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Abstract

Modern Electron Paramagnetic Resonance (EPR) has found applications in nearly every field
of science. However, while many methods spread into other fields through their high
applicability and ease of use, EPR tends to be the opposite. Countless experimentswith
countless variations for different samples, all requiring different considerations and giving
slightly different parts of the full picture. These differencesbetween the experiments can be
leveraged to untangle complex systems by combining different EPR techniques. This thesis
shows how a small group of EPR experiments can be used in entirely different paradigms to
extract otherwise difficult -to-collect data.

Although they are as different as can be, both ribonucleotide reductase (RNR) and guanine

quadrupll BT Uwp& O UAwi OUOWEOUOI UUUOOI Uwli wobi |l wEUwPIT w
being the only enzyme capable of creating new deoxynucleotide s, the building blocks of DNA,

the function of guanine quadruplexes is primarily in their structure, and the int eraction of that

structure with its surroundings, often to create regulatory effects in the genome.

3T PUwUT 1T UbU w b-iktdtbod tldssul&RNR umdiich generates a tyrosyl radical
necessary for subsequent RNR activity. Specifically, the generation of the neessary di-iron

cofactors, or more precisely, what happens when manganese is incorporated in place of iron,
is studied. It combines multiple dipolar spectroscopy methods as well as different types of

field-sweeps to gain information on global binding modes of manganese, uncovering a
previous misinterpretation of data by combining the results of all these methods. Given the

central importance RNR has in cells, deepening our understanding of how RNR functions is a
top priority.

Furthermore, this thesis examines the interaction of GQ-dimers and the binding of
intercalators within GQs. This work builds on previous work with highly rigid copper labels

for GQs, which can be used for high-precision dipolar distance measurements. To study the
dynamics of GQ systems, a new measurement scheme for quantitative dipolar distance
measurements is created, which exploits the large orientation selection of copper rather than
recording complete orientation -averaged spectra. To this end, the implications and treatment
of orientation selection as it influences quantitative dipolar spectroscopy measurements are
discussed for different types of measurements in different systems. The application of the new
measurement scheme was able to uncover an unexpected effect of the intercalair PIPER onto
GQ-dimers, as well as a switch-like behavior between different binding modes not seen before.
It furthermore lays the foundation for the usage of copper -labeled GQs not only as an EPR
ruler but also as playing an active role in future drug de velopment.



Zusammenfassung

Moderne Elektronenparamagnetspektroskopie hat ihren Weg in fast jedes wissenschaftliche
Feld gefunden. Wohingegen jedoch die meisten Methoden, die so fachibergreifend
Verwendung finden , durch breite Anwendbarkeit und einfache Nutzung charakterisiert sind,
ist es bei EPReher umgekehrt. Unzéhlige Experimente mit unzahligen Variationen je nach
Probe. Und alle zeigen einen etwas anderen Ausschnitt des Gesamtbildes DieseUnterschiede
konnen genutzt werden, um Eigenschaften komplizierte r Systeme mithilfe verschiedener
Experimente und Parameter auseinander zu ziehen. Diese Arbeit demonstriert, wie ein kleines
Set von EPRMethoden genutzt werden kann, um in verschiedenen Sysemen sonst nur
schwierig zugangliche Informationen zu extrahieren.

Obwonhl sie wohl unterschiedlicher nicht sein kénnten, sind sowohl Ribonukleotidreduktase
(RNR) als auch Guanin-Quadruplexe (GQs) instrumental fir Leben, wie wir es kennen. Wo
die Rolle von RNR darin besteht, als einziges Enzym neue Desoxyribonukleotide , die
Bausteine fir DNS, herzustellen, ist die Rolle von GQs durch ihre Struktur in DN S und
Interaktion mit der Umgebung und anderen GQs gekennzeichnet Oft spielen diese
Interaktionen wichtige Rollen in der Kontrolle und Regulation d es Genoms.

Diese Arbeit charakterisiert die ¢>-Untereinheit von Klasse laRNR, welche ein Tyrosilradikal

generiert, was fur die Aktivitat von RNR essentiell ist. Im Genaueren beschaftigt sich die
Arbeit damit, wie sich der zur Radikalgenerierung bendétigte Dieisen-Kofaktor bildet,

beziehungsweise was passiert, wenn ¢ falschlicherweise Mangan bindet. Hierfir wurden

sowohl mehrere dipolare Spektroskopie-Methoden als auch feldabhangige Messungen
kombiniert , um die globalen Bindungsverhéltnis se von Mangan in ¢2 zu charakterisieren. In
diesem Zusammenhang wird eine Fehlinterpretation in der Literatur aufgedeckt, die nur
durch Kombination aller dieser Methoden ersichtlich wird . Die zentrale Rolle von RNR in der
Zelle macht das Verstandnis des Mechanismus von RNR zu einem sehr wichtigen Thema.

Des Weiteren wird in dieser Arbeit das Bindeverhalten von GQs mit sich selbst und mit
Interkalatoren untersucht. Diese Arbeit erweitert die vorherige Arbeit mit Kupferlabeln ftr
GQs, welche hochst prazise Distanzmessungen ermdglichen. Dazu wurde ein neues
Messschema entwickelt, welches die starke Orientierungsselektivitdit von dipolaren
Distanzmessungen in mit Kupfer gelabelten GQs ausnutzt, um Uber quantitative Messungen
die Dynamik der Systeme zu charakterisieren. Hierbei werden die Einflisse von
Orientierungselektivitat auf Modulationsamplitude und quantitative Messungen  ausfihrlich
diskutiert . Dies erlaubte, einen unerwarteten Effekt, den das Binden des Interkalator s PIPER
auf die Stabilitdt von GQ-dimeren hat, zu ermitteln . Des Weiteren wurde eine schalterartige
Anderung im Bindung smodus von PIPER entdeckt. Diese Forschung legt die Grundlage fur
die Nutzung von kupfer gelabelten GQs jenseitsihrer Anwe ndung als Modellsystem fir EPR-
Distanzmessungen, als aktiver Reporter in der Entwick lung von neun Medikamenten .
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Introduction and motivation

Since the first EPR (¢ectron paramagnetic resonance spectroscopy measurements*3the study
of unpaired electron-bearing atoms and molecules (paramagnetic centers) has found
application s in almost every field of science#é ranging from its origin in physics to material
sciences like catalysig® and polymer science ? environmental biology, 1°geology,'* medicine,213
and biochemistry .14 Furthermore, EPR can access a muitude of different information, with
just its applications for in vivo and in vitro biochemistry, including measurements of protein
mobility, solvent accessibility , environmental sensing of pH, viscosity, ions, and pressure, as
well as water dynamics with nitroxide spin labels ;*%2! the identification , characterization of
their environment , and quantification of different metal clusters in proteins,?27 structural
elucidation via distance measurementsbetween different paramagnetic centers andnuclei 282
and more. Furthermore, due to EPR detection being limited to the paramagnetic species, EPR
is not limited by the size of the studied system, which stands in stark contrast to EPRZ sibling
method NMR, which uses the same principles to study nuclei and can easily become
uninterpretable when applied to big molecules. One would think that with so many potential
applications, EPRwould have many standardized methods available to the masses However,
the majority o f EPR experiments are still limited to expert use. > While a lack of accessible EPR
instrumentation , as well as the need to incorporate spin labels for systems without natural
paramagnetic centers are significant contributors, another issue with many EPR experiments
is their poor generalizability .5 Few EPR experimentsare compatible with all types of EPR
samples, and even within an experiment, vastly different parameters are required. In addition,
the correct interpretation of data and which information can be accessed depends highly on
the type and parameters of the experiment, and often other EPR properties of the sample need
to be taken into account as well. However, while this specificity can make EPR data
interpretation less straightforward , it can also be leveraged to extract additional information
on systems by combining different methods to paint a more complete picture.

Field-swept EPR presentsarguably the most basic of EPR experimentswith any standard EPR
spectrometer being able to record some form of field-swept EPR.It enables the rapid detection
and quantification of paramagnetic species, as well asthe basic determination of many EPR
parameters 3231 However, even a basic method like field sweeps has multiple implementations ,
with very different considerations in continuous wave (CW) and electron spin echo (ESE}
detected field sweeps. While signal intensity in (non-saturating) CW is virtually agnostic
towards the relaxation properties of different paramagnetic species and easily accounts for
different spin quantum numbers, making quantitative measurements as well asthe simulation
of a full spectrum fairly straightforward, 3032 pulse EPRcan be supremely sensitive to each of

11



these parameters233334 Although this can make quantitative measurements and simulations
significantly more complicated, that same sensitivity allows pulse EPR to separate different
species based on their properties, detangling mixtures of paramagnetic species too
complicated for CW.

Another fairly common group of EPR methods is dipolar EPR measurements, which leverage
the interaction between paramagnetic centers to gain information on the distance and angle
between them. These methods have also found application in quantitative measurements,
although they remain a minority case.3*3” Among the various dipolar methods, double
electron-electron resonance spectroscopy (DEER) has established itself as the most prevalent,
followed by its sibling, RIDME. The application of structural DEER on spin-labeled
biomolecules is arguably the closest thing modern EPR has to offer in terms of standardized
methods and protocols.t However, if one moves away from the world of purely structural
DEER on nitroxide-labeled, otherwise EPRinactive proteins, the same image as before
emerges: different methods and parameters enable selective examinationand detangling the
respective parts of the EPR image.

1.1. RNR

In addition to labeled biomolecules, dipolar spectroscopy is also used to study biomolecules
that naturally car ry organic radicals and paramagnetic metallic cofactors.

Ribonucleotide reductase (RNR) is one such protein, being the first protein where organic
radicals were found to be part of its working mechanism .38 Still, many questions about its
underlying mechanisms and regulation remain unanswered. RNRs are responsible for
reducing nucleotide di-/tri -phosphates (NDP/NTP) to deoxynucleotide di-/tri -phosphates
(dNDP/ANTP ) (Figure 1a). Since this is the only way to add new dNTPs to the dNTP pool for
all organisms, RNR presents a key player in the survival of all life. As such, RNR activity
requires very tight regulation, with misregulation being associated with the formation of

tumor cells.3®4> As such, RNR has proven itself to be an essential drug target, primarily for
cancer therapy,*®4° put also for antiviral drugs, 5° antibiotics 5152 and anthelminticss3.

