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Abstract

Dynamic nuclear polarization (DNP) is a powerful approach for overcoming the low
sensitivity of nuclear magnetic resonance (NMR) spectroscopy and has extensive
applications in the study of both materials and biological systems. Electron paramagnetic
resonance (EPR) and fluorescence spectroscopy are highly important complementary
techniques and are particularly valuable for studying nucleic acid structure and dynamics.
The broader application of these methods, however, depends on the availability of suitable
polarizing agents and site-specific spectroscopic probes, respectively. This thesis focuses on
the development of 1,3 bisdiphenylene-2-phenylallyl (BDPA)-based polarizing agents for
DNP-NMR and a facile spin labeling strategy for nucleic acids.

The first part describes the development of tailored BDPA derivatives for high-field DNP-
NMR. The synthesis of the key precursor, tetrabromo BDPA, was first optimized. A
tetraazide-BDPA building block was subsequently prepared, enabling conjugation to a
variety of alkynes via copper-catalyzed azide-alkyne cycloaddition. Using this strategy, four
BDPA derivatives with varied polarity, size, and steric shielding were prepared. Of these, a
BDPA-dendrimer derivative exhibited enhanced persistence and superior DNP performance,

achieving the highest liquid-state DNP enhancement reported to date in viscous solutions.

The second part describes a noncovalent RNA spin labeling strategy based on helical
stacking of small RNA hairpins, containing the rigid spin label Cm, on RNA duplexes.
Complementary overhangs promoted efficient hairpin-duplex stacking, monitored by EPR
spectroscopy. In addition, collaborative projects involving incorporation of rigid and semi-
rigid spin labels and fluorophores in nucleic acids to study their structure, dynamics and

interactions with proteins using EPR and fluorescence spectroscopies, are recounted.






Utdrattur

Mognun & kjarnskautun (e. dynamic nuclear polarization, DNP) er adferd sem er notud til
a0 auka namni kjarnsegulgreininga (e. nuclear magnetic resonance, NMR) og er afar
mikilvaeg fyrir rannsoknir a fostu efni og liffredilegum sameindum. Litréfsgreiningar sem
byggja 4 rafeindasegulgreiningu (e. electron paramagnetic resonance, EPR) og flurljémun
eru somuleidis mjog mikilvaegar til ad greina byggingu og hreyfingu kjarnsyra. Almenn
notkun pessara adferda er p6 hdd adgengi ad hentugum skautunarefnum (e. polarizing agent)
fyrir DNP-NMR og sértekum spunamerkjum fyrir EPR. Pessi ritgerd lysir honnun og
efnasmidi 4 1,3-bistvifenylen-2-fenylallyl (BDPA)-afleiddum skautunarefnum fyrir DNP-

NMR, auk nyrrar og einfaldrar adferdar til spunamerkinga & kjarnsyrum.

Fyrri hlutinn 1ysir préoun sérhannadra BDPA-afleida fyrir DNP-NMR 1 sterku segulsvidi.
Efnasmidi forverans, tetrabromo-BDPA, var fyrst bestud. bar nast var tetraazid-BDPA
afleida smidud, sem getur tengst ymsum alkynum med koparhvotudum asid-alkyn
smellihvorfum. Pessi adferd var notud til efnasmida & fjorum BDPA-afleidum, med
mismunandi skautun, sterd og raimhindrun. Af peim efnum syndi grein6tt BDPA-afleida
aukinn stodugleika og betri DNP-eiginleika en a0ur pekktust. Pessi afleida gaf haestu DNP

mognun i seigfljotandi lausnum til pessa.

Sidari hlutinn lysir adferd til spunamerkingar kjarnsyra med 6samgildum tengjum. Adferdin
byggir & stoflun RNA harndla (e. hairpin), sem innihalda stifa spunamerkid Cm, 4 RNA
tviliour. Samsvarandi (e. complementary) hangandi endar (e. overhangs) studludu ad
skilvirkri RNA-RNA stoflun, sem var stadfest med EPR litrofsgreiningu. Auk pess er 60rum
samstarfsverkefnum lyst, par sem bygging og hreyfing kjarnsyra var rannsékud, dsamt

vixlverkunum vid prétein, med notkun spuna- og flurljdomunarmerkja dsamt litréfsgreiningu.
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Aims of the thesis

The aim of this thesis was two-fold. Part A aimed to develop BDPA derivatives for high-
field DNP-NMR spectroscopy. The first objective was to improve the synthesis of an
important BDPA intermediate, followed by establishing a versatile synthetic approach that
would allow easy and efficient incorporation of structural modifications to BDPA. These
modifications were intended to improve properties important for DNP applications,
including radical persistence, solubility, and DNP performance. Part B entails labeling of
nucleic acids for EPR and fluorescence studies. In particular, the first aim here was to
establish a practical noncovalent RNA spin-labelling strategy based on helical stacking of
Cm-labeled RNA hairpins onto RNA duplexes. This approach was intended to reduce the
synthetic effort normally required for site-directed spin labeling, while providing a modular
method for introducing rigid spin labels into RNA systems for EPR-based structural studies.
In addition, this part aimed to use spin- and fluorescence-labeled nucleic acids in

collaborative studies of nucleic acid structure, dynamics, and biomolecular interactions.
The two parts of the thesis are structured as follows:

A. BDPA radicals for DNP-NMR: This part focuses on the optimization of the synthesis
of'a key BDPA intermediate and the development of a divergent synthetic route to tunable
BDPA derivatives for high-field DNP-NMR. It further examines a highly sterically
shielded, high molecular weight BDPA derivative for persistence and liquid DNP
performance.

The work associated with this part is described in Chapter A2 and Paper 1.

B. Labeling of nucleic acids with spin labels and fluorophores: This part focuses on the
development of a noncovalent RNA spin-labeling approach based on helical stacking of
RNA hairpins containing the rigid spin label Cm onto RNA duplexes. It also includes
collaborative projects involving incorporation of rigid and semi-rigid spin labels and
fluorescent probes into nucleic acids, aimed at investigating nucleic acid structure,

dynamics, and biomolecular interactions.



The work associated with this part is described in Chapter B2, B3 and in Paper II, 111
and IV.



Part A BDPA radicals for DNP-NMR

A1l Introduction

The world is built upon the invisible architecture of molecules. From the synchronized
chemistry that sustains life within a cell to the engineered lattices of a high-performance
battery, the behaviour of complex systems depends not only on composition, but also on
how molecules are arranged and their dynamics. These structure-function relationships
control key outcomes across science and technology. Therefore, understanding the structure
and dynamics of these complex systems is of fundamental importance for elucidating
biological function and for the rational design and optimization of functional materials.
Various techniques provide the means to directly probe structure and dynamics at the
molecular level. The next section gives an overview of these major techniques, before

focusing on NMR spectroscopy, which is central to part A of this thesis.

1.1 Techniques to study structure and dynamics

Among the various techniques developed for studying the structure and dynamics of
molecules, X-ray crystallography is one of the most established methods which provides
three-dimensional structures at near-atomic resolution.! While crystallography can deliver
highly detailed structural information and has been applied to a broad range of proteins and
macromolecular complexes, it has limitations. It requires high-quality crystals, which can be

challenging and time-consuming to obtain.’

Moreover, crystallization requires large
amounts of material (milligrams), which can be difficult to produce, particularly for
biomolecules such as proteins and nucleic acids.** In addition, flexible regions of molecules
with many conformational states, cannot be resolved using X-ray crystallography.® As an
alternative that avoids crystallization, cryo-electron microscopy (cryo-EM) has become a
powerful structural technique, especially for large assemblies.® In cryo-EM, samples are
rapidly vitrified (flash-freezing in liquid ethane) and imaged using an electron beam under

cryogenic conditions.” These images are then computationally reconstructed into 3D density

maps from which structural models can be built.® Cryo-EM can reach near-atomic resolution



for many systems and is well suited to complexes that are difficult to crystallize. Usually,
the achievable resolution using cryo-EM is about 2-4 A, but recent reports have obtained
resolutions of about 1.2 A, which is as good as the best crystallographic structures.'® !
Additionally, since the images depict static 'frozen' states, molecular dynamics must be
determined from the diverse shapes observed (conformational heterogeneity) rather than

measurement of real-time motion.'?

Spectroscopic techniques such as Forster resonance energy transfer (FRET)!**1° and electron
paramagnetic resonance (EPR)!*!® provide complementary information on structure and
dynamics under near-native conditions. In FRET, two fluorophores, a donor and an acceptor
are site-specifically attached to the molecule. Upon excitation of the donor, energy is
transferred to the acceptor, allowing precise measurement of distances (~2-10 nm) and
conformational changes. In EPR spectroscopy, paramagnetic centers such as nitroxide spin
labels are incorporated into the system under study. Pulsed EPR techniques, like pulsed
electron-electron double resonance (PELDOR), also known as double electron-electron
resonance (DEER), measure dipolar interactions between two spins, providing long-range
distance information (~1.5-10 nm). Both methods are highly sensitive and are particularly
valuable for studying conformational changes, interactions, and distances in functional
environments. However, they provide lower structural resolution and require incorporation

of fluorescent dyes or paramagnetic labels.

Nuclear magnetic resonance (NMR) spectroscopy is one of the most important analytical
techniques, offering several advantages over the other techniques.'®?! Specifically, it is non-
invasive, can be performed in native environments, and provides site-specific information
on both structure and dynamics. A major strength of modern NMR is the use of
multidimensional (2D and 3D) pulse techniques, that provide spectral information across
additional frequency dimensions, reduce overlap, and enable detailed structural analysis at
atomic resolution.’> > NMR can also monitor molecular interactions and conformational
dynamics across a wide range of timescales.>* The following section introduces the basic
principles of NMR spectroscopy, discusses key limitations, and outlines strategies by which

these limitations can be addressed.



1.2 NMR spectroscopy

NMR spectroscopy derives structural and dynamic information by exploiting the magnetic
properties of atomic nuclei in a magnetic field. NMR can only detect nuclei with non-zero
spin (I # 0), because they have intrinsic angular momentum and an associated magnetic
moment. Many commonly observed nuclei such as 'H, *C, N, and *'P have a spin of /2 (/
= 1/2), which usually produce sharp, high-resolution signals. Moreover, many quadrupolar
nuclei (/> 1/2), like 2H, '“N, and **Na, are also NMR-active but show broader spectral lines
due to interactions of their quadrupole moment with local electric field gradients. Under an
external magnetic field Bo, nuclear spins align either parallel or antiparallel to the field,
resulting in two energy states (Figure 1). When a radiofrequency pulse is applied, transition
of spins from ground state (m = +1/2) to excited state (m = —1/2) occurs. The transition
occurs at a characteristic resonance frequency, called the Larmor frequency w, = yBo. Here,
y is the gyromagnetic ratio, which is unique to each nucleus and determines both the
resonance frequency and intrinsic sensitivity. Each nucleus experiences a unique effective
field due to the local electronic environment, called magnetic shielding. It produces chemical
shifts that provide information on local bonding, functional groups, and overall molecular
structure. NMR measurements can be performed in solution, solid and, less commonly, in

the gas phase.

B,=0 B,>0

Figure 1 Energy level splitting of a spin 1/2 nucleus in an external magnetic field By due to Zeeman effect.

Solution-state NMR is the most widely used form of NMR that provides high-resolution
structural information. The rapid molecular tumbling in solution averages out anisotropic
nuclear interactions, resulting in sharp spectral lines. However, when rotational motion

slows down, for example in larger molecules, it causes spectral line broadening. Therefore,



many large biomolecular assemblies, aggregates, various functional materials (>30 kDa)

cannot be studied at high resolution using solution-state NMR.?

For compounds that are difficult to analyze using solution-state NMR, solid-state NMR
provides a powerful alternative.?® Unlike solution-state NMR, solid-state NMR produces
strong orientation-dependent (anisotropic) interactions like through-space dipolar coupling
and chemical shift anisotropy. Dipolar couplings can be used to determine distances of ~1—
6 A by measuring the dipolar couplings between specific nuclei using various pulsed solid-
state NMR techniques like rotational echo double resonance (REDOR)?’ and transferred
echo double resonance (TEDOR).?® Chemical anisotropy, however, causes broad spectral
lines known as “powdered patterns”, resulting in reduced spectral resolution.?”*® Anisotropy
can be averaged out using magic-angle spinning (MAS). It involves spinning the sample at
a 54.74° angle with respect to By (Figure 2A).3°3? Figure 2B shows an example of NMR
spectrum of polycrystalline glycine under static conditions and with MAS at 7.0 kHz.% With
MAS, a single sharp line for the carboxyl carbon of glycine is obtained along with the
spinning sidebands that appear at integer multiples of the sample rotation frequency.?® The
MAS-NMR technique has been utilized to obtain high-resolution data on various solid
samples, involving various biological systems, including amyloid fibrils,>* membrane
proteins,**3° biomaterials*® and heterogenous catalysts.?” Nonetheless, similar to other NMR

techniques, a major challenge for MAS-NMR, is its inherent lack of sensitivity, which limits

its use.
A4 B
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Figure 2 A. A schematic diagram of MAS of a sample at the magic angle. B. A 3C-NMR spectrum of
polycrystalline glycine in static field vs obtained with magic angle spinning at the frequency of 7.0 kHz. Figure
2B is printed with permission from Annu. Rev. Chem., 2001, 52, 575-606.



1.2.1 Low sensitivity of NMR

Despite the widespread use of NMR spectroscopy, it faces a fundamental limitation due to
its inherently low sensitivity. The sensitivity of NMR is directly proportional to the
population difference between the two nuclear spin states in the presence of a magnetic field.
At thermal equilibrium, this population difference is described by the Boltzmann spin
polarization, defined as the ratio of the difference in number of spins and total number of

spins in the two states:

N1-N2 _ yhB,
N1+N2 tanh (ZKBT) (Eq. 1)

Here, N1 and N2 represent populations of the lower and higher energy nuclear spin states,
respectively, y is the gyromagnetic ratio, /4 is the reduced Planck constant; By is the external
magnetic field strength, Kg is the Boltzmann constant, and T is temperature in Kelvin. Under
typical NMR conditions (9.4 T and 300 K), the Boltzmann spin polarization is very low
between nuclear spin states, leading to low sensitivity (Figure 3A). For example, the
Boltzmann spin polarization for 'H is about 0.003%, while for less abundant nuclei, such as
BC and N, polarization is even lower (approximately 0.0008% and 0.0003%,
respectively).>® Since the Boltzmann spin polarization of nuclei depends upon the By and

39, 40

temperature (Eq. 1), higher Bo and lower temperatures*: ** have been widely used to

increase polarization. However, even at very high magnetic fields like 18.8 T, and

temperatures as low as 10 K, the polarization of 'H nuclei reaches only about 0.2%.%

A A BA
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Figure 3 A. Small population difference between spin states at thermal equilibrium, resulting in very low
polarization. B. Increase in population difference of nuclei after hyperpolarization.

Various hyperpolarization techniques have been developed over the past years to enhance
the NMR sensitivity by several orders of magnitude.** Hyperpolarization creates a strongly

non-equilibrium spin distribution, in which most spins occupy a single spin state (Figure



3B). Some important hyperpolarization methods, namely parahydrogen induced polarization
(PHIP),* chemically induced dynamic nuclear polarization (CIDNP), optical pumping (OP),

and dynamic nuclear polarization (DNP) are described below.

PHIP uses nuclear spin-singlet state of parahydrogen (p-H2) where two hydrogen nuclei are
antisymmetric. The hyperpolarization is generated by breaking the symmetry of the singlet,
which is achieved by catalytic hydrogenation, where p-H: is added to an unsaturated
substrate.*® 4" Recently, a non-hydrogenative PHIP involving no chemical modification has
been developed, called signal amplification by reversible exchange (SABRE).*®%° Here, p-
H; and substrate bind reversibly to a metal complex, where polarization is transferred from
p-H> to the substrate via exchange couplings. The substrate then dissociates in a
hyperpolarized state without undergoing chemical transformation. NMR enhancements
produced using PHIP are of the order 10>-105.3° PHIP does not need very specialized
hardware like many other hyperpolarization techniques do and can produce very high levels
of polarization. However, the method needs a substrate with good binding-affinity with the
metal catalyst, limiting the types of molecules that can be studied. In addition, the
polarization lifetime for PHIP is limited by 71 of the polarized nucleus and ranges from

seconds to minutes.>’

The hyperpolarization technique CIDNP produces polarization through radical-pair
reactions, which could either be heat- or light-driven (Photo-CIDNP).>!: 32 Photo-CIDNP is
more commonly used and has been utilized in both liquid and solid systems. For example,
photosensitizer dyes can be stimulated by light and interact with molecules in solution that
donate electrons, creating a radical pair that causes the photo-CIDNP effect. CIDNP works
especially well with heteroaromatic compounds and aromatic amino acids> like
tryptophan>* and tyrosine (Tyr)>. It has been extensively utilized to investigate protein
folding and reaction mechanisms.’® >’ The average NMR enhancement is between 1 and
10251 CIDNP is a great tool for studying protein structure and folding because it is very
selective for molecular sites in specific amino acids. By selectively amplifying signals from
these residues, it can elucidate reaction pathways and local environments within
biomolecules. However, the polarization produced usually only lasts for a few milliseconds
to a few seconds.’® Additionally, since the effect relies on particular photochemical or
thermally induced reactions, its applicability to materials and non-reactive systems is still

limited.



Another technique that uses light is OP. Here, circularly polarized light transfers angular
momentum of light to excite electrons, which transfers polarization to nuclear spins. OP has
been mainly used to polarize noble gas nuclei, such as '>Xe and *He.>® One important
application of this technique is high-contrast lung imaging.®® Apart from imaging, OP has
recently been used in atomic clocks, which provide the ultra-precise timing required for GPS

technology.®!

Another application is optically pumped magnetometers, which use
hyperpolarized alkali vapors to detect tiny biomagnetic fields from the brain.®? Furthermore,
OP has also been applied to semiconductors, such as gallium arsenide and silicon, to develop
quantum computing materials.%® In the gas phase, the polarization is sustained for very long,
up to hours.®* An advantage of OP is that it requires neither low temperatures nor any

paramagnetic doping. However, its application is mainly limited to noble gases and certain

semiconductors.

Among all the hyperpolarization techniques, DNP is the most popular and widely applicable.
It involves polarization transfer from electron spins to nuclear spins using microwave
irradiation. It is applicable to any system with an NMR-active nucleus. It has been
successfully employed in various fields such as in materials,% heterogeneous catalysts,%
polymers®” and biological tissues®®. The following section provides a detailed overview of
the principle of DNP, various DNP polarization pathways and the typical instrumentation

setup.

1.3 Dynamic Nuclear Polarization (DNP)

The concept of DNP was first proposed theoretically by Albert Overhauser in 1953.% The
central idea revolved around the large difference between electron and nuclear spin
polarization, with electron spins possessing a polarization that is several hundred folds
higher than that of nuclear spins.”® For instance, at 100 K and 14.1 T, the spin polarization
of electrons is 9.1% while that of proton spins is 0.014% (Figure 4). In DNP this high
polarization of electrons can be transferred to nuclear spins in the presence of microwave
(uw) irradiation. To achieve this, the sample is doped with a source of unpaired electrons
known as a polarizing agent (PA). Electron spins are excited in the presence of pw and
polarization is transferred to nuclear spins, resulting in enhanced NMR signal. The
theoretical enhancement in NMR signal (emax) that can be achieved by DNP is given by the

ratio of electronic and nuclear polarizations. For 'H, the theoretical signal enhancement is



~660, while for lower-y nuclei such as '3C and '°N the enhancements are ~2600 and ~6600,
respectively.”! In practice, however, experimental enhancements, defined as the ratio of the
NMR signal intensities with and without pw (eonjofr), are lower than predicted by theory.*8
This definition assumes that the pw-off signal represents the thermal Boltzmann

polarization.?®
—H 600 MHz (14.1T)

— 1 GHz (235T)
— ' 395 GHz (14.17)
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Figure 4 Electron and nuclear polarization as a function of temperature and magnetic field. The polarization
of an electron (red solid line) and 'H (black line) at 100 K and 14.1 T are highlighted (red dashed line). The 'H
polarization gain with moving to a higher magnetic field (blue line) is shown for comparison. Figure 4 is
reproduced with permission from Biomolecules, 2020, 10(9), 1246.

However, goniofris not a true measure of enhancement. There are other factors that affect the
observed NMR signal. One such factor is depolarization, which is the loss of polarization
under MAS without uw.”> Another important factor, known as paramagnetic bleaching (or
quenching), causes the nuclei near the radical to relax too fast, which leads to loss of signal.”*

73 To account for these factors, the term Absolute sensitivity £ has been introduced (Eq. 2).”?
2 = gon/off X gDepo X equenching (Eq~ 2)

However, precise measurement of epepo 1s time-consuming and technically challenging.
Another important factor that severely affects the enhancement is build-up time (7B). It
determines how fast the polarization is established and, therefore, a shorter 7s causes faster
signal averaging.’® Thus, a more accessible metric for comparing the performance of new
PAs has been introduced: Overall DNP sensitivity, which is defined as the signal to noise

ratio (S/N) per square root unit time (Eq. 3).7+7

10



Sensitivity = —* — (Eq. 3)

S
N Tg
This quantity reflects both the magnitude of enhancement and the speed at which
polarization is generated, making it particularly useful when evaluating and optimizing new

PAs for DNP applications.

1.3.1 Mechanisms of polarization transfer in DNP

In DNP, the transfer of polarization of unpaired electrons to nuclear spins occurs through
various mechanisms, ** 77 namely the Overhauser Effect (OE),” the Solid Effect (SE),”%!
the Cross Effect (CE)** %3 and Thermal Mixing (TM)34. All the mechanisms do not occur
simultaneously, rather the type of mechanism that is operational during the DNP experiments
depends on the type and concentration of the radical used, the magnetic field, temperature
and pw frequency. The active DNP mechanism can be identified by a DNP field profile,
which is a plot of the NMR enhancement as a function of By (Figure 5). Below is a
description of the four important DNP mechanisms, along with their DNP field profiles.

A B Cc

T[T T[T rrrrrrrrr | DL B BN B B B L B B | TftTrrJrrtr[rrrrrrrrrr1

9,380 9,390 9,400 9,410 9,420 9,380 9,390 9400 9410 9,420 9,380 9,390 9,400 9,410 9,420
Magnetic Field (mT) Magnetic Field (mT) Magnetic Field (mT)

Figure 5. Simulated DNP field sweep profiles expected 'H hyperpolarization in the case of (A) the Overhauser
effect where the ZQ relaxation dominates (black) or the DQ relaxation dominates (red) (B) the SE, and (C) the
CE/TM. Figure 5 is printed with permission from J. Phys. Chem. Lett. 2025, 16 (14), 3420-3432.

The Overhauser effect (OE)

The OE was the first DNP mechanism to be reported, originally observed in metals in 1953.%°
Later, it was also observed in liquids and insulating solids.”® 3% # It is a two-spin process
involving electron-nuclear cross-relaxation. For OE to be efficient, it requires fast molecular
motion to modulate hyperfine interactions between the electron and a nucleus.? OE involves

two important relaxation pathways, namely, zero- and double-quantum relaxation pathways.
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In a zero-quantum transition, the spins of the electron and the nucleus flip in opposite
directions at the same time, which keeps the total spin quantum number the same.”” During
a double-quantum transition, both spins flip in the same direction at the same time, which
changes their spin states at the same time. These coupled spin-flip processes cause transfer
of polarization from the electron to the nucleus. The efficiency of OE is however limited by
correlation times and T relaxation of the nucleus.”’ The typical DNP field profile of OE is
broad and has a single extremum value of enhancement (Figure SA). The enhancement sign
could either be positive or negative and is determined by the dominant electron-nuclear
relaxation pathway (Figure SA). Electron-nuclear relaxation pathway through contact
(scalar) coupling yields a positive enhancement, while dipolar coupling produces a negative

enhancement.””> 86

Solid Effect (SE)

The SE is a two-spin process like OE. In contrast to the OE, however, polarization transfer
in the SE occurs through puw-driven forbidden transitions.?” These transitions involve
simultaneous flipping of both the electron and nuclear spins. Polarization transfer occurs
when pw frequency equals sum or the difference of the electron (w.) and the nuclear Larmor

frequency (wn):
Wyw = We + Wy (Eq. 4)

SE is efficient when the EPR linewidth () of the PA is much smaller than the nuclear Larmor
frequency (wn). Therefore, a PA with a narrow EPR line is desirable.”” 3% The DNP field
profile of SE is characterized by two symmetrical positive and negative maxima separated

by a magnetic field difference corresponding to 2ws (Figure 5B).”’

The cross effect (CE)

The CE is a three-spin process that involves two electrons and a nuclear spin.®’ For CE to
occur efficiently, two electrons must be dipolar coupled and their corresponding electron

spin resonance frequencies must be separated by wn:

We1 — Wep = Wy (Eq- 5)

12



PAs such as nitroxides, that have a broad EPR linewidth satisfy this condition.*® The DNP
profile for CE shows a broad positive or negative peak centered around the electron Larmor

frequency (Figure 5C).”’

Thermal mixing (TM)

TM is a multi-spin process that resembles CE, but involves a larger ensemble of interacting
spins.”! It occurs only when there is a strong electron-electron dipolar coupling and when
the homogeneously broadened EPR spectrum is larger than the nuclear Larmor frequency
(0>wn). This condition usually occurs at high concentrations of PAs and at very low

temperatures (10 K). The DNP-profile for TM resembles CE (Figure 5C).*8

Propagation of polarization through spin-diffusion

Polarization transfer from electron spins of PA through a particular DNP mechanism listed
above initially occurs with a few nuclei, close to the radical. However, propagation of
polarization of nuclei to the bulk occurs via spin-diffusion. Spin-diffusion involves
polarization exchange between homonuclear spins through dipole-dipole interactions

between the homonuclear spins.*®

1.3.2 Experimental setup for DNP

DNP experiments can be implemented in different experimental conditions depending on
the sample state, temperature, magnetic field, and the operative DNP mechanism. In liquid-
state DNP, typically exploiting the OE and more recently SE, the polarization is generated
directly in solution without MAS, at or near ambient temperature through electron-nuclear
cross-relaxation promoted by molecular motion.”*? In dissolution DNP, which combines
cryogenic and ambient-temperature stages, the polarization is first built up in a frozen glassy
sample at low temperature and high field, and the hyperpolarized material is then rapidly
dissolved and transferred for liquid-state NMR or MRI detection.”® ** In solid-state MAS
DNP, polarization is generated and detected directly in the solid-state under MAS, most
commonly at cryogenic temperatures. Solid-state MAS DNP currently represents the most
widely used DNP technique for structural characterization of materials and biomolecules by

NMR,?® and its instrumentation is described below.

The implementation of MAS DNP requires additional hardware beyond a conventional

NMR spectrometer. A schematic representation of a MAS DNP-NMR instrument is shown

13



in Figure 6.°> The central component is the high-frequency uw source. In modern DNP
systems, it is usually a gyrotron which is a high-power microwave vacuum electronic
oscillator. In the gyrotron the electron beam is accelerated through superconducting magnet.
The electron beam passes through a radiofrequency resonant cavity, where it undergoes
gyration (rotation) under the influence of magnetic field. Gyration leads to conversion of

beam energy to uw radiation. Most advanced gyrotrons generate pw with a frequency of 593

T 96,97

GHz, enabling DNP experiments at magnetic fields up to 21.1

GYROTRON

TRANSMISSION
CONTROL SYSTEM
SYSTEM ||

==

Figure 6 Schematic of a modern commercial DNP-NMR spectrometer. Figure 6 is printed with permission
from J. Magn. Reson. 2016, 264, 88-98.

The delivery of the pw radiation to the samples is achieved using waveguides (transmission
lines), which allows pw delivery with minimal loss of power.”® Most solid-state DNP-NMR
experiments are performed at cryogenic temperatures.”’” Cooling at temperatures below 100
K is achieved using N> or He gases. In solid-state DNP, the sample is contained in a
cylindrical rotor that can be made of sapphire, zirconia or diamond to withstand low
temperatures and high spinning speeds. The rotor diameter determines the achievable
spinning frequency. For example, a 3.2 mm rotor can typically reach spinning speeds of up
to 15 kHz,” whereas smaller rotors, such as 0.7 mm rotors, can achieve spinning rates as
high as 65 kHz.'®’ More recently, spherical rotors have been introduced as an alternative to
conventional cylindrical rotors.!°! These rotors can achieve very high and stable spinning
frequencies; for example, spinning rates of up to 68 kHz have been reported for 2 mm

diameter rotors.'?
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The instrumental requirements varies depending on the DNP experiment being performed.
In liquid-state DNP, polarization is generated directly in solution, at or near ambient
temperature, so cryogenic cooling is not required. Instead, the setup requires a double-
resonance probe that combines puw irradiation of the liquid sample with NMR detection. At
high magnetic fields, efficient microwave delivery is challenging because aqueous samples
can suffer from strong dielectric losses and microwave-induced heating. To address this,
liquid-state DNP probes use resonator designs such as a Fabry—Perot resonator for
microwave excitation combined with a stripline resonator for NMR detection®> '*
Dissolution DNP, by contrast, requires a dedicated polarizer operating at cryogenic
temperature together with a rapid-dissolution and transfer system that delivers the

hyperpolarized material to a separate NMR or MRI detector before relaxation occurs.”

1.4 Polarizing agents for DNP

As mentioned before, a PA is a compound containing unpaired electron spins that act as the
source of electron spin polarization that is transferred to nuclear spins in DNP. The most
commonly used PAs are stable organic radicals such as nitroxides, eg. TEMPO and carbon-
centered radicals like Finland trityl and 1,3-bisdiphenylene-2-phenylallyl (BDPA) as well as

most recently developed verdazyl radicals (Figure 7).!°* Apart from organic radicals,

paramagnetic metal-ion complexes such as Gd-DOTA and Mn-DOTA are also used for DNP
(Figure 7).!%

o —n
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R" L O ]
Gd-DOTA, M =Gd (n=1)
Finland trityl Verdazyl Mn-DOTA, M = Mn (n = 2)

Figure 7 The PAs commonly used in DNP experiments, TEMPO, Finland trityl, BDPA, verdazyl, Gd- and
Mn-DOTA.

The DNP performance of a PA is linked to its EPR linewidth, which is influenced by electron
spin relaxation behavior. In particular, a faster transverse relaxation time (72¢) leads to a
broader EPR spectrum.’® 1% A broad EPR spectrum causes reduced excitation of the

electronic spins and, therefore, requires higher microwave power to achieve efficient
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saturation. In contrast, a narrow EPR linewidth is easier to saturate, which is especially

beneficial at high fields.”’

These EPR characteristics are determined by the structure and electronic properties of the
radical. Therefore, the design and optimization of PAs remain an active area of research for
improving DNP performance. The following section provides a detailed discussion of the

main classes of persistent organic radicals.

1.4.1 Nitroxides

Nitroxide radicals are the most widely used PAs for DNP due to their high persistence and
fairly easy synthesis. Their broad EPR linewidth helps satisfy the CE condition.’® As
mentioned in section 1.3.1, CE requires two dipolar-coupled electrons. Therefore, biradicals,
where two radicals are brought into close proximity for stronger electron-electron coupling,
are required for efficient CE. Biradicals are efficient even at relatively low concentrations
(~5-10 mM), which helps reduce paramagnetic bleaching effects and gives better NMR

resolution.!?7- 108

Several nitroxides biradicals, also known as bisnitroxides, with improved DNP performance
have been prepared over the years. The first approach to improve nitroxide biradicals for
DNP began by optimizing the electron-electron dipolar coupling. Bis-TEMPO ethylene
glycol (BTnE) biradicals (Figure 8), in which two TEMPO units were connected by flexible
polyethylene glycol (PEG) linkers of varying lengths were synthesized.'” Among these,
BTZE (Figure 8), exhibited an optimal linker length and provided several-fold enhancement
relative to the mononitroxide TEMPO.!” Based on this design a water-soluble nitroxide
biradical, TOTAPOL (Figure 8) was developed.!® However, the flexibility of its linker

resulted in multiple conformations, and limited optimal electron-electron coupling.

OA}EO\QN%O ;ﬁoru/é%

BTnE, n = 2-4 TOTAPOL

Figure 8 The initial design of nitroxide biradicals.

To overcome the limitations of a flexible linker, attention shifted to developing bisnitroxides

with rigid linkers. The aim was also to achieve a favorable relative orientation of their g-
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tensors of the two nitroxide units. The g-tensor reflects how unpaired electron interacts with
the external magnetic field and can vary with molecular orientation. ! Keeping this in mind,
bTbk (Figure 9) was developed with a rigid spirocyclic linker, thereby locking the relative
orientation of the TEMPO moieties.!!® Further structural modification resulted in bCTbk
(Figure 9).'!'! Here spirocyclohexyl groups were introduced to increase the T relaxation.!!?
Indeed, bCTbk showed slower electron relaxation and improved performance (¢ ~100 at 9.4
T) than bTbk. Later, phenyl groups were added to cyclohexyl rings to give TEKPol (Figure
9).1% The increased molecular weight lengthened the electron relaxation time due to reduced
molecular motion in the glassy matrix,!'!® thus resulting in higher DNP efficiency and overall
sensitivity (¢ ~200 at 9.4 T, S = 38 s 1/2).19 However, its limited aqueous solubility excluded

its use in biological applications.

Ph Ph
. o) o) o) o)
O>N 'N20 O>N X N-"O O>N X N-O
o] o o) o
bTbk bCTbk TEKPol
PH Ph

Figure 9. Nitroxide biradicals with rigid linkers

To address the solubility challenges for biological applications, Bis-TEMPO tethered by
urea (bTurea) was developed in which two TEMPO moieties were linked with urea linkage.
It was first described in 1965''* and tested as DNP PA by Hu et al.!®” It was reported to be
three times more efficient than TEMPO. This design based on the bTurea scaffold led to the
development of AMUPol (Figure 10), a derivative of bTurea series with PEGylated
chains.!!> It showed good aqueous solubility and excellent DNP performance (¢ ~230 at 9.4
T) due to its semi-rigid structure and optimal electron-electron coupling.!'> Later, bcTol!!®
and bcTol-M!!7 (Figure 10), also with the bTurea scaffold but with hydrophilic functional
groups on spirocyclohexyl, showed improved solubility and DNP performance (¢ ~230 and

240 respectively at 9.4 T).
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bTurea AMUPol, R = (CH,CH,0),CH3

Figure 10 Water-soluble nitroxide biradicals.

Recently, it has been recognized that the local geometry around the unpaired electron
significantly influences nitroxide DNP performance. In particular, the orientation of
substituents near the radical center can affect how efficiently polarization is transferred. For
example, o-HydrOPol (¢ ~ 330 at 9.4 T) is markedly more efficient than c-HydrOPol (¢ ~ 30
at 9.4 T) (Figure 11).!'® In 0-HydrOPol, the spiro-tetrahydropyran rings at the a-position are
oriented away from the radical center (open form), whereas in c-HydrOPol, they are directed
towards it (closed form). It has been suggested that greater solvent accessibility to the
electron spin in 0-HydrOPol enhances polarization transfer. Under identical conditions, o-
HydrOPol shows roughly two-fold higher efficiency than AMUPol, which can adopt both
open and closed conformations. However, subsequent studies have suggested that improved
performance cannot be attributed solely to solvent accessibility, but also on the relative

orientation of the nitroxide moieties.'"”

o0-HydrOPol, R = (CH,CH,0),0H ¢-HydrOPol, R = (CH,CH,0),0H

Figure 11 Open and closed nitroxide biradicals.

A simulation-guided design was used to prepare class of asymmetric biradicals called
AsymPol, containing a TEMPO and a PROXYL radical that are connected by a short, rigid
amide linker.'?® This design provided strong electron-electron coupling and negligible
depolarization at 9.4 T. Among the AsymPols, AsymPol-POK (Figure 12) exhibited
significantly shorter build-up times compared to AMUPol and TEKPol.!** An improved
derivative, cAsymPol-POK (Figure 12), with the spirocyclohexyl groups instead of methyl

groups adjacent to the nitroxide group further reduced build-up times.'?! TinyPols are
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another class of biradicals showing reduced depolarization at high fields.!?? They contain a
short yet flexible linker, with M-TinyPol (Figure 12) being the best in series (¢ ~90, 18.8
T).!?2 Most recently, TJPol-1 (Figure 12), an acrylamide-linked nitroxide biradical was
introduced.'?® It combined structural features of key biradicals, specifically, high solubility

of AMUPol, the rigidity of TEKPol and strong coupling of AsymPol. TJPol-1 exhibited a

1123

much lower Tg and a much higher overall sensitivity than AMUPo

K,03P0 K,03P0
O-N NH O-N
7
O N‘o'
K,05P0 K,05P0
AsymPol-POK cAsymPol-POK

OH

M-TinyPol TJPol-1

Figure 12 Nitroxide biradicals at high magnetic field (> 18.8 T).

1.4.2 Carbon-centered radicals

Carbon-centered radicals overcome the intrinsic limitations of nitroxide PAs that are
particularly apparent at high-field. Unlike nitroxides, carbon-centered radicals do not
possess strong heteronuclear hyperfine coupling and have reduced g-anisotropy. As a result,
they exhibit narrower EPR linewidths. Narrow EPR linewidths lead to a longer Tie and,
therefore, efficient microwave saturation.®® '* Such characteristics make carbon-centered
radicals particularly attractive for DNP at high-field (> 9.4 T), especially for DNP
mechanisms involving monoradicals, such as the SE and OE. Below is a description of

important carbon-centered radicals for DNP.

Verdazyl radical

Verdazyl radicals, first discovered in 1963,'? are not the usual carbon-centered radicals. The

electron spin is not strictly centered at the carbon, rather is delocalized over a tetrazinyl ring,
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a conjugated system of four nitrogens and a central carbon. Unlike nitroxides, these radicals
are stable even in the presence of reductants such as ascorbate.!?® Triphenylverdazyl (Figure
13) was the first verdazyl to be used for DNP in liquids at low field (1.4 T).'?’ Later, a water-
soluble verdazyl radical called verdazyl ribose (Figure 13) exhibited CE DNP performance
close to 4-hydroxy-TEMPO.!%¢

Q.80 et

N __N

O

Triphenylverdazyl Verdazyl ribose

Figure 13 Reported verdazyl monoradicals for DNP.

Trityl radical

Trityl radicals constitute a triphenyl methyl core. The first trityl radical was discovered in
1900 by Gomberg and was named after him as Gomberg's trityl (Figure 14).'?® It was,
however, an unstable radical. Further improvements increased stability through steric

protection. Halogenated trityls'?’

exhibited increased persistence but had poor aqueous
solubility and limited functionalization. The development of the Finland trityl (Figure 14)
marked significant improvement in persistence and water-solubility. However, it showed
aggregation due to hydrophobic interactions, which causes inhomogeneous broadening of
EPR. OX063 (Figure 14) with hydroxyethyl groups was then introduced and was found to
be more hydrophilic than the Finland trityl.!3% 3! Trityl radicals are important narrow-line
monoradicals for DNP and have been widely applied in OE and SE DNP, as well as in

dissolution DNP.%*: 132 133 However, trityl radicals still have drawbacks, including a

relatively lengthy synthesis and limited synthetic tunability.

o0
Gomberg's trityl Finland trityl, R= CH3
0X063, R= CH,CH,0OH

Figure 14 Examples of trityl monoradicals.
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BDPA

BDPA"** (Figure 7) is another important carbon-centered radical. Like trityl radicals, BDPA
derivatives are relevant for DNP mechanisms that benefit from narrow EPR linewidths,
particularly SE and OE DNP.!3* 135 An advantage of BDPA over trityl is its relative ease in
synthesis'*® 137 and narrower EPR line.!*® However, the unsubstituted BDPA had limited
persistence and poor aqueous solubility. To induce solubility, WS-BDPA (Figure 15) with
ethyl carboxylic groups was synthesized. However, it showed limited solubility (1 mM PBS
buffer at pH 8).!*” A sulfonated BDPA (SA-BDPA) (Figure 15) synthesized in 2012
exhibited excellent aqueous solubility (40 mM in glycerol/water), but yielded a mixture of
radicals.!*® It was not suitable for further conjugation, and its persistence has not been
reported. More recently, tetraalkylammonium BDPA radicals were reported, to address both
water-solubility and persistence.'*® Among these radicals, the trimethylammonium BDPA
(BDPA-NMes3) (Figure 15) showed improved solubility (>150 mM in glycerol/water) and
persistence.!*® Yet its stability in aqueous solutions remained limited, primarily due to

radical dimerization.'#!-143

SA-BDPA-2 BDPA-NMe;

Figure 15 Examples of BDPA monoradicals.

