons hergestellt
werden. Die Sonde wurde im Anschluss von Mantian Wang am Max-Planck-Institut far
Hirnforschung in kultivierte hippocampale Neuronen transfiziert. Vor Lichtaktivierung
konnte lediglich Hintergrundfluoreszenz in der Zelle beobachtet werden. Nach
Bestrahlung des Zellkérpers mit 365 nm Licht konnten definierte
Hybridisierungssignale detektiert werden. Mit diesem Experiment wurde gezeigt, dass
die Hybridisierung eines molecular beacons lokal in einer lebenden Zelle mit Licht
gesteuert werden kann. Dies grenzt die gerade beschriebenen Sonden deutlich von
den vorher vorgestellten ab, welche ihre Anwendung nicht in der
Hybridisierungskontrolle, sondern in der Verlangerung der Visualisierungsdauer

fanden.

In den bisher beschriebenen Teilprojekten ging es es darum, Oligonukleotide mit
lichtaktivierbaren Elementen auszustatten und lokal in Zellen zu aktivieren. Dabei ist
es bei Zellexperimenten besonders wichtig, Schutzgruppen zu verwenden, die
besonders effizient photolysiert werden, um lichtinduzierte Zellschanden zu
vermeiden. Daher wurde im letzten Teil der vorliegenden Arbeit die Photolyseeffizienz
einer Cumarin-Schutzgruppe, wie sie im zweiten Teilprojekt verwendet wurde,
systematisch optimiert. Da zur Optimierung von Cumarin-Schutzgruppen wenig
bekannt ist, wurde sich an der breit untersuchten Optimierung von Cumarin-
Fluorophoren orientiert."! Diese besagt, dass es vorteilhaft ist, alternative
Abregungspfade wie twisted intramolecular charge transfer (TICT) zu inhibieren,
welche hauptsachlich durch freie Rotation um den Elektronendonor am Cumarin
zustande kommen.'? Daher wurden vier neue Cumarin-Schutzgruppen hergestellt,
welche in ihrer Rotation um die C-N Bindung durch einen Ringschluss eingeschrankt

waren. Sowohl Pholyseexperimente, als auch Fluoreszenzmessungen, welche zum
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Teil von Volker Hermanns und Marvin Asido am Institut fur Physikalische und
Theoretische Chemie durchgefuhrt wurden, zeigten einen deutlichen positiven Effekt
der neuen rigiden Cumarin Strukturen, verglichen mit haufig verwendetem 7-
Diethylaminocumarin (DEACM). Transiente Absorptionsmessungen von Marvin Asido
gaben Einblicke in die zugrunde liegenden photophysikalischen Effekte. Dabei konnte
zum Beispiel beobachtet werden, dass das Anbringen einer Abgangsgruppe die
Lebensdauer des angeregten Zustands deutlich reduziert. Insgesamt konnte durch die
Planarisierung des Cumarin Grundgerustes eine Verbesserung der Photolyseffizienz
bei 405 nm um den Faktor 12 erreicht werden. Es wird erwartet, dass die neue
Cumarin-basierte Schutzgruppe in Zukunft eine breite Anwendung in Zellexperimenten

findet, wie sie in den vorherigen Teilprojekten beschrieben wurden.



2. Introduction

Today's knowledge of the human genome, as well as DNA and RNA, goes back more
than a hundred years." Many scientists have been involved in studying the structure
and function of nucleic acids.' All discoveries are culminating today in modern RNA
therapeutics and vaccines that are also used to combat the global pandemic.'® A brief
history: The discovery of nucleic acids began in 1869 when Johann Friedrich Miescher
discovered the so-called “nuclein”. He described it as a very different substance from
the proteins he was looking for in white blood cells.'® Later his discovery was renamed
“nucleic acid”. In 1919, Phoebus Levene — a Russian biochemist — discovered that
nucleic acids are macromolecules consisting of phosphorus, sugar and four nitrogen-
containing bases.!” These are adenine (A), guanine (G), cytosine (C) and thymine (T).
In 1944, it was proven by Oswald Avery, Colin MacLeod and Maclyn McCarty in New
York that DNA is a substance that carries the genetic information in bacteria.'®1® The
rules of base pairing were first published in 1950 by Erwin Chargaff. Adenine pairs with
thymine and cytosine with guanine through hydrogen-bonding.?° However, one of the
most prominent findings about DNA was the discovery of its double-helix structure in
1953. This was mostly credited to James Watson and Francis Crick (“Watson-Crick
base pairing”).?" Later it turned out that they solely used the data of other scientists,
such as Rosalind Franklin. Her X-ray diffraction data of crystallized DNA was a
milestone to understanding the DNA double-helix.?? In 1962, the Nobel price has been
awarded to Watson and Crick, together with Maurice Wilkins for their research on the
nucleic acid structure. Unfortunately, Rosalind Franklin did not receive the recognition

she deserved during her lifetime.

A year earlier, however, it was discovered that DNA is not the only information carrier
in organisms.?32* mRNA serves as a messenger between DNA as genetic material
and the proteins produced.?® The central dogma of molecular biology was established.
It states that DNA is converted into RNA (transcription) and that this is subsequently
translated into proteins by the ribosomes (translation).?6 However, it turned out that
transferring genetic information was not the only function that RNA has. In the many
decades that followed up to the present day, new mechanisms and functions of RNA
that are not only based on being transported and translated have been discovered all
the time.?” The so-called “regulatory RNA” seems to play important roles at many levels
of epigenetic processes that control the differentiation and development of diverse
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organisms. Also, RNA seems to play an important role in human evolution. Some of
the most widely studied regulatory mechanisms are alternative splicing, alternative
polyadenylation and RNA editing.? Today, knowledge of these regulatory processes
can also be used for therapeutic purposes.?® These include antisense oligonucleotides,
aptamers, small interfering RNAs (siRNAs), microRNAs and mRNA.* RNA
therapeutics can be used today to treat for example spinal muscular atrophy,
Duchenne muscular dystrophy, dry eye disease and many others.3°

In addition to the therapeutic use, in recent years, particular emphasis has been placed
on the precise localization of regulatory RNA processes in individual cells.?' Due to the
heterogeneous structure of cells, it is necessary to be able to investigate the underlying
mechanisms in a spatially and temporally resolved manner. Hundreds of RNAs are
known to accumulate at various cellular structures where they contribute to natural
cellular function.3233 To study the exact mechanism of action of different RNAs in the
cell, it is necessary to develop chemical tools to visualize them. Therefore, the
presented work addresses the development of chemical probes to study the
distribution of MRNA and non-coding RNA in living cells. Both conventional fluorescent
tools are being developed to monitor RNA and RNP distribution in cells, as well as
probes that can be activated with light. In this context, the use of light enables even
higher spatial and temporal precision as a non-invasive external stimulus. In the course
of this work, light-activatable tools are incorporated into probes for RNA localization.
Also, completely novel photocleavable elements with improved properties are
designed and developed. This will be yet another small contribution towards
understanding the immense complexity of the functions of nucleic acids in living

organisms.



2.1.  Photolabile protecting groups

In order to investigate or control spatially and temporally resolved processes, it is
necessary to develop and use chemical tools that allow precise activation. It is often
difficult to monitor biochemical processes with sufficient accuracy, especially in cell
tissue and other organisms. One of the most prominent approaches to achieving
accurate control is the use of photolabile protecting groups (PPGs) that are also known
as photocages.?*2® PPGs are small (usually organic) compounds that inactivate the
chemical or biological function of a target molecule. When the inactivated compounds
are exposed to light of a specific wavelength, a directed bond break is induced, and
the target molecules are released. This spatio-temporal activation can be used, for
example, for on demand drug release,® controlling coagulation in blood,*® or
promoting skin repair in diabetic mice.*’ The choice of the protection group and the
type of regulation depends specifically on the biological question. The following chapter
will provide an overview of the known to date PPGs and how their photochemical

properties can be modulated.

2.1.1. Design and structure of photocages

When it comes to designing PPGs, several factors are essential.3* The compound
needs a high extinction coefficient at the wavelength used. It should be soluble and
stable in the biological medium. Furthermore, the PPGs should not be toxic or generate
toxic reaction products. In addition to these general properties, two parameters of
PPGs in particular have been optimized in recent years — the uncaging cross section
(1) and the absorption wavelength (2). The uncaging cross section (1) is defined as
the product of the extinction coefficient € at the irradiated wavelength and the uncaging
quantum yield ®y, which in turn is the quotient of the photons used for photolysis
divided by the total amount of photons added. To improve the uncaging cross section,
a number of attempts were made to inhibit competitive relaxation pathways of PPGs
in the excited state.*?>*% Important parameters for this optimization will be discussed
later. Nevertheless, it is also important to have PPGs with absorption properties in the
red-light spectrum (parameter 2). In the so-called phototherapeutic window,*¢ the
applied light can be optimally used by the chromophore since no parts of the biological
tissue absorb light in this area. The phototherapeutic window is located around 600 nm
to 850 nm. A large number of PPGs are available today to cover the entire spectrum
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Figure 1: Overview of the most commonly used photolabile protecting groups in the literature. They can
be divided into four groups. (i) ortho-nitrobenzyl-based PPGs, (ii) coumarin-based PPGs, (iij) BODIPY-
based PPGs and (iv) cyanine-based PPGs.

from UV to NIR light.344748 An overview of some well-characterized protection groups
known from the literature is given in Figure 1.40:42.56-59.43.49-55 Although now there are a
great number of molecular scaffolds for PPGs, four chromophore classes are mostly

used as protecting groups.

The first class is the ortho-nitrobenzyl (o0NB) based compounds. Their photochemical
activity was discovered by Barltrop et al. in 1966.5° Advantages of these compounds
are the simple synthesis and the possibility to release a large number of functional
groups.'-63 However, the drawback is the absorption maximum, which is only around
260 nm for unmodified oNB. An improvement of the oNB protecting group is
nitrodibenzofuran (NDBF), in which the m-system is synthetically expanded.®* Ellis-
Davies et al. shifted the absorption wavelength above 300 nm and demonstrated
promising two-photon absorption properties. Both the excitation wavelength and
photolysis efficiency were later adjusted and improved in various studies.®?-5'6% Becker
10



et al., for example, showed that DMA-NDBF has unique photochemical properties.>°
This photocage was only activatable with two-photon light, whereas one-photon
illumination did not lead to any photolysis. In a second study, Becker et al.
demonstrated how a small change in the DMA-NDBF structure — resulting in Az-NDBF
— led to faster photolysis. This photocage can also release its leaving group using one-
photon excitation.>' They were able to photolytically release the biologically relevant
neurotransmitter glutamate using both 420 nm and 530 nm light.

The second class is boron dipyromethene (BODIPY) derivatives. Weinstain’s®® and
Winter's®® research groups concurrently studied the uncaging of meso-methyl BODIPY
in 2015. The absorption maxima of their derivatives were located around 500 nm, but
it has since been possible to tune the excitation wavelengths up to 700 nm.5¢ Although
they exhibit good extinction coefficients at low-energy light, the quantum yields for
uncaging are often comparatively low.>*4” However, this problem was addressed by
Winter et al. in 2020.#> They synthesized new BODIPY photocages that blocked
access to unproductive singlet internal conversion conical intersections. This design
led to conformationally restrained boron-methylated BODIPY derivatives with high
uncaging quantum yields of 0.04, absorption in the phototherapeutic window and
extinction coefficients over 120000 M- ' cm™. In recent years, BODIPY has become
the most prominent example of modern photocages absorbing red light. The recent
structural modifications on BODIPY photocages and their influence on the
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Figure 2: Structural modifications on BODIPY photocages and their influence on absorption maxima

(top number, in nm) and uncaging quantum yield (bottom number). Taken from Stacko et al., 2021.
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photophysical and photochemical properties are summarized in Figure 2 taken from
Stacko et al..%”

As a third interesting class, cyanine cages have to be mentioned, especially due to
their excitation wavelength. As photocages they were first introduced by the
Schnermann group®868.69 that formerly engineered cyanine scaffolds to NIR emitting
fluorophores for fluorescence microscopy and other applications.”®"2 In 2015 they
presented the first cyanine antibody-drug conjugate (ADC) using cyanine as a linker
between a small molecule and a biomacromolecule to release the drug with 690 nm
light.®® Although their photocage was the most red shifted at that time, a clear drawback
was the generation of singlet oxygen during the uncaging process which is known to
cause severe cell damage.”®74 This problem was solved in 2022 by Feringa et al., who
for the first time presented a cyanine photocage that could release its leaving group
even in a degassed medium (Figure 3).5° As a result, singlet oxygen was also not
generated. Instead of the photooxidation mechanism described by Schnermann et al.,
Feringa proposed a carbo-cation mediated photoheterolysis next to the carbon atom
that gains the most electron density after excitation. They designed this novel PPG

using DFT-based computational methods calculating frontier molecular orbital (FMO)
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Figure 3: a) General overview of photophysical effects leading to photouncaging of cyanine PPGs. b)
FMO theory that is crucial to PPG function. c) DF T-based workflow for design of cyanine based PPGs
by Feringa et al. 2022.
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densities. However, Stacko et al. have disagreed with Feringa et al. by showing that
uncaging with a similar cyanine photocage was not possible in a degassed medium a
short time after.”® The question regarding which proposed mechanism is the correct
one will need to be discussed in future studies.

The last widely applied group of PPGs are coumarin-based photocages. This scaffold
has probably undergone the most modifications to date. It is a very robust system and
the photophysical and photochemical properties can be tuned by many different
methods. In Chapter 2.1.2 their development and photochemical properties are

discussed in more detail.

2.1.2. Coumarin photocages

The first use of coumarin as a photolabile protecting group was reported by Givens et
al. in 1984.7® They were able to release a diethyl phosphate by irradiating (7-
methoxycoumarin-4-yl) methyl diethyl phosphate. In general, coumarin chromophores
have properties that make them very suitable candidates as PPGs. These include high
absorbances in the UV/Vis range, high photosensitivity, fast photocleavage in the
nanosecond range and strong fluorescence of the photocleavage products.’” In recent
years, a variety of new coumarin PPGs have been introduced (see Figure 4), in which
two parameters, in particular, have been photochemically engineered — (1) the
uncaging efficiency (1) and the absorption wavelength (2). The modulation of the
uncaging efficiency (1) has been mainly influenced by two prominent works. One study
goes back to Gongalvez et al. in 2013.78. Instead of a diethylamino-moiety at
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Figure 4: Evolution of the coumarin photocage in recent years. Modifications on several positions led to
a significant red-shift of the PPG.
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Figure 5: Photolysis experiments of three differently substituted coumarin PPGs. Azetidinyl- and
julolidinyl-substitutions on the coumarin scaffold lead to an enhanced photolysis rate compared to
DEACM. Figure taken and adapted from Rivera-Fuentes et al. 2018.

position 7,25 Gongalvez et al. installed a julolidine moiety. Julolidine residues in donor-
acceptor fluorophores are well known to deactivate a twisted intramolecular charge
transfer (TICT) state (see chapter 2.1.3).7° Although the 2013 study did not directly
compare photolysis efficiency with other coumarins, Rivera-Fuentes et al.** showed in
2018 that julolidine-substituted coumarins can be photolyzed more efficiently than
DEACM (see Figure 5). They attributed this to the absence of a TICT state due to the
fused ring systems around the nitrogen electron donor at position 7. In the same study,
they introduced an azetidinyl-substituted coumarin, which also showed significantly
increased uncaging quantum yield compared to DEACM. Here, they did not explain
the increased photolysis efficiency by the absence of a TICT state, but by a change in
the H-bonding in the coumarin excited state. However, to date, only a few studies have
appeared that investigated a systematic improvement in the uncaging quantum yield
of coumarins. In those that have been done so far, a modification of the 7-position
turned out to be the most promising. One field that has been studied much more
broadly up to this point is the shifting of the absorption maximum of coumarin PPGs
(parameter 2). To create a bathochromic shift, several positions of the coumarin
backbone can be modified.538% An interesting approach was made by Jullien et al. who
replaced the carbonyl at position 2 with a malonitrile moiety.8! Using this modification,
they were able to shift the absorption maximum to 478 nm, which equals a 99 nm
bathochromic shift compared to DEACM. In the same manuscript they presented the

substitution of the carbonyl oxygen with a sulfur atom, resulting in a 472 nm absorption.
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A different strategy was used in 2018 by Zhu et al..>* They expanded the coumarin n-
system at the 3-position (Figure 6). Using electron-rich styryl moieties the coumarin
absorption was shifted to 467 nm. In addition, their coumarin had the advantage that
the m-conjugation at the 3-position was disrupted during the photocleavage process
because of an intramolecular cyclization rearrangement. Therefore, the absorbance of
the photoproduct did not interfere with the photocage, which made their coumarin
superior to previously described PPGs. Also the Kele group used a n-extension at the
3-position to red-shift the coumarin absorption spectrum.8? A key feature of their
compounds was a heterocycle moiety, including a quaternary nitrogen with a
negatively charged counterion. This did not only modulate the absorption properties,
but also increased the water solubility and led to high 2P-uncaging cross sections. A
major drawback of their new coumarin photocages was the challenging synthesis and
the possibility for cis/trans isomerization at the exocyclic double bond in 3-position,
which might lead to poorer uncaging quantum yields. In 2020 Marchan et al.8
published new red-shifted coumarins that combined some of the ideas of Jullien et al.
and Kele et al.. They replaced the carbonyl function at 2-position with cyano(N-alkyl-
4-pyridinium)-methylene moieties similar to the malonitrile Jullien et al. used.
Additionally, this alkylated and positively charged heterocycle moiety increased water
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theory (DFT), they showed that the Figure 7: Comparison of absorption and emission spectra
o*-orbital of the two exocyclic of unsubstituted and CF2 substituted coumarins. Taken

Normalized Absorbance

position. Using density functional

bonds at the silicon-atom strongly o™ Schnermann et al., 2020

interact with the 1*-system of the

coumarin scaffold. This leads to a strong delocalization of the 1r-electrons and a
lowered energy of the LUMO in Si(Me). coumarins. As a result, a moderate shift of the
absorption maximum to a 447 nm in MeOH was possible. In 2020, Schnermann et al.8
achieved an even larger red shift by introducing a CF> group that replaced the cyclic
oxygen atom. The absorption maximum of diethylaminocoumarin could thus be shifted
by 109 nm to 491 nm (Figure 7). When a nitrile group was now additionally introduced
at the C2 position, a shift of 217 nm for emission and 140 nm for absorption could be
obtained. As a result, the absorption maximum was above 600 nm and the emission
was in the NIR range. However, these substitutions have so far only been applied to

coumarins acting solely as fluorophores, not as PPGs.

2.1.3. Relaxation pathways of excited states
By absorbing light, a given molecule can possibly enter an electronically excited state
Sh. From this excited state, the absorbed energy can be released via several relaxation
pathways (see Jablonski diagram, Figure 8).8687 In any case, the system first wants to
return to the vibrational ground state of the first excited state Si. If it is in a higher
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electronically excited state S, after excitation, it decays from this state to S+ via internal
conversion. In S4, the molecule can either be in the ground vibrational state, or in an
excited vibrational state. In the latter case, an oscillation relaxation into the vibrational
ground state of S1 occurs. With the emission of a photon, a transition to any vibrational
state of the electronic ground state So is subsequently possible. This process is called
fluorescence. It can always occur when the emission of photons is fast compared to
non-radiative relaxation processes.””8 Due to this fast rate, the lifetime of
fluorescence, which is the average time between excitation and restoring the ground
state, is between 107 and 10° s.86 Due to the non-radiative transformation processes
following excitation that are described above, the energy of the emitted photon is
usually smaller than the energy of the absorbed photon. As a result, the emission
spectrum of the molecule is shifted to a longer wavelength. This is called the Stokes
shift.88 The second pathway by which photons can be emitted from the excited state is
called phosphorescence.?”8 During phosphorescence, a transition of the molecule
from the S+ vibrational ground state to the first excited triplet state T4 occurs upon spin
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Figure 8: a) Jablonski diagram showing possible photophysical pathways after excitation of an
exemplary coumarin chromophore. b) General model for TICT and hydrogen bonding on coumarin

molecules. Figure taken from Klimek et. al. 2022.
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inversion, which is called intersystem crossing (ISC). This process is quite unlikely to
occur because it changes the multiplicity of the spin. Transitions from a singlet to a
triplet state, however, are quantum mechanically forbidden transitions. Therefore, they

occur much more slowly, giving phosphorescence a much longer lifetime of up to 10
S.87’90

Another very prominent process that can occur upon light excitation is charge transfer
(CT).2192 |t represents a fundamental step in many biochemical processes such as
photosynthesis, respiration or nitrogenases.®® In general, charge transfers can be
divided into two categories. If the charge transfer takes place from an electron-rich
donor (D) to an electron-poor acceptor (A) of two different molecules, it is known as an
intermolecular CT. However, if the donor and acceptor are in the same molecule, we
refer to the phenomenon as intramolecular charge transfer (ICT). Excitation with the
light of an appropriate wavelength enables the transfer of an electron from the donor
part of the molecule to the acceptor part in the excited state. This results in a different
charge distribution in the excited state than in the ground state. In most cases, charge
transfer occurs in molecules in which the donor and acceptor groups are connected by
conjugated m-electrons. In rare cases, however, transfer through space is also possible

when transfer is being hindered by the absence of conjugation.®4%5

Intramolecular charge transfer was first described by Lippert et al. in 1961.%6 They
observed an additional, red-shifted emission (A band) in polar solvents within the
emission spectrum of (dimethyl)aminobenzonitrile (DMABN) in addition to the
expected emission band (B band). This second band was inconsistent with the Kasha'’s
rule, which states that fluorescence results from emission from the first excited singlet
state.% Lippert et al. concluded that the B band resulted from the locally excited (LE)
state. The A band, however, arose from an ICT state stabilized by polar solvents.%:7
The discovery of the unexpected photochemical properties of DMABN resulted in a
large number of experimental and theoretical investigations.®® Nevertheless, there are
still a variety of different opinions and theories on the exact mechanism of |CT.9%.100
One of the dominant theories is the so-called twisted ICT (TICT) model. This model
was first postulated by Grabowski et al. in the 1970s and has been refined several
times in recent years.'-103 |t states that, as described previously, the LE state is more
polar due to its ICT character and is therefore stabilized in polar solvents.'® However,
further stabilization can be achieved if rotation occurs around the single bond between
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the phenyl ring and the dimethylamino group. This rotation leads to a TICT state with
a dihedral angle 0 of approximately 90° (Figure 8, b). This rotation is driven by the
minimization of the Coulomb interaction. In the ICT state, two unpaired electrons are
present in the frontier orbitals: one is localized in the acceptor part and the other in the
donor. The rotation around the single bond between these parts of the molecule
minimizes the repulsive interaction between the unpaired electrons and leads to
complete charge separation and an enhancement of the dipole moment.'%41%5 The
emission from the TICT state is bathochromically shifted because the fluorophore
undergoes a considerable change in its geometry to a more energetically favorable
state compared to the locally excited state. Transition from the TICT state to the ground
state occurs mainly radiationless, which is expected to result in a low TICT
fluorescence quantum vyield.'%41%5 Rotation is very sensitive to the sample
microenvironment and thus can be used to obtain information about it. This makes
compounds that exhibit TICT fluorescence a widely requested and studied class of

compounds.

2.2. Tools for RNA visualization

One of the biggest challenges in studying RNA in living cells is its visualization. Of
course, nucleic acids are not visible to the naked eye, so (bio)chemical tools must be
prepared to make the RNA observable.® For this purpose, mainly fluorescent tools are
used today. The following is an overview of the various methods that can be used to

visualize RNA in modern biology based on a review article by Braselmann et al..®

In general, fluorescent tools for RNA visualization can be divided into four categories
(see Figure 9). The first category is protein-based methods, like MS2,106-198 Pgpper09
or dCas13'"? (see Figure 10). All these methods rely on RNA binding proteins that are
typically fused to a fluorescent protein (FP). The fused protein systems can bind tightly
to a certain RNA sequence which often forms a specific secondary structure. In the
MS2 system, the Kq4 value of the protein-RNA interaction is in the range of 1 nM.""" The
FPs can be easily exchanged by cloning, resulting in different fluorescent colors,
brightness or photostability. It is also possible to use several different RNA-binding
proteins for different RNAs in one cell since most of them are orthogonal, e.g., MS2
and PP7.8
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The second category is fluorophore-aptamer pairs, like Broccoli,''? Spinach'3 or
Mango 11.1"4115 They are small molecules designed to emit a fluorescent signal only
when bound to the corresponding aptamer (see Figure 9). In bulk solution, the
fluorophores have great conformational flexibility, in most cases the ability to cis-trans
isomerize. Because of this flexibility, fluorescence is off in solution. Only when bound
to the correct aptamer the fluorescence is turned on due to the limited flexibility. This
method is most often used to stain and monitor mMRNA or non-coding RNA in cells.

As a third tool, dye-quencher pairs should be mentioned.'®-1°® Here, the fluorophore
is usually covalently linked to a quencher via a long, freely flexible carbon chain (see
Figure 9). In free solution, the two chromophores perform contact-quenching due to
their attractive chemical interactions. When bound to the RNA aptamer, fluorophore
and quencher get separated and the fluorescence increases significantly. As an
example, the fluorescence of sulforhodamine B (SRB-2, Kq = 1.3 uM) increases 100-
fold in vitro when it binds to the aptamer.''® An advantage of this method compared to
the previously described fluorophore aptamer pairs is the significantly increased
photostability and higher brightness of the chromophores used.® Here, the
experimenter is not limited to fluorophores that can lose their energy in fast decay
channels like isomerization or rotation. Instead, optimized and stable dyes without
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significant photobleaching and enhanced brightness can be used. In a recent
publication by Jaschke et al.,’?® an SRB-2 derivative was used for the first time for
high-resolution microscopy. While the fluorophore exchanged rapidly from the
aptamer, its background fluorescence in solution was at the same time enormously

reduced by the quencher.

The last category of tools for fluorescent labeling of RNA are molecular beacons (MBs).
Their functionality will be discussed in detail in the next chapter.

21



2.2.1. Molecular beacons — design and application

Molecular beacons (MBs) are widely used tools for the visualization of RNA."?' They
consist of a single-stranded DNA or RNA labeled at opposite ends with a fluorophore
and a quencher.'?> The RNA sequence is chosen in a way that the strand folds into a
three-dimensional stem-loop structure. 5'- and 3'- ends are thus self-complementary,
while the formed loop is complementary to the target sequence. Due to the spatial
proximity of the fluorophore and quencher, there is no fluorescence signal in the
unbound state. When the MB binds to the desired RNA sequence, the fluorophore and
quencher are separated, and the fluorescence increases significantly (Figure 11, A).
MBs were first developed by Tyagi and Kramer in 1995.12® They used a DABCYL
quencher to inhibit an EDANS fluorescence. In general, a fluorescence increase from
the unbound to the bound state of 20-100 can be achieved for certain MBs with careful
selection of the attached chromophores.'?* Due to the antisense technology, also
multiplexing with MBs is possible.'?®* MBs have already been used in many biological

applications for tracking a variety of RNAs, for example, mRNA,'?® rRNA'?" or
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miRNA.'28 |t is feasible to introduce MBs into cells via several methods. These
include electroporation, microinjection, toxin-mediated membrane permeabilization

or heavy metal bioballistic gas guns.129-13

When it comes to monitoring single RNA molecules in cells using MBs, in most cases
one of two different methods is applied (Figure 11, B)."?! The first method is the so-
called MB-tag approach. Here, the RNA to be visualized is genetically modified to add
a repetitive tandem sequence that the beacons can bind to. This allows for a much
brighter signal through intensity amplification. Vargas et al. first conducted such an
experiment by attaching 96 tandem repeats to a GFP mRNA to monitor it.'3? The
second option is the direct-labeling approach. Compared to MB-tag, the advantage of
this approach is that no additional sequence has to be attached to the RNA of interest.
The MBs bind to an endogenous part of the single strand. Accordingly, it is also
possible to study endogenous RNA with this method, as shown by Turner-Bridger et
al. 2018.'% A clear disadvantage, however, is that single-stranded RNA is almost
exclusively folded,'®3 making it difficult to find suitable sections that are accessible for
MB binding.