While many different RNRs wit h different oxygen tolerance and metal cofactors exist, E. coli

class la has emerged as a model system for studying class la RNRs, to which human RNR also
belongs.4+4354 Like all class | RNRs, it is aerobic and, being of class la, it uses diron as its metal

cofactor. Its active unit consists of two homodimers, the Yz E O E w B-4ubunitp (Figure 1b).2

The Y2 unit contains the catalytic side where NDPs are reduced, a regulatory side where ATP

promotes the formation of the Y202 complex, and a side that influences the specificity binding

dATP/ATP, dGTP, or dTTP, promoting the binding of UDP/CDP, ADP, or GDP as substrates,
respectively. For Yz to be active, it needs to form a radical (Cssd A8 w3 1 | wrabicabid DU E w
generated via proton-coupled electron transport from a tyrosyl radical (Y 223X w D Ow UT 1T w ¢
subunit.5357 gD U wx UOx OUT EwOOwi 60000P wE wy Gwibeitl@tgerdrétdi | wOOE
Y1223 B O w E @uibiinitsdor neither.5 Formation of Y 1223 requires the formation of a metal di -

iron cofactor (Figure 1c).

aThe use of YEQE wWwo wUOQwWUI I T UwlOOwUT T wUUEUOPUOUWOI wil-1U0wbhbUwbO
otherwise specified, Y2 E O Ein ¢his work refer to the subunits of E. Coliclass la RNR.
12



R=A,U,C,G, A

(P)PPO R (P)PPO R

C

Figure 1: E. Coli RNR. A: Reduction of NDP/NTP to dNDP/dNTP. B: Cryo-electron microscopy structure
o f 2b2ldomplex (BW4X).5*C: For mat i2onetal cofactob.

However, instead of iron, ¢2 can also bind manganeseg leading to protein inactivation and

preventing reductase activity . % U U U1 1 U@ty iOimided to at most 60% active ¢p2 and

at most 3.6eq. (instead of the expected 4)of iron are bound, regardless of Fe* availability. 5260

This makesthe binding of manganese twice-fold interesting. First, it can serve as a model for

iron binding, as both behave similarly. Unlike the di -iron cluster, which is virtually EPR silent,

bound manganese can be detected via EPR! The second point of interest is the competition

EIl Upl 1 OwOEOT EOI Ul wE OE wb tea wdndrsmdtaition umtensie U wE O 0 O
studies utilizing CW -spectroscopy to probe the binding behavior of manganese do exist$263

13
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Figure 2: lllustration of different potential ways four Mn?* could bind to three b2-subunits.
CW-spectroscopy only allows for the differentiation of A/B vs C/D, but not A vs B or C vs D.

However, CW-spectroscopy can only differentiate between free, mono-, and di-manganese

(Figure 2).ButOwU T 1 wE b O E b Glcantdihe Ul désribédbpdbarsiterizing the local
EPOEDOT wEI T EYDPOUwWPDUT POWEWUDLOT Ol wd wUUEUOPUOWE wl ¢
binding in both manganese binding sites and the distribution of tyrosyl radicals, if formed, is

required. While no single method offers all this, by combining different dipolar spectroscopy
approaches and field-UP1 | x UOWEWOUET wEOI EUI UwxPEUUULea®i wUT 1 u
be generated.

1.2. GQ

Deoxyribonucleic acid (DNA) forms the backbone of all life, encoding the instructions each
organism follows in its sequence offour nucleotides (adenine, thymine, cytosine, and guanine)
and their modifications. % The most well-known secondary DNA structure is the antiparallel

double helix from two complementary DNA strands. Here, the complementary nucleobases
adenine and thymine, and cytosine and guanine, respectively, are paired through Watson -
Crick base pairing.%s It is this paired double-strand structure in which the sequence of
nucleotides encodes for the sequence ofimino acids that make up the different proteins a cell

needsto produce. However, not all DNA exists to encode protein sequences, and not all DNA

structures consist of two strands of Watson-Crick basepairs.

Perhapsthe most prevalent example of DNA structures not made up of Watson-Crick pairs is
guanine quadruplexes (GQ). GQs are a naturally occurring DNA structure formed from wr
stacked tetrads of Hoogsteenbonded guanines (Figure 4a). GQs can be foundthroughou t all
domains of life, with over 10k GQs confirmed to form in human cells, plus an additional 60k
known sites capable of GQ formation.6®5° Being present in virtually all functional regions of
the human genome, they display their ability to stack on top of each other and form higher-
order structures (Figure 3c).”®7 This stacking is thought to have regulatory roles in gene
14



expression and telomere maintenance’7’” GQs have also been shown to be targeted by
multiple drugs for treating different afflictions, ranging from malaria 77 to antitumor
activity 881 and present a promising target for further drug development. 828 GQs have also
found application as a structural motive in DNA nanotechnology .8#8 Recently, a new copper
label has been developed for GQs.28299 Thanks to both the labels and the GQs rigid structure,
this made it possible to elucidate the structure of stacked GQs using high-precision DEER
spectroscopy?® However, like most biological systems, GQ binding behavior is inherently
dynamic .

B

Figure 3: A: Schematic representation of a telomer with GQs in the telomeric region, and zoom in
showing the binding mode of the guanine tetrad with Hoogsteen-base pairing. B: Exemplary
oligonucleotide and its assembly into a tetramolecular GQ with copper label. C: Dimerization of GQs,
with the distance between the Cu?* measured in EPR indicated.

To effectively study the dynamics, quantitative methods are required that can distinguish

species based on slight differences in distance of less than 0.Bm. DEER spectroscopy
possesses the necessary resolution and, in pringle, is quantitative . However, due to the
significant anisotropy of copper, the standard approach to quantitative DEER would require
many measurements per sample®?2 and be very time-consuming for copper-labeled GQs.
Instead, a different approach utiliz ing the strong orientation selectivity associatedwith copper

DEER measurements was developed to uncover distinct binding modes between GQs and

intercalators.

15



Theoretical background

Electron paramagnetic resonance spectroscopy (EPR), also known as electron spin resonance
spectroscopy (ESR) utilizes the interaction of electromagnetic waves to effect and detect the
states of unpaired electrons in an externally applied magnetic field and draw conclusions
about the nature of the electrons and their environment. It has found application in the study

of inorganic, organic, and biological compounds , utilizing both naturally occurring radicals as
well as artificially added spin labels. The following EPR theory is based on
Harris&Wasylishen 9 Eaton et al30% Goldfarb&Stoll % Schweiger&Jeschkéé unless cited
differently. 2

2.1. Basic EPR theory

EPR spectroscopy relies onelectrons having spin angular momentum -|| Since electrons are
also carry acharge,they have a magnetic moment H, , which relatesto 1| via the gyromagnetic
ratio] .

H o tq8 (@)

The gyromagnetic ratio can be expressed in terms ofthe Bohr magneton‘ , with the reduced
plank constant o9 and the g-value of the free electron "Q ¢8t .¥ Please notethat different
definitions varying in the signsused for "Q andl exist in literature. This work uses the version
where "Q is positive and [ is negative, as is common in EPR.

2 g 2
)

By definition , the external magnetic field in an EPR experiment is applied in the Z-direction.
The Z-component of the magnetic moment * is calculated as follows:

‘ Q' ta 8 ©)
Here, & is the spin magnetic quantum number , which can take any combination of sums and
differences of the spin quantum numbers i P c of all unpaired electrons, which make up

a spin system. The total spin of a system is given as’Y Bi . As such the values for the spin
magnetic quantum number can beexpressed asd  ZYZY phRZY ¢MB RY Fory P ¢ the

a P andd PCUUEU‘IUwEU‘I wUaxbPEEOOawUl i 1 UUK BndU OwE U ws

aTensors and vectors are given in bold, operators by a circumflex
16



| . The energy O of the interaction between an external magnetic field 6 and the electrons
magnetic field is:

O Q" a 68 (4
Therefore, the energy difference between two states with 34 p (allowed EPR transition)
is given by:
30 Q6 B8 (5)

If irradiated with electromagnetic waves of frequency U (Larmor frequency), transitions
between the respective states can be excited. This is called the resonan@®ndition (Figure 4).

X-Band Q-Band v [GHz] W-Band
0 96 34 94

v

' !

E=0
T

L 1 [l 1 1 1

0 500 1000 2000 3000 4000
B, [mT]

Figure 4: lllustration of Zeeman splitting as a function of magnetic field with common spectrometer

frequencies for a free electron marked on the top.

Since transitions with 36 p absorb one photon and transitions of 34 p release a
photon, only the difference between both transitions can be detected. For two-level systems,
following the Boltzmann distribution, the polarization 0, which quantifies the difference
between thef and| population & [ can be expressed as:

wO
. & ¢ P AQDZ'TYS )
I Aop L0 ©
P QY

Therefore, EPR signal intensity scales withé and scales inversely with the temperature Y

2.2. Spin Hamiltonian

The energy of an unpaired electron in a static magnetic field is described by the spin
Hamiltonian "Owhich can beseparated into the following components:

06 O © ©c O © ‘C 8 (7)
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Of theseO (nuclear Zeeman interaction) and 'O (nuclear quadrupole interaction) are not
discussed here as they are not used in this work.

The electron Zeemaninteraction 'O describes the interaction of the electron with the external
magnetic field. It is the only field -dependent component of the used spin Hamiltonian.

(S (8)

It is common practice to choose the reference frame fof] in such a manner that] is a diagonal
tensor and only the diagonal components of the tensor "QARQRQ are given. In case the system
displays axial symmetry (two of the g-values are equal) only "Q and "Q are provided, and in
case the system has no asymmetry only'Q (often just written as "Q is given. For a free electron
in vacuum "Qequals "Q. However, in practice, interaction with the orbital angular momentum
(L) will cause the g-value to deviate from "Q. While these deviations tend to be smaller in
organic radicals, transition metals can reach quite large deviations. Since the electron Zeeman
is the only field dependent term high frequency spectroscopy can be used to resolve smaller
differences in g-value and g-anisotropy. On the other hand, low frequencies such as X-band
can make spectra with small g-anisotropy effectively isotropic with respect to "@This can
simplify the analysis of other features greatly.

The hyperfine interaction 'O describes the interaction between the electron and closeby
nuclei with a nuclear spin ‘O Ttas the magnetic field of the nucleus interacts with the electron
ontop of 6 :

0 A =8 9

While the hyperfine coupling tensor =does not have to bediagonalizable, it often is or is close
enough that it can betreated as such.In that case,=is usually diagonalized and the same
nomenclature as forl is used. If the eigenframes ofl and = do not align, the Euler angles
required for transformation into the g-frame are given as well.

The zerofield splitting (zfs) 'O term describes the interaction of multiple unpaired electrons
within a spin center Y P ¢ With each other:

o G ris (10)
Since the eigenform of pis traceless O O O 1 itis often just written as:

P
o

P
o

O 0O Oh O 0O Oh O % 08 (11)
where 'O and ‘O are the axial and rhombic components of the zfs?® While establishing
guantitative relations is difficult, the magnitude of ‘Oand Oare qualitatively linked to the local

symmetry of the spin environment, with the zfs vanishing for symmetric environments. 9
Finally, the electron-electron interaction is described through 'O :
0 aq Y s (12)

This interaction becomes relevant if multiple electron spins are close enough to interact but
not close enough to be treated as part of the same spin system The interaction can further
18



be split into the exchange coupling U, representing the isotropic part of L"O representing the

symmetric part (dipolar interaction) and the antisymmetric part ( Dzyaloshinskii  Moriya

interaction), which tends to be too weak compared to the other terms to be of consequence in

this work. 102 There are multiple definitions of 0 varying in fa ctor and sign, this work uses
o { inline with how it is used in EasySpin .