1.4.3 Heterobiradicals

An ideal biradical PA for CE-DNP should possess two sharp EPR lines separated by the
nuclear Larmor frequency. However, such a PA does not exist. To approximate this

condition, heterobiradicals, also called hybrid radicals, have been developed, where a narrow

21



EPR-line radical, such as a carbon-centered radical is connected to a nitroxide. The
separation in their EPR spectra of a carbon-centered radical and a nitroxide closely matches
the 'H Larmor frequency. The first demonstration of this concept was exhibited using an
equimolar mixture of trityl and TEMPO, which showed improved CE DNP performance
compared to monoradicals.'* The first covalently linked nitroxide-trityl heterobiradical was
TEMTriPol-1 (Figure 16).!* It showed excellent DNP enhancement at 18.8 T.”* !4
However, it suffered from aggregation. Later, solubility in water was increased by
incorporating a carboxylic substituent on the nitroxide linker, to give NATriPols.'%
NATTriPol-3 (Figure 16) was the best performing radical in the NATriPol series.!*® Further
improvements in solubility led to development of SNAPols.!*” SNAPol-1 (Figure 16)
exhibited the best DNP performance that has been reported for a water-soluble hybrid radical
at 18.8 T thus far.!*’” However, its applicability suffered from a challenging synthesis. A
series of heterobiradicals called PyrroTriPols contain a rigid piperazine linker to restrict
conformations and preserve optimal electron-electron interactions.” These radicals proved
suitable for both aqueous (PyrroTriPol) and organic solvents (PyrroTriPol-OMe) (Figure
16) and exhibited higher overall sensitivity than TEMTriPols.” Building on the same core
structure as PyrroTriPols, STAPols were introduced for cellular applications.'*® STAPol-1
(Figure 16), bearing ethyl substituents on the nitroxide moiety for enhanced reduction

resistance, represents one of the best-performing biradicals at 14.1 and 21.1 T.!%
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TEMTriPol-1,R = H
NaTriPol-3, R = CH,COOH

PyrroTriPol, R =Na STAPol-1, R = CH,CH,OH
PyrroTriPol-OMe, R = OMe R'=Et

Figure 16 Trityl nitroxide radicals TEMTriPol-1, NaTriPol-3, SNAPol-1, PyrroTriPol, PyrroTriPol-OMe and
STAPol-1.

While trityl-nitroxides with great DNP performance have been developed, BDPA-nitroxides
are still underexplored. The first reported BDPA-nitroxide was BDPA conjugated to a
TEMPO, known as BDPA-TEMPO (Figure 17)."” However, there were no reports on its
DNP evaluation. A subsequent BDPA-ester-TEMPO (Figure 17) with a modified linker
exhibited strong exchange coupling and was applied in dissolution DNP at 3.35 T and 1.4
K.'"* However, the first successful BDPA-nitroxide for CE DNP was HyTEK?2 (Figure 17)
for organic solvents at very high field (21.1 T).!* Its short methylene linker enabled optimal
electron-electron coupling, while functionalization of the nitroxide with bulky 4-phenyl
spirocyclohexyl groups lengthened the electron relaxation time. However, the limited BDPA
persistence particularly due to dimerization can complicate handling. As for the water-
soluble BDPA-nitroxides, the first example, was wsBDPA-TEMPO, where BDPA-NMej;
was coupled with TEMPO (Figure 17).14 However, its DNP performance was not reported.
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HyTEK2 wsBDPA-TEMPO

Figure 17 Examples of BDPA-nitroxide biradicals.

Apart from BDPA- and trityl-nitroxides, two verdazyl nitroxides, namely VerTEMPol
(Figure 18) and VerTEKol (Figure 18) have recently been introduced for DNP in organic
solvents.!”! VerTEKol achieved four-fold higher enhancement compared to TEKPol,
although it did not surpass the performance of HyTEK2. In summary, HyTEK?2 remains the
benchmark heterobiradical for CE-DNP in organic solvents at high-field. Nevertheless, the
limited persistence of BDPA, and the lack of highly efficient aqueous BDPA-nitroxide
systems restricts broader application and highlights the need for further development of

BDPA radicals.

VerTEMPol

Figure 18 Examples of verdazyl-nitroxide biradicals for DNP.
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1.5 Contribution of Part A of this dissertation

Despite possessing several interesting DNP properties, application of BDPA as a PA is
limited due to its instability. Part A of this Ph.D. thesis addresses this challenge. The main
strategy is synthesis of a tunable BDPA that enables incorporation of various bulky and

hydrophilic substituents to BDPA to mitigate dimerization of the radical and thereby

increase its persistence.
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A2 Synthesis of BDPA radicals for DNP-
NMR

The BDPA radical is a highly promising PA for DNP-NMR due to its narrow EPR
linewidth,'3® which enables efficient microwave saturation and polarization transfer. It
exhibits a mixed-valence character, where the radical constantly hops between two positions,
creating the internal motion necessary to efficiently transfer polarization in insulating solids
through OE.!>? Additionally, it has an advantage of easier synthesis relative to the trityl
radical.!3% 137 However, the practical application of BDPA radicals remains a challenge due
to their instability. As discussed in the previous chapter, although the water-soluble radical
BDPA-NMes was persistent in DMSO, it showed limited persistence in aqueous solutions. '
The limited persistence was likely due to the tendency of tetraalkylammonium salts to

aggregate in water,'*!"143 Jeading to dimerization.

Steric hindrance has been shown to increase persistence in trityl radicals.'?* 13134 Therefore
adding sterically hindered groups is desirable. Apart from this, different NMR applications
require different solvent environments, like aqueous solvents for biological systems and
organic solvents for materials science and synthetic chemistry, therefore, there is a need for
BDPA with varied properties. Consequently, our focus was to develop a strategy that would
allow us to prepare BDPA derivatives where the solubility could be varied by incorporation
of organic and hydrophilic groups and stability could be improved by attaching sterically
hindered groups. However, the reported synthesis of tetrabromo BDPA, the key intermediate
of BDPA-NMejs, was lengthy, low-yielding and tedious. This synthetic bottleneck makes the
preparation of new BDPA derivatives impractical. Therefore, before the synthesis of new

BDPA radicals we focused on the optimization of the tetrabromo BDPA derivative.

2.1 Optimized synthesis of the tetrabromo BDPA

The synthesis of the tetrabromo BDPA derivative involved 12 tedious steps.'*’ The synthesis
was optimized to 7 steps and the overall yield increased drastically from 0.04% to 13%. The
most notable improvement in the procedure was the optimization of the synthesis of

dibromomethyl fluorene 1 (Scheme 1). The old route involved 6 steps to go from fluorene
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(2) to 1 (Scheme 1). The synthesis was optimized to a single step conversion, using

bromomethylation of 2 to give 1.

Q 1) Br
\
O 1. Bry, CHCI3:AcOH O _ .
. 2. CuCN, DMF . 1. LiAIH,, Et,O o1d route)
‘ 3. KOH, H,0:EtOH O 2. PBrs, CH,Cl, O ( o
) o)
, 4. SOCly, MeOH \ 0% 1
30% O Br
HBr/AcOH
p-formaldehyde

o)
(80 %) \
.O Br  CO,H
o W |
O 1. NaOMe, MeOH o) 5 O

2. 4-Formylbenzoic acid, o
t-BuOK, EtOH / 1. -BuOK, DMF

O 3. Bry, CHCI3 2. BBr3, CH,Cl,
4. NaOH, EtOH

1

45%

Br
O— over 2 steps Br B/

35%
over 5 steps

Scheme 1 Improved synthesis of dibromomethyl fluorene 1, followed by synthesis of tetrabromo BDPA 6.

Thus, the tetrabromo BDPA derivative was synthesized using optimized 1 (Scheme 1). The
bromides in the dibromomethyl fluorene 1 were substituted with methoxy groups to give
compound 5. Subsequent condensation of 5 with 4-formylbenzoic acid, followed by
bromination and elimination, afforded 4 in good yield over five steps. Compound 4 was

coupled with 5 to give the tetrabromo BDPA 6 in moderate yield over two steps.

2.1.1 Synthesis and applications of BDPA-NMes

The optimized tetrabromo BDPA 6 was used to prepare the BDPA-NMes radical by
previously reported procedure.!*® The bromides of 6 were substituted with

trimethylammonium groups to yield 7 in excellent yield, and subsequent radical generation

to give BDPA-NMe; radical in good yields (Scheme 2).
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Scheme 2 Synthetic scheme of BDPA-NMes.

BDPA-NMes was then evaluated for DNP performance using advanced microwave
instrumentation in collaboration with Prof. Bob Griffin (MIT, USA). Here, BDPA-NMes
enabled Overhauser DNP enhancements of ~25 in aqueous glycerol mixtures at 9 T,

highlighting its potential for applications in biological systems.!'*>

DNP in viscous liquids has recently emerged as an important approach, since the reduced
molecular tumbling in viscous solutions leads to efficient polarization transfer at high
magnetic fields and temperature.'>® 157 Carbon-centered radicals such as BDPA have shown
promising DNP performance in viscous liquids, exhibiting SE DNP at high field and 315
K.'%® Therefore, BDPA-NMes was further investigated for DNP in viscous liquids in
collaboration with Dr. Kuzhelev, Goethe University, Frankfurt.'** The liquid DNP
performance of BDPA-NMes was compared with trityl-radicals OX063 and the Finland
trityl. Among them, OX063 exhibited the highest DNP enhancement. It was hypothesized
that the DNP performance correlated with the molecular weight of radicals, with larger
radicals producing higher enhancement. Based on this hypothesis we decided to synthesize
high molecular weight, water-soluble BDPA containing bulky substituents to increase its

persistence and DNP performance.

2.2 Synthesis of tunable BDPA radicals

To access a wide variety of BDPA derivatives with tailored properties, there is a need for a
flexible and divergent synthetic strategy. In particular, the introduction of sterically
demanding and water-soluble groups was expected to improve radical persistence and
enhance DNP performance. Thus, several synthetic approaches were explored to

functionalize the tetrabromo BDPA 6, which are discussed in the following sections.
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2.2.1 Nucleophilic substitution

The first strategy involved the incorporation of bulky, water-soluble substituents to BDPA
through nucleophilic substitution. Here, the bromide groups in the tetrabromo BDPA 6 were
reacted with molecules bearing nucleophilic, bulky and hydrophilic groups (Scheme 3).
However, due to the presence of an acidic allylic proton in BDPA, BDPA forms anion under
basic conditions. Therefore, to evaluate if this strategy would work without a base, a model
reaction was performed in the presence of a non-nucleophilic base proton sponge and in the
absence of basic conditions. Benzyl bromide was reacted with molecules with nucleophilic
atoms like sulfur in glutathione and phosphorous and in tris(2-carboxyethyl)phosphine
(TCEP), respectively. Both these nucleophiles are hydrophilic and imparted steric
environment due to their size. Moreover, reaction with TCEP was anticipated to yield a
charged, water-soluble product. However, no substitution products were observed under

base-free conditions, indicating that a base was required for the reaction to proceed.

Subsequently, reactions were attempted using tetrabromo BDPA 6 with glutathione and
TCEP in the presence of proton sponge (Scheme 3). It resulted in the consumption of starting
material 6. Monitoring the reactions by thin-layer chromatography (TLC) proved
challenging, as both the starting materials and expected products were highly water-soluble.
Second, both glutathione and TCEP lacked UV absorbance above 240 nm, limiting their
detection by HPLC. However, BDPA contains an acidic allylic proton and therefore forms
BDPA anion under basic conditions. Furthermore, as expected, BDPA anion formed in the
presence of base proton sponge leading to BDPA radical in the presence of air. Since the

reactions were difficult to control and monitor, an alternative strategy was pursued.
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Scheme 3 Proposed synthesis of water-soluble BDPA derivatives 8 and 9 by nucleophilic substitution.

2.2.2 Tetraalkyne derivative of BDPA for click reaction

An alternative strategy for incorporation of different groups to BDPA, utilizing the copper-
catalyzed azide-alkyne cycloaddition (CuAAC) approach was attempted. This required the
synthesis of a tetraalkyne derivative of BDPA 10, that could be conjugated with various
azide-bearing groups (Scheme 4). The proposed synthesis involved a one-step conversion
of tetrabromo BDPA 6 to 10. Compound 6 was treated with propargyl alcohol in the presence
of NaH. However, the strong basicity of NaH caused anion formation of BDPA. Moreover,
6 was not consumed even after keeping the reaction for a longer time, and led to degradation
of 6, producing multiple spots on the TLC. Since the direct introduction of propargyl groups

to BDPA was not feasible, a modified approach was investigated.
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Scheme 4 Proposed synthesis of water-soluble BDPA radicals from tetraalkyne derivative of BDPA using
CuAAC (R = hydrophilic group).

The modified route involved incorporation of propargyl groups to the dibromomethyl
fluorene 1 (Scheme 5). Synthesis began with propargylation of 1, which gave an alkyne
derivative of fluorene 12 in good yield. This was followed by condensation of 12 with 4-
formyl benzoic acid to give 13 in fair yields. Bromination and subsequent elimination gave
14 in low yield. However, condensation of 14 with 12 was unsuccessful, probably due to the
presence of multiple alkyne groups in the presence of base, causing deprotonation of alkynes.
Excess of base was also added, however that led to multiple side products on TLC.
Consequently, we modified our approach to instead synthesize a tetraazide derivative of

BDPA.

CO,H
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2. NaOH, MeOH Br N\ O
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Scheme 5 Modified synthesis of BDPA tetraalkyne derivative.
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2.2.3 BDPA tetraazide derivative for synthesis of BDPA radicals

To overcome the limitations of previous approaches, a tetraazide derivative of BDPA 16 was
prepared where the azides could be readily conjugated to various alkyne-bearing groups
using CuUAAC (Scheme 6). Therefore, 16 served as a building block that could be used for
the preparation of BDPA derivatives with tunable solubility for both organic and aqueous
matrices, steric properties, and molecular weight. Synthesis began with the substitution of
bromide groups in the tetrabromo BDPA 6 with azides to give 16 in excellent yield. To
demonstrate the versatility of this strategy, four BDPA derivatives were prepared by CuAAC
of 6 with various alkynes (Scheme 6). Alkynes 17a-d were chosen for conjugation to
building block 16: 17a was for organic solvents and further derivatization, 17b-d were to
introduce hydrophilicity and steric shielding, thus, yielding BDPA derivatives 18a-d.
Compounds 18a-c¢ were isolated by precipitation in good yields, while 18d was purified by

column chromatography.

Br CO,H

R—== (17a-d) O

—~ — Ty

CuSO0y, ascorbate, O
DMF/H,0
70-80%

17a 17b 17¢c

Scheme 6 Synthesis of BDPA derivatives using CuAAC and the corresponding alkyne substrates.

The solubility of the derivatives was evaluated in different solvents. All derivatives were
soluble in DMSO. BDPA-sugar 18¢c and BDPA dendrimer 18d were water-soluble.
However, BDPA-OH 18a and BDPA-hydroxyamide 18b were water-insoluble. Various
strategies can be used to improve hydrophilicity, such as phosphitylation and sulfation. To

demonstrate increased hydrophilicity, sulfation of 18a was performed (Scheme 7), affording
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water-soluble BDPA-sulfate 20 in excellent yield; 18a was selected for this transformation

to avoid complications arising from multiple hydroxyl groups in 18b.

NaO,SO
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2. NaHCO; in H,0 N
//[I\\l NN
93% 2 |
Na0, 80 N E\/N 20
Na0,SO

Scheme 7 Synthesis of BDPA-sulfate 20 from 18a.

The corresponding radicals 19a-d and 21 were generated by treatment of 18a-d and 20 with
-BuOK to form the BDPA anion, followed by oxidation with AgNOs3 (Scheme 8). However,
18d was prone to hydrolysis of its esters in the presence of a base and therefore required
optimization of the anion formation step. The usual time period for anion generation was 30
min. However, for 18d, the HRMS analysis showed multiple hydrolysis peaks and no
product peak after 30 min. Therefore, the anion formation reaction was monitored by mass
spectrometry as well as UV-Vis with time. No hydrolysis products were detected by mass
analysis within the first 10 min of base treatment. Accordingly, the reaction time for anion
formation for 18d was reduced to 10 min, followed immediately by oxidation to generate

the corresponding radical 19d.
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Scheme 8 Synthesis of water-soluble BDPA radicals 19a-d and 21 from compounds 18a-d and 20.
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To determine the extent of anion formation in 19d and the corresponding radical after
AgNO;s oxidation, a UV-Vis study was performed (Figure 19). 18d was treated with --BuOK
and aliquots were withdrawn at every 5 min intervals over a period of 30 min, and the UV-
vis spectrum was recorded to monitor the formation of BDPA anion with time. This was
followed by subjecting the aliquot to immediate oxidation with AgNO; and the
corresponding UV-Vis spectrum were recorded again to monitor BDPA radical formation.
The UV-Vis data showed that anion formation increased gradually with time (620 nm),
indicating that complete conversion of 18d to the BDPA anion was not achieved within 10
min. Upon oxidation with AgNO3, the characteristic absorption band of the BDPA radical
(500 nm) increases progressively with longer base treatment times. Therefore, only partial
radical formation (~60%) was observed. This observation was also confirmed by spin-
counting of radical 19d, where an absolute radical concentration of ~5.6 mM was obtained

from a 10 mM solution of 19d.
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Figure 19 The UV-vis spectra of 18d after addition of t-BuOK and radical generation with AgNO3 with time.

To neutralize the residual base after radical generation, acid treatment was required. The
effect of 0.1 M HCI on radical 19d was monitored for 1 h by UV-Vis spectroscopy (Figure
20). It was seen that the radical degraded by more than 30% within 1 h (Figure 20, right).
Based on these observations, acid was unsuitable, and water was used instead to quench

residual -~-BuOK.
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Figure 20 The UV-vis absorbance spectra of 19d (left) and its corresponding normalized absorbance at 500
nm (right), plotted as a function of time in 0.02 M HCI.

To evaluate the effect of bulky dendrimer groups on the persistence of radical 19d, we
studied its persistence in various solvents using UV-Vis spectroscopy (Figure 21). In water,
the half-life of 19d was ~2 days, indicating higher persistence than BDPA-NMes (Half-life
<24h). In DMSO, 19d showed an unusual increase in the radical concentration in the
beginning and plateaued after 4 days. This unusual behavior was likely due to the presence
of unreacted non-radical 18d. It was observed that in DMSO, residual non-radical 18d
gradually converted to the BDPA anion, followed by slow oxidation to the radical 19d in the
presence of air. Once the plateau was reached, 19d was persistent in DMSO for at least 25

days. In glycerol the half-life of 19d was ~8 days.
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Figure 21 Persistence of the BDPA-dendrimer 18d in H,O, DMSO and glycerol at 23 °C, monitored by UV-
Vis spectroscopy. '

Given its better persistence and higher molecular weight, the liquid DNP performance of
BDPA-dendrimer 19d was evaluated in collaboration with Dr. Andrei Kuzhelev (Goethe
University, Frankfurt). The results showed 19d to have the highest liquid DNP performance

in viscous solutions till date.
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2.3 Summary of Paper 1l

Paper I described a divergent strategy for the preparation of a tunable BDPA and has
demonstrated its application to liquid DNP. This approach enabled preparation of BDPA
with tailored properties such as solubility, persistence, size and steric shielding. This
involved preparation of a tetraazide BDPA intermediate which served as building block for
further functionalization through CuAAC chemistry. Four different alkynes were conjugated
to the tetraazide precursor yielding four BDPA derivatives: BDPA-OH, BDPA-
hydroxyamide, BDPA-glucose, and BDPA-dendrimer. These derivatives exhibited distinct
solubility behavior, with BDPA-glucose and BDPA-dendrimer being inherently water-

soluble.

Among these derivatives, BDPA-dendrimer was selected for further investigation due to its
favorable combination of water solubility and high molecular weight. It showed higher
persistence compared to BDPA-NMe: in both water and DMSO, highlighting the beneficial
effect of increased steric-hindrance. The BDPA-dendrimer was subsequently evaluated for
liquid DNP experiments in viscous glycerol at 9.4 T and 315 K. At a concentration of 20
mM, a DNP enhancement of € = 40 + 5 was observed and which was nearly 2 times higher
than that of the enhancements produced by OX063 under same conditions. Measurements at
10 mM and 40 mM yielded enhancements of € = 18 + 3 and 57 + 6, respectively,
demonstrating an increase in enhancement with radical concentration. Overall, this work
shows that increasing the molecular weight and steric environment of BDPA derivatives

leads to improved persistence and enhanced DNP performance.

2.4 Conclusion

In summary, a strategy for the development of tunable BDPA derivatives for DNP-NMR
was presented in this chapter. Before synthesizing new BDPA derivatives, the synthesis of
the key BDPA intermediate tetrabromo BDPA (6) was optimized with an improvement from
12 to 7 synthetic steps. For increasing the persistence of the radical, two initial strategies,
based on nucleophilic substitution and tetraalkyne-functionalized BDPA were attempted
however they were unsuccessful. We introduced a readily accessible building block
tetraazide BDPA (16) which enabled functionalization of BDPA based on polarity, size and
persistence. A series of four BDPA radicals was synthesized using this strategy. The BDPA-
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dendrimer derivative 19d showed the most favorable combination of properties and was
selected for detailed investigation of persistence and liquid DNP studies. Notably, 19d
demonstrated the highest liquid-state DNP enhancement reported to date in viscous

solutions.
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A3 Conclusions for Part A

The work presented in Chapter A2 of this thesis centered on the development of BDPA-
based polarizing agents for high-field DNP-NMR, with an emphasis on improving synthetic
accessibility, persistence, and DNP performance. An important outcome of this work was
the optimization of the synthesis of tetrabromo BDPA, the key intermediate for BDPA
derivatives. By reducing the number of synthetic steps from 12 to 7 and substantially
improving the overall yield from 0.04% to 13%, this work made the preparation of new
BDPA derivatives more feasible. Using this improved route, BDPA-NMes was prepared and
evaluated in two collaborative DNP studies. With Prof. Bob Griffin (MIT, USA) OE DNP
was performed using BDPA-NMes, giving enhancements of ~25 in aqueous glycerol
mixtures at 9 T, demonstrating its potential for applications in biological systems. In
collaboration with Dr. Andrei Kuzhelev (Goethe University, Frankfurt) BDPA-NMes was
evaluated for DNP in viscous liquids and compared with OX063 and Finland trityl. These
studies suggested that the DNP performance is influenced by molecular weight of the
polarizing agent, thereby motivating the design of larger and more sterically protected BDPA
derivatives. Several strategies were explored to functionalize the BDPA to incorporate large
sterically hindered water-soluble groups, leading to the preparation of a tetraazide BDPA
derivative, which enabled efficient CuAAC-based conjugation to different alkynes and
provided access to four BDPA derivatives with varied polarity, steric shielding, and
molecular weight. Among the derivatives prepared, the so-called BDPA-dendrimer showed
the most favorable combination of properties. It was water-soluble, more persistent than
BDPA-NMes, and had the highest molecular weight. The BDPA-dendrimer gave liquid-state
DNP enhancement of 57 at 40 mM in glycerol, the highest thus far (Paper I).

Overall, this work established a practical synthetic strategy for the preparation of tunable
BDPA radicals. In addition, the synthetic platform described in this work should enable the
preparation of more complex BDPA-based architectures, including mixed-radicals such as
BDPA -nitroxide or BDPA-trityl conjugates for different DNP applications. Taken together,
this work provides both a practical synthetic foundation and a clear direction for the

continued development of BDPA-based polarizing agents for high-field DNP-NMR.
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Part B Labeling of nucleic acids with
spin labels and fluorophores

B1 Introduction

Nucleic acids are essential biomolecules that play a central role in sustaining life. They were
discovered in 1869 by a Swiss scientist, Friedrich Miescher, who first isolated phosphate-
rich molecules from cell nuclei, which he termed “nuclein”.'” These molecules were later
identified as nucleic acids.'® In 1938, William Astbury and Florence Bell recorded the first
X-ray diffraction patterns of DNA, providing early structural insights, although natural form
was not resolved.'® In 1952, when Rosalind Franklin obtained high-resolution X-ray
crystallographic images of DNA fibers, which was a big step towards understanding the
structure of DNA.'2 The following year, the double helical structure of DNA was proposed

by James Watson and Francis Crick, which was a breakthrough in molecular biology.'®

Nucleic acids mainly occur as deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). In
their classical roles, DNA serves as the long-term storage medium for genetic information,
which is transmitted from one generation to the next, while RNA mainly converts genetic
information into proteins. However, apart from protein synthesis various other important

functions of RNA have been discovered which will also be described in the next section.

1.1 Functions of RNA

Protein synthesis (translation) involves three different types of RNAs to convert the genetic
code into polypeptides: messenger RNA (mRNA), which carries genetic information from
DNA to ribosomes, ribosomal RNA (rRNA), a key structural and catalytic component of the
ribosome, and transfer RNA (tRNA), which delivers amino acids to the ribosome and
decodes the mRNA sequence.'®1% As mentioned before, RNAs also have many roles
beyond translation (Figure 22). A major part of this functional diversity stems from non-
coding RNAs (Figure 22) that regulate gene expression and cellular pathways. For instance,

small nuclear RNAs (snRNAs) function within the spliceosome, a ribonucleoprotein
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complex composed of snRNAs and proteins.'®” snRNAs enable intron removal from pre-
mRNA to form mature mRNA and thereby regulate gene output.'®® Some non-coding RNAs
are also involved in suppressing gene expression by targeting mRNA. MicroRNAs
(miRNAs), approximately 22 nucleotide (nt) long single-stranded (ss) non-coding RNAs,
bind with mRNA to block expression or promote degradation of mRNA.'® Similarly, small
interfering RNAs (siRNAs), which are a 20-27 nt double-stranded (ds) RNAs bind to mRNA
post-transcriptionally, trigger degradation and prevent translation.!”® Small nucleolar RNAs
(snoRNAs) function in the nucleolus, where they guide the chemical modification and
processing of rRNA,!"! while long non-coding RNAs (IncRNAs), which are RNAs longer
than 200 nt, have diverse regulatory roles in chromatin organization, transcriptional control,
RNA processing, and post-transcriptional gene regulation.!”” Ribozymes act as RNA
catalysts and drive key biochemical reactions such as phosphodiester bond cleavage and
ligation.!” In translation, ribozymes have a major function of catalysis of peptide-bond

formation in the ribosome.'”

mRNA tRNA T Yoy

snoRNA

snRNA

Figure 22. Various types of RNAs produced within a cell. Figure courtesy: National Human Genome Research
Institute https://www.genome.gov/.

Another class of regulatory non-coding RNAs involved in control of gene expression are
riboswitches.!”> 76 These are ssRNAs, usually 25-100 nt in length, found in the 5'-
untranslated regions of mRNAs. Riboswitches contain an aptamer domain and an expression

platform. The aptamer domain binds a wide range of targets, including amino acids, proteins,
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drugs, and various small molecules, with remarkable affinity and specificity, which causes
a conformational change in the expression platform of the riboswitch.!”” This conformational
change causes alteration in the secondary structure of the riboswitch, leading to change in
gene expression. For example, the xpt riboswitch binds guanine,!”® a nucleobase required
for DNA and RNA synthesis. At high intracellular guanine levels, ligand binding to the
aptamer domain induces a conformational change in the expression platform that represses
translation of genes involved in guanine biosynthesis (Figure 23B). Conversely, when
guanine levels are low, the riboswitch remains unbound, allowing expression of these genes
and restoration of guanine levels (Figure 23A).!” Therefore, aptamer domains serve as
highly versatile molecular sensors and have attracted interest for applications in

biotechnology and synthetic biology.

A
Guanine
producing
enzyme
——— N v J
Aptamer Expression Coding region
platform
B
Translation
stopped

Figure 23. Schematic illustration of the guanine riboswitch xpt with low intracellular guanine levels, producing
guanine producing enzyme (A) and with high intracellular guanine levels causing binding of guanine to the
aptamer domain to stop translation (B).

However, most naturally occurring riboswitches recognize only their native ligands and
function within the cell, which limits their practical applications. This has led to the
development of engineered synthetic aptamers.'®® 18! Synthetic aptamers are commonly
obtained by a standard in vifro method known as systematic evolution of ligands by
exponential enrichment (SELEX) (Figure 24).'8% 83 It involves discovery of aptamers from
large random nucleic-acid libraries. The library is incubated with a target molecule, allowing
RNA sequences with affinity for the target to bind, while non-binding sequences remain free
in solution. The non-binding candidates are discarded, while the target-bound aptamers are
recovered, reverse transcribed and amplified. The enriched pool is subjected to a new

SELEX cycle.'®
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Figure 24. A schematic illustration of SELEX of RNA. This figure has been reproduced with permission from
Biol. Res. 2014, 47, 2.

In recent years, RNA-based therapeutics have become a major focus in modern medicine.!'®
There are many types of RNA therapeutics, such as mRNA vaccines that deliver
synthetically produced mRNAs that are translated by the cellular machinery to produce a
therapeutic protein.!®® This approach gained widespread recognition with the rapid
development of mRNA vaccines against COVID-19.'%7 Antisense oligonucleotides are
another class of RNA therapeutics that are short, single-stranded nucleic acids designed to
bind complementary RNA sequences and modulate gene expression.'*® siRNAs have also
been lately used in therapeutic applications, where chemically synthesized siRNA molecules
are designed to be complementary to the mRNA of a disease-associated gene.'® It binds to

the mRNA and promotes its degradation and decreases expression of the target protein.

Investigating the structure and dynamics of nucleic acids is essential to fully understand
these complex and varied biological functions of nucleic acids. Over the past several
decades, a variety of biochemical and biophysical methods have been developed to probe
their three-dimensional architecture, conformational flexibility, and molecular interactions.

The main techniques used for these studies are briefly described in the next section.
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1.2 Structure Determination of Nucleic Acids

Several techniques have been used to study the structure and function of biomolecules,
including nucleic acids, and they have been briefly discussed in Chapter A1l of this thesis.
Among them, X-ray crystallography, Cryo-EM, and NMR spectroscopy, are high-resolution
techniques that provide detailed structural information at near-atomic resolution. However,
these techniques have their limitations, such as requiring good crystals for X-ray, size
limitations in Cryo-EM and low sensitivity of NMR. In contrast, techniques like
fluorescence and EPR spectroscopy, which although provide low-resolution, are highly
sensitive techniques for studying biomolecular structure and dynamics under more native

conditions. The next section describes fluorescence and EPR spectroscopy in detail.

1.2.1 Fluorescence spectroscopy

Fluorescence spectroscopy relies on fluorophores, which are molecules that produce
fluorescence by absorbing light at a specific wavelength and re-emitting at a longer

wavelength.!%

Many fluorescence experiments involve a single fluorophore attached to
nucleic acid, where the fluorophore reports changes in microenvironment.!”! One such
change 1s fluorescence emission quenching, which is decrease in the fluorescence signal
intensity due to the interaction of fluorophore with nearby molecules.'”? Fluorescence
signals can also change through spectral shifting where the emission maximum of a
fluorophore shifts to shorter (blue shift) or longer wavelengths (red shift).!>> These shifts
arise from changes in polarity, hydrogen bonding, or stacking interactions in the local

4 is another fluorescence method

environment of fluorophore. Fluorescence anisotropy'”
which uses polarized light to measure the changing orientation of a molecule in space while
fluorescence lifetime measurements provide information about the average time a

fluorophore remains in the excited state before emitting a photon.!®’

While single-fluorophore measurements probe local environmental changes, Forster
resonance energy transfer (FRET), also known as fluorescence resonance energy transfer
can also be used to obtain distance and dynamics information by nonradiative energy transfer
between two fluorophores.'* 1 Figure 25A shows a Jablonski diagram of the FRET
process. The energy transfer takes place from the excited donor in the S; state to an acceptor
in the ground-state (So state), thereby exciting the acceptor to its S state.!” 1®The efficiency

of this energy transfer, known as FRET efficiency (E) depends mainly on the donor-acceptor
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distance (r), their relative orientation and the donor-acceptor distance at which 50% of
excitation energy is transferred, known as the Férster distance (Ro).!* FRET efficiency
increases with decrease in distance between the donor and acceptor fluorophores and is given

by:

R6
E=—"—
RS+ T

(Eq. 6)

FRET is classified as homo- or hetero-FRET depending on the fluorophore pair used.!®
Hetero-FRET uses different donor and acceptor molecules. For the fluorophores to form a
hetero-FRET pair, donor emission must overlap acceptor absorption (Figure 25B). Hetero-
FRET allows the measurement of distances in the range of ~10-100 A.2% It is widely used
for studying the tertiary structure and for single-molecule studies (SmFRET) of nucleic
acids.!> 2%! Conversely, homo-FRET involves two identical fluorophores.?’> For Homo-
FRET, fluorophores with a small stokes-shift should be used, as overlap between absorption
and emission spectra allows energy transfer.!”® The fluorophores being identical, homo-
FRET is monitored through fluorescence anisotropy measurements.?’> Another powerful and
highly sensitive technique to study the structure and dynamics of nucleic acids is EPR

spectroscopy and will be discussed in detail in the following section.
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Figure 25. A. A Jablonski diagram demonstrating the FRET process. B. Absorption and emission spectra of
donor- and acceptor molecules.

1.3 EPR spectroscopy

EPR spectroscopy, also known as Electron spin resonance (ESR) spectroscopy, is a magnetic
resonance technique that detects pw-induced transitions of unpaired electron spins from a
lower to a higher energy level.?®* EPR can be divided into two main types, namely

continuous wave (CW) and pulsed EPR spectroscopy. In CW-EPR, the sample is irradiated
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with a constant uw frequency while sweeping the magnetic field.>> EPR line shapes are
highly sensitive to rotational motion and local dynamics of the paramagnetic center.
Therefore, it can reveal information on dynamics based on the spectral line shape analysis.?*
Moreover, line broadening due to dipolar-coupling reports inter-spin proximity and can be

used for short-range distance measurements between two spin centers up to ~25 A2

Pulsed EPR on the other hand involves a constant magnetic field , and the sample is
irradiated with high-power pw pulses.??® Pulsed EPR techniques can be broadly classified
according to the interactions they measure. For example, hyperfine spectroscopy methods,
such as electron-nuclear double resonance (ENDOR),?” electron spin echo envelope
modulation (ESEEM)?!°, and hyperfine sublevel correlation (HY SCORE)?!! spectroscopy,
probe electron-nuclear interactions and provide information about the local chemical
environment surrounding the paramagnetic center. To access longer electron-electron inter-
spin distances, pulsed dipolar EPR spectroscopy is utilized. Various pulsed EPR techniques

)212
b

have been developed, such as pulsed electron-electron double resonance (PELDOR also

known as double electron-electron resonance (DEER),>!?

relaxation-induced dipolar
modulation enhancement (RIDME),*!* single-frequency technique for refocusing dipolar
couplings (SIFTER),?"> and double quantum coherence (DQC).2!® These techniques can be
used to measure longer distances in the range of ~15-160 A by evaluating the magnetic

dipolar coupling between two electron spins.'” 2!

The four-pulse PELDOR is one of the most widely used pulsed EPR methods.?'® 2! The
basic principle of a PELDOR experiment is to measure distances between two paramagnetic
centers by monitoring the dipolar interaction between two groups of spins.??° It uses two
microwave frequencies: observer frequency (Vobserve) and pump frequency (Vpump) (Figure
26A). Vvobserve detects the first spin ensemble (observed spins) and generates a spin echo
through a sequence of microwave pulses (Figure 26B).2>! vpump inverts the second spin
ensemble that interacts with the observed spins and is placed near the strongest part of the
EPR signal to excite as many spins as possible (Figure 26B). The refocused Hahn echo is
generated with the three pulses of Vobserve Which make up the detection sequence (Figure
26A). These pulses include a n/2 pulse, and two = pulses (Figure 26A). A single pump
inversion m-pulse (red) is applied between the second and third detection pulses at time t

(Figure 26A). The resulting time-trace is used to extract the interspin distance (Figure 26C).
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It yields a time trace of the dipolar frequency which is converted to distance distribution

using simulation or Tikhonov regularization (Figure 26C).>*
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Figure 26. PELDOR distance measurements. A. A four-pulse PELDOR sequence showing the observer pulses
at Vobserve and a pump T pulse at vpump applied at a variable time. B. EPR spectrum indicating the positions of

the observer (Vobserve) and pump vpump frequencies. C. A PELDOR time-trace (left) and the distance distribution
(right) obtained by Tikhonov regularization. Figure 26B and C courtesy: National MagLab

EPR spectroscopy offers some advantages for studying nucleic acids compared to other
methods. It is a very sensitive technique and requires very small amount of sample (nmoles)
as compared to NMR and X-ray crystallography which generally requires micromole
quantities of sample.??>22* Unlike solution-state NMR, EPR has no size limitation and can
be used to study large molecular assemblies.’”> However, nucleic acids are inherently
diamagnetic. Therefore, to be studied using EPR, they require incorporation of paramagnetic
centers, also known as spin labels. This can be achieved by site-directed spin labeling

(SDSL),??¢ which will be described in the next section.

1.4 Site-directed spin labeling (SDSL)

Spin labels can be attached to nucleic acids at specific sites of interest through SDSL, either

covalently or noncovalently (Figure 27).227%° In covalent labeling, spin labels are linked to
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the nucleic acid via covalent bonds, either after synthesis, known as post-synthetic labeling
(Figure 27A) or during synthesis using the phosphoramidite approach (Figure 27B).??
Noncovalent labeling relies on noncovalent interactions between the spin label and the
nucleic acid such as hydrogen bonding or n—x stacking (Figure 27C).2*!"233 Each of these

approaches will be discussed in more detail in the following sub-sections.
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Figure 27. SDSL of nucleic acids. A. Post-synthetic spin labeling where X and Y represent functional groups

that undergo a reaction to form a covalent bond between the spin label and the oligonucleotide. B. The
phosphoramidite approach. C. Noncovalent spin labeling by usage of an abasic site.

1.4.1 Post-synthetic spin labeling

As mentioned before, post-synthetic spin labeling enables covalent attachment of spin labels
to specific sites within the oligonucleotide after its synthesis (Figure 27A). This approach
relies on the presence of uniquely reactive functional groups at defined positions within the
oligonucleotide, which can react selectively with complementary functional groups on spin-
labeled reagents.??® 22° These reactive groups in the oligonucleotide can be introduced
through either chemical or enzymatic synthesis. A major advantage of this method is that
the spin label is not exposed to the potentially harsh conditions of solid-phase synthesis, such
as detritylation under acidic conditions, which could partially reduce the spin label.?3% 23
Furthermore, the modified oligonucleotides and the reagents for SDSL are often
commercially available, which avoids the tedious synthesis of a spin-labeled

phosphoramidite for the phosphoramidite approach.?”® However, this approach is not
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without limitations. Incomplete labeling and non-specific reactions can occur due to the
presence of naturally nucleophilic sites in nucleic acids, such as exocyclic amino groups, the
N7 position of purines, and non-bridging phosphate oxygens, which may react undesirably

with the labeling reagent. 2%

1.4.2 The phosphoramidite approach

The first synthetic DNA was reported by Michelson and Todd in 1955, who synthesized a
simple dinucleotide.?*® Over the following 25 years, continuous advancements in
oligonucleotide chemistry led to a major breakthrough in 1981 with the development of the
phosphoramidite approach by Caruthers.??” This approach has since become the foundation
of modern solid-phase DNA synthesis. The phosphoramidite approach enables SDSL using
spin-labeled phosphoramidite monomers (Figure 28) that are used for incorporation of
nucleotides by automated solid-phase oligonucleotide synthesis.?*® The phosphoramidites
are made of 2'-deoxyribonucleosides for DNA and ribonucleosides for RNA. Key
protecting/activating groups define phosphoramidite reactivity during synthesis.?** The 5'-
OH is protected with a 5'-dimethoxytrityl (DMT) group, while the 3'-OH is phosphitylated
to give a phosphoramidite. The 2'-OH in RNA phosphoramidite is silyl-protected to prevent

side reactions. Exocyclic amines on C, A, and G are protected as amides.
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Figure 28. Structure of 2'-deoxyribonucleoside (A) and ribonucleoside (B) phosphoramidites and the
corresponding bases with examples of some protecting groups. The 5'-hydroxyl is protected as a
dimethoxytrityl ether (DMT) (red), the 3'-hydroxyl is phosphitylated (blue), the 2'-hydroxyl group of
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ribonucleoside phosphoramidite is silyl protected (brown) and the exocyclic amino groups of C, A and G are
protected as amides (green).