Of course, since MBs are intended to be used in vivo in most cases, it is important that
they are stable in cells and bind efficiently to the target RNA (Figure 11, C). The
chemical modifications that can be used in this process generally apply to antisense
oligonucleotides and are discussed hereafter. Modifications that affect nuclease
stability can be introduced at several positions. One of the most prominent
modifications is replacing an oxygen atom on the phosphate backbone with a sulfur
atom,’®* resulting in an increased oligonucleotide stability. This substitution is often
combined with modified nucleobases or sugar-backbones. For the latter, mainly 2’-
OMe-RNA, 2’-F-RNA, LNA and 2’-MOE-RNA, which have an enormous impact on the
hybridization properties, are used.3%13¢

2’-OMe-RNA:

The introduction of a methyl group at the 2' position is one of the oldest and few
naturally occurring modifications. By using 2'-OMe-RNA, the thermal stability of 2'-OMe
RNA/RNA duplexes could be significantly increased compared to DNA/RNA
duplexes.”® In addition, the stability of enzymatic degradation is increased.'8
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However, the duplexes formed are RNAse H inactive and therefore cannot be used for

these kinds of applications.38
2-'F-RNA:

For 2'-F-RNA, the 2'-OH is exchanged with a fluorine atom. The large electron density
of the fluorine atom directs the ribose into the more stable form of the C3'-endo
conformation, thus increasing the thermal duplex stability upon hybridization to a target
RNA."% In 1993, Kawasaki et al.’*° established the following order of X/RNA duplex
stabilities: X= 2'-F-RNA > 2'-OMe-RNA > RNA > DNA. Furthermore, this modification
has increased thermal stability compared to a complementary RNA sequence. This is
due to an increase in binding enthalpy due to stronger Watson-Crick base pairing'!
and increased polarization of the 2'-hydrogen atom.'*2 2'-F-RNA has been widely used
as siRNA due to its ability to be readily incorporated due to the small size of the fluorine
atom.'? As a result, 2'-F-modified siRNAs have been shown to have both increased
nuclease stability in human plasma as well as increased inhibitory function compared

to conventional siRNAs. 44
LNA:

Locked nucleic acid (LNA) describes the modification of sugar by a covalent bridging
of the 2'-OH with the 4' carbon atom. LNA was presented independently by Obika et
al., 1997'%5 and Koshkin et al., 1998'46. High stability to enzymatic degradation by
endo/exo-nucleases as well as high thermal stability and increased selectivity towards
a target sequence are among other advantages that LNA has in comparison to DNA
or RNA. These are due to the fixation of ribose in C3'-endo conformation and the
consequent structural inflexibility. Additionally, this explains the 4.0-6.0 °C increase in
the melting temperature of oligomers per single incorporation of an LNA-modified T.146
Furthermore, incorporation of LNA nucleotides into an RNA sequence results in higher

target specificity. 4’

2-MOE-RNA:

2'-methoxyehtyl RNA is one of the most commonly used modifications in ASO
technology.'#® This is due to the many advantages that this modification brings. These
advantages include its use as a flanking agent in gapmers to increase RNase H activity
and splicing.’#® However, this activity is less pronounced than other modifications, such

as 2'-OMe RNA, due to the size of the 2' residue. Nevertheless, MOE modification
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increased the stability of single and double stranded siRNA against degradation by
nucleases. In addition, the introduction of a second oxygen atom close to another leads
to the restriction of the ability to rotate around the ethyl compound. This leads to a
stable configuration of oxygen atoms relative to each other. Moreover, this further
favors the C3' endo conformation of the sugar and increases the binding affinity.%°
Another unique feature of the 2'-methoxyethyl residue is the intercalation of a water
molecule between the phosphate residue and the 2' modification. This, in turn,
increases steric hindrance and thus nuclease stability.'>°

Morpholinos:

Morpholino building blocks are nonionic RNA/DNA analogs.'' The negatively charged
oxygen-atom at the phosphate backbone is substituted with an uncharged N(Me)2
residue. Due to the altered backbone, morpholino oligonucleotides are more stable
against nuclease digestion. While they can bind to complementary target RNA
sequences by Watson-Crick base pairing, morpholinos are less likely to perform
unspecific binding to proteins due to their neutral charge.’®? Despite their many
advantageous properties, other sugar modifications are more often used because
morpholino building blocks are very expensive and comparatively difficult to produce.

Besides the lack of specificity and stability of the MBs themselves, one major origin of
false positive signals is the transport of MBs to the nucleus. This is the location in the
cell where the most nonspecific opening occurs.'53-15% Therefore, several strategies
were developed to prevent MB nuclear entry (Figure 11, D). One option is the
attachment of nanoparticles/quantum dots that are too large to be transported through
nuclear pore channels.'?".1%% |t is also possible to link an MB to tRNAs'%* or siRNAs. "%
Both attached domains can be used to facilitate nuclear export and therefore minimize
a false-positive signal in the nucleus. The last two modifications have the additional
advantage over nanoparticles in that they interfere with cell delivery at a lower

extent.2!

Another method to prevent false-positive signals is the use of a donor-acceptor MB
system.125.157.1%8 Here, two MB are designed to bind directly one after the other in
spatial proximity to a target sequence (Figure 11, D). In the hybridized state, the
fluorophores are thus located directly adjacent to each other, and FRET can occur
between the two chromophores. The presence of this energy transfer precludes the
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possibility that the fluorescent signal resulted from the degradation of the MB. A related
option is to produce a ratiometric MB in which a second fluorophore is placed in the
loop region."® By excitation of both fluorophores and subsequent colocalization it is
possible to exclude false-positive signals due to degradation.

2.2.2. Light-activatable molecular beacons

MBs are great tools to observe intracellular RNA transport. However, they have a
particular drawback. MBs give a fluorescent signal as soon as they arrive in the cell.
With conventional MBs, there is no possibility to give the signal spatial and temporal
resolution. To circumvent this problem, several methods have been developed in the
past to make MBs light activatable. In 2012, Joshi et al. presented loop-caged beacons
(Figure 12).7%° In this approach the loop region of the MB was equipped with five to
seven NPE photocages at the nucleobases. Therefore, the hybridization with the target
sequence was blocked because Watson-Crick base pairing was prevented. Their MB
was designed complementary to housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) according to Nitin et al..'®" Joshi et al. showed that full
activity of the two loop caged MBs could be restored using 366 nm light. Photolysis
was demonstrated freely diffusing in a cuvette and with target DNA immobilized on a
glass slide. A second approach was made by Tan et al. (see Figure 13).'%2 They used
a photolabile linker to “lock” the MB between the 5 and 3’ terminus. Due to the strong
connection of the opposite ends, the MB was unable to leave its stem-loop
conformation. The connection was formed using two different strategies. The first was
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Figure 12: Loop-caged molecular beacons presented by Heckel et al. in 2012 (left). Photolabile NPE
groups (right) attached to the nucleobases in the loop hindered hybridization of the MB with the target
sequence. Five to seven photocages were needed to efficiently prevent hybridization. 365 nm light was
used to cleave the NPE groups and restore the natural functionality of the MBs. Taken with permission
from Joshi et al., 2012.
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Figure 13: Schematic representation and working principle of ,Jocked molecular beacons”. Taken with

permission from Tan et al., 2011.

a covalent bond via a copper-catalyzed cycloaddition with an alkyne and an azide
moiety. Alternatively, they were also able to use a non-covalent biotin-neutrAvidin
interaction (Kp = 105 M) to lock hybridization. Either way, an o-nitrobenzyl group
served as spacer between fluorophore and the “lock”, forcing the molecular beacon to
stay in its inactive state. In addition, they inserted a PEG moiety between
fluorophore/quencher and the biotin to reduce steric hindrance. Therefore, the two
terminal biotin residues should be able to bind to the same neutrAvidin molecule.
However, when target DNA was added, the MBs already showed a slight increase in
fluorescence, that was fully restored when Tan et al. applied UV light. This small
increase “was most likely a result of partial binding of cDNA to the cMB, which slightly
destabilized or distorted the MB’s stem-loop structure and as a consequence,
elongated the distance between the fluorophore and the quencher” — Tan et al. 2011.162
In other words, the locked MBs were partially able to bind the target sequence even
before light-activation. This MB design was adopted in 2018 by Dmochowski et al. who
additionally improved the synthesis of the cyclized oligonucleotides.63

The third strategy to make MBs light-inducible was presented by Rinne et al. (Figure
14).7%4 In their approach, they did not want to make hybridization light-activatable.

lllumination with an appropriate wavelength should only visualize a subpopulation of
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double helices. Therefore, they presented so called “Q-dye beacons”, which were
equipped with a second quencher next to the fluorophore that was linked via an NPE-
photocage. Depending on the application, an advantage of this design is that the MB
can bind to the target sequence before photoactivation. This avoids any delay in
monitoring due to slow binding- or hybridization-kinetics. The Q-dye MBs consisted of
2’-OMe RNA and targeted the so-called Balbiani ing mRNA which is responsible
for the production of salivary polypeptides.'®® Using this approach Rinne et al. were
able to enormously reduce the background signal before light-activation. The best
performance was achieved with the Cy3 Q-dye beacon which showed an overall
fluorescence increase of 167 after illumination and target addition. In addition to the in
vitro experiments, they also showed the application of Q-dye beacons in C. tentans

salivary gland cell nuclei using confocal laser scanning microscopy.

Regardless of which type of MB is used, it is important to choose suitable fluorophores.
Among other parameters, excitation wavelength, photostability and fluorescence
quantum yield of the attached organic dye play an important role. An overview of the

most prominent fluorophores is given in the next chapter.
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2.2.3. Small-molecule fluorophores

The information in this chapter is based on two review articles from Jun et al., 20206
and Grimm et al., 2022.%" To visualize biomolecules with distinct precision, it is
necessary to develop suitable small-molecule fluorescent probes. In the last years, a
large number of organic dyes have been synthesized and structurally tailored and
optimized in terms of wavelength, stokes-shift and photostability.! However, most of
the fluorophores are generated from just a few organic molecular scaffolds.'68-170
These are quinolines, coumarins, styrenes, naphthalimides, xanthones, fluorescein,
BODIPYs, rhodamines, cyanines and substituted fluorescein and rhodamine
derivatives (e.g. TokyoMagenta) (see Figure 15)."" Nevertheless, only fluorescein and
indocyanine green are FDA-approved contrast agents for optical imaging in human
health studies. According to Jun et al.’' fluorescein was the most widely studied
fluorophore in 2020 with more than 15000 publications in the SciFinder database (see
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Figure 15: Molecular scaffolds of most commonly used organic fluorescent dyes sorted by absorption
wavelength. Figure adapted from Jun et al. 2020.
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Figure 15), followed by rhodamine with nearly 13000 publications. Unsurprisingly,
quinoline had the lowest number of publications (only 735), which is probably due to
the unfavorable blue-shifted absorption. In general, fluorophores for in vivo imaging
should ideally be non-cytotoxic, excitable with wavelengths above 750 nm to allow
deep cell penetration, substantially bright and highly selective to the target. Those strict

requirements highlight that there is still a great need for the ideal fluorophore.

Fortunately, nowadays there are known principles to rationally modulate the
photophysical properties of the above-described molecular scaffolds. There are three
general guidelines for the design of organic fluorophores.'" (1) Electron-donating and
electron-withdrawing groups can be attached to the core to modulate absorption and
emission spectra of the fluorophores. For example the replacement of the terminal
oxygen atoms in fluorescein with nitrogen atoms results in the rhodamine core with a
more red-shifted absorption. (2) Controlling photoinduced electron transfer (PeT) and
restricted bond rotation can be used to change the brightness of the fluorophores. The
replacement of dimethylamino substituents with azetidinyl substituents in coumarins
and rhodamines can, for example, lead to enhanced brightness due to restricted
rotation around the C-N bond."”" (3) The fluorescence readout can be changed using
combinations of several fluorophores that can undergo FRET or PeT. FRET can e.g.
be used to measure distances between two different sites in biomacromolecules.'”?
The knowledge of fine-tuning photophysical properties of organic dyes resulted in a
large number of visible and NIR dyes that can be used for imaging. An overview is

given in Figure 16.167

In the UV/violet range there are three different classes of fluorophores. The most
prevalent are coumarins, e.g., ATTO 390 or Alexa Fluor 430. They can be attached to
biomolecules via different types of conjugation chemistry (NHS, click, maleimide). The
second class is fluorogenic DNA stains, e.g., 4,6-diaminido-2-phenylindole (DAPI) or
Hoechst 33342. DAPI is a DNA-specific probe that binds to the minor groove of A-T
rich sequences forming a fluorescent complex.'”® The third class is based on
sulfonated pyrene molecules, e.g., Alexa Fluor 405 or Cascade Blue.'”* Overall,
fluorophores that can be excited in the UV/violet range are often used as reference
markers for cellular structures. Due to the short excitation wavelength, the use of these
dyes can lead to phytotoxic effects and elicits high autofluorescence from endogenous
fluorophores.'”
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In modern biological imaging fluorescent dyes in the blue range are very popular.
Typically, they are excited with 488 nm using an Ar-ion laser.'®” As mentioned above,
fluorescein and its derivatives are the most commonly used fluorophores in this
spectral range, despite the low photostability and low cell permeability. Rhodamine 110
is the second important scaffold that is used in many commercially available blue
fluorophores. The fluorescence quantum yield or brightness can be tuned by
implementing rotationally restricted substituents at the distal nitrogen atoms.'”" In
addition, many BODIPY dyes can be excited with 488 nm. They exhibit high extinction
and brightness but suffer from low stokes-shifts that often can lead to self-quenching.!
Another drawback of BODIPY dyes is their relatively high lipophilicity.'”® To stain RNA
aptamers or small proteins in the blue spectral range the fluorinated GFP chromophore
analogue DFHBI'"® or HMBR'"” are widely used.

The green window is localized in the spectral range around 560 nm."®” To red-shift the
absorption wavelengths of fluorescein and rhodamine dyes the xanthene oxygen can
be replaced with a quaternary carbon atom.'7® Prominent examples are
carbofluorescein'”® and some carborhodamine-based ATTO dyes.'® Another class is
N-alkylated rhodamines such as tetramethylrhodamine (TMR) or JFs49.'8" Rigidification
of the rhodamine structure in some dialkylrhodamine compounds can also lead to a
tuned absorption wavelength in the green excitation window. Examples are ATTO 550
and Alexa Fluor 546.'®2 The last class is indocyanine dyes'®® like Cy3."8
Improvements to the structure have been made. Those led to Alexa Fluor 555 and
Cy3b which exhibit enhanced brightness and stability.8°

Red light excitable fluorophores can absorb light between 620 and 700 nm. While it
remains challenging to develop fluorescent proteins in this excitation windows, there
are many small-molecules available. Again, indocyanine dyes'® like Cy5 and some
variants are often used for imaging.'® Two prominent improved versions of Cy5 are

for example Cy5B'8 and Alexa Fluor 647 which exhibit enhanced photon output. This
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Figure 16: Overview of small molecule organic fluorophores that can be excited with UV- to NIR-light.
Taken from Grimm et al. 2022.

increased fluorescence quantum yield and lifetime can be rationalized by
conformationally restraint structure motifs at the indocyanine backbone.*® Another
class is the rhodamine scaffold that just reaches this spectral window with the oxygen-
containing Alexa Fluor 633.188.18 To further red-shift rhodamines the oxygen atom has
to be replaced by a dimethylcarbon group resulting in carborhodamines. The most
prominent and widely used fluorophore of this class probably is ATTO 647N.79%191 Also
a dimethylsilicon motif can be used to replace the oxygen in rhodamines.92193 This
results in Si-rhodamines which exhibit a bathochromic shift of about 100 nm compared
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to the parent xanthenes. Apart from modified rhodamines, highly derivatized

phenoxazines can be used for imaging in the red window, e.g., ATTO 655.7%4

In the NIR window (> 700 nm), two classes of fluorophores can be used. The first is
modified rhodamines. Si-rhodamines can be pushed into the NIR, e.g., SiR 700 which
can be used for superresolution microscopy.’® Phosphination of the rhodamine
scaffold can also shift the absorption wavelength to the NIR. Nebraska Red exhibits
high photostability and brightness.'%® The rhodamine oxygen in the NIR dye JF724 is
replaced by a sulfone moiety, resulting in a large bathochromic absorption shift.'®”
Unfortunately, sulfonated rhodamines often suffer from a low fluorescence quantum
yield. The second class in the NIR window is cyanine dyes. Cy7 can be synthesized
by further extension of the polymethine chain combined with substituents that avoid
aggregation of the small molecules.”®

When organic fluorophores are combined with molecular beacons or other
oligonucleotides, the attachment is usually done post-synthetically, e.g., via NHS
labeling. Another possibility to fluorescently label DNA and RNA is the direct
incorporation of fluorescent nucleobases. Those are discussed in the following
chapter.

2.2.4. Fluorescent nucleobases

The information described in this chapter is based on a review article by Kool et al.
2017.'°%  Fluorescent nucleobases are DNA and RNA based-analogues that are
chemically modified to have specific fluorescent properties for the analysis of nucleic
acids. Thereby, the RNA in which the fluorescent nucleobase is incorporated, retains
its chemical and biological functions, such as base pairing, stacking or biochemical
interactions with proteins and enzymes. Fluorescent nucleobases can be used as
chemical tools to study nucleic acid structures, RNA activity or nucleic acid
interactions.'® In general, they can be divided into two categories. The first category
is canonical fluorescent nucleobases, where Watson-Crick like base-pairing is
preserved and the structures are very similar to the native nucleobases. On the other
hand, there are non-canonical fluorescent nucleobases where more dramatic changes
can be made to the molecule’s architecture (see Figure 17). Both categories can be
used for different applications and have their advantages and disadvantages. The
development and applications are discussed in this chapter.
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Figure 17: Structures of natural nucleobases and their fluorescent analogs. a) Hydrogen-bonding sites

in a typical DNA/RNA double helix. b) Canonical pyrimidine natural nucleobases and possible
modifications for fluorescence enhancement. c¢) Canonical purine nucleobases and possible
modifications for fluorescence enhancement. d) Non-canonical fluorescent nucleobases. Figure taken
from Kool et al. 2017.

Canonical fluorescent nucleobases:

Per definition, canonical fluorescent nucleobases are based on the purine or pyrimidine
architecture and have at least two positions for Watson-Crick hydrogen bonding
allowing them to form base pairs in a double helix (see Figure 18). Therefore, the
positions to chemically modify the nucleobase for enhanced fluorescent properties are
constrained because the base-pairing positions cannot be used. In addition, the
electronic arrangement of the purine or pyrimidine n-system must be considered when
substituents are added to modulate the fluorescent properties. As already discussed
in the previous chapter on the design and development of photolabile protecting
groups, it is desirable to shift the absorption and emission wavelengths to the red to
avoid cell damage caused by high energy light. Due to the few positions available, this
was difficult to achieve, according to recent literature.
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Figure 18: Overview of possible modifications of purine nucleobases to enhance fluorescence
properties. a) General purine scaffold. b) Adenine and guanine scaffolds. ¢) Modified purine ring
structures. d) Extensions of the m-system using conjugated linkers and fluorophores. e) Modified

substituents on the purine scaffold. f) Purine ring fusions. Figure taken from Kool et al. 2017.

Purine fluorescence enhancing modifications mainly occur at the 2/8 positions of
adenine or the 7/8 positions of guanine. In general, there are four types of modifications
that can lead to altered fluorescence properties in purines: (i) modified ring structures
(Figure 18, c), (ii) extending the n-system via conjugated linkers (Figure 18, d), (iii)
modified substituent on the purine scaffold (Figure 18, e) and (iv) purine ring fusions
(Figure 18, f). A prominent example for type (i) is pteridines (Figure 18, c), where the
five-membered purine ring is replaced by a pyrazine six-membered ring system to
enhance excitation wavelength and fluorescence properties. Using this replacement
the fluorescence quantum yields can be increased by up to four orders of magnitude
and an up to 100 nm bathochromic shift can be achieved.?%-202 This alteration is due
to the increased conjugation of the six-membered ring which results in a smaller energy
gap between HOMO and LUMO. Regarding type (ii) modifications, the positions 2 and
8 are the most used for extending the t-system with conjugated linkers. These
positions are synthetically accessible and do not disturb the base paring of the
fluorescent nucleobase (Figure 18, d). Careful structural modifications led to
fluorescent nucleobases that can be activated with ultraviolet to blue light (380-420
nm) and emit light with 450-480 nm.203-29% Popular substituents for the extension are
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pyrene fluorophores or ruthenium bi-pyridyl fluorophores, which are coupled via alkyne
linkers. Type (iii), the modification of purine substituents currently is the most
widespread modification used to design fluorescent nucleobases (Figure 18, e). We
take guanine as an example. The carbon atom at position 8 can be replaced by a
nitrogen which results in an environmentally sensitive emission at 347 nm in solution
which is shifted to 377 nm when the nucleoside is incorporated into an
oligonucleotide.?%6-297 Another possibility is the replacement of the nitrogen at position
7 with a sulfur atom, which leads to a red-shifted emission of 351 nm in water with a
high fluorescence quantum yield.2%820° Also adding certain functional groups, e.g., vinyl
to position 8 can dramatically increase the fluorescence quantum yield to more than
0.72 with a 400 nm emission maximum at the guanine scaffold.?'® Many more
examples can be found in recent literature.'®® The last type (iv) of modifications is
purine ring fusions (Figure 18, f). As fusion substituents, mostly benzene or
naphthalene functional groups are attached to the positions 7 and 8 to preserve base-
pairing sites. The attached rings result in an expansion of the 1r-system and therefore
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an absorption redshift and an increase in the fluorescence quantum yield. Examples
of this type of modification are lin-benzoadenine and lin-benzoguanine that have a
fluorescence emission at 393 nm and 413 nm in an aqueous solution.?'" |t is also
possible to insert a phenyl-group between the five- and the six-membered rings of the
purine. The resulting nucleobases exhibit fluorescence quantum yields of more than

0.40 and show a significant redshift due to the enlargement of the Tr-system.?'2

On pyrimidine nucleobases, there are fewer modification sites available due to the
smaller ring size. In contrast to the purine nucleobases, the modifications on
pyrimidines can be divided into three categories and focus on the positions 4, 5 and 6.
The categories are (i) modified pyrimidine substituents (Figure 19, c,d), (ii) extended
fluorescent scaffolds using conjugated linkers (Figure 19, e) and (iii) ring-fused
pyrimidine ring systems (Figure 19, f). The earliest examples in category (i) utilized
position 5 of the cytosine and thymine scaffold for the attachment of different
substituents. The addition of a furane group resulted in a weakly fluorescent cytosine
with an emission maximum at 443 nm.?'3 Several uracil derivatives, on the other hand,
were substituted with thiophene, 4-methoxyphenyl or chlorinated phenyl groups
(Figure 19, c) to enhance the push-pull character of the nucleobases and therefore
improve the fluorescence properties.?'* The positive effects of altering pyrimidine
substituents can be further enhanced when the substitution leads to enhanced rigidity
combined with increased conjugation. Bi- and tricyclic deoxycytidine derivatives
exhibited an enormously high fluorescence intensity with stokes shifts up to 120 nm
(Figure 19, d).2'5 In the second category (ii), fluorescent molecules like pyrene,
fluorenone or BODIPY are used to extend the pyrimidine 1-system via conjugated
linkers (Figure 19, e). To maintain the ability for base-pairing and to take advantage of
the conjugation with the 5,6 double bond, nearly all modifications in this category have
taken place at position 5. For example, 5-ethynylpyrene U exhibits a strongly redshifted
absorption at 392 nm, while its emission maximum is at 424 nm.?'® Other modifications
like triazole, thiophene or fluorenone also show a bathochromic absorption shift, but
their fluorescence properties are only moderate.'®82'” Therefore, some optimization is
still required. The last category (iii) of pyrimidine modification is ring fusion (Figure 19,
f). Additional rings can either be attached to positions 4, 5 or positions 5, 6 to have a
strong influence on the fluorescence properties while at the same time they do not
perturb Watson-Crick base-pairing. If, for example, naphthalene is fused to thymine,

the resulting benzoquinazoline-derivative shows a remarkable fluorescence quantum
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yield of 0.82 with an emission maximum at 434 nm.2'® A dimethylamino-phenyl group
that is fused to the positions 5, 6 of thymine is even capable of forming electrostatic
interactions with mercury.?'® This complex can be used in live cells to explore mercury

metabolism via a fluorescent readout.

Non-canonical fluorescent nucleobases:

Unlike canonical nucleobases, non-canonical nucleobases do not necessarily require
hydrogen-bonding capability. Also, the purine or pyrimidine basic core does not have
to be preserved. Therefore, there are many more possibilities to fine-tune the
photophysical properties. Compared to canonical nucleobases, they are relatively
unexplored and at the same time the number of new chromophores is growing steadily.
In general, non-canonical fluorescent nucleobases can be divided into two different
categories: (i) nucleobases that consist of polycyclic hydrocarbons and (ii) planar and
heterocyclic fluorophores (Figure 20). The first examples of the category (i) were
pyrene, phenanthrene, perylene and benzopyrene, which were introduced to DNA and
RNA as new C-glycosidic fluorophores in the 1990s and 2000s.22%-222 By incorporating
multiple fluorophores into a DNA or RNA, many structural properties, or enzymatic
activities could be studied via photophysical energy transfer.?2322¢ Nowadays, a variety
of different hydrocarbon-based fluorophores with different excitation wavelengths and
fluorescence properties are available. They are shown in Figure 20, c¢ as
examples.??5226 A particularly interesting polycyclic hydrocarbon at this point is
phenethynylpyrene deoxyriboside (Figure 20, d).??” This dimeric dye is able to switch
emission from green to blue light upon irradiation with blue light. The UV light causes
a bis-alkyne-dependent [2+2+2] cycloaddition which results in a spatial separation of
the formerly stacked pyrene units. Thereby, they lose their excimer emission properties
(Figure 20, d). As the second category (ii), planar and heterocyclic fluorophores have
to be mentioned. One possibility to create a non-canonical analogue is to replace the
nucleobase at the sugar with a fluorophore known from the literature. Prominent
examples are coumarin C-ribosides,??® Nile Red nucleosides??® or porphyrin C-
ribosides??® (Figure 20, e). If multiple individual fluorophores (“fluorosides”) are
assembled into a DNA strand they display unique fluorescent properties, depending
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forming unnatural base pairing.

on the exact sequence and stacking modes.?*" While non-canonical nucleobases are
often brighter and more photo-stable, they also have certain limitations. One major
drawback is, as mentioned above, the inability of non-canonical nucleobases to build
hydrogen bonds. Therefore, Watson-Crick pairing is lost which results in e.g. less
stable double helices. In addition, many enzymes rely on hydrogen bonding sites at
nucleosides to incorporate them into a DNA or RNA strand. To circumvent this
problem, a lot of research has been done, e.g., using polymerases that do not require
templates. This allowed the incorporation of large non-canonical nucleobases as

fluorophores.?32 Also, some large some non-canonical nucleobases undergo very

39



strong stacking interactions, allowing them to form base pairs even without hydrogen

bonding.?33
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3. Aim of this work

The aim of this work was the development of new tools to study RNA in neurons. As
an initial step, molecular beacons had to be prepared to investigate the transportation
of mMRNA in hippocampal neurons in the lab of Prof. Dr. Erin Schuman at the Max-
Planck-Institute for Brain Research in Frankfurt. By visualizing RNA in cells, the goal
was to observe how individual RNAs and their clusters move and are transported along
dendrites. More specifically, transport velocities, traveled distances and overall
distribution in the cell should be examined. In addition, it was aimed to monitor how
long-term potentiation (LTP) and long-term depression (LTD) affect the parameters
mentioned just above. As target mMRNAs Camk2a, Beta-actin and Psd95 mRNA, which
play important roles in neuronal cell function were chosen. For each mRNA, two MBs
that are complementary to two different parts of the respective RNA had to be designed
and synthesized. Those MBs have to be equipped with two different fluorophores,

respectively.