2.3. CW-spectroscopy

Continuous wave (CW) spectroscopy presents the conceptually simplest of EPR methods. It
works by continuously irradiating the sample with a constant frequency while sweeping the
magnetic field, recording the absorption. For each field position, the magnetic field is
modulated quic kly (Figure 5). By modulating the field position, the recorded signal is also
modulated. As long as the spectrum is approximately linear over the modulated ran ge, the
amplitude of the recorded sine-wave scales with the slope of the spectrum. Recording the
spectrum this way has the advantage that the phase and frequency of the recorded signal are
the same as those of the field modulation. Therefore, other interfering signals that do not have
the same phase and frequency can be filtered out. Additionally, field modulation also serves
as akind of filter function, as features narrower than the modulation amplitude are broadened
and reduced in intensity .3 Therefore, small fluctuations in the signal stemming from noise are
suppressed. Another practical advantage of displaying a spectrum as a first derivative stems
from the fact that many significant features of an EPR spectrum, such as for example, gx and
0z in rhomb ic species, are marked by inflection points, which in the first derivative become
turning points, making immediate identification by eye easier. For this reason, even EPR
where field modulation is added to the recorded data in postprocessing. This can also serve to
highlight broad features against narrow features and vice versa.
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Figure 5: Schematic representation of field modulation in CW EPR, with the orange signal representing
the field modulation and the yellow signal representing the generated signal. The insert shows how
multiple time points in the field modulation correspond to time points in the signal modulation.

To induce an EPR transition, only the magnetic part of the microwaves is required. On the
other hand, the electrical part of the electromagnetic wave only induces sample heating, which
is not desired. To maximize signal and minimize heating, most EPR spectrometers utilize a
resonator. Resonators have a frequencydependent profile of how much microwave energy is
reflected by the resonator. This profile is called the dip. In CW , the resonator is critically
coupled, referring to the resonator mode where the dip is as deepand narrow as possible. The
spectrometer frequency is then set to match the frequency of the dip. The performance of a
resonator is quantified by the 0-factor:

. ¢ %l AOOU OA A 0 (13)

%l A GQEW O EDAMAA2MA O 1A <t AOE

2.4. Pulse spectroscopy

The other arguably broader method is pulsed EPR spectroscopy. Here, short microwave pulses
are applied to manipulate the bulk magnetization of the sample. When exposed to an external
magnetic field, the bulk magnetic moment precedes about || at the Larmor frequency (Figure
6a). When adding a microwave pulse, the precession happens about the combined external
field and field of the pulse. To simplify the picture, a rotating frame, revolving around the Z -
axis at the spectrometer frequency, is used (Figure 6b). If the spectrometer frequency matches
the Larmor frequency, || vanishes and the magnetization precedes about the magnetic field
of the pulse in the rotating frame || (Figure 6c-d).
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Figure 6: A: Larmor precession of magnetic moment in static external magnetic field 6 . B: Same picture
8
but in rotating frame.2 The magnetization is static and the external magnetic field 6 uwuw 6 7

vanishes.192 C: Spin in rotating frame. D: Application of microwave pulse. The spin starts to rotate around
the phase direction of the pulse counterclockwise at the Rabi frequency.

The rate at which the magnetization is rotated is given by the Rabi frequency]

1 r'é "YY p & ptda 8 (14

For'y P ¢ Systems the expression simplifies to] r6 sinced O & j P ¢© p cis

the only possible transition. For Y P C’T depends on the excited transition. Furthermore,

the equation only works for systems where the states are well separated (zfs >> pulse

bandwidth). 102105 Since pulses have a nonzero bandwidth, each pulse will not only affect the

spins where the spectrometer frequency exactly matches the Larmor frequency but also spins

with close-by Larmor frequencies. By dividing spins with the same properties (La rmor

i U1l gU1 OEaOwbhOUI UEEUDOOUOWI Rx1 UPI @és] obeucanilooka EUD OO u
how a group of dissimilar spins evolves over time. In the simple case where a group of spin

packages with Larmor frequencies that differ from the spectrometer frequency by

] ol , evolve in the xy-plane over time, they will diphase (Figure 7c-d).

a Static frames are indicated by using upper case letters (XYZ), rotating frames by using lower case
letters (xyz)
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Figure 7: A-E: FID (free induction decay) following “ ¥¢-pulse flipping the magnetization onto the
xy-plane. The dark purple spin package] matches the spectrometer frequency. The brighter the
spin package is colored, the larger the offset from the spectrometer frequency. As the spin packages
evolve the F: The resulting magnetization along the Y-axis as the spin packets dephase. The bold,
continuous line represents the bulk magnetization. The dashed lines represent the magnetization of
different isolated spin packages.

In principle, flipping the entire spectrum in the xy -plane and taking the Fourier transform of
the resulting signal would enable the recording of the entire frequency-dependent EPR
spectrum in a single shot (Figure 7).1%¢ This method of recording the FID (free induction decay)
is popular in NMR (nuclear magnetic resonance) where the same principles of EPR are applied
to nuclei. However, in EPR this detection method is rarely feasible. Compared to NMR, EPR
experiments happen at orders of magnitude faster timescales and at higher and broader
frequency ranges. Therefore, generating pulses with sufficient bandwidth to cover the entire
spectrum is rarely possible. Furthermore, every pulse is followed by so-E E O O 1 EEu{»PpUE» Gl
This describes theperiod where the energy of a pulse dispersesfrom the spectrometer. Since
the pulses are orders of magnitude stronger than the detected signal, detection during ring -
down is not possible. Ringdown can be reduced by overcoupling the resonator, which lowers
the 0-value and increasesthe bandwidth of the resonator compared to critical coupling . Still,
between the faster relaxation and broader frequency range of EPR, the signal usually dephases
completely by the time ring -down allows for detection. To circumvent this issue, Hahn-echo
sequences are employedfor detection. 107

2.4.1. Hahn-echo

The Hahn-echo sequence is the standard pulsemethod to record field -swept spectra (Figure
8).33 Starting wit h magnetization on the z-axis (Figure 8a) a C is used to flip the magnetization
into the xy-plane (Figure 8b). Afterwards , the magnetization will spread ou t (Figure 8c) as
their Larmor frequency differs from the spectrometer frequency by 1] 1

. During this time, the respective spin packets gain a phase oft . Next, the spin is refocused
by a“ -pulse (Figure 8d). This turns the acquired phase fromt to“ T (“ pulse along the
same axis as c-pulse) or T (* pulse along different axis as - C-pulse). As the spins evolve
for another period of t the spin packagesaccumulate an additional phase of T+ (Figure 8e).
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Figure 8: Different stages of a Hahn-echo signal detection. Pulse sequence on top, magnetization in
rotating frame at the bottom. The pulses are -x pulses. Alternatively, to using a “ ; the use of a “; is
shown in the bottom row.

The effective contribution to the total phase of a signal after ¢ “ -pulses, which evolve for a
period of 0 , following each pulse can be generalised to be:

%o tot p 8 (15)
With each “ -pulse of phase %o, , an additional phase contribution of:
C¥opn P 8 (16)
is added. This leads to the signal refocusing at a phase of:

%o E p C%op, P 8 (17
Most pulse detection schemes in EPR rely on spinechoescreated through refocusing.

2.4.2. T1/T2 relaxation

So far, relaxation processes have been ignoredTwo major relaxation processes are involved
in EPR measurements. Spin lattice relaxation "Y describes the return of the magnetization to
equilibrium along the z -axis and forms the slower of the relaxation processes* It is the process
that is responsible for resetting the spin system between shots. Spin-spin relaxation “Y is
caused byspins interacting with each oth er during evolution , resulting in changes in  during
evolution. This prevents the spins from entirely refocusing, degrading the echo strength.
Therefore, Y limits how rapidly a pulsed experiment can be repeated and Y limits how long
a pulse sequence can become.

“Y measurements are usually performed with inversion recovery measurements (Figure 9).197
Here, the magnetization is inverted with a * pulse followed by a Hahn -echo sequenceAs the
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Hahn-echo is moved backwards the spins have more time to relax back to equilibrium
magnetization, resulting in a return of the normal echo. The signal 00 is fitted to an
exponential to determine Y.

‘™ Op ciA@p oty (18)

Sometimes an additional stretch factor{ , ranging from 0 to 1, is introduced. This factor does
not directly correspond to any physical property and arises for distributions of Y with | p
corresponding to a single Y with no distribution. 108
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Figure 9: Schematic Y and Y measurements on the left and exemplary resulting signals on the right.

The standard pulse method for determining “Y consists of recording Hahn-echos with
increasing 1 (Figure 9). 17 Since “"Y-relaxation still takes place on top of "Y-relaxation, the
measured relaxation rate is technically the phase memory time “Y, not Y. However, since"Y
tends to be much longer than “Y, Y and "Y are often taken to be equivalent. Just as with"Y a
stretch factor can be introduced to better fit Y distributions:

0 OA@D oty (19)

2.5. Dipolar spectroscopy

Dipolar spectroscopy presents a group of advanced pulse EPR experiments primarily
designed to leverage the dipolar interaction between a so-called A and B spin to determine the
distance between the two spins.1o®

While single-resonancetechniques, such as SIFTER (single frequency technique for refocusing
dipolar couplings) °and DQC (double-quantum coherence)t!! Existing, the double-resonance
24



DEER (dipolar electron-electron resonance}!2!13 and the closely related single-frequency
technique RIDME (relaxation -induced modulation enhancement) 14 are the most widely used
dipolar spectroscopy techniques (Figure 10).112115

A
¢ 1. M. 4 . WM.
; L,
DEER vglt}—
—
RIDME wlﬂTmXI\

Figure 10: 4-pulse DEER / 5-pulse RIDME. The top row displays the detection sequence forming a
refocused Hahn-echo. The second and third rows show the B-spin inversion events for DEER and
RIDME, respectively. The DEER inversion event is a “ -pulse acting at a second frequency, referred to
as the pump pulse. For RIDME the A-spin is flipped out of the xy-plane by a “ I¢ effectively storing it as
a gradient along the z-axis before flipping it back onto the xy-plane after the mixing time Y . The B-spin
is flipped by Y relaxation processes.

B

They both follow the same underlying principle , detecting the echo of an A-spin while flipping
the B-spin at different points in time. While DEER uses a pump-pulse at a second frequency to
invert the B-spin, RIDME utilizes a mixing block. The mixing block contains of two ) c-pulses
where the first pulse flips the A -spin back onto the z-axis effectively storing the current
magnetization in a gradient along the z-axis. The second ’ c-pulse then flips the
magnetization back into the xy -plane. Since"Y-relaxation is in practice suspended between the
pulses, the mixing block can be made quite long. This gives the Bspin a chance to flip on its
own due to “Y-relaxation processes, regardless of where the Bspin is on the EPR spectrum?4
Since Bspins that undergo an even number of spin flips just end up where they started, only
B-spins with an odd number of spin flips contribute to the modulation. The probability for a
B-spin to undergo an odd number of flips 0 during the mixing block , based on the spin
of B-spin "Y can therefore be described ast!#

. Y . cY (20)
0 Aob - t— 8
g Yo Y p
Therefore, if "Y is sufficiently larger than "Y;, O approaches —— which for the most

common case of 'Y pF¢ equals 0.5.