Unlike natural DNA synthesis, which proceeds from the 5'- to 3'- direction, solid phase
synthesis is performed from the 3'- to the 5'- end. The synthesis involves a recurring five-
step cycle, shown in Figure 29.24%- 24! The first nucleotide is connected to the solid phase
through its 3'-hydroxyl group. Each cycle begins with detritylation (Step 1), where the 5'-
dimethoxytrityl (DMT) protecting group is removed to expose a free hydroxyl group. This
is followed by coupling, in which an activated phosphoramidite nucleotide reacts with the
free 5'-OH of the growing chain (Step 2). Capping (Step 3) then blocks any unreacted
hydroxyl groups to prevent formation of truncated sequences. Next, oxidation (Step 4)
converts the unstable phosphite triester linkage into a stable phosphate. The cycle is repeated
(Step 5) for each nucleotide addition until the desired sequence is complete. After the last
nucleotide has been added to the oligonucleotide, the final step of the synthesis (Step 6) is
detritylation of the 5'-hydroxyl group. Finally, the oligonucleotide is cleaved from the solid
phase and the protecting groups removed under basic conditions to yield the fully
deprotected product. Sometimes the final detritylation step (Step 6) is skipped, and the DMT
group is kept on (“trityl-on” synthesis) to aid HPLC purification of the oligonucleotide and

the final DMT group is removed only after purification.’*?
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Figure 29. The automated solid-phase oligonucleotide synthesis cycle.

The main advantage of the phosphoramidite method is that it enables precise incorporation
of spin labels at specific sites without side-reactions. However, the method is labor-intensive,
requiring advanced expertise in synthetic organic chemistry, which may limit its

accessibility to researchers without synthesis expertise.

1.4.3 Noncovalent spin labeling

Noncovalent spin labeling is an alternative strategy for SDSL of nucleic acids that avoids
the challenges associated with the covalent methods. The most commonly used method for
noncovalent SDSL involves specific and reversible binding of a spin-labeled molecule to a
pre-designed site, usually an abasic site (Figure 30A), in the oligonucleotide. The interaction
between the spin-labeled molecule and the abasic site is a ligand-receptor type, governed by

noncovalent forces such as hydrogen bonding, n-n stacking or Van der Waals interactions.?*3

One of the early examples utilizing this SDSL strategy was from Sigurdsson group,
involving the cytosine-derived nitroxide ¢ (Figure 30B), which selectively binds to abasic

sites in duplex DNA by pairing with a guanine on the complementary strand through
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hydrogen bonding and m-stacking.?3*> At low temperatures (e.g., —30 °C), ¢ exhibited high
binding specificity and stability, enabling direct EPR measurements without further
purification steps. This noncovalent spin labeling strategy offered several advantages over
the covalent approaches. It was simpler to synthesize ¢ than spin-labeled phosphoramidites,
required smaller amounts of label, and avoided exposing the spin label to harsh
oligonucleotide synthesis reagents. Its “mix-and-measure” simplicity also made it accessible
to non-specialists. However, the method had limitations: ¢ bound to abasic sites in DNA
duplexes only at low temperatures (-30 °C), showed poor binding to RNA duplexes with
abasic sites, and binding efficiency was strongly sequence dependent. Furthermore,

introducing two binding sites in the same duplex often resulted in incomplete labeling.?**
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Figure 30. A. Structure of an abasic site within an oligonucleotide. B. Structure of ¢?** base-paired with guanine
(G) at an abasic site. C. Structure of G2* base-paired with C at an abasic site.

To overcome the limitations of ¢, a guanine-derived spin label G (Figure 30C) that could
base-pair with cytosine was developed, offering high-affinity and specific binding to abasic
sites in duplex RNA.?** Unlike ¢, which required multistep synthesis, G can be prepared in
a single step from readily available materials. It binds efficiently to abasic-site-containing
nucleic acids, particularly RNA duplexes, even at higher temperatures, shows minimal

sequence dependence, and enables accurate inter-spin distance measurements by PELDOR.

Noncovalent spin-labeling of a completely unmodified RNA has also been reported for a
malachite green (MG) binding 38-nucleotide RNA aptamer (Figure 31), known to bind the
tetramethyl thodamine (TMR) (Figure 31).232 Therefore, a nitroxide derivative of TMR was

used as the spin label.?*? This approach allows for spin-labeling of long RNAs containing
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the MG binding motif, prepared by transcription. However, the ligand binding domain may
interfere with the structure of the RNA under study.

B

“

Figure 31. Secondary structure of the MG aptamer showing the position of the ligand in red (left) and TMR
derived nitroxide spin label (right).?3

Base-pairing has also been used for noncovalent spin-labeling, where short, chemically
synthesized oligomers containing a nitroxide label were hybridized with a segment of a large
RNA (Figure 32).2* However, a complementary spin-labeled sequence needs to be prepared

for each target RNA, limiting broader applicability, and making this method less economical.

I1llle

hybridization

LLEEEE e

Figure 32. Schematic representation of spin labeling by hybridizing a spin labeled oligomer fragment to a
helical section of the RNA of interest. This figure has been reproduced with permission from ACS Chem.
Biol. 2014, 9, 6, 1330-1339.

1.5 Nitroxide spin labels

Nitroxides are the most commonly used radicals as spin labels for EPR mainly due to their
stability since the unpaired electron is localized mainly on the N-O group and shielding
effect of the alkyl groups flanking the radical center.?*%2*” Nitroxides are highly compatible
with common nucleic-acid labeling handles like thiols, amines, click-chemistry groups and
abasic-site ligands.?®2*® Various nitroxide spin labels have been developed over the years,
and most are linked to the oligonucleotide through a tether. The tether, therefore, governs
the mobility of the spin label relative to nucleic acid. Some important spin-labels and the

extent of their mobility based on the tether are discussed below.
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Flexible spin labels are attached to the nucleotide through rotatable single-bond tethers. They
retain their conformational freedom relative to the nucleotide. Such spin labels are usually
small in size, non-perturbing to the nucleic acid and also are relatively easier to synthesize.
However, since flexible spin labels can adopt multiple rotamers, (Figure 33), they produce

broader PELDOR/DEER distance distributions and thus complicate EPR analysis.??* 24

LVVLVXNVVX@NV

HN- " —"NH

Figure 33. Flexible spin label incorporated into a nucleic acid and its different conformers leading to multiple
distances D and D'.

An example of a flexible spin label is a two-atom tethered six-membered ring thymidylate
nitroxide DUMTA (Figure 34).° Spin labels tethered through a semi-rigid linker have
lesser motion and therefore give more accurate measurements than flexible spin labels. Some
examples are 2’-ureido TEMPO®! and 2,2,5,5-tetramethyl-pyrrolin-1-oxyl-3-acetylene
(TPA)**? (Figure 34).

kj H
HO N" 0 HO HN_ N
== Y
(6] N\-O
OH

DUMTA 2'-ureido TEMPO

Figure 34. Examples of flexible and semi-rigid nitroxide spin labels.

Rigid spin labels eliminate linker motion by fusing the nitroxide to the nucleobase through
two bonds. The spin labels follow nucleic-acid motion rather than moving independently.
They yield narrower and more accurate distance distributions.??* Another advantage of using
rigid spin labels is that the relative orientation of two labels can be determined by dipolar
EPR.?> The first reported rigid nucleoside label was Q** 23 (Figure 35) but involved a

lengthy synthesis and base pairing with the unnatural base 2-Aminopurine (2-Ap). Rigid
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spin labels C*** and Cm?*® for DNA and RNA, respectively, bearing a phenoxazine scaffold
were later introduced (Figure 35). They base pair with natural base guanine. C and Cm have
enabled efficient study of structure, dynamics, and ligand-induced conformational changes
in nucleic acids using EPR spectroscopy.?>’22 However, their syntheses are lengthy and
time consuming and their incorporation in the nucleic acid through phosphoramidite
approach is tedious. Therefore, spin labeling of nucleic acids with such spin labels is limited
to shorter oligonucleotides. More recently, more rigid carbazole-derived rigid spin labels C
and Cm were introduced (Figure 35).2 While these labels were successfully incorporated

into DNA and RNA without significantly perturbing duplex structure, their EPR studies were

not reported.
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Figure 35. Structures of the rigid nitroxides Q, C, Cm, C and Cm base-paired with 2-Ap and G, respectively.

1.6 Contribution of Part B of this dissertation

Part B of this PhD thesis contributes to the biophysical studies of nucleic acids through the
development of a noncovalent spin labeling approach that is easier to implement while still
giving precise structural information as well as through the incorporation of spin labels of
various spin- and fluorescent-labels into DNA and RNA for the study of structure and

dynamics of nucleic acids by both EPR and fluorescence spectroscopy.

Specifically, in Chapter B2, a noncovalent spin labeling approach based on helical stacking
is presented, where a short, chemically synthesized RNA hairpin with the rigid Cm spin
label stack over both ends of a target RNA duplex and positions the spin label at a defined

site without covalent modification of the target.

Chapter B3 covers four collaborative projects on labeling of DNA and RNA with spin- and
fluorescent-labels. The first part of this chapter describes spin labeling of DNA and RNA

with isothiocyanate spin label M and rigid spin label Cm to study nucleic acid-protein
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complexes using PELDOR. The latter part focuses on fluorescence-based studies, including
labeling of the neomycin-binding aptamer with the rigid FRET pair Cmf and tCnitro, as
well as incorporation of 2-aminopurine as a fluorescent base analogue into a caffeine-

binding aptamer.
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B2 Noncovalent spin labeling of RNA
through helical stacking

Rigid spin labels like C*** and Cm?* are valuable for studying nucleic acids by EPR
spectroscopy.?’> 2% 264 They are cytidine analogues, that base pair with the natural base
guanine. They give narrow distance distributions?*” in PELDOR experiments and can also
provide relative orientational information between two spin labels.?** This makes rigid spin
labels more informative than flexible ones for structural studies of nucleic acids. However,
the synthesis and incorporation of such rigid labels is labor intensive and costly, and their
use is usually limited to relatively short oligonucleotides prepared by solid-phase
synthesis.??% 295 266 Consequently, there is a need for simpler and cost-effective methods,

preferably a noncovalent approach, to incorporate rigid labels into larger RNAs.

2.1 Helical stacking interactions in nucleic acids

A known noncovalent RNA-RNA association is helical stacking of blunt-ended duplexes
through n-r interactions between the terminal base pairs.?*” 2% Helical stacking by CW-EPR
was first observed in 2008 by Cekan et al.>** In that study, a DNA duplex (a, Figure 36)
containing a single C label at its terminal showed spectral broadening and peculiar features
in the CW-EPR spectrum (Figure 36). Such changes can arise when two spin-labeled
duplexes come into close proximity, because dipolar coupling between the nitroxide radicals
alters the EPR line shape. In addition, formation of a larger stacked assembly slows
rotational motion, which increases anisotropy and further broadens the spectrum.When
increasing amounts of unlabeled duplex b were added, the broadening and the additional
features disappeared. The experiment, therefore, confirmed that the spin labels on separate
duplex molecules were brought into close proximity, and the most plausible explanation for

these EPR features was end-to-end stacking of duplexes.
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Figure 36. Sequences of the C labeled DNA duplex a, unmodified DNA duplex b and the EPR spectrum of
the C-labeled duplex a, along with EPR spectra on addition of 2, 5 and 10 eq. of unlabeled DNA duplex b in
phosphate buffer (10 mM Na,HPO4, 100 mM NaCl, 0.1 mM Na,EDTA, pH 7.0; oligo concentration 200 uM)
(Arrows indicate the additional features corresponding to dipolar coupling). This figure has been reproduced
with permission from Nucl. Acids Res. 2008, 36 (18), 5946-5954.

RNA stacking was later systematically studied by PELDOR in 2018 by Erlenbach et al.>®’
They showed that stacking complicates structural studies of nucleic acids due to additional
intermolecular spin-spin distances that appear in the PELDOR distance distribution apart
from the expected intramolecular distances. For the study, they used short singly spin-
labeled dsRNAs. The stacking was analyzed using two main PELDOR parameters: the
distance distributions and the modulation depth. Because each dsRNA contained only a
single spin label, any dipolar distance detected by PELDOR (>20 A) had to arise from
intermolecular interactions between separate RNA duplexes. As shown in Figure 37A three
different stacking arrangements are possible, giving three different PELDOR distances

(Figure 37B), thus confirming stacking of duplexes.
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Figure 37. A. Three stacking possibilities with three different intermolecular distances between the spin labels
of a singly labeled dsRNA sample. B. Distance distribution from the four-pulse PELDOR of the singly labeled
dsRNA sample. Figure 37B has been reproduced with permission from RNA 2019, 25 (2), 239-246.

In addition, the modulation depth of the PELDOR time trace was used as a quantitative

measure of stacking. The modulation depth reflects the fraction of spins undergoing dipolar
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coupling within an approximately 10 nm sphere. Therefore, a deeper modulation depth
indicates more stacking of duplexes, allowing the determination of the stacking probability.
This opened the door for studying factors that affect helical stacking, such as RNA and NaCl
concentration. The stacking probability was unaffected with the RNA concentration but
increased with increased NaCl concentration (Figure 38A). They further showed that

stacking could be avoided by introducing overhangs at both duplex ends (Figure 38B).

A — 50 mM B
—100 mM
——200 mM A <— Qverhang
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Figure 38. A. Time traces of dsSRNA samples for six different NaCl concentration as depicted in the figure
legend. B. dsRNA with an overhang at each end. Figure 38A has been reproduced with permission from RNA
2019, 25 (2), 239-246.

These studies suggested that helical stacking could potentially be exploited for noncovalent
spin labeling. A small RNA hairpin containing a rigid Cm label could, in principle, stack
onto both the ends of an RNA duplex and thereby serve as a noncovalent spin-labeling unit.
This approach could reduce the synthetic effort required for rigid spin labeling by the
phosphoramidite approach and avoiding direct covalent modification of the target RNA,
which might be too long for chemical synthesis. This idea formed the basis of the work

described in this chapter.

2.2 A blunt-ended Cm-labeled hairpin

Our initial strategy was the synthesis of an 8-nucleotide long RNA hairpin containing the
rigid spin label Cm (Figure 39A). The idea was to have this hairpin stack onto the ends of
a duplex and thereby introduce the rigid spin label Cm noncovalently into the duplex
(Figure 39B). The hairpin was designed with three features to ensure stable hairpin
formation: a GNRA tetraloop,?’® G and C nucleotides in the stem of the hairpin, and an
expected inter-spin distance between two stacked hairpins below the practical lower limit of

reliable PELDOR distance determination (<20 A) so that it does not interfere with distance
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measurements.’* The rigid spin label Cm was incorporated by automated chemical
synthesis using a protocol previously developed in the Sigurdsson research group,?*® giving

a blunt-ended hairpin Inp (Figure 39A).
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Figure 39. A. The sequence of the Cm-labeled hairpin Inp and the structures of Cm shown base-paired with
guanine. B. Schematic representation of labeling an RNA duplex noncovalently through helical stacking with
a Cm-labeled hairpin.

2.2.1 EPR analysis of stacking with the Cm-labeled hairpin Iup

As seen in section 2.1, CW-EPR can be used to monitor stacking, because it is sensitive to
intermolecular association, since close proximity of spin labels and slower rotational motion
due to biomolecular assembly can alter the EPR line shape. To examine whether the blunt-
ended hairpin Inp exhibits stacking, temperature-dependent CW-EPR analysis of Inp was
performed (Figure 40). Indeed, broadening and irregular features increased with a decrease
in temperature. If the broadening arose from dipolar coupling between two Cm labels,
brought into close proximity through hairpin self-stacking, these irregular features were

expected to disappear upon addition of an excess of an unlabeled duplex.

u A
G A 20 °C
G—Cm
cC—G
5 3
| 10 °C
0°C

Figure 40. Sequence of the Cm labeled hairpin Inp and its X-band EPR spectrum as a function of temperature.
All data were recorded in a phosphate buffer (10 mM Na;HPO4, 100 mM NacCl, 0.1 mM Na,EDTA, pH 7.0;
oligo concentration 200 uM) (Arrows indicate the additional features).
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To test this hypothesis, Inp was mixed with excess of its corresponding unlabeled duplex
IpurL to form the expected stacked assembly I (Figure 41A). CW-EPR spectra of Inp alone
and of Imp with its duplex IpurL were then compared at 20 and -10 °C (Figure 41B). At 20
°C, the spectra of Imp and Inp + IpupL were essentially identical, indicating little or no
detectable association at this temperature. At -10 °C, however, the irregular features

observed for Inp alone disappeared in the presence of the duplex.

A u A B
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5 3 U—A U—A
lup A—U A—U
-10°C
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C—G — 1
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I
Figure 41. A. The sequences of Cm-labeled hairpin Inp, its corresponding unlabeled RNA duplex IpupL and
the expected stacked assembly I. B. EPR spectra of hairpin Inp and assembly I obtained on mixing hairpin Inp
with its 10 eq. duplex IpurL at 20 and -10 °C.

To determine whether the irregular features were indeed caused by stacking, a control
experiment was performed in which Inp was titrated with a ssSRNA. A similar change in the
line shape was observed. This showed that the disappearance of the irregular features could
not be attributed solely to hairpin-duplex stacking, and that other nonspecific intermolecular

interactions also contributed to the observed spectral changes.

An RNA and NaCl concentration dependence was also studied to check if it influences the
CW-EPR spectrum of Inp (Figure 42), as previously observed by PELDOR.?* Increasing
the concentration of Inp caused minor changes in the EPR spectra (Figure 42A). In contrast,
increasing the NaCl concentration caused changes in the EPR spectra (Figure 42B).
However, the effect was more pronounced between 0 and 200 mM NaCl, while further
increases in concentration caused only minor additional spectral changes. These

1.2%% and indicate that

observations are in general agreement with the report by Erlenbach et a
ionic strength strongly affects stacking. However, in the present case, the CW-EPR data

alone did not allow us to conclude with certainty that the observed changes arose solely from
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helical stacking, since other nonspecific intermolecular interactions may also contribute to

the spectral changes.

A B *

0 mM NaCl

100 uM

100 mM NaCl

200 UM 200 mM NaCl

400 mM NaCl
500 uM

800 mM NaCl

Figure 42. A. EPR spectra of the Cm-labeled hairpin Imp with increasing RNA hairpin concentration,
performed in a phosphate buffer (10 mM Na,HPO4, 100 mM NaCl, 0.1 mM Na,EDTA, pH 7.0). B. EPR spectra
of the Cm-labeled hairpin Inp with increasing NaCl concentration in a phosphate buffer (10 mM Na;HPOy, 0.1
mM Na,EDTA, pH 7.0, oligo concentration 200 uM). Asterisk indicates the feature that change with increase
in NaCl concentration.

Stacking of Iup on the ends of IpupL was further investigated by PELDOR, in collaboration
with Dr. Burkhard Endeward and Prof. Thomas Prisner at Goethe University, Frankfurt. If
Inp stacked on both ends of InupL, the expected inter-spin distance from molecular modeling
was about 3.0 nm. The distance distribution, however, was dominated by a much shorter
distance of ~2.2 nm. This short-distance population was consistent with the modeled
distance between two Cm labels in a self-stacked hairpin, rather than with the expected
hairpin-duplex assembly. These results, therefore, indicate that the blunt-ended hairpin

preferentially undergoes self-stacking instead of stacking onto the duplex.

2.3 Cm-labeled hairpins with overhangs

To favor hairpin-duplex stacking over hairpin self-stacking, the strategy was modified by
introducing complementary 3’ overhangs on both the Cm-labeled hairpins and their
corresponding duplexes (Figure 43A). Complementary overhangs of hairpin and duplex
could base pair and facilitate stacking. Cm-labeled hairpins (Ilup-VIup) and duplexes

(ITIpupL-VIpurL) with one- to five-nucleotide overhangs were prepared. The overhang
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sequences were chosen to minimize undesired intramolecular base pairing in the hairpins

(Figure 43A).
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Figure 43. A. The sequences of Cm-labeled hairpins (IInp-VInp) shown stacked on their corresponding RNA
duplexes (IIpupL-VIpurL) (in gray), in the order of increasing number of nucleotides in the overhangs (0-5).
The overhangs are on the 3’-end of both the hairpins and the duplexes. The hairpin-duplex assemblies are
labeled II-VI. B. X-band EPR spectra of the hairpins (IImp-VImp) in the absence and presence of their
corresponding duplexes (IIpupL-VIpurL) at -10 °C and 20 °C, recorded in a phosphate buffer (10 mM Na;HPO4,
100 mM NaCl, 0.1 mM Na;EDTA, pH 7.0; concentration of each Cm-labeled hairpin was 200 pM and its
corresponding duplex 100 pM). Asterisks indicate broad features.

2.3.1 EPR analysis of Cm-labeled hairpins with overhangs

The CW-EPR analysis of the Cm-labeled hairpins ITap-VInp alone and in the presence of
their corresponding duplexes IIpurL-VIburL was performed (Figure 43B). At 20 °C, the
spectra of all hairpins except VIup appeared very similar and showed little or no broadening.
In contrast, the hairpin containing a five-nucleotide overhang, VIup, showed noticeable

broadening even in the absence of duplex, indicating intermolecular association. At -10 °C,

65



all hairpins showed significant spectral broadening. This is consistent with increased

anisotropy and, therefore, supports intermolecular interaction between the hairpins.

When the hairpins were mixed with their corresponding duplexes, the slow-moving features
became more pronounced for assemblies II-VI at -10 °C. For assemblies IV-VI, with three-
five-nucleotide overhangs, clear spectral broadening was also observed already at 20 °C.
These data indicate that efficient hairpin-duplex stacking at 20 °C requires at least three
complementary overhang nucleotides. PELDOR measurements of the Cm-labeled hairpin-
duplex assemblies II-VI were also performed in collaboration with Dr. Burkhard Endeward
and Prof. Thomas Prisner at Goethe University, Frankfurt. The PELDOR results were
consistent with the CW-EPR data and showed that stacking efficiency increased with the

number of overhang nucleotides.

2.4 Summary of paper II

Paper II described a noncovalent spin labeling strategy in which a small RNA hairpin with
the rigid spin label Cm was synthesized. The blunt-ended Cm-labeled hairpin was expected
to stack onto RNA duplex ends, but CW-EPR and PELDOR showed that it mainly formed
self-stacked hairpin dimers. The strategy was modified by introducing short complementary
overhangs on both the hairpins and the duplexes. These overhangs provided an additional
base-pairing interaction between the hairpins and the corresponding duplexes that promoted
stacking. The CW-EPR and PELDOR experiments showed that stacking efficiency
increased with overhang length. Hairpins with short overhangs showed considerable self-
association, whereas hairpins containing three or more complementary overhang nucleotides

gave efficient hairpin-duplex stacking.

2.5 Conclusion

This study established helical stacking as a noncovalent spin-labeling strategy for RNA.
Earlier EPR and PELDOR studies had shown that blunt-ended nucleic acid duplexes can
undergo end-to-end stacking. Based on this vision, a small RNA hairpin containing the rigid
spin label Cm was designed with one-five nucleotide overhangs along with unmodified

duplexes with complementary overhangs. CW-EPR and PELDOR studies showed that
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overhangs promoted stacking and that the stacking efficiency increased with overhang

length.

An important advantage of this strategy is that it avoids the need to chemically incorporate
a rigid spin label into each individual target RNA, thereby reducing the synthetic effort and
the cost associated with rigid spin labeling. This proof of concept therefore provides a useful
route for spin-labeling longer RNAs prepared by in vitro transcription, provided that they
contain accessible duplex ends. This strategy could also potentially be extended to other

spectroscopic probes, such as fluorophores.
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B3 Miscellaneous projects involving
nucleic acid labeling

This chapter presents four collaborative research projects centered on incorporation of
spectroscopic probes into nucleic acids to study their structure, dynamics, and interactions
with proteins. The first project was in collaboration with Prof. Edwin Antony (Saint Louis
University School of Medicine, USA), focusing on protein-DNA interactions. In addition,
three projects involved collaborations within the Collaborative Research Centre (CRC) 902,
a multidisciplinary consortium comprising 19 research groups from Germany and the
Sigurdsson group. The aim of CRC902 was to investigate the structural diversity and

conformational dynamics of RNA.

3.1 Spin labeling of nucleic acids

As mentioned in detail in Chapter B1 and B2, rigid spin labels, such as C**° and Cm?®
provide narrow distance distributions in PELDOR experiments, and allow extraction of
relative orientational information between spin pairs.>>* 2%* In contrast, semi-flexible spin
labels are attached via linkers and, therefore, exhibit a greater conformational freedom. As
a result, they often produce broader distance distributions in PELDOR measurements.**’
However, such labels are generally synthetically more accessible, for example, through post-
synthetic modification, and tend to introduce minimal perturbation to the native nucleic acid

structure. The following sub-sections describe the preparation and application of spin-

labeled nucleic acids for investigation of protein-nucleic acid interactions using PELDOR.

3.1.1 Spin-labeled DNA to study the DNA-RPA complex

Replication protein A (RPA) is an essential eukaryotic protein that binds to a ssDNA. It is a
heterotrimeric protein consisting of three subunits namely, RPA1 (70 kDa), RPA2 (32 kDa)
and RPA3 (14 kDa), and it has multiple DNA binding domains (DBD) and protein

interaction domains (Figure 44).2"!

RPA plays a central role in DNA metabolic processes,
like replication, recombination, and repair.?’> Therefore, understanding the precise
configuration of ssDNA when bound to RPA is of interest. Two key parameters govern RPA-

ssDNA interactions. First, the length of the ssDNA substrate determines how many RPA
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molecules can assemble along the DNA, with each RPA heterotrimer occupying
approximately 18-30 nucleotides.?’® Second, the structural arrangement of the ssDNA when

bound to RPA dictates how DNA-processing proteins access the DNA.?74

Figure 44. Structural architecture of RPA. A, B, C and D are DNA binding domains. PID70N and PID32C are
protein interaction domains.

Two competing models have been proposed to describe the contour of ssDNA in the RPA-
ssDNA complex. The classical "linear array" model, which is supported by biochemical and
bulk FRET studies, suggests that the DBDs align to stretch the ssDNA into an extended
filament.?” In contrast, more recent structural studies using X-ray and cryo-EM proposed a

276,277 However, a

"wrapping" model, where the DNA curves around the protein surface.
clear experimental consensus between these models has not been established. To resolve
these structural intricacies, two complementary techniques, namely confocal smFRET and
DEER spectroscopy, were employed to measure the end-to-end distance of ssDNA in the
absence and presence of RPA. For the DEER experiments, spin-labeled DNA

oligonucleotides were synthesized.

Synthesis of the spin-labeled DNA

For the study of the DNA-RPA complex, polyThymidine (polyT) oligonucleotides
containing 2'-aminouridine (2'-NH-U) were labeled with an isothiocyanate derivative of an
isoindoline nitroxide. polyT DNA was chosen to avoid intrastrand base-pairing. Two
different lengths of spin-labeled polyTs were prepared, 25-mers and 50-mers. The 25-mer,
was long enough to bind the primary binding domains of a single RPA molecule. The 50-
mer exceeded the 30 nt limit of one RPA molecule, allowing for the investigation of the full

complex and its rearrangement after phosphorylation. For each length, three labeled

70



constructs were synthesized: singly labeled at the 3'-end, singly labeled at the 5'-end, and
doubly labeled at both terminals.

The synthesis began with the preparation of 2'-NH.U-modified 25-mers and 50-mers using
automated solid phase oligonucleotide synthesis. The 2’-NH>U was incorporated at positions
shown in Figure 45 by hand-coupling. The coupling with the 2'-NH>U modified
phosphoramidite was incomplete, yielding only ~50% of 2'-NH>U modified oligonucleotide.
For modifications at the 5'-end, the failure band (n-1) had a very similar electrophoretic
mobility to that of the full-length product. This arises because the difference between the 2'-
NH>U modified (full-length) oligonucleotide and the sequence where no coupling occurred
(failure band) is only a single nucleotide, resulting in a minimal change in charge and
molecular weight. Consequently, the two oligonucleotide bands co-migrate on denaturing
polyacrylamide gel electrophoresis (PAGE), making their separation difficult. In contrast,
for 3'-end modifications, length difference between the desired and failure sequences
resulted in large electrophoretic mobility difference, allowing efficient purification. The 25-
mers, however, both with 3'- and 5'-end modifications, were synthesized and purified
without difficulty, since the shorter sequence lengths allowed for a better resolution of full-

length and failure band.

S'TTTTTTTTITTTITTITTITTITTTIUT 3

S'UTTTTTTTTTTITTITTITTITTTITT 3

S'UTTTTTTTTTTTTTTTTITTITTTIUT 3

S'TTTTTTTTITTTITTTITTTITTITT TTT TITTITTTITTTIT TTTTTTTTIT TTT UT 3

S'UTTTTTTTTTTITTTTTTT TTITTTIT TTT TTIT TTITTITTTT TTITTITTTITTT 3'

S'UTTTTTTTTTTIT TTITTTITTTITTTTTTIT TITTIT TTITTTITTTTTTIT TTT UT 3

Figure 45. 2'-NH»-U modified 50-mer and 25-mer sequences.

To achieve a better resolution between modified and failure sequences for the 50-mers, the
position of the modification was optimized by synthesizing shorter unlabeled polyT
sequences (46-49 nt) and comparing their electrophoretic mobility with the 50-mer (Figure
46). The 47-mer showed a good separation from the 50-mer, therefore, the 4" position from

the 5’'-end was chosen for modification.
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Figure 46. Analytical denaturing PAGE of the polyT 50-mer co-run with the unlabeled 46-49-mer polyTs.

Following successful synthesis and purification of the 2’ NH»-U modified oligonucleotides,
post-synthetic spin-labeling with an isothiocyanate derivative of an isoindoline nitroxide was
performed, affording six spin-labeled polyTs (Figure 47). The distance between the two spin
centers was measured using DEER spectroscopy in the absence and presence of RPA in
collaboration with Dr. Reza Dastvan and Prof. Edwin Antony (Saint Louis University School
of Medicine, USA). The results obtained from DEER measurements were in agreement with
the complementary smFRET experiments performed using fluorophore-labeled

oligonucleotides.

» O NH, b
O/’P\ Borate buffer, ph 8.6, DMF o
OH OH

B S5'TTTTTITTTTTITTITTITTITTIMT 3

S5MTTTTTTTTTTTTTITTTITTITTTIT T3

SMTTTTTTTTTTITTTITTTITTTITTIMT 3'

S'TTTTTTTTITTTITTTT TTITTTIT TTT TTITTTTTTITTTITTTTTTITTTITTTT MT 3'

S'TTTMTTTTT TTT TTITTTTTTT TTTTTT TTIT TITTTITTITTTIT TTITTTITTT 3'

STTTMTTTTTTTTTTTTTITTTITTTITTTITTTITTTITTTITTTITTITTTITTTT MT 3

Figure 47. A. Post-synthetic reaction of the isothiocyanate derivative of an isoindoline nitroxide with the 2’ -
NH,-U modified RNA oligonucleotide to give a spin-labeled oligonucleotide M. B. 50-mer and 25-mer polyT
spin-labeled sequences.
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3.1.2 Summary of Paper III

This paper resolves the conformation of ssDNA when bound to the RPA protein, a question
that has remained unresolved due to conflicting models proposing either an extended or
wrapped DNA arrangement. Two complementary distance measurement techniques were
employed, namely smFRET and DEER. For smFRET, fluorophore-labeled oligonucleotides
were used, while for DEER experiments, singly and doubly spin-labeled poly-T
oligonucleotides, namely (dT)22 and (dT)so constructs, were prepared. The results obtained
using both experiments were in strong agreement with each other. In the absence of RPA,
ssDNA exhibited a broad distribution of distances, consistent with a flexible and dynamic
DNA in solution. Upon RPA binding, only a modest increase (~3 nm) in the end-to-end
distance was observed. This relatively small change was inconsistent with a linear model
and instead supported a partially wrapped conformation, in which ssDNA adopts a curved

trajectory along the surface of RPA.

3.1.3 Spin-labeled RNA for the study of Roquin-RNA complex

PELDOR studies are usually performed at cryogenic temperatures, where molecular motion
is suppressed, resulting in longer electron relaxation time (72) and enabling accurate
determination of spin-spin distances. At room temperature, however, rapid molecular
tumbling leads to shorter 72 and loss of dipolar interactions through rotational averaging.
However, for studying biomolecules under near-physiological conditions, room-temperature
PELDOR is desirable. Some strategies have been applied to enable room-temperature

PELDOR, including immobilization of samples using charged surfaces?’%2%

or embedding
them in viscous matrices such as trehalose.?*!: 282 However, such approaches may introduce

artificial constraints on molecular motion.

In this work, an alternative strategy to perform room temperature PELDOR was explored,
where molecular tumbling could be reduced by forming a complex between an RNA and a
larger protein. An example of a heavy protein is Roquin-1 (51 kDa), which is an RNA
binding protein that aids in immune homeostasis maintenance.?® Its interactions with RNA
have been extensively studied by X-ray crystallography and NMR spectroscopy?** 25 and
its RNA targets have been identified. One of the efficient binding targets is Ox40 (Figure
48A), which is a hexa-loop containing hairpin. Based on Ox40, two RNA hairpin constructs
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were proposed based on SELEX by our collaborator Dr. Julia Weigand (TU Darmstadt,
Germany) (Figure 48A). Based on the constructs, four Cm-labeled hairpin RNA constructs
were designed using molecular modeling (Figure 48B). The four Cm-labeled hairpin RNAs
were synthesized by the phosphoramidite approach. However, the binding affinity studies
performed by Dr. Jan-Niklas Tant (Goethe University Frankfurt) showed very poor affinity
of these Cm-labeled RNAs with Roquin-1, perhaps due to steric perturbations introduced by
the rigid Cm label in the loop.

A u-C B UG¢Cm U Gm U Gm U Cm
U U u u u u U u u u
G A G A G A G A G A
c-¢ A-U U-A A-U u-A
C-G U-A U-A U-A U-A
A-U C-G A-U c-G A-U
c-6 cm-G cm-G Cc-G Cc-G

c G-C G-C G-Cm G-Cm
¢-¢ G-C A-U G-C A-U
c-G G-U c-G G-U c-G
u 3 5 u 5 u 5 U 5 U
5' 3 3' 3 3
Ox40 ITCH-4,11 GTPBP8-4,11 ITCH-11,18 GTPBP8-11,18

OC
¢>00>cq c
|
®comcr> o
>C

[$)]
c
()]
c

3' 3
GTPBP8 ITCH

Figure 48. A. Sequences of SELEX-derived Roquin-1 binding RNA stem-loop Ox40 and the proposed RNA
hairpin constructs. B. Sequences of the Cm-labeled RNA hairpin constructs and the corresponding molecular
models of the Cm-labeled hairpins bound to Roquin-1.

To address this issue of poor affinity, the labeling strategy was modified by replacing the
rigid Cm label in the loop with a smaller, more flexible nitroxide spin label (M) (Figure
49). Singly M-labeled RNA hairpins were prepared by incorporating 2’-NH:U at positions
U10, Ul11, and U12, followed by post-synthetic spin labeling with M (Figure 47A). Cm was
also incorporated into the stem region to assess whether labeling outside the loop interferes
with protein binding (Figure 49). Binding affinity studies revealed that the Cm in the stem
did not interfere with binding. Among the M-labeled hairpins, hairpin with M at position 12
showed the highest binding affinity. However, the binding affinity was still insufficient to
ensure stable RNA-Roquin-1 complex formation for reliable room-temperature PELDOR

study. Given these limitations, further investigation of this project was not pursued.
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Figure 49. RNA hairpins labeled with M and Cm.

3.2 Fluorescent labeling of nucleic acids

Fluorescence spectroscopy is a highly sensitive technique for investigating the structure and
dynamics of nucleic acids, providing information on local environment, conformational
changes, and intermolecular interactions. To enable such studies, nucleic acids require site-
specific incorporation of fluorescent probes, just like SDSL. Site-specific labeling with
fluorescent probes can be achieved through various labeling strategies, such as post-
transcriptional modification, enzymatic incorporation, post-synthetic labeling, and solid-
phase synthesis using the phosphoramidite approach.'®®:2%¢ Incorporation of fluorophores by
the phosphoramidite approach requires fluorescent base analogues that base-pair with
natural nucleobases and do not perturb the overall structure of the nucleic acid.?®” A few

examples of such fluorescent base analogues are discussed below.

The adenine analogue 2-aminopurine (2-AP)*®

is one of the most used commercially
available fluorescent base analogue (Figure 50). It base pairs with T and U, and to a lesser
extent with C. It is highly fluorescent and is very sensitive to its micro-environment.?*’
However, its emission is significantly quenched (~100 times) upon incorporation into
nucleic acids due to base stacking interactions. In contrast, tricyclic cytidine analogues such
as tC?° and its oxo-derivative tC?%°! exhibit higher brightness and are insensitive to their
local environment, making them suitable for FRET experiments (Figure 50). In addition,
cytidine-based analogues such as Cf/Cmf, that are intermediates in the synthesis of C/Cm

spin labels,>>® 2> have been shown to be highly sensitive to their microenvironment®*? and

are valuable probes for studying nucleic acid dynamics (Figure 50).2°% 2%
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Figure 50. Examples of fluorescent nucleobase analogues.

3.2.1 Fluorescent labeling of the neomycin aptamer

FRET is a widely used technique for probing the structure and dynamics of biomolecules,
as it reports on both the distance and the relative orientation between two fluorescent labels.
However, a fundamental challenge in conventional FRET is the uncertainty in the orientation
factor k2, which describes the relative alignment of the donor and acceptor dipoles.?”* 2% 2
is difficult to determine experimentally and is usually assumed to be 2/3, a value valid only
in the dynamic isotropic limit where both labels tumble freely. One way to overcome this
limitation is to use rigid fluorescent nucleobase analogues that are directly incorporated into
the nucleic acid scaffold and adopt fixed orientations. Because their orientation relative to

the nucleic acid is known, k* can be estimated rather than assumed, enabling more accurate

structural interpretation.

Cmf and tCnitro are two such rigid nucleobase analogues (Figure 51) that were previously
validated as a FRET pair, where Cmf acts as a donor, while tCnitro as a
acceptor/quencher.?”’ Usually in FRET, the energy absorbed by the donor is transferred to
the acceptor, which then emits at a red-shifted wavelength, allowing both donor quenching
and acceptor emission to be monitored simultaneously. In the present study, however,
tCnitro functions not as a conventional fluorescent acceptor but as quencher, meaning that
energy transferred from the Cmf donor is dissipated non-radiatively rather than re-emitted.
As a consequence, the observable fluorescence signal originates exclusively from Cmf, and
FRET efficiency is reported solely through the quenching of donor emission. A detailed
characterization of their energy transfer behavior was performed within a structured RNA

system. The neomycin-binding RNA aptamer (N1) was chosen as a model system due to its
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well-characterized structure and dynamics, as well as its function as an active riboswitch.?*

298,299

H\
N
O,N
NH FRET Q\NH
lo)  —
| SN S\“\/gN
HO N/go HO N/go
o :O:
OH OCH; OH
Cmf (Donor) tCnitro (Acceptor)

Figure 51. Structures of Cmf (FRET donor) and tCnitro (FRET acceptor).

Three doubly labeled variants of the aptamer were synthesized, in which Cmf and tCnitro
were incorporated site-specifically by solid-phase oligonucleotide synthesis to
systematically vary the donor-acceptor separation (Figure 52). These constructs enabled the
investigation of distance-dependent energy transfer within a structured RNA framework.
Fluorescence measurements were carried out by Florian Hurter in the group of Prof. Josef
Wachtveitl (Goethe University Frankfurt), employing a combination of steady-state and
time-resolved fluorescence spectroscopy techniques to characterize the FRET efficiency of

the labeled aptamers.

tCnitro3 - Cmf6 tCnitro3 - Cmf8 tCnitro3 - Cmf15
U A Uu A Cmf A
V] A U A V] A
u U u U U u
C-G CcC-G C-G
C-G C-G C-G
GU u GU U GU u
u Cmf U
U C U C U C
Cmfg-c Ce-c €e-c
U-A U-A U-A
tCnitro—G tCnitro—G tCnitro—G
G-U G-U G-U
G Cy G Cy G Cy

Figure 52. The neomycin aptamer labeled with both Cmf (blue) and tCnitro (orange) for hetero-FRET
measurements.

3.2.2 Summary of Paper IV

This paper explored the use of the rigid nucleobase analogues Cmf (donor) and tCnitro

(quencher) as a FRET pair within the neomycin-sensing RNA aptamer N1, with the aim of
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characterizing energy transfer behavior and demonstrating the potential of rigid labels for
obtaining precise structural and orientational information in RNA. Three sequences of the
neomycin aptamer with the Cmf and tCnitro were synthesized with increasing donor-
acceptor separation. The FRET processes of these labeled neomycin aptamers were
characterized using a combination of steady-state fluorescence, time-resolved fluorescence,
and ultrafast transient absorption spectroscopy. The FRET efficiencies obtained from all
three techniques were in good agreement, with values consistent within approximately 10%,
demonstrating the reliability of the measurements. Notably, the transient absorption
spectroscopy provided access to ultrafast energy transfer processes that are not detectable

using conventional fluorescence methods.