In the next step these MBs should then be further improved. One problem with
conventional beacons is that the fluorophores bleach with increasing monitoring time.
This disadvantage should be circumvented by providing light-activatable molecular
beacons. More specifically, in this project it should be possible to activate a
subpopulation of RNA locally in a specific area of the cell. By knowing the exact origin
of the visualized RNA, it should be possible to reduce the light sampling rate
significantly. Less light will result in less bleaching which in turn results in longer
monitoring time. As part of this project, light-activatable MBs for CamK2 and Beta-actin
MRNA should be synthesized. To activate them with visible light, a 405 nm cleavable
coumarin-linker had to be synthesized and incorporated into the MBs in the first place.
The design was expected to lead to significantly reduced background and high spatial
and temporal resolution. Imaging experiments should be performed in the lab of Prof.
Dr. Erin Schuman at the Max-Planck-Institute for Brain Research in Frankfurt.

Consequently, not only the visualization itself but also the hybridization of MBs should
become light-activatable. Controlled hybridization can be of great advantage,
especially for RNA processing and regulation by ncRNA. In this part of the work, so-
called "photo-tethers"?3* should be attached to the phosphate backbone of MBs. These
can be chemically linked to each other after the solid-phase synthesis, preventing
hybridization with a complementary strand. A light pulse was then supposed to remove
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the photo-tethers and restore the natural conformation of the MB. Only after removing
the photolabile protecting groups, hybridization should be possible. For this purpose,
nuclease-resistant 2'-OMe phosphoramidites containing the respective photo-tethers
have to be synthesized and then incorporated into MBs. Target sequence for the
synthesized beacons should be miR-98, which plays an important role in hippocampal
neurons. Biological experiments should be performed in the group of Prof. Dr. Erin
Schuman at the Max-Planck-Institute for Brain Research.

Lastly, in order to use light-activatable probes for the investigation of RNA, it is
important to develop photolabile protecting groups that release the leaving group
efficiently. Therefore, in the last part of this work, the uncaging of coumarin protecting
groups should be systematically analyzed and improved. To enhance the photolysis of
coumarins it may be helpful to compare the fluorescence properties of these. Since
photolysis and fluorescence occur on approximately the same time scale, fluorescence
can provide a good first indication of how efficiently a chromophore can
photochemically release its leaving group. Guided by this principle, the task of the
project was to develop new coumarin protecting groups based on the well-
characterized fluorophore ATTO 390%32% and to systematically investigate its
photophysical and photochemical properties. Together with the research group of Prof.
Dr. Josef Wachtveitl the underlying photophysical principles should be investigated in
a time-resolved manner. In this study, special emphasis should be placed on the
effects of a twisted intramolecular charge transfer (TICT) and therefore inhibited
rotation around the donor-moiety in coumarins to the uncaging reaction. The aim was
to develop a new coumarin protecting group with enhanced uncaging efficiency that

can be used in future biological experiments.
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4. Results and Discussion

In this chapter the main results and conclusions of the projects introduced in Chapter
3 are explained and discussed. Most of the results have been published throughout
the doctoral thesis and are referenced at the appropriate position.

4.1. MBs for the investigation of mMRNA dynamics in

neurons

The results in this chapter were previously published in reference [l] “Differential
regulation of local mMRNA dynamics and translation following long-term potentiation and
depression”.” Biological experiments described in this chapter were performed by Dr.
Paul Donlin-Asp at the Max-Planck-Institute for Brain Research in Frankfurt under the
supervision of Prof. Dr. Erin Schuman. The development of the analysis tool pipeline
was done by Dr. Claudio Polisseni at the Max-Planck-Institute for Brain Research,

imaging facility.

Synaptic plasticity is the most important mechanism for learning and memory and
describes an activity-dependent strengthening or weakening of synaptic
transmission.?3”2% |n this context, mMRNA transport and local translation play a crucial
role. After synthesis in the nucleus, mMRNAs are transported to the individual synapses
where they are translated locally.® However, the exact transport processes of the
individual mRNAs have not yet been precisely clarified. Therefore, MBs for three
different neuronal MRNAs (CamK2, Beta-actin and PSD95) were synthesized in this
project to track them under basal conditions and after plasticity.

MBs were prepared by oligonucleotide solid-phase synthesis.?3?24° The cycle is shown
in Figure 21. The phosphoramidite method was used for oligonucleotide preparation.
Protected phosphoramidites of the respective nucleotides or modifications are
subsequently coupled from the 3'- to the §'-end. Solid-phase synthesis has many
advantages over synthesis in solution. Very small preparation scales are possible (in
this case 1 umol). The phosphoramidites are stable when exposed to ambient air, and
the synthesis takes little time due to automation. The reagents can be used in high
excess and each coupling of a phosphoramidite to the growing strand is followed by
automated purification. In addition, the individual coupling steps have yields of about
99% each. In most cases, the first nucleotide or chromophore is already linked to the

solid phase. In some cases, however, universal CPG supports are used to which no
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nucleotide has yet been attached. The phosphoramidites themselves are protected at
the 5'-OH with DMTr-groups, which can be cleaved under acidic conditions. The
phosphate at the 3'-OH position is protected by a B-cyanoethyl group that can be
cleaved under basic conditions. The exocyclic amino groups of bases A, G and C are
protected with permanent protecting groups. They can be removed by alkaline
hydrolysis after the solid-phase synthesis. At the same time, in most cases, the final

strand is cleaved from the solid-phase and the cyanoethyl groups are removed.

The phosphoramidite method can be divided into four steps. In the first step, the DMTr
protecting group of the growing strand is cleaved with the help of e.g., dichloroacetic
acid (detritylation). Then, the next nucleotide is activated by BTT (benzylthiotetrazole)
and coupled to the free 5'-OH of the previous nucleotide. However, also other tetrazole-
based activation reagents can be used for coupling. The unreacted 5'-OH groups are
acetylated (capping) with Ac2O or similar anhydrides in the third step. Therefore, they

cannot react further and are excluded from the synthesis cycle. Finally, phosphorus(lll)
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is oxidized to phosphorus(V) in an iodine-pyridine-water mixture and the cycle starts

again.

The three MBs consisted of a 2’-OMe backbone and were equipped with either
ATTO565 and BHQ2 or ATTO647N and BBQ-650 as fluorophores and quenchers. The
loop sequences were complementary to the UTRs of CamK2a, B-actin and Psd95
mRNA that are highly abundant in neurons?*' and translationally regulated by
plasticity.242-245 |n addition, a negative control MB against GFP mRNA, which was
expected not to show a fluorescent signal in cells, was synthesized. The MBs were
transfected to primary rat hippocampal neuronal cultures by Dr. Paul Donlin-Asp. After
transfection, endogenous mRNA dynamics were monitored for 20 minutes using a
laser frame rate of 1/s. A Matlab analysis pipeline written by Dr. Claudio Polisseni was
used to quantify the mRNA dynamics (Figure 22, A-C). The pipeline allowed to
calculate e.g., the cumulative distances traveled (Figure 22, D) or the active transport
velocities (Figure 22, E). Visualized mRNAs were divided into four categories:
anterograde (the puncta were actively moving away from the soma), retrograde (the
puncta were actively moving towards the soma) confined (the puncta did not move
more than 0.5 ym within a certain time period but then switched to anterograde or
retrograde movement) and stationary (the puncta did not move within the entire
imaging period and were therefore excluded from further analysis). The analysis
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Figure 22: (A) Single images of B-actin mRNA taken every minute for a period of ten minutes. As
examples, individual mRNAs are marked as stationary (green) or confined with periods of motility
(magenta and orange). (B) Kymograph from the first ten minutes of imaging. The y-axis marks
anterograde movement along the dendrite. (C) Quantification of the dynamic states of CamK2a, 3-actin
and Psd95 mRNA. (D) Cumulative distances traveled for the individual mRNAs over the whole imaging
period. (E) mRNA velocity for anterograde and retrograde movement. Taken from Donlin-Asp et al.,
2021.
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revealed that all three mRNAs spent most of the time in a confined state (Figure 22,
C). As expected, for active movement the mRNAs were more likely to be transported
anterogradely than retrogradely. This is a logical explanation for the fact that mRNAs
can also be translated locally in synapses far away from the cell body.

In the next step, it was investigated whether the translational status of an mRNA has
an effect on its dynamics. Therefore, two different elongation inhibitors were used
(Figure 23, A). Puromycin causes a release of the nascent peptide chain and
dissociation of mRNA and ribosome,?*¢ and anisomycin freezes ribosomes on the
MRNAs they are currently translating. The analysis showed that puromycin led to
enhanced mRNA motility and less confined mRNA, most likely caused by the
dissociation of ribosome and nucleic acids (Figure 23, B-E). On the other hand, the
treatment with anisomycin resulted in the opposite effect, which means decreased
mobility due to the freezing of ribosome and mRNA. Interestingly, both treatments did
not change the active transport velocities of any mRNA and did not alter the fraction of
the stationary population. These findings are quite consistent with the hypothesis that

mRNAs in neurons are transported in a quiescent non-translating state.?47248 |t was
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Figure 23: (A) Schematic mechanism of puromycin and anisomycin treatment of neuronal cells.
Puromycin leads to dissociation of mRNA and ribosomes whereas anisomycin leads to the freezing of
the ribosomes. (B,D) Comparison of the mobility states of all three mRNAs before and after chemical
treatment. (C,E) Comparison of the traveled distances of all three mRNAs before and after chemical
treatment. Taken from Donlin-Asp et al., 2021.
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demonstrated that the translational status of a certain mRNA has an effect on its overall
dynamics in the dendrite.

Furthermore, it was assessed whether mRNA dynamics can be modulated with
synaptic plasticity.?*® Therefore, two forms of protein synthesis-dependent synaptic
plasticity were performed: chemical long-term potentiation (cLTP)?%° and metabotropic
glutamate receptor-mediated long-term depression (mGIuR-LTD).?%" For all three
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Figure 24: (A) Comparison of the mobility states of all three mRNAs before and after cLTP. (B)
Comparison of the traveled distances of all three mRNAs before and after cLTP. (C) Comparison of the
mobility states of all three mRNAs before and after mGIuR-LTD. (D) Comparism of the traveled
distances of all three mRNAs before and after mGIUR-LTD. (E) Images of CamK2a RNA FISH
experiment under cLTP and mGIuR-LTD conditions. Neuron stained with mCherry. (F) Mean distance
of mMRNASs to the nearest dendritic spine during plasticity. Purple: CamK2a, green: $-actin, grey: Psd95.
Taken from Donlin-Asp et al., 2021.
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mMRNAs the introduction of cLTP led to a decreased mRNA motility (Figure 24, A). Also,
the mean cumulative distance traveled was significantly reduced (Figure 24, B). The
same effects were observed when mGIuR-LTD was applied (Figure 24, C and D). The
experiments demonstrated that both forms of protein synthesis-dependent synaptic
plasticity have comparable effects on the motility of mMRNAs that are used to remodel
the protein landscape at the synapses. This is further underlined by high-resolution
smFISH experiments that were used to measure the mean distance of a single mMRNA
granule to the nearest dendritic spine (Figure 24, E and F). It was shown that after
cLTP and mGIuR-LTD, the mean distance between an RNA and a dendritic spine
decreased significantly after cLTP and mGIuR-LTD. This data suggests an increased
spine association during plasticity combined with enhanced local translation at the

single synapses.

In the last step, the dynamics of the protein synthesis in neuronal cells were explored
in real time during the two different forms of synaptic plasticity. However, since these
experiments are only marginally related to the MBs prepared in this work, they are not

described in detail. For a detailed description, please refer to reference [I].”

Overall, this project demonstrated how chemically modified MBs can be used to
monitor mRNA in real time. Appropriate selection of target sequence, secondary
structure, stem length and the corresponding chromophores can be used to stain and
visualize specific nucleic acids in living cells. To perform quantifications, it is particularly
important to use fluorophores and quenchers that are photostable. However, even with
the best fluorophores currently available, RNAs can only be monitored with MBs over
a period of minutes. After this time, the organic chromophores begin to bleach and can
no longer be used to visualize, or even quantify, RNA. For some biological questions,
however, it would be interesting to monitor nucleic acid transport over longer
timescales. Therefore, it is important to develop methods to extend the maximum
monitoring duration. The development of such a method will be part of the following

chapter.
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4.2. Visible light-activatable Q-dye molecular beacons

The results in this chapter were previously published in reference [ll] “Visible light-
activatable Q-dye molecular beacons for long-term mRNA monitoring in neurons”.?52
Biological experiments described in this chapter were performed by Dr. Paul Donlin-
Asp at the Max Planck Institute for Brain Research in Frankfurt under the supervision
of Prof. Dr. Erin Schuman. The development of the analysis tool pipeline was done by
Dr. Claudio Polisseni at the Max Planck Institute for Brain Research, imaging facility.
Parts of the results were previously published in the bachelor thesis of Vanessa
Hanff?53 who is a co-author of the above-mentioned publication.

One of the biggest challenges in monitoring mMRNA is the bleaching of the used
fluorophores. Bleaching is the phenomenon of undesired chemical reactions after
irradiation that can lead to a reduction of luminescence.?®* Due to this phenomenon,
the application time of fluorescent probes, such as MBs, is limited. In recent literature,
MBs have only been used for the timescale of minutes to monitor RNA.”-126 Therefore,
it is of enormous interest to develop new tools to extend the limited monitoring time.

One way to circumvent photobleaching is the use of light-activatable MBs. Once
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transfected, the probes can be locally activated in a specific area of the cell. By
knowing the exact origin of the species, it is theoretically possible to reduce the light-
sampling rate significantly, which would result in delayed photobleaching. Therefore,

the overall monitoring time could be increased.

For this application, Q-dye beacons'®* are the most promising candidates because
they can hybridize with the target RNA even before activation. This means that there
is no kinetic hindrance, and thus, no time delay after activation. However, a
disadvantage of the Q-dye beacons known from literature is their excitation
wavelength, which is so far limited to the UV range. UV light is known to cause severe
cell damage which is unfavorable for a long-term application in cells.® Therefore, Q-
dye beacons that are activatable with visible light to reduce cell damage and enable
long-term mRNA monitoring were developed in this work (see Figure 25). While it is
important that the photolabile protecting group absorbs visible light, it should not
interfere with the absorption of the fluorophore and quencher to ensure orthogonality.
Therefore, in this work, DEACM was chosen as protecting group, which has already
been used for strand breaks in oligonucleotides and has its absorption maximum of
about 400 nm.?%% As fluorophore and quencher ATTO565 and BHQ2 (see Figure 25)
were chosen due to their well-characterized photophysical properties. The absorption
spectra of all chromophores used are shown in Figure 26.

The photolabile coumarin strand break phosporamidite 1 was prepared according to
protocols of Weinrich et al.?*® and Weyel et al.?%® (Figure 25, ii). Starting from
commercially available /-
diethylaminocoumarin 2, the reaction with
DMF-DMA leads to enamine 3. Oxidative
cleavage of the exocyclic double bond with

o
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o
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NalOg4 results in aldehyde 4 which can be
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normalized absorbance

reduced to alcohol 5 using NaBH4. The
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wavelength / nm subsequent reaction with 4-methylsulfonic

Figure 26: Absorption spectra of DEACM (blue) acid chloride does not lead to the
used for light-induced strand break, ATTO 565 corresponding tosylate, but to chloride 6. A

(red) as hybridization sensing fluorophore and similar reaction was observed for benzyl
BHQ2 (black) as a quencher. Due to the shifted

maxima, the strand break can be induced

alcohols with electron-withdrawing

residues.?®” Ding et al. found that for their
orthogonally.
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system, the possible tosylates are formed in situ and subsequently substituted by the
less favorable nucleophile chloride. A similar mechanism is conceivable for the above
reaction. The following Wittig reaction of 6 with triphenylphosphine and formaldehyde
led to alkene 7, which was subsequently oxidized to diol 8 in an Upjohn dihydroxylation
using OsO4 and N-methylmorpholine-N-oxide. To use the coumarin in RNA solid-
phase synthesis, the primary hydroxy group of 8 was selectively tritylated with DMTr-
Cl. The resulting compound 9 was then reacted with 2-cyanoethoxy-N,N-
diisopropylaminochloro-phosphine yielding in phosphoramidite 1.

As target sequences for the new light-activatable molecular beacons CamK2 (MB1)
and Beta actin (MB2) mRNA were chosen. They play an important role in neuronal
activity.” In this project, the exact same MB structures as in Chapter 4.1 (Figure 25)
were used because it was already known that these sequences can be used to monitor
RNA in neurons. In addition, their specificity was already demonstrated in reference
[I],” which made them promising candidates for this project. For solid-phase RNA
synthesis, chemically modified 2’-OMe building blocks were used to effectively protect
the MBs against endonucleases.?%¢2%° 2'-OMe RNA also has a higher binding affinity
and selectivity towards RNA compared to DNA oligonucleotides.?5%-26' In general, MB
target binding highly depends on its secondary structure. Ideally, the loop region

should not contain any intramolecular base pairs. For in vivo studies, this can
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Figure 27: i) Light-activation of MB1 and MB2 in hippocampal neurons. The dashed lines indicate the
activation area. ij) Fluorescence intensity quantification in the indicated area before and after light-
activation. iij) Light-activation of MB1 in a neuronal cell body. iv) Max-intensity projections of MB1
populating the dendrite at 0 hours, 7 hours and 14 hours. v) Calculated time for CAMKZ2 populating the
whole dendrite. Taken from Klimek et al. 2021.
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sometimes be hard to accomplish for a given target RNA sequence. The loop domain
typically contains between 18 and 30 nucleotides.?%? For the MBs used in this work, a
loop length of 25-28 nucleotides was chosen in order to balance specificity and target
binding affinity.?5> Beacons with longer stems have an improved ability to discriminate
between different targets. However, this comes along with a lower hybridization rate.
For this study, beacons with stem lengths between five and seven base pairs were
used. Secondary structure prediction was performed with Mfold.264

After successful solid-phase synthesis fluorescence and uncaging experiments were
performed with MB1 and MB2. The results of the fluorescence experiments are shown
in Figure 25. Both MBs showed a very low background signal without irradiation or
target addition. As expected, if CamK2 or Beta-actin mRNA were added, the signal
would not rise significantly. However, the application of 405 nm light without target
addition led to a minimal increase in fluorescence for both beacons MB1 and MB2.
This can be rationalized by the fact that the covalently linked quencher has a
significantly higher quencher efficiency than the quencher at the opposite end of the
stem because it is closer to the fluorophore. However, only when both conditions —
target addition and illumination with 405 nm light — were true, a significant increase in
fluorescence intensity was observed for both molecular beacons (40-fold for MB1 and
28-fold for MB2).

To test whether the new light-activated molecular beacons can also be applied in cells,
they were transfected into cultured hippocampal neurons by Dr. Paul Donlin-Asp at the
Max-Planck-Institute for Brain Research. After successful transfection, only a weak
background signal could be observed in the cell bodies (see Figure 27). To activate
the molecular beacons a 405 nm laser was used within the whole cell body, as
indicated in Figure 27. This light pulse visualized a sub-population of molecular
beacons that were already hybridized with the target sequence. To verify the
specificity, a negative control MB4 was transfected. MB4 was also supplied with a
fluorophore, two quenchers and a photolabile DEACM linker having the same
secondary structure as MB1 and MB2. However, the loop sequence was
complementary to GFP mRNA. Therefore, MB4 was expected not to give a fluorescent
signal after photo-activation which turned out to be true after the application of 405 nm
light. This indicates that the signals of MB1 and MB2 occur not due to unspecific
binding.
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The light-activated visualization of CamK2 and Beta-actin mRNA now allowed tracking
by repeated excitation of the fluorophore. In contrast to previous studies where the dye
had to be excited every second,” %% the newly synthesized Q-dye beacons allowed to
reduce the light-sampling rate to one pulse every ten minutes. This allowed the
experimenter to monitor the mRNA dynamics for more than 14 hours which is the
longest time period known in literature to date. During the whole monitoring period, no
photo-bleaching was observed. Using this technique, it was possible to calculate the
half-life for Beta-actin mRNA populating the dendrite was three hours. This was in
agreement with the reported half-life of four hours known from literature.?6® As another
control experiment, a Q-dye beacon MB3 with an o-nitrobenzyl protecting group was
prepared. It had the same sequence and structure as MB2 but could not be activated
with visible light. It turned out that MB3 could also be activated in the cell. However,
the large amount of light required for photolysis caused death of the cell after a short
time, and therefore long-term monitoring was not possible. This again underlines the
high benefit of the new Q-dye beacons that are activatable with visible light.

In summary, this project demonstrated how MBs are chemically modified to make them
light-activatable. Through light activation, it was possible to significantly reduce the
laser sampling rate and thus extend the monitoring time to more than 14 hours. A
careful selection of fluorophore, quencher and a photolabile protecting group made it
possible to excite the chromophores orthogonally. By using light in the visible range,
cell damage was avoided and the MBs could be used in living neuronal cells for long-
term monitoring. However, the MBs were able to hybridize with the target RNA once
they entered the cell. The next step in the development of light-activatable MBs would
be a chemical modification to actually prevent hybridization with a complementary RNA
strand. The formation of a double helix should only become possible after irradiation
with light of a suitable wavelength. Such a chemical tool would make it possible, for
example, to regulate RNAs in cells in a spatiotemporally resolved way. The design and
realization of such a tool are described in the following chapter.
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4.3. Photo-tethered molecular beacons

The results in this chapter were previously published in reference [lIl] “Photo-tethered
molecular beacons for superior light-induction”.?%¢ Biological experiments described in
this chapter were performed by Dr. Mantian Wang at the Max Planck Institute for Brain
Research in Frankfurt under the supervision of Prof. Dr. Erin Schuman. Parts of the
results were already published in the master thesis of Vivien R. McKenney,?¢” who is

a co-author of the above-mentioned publication.

One of the major drawbacks of conventional MBs is that they immediately hybridize
with the target RNA once transfected. This can be problematic, for example, if one
wants to regulate only a certain part of the cell with antisense RNA, or if the desired
biological experiment has a time delay after transfection. To increase the spatial and
temporal resolution of RNA monitoring in cells, it would therefore be advantageous to
chemically modify the MBs so that they cannot form a double helix with a counter
strand. When hybridization is first enabled by an external stimulus - such as light -
specific parts of cells can be locally excited and analyzed, which can lead to
significantly increased precision. In the literature, two methods are already known to
regulate the hybridization of MBs with light, as described in Chapter 2.2.2. However,
both methods have significant disadvantages. Joshi et al. showed that hybridization of
MBs can be prevented by photolabile protecting groups located on nucleobases in the
loop region.'®® Although this method showed strong efficacy and good on/off behavior
of the oligonucleotides, approximately 7 photolabile protecting groups had to be placed
in the loop region to completely prevent hybridization. Due to this high number, only
part of the photocages may be cleaved by light, leaving partially active RNAs in the
cell. Another problem is that high light intensities must be used to cleave the many
photocages, which in turn can lead to cell damage.'?2%® The second method developed
by Tan et al. made advantage of the cyclization of the MB using a photolabile linker
between the 3’ and 5’ end."®? Since a double strand has a much longer persistence
length than a single strand, their MB showed a smaller hybridization signal. However,
their fluorescence measurements also demonstrated that the cyclized MB could
interact to some extent with the complementary RNA. This was probably because their
RNA ring after cyclization was very large, and therefore, partial interactions between
MB and target RNA were possible. In summary, the disadvantages of the two methods
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Figure 28: General mechanism of photo-tethered molecular beacons. Two photo-tethers are installed in

the loop region of the MB. Using a Cu(l)-catalyzed cycloaddition with a bisazide the two photocages are
covalently linked to each other. In this state, the MB is not able to hybridize with the target sequence.
Hllumination with 365 nm light leads to cleavage of the photocages. Therefore, the native form is restored
and the MB can form a double helix. Taken from Klimek et al. 2021.

are that in method 1 (Joshi et al.),'®® a large number of photocages had to be used and
that in method 2 (Tan et al.),'®? the ring after cyclization was too large to efficiently
prevent hybridization. Therefore, the aim of this project was to develop a new type of
MBs that circumvent the previously mentioned drawbacks. To prevent a large number
of photocages, cyclization is a good first approach. However, the protecting groups
must be positioned in a way that the resulting ring is preferably small to efficiently
prevent double helix formation. Therefore, we decided to use photo-tethers presented
by Seyfried et al?** and Miller et al?®® and install them in the phosphodiester-
backbone in the loop region (see Figure 28). This type of photolabile protecting group
contains an alkyne group that can be placed at two different positions in an RNA strand.
After solid-phase synthesis, the two alkynes can be connected in a copper-catalyzed
click reaction, resulting in the cyclization of the oligonucleotide. By irradiation with light,
the phosphate groups of the RNA backbone are released, and the oligonucleotide is
recovered in its native form. Seyfried et al. showed circularized oligonucleotides can
be used to prevent the hybridization of DNA with ring sizes of 10 to 30 nucleotides.?34
This type of photolabile protecting group provided the name "photo-tethered MBs" to
the oligonucleotides presented in this project. We selected miR-98 as the target
sequence for the MBs, which is one of the most abundant miRNAs in hippocampal
neurons. In order to prepare a suitable light-activatable probe, the optimal stem-loop

structure of the MB had to be tested beforehand. This structure should later be used
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as a positive control for the induction ratio. Therefore, four different MBs which were
all complementary to miR-98 but differed in their stem-length and composition were
synthesized (see Figure 29). The backbone of MBs consisted of 2'-OMe-RNA to
ensure decreased degradation by nucleases. In addition to the fluorophore at the end
of the stem, a second fluorophore was placed in the loop region. This should ensure
easy identification of transfected cells and allow the discrimination of a false-positive
signal by co-localization of both fluorophores. MB1 — MB4 had stem lengths between
4 and 6 base pairs. Secondary structure prediction was done using Mfold.?%* 6-FAM
was used as tracking fluorophore and Cy5 as hybridization sensing fluorophore. Both
fluorophores can be excited orthogonally due to their different absorption maxima.
After solid-phase synthesis, a fluorescence assay was performed with MB1 — MB4.
The fluorescence of Cy5 at 670 nm was measured before and after addition of miR-
98. While MB2 and MB4 did not show promising on/off ratios (2- to 5-fold fluorescence
increase after addition of miR-98), MB1 and MB3 had a more promising induction
behavior (20- and 10-fold fluorescence increase after addition of miR-98). The

9000 .
fluorescence measurements:
8000 _
@ - miR-98 (control)
?7000 -
+ miR-
816000 1 @D + miR-98
2
g 5000 chemical modifications:
€ 4000
@ hybridisation sensing
3000 fl
uorophore
2000 -
@ aquencher
1000
0 - @ tracking fluorophore
MB1 MB2 MB3 MB4
A A
ACUYy ah YU, c c a AUy
c c G < ° A u G <,
A U u 5
.U A .U & A C .U
A c A c
A c A C
A C C U A (€
A c c U A c C U
c U A c Acag A
A A C Acag A UmA A Amu A
C=G G=C A=U G=C
G=C C=G U=A C=G
C=G Gm=C A=U A=U
5'GmC 3" 56-$ S‘.U-A3‘ 5'CemG 3"
MB1 MB2 MB3 MB4

Figure 29: Structures and fluorescence intensity assay results of MB1-MB4 before and after the addition
of target miR-98. Taken from Klimek et al. 2021.
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hybridization ability of all synthesized MBs was also demonstrated with a native PAGE
experiment (see Figure 30). It demonstrated that all MBs have a mobility shift after
addition of miR-98. However, due to the fluorescence results shown in Figure 29,
further experiments and circularization were performed with analogues of MB1 and
MB3 that were considered as the best candidates.