Without inversion of the B-spin, the dipolar contribution to the evolution of the A -spin is
constant and therefore refocused fully with all other contributons — 1+ — 1

T 1T (Table 1). With the B-spin flipped , the dipolar contribution is no longer fully refocused
— 1t o 71 — 1+t t o 1 to
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Table 1: Evolution of an A-spin during a 4-pulse DEER sequence. The sequence with and without
pumping the B-spin is shown. For both sequences, the states of the A and B spins during each evolution
period are given, as well the phase the spin packets pick up during each evolution period. The sign of
the phase contribution is given as the effective phase after all “ -pulses have taken effect (eq. (15)). For
the echo, the sum of all contributions during the sequence is given. In both scenarios, a second
sequence, where the B-spin starts off as| can be constructed. This case leads to an inversion of the
sign of the dipolar contribution. Since DEER and RIDME are not sensitive to the sign of the dipolar
contribution, both pathways lead to the same signal.
Pump pulse off

c _I_ “ -l- T “ T %A E
Observer coherence I i 1
& B-spin state
Accumulated 1 tr 1 trot 1 H E-I-T
phase —tf ittt < P
c S S

Pump pulse on

C T “ T 0 b T o] “ T %A E
Observer coherence i ' ‘
& B-spin state |
Accumulated : tf : it o : it o : tt in
phase —tt —tt o —tt o —tt 1 to

The resulting signal wof a single A-spin, with the electron-electron interaction frequencies]
for all B-spins, which were inverted in the entire sample, is given by:

W o0 AT10 o8 (21)

In practice, the signal can beseparatedinto an intramolecular part "O6 and an intermolecular
part 6 0:

o "00t6 08 (22
The intermolecular part (Background) includes all the low -frequency long-range interactions,
which average out to create an exponential background:

80 AGD———G@ o . (23
N a

Here, Gis the sample concentration, _ the inversion efficiency and ‘O the dimensionality
associatedwith the spin center distribution. 37116118 A dimensionality of 2 would correspond to
a sample where all spin centersare in a plane, such as on a protein layerMost common is O

o which corresponds to a random distribution in solution. Higher dimensionalities technically

E O Odirddtiy correspond to any physical dimensionality; however, can occur if other effects
samples with exclusion volumes, small distances are underrepresented leading to
dimensionalities of up to 6.° The background function for RIDME is more complicated and
beyond the scope of this work.120121

The intramolecular signal for all A -spins can be derived from equation (21) by considering
only B-spins in the same object as the Aspins:
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"00 0 _Aiido p _ O (24

™| O

Since only a fraction of B-spins is inverted , the interaction term for the B -spin is the inversion
efficiency _  weighted sum of AT10 0 (case that the specific Bspin was inverted) and p
(case that Bspin was not inverted). The observed electron-electron interaction is the sum of
the exchange coupling 0 and dipolar interaction 7

T T ¢“0 (25)

Within the weak coupling regime, it can be possible to detangleb and 0 , however, most
DEER measurements are taken in conditions whereexchange coupling is negligible.122123

This leaves thedistant dependent dipolar interaction: 124125

0 —" "§i5 5 6 0 O O (26)
Of these terms0-"Ocan be ignored in the high field approximation (electron Zeeman| 0 ).
5 &'\ p OATO-
TE Y'Y Y'Y p oAi6-
The pseudo-secular term 6 can also be dropped if the difference between the Zeeman
frequencies of A- and B-spin is much larger than 0 . Since pump and detect pulse need tobe
well separated in DEER experiments anyway, this is usually given in DEER experiments.
However, in RIDME experiments, there is no B-spin selection; therefore, some overlap can
occur, leading to spin flip -flops, which can reduce modulation depth.

(27)

&

This leaves the familiar expression for the dipolar frequency in DEER measurements:
ik — t QR0 t1 tp OAICS-.

| OEAT OAOGET | (28)

With the first term being constant and the second term also being constant for any given
experiment 0 only depends on the distance of the spins to each other and theangle —
between the magnetic field and the interspin vector ip(Figure 11).
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Figure 11: Angle d between the interspin vectoband external magnetic fieti

The angle-dependent part of 0 can take values in the range of-2 for — mdlolfor— wmJ
When summing up the respective 0 for all possible orientations, the characteristic ? / E-O
x EUUIT UO2 wbElgurde 1204 Th&Rake Battern displays two peaks at 0 respectively
and shoulders running to v qv

-2

Figure 12: Exemplary Pake pattern with the dipolar frequency normalized to the dipolar frequency at
— wTtn D . Theblackline describes a Pake pattern in the case of no orientation selection as a result
of summing over all orientations (indicated by the colored lines). Since DEER is not sign-sensitive, the
resulting spectra is the sum of itself and its mirror image. The dashed lines indicate the shape expected
with sign-sensitive detection. The dipolar frequencies for — wmn Wl and — mJ are indicated.

2.5.1. Orientation selection

To extract the distancefrom 0 one of two cases needs to be satisfied. In the first case the
distribution of measured —is known for the given measurement leaving i as the only variable
to solve for. In practice, knowing —ab initiois rarely possible and a combination of multiple
measurementsand sufficient knowledge of the EPR parameters to simulate the EPR spectrum
are required to solve for both i and —at the same time124 The second option is to measure
orientation -averaged DEER. Here, all orientations are sampled, either in a single measurement
or through the summing of multiple measurements. Since the shape of the resulting dipolar
frequency distribution is known (Pake pattern), only the distance distribution needs to be
fitted . This approach is used by programs like DeerAnalyis .17
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Figure 13: Schematic examples of orientation selection in DEER. The hypothetical system has "Q
phcho . Each subplot shows a the A- and B-spin as balls with the effective g-value for each orientation
colored in (1=blue, 3=yellow) and the interspin vector. The field positions where the respective spins
are found in the spectrum are indicated. The field sweep was simulated with the easyspin function
pepper at 9 GHz and colored in according to their g-value. A-C: Interspin vector [0 O r] rotated by the
euler angles: [0, 90, 0]° (zxz-rotation). The B-spin is rotated by [35.26, 120.00, 54.74]°. D-F: Here, the
interspin vector is rotated by [0, 30, -90]° B-spin is rotated by [0, 120, 0O]°.

In practice, whether a DEER measurement is orientation selective depends on two conditions.
127 Fjrst, at least either A- or B-spin must have very little orientational freedom with respect to
the molecule, linking the orientation of the restricted spin to the orientation of the interspin
vector. Secondly, that restricted spin-center must display enough anisotropy that different
positions on the EPR spectrum correspond to distinctly different orientations. In that case,
positioning of the detect (restricted A-spin) / pump (restricted B-spin) selects a set of A/Bspin
orientations, in turn selecting a set of — A visualization of how anisotropy in rigid samples
creates orientation selection is given in Figure 13. The same rules apply to RIDME
measurements. However, active selection on the Bspin, if possible at all, is not straightforward
and often negligible. In practice, this leaves only the A-spin as a target for orientation selection.
A quick flowchart for orientation selection is given in Table 2.
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Table 2: Flowchart for checking if DEER/RIDME experiment can have orientation selectivity.?

Rigid? Anisotrop ic? RIDME DEER
Yes Yes Orientation selection Orientation selection
Ao Yes No
oo ves
No No
Yes Yes If "Y anisotropy & not YL “Y Orientation selection
. Yes No If Y anisotropy & not “YL “Y
(|f?o§2:)r|-rl1 No Yes No orientation
selecon) No No orientation selection possible ~ Sélection possible

2.5.2. Modulation depth and the effect of orientation selection on modulation
depth

So far, the DEER signal has only been discussed in terms of the inversion efficiency_ , but in
practice, not every A-spin shares a molecule with a B-spin. Furthermore, orientati on selection
can limit which B -spins are actually available. Therefore, the modulation depth parameter wis
introduced, which describes the effective inversion efficiency in an experiment. Returning to

equation (24), the AT10 6 containing terms will average out to 0 at long times as the
respective contributions with different dipolar frequencies dephase. That only leaves

p _ ,Whichturnsinto p _ p wfor actual measurements(Figure 14). For
€ ¢, which is the most common situation where the modulation depth is analyzed, the dimer
fraction is given by —.

h

a Please note that orientation selectivity is taken as a binary property for the sake of simplicity. In
practice is makes more sense to discuss orientatin selectivity in levels.
30



1
]

0.75
1

F(t)/F(0) [A.U.]
05

0.25
T

o

0 tIA.U]

Figure 14: Example of background corrected DEER spectrum with the modulation depth ¢ marked.

_ i depends on two main factors. First is the actual inversion efficiency _ , which depends
on the pulse parameters, spectrometer, resonator and Rabi-frequency of the sample. For
RIDME 0 provides the equivalent value. The other factor is orientation selection. To
illustrate how orientation selection influences the modulation d epth, the same hypothetical
system from Figure 13is examined again in Figure 15.

31



1

intensity
—

075

F(tyF0) [AU]
05

200 250 300 350 400 450 500 580 600 850
Magnelic Field [mT]

0.25

@ B1 B2
Total signal ‘

Detect
selection

4]
_A-spins __B-spins AL

Modulated Unmodulated
part of the part of the
signal signal

50 400 450 500 550 600 850 2 1 2 2
Magnetic Field [mT] C - C .

200 250 300 3

Pump
selection o ©
_afr 1 _2f 1
= =]
< <,
QS c1 & '
L &
g g

0.25
0.25
T
1

0
0

A

o 0
200 250 300 350 400 450 500 650 60D B0 tAU] \ t[AU]
Magnetic Fisld [mT] .
Combined

Pump selection D2 -
+ Detect selection

0.75

F(yF(0) [A.U.)
05

0.25
T
1

200 250 300 35l

0 400 450 500 550 BOD 650
Magnetic Field [mT] 0

tAU]

Figure 15: Orientation selection in DEER. Al: An example system with two identical spins and
g-anisotropy Qi pltio (1=blue, 3=yellow). For the sake of the example, both spins are completely
rigid and the spectrometer can generate perfect pulses that flip each spin in its bandwidth perfectly. B1:
Selection of the A-spin based on the detection sequence. The spins not selected are greyed out. B2:
The resulting signal from just the A-spin selection which determines the signal intensity at 0 1. C1:
Selection of the B-spin based on the pump pulse. The spins not selected are greyed out. C2.1-C2.2:
The A-spins from (B) separated into the fraction with pumped B-spins 6 Do~ 6 AT &~ 6 and the
fraction that does not have a pumped B-spin 6 DO N 6 AT @e ¢ . D1: Spin pairs that comprise the
modulated part of the signal 66 6 6DON & AT &N 6 as a result of the combined selection
The amount the respective g-values are greyed out reflects the fraction of their spin pairs that contribute
to the modulated part of the DEER trace. D2: The DEER signal that results from the sum of the
modulated and unmodulated part of the DEER trace.
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For this examination, a spectrometer that can perfectly flip all spins in a given frequency range
is imagined _  p, and a sample where every A-spin has a corresponding B-spin. The
sample would be a set of available spin pairs 06 6 B ° 66 MO B

OMmM hom B ° 6M hé6 M M ofthe A and B-spin. Note that each spin pair is
listed twice, aswithout specifying pump and detect position, both spins of each pair could act
as either A- or B-spin. Furthermore, the assignment of A- and B-spin is only not arbitrary for
spin pairs where at least one spin is selected for either pump or detect and neither spin is
selected for both. For simplicity only 6h5 pairs are considered, but for completeness the same
process would need to be repeated with the same 6/ pairs.