Spectroscopic analysis using static fluorescence, and ultrafast transient absorption
spectroscopy revealed a clear distance dependence of the FRET efficiency across the three
constructs, with near-complete quenching at the shortest donor-acceptor distance and
progressive signal recovery at greater separations. Notably, the energy transfer was found to
originate from multiple emitting states of Cmf and to span a remarkably wide dynamic
range, from the low picosecond to the nanosecond timescale, which required the combined
application of several complementary methods for full characterization. The Cmf-tCnitro
pair proved to be an efficient FRET pair, though as with any FRET experiment, the measured
efficiency alone cannot unambiguously report on both distance and orientation
simultaneously. By using the known NMR structure of the ligand-bound aptamer as a
structural reference, inter-label distances could be approximated and used to estimate k2,
allowing qualitative conclusions to be drawn about how the relative orientation of the two
labels changes upon neomycin binding. This analysis made clear that the commonly used
assumption of k* = 2/3 is not appropriate when rigid labels are used, and that rigidity is in
fact an asset rather than a complication, as it enables orientational information to be extracted
that would be inaccessible with flexible dyes. The study also pointed to directions for future
improvement, noting that a fluorescent acceptor spectrally separated from Cmf would open
additional avenues for determining label orientations, and that the transient absorption
approach used here could be extended to other rigid FRET pairs with more suitable

photophysical properties.
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3.2.3 2-aminopurine labelled caffeine aptamer

Recently, a caffeine binding aptamer was discovered by Prof. Beatrix Suess (TU Darmstadt,
Germany) using RNA Capture-SELEX?? (Figure 53). To investigate the structural
dynamics of this aptamer by fluorescence spectroscopy, fluorescent nucleobase analogue 2-

AP was used as a probe (Figure 53).

A = 2-aminopurine
NN
a1
N
0 o

2/O\P,o OH
“\
0 oH

Figure 53. Sequence of the caffeine aptamer with proposed 2-AP labeling positions.

A series of six caffeine binding aptamers was synthesized, each containing a single 2-AP at
a distinct position within the aptamer sequence (Figure 53). The 2-AP was incorporated in
the aptamer by the phosphoramidite approach during automated solid-phase oligonucleotide
synthesis. This site-specific fluorescent labeling would enable monitoring of local structural
environments and conformational changes through variations in 2-AP fluorescence. These

samples are awaiting fluorescence measurements in the laboratory of Prof. Wachtveitl.

3.3 Conclusion

This chapter described a series of collaborative projects involving labeling of nucleic acids
with spectroscopic probes to investigate their structure and interactions. The first part of this
chapter involved incorporation of nitroxide spin labels to DNA and RNA for EPR studies.
Post-synthetically spin-labeled poly-thymidine DNA constructs were prepared and used to
investigate the configuration of ssDNA in the RPA-DNA complex using DEER
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spectroscopy. The results were in agreement with complementary smFRET measurements,
supporting a partially wrapped configuration of ssDNA with RPA. In addition, Cm-labeled
and post-synthetically spin-labeled RNA hairpins targeting the Roquin-1 protein were
synthesized for room temperature PELDOR studies. However, these spin-labeled hairpins
exhibited poor binding affinity with Roquin-1, limiting further structural investigations of

this system.

The second part of the chapter focused on the incorporation of fluorescent labels into RNA
aptamers. The rigid nucleobase analogues Cmf and tCnitro were incorporated into the
neomycin aptamer and evaluated as a FRET pair, demonstrating their suitability for probing
RNA structure with high precision. Furthermore, the widely used fluorescent base analogue
2-AP was incorporated into a newly identified caffeine-binding aptamer to enable

fluorescence-based studies of its structure and dynamics.
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B4 Conclusions for Part B

This part of the thesis focused on labeling of nucleic acids for EPR and fluorescence studies.
Chapter B2 emphasizes a simple and efficient noncovalent spin labeling strategy for
investigating structure and dynamics of RNA by EPR spectroscopy (Paper II). A small Cm-
labeled RNA hairpin was first designed as an adaptor for spin labeling various RNA systems
through helical stacking. This blunt-ended hairpin mainly formed self-stacked dimers rather
than the desired hairpin-duplex assembly. This led to a modified strategy in which
complementary overhangs were introduced on both the Cm-labeled hairpin and the duplex.
CW-EPR and PELDOR (by Dr. Burkhard Endeward at the Goethe University, Frankfurt)
studies showed that these overhangs promoted stacking and that stacking efficiency
increased with the length of the overhang, with three or more complementary nucleotides
giving the most efficient hairpin-duplex assembly. A major advantage of this approach is
that it avoids the need to covalently introduce a rigid spin label into each target RNA, thereby
reducing the synthetic effort associated with rigid spin labeling. This method could be used
for labeling longer RNAs, particularly those prepared by in vitro transcription, provided that
suitable duplex ends are accessible. Moreover, this method could be extended to various

other spectroscopic probes, such as other rigid spin labels and fluorophores.

Chapter B3 focused on broader collaborative nucleic acid chemistry work involving site-
specific spin- and fluorescence-labeling. 2’ NH>-U modified polyT DNAs, spin-labeled with
the isothiocyanate derivative of an isoindoline nitroxide (M), were prepared for PELDOR
studies of the RPA-ssDNA complex in collaboration with Dr. Reza Dastvan and Prof. Edwin
Antony, Saint Louis University School of Medicine, USA. The PELDOR results, together
with complementary smFRET data, support the hypothesis of a partially wrapped
arrangement of ssSDNA on RPA (Paper III). In another project, RNA hairpins labeled with
the rigid spin label Cm and the semi-rigid nitroxide spin label M were prepared for studies
of the Roquin-1-RNA complex, although poor binding affinity of the RNA with Roquin-1
precluded the use of these spin-labeled oligonucleotides for PELDOR. In the fluorescence-
based studies, in collaboration with Josef Wachtveitl, Goethe University, Frankfurt, the rigid
nucleobase analogues Cmf and tCnitro were incorporated into the neomycin aptamer N1
and were shown to be an efficient FRET pair for probing the neomycin aptamer (Paper IV).

In addition, 2-aminopurine-labeled caffeine aptamers were prepared for future fluorescence
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studies of the aptamer structure and dynamics. Overall, this part of the thesis introduces a
noncovalent spin labeling technique for RNAs. and shows how both rigid and semi-rigid

probes can be used to study nucleic acid conformation and biomolecular interactions.
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The 1,3-bisdiphenylene-2-phenylallyl (BDPA) radical is a promising
polarizing agent for DNP NMR, but is limited by poor persistence. A
divergent synthetic strategy, using copper(i)-catalyzed azide—alkyne
cycloaddition, is presented for preparing tailored BDPA derivatives. A
high-molecular-weight, sterically shielded BDPA-dendrimer showed
improved persistence and the highest liquid-state DNP enhancement
reported thus far.

Nuclear magnetic resonance (NMR) spectroscopy is an impor-
tant analytical technique for investigating the structure and
dynamics of biomolecules and materials.'™ However, a major
drawback of NMR is its low sensitivity, which is due to the small
energy difference between the ground and excited states of
nuclear spins in a magnetic field. Dynamic nuclear polarization
(DNP) NMR has emerged as a powerful technique to overcome
this drawback, by transferring the much higher polarization of
unpaired electrons to the nuclei of interest.””” In DNP NMR, the
sample is doped with a paramagnetic molecule, referred to as a
polarizing agent, and irradiated with microwaves (uw) during
signal acquisition.®® Persistent organic radicals are the most
commonly used polarizing agents.

Bis-nitroxide biradicals are a class of polarizing agents that
are fairly easy to synthesize and have extensively been used for
DNP at magnetic fields of 9.4 and 14.1 T."*** AsymPol-POK
(Fig. 1) is a prominent example for solid-state DNP in aqueous
solutions, offering high DNP performance at these magnetic
fields.">"'® With recent technological advances, DNP NMR has
been extended to even higher magnetic fields (>18.8 T) in
order to improve both the signal-to-noise ratio and signal
resolution.'® However, the performance of nitroxides drops at
very high magnetic fields due to shorter electronic relaxation
times and a concomitant broader EPR signal, which broadens
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linearly with the external magnetic field.'®'” This results in
reduced excitation of the electronic spins and thus, lower DNP
enhancement. Moreover, loss of nuclear polarization through
depolarization becomes prominent for nitroxides at very high
fields.'®

To overcome the drawbacks associated with nitroxides, carbon-
based radicals like Finland trityl"*° and 1,3-bisdiphenylene-2-
phenylallyl (BDPA)*! (Fig. 1) have attracted attention as promising
radicals for high field DNP-NMR. The isotropic g-values of carbon
lead to a much lower or even non-existing depolarization."®*"
Furthermore, the narrow EPR line of carbon radicals in the solid-
state and their long electron spin-lattice relaxation times (T}c)
enable efficient saturation at comparatively lower microwave

power.'®??
\
Ko04PO o OPOK,
AsymPol-POK R= CH; Finland trityl
R= CH,CH,OH 0X063

BDPA-NMe;

Fig. 1 Persistent radicals used as polarizing agents for DNP NMR: AsymPol-
POK, Finland trityl, OX063, BDPA and trimethylammonium BDPA (BDPA-
NMes).
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An advantage of the BDPA radical over the Finland trityl is its
relative ease of synthesis.>*** Moreover, its EPR signal is
narrower and more isotropic than the Finland trityl radical.®*
BDPA radicals have been used for DNP in both liquids and
solids,*>*>*! where they exhibit multiple polarization pathways.
Traditionally, the Overhauser effect (OE) was considered exclusive
to liquids, relying on fast molecular motion to mediate electron-
nuclear cross-relaxation.*>*® However, BDPA was shown to have
the ability to operate in solids through the OE.>**” This beha-
viour has been linked to its mixed-valence character and intra-
molecular charge-transfer dynamics.>* Furthermore, Kuzhelev
et al. have also shown that BDPA monoradicals can polarize fluid
lipid membranes and analytes in viscous solutions through the
solid effect (SE) mechanism at high magnetic fields, previously
only observed in solids.>**® When molecular tumbling of an
analyte in solution is reduced,**”> electron-nuclear dipolar inter-
actions slow down, which allows efficient polarization transfer
and sizable signal enhancements.*® Such polarization can also be
observed for large molecules (with a long rotational correlation
time) in aqueous solutions.>**” Thus, BDPA radicals exhibit
versatile and interesting DNP properties for solid- and solution-
state alike. Nonetheless, BDPA radicals have limitations.

Two major drawbacks of BDPA-based radicals have been their
low persistence and limited solubility in aqueous solutions for
use in structural biology.*® A new class of tetraalkylammonium
BDPA derivatives has partially addressed these shortcomings by
providing more persistent radicals with tuneable solubility.*®
However, the water-soluble trimethylammonium BDPA derivative
(BDPA-NMe;) (Fig. 1), has limited persistence in aqueous solu-
tions, probably due to the tendency of tetraalkylammonium salts
to aggregate in water,'®** leading to dimerization.*®>° Attaching
bulky substituents to BDPA should reduce its tendency to

Br COH Na
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aggregate and thereby enhance its stability.
a convergent synthetic strategy that enables conjugation of a
variety of different substituents to BDPA by Cu-catalyzed azide-
alkyne cycloaddition (CuAAC) with a focus on the incorporation
of hydrophilic and sterically demanding groups. This approach
provides flexibility in preparing various substituted BDPA deriva-
tives with tailored properties and complements the strategy of
increasing the persistence of BDPA by changing the electronic
properties of the aromatic rings.*>*® Of the BDPA derivatives
described here, a BDPA-conjugated dendrimer was particularly
promising, with improved persistence in water and the highest
reported DNP enhancement thus far in viscous liquids.

The synthetic strategy was based on the known tetrabromo
BDPA derivative 1*° and its conversion to tetraazide BDPA 2
(Scheme 1). This tetraazide can be readily conjugated to various
alkyne-bearing substituents by CuAAC, including hydrophilic
and sterically demanding groups. We chose four different
alkynes with distinct properties: propargyl alcohol (3a), which
can be further derivatized; a polyhydroxyamide derivative (3b)*’
to use in sorbitol-based glass matrices for DNP; a glucose
derivative (3¢)*® as a neutral and hydrophilic moiety that could
provide some steric shielding; and a dendrimer alkyne (3d) to
impart solubility and extensive steric effects (Scheme 1).

The synthesis began with the azidation of the tetrabromide
to give the tetraazide BDPA derivative 2 in excellent yield
(Scheme 1). The click reaction of 2 with the alkynes (3a-d) was
straightforward, however, the purification of BDPA derivatives
4a-d was challenging due to either limited solubility (4a and
4b) or very high polarity (4c and 4d). For derivatives 4a, 4b and
4c, precipitation with Et,O gave fairly pure products with good
yields. Compound 4d was purified by flash column chromato-
graphy. The corresponding BDPA radicals 5a-d were prepared

139

R
N >§‘
i N
COH N
N 2 \N/N
R
~I
=N
Dasy
O . 1. t-BUOK, DMSO
2. AGNO, H,0

85-88%
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Scheme 1 Synthesis of water-soluble BDPA radicals 5a—d via CUAAC of tetraazide 2 and their corresponding alkyne substrates 3a—d.
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by treating derivatives 4a-d sequentially with #BuOK and
AgNO; (Scheme 1). Since compound 4d was prone to hydrolysis
in the presence of base, a shorter reaction time was used for the
deprotonation with #BuOK (see SI for details).

BDPA radicals 5a-d were all soluble in DMSO, while only 5¢
and 5d were soluble in water. On the other hand, compound 5b
was unexpectedly insoluble in water, despite being a sugar-
based derivative like 5c. The insolubility of 5b in water is likely
due to a combination of intermolecular hydrogen bonding
involving the carbohydrate moieties and n-n stacking of the
BDPA cores. As anticipated, the tetrahydroxyl BDPA radical 5a
exhibited negligible solubility in water. However, the hydroxyl
groups can be readily phosphorylated' or converted to sulfates
to dramatically increase hydrophilicity.*® Thus, the tetrasulfate
derivative of 4a was prepared and subsequently converted to
the corresponding radical 7 in good overall yield (Scheme 2).
The sulfate derivative 7 showed excellent solubility in water.

Based on its high molecular weight and good solubility in
aqueous solutions, the BDPA-dendrimer radical (5d) was chosen
for investigation of persistence and for evaluation as a polarizing
agent. The persistence of 5d in DMSO and water was determined
by monitoring the radical concentration as a function of time by
UV-Vis spectroscopy (Fig. 2).>° Interestingly, the radical concen-
tration 5d unexpectedly increased in DMSO during the first three
days, before reaching a plateau (Fig. 2A). This indicated that the
that the radical precursor 4d, which was still present in the
sample of 5d, was converted to the radical under these condi-
tions. DMSO plays a key role, facilitating formation of the BDPA
anion (change in color), which then converts to the radical. The
same behaviour was also observed when 4d was dissolved in
DMSO, which ruled out possibility of oxidation of 5d by residual
oxidizing agent from the previous step (Fig. S27). Once the anion
had been converted to the radical, it remained persistent in
DMSO for at least 25 days (Fig. 2A).*° The estimated half-life of
5d in water was ~2 days, which was substantially longer that of
BDPA-NMe; (<24 h (Fig. 2B). Since the liquid DNP experiments
were performed in glycerol (see below), the persistence of 5d in
glycerol was also investigated (Fig. 2C); it showed a gradual
degradation with an estimated half-life of ~ 8 days. No detectable

2. t-BuOK, DMSO
N 3.AgNOs, H,0
4.KI, H,0

HO 62%

Scheme 2 Synthesis of BDPA-sulfate 7 from 4a.
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Fig. 2 Persistence of the trimethyl derivative of trialkylammonium BDPA
(BDPA-NMesz) (@) and BDPA-dendrimer 5d (@) in DMSO (A) and H,O (B), as
well as 5d in glycerol (C) at 23 °C, monitored by UV-Vis spectroscopy.*
The concentration of the radicals were 10 mM by weight, but the absolute
radical concentration, determined by spin-counting was 7.5 mM and 5.6
mM for BDPA-NMez and BDPA-dendrimer 5d, respectively.

decrease in the DNP enhancement (see below) was observed
during measurements at 315 K over a period of 4 h.

As mentioned above, DNP NMR in viscous liquids is emer-
ging as a valuable approach for solution-state NMR studies at
high magnetic fields and room temperature.*> When molecular
tumbling of an analyte in solution is reduced, for example in
viscous solvents,**>> electron-nuclear dipolar interactions slow
down, which allows efficient polarization transfer and sizable
signal enhancements.*® Such polarization can also be observed
for large molecules (with a long rotational correlation time) in
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Fig. 3 'H-DNP-enhanced NMR signal of glycerol with BDPA-dendrimer
5d at a concentration of 20 mM. Spectra were recorded at ~ 315 K and
9.4 T with (red) and without (black) microwave irradiation at 263 GHz and
5 W of microwave power. The NMR signals are normalized with respect to
the number of acquisitions.

T
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aqueous solutions.?*?” Carbon-based radicals like BDPA-NMe; and
0X063 (Fig. 1) give enhancements through the SE pathway using
this approach, correlating with molecular weight, with 0X063
(Mw = 1360.8) showing the highest DNP performance.*® Given
the high molecular weight of BDPA-dendrimer 5d (M = 4157.2),
we investigated its DNP performance. At 9.4 T and 315 K, 5d
produced a '"H DNP enhancement of 40 + 5 at a concentration of
20 mM in glycerol (Fig. 3), a roughly twofold increase in DNP
enhancement relative to OX063 (¢ = 20 + 3, 20 mM).>** DNP
performance was also evaluated at radical concentrations of 10
and 40 mM for 5d, giving DNP enhancements of 18 + 3 and 57 + 6,
respectively (Table S1). Although high viscosity leads to an increase
in transverse relaxation rates and subsequent line broadening,
using a viscous solvent is not a requirement for the DNP mecha-
nism itself. Efficient polarization of small molecules, like ATP, can
be achieved at viscosities only six times that of water, while larger
biomolecules (~15 kDa) possess sufficiently long rotational corre-
lation times to exhibit sizable enhancements in pure aqueous
solutions.’” Glycerol was chosen here to enable a direct and
quantitative comparison with the trityl-based radical 0X063.*

In summary, we have developed a versatile click-based
approach to prepare tetrasubstituted BDPA radicals, giving
access to BDPA derivatives with tuneable size, solubility and
stability. Among the four derivatives, BDPA-dendrimer 5d stood
out, showing improved persistence in both water and DMSO.
Importantly, 5d exhibited the best DNP performance reported
thus far for "H DNP NMR in viscous liquids, with enhance-
ments of 57 at 40 mM, making the BDPA-dendrimer a promis-
ing polarizing agent for liquid-state DNP NMR.
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Synthetic procedure

General materials and methods

All commercially available reagents were purchased from Sigma-Aldrich Co., abcr GmbH, and
Polymer Factory, and were used without further purification. Polyester-8-hydroxyl-1-acetylene bis-MPA
dendron, Gen-3 (3d) was purchased from Polymer Factory. All moisture sensitive reactions were
carried out in oven-dried glassware under an inert atmosphere of Ar. CH,Cl, was dried over calcium
hydride and freshly distilled before use. Reagent grade DMSO and DMF were dried over molecular
sieves (3 A). Thin layer chromatography (TLC) was carried out using glass plates pre-coated with silica
gel (Kieselgel 60 Fzs4, 0.2 mm, Silicycle) and compounds were visualized using UV light. Column
chromatography was performed using 230-400 mesh silica gel (Silicycle). 'H- and "*C-NMR spectra
were recorded at the frequencies stated, using deuterated solvents as internal standards on a Bruker
Avance 400 MHz and 600 MHz spectrometers. Radicals show broadening and loss of NMR signals due
to their paramagnetic nature and therefore, those NMR spectra are not shown. Mass spectrometric
analyses of all organic compounds were performed on an ESI-HRMS (Bruker, MicrOTOF-Q). EPR
spectra were recorded on a MiniScope MS200 with following experimental parameters: 9.43 GHz,
microwave power 1T mW, sweep width 12 mT, modulation 0.2 mT, 23 °C. Purity of all radicals was
analysed on an analytical Agilent 1200 HPLC system using a NUCLEODUR C18 Pyramid 4.6 x 150 mm
analytical column with UV detection at A = 254 nm. Solvent gradients for analytical RP-HPLC were run
at 1.0 mL/min using the following gradient: solvent A, 0.1% TFA in H,O; solvent B, CH;CN; 0-2 min
isocratic 0% B, 10 min linear gradient to 100% B, 2 min linear gradient to 0% B, 2 min isocratic 0% B.
The UV-Vis spectra were recorded on an Agilent Cary UV-Vis Multicell Peltier spectrophotometer. The

IR spectra were recorded on a Thermo Scientific Nicolet iS50-ATR IR spectrometer.
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NaN,, DMSO
—_— >
25 °C, 30 min

81%

BDPA tetraazide 2. To a solution of compound 1’ (500 mg, 0.6 mmol) in DMSO (6 mL), was added NaN3
(194.8 mg, 3.0 mmol) and the resulting solution was stirred at 23 °C for 30 min. The reaction was
acidified with ag. HCL (1 N, 10 mL) and extracted with EtOAc (3 x 10 mL). The combined organic layers
were washed with brine (2 x 20 mL), dried over Na,SO, and concentrated in vacuo. The crude product
was purified by flash-column chromatography using a gradient elution (CH,Cl,:MeOH; 100:0 to 98:02)

to give 2 (331 mg, 81%) as an orange solid.

R: (1) = 0.5, R (2) = 0.4 (CH.Cl,/MeOH 98:02); 'H NMR (400 MHz, DMSO-ds) 6 8.62 (s, 1H), 8.08 (d, J =
7.8 Hz, 1H), 7.93 (d, J = 7.8 Hz, 1H), 7.84 (d, J = 7.8 Hz, 2H), 7.71 (s, 2H), 7.56 (d, J = 8.2 Hz, 3H), 7.41
(dd, J=7.8 Hz, 1.1 Hz, 2H), 7.25 (dd, J=9.0 Hz, 1.1 Hz, 1H), 6.79 (d, J = 8.3 Hz, 2H), 6.62 (s, 1H), 5.61 (s,
1H), 4.56 (s, 2H), 4.46 (q, J = 7.8 Hz 2H), 4.02 (s, 2H) ppm; *C NMR (101 MHz, DMSO-d;) d 166.74,
144.38, 144.29, 142.35, 141.08, 140.12, 138.83, 138.48, 138.10, 135.33, 134.99, 134.76, 134.20,
129.81,129.36, 128.73, 128.59, 128.44, 128.04, 126.37, 125.86, 124.52,120.66, 119.97, 53.94, 53.71,
53.55, 51.89 ppm; IR (ATR, cm™): v~ 2926.88 (s) (C-H), 2100 (vs) (Ns), 1694.06 (s) (C=0), 1417.13 (m)
(C-C, aromatic) and 1240.41 (s) (C-O); HRMS (ESI): m/z calcd. for CszsH26N1,02+Na* [M+Na*] 705.2194,
found 705.1864.
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= oH
3a

CuSO,, Na Ascorbate,
DMF/H,0

23°C,3h

2%

BDPA-OH 4a. To a solution of tetraazide 2 (60 mg, 0.088 mmol) in DMF (0.6 mL), was added a solution
of sodium ascorbate (17.4 mg, 0.088 mmol) and CuSQO4 (4.4 mg, 0.018 mmol) in H,O (0.2 mL) and the
reaction mixture was stirred at 23 °C. After 5 min, propargyl alcohol 3a (0.23 mL, 0.395 mmol) was
added and the reaction mixture was stirred at 23 °C for 3h. The solvent was removed in vacuo, and the
crude was washed with Et,O (2 x 10 mL). The precipitate was collected by centrifugation, followed by
decantation of the solvent. The precipitate was washed with H,O (2 x 5 mL) and isolated again by
centrifugation and decantation of the solvent. The precipitate was dissolved in DMSO (0.5 mL) and re-
precipitated with Et,O (10 mL). This step was repeated, and the precipitate was dried to give 4a (57

mg, 72%) as a yellow solid.

'H NMR (600 MHz, DMSO-ds): & 8.52 (s, 1H), 8.02 (d, J = 7.4 Hz, 2H), 7.97 (s, 2H), 7.90 (d, / = 7.9 Hz,
1H), 7.76 (d, J = 7.7 Hz, 2H), 7.63 (s, 2H), 7.50 (s, 1H), 7.47 (d, /= 7.9 Hz, 2H), 7.43 (d, J = 8.0 Hz, 1H),
7.32(dd,J=7.9,1.5Hz, 2H), 7.26 (dd, /= 7.9, 1.5 Hz, 1H), 6.59 (d, /= 7.9 Hz, 2H), 6.48 (s, 1H), 5.66 (s,
2H), 5.62 - 5.56 (m, 5H), 5.10 (s, 2H), 4.50 (s, 4H), 4.48 (s, 2H), 4.42 (s, 2H) ppm; 3*C NMR (151 MHz,
DMSO-de): 5 148.28, 147.95, 144.44, 144.16, 140.81, 139.82, 138.81, 138.48, 138.04, 135.90, 135.30,
134.90, 134.47, 128.71, 128.49, 128.07, 128.04, 127.88, 125.97, 122.83, 122.60, 122.27, 120.55,
119.97, 55.00, 54.93, 54.82, 52.94, 52.84, 52.75, 51.88 ppm; IR (ATR, cm™): v~ 3288.04 (s,b) (O-H,
alcohol), 3145.06, 1654.88 (s) (C=0), 2930.58 (C-H), 1654.06 (s) (C=0), 1418.36 (m) (C-C, aromatic)
and 1135.11 (s) (C-0); HRMS (ESI): m/z calcd. for Cso0H42N120s+Na* [M+Na*] 929.3242, found 929.3119.

HPLC:
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HO O

HO "
OHHNA\\

HO  OH A HO
3b
CuSO0Oy, Na Ascorbate,
DMF/H,0

25°C,4h

75%

BDPA-hydroxyamide 4b. To a solution of tetraazide 2 (30 mg, 0.0439 mmol) in DMF (0.4 mL), was added
a solution of sodium ascorbate (8.7 mg, 0.0439 mmol) and CuSO, (2.2 mg, 0.009 mmol) in H,O (0.2
mL) at 23 °C. After 2 min a solution of N-2-propyn-1-yl-D-gluconamide 3b? (40 mg, 0.198 mmol) in DMF
(0.2 mL) was added and the reaction mixture was stirred at 23 °C for 4 h. The solvent was removed in
vacuo, and the crude was washed with Et,O (2 x 10 mL). The precipitate formed was collected by
centrifugation, followed by decantation of the solvent. The precipitate was washed with H,O (2 x 5 mL)
and isolated again by centrifugation and decantation of the solvent. The precipitate was dissolved in
0.1% TFA H,O: CH;CN (7:1) and passed through C18 silica, followed by drying to afford 4b (53 mg,

75%) as a brownish red solid.

'H NMR (600 MHz, DMSO-de): 5 8.53 (s, 1H), 8.09-8.05 (m, , 3H), 8.03-7.98 (m, 3H), 7.95 (s, 2H), 7.89
(d,/J=7.8Hz,1H), 7.75(d, /= 7.9 Hz, 2H), 7.63 (s, 2H), 7.55 (s, 1H), 7.48 (d, /= 7.9 Hz, 2H), 7.39 (d, / =
7.9Hz,1H), 7.29(d, J=7.9 Hz, 2H), 7.22 (d, J= 7.9 Hz, 1H), 6.63-6.61 (m, 2H), 6.49 (s, 1H), 5.66 (s, 2H),
5.61-5.56 (m, 5H), 5.38 (d, J=4.7 Hz, 3H), 5.09 (s, 2H), 4.53 (s, 4H), 4.48 - 4.43 (m, 8H), 4.39-4.24 (m,
12H), 4.11 - 4.00 (m, 8H), 3.93 (s, 4H), 3.57 (d, /= 11.0 Hz, 4H), 3.48 (s, 9H) ppm; *C NMR (151 MHz,
DMSO-de) 5 172.58, 166.83, 145.26, 145.22, 144.99, 144.41, 144.13, 141.90, 140.81, 139.84, 138.83,
138.46, 138.02, 135.84, 135.24, 134.91, 134.49, 134.42, 129.83, 128.74, 128.41, 128.17, 128.14,
127.89, 127.83, 126.03, 125.37, 124.52, 123.11, 122.93, 122.43, 120.64, 120.62, 120.58, 120.02,
118.03, 73.61, 72.25, 71.52, 70.16, 63.30, 52.99, 52.90, 52.82, 51.87 ppm; IR (ATR, cm™): v~ 3296.48
(s,b) (O-H, alcohol), 2935.38 (C-H), 1647.66 (s) (C=0), 1418.83 (m) (C-C, aromatic) and 1123.61 (s) (C-
0), 1051.19 (m) (C-N); HRMS (ESI): m/z calcd. for C;4HssN1sO26+2Na*™ [M+2Na*] 830.2842, found
830.2794.
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HO OH

6H 3c

CuSO0y, Na Ascorbate,
DMF/H,0

25°C,4h
80%

BDPA-glucose 4c. To a solution of tetraazide 2 (30 mg, 0.0439 mmol) in DMF (0.4 mL), was added a
solution of sodium ascorbate (8.7 mg, 0.0439 mmol) and CuSQO, (2.2 mg, 0.009 mmol) in H,0 (0.2 mL)
at 23 °C. After 2 min a solution of 2-propyn-1-yl-B-D-glucopyranoside 3c® (43.15 mg, 0.198 mmol) in
DMF (0.2 mL) was added and the reaction mixture stirred at 23 °C for 4 h. The solvent was removed in
vacuo and the crude was washed with Et,O (20 mL). The precipitate was collected by centrifugation,
followed by decantation of the solvent. The precipitate was dissolved in H,O (0.25 mL) and re-
precipitated with Et,O (10 mL). The precipitate was dissolved in H,O: CH;CN (7:1) and passed through
C18ssilica, followed by drying in vacuo to afford 4¢ (54.5 mg, 80%) as a reddish-orange solid.

'H NMR (600 MHz, DMSO-ds): 6 8.53 (s, 1H), 8.24 (s, 1H), 8.19 (s, 2H), 8.03 (d, /= 7.9 Hz, 1H), 7.90 (d,
J=7.8Hz,1H), 7.75 (dd, J = 7.9, 2.0 Hz, 2H), 7.73 (s, 1H), 7.63 (d, J = 7.3 Hz, 2H), 7.46-7.44 (m,, 3H),
7.32(t,/J=7.9Hz, 2H), 7.25(d, /= 7.9 Hz, 1H), 6.64 - 6.59 (m, 2H), 6.49 (s, 1H), 5.69 (s, 2H), 5.69-5.58
(m,6H), 5.14 (s, 2H), 4.85-4.81 (m, 5H), 4.77 (d, /=12 Hz, 3H ), 4.65 - 4.56 (m, 9H), 4.27 - 4.23 (m,
6H), 3.70-3.67 (m, 5H), 3.47 - 3.43 (m, 5H), 3.15-3.10 (m, 10H), 3.06-3.03 (m, 5H), 2.98-2.94 (m, 4H)
ppm;*C NMR (151 MHz, DMSO-ds) 5 166.69, 162.23, 144.29, 141.82, 140.77, 140.74, 139.80, 138.74,
138.38, 137.95, 135.64, 135.10, 135.08, 134.78, 134.33, 129.60, 128.66, 128.15, 128.08, 127.91,
127.81, 125.97, 125.34, 124.44, 124.01, 120.61, 120.52, 119.94, 102.20, 102.14, 102.12, 102.05,
76.82,76.77,76.59, 76.56, 73.27,70.03, 70.00, 61.52, 61.44, 61.41, 61.25, 61.06, 61.04, 52.96, 52.86,
51.81 ppm; IR (ATR, cm™): v~ 3297.29 (s,b) (O-H, alcohol), 2878.16 (C-H), 1652.92 (s) (C=0), 1050.19
(m) (C-0); HRMS (ESI): m/z calcd. for C74HsaN1202+Na* [M+Na*] 1577.5355, found 1577.5250.
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HO OH O 4d OH
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BDPA-dendrimer 4d. To a solution of compound 2 (20 mg, 0.029 mmol) in DMF (0.3 mL), was added a
solution of sodium ascorbate (5.8 mg, 0.029 mmol) and CuSO, (1.5 mg, 0.0058 mmol) in H,O (0.2 mL)
at 23 °C. After 2 min a solution of alkyne dendrimer 3d (112 mg, 0.1289 mmol) in DMF (0.3 mL) was
added and the reaction mixture was stirred at 23 °C for 4 h. The solvent was removed in vacuo, and the
crude was washed with Et,O (20 x 2 mL). The reaction mixture was poured into Et.O (10 mL), the
precipitate collected by centrifugation, followed by decantation of the solvent. The precipitate was
redissolved in MeOH (1 mL) and re-precipitated by addition of Et,O (10 mL). The product was further
purified by flash-column chromatography using a gradient elution (CH,Cl,:MeOH; 85:15 to 65:35) to
give 4d (1.08 g, 90%) as an orange solid.

R: (4d) = 0.3 (CH.Clo/ MeOH 7:3 ); '"H NMR (400 MHz, Methanol-d.): 5 8.26 (s, 1H), 8.18 (s, 1H), 8.10 (s,
2H), 8.00 (d, J = 7.9 Hz, 1H), 7.85 (d, J = 7.8 Hz, 1H), 7.77 (s, 1H), 7.74 (d, J = 2.3 Hz, 2H), 7.54 (t, / = 8.5
Hz, 3H), 7.48 (s, 2H), 7.38 (d, J = 7.9 Hz, 2H), 7.23 (d, J = 7.8 Hz, 1H), 6.55 (d, J = 8.1 Hz, 2H), 6.38 (s,
1H), 5.77 (d, J = 3.3 Hz, 3H), 5.73-5.64 (m, 5H), 5.32 (s, 2H), 5.27 (s, 4H), 5.19 (s, 2H), 5.09 (s, 2H), 4.34
— 4.15 (m, 63H), 3.71 - 3.65 (m, 40H), 3.62-3.57 (m, 32H), 1.31 - 1.28 (m, 10H), 1.26 — 1.19 (m, 39H),
1.14 (s, 33H), 1.13 (s, 10H).ppm; *C NMR (101 MHz, Methanol-da): & 175.98, 175.95, 173.73, 173.69,

173.68, 173.63, 173.61, 146.97, 146.17, 143.85, 143.84, 143.44, 142.96, 141.98, 141.37, 140.73,
S19



140.64, 140.32, 138.44, 136.54, 136.51, 136.13, 135.20, 132.36, 129.96, 129.48, 129.02, 128.98,
128.90, 126.88, 126.64, 126.54, 125.75, 121.95, 121.91, 121.16, 71.12, 69.19, 68.55, 67.21, 67.17,
66.88,66.12,65.78,59.03, 58.94, 55.16, 54.96, 53.66, 51.78, 47.88, 47.86, 39.42, 33.04, 30.74, 25.98,
23.70,19.51,18.20, 18.16, 18.09, 18.04, 17.37, 15.43, 14.42 and 13.99 ppm; IR (ATR, cm™): v~ 3369.88
(s,b) (O-H, alcohol), 2882.91 (C-H), 1723.61 (s) (C=0, ester), 1466.11 (m) (C-C), 1029.75 (m) (C-0);
HRMS (ESI): m/z calcd. for C190H266N12090 +4Na* [M+4Na*] 1062.4060, found 1062.3909.

HPLC:

0 2 4 6 8 10 12 14 16
Time [min]
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BDPA-sulfate 8. Sulfur trioxide pyridine complex 6 (28 mg, 0.176 mmol) was taken in an oven dried
round bottom flask. To this, a solution of compound 4a (20 mg, 0.022 mmol) in DMF (1.0 mL), was
added and the resulting solution was stirred at 23 °C for 3 h. Satd. NaHCO; (0.5 mL) was added to the
solution and stirred for 15 min. Water was evaporated in vacuo and the residue was precipitated using
MeOH:Et,0O (1:10). The precipitate was dissolved in MeOH and filtered. The filtrate was dried and re-

precipitated. The precipitate was dried in vacuo to give 8 (27 mg, 93%) as a blue solid.

'H NMR (600 MHz, Methanol-d.): 8 8.25 (s, 1H), 8.10 (s, 1H), 8.02 (s, 2H), 7.95 (d, /= 7.9 Hz, 1H), 7.80
(d,J=7.8Hz, 1H), 7.70 (d, J = 8.0 Hz, 2H), 7.67 (s, 1H), 7.56 (d, J = 8.1 Hz, 2H), 7.49 (d, / = 6.6 Hz, 3H),
7.31(dd,J=7.9,1.6 Hz, 2H), 7.16 (dd, /= 7.9, 1.6 Hz, 1H), 6.57 (d, /= 8.0 Hz, 2H), 6.39 (s, 1H), 5.81 (d,
J=1.6 Hz, 1H), 5.73 (s, 2H), 5.64 (s, 4H), 5.15 (s, 2H), 5.11 (s, 2H), 5.08 (s, 4H), 4.94 (s, 2H) ppm;'3C
NMR (151 MHz, Methanol-d.): 8 174.94, 161.49, 146.94, 146.18, 144.97, 144.87, 144.60, 142.94,
141.98, 141.38, 140.78, 140.65, 140.31, 138.56, 136.57, 136.14, 135.02, 129.97, 129.42, 128.91,
128.80, 128.73, 126.84, 126.56, 126.02, 125.81, 125.72, 125.65, 121.72, 120.91, 61.80, 61.73, 61.67,
55.08, 54.88, 53.67 ppm; IR (ATR, cm™): v~ 3409.33 (s,b) (O-H, alcohol), 2882.91 (C-H), 1599.84 (s) (C-
C), 1382.67 (s) (S=0), 1250.11 (s) (C-N), 1050.19 (m) (C-0O); HRMS (ESI): calcd. for CsoH37N1,015Ss Na
[M*]305.5333, found 305.5472.

HPLC:

Time [min]
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Figure S$18. IR spectrum of compound 8.
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1. t-BuOK, DMSO, 30 min

2. AgNO3, H,0, 5 min
75%

BDPA-OH radical 5a. To a solution of compound 4a (20 mg, 0.022 mmol) in DMSO (1.0 mL), was added

a freshly prepared solution of t-BuOK (0.176 mL, 0.044 mmol, 0.25M in DMSO) and the resulting

solution was stirred at 23 °C for 30 min. A solution of AgNO; (18.8 mg, 0.110 mmol) in H,O (0.1 mL)

was added and the red solution was stirred for 5 min. The mixture was centrifuged, the solution was

decanted and poured into Et,O (10 mL), followed by centrifugation and decantation of the Et,O layer.

This was repeated until a precipitate was obtained and DMSO was removed. The precipitate was

washed with H,O (1 mL), centrifuged and decanted. The precipitate was dissolved in DMSO (0.5 mL),

re-precipitated with Et,O (10 mL) and dried to give 5a (15 mg, 75%) as a reddish brown solid.

IR (ATR, cm™): v~ 3308.25 (s,b) (O-H, alcohol), 3138.62 (O-H), 1581.72 (s) (C=0); HRMS (ESI): m/z

calcd. for CsoH41N1206 [M-H7]1904.3199, found 904.3186.

EPR (DMSO):

334

336

Field [mT]

338

342

0 2 4 6 8 10 12 14 16

Time [min]
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Figure S$19. IR spectrum of compound 5a.
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BDPA-hydroxyamide radical 5b. To a solution of compound 4b (10 mg, 0.006 mmol) in DMSO (0.75 mL),
was added a freshly prepared solution of t-BuOK (0.05 mL, 0.012 mmol, 0.25M in DMSO) and the
resulting solution was stirred at 23 °C for 30 min. A solution of AgNO; (5.3 mg, 0.031 mmol) in H.0
(0.05 mL) was added and the red solution was stirred for 5 min. The mixture was centrifuged, the
solution was decanted and poured into Et,O (10 mL), followed by centrifugation and decantation of
the Et,O layer. This was repeated until a precipitate was obtained and DMSO was removed. The
precipitate was washed with H,O (1 mL), centrifuged and decanted. The precipitate was dissolved in
DMSO (0.5 mL), re-precipitated with Et.O (10 mL) and dried to give 5b (8 mg, 80%) as a reddish brown

solid.

IR (ATR, cm™): v~ 3308.20 (s,b) (O-H, alcohol), 2932.20 (C-H), 1654.47 (s) (C=0), 1532.07 (s) (N-H),
1418.83 (m) (C-C, aromatic), 1072.40 (s) (C-O), 1022.53 (m) (C-N); HRMS (ESI): m/z calcd. for
C74HgsN16026+2Na* [M+2Na+] 8302842, found 830.2676.