To make the MBs Ilight-
- activatable, photolabile

phosphoramidites had to be
MB2

MB1 miR-98 prepared. In this study we

+ miR-98 4 E

bt -  wes +n|\:liBR‘-198 decided to use a photolabile 2’-
_ ; b OMe-C analogue that can be
. MB1 mMB2 EER L Y
— [W— e H installed at different positions in

the loop. The chemical synthesis

; is described in more detail in
Figure 30: Native PAGE experiment for MB1-MB4. Addition reference [l11].266 After chemical

of target miR-98 resulted in a mobility shift that indicates synthesis, the phosphoramidite

formation of a double heflx was installed at several different
positions in the loop of MB1 and MB3. The different structures and fluorescence
properties are described in the manuscript and supporting information of reference
[111].256 However, the best results in terms of on/off ratio before and after light activation
were achieved with ptMB3 (photo-tethered molecular beacon 3) (see Figure 31). In
this MB the two photo-tethers were attached close to the stem to prevent hybridization
with the target miR-98. Before light-activation and addition of miR-98, ptMB3 shows
almost no fluorescence. The addition of target RNA did not lead to a significant signal
increase. Only when light was applied to the sample, the fluorescence intensity of the
hybridization sensing fluorophore increased to 98% of the fluorescence of the positive
control MB3 when miR-98 is added (Figure 31). In contrast to the Q-dye MBs
presented in Chapter 4.2, the signal increase of ptMB3 was due to the light-induced
ability to hybridize with a complementary strand. Q-dye MBs can already form a double
helix before light-activation. Photo-tethered MBs, on the other hand, cannot hybridize
before light activation because of their cyclized structure. It was also demonstrated that
hybridization of ptMB3 and miR-98 before light-activation was hindered permanently
by measuring the fluorescence intensity over minutes (Figure 31, b). After addition of

miR-98, the signal intensity did not increase. In contrast, the fluorescence intensity of
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Figure 31: a) Secondary structures and fluorescence assay results of ptMB3 compared to MB3 before
and after light-activation. b) Fluoresence kinetics of ptMB3 (left) and MB3 (right) after addition of target
miR-98. Addition of miR-98 is indicated by the dashed line. Taken from Klimek et al. 2021

positive control MB3 raised immediately after addition of miR-98. This experiment

proved that the formation of a ptMB3 double helix was hindered not only kinetically.

The next step was to evaluate the performance of the light-activatable MBs in vivo.
The experiments in this paragraph were performed by Dr. Mantian Wang at the Max-
Planck-Institute for Brain Research. ptMB3 was transfected into cultured hippocampal
neurons. Imaging was performed two to four hours after transfection. The tracking
fluorophore 6-FAM was used to identify transfected cells and showed a distribution of
ptMB3 over the soma (Figure 32, left). Similar to the in vitro experiments (Figure 32),
the hybridization sensing fluorophore Cy5 did not show a significant signal before
activation with a 355 nm laser (Figure 33, middle). Again, this observation indicates
that hybridization of ptMB3 and target RNA is hindered. After light-activation over the
whole soma, the appearance of new hybridization sensing signals was observed
(Figure 33, right). Therefore, it was concluded that these new signals are associated
with a hybridization event of ptMB3 and miR-98.
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Cy5 before photoactivation Cy5 after photoactivation

Figure 32: Images of ptMB3 in a hippocampal neuron. The green tracking fluorophore 6-FAM shows the
even distribution of the MB over the whole soma (left). Before light-activation the hybridization-sensing
fluorophore Cy5 does not show a significant signal (middle). After light-activation with a 365 nm laser, a
Cy5 hybridization signal is present that indicates double helix formation of ptMB3 and miR-98 (right).
Taken from Klimek et al. 2021

In conclusion, it was demonstrated that MB hybridization can be controlled
spatiotemporally using photo-tethers. The attachment and covalent linkage of the two
photolabile protecting groups in the loop region resulted in a circularized
oligonucleotide that was not able to hybridize with target miR-98 in vitro and in vivo.
Only when light was applied, the native form of the MB was restored, and it was able
to form a double helix. This property clearly separates ptMBs from the light-activatable
O-dye MBs from reference [ll]. Q-dye MBs can also be activated with light, but they
can form a double helix with a complementary opposite strand even before irradiation.
These two types of activatable MBs can be used complementarily for different
biological questions. While Q-dye MBs are more suitable for RNA monitoring, ptMBs

can be used for spatially and temporally resolved regulation.

In order to gain spatiotemporal control of biochemical reactions and pathways, e.g.,
RNA transport that was described in previous chapters, it is important to develop
efficient photocages. To be precise, the photocage has to use the applied light in the
most efficient way to induce a bond break. This allows the light intensity to be reduced,
minimizing cell damage. For the Q-dye MBs presented in reference [lI], DEACM was
used as a photolabile protecting group. This photocage is widely used because it is
well understood and easy to prepare, but it has a poor uncaging efficiency. The last
goal of the presented thesis was to optimize the uncaging efficiency of coumarin-based

photocages to get a superior uncaging behavior in future biological experiments.
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4.4. Systematic improvement of coumarin PPGs

The results in this chapter were previously published in reference [IV] “Inactivation of
competitive decay channels leads to enhanced coumarin photochemistry”.?2’® The
spectroscopic data described in this chapter was measured and analyzed by Marvin
Asido at the Institute of Physical and Theoretical Chemistry in Frankfurt under the
supervision of Prof. Dr. Josef Wachtveitl. Parts of the steady-state fluorescence and
absorption measurements were performed by Volker Hermanns under supervision of
Prof. Dr. Alexander Heckel. Parts of the photocage synthesis were already published
in the bachelor thesis of Marco Salustros.?”!

In Chapter 4.2, a coumarin PPG was used to induce a strand break in an
oligonucleotide. Coumarin was selected instead of o-nitrobenzyl in order to use visible
light und reduce cell damage.?®? It was demonstrated that the red-shift led to an
enhanced cell viability when light was applied. Nevertheless, the photolysis process
can be further optimized. As described in detail in Chapter 2.1, two parameters are of
particular importance in the optimization of photolabile protecting groups: the
absorption wavelength and the uncaging efficiency. In this project, the aim was to
systematically improve the second parameter on a coumarin protecting group. To date,
there are very few studies that systematically examine uncaging efficiency. On the
other hand, however, there are a large number of studies that have optimized
fluorophores (see Chapter 2.2.3). These are particularly interesting because uncaging
and fluorescence occur on a similar time scale (nanoseconds after irradiation).
Therefore, the idea was to use the broad knowledge of fluorophore optimization to
improve the uncaging efficiency of coumarin protecting groups. To be precise, the
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Figure 33: Structures of ATTO 390, DEACM and ATTO 390 based photocages 7a-d developed in this

work. DEACM was used as reference compound to compare photolysis efficiency.
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: Figure 34: Synthesis of:zyuinolin 4a starting from amir‘:;phenol 2.
coumarin-based fluorophore ATTO 390 that has a fluorescence quantum yield of
90%%23%236 was used as a scaffold for the optimization process. Based on ATTO 390,
four new coumarin photocages were designed (see Figure 33). For all of them, the
leaving group was attached to the 4-methyl group which is known to induce a
heterolytic bond cleavage after irradiation for many examples.?* As described in
Chapter 2.1.3, fluorescence quantum vyield for donor-acceptor fluorophores (as
coumarin) is increased when rotation around the electron-donor is restricted.'?
Therefore, the four new photocages were equipped with a six-membered ring at the 7-
position to inhibit rotation. In two of the molecules (7a and 7b), an additional double
bond was introduced in the ring system to further planarize the molecule. This should
further restrict rotation and possible energy loss by TICT states. Molecules 7b and 7d
were equipped with an additional ethyl group at the nitrogen atom. This modification is
supposed to eliminate a possible hydrogen bonding site that is known to eventually
lead to non-radiative decay of the excited state in polar solvents.?’2-276 The synthesis
started from commercially available 3-aminophenol 2 (see Figure 34). The hydroxyl
group was protected with TBDMS in a quantitative yield resulting in compound 3. In
the next step, the first six-membered ring around the nitrogen was built up using

acetone and Yb(OTf); as catalyst in a Doebner-Miller type reaction. A possible

$— g gt S TG

R =TBDMS TfO)3Yb TfO)3Yb

Mo TosfSoma, =

Figure 35: Possible mechanism for the formation of compound 4a. Two acetone molecules are reacted

in an aldol-condensation and -addition. In the next step, a Doebner-Miller type reaction between the

resulting 2-oxo-3-penten and the TBDMS-protected aminophenol leads to the formation of 4a.
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Figure 36: Alkylation and hydrogenation of compound 4a resulting in 4b-4d.

mechanism of this reaction is shown in Figure 36. After the ring closure, the double
bond and the nitrogen motif had to be functionalized. Therefore, the double bond of 4a
was reduced using H2> gas and a Pd/C catalyst resulting in dihydroquinoline 4c.
Compounds 4a and 4c can then be reacted with iodoethane and Cs>COz under
microwave irradiation to perform a nucleophilic substitution at the nitrogen atom. These
reactions resulted in the four functionalized precursor molecules 4a-d (see Figure 35)
that are used to synthesize the final compounds in the next steps.

To functionalize the oxygen atom, the TBDMS protecting groups of 4a-d had to be
removed (Figure 37). This was done using TBAF and AcOH giving molecules 5a-d in
ca. 90% yields. Pechmann condensation with sodium diethyl oxalacetate led to
coumarin esters 6a-d in moderate yields. During this reaction, a lot of side products
occurred that were hard to separate from the main compound. Nevertheless, reduction

of coumarin esters with NaBH4 resulted in the final protecting groups 7a-d.

Steady-state absorption spectra, fluorescence spectra and fluorescence quantum yield
of 7a-d in different solvents (see Figure 38, a) were recorded by Volker Hermanns und
Marvin Asido, who are co-authors of the publication that this chapter is based on. A
detailed discussion can be found in reference [IV].?° In summary, the results showed
that the above-mentioned photophysical properties are very similar to the parent
compound ATTO 390. At the same time, fluorescence intensity and quantum yield of

TBAF, sodium-diethyl- | OO

ACOH oxalacetate NaBH4
D\ 89-94% 7L I;L 31-47% %\ 37 62% 7L
OTBDMS o
R4ad R5ad R 6 a-d R 7 ad

Figure 37: Synthesis of coumarin-alcohols 7a-d starting from 4a-d. a: R=H, X=CH, Y =C, b: R = ethyl,
X=CH,Y=C,c:R=H,X=CHz, Y=CH,d:R=H,X=CHz, Y= CH.
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Figure 38: a) Steady-state absorption and fluorescence spectra of compounds 6a-d and the respective
two-photon absorption spectra. b) stokes-shifts of compounds 6a-d. c) Ultrafast transient absorption
measurement of compound 6a in MeOH. d) Ultrafast transient absorption measurement of compound
6a in toluene. e, f) Dynamic stokes-shifts of compound 6a in MeOH and toluene at comparing 0.5 ps

and 100 ps after excitation.

7a-d are a lot higher compared to the widely used photolabile protecting group DEACM
(structure shown in Figure 33). This indicated that competitive relaxation pathways are
efficiently blocked and the newly synthesized compounds lose their excitation energy
mainly via fluorescence. Two-photon excited fluorescence (TPEF) experiments
showed that 7a-d cannot only be excited with UV and blue light but also in the NIR
region (see Figure 38, a). The underlying photophysical dynamics were examined
using ultrafast transient absorption spectroscopy in the Wachtveitl lab performed by
Marvin Asido (see Figure 38, c). Overall, a strong solvent dependency was observed
for the formation of an ICT from the nitrogen of the amine group (charge donor) to the
carbonyl group (charge acceptor) (see Chapter 2.1.3). Also, hydrogen bonding at the
nitrogen atom influenced the excited state dynamics. The solvent reorientation and
resulting stabilization of the excited state can be observed looking at time-resolved
stokes shifts 0.5 ps and 100 ps after excitation (see Figure X). Overall, polar solvents
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Figure 39: Synthesis of coumarin-protected serotonin compounds 9a-d and 12. a: R=H, X=CH, Y =
C,b:R=ethyl X=CH,Y=C,c:R=H,X=CHs, Y=CH,d: R=H, X=CH, Y =CH.

like MeOH have a stronger stabilizing effect and the ICT state than unpolar solvents

like toluene. For a more detailed discussion see reference [IV].?7°

However, the goal of this project was not to increase fluorescence but to design and
synthesize new photolabile protecting groups with enhanced uncaging efficiency. To
test the performance of the newly synthesized photocages 7a-d and the influence of
the planar and rigid structures, a leaving group had to be attached to the exocyclic
hydroxyl group at position 4. This position is known to undergo heterolytic bond
cleavage after excitation for the general coumarin structure. As leaving group, the
biologically relevant neurotransmitter serotonin was attached. This biomolecule plays
an important role in signal transduction in the central nervous system.?’” The synthesis
started with the reaction of 7a-d and carbonyldiimidazole to prepare precursor
molecules 8a-d. After column chromatography, serotonin added to 8a-d under
microwave irradiation resulting in photolabile protected serotonin derivatives 9a-d (see
Figure 39). The same synthetic procedure was used to prepare DEACM-protected
serotonin 12 as reference for photolysis experiments. The synthesis of DEACM-OH 10

was done according to Weinrich et al..2%

After preparation the photolysis efficiency of 9a-d was compared to reference

compound 12. The photolysis experiments were performed by Volker Hermanns. 9a-
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Figure 40: Exemplary photolysis curve of compound 9b in PBS/MeOH (1:1). Photolysis product 7b was

identified via mass spectrometry. Figure taken from Klimek et al. 2022.

d and 12 were dissolved in PBS/MeOH (1:1). For coumarin photolysis protic solvents
are needed to capture the carbo-cation that is formed during uncaging.®® To make the
photolysis experiments comparable, quantum yields of all compounds were measured
at 405 nm. A fulgide derivative was used as actinometer.2’® An exemplary photolysis
curve of 9b is shown in Figure 40. Remaining curves can be found in the supporting
information of reference [IV].?° It was demonstrated that after ca. 200 photon
equivalents, about 90% of the starting material 9b released the neurotransmitter
serotonin. Overall, all newly synthesized compounds 9a-d showed a higher uncaging
efficiency than reference compound DEACM 12. The double bound in 9a-b that further
rigidifies the coumarin scaffold compared to 9¢c-d has a higher impact on the uncaging
efficiency than the additional ethyl group in 9b and 8d. This indicates that the TICT
state plays a more important role than H-bonding at the coumarin electron donor. For
the best compound 9b the uncaging efficiency was increased 12-fold compared to 12.
Summarizing the uncaging experiments, the aim to develop a photolabile coumarin
protecting group with enhanced uncaging efficiency was achieved. The best compound
was 9b which was equipped with a double bond and an ethyl group at the nitrogen. A
detailed discussion of the photochemical properties of all compounds can be found in
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Figure 41: a, b) Ultrafast transient absorption spectroscopy experiments of 7a and 9a. The depopulation
of the excited state in 9a is shifted towards shorter timescales. c) Time-correlated single photon
counting (TCSPC) measurements of compounds 7a-d and 9a-d. The fluorescence lifetimes of 9a-d are

approximately 2 times faster than 7a-d. Figure taken from Klimek et al. 2022.

reference [IV].270 In the last step, it was investigated by Marvin Asido whether uncaging
as additional decay channel can be observed by ultrafast transient absorption
spectroscopy. An exemplary experiment for 9a is shown in Figure 41. To be precise,
compound 9a with a leaving group was compared to the previously measured 7a that
does not have a leaving group. Besides very similar photophysical signatures, it was
observed that the excited state decay of 9a shifted towards earlier times when it was
compared to 7a. This trend can also be seen in TCSPC measurements in PBS/MeOH
(1:1). While the excited state of 7a-d were depopulated between 4.6 and 5.4 ns, the
fluorescence lifetimes of 9a-d were found to be between 2.0 and 2.6 ns. This reduction
is most likely due to the possibility of 9a-d to undergo heterolytic bond cleavage after

excitation. The TCSPC experiments are shown in Figure 41.

In summary, it was possible to design and develop four new coumarin-based
photocages derived from the well-characterized fluorophore ATTO 390 with an

enhanced uncaging efficiency. Inhibition of competitive decay channels like H-bonding
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or TICT resulted in a 12-fold increase in the uncaging cross section of the best
compound. Ultrafast transient absorption spectroscopy gave insights into the
underlying photophysical mechanisms. The coumarin photocages developed here
have a strong solvent dependency in their uncaging and fluorescence behavior.
Overall, this project demonstrated that it can be a good strategy to learn from the
optimization of organic fluorophores when it comes to the development of new

photocages.
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5. Conclusion

This work addressed the development of non-light-activatable as well as light-
activatable tools to monitor RNA in living cells. It was demonstrated that carefully
designed molecular beacons can be used to stain three different mRNAs against
CamK2, Beta-actin and PSD-95 in neurons.” The RNAs were monitored for 20 minutes
and the extracted data was used to determine transport velocities, distances traveled
and the overall mRNA distribution together with scientists from the Max-Planck-
Institute for Brain Research. It was investigated how different forms of altered
translation or chemical long-term potentiation and depression can affect the RNA
transport processes, and it was quantified in what copy number the nucleic acids are
transported. In the next step, to get an insight into how RNA transport works on a long
time scale, the molecular beacons were chemically modified to make them light-
activatable, resulting in Q-dye molecular beacons.?>?> A photocleavable second
quencher allowed to locally activate a subpopulation of RNAs in the cell body.
Therefore, the light-sampling rate for monitoring could be decreased from 1
frame/second to 1 frame/10 minutes. This technique allowed, for the first time, to
monitor mMRNA in neurons for more than 14 hours. The light-activatable molecular
beacons were used, e.g., to quantify the time a certain mRNA species needs to
populate the whole dendrite at the Max-Planck-Institute for Brain Research. To further
improve the light-activatable probes, photo-tethered molecular beacons were
designed.?®® Compared to the Q-dye beacons, light-activation of photo-tethered
molecular beacons can be used to trigger RNA hybridization with a complementary
strand. This concept was realized by the installation of two photolabile protecting
groups on the phosphate backbone?3* which were linked after solid phase synthesis.
It was demonstrated that hybridization with target miR-98 was only possible after
irradiation. This new type of molecular beacon was used in hippocampal neurons to
spatiotemporally induce miRNA double helix formation at the Max-Planck-Institute for
Brain Research. Lastly, a new superior coumarin-based photocage that allows efficient
uncaging of biomolecules was developed.?’° Together with scientists from the Institute
of Physical and Theoretical Chemistry photolabile protecting groups with inhibited
alternative relaxation pathways were designed, synthesized and characterized. The
uncaging efficiency compared to the photocage used for the above-described Q-dye
beacons was improved 12-fold. It is anticipated that this new photocage will find broad

application in future biological experiments.
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Figure 11: (A) General function of a molecular beacon. (B) Different approaches for RNA
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Figure 17: Structures of natural nucleobases and their fluorescent analogs. a) Hydrogen-
bonding sites in a typical DNA/RNA double helix. b) Canonical pyrimidine natural nucleobases
and possible modifications for fluorescence enhancement. ¢) Canonical purine nucleobases
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Figure 18: Overview of possible modifications of purine nucleobases to enhance fluorescence
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Figure 19: Overview of possible modifications of pyrimidine nucleobases to enhance
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heterocyclic fluorophores. ¢) Example structures of aromatic hydrocarbons. d) Photoinduced
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Figure 27: i) Light-activation of MB1 and MB2 in hippocampal neurons. The dashed lines
indicate the activation area. ii) Fluorescence intensity quantification in the indicated area before
and after light-activation. iii) Light-activation of MB1 in a neuronal cell body. iv) Max-intensity
projections of MB1 populating the dendrite at 0 hours, 7 hours and 14 hours. v) Calculated
time for CAMK2 populating the whole dendrite. Taken from Klimek et al. 2021.................... 51
Figure 28: General mechanism of photo-tethered molecular beacons. Two photo-tethers are
installed in the loop region of the MB. Using a Cu(l)-catalyzed cycloaddition with a bisazide the
two photocages are covalently linked to each other. In this state, the MB is not able to hybridize
with the target sequence. lllumination with 365 nm light leads to cleavage of the photocages.
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Decades of work have demonstrated that messenger RNAs
(mRNAs) are localized and translated within neuronal dendrites
and axons to provide proteins for remodeling and maintaining
growth cones or synapses. It remains unknown, however, whether
specific forms of plasticity differentially regulate the dynamics
and translation of individual mRNA species. To address this, we
targeted three individual synaptically localized mRNAs, Camkila,
p-actin, Psd95, and used molecular beacons to track endogenous
mRNA movements. We used reporters and CRISPR/Cas9 gene edit-
ing to track mRNA translation in cultured neurons. We found al-
terations in mRNA dynamic properties occurred during two forms
of synaptic plasticity, long-term potentiation (cLTP) and depression
(mGIuR-LTD). Changes in mRNA dynamics following either form of
plasticity resulted in an enrichment of mRNA in the vicinity of
dendritic spines. Both the reporters and tagging of endogenous
proteins revealed the transcript-specific stimulation of protein syn-
thesis following cLTP or mGIuR-LTD. As such, the plasticity-induced
enrichment of mRNA near synapses could be uncoupled from its
translational status. The enrichment of mRNA in the proximity of
spines allows for localized signaling pathways to decode plasticity
milieus and stimulate a specific translational profile, resulting in a
customized remodeling of the synaptic proteome.

mRNA | local protein synthesis | mMRNA beacons | mRNA localization |
neuron protein synthesis

ynaptic plasticity requires the rapid and robust remodeling of

the proteome (1). Both the strengthening (long-term potentia-
tion, LTP) and the weakening of synaptic conncctions (long-term
depression, LTD) requires proteome remodeling (2). Neurons
use diverse mechanisms to achieve this regulation, including the
posttranslational modifications of proteins (2), transcriptional
changes (3), and translational changes (4). Indeed, ncurons can
rapidly regulate and control synaptic proteomes by localizing and
translating messenger RNAs (mRNAs) in axons and dendrites
(5-12). A number of key synaptic proteins are encoded by trans-
lationally regulated mRNAs, including ARC (13-15), fragile X
mental retardation protein (FMRP) (16), postsynaptic density 95
(PSD-95) (16, 17), and CAMK2a (18). Given the capacity for
protein synthesis in distal compartments, a fundamental question
is how dendritically and axonally localized mRNAs become
recruited near synapses and then translationally regulated locally
during plasticity.

Current evidence suggests that single mRNAs, bound by
RNA-binding protcins (RBPs), interact with the cytoskeleton for
long-distance transport from the cell body to the dendrites and
axons (19, 20). Both localization (19) and translational rcgula-
tory elements (21) are present in the 5" and 3’ untranslated re-
gions (UTRs) of mRNAs. Trans-acting factors, including RBPs
and microRNAs (miRNAs), interact with UTR elements to
regulatc mRNA localization and translation; these interactions
arc also regulated by plasticity. mRNAs are belicved to be

PNAS 2021 Vol. 118 No. 13 2017578118

transported in a translationally quicscent state, likely only en-
gaged in translation near synapses (22, 23). The dynamic and
bidirectional (22, 24-26) scanning behavior of mRNAs in den-
drites allows, in principle, for the capturc and translation of
mRNAs as needed for proteome maintenance and remodeling
(22, 23). Our understanding of these processes, however, is
largely derived from live imaging cxperiments for a limited
number of individual candidate mRNAs including f-actin (22,
25) and Arc (27); the relationship between the sequestration/
capture of RNAs and their translation during plasticity is not
well understood.

To address this, we used molecular beacons to track and
quantify the dynamics of three endogenous mRNAs under basal
conditions and after plasticity. We found that induction of cither
chemically induced LTP (cL'TP) or mctabotropic glutamate re-
ceptor LTD (mGluR-LTD) resulted in a widespread attenuation
of mRNA motility and led to an enrichment of mRNA near
dendritic spincs. These altered mRNA dynamics and availability
near synapses was accompanied for some, but not all, nRNAs by
enhanced translation of either a reporter or a CRISPR/Cas9-
tagged endogenous protein. This dissociation allows for the
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cnrichment of mRNAs ncar spincs where localized signaling
pathways can control which spccific scts of transcripts arc
translated.

Results

Tracking Endog mRNA Dy in Live Neurons. To asscss
cndogenous mRNA dynamics, we focused on Camk2a, p-actin,
and Psd95 as they arc abundant in ncuronal dendrites (28) and
arc (ranslationally rcgulated by plasticity (18, 22, 29, 30). To
track these mRNAs, we ecmployed molccular beacons (Fig, 14)
(31). These mRNA-specific complementary oligonucleotides
bear both a flucrophore and a quencher; the binding of a beacon
Lo its targeted mRNA separates the fluorophore and quencher,
resulting in a fluorescent signal that can be tracked in live cells.
Similar probes have recently been used lo track endogenous

A

P-actin in Xenopus axons (32), yiclding dynamic propertics sim-
ilar to thosc obscrved in vivo using the MS2-p-actin mousc (25).

In living primary rat hippocampal neuronal cultures (day
in vitro [DIV] 21+) molecular beacons targeting endogenous
Camk2a, f-actin, or Psd95 mRNA (Materials and Methods) were
imaged to report on endogenous mRNA dynamics for up to
20 min (Movies S1-S3). A nontargeting GFP probe showed no
specific signal in the soma or dendrites (Movie S4). Interestingly,
we observed a heterogenous size distribution for the mRNA
puncta, with larger pronounced particles seen near the soma
(Movies S1-S83), similar to what has been reported previously for
f-actin (25). In addition, we detected a number of apparent
dendritic mRNA-mRNA fusion events (SI Appendix, Fig. S14
and Movie S5), suggesting that these mRNAs can exist in a
heterogenous copy number state, in addition to proposed modes
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Fig. 1. Dendritic mRNAs exist within varied copy number states. (A) Scheme of the molecular beacon design used in this study. A 5-nt stem, with a reporter
fluorophore on one side and a quencher dye on the other side, were linked with a 26-nt complementary sequence to Camk2a, f-actin, or Psd95 mRNAs. When
not hybridized to a target mRNA, the stem holds the reporter and quencher in proximity, preventing fluorescence. Upon binding to a target mRNA, the stem
loop opens, and fluorescence can be detected in a reversible manner. (B) Example images of Gatta quant standard and beacon-labeled neurons shows a
heterogenous distribution of particle intensities in live neurons. (Scale bar, 5 pm.) Data shown acquired at 5% laser power. (C) Quantification of the dis-
tribution of beacon intensity relative to single fluor labeled ATTO647 standard. Atto647N Camk2a (19 cells, 921 mRNA granules), Atto647N g-actin (21 cells,
1,003 mRNA granules), Atto647N Psd95 (18 cells, 829 mRNA granules). (D) Example smFISH images of dendritically localized p-actin, Camk2a, and Psd95. (Scale
bar, 5 pm.) (€) Quantification of the distribution of smFISH intensity. Camk2a (15 cells, 1,005 mRNA granules), g-actin (15 cells, 1,005 mRNA granules), Psd95
(15 cells, 1,005 mRNA granules).
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of singlc mRNA transport in axons and dendrites (29, 32, 33). To
assess this quantitatively, we analyzed the intensity of the indi-
vidual beacon puncla (i.e., mRNA granules) and compared it
with a commercially synthesized standard containing a single
ATTOG647N fluorophore anchored on a glass coverslip (Materials
and Methods). Using this standard, we determined that a sizcable
fraction of each mRNA exhibited an intensity consistent with a
single mRNA molecule (Fig. 1 B and C and SI Appendix, Fig. S1
A-C). p-Actin mRNAs, in particular, were often detected in a
range consistent with a single copy number state (Fig. 1C and S7
Appendix, Fig. S1 A-C), in linc with previous reports (29, 32).
Interestingly, while both Camk2a and Psd95 mRNAs also were
detected as single copy granules, a noticeable fraction of each
population existed in a multimeric state (Fig. 1C and SI Ap-
pendix, Fig. S1 A-C), indicating that higher-order (containing
more than a single mRNA) mRNA granules cxist within the
dendrite. To validate this, we performed single molecule FISH
(smFISH) (Materials and Methods). Assessing the intensity of
RNA puncta in the dendrite, we found a wider range of inten-
sities for Camk2a and Psd95 compared with f-actin, consistent
with a multimeric copy number state (Fig. 1 D and E and ST
Appendix, Fig. S1D). Taken together, these data suggest that
while the majority of these dendritically localized mRNAs exists
in a single copy number state, higher-order multimeric states
cxist and may be a transcript-specific feature, likely determined
through specific sets of RBPs bound to particular mRNAs.