By placing the detect frequency U a fraction of all A -spins will be selected 0 6D N
0 } (Figure 15b1). This fraction determines the total signal intensity of the refocused echo
(Figure 1502). Next, the pump frequency U , selects a fraction of B spinsd 6D06 NO}
(Figure 15cl1). Therefore, of all spin pairs only those where the A- and B-spin were selected

contribute to the modulated signal 66 O 6DON 6 AT &N 6 (Figure 15d1). As a
$ $

s s
selection a number is assignedto each orientation 0 and grouping spins by their orientation
rather than just referring to them by counting the spins. For the extremer case of a completely
rigid system where the g-frames of both spins align this results in the same set of spinso 0

6 B hoé M M asbefore orthe same case with reordered indexes in case thg-
framesdonotalign 66 & ho M 8 . However, for the other extreme case
of either spin being able to revolve freely relative to the system, the selection is 0 0

6 B h6 B hd6 B Mhdo M hd B hd B B, so
each respective orientation of A-spins contains pairs with every orientation of B-spins. In this

case the modulation depth is independent of the detect selection and only depends on the
ss—ss s_hs On the other hand, in the rigid case
the modulation depth depends on the relative orientation of the B -spin to the A-spin. For this

casel 6 DO N6 ; can be definedas all the B-spins which have a corresponding A -
$ $
s s

result, the modulation depth is w (Figure 15c2-d2). To connect this with orientation

fraction of B-spins which is pumped:

spin which is detected. Therefore, the modulation depth can be expressed asw
# Please note that this means orientation selection occurs in the sense of being able to
h

select subsets of—and in the sense of modulation depth having an orientation -dependent
component are not necessarilythe same (Table 3).
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Table 3: Overview of which combinations of A and B-spin orientation selection result in orientation
selection on —and w respectively.
A-spin orientation- B-spin orientation- —orientation  orientation

selection selection dependent dependent

Yes Yes Yes Yes

Yes No Yes No (depends on fraction
of spectrum pumped)

No Yes Yes No (depends on fraction
of spectrum pumped)

No No No No (depends on fraction

of spectrum pumped)
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Guanine Quadruplexes

While double -stranded helices are the most wellFknown form of DNA, there are other
naturally occurring structures , with guanine quadruplexes presenting the possibly most
important of these classes’7 Guanine quadruplexes are found in guanine -rich sections of
DNA, where four guanines form uystacked tetrads based onHoogsteen-binding. 1226 GQs have
been found to play regulatory roles in gene expression and are, for example, commonly found
in telomeres.®! Furthermore, GQs are of great interest as structural building blocks in DNA
nanotechnology. Their ability to form very rigid higher-order structures to create multimers
like G-wires!29130 make them a popular motif. Thanks to very rigid GQ -copper labels, EPR has
become a prime method to study the structure of GQs, GQ-multimers and GQ -binding. 2829131
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Figure 16: Overview of structural analysis of GQ dimers with EPR. A: ESE-detected fieldsweep of GQ
with pump and detect positions for DEER marked. Furthermore, the parallel™ and perpendicular U
position orientations are marked. B: Background corrected DEER traces. C: Overview of the potential
angles between the copper labels. The spheres are coloured in based on the g-value in each respective
direction. D: Schematic representation of the geometry of stacked GQ based on the angles found in
previous DEER measurements.?®

In these studies, copper-labeled GQs exhibited high rigidity and orientation selectivity,
enabling the precise determination of distances and angles betweenGQ-dimers (Figure 16).
As part of testing the capabilities of copper-labeled GQs as a ruler, two tetramolecular
GQ-dimers ([Cuz@(TTLGGG)]2, termed [3G]z) and [Cuz@(TLGGGG)]., termed [4G]2),
differing by only one tetrad per GQ in length, were mixed. However, the DEER measurements
were not only able to distinguish [3G] 2 and [4G]z but also showed a third distance consistent
with [3G][4G]. Since DEER was able to distinguish the different species quite well and could
identify and characterize various intercalators that bind at the GQ -GQ interface, many of
which exhibit some level of drug activity, DEER can provide a valuable tool for studying the
binding dynamics of GQs and their intercalators. 2991132133 Therefore, the potential of extending
DEER to study the dynamics of GQ is tested here.

3.1. Monomer shuffling and protocol development

There are different approaches to quantitative DEER spectroscopy. In the simplest case of only
one species contributing to the DEER signal the relative amount can be extracted directly from
the modulation depth. 134135 However, for mixtures of different species, one needsto complete
full orientation averaging and distance analysis and then extract the amounts from the
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distance distribution. 3¢ But copper-labeled GQs display strong orientation selection combined
with a broad spectrum. Therefore, multiple DEER measurements would be required for just
one sample, making the process quite time-intensive. This issue is further exacerbated by the
goal of studying dynamic systems, wh ich requires a high volume of samples to measure for
every time series. Instead, the orientation selection can be turned into an asset. By directly
fitting the dipolar signals on a single well -defined orientation, one can also extract quantitative
data in the same way one would from the distance distribution. But for this approach to work,
orientation -selection must be strong enough that the respective frequency peaks can be well
distinguished. To achieve high orientation selection, a field position with as little variation in
g-value as possibleis needed This would be the case for either the low- or high-field end of
the spectrum (Figure 17a-b). Since the"Qtensor and interspin vector are nearly aligned (Figure
16d), the low field "Q corresponds to— 1t dvhile the high field "Q correspondsto— w1t J
In principle — 1T presents themost advantageous orientation, only requiring a shorter trace
to be recorded, due to the higher dipolar frequency (Figure 16c). Since"Y-relaxation leads to
signal degradation with increasing length of the trace, shorter traces result in a better signal-
to-noise ratio. However, due to the "Qtensor being axial, there are more spins with a "Qvalue
of "Q than with "Q. Furthermore, copper exhibits a strongly anisotropic hyperfine splitting,
with virtually no splitting in the perpendicular direction, while having a coupling of over
500MHz in the parallel region. The large splitting not only further reduces the signal intensity
but also causes more mixing of "Qvalues. This happens because each field position does not
only correspond to one transition but up to four for each & (Figure 17a). The only field
positions that are exempt from this are the perpendicular position where the hyperfine
splitting disappears and the very outmost low -field edge of the signal (Figure 17b).
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Figure 17: DEER optimization for quantitative measurements on GQs. A&B: Field-dependent g-value
selection. A: ESE-detected field-sweep with the hyperfine splitting indicated by gray dashed lines.
Furthermore, different field positions are marked by colored rectangles. The g-value distributions for
these positions are shown in B. B: The distribution of g-values at the respective field positions (1040,
1088, 1150, 1177, 1182 mT) shown in A (same color). The g-values were calculated by doing
orientation-selective simulations with pepper to calculate the intensity of each orientation at each field
position. Then, the g-value for each orientation was calculated, and the orientation-dependent intensities
were added up based on which g-value they correspond to. C-D: Field-dependent DEER optimization
of a [3G]z2 and [4G]2 mixture. C: The signal separation between the dipolar signal of [3G]z [4G].. The
signals were fit as Gaussians, and the overlap area, normalized to the maximum overlap, was plotted
on an inverted y-axis. D: The total signal intensity of the [3G]2 and [4G]2 dipolar signals. E: ESE-signal
intensity at each field position, normalized to the maximum signal intensity.

Therefore, the perpendicular region of the spectrum was chosen for optimization . To find the

best field position in the perpendicular range, multiple DEER traces were recorded on a

sample where [3G]z and [4G]z had just been mixed. The signal separation, as well as the total
signal strength, are plotted in Figure 17c-e. While the separation between the dipolar signals

increases from 1177mT to 1181mT, it begins to plateau thereafter (Figure 17c). Meanwhile,

the total signal intensity begins to drop off rapidly (Figure 17e). To ensure good separation
while keeping a reasonable signal intensity, 1182mT was chosen as the field position for
guantitative DEER measurements. Interestingly, the ratio between the [3G]z2 and [4G]2 dipolar

signals changed with field. The relative intensities are dependent on two main factors. The
first one is the total echo intensity of each species Its influence is straightforward, as the

measured DEER signal is simply the sum of DEER signals each species would have on its own.
Therefore, a stronger echo results in a stronger contribution to the overall signal. This part

implicitly includes the shape of the EPR spectrum.
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Figure 18: ESE detected field-sweeps of [3G]z, [4G]z, [3G][4G]-mixtures and mixtures with [3Gnd]. All
spectra are pseudomodulated with a modulation amplitude of 3 mT. A: Comparison of pure [3G]z, [4G]z
and a mixture of [3G]z and [4G]2 (sample taken immediately after mixing). B: Comparison of [3G]2 with
a 1:1 mixture of [3G]2 and [3Gnd]. [4G]2 is additionally shown as reference. C: Comparison of a 1:1
mixture of [3G]z2 and [4G]2 after 1 min and after 40 hours, where significant amounts of [3G][4G] have
formed. [3G]z and [4G]: are additionally shown as reference.

The second factorstems from the orientation selection-based part of _ ; . To determine the
source of this behavior, samples containing [3G]z, [4G]2, and [3Gnd], @ non-dimerizing version

of [3G], as well as mixtures of them, were compared (Figure 18). [3Gnd] and [3G]z display
virtually identical EPR spectra (Figure 18b), indicating that the dimerization process of the

GQs has little effect on the confirmation and environment of the spin label itself. However,

[3G]2 and [4G]= display distinctly different EP R spectra with a noticeable change in the
perpendicular region (Figure 18a). Furthermore, the spectra of [3G]:H4G]2 seems to bea
combination of both. To ensure that this change is simply the result of the [3G]: and [4G]:
spectra overlaying and not oligonucleotide s exchanging mixtures of [3G]2 and [4G]z with
[3Gna] were incubated for 40 hours (Figure 19). No change in modulation depth was observed.