EPR(DMSO): HPLC:

330 332 334 336 338 340 342 344 0 2 4 6 8 10 12 14 16
Field [mT] Time [min]
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1. +BuOK, DMSO, 30 min
2. AgNO3, H,0, 5 min

83%

BDPA-glucose radical 5¢. To a solution of compound 4c¢ (20 mg, 0.013 mmol) in DMSO (1.5 mL), was
added a freshly prepared solution of t-BuOK (0.1 mL, 0.0257 mmol, 0.25M in DMSO) and the resulting
solution was stirred at 23 °C for 30 min. A solution of AgNO; (10.9 mg, 0.0643 mmol) in H,O (0.1 mL)
was added and the red solution was stirred for 5 min. The mixture was centrifuged, the solution was
decanted and poured into Et,O (10 mL), followed by centrifugation and decantation of the Et,O layer.
This was repeated until a precipitate was obtained and DMSO was removed. The precipitate was
dissolved in H,O (0.5 mL), centrifuged and decanted. To the decanted solution, MeOH (2 mL) was
added, followed by Et,O (10 mL). The precipitate was collected by centrifugation, followed by

decantation of the solvent and was dried to give 5¢ (16.6 mg, 83%) as a reddish brown solid.

IR (ATR, cm™): v~ 3353.00 (s,b) (O-H, alcohol), 2881.71 (C-H), 1583.61 (s) (C=0), 1374.82 (s) (C-N)
1038.58 (m) (C-0O); HRMS (ESI): m/z calcd. for C74Hs1N1,026+2Na* [M+2Na*] 799.7585, found 799.7495.

EPR (DMSO): HPLC:

Field [mT] Time [min]
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O 1. +BuOK, DMSO, 10 min
O . 2. AgNO3, H,0, 2 min
O 83%

Ed 0 o
Ho/jé o OA\[\O
HO ?
o%\l[\ OH

BDPA-dendrimer radical 5d. To a solution of compound 4d (20 mg, 0.0048 mmol) in DMSO (1.5 mL),
was added a freshly prepared solution of t-BuOK (0.04 mL, 0.0096 mmol, 0.25M in DMSOQO) and the
resulting solution was stirred at 23 °C for 10 min. A solution of AgNO; (4 mg, 0.024 mmol) in H,O (0.1
mL) was added and the red solution was stirred for 2 min. The mixture was centrifuged; the solution
was decanted and poured into Et,O (10 mL). The precipitate formed was collected by centrifugation
followed by decantation of the solvent. The precipitate was redissolved in MeOH (1 mL) and re-
precipitated by addition of Et,O (10 mL) twice. The precipitate was dissolved in MeOH (1 mL) and
centrifuged to remove the Ag residue and decanted and dried to give 5d (14 mg, 70%) as a reddish

brown solid.

IR (ATR, cm™): v~ 3378.89 (s,b) (O-H, alcohol), 2882.93 (C-H), 1723.02 (s) (C=0, ester), 1461.22 (m) (C-
C), 1031.54 (m) (C-0O); ESI-HRMS: m/z calcd. for CigoH26sN120g0+4Na* [M+4Na*] 1061.6524, found
1061.6410.

EPR (DMSO): HPLC:

332 334 336 338 340 342 0 2 4 6 8 10 12 14 16
Field [mT] Time [min]
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NaO;SO N
[ N

N

Na0,SO0

1. +-BuOK, DMSO, 30 min

2. AgNOg, H,0, 5 min
3. Kl, H,O, 5 min

67%

KO3SO%

N N

KO;SO

BDPA-sulfate radical 7. To a solution of compound 8 (20 mg, 0.015 mmol) in DMSO (1.0 mL), was added

a freshly prepared solution of t-BuOK (0.12 mL, 0.029 mmol, 0.25M in DMSO) and the resulting

solution was stirred at 23 °C for 45 min. A solution of AgNO; (12.7 mg, 0.075 mmol) in H,O (0.06 mL)

was added and the red solution was stirred for 5 min. A solution Kl in H,O (60 pL) was added, and the

solution was stirred for 5 min. The mixture was centrifuged; the solution was decanted and poured

into Et,0 (10 mL). The precipitate formed was collected by centrifugation followed by decantation of

the solvent. The precipitate was redissolved in MeOH:H,0 (1:1) and re-precipitated by addition of Et,O

(10 mL) twice. The precipitate was dissolved in MeOH (1 mL) and centrifuged again to remove the Ag

residue and decanted and dried to give 5d (14 mg, 67%) as a reddish brown solid.

IR (ATR, cm™): v~ 3442.06 (s,b) (O-H, alcohol), 2882.91 (C-H), 1593.14 (s) (C-C), 1382.67 (s) (S=0),

1216.95 (s) (C-0); ESI-HRMS: m/z calcd. for CsoH3z,N12015S, [M*] 305.2813, found 305.2828.

EPR (H,0):

334

336

Field [mT]

338

340

HPLC:

Time [min]
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Figure S$23. IR spectrum of compound 7.
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Quantification of BDPA radicals

The amount of radical present in the BDPA radicals 5a-d and 7 was determined by spin counting using
EPR spectroscopy. A stock solution of 4-hydroxy-TEMPO (1.0 M) was prepared in DMSO. The stock
solution was diluted into a series of concentrations (0.1-1.5 mM), and each sample was measured by
EPR spectroscopy. The area under the peaks of each spectrum, obtained by double integration, was
plotted against its concentration to yield a standard curve. Solutions of BDPA radicals 5a-d and 7 (1
mM) in DMSO were measured under same conditions and double-integrated to obtain the area under
the peaks. Comparison with the TEMPO calibration curve showed that the radical content was

approximately 83% (5a), 82% (5b), 80% (5¢), 56% (5d) and 89% (7) with an error margin of 5-10%.

Persistence of BDPA-dendrimer 5d

Solvent-dependent persistence

The persistence of BDPA-dendrimer 5d was investigated by monitoring its absorption at 503 nm using
UV-vis spectroscopy. UV-Vis spectroscopy was used to monitor the radical persistence since it
allowed easier and more accurate quantification of the radical than EPR spectroscopy. The
concentrations of 5d in H,O, DMSO and glycerol were 10 mM (by weight) The solutions were kept at 23
°C and the UV-vis spectra were recorded at different time intervals by removing aliquots (3 uL) and
diluting with H,O (0.5 mL). Commercially purchased solvents were used without further drying and

purification for these experiments, except for DMSO which was dried over molecular sieves (3 A).

The UV-vis spectra of BDPA-dendrimer radical 5d in DMSO, H,O and glycerol as a function of time are
shown in Figure S24. The characteristic radical absorption band between 440 - 550 nm (Amax= 503 nm),
decreases as the radical decomposes. In DMSO (Figure S24A), the absorbance of 5d increases with
time for about 3 days and then becomes constant. In H,O, the absorbance decreases exponentially
with time, yielding a half-life of about 2 days (Figure S$S24B). In glycerol, 5d shows a gradual decrease
inthe absorbance at 503 nm, while the absorbance in the 360 - 440 nm region gradually increases with
time, unlike the measurements in DMSO or H,O. The normalized absorbance at 503 nm, as a function

of time, shows a half-life of ca. 8 days in glycerol (Figure S24C).
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Figure S24. The UV-vis absorbance spectra of 5d (left) and its corresponding normalized absorbance at 503 nm (right),
plotted as a function of time in DMSO (A), H.O (B) and glycerol (C).

One possible explanation of the unexpected increase of absorbance of 5d in DMSO could be low

solubility that might result in slow dissolution. To rule out this explanation, a 10 mM solution of 5d in

DMSO was prepared and an aliquot was immediately filtered through a 0.2 um membrane filter. Its

persistence was subsequently compared with the unfiltered solution (Figure $25). The materialin the

two solutions showed identical persistence curves, indicating that solubility of 5d in DMSO was not

responsible for the increase in absorbance of radical with time.
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Figure $25. Comparison of persistence of filtered (m) and unfiltered (m) 5d solution in DMSO (10 mM) at 23 °C, monitored
by UV-vis spectroscopy at 503 nm.

We also determined whether the increase in absorbance was concentration dependent, by comparing
the persistence of 5d at different concentrations (1 mM, 5mM, 10 mM and 20 mM, Figure S$26). All
concentrations exhibited similar persistence curve profiles, with each showing an initial increase in

absorbance.

Normalized abs @ 503 nm

Time (days)

Figure S26. Persistence of 5d for 1 mM (m), 5mM (=), 10 mM (m) and 20 mM (m) solutions in DMSO at 23 °C monitored by
UV-vis spectroscopy at 503 nm.

To determine if the initial increase in concentration of radical 5d in DMSO originated from presence of
the non-radical precursor 4d in the sample of 5d, a solution of 4d in DMSO was monitored by UV-vis
spectroscopy (Figure S27A). Initially, formation of the anion was observed (Anax = 630 nm), which
subsequently decreased as the radical gradually formed over a period of 4 days (Figure S27A,B). The

increase in radical content for 5d is shown for comparison (Figure S27B).
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Figure S27. A. The UV-vis absorbance of BDPA-dendrimer 4d in DMSO over 7 days at 23 °C. B. Comparison of effect of
DMSO on radical 5d (m) with its non-radical 4d. Anion formed in non-radical is shown by (A) while the radical formed over
time in the 4d is indicated by (®).

To assess whether dissolved oxygen in DMSO plays a role in the oxidation of the BDPA anion to the
radical, conversion of 4d in DMSO to the radical 5d was monitored in the presence and absence of
oxygen (Figure $28). The radical formation was comparable in both cases, indicating that dissolved
oxygen is not required for radical formation.
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Figure $S28. Normalized absorbance (503 nm) of 4d in DMSO (10 mM) plotted as a function of time, in the presence (m)
and absence of oxygen (m).

Liquid DNP NMR measurements

Experimental setup

'H DNP NMR experiments were performed on a home-built DNP spectrometer, which was a modified
Bruker Avance Il wide-bore spectrometer operating at 9.4 T. Microwaves were generated by a 12 W
gyrotron operating at 263 GHz.* The DNP probehead was a homemade Fabry-Perot/stripline double
resonance structure operating at 263 GHz/400 MHz.® DNP-enhanced (mw on) and reference (mw off)

NMR FID signals were recorded using standard 90° RF pulse excitation. The pulse length was 25 ps,
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and the repetition time was optimized for each radical concentration and set to one second for each
experiment. DNP enhancement was measured by integrating all glycerol protons. Enhancement was
calculated according to € = (I/ls) — 1, where | and |, are the dynamic and Boltzmann nuclear
polarizations, respectively. Temperature calibration was performed by monitoring the distance

between the CH, and OH groups in the NMR spectrum, as previously described.®

J-band EPR experiments were carried out using an ELEXSYS E780 at temperatures of 298 K and 100 K
with the following parameters for CW EPR: a microwave frequency of 262.75 GHz, a microwave power
of 0.02377 mW, a sweep width of 20 mT, a field modulation frequency of 100 kHz, a field modulation
amplitude of 0.3 mT, a time constant of 1 s, 201 points, and one scan. The echo detected (ED)
spectrum was measured at 100 K using a pulse sequence of 70-250-140 ns with a repetition time of

100 ms. The number of shot per point was 10 ns, and the number of scans was 1.

The BDPA dendrimer radical 5d concentration was between 10 and 40 mM, as determined by X-band
CW EPR at room temperature (Figure S28A). The J-band CW and ED EPR spectra are shown in Figures
S$28B and S28C, respectively.

A B (\ C

| |
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| I A

0.32 033 0.34 035 0.36 9.36 9.37 938 9.39 9.40 9.36 9.37 9.38 9.39 9.40
Field/ T Field/ T Field /T

Figure $29. X-band and J-band EPR of BDPA-dendrimer. A. X-band CW EPR spectrum of 20 mM 5d in glycerol at 298 K. B.
J-band CW EPR of 20 mM 5d in glycerol at 298 K. C. J-band ED EPR of 0.3 mM 5d at 100 K.

'H DNP Field Profile

The "H DNP field profile of the glycerol is antisymmetric (Figure $29), with peaks located at magnetic
field strengths that are displaced by two nuclear Larmor frequency (2wu/ye). This is characteristic of

the SE mechanism.
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Figure S30. Field profile of the '"H DNP enhancement for a solution of BDPA-dendrimer 5d (20 mM) in glycerol at 9.4T and
315 K.

DNP measurements at different concentrations of 5d

To evaluate the effect of radical concentration on DNP performance, '"H DNP was measured for 5d at
concentrations of 10, 20 and 40 mM, showing a clear concentration-dependent increase in DNP

performance (Table S1).

Table S1. 'H DNP enhancement at three different concentrations of 5d.

Concentration 'H DNP enhancement
10 mM 183
20 mM 40+5
40 mM 57+6
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ABSTRACT

Understanding the structure and dynamics of nucleic acids is essential for elucidating their complex biological functions. Electron

Paramagnetic Resonance (EPR) spectroscopy is a valuable technique to extract such information. However, its application to

nucleic acids requires the incorporation of spin labels, usually nitroxides. Rigid spin labels are more informative EPR probes than

flexible ones, since they offer high-precision distance measurements and can provide information about the relative orientation

of spin labels. However, the synthesis and incorporation of such rigid labels is nontrivial. Here we describe a strategy in which the

rigid spin label Cm is incorporated into a small hairpin, which in turn can be used to label several different oligonucleotides

noncovalently through helical stacking. We have studied the noncovalent assembly of spin-labeled RNA hairpins with RNA

duplexes by both continuous wave (CW) and pulsed dipolar EPR spectroscopy, specifically pulsed electron-electron double

resonance (PELDOR, also called DEER). Our data shows that short complementary overhangs facilitate efficient helical stacking,

opening the possibility of using noncovalent labeling with Cm-modified hairpins in conjunction with pulsed dipolar EPR

spectroscopy for structural studies of larger RNAs and RNA-protein complexes.

1 | Introduction

Electron Paramagnetic Resonance (EPR) spectroscopy has
emerged as a valuable technique for studying paramagnetic
molecules and molecular assemblies, for example, to gain insights
into the structure and dynamics of complex biomolecules, such
as proteins and nucleic acids [1-7]. Continuous wave (CW)
EPR spectroscopy gives information about dynamics through
line shape analysis [8] and can also be used to determine
distances between paramagnetic centers in the range of 5
to 25 A [9-11]. Pulsed dipolar EPR methods, such as pulsed
electron-electron double resonance (PELDOR), also known as
double electron-electron resonance (DEER), have been used
to measure distances from 15-160 A [12-16]. In addition to

© 2025 Wiley-VCH GmbH

distance measurements, PELDOR can provide information
about orientations of paramagnetic centers [17-19].

For the application of EPR spectroscopy to study nucleic acids,
spin labels need to be incorporated into the biopolymer [20,
21]. Stable aminoxyl radicals, usually called nitroxides, are the
most commonly used spin labels [20-22]. Short linkers between
the nucleic acid and the spin label are desirable to limit the
conformational ensemble of the label and thus give a narrow
distance distribution [23-24]. Even better are rigid spin labels,
such as the cytidine analogues € [25] and Cm [26] that can form
base pairs with guanine in DNA and RNA helices, respectively
(Figure 1A). In addition to providing precise inter-spin distances,
PELDOR with such rigid labels also yields relative orientations
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FIGURE 1 | A. The C and Cm spin labels are shown base-paired

with guanine. B. Schematic representation of labeling a large RNA
noncovalently through helical stacking with a Cm-labeled hairpin.

between the spin labels [18-19]. Thus, rigid spin labels give more
detailed information about both the structure and dynamics of
nucleic acids. However, both € and Cm have the drawback of
requiring a labor-intensive multi-step synthesis and subsequent
incorporation into nucleic acids using the phosphoramidite
approach, which is limited to the synthesis of relatively short
oligonucleotides [21, 24, 27].

Spin labels can also be incorporated into nucleic acids through
noncovalent spin-labeling. One example is the binding of
pyrimidine- and purine-derived nitroxides to abasic sites in DNA
and RNA duplexes [28, 29]. However, such spin labels require the
presence of abasic sites that need to be incorporated by chemical
synthesis of oligonucleotides. Moreover, in some cases, they have
poor affinity to the binding sites [28]. A ligand-binding RNA
molecule (aptamer) has also been spin-labeled noncovalently
through binding to its nitroxide-modified malachite green (MG)
ligand [30]. This approach allows for spin-labeling of long RNAs
containing the MG binding motif, prepared by transcription.
However, the ligand-binding domain may interfere with the
structure of the RNA under study. Base-pairing has also been
used for noncovalent spin-labeling, where short, chemically
synthesized oligomers containing a nitroxide label were
hybridized to a segment of a large RNA [31]. Nonetheless, such
an approach would require chemical synthesis of a spin-labeled
oligomer of a certain sequence for each target RNA.

Another known noncovalent nucleic acid binding interaction
is helical stacking of blunt-ended duplexes, observed by EPR
spectroscopy [25, 32, 33]. In this paper, we describe end-to-end
helical stacking of RNA for noncovalent spin-labeling with short
hairpins containing the rigid spin label Cm. This approach
minimizes the synthetic effort and cost of using rigid spin labels
for RNA (Figure 1B). This involves the synthesis of a small
Cm-labeled hairpin that can be used as a universal adaptor to
spin label different RNAs noncovalently through helical stacking.
Thus, this approach yields spin-labeled RNA without chemical
modification of the RNA to be studied. We show that the affinity
of stacking, and thereby the labeling efficiency, can be improved
by using complementary overhangs.

2 | Results and Discussion

Although our strategy is for labeling long and structured RNAs,
we used stacking of spin-labeled hairpins to duplexes for proof-of-

principle experiments (Figure 2). The oligonucleotide constructs
were designed such that the core sequences of the hairpins and
duplexes were kept constant (Figure 2A). The hairpins were
designed to minimize complementarity for duplex formation and
contained the hairpin-stabilizing GNRA tetraloop [34]. We began
by synthesizing a short blunt-ended hairpin (Iyp) containing
Cm [35] and its corresponding RNA duplex (Ipypr, Figure 2A).
Incorporation of Cm into the hairpins was achieved through
automated solid-phase synthesis as previously described [35].
The spin-labeled hairpins were enzymatically digested, and the
digests were analyzed by high-performance liquid chromatogra-
phy (HPLC) to demonstrate incorporation of intact Cm (Figure
S1) [27, 35]. The spin-labeling efficiency was quantified by spin
counting using CW-EPR spectroscopy (Figure S2).

Helical stacking in solution can be monitored by CW-EPR
through line shape analysis [25]. Biomolecular assembly
increases the rotational correlation time of spin-labeled RNAs
and thereby the anisotropy and the associated line-broadening of
the EPR spectra. Moreover, any association of two spin-labeled
hairpins that brings two spin labels into close proximity (<15
A) may alter the line shape through dipolar coupling between
the nitroxide radicals if the rotational correlation time of the
assembly is long, relative to the time scale of the EPR experiment
[2, 25]. The EPR spectrum of the hairpin Iyp alone at -10°C
shows some broadening and some irregular features (Figure 2B)
that might arise from dipolar coupling due to self-stacking of
the hairpins. Adding an unmodified duplex (Ipypr) resulted in
the disappearance of the irregular features in the EPR spectrum,
which might have been due to hairpin-duplex stacking and
thereby reduced dipolar coupling. However, when the hairpin
was titrated with an unmodified single-stranded RNA, a similar
change in the line shape was observed (Figure S4C). This
suggests that the disappearance of the irregular features may not
solely be due to stacking between duplexes but also due to other
nonspecific intermolecular interactions. The line shape of the
EPR spectrum of Iyp alone at 20°C shows no broadening (Figure
S3).

The stacking of two hairpins on the ends of the same duplex can
be monitored by PELDOR. If I;;p stacks on each end of Ipypy,, as
in I (Figure 2A), the distance between the spin labels is expected
to be ca. 3.0 nm, as predicted by molecular modeling (Figure
S7, 1, Table S2), ideal for a PELDOR measurement. However,
the PELDOR data of I showed a broad distance distribution that
was dominated by shorter distances (~ 2.2 nm) and some longer
distances of much lower probability between 3 and 6 nm (Figure
S6, B). The shorter distances are consistent with the modeled
distance between two Cms in a hairpin dimer (Figure S7, I, Table
S2). Taken together, the data indicate that the blunt-ended Iyp
prefers self-stacking rather than stacking with its duplex (Ipypr.)-

To favor hairpin-duplex stacking over hairpin-hairpin stacking,
overhangs were incorporated at the 3’-end of the spin-labeled
hairpins (IIyp-VIgp) and the corresponding duplexes (Ilpypy-
VIpupr) (Figure 2A). The overhangs were one to five nucleotides
long and complementary to overhangs on the correspond-
ing duplexes. Significant broadening (indicated by asterisks in
Figure 2B) became prominent at -10°C in the CW-EPR spectra of
the Cm-labeled hairpins IIj;p-VIyp. These features are consistent
with increased anisotropy due to intermolecular association. On
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FIGURE 2 | A.Thesequencesof Cm-labeled hairpins (Igp-VIgp) shown stacked on their corresponding RNA duplexes (Ipypr.-VIpypr,) (in gray),
in the order of increasing number of nucleotides in the overhangs (0-5). The overhangs are on the 3’-end of both the hairpins and the duplexes. The

hairpin-duplex assemblies are labeled I-VI. B. X-band EPR spectra of the hairpins (Igp-VIgp) in the absence and presence of their corresponding
duplexes (Ipypr-VIpypr) at -10°C and 20°C, recorded in a phosphate buffer (10 mM NaHPO,, 100 mM NacCl, 0.1 mM Na, EDTA, pH 7.0; concentration
of each Cm-labeled hairpin was 200 uM and its corresponding duplex 100 pM). Asterisks indicate broad features.

mixing the hairpins with their corresponding duplexes, the slow-
moving features became more pronounced, in particular for
three-, four-, and five-nucleotide overhangs (IV-VI), consistent
with hairpin-duplex stacking. Moreover, the EPR spectra for the
assemblies containing three-to five-nucleotide-long overhangs
look nearly identical, suggesting a similar extent of stacking at -
10°C. As expected, the EPR spectra for hairpins IIyp-Vyp alone
at 20°C showed no detectable broadening (Figure 2B), since
overhangs are known to prevent RNA stacking [33]. However,
the EPR spectrum of the hairpin with a five-nucleotide overhang
(VIgp) at 20°C indicated intermolecular association.

Interestingly, the hairpins with three-, four-, or five-nucleotide
overhangs (IVyp-VIyp) showed significant spectral broadening
upon addition of their corresponding duplexes (IVpypr-VIpupr)
at 20°C, indicating that hairpin-duplex stacking at this temper-
ature requires a minimum of 3-base overhangs for base-pairing.
Indeed, this broad feature increases with the length of the
overhang.

The hairpin-duplex stacking of assemblies II-VI was further stud-
ied by PELDOR. The depth of the oscillation pattern (modulation

depth) in the PELDOR time traces (Figure 3A) reflects the extent
of dipolar coupling between interacting spin pairs [36]. Therefore,
a larger modulation depth would indicate more double-stacking
of the Cm-labeled hairpins on the duplex ends. However, mod-
ulation depth also depends on the excitation bandwidth, as
strong dipolar coupling at very short spin-spin distances can lead
to incomplete excitation of all spin pairs, resulting in a lower
observed modulation depth [14, 37]. However, the modulation
depth does reflect the same general trend as observed in the CW-
EPR data: it increases as the length of the overhang increases. The
time traces for oligonucleotides with three- and more overhangs
(IV,V, and VI) display the highest modulation depth (Figure 3A),
suggesting efficient hairpin-duplex stacking. For one- or two-
nucleotide overhangs (II, IIT), the modulation depth is noticeably
smaller. This is presumably due to a very strong dipolar coupling
resulting from hairpin self-association, which contributes only
partly to the modulation depth. To partly compensate for the
limited excitation due to dipolar coupling, we recorded PELDOR
time traces using short (strong) pulses to broaden the excitation
bandwidth (Figure S5A). The stronger pulses yielded a higher
modulation depth for III than II, presumably reflecting a high
degree of self-association for II.
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FIGURE 3 | A. PELDOR time-traces for the Cm-labeled hairpins

with one to five nucleotide overhangs, mixed with their complemen-
tary RNA duplexes (II-VI). (10 mM NaHPO,, 100 mM NacCl, 0.1 mM
Na,EDTA, 20% ethylene glycol, pH 7.0) B. Distance distribution derived
from a Tikhonov regularization of the background-corrected PELDOR
time traces using DeerAnalysis [38].

Although the modulation depth for assemblies V and VI is
lower than for IV, it is not due to less stacking. The short
transversal relaxation time only allowed a short time trace to
be collected, relative to the longer oscillation of the PELDOR
time trace [36]. This can lead to artifacts, such as a too-short
distance distribution and wrong background correction, which in
turn affects the modulation depth. As a result, the modulation
is not as deep and the estimated distance is less accurate.
However, hairpin-hairpin association can be excluded with
certainty.

Tikhonov regularization of the time traces yielded the corre-
sponding distance distributions (Figure 3B), further supporting
the trends observed in the modulation depths. Assembly II
and IIT show prominent short-distance populations (<3.5 nm),
suggesting hairpin-hairpin association rather than stacking to the
duplex ends. However, longer distances of 4.5 and 4.9 nm also
appear, which agree with the expected modeled distances with the
hairpins stacked on the duplex ends (3.9 and 4.6 nm, respectively)
(Figure S5B). For the assembly with three- to five-nucleotide
overhangs (IV-VI), the short-distance population is negligible,
and a dominant distance distribution appears at ~5.4 nm, 6.0 nm,
and 6.5 nm, respectively, close to that of the modeled distances of
5.0 nm, 5.5 nm, and 6.2 nm, respectively (Figure S5B). Overall,
the PELDOR data aligns well with the CW-EPR results, further

asserting that hairpins with three- or more overhangs exhibit the
most efficient stacking.

3 | Conclusion

In conclusion, we have described a noncovalent spin-labeling
strategy with the rigid spin label Cm that utilizes end-to-
end helical stacking of RNAs. While blunt-ended hairpins did
not result in appreciable stacking on RNA duplexes, CW-EPR
and PELDOR experiments showed that inclusion of three or
more complementary overhang nucleotides on the hairpins and
duplexes resulted in efficient assembly. A great advantage of this
spin-labeling strategy is that it circumvents the need to chemically
incorporate a rigid spin label into each target RNA. Although the
spin-labeled hairpin was prepared by chemical synthesis, each
preparation can be used for multiple labeling; the spin-labeled
RNA was prepared on a pmol scale, while only a few nmols
are required for each PELDOR experiment. Thus, this labeling
strategy reduces the synthetic effort and cost associated with rigid
spin labeling.

Although the proof-of-principle experiments described here uti-
lized hairpin-duplex stacking, this approach should be applicable
for long RNAs produced by in vitro transcription, provided that
accessible RNAs contain helix-loops that could be replaced with
Cm-labeled hairpins. Potential applications include the study of
helical arrangements within complex RNAs and interactions of
RNA with other biomolecules, such as proteins. This labeling
strategy can also be extended to other spectroscopic probes, such
as fluorophores. Applications of this noncovalent spin-labeling
approach, in conjunction with PELDOR, with structured RNAs
will be reported in due course.
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List of abbreviations

CPG Controlled pore glass

EPR Electron paramagnetic resonance

DMF N,N-Dimethylformamide

EDTA Ethylenediaminetetraacetic acid

ESI-TOF Electrospray lonization Time-of-Flight
HPLC High-performance liquid chromatography

RP-HPLC Reversed phase high-performance liquid chromatography

uv Ultraviolet

CwW Continuous wave

ss single-stranded

TBDMS tert-Butyldimethylsilyl

DPAGE Denaturing Polyacrylamide Gel Electrophoresis

RNA synthesis and purification

Allcommercial phosphoramidites, controlled pore glass (CPG) solid support, the activators
5-benzylthiotetrazole and 5-ethylthiotetrazole, as well as CH3;CN for oligonucleotide
synthesis, were purchased from ChemGenes Corp. Columns for the CPG solid-support
were purchased from BioAutomation. All other reagents and solvents were purchased from
Sigma-Aldrich Co. RNA solid-phase oligonucleotide syntheses were performed on an
automated ASM-800 DNA/RNA synthesizer (BIOSSET Ltd., Russia) using phosphoramidite
chemistry. CH,Cl, and CH;CN were dried over calcium hydride and freshly distilled before
use. Unmodified 2'0-TBDMS phosphoramidites were dissolved in CH3;CN (0.1 M), while the
Cm phosphoramidite was dissolved in 1,2-dichloroethane (0.1 M). 5-benzylthiotetrazole
(0.25Min CH3;CN) was used as a coupling agent for the unmodified RNA phosphoramidites,
and 5-ethylthiotetrazole (0.25 M in CH;CN) was used for Cm. The coupling time was 7 min
for the unmodified RNA phosphoramidites, and the Cm phosphoramidite was coupled
manually for 10 min. Oxidation was performed with tert-butylhydroperoxide in toluene (1.0

M). Capping and detritylation were performed under standard conditions for RNA
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oligonucleotide synthesis. The RNAs were deprotected and cleaved from the resinin a 1:1
solution (2 mL) of CHsNH, (8 M in EtOH) and saturated aqueous NH; at 65 °C for 1 h. The
solvent was removed in vacuo, and the 2'0-TBDMS groups were removed by incubationin a
solution of EtsN- 3HF (300 pL) in DMF (100 uL) at 55 °C for 1.5 h, followed by addition of
sterilized water (100 pL). This solution was transferred to a Falcon tube (50 mL), and n-
butanol (20 mL) was added. The mixture was stored at —20 °C for 14 h and centrifuged (4000
rom) at 4 °C for 1 h. The solvent was decanted from the RNA pellet, and the pellet was

dried in vacuo.

All oligonucleotides were purified by 20% denaturing polyacrylamide gel electrophoresis
(DPAGE) and extracted twice from the gel slices using the “crush and soak method” with Tris
buffer (250 mM NaCl, 10 mM Tris, 1 mM NaxEDTA, pH 7.5). The solutions were filtered
through GD/X syringe filters (0.45 pm, 25 mm diameter, Whatman) and were subsequently
desalted using Sep-Pak cartridges (Waters), following the instructions provided by the
manufacturer. The dried oligonucleotides were dissolved in deionized and sterilized water
(200 pL for each oligonucleotide). Concentrations of the oligonucleotides were determined
by measuring UV absorbance at 260 nm on an Agilent Cary UV-Vis Multicell Peltier

spectrophotometer and calculated using Beer’s law.

Molecular weights of the oligonucleotides were determined by LC-MS on a Waters Acuity
Premier Peptide BEH C18 column (300 A, 1.7 pm, 150 x 2.1 mm) using the following gradient:
Solvent A, MeOH; Solvent B, DEPC-treated H,O, 400 mM HFIP and 16 mM Et;N; 0-18 min,
5%-100% A at 40 °C. An Orbitrap Exploris 120 mass spectrometer was operated in negative-

ion mode.

HPLC analyses of enzymatic digests were carried out on an analytical Agilent 1200 HPLC
system using a GL Science Inc. C18 4.6 X 150 mm analytical column with UV detection at
260 nm. Solvent gradients for analytical RP-HPLC were run at 1.0 mL/min using the following
gradient: solvent A, triethylammonium acetate (TEAA) buffer (50 mM, pH 7.0), solvent B,
CH3CN; 0-4 minisocratic 4% B, 26 min linear gradient to 100% B, 4 min isocratic 100% B, 2

min linear gradient to 100% B, and isocratic for 4 min.
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MS analysis of the synthesized oligonucleotides

Table S1. Monoisotopic masses of the synthesized oligonucleotides. lup-Vlup are the Gm-labeled hairpins.

Subscripts SSa and SSb denote the complementary single strands that make up duplexes lpup.-Vlpuept.

Sequence ID | Sequence Calculated mass Observed mass
lup 5-CGG UAA CmG-3’ 2764.508 2763.491
ke 5-CGG UAA CmGG-3’ 3109.555 3109.465
ke 5-CGG UAA CmGA C-3’ 3398.601 3398.503
Ve 5’-CGG UAA CmGA CG -3’ 3743.648 3743.540
Vhp 5’-CGG UAA CmGA CUC-3’ 4009.667 4009.546
Ve 5-CGG UAA CmGA CGU C-3’ 4354.714 4354.589
Issa 5’-CCU CGC AUC G-3’ 3095.453 3095.326
Issb 5-CGA UGC GAC G-3’ 3198.493 3238.493
llssa 5’-CCU CGC AUC GC-3’ 3400.494 3400.396
llssb 5’-CGA UGC GAG GC-3’ 3543.540 3543.438

llssa 5’-CCU CGC AUC GGU-3’ 3746.525 3746.417
llsss 5’-CGA UGC GAG GGU-3’ 3889.571 3889.458
IVssa 5’-CCU CGC AUC GCG U-3’ 4051.566 4051.451
IVssp 5’-CGA UGC GAG GCG U-3’ 4194.612 4194.494
Vssa 5’-CCU CGC AUC GGA GU-3’ 4420.625 4420.500
Vssb 5’-CGA UGC GAG GGA GU-3’ 4563.671 4563.534
Vlssa 5’-CCU CGC AUC GGA CGU-3’ 4725.666 4726.529
Vlsso 5’-CGA UGC GAG GGA CGU-3’ 4868.712 4869.572

HPLC analyses of enzymatically digested Cm labeled hairpins

To an oligonucleotide (4 nmol) in sterile water (8 pL) was added calf intestinal alkaline

phosphatase (1 yL, 2 U), shake venom phosphodiesterase | (4 pL, 0.2 U), nuclease P1 from

Penicillium citrinum (5 pL, 1.5 U), and Tris buffer (2 yL, 500 mM Tris and 100 mM MgClL,). The

samples were incubated at 37 °C for 24 h, after which they were analyzed by HPLC

chromatography (Figure $1). The HPLC chromatograms for digests of lup—VIup each showed

five peaks, one for each natural nucleoside and a more strongly retained peak for the Cm

nucleoside peak (Figure S1).
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Figure S1. HPLC chromatograms of the Cm labeled RNA oligonucleotide digests lup—Vlup.

EPR analyses

CW-EPR measurements
Instrument and settings
The EPR spectra were recorded on a MiniScope MS200 (Magnettech Germany)
spectrometer (100 kHz modulation frequency, 1.0 G modulation amplitude and 2.0 mW
microwave power). Magnettech temperature controller M01 (* 0.5 °C) was used as
temperature regulator. The samples were placed in a quartz capillary (BLAUBRAND

intraMARK) prior to EPR measurements.

CW-EPR measurements of the Cm-labeled hairpins and spin-counting

Samples of the Cm-labeled oligonucleotides for EPR measurements were prepared by
dissolving the RNA (2.0 nmol) in phosphate buffer (10 yL, 10 mM phosphate, 100 mM NacCl,
0.1 mM NazEDTA, pH 7.0; oligonucleotide final concentration 200 pM), annealing at 90 °C
for 2 min, 60 °C for 5 min, 50 °C for 5 min, 22 °C for 15 min and placing the sample in a 50 pL
quartz capillary . The amount of spin label in each oligonucleotide was determined by spin
counting. A stock solution of 4-hydroxy-TEMPO (1.0 M) was prepared in phosphate buffer (10
mM phosphate, 100 mM NaCl, 0.1 mM NaxEDTA, pH 7.0). The stock solution was diluted into
samples of different concentrations (0-0.5 mM), and each sample was measured by EPR

spectroscopy. The area under the peaks of each spectrum, obtained by double integration,
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was plotted against its concentration to yield a standard curve and was used to determine

the spin labeling efficiency with an error margin of 5-10%.

Figure S2. EPR spectra of the Gm labeled hairpin RNAs with the corresponding spin-counts in parenthesis.

CW-EPR measurements of the spin-labeled hairpin and duplex assemblies

Solutions for CW-EPR experiments were prepared by mixing each Cm-labeled RNA hairpin
(2.0 nmol) with its corresponding unlabeled RNA duplex (1 nmol). The solvent was
evaporated in vacuo, the resulting residue was dissolved in a phosphate buffer (10 pL; 10
mM Na;HPO,, 100 mM NaCl, 0.1 mM NayEDTA, pH 7.0; oligonucleotide final spin

concentration 200 uM), annealed as described above and placed in a 50 yL quartz capillary.

Temperature-dependent CW-EPR spectra of the Cm-labeled hairpin lup

Temperature-dependent EPR studies were performed with the Cm-labeled hairpin l4p alone
to monitor the change in the line-shape of the EPR spectra upon gradually lowering the
temperature (Figure S3). The arrows indicate the additional features that become

prominent as the temperature decreases.
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Figure S3. Sequence of the Cm labeled hairpin I4p and its X-band EPR spectra as a function of temperature. All
data were recorded a phosphate buffer (10 mM Na,HPO,, 100 mM NaCl, 0.1 mM Na;EDTA, pH 7.0; oligo
concentration 200 uM). (Arrows indicate the additional features).

Effect of duplex and ssRNA on the Cm-labeled hairpin l.p

We hypothesized that the additional broad features observed in the EPR spectrum of hairpin
lue arouse from dipolar coupling between stacked hairpins. If this is the case, these features
should diminish and eventually disappear upon addition of an unmodified duplex, as the
labeled hairpin would preferentially stack on the duplex instead of on another hairpin.
Figure S4B shows the EPR spectra with increasing amounts of unmodified duplex lpypL ON
the Cm labeled hairpin lue at -10 °C, while Figure S4C shows a similar experiment with an
unmodified ssRNA IpupLa. Both the experiments yield the same result, i.e. the disappearance

of the additional features.
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Figure S4. A. Sequences of the Cm labeled hairpin lup, RNA duplex Ipyprand ssRNA Ipypa. B. EPR spectra of the
Cm-labeled hairpin I on addition of 2 and 10 eq. of unlabeled RNA duplex IpypL at-10 °C. C. EPR spectra of the
Cme-labeled hairpin on addition of 2and 10 eq. of unlabeled ssRNA Iss, at-10 °C. (Arrows indicate the additional
features).

PELDOR measurements

Sample preparation

Each sample was prepared by annealing each Cm-labeled hairpin (20.5 nmol), mixed with
each strand of the corresponding RNA duplex (10 nmol) in 100 pL of PNE buffer (10 mM
NaHPO, pH 7.0; 100 mM NaCl; 0.1 mM NayEDTA), followed by evaporation of water.
Solutions for PELDOR measurements were prepared by dissolving the sample in 20%
ethylene glycol in sterile water (100 pL) to yield a spin-pair concentration of 100 pM. An
aliquot of each sample (10 pL, 30 pL) was subsequently transferred into Suprasil tubes (10
pL: 1.6 mm OD; Wilmad WG-222T-RB, 30 pL: 2.8 mm OD; Wilmad Q-2M-2.8M-0-120M/RB).
Samples were shock-frozenin liquid nitrogen prior to being inserted into the resonator within

a cryostat at 50 K.
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Instrumentation and settings

PELDOR data were recorded on an Elexsys E580 EPR spectrometer (Bruker) at Q-band
frequencies (34 GHz), equipped with a TE102 rectangular resonator for the long pulses
suitable for oversized sample tubes (2.8 mm OD)®*and a EN 5107D2 from Bruker for the
short pulse (1.6 mm OD), a continuous-flow helium cryostat (CF935, Oxford Instruments)
and a temperature control system (ITC 502, Oxford Instruments). Experiments were
performed at 50 K. A TWT amplifier (150 W; Bruker) was used for microwave amplification.
The pump pulse was chosen to coincide with the maximum of the field-swept spectrum.

Detection was performed at a frequency offset of A v =-80 MHz.

PELDOR experiments with ‘short’ pulses: The detection pulses had a length of 32 ns and
the pump pulses were optimized for a length of 14 ns. Tau values of T, = 232 ns were used,
with a tau averaging cycle of 8 x 16 ns, to suppress deuterium modulations. The shot
repetition time was set to 2 ys. The time increment of 8 ns up to 6 ps were chosen for the

length of the PELDOR time traces.

PELDOR experiments with ‘long’ pulses: The detection pulses had a length of 84 ns and
the pump pulses were optimized for a length of 36 ns. Tau values of T, = 232 ns were used,
with a tau averaging cycle of 8 x 16 ns, to suppress deuterium modulations. The shot
repetition time was set to 3 ys. The time increment of 32 ns up to 16 us were chosen for the

length of the PELDOR time traces.