To capture the dynamic behavior of each mRNA species
within dendrites, we employed a semiautomated tracking ap-
proach. Using a custom-written analysis pipeline (Materials and
Methods) we quantificd the becacon mRNA dynamics (Fig. 2 A-
C), cumulative distance traveled (Fig. 2D), and transport velocity
(Fig. 2E) for all threce mRNA targets. To asscss mRNA dy-
namics, we measured the percentage of time (during the entire
imaging epoch) a detected granule spent actively moving within
the dendrite (cither anterogradely: away from the cell body; or
retrogradely: toward the cell body) or exhibited a confined be-
havior. For all experiments we acquired images at one frame per
sccond for up to 20 min (Materials and Methods). “Confincd”

Al e

L] ®
— © -@

Beta actin

6 7 -
L] ®
. [y - . .

behavior was assigned to periods of time when an mRNA granule
exhibited restricted (<0.5 um) movement within the dendrite
(Materials and Methods).

Similar to previous reports (22, 32), we found that all three
mRNAs spent most of their time in a confined state (fraction
population; Camk2a: 0.59 + 0.10; p-actin: 0.56 + 0.11; Psd95:
0.50 + 0.14; mcan fraction of time + SEM). For active movement
all three mRNAs displayed a slight bias for anterograde trans-
port (fraction population, anterograde vs. retrograde: Camk2a:
0.23 + 0.06 vs. 0.18 + 0.07; -actin: 0.23 + 0.09 vs, 0.22 + 0.06;
Psd95: 0.31 + 0.11 vs. 0.20 + 0.09) (Fig. 24), explaining how
mRNAs can eventually populate more distal regions of the
dendrite. Interestingly, Psdf95 granules exhibited enhanced mo-
tility (less in the confined state) (Fig. 2C) compared with p-actin
and Camk2a. All three mRNAs (raveled similar distances (~20
pm on average) over the imaging cpoch and exhibited similar
velocitics (~1 pmys) for both anterograde and retrograde Lrans-
port, consistent with the mixed polarity of microtubules within
the dendrite (34). We noted that while the majority of mRNA
molccules we measured (orange and magenta highlighted puncta
in Fig. 2 A and B) alternated between periods of confined vs.
active transport, a small fraction of particles (green in Fig. 2 4
and B) showed little to no active transport during the entire
imaging session. We therefore further distinguished “confined”
vs. truly “stationary” events (Materials and Methods and ST Ap-
pendix, Fig. S24) and found ~6% of thc confincd population
were better characterized as stationary events. In all subsequent
analyses, we removed these stationary events from the analysis.

Translational Inhibition Alters mRNA Dynamics within the Dendrite.
With the above mcasurcments of basal mRNAs dynamics, we
next assessed if we could alter their dynamic properties. We first
assessed if perturbing the translational status of an mRNA could
affect its motility. To alter the translation status of an mRNA, we
used two mechanistically distinct translational elongation inhib-
itors (Fig. 34): puromycin, which causes release of the nascent
peptide chain and ribosomal dissociation from the mRNA (35),
and anisomycin, which frcczes clongating ribosomes on mRNAs
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Fig. 2. Tracking and classifying mRNA dynamics along dendrites in live neurons. (4) Still images from a f-actin Atto647N-labeled dendrite (Movie S6), shown

are single frames every minute for 10 min (of 20 total). Individual mRNA puncta are highlighted to illustrate distinct dynamic profiles, mainly stationary
(green) or confined with periods of motility (orange and magenta). (Scale bar, 5 pm.) (8) Kymograph from the first 10 min of (Movie S6). Arrow denotes the
anterograde direction along the dendrite. (Scale bar, 1 min.) (C) Quantification of mRNA dynamic state: confined, anterograde vs. retrograde for
Atto565 Camk2a, Atto565 fJ-actin, and Atto565 Psd95. n = 59 cells. **P < 0.01, ****P < 0.0001 Holm-Sidak’s multiple comparison test. (D) Quantification of
cumulative distance traveled for Atto565 Camk2a, Atto565 j-actin, and Atto565 Psd95. n = 59 cells. (£) Quantification of mRNA velocity for anterograde and
retrograde for Atto565 Camk2a (1.013 + 0.450; —1.083 + 0.480), Atto565 f-actin (1.054 + 0.493; —1.110 + 0.452), and Atto565 Psd95 (0.997 + 0.426; —1.111 +
0.479). n = 59 cells.

Donlin-Asp et al.
Differential regulation of local mRNA dynamics and translation following long-term
potentiation and depression

PNAS | 3of 12
https://doi.org/10.1073/pnas.2017578118

INAUGURAL ARTICLE

NEUROSCIENCE

97



ed it Goethe Unersitat Frankfurt on ARl 26, 2071

98

A B C 250= puro puro puro
1.0 1.0 . 1.0 =
Treatment with puromycin: 5 Camk2a Beta actin Psd95 £ -
S | control  Z 0| -
Sos puro 08 puro 0.6 ¢ puo 3
5]
3 { 2
« 3 °
8 06 : . 06 ‘gi y 06t 315090 |
kS A i ] ? E
S 04 PSR BE . Y § 100 ‘
5 E |
o2 1‘:4 02 8 ﬁi 151 02 g s |
dissociation of ribosomes . . -
from mRNA Q.0 T T — 0.0 T T T 0.0 T T T 0
> .
& & & & ﬁ-r?“’ &‘& R Camk2a  Beta actin Psd95
<& v&e\ N $ »(\@\ & & &S
2007 aniso aniso aniso
s 10 Camk2a 10 Betaactin ' Psd95 g wrx
2 ) ,
Treatment with anisomycin: @ g g * aniso g g *. aniso (g - aniso 5 150 *x
Y 3 . )
Q ©
v/ s
806 oe] 11 oe "} 3
= 3 7 o
o ¥: =4 b
c . " . * 3
S 0.4 . 04 L A 8
S .
€ 02 Bt o I T t\i %‘" 2
freezing of ribosomes w | 1 ] 3 ’ H a
along mRNA
0.0=— T T— 0.0 T T— 0.0-—T T T
e 0@0&' &@& &\o &@sa %\é’“ é\&b oéb& &(P” Camk2a  Beta actin Psd95
[N A & & ° [SR
Q¥ @ Q¥ 2" N 3
® < <€ ¥

Fig. 3. Manipulating ribosome association of mRNAs results in transcript-specific alterations in mRNA dynamics. (A) Schematic representation of the effects
of puromycin (Upper} or anisomycin (Lower) on ribosomal association with mRNA. Puromycin results in ribosomal subunit disassembly, whereas anisomycin
results in stalling of elongating ribosomes. (B) Quantification of mRNA dynamic state: confined, anterograde vs. retrograde for Atto647N Camk2a, Atto647N
f-actin, and Atto647N Psd95 for control vs. puro treated samples. n = 29 cells per condition. *P < 0.05; ***P < 0.001. Paired t test. (C) Quantification of
cumulative distance traveled for Atto647N Camk2a, Atto647N f-actin, and Atto647N Psd95 for control vs. puro-treated samples. n = 29 cells per condition.
**pP < 0.01 Sidak’s multiple comparisons test. (D) Quantification of mRNA dynamic state: confined, anterograde vs. retrograde for Atto647N Camk2a,
Atto647N p-actin, and Atto647N Psd95 for control vs. anisomycin-treated samples. n = 15 cells per condition. *P < 0.05; **P < 0.01 paired t test. (F) Quan-
tification of cumulative distance traveled for Atto647N Camk2a, Atto647N p-actin, and Atto647N Psd95 for control vs. anisomycin-treated samples. n = 15 cells

per condition. **P < 0.01; ***P < 0.001 Sidak’s multiple comparisons test.

(36). As such, puromycin promotcs the transition to a ribosome-
frec mRNA state, whercas anisomycin causes ribosome accu-
mulation on mRNAs. Using our analysis pipeline, we quantified
the effects of these treatments on mRNA dynamics (Fig. 3 B-E).
For Camk2a and f-actin, puromycin displacement of ribosomes
led to enhanced mRNA motility (reduced confinement) (frac-
tion population confined; Camk2a: 0.59 + 0.10 vs. 0.43 + 0.13;
f-actin: 0.56 + 0.13 vs, 0.44 + 0.12; mean + SEM) (Fig. 38) and
cumulative distance traveled (distance in micrometers; Camk2a:
18.14 + 20.26 vs. 24.48 + 25.70; p-actin: 19.64 + 20.73 vs. 27.59 +
24.78) (Fig. 3C). In contrast, Psd935 motility (fraction population
confined; Psd95: 0.51 + 0.14 vs. 0.45 + 0.14) (Fig. 3B) and cu-
mulative distance traveled (Fig. 3C) (distance in micrometers;
Psd95: 20.71 + 19.21 vs. 17.44 + 20.41) was not significantly
changed by puromycin treatment. This difference may reflect a
higher basal translational state for Camk2a and f-actin mRNAs,
consistent with Psd95 mRNA being slightly more dynamic rela-
tive to the other two mRNAs (Fig. 2).

Since displacing ribosomes for Camk2a and f-actin cnhanced
mRNA motility, we predicted that freezing the ribosomes on the
mRNA should lead to the opposite effect. Indeed, anisomycin
treatment led to decreased mRNA motility (Fig. 3D) for all three
mRNAs (fraction population confined; Camk2a: 0.54 + 0.10 vs.
0.64 + 0.11; p-actin: 0.55 + 0.09 vs. 0.63 + 0.09; Psd95: 0.49 +
0.09 vs, 0.58 + 0.09; mean + SEM) and cumulative distance
traveled (Fig. 3E) for f-actin and Psd95 (distance in microme-
ters; Camk2a: 21.39 + 19.24 vs. 20.06 + 17.85; p-actin: 25.65 +
22.24 vs. 22.32 + 17.66; Psd95: 21.47 + 17.70 vs. 16.96 + 16.75).
Interestingly, neither displacing nor freezing ribosomes had an

40f12 | PNAS
https://doi.org/10.1073/pnas.2017578118

cffect on the active transport velocity of any mRNA (S /p-
pendix, Fig. S2 B and C). Furthermore, neither puromycin nor
anisomycin affected the stationary population (ST Appendix, Fig.
S2 D and E). Given that transport velocity was unaffected by
cither perturbation of translation (S Appendix, Fig. S2 B and C),
our data arc consistent with the idca that mRNAs arc trans-
ported in a quiescent nontranslating state (23, 37). Taken to-
gether, these data illustrate that the translational status of a
given mRNA will affect its dynamics within the dendrite.

Plasticity Stalls mRNA Transport and Accumulates mRNAs near
Dendritic Spines. Wc¢ next asscssed if we could modulate mRNA
dynamics with physiologically relevant manipulations, specifically
synaptic plasticity. We examined how mRNA dynamics were
altered during two forms of protein synthesis-dependent plas-
ticity, cL'TP (38) and mGIuR-LTD (39) (S/ Appendix, Fig. S3 A
and B). cLTP induction (Materials and Methods) was performed
by a 5-min incubation in magnesium-free buffer supplemented
with glycinc and picrotoxin, whercas as mGluR-LTD was in-
duced with 100 pM (S)-3,5-Dihydroxyphenylglycine  hydrate
(S-DHPG) for 5 min. Following ¢LTP (Fig. 4 A and B and SI
Appendix, Fig. S3C) or mGluR-LTD (Fig. 4 C and D and S7
Appendix, Fig. S3D) mRNA dynamics were monitored immedi-
alcly after agonist washout. Induction of cLTP led to decrcased
mRNA motility (Fig. 3D) for all three mRNAs (fraction pop-
ulation confined; Camk2a: 0.54 + 0.09 vs. 0.63 + 0.08; p-actin:
0.53 + 0.10 vs. 0.62. + 0.06; Psd95: 0.47 + 0.06 vs. 0.58 + 0.10;
mecan + SEM) and reduced cumulative distance traveled
(Fig. 4B) (total cumulative distance traveled in microns: Camk2a:
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0.05; **P < 0.01; ***P < 0.001. Paired t test. (B} Quantification of cumulative distance traveled for Atto647N Camk2a, Atto647N p-actin, and Atto647N Psd95
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cells per condition. *P < 0.05; **P < 0.01; ***P < 0.001. Paired t test. (D) Quantification of cumulative distance traveled for Atto647N Camk2a, Atto647N
p-actin, and Atto647N Psd95 for control vs. mGluR-LTD-induced samples. n = 14 cells per condition. ; *P < 0.05; **P < 0.01. Sidak’s multiple comparisons test.
(E) Example images of Camk2a RNA FISH signal in neurons volume filled with mCherry under control, +cLTP and +mGIuR-LTD conditions. (Scale bar, 2.5 pm.)
(F) Quantification of mRNA distance to the nearest spine reveals a slight decrease in the distance for all three mRNAs during plasticity. Control, cLTP, mGIuR-
LTD =+ SD: Camk2a (411.6 + 300.7; 376.8 + 292.5; 375.0 + 275.4), f-actin (474.3 + 327.1; 413.8 + 312.3; 391.0 + 275.8), and Psd95 (537.2 + 334.3; 403.3 + 283.7;
4546 + 304.7) *P < 0.05; **P < 0.01; ****P < 0.0001; n.s., not significant. Dunn‘s multiple comparisons test. n = 15 cells per condition.

23.36 + 19.86 vs. 20.54 + 18.97; p-actin: 18.95 £ 19.75 vs. 16.25 +
14.52; Psd95: 28.95 + 23.29 vs. 22.87 + 18.91). Induction of
mGluR-LTD led to decrcascd mRNA motility (Fig. 4C) for all
threc mRNAs (fraction population confined; Camk2a: 0.54 +

0.09 vs. 0.64 + 0.09; B-actin: 0.56 + 0.10 vs. 0.63 x 0.10; Psd95:
0.48 + 0.06 vs. 0.62 + 0.07; mecan + SEM) and reduced cumu-
lative distance traveled (Fig. 4D) (total cumulative distance
traveled in microns: Camk2a: 28.81 + 20.55 vs, 23.66 + 18.48;
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p-actin: 23.37 £ 19.34 vs. 17.97 + 14.00; Psd95: 25.54 + 20.68 vs.
21.84 + 16.05). To summarize, we observed a significant de-
crease in the time all three mRNAs spent moving and a reduced
cumulative distance traveled within the dendrite following in-
duction of both forms of plasticity.

To assess more precisely the location of mRNA deposition
during these enhanced periods of mRNA confinement, we per-
formed high-resolution smFISH in dendrites immediately after
induction of cLTP or mGluR-LTD (Materials and Methods and
Fig. 4 E and F). We measured the mean distance of an mRNA
granule to its nearest dendritic spine and found that this distance
decreased significantly with both ¢cLTP and mGIluR-LTD in-
duction for all three mRNAs (Fig. 4F). Taken together with the
altered dynamics observed with the molecular beacons (Fig. 4 A
and C), our data suggest incrcased spinc association of these
mRNAs during plasticity. This enhanced association may fuel
local translation of these mRNAs to induce and maintain both
forms of structural plasticity.

Exploring the Dynamics of Protein Synthesis in Real Time. To asscss
directly whether translation of these three mRNAs was altered
during ¢LTP or mGIluR-LTD, we used translational reporters
(18) (Fig. 5) comprising a codon optimizced superfolder GFP (40)
(sfGFP) (Materials and Methods) flanked by the corresponding
dendritically-enriched 3'UTR (41) of Cam2a, p-actin, or Psd-95.
Each 3'UTR was included to confer both transcript-specific lo-
calization and translational regulation to the translational re-
porter (41). We used cell-wide fluorescence recovery after
photobleaching (FRAP) to visualize newly synthesized proteins.
Following whole-cell photobleaching, we measured the emer-
genee and time course of the protein synthesis-dependent fluo-
rescence signal to assess the kinetics and extent of the
translational responses for each mRNA. We found that all three
transcript-specific  reporters  showed  protein  synthesis-
dependence in their recovery compared with the no UTR con-
trol (Fig. 5D and ST Appendix, Fig. $4, black vs. gray curves),
indicating that these reporters are eftective readouts for active
translation. The induction of cither cL'TP or mGluR-LTD
resulted in an enhancement of the mobile fraction (Fig. 5D)
and total fluorcscence recovery (SI Appendix, Fig. S4) for both
the CAMK2« and p-ACTIN reporter, indicating enhanced pro-
tein synthesis. Conversely, PSD-95 showed enhanced translation
following cLTP induction (Fig. 5D and SI Appendix, Fig. S4), but
no change following mGluR-LTD. Interestingly, we noticed a
strong bias for the emergence of fluorescence in spines during
cL.TP and mGluR-LTD (Fig. 5C). To asscss if this represented a
bias for spine accumulation of newly synthesized protein, we
asscssed the ratio of fluorescence recovery for the spine over the
shaft (Fig. 5E). Plasticity induction indced resulted in a higher
rate of spine recovery, except for PSD-95 during mGluR-LTD,
suggesting that protein production near spines could drive the
emergence of new fluorescence in the spines. Taken together,
these data indicate that there can be a functional disconnect
between transcript-specific changes in mRNA  dynamics scen
during plasticity (Fig. 3) and the downstream translational state
of that mRNA species.

To asscss if the same pattern of translation following plasticity
was also obscrved with the cndogenous transcripts, we uscd
CRISPR/Cas9 gene editing in neurons (42) to tag endogenous
CAMK2a or B-ACTIN (N terminal) or PSD-95 (C terminal)
protein with the fast-folding Venus fluorescent protein (43)
(Fig. 64 and SI Appendix, Fig. S4). The fast-folding nature of
venus (f12 maturation = 2 10 5 min) allowed us to rapidly assess the
translational regulation of these three proteins. All three pro-
teins were successfully tagged and exhibited their characteristic
localization patterns (SI Appendix, Fig. S5). Venus-tagged
CAMK2« and p-ACTIN were enriched in axons and dendrites,
and most strongly enriched in dendritic spines and axonal

60f 12 | PNAS
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boutons, while PSD-95-tagged Venus was exclusively cnriched
within postsynaptic compartments. As before, we performed cell-
wide FRAP (Materials and Methods, Fig. 6 B-E, and ST Appendix,
Fig. S6 and Table S2). We tracked the emergence and time
course of the protein synthesis-dependent fluorescence signal to
assess the kinetics and the extent of the translational responses
for each mRNA (SI Appendix, Fig. S6 B-D). For all proteins,
treatment with the protein synthesis inhibitor anisomycin sig-
nificantly reduced the emergence of new fluorescent signal (S7
Appendix, Fig. S6B) and attenuated the mobile population dur-
ing recovery (Fig. 6C) (fraction mobile population; CAMK2a:
0.21 + 0.01 vs. 0.13 + 0.06; B-ACTIN: 0.21 + 0.01 vs, 0.11 +
0.007; PSD-95: 0.35 + 0.03 vs. 0.21 + 0.02; mean = SEM),
confirming our ability to visualize new protein synthesis in real-
time for cndogenous proteins.

In line with our reporter observations, we found that cLTP
induction significantly enhanced the emergence of fluorescence
for all three proteins (ST Appendix, Fig. S6C) and enhanced the
mobile population (Fig. 6D) (fraction mobile population;
CAMK2a: 0.23 £ 0.02 vs. 0.3 = 0.01; B-ACTIN: 0.21 + 0.01 vs.
0.30 + 0.02; PSD-95: 0.35 + 0.03 vs. 0.45 + 0.02; mean + SEM),
indicating enhanced protein synthesis. Induction of mGluR-
LTD, however, elicited a transcript-specific enhancement of
protein synthesis for CAMK2a and $-ACTIN but not PSD-95
(fraction mobilc population; CAMK2a: 0.20 + 0.02 vs. 0.29 +
0.02; p-ACTIN: 0.23 + 0.02 vs. 0.32 + 0.02; PSD-95: 0.33 + 0.03
vs. 0.37 + 0.02; mean + SEM), (Fig. 6F and ST Appendix, Fig.
S6D). In the above cxperiments, a bricf (5 min) application of
DHPG did not enhance the synthesis of PSD-95. Prior studies
(16, 17, 44) have shown that a sustained application of the
DHPG can stimulate PSD-95 translation. To asscss the cffeet of
a longer period of mGIuR activation, we treated neurons for with
DHPG throughout the FRAP experiment (~60 min) (S7 Ap-
pendix, Fig. ST A and B and Table S3). We found that the mobile
fraction of PSD-95 Venus was enhanced by the long duration
DHPG application (S Appendix, Fig. S7B), and this cffcct was
blocked by pretreatment with anisomycin. We found no change
in the CAMK2a or B-ACTIN (S! Appendix, Fig. S7C) mobilc
fraction. These data arc consistent with PSD-95 (ranslation
regulation by long-term but not brief (mGluR-LTD) mGluR
activation.

To obtain better temporal and spatial resolution on the
translational responses to plasticity induction, we validated the
above findings with a method that couples general metabolic
labeling of nascent proteins (puromycin}) with a specific label for
a protein-of-interest using the proximity ligation assay
(Puro-PLA) (45) (Materials and Methods and SI Appendix, Fig.
S841). We examined changes in dendritic protein synthesis during
plasticity (Fig. 6 F and G and S/ Appendix, Fig. S8 B and C).
Consistent with previous observations (45), we observed that
there was a protein synthesis dependence to the Puro-PLA signal
for all three proteins (black vs. gray bars in Fig. 6G) (normalized
PLA density; CAMK2a: 0.26 + 0.13; B-ACTIN: 0.26 + 0.14;
PSD-95: 0.32 + 0.17; mean + SEM). Furthermore, cLTP in-
duction cnhanced the dendritic synthesis of all three mRNAs
(normalized PLA density; CAMK2w: 1.50 + 0.58; p-ACTIN:
1.38 + 0.57; PSD-95: 1.43 + 0.58; mcan + SEM}), while induction
of mGluR-LTD only enhanced the synthesis of CAMK2a and
p-ACTIN (normalized PLA density; CAMK2a: 1.47 + 0.55;
p-ACTIN: 1.26 + 0.52; PSD-95: 1.02 + 0.61; mcan + SEM).
These data not only validate and support our real-time transla-
tional responsc obscrvations, but also support that this transla-
tion can occur locally within the dendrite where we deteet
changes in mRNA dynamics. Taken together, these data indicate
that altcrations in mRNA dynamics and protcin synthesis un-
derlic the manifestation of specitic forms of synaptic plasticity.
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Fig. 5. Real-time visualization of 3'UTR regulated translation during synaptic potentiation and depression. (A) Scheme for the reporters used to assess real-
time 3'UTR regulated translational dynamics in live neurons. (B) Scheme of workflow for the treatment and visualization of plasticity regulated protein
synthesis. Following induction of cLTP or mGIuR-LTD, the indicated pharmacological treatment was washed out (black box) and the samples were then
imaged for 2 min every 15 s to acquire a baseline measurement. The cells were then bleached and the fluorescence recovery was monitored every 15 s for 10
min. For controls, either no treatment or treatment with the translational inhibitor anisomycin was used for comparison. (C) Example image of a Camk2a
sfGFP reporter under control (top row) +anisomycin (second row), +cLTP (third row), or +mGluR-LTD conditions before bleaching and during the phase of
fluorescence recovery. (Scale bar, 5 pm.) (D) Mobile fractions calculated for the translational reporters during control, plasticity induction and anisomycin
treatment. *P < 0.05; **P < 0.01; ***P < 0.001. Dunnett's multiple comparisons test for treated vs. control condition for each construct; n = >14 cells per
condition. (F) Recovery rate of fluorescence of dendritic spines to shafts demonstrates a bias for spine fluorescence recovery during plasticity. Kruskal-wallis
test. **P < 0.01; ****P < 0.0001. n = >14 cells per condition.
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Fig. 6. Visualizing endogenous protein translation in real-time during synaptic potentiation and depression. (4) Scheme for the modification of endogenous
gene tagging of Camk2a/s-actin/Psd95 with Venus fluorescent protein. T.5.; targeting sequence; arrow indicates start codon. (8) Scheme of workflow for the
treatment and visualization of plasticity regulated protein synthesis. Following induction of cLTP or mGIuR-LTD, the pharmacological treatment was washed
out (black box) and the samples were then imaged for 2 min every 15 s to acquire a baseline measurement. The cells were then bleached and the fluorescence
recovery was then monitored every 15 s for 60 min. For controls, either no treatment or treatment with the protein synthesis inhibitor anisomycin was used
for comparison. (C) Mobile population during the FRAP recovery for Venus-CAMK2a, Venus—3-ACTIN, and PSD-95-Venus during control and anisomycin
treatment. n = 10 cells per condition. Two-tailed paired t test. **P < 0.01; ***P < 0.001; ****P < 0.0001. (D) Mobile population during the FRAP recovery for
Venus-CAMK?2a, Venus—{-ACTIN, and PSD-95-Venus during control and cLTP. n = 10 cells per condition. Two-tailed paired t test. *P < 0.05; **P < 0.01. (E)
Mobile population during the FRAP recovery for Venus-CAMK2a, Venus—[-ACTIN, and PSD-95-Venus during control and mGIuR-LTD. n = 9 to 10 cells per
condition. Two-tailed paired t test. *P < 0.05. (F) Example images dendritically localized (MAP2, magenta) Puro-PLA signal for PSD-95 (white) under control
and stimulated conditions. (Scale bar, 10 pm.) (G) Puro-PLA quantification reveals local protein synthesis underlies the translational responses of CAMK2a,
[-ACTIN, and PSD-95 during ¢LTP and mGIuR-LTD. n = 85 cells per condition. Dunnett’s multiple comparisons test. **P < 0.01; ***P < 0.001; ****P < 0.0001.

Discussion

Here we investigated the interplay between mRNA dynamics
and translation within ncurenal dendrites during two different
forms of synaptic plasticity. We characterized the dynamics and
translation of three individual endogenous mRNAs: Camk2a,
f-actin, and Psd95, during basal neuronal activity and plasticity.
In live hippocampal neurons we provide evidence that mRNAs
exist in heterogenous copy number organizational states (Fig. 1).
The preference for single mRNA copy vs. higher-order statc may
be a transcript-specitic feature, as Camk2a and Psd95 exhibit an

80of 12 | PNAS
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enhanced preference for higher-order multimeric states com-
pared with the previously described single mRNA state of g-actin
(29). We found that, on average, different mRNA transcripts
displayed remarkably similar dynamic properties (velocity, time
spent motile, distance traveled) within the dendrite. Only subtle
differences were seen, with Psd95 showing a higher fraction of
time spent motile than p-actin or Camk2a. The factors influ-
cencing Psd95’s higher motility remain to be clucidated, but may
reflect a difference in its translational efficiency (46) as an
FMRP-regulated transcript (17, 30). We found that ribosome
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association dircctly influences mRNA dynamics, suggesting that
mRNA translation is likely restricted to nontransporting mRNAs
exclusively within the dendrite. Consistent with our data, previ-
ous work in fibroblasts (47) and axons (32) has shown that dif-
fusion of S-actin increases when ribosomes are displaced. These
data fit with rccent protcomic analysis on isolalcd mRNA
transport granules (48), which detected only a subsct of ribo-
somal proteins associated with granules.