If mixed GQs containing oligonucleotide s from [3Gnd] formed, one would expect the uptake

of oligonucleotides with an overhang on the binding side to hinder dimeraization . Finally, the
formation of [3G][4G] does not lead to a change in spectral lineshape compared to [3GE+[4G)
either (Figure 18c). Thus, the parameters controlling the spectral lineshape "MH ET A xdeA OE
independent of the tertiary structure of the GQ and only depend on the structure right at the
copper labelOwpP T DET wbOwUTl PUWEEUT wxUOEEEOQawEl xI OEUwOOwU
and [3Gnd].
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Figure 19: Stability measurements on [3G]2 and [4G]2 mixed with [3Gnd]. Samples were incubated at
12 °C for 1 min (blue), 20 h (orange) and 40 h (yellow). A&E: DEER traces of the [3G]2 and [4G]2
mixtures, respectively. B&F: The associated modulation depths. C&G: ESE-detected field sweeps of
the respective samples, normalized to spectrometer parameters only. D&H: Integral of the total signal
intensity of the field sweep. The intensities were normalized to the largest intensity between all samples.

To ensure that the GQs themselvesare stable, the signal intensity was monitored over time

(Figure 18c, d, g,h). While ESE-detected fieldsweeps in the overcoupled QT-( ( wUIT UOOE UOU wE |
fully quantitative, they can still give ar ough estimate for the total amount of formed GQs with

Cu#in them (Figure 19c,d,g,h). This can beachieved because free copper relaxes much faster

than bound copper, resulting in a significantly lower signal intensity. 2° Therefore, if GQs were

to dissociate over time, one would expect a drop in signal intensity as bound copper is

released This is not the case,indicating that the model GQ is stable at 12 °C.

Given that the DEER measurements were taken at the very high field end of the spectrum, one
would expect that the "Qvalue is approximately the same for all field positions . Therefore, the
changes in dipolar signal would be purely the result of different amounts of B -spins at the
respective field positions, not changes in orientation selection. If this hypothesis is true, one
would expect the modulation amplitude to scale with the signal intensity at the pum p position
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(Figure 20a). Furthermore, the same should also apply to the dipolar signals if correlated with
the echo intensities of their own species(Figure 20b).
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Figure 20: A: Modulation amplitude of [3G].+[4G]. sample plotted against the ESE-intensity. The
markers are colored in based on the field position of the DEER experiment. B: Intensity of the [3G]2 and
[4G]2 dipolar signal plotted against the ESE-intensity of a pure [3G]2 and [4G]2, respectively. The markers
are colored in based on the field position of the DEER experiment. C: ESE-detected fieldsweep colored
in the same fashion as A and B.

Both expectations are fulfilled for up to 1181 mT, although the [4G]z dipolar signal is a sli ghtly
worse fit. However, for 1177 mT, things clearly start to deviate. This fits with the prior
observation that the overlap between both dipolar signals only changes up to 1181 mT, since
a change in overlap requires a change in shape of the dipolar signd, which in turn requires a
change in sampled orientations.

Finally, combining the idea that dimerization has a negligible impact on the spectral line -shape
and that orientation selection does not change above 118ImT, one could predict that for a
mixture of [3G]z, [4G]z and [3G][4G], the fraction of [3G][4G] dipolar signal does not change.
In the case of [3G][4G], either [3G] or [4G] can serve as the Bspin. As a result, [3G][4G]
experiences both the increase in signal [3G} experiences and the decrease [&]2 experiences.
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Figure 21: Field-dependent DEER measurements on a mixture of [3G]z (yellow), [4G]2 (blue) and
[3G][4G] (orange). A: Dipolar spectra for each field with each species fit with Gaussians. B: The relative
intensities of each species. The sum of the total intensities for each field position was normalized. To
better show the relative change for each species, the intensities for each species were additionally
normalized to their mean value.

Indeed, while the total dipolar signal intensity decreases, the fraction of [3G][4G] remains
consistent, independent of the field position , aspredicted (Figure 21). Therefore, orientation
selection on modulation depth can be effectively eliminated in copper -labeled GQ by moving
to the high end of the spectrum.

3.1.1. DEER vs RIDME

One downside to performing very orientation -selective DEER is the low modulation depth
resulting from orientation selection on the B-spin. In principle RIDME could provide a good
alternative to DEER since its B-spin inversion only depends on the mixing time “Y  and
“Y-distributio n. However, since copper acts as both A and B-spin it is not possible to set™Y
significantly larger than Y as the A-spin would also relax back during the mixing block . Using
a shorter mixing time has two main consequences. First, the full possible inversion efficiency
of 50% for copper cannot be reached.Given that the DEER measurements only reach
modulation depths of around 7% RIDME is still likely to present an improvement in
modulation depth . However, the second consequence is that nowthe inversion efficiency is
dependent on the "Y-distribution potentially reintroducing orientation selection for inversion
efficiency. DEER and RIDME were compared at two field positions (1176.4 mT and 1184mT)
corresponding to the signal maximum and highest practical field position, aka the field
position where the highest orientation selection is expected (Figure 22). RIDME did indeed
provide a higher modulation depth (1.8 times for 1176.4 mT and 4.75 times for 1184mT).
However, while DEER showed fully separated dipolar signals for [3G] 2 and [4G]z at 1184 mT,
RIDME did not , with the 1184 mT RIDME signal giving similar separation to the 1176.4 mT
DEER signal (Figure 22d).

42



T 1 rrrrrrrrp T —
A p'@f'—d B
- ~— 0
=) =R=
< <
> S
2 !
£ < < [[1184.0mT 176.4 mT i
- = DEER DEER
RIDME RIDME
l A L L L l A A A A l 'l 'l 'l (\! l A A A l A ' 'l l 'l ' 'l
1050 1100 1150 1200 < 0 1 2 3
Magnetic Field [mT] t[us]
T —f r r 1 T 11 LG L™ B L L R L AL L |
-tC DEER 1 D
) 7 —
- o ] =
Lo rRoME] = 1184.0 mT
o - =
L~ DEER- e N
= : 2
T o [} i £ .
o
ot IDME 1 1176.4 mT
oLl s 3+ 3+ 1 5 5 3 313337 MR TR R B R |
0 1 2 3 0 2 4 6 8
t[us] Vaa [MHZ]

Figure 22: Comparison of DEER and RIDME measurements. Measurements are taken on a mixture of
[3G]2 and [4G]2 frozen directly after mixing. Measurements are taken at Q-band at 19 K for DEER and
30 K for RIDME. The mixing time for the RIDME measurements was set to 15 ps. Pump detect
separation for DEER was 90 MHz. A: ESE detected fieldsweep with the pump and detect positions used
for DEER marked. RIDME measurements were taken at the respective pump positions. B: Raw
measurements. B: Background corrected measurements. Background correction was done with
DEERanalysis, a third-order polynomial correction was used for the RIDME traces, while a third-order
homogenous background was used for the DEER spectra. D: One-sided dipolar spectra. Both RIDME
traces display 2H ESEEM artefacts at around 7.7 MHz indicated by an asterisk.

Since the proposed method requires a good separation of the dipolar signals, RIDME was
deemed unsuitable. Nonetheless, RIDME still shows clear orientation selection, demonstrating
the rigidity of the system, and could provide a good alternative for GQs where higher
modulation depth is the primary concern. It could also prove helpful for the study of GQs
where the copper labels are misaligned, for example, bent GQs which could result in a
significant separation of desirable pump and detection positions. It should also be noted that
in theory, the modulation depth of a RIDME measurement can be calculated from "Y and Y
Therefore, the amount of dimer can in theory be calculated without requiering any standard.
However, in practice flip flip -flops reduce the achieved modulation amplitude . 137
Additionally, anisotrope “Y can influence the modulation amplitude quite a lot as shown by
the attempt to calculate the amount of dimers this way (Chapter 5.5.1)

Aside from RIDME, chirped pump pulses can also help with low inversion efficiency. Unlike
a classical monochromatic pulse, a chirped pulse's frequency is swept during the pulse. This
allows chirped pulses to have a much larger bandwidth than conventional pulses. To test the
effectiveness of chirped pulses, three different field positions were compared for a sample of
[4G]2 mixture (Figure 23). Similar to RIDME, the application of chirped pump pulses
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significantly increases the modulation depth. However, unlike RIDME, the width of the
dipolar signal barely changes (Figure 23c). This can be explained by the considerable width of
the copper spectrum. Although only a fraction of B -spins is inverted by the monochromatic
pulse, and many more through the chirp pulse, compared to the entire width of the spectrum,
the difference is virtually negligible, and the additional spins flipped by the chirp pulse are
still in the same orientation as the ones pumped by just the monochromatic pulse.
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Figure 23: Field-dependent chirped pump pulse DEER measurements on [4G]2 with chirped (pink) and
and monochromatic (blue) pulses. A: ESE-detected fieldsweep of [4G]2 with the detect (yellow) and
pump (orange) positions marked. The width of the pump window is estimated using the easyspin
function exciteprofile. B: The DEER traces for each field position. The traces for 1088.8 mT and
1043.6 mT were scaled up by a factor of 5 and 7 for visibility reasons. C:Dipolar spectra.

3.1.2. Monomer shuffling

With the basic quantitative DEER characteristics of the tetramolecular quadruplexes
guantified, the method needed to be tested on anactual dynamic system. For this purpose, the
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Figure 24: [3G]z and [4G]2 were mixed at 12 °C, forming [3G][4G]. DEER measurements were taken at
1182 mT. The trace at 0 min was constructed from the sum of [3G]z and [4G]z, each mixed with [3Gnd].
A: Background corrected DEER traces of DEER measurements over time. B: Dipolar spectra with the
fitted areas filled (yellow [3G]z2, orange [3G][4G], blue [4G]2). C: The intensities fitted against the
incubation time. Since the relation between signal strength and concentration is currently unknown, the
signals for each species were normalized to the largest signal of that species. Stretched exponentials
were fitted to the data to function as a guide to the eye.

0

interaction of quadruplexes in a mixture of [3G]2 and [4G]2 was followed for 40 hours with
DEER (Figure 24). As expected, [3G]z2 and [4G]z beganto exchange monomers slowly, forming
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[3G][4G], approaching equilibrium between [3G}, [4G]., and [3G][4G] after 40 hours (Figure
24c). The relative concentrations of [3Gl. and [4G]2 change at different rates, with [4G]z
decreasing more rapidly than [3G]z. This implies that the dimerization of [3G] has a higher
equilibrium constant than that of [4G], which is consistent with NMR studies on the topic. 138
While there is some variation in the calculated amounts (Figure 24c) the amounts overall
follow a smooth curve as expected.

Overall, the data could be easily and quickly fitted, demonstrating that quantitative data can
be extracted directly from the frequency domain of copper -labeled GQs.

3.2. Intercalation and temperature dependence

A myriad of different intercalators are known for GQs. Among them are many drugs that
specifically target GQs.808191133 Therefore, being able to follow the binding of intercalators to
GQs would provide a powerful tool for drug development. The same studiesthat showed that
DEER is able to distinguish between [3G]2, [4G]2,and [3G][4G] also showed that[3G]. and
[4G]z can serve as a test system for intercalatorsntegrating into the interface between the GQs
and detecting the resulting change in GQ-dimer structure. However, so far, this has only been
demonstrated for intercalators already present during the assembly of the tetramolecular
GQs 2

3.2.1. PIPER intercalation

PIPER was oneof the intercalators that had previously been shown to intercalate into GQs
when added during GQ formation ( Figure 25).