Primary PELDOR data were background-corrected by a mono exponential decay function
(8D background). Tikhonov regularization was subsequently performed on the background-
corrected PELDOR data, to obtain the distance probability function P(r). Data processing
was done using the MATLAB toolbox DeerAnalysis 2022.138

To obtain more information on the shorter distances, PELDOR was performed using the
short (strong) pulses on Cm labeled hairpins (llue-1Vup, One- to three-nucleotide overhangs),
mixed with their corresponding duplexes (llpup.-IVour). The resulting PELDOR time traces
and distance distributions are shown in Figure S$5. The PELDOR time traces show that the

modulation depth increases from the one- to three-nucleotide overhang oligonucleotides,
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reflecting a larger proportion of spin pairs contributing to the expected dipolar interaction

(Figure S5A).
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Figure S5. A. PELDOR time traces with short (strong) pulses for the Cm labeled hairpin-duplex assembly II-IV
with one to three nucleotide overhangs. B. Distance distribution derived from a Tikhonov regularization of the
background corrected PELDOR time traces.

The distance distributions (Figure S5B) show a clear progression in stacking behavior with
the number of nucleotides in the overhang. With only one-nucleotide overhang (ll), the
majority of the distance distribution lies below 3.5 nm, indicating that most spin-labeled
hairpins are in close proximity, presumably due to self-association rather than stacked on
the duplex. With two-nucleotide overhang assembly (lll), the intensity of short distances
decreases, and a broader distribution begins to emerge around 4.7 nm, reflecting an
increase in the hairpin-duplex stacking. With three-nucleotide overhang (IV), the short-
distance population became negligible, and a dominant distance distribution appears at

~5.2 nm, consistent with specific stacking of the hairpins on both ends of the duplex.

Detailed PELDOR data for all hairpin-duplex assemblies
Figure S7 shows the detailed PELDOR data of all the hairpin-duplex assemblies (I-VI). It
includes the raw data and background corrected time traces the PELDOR measurements,

performed with both short and long pulses.
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Figure S6. PELDOR time traces and distance distributions for assemblies I-VI, using short and long pulses (A-
J). a) Normalized PELDOR time traces. The background fits are indicated as a red line. b) Background-corrected
PELDOR time traces and fits of the signal (red). ¢) Distance distributions from PELDOR time trace (black). The
red shadow is the estimated uncertainty. d) Fourier transform data from the PELDOR formfactors (black) and
the fitted model (red).

Molecular models of the hairpin-duplex stacked assemblies

To determine the expected distances between the spin-centers for hairpins stacked on the
duplexes, we used molecular modeling (BIOVIA, Dassault Systemes, Discovery Studio
Visualizer, v24.1.0.23298, San Diego: Dassault Systemes, 2024). To model the hairpins
stacked on each other or on the duplexes would require manual stacking, which could give
inaccurate measurements. Therefore, for simplification, we modeled only the duplexes by
extending their sequences to include the Cm-labeled hairpin helix sequences at both ends

(Figure S7).
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To estimate the expected inter-spin distances in the assemblies, we modeled stacked
assemblies by extending duplex sequences to include the hairpin stem and positioning Cm

labels at both ends (Figure S7).

Figure S7. Molecular models of self-stacked hairpin | and the duplexes extended with the Cm-containing
helical region of the hairpins, on both the ends of duplex (I-VI). The double-headed arrows show the distance
determination (distances listed in Table S2).

The expected distances between the spin-centers along with the distances measured by
PELDOR are shown in Table S2. The data show a clear trend of increasing inter-spin distance
with increase in the length of the spin-labeled assembly, and the measured values agree

closely with the modeled expectations, generally deviating by less than ~0.5 nm.
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Table S2. Expected distances from molecular modeling

Hairpin-duplex assembly

Expected distances (nm)

Measured distances (nm)

I 3.0 (2.2)

1l 3.9 4.5

1 4.6 4.9

v 5 5.4

Vv 5.5 6.0

Vi 6.2 6.5
Self-stacked Hairpin 1.5 -
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Abstract

Single-stranded DNA (ssDNA) intermediates which emerge during DNA metabolic processes are shielded by replication protein A (RPA). RPA
binds to ssDNA and acts as a gatekeeper to direct the ssDNA towards downstream DNA metabolic pathways with exceptional specificity.
Understanding the mechanistic basis for such RPA-dependent functional specificity requires knowledge of the structural conformation of ssDNA
when RPA-bound. Previous studies suggested a stretching of ssDNA by RPA. However, structural investigations uncovered a partial wrapping
of ssDNA around RPA. Therefore, to reconcile the models, in this study, we measured the end-to-end distances of free ssDNA and RPA-
ssDNA complexes using single-molecule FRET and double electron—electron resonance (DEER) spectroscopy and found only a small systematic
increase in the end-to-end distance of ssDNA upon RPA binding. This change does not align with a linear stretching model but rather supports
partial wrapping of ssDNA around the contour of DNA binding domains of RPA. Furthermore, we reveal how phosphorylation at the key Ser
384 site in the RPA70 subunit provides access to the wrapped ssDNA by remodeling the DNA-binding domains. These findings establish a
precise structural model for RPA-bound ssDNA, providing valuable insights into how RPA facilitates the remodeling of ssDNA for subsequent
downstream processes.

Graphical abstract

Replication Protein A (RPA)

Introduction ~10710 M) (5,6), resolves secondary structures, and shields it

Replication protein A (RPA) is an essential eukaryotic single- from nucleolytic degradation (7-10). Notably, the assembly of
stranded DNA (ssDNA) binding protein that sequesters tran- RPA filaments on ssDNA acts as a trigger for the DNA damage
siently exposed ssDNA during various DNA metabolic pro-  checkpoint (11-14). RPA—ssDNA filaments also function as
cesses (1-4). RPA binds to ssDNA with high affinity (Kq  an interaction hub by recruiting over thirty proteins/enzymes
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and promoting their assembly on DNA with correct binding
polarity (15-17). This multifaceted functionality is enacted
through six oligonucleotide/oligosaccharide binding (OB) do-
mains housed within a heterotrimeric complex (Figure 1A)
(18-20).

Human RPA is a constitutive heterotrimer composed of
three subunits RPA70, RPA32 and RPA14. Six OB domains
(A-F) are spread across the three subunits. OB-F, A, B and
C reside in RPA70 and are connected by disordered linkers.
RPA32 harbors OB-D and a winged helix (wh) motif. OB-
E is a structural domain in RPA14 and holds the three sub-
units together as part of a trimerization core (Tri-C) along
with OB-C & OB-D (21). Domains A, B, C & D primarily
coordinate ssDNA interactions and are termed DNA-binding
domains (DBDs). OB-F and wh coordinate protein-protein in-
teractions and are called protein-interaction domains (PIDs).
Dynamic rearrangements of the DBDs and PIDs are observed
upon binding to DNA and in response to post-translational
modifications (22-25). Each DBD exhibits a moderate affin-
ity for ssDNA binding. Consequently, their collective ac-
tion engenders a remarkably high affinity and stoichiomet-
ric binding of RPA to ssDNA (1). The intrinsic dynamic
binding/dissociation characteristics of each DBD transiently
unveil pockets within the buried ssDNA, enabling access for
incoming proteins while the RPA complex remains attached
to the ssDNA (19,26,27).

One fascinating aspect of RPA—ssDNA interactions and the
proposed roles in DNA metabolism is the sequestration of the
DNA. If the ssDNA is buried under RPA due to the high-
affinity interactions, how do incoming proteins gain access to
the DNA? This problem is enhanced when specific structures
associated with the DNA need to be recognized. For exam-
ple, during homologous recombination (HR), a double strand
break is corrected by resection of one strand and thus pro-
ducing a DNA substrate with a long 3’ overhang and a ss—
dsDNA junction (28,29). The ssDNA is coated by RPA and a
Rad51 nucleoprotein must be formed on the ssDNA to pro-
mote subsequent steps in HR. So, the position of RPA on the
DNA with respect to the ss—=dsDNA junction likely plays a key
role in initiating Rad51 binding. These ssDNA overhangs can
be up to 2000 nt long (30,31), thus positioning of the 3’ end
of the ssDNA and the ss—dsDNA junction are critical. Two
crucial parameters play a pivotal role in unravelling the in-
tricate RPA—ssDNA interactions: a) the length of the ssDNA,
and b) the shaping or contour of the RPA-ssDNA complex.
The length of the ssDNA determines the number of assem-
bled RPA molecules, subsequently influencing the variety and
number of interactors recruited during a specific cellular DNA
metabolic process (6). Concurrently, the shape of the complex
determines the positioning of the ss-ds junction, or fork, re-
spective to the 3’ or 5’ termini. If the DNA is stretched by
RPA, then the spacing between two positions on the DNA
will be distant. Conversely, if DNA is wrapped by RPA, then
this distance would be much closer. On average, the occluded
site-size for a single human RPA heterotrimer is ~18-25 nu-
cleotides (nt) (32). Therefore, the density of RPA molecules
can be reasonably inferred to be proportional to the length of
the ssDNA. Additionally, employing poly-pyrimidine (dT) ss-
DNA as experimental substrates further mitigates interference
arising from secondary structures.

Surprisingly, there is a lack of experimental consensus re-
garding the configuration of ssDNA within the RPA-ssDNA

11627

complex. In both X-ray and CryoEM structures of diverse
RPA-ssDNA complexes, the ssDNA displays a ‘C’ shape, ex-
hibiting end-to-end distances typically ranging between ~3§
and 8 nm (Figure 1B) (18-20). Remarkably, in all these struc-
tures, the contour of the ssDNA along the DBDs of RPA is
similar including comparable end-to-end distances. However,
the structural findings could be influenced by the utilization
of truncated RPA (18), or a limited subset of its DBDs (21),
alongside potential artifacts originating from crystal pack-
ing (crystallography), or dynamics-induced factors (CryoEM)
(19). In contrast, biochemical and bulk FRET measurements
suggest a complete linearization of even short 30 nucleotide
(nt) long ssDNA (19). However, bulk FRET assays are often a
readout of multiple underlying populations, especially at rel-
atively high protein to ssDNA ratios.

To mitigate experimental biases or limitations, and ac-
curately determine the contour of ssDNA bound to RPA,
we employed solution-based single-molecule confocal FRET
and double electron—electron resonance (DEER) spectroscopy
(33-36) to directly measure the end-to-end distance of ssDNA,
both in the absence and presence of RPA. On average, we ob-
serve only a small ~3 nm increase in the ssDNA end-to-end
distance in the RPA-bound complex. Our results suggest a par-
tial wrapping of ssDNA around RPA, exhibiting a contour
closer to that observed in the crystal structure (18). There-
fore, models depicting RPA-ssDNA interactions during DNA
metabolism should consider the significant curvature induced
in the DNA lattice upon RPA binding. Furthermore, we show
that the post-translational modification of RPA through phos-
phorylation at Ser-384 in the RPA70 subunit introduces sub-
stantial changes in the arrangement of the DBDs and PIDs
while causing only minimal changes in the pattern of ssDNA
wrapping. Thus, access to internal ssDNA segments can be
made available by remodeling the RPA domains to serve spe-
cific DNA metabolic roles without substantially altering the
path, or shape, of DNA.

Materials and methods

Preparation of oligonucleotides

Unlabeled, Cyanine-5, and Cyanine-3 end-labeled poly- (dT)
ssDNA oligonucleotides of various lengths (dT),, (z = 15, 30,
45, 60, 80 or 97 thymidine bases; Supplementary Table S1)
were purchased from Integrated DNA Technologies (Iowa).
For the synthesis of the doubly spin-labeled (dT),, and (dT)s
oligonucleotides, 2’-aminouridine nucleotides were incorpo-
rated at specific sites (Supplementary Table S1) and post-
synthetically spin labeled with an isothiocyanate derivative of
an isoindoline nitroxide as described (37).

Purification of RPA and site-specific phosphoserine
incorporation

Human RPA was produced using plasmid pET-Duetl-
hRPA®"-70C-His coding for a poly-His affinity tag at the
C-terminus of RPA70. The open reading frames for RPA70,
RPA32 and RPA14 were codon-optimized for overexpression
in E. coli (GenScript Inc). RPA70 was engineered into mul-
tiple cloning site (MCS) 1 while RPA32 and RPA14 were
cloned into MCS2. RPA was purified as described (38) with
the following modifications. Briefly, the plasmid was trans-
formed into BL21 (DE3) cells and transformants were selected
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Figure 1. Architecture of the replication protein A (RPA) — ssDNA complex. (A) The three subunits of RPA—RPA70, RPA32 and RPA14 house several
oligonucleotide/oligosaccharide binding (OB) domains that are classified as either DNA binding domains (DBDs: DBD-A, DBD-B, DBD-C and DBD-D) or
protein-interaction domains (OB-F/PID’N and winged helix (wh)/PID32C). A structural model of RPA is shown and was generated using information from
known structures of the OB-domains and AlphaFold2 models of the linkers. (B) Crystal structure of Ustilago maydis RPA bound to ssDNA is shown (PDB
4GNX). This structure lacks OB-F, the F-A linker, wh and the D-wh linker. ssDNA from CryoEM structures of Saccharomyces cerevisiae RPA (PDB 6152)
and Pyrococcus abyssi RPA (80EL) are superimposed and reveal an end-to-end DNA distance of ~55 A. Structural data supports partial wrapping of

ssDNA around the OB domains.

using ampicillin (100 pug/ml). A single colony was inoculated
in 1 L of Luria Broth and incubated at 37°C without shaking
for 20-24 hrs. Cells were then grown at 37°C with shaking
at 250 rpm, until the ODggp reached 0.6 and then induced
with 0.4 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG).
Induction was carried out at 37°C for 3 h. Harvested cells
were resuspended in 30 ml/I cell resuspension buffer (30 mM
HEPES, pH 7.8, 300 mM KCl, 0.02% v/v Tween-20, 1.5x
protease inhibitor cocktail, 1 mM PMSF and 10% (v/v) glyc-
erol). Cells were lysed with 0.4 mg/ml lysozyme for 30 min
at 4°C followed by sonication in the cold room. The samples
were maintained at 4°C through the entirety of the remaining
purification. The clarified lysate was fractionated over a Ni%*-
NTA agarose column (Gold Biotechnology Inc.). RPA was
eluted using cell resuspension buffer containing 400 mM imi-
dazole following a wash with lysis buffer containing 2M NaCl
to remove any trace non-specifically bound nucleic acids. Frac-
tions containing RPA were pooled and diluted with Hy buffer
(30 mM HEPES, pH 7.8, 0.02% v/v Tween-20, 1.5 x protease
inhibitor cocktail, 10% (v/v) glycerol and 0.25 mM EDTA pH
8.0) to match the conductivity of buffer Hyog (Hp + 100 mM
KCl), and further fractionated over a fast-flow Heparin col-
umn (Cytiva Inc.). RPA was eluted using a linear gradient of
Hygo—His00 buffers (subscripts denote the mM concentrations
of KCI), and fractions containing RPA were pooled and con-
centrated using an Amicon spin concentrator (30 kDa molec-
ular weight cut-off). The concentrated RPA was fractionated
over a HiLoad 26/600 Superdex-200 column (Cytiva Inc.) us-
ing RPA storage buffer (30 mM HEPES, pH 7.8,200 mM KCl,
0.25 mM EDTA, 0.01% v/v Tween-20 and 10% (v/v) glyc-
erol). Purified RPA was flash frozen using liquid nitrogen and

stored at —80°C. RPA concentration was measured spectro-
scopically using €250 = 87 410 M~'em 1.

Human RPA-pSer3%4, carrying a phospho-serine at posi-
tion 384 in RPA70, was expressed and purified using ge-
netic code expansion (39,40). First, a fragment containing the
RPA70, RPA32 and RPA14 open reading frames was sub-
cloned into an RSF-Duetl1 plasmid and an amber suppression
codon (TAG) was engineered at the position corresponding
to Ser-384 in the RPA70 subunit using QS5 site-directed mu-
tagenesis (NEB). pRSF-Duet1-hRPA-70C-His-S384TAG and
pKW2-EFSep (41) plasmids were co-transformed in to BL21
(DE3) AserB E. coli cells and transformants were selected us-
ing chloramphenicol (25 pg/ml) and kanamycin (50 pg/ml).
A starter culture was prepared by inoculating colonies into
ZY-non inducing media (ZY-NIM; Supplementary Table S2A)
followed by overnight growth with shaking at 250 rpm at
37°C. 1% of the overnight starter culture was added to ZY-
auto induction media (ZY-AIM; Supplementary Table S2B)
and grown until the ODgq reached 1.5. The temperature was
reduced to 20°C and the cultures were grown for an addi-
tional 20 h. Cells were then harvested by centrifugation at
2057 xg for 20 min and the cell pellet was resuspended with
cell-resuspension buffer (30 mM HEPES, pH 7.8, 300 mM
KCl, 0.02% v/v Tween-20, 1.5x protease inhibitor cocktail,
1 mM PMSE, 10% (v/v) glycerol, 50 mM sodium fluoride, 10
mM sodium pyrophosphate, and 1 mM sodium orthovana-
date). RPA-pSer’$* was purified as described above for wild
type RPA. Typical yields for RPA-pSer®* are ~6.8 mg of pure
protein/L of culture compared to ~20-25 mg/I for wild-type
unmodified RPA. Phosphoserine incorporation was confirmed
using mass spectrometry and analysis on Phos-tag SDS PAGE.
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Analysis of pSer incorporation using Phos-Tag
SDS-PAGE

Incorporation of pSer into RPA70 was assessed using Phos-tag
SDS PAGE (Fujifilm Inc.). A gradient SDS-PAGE gel (10-14%)
was prepared by adding 0.05 mM of the Phos-tag reagent and
0.1 mM MnCl; to the resolving gel (before pouring the gel).
Other steps for preparing the resolving and stacking gels, and
running the gel, are as defined for standard SDS-PAGE analy-
sis. Gels are stained using Coomassie stain. The band carrying
pSer in RPA70 runs with slower electrophoretic mobility in
Phos-tag SDS PAGE analysis.

Single-molecule FRET measurements

smFRET data were collected on an EI-FLEX bench-top micro-
scope from Exciting Instruments Ltd (Sheffield, UK). For mea-
surement, 100 pl of a fluorescent sample droplet was placed
onto a no.1 thickness coverslip and excited with alternating
520 and 638 nm lasers at 0.22 and 0.15 mW power, respec-
tively. Experiments were carried out in buffer containing 50
mM Tris—acetate, pH 7.5, 50 mM KCI, 5§ mM MgCl,, 10%
(v/v) glycerol and 0.1 mg/ml BSA. Lasers were sequentially
turned ON for 45 us for each measurement and separated
by a dark period of 5 us for a total of 40 mins of acqui-
sition. Fluorescence emission photons from freely diffusing
molecules were collected using an Olympus 60x (1.2 N.A.)
water-immersion objective, focused onto a 20 um pinhole. 20
pM of fluorescent sample was suitable for a burst rate of 1
Hz. After passing through the pinhole, the photons were split
using a 640 nm long-pass filter, cleaned up using 572 and 680
nm band-pass filters, and focused onto respective avalanche
photodiodes. The photon arrival times, and respective detec-
tor were saved in HDFS data format for offline analysis.

After photoirradiation, the background counts from the
buffer were comparable to that of DI water at 2-3 counts
per second (cps), whereas typical bursts comprised of 50-
100 photons. The photoirradiation of buffer was performed
using a 100W LED flood light. The entire set-up (i.e. flood
light and buffers taken in covered glass beakers) was placed
in a cold-room to minimize heating of samples. Analysis of
smFRET data was performed in an Anaconda environment,
with Jupyter notebooks, using FRETBursts Python package
(42). Single molecule photon emission bursts were identified
using a dual channel burst search (DCBS) algorithm as pre-
viously described (L = 10, and F = 45 for both channels).
The background estimated from an exponential fit to inter-
photon delays greater than 1.5 ms was subtracted. The com-
pensation for spectral crosstalk (a), compensation factor for
different detection efficiencies between donor and acceptor
channel (g), and compensation for direct excitation (d) for EI-
FLEX were estimated as 0.0938, 1.591 and 0.05824, respec-
tively. The same factors for measurements on the Picoquant
Micro Time (MT200; Picoquant Inc., Germany) instrument
were 0.05, 0.85 and 0.1, respectively.

Continuous wave (CW)-EPR and DEER
spectroscopy

Continuous wave (CW)-EPR spectra of spin-labeled ssDNA
samples = RPA were collected at room temperature on a
Bruker EMX spectrometer operating at X-band frequency
(9.5 GHz) using 2 mW incident power and a modulation am-
plitude of 1G. DEER spectroscopy was performed on an
Elexsys E580 EPR spectrometer operating at Q-band fre-

11629

quency (33.9 GHz) with the dead-time free four-pulse se-
quence at 83 K. Pulse lengths were 20 ns (7t/2) and 40 ns ()
for the probe pulses and 40 ns for the pump pulse. The fre-
quency separation was 63 MHz. Samples for DEER analysis
were cryoprotected with 24% (vol/vol) glycerol and flash-
frozen in liquid nitrogen. Primary DEER decays were analyzed
using a home-written software (DeerA, Dr Richard Stein, Van-
derbilt University) operating in the Matlab (MathWorks) en-
vironment as previously described (43). Briefly, the software
carries out analysis of the DEER decays obtained under dif-
ferent conditions for the same spin-labeled pair. The distance
distribution is assumed to consist of a sum of Gaussians, the
number and population of which are determined based on a
statistical criterion.

Confocal smFRET with alternating-laser excitation
(ALEX)

The photons emitted during a transit through confocal volume
are called a burst and can be used to estimate FRET efficiency
(E).
Sem
E= —=% 1
(7R + 75 v
This uncorrected E is a ratio of number of sensitized accep-
tor emission photons i.e. via energy transfer (fA¢") and the
sum of number of photons in the donor channel after donor
excitation (f5") and the number of photons in the acceptor
channel after donor excitation ( 35;”). However, to convert
the E into distances, spectral crosstalk must be taken into ac-
count. This especially poses a problem in the low E regimen,
i.e. distinguishing low E species from donor alone species is a
huge challenge. And this is where alternating laser excitation
(ALEX) solves the problem. During an ALEX scheme, both
donor and acceptor fluorophores are rapidly excited in alter-
nating fashion. The diffusion coefficient of biomolecules in di-

lute solutions isof the order of hundreds of :‘””2/5. And, so typ-
ically an alternation frequency of 20KHz is more than suffi-
cient to excite both donor and acceptor fluorophores multiple
times during the transit of a single molecule through the con-
focal volume (~1 ms). The f4¢" thus estimated can be used to
calculate another informative quantity about the population
of diffusing single molecules named raw stoichiometry.
(foex + fbex’)
(fhed’ + foer + facd')
Stoichiometry can be best understood in terms of ratio of
total fluorescence photons recorded after donor wavelength
excitation to total fluorescence photons recorded after direct
donor and acceptor excitation. For donor-only and acceptor-
only species the S is close to 1 and 0, respectively. Similarly, the
donor and acceptor laser intensity are tuned such that double-
labeled molecules scale to an S value of 0.5. Furthermore,
binding of a protein like RPA to Cy5/Cy3 labeled ssDNA
could lead to a reduction in E (i.e. DNA ends are brought
further apart), or an increase in S (increase in donor quan-
tum yield due to PIFE) or both. Finally, in order to convert
E into distances, three additional steps were taken: (1) Back-
ground intensity in all three photon streams fA", fD°", and
dem is estimated via mean count rate and subtracted taking
the length of burst into account. (2) Two channel cross-talk
factors are estimated (a) bleed-through of donor-emission into

S= (2)
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the acceptor channel and (b) the direct excitation of accep-
tor molecules by the donor-laser. These are estimated from
the donor-, and acceptor- only molecules in the background-
corrected ES histogram, and finally (3) gamma correction,
which takes into account the differences in the detection effi-
ciencies of donor and acceptor, their quantum, and the trans-
mission efficiencies of the optical elements etc. The corrected
FRET values were converted into distance following the rela-
tionship between energy transfer efficiency (E) and donor-to-
acceptor separation (7):

- (3)
TG

The Rg or the donor—acceptor distance at which the energy
transfer efficiency is 50% was taken to be 5.4 nm. The end-
to-end distance for a fully linearized ssDNA molecule was es-
timated simply by multiplying I, or rise per base, taken to be
0.67 nm, with the number of the bases in the dT polymer.

Crosslinking mass spectrometry (XL-MS) analysis

RPA or RPApSer®®* (10 uM) in the absence or presence of
ssDNA [ (dT)z5] (10 uM) were incubated with 5 mM BS3
crosslinker at room temperature for 15 min in 20 pl reaction
buffer (50 mM HEPES pH 7.8, 100 mM KCI, 10% glycerol).
The crosslinking reaction was quenched with 2 pl of 1M am-
monium acetate for 15 min and the samples were separated
on SDS-PAGE. Gel bands were excised and destained with a
50 mM ammonium bicarbonate and 50% acetonitrile mix-
ture and reduced with a mixture of 100 mM dithiothreitol
and 25 mM bicarbonate for 30 min at 56°C. The reaction
was subsequently exchanged for the alkylation step with 55
mM iodoacetamide and 25 mM ammonium bicarbonate and
incubated in the dark at room temperature for 25 min. The
solution was then washed with the 50 mM ammonium bicar-
bonate and 50% acetonitrile mixture. The gel pieces were then
first dehydrated with 100% acetonitrile and then rehydrated
with sequence grade trypsin solution (0.6 pg, Promega) and
incubated overnight at 37°C. The reaction was quenched with
10 ul of 50% acetonitrile and 0.1% formic acid (FA, Sigma)
and transferred to new microfuge tubes, vortexed for 5 min,
and centrifuged at 15 000 rpm for 30 min. The extracted and
dried peptide was reconstituted with 0.1% FA in water and
injected onto a Neo trap cartridge coupled with an analytical
column (75 pm ID x 50 cm PepMap Neo C18, 2 um). Sam-
ples were separated using a linear gradient of solvent A (0.1%
formic acid in water) and solvent B (0.1% formic acid in ACN)
over 120 mins using a Vanquish Neo UHPLC System cou-
pled to an Orbitrap Eclipse Tribrid Mass Spectrometer with
FAIMS Pro Duo interface (Thermo Fisher Scientific). The ac-
quired MS/MS data was queried for cross-link identification
against the sequence of five target proteins using Proteome
Discoverer v3.0 with the XlinkX node, applying a 1% FDR
for cross-link validation. Data were visualized using xiVIEW
(44) and plotted in Inkscape.

Mass photometry (MP) measurements

All measurements were carried out on a TwoMP instrument
(Refeyn Ltd.) as described before (45). Briefly, glass coverslips
(No. 1.5H thickness, 24 x 50 mm, VWR) were cleaned by son-
ication in isopropanol followed by deionized water and dried
using a nitrogen gas stream. For each round of measurement, a
clean coverslip was placed on the oil-immersion objective lens
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(Olympus PlanApo N, 1.42 NA, 60x), with a holey-silicone
gasket (Refeyn Ltd) adhered on the top surface of the cover-
slip. All dilutions and measurements were performed at room
temperature (23 & 2°C) in 1x Mg**/Ca?* buffer (20 mM
HEPES, pH 7.5, 150 mM KCl, S mM MgCls, 5 mM CaCl,)
supplemented with 1 mM DTT. Samples of DNA alone, RPA
alone, or DNA-RPA mixtures were allowed to equilibrate at
23 + 2°C for 5 min after which 1 ul of the respective sam-
ple was quickly diluted in 15 pl of buffer. The newly adhered
spots were video recorded for 1 min. High contrast (light-
scattering) events corresponding to single particle landings on
the coverslip were analyzed further. A known mass standard
(B-amylase, Sigma A8781-1VL) was used to convert image
contrast-signal into mass units. Histograms were plotted from
all the data gathered during the 1 min video interval and non-
linear least squares fit to single gaussian function to extract
mean mass and error.

Coarse-grained molecular dynamics (MD)
simulations
To explore the interaction between RPA and ssDNA at the
molecular level, a coarse-grained model has been utilized. In
this model, each protein residue was represented by two beads
positioned at the C, and Cg locations. For charged amino
acids (K, R, H, D and E), charges were placed at the Cy po-
sition. The coarse-grained model for ssDNA comprised three
beads representing each nucleotide: one at the geometric cen-
ter of phosphate (P), one at sugar (S) and one at base (B).
While the S and B beads were neutrally charged, the P bead
carried a negative charge. Simulations were conducted using a
native topology-based model, where the internal energy of the
protein, ssDNA and protein-ssDNA interaction was denoted
as Epror, Esspna and EpNa-protein, respectively. These energies
can be expressed by the following equations:

Eprot (1—" FO) — EBOnd + EA”gle + EDihedml 4

prot prot prot

Native Contacts Electrostatics Repulsions
E prot + E prot + E prot

Espna (T, To) =

Bond Angle Dibedral Stacking Repulsions
Egpna + Egpna + EspNa + Egpna T Egpna

EDNA-Protein (I',Ty) =

Electrostatics Aromatic Repulsions
EssDNA—PrOtein+ EssDNA—Protein + EssDNA—ssDNA

Bond Angl Dihedral
Eon’ Enge, Elera,

energy  of
ERepulsions —can  be  expressed by

2 2
Z Koponds (bij - b?,) > Z Kangles (Qi/k _91‘(;13) s

bonds angles

Z Kdihedmls [1 - COS(¢iikl - ¢?/kl) — COs (3<Di/'kl - q)?jkl )]9
dibedrals

qiqjexp”*’
Z Ketectrostatics B (K)T
L]

The potential

EElectrostatics
b

Cii 12
and Z Keontaces ( T’/ ) re-
i#]
EAmmazic Native Contacts EStacking
ssDNA—Protein’ prot ssDNA »

are expressed by a Lennard—Jones interaction

. AL 12 A 10

term designated by, Y Keontaets [3 (7’/’) -6 (7‘]’) 1. All
i#]

parameters described in these equations are adopted from

previous studies (46,47). The repulsion radius of P, S and

B beads is set to 1.9 A. The stacking interaction potential

between protein and ssDNA beads in contact in the crystal

structure (PDB: 4GNX) (18) is denoted as Kconracs = 3.0,

spectively. The

Aromatic
ssDNA—Protein
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while for those not in contact in the crystal structure, it is set
to 0.5. This configuration ensures that RPA does not diffuse
through ssDNA. The salt concentration in the Debye-Hiickel
model of electrostatics is set to 0.01 M. Additionally, the
flexibility of ssDNA in response to salt concentration is
represented by the dihedral potential (Kgihedral) between four
consecutive phosphate beads in the ssDNA, set to either 0.0
or 0.4 to simulate high and low salt conditions, respectively.

Results

Solution based single molecule FRET with
alternating-laser excitation (ALEX) provides an
excellent read out of end-to-end ssDNA distances

Single molecule FRET (smFRET) has been used to obtain ac-
curate end-to-end distances for double-stranded nucleic acids
(48). Similar measurements of conformational flexibility for
ssDNA have been measured using single molecule total in-
ternal reflection (smTIRF) microscopy where overhang DNA
with varying length of ssDNA were tethered to glass slides
(49). Here, we used a benchtop microscope that uses ALEX
(50) for in-solution smFRET measurements to capture the
conformations of ssDNA and RPA-ssDNA complexes (51).
First, to test whether this instrumental setup accurately cap-
tures the conformational sampling of ssDNA, we measured
the changes in FRET as a function of ssDNA length. For
these experiments, all ssDNA substrates carried Cy3 (donor)
and Cy5 (acceptor) fluorophores at the 3’ versus 5’ ends, re-
spectively (3'-Cy3-(dT)xx-CyS5-5’, where xx = number of nu-
cleotides). A plot of the FRET efficiency versus length of end-
labeled poly (dT) substrates shows an excellent monotonic
relationship with high and low FRET captured for (dT);s
and (dT)gs, respectively (Figure 2). These measurements ob-
tained using a benchtop EI-FLEX microscope are in excellent
agreement with similar data collected using a Picoquant Mi-
croTime 200 confocal microscope (Supplementary Figure S1
and Supplementary Table S3).

RPA binding does not produce a complete
linearization of ssDNA

To assess the change in ssDNA shape upon RPA binding,
we quantified the FRET changes in the RPA-ssDNA com-
plex. First, in these assays, DNA alone produces a FRET sig-
nal proportional to the length (Figure 2A). Upon binding to
RPA, the FRET signal decreases because of an increase in
distance between the donor and acceptor (Figure 3). In ad-
dition, since the concentration of RPA and ssDNA used in
these experiments are low (pM range), we collected data on
each ssDNA substrate as a function of increasing RPA concen-
trations (Figures 3A-H, S2-54 and Supplementary Tables S4
and S5). Furthermore, to ensure that we only assessed 1:1
RPA:DNA complexes (molar ratios of RPA trimer bound to
one molecule of DNA), we performed parallel mass photome-
try analysis of the complexes (Figures 3I-L). Under all RPA
concentrations tested, we captured predominantly stoichio-
metric RPA—ssDNA complexes. Thus, our interpretation of
end-to-end ssDNA distances from the FRET measurements is
not influenced by the binding of multiple RPA molecules. The
RPA:DNA binding stoichiometries measured using MP (nM
concentrations) are recapitulated in analytical ultracentrifuga-
tion analysis at higher protein concentrations (u1M; data not
shown).
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smFRET measurements were performed on four ssDNA
substrates of varying lengths [(dT)xx, xx = 15, 25, 30 or 45
nt]. When these measurements are plotted as a function of ss-
DNA length, the results mirror the data for DNA alone (Fig-
ure 4A). However, for every ssDNA substrate, an overall in-
crease in end-to-end distance of ~3.1 £ 0.2 nm is observed
(Supplementary Table S5 and Figure 4B). This surprising re-
sult does not agree with the canonical models described for
RPA where the DBDs are arranged in a sequential fashion with
the ssDNA stretched in a linear manner. Instead, the shorter
end-to-end distance measurements better agree with observa-
tions in the structural studies where DNA is wrapped around
the DBDs, as shown in Figure 1B (18-20). Thus, ssDNA is
not linearized, but rather follows the intrinsic curvature of
RPA (Figure 1B). The second observation is that the ~3.1 nm
shift in distance is observed across the increasing length of ss-
DNA (Figure 4B). This suggests that DNA occupancy along
the curvature of the DBDs is uniform and there is no loop-
ing or extrusion of the ssDNA. Finally, the minimal change in
distances between the shortest (dT);5 and the longest (dT)4s
ssDNA substrates supports our model that the trimerization
core (Tri-C) of RPA contributes most to ssDNA binding sta-
bility (and in this case contour or path of wrapping) whereas
the F~A-B domains are intrinsically more dynamic.

DEER spectroscopy confirms wrapping of DNA
along the curvature dictated by the DNA binding
domains of RPA

To obtain another independent experimental validation of
our findings from the smFRET analysis, we performed dou-
ble electron-electron resonance (DEER) spectroscopy (52,53).
This experiment requires the incorporation of two spin la-
bels, one on each end of the oligonucleotide. 2’-aminouridine
was introduced during chemical synthesis of the oligonu-
cleotides and post-synthetically spin-labeled with an isoth-
iocyanate derivative of an isoindoline nitroxide (Figure 5A
and Supplementary Table S1) (37). The distance between the
two spin centers was measured using DEER spectroscopy in
the absence and presence of RPA. For a (dT),, substrate,
DNA alone produces a broad distribution of distances with
two populations (Figure 5B and Supplementary Table S6) and
these measurements are in excellent agreement with our sm-
FRET data. When RPA is added in equimolar amounts to form
a stoichiometric RPA:DNA (1:1) complex, the end-to-end dis-
tance increases to ~6.83 = 1.5 nm (Figure 5C). This measure-
ment is again in very good agreement with our smFRET obser-
vations (Figures 4 and 5). We also checked if this phenomenon
was specific to human RPA by performing DEER and smFRET
measurements for the Saccharomyces cerevisiae RPA—ssDNA
complex. On a (dT),, oligonucleotide, the end-to-end distance
in DEER measurements was 6.9 + 1.8 nm (Figure 4). In sm-
FRET measurements on a (dT),s oligonucleotide, we observed
an end-to-end distance of 8.5 £ 0.82 nm (Figure 4). These
distances agree well with the smFRET measurements. These
distances are similar between the human and yeast RPA, sug-
gesting that the mechanism of ssDNA wrapping is likely con-
served across eukaryotic RPA.

Computational prediction of the shape of the
wrapped ssDNA

In principle, ssDNA should behave as a flexible polymer, in
particular when the sequence cannot form secondary struc-
tures through intra-strand base-pairing; thus the choice of

G20z Aienigad /| U0 Jasn UeSENOBIONSEH - SPUES| Ujesexsoqspue Aq 6160122/9291 L/6L/2S/a101 e ieu/woo dno-olwapese//:sdjy Wo.y papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae584#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae584#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae584#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae584#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae584#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae584#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae584#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae584#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae584#supplementary-data

11632
A B
FRET efficiency vs ssDNA length
1 T T L] T Ll
>
Q
c
2
0
S 04 .
=
]
4
.
0.010 15 30 45 60 75 90 105

# of bases in ssDNA; (dT)x

Nucleic Acids Research, 2024, Vol. 52, No. 19

End-to-end distance (V<R?>)
vs ssDNA length

iy 12 T Ll L] L] L] L]
E

£

§ 10

3

Z g

°

G

P 6

z

w 4

0 15 30 45 60 7 90 105

# of bases in ssSDNA; (dT),,

Figure 2. Solution confocal-based FRET measurements accurately report on ssDNA end-to-end distances. (A) FRET efficiencies were calculated based
on single molecule measurements of Cy3 (donor) and Cy5 (acceptor) fluorescence. Data were collected on a series of ssDNA substrates (30 pM) of
increasing lengths. Energy transfer events were detected as bursts of photons as the molecules transited the confocal volume. The mean of the
distribution is plotted in panel A as a function of length of poly-thymidine (dT.). (B) The end-to-end distances were calculated based on a Ry value of 5.4
nm for the Cy3/Cy5 pair and Eq. (3) described in the Methods. The dotted lines represent a 95% confidence interval for the linear fit.

poly-dT (49). The dependence of the end-to-end distance for
a flexible polymer on the number of monomer units (here
nucleotides) generally can be described in terms of polymer
scaling laws. These laws define the dimensions of unfolded
and intrinsically disordered macromolecules and are modeled
based on the composition of the nucleotides and salt condi-
tions (54). We therefore sought to determine if our unbound
dT constructs showed characteristic polymer scaling behav-
ior. Fitting the root-mean-squared end-to-end distance against
the number of bases reveals extremely good agreement with a
polymer scaling law of R. = RgNY, where Ry is 1.07 nm and
v is 0.50 (Figure 6A). This would suggest that under the so-
lution conditions examined, ssDNA (dT) behaves as a flexible
chain that conforms to the statistical properties of a Gaussian
chain. To further assess the validity of our experimental mea-
surements and conclusions, we compared end-to-end distance
obtained previously using a confocal-based smFRET set up by
Chen et al. (55). Gratifyingly, for (dT)49 under matching so-
lution conditions (50 mM NaCl), the data from Chen et. al.
lies directly over the polymer fit generated from our smFRET
data (Figure 6A).

If the bound-state conformation were to form a stretched
linear extension, we would expect major deviations from the
polymer scaling and an increase in distance between the DNA
ends. Instead, bound-state derived distances reveal an iden-
tical dependency on the number of nucleotides, shifted by
~3 nm more expanded than the unbound state (Figure 6B).
Both bound and unbound distances are far from the trend ex-
pected for fully linearized DNA. Taken together, our results
suggest the configurational/conformational properties of the
RPA-bound ssDNA are relatively similar to unbound, with the
exception of a systematic shift in the end-to-end distance, con-
sistent with dT wrapping around RPA in a dynamic state that
preserves the DNA’ intrinsic flexibility (Figure 6C).