In our experiments, mRNAs were sequestered, exhibiting re-
duced mobility following plasticity. The mechanisms underlying
the initial capture and enduring sequestration of mRNAs are not
well understood. Recent work with Rgs4 indicated that neuronal
actlivity is essential for the capture of mRNAs at dendritic spines;
inhibition of neuronal activity with TTX suppressed mRNA-
spine association (24). An aclivity dependence for spine cap-
ture has also been reported with p-actin during glutamate
uncaging (22). This was proposed to be dependent on underlying
actin remodeling from the structural plasticity induced by the
glutamate uncaging. Indeed, the structural spine plasticity char-
acteristic of both cLTP and mGluR-LTD involves modulation of
the actin cytoskeleton (49). Whether actin remodeling broadly
promotes mRNA sequestration at or near dendritic spines re-
mains to be assessed. The translation of all three mRNAs was
enhanced by ¢cLTP, but mGluR-LTD only enhanced the trans-
lation of Camk2a and f-actin indicating mRNA sequesteration
alone does not lead to translation. Taken together, our data
dissociate the accumulation and association of mRNAs near
synapses from their translational status.

Psd95 mRNA has previously been characterized as an mGluR-
regulated transcript (16, 30, 44); however, following washout of
the mGluR agonist (similar to the conditions used here), PSD-95
protein is rapidly degraded (50). This functional switch from
promoting PSD-95 mRNA translation to degrading PSD-95
protein might be an cssential step for the manifestation of spine
shrinkage in mGluR-LTD. Activation of mGluR signaling has
previously been linked to phosphorylation of elF2a, promoting
the translation of transcripts with 5'UTR containing upstream
open rcading frames (uORFs) (51). During the long-term
DHPG trcatment, we obscrved an cnhancement of PSD-95
protein synthesis (81 Appendix, Fig. S7TB); this may be similarly
dependent on clF2a phosphorylation. After the DHPG is
washed out, and presumably cIF2a returns to a non-
phosphorylated state, then PSD-95 translation may rcturn to
basclinc levels. A similar functional switch in translational output
of Psd95 mRNA has been previously described for FMRP-
regulated translation in mGluR signaling (17, 30). Wc notc
that currently available methods for the induction of mGluR-
dependent mGIluR-LTD are limited to bath application of
mGluR-agonists; the development of a caged mGluR agonists
would enable the analysis of single spines.

How mRNAs associated with activated synapses become
(ranslational compeltent likely depends on signaling cascades
underlying various forms of synaptic plasticity. Given that spe-
cific signaling cascades are turned on by distinct forms of plas-
ticity (2), these cascades likely influence changes in
posttranslational modifications of RBPs on particular tran-
scripts, regulating their “translatability.” Consistent with this,
activation of PKA signaling alone is sufficient to enhance den-
dritic protein synthesis (11). ¢cLTP, known classically for its de-
pendence on CamkII signaling (52), also triggers a number of
other classic signaling cascades, including PKA (53), PKC (54,
55), MAPK/ERK (56), PI3K (57), mTOR (58), and Src (59).
mGIluR-LTD on the other hand, is less clear in its signaling re-
quirements; it involves activation of PKC (60) and PI3K/AKT/
mTOR (61). However, the role of CamkII (62, 63) is debated.
Once sequestered by an active synapse, mRNAs could be “syn-
aptically decoded” by the activation of these signaling pathways
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to determine whether and when a given mRNA specices will be
translated or not.

Materials and Methods
Molecular Beacon Structure and Design.
Solid-phase synthesis. Milli-Q water was treated with DEPC (0.1%) overnight
and autoclaved.

The following oligonucleotides were synthesized on an ABI392 instru-
ment:

PSD95_1: 5- M CACGACCAUCCCUCCCCUUUUCCCAAAAAAAUAUCGUG
Q-3
PSDS5_2: 5'- M CACGAAUAAAAUCCCAGAAAAAAAAAAAGCCUCGUG Q;
$-3

CAMK2_1: 5'- M CACGAGGUAAAAACUUCCCCUCACUCCUCUUCCUCGUG
Qi -3%

CAMK2_2: 5- M CACGAUUUUUCUUCUUUUUUGUUUUGCUCUUCGUG Q;
S -3

p-Actin_1: 5- M CACGACAAAACAAAACAAAAAAACUUAAAAAAAUCG
UG Q; -39

p-Actin_2: 5'- M CACGAUUCACCGUUCCAGUU UUUAAAUCCUGUCGUG Q;
S-3

GFP_1: 5- M CACGAACUUCUUCAAGUGUGCGAUGCCAGAAGGGULGUG
Q;-33

M = Fmoc-Amino-DMT C-3 CED phosphoramidite (ChemGenes);

Q, = 3'-BHQ-2 CPG 1000 (LinkTech);

Q. = BBQ-650-(DMT)-CE-Phosphoramidite (LinkTech);

S = 3’-Spacer C3 SynBase CPG 1000/110 (LinkTech);

A = 2'-OMe-Pac-A-CE Phosphoramidite (LinkTech);

C = 2'-OMe-Ac-C-CE Phosphoramidite (Linktech);

G = 2'-OMe-iPr-Pac-G-CE Phosphoramidite {LinkTech);

U = 2'-OMe-U-CE Phosphoramidite {LinkTech).

For all synthesized oligonucleotides, Pac,O was used as capping reagent.
0.3 M BTT (emp Biotech) was used as activator. Coupling time for A, C, G, U,
and M was 6 min, Q, for 15 min. Synthesis was performed in DMTr-On mode.
The cyanoethyl groups were removed by flushing the columns with 20%
diethylamine (emp Biotech) for 10 min, followed by washing with MeCN,
Argon, and drying in vacuum. Cleavage from the solid-phase was performed
with aqueous ammonia (32%) (Merck) for 4 h at room temperature. After
spin filtration, the solvent was removed at 4 °C using a vacuum concentrator
(SpeedVac, Thermo Fischer).

Purification. The DMTr-On oligonudleotides were purified by RP-HPLC on an
Agilent 1200 equipped with a Waters XBridge BEH C18 OBD column (300 A,
5 pm, 19 x 250 mm, 4 mUmin, 60 °C). As solvents 400 mM hexa-
fluoroisopropanol {(Fluorochem), 16.3 mM Et;N (Merck), pH 8.3, and MeOH
(Fluka) were used with a gradient from 5 to 100% MeOH in 30 min. After
separation, the solvent was evaporated in a vacuum concentrator at 4 °C.
The DMTr group was removed by incubation of the oligonucleotides in
400 pL 80% aqueous AcOH (Merck) at room temperature for 20 min, fol-
lowed by evaporating the solvent in a vacuum concentrator at 4 °C. The
RNAs were again purified by RP-HPLC under the same conditions as above.
Fluorophore labeling. For fluorophone labeling, 10 nmol of each RNA were
dissolved in 150 pL borate-buffer (0.1 M sodium tetraborate (Merck), pH 8.4).
GFP_1, PSDS5_1, CAMK2_1 and p-actin_1 were incubated with 2060 nmol
ATTO565 NHS (ATTO-TEC), dissolved in 50 yL DMF (Lumiprobe, labeling
grade), for 4 h at 37 °C. PSD95_2, CAMK2_2 and Beta Actin_2 were incu-
bated with 200 nmol ATTO647N NHS (ATTO-TEC), dissolved in 50 uL DMF, for
4 h at 37 °C. Buffer and the excess of fluorophore were removed by size-
exclusion chromatography (NAP 25, GE Healthcare). The solvent was evap-
orated at 4 °C using a vacuum concentrator. The residue was purified by RP-
HPLC on an Agilent 1200 equipped with an Xbridge BEH €18 OBD (300 A, 3.5
pm, 46 x 250 mm, 1 mlL/min, 60 °C). As solvents 400 mM hexa-
fluoroisopropanol, 16.3 mM Et3N, pH 8.3 and MeOH were used with a
gradient from 5% MeOH to 100% MeOH in 50 min.

Sample preparation for in vivo use. For use in living cells, the remaining HPLC
buffer ions had to be removed. Therefore, the oligonucleotides were dis-
solved in 0.3 M NaOAc (Merck} (10 pL per 1 nmol RNA). EtOH (Fluka,
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prechilled to —20 °C, 40 yL per 1 nmol RNA) was added. The mixture was
cooled to —20 °C for at least 6 h. The precipitant was pelletized by centri-
fugation at 4 °C, 20,000 x g for 20 min. The residue was redissolved in 0.3 M
NaOAc and the precipitation steps were repeated three times. To remove
sodium ions, the oligonucleotides were desalted using a 1-k cutoff mem-
brane filter (Microsep Advance Centrifugal Devices with Omega Membrane
1K, PALL). Before adding the oligonucleotides, each filter was washed five
times with DEPC water at 15,000 x g, 15 °C for 20 min. The desalting step
was repeated three times.

Characterization. Analytical RP-HPLC was performed on an Agilent 1200
equipped with a BEH C18 OBD (300 A, 3.5 ym, 4.6 x 250 mm, 1 mL/min,
60 °C). As solvents 400 mM hexafluoroisopropanol (Fluorochem), 16.3 mM
EtsN (Merck), pH 8.3 and MeOH (Fluka) were used with a gradient from 5 to
100% MeOH in 39 min. Electrospray ionization-MS spectra were recorded on
a Bruker micrOTOF-Q device in negative ionization mode.

Hippocampal Neurons. Dissociated rat hippocampal neuron cultures were
prepared and maintained as described previously (18). Cells were plated at a
density of 30 — 40 x 10° cells/cm” on poly-p-lysine-coated glass-bottom Petri
dishes (MatTek). Hippocampal neurons were maintained and matured in
a humidified atmosphere at 37 °C and 5% CO, in growth medium
(Neurobasal-A supplemented with B27 and GlutaMAX-I; Life Technologies)
for 18 to 21 DIV to ensure synapse maturation. All experiments complied
with national animal care guidelines and the guidelines issued by the Max
Planck Society and were approved by local authorities.

Transfection of Plasmid DNA. For transfection of fluorescent proteins and
reporters, DIV 17 to 19 neurons were transfected with mCherry-C1 (Clone-
tech), myr-sfGFP translational reporters (described below) or myr-Venus us-
ing Effectene (Qiagen), as previously described (38). pCAG:myr-Venus (64)
was a gift from Anna-Katerina Hadjantonakis (Sloan-Kettering Institute,
New York) (Addgene plasmid # 32602; n2t.net/addgene:32602; RRID:Addgene_
32602). Transfected cells were imaged or fixed (described below) 12to 18 h
posttransfection.

Transfection of Molecular Beacons. For transfection of molecular beacons, DIV
17 to 19 neurons were transfected with Attractene (Qiagen). For each MatTek
dish, 20 pmol of molecular beacon was resuspended in 75 pL of buffer EC
(Qiagen) along with 2 pL of Attractene. The beacon-attractene mixture was
incubated for 20 min at room temperature before being added to neurons.
Samples were imaged 1 to 12 h posttransfection. We found that imaging
beacons <1 or >12 h after transfection resulted in higher background noise,
with short incubations resulting in stronger nuclear staining and long in-
cubations resulting in accumulation and aggregation in vesicular structures.
Prior to imaging, samples were washed in fresh media to remove
nontransfected beacons.

Electroporation of Plasmid DNA. Following isolation, 1 million hippocampal
neurons were spun down at 500 rpm for 5 min at 4 °C. Cells were resuspended
in electroporation solution (Lonza) along with 1 pg pORANGE plasmid DNA
construct. Cells were electroporated with the hippocampal/cortical high-
viability protocol (Lonza) and resuspended in 2 mL cell growth media.
Cells were then plated at a density of 100 x 10% in MatTek dishes coated with
poly-p-lysine for 2 h to allow for cell attachment. Following attachment,
1.3 mL media was added, and cells were fed with 500 pL fresh neuronal
growth media once a week until the time of experiments.

Cell Treatments. Drugs treatments were performed as follows: For puromycin
labeling experiments (Puro-PLA), cultured neurons were treated with 10 pM
puromycin for 5 to 10 min. For Puro inhibition experiments, cultured neu-
rons were treated with 100 pM puromycin for 5 min. Anisomycin treatment
(40 yM) was performed 20 to 45 min prior to puromycin labeling, FRAP or
molecular beacon experiments, and was kept in the media through the
duration of experiment. mGIuR-LTD was induced using DHPG (100 pM) for
5 min and then washed out or in long-term treatments 50 yM for the du-
ration of imaging. cLTP was induced as previously described (38) in E4 buffer
supplemented with B27, Glutamax, and MEM amino acids (Thermofisher).
The day before the experiment, 50 M APV (Tocris) was added to neuronal
cultures. The day of induction, neurons were incubated in Mg,*-free E4
media supplemented with 200 uM glycine (Sigma) and 100 pM picrotoxin
(Tocris) for 5 min. Following induction, cells were washed and returned to
normal media or E4 with calcium and magnesium.
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Imaging of Molecular Beacons. Investigation of the mRNA dynamics was
carried out using a Leica DMi8 total internal reflection fluorescence (TIRF)
microscope. Differential interference contrast (DIC) microscopy was used to
identify neurons with well-isolated dendrites. mRNA dynamics were recor-
ded for 20 min at a rate of 1 Hz in epi-fluorescence mode. ATTO565 fluo-
rophores were excited using a 561-nm diode laser which provided 1.8 kW/
cm? of intensity at the sample plane. ATTO647n was imaged with a 638-nm
laser, which produced 2.0 kW/cm? at the sample plane. The fluorescence was
recorded with a scientific-CMOS camera (Leica-DFC9000GT). The exposure
time was fixed to 200 ms and 2 x 2 camera binning and set the digitalization
to 12 bit (low noise) was used to limit the data volume. A 100x oil objective
(HC PL APO 100x/1.47 OIL) was used to record a field-of-view of 133 ym x
133 pm. With these settings our pixel size was 130 nm, matching the Nyquist
sampling frequency. Neurons were left in their glia-conditioned neurobasal,
B27, and Glutamax media because of a Pecon TempController 2000-1 and a
Pecon CO,-Controller 2000, which kept the samples at 37 °C in a 5% CO,
atmosphere.

Quantification of Beacon Number per Puncta. To quantify the copy numbers of
mRNAs within individual mRNA granules, a commercially synthesized stan-
dard containing a single ATTO647N fluorophore anchored on a glass slide
(GATTA-Brightness R1in 0.5 TBE and 11 mM Mg on glass slide; GattaQuant)
was used as a normalization standard. This sample was imaged using the
same settings for the molecular beacons at different laser powers, ranging
from 90 pW (1%) to 6.85 mW (50%), at which point we could observe sat-
uration of the fluorescence. To benchmark the mean counts recorded from a
single ATTO647N fluorophore, the maximum intensity around the detected
puncta was measured and subtracted the neighboring background.
This benchmark intensity was then set to the value n = 1 fluorophore and
used to normalize the background-subtracted intensity recorded from
hippocampal neurons.

Quantifying mRNA Dynamics. To extract information on the mRNA dynamics, a
custom MATLAB script was used. For each neuron a single dendrite was
segmented by manually drawing its profile. The script was divided into fil-
tering the images and rendering the puncta, tracking the mRNAs and
extracting information regarding their dynamics. To render the puncta, the
background was subtracted by applying a mean filter. The pixel that rep-
resents the local maximum around a region of ~400 nm x 400 nm was then
identified and selected. Puncta were rendered in a binary array. This pipeline
was repeated each frame of the time series and exported as a movie. mRNA
tracking was performed using the Motion-Based Multiple Object Tracking
function of MATLAB taking the first 100 frames as training for the model.
Any particle that did not appear in consecutive frames was discarded. After
tracking was complete, puncta that appear for longer than 20 frames (20 s)
were retained and information—such as the puncta coordinates, their dis-
tance traveled, their velocities, and directionalities—was extracted. Puncta
that moved less than 500 nm throughout the imaging session were classified
as fully stationary and were not included in directionality calculations. From
the velocity datasets per puncta, the percent of time spent in the confined
state was calculated by assessing the total number of frames in which a
puncta was detected and how many frames this puncta exhibited a velocity
from —500 nm/s to 500 nm/s. Similarly, the percent time spent anterograde
or retrograde was calculated by the fraction of time >500 nm/s or <—500 nm/
s over the total number of frames detected. For all events detected in the
cell, the average time spent in confined, anterograde or retrograde was
calculated.

Translational Inhibitors and mRNA Dynamics Experiments. Beacons were
transfected and imaged as described above, and puromycin and anisomycin
were used at the concentrations indicated above. For assessing translational
inhibitor effect on mRNA dynamics, two similarly looking neurons (con-
taining a similar number of beacons and a similar morphology) were selected
per MatTek dish. The first neuron was imaged as a control reference cell.
Following the 20-min imaging window for the control neuron, puromycin
was added for 5 min or anisomycin was added for 20 min, prior to the start of
imaging for the second, treated, cell. Pairwise assessment (Fig. 3 8 and D)
between the control and treated cell per dish was used to assess the effect of
the drugs on mRNA dynamic properties.

Spine Size Experiments. Neurons DIV 17+ were transfected with myrVenus
12 h prior to imaging and then imaged using a Leica DMi8 TIRF microscope.
A 100x oil objective (HC PL APQ 100x/1.47 OIL) was used to record a
field-of-view of 133 pm x 133 ym using a 488-nm laser line. Samples were
imaged for 10 min at baseline one frame every minute. Mock treatment,
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mGIuR-LTD, or cLTP was induced for 5 min, and samples were imaged one
frame per minute during the induction phase. Following washout of drugs,
neurons were imaged for 90 min postinduction. For anisomycin treatments,
anisomycin was added 20 min prior to the start of the experiment and kept
in the media continuously throughout the experiment. Drift was corrected
using the built-in correct three-dimensional drift plugin in ImageJ/Flll. An
area of 5 to 10 spines per dendrite were then quantified over the imag-
ing window, using the mean size of the first 10 baseline frames for
normalization.

Plasticity and mRNA Dynamics Experiments. Beacons were transfected and
imaged and plasticity was induced as described above. For assessing the effect
of plasticity on mRNA dynamics, two similar neurons (beacon number and
morphology) were selected per MatTek dish. The first neuron was imaged asa
control reference neuron. Following the 20-min imaging window for the
control neuron, plasticity was induced and the stimulation washed out, prior
to commencing imaging of the second, treated, cell. Pairwise assessment
(Fig. 4 A and C) between the control and treated cell per dish was used to
assess the effect of plasticity on mRNA dynamic properties.

FISH. Hippocampal neurons (DIV 18+) expressing mCherry were fixed in 4%
paraformaldehyde lysine phosphate buffer pH 7.4 supplemented with 2.5%
sucrose for 15 to 20 min. Cells were permeabilized for 10 min in PBS con-
taining 0.5% Triton-X 100 (Sigma). Target specific in situ hybridization was
performed using StellarisTM probes (LGC Bioresearch) as previously de-
scribed (10). Following fixation, cells were washed in PBS + 5 mM MgCl,,
followed by dehydration in 80% ethanol overnight at —20 °C. Following
rehydration samples were washed 2x in 1x sodium citrate (SSC) buffer,
followed by a 5-min wash in 2x SSC + 30% formamide for 5 min at 37 °C.
Biotin-labeled probes for Camk2a, p-actin, and Psd95 (Stellaris, Biosearch
Technology} were diluted into 100 pL hybridization buffer and incubated
with cells for 4 h at 37 °C. Following probe hybridization, samples were
washed twice in 2x SSC + 30% formamide for 30 min each, followed by five
1x SSC washes. After completion of in situ hybridization, samples were
washed with phosphate buffered saline (PBS) and subsequently processed
for immunofluorescence. Immunofluorescence was performed on fixed and
permeabilized samples with or without in situ hybridization using the fol-
lowing protocol: samples were incubated in biotin-free blocking buffer (4%
biotin free BSA in PBS) for 30 min and then incubated for 1.5 h at room
temperature or overnight at 4 °C with primary antibodies in blocking buffer.
After three washes in PBS for 5 min each, samples were incubated in
blocking buffer (4% goat serum in PBS) for 1 to 2 h with secondary anti-
bodies. The following antibodies were used: rabbit anti-biotin (Cell Signal-
ing; 1:1,000), rat anti-mCherry (Abcam; 1:1,000), goat anti-rabbit Alexa 488,
and goat anti-rat Alexa 568. Samples were imaged using Zeiss LSM780/880
confocal microscopes and a 63x oil objective. Images spanning the entire
volume of a neuron were obtained and analyzed using ImageJ. The distance
to the nearest spine was measured by performing line-scan analysis through
a punctum of interest to the base of nearby spines. From the value of peak
intensity of the mRNA puncta (the centroid) we assessed the recorded the
shortest distance as the RNA to spine distance.

For FISH experiments in 1D&E, a similar procedure was performed using
Quasar 570 labeled smFISH probes (Stellaris). Forty-four probes per transcript
were used. Following wash steps samples were imaged with a scientific-
CMOS camera (Leica-DFC3000GT). The exposure time was fixed to 700 ms.
A 100x oil objective (HC PL APO 100x/1.47 OIL) was used to record a
field-of-view of 133 pm x 133 pm. On dendritic segments, particles were
automatically detected based on size (Fiji) and the integrated density of the
particles were recorded from 50 mRNA puncta per dendritic segment.

FRAP Translational Reporters. A codon-optimized superfolder GFP was cus-
tom synthesized (Eurofins) and cloned into a plasmid backbone driven by a
CMV promoter. The 3'UTRs corresponding to the most highly dendritically
localized isoforms (41) for Camk2a, p-actin, and Psd95 were cloned upstream
of a 5V40 polyadenylation sequence. sfGFP reporters were transfected into
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neurons 12 h prior to imaging. Cells were imaged at 63x on a LSM780 (NA
1.4, PSF: 0.240/0.258/0.729), with a temperature-regulated environmental
chamber. Cells were maintained in E4 buffer (38) supplemented with B27,
Glutamax, and 1x MEM amino acids (Thermofisher). Whole-cell photo-
bleaching was accomplished using a 488-nm argon laser (1.43 mW) with an
intensity of 2,900 kW/cm? for 40 to 50 s. Cells were imaged at 0.067 Hz for
2 min prior to and 10 min following the bleaching step. Fluorescence in-
tensity was measured in a 50-um dendritic segment from the raw image.
FRAP was calculated from background-corrected fluorescence intensity by
normalizing the change in fluorescence (F-fo) to prephotobleaching fluo-
rescence (F;). Mobile fraction and t,,, values were extracted from data fitted
to a one-phase exponential association.

Endogenous FRAP. Venus tagging pORANGE CRISPR/Cas9 constructs (42) were
generated from previously described GFP tagging plasmids (Addgene plas-
mids #131477, #131479, #131484; gifts from Harold MacGillavry, Universiteit
Utrecht, Utrecht, Netherlands). Neurons were electroporated (see above) at
the day of plating and maintained until DIV 17 to 21 for FRAP experiments.
FRAP and imaging was carried out using a Leica DMi8 TIRF microscope. FRAP
was performed using a 488-nm laser, providing 7.78-mW/cm? intensity. Cells
were imaged for 2 min at baseline with a 488-nm LED every 15 s prior to
bleaching for a baseline measurement. Whole-cell bleaching was performed
with 20 to 30 s of bleaching (PSD-95) or 50 to 70 s of bleaching (CAMK2a
and B-ACTIN). Cells were the imaged in epi-fluorescence mode with the
LED every 15 s for 60 min. Fluorescence intensity was measured in a
50-pm dendritic segment from the raw image. FRAP was calculated from
background-corrected fluorescence intensity by normalizing the change in
fluorescence (F-Fo) to prephotobleaching fluorescence (F;). Mobile fraction
and t,, values were extracted from data fitted to a one phase exponential
association.

Puro-PLA. Detection of newly synthesized proteins by PLA was performed as
previously described (5, 10, 45). Inmunostaining using mouse antipuromycin
(Kerafast; 1:500) antibody in combination with rabbit anti-p-actin (Abcam;
1:1,000), rabbit anti-PSD-95 (cell signaling technologies; 1:1,000), or rabbit
anti-Camk2a (Thermo; 1:1,000) was performed overnight at 4 °C. Following
5x PBS washes, PLA was performed (Sigma). Rabbit PLAP'S and mouse
PLA™"™* probes were used. PLA was performed according to the manufac-
ture’s guidelines. Following PLA, anti-Map2 immunostaining (quinea pig
anti-Map2, Cell Signaling; 1:5,000) was performed to label dendrites. Sam-
ples were imaged using a 40x oil objective on a LSM780 or LSM880. Z-stacks
(0.43 pm) spanned the entire volume of imaged neurons. Images were an-
alyzed using Imagel. A 100-pm segment of the dendrite was assessed for the
number of Puro-PLA puncta and the density of signal was calculated.

Statistics. Statistical significance, the tests performed, and the number of
cells/replicates are indicated in the figure legends. Statistical analysis was
performed using GraphPad Prism.

Data Availability. Analysis scripts are deposited on GitHub (https:/gitlab.
mpedf.mpg.de/mpibrcpo/beacon-tracker). Plasmids will be made available
through Addgene. All other data, including sequences used for the molec-
ular beacons, are available in the article and 5/ Appendix.
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Herein, we present a new class of Q-dye molecular beacons (MBs)
that can be locally activated with visible light in hippocampal
neurons. Our novel architecture increases the available monitoring
time for neuronal mRNA from several minutes to 14 hours, since a
lower light-sampling rate is required for tracking.

Intracellular RNA transport and regulation has received a lot of
attention in recent years.' Today, a variety of tools are avail-
able to visualize or chemically label different RNA species.™
Most of them can be categorized into (i) fluorescent proteins,
(ii) fluorophore-aptamer pairs, (iii) dye and quencher pairs, and
(iv) hybridization-based oligonucleotides - as recently
reviewed.® However, many techniques are only suitable for
labelling and visualizing non-endogenous RNA. The most pro-
minent visualization tool for endogenous RNA is molecular
beacons (MBs).” MBs consist of a stem-loop structure that is
equipped with a fluorophore and a quencher at the opposite
ends. So far, MBs have been used for monitoring miRNA,®
mRNA,**” rRNA'"""? and many other RNA species. While mole-
cular beacons are a very useful tool for monitoring bulk RNA,
much more sophisticated applications are possible as well. We
have shown that single molecule feed-back tracking allows to
study mobility state transitions in RNA trajectories.'* Further-
more, we used molecular beacons to show differential regula-
tion of local mRNA dynamics following long-term potentiation
and depression in neurons.®

Analyses using MBs can be taken to an even more advanced
level: the application of MBs that can be activated with light
allowing the user to precisely control the location and starting
time of the monitoring, This technique has the potential to
greatly improve the quality of the analysis by strongly reducing
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Visible light-activatable Q-dye molecular beacons
for long-term mRNA monitoring in neuronsy

Robin Klimek,? Paul G. Donlin-Asp,” Claudio Polisseni,” Vanessa Hanff,?
Erin M. Schuman*® and Alexander Heckel (*2

background fluorescence outside the activation area. In gen-
eral, the regulation of biomolecules with light has attracted
much attention in recent years."*™ So far, several attempts
have been made to make MBs light-activatable.**' For mon-
itoring mMRNA dynamics, light-activatable Q-dye beacons™ are
particularly suitable (Fig. 1). The fluorophore of a Q-dye beacon
is covalently linked to a second quencher via a photolabile
protecting group. This quencher can be cleaved from the MB
with light, independent of the hybridization state. The first
advantage is a very low background fluorescence in the non-
activated state. Second, they can bind to the target RNA even
before activation and thus do not have a kinetic hybridization
barrier. Third, Q-dye beacons can be prepared quickly and
efficiently via solid-phase synthesis. Only when the beacon

+ target mRNA
R I

+ target mMRNA

@ previously reported:  this work:
@ quencher \*"{o 50 o
0,
g quenched dye ©\)\/ & /©\;£
NO, EtN oo
fluorescent dye Ll visible light
° only UV-light Aex > 400 nm

Fig. 1 General functionality of Q-dye molecular beacons (MBs). The
fluorophore is covalently linked to a second quencher via a photolabile
protecting group (PPG). Only when the beacon has hybridized with the
RNA as well as been activated with light does it emit a fluorescent signal.
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has hybridized with the RNA and been activated with light it
shows a fluorescent signal. Despite all the positive properties
mentioned, a clear disadvantage of the Q-dye MBs used so far is
the activation wavelength, which was only in the UV (ultraviolet)
range. Longer irradiation times of UV light can cause damage in
organisms ranging from microorganisms to humans.**>* Due to
the potential cell damage, the Q-dye beacons described so far can
only be used in biological applications to a limited extent, i.e. using
only short observation times after the irradiation.