=}

OO
9%

o

G

PIPER
- w

3G], PIPER@([3G],

Figure 25: A: Schematic intercalation of PIPER into [3G]z with the change in distance that is measured
with DEER indicated by green lines. B: MD-derived structural models of the PIPER@[3G]2 sandwich
complex (adapted from Stratmann, Kutin, et all. Angewandte Chemie 60, 49391 4947 (2021) under
creative commons license (CC4))?°

Starting with a signal of just [3G] 2, a signal of PIPER@[3G]2 growsover time (Figure 26).
Following the same rule, already established for [3G]z, [4G]z and [3G][4G], of Pwhat happens
at the GQ-GQ interface has no observable effect on the copper labels @euintercalation of
PIPER also seemaot to affect the lineshape (Figure 49a). Combined with the relatively small

change inthe intramolecular angles, and? (mMJ p ¥ tJ g andmd p ¥ pJ p QF[3G]2
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and PIPER@[3G] can be assumed to have the same relationship between dipolar signal
intensity and concentration.

A__ B
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Figure 26: [3G]2 and PIPER were mixed at 12 °C (1:1). DEER measurements were taken at 1182 mT.
A: Background corrected DEER traces of DEER measurements over time (same times as traces in B
at the same height). B: Dipolar spectra with the fitted areas filled (yellow [3G]2, violet PIPER@[3G]2). C:
The relative amounts plotted against the incubation time.

While more data points are needed to get the whole picture, one can already observe that the
total dipolar signal intensity decreases over time. This indicates that while PIPER prefers to
bind to GQs, a PIPER@[3G]complex is less stable than a [3G] complex, and at least part of
them dissociate into PIPER@[3G]. Furthermore, the amount of [3G} has dropped by almost
half after 5 hours. This behavior is similar to that of mixing [3G] 2 and [4G]z, where the amount
of [3G]: after 5 hours is also close to the halfway point between the initial and final amounts
(Figure 24). While this, on its own, is hardly proof, it could be a first indicator that the
underlying mechanism behind monomer shuffling and intercalator binding is the same.

3.2.2. Temperature dependence

Another point of interest for th ese kinds of measurements is temperature. To record DEER
spectra, the sample must be cooled to cryogenic temperatures. Thereforethe question arises
as to what state the frozen sample represents. Is it frozen rapidly enough that the sample
represents the system at the temperature it had before it was frozen? Or does it represent the
system at a temperature just before freezing, regardless of the original temperature of the
sample? To answer this question, two batches, [4Gk and PIPER@[4G] where PIPER was
added during GQ -assembly, were measured at different temperatures. [4G]2. was chosen over
[3G]2 due to its lower stability, ensuring that any temperature dependence is detected, if

possible.
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Figure 27: [4G]z2 (blue) and PIPER@[4G]2 (green) were brought to different temperatures for 15 min,
then rapidly mixed with glycerol and flash frozen. DEER measurements were taken at 1182 mT. A:
Background corrected DEER traces of samples at different temperatures. B: The corresponding dipolar
spectra. C: The modulation depths plotted against temperature. Additionally, a [4G]2 sample incubated
at 48 °C for 30 min is shown in dark brown.

Each sample was incubated at the respective temperature for 15min; additionally, a sample of
[4G]2was incubated for 30 min at 48 °C. Sinceboth the 15 and 30 min incubation time samples
yielded virtually the same modulation depth, 15 min can be considered sufficient incubation
time for equilibrium to reestablish (Figure 27¢). Again, the same simplifications with regard to

angle and lineshape can be made(Figure 49).

The modulation depth of [4G] 2 noticeably decreases with increasing temperature, clearly
indicating that the frozen sample does represent the system before freezing, not during. In
contrast to [4G]z, PIPER@4G]2 displays virtually no temperatur e dependence. Furthermore, at
temperatures below 24 °C the modulation depth of [4G] 2 is higher than the modulation depth
of PIPER@4G].. It seems that rather than PIPER simply binding to GQs and stabilizing or
destabilizing them, another more complex mechanism is at play.

3.2.3. Double intercalation

In addition to removing the temperature dependence in GQ stability, another previously
unknown property of PIPER intercalation was discovered. When adding PIPER to fully
formed [4G]z at 4°C, two PIPER intercalated into [4G]z, exclusively forming 2PIPER@[4G}
(Figure 28).
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Figure 28: [4G]2 and PIPER were mixed at 4 °C (1:1). DEER measurements were taken at 1182 mT. A:
Background corrected DEER traces of DEER measurements over time (same times as traces in B at
the same height). B: Dipolar spectra with the fitted areas filled (blue [4G]2, orange 2PIPER@[4G]z2).
Additionally, PIPER@[4G]2 is shown in green for comparison. C: The relative amounts plotted against
the incubation time.

This is unexpected, as adding 1 equivalent of PIPER during annealing at 4°C exclusively
produced single intercalation, and even 3.5 equivalents of PIPER still only resulted in a
mixture of single and double intercalation. Furthermore, adding PIPER to fully formed [3G] 2
at 12°C also exclusively produces single intercalation, mirroring the addition of PIPER during
annealing (Table 4).

Table 4: Intercalation modes found for different environments. PIPER equivalents are given relative to
the amount of GQ-dimers.

k JTL GGG+t +PIPER(leq) PIPER@[3& Single intercalation®
PIPER@[3G (50%) Single intercalation &

KqTL GGG +PIPER(2eq)  yuy +2PIPER@[3G](50%) double intercalation 29

[3G]2 +PIPER(1eq) UJ PIPER@[3H Single intercalation

h AR
k JLG GGG-t +PIPER(1eq) uuw PIPER@[4&H LELuJ PIPER@[4& Single intercalation

[4G]2 +PIPER(1eq) 1 2PIPER@[4G] Double intercalation

There are multiple possible mechanisms that might explain this behavior. First, the reduced
temperature might cause PIPER to form dimers and simply replace the uptake of a single
PIPER with that of two PIPER. PIPER is prone to aggregating and similar compounds are
known to form dime rs.82 Furthermore, while the annealing process mostly occurs at 4°C, it
starts at 85°C and is then cooled to 4 °C over almost 3 hours. Therefore, PIPER@[4G]might
already form at higher temperatures, with all PIPER being used up by the time low
temperatures are reached.

Alternatively, the double intercalation might be the result of PIPER intercalation being a
OUOUPUUI xwUI EEUPOOS wW3T PUWUET 1 Ol wxUl UUxxOUI UwUT EU
instead binds to monomers, which then recombine into dimers. It is known from our
temperature-dependent measurements that there are fewer single GQ at 4 °C compared to

12°C. Therefore, the single quadruplex/ PIPER-quadruplex equilibrium would be far on the

side of PIPERquadruplex leading to the recombination of mostl y 2PIPER@[G].
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3.3. Conclusion

DEER spectroscopy iswell -suited to study the dynamics of GQs. It can resolve the differences
in dipolar frequency enough to distinguish different GQ and GQ intercalator complexes.
Furthermore, it appears that GQ dynamics occur on a timescale of hours, making them
sufficiently slow that multiple samples can be taken during the incubation period . While the
potential of orientation selection effects on modulation depth presents a caveat, the evidence
so far suggests that this canbe mitigated by staying in the high -field region and accounting
for echo intensities. Arguably, the method's main drawback at present is the lack of a standard
to compare measurements against, which prevents the association of actual concentration
units wi th measured results. However, the use of standards for DEER is well discussed in
literature, making the creation of a suitable standard only a question of time.3” However, even
without a standard , the method was able to uncover a new, switch-like behavior in the
formation of PIPER sandwich complexes, leading to unexpected double intercalation.
Furthermore, this demonstrates the method's resilience, as the formation of double-stacked
dimers was not predicted at all, yet could be readily identified nonetheless. Lookin g into the
future, there are whole classes of different GQs besides the small model ones used here, most
of which this label can be applied to.28 One might also imagine copper-labeled GQs as sensors,
with the effect the species of interest has on the GQdimers being used as a readout.

3.4. Materials and methods
3.4.1. Sample preparation

GQs were assembled by the Clever lab with the following protocol. Stock solutions were
prepared by dissolving the respective oligonucleotide and CuSOa4 in 50 mM potassium
phosphate buffer (pD 7.0) in D20.

The stock solutions were heated to 85 °C for 10 min, then slowly cooled to 4 °C with a cooling
rate of 0.5 °C/min, and then left at this temperature overnight. Subsequently , the samples were
frozen at -20 °C for 1 h and thawed again to 4°C. The stock solutions were mixed and
incubated at 12°C. Whenever a sample was taken the sample was rapidly mixed with
glycerol-ds (1:1 v/v), transferred into an EPR-tube, and frozen in liquid nitrogen. The final
concentration was 62.5 uM GQ.

Table 5: Overview of the used GQs.
Tetrads Dimerizes DNA -sequence

[3G] 3 Yes 549TLGGG3 6
[3Gnd] 3 No 54TLGGG T3 ¢
[4G] 4 Yes 54dLG GGG3 6
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3.4.2. Measurement parameters

All measurements were performed in a QT -1l resonator from Bruker in overcoupled mode.

Since GQs proved to be very sensitive to the positioning of the DEER measurement on the
spectrum, the following modification was made to the standard over -coupling proced ure.
After the resonator was overcoupled and the spectrometer turned into pulse mode instead of

changing the spectrometer frequency to match the resonator frequency, the frequency was set
to 34.003GHz and the cavity length was adjusted to match the spectrometer frequency. Pulse
lengths for pump and detect were determined using B 0 Zt Z-Zt z* Zt ZA A EThe detect
position was shifted down by 90 MHz. Typical pulse lengths for “ were 70¢ 72ns and
30% 32ns for “ . The pump pulse was incremented in 14 ns steps with a starting value of 6=
200nsandt and t were setto 300 and 320(s each. The shot repetition time was set to 51Qus.