Post-translational modification of human RPA by
Aurora kinase B rearranges the domains without
affecting the wrapping of ssDNA

Since ssDNA wraps around the contour of the DNA-binding
domains (DBDs) of RPA, we wondered how RPA-interacting

proteins might gain access to the buried ssDNA. There are
two important features that need to be considered: The first
is the intrinsic dynamic interactions between the DBDs and
ssDNA, and the second is the configurational rearrangements
of the domains with respect to each other and the ssDNA.
We, and others, have shown that the domains possess dif-
ferent dynamic properties, with DBD-A and DBD-B being
more dynamic on ssDNA compared to DBD-C and DBD-D
(19,22,23.26). Using C-trap experiments, we recently showed
that the rates of diffusion for RPA on long stretches of ssDNA
are regulated by the trimerization core (46). Thus, incoming
proteins can access the buried ssDNA through transient dis-
sociation of one or more DBDs. The second mode of ssDNA
access might be provided through post-translational modifi-
cations of the DBDs or the disordered linkers (22,26). Using
hydrogen-deuterium exchange mass spectrometry, we recently
showed that the domains of RPA are not splayed apart but are
tightly organized along with the protein-interaction domains
and this configuration is altered upon phosphorylation by Au-
rora kinase B (22). This modification is specific to RPA func-
tions during mitosis. To gain a better understanding of these
configurational changes and how the phosphorylated RPA al-
ters the wrapping of ssDNA, we performed crosslinking mass
spectrometry (XL-MS) of RPA and phosphorylated-RPA in
the absence/presence of ssDNA. Aurora kinase B phospho-
rylates RPA at a single Ser-384 position in the large RPA70
subunit (22). Using genetic code expansion (39,40) we gener-
ated site-specific phospho-serine (pSer) modified RPA at Ser-
384 (RPA-pSer%4). This approach produced 100% phospho-
rylated RPA as seen by complete shift of the RPA-pSer3%
band in Phos-Tag SDS-PAGE analysis (Figure 7A). Site-specific
incorporation was also confirmed through mass spectrome-
try (Supplementary Figure S5) and by western blotting us-
ing a pSer-384 specific antibody (Figure 7B) (22). XL-MS of
RPA or RPA-pSer3$* were performed with a bis (sulfosuccin-
imidyl)suberate (BS3) crosslinker in the absence or presence
of a (dT),s ssDNA substrate. BS3 crosslinks primary amines
(Lys residues) that are within 15 A (56).

We made several key observations: (i) Extensive crosslinks
(XLs) are captured between the three subunits (RPA70,
RPA32 and RPA14) and between the DNA binding do-
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Figure 3. Concentration dependence of RPA-ssDNA complexes. A-H) FRET analysis of (dT)25 ssDNA bound to increasing concentrations of RPA show a
shift from the unbound to bound complex. As RPA concentrations are increased, a complete shift to the bound population is observed. Ratios are
defined as one molecule of ssDNA: number of RPA trimers (molar ratio). I-L) Mass photometry analysis of RPA and RPA-(dT),s complexes show
formation of predominantly single RPA bound (dT),s complexes. The dotted line serves as a reference point for the mass of free RPA in solution as seen
in panel |. The measured mass for RPA and the RPA-DNA complexes (1:1 stoichiometry) are noted. In all conditions tested here, one RPA molecule

binds to one molecule of ssDNA.

mains (DBDs A, B, C and D), the protein interaction do-
mains (OB-F and wh), and several connecting linkers of
non-phosphorylated RPA (Figure 7C and Supplementary

Figures S6-59). Of particular interest are the XLs between
OB-F and F-A linker with DBD-A, DBD-B, DBD-C, DBD-
D and the wh domains. This finding suggests that all the
domains are situated close together in a compacted config-
uration. (ii) Comparison of RPA in the absence and pres-
ence of ssDNA shows crosslinks unique to each condition
(denoted by the blue lines in Figure 7), suggesting changes
in the configurations/conformations or ssDNA occluded Lys
residues. However, the overall contacts between the domains
are still observed (Figures 7C and D). The data suggest that ss-
DNA wraps around the compacted structural architecture of
RPA without the need to unravel the domains, as would be ex-

pected if the ssDNA were to be linearly stretched. (iii) Surpris-
ingly, introduction of phosphoserine at position 384 (DBD-B;
RPA70) produces significantly new contacts within RPA (Fig-
ure 7E and Supplementary Figure S6). (iv) Finally, the largest
changes in XL patterns are observed upon ssDNA binding to
RPA-pSer®%* suggesting that a single post-translational mod-
ification can bring about large-scale configurational changes
leading to an altered ssDNA-RPA-pSer3#* complex (Figure 7F
and Supplementary Figure S7).

To understand how ssDNA is shaped when bound to RPA-
pSer3%* we measured the end-to-end distance using DEER
(Figure S). We observe two distributions for RPA-pSer3$*: The
first overlaps with wild-type RPA and ~70% of the phospho-
rylated RPA is in this population (~7 nm). In addition, there
is a 30% increase in the second population where the end-to-
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end distance is much shorter (~5 nm). Along with the XL-MS Coarse-grained MD simulations showcase the
data, we interpret these changes as remodeling of the DBDs binding properties of one versus two RPA-bound

without large-scale changes to the wrapping pattern of the ss- ssDNA complexes

DNA. Thus, from a functional standpoint, phosphorylation  The end-to-end distances we have thus far experimentally
remodels RPA such that segments of ssDNA are made acces- measured were for free ssDNA or ssDNA bound to a single
sible to RPA-interacting proteins with minimal alterations to RPA. Due to limitations in the maximal end-to-end distances

: 384 : : .
the wrapping of DNA. For RPA-pSer”®, these interactions are  that can be measured using FRET or DEER, we were not able
specific to mitosis. to extend these investigations to scenarios where more than
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nm fully describes the bound dT dependency.

one RPA is bound. So, we turned to coarse-grain molecular
dynamics (MD) simulations to gain a better understanding of
such complexes. First, free ssDNA of varying lengths was sim-
ulated and the end-to-end distances across varying lengths of
ssDNA ranging from 15 to 80 nucleotides are shown (Fig-
ure 8A). The data shown in pink (Figure 8A) attempts to
replicate the scenario observed in the original crystal struc-
ture PDB: 4GNX (18), where the central 23 nucleotides were
constrained to a distance of 55 A for the ssDNA, without the
presence of RPA in the simulation. In contrast, the data in grey
(Figure 8A) illustrates the extreme scenario where the 23 nu-
cleotides interacting with RPA are arranged linearly, while the
remaining ssDNA is free to move. This simulation was con-
ducted solely with ssDNA in the absence of RPA. Both the grey
and pink plots were simulated for DNA lengths ranging from
25 to 100 nucleotides (Figure 8A). Next, we performed simu-
lations with two RPA molecules at different initial configura-
tions, along with varying lengths of ssDNA ranging from 60 to
100 nucleotides. The distribution of end-to-end distances for
free ssDNA, ssDNA bound to a single RPA, and ssDNA bound
to two RPAs on a (dT)gp ssDNA shows a significant overlap
of end-to-end distances in the three mentioned cases ( (Fig-
ure 8B). Additionally, snapshots from the simulations illustrat-
ing some instances of end-to-end distances for free ssDNA,
ssDNA bound to a single RPA, and ssDNA bound to two

RPAs are shown (Figure 8C and Supplementary Movies S1-
S3). These movies provide an excellent view of how ssDNA
is wrapped along the DNA binding domains of RPA while
retaining the intrinsic flexibility and curvature that are exper-
imentally captured in smFRET and DEER analysis.

Discussion

RPA binds ssDNA with high affinity and coats the substrate
to form a regulatory protein-interaction hub to orchestrate
a variety of DNA metabolic processes (1,3). RPA possesses
multiple DNA binding and protein interaction domains that
are connected by disordered linkers and spread across its het-
erotrimeric architecture. An incoming RPA-interacting pro-
tein could access the ssDNA buried under RPA by remod-
eling on one or more domains without the need to displace
RPA (57,58). To better understand how such remodeling oc-
curs, knowledge of how ssDNA is bound by RPA is required.
Canonically, models for RPA postulate that the DNA bind-
ing domains (DBDs) are assembled in a linear array to stretch
the DNA leading to multiple binding modes (59). In contrast,
structural studies show that the ssDNA is bent around the
DBDs (18-20). In solution, an ensemble of states ranging from
linear to the bent form can also be envisioned to exist in equi-
librium (57,60).
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changes upon phosphorylation.

From the perspective of the binding properties of the
individual domains, recent data from our group and oth-
ers support the idea of RPA behaving as two functional
halves with a dynamic F-A-B half (OB-F, DBD-A and DBD-B)
and a less-dynamic Tri-C half (DBD-C, RPA32 and RPA14)
(1,19,22,26,27,61). Here Tri-C is modeled to provide ss-
DNA binding stability to RPA. Support for this model also
arises from single-molecule C-trap experiments where the
diffusion rate of RPA is dictated by the Tri-C half (46).
Here, we show that ssDNA wraps around RPA and end-to-
end distance measurements suggest uniform contact through-

out the ssDNA-RPA complex. The data argues against lin-
earization of ssDNA and an array-like assembly of the
DBDs.

Crosslinking MS data supports a structural model for RPA
where both the DBDs and protein-interaction domains (PIDs)
are in close proximity. Crosslinks were also detected between
the disordered OB-F:DBD-A linker and almost all DBDs and
PIDs, suggesting a compacted structure for human RPA (Fig-
ure 8 and Supplementary Figure S6). The end-to-end distance
measurements, performed as a function of ssDNA length, mir-
ror that of free ssDNA in solution with a ~3 nm shift. This
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conformations of the ssDNA). The coarse-grained simulations were based on Ustilago maydis RPA (PDB: 4GNX), but the five OB-domains were
considered as non-dynamic for simplicity. (B) Distribution of end-to-end distances of ssDNA (dT)gy nucleotides in length, modeled as free ssDNA (black),
ssDNA bound to a single RPA (red), and ssDNA bound to two RPAs (blue). The distributions are based on multiple long simulations for each system. The
distribution of the end-to-end distances for ssDNA interacting with two RPA molecules combines simulations in which the excess ssDNA is placed
either as a linker between the two RPAs or as flanking ssDNA at the ends. (C) Snapshots from coarse-grained simulations showing varying end-to-end
distances for 80-nucleotide ssDNA in different states: free ssDNA, bound to a single RPA, and bound to two RPAs. Please also refer to videos provided
in the Supplemental Information. (D) The OB-domains of RPA are depicted along with the connecting disordered linkers. The XL-MS data suggest that
the domains are compacted together, and ssDNA is wrapped around this architecture. The domains are remodeled upon phosphorylation by Aurora
kinase B at position Ser384 in the RPA70 subunit. This modification releases the OB-F and wh domains and promotes RPA interactions with other

proteins. While the wrapping of ssDNA is not altered, remodeling allows access to the ssDNA.
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data suggest that ssDNA wraps around the compacted RPA
core without much of a change in the intrinsic flexibility of
ssDNA, likely owing to the dynamic interactions with RPA.
The fact our data fit well to a flexible polymer model in
both the bound and unbound states (i.e. end-to-end distance
scales with a number of nucleotides proportional to a scal-
ing exponent) suggests that the DNA is not in a fixed struc-
ture when bound to RPA (or when unbound, as expected),
but is highly flexible, and exists in a collection of differ-
ent conformations that rapidly interconvert between one an-
other. As such, the uniform expansion suggests that the av-
erage dimension of this ensemble increases. In other words,
the DNA is not ‘stretching’ because this implies it is tightly
extended, instead, the average dimensions of the DNA en-
semble are increasing due to interactions with RPA. This ex-
planation fits perfectly with the wrapped conformation ob-
served in the structural studies where the ssDNA follows
along the curvature imposed by the DNA binding domains
with the Tri-C providing the central stability to maintain-
ing this architecture. From the context of the individual do-
mains, the more-dynamic versus less-dynamic ssDNA binding
attributes assigned to the domains of RPA (23) also explain
how the OB-A & OB-B domains can be dynamic with rapid
on-off rates while the curvature of the ssDNA is maintained
by the less-dynamic Tri-C core (composed of OB-C, OB-D
and OB-E).

In such a model, access to internal regions in the ssDNA
or the ends can be provided to incoming RPA-interacting pro-
teins by rearranging one or more DBDs (62,63). Such rear-
rangements could be promoted by post-translational modi-
fication (s) of one or more DBDs (Figure 8). As a proof of
concept, we here show how phosphorylation of RPA at a sin-
gle position in DBD-B (Ser-384 in RPA70) drives changes in
ssDNA access. Aurora kinase B phosphorylates RPA at Ser-
384 during mitosis to suppress homologous recombination
and to facilitate chromosome segregation by maintaining Au-
rora B activity (22). Surprisingly, the end-to-end ssDNA dis-
tance does not change in RPA-pSer’%4, but the patterns of
crosslinking between the domains in XL-MS are strikingly al-
tered. Thus, the DBDs and PIDs have been repositioned or re-
modeled through phosphorylation without altering the over-
all wrapping path of ssDNA (Figure 8). Such changes would
grant access to internal regions of the ssDNA wrapped by RPA
upon phosphorylation.

In summary, measurement of end-to-end distances us-
ing smFRET and DEER spectroscopy supports a model
where ssDNA is wrapped around a compacted structure of
RPA with remodeling of the domains enacted through post-
translational modifications. Thus, RPA can be differentially
modulated to serve varying DNA metabolic needs without
major changes to the ssDNA organization within the complex.
How these changes transpire within the context of multiple
RPA molecules bound to longer ssDNA remains to be estab-
lished. The MD simulations presented here show how mul-
tiple RPA molecules can be engaged on longer ssDNA while
retaining the wrapped architecture within the DNA binding
domains. At the moment, experimentally capturing how ss-
DNA wrapping or stretching changes upon binding of multi-
ple RPA molecules is not feasible as the changes in end-to-end
distances described here are already at the limits of detection
for the smFRET and DEER methodologies. Thus, structural
approaches such as CryoEM will be needed to further address
such questions.
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Raw data are available in the associated Supplemental Data
File. Plasmids for protein overproduction as available upon
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https://doi.org/10.5281/zenodo0.12205956.

Supplementary data
Supplementary Data are available at NAR Online.

Acknowledgements

Authors thank the lab members and Dr Timothy Craggs
(Exciting Instruments) for technical advice and critical read-
ing of the manuscript. We thank Dr Greg Sabat, University
of Wisconsin-Madison, for phospho-proteomic MS analysis.
XL-MS data were obtained at the Mass Spectrometry Tech-
nology Access Center (MTAC) at Washington University in St.
Louis. We thank Dr Byoung-Kyu Cho at MTAC for collecting
the XL-MS spectra.

Author contributions Rahul Chadda: Formal analysis,
Methodology, Validation, Writing—original draft. Vikas
Kaushik: Protein Purification, pSer incorporation, XL-MS
experiments and data analysis, Writing—review & edit-
ing. Jaigeeth Deveryshetty, Edwin Antony, & Brian Both-
ner: Cross-linking mass spectrometry and structural anal-
ysis, Writing—review & editing. Alex Holehouse: Formal
analysis, Methodology, Validation, Writing—original draft.
Iram Munir Ahmad and Snorri Th.d Sigurdsson: Design and
synthesis of spin-labeled oligonucleotides, Writing—review
& editing. Gargi Biswas and Yaakov Levy: MD simula-
tion of RPA-ssDNA interactions, Writing—review & edit-
ing. Richard Cooley and Ryan Mehl: Design of cells and
strategies for pSer-incorporation. Writing—review & editing.
Reza Dastvan: EPR - Formal analysis, Methodology, Valida-
tion, Writing—review & editing. Sofia Origanti: Conceptual-
ization, Formal analysis, Methodology, Validation, Writing—
review & editing. Edwin Antony: Conceptualization, Formal
analysis, Methodology, Validation, Writing—original draft.

Funding

National Institutes of Health [R35-GM149320 and
$10-OD030343 to E.A., R01-GM145783 to R.D., RO1-
GM143179 to S.O., DP2-CA290639-01 to A.S.H.]; S.Th.S.
acknowledges financial support from the Icelandic Research
Fund [206708]; Acquisition of the EI-FLEX microscope was
supported through a grant from the Department of Energy,
Office of Basic Energy Sciences [DE-SC0020965 to E.A.]; Y.L.
was supported by grants from the Israeli Science Foundation
[2072/22]; Estate of Gerald Alexander; pSer incorporation
was supported in part by the GCE4All Biomedical Technol-
ogy Development and Dissemination Center supported by
National Institute of General Medical Science grant [RM1-
GM144227 to R.M]; XL-MS data collection supported by the
Washington University Institute of Clinical and Translational
Sciences which is, in part, supported by the NIH/National
Center for Advancing Translational Sciences (NCATS), CTSA
[UL1TR002345]. Funding for open access charge: National
Institutes of Health [R35-GM149320].

G20z Aienigad /| U0 Jasn UeSENOBIONSEH - SPUES| Ujesexsoqspue Aq 6160122/9291 L/6L/2S/a101 e ieu/woo dno-olwapese//:sdjy Wo.y papeojumoq


https://github.com/holehouse-lab/supportingdata/tree/master/2024/chadda_kaushik_2024
https://doi.org/10.5281/zenodo.12205956
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae584#supplementary-data

Nucleic Acids Research, 2024, Vol. 52, No. 19

Conflict of interest statement

None declared.

References

1.

10.

11.

12.

13.

14

15.

16

17.

18.

Caldwell,C.C. and Spies,M. (2020) Dynamic elements of
replication protein A at the crossroads of DNA replication,
recombination, and repair. Crit. Rev. Biochem. Mol. Biol., 55,
482-507.

. Wold,M.S. and Kelly,T. (1988) Purification and characterization of

replication protein A, a cellular protein required for in vitro
replication of simian virus 40 DNA. Proc. Natl. Acad. Sci. U.S.A.,
85,2523-2527.

. Wold,M.S. (1997) Replication protein A: A heterotrimeric,

single-stranded DNA-binding protein required for eukaryotic
DNA metabolism. Annu. Rev. Biochem., 66, 61-92.

. Iftode,C., Daniely,Y. and Borowiec,].A. (1999) Replication protein

A (RPA): the eukaryotic SSB. Crit. Rev. Biochem. Mol. Biol., 34,
141-180.

. Kim,C., Paulus,B.F. and Wold,M.S. (1994) Interactions of human

replication protein A with oligonucleotides. Biochemistry, 33,
14197-14206.

. Kumaran,S., Kozlov,A.G. and Lohman,T.M. (2006)

Saccharomyces cerevisiae replication protein A binds to
single-stranded DNA in multiple salt-dependent modes.
Biochemistry, 45,11958-11973.

. Treuner,K., Ramsperger,U. and Knippers,R. (1996) Replication

protein A induces the unwinding of long double-stranded DNA
regions. J. Mol. Biol., 259, 104-112.

. Lao,Y,, Lee,C.G. and Wold,M.S. (1999) Replication protein A

interactions with DNA. 2. Characterization of double-stranded
DNA-binding/helix-destabilization activities and the role of the
zinc-finger domain in DNA interactions. Biochemistry, 38,
3974-3984.

. Bartos,].D., Willmott,L.]J., Binz,S.K., Wold,M.S. and Bambara,R.A.

(2008) Catalysis of strand annealing by replication protein A
derives from its strand melting properties. J. Biol. Chem., 283,
21758-21768.

Salas, T.R., Petruseva,l., Lavrik,O., Bourdoncle,A., Mergny,].L.,
Favre,A. and Saintome,C. (2006) Human replication protein A
unfolds telomeric G-quadruplexes. Nucleic Acids Res., 34,
4857-486S5.

Marechal,A. and Zou,L. (2015) RPA-coated single-stranded DNA
as a platform for post-translational modifications in the DNA
damage response. Cell Res., 25, 9-23.

Namiki,Y. and Zou,L. (2006) ATRIP associates with replication
protein A-coated ssDNA through multiple interactions. Proc. Natl.
Acad. Sci. U.S.A., 103, 580-585.

Zou,L. and Elledge,S.]. (2003) Sensing DNA damage through
ATRIP recognition of RPA-ssDNA complexes. Science, 300,
1542-1548.

. Zou,L., Liu,D. and Elledge,S.J. (2003) Replication protein

A-mediated recruitment and activation of Rad17 complexes. Proc.
Natl. Acad. Sci. U.S.A., 100, 13827-13832.

de Laat,W.L., Appeldoorn,E., Sugasawa,K., Weterings,E.,
Jaspers,N.G. and Hoeijmakers,].H. (1998) DNA-binding polarity
of human replication protein A positions nucleases in nucleotide
excision repair. Genes Dev., 12,2598-2609.

. Acharya,A., Kasaciunaite K., Gose,M., Kissling,V., Guerois,R.,

Seidel,R. and Cejka,P. (2021) Distinct RPA domains promote
recruitment and the helicase-nuclease activities of Dna2. Nat.
Commun., 12, 6521.

Zhou,C., Pourmal,S. and Pavletich,N.P. (2015) Dna2
nuclease-helicase structure, mechanism and regulation by Rpa.
eLife, 4,¢09832.

Fan,]. and Pavletich,N.P. (2012) Structure and conformational
change of a replication protein A heterotrimer bound to ssDNA.
Genes Dev., 26,2337-2347.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

11639

Yates,L.A., Aramayo,R.]., Pokhrel,N., Caldwell,C.C., Kaplan,].A.,
Perera,R.L., Spies,M., Antony,E. and Zhang,X. (2018) A structural
and dynamic model for the assembly of replication protein A on
single-stranded DNA. Nat. Commun., 9, 5447.

Madru,C., Martinez-Carranza,M., Laurent,S., Alberti,A.C.,
Chevreuil, M., Raynal,B., Haouz,A., Le Meur,R.A., Delarue,M.,
Henneke,G., et al. (2023) DNA-binding mechanism and evolution
of replication protein A. Nat. Commun., 14,2326.
Bochkareva,E., Korolev,S., Lees-Miller,S.P. and Bochkarev,A.
(2002) Structure of the RPA trimerization core and its role in the
multistep DNA-binding mechanism of RPA. EMBO J., 21,
1855-1863.

Roshan,P., Kuppa,S., Mattice,].R., Kaushik,V., Chadda,R.,
Pokhrel,N., Tumala,B.R., Biswas,A., Bothner,B., Antony,E., ez al.
(2023) An Aurora B-RPA signaling axis secures chromosome
segregation fidelity. Nat. Commun., 14, 3008.

Ahmad,F, Patterson,A., Deveryshetty,]., Mattice,].R., Pokhrel,N.,
Bothner,B. and Antony,E. (2021) Hydrogen-deuterium exchange
reveals a dynamic DNA-binding map of replication protein A.
Nucleic Acids Res., 49, 1455-1469.

Chen,]., Le,S., Basu,A., Chazin,W.]. and Yan,]. (2015)
Mechanochemical regulations of RPA’s binding to ssDNA. Sci.
Rep., 5, 9296.

Sugitani,N. and Chazin,W.]. (2015) Characteristics and concepts
of dynamic hub proteins in DNA processing machinery from
studies of RPA. Prog. Biophys. Mol. Biol., 117,206-211.
Pokhrel N., Caldwell,C.C., Corless,E.IL, Tillison,E.A., Tibbs,].,
Jocic,N., Tabei,S.M.A., Wold,M.S., Spies,M. and Antony,E. (2019)
Dynamics and selective remodeling of the DNA-binding domains
of RPA. Nat. Struct. Mol. Biol., 26, 129-136.

Pokhrel,N., Origanti,S., Davenport,E.P., Gandhi,D., Kaniecki,K.,
Mehl,R.A., Greene,E.C., Dockendorff,C. and Antony,E. (2017)
Monitoring Replication Protein A (RPA) dynamics in homologous
recombination through site-specific incorporation of
non-canonical amino acids. Nucleic Acids Res., 45, 9413-9426.
San Filippo,]., Sung,P. and Klein,H. (2008) Mechanism of
eukaryotic homologous recombination. Annu. Rev. Biochem., 77,
229-257.

Heyer,W.D., Ehmsen,K.T. and Liu,J. (2010) Regulation of
homologous recombination in eukaryotes. Annu. Rev. Genet., 44,
113-139.

Symington,L.S. (2014) End resection at double-strand breaks:
mechanism and regulation. Cold Spring Harb. Perspect. Biol., 6,
a016436.

Sugawara,N. and Haber,J.E. (1992) Characterization of
double-strand break-induced recombination: homology
requirements and single-stranded DNA formation. Mol. Cell. Biol.,
12, 563-575.

Nguyen,B., Sokoloski,]., Galletto,R., Elson,E.L., Wold,M.S. and
Lohman,T.M. (2014) Diffusion of human replication protein A
along single-stranded DNA. J. Mol. Biol., 426, 3246-3261.
Schiemann,O., Heubach,C.A., Abdullin,D., Ackermann,K.,
Azarkh,M., Bagryanskaya,E.G., Drescher,M., Endeward,B.,
Freed,].H., Galazzo,L., et al. (2021) Benchmark test and
guidelines for DEER/PELDOR experiments on nitroxide-labeled
biomolecules. J. Am. Chem. Soc., 143, 17875-17890.

Stelzl,L.S., Erlenbach,N., Heinz,M., Prisner,T.F. and Hummer,G.
(2017) Resolving the conformational dynamics of DNA with
angstrom resolution by pulsed electron-electron double resonance
and molecular dynamics. J. Am. Chem. Soc., 139, 11674-11677.
Marko,A., Denysenkov,V., Margraf,D., Cekan,P., Schiemann,O.,
Sigurdsson,S.T. and Prisner,T.F. (2011) Conformational flexibility
of DNA. J. Am. Chem. Soc., 133, 13375-13379.

Prisner,T.F,, Marko,A. and Sigurdsson,S.T. (2015) Conformational
dynamics of nucleic acid molecules studied by PELDOR
spectroscopy with rigid spin labels. J. Magn. Reson., 252, 187-198.
Saha,S., Jagtap,A.P. and Sigurdsson,S.T. (20135) Site-directed spin
labeling of 2’-amino groups in RNA with isoindoline nitroxides

G20z Aienigad /| U0 Jasn UeSENOBIONSEH - SPUES| Ujesexsoqspue Aq 6160122/9291 L/6L/2S/a101 e ieu/woo dno-olwapese//:sdjy Wo.y papeojumoq



11640

38.

39.

40.

41.

42.

43.

44,

4S.

46.

47.

48.

49.

50.

that are resistant to reduction. Chem. Commun., 51,
13142-13145.

Binz,S.K., Dickson,A.M., Haring,S.]. and Wold,M.S. (2006)
Functional assays for replication protein A (RPA). Methods
Enzymol., 409, 11-38.

Zhu,P., Mehl,R.A. and Cooley,R.B. (2022) Site-specific
incorporation of phosphoserine into recombinant proteins in
Escherichia coli. Bio. Protoc., 12, e4541.

Rogerson,D.T., Sachdeva,A., Wang,K., Haq,T., Kazlauskaite,A.,
Hancock,S.M., Huguenin-Dezot,N., Muqit, M.M., Fry,A.M.,
Bayliss,R., et al. (2015) Efficient genetic encoding of
phosphoserine and its nonhydrolyzable analog. Nat. Chem. Biol.,
11, 496-503.

Zhu,P., Gafken,P.R., Mehl,R.A. and Cooley,R.B. (2019) A highly
versatile expression system for the production of multiply
phosphorylated proteins. ACS Chem. Biol., 14, 1564-1572.
Ingargiola,A., Lerner,E., Chung,S., Weiss,S. and Michalet,X. (2016)
FRETBursts: an open source toolkit for analysis of freely-diffusing
single-molecule FRET. PLoS Omne, 11,e0160716.

Hustedt,E.]., Stein,R.A. and McHaourab,H.S. (2021) Protein
functional dynamics from the rigorous global analysis of DEER
data: conditions, components, and conformations. J. Gen. Physiol.,
153,¢201711954.

Graham,M., Combe,C., Kolbowski,L. and Rappsilber,]. (2019)
xiView: a common platform for the downstream analysis of
Crosslinking Mass Spectrometry data. bioRxiv doi:
https://doi.org/10.1101/561829, 26 February 2019, preprint: not
peer reviewed..

Hoitsma,N.M., Norris,]J., Khoang,T.H., Kaushik,V., Chadda,R.,
Antony,E., Hedglin,M. and Freudenthal,B.D. (2023) Mechanistic
insight into AP-endonuclease 1 cleavage of abasic sites at stalled
replication fork mimics. Nucleic Acids Res., 51, 6738-6753.
Pangeni,S., Biswas,G., Kaushik,V., Kuppa,S., Yang,O., Lin,C.T.,
Mishra,G., Levy,Y., Antony,E. and Ha,T. (2024) Rapid
long-distance migration of RPA on single stranded DNA occurs
through intersegmental transfer utilizing multivalent interactions.
J. Mol. Biol., 436, 168491.

Mishra,G., Bigman,L.S. and Levy,Y. (2020) ssDNA diffuses along
replication protein A via a reptation mechanism. Nucleic Acids
Res., 48, 1701-1714.

Hellenkamp,B., Schmid,S., Doroshenko,O., Opanasyuk,O.,
Kuhnemuth,R., Rezaei Adariani,S., Ambrose,B., Aznauryan,M.,
Barth,A., Birkedal,V., ez al. (2018) Precision and accuracy of
single-molecule FRET measurements-a multi-laboratory
benchmark study. Nat. Methods, 15, 669-676.

Murphy,M.C., Rasnik,I., Cheng,W., Lohman,T.M. and Ha,T.
(2004) Probing single-stranded DNA conformational flexibility
using fluorescence spectroscopy. Biophys. J., 86,2530-2537.
Hohlbein,]., Craggs,T.D. and Cordes,T. (2014) Alternating-laser
excitation: single-molecule FRET and beyond. Chem. Soc. Rev.,
43, 1156-1171.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Nucleic Acids Research, 2024, Vol. 52, No. 19

. Ambrose,B., Baxter,].M., Cully,]., Willmott,M., Steele,E.M.,

Bateman,B.C., Martin-Fernandez,M.L., Cadby,A., Shewring,].,
Aaldering,M., et al. (2020) The smfBox is an open-source
platform for single-molecule FRET. Nat. Commun., 11, 5641.
Heinz,M., Erlenbach,N., Stelzl,L.S., Thierolf,G., Kamble,N.R.,
Sigurdsson,S.T., Prisner,T.F. and Hummer,G. (2020)
High-resolution EPR distance measurements on RNA and DNA
with the non-covalent G spin label. Nucleic Acids Res., 48,
924-933.

Igbaria-Jaber,Y., Hofmann,L., Gevorkyan-Airapetov,L.,
Shenberger,Y. and Ruthstein,S. (2023) Revealing the DNA Binding
Modes of CsoR by EPR Spectroscopy. ACS Omega, 8,
39886-39895.

Hofmann,H., Soranno,A., Borgia,A., Gast,K., Nettels,D. and
Schuler,B. (2012) Polymer scaling laws of unfolded and
intrinsically disordered proteins quantified with single-molecule
spectroscopy. Proc. Natl. Acad. Sci. U.S.A., 109, 16155-16160.
Chen,H., Meisburger,S.P., Pabit,S.A., Sutton,].L., Webb,W.W. and
Pollack,L. (2012) Ionic strength-dependent persistence lengths of
single-stranded RNA and DNA. Proc. Natl. Acad. Sci. U.S.A., 109,
799-804.

Gong,Z., Ye,S.X. and Tang,C. (2020) Tightening the Crosslinking
Distance Restraints for Better Resolution of Protein Structure and
Dynamics. Structure, 28, 1160-1167.

Wieser,T.A. and Wuttke,D.S. (2022) Replication protein A utilizes
differential engagement of its DNA-binding domains to bind
biologically relevant ssDNAs in diverse binding modes.
Biochemistry, 61,2592-2606.

Fanning,E., Klimovich,V. and Nager,A.R. (2006) A dynamic model
for replication protein A (RPA) function in DNA processing
pathways. Nucleic Acids Res., 34, 4126-4137.

Chen,R., Subramanyam,$S., Elcock,A.H., Spies,M. and Wold,M.S.
(2016) Dynamic binding of replication protein a is required for
DNA repair. Nucleic Acids Res., 44, 5758-5772.

Wang,Q.M., Yang,Y.T., Wang,Y.R., Gao,B., Xi,X.G. and Hou,X.M.
(2019) Human replication protein A induces dynamic changes in
single-stranded DNA and RNA structures. J. Biol. Chem., 294,
13915-13927.

Kuppa,S., Deveryshetty,]., Chadda,R., Mattice,].R., Pokhrel,N.,
Kaushik,V., Patterson,A., Dhingra,N., Pangeni,S., Sadauskas,M.K.,
et al. (2022) Rtt10S regulates RPA function by configurationally
stapling the flexible domains. Nat. Commun., 13, 5152.
Topolska-Wos,A.M., Sugitani,N., Cordoba,].]., Le Meur,K.V., Le
Meur,R.A., Kim,H.S., Yeo,].E., Rosenberg,D., Hammel,M.,
Scharer,0.D., et al. (2020) A key interaction with RPA orients
XPA in NER complexes. Nucleic Acids Res., 48,2173-2188.
Mer,G., Bochkarev,A., Gupta,R., Bochkareva,E., Frappier,L.,
Ingles,C.]., Edwards,A.M. and Chazin,W.]J. (2000) Structural basis
for the recognition of DNA repair proteins UNG2, XPA, and
RADS?2 by replication factor RPA. Cell, 103, 449-456.

Received: April 1,2024. Revised: May 30, 2024. Editorial Decision: June 18, 2024. Accepted: June 25, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and
translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact
journals.permissions@oup.com.

G20z Aienigad /| U0 Jasn UeSENOBIONSEH - SPUES| Ujesexsoqspue Aq 6160122/9291 L/6L/2S/a101 e ieu/woo dno-olwapese//:sdjy Wo.y papeojumoq


https://doi.org/10.1101/561829

Supplementary Information

Partial wrapping of single-stranded DNA by Replication Protein A and
modulation through phosphorylation

Rahul Chadda'¥, Vikas Kaushik'# Iram Munir Ahmad?, Jaigeeth Deveryshetty!, Alex
Holehouse®, Snorri Th.d Sigurdsson?, Gargi Biswas®, Yaakov Levy*, Brian Bothner®, Richard

B. Cooley®, Ryan A. Mehl®, Reza Dastvan?, Sofia Origanti’, and Edwin Antony®*

Supplementary Tables 1-5
Supplementary Figures 1-9

Supplemental Videos 1-3



Supplementary Table 1. Oligonucleotides used in this study

Oligonucleotides used for the SmMFRET experiments

5' Cy5-(dT)15-Cy3 3' | Cy5-TTT TTT TTT TTT TTT-Cy3

5' Cy5-(dT)30-Cy3 3" |Cy5-TTTTTTTTTTTITTTITTTT TTT TTT TTT TTT -Cy3
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ITT -Cy3

5' Cy5-(dT)ss-Cy3 3' | Cy5-T1
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Tl
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5' Cy5-(dT)s0-Cy3 3" | Cy5-TT TTT TTT
TTTTTT

I TT -Cy3
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T TTTTITTTTTITTTTT ITTT TTT TTT TT1
[TTTTTTTITTTTTITTTIT T -Cy3

5 Cy5-(dT)s-Cy3 3" | Cy5-T1
BN
1T 1l

Oligonucleotides used for the DEER experiments
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Supplementary Table 2. Composition of media and reagents used for Phosphoserine
incorporation media.

A) ZY-non inducing media (ZY-NIM)

Components For 50 mL
ZY media 47.25 mL
1 M MgSO. 0.1mL
25x M-salts 2 mL
40 % (w/v) a-D-glucose 0.625 mL
Trace metals solution (5000x) 0.01 mL

B) ZY-auto inducing media (ZY-AIM)

Components ForlL
ZY media 940 mL
1 M MgSOg4 2 mL
25x M-salts 40 mL
50x 5052 solution 20 mL
Trace metals solution (5000x) 0.2mL

C) Composition of 25X M-salts

Components ForlL
Sodium phosphate dibasic 88.73 ¢
Potassium phosphate dibasic 85.05¢g
Ammonium chloride 66.86 g
Sodium sulfate anhydrous 17.75¢
D) 50x 5052 solution

Components ForlL

a-D-glucose 259

Lactose 50 ¢
Glycerol (v/v) 125 mL




Supplementary Table 3. Comparison of FRET efficiencies measured using the EI-FLEX
and the Picoquant MT200

FRET efficiency Nbursts
EI-FLEX MT200 EI-FLEX" MT200"

(dT)1s 0.83 (+0.064) 0.89 (+0.11) 765 10260
(dT)30 0.37 (+0.086) 0.426 (+0.097) 268 9056
(dT)as 0.15 (+0.060) 0.17 (+0.088) 366 11788
(dT)eo 0.074 (£0.049) 0.066 (+0.078) 511 18453
(dT)so 0.021 (+0.05) 0.022 (+0.075) 426 40425
(dT)o7 0.027 (+0.37) 0.032 (+0.088) 1257 636

* Please note that the number of bursts for MT200 appear higher than those in EI-FLEX as
EI-FLEX analysis uses ALEX to discard the data for molecules which have either donor or
acceptor only.



Supplementary Table 4. FRET efficiencies measurements (SmFRET)

(dT)1s and hRPA

FRET efficiency

Free Bound N bursts
(dT)1s 0.81 (x0.065) - 527
(dT)15 + 0.3 nM hRPA 0.78 (x0.077) 0.22 (x0.10) 443
(dT)1s + 1 nM hRPA 0.78 (£0.072) 0.18 (+0.076) 339
(dT)1s + 10 nM hRPA 0.80 (+£0.074) 0.17 (x0.06) 355
(dT)2s and FRET efficiency Mass Photometry
hRPA
Free Bound | N bursts | Mass (mean; Mass | # of spots
kDa) (xSt.dev.)
0.49
(dT)2s (+0.093) - 1072
(dT)2s +
0.49 0.07
OH0|R2> I;}Al\\/l (£0.095) | (£0.032) 1086 115.3 13.28 1098
(dT)2s +
0.49 0.075
Othlg,'XI (+0.11) (+0.047) 852 115.6 14.32 14774
(dT)s +1 ) 0.07
AM hRPA (0.2) 912 117.5 15.18 36823
(dT)2s and yRPA FRET efficiency
Free Bound N bursts
(dT)2s 0.49 (x0.093) - 1072
(dT)2s + 0.02 nM ScRPA | 0.48 (+0.098) 0.09 (£0.031) 773
(dT)2s + 0.1 nM ScRPA 0.47 (x0.11) 0.089 (+0.085) 783
(dT)25 + 1 nM ScRPA - 0.091 (x0.12) 1172




Supplementary Table 5. FRET efficiencies measurements (SmFRET)

(dT)30 and hRPA FRET efficiency
Free Bound N bursts
(dT)s0 0.37 (x0.098) - 585
(dT)30 + 0.03 NM hRPA | 0.38 (+0.095) 0.04 (+0.055) 654
(dT)s0 + 0.1 nM hRPA | 0.37 (+0.092) 0.025 (+0.068) 568
(dT)z0 + 1 M hRPA - 0.055 (+0.047) 569
(dT)ss and hRPA FRET efficiency
Free Bound N bursts
(dT)as 0.17 (£0.075) - 1108
(dT)as + 0.03 NM hRPA | 0.17 (+0.081) 0.02 (+0.044) 773
(dT)ss + 0.1 nM hRPA | 0.17 (+0.059) 0.021 (+0.033) 779
(dT)as + 1 M hRPA - 0.02 (+0.035) 677

End-to-end distance measurements

@D | oo | MROA Linearived | ssONA bound | hound
ssDNA | (DEER) | (DEER) | (DEER)

(dT)ss (146(.)24) (* %.%4) 10.14

A7)z 14.74 (J_r4'1‘.11) (16 z13?;3) (t6i?8)

(ATes (1563.525) = %.?32) 16.75

(@T)z0 (156(.3591) (* %.884) 203

@ | oo | o | 5




Supplementary Table 6. DEER measurements

<R> [nm] o [nm] f (%)
dT)22 3.1+1.0 0.7+0.6 36
5.1+2.0 1.143.1 64
(dT)22+hRPA 4.610.4 1.0+0.7 5
6.8+0.8 0.4+1.2 95
(dT)22+thRPA-PSer3s4 4.6+0.4 1.0+0.7 30
6.8+0.8 0.4+1.2 70

(dT)22+yRPA 6.9+0.3 1.0+0.3 100
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Supplementary Figure 1. Comparison of SmFRET data collected using the EI-FLEX and
MT-200 microscopes. SMFRET data collected for various lengths of sSDNA using the A) ElI-
FLEX and B) Picoguant MT-200 microscopes. C) Plot of the FRET efficiencies versus ssDNA
shows excellent agreement between measurements made using both instruments. D) Similarly,
end-to-end distance measurements calculated from the sSmFRET data show excellent agreement
for both instruments. The dotted lines represent a 95% confidence interval for the linear fit for
the MT-200 (green) and EI-FLEX (orange), respectively.
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Supplementary Figure 2. sSmFRET data for RPA-(dT)1s complexes. SmFRET data collected
for the (dT)1s substrate in the absence of RPA (A & B) and increasing concentrations of RPA
(C-H).