In this work, we show how the limitation caused by the high-
energy wavelength can be circumvented. By using a different
photocage, we shifted the wavelength needed for activation
from the UV to the visible spectrum. In direct comparison with
Q-dye beacons known from literature,”® we demonstrate that
cell damage can be significantly reduced by light activation
with lower energy light. We adapt the concept to an application
in neurons and show its advantages in the tracking of mRNAs.
Spatially resolved activation of RNA subpopulations allowed us,
for the first time, to drastically reduce the light sampling rate
needed for RNA monitoring. Using this technique, we were able
to increase the observation time of neuronal RNA from about
12-30 minutes (conventional MBs from literature)”'’ to
840 minutes (Q-dye beacons in this work). It is important to
note that with such long experiment times UV light must be
avoided, since phototoxic effects would otherwise dominate the
cellular behaviour.

View Article Online
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To prepare Q-dye MBs that can be activated with light of
more than 405 nm, it was necessary to synthesize a suitable
photolabile linker. Here, it is important that the photolabile
linker can be activated with lower energy light, but at the same
time the absorption spectrum does not overlap with that of the
fluorophore and quencher used. For this reason, we chose a 7-
dicthylaminocoumarin (DEACM) derivative (1) (see Fig. 2),
which can induce a strand break by absorbing light at 405
nm.*’ At the same time, most farred fluorophores used in
biological systems show negligible extinction at this wave-
length. 'This is important in order to avoid unintended, pre-
mature activation of the MB due to probing of the fluorophore.

The linker synthesis starting from commercially available
materials is shown in Fig. 2 (detailed information see ESIf). 7-
Diethylaminocoumarin (2) reacts with DMF-DMA to enamine
(3). Oxidative cleavage of the exocyclic double bond with NalO,4
results in aldehyde (4) which can be reduced to alcohol (5)
using NaBHy. The following reaction with 4-methylsulfonic
acid chloride leads to chloride (6). Subsequent Wittig reaction
of (6) with triphenylphosphine and formaldehyde led to alkene
(7), which was oxidized to diol (8) in an Upjohn dihydroxylation
using OsO4 and N-methylmorpholine-N-oxide. To use the cou-
marin in RNA solid phase synthesis, the primary hydroxy group
of (8) was selectively tritylated with DMTr-Cl. The resulting
compound (9) was reacted with 2-cyanoethoxy-N,N-diisopropyl-
aminochlorophosphine yielding in phosphoramidite (1).

i cc
i) UCC UcA c”UUUcC @ VB MB +target @B MB+hy @B MB + hy + target
u c c c
c 1] C A 1004 100+
A c e AR <
A y ¢ A g 80 g 80
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AU AU 2 40 2 401
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© °
MB1 MB2 = - s -
CAMK2 Beta Actin MB1 MB2
ii) R R =CH,CI (6)
0 2z
)
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L 08¢ I IPIL | B
. Ao 7 o " OMe \©\N/\/° 2 & [:R = CH=CH(NMe) (3) o - " ~opwmTr o
I\ P N 9 R =CHO (4)
Q > (o] } o[, R & B ) CEO. N(Pr),
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Fig. 2 (i) Structures, chemical modifications and target mRNAs of MB1 and MB2 (top). Fluorescence measurements of MB1 and MB2 (100 pmol, 100 ul,

1 uM} in buffer (135 mM NaCl, 5.4 mM KCl, 1 mM MgCl,, 5 mM HEPES, pH 7.4). Irradiation was performed with a 405 nm LED until the maximum
fluorescence did not increase upon further light exposure (15-25 min). (i) Synthesis of phosphoramidite (1). (a) N,N-Dimethylformamide-dimethylacetal,
DMF, 94%. (b) NalO., THF/H,O, 97%. (¢) NaBH,, EtOH, 64%. (d) 4-Toluenesulfonyl chloride, DIPEA, DCM, 81%. (e} 1. Triphenylphosphine, MeCN. 2.
Formaldehyde, H>O, 65%. (fl OsO. NMO, acetone, 59%. (g} 4.,4'-Dimethoxytrityl chloride, DIPEA, THF, 72%. (h) 2-Cyanoethoxy-N,N-
diisopropylaminochlorophosphine, DIPEA, DCM, 95%.
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For solid-phase RNA synthesis, chemically modified 2'-O-
methyl RNA (2/-OMe) building blocks were used to cffectively
protect the MBs against endonuclease activity. We designed
MBs with loop lenghts of 25 and 28 nucleotides and stems of
five and seven base pairs. To only emit a fluorescent signal
when they are bound to their target, it is important to carefully
select the fluorophore/quencher pair. Therefore, it is necessary
to select fluorophores with a high photostability, to ensure long
tracking times in the cells. The beacons used here are equipped
with ATTO565 as fluorophore and BHQ2 as quencher. We
focused on CamKII and Beta actin mRNA as target sequences.
These are particularly suitable for investigation because their
dynamics in cultured hippocampal neurons have alrcady
been examined.” Details of solid-phase synthesis are described
in the ESL.¥

After successful preparation of molecular beacons MB1
(target: CAMK2) and MB2 {target: Beta actin), their fluorescence
properties were evaluated in vitro (Fig. 2). As expected, the MBs
did not show significant background fluorescence. The back-
ground intensity was 2.5% and 3.6%, respectively, compared to
the maximum fluorescence after uncaging and addition of the
target. When target RNA was added, the fluorescence slightly
increased to 3.0% and 5.2%. This was the first evidence of the
quenching efficiency of the covalently attached quencher. Even
when both ends of the stem were separated, the fluorophore
emission remained quenched. This result further demonstrates
that MB1 and MB2 are already bound before light activation.
Consequently, kinetic binding delays are avoided, and it allows
for the fast visualization of the bound mRNA in real-time
experiments. The second indication of the additional quencher

MB1+hv

Fig. 3
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benefit was the fluorescence intensity after excitation with
405 nm light. It was expected that background fluorescence
would increase when the second quencher was cleaved. And
indeed, after photolysis of the covalently linked BHQ-2 the
background fluorescence increased to about 17% and 24% of
the maximum intensity before mRNA addition. These values
are in a range typical for conventional MBs. Finally, when both
conditions, light activation and addition of target, were met,
there was a very significant increase in fluorescence (40-fold for
MB1 and 28-fold for MB2). It is clear that the quencher linked
via coumarin 1 has a higher efficiency than the quencher at the
opposite end of the strand. This is due to the close proximity of
the two chromophores and the resulting possibility of contact
quenching. Tt clearly indicates hybridization with the comple-
mentary RNA strand, which was ultimately visualized by a
light pulse.

However, more important than the fluorescence perfor-
mance in vitro are the characteristics of the light-activatable
MBs in living cells (Fig. 3). Therefore, we transfected MB1 and
MB2 into cultured hippocampal neurons (Fig. 3i and ii). As
expected, little background fluorescence was detected in the
neuronal cell body before light-activation (ESI* Videos S1
and S2). On the one hand, this shows effective quenching by
the second, photolabile-linked quencher. It also indicates that
no MB was degraded by nucleases between transfection and
monitoring.

Light activation was performed within the cell body. The
405 nm laser pulse allowed for the visualization of subpopula-
tions of MBs hybridized with the target mRNA. Successful light-
activation allowed tracking of the now visible mRNAs by
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(i} Hippocampal neuronal somas transfected with MB1 {left, ESIT Video S1) and MB2 (right, ESI*+ Video S2) before and after irradiation with 405 nm

illumination. Scale bar = 5 um. (i} Quantification of soma fluorescence intensity of MB1, MB2 and MB4 before and after 405 nm illumination. Intensity of
MB4 is scaled relative to intensity of MB1. n = 50 cells per condition. (jii) A neuronal soma transfected with MB1 (ESIT Video S3) post illumination which
was imaged every ten minutes for 14 hours (ESIT Videos S4 and S5). Scale bar = 10 pm. {iv) Visualization of mRNA populating a dendrite from the neuron
shown in (iii), the signal in the dendrite right after 405 illumination (0 hours); the sum of the signal for the first 7 hours (£7 hours) and the sum of the signal
for the entire 14 hours (£14 hours). Scale bar = 5 ym. {v) Quantification of (iv), red line = O hours, blue line = £14 hours, grey lines = £1-13 hours.
n =13 cells.
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repeated excitation of the fluorophore. In previous studies,
individual MBs were only monitored over periods of
minutes.”'” This was the result of a high light sampling rate
of >1 s necessary to precisely track single molecules. Ire-
quent excitation resulted in rapid bleaching of the attached
chromophores. Here, by visualizing only a local subpopulation
of RNAs from a defined spatial origin due to the localized
uncaging laser irradiation, the light sampling rate could be
reduced to 1.7 x 10~ s™" (every 10 min). The reduced excita-
tion frequency allowed us to monitor the locally activated
mMRNAs for 14 hours and more (Fig. 3iii-v and ESI¥
Videos $3-S5). In previous studies, RNA monitoring was only
possible for a few minutes.®*° During the whole observation
period, we did not observe any significant photobleaching.

Maximum intensity projections over time are shown (Fig. 3iii,
>~7 hours & 14 hours) to illustrate how these beacons can be
used to monitor mRNA dynamics over hours. We used these
14+ hours of data on mRNA dynamics to assess how long it takes
to populate an individual dendrite with Beta actin mRNA. Plotting
the intensity of the dendrite overtime (Fig. 3v), we calculated the ¢,
to populate the dendrite was around 3 hours, which is in agreement
with the reported half-life of Beta actin mRNA in neurons of around
4 hours.* These data strongly emphasize the biological applicability
of our novel Q-dye beacons in studying the dynamics of subcellu-
larly localized mRNAs overtime.

To highlight the high benefit of the new coumarin protect-
ing group, which can be activated with visible light, a reference
beacon to MB2 was synthesized. MB3 (see ESIt) has the same
sequence and structure as MB2, but carries a nitrobenzyl-based
protecting group instead of coumarin. Light activation in the
cell body was also possible for MB3. However, it can be clearly
seen that the high light intensities required for this cause
severe cell damage in the case of MB3. The light-activated
RNA hybrids showed little movement in the cell (ESIT
videos $6-58). Furthermore, the cell died after a short time
(ESI¥ videos S7 and $8). This observation underscores the high
benefit of the coumarin protecting group in MB1 and MB2 that
can be activated with visible light. In both cases, the neuron
remained alive for the complete observation period of more
than 14 hours. Last, we synthesized and transfected a Q-dye
beacon MB4 (see SI) against GI'P mRNA as a negative control.
As expected, no significant fluorescence increase was observed
upon light-activation in cells (Fig. 3ii and ESI} Video $9). This
verifies target specificity of our new Q-dye beacons.

In summary, we have shown that the newly designed Q-dye
MBs in this work are excellent candidates for mRNA monitor-
ing. In contrast to all light-activatable MBs known from
literature,*****> they can be uncaged not only with UV but also
with visible light > 405 nm. This greatly improves the viability
of photo-exposed cells compared to conventional Q-dye bea-
cons. Furthermore, we demonstrated the clear benefit of the
fluorescent probes presented here for tracking neuronal mRNA
over periods of more than 14 hours without significant photo-
bleaching. We anticipate that the MBs shown here will find
broad applications in chemical biology, biochemistry, and
neuroscience.
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We developed a superior class of light-activatable molecular beacons
with photo-tethered loop regions. Two simple modifications and
probe cyclisation prevent the molecular beacon from hybridising with
the target RNA before light-activation. Full activity of the molecular
beacon is elicited upon illumination with 365 nm light.

Many biochemical processes, such as DNA transcription, RNA
processing or protein expression require precise spatial and
temporal regulation. The study of such biological processes is
enabled and enhanced by biochemical tools that can be locally
activated. Hence, photocaging strategies have become powerful
methods in chemical biology."™ Using light as an external
trigger, caged biomolecules can be activated with high spatio-
temporal resolution and have provided insights into many
biochemical processes such as protein dimerisation,® DNA
recombination,” DNA transcription® or transmembrane porin
activity.”

One spatially and temporally regulated biological process is
the subcellular localisation of RNA molecules.'®** To investi-
gate RNA dynamics in living cells, fluorescent probes have been
developed for RNA visualisation.’? ** A widely used class of
probes are the molecular beacons (MBs).'*> MBs consist of an
oligonucleotide strand that is complementary to the target RNA
sequence (loop region). T'wo short nucleotide sequences at the
3’ and 5’ end of the MB prevent the binding of the MB to the
target RNA by forming a stem. Furthermore, the MB is
equipped with a fluorescent reporter and a quencher at either
end, which enable the visualisation of successful target RNA
binding. 'Tyagi and Kramer'® showed that MBs only emit a
hybridisation-sensing fluorophore signal when they are bound
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Photo-tethered molecular beacons for superior

Robin Klimek,1* Mantian Wang,® Vivien R. McKenney,® Erin M. Schuman*® and

to the target DNA or RNA. However, MBs fluoresce immediately
once they find their target after transfection. To control the
activity of MBs with spatial and temporal resolution, three types
of light-activatable MBs have been developed in the past:
The Tan group introduced a photolabile linker between
hybridisation-sensing fluorophore and quencher to prevent
the binding of the MB to the target sequence.’” In this design,
however, the loop region of the MB remained partially acces-
sible for the target DNA sequence, hence a notable fluorescence
increase was observed before light-activation. This MB design
was adopted in a related study by Dmochowski et al., that
improved synthesis of cyclised MBs." Our group also synthesised
probes with caged nucleobases in the ]oop-regim'l.19 The caged
oligonucleotides were prevented from forming Watson-Crick base
pairs until the photolabile protecting groups were removed with
light. This approach resulted in less background signal before
activation when compared to the Tan study. However, the dis-
advantage of this method was the high number of photocages
required to effectively prevent the binding of the target RNA
before light-activation (seven cages for a 19 nt loop). With this
design, the incomplete removal of all photocages can lead to the
formation of partially activated MB intermediates. Moreover, the
high light intensities required for light-activation of several photo-
cages can lead to photodamage of biological systems.” In an
effort to increase the signal-to-noise ratio of the hybridisation-
sensing fluorophore, our group inserted a photolabile linker
between the fluorophore and a second quencher.?' However, this
caging strategy did not prevent the MB from hybridising to the
target sequence before photo-activation, but rather allowed the
experimenter to control the visualisation of labelled RNA with
high spatiotemporal resolution.

In this work, we developed photo-tethered molecular beacons
(ptMBs) that circumvent the limitations of the above described
approaches (Fig. 1). ptMBs feature a photolabile, intramolecular
circularisation. Two phosphoramidites with an alkyne-modified
photolabile protecting group® are installed in the loop-region
via solid-phase synthesis. Circularisation (photo-tethering) is
achieved by copper-catalysed cycloaddition with a bisazide.*
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Fig. 1 Functionality of photo-tethered molecular beacons (ptMBs). Fluoro-
phore (red) and quencher (brown) are attached at opposite ends of the stem. A
second fluorescent reporter (green) is installed in the loop-region. Two alkyne-
modified photolabile nitrobenzyl protecting groups (purple) are circularised via
Cul)-catalysed cycloaddition. The resulting ptMB is not able to form a duplex
with target RNA. After illumination with 365 nm light, the photo-tether is
cleaved and full functionality of the MB is restored.

The tethered MB is unable to bind the target RNA sequence, due
to the high persistence length of a duplex compared to a single
strand. Upon UV-light exposure, the photo-tether is cleaved off
and the MB hybridises to its target sequence. The addition of a
second fluorophore enables the live-tracking of the MB. More-
over, the co-localisation of the tracking and hybridisation signal
can be used to distinguish true hybridisation events from
false positive signals (induced, for example, by nuclease
degradation).” A full 2/OMe-RNA backbone is employed to
increase the MBs' nuclease stability and affinity towards target
RNA for in vivo use. For hybridisation-sensing, cyanine-5 and
BBQ-650 are used. 6-FAM is installed in the loop-region for
tracking. We tested the efficiency of the ptMBs by targeting
miR-98 in primary cultured hippocampal neurons.

To determine an optimal MB-stem length and composition,
we synthesised four different anti-miR-98 MBs without photo-
cleavable element. We quantified the intensity of hybridisation-
sensing fluorophore signal before and after miR-98 addition.
The results of in vitro fluorescence studies with MB1-MB4 are
summarised in Fig. 2. After miR-98 addition, a 20- or 10-fold
increase in hybridisation signal (on/off ratio) was observed with
MB1 and MB3, respectively. The hybridisation fluorescence
increase of MB2 was modest after addition of miR-98 and MB4
showed a considerably higher background signal than other MB
variants before target RNA addition. Therefore, circularisation
and further fluorescence studies were performed with MB1- and
MB3-analogues (see Fig. 4 and Fig. S2, ESIY). Furthermore, we
tested whether the interaction between the MBs and miR-98 is
specific. T'o examine specificity we conducted fluorescence mea-
surements with MB1-MB4 and miR-181a as a negative control.
This miRNA is also highly abundant in hippocampal neurons.”®
The results are summarised in Fig. S3 (ESL{ Section 7). As
expected, MB1-MB4 did not show an increase in hybridisation
signal when miR-181a was added.

To generate light-activatable MBs, we first synthesised the
photolabile protected 2'OMe-phosphoramidite 4 (Fig. 3). Therefore,
benzaldehyde 1 was converted into alcohol 2 in a Barbier-reaction.
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Fig. 2 Fluorescence measurements and predicted secondary structures

of MB1-MB4 in absence and presence of target miR-98 in brain buffer at
37 “C (50 pmol, 100 uL, 500 nM, experiment repeated 5x)

Compound 3 was obtained in a nucleophilic substitution of 2
with bis(diisopropylamino)-chlorophosphine. To isolate the
final cytidine-phosphoramidite 4, compound 3 was reacted
with the respective DMTr-protected 2'OMe-C* nucleoside.

The resulting compound 4 was installed at two positions in
the loop-region close to the stem of previously characterised
MB3 via solid-phase synthesis. The postsynthetic circularisa-
tion was carried out with 2-((1,3-diazidopropan-2-yljoxy)acetic
acid as bifunctional linker under Cu{1)-TBTA catalysis. A ratio
of 1:1 MB/linker was used to avoid a double addition. Owing to
the proximity of the alkyne-modified photolabile protecting
groups, the circularisation worked fast and resulted in accep-
table yields of the tethered product ptMB3. It was expected that
the hydrophilic carboxylic acid group of the coupled bifunc-
tional linker would cause a shift to lower retention times on
RP-HPLC, which would allow for easy purification. Despite the
hydrophilic character, circularised MBs did not show a lower,
but rather a higher retention time on RP-HPLC.

In the next step, we evaluated the fluorescence properties of
ptMB3 compared to unmodified MB3 (Fig. 4). The background
fluorescence of ptMB3 before light-activation (3% of the signal
obtained with MB3 and target) was notably lower than the

o
HN/U\
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1
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&
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Fig. 3 Synthesis of phosphoramidite 4. (i) Propargylbromide, Zn*, DMF, 99%.
(i) PIN(iPr)],Cl, DIPEA, MeCN, 64%. (iii} N-Acetyl-5'-O-[bis(4-methoxyphenyl)-
phenylmethyl]-2’'-O-methyl-cytidine, 5-benzylthio-1-H-tetrazole, MeCN, 73%.
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Fig. 4 (a) Fluorescence measurements of ptMB3 and reference MB3 with
and without miR-98 in brain buffer at 37 “C (50 pmol, 100 plL, 500 nM).
Irradiation was performed with a 365 nm LED for 8 minutes (350 mA).
Sequence and molecular constitution of ptMB3 and its expected photo-
product MB3. (b) Hybridisation kinetics of ptMB3 (left) and MB3 (right) in
brain buffer at 37 *C (50 pmol, 130 pL, 500 nM, experiment repeated
3-5x). Time zero {dashed line} indicates addition of target miR-98. The
individual lines represent individual experiments.

background fluorescence of MB3 alone (10%). This reduction
was most likely a result of restricted flexibility of 3’- and 5’-end
due to photo-tethering. The covalent bond close to the stem
stabilises the stem-loop structure. When miR-98 was added to
PtMB3, a negligible fluorescence was observed (7%). This
indicates that miR-98 is not able to efficiently form a double
helix with ptMB3 in the photo-tethered conformation. Upon
light-activation and in the presence of miR-98, ptMB3 showed a
strong increase in hybridisation signal, which reached 98% of
the maximum hybridisation fluorescence intensity that was
observed with MB3. This observation indicates that irradiation
fully restored the functionality of the photo-tethered MB. To
verify that the hybridisation of ptMB3 and miR-98 is perma-
nently disabled and not kinetically decelerated, we performed
fluorescence kinetics measurements (Fig. 4b). MB3 was used as
reference for the maximum fluorescence increase that was
observed within 40 seconds with 50 pmol of MB3 after the
addition of miR-98. In comparison, ptMB3 displayed a marginal
signal increase within 40 seconds, which remained constant over
the duration of 120 s.

Importantly, this ptMB combines all the positive aspects of
photo-activatable MBs of previous studies without their respec-
tive drawbacks. First, the hybridisation signal before light-
activation is much lower than with cyclised MBs generated by
Tan et al.'” Furthermore, we achieved a significant shift from a
binding-incompetent ptMB to a binding-competent MB after
light-induction without the use of seven photolabile groups.™
Lastly, the emergence of the hybridisation fluorescent signal is
the result of the binding of the ptMB to its target RNA
sequence.”!

Beyond fluorescence studies of ptMB3 shown in Fig. 4, we
investigated whether one can inhibit target hybridisation by
using other photo-tether positions. Additionally, we tested if

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Images of ptMB3 transfected into a cultured hippocampal neuron.
6-FAM tracking fluorophore shows punctate structured distribution of
ptMB3 four hours after transfection (left). Before photo-activation with a
355 nm laser (50 mW), no significant Cy5 hybridisation signal is present
(middle). Ten minutes after photo-activation a clear increase in hybridisa-
tion signal is observed (right). This indicates a light-triggered hybridisation
with miR-98 in live-cells

adding a second quencher to the stem would reduce the back-
ground fluorescence.”® We found that these changes did not
improve the ptMB’s performance in terms of signal to noise or
light-induction. For detailed information, see ESI,} Section 7.

To further test whether photo-tethered molecular beacons
could be used in vivo, we transfected ptMB3 into cultured
hippocampal neurons. Two to four hours after transfection,
live-cell imaging was performed. The tracking fluorophore
6-FAM was used to identify transfected neurons and ptMB3
showed a punctate distribution over the entire soma (Fig. 5).
Before photo-activation, no significant Cy5 hybridisation signal
was observed. This observation is in agreement with our in vitro
studies and indicates that hybridisation between ptMB3 and
miR-98 is inhibited in the tethered state of ptMB3. After photo-
activation of the soma with a 355 nm laser, a clear increase in
hybridisation fluorescence was detected in several spots that
co-localised with tracking signal. This result indicates that
ptMBs can be used for a spatio-temporally controlled hybridi-
sation to miR-98 in living cells.

We conclude that ptMBs are a novel, superior class of light-
activatable molecular beacons that display significant advantages
to previously described approaches. ptMBs require just two (rather
than seven'”) photolabile protecting groups to successfully prevent
the hybridisation to target miR-98. Before light-activation ptMBs
exhibited a minimal background fluorescence in presence of miR-
98; the signal increases 32-fold (for ptMB3) upon light-activation.
The full activity of ptMBs was restored by the cleavage of a
single photolabile protecting group, hence partially activated
intermediates'® do not exist. In contrast to the previously described
caged Q-dye beacons,”' ptMBs cannot bind their target sequence
before light-activation, which is essential for time-resolved regula-
tion. Furthermore, the synthesis of the photolabile-protected phos-
phoramidite is straightforward and consists of only three synthesis
steps. The addition of a second fluorophore in the loop-region
enables the tracking of transfected cells. Moreover, detection
precision can be improved by the co-localisation of both tracking
and hybridisation fluorophores.”' Lastly, we demonstrated the
successful application of ptMBs in cultured hippocampal neurons.

This work was supported by the Deutsche Forschungsgesell-
schaft through SFB902 (Molecular Principles of RNA-based
Regulation). We thank Franziska Bachmeier and Prof. Alexander
Vogel for HRMS measurements.
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@ Inactivation of Competitive Decay Channels Leads to
Enhanced Coumarin Photochemistry

Robin Klimek*,? Marvin Asido®,” Volker Hermanns,”” Stephan Junek,” Josef Wachtveitl,*"
and Alexander Heckel*?

Abstract: In the development of photolabile protecting
groups, it is of high interest to selectively modify photo-
chemical properties with structural changes as simple as
possible. In this work, knowledge of fluorophore optimization
was adopted and used to design new coumarin- based
photocages. Photolysis efficiency was selectively modulated
by inactivating competitive decay channels, such as twisted
intramolecular charge transfer (TICT) or hydrogen-bonding,
and the photolytic release of the neurotransmitter serotonin

was demonstrated. Structural modifications inspired by the
fluorophore ATTO 390 led to a significant increase in the
uncaging cross section that can be further improved by the
simple addition of a double bond. Ultrafast transient
ahsorption spectroscopy gave insights into the underlying
solvent-dependent photophysical dynamics. The chromo-
phores presented here are excellently suited as new photo-
cages in the visible wavelength range due to their simple
synthesis and their superior photochemical properties. )

Introduction

In recent years, the use of light has gained enormous interest in
the life sciences. An increasing number of research groups
focusses on the use of photolabile protective groups (so-called
“photocages”) to regulate biological processes." ! Aside from
the application, however, also the development of new photo-
cages is of high interest/*” In order to be able to use light for
targeted regulation, the photo-physical and -chemical proper-
ties of protecting groups have to match the requirements of
the biological context. Here, especially two parameters are of
crucial importance. The first is the excitation wavelength,
preferably in the red range of the visible light spectrum and the
second is the uncaging efficiency of the respective photocage.
Regarding the first parameter, many studies have been
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published that focused on shifting the extinction maximum to
longer wavelengths.*”

Taking the coumarin photocage as an example, popular
methods were the extension of the m-system, or the addition of
donor and acceptor substituents (see Figure 1a).""'* Also with
other photolabile protecting groups, for example BODIPY,""!
fluorenol,"®'” or nitrobenzyl™®'¥ a considerable red-shift was
achieved with similar approaches. Nevertheless, the improve-
ment of the second parameter, the uncaging efficiency, has not

a) 478nm
389 nm Jullien et al., 2013 536nm
Gongalves et al,, 2013 Keleetal., 2019
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Figure 1. a) Selection of prominent coumarin based photocages in recent
years and their reported absorption maxima. LG =leaving group. b)
Structures and photophysical properties of DEACM 1 and ATTO 390.”
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been studied as systematically in the recent literature. Still, this
is highly important, because if the applied light can be used
more efficiently, side effects such as cell damage can be
reduced.

Efficient photolysis means that the chromophore must have
both a high extinction coefficient (€) and a good uncaging
quantum yield (¢,). To increase the uncaging efficiency of a
photocage, it is important to understand what other processes
compete with the photolytic cleavage of a leaving group. A
molecule in the excited state can release its energy through a
variety of pathways (see Jablonski diagram, Figure 2a). In the
fast range, there are rotations, vibrations, and isomerization
around single atoms or bonds. Also, internal conversion {heat
loss to the solvent)” or hydrogen-bonding”" can lead to
relaxation to the ground state.” If the excited state lives long
enough (e.g. nanoseconds) and does not decay in any of the
faster channels, the molecule can also release the energy via
luminescence,” or a directed bond cleavage.

To date, there is only little information on how to rationally
optimize the uncaging quantum yield of photocages. However,
there are many advanced studies that have successfully
optimized the performance of fluorophores*"2® Extinction
coefficients and absorbance maxima have been modified.
Unwanted photoreactions (e.g. photobleaching) and the
amount of deactivation processes that happen earlier than
fluorescence have been reduced. In many cases also the water
solubility has been improved. Therefore, a possible strategy to
develop new photocages with improved photolysis can be to
use an optimized fluorophore with one major decay channel as
a guide — an analogy that has recently also been followed by
Rivera-Fuentes et al.””) — and divert the excited state population
into an uncaging reaction pathway.
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fluorescence
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= 2 T — internal conversion
vibrational relaxation
< ¥ intersystem crossing
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T 11
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Figure 2. a) Jablonski diagram showing relevant transitions of coumarin
chromophores when excited with light. S;: ground state, S.: first electroni-
cally excited singlet state, S,: second electronically excited singlet state, T:
triplet state. b) General model for twisted intramolecular charge transfer
(TICT) in coumarin dyes. In addition, possible hydrogen-bonding sites are
shown, that can affect non-radiative decay.
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In this study, we explored this idea using ATTO 390%*° as
an example, which has a fluorescence quantum yield of more
than 90% in aqueous solution. Here, we show how to improve
the uncaging cross section (ed,) of new ATTO 390-based
photocages by up to one order of magnitude compared to
literature known DEACM (1) (Figure 1b), applying principles
from fluorophore optimization. Using ultrafast transient absorp-
tion spectroscopy, we gain insight into the fundamental photo-
physical processes that are critical both for fluorescence as well
as for photolytic cleavage of a leaving group. Overall, we
demonstrate that understanding excited state decay channels
in fluorophores can be helpful for developing new photocages.

Results and Discussion

In coumarin fluorophores substituted like the one shown in
Figure 2b, it is known that the molecule can adopt an
intramolecular charge transfer (ICT) state.”*?' After excitation, a
rotation around the C—N bond at the donor moiety can occur.
Thereby, repulsive interactions are minimized and charge
separation is stabilized. The resulting twisted intramolecular
charge transfer (TICT) state can release its energy to the
medium non-radiatively.”*" In addition, as indicated in Fig-
ure 2b, it is possible that coumarins release their energy to the
environment via hydrogen bonding.”'*~" However, a restricted
rotation around the C—N bond is known to supress the TICT
and therefore increase fluorescence.®® This can be observed, for
example, with ATTO 390, in which the exocyclic nitrogen atom
is fixed by a six-membered ring. Therefore, ATTO 390 shows a
high fluorescence quantum yield in comparison to freely
rotating coumarins like DEACM (1).

Guided by this principle, we synthesized four new coumarin
photocages 7a-d (see Figure 3) which have a structure similar
to ATTO 390. In all four compounds, the rotation around the
C—N bond is restricted by a six-membered ring. Compounds 7a
and 7b were additionally equipped with a double bond at the
6-position, which should make the framework even more rigid
and the rotation more confined (see Figure 3b). By using this
double bond, we hoped to limit non-radiative energy release
on short time scales. The coumarin photocage should be even
less capable of forming a TICT. However, derivatives 7b and 7d
also featured an additional ethyl group on the nitrogen atom at
the 7-position. This exhibits an electron donating character
compared to the proton in 7a and 7 ¢ and should thus enhance
the charge transfer character formation originating from the
nitrogen that is necessary for uncaging. The absence of a
hydrogen-atom can also prevent possible non-radiative decay
upon hydrogen-bonding with protic solvents*"** and elimi-
nates a potentially photoacidic site.**"

The synthesis of compounds 7a-d started from commer-
cially available m-aminophenol 2 (see Figure 3a). In the first
step, the hydroxy group of 2 was protected with tert-
butyldimethylsilyl (TBDMS) in a quantitative yield. The resulting
compound 3 was reacted with acetone under Yb** catalysis to
quinoline 4a in a Doebner-Miller type reaction.*” Starting from
4a, compound 4b was obtained via alkylation with iodoethane
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Figure 3. a) Synthesis of compounds 7 a-d. i) TBDMS - Cl, imidazole, DCM,
quant. i} Yb(OTf),, acetone, 77 %. iii} iodoethane, Cs,CO,, MeCN, 78 %, iv) Pd/
C, H,, MeOH, 98%. v} iodoethane, Cs,CO,, MeCN, 83 %. vi) TBAF, AcOH, THF,
89-94.9%. vii) sodium diethy| oxalacetate, EtOH, 31-47 %,. viii} NaBH., MeOH,
37-62%. TBDMS =tert-butyldimethylsilyl. b} Evolution of new coumarin-
photocages with improved uncaging efficiency due to inhibition if intra-
molecular twisting. LG: leaving group, R: H/ethyl, TICT: twisted intramolecular
charge transfer.

and Cs,CO; under microwave irradiation and 4c was isolated
after selective hydration with H, Pd/C under atmospheric
pressure in excellent yields. Hydration needed to be performed
before the silyl protecting group was removed. Otherwise, we
observed cleavage of the C—N bond at 7-position with H,, Pd
even at very short reaction times. The reduced compound 4c¢
was also alkylated with iodoeth ane to get 4d. The TBDMS-
groups of 4a-d were removed with tetrabutylammonium
fluoride (TBAF) and glacial acetic acid in 89-94% yields to give
alcohols 5a-d. Pechmann-condensation based on a procedure
of Begoyan et al”¥ resulted in coumarin esters 6a-d. During
the reaction, several side products occurred that were hard to
separate from the main product by column chromatography.
Recrystallization further removed impurities but also resulted in
poorer yields. Therefore, we decided to use compounds 6a-d
for further reactions after single column chromatography with
minor impurities. After the reduction of the respective esters
with NaBH, the alcohols 7a-d were isolated in good yields and
purities.

To evaluate the photophysical properties of compounds
7a-d, one-photon (1P) absorption and fluorescence spectra
were recorded in different solvents (see Figure 4 and Table 1).
We compared the data to the most commonly used coumarin
photocage DEACM (1) and ATTO 390 as reference compounds.
In PBS (phosphate-buffered saline), compounds 7a-d showed
higher extinction coefficients in their absorption maxima (€,
than DEACM (1). Compared to ATTO 390 the €,,,, of 7a-d were
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Figure 4, a) Steady-state absorption and fluorescence spectra of compounds
7a-d in PBS. Spectra of ATTO 390 (taken from ATTO-tec)'*” and compound 1
are added for comparison. b} Two-photon absorption spectra of compounds
7 a-d. ) Stokes shifts in different solvents with different polarity.

Table 1. Photophysical properties of compounds 1, ATTO 390" and 7 a—d.

£ra (PBS) [M haps (PBS)  Jn (PBS) ¢

Tem 1 [hm] [nm] (PBS)  {DMSO)
1 16500 385 520 007 074
ATTO 24000 390 476 090 -
390
7a 16700 383 528 050 051
7b 18100 405 536 090 051
7¢ 20300 373 511 072 089
7d 21500 394 526 095 092

slightly smaller. Compound 7d, which has the most similar
structure to ATTO 390 has also the lowest difference in the
extinction coefficient. In general, an increased extinction
coefficient compared to DEACM (1) is already a promising start
towards the desired increase of the uncaging cross section €¢,,.
The absorption maxima themselves (i, were located between
373 nm and 405 nm. Thus, they were in the same range as the
absorption maxima of DEACM and ATTO 390. The strongest
shift was observed for compound 7b, which had a 20 nm
bathochromic wavelength shift relative to DEACM. Neverthe-
less, a minimal blue shift of 13 nm could also be observed for
compound 7¢. In comparison, the data indicated that the
compounds with the additional ethyl group showed a more
red-shifted absorption spectrum. Compound 7d (%,,, =394 nm)
absorbs most similarly to ATTO 390 (,,,,, = 390 nm), what again
can be rationalized with their very similar structure. The
additional double bond in compound 7b (},.,,=405nm)
further increases the absorption wavelength. This red-shifting
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effect of the double bond can also be observed when
comparing compounds 7¢ (A,,=373nm) and 7a (A=
383 nm).

To evaluate whether our new coumarin compounds can
also be excited with NIR light, we measured two photon
absorption spectra of compounds 7a-d. Here, we observe a
two-photon absorption of 5-7 GM at 800-810nm for all
measured compounds (Figure 4b), which is in the same range
as ATTO 390 (13 GM).*¥ This 2P-transition is energetically
equivalent to the main absorption maxima found at around
380-410 nm (Figure 4a), indicating that the proposed com-
pounds can be one- or two-photon activated. This measure-
ment shows that excitation is also possible in the so-called
phototherapeutic window (650-950 nm), in which light has a
particularly high penetration depth into biological tissue.*”

To get a first impression of how the newly synthesized
chromophores release their excitation energy, we measured
fluorescence quantum yields (see Table 1). Since fluorescence
and uncaging occur on approximately the same time scale, this
parameter may provide a first indication of successful inactiva-
tion of faster decay channels. Additionally, comparing polar
solvents {such as PBS) to less polar ones (such as DMSO) may
indicate whether TICT is involved. For medium polar solvents
like DMSO, it is known that coumarin charge separation is only
stabilized to a limited extent, resulting in a high ¢, independ-
ent of their flexibility.*® It is also possible that rotation around
the C—N bond is hindered in solvents with relatively high
viscosity, such as DMSO."”!

In aqueous solution, however, the amine substituent can
rotate freely if it is not fixed by a six-membered ring, since
water is less viscous. This is in agreement with the measured
high ¢ for compounds 7a-d and DEACM (1) in DMSO, ranging
between 51% and 95%. When DMSO was replaced by PBS, the
¢ of DEACM (1) was reduced from 74% to 7% whereas
fluorescence of 7a-d remained on a high level. This reduction
in fluorescence suggests that rotation around the C—N bond in
DEACM is possible in less viscous PBS, but it is inhibited in all
newly synthesized derivatives 7a-d. In turn, this points towards
a TICT state in DEACM, which is hindered in compounds 7 a-d.
The fluorescence quantum yields further show that the two
compounds with the ethyl group 7b and 7d emit best in PBS.
This can be explained by the fact that the ethyl group can
stabilize the charge separation more effectively over a longer
period of time. A similar quantum yield in PBS (90%) is shown
by ATTO 390 itself, which also carries an alkyl group at the
nitrogen atom.

To investigate the effect of stabilization of charge separa-
tion in more detail, we also studied the Stokes shifts in different
polar solvents (see Figure 4c). Again, the polarity of the solvent
is expected to have a strong influence on the emission
wavelength. We observed that all compounds 7a-d showed
already large Stokes shifts in unpolar solvents (4334-4583 cm™'
in toluene). When the polarity of the solvent was increased, an
overall rise in the Stokes shifts was observed. The largest Stokes
shifts were measured in PBS buffer (6035-7240 cm™"), support-
ing that there is charge transfer in all molecules which is
stabilized by the solvent to different degrees.
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To gain an even deeper insight into the photophysical
dynamics of the newly synthesized compounds, we employed
ultrafast UV/vis transient absorption spectroscopy in different
solvents. Here, the general spectral features of these com-
pounds shall be explained exemplarily in the case of compound
7a in MeOH (see Figure 5a). The photoexcitation from the
ground state leads to a broad excited state absorption (ESAg)
signature, which spans from 620 nm up to more than 730 nm.
Simultaneously, the stimulated emission (SE,) from S, to S, can
be found in the range of 430-550 nm, which is consistent with
the steady state fluorescence spectra. After about 300-500 fs,
an additional absorption signal (ESA) appears at approx-
imately 400 nm and 430 nm. The amplitude of the 430 nm
component rises further on the 1-50 ps timescale, which is
accompanied by a decrease of the ESA; band and a strong red-
shift of the stimulated emission by 40 nm forming SE, (Figure 5a
and 5c¢). The latter effect is related to the excited state
intramolecular charge transfer (ICT) from the nitrogen of the
amine group to the oxygen of the carbonyl group, which is
further stabilised by the solvent response on the ps timescale.

In contrast to compound 7a, it can be observed that in
compound 7b (Figure S1b, Supporting Informaticn) the blue
component of the ESA; feature at around 400 nm is mainly
populated, which means that the excited state is more
stabilized in 7 b relative to 7 a. The less pronounced stabilization
of the excited state in 7a most likely results from a hydrogen
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Figure 5. Transient absorption spectra of compound 7 a in MeOH (a) and
toluene (b). Time slices at 0.5 ps and 100 ps underline the dynamic stokes
shifts in ¢) MeOH and d) toluene.
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bond at the nitrogen, which is formed in addition to the
stabilizing hydrogen bond at the carbonyl group.”” In toluene,
compound 7 a shows a miniscule dynamic Stokes-shift of the SE
band (Figure 5b and 5d). However, the ESA is still formed,
indicating a population of an ICT state, which is less stabilised
by the surrounding solvent. Instead, an additional absorption
(ESA;) around 600 nm is formed on the 100 ps timescale, which
we tentatively assign to triplet formation. A similar ESA,
signature is found for 7a in DMSO (Figure S1c, Supporting
Information), which is also aprotic but significantly more polar.
Therefore, the excited state dynamics are not just strongly
influenced by the solvent polarity, but also by the solvent
proticity and the general accessibility of hydrogen bonding
interactions. Besides the obvious stabilization of the excited
state in polar solvents, the effect of solvent proticity is more
complicated, since there are different sites for hydrogen
bonding. Whereas hydrogen bonds with the carbonyl oxygen
or the nitrogen-bound proton are reported to have a stabilising
effect on the excited state, a hydrogen bond with the lone-pair
of nitrogen has the opposite effect.® ' The reduction of
energy in the ICT state due to these effects leads to a
favourable ICT-population. In contrast, the population of the
triplet state is seemingly facilitated in the case of missing
hydrogen bonding.**>*" Further details on the solvent effects as
well as cross-comparisons between the compounds are given in
the Supporting Information of this article. The transient
absorption measurements demonstrated that all four new
compounds form an ICT state. The ethyl group in compound
7b seems to further stabilize the charge separation in
comparison to compound 7a as can be seen in the significantly
increased ESA,r amplitudes (Figure S1, Supporting Information).
However, this effect is not seen in the direct comparison of
compounds 7d and 7 ¢ (see Figure S2, Supporting Information),
which lack the additional double bond.

But even more interesting to us was, whether the added
rigidity of the new compounds would also lead to improved
photolysis. Therefore, we attached serotonin as a biologically
active leaving group (see Figure 6). Serotonin is an important

a: R=H,X=CHY=C
b: R=ethyl, X=CH,Y=C
[

d

: R=H,X=CH, Y=CH
: R=ethyl, X=CH,,Y=CH

Figure 6. Synthesis of compounds 9a-d and 11. i) CDI, DCM, 79-89 %. ii) 5-
Hydroxytryptamine hydrochloride, Et:N, DMF, 56-77 %.
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neurotransmitter that plays a crucial role in signal transduction
in the central nervous system.”” The synthesis started by
reacting compounds 7a-d with carbonyldiimidazole (CDI)
under microwave irradiation resulting in 8a-d. To generate the
final photolabile protected serotonin-derivatives 9a-d, com-
pounds 8a-d were reacted with 5-hydroxytryptamine
hydrochloride. The same procedure was used to synthesize
DEACM-protected serotonin 11, starting from DEACM (1) as a
reference.

After preparation we performed first photolysis tests in PBS/
DMSO (9:1). We added this small amount of DMSO because the
photocages were only moderately soluble in pure PBS. To make
the photolysis results comparable, the quantum yields for
compounds 9a-d and 11 were determined at 405 nm using a
fulgide derivative as actinometer.”” The decrease of starting
materials was monitored by HPLC with the addition of an
internal standard. After the experiments, we were surprised that
the uncaging quantum yields for compounds 9a-d and 11
differed only minimally from each other. This contradicted all
assumptions from previous literature and the earlier determined
fluorescence behaviour of the compounds. The fluorescence
experiments indicated that competitive relaxation pathways in
compounds 7a-d were blocked which in turn leads to an
increased fluorescence quantum yield compared to DEACM.
Since fluorescence and uncaging occur on the same time scale,
the uncaging quantum yield of compounds 9a-d should also
be enhanced in direct comparison to reference compound 11.

To investigate this unexpected outcome in more detail, we
performed ultrafast transient absorption spectroscopy in PBS/
DMSO (9:1). Interestingly, in this solvent, the amplitudes of the
difference signals are significantly reduced (Figure S1b and f,
S2b and f). This becomes most obvious in the ESAg band,
which is the dominant feature in all measurements. In contrast
to the other tested solvents, the ESA; does not show a major
rise in amplitude on the 10-100 ps timescale in PBS/DMSO
(Figure S3), implying a less pronounced population of the CT
state. However, it was shown in recent work® that the charge
separation is crucial in order to facilitate elongation of the C—C
bond, which is cleaved in the subsequent uncaging process.
Additionally, the solvent response due to the ultrafast change
in dipole moment is somewhat more complicated in PBS/DMSC
mixtures. It is reported that DMSO and H,O form strong
hydrogen bond clusters even at small amounts of DMSQ.****!
For simple coumarin-based compounds this means that the
solvent reorganization in the excited state is mostly driven by
DMSO, which “drags” H,O along through their H-bond
network.*® It is therefore possible that DMSO at the photo-
chemically relevant site suppresses photocleavage in a PBS/
DMSO mixture due to the less pronounced CT character and a
possible shielding from H,O. The latter aspect is especially
relevant since water molecules (or other nucleophiles) are
needed to capture the carbo-cation which is formed during
uncaging.””

Therefore, we substituted PBS/DMSO with PBS/MeOH (1:1)
in further experiments, because MeOH and H,0O do not interact
as strongly, and MeOH itself can serve as a nucleophile to trap
the exocyclic carbocation in the coumarin scaffold formed
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during uncaging. After changing the solvent, we were now able
to see clear differences in uncaging quantum yield between the
newly synthesized compounds 9a-d and the reference DEACM
derivative 11. The photolysis results are shown in Table 2. An
exemplary photolysis curve of compound 9b is shown in
Figure 7, the remaining curves are shown in Figures S6-510.
Our experiments show, that the uncaging quantum yield {¢,)
was already significantly increased by the ring closure in 9¢ and
9d. While 11 releases serotonin with a ¢, of 0.56%, it is
increased by a factor of 2-3 in compounds 9c¢ (0.96%) and 9d
(1.63%). This already shows the positive effect of the restricted
rotation. If an additional double bond is now introduced, a
further increase in the uncaging quantum yield can be
observed. Compound 9a releases serotonin with a quantum
yield of 2.56% and 9b even with 2.97%. As expected, this
increase in quantum yield clearly indicates that the additional
restricted rotation suppresses competitive decay channels.
Therefore, a more than fivefold increase in uncaging quantum
yield was observed for 9b compared to 11. The improvement
of the photochemical properties becomes even more obvious if
the extinction coefficient € at the excitation wavelength is
included in order to study the uncaging cross section (d,€). It
can be seen in Table 2, that solely adding a six-membered ring

Table 2. Photophysical and photochemical properties of compounds 9a-d
and reference DEACM 11 at 405 nm used for uncaging experiments in PBS/
MeOH {1:1).
¢, (405 nm) € (405 nm) (PBS/MeOH) € (405 nm)
(PBS/MeOH) M~ cm™ {PBS/MeOH)
M em™]
n 0.0056 9097 50
9a 0.0256 19666 504
9b 0.0297 20788 617
9c 0.0163 10606 173
9d 0.0096 19268 184
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Figure 7. Exemplary photolysis curve of compound 9b in PBS/MeOH (1:1).
Photolysis product 7 b was identified via mass spectrometry.
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leads to an increase by a factor of 3-4 compared to DEACM.
When the double bond is additionally introduced, the uncaging
cross section at 405 nm raises by one order of magnitude. While
11 photolyzes with 50Lmol ' ¢m ' at 405nm, the best
compound 9b shows 617 Lmol 'cm '. Compound 9d, on the
other hand, which has a similar structure as 9b only without a
double bond, has a cross section of 184 Lmol™'~cm™". At this
point, it is clear that the simple introduction of a double bond
can lead to a more than threefold increase in photolysis
efficiency.

In the last step, we wanted to investigate whether uncaging
as an additional excitation pathway can also be observed using
ultrafast UV/vis pump-probe transient absorption spectroscopy.
For this purpose, we sought to compare the derivatives with
leaving group (9a-d) with those previously measured without
leaving group (7a-d, see Figure 5). The measurements of 9a-d
revealed very similar photophysical signatures compared to
7a-d. All compounds show the characteristic solvent- and time-
dependent ESA and Stokes shifts on the picosecond timescale.
More interestingly, we observed that the excited state (ES)
decay of 9a-d is shifted towards earlier times compared to 7a-
d, which can be seen in the lifetime density distribution of the
respective measurements (Figures 8a and 8b, and Figure S5). To
validate this temporal shift we performed time correlated single
photon counting (TCSPC) measurements in PBS/MeOH (1:1)
(Figure 8c). These experiments showed a very clear difference in
the fluorescence lifetimes of 7a-d and 9a-d. While the
fluorescence lifetimes of 7a-d are found to be between 4.6 and
5.4 ns, the fluorescent states of 9a-d are depopulated between
2 and 2.6ns (Table S1), being consistent with the lifetimes
found in the TA-experiments (Figure S5). This more than 2-fold
reduction of radiative decay lifetimes is most likely due to
added possibility to undergo photocleavage, which is compet-
ing with fluorescence. An overview of the proposed energy
pathways is given in Figure 8d.

Conclusion

In this work, we show a systematic investigation of uncaging
efficiency of coumarin photolabile protecting groups. Guided
by the principles of fluorophore optimization, we wanted to
reduce competitive decay channels on new ATTO 390-based
photocages. To improve the photolysis, in a first step, the
rotation around the electron donor on the coumarin scaffold
was prevented using a simple six-membered ring (compounds
7c and 7d). This already increased the uncaging efficiency by a
factor of 3-4 compared to DEACM (1). However, the simple
introduction of an additional double bond on that six-
membered ring had an even stronger effect. Again, the
efficiency of light-induced release of serotonin was increased by
a factor of 2-3 (compounds 6a and 6b). This is the first time
that such a minimal change to the coumarin backbone has
resulted in a significant improvement in photolysis efficiency.
We used ultrafast transient absorption spectroscopy to inves-
tigate the underlying photophysical dynamics. The newly
synthesized photocages showed strong solvent dependencies
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Figure 8. Lifetime density analysis of 7 a (a} and 9a {(b) measured in MeOH.
The ES decay is faster in compound 9a (indicated as dashed lines), whereas
the dynamics on the fs- to ps-timescale do not differ. A similar pattern is
seen in the TCSPC measurements (c). The fluorescence lifetimes of
compounds 3a-d are roughly 2-fold faster. The corresponding lifetime
components are given in the Supporting Information. d) Schematic
representation of possible energy pathways. After excitation, an equilibrium
between the locally excited state S, and the CT state is formed. The CT state
is further stabilized by the solvent {indicated by double-sided arrows), which
increases the population of the CT state. Without this stabilization an
additional channel for triplet formation becomes relevant, which then
competes with the actual photochemistry.

in their fluorescence and uncaging properties. It became clear
that the charge-transfer state in coumarin chromophores is not
just well stabilized by polar solvents, but also essential for
photolysis. The new photocages described here are easy to
synthesize and, due to their photophysical properties, can be
used for both one-photon applications using blue light and in
the phototherapeutic window (700-900 nm) using two-photon
excitation. In summary, we think that the development of
photolabile protecting groups can indeed very well profit from
what has already been learned in the optimization of
fluorophores. This can be a good guiding principle for future
development.

Experimental Section

Chemical synthesis: All reactions were performed under an argon
atmosphere unless otherwise specified. Solvents and reagents were
purchased from commercial sources. DEACM 1 was synthesized
according to literature.*®' Synthetic procedures of new compounds

Che. Eur. J. 2022, 28, €202200647 (7 of 8)

and their characterization are provided in the Supporting Informa-
tion. Microwave reactions were performed in a Biotage Initiator
system. NMR spectra of new compounds were recorded on
(250 MHz, 300 MHz, 400 MHz, 500 MHz and 600 MHz) Bruker instru-
ments, MALDI HRMS spectra were recorded on a ThermoScientific
MALDI LTQ Orbitrap XL instrument.

Ultrafast TA-spectroscopy: The time-resolved transient absorption
measurements were performed using a home-built pump-probe
setup. A Ti:Sa chirped pulse regenerative amplifier (MXR-CPA-
iSeries, Clark-MXR Inc.,, USA) with a central output wavelength of
775 nm, a 1 kHz repetition rate, and a pulse width of 150 fs was
used as the fs-laser source. The fundamental was split for pump
and probe pulse generation. Pump pulses at a central wavelength
of 388 nm were generated in a second harmonic generation (SHG).
The temporal FWHM of the final pump pulses was determined to
be ~120-130 fs. The excitation energy was set to 90 n)/pulse at the
sample position. The supercontinuum for the probe pulses was
generated by focusing the fundamental in a constantly moving
CaF, window of 5 mm thickness, leading to stable white light in the
range of 375-740 nm. The white light was then split and guided
through the sample and the reference arm of the detection setup.
Each arm makes use of a spectrograph (Multimode, AMKO,
Germany), which is equipped with two gratings (300 nm/500 nm
blaze, 600/1200 grooves per mm), a photodiode array (S8865-64,
Hamamatsu Photonics, Japan) and a corresponding driver circuit
(C9118, Hamamatsu Photonics, Japan). The signals were digitized
by a 16 bits data acquisition card (NI-PCI-6110, National Instru-
ments, USA). The pump and probe pulses were set to the magic
angle configuration at 54.7” to account for anisotropic effects. The
sample-compartment was constantly moved to minimize sample
degradation.

Fluorescence lifetimes: The fluorescence decays of the compounds
7a-d and 9a-d were determined by the time-correlated single
photon counting (TCSPC) technique. Our home-built TCSPC setup is
composed of a single-photon detection photomultiplier tube (PMA-
C 182 M, PicoQuant, Germany) and a PCle card (TimeHarp 260 PICO
Single, PicoQuant) for sub-ns data processing. Pulsed orthogonal
excitation of the samples was achieved by a pulsed LED (PLS360,
PicoQuant) with a peak wavelength of 360 nm and a FWHM
< 800 ps. Deconvolution with the IRF and multi-exponential fitting
of the temporal traces was performed with FluoFit Pro 4.6
(PicoQuant) based on the following equation®”

t n Tt
1(t) = / IRF(t) Y " Ae v dr

i-1

The samples were measured in 4x10 mm quartz glass cuvettes
with an OD of ~0.1 on 10 mm optical pathlength.

Determination of quantum yields: Three stock solutions of each
compound 9a-d and 11 were prepared by diluting approx. 1.0 mg
in MeOH/PBS (1:1). For photolysis 50 pl were taken and irradiated
at nine different irradiation times (t=0s, 55, 105, 205, 455, 905,
180, 3605, 720 s) with a 405 nm LED (Thorlabs), resulting in 27
differently irradiated solutions for each compound. The photon flux
for the setup was determined with a fulgide-derivative - as
described in literature.”” The photolysis was analyzed via RP-HPLC
(Agifent 1200) as the ratio of the peak areas of starting material and
uridine as internal standard - as described in literature."®
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