Y T T No RPA

o

=

o
T

~1
‘l: B ™
v F
Frequency
o
]

’ “___4 Mg_””I”“I””IOOSnM

[T} . -
] e
- el Y * .
0z
o
o0 03 f4 4k 9F 10 0 = o
#Bushy X

i 0.15 T T T T
L Ao _ 0.1 nM

3 !‘
- I i
Frequency
(=]
&

=
' o
‘- - s
éﬁ“:. -7 ?-’-
"ng e [
. m;.**:},"“"i G Vi B . "—oosf\/\
0.0
G Bl . H 8.0 0.8 1.0
0.15 :
fro i 1nM
N Eaursts: 560 el E‘U"O
@
1 -5 =]
8 \ o
. . 2
Iy 4 1M L 0.05
o
h 0.0 '
080 0.2 0.6 0.8 1.0

FRET

Supplementary Figure 3. smFRET data for RPA-(dT)so complexes. sSmFRET data collected
for the (dT)ao substrate in the absence of RPA (A & B) and increasing concentrations of RPA
(C-H).
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for the (dT)as substrate in the absence of RPA (A & B) and increasing concentrations of RPA
(C-H).
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Supplementary Figure 5. Mass spectrometry analysis of pSer incorporation in hRPA.
Mass spectrometry analysis of RPA-pSer®®* shows site-specific phosphoserine incorporation.
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Supplementary Figure 6. Unique XLs in the RPA introduced by phosphorylation at Ser-
384 in RPA70. Crosslinking mass spectrometry (XL-MS) analysis of A) RPA and B) RPA-
pSer®® are shown. The two datasets are compared relative to each other and the crosslinks
unique to each sample are shown in blue. Crosslinks in grey are common to both datasets and
depict intra-subunit crosslinks within RPA70-, RPA32 and RPA14.
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Supplementary Figure 7. Unique XLs in the RPA-ssDNA complex introduced by
phosphorylation at Ser-384 in RPA70. Crosslinking mass spectrometry (XL-MS) analysis of
A) RPA-ssDNA and B) RPA-pSer®*-ssDNA complexes are shown. The two datasets are
compared relative to each other and the crosslinks unique to each sample are shown in blue.
Crosslinks in grey are common to both datasets and depict intra-subunit crosslinks within
RPA70-, RPA32 and RPA14.
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All the crosslinks identified by MS for A) RPA and B) RPA-ssDNA complexes are shown.
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Forster resonance energy transfer (FRET) measurements between two dyes is a powerful method to
interrogate both structure and dynamics of biopolymers. The intensity of a fluorescence signal in a FRET
measurement is dependent on both the distance and the relative orientation of the dyes. The latter can
at the same time both complicate the analysis and give more detailed information. Here we present a
detailed spectroscopic study of the energy transfer between the rigid FRET labels G, (donor) and tChpitro
(quencher/acceptor) within the neomycin aptamer N1. The energy transfer originates from multiple
emitting states of the donor and occurs on a low picosecond to nanosecond time-scale. To fully
characterize the energy transfer, ultrafast transient absorption measurements were performed in
conjunction with static fluorescence and time-correlated single photon counting (TCSPC) measurements,

Received 24th November 2023, showing a clear distance dependence of both signal intensity and lifetime. Using a known NMR structure

Accepted 18th January 2024 of the ligand-bound neomycin aptamer, the distance between the two labels was used to estimate x?
and, therefore, make qualitative statements about the change in orientation after ligand binding with

unprecedented temporal and spatial resolution. The advantages and potential applications of absorption-

DOI: 10.1039/d3cp05728¢

rsc.li/pcecp

Introduction

Ribonucleic acids (RNAs) play a central role in cellular regula-
tion such as transcription, translation and gene expression.
This includes functional non-coding RNAs, such as ribos-
witches that often target the 5’-untranslated regions of bacterial
mRNA.> A riboswitch contains two interacting domains, an
aptamer region that binds with high affinity and specificity to
a metabolite and the expression platform.> These two
domains act in concert to activate or repress gene expression
through a conformational change that is triggered by ligand
binding.>*°

RNA aptamers can be readily generated by the technique of
systematic evolution of ligands by exponential enrichment
(SELEX)'®™ and have found use as diagnostic agents,'*"”
biosensors,'®'” and therapeutics.'® 2 It is of great interest to
create artificial riboswitches for regulation of gene expression
using ligands of choice, but only a few RNA aptamers have been

“ Institute of Physical and Theoretical Chemistry, Goethe University Frankfurt,
Main, Max-von-Laue-Str. 7, Frankﬁtrt 60438, Germany.
E-mail: wveitl@theochem.uni-frankfurt. de

b Science Institute, University of Iceland, Dunhaga 3, Reykjavik 107, Iceland

¢ Department of Chemistry, Ludwig-Maximilians-University (LMU), Munich,
Germany

1 Electronic supplementary information (ESI) available: Methods, Fig. S1-S4 and

Tables S1-S3. See DOI: https://doi.org/10.1039/d3cp05728¢c

This journal is © the Owner Societies 2024

based methods using rigid labels for the characterization of FRET processes are discussed.

utilized for creating non-natural riboswitches.®”*'>? Increased
understanding of the structure-function relationships of apta-
mers and riboswitches is required to be able to purposefully
design new functional riboswitches.>* ¢

Of the several methods that have been established for
studying the structure and dynamics of RNA, fluorescence spectro-
scopy is particularly valuable.””*® It has the advantages of being
highly sensitive, nondestructive for the sample of interest and
offers the ability to conduct experiments under native conditions.
It is a very useful tool to detect the dynamics of biomolecules
through various approaches. In addition to unraveling detailed
information about RNA dynamics, fluorescence spectroscopy is a
powerful method to study structure, even of single molecules,
through Forster resonance energy transfer (FRET). This high-
resolution fluorescence technique can obtain information about
both distance and relative orientation of FRET pairs.***

The relative orientation between the donor and the acceptor
is described with x*, which is not easy to determine. For free
moving labels a x* of 2/3 is usually assumed, which is valid in
the dynamic isotropic regime.** However, this assumption is in
many cases insufficient,****° especially for rigid FRET pairs,
where this assumption is considered invalid.>**° On the flip
side, rigid FRET labels can provide more structural details
through interrogation of the relative orientation of the dyes.

The structural elements of nucleic acids provide a good
framework for rigid labels, in particular when the labels are

Phys. Chem. Chem. Phys., 2024, 26, 7157-7165 | 7157
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Fig. 1 (a) Secondary structure of the N1-aptamer in its free state (left) and

when bound to its ligand (right).** (b) Structure of the rigid labels ,,f and
tCnitrt::-

nucleobase analogues. When embedded in helical regions, they
provide accurate distance measurements and the possibility to
study relative orientations.**

We have previously prepared and evaluated the fluorescent
nucleobase analogue Cy, (Fig. 1b), which forms a base pair with
guanine, as a fluorescent probe for RNA.** It was shown that
Cm' does not perturb the structure of RNA duplexes and that it
is highly sensitive to its microenvironment. Moreover, it was
used to study ligand binding by the neomycin aptamer.

Interestingly, the fluorescent label Cy,f has multiple emitting
states. This makes Cp,' even more interesting as a donor in
FRET-studies, since the energy transfer can take place from
multiple states.*?

Here we present a detailed spectroscopic study of the energy
transfer between the rigid labels Cy,f (donor) and tCyeo (quencher/
acceptor) (Fig. 1b) inside the neomycin aptamer N1 (Fig. 1a). The
neomycin aptamer was chosen because both its structure and
dynamics have been well studied and because this aptamer is one
of the few aptamers that functions as an active riboswitch, 5264244746
We found that the energy transfer between me and tCp;o €xtends
over several orders of magnitude, from nanoseconds to the low
picosecond range. This required application of different methods,
to adequately describe the energy transfer over this large time-range.

12.3 A

5'-GGtC,,-UGC, -UUG-UCC-UUU-AAU-GGU-CCA-GUC-3’
5'-GGtC,,,-UGC-UC, 'G-UCC-UUU-AAU-GGU-CCA-GUC-3'

K,= 164 nM

K, =203 nM
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In general, static fluorescence measurements can be used to
determine whether FRET occurs and on what time scale. Once this
is known, it can be decided whether TCSPC or TAS is suitable to
obtain temporal information about the energy transfer, depending
on how fast the process proceeds.

By combining different spectroscopic and data evaluation
methods, we provide new approaches to gain a deeper under-
standing of the distance and orientation dependence of rigid
labels in RNA, specifically to precisely determine structural
changes with unprecedented temporal and spatial resolution,
even at donor-acceptor distances below 2 nm.

Results & discussion
Preparation of oligonucleotides/labeling strategy

We have previously labeled the N1-aptamer at positions C6, U8
and U15 with Cpf to study the kinetics of ligand binding.*?
Since the label was well accommodated in these positions, we
used the same labeling strategy for Cy,' in this FRET study and
chose the C3 position for tCpjno. Thus, this labeling strategy
yielded three different samples, N1-tCnit,03-me6, N1-tCpitro3-
Cm'8 and N1-tCpitro3-Cm'15 (N-N3C6, N-N3C8 and N-N3C15,
respectively) (Fig. 2), with increasing distance between donor
and acceptor in this order.

To investigate the binding capabilities of the doubly labeled
aptamers, we initially performed ITC experiments (ESLT Fig.
S1). The dissociation constants of the doubly labeled aptamers
are generally larger than the Kps of the unlabeled aptamer (ESI, T
Table S1). However, the Kps of the doubly- and singly-labeled
aptamers are in the same order of magnitude.*” This demon-
strates that the incorporation of tCpiy, as a second label does
not significantly affect the binding capabilities to the ligand.

FRET: data collection and analysis. The donor and the
acceptor used in this study were covalently linked to the

N-N3C15

24.6 A

20.1A
5'-GGtC,, -UGC-UUG-UCC-UUC, -AAU-GGU-CCA-GUC-3’

K, =299 nM

Fig. 2 Positions of the donor (Gmf) and acceptor (tCpitro) Within the N1-aptamer, outlined in PDBID:2KXM(NDB/PDB).** G is highlighted in blue and
tC.itro iN red. The ligand neomycin is shown in black. Donor acceptor distances (center to center) from the modified NMR structure indicated on the side

of the samples and the Kp values are shown below.
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backbone of the N1-aptamer and thus, both the distance (7) and the
relative orientation of the transition dipole moments determine the
efficiency of the FRET process. Since tCpixo acts as an efficient
quencher, the fluorescence signal originates exclusively from the Cp,f
chromophore, which greatly simplifies the evaluation of the FRET
data. We began by investigating the static fluorescence behavior.

Static FRET characterization

The singly Cp-labeled N1-aptamers N-C6, N-C8 and N-C15,*
have previously been shown to have slightly different fluorescence
intensity, due to the different flanking bases of Cy,' (Fig. 3a).*
Upon ligand binding, the microenvironment of the Cy,f changed,
leading to an increased fluorescence signal for N-C6, N-C8 and to a
decrease for N-C15.*> For the doubly-labeled aptamers (N-N3C6,
N-N3C8 and N-N3C15), all signal intensities were significantly
lower than the singly Cy,-labeled aptamers (Fig. 3b). Moreover,
the fluorescence signals show a clear correlation with the distance
between donor and acceptor: It is almost completely quenched for
the shortest distance (N-N3C6), but the signals get stronger as the
chromophores are further apart.

Ligand binding only resulted in a minor change in fluores-
cence for both N-N3C6 and N-N3C15. In contrast a large relative
change was observed for N-N3C8, which was even larger than
for the singly labeled aptamer N-C8.

For a quantitative analysis, the FRET efficiencies can be
calculated. The reduction of the FRET efficiency (E) is domi-
nated by the donor-acceptor distance, but also the relative
orientation of the transition dipole moments (eqn (1)):

_ krret(r) _ RS
T]_)l + kFRET(’") R06 + 70

1)

Here, R, (eqn (2)) corresponds to the Forster radius, r to the
distance between donor and acceptor, 7y to the fluorescence
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Fig. 3 Time-integrated fluorescence spectra of (a) G, labeled neomycin
aptamers published by Gustman et al*? (b) Gm and tCpiwo labeled

neomycin aptamers. The fluorescence spectra of the aptamers without
neomycin (— Neo) are shown as a segmented line.
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lifetime of the donor alone and kgger(r) (eqn (3)) to the transfer
rate.

=

Ro = 0211 (Jparn—op) (2)
1 (R\®
kerer(r) = ;(T) G)

The relative orientation between the transition dipole moments
of the donor and acceptor is described by x> (eqn (4)). Here, Jp, is
the overlap integral between the emission spectrum of the donor
and the absorption spectrum of the acceptor, n corresponds to the
refractive index of the solvent and ¢p, to the fluorescence quantum
yield of the donor.*®

K> = (sin Opsin 0, cos ¢ — 2 cos Op cos 0,) 4)

The static FRET efficiencies (Eq,) can be determined using
the integrated donor fluorescence signal of the donor only (Ip)
and the doubly labeled (Ips) aptamers (eqn (5), Table 1). The
Forster radii Rosta for the FRET pair labeled aptamers were
determined by use of these estimated distances between donor
and acceptor (Fig. 2, eqn 1 and Table 1).

o )

Overall, high static FRET efficiencies (Es,) were obtained for
all samples (Table 1). The most drastic change of Eg, upon
ligand binding can be seen for N-N3C8 (14%). For N-N3C6 and
N-N3C15, the FRET efficiencies change by only 1% and 2%,
respectively. The absolute FRET efficiencies, as well as their
change due to ligand binding, are strongly dependent on the
distance and x> (see below). Since the largest flexibility is
expected at position 8, it is reasonable that the actual distance
between donor and acceptor for the aptamer without ligand is
different from the modelled one. Moreover, the comparatively
large Forster radius for N-N3C8 (— Neo) could also suggest a
more favorable orientation between donor and acceptor for the
energy transfer (eqn (1) and (2)).

Time-resolved FRET characterization

In conjunction with the static experiments, it is essential to
characterize the energy transfer by time-resolved fluorescence
measurements. Time-resolved FRET efficiencies (Ef) can be

Table 1 Experimentally determined static FRET efficiencies Eg, for the
doubly labeled N1-aptamers (egn (5)), donor-acceptor distances from the
NMR structure rpa and calculated Forster radii Ro sta (€0N (1)). Values given
in percent and Angstrém, respectively

Neo Egea [%)] Toa [A] Rosta [A]
N-N3C6 — 99.1 26.8
+ 98.2 12.3 23.8
N-N3C8 - 97.1 36.1
+ 83.5 201 26.3
N-N3C15 - 61.9 24.6 26.6
+ 64.0 27.0

Phys. Chem. Chem. Phys., 2024, 26, 7157-7165 | 7159
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Table 2 Amplitude weighted averaged fluorescence lifetimes of the
donor alone (rp), the measured fluorescence lifetimes of the donor in
presence of the acceptor (tpa), the time-resolved FRET efficiencies Ey¢
(egn (6)) and the calculated Forster radii R (€gn (1))

PCCP

Table 3 Calculated transfer rates by static and time-resolved fluores-
cence measurements (Keret,stalr) @and KereTarf(r)) and the respective FRET
times given in Ns (TereT.sta @Nd TERET. trf)

kFRET,sta(r ) TFRET,sta kFRET,trf(r ) TFRET, trf
Neo  tp[ns]”®  tpa[ns]®  Eur[%]  Rour[Al] Neo  [ns '] [ns]® [ns ] [ns]’
N-N3C6 — 4.06 0.02 99.5 29.2 N-N3Cé6 — 27.06 0.04 45.63 0.02
+ 4.97 0.12 97.5 22.6 + 10.94 0.09 7.85 0.13
N-N3C8 — 4.14 0.30 92.8 30.7 N-N3C8 - 8.20 0.16 3.11 0.32
+ 3.73 1.09 70.7 23.3 + 1.36 0.74 0.65 1.54
N-N3C15 — 4.35 1.42 67.3 27.7 N-N3C15 - 0.37 2.68 0.47 2.11
+ 5.96 1.64 72.6 28.9 + 0.30 3.35 0.44 2.25

“ Amplitude weighted averaged fluorescence lifetime for the time-
resolved fluorescence signals from Fig. 4.

obtained by measuring the respective amplitude weighted
averaged fluorescence lifetimes 1, and tp, (eqn (6), Table 2).>°

Eg =1 —PA (6)
D

Time-correlated single photon counting (TCSPC) and E¢

We performed TCSPC measurements to monitor the fluores-
cence decay of the doubly labeled aptamers and to determine
the corresponding fluorescence lifetimes.

Similarly to the static fluorescence measurements, the time-
resolved fluorescence data (Fig. 4) show a faster decay of the
fluorescent state compared to the singly labeled aptamers.*?

Fitting the data with two respectively three exponential
functions results in the averaged fluorescence lifetimes shown
in Table 2 (tp, Tpa, for further information see ESI, T Table S2).*>
It should be noted that the fast decays from N-N3C6 (—/+ Neo)
and N-N3C8 (— Neo) were deconvoluted from the IRF (Instru-
ment response function) of the used spectrometer.

Using the averaged fluorescence lifetimes of the donor in
presence of the acceptor (tp,s) and the donor alone (tp),** the
time-resolved FRET efficiencies Ey ¢ can be derived mathemati-
cally using eqn (6) (Table 2).*>*” The efficiencies from the static
measurements (Eg,, Table 1) are in good agreement with those
from the time-resolved measurements (Ey), within an error of
roughly 10%.

The energy transfer rate kpger sta(?’) Was subsequently calcu-
lated from the donor fluorescence lifetime t, and the static
FRET efficiencies Eg,, using eqn (1). The reciprocal of this
transfer rate, Trgrer,sta (in DS), indicates the time scale in which
the energy transfer predominantly takes place. Likewise, the
FRET efficiencies (Eyf), determined by TCSPC, yielded

214

c

=]

]

o

E‘ -Neo /+ Neo

= N-N3C6 1

e N-N3C8 —— /
204 N-N3C15 —— | ——

= L

0.1

time / ns

Fig. 4 Time-resolved fluorescence signals for N-N3C6, N-N3C8 and
N-N3C15 (—/+ Neo). Data points are shown as dots, the fits are shown
as solid lines.
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“ Determined transfer rates for the energy transfer using eqn (1) and the
FRET efficiencies Eg, from Table 1 or Egy¢ from Table 2. ? Reciprocal of
kerer,sta(r) and kgger,of(r) correspond to the FRET time given in ns.

kerer,uf(r) and Teger o The transfer-rates and -times from the
static and the time-resolved measurements are in good agree-
ment (Table 3).

For high static FRET efficiencies (Ega), when the fluores-
cence of Cp' in the doubly labeled samples is strongly
quenched, it is possible that the weak signals can be distorted
by signals from impurities or detector noise. For high time-
resolved FRET efficiencies (Eyy, determined by TCSPC), the fluores-
cence lifetimes were so short that they had to be deconvoluted
from the IRF. The fact that FRET takes place in the picosecond
time-range (e.g. for N-N3C6, Table 3), shows that both experi-
mental methods are at their limits, although the derived FRET
times are similar with both methods. The dependence of the FRET
times on the distance between the FRET pairs is also evident.
However, we decided to examine the energy transfer more closely
with femtosecond transient absorption experiments in order to
resolve the FRET process for the high FRET rates.

Ultrafast FRET dynamics

Ultrafast measurements were performed to characterize energy
transfer processes that are at the edge of the time-resolution
limit of the TCSPC setup. This is especially important for the
N-N3C6 and N-N3C8 samples, both of which have high FRET
efficiencies and thus ultrafast FRET dynamics. The transient
absorption data (Fig. 5) were fitted by global lifetime analysis
(GLA) to obtain the lifetimes of the observed states.*®

The aptamer that was singly labeled with tCpjqo (N-N3)
served as a control. tCpjwo Shows a ground state absorption in
the range of 350 to 550 nm.*' Therefore, a fraction of the
acceptor is always directly excited at the same time as Cp,f,
when irradiating at 388 nm. Upon excitation, tCpitro Shows an
excited state difference absorption signal (ESA1,) between 450
and 530 nm with a maximum at 505 nm and a second signal
(ESA2,) above 600 nm. The directly excited tCpiyo (—/+ Neo)
decays with a lifetime of 5.1 and 3.8 ps, respectively. Due to the
co-excitation, the dynamics of the directly excited acceptor are
visible in all the measurements. The Cy,’ donor shows similar
excited state dynamics as the free chromophore, with several
emitting states that decay with different lifetimes (Fig. 5).**

Next to the transient absorption measurements (Fig. 5) are
the corresponding decay associated spectra (DAS), along with
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Fig. 5 Transient absorptions maps (left) and decay associated spectra (DAS) (right), top to bottom N-N3, N-N3C6, N-N3C8 and N-N3C15: left column
without neomycin, right column with neomycin. t, for the decay of the directly excited tCpitro is Shown in violet, 73 for one emitting state of Cmf is shown
in orange, 14 for later emitting states is shown in red. For the samples N-N3 (—/+ Neo), N-N3C6 (—/+ Neo), and N-N3C8 (— Neo) an additional residual

lifetime (inf.) is needed to fit the data properly (shown in brown).

the most importantant decay times. A positive signal for ESA1p,
between 410 to 490 nm, partially overlaps the signal of the directly
excited tCpiwo- A second positive signal, between 590 and 650 nm,
also overlaps the signal of the directly excited tCpito (ESA2a/p).
For Gy, a negative signal is expected between the two ESA
bands at 490 to 590 nm, which is assigned to the stimulated
emission difference signal (SEp). Due to the high FRET

This journal is © the Owner Societies 2024

efficiency for N-N3C6 (— Neo) and the simultaneous overlap
by the dynamics of the directly excited acceptor (ESA1, &
ESA2,), the SEp, signal only contributes with a small amplitude
to this measurement. However, for the other measurements,
the stimulated emission is clearly identifiable.

The decay of the excited state of Gy, in the FRET system
follows an identical path for each sample; only the corresponding
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Table 4 Decay lifetimes derived from transient absorption measurements

Neo 71 [ps] 75 [ps] 75 [ps] 74 [ps]
N-N3C6 — 0.5 3.1 14 380
+ 0.4 5.6 52 290
N-N3C8 — 0.7 4.7 110 1300
+ 0.3 3.9 160 1500
N-N3C15 — 0.3 5.2 840 3000
+ 0.3 4.3 350 1800

lifetimes are different (Table 4 and ESI,t Fig. S3). The decay
occurs in a multi-exponential fashion. The smallest lifetime (z,)
corresponds to an internal relaxation process after excitation,
which leads to the formation of several emitting states.** The
formation of the emitting states is described with 73 and t,, while
the lifetime 1, describes the decay of the directly excited tCpitro.

Comparing the lifetimes of the emitting states of Cp,f with
kererue(r), and consequently Teger of (Table 3), shows that the
TrreT,of Value is either closer to the lifetime 75 or 4. It can thus
be deduced that, depending on the efficiency, FRET tends to
occur predominantly from one of the first or the later emerging
emitting states of C,,". However, it must be kept in mind that in
all cases, energy transfer starts from the first emitting state, but
since this state decays rapidly, the transfer progressively shifts
towards a second state at lower efficiencies.

In the DAS of 73 and 7, of the individual transient absorption
measurements (Fig. 5), a shoulder at 505 nm (ESA1,) can be
observed. When tCyiro Was directly excited, the excited state
decayed within approximately 5 ps, indicating that the decay of
tChitro in the FRET system occurs after the energy transfer. This
shoulder is more recognizable in the normalized DAS of the
emitting states (ESI,} Fig. S4) further supporting a FRET
process from several emitting states.

To further analyze the ultrafast measurements, the transi-
ents at 428 nm (ESA1p) and 505 nm (ESA1,) were plotted
(Fig. 6). The transients at 428 nm correspond to the decay of
the excited state of the Cp,’. It is evident that the excited state of
Cm' is longer-lived at relative greater DA distances and therefore
at lower FRET efficiencies.

The transients at 505 nm, associated with the decay of the
excited state of tCpiro, also include the SEp, signal of (_;mf. The

PCCP

Table 5 Averaged lifetimes of the donor in presence of the acceptor
achieved by means of TAS experiments (tpacras). the FRET efficiencies
derived from the TAS experiments (Etas), the time-resolved FRET efficien-
cies (Eyy), and the static FRET efficiencies (Esta)

Neo TDA(TAs)a [ps] Eras [%] Eut [%] Ega [%]
N-N3C6 - 110 97.3 99.5 99.1

+ 224 95.5 97.5 98.2
N-N3C8 - 411 90.1 92.8 97.1

+ 1032 72.3 70.7 83.5
N-N3C15 - 1427 67.2 67.3 61.9

+ 1475 75.3 72.6 64.0

“ Averaged fluorescence lifetime obtained using the amplitudes in the
respective DAS of the two observed emitting states for Cy,' (Fig. 5).

transient of the directly excited tCpitro (— Neo) (black) is almost
identical to the transient of N-N3C8 (— Neo) (yellow). This also
applies to the transients of the directly excited tCpiyo (+ Neo)
and N-N3C6 (+ Neo) (blue). For these labeling positions, the
FRET occurs after 50 ps, so the transient reflects the decay of
the directly excited acceptor up to approximately 10 ps. The
transient of N-N3C6 (— Neo) (blue) decays later than for N-N3
(— Neo), because of the superposition of the signal for both the
directly excited tCyiwo and the excited tCpiqo after FRET, due to
the high efficiency of the energy transfer. The transients of
N-N3C8 (+ Neo) (yellow) and N-N3C15 (—/+ Neo) (pink) show a
superposition of the positive signal of the directly excited tCpitro
and the negative signal of the stimulated emission of Cy,". Thus,
it appears that the signal of the directly excited acceptor decays
faster. Taken together, the transients clearly elucidate the dis-
tance dependence of the energy transfer within the aptamer.

An averaged lifetime tpacras) can also be derived from the
transient absorption measurements, specifically using the
amplitudes of the two DAS spectra (associated with 73 and 74)
for the emitting states of C,". The respective lifetimes were
weighted by percentage according to their amplitudes to obtain
Tpacras) (Table 5 and Table S3, ESIT). Despite small deviations,
the averaged lifetimes are in good agreement with those
obtained by the TCSPC.

With tpa(ras) (Table 5) and 1y, (Table 2) the FRET efficiency can
now be derived from the transient absorption measurements

f=—N-N3 ===

- Neo 'N-N3C6

N-N3C8 == N-N3C15|

E 428 nm ESA1, £
S . o
c0 1 1 1 1 1 meel () ©
P 1 - T T o T T | 1 @
g 505 nm ESA1,| 2
< <

04 B

-1 1 1 1 1 L L 1 1 _

1 10 100 1000 1 10 100 1000

delay time / ps

delay time / ps

Fig. 6 Transients of the samples N-N3 (black), N-N3C6 (blue), N-N3C8 (yellow) and N-N3C15 (pink) without (— Neo) and with neomycin (+ Neo).
428 nm corresponds to the wavelength of the excited state of G,,f. 505 nm corresponds to the wavelength where tCpiyro Shows its strongest signal.
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(Eras, Table 5). When comparing the FRET efficiencies derived
from the three different methods, it can be seen that similar
energy transfer efficiencies are obtained for all three.

Discussion of the label movement and orientation in the aptamer

The FRET efficiency (E) for the labeled aptamers can be experi-
mentally determined, with steady state fluorescence, time-resolved
fluorescence (TCSPC) or transient absorption experiments
(Table 5). From eqn (1) and (2), it is obvious that E depends on
the donor-acceptor distance (rps) and the relative orientation of
the transition dipole moments («x”). Therefore, it is not possible to
determine this relative orientation, without independent knowl-
edge about the distance rp, and vice versa.*®*°

Nevertheless, the donor-acceptor distance rp, can be
extracted with reasonable accuracy (see Table 6) from the
NMR structure of the ligand-bound N1-aptamer.** Thus the
Forster radius R, and the orientation factor x* can be calculated
from E (Table 6; the time-resolved FRET efficiencies Ey¢ from
Table 5 are used for the calculation).

The three-dimensional structure of N1 without the ligand is
not available and, therefore, it is not possible to calculate &
from the distance rp, for the FRET pair in this case. However,
using eqn (1) and (2) and keeping Ey,¢ constant, the distance rpa
can be plotted as a function of orientation x” (Fig. 7). These
value pairs result in the corresponding FRET efficiency (here
Es, Table 5). For the ligand-bound aptamer the data from
Table 6 is marked in Fig. 7 with crosses.

Table 6 Donor—acceptor distances rpa from the NMR structure, calcu-
lated Foérster radi Ro ¢¢ and ¥2 for the different samples. Eyy is used for the
calculations

Neo Toa [A] Ro,ut [A] K2
N-N3C6 - 29.2 0.40
+ 12.3 22.6 0.07
N-N3C8 — 30.7 0.49
+ 201 23.3 0.06
N-N3C15 — 24.6 27.7 0.29
+ 28.9 0.36
40
| -Neo /+N l
€ 30 {|n-n3cs P /| @ °S
~20 — —
T/ M— 1
' ~ | I
40 T
| -Neo /+N l
C 30 |n-nzcs ® / °S /””/l
20 28
10 i
40
-Neo /+N | 4
o 30 |n-n3cts ® / .e‘;<
~20 — e AN
10
102 10" 10°

orientation factor k2

Fig. 7 Dependence of the distance between donor and acceptor (rpa) on
the orientation x? for a given FRET efficiency (Eiy), areas marked in grey
indicate the region of value pairs between rpa and x2.
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For N-N3C15, it is obvious that the resulting curves from the
combinations between rp, and x> are almost identical in the
absence and presence of the ligand (Fig. 7). This is in agree-
ment with previous a EPR study in which the distance between
positions 4 and 15 did not change upon ligand binding.>® This
indicates that the small changes in FRET efficiency could be
due to a slight change in the relative orientation between donor
and acceptor in the ligand-bound state.

Assuming the same behavior for N-N3C6 and N-N3C8, the
corresponding values for x> in the unbound state can be
calculated (Table 6). Although the structure in the unbound
state is unknown, the value pairs (rps and x*) and the FRET
curves (Fig. 7) for both forms of the aptamer can be used to
construct areas (gray regions in Fig. 7) that reflect the range of
motion of the labels relative to each other. The flexibility of the
RNA is accounted for by the construction of the gray areas. This
flexibility and the resulting slight differences in x> lead to
changes in the FRET efficiency. The gray areas take this into
account, with the measured FRET efficiencies corresponding to
the average FRET efficiencies in the ensemble.

Based on this analysis, neither distance nor orientation
changes significantly for N-N3C15 upon ligand binding. For
N-N3C6, a more significant change in both distance and orienta-
tion can be observed, which is in agreement with a previous NMR
study.*® The greatest range of changes is seen for N-N3C8, which
is to be expected, because the me is located at the edge of the
binding pocket where ligand binding should result the most
pronounced movement. Therefore, our results are consistent
with previous studies that have indicated that the N1-aptamer
is already prefolded to a significant extent; the binding pocket
conformation primarily adapts to the ligand, with little change in
the rest of the aptamer.*?

Conclusions

We have presented a detailed spectroscopic study of the energy
transfer process between (;mf and tCpiyo USing experimental
methods that can address a range of time-scales. The FRET
efficiency was determined for FRET times from about 20 ps to
3 ns (Table 3). While methods using steady state fluorescence
(Esta) and TCSPC (E¢) are commonly used, the third method,
transient absorption spectroscopy (Eras), allowed determina-
tion of fast FRET processes (e.g. N-N3C6) with appropriate time-
resolution; even small changes at very high FRET efficiencies
(and therefore very small distances) can be determined, for
which TCSPC is not sensitive enough.

We were able to evaluate several emitting states for C,f and
showed that the resulting FRET efficiencies, from the three
methods that we used, Eg,, Ewtf and Eqsg are identical within a
range of 10%. It should be noticed that for the transient
absorption method it is not necessary for the donor to be a
strong-emitting fluorophore with high quantum yield, as for
the evaluation, exclusively the absorption data is used. A lower
quantum yield results in lower FRET efficiency and also makes
TCSPC experiments difficult to perform, because the method
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depends on emitted photons. In the case presented here, TAS
can be used to study the ultrafast (excited state) dynamics of the
donor and the change in dynamics due to energy transfer.This
extends the toolbox for the experimentalist.

We have shown that the FRET pair Cy,’ and tCpier is highly
efficient whereby the fluorescence of the donor can be almost
completely quenched. However, as with other pairs, it is not
possible to determine the exact distance and orientation for this
pair from the FRET efficiency E alone. Using a known NMR
structure of the ligand-bound N1-aptamer, a distance can be
approximated to determine x> and, therefore, make qualitative
statements about the change in orientation after ligand binding.

It is clear that the normal approximation of x> having the
value of 2/3 is insufficient when rigid labels are incorporated. A
distinct advantage of rigid labels is the possibility to reveal the
dynamic binding behaviour of aptamers.

This study also highlights the importance of the photophy-
sical properties of both the donor and the acceptor in a FRET
pair. Ideally, the acceptor should fluoresce spectrally separately
from the donor. This would enable measurements of the angle
between donor and acceptor using anisotropy measurements.>*
With the procedure described here, in particular using transi-
ent absorption experiments, the determination of the angle
between donor and acceptor is also possible without fluores-
cence. This requires a different acceptor than tCpjwo, Whose
excited state lives longer and is spectrally separated from the
signal of the excited state of the donor.
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Material and methods

Oligonucleotide synthesis. The synthesis of the phosphoramidite of ¢f! was prepared as previously described, and
the phosphoramidite used for incorporation of tCitro Was purchased from Glen Research. Synthesis and purification
of the labeled N1-aptamers was performed according to published procedures.?

Sample preparation. The neomycin aptamer was dissolved in a solution of 100 mM NaCl and 20 mM sodium
cacodylate buffer at pH 7.4. Static as well as time-resolved fluorescence measurements were performed with an
aptamer concentration of 1 uM (without neomycin: -Neo). For the experiments that included the ligand, neomycin
was added in a 4-fold excess (4 uM: +Neo). The aptamer was prefolded prior to measurements: The aptamer
solution was heated and held at 90 °C for 5 min and then cooled to room temperature for 30 min.

Steady state measurements. Static fluorescence measurements were recorded in a 10 x 2 mm UV-degree quartz
cuvette using a JASCO FP 8500 fluorescence spectrometer. Offset, absorption, reabsorption, excitation, and detector
corrections were performed for the obtained data.

Time-correlated single photon counting (TCSPC). The TCSPC equipment was composed of three parts: the laser
diode driver PDL800-D (PicoQuant), the spectrometer FluoTimel00 (FT100, PicoQuant) and the counting card
TimeHarp260 Pico (TH260 P, PicoQuant). The repetition frequency range was set to 10 MHz. A pulsed LED with a
FWHM of 600 ps was used for excitation at a constant wavelength of 360 nm (PLS360). The UVB390 filter was used
to block the excitation light from detection.

Isothermal titration calorimetry (ITC). An iTC200 microcalorimeter was used for the ITC experiments. The sample
compartment was filled with a solution of the RNA (10 uM RNA, 20 mM sodium cacodylate, 200 mM NaCl, pH 7.4).
The injection syringe was filled with a neomycin solution (100 UM neomycin, 20 mM sodium cacodylate, 200 mM
NaCl, pH 7.4). Before the experiment, the system was equilibrated at 20 °C for 10 min. The measurement started
after an initial delay of 120 s and a 0.2 pL injection. Subsequently, 20 injections of 2 pL each were applied with a
time interval of 180 s while the sample chamber was stirred at 750 rpm.

UV/vis pump-probe transient absorption experiments. The time-resolved transient absorption data were recorded
with a home-built pump-probe setup, which has been described in detail elsewhere.3 The ultra-short fundamental
pulses of about 150 fs were generated by a Ti:Sa amplifier system (Clark, MXR-CPA-iSeries, repetition rate of 1 kHz,
775 nm). The excitation wavelength of 388 nm was generated by a frequency doubling (SHG) the laser fundamental
(110 nJ, 220 fs). The white light pulse for detection (410 to 650 nm) was generated by focusing the laser fundamental
into a CaF; crystal of 5 mm thickness. The pulse was split into a reference beam and a sample beam. Both white light
pulses were then detected in two separate spectrographs (AMKO multimode). All experiments were performed
under magic angle conditions (54.7° angle difference of pump and probe pulse polarization) to avoid anisotropy
effects. Finally, the sample was measured in a fused silica cuvette with a path length of 1 mm, constantly moving in
the plane perpendicular to the direction of beam propagation to prevent photodegradation.
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Figure S1 ITC data of N-N3C6 (blue), N-N3C8 (green), N-N3C15 (orange) with the respective Kp values

The determined Kp values (Figure S1) indicate that the binding affinity is comparable to donor only labeled aptamers
(Table S1).4 This comparability further supports the assumption that the data are equivalent to those of the donor
only labeled aptamer, regardless of the implementation of the tCitro-

Table S1 Dissociation konstants (Kp) values for the unlabeled N1-aptamer as well as for the singly and doubly labeled N1-aptamers.?

Ko [nM]

N1 (unlabeled) 6

N-C6 375
N-C8 318
N-C15 480
N-N3C6 164
N-N3C8 203
N-N3C15 299

Table S2 Lifetimes obtained from the TCSPC experiments. Shown are the lifetimes of the multiexponential decay and their percentage weighting, resulting in the
averaged amplitude weighted lifetime Toa.

Neo Ty [ns] T [ns]® T [ns] Tpa [ns]®!
- 0.0147 (99.02%) 0.4731 (0.98%) / 0.0218
N-N3C6
+ 0.0279 (59.08%)  0.2632 (40.92%) / 0.1242
scs - 0.1155 (84.97%)  0.7995 (13.28%) 5.340 (1.75%) 0.2980
N-N
+ 0.177 (31.16%) 0.7903 (35.56%) 2.264 (33.29%) 1.0898
s - 0.1236 (28.17%) = 1.7673 (64.01%) 3.272 (7.83%) 1.4221
N-N 5
+ 0.3505 (10.88%)  1.1577 (13.46%) 1.905 (75.66%) 1.6353

[a] Toacorresponds to the averaged amplitude weighted fluorescence lifetime of donor in presence of the acceptor.

The lifetimes (Tt1, T2, T3) contributing to the multiexponential decay and the averaged lifetime Tpa are given in
Table S1. For samples N-N3C8 and N-N3C15, three lifetimes are needed to fit the data correctly. Only two are needed
for N-N3C6, which is due to the very high FRET efficiency. The lifetimes were obtained by performing a reconvolution
fit (equation S1).

t—-t/
%odt’ (s1)

t n
16 = _ [O IRF(t’); Ae
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Figure S2 Plot of FRET efficiency E against distance r for samples N-N3C6, N-N3C8, N-N3C15 (-/+ Neo). The horizontal gray lines indicate the measured FRET
efficiencies Eys. Fluorescence quantum yields of donor alone and k2 of 0.05, 0.1, 0.5, and 2/3 were used as input.

The plot of FRET efficiencies as a function of the relative distance between donor and acceptor clearly shows that
the change in efficiency is greatest around the Forster radius (Figure S2). Especially for the lower measured
efficiencies, this explains the deviations of the measured values from the simulated values for the efficiencies of the
energy transfer. Since RNA structures are very flexible and the simulated values are based on the NMR structure of
the N1-aptamer, which does not take into account the influence of the incorporation of tCnitro Or Gmf, it is not
surprising that these values differ.
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Figure S3 Transient absorptions maps and Decay associated spectra (DAS) of the samples N-N3, N-N3C6, N-N3C8 and N-N3C15: left column without neomycin,
right column with neomycin, top to bottom N-N3, N-N3C6, N-N3C8, N-N3C15. T, for the depature of the Franck Condon region is shown in green, T, for the decay
of the directly excited tCyiro is shown in violett, T for the first emitting state of G, is shown in orange, T, for later emitting states is shown in red and the infinity

lifetimes shown in brown.

Figure S3 shows all transient absorption measurements including the respective DAS with all determined lifetimes.
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Figure S4 Decay associated spectra (DAS) of the samples N-N3C6, N-N3C8 and N-N3C15 (-/+Neo). a) DAS spectra for the first emitting state of Cmf. b) DAS spectra

for the second emitting state of Cmf.
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Normalized DAS of the first and second emitting state of Cn,f (Figure S4) The DAS are comparable for all samples and
differ only slightly in their amplitudes. Gray line around 505 nm indicates the wavelength at which the excited state
of tChitro decays after energy transfer.

Table S3 Lifetimes of the first (T3) and second (T4) emitting state of G, the percentages of the respective lifetimes and the averaged lifetimes (Toa(ras)) based
on the percentages of the first and second emitting state.

Neo T [ps] Ta [ps] T [%] T [%] Toaras) [ps]
N-N3C6 i 14 380 73.79% 26.21% 110
+ 52 290 27.73% 72.27% 224
N-N3C8 - 110 1300 74.70% 25.30% 411
+ 160 1500 34.95% 65.05% 1032
N-N3C15 - 840 3000 72.83% 27.17% 1427
+ 350 1800 22.40% 77.60% 1475

Table S3 shows the lifetimes of the first and second emitting states as well as the percentages of the respective
lifetimes and the averaged lifetimes based on the percentages of the first and second emitting state. To determine
the percentage of lifetimes, the corresponding DAS of the first and second emitting states were integrated in the
range from 416 nm to 435 nm and the integrals were put in relation to each other.
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