Table 6: Measurement parameters for pulsed ESEdetected field sweeps

Pulse sequence c - t - ° - 1 - Detect
Length [ns] 10 300 20 300 80
Channel +<x> +<x>

Attenuation 3dB

Sweep rate 33.31G/s

Shot repetition time | 1200us

Temperature 19K

Frequency 34.003GHz

Table 7: Measurement parameters for microwave nutation for detect sequence

Pulse sequence Q . f - ¢ - T - " -1 - Detect
Length [ns] 2+ 5000 25 340 50 340 180
Shaper 1) 1) 1)

Amplitude 90% 90% 90%

Attenuation 0dB

t 0 ns to 600 ns in 2 ns steps

Shot repetition time | 1000 us

Temperature 19K

Frequency 33.913 £ 0.000GHz

Field 1182mT

aNumbering system following Bruker standard, (1): Gaussian pulse, (6): Gaussian pulse with adjusted

sweep frequency 13,
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Table 8: Measurement parameters for microwave nutation for pump pulse

Pulse sequence Q . f - ¢ - T - " -1 - Detect
Length [ns] 2+ 5000 10 320 20 320 250
Shaper 1) 1) 1)

Amplitude 90% 90% 90%

Attenuation 0dB

t 0 ns to 600 ns in 2 ns steps

Shot repetition time | 1000us

Temperature 19K

Frequency 34.003+ 0.000GHz

Field 1182mT

Table 9: Measurement parameters for GQ-GQ DEER with 16-step phasecycling

CT“T()th“T$AOAAO
Pulse sequence S ' n T f ° Detect
Length [ns] 36.5+£13 730+£25 326+23 300 3200 -200:14:3062 465
Shape’ 1) 1) 1)
Amplitude 90% 90% 90%
F
requency 190
offset [MHz]
Shot repetition time | 510us
Temperature 19K
Frequency 33.913 + 0.000GHz
Field 1182mT

Table 10: Measurement parameters for GQ-GQ RIDME with 8 -step phasecycling

c T ¢ t 0 “C'Y c T o * 1 $AOAAOD
Pulse sequence S ' Y T f ° Detect
Length [ns] 33 66 15ps 300 2600 -50:14:2414 465
Shapée' 1) 1)
Amplitude 90% 90%
Frequency
offset [MHz]
Shot repetition time | 204 ps
Temperature 30K
Frequency 34.003GHz
Field 1184 mT

aNumbering system following Bruker standard, (1): Gaussian pulse, (6): Gaussian pulse with adjusted
sweep frequency 13,
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3.4.3. Data analysis

Background correction was performed in DeerAnalysis using a homogeneous background.
For RIDME, a secondorder polynomial was used.

To extract the amount of dipolar signal, a selfwritten global fitting algorithm that fits all time
steps at the same time was used. Thealgorithm allows for either fitting the shapes of peaks as
Gaussian shapes or directly supplying the shape of a species signal if a measurement of just
that species is available.(Here Gaussian fits were used for PIPER@[3G], and 2PIPER@[4GI[p
generate garting values for fitting , the algorithm fits each spectrum separately with Gaussians
only. The resulting peaks are then binned and the most likely values for each peak's frequency
selected. From this, the limits for fitting the frequency are constructed as the range from the
next lower frequency peak (or 0) to the next higher frequency peak (or the selected maximum).
Next, starting values from the prefit that lie outside of this range are replaced by those
generated from the binning process. Finally, if additional shapes were given, these shapes are
assigned to the peaks based on the values from the binning process, and the scaling factors
from the prefit are converted into scaling factors for the shapes, which replace the Gaussians
for the peaks. However, here the RMSD is additionally multiplied with a function that
punishes divergent values for the parameters of each peak. Specifically, it takes aweighted
average of the parameters for each peak with the intensity as theweight factor. It then takes
the RMSD of the parameters from the mean value.

All related algorithms will be published on https://git hub.com/victorselve -del/eprTools.
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RNR

3 1 Tzsupunit of E. ColiRNR contains multiple potentially EPR-active sides (Figure 29a). First
are the respective YD O wi Esubinit, gvhich will form a Tyrosyl radical in the active form
O auFpgure 2%).

Furthermore, the metal-binding sides in each subunit can harbor up to two metals, which can
be either manganese or iron. All EPR-active components have different, distinct distances to
each other (Figure 29c). DEER spectroscopy was employed to monitor the loading of Mn in
both subunits, the generation of Tyr-radicals and the generation of Tyr-radicals in ¢2 with a
mixed FeMn cofactor. This chapter provides compelling evidence that only a limited number
O | 2wap bind any manganesein the first place. Furthermore, this fraction can bind manganese
b O w E &ubinitsg Finally, it shows that the formation of the tyrosyl radical can still occur
I YT OQwbi wUI:bunudikcentaldnmangangse.

53



Figure 29: A: Table of potentially EPR-act i ve speci es 2Bt bsubeniawith zoan iis dn the activé iron-bound center.}? C: Poten t i

[ EPR-active when: Spin:
Yize Requires 3 Fe + O: for generation. Is only | 1/2
generated in both subunits at the same
time.
Mn™ Always EPR active 5/2
MnTFel Always EPR active, has combined spin 'z | 1/2
Mnahnt Ground state is EPR silent, excited spin1 | 0,1,2
and 2 states are possible
Fell-{O* )-Fell EPR silent. Formed in active P:-subunit. 0

|\;_ 122
Distance
Yize-Yime 321 nm
- = .
Yizze-Metal 2.81-2.91 nm
2.53-2.56 nm

q Metal-Metal

al

di

2.t The

protein structure of manganese-b o u n2#! whs overlaid with the structure of iron-bound b2. Tyri22 a and b belong to the iron- and manganese-bound structure, respectively.
Distances within the respective subunits are not shown as they are too short to be recorded with DEER.
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4.1. Tyr-DEER

To study the effect of manganesemismetallation of RNR, the apo form of ¢2 was exposed to
manganese followed b y the addition of 5 eq. ofiron. While other methods , such as U\tvis or
guantitative CW -EPR, can provide information about the total amount of Tyr -radicals
generated, DEER canprovide informationonthe EPUUUPEUUDPOOwOI wWUEEPEEOU WD

) " 'Detect— .
A Pump—

20 dB . B .

> 98 Pump-l l—Detect

Intensity [A.U.]
Intensity [A.U.]

1100 1150 1200 1250 1300 1350 1205 121

Magnetic Field [mT] Magnetic Field [mT]
Figure 30: A: ESE- detected field-sweep of 1-Mn-5Fe:2h,2 measured at 5 dB with long shot repetition
time (highlighting the Tyr-signal) and 20 dB with short shot repetition time (highlighting the manganese

signal) power. The pump and detect positions used for Tyr-Tyr DEER are indicated. B: Zoom in on the
Tyr-signal.

L N 1
1210

1215

Initial DEER measurementswere taken at 1207.6mT, 33.919GHz, with the pump pulse offset

by 84 MHz ( Figure 30). When 1 eq. of Mn?* is added before adding 5 eq. of Fe**, a Tyr-Tyr
distance is observed (Figure 31a-b). The modulation depth increased over time as expected,
sincemore Tyr 3 is produced, thus increasing the Tyr3 to Mn" signal ratio. However, after 2 h,

a second minor distance started to manifest at around 285 nm (Figure 31b). This distance falls
within the expected range for Tyr -Metal, based onca U U E O wU U W.(Figuid 29c) 19 ttitheé w
same distance became more iginificant when the initially added amount of Mn 2*was increased
(Figure 31c-d).

a All sample abbreviations are listed in Table 11
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Figure 31: Tyr-Tyr DEER measured on 1-Mn-5Fe:1min,15min,1h,2h time series (A-B) and 1,2,3-Mn-
5Fe:wash concentration series (C-D). A&C: Background corrected DEER traces. B&D: Distances with
uncertainties as calculated by DEER-analysis given as the shaded area. Raw and dipolar spectra can
be found in Chapter 5.3.

Since the diiron cofactor is strongly antiferromagnetically coupled and therefore basically EPR
silent at 10K, the distance would have to arise from mono-Mn, di-Mn or FeMn. This would

R e e WG et
Detect high power
low power 5
— Pump -l £ 08 2
o =
< 06 &
- S
= S
g 0.4 5
< g
02 &
s la s sl aaaaldl | R B |

1195 1200 1205 1210 1215 1220 1225
Magnetic Field [mT]

Figure 32: ESE-detected fieldsweep of 1-Mn-5Fe:2h, measured at low and high pulse power to highlight
manganese and TyrA The position of the detection sequence used for Tyr-FeMn DEER is marked. The
pump pulse is indicated by its inversion profile. The inversion profile was calculated with the EasySpin
function exciteprofile.
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To further probe this Tyr-metal distance, DEER with chirped pump pulses was employed in
combination with utilizing the outer dip of the QT Il resonator (Figure 47). The utilization of
chirp pulses and the landscape of the QTII dip are discussed in more detail in Chapter 5.2 This
allows for measurements with a much broader part of the spectrum (Figure 32).137

The Tyr-Metal distance measurements for the time seriessamplesfrom Figure 31a-b are shown
in Figure 33. The dipolar signal exhibits two prominent peaks; a lower-frequency one
appearing at approximately 1.12MHz can be assigned to Tyr-Tyr (Figure 33c). Seeing a minor
Tyr-Tyr distance contribution is not unexpected , as the pump pulse has somelight overlap
with the lo w-field shoulder of the Tyr spectrum. The Tyr-metal to Tyr-Tyr ratio in the signal

decreases over time, while the modulation depth increases significantly (Figure 33b).
Therefore, the Tyr radical production in missmetallized and regular ¢-follows at least partially
distinct pathways with different reaction speeds .
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Figure 33: Tyr-Metal DEER measurements on 1-Mn-5Fe:1min, 15min, 1h, 2h. A: Raw DEER traces. B:
Background corrected DEER traces. C: Dipolar spectra. The frequencies associated with the Tyr-Tyr
and Tyr-Metal distance are marked. Furthermore, the dipolar spectra associated with the respective
frequencies of each distance (taken from fit of 1 eq. Mn?* sample in Figure 35) are shown. D: Results
of distance analysis with uncertainty estimates.

" ObPl YT UOwUT PUWE O1 U Oz Which Mélabdr roatals ré act@allyi balboa®@suO 1 w
i U OO w Biacdthe di-manganese is also weakly antiferromagnetically coupled, meaning a
significant portion of it is EPR silent at 10 K,%2 FeMn and mono-manganese would be the main

suspects. With monochromatic pulses the flip angle  of a pulse is simply given by the Rabi
fregeuncy and the pulse length as described in equation (14):102103
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ré Y'Y p & & p to (29
Since FeMn is"Y pA¢ while Mn "is"Y uXg the optimal pulse length/power for pumping Mn'"
would be significantly lower at 44.7233.33% (depending on the transition) of what is required

for FeMn. However, for chirped pulses, the critical adiabaticity 0 of the pulse itself
determines the flip angle, with the maximum flip angle for any species being 180°137142143

AOAKIADD p (30)
Therefore, FeMn and Mn'" cannot be distinguished by changing the pulse length of the chirped
pump pulse . Of course, switching back to monochromatic pump pulses would solve this issue,
but it would come at the cost of significantly reducing the pump bandwidth and, therefore,

the modulation depth. Instead, RIDME spectroscopy can provide both an infinitely wide
pump range and information on the spin of the metallic center.

Since RIDME uses”Y-relaxation for its B-spin flips, the B-spin is not limited to 0 S p
transitions like in DEER. Therefore, species with "Y pX¢ will generate overtones where
multiples of the dipolar frequency are recorded as the Bspin undergoes £ $ clof8
transitions .14 As expected, RIDME did provide a significant improvement in modulation
depth compared to chirped DEER (Figure 34a-b). However, the much longer pulse sequence
also limits the length of the trace and signal-to-noise compared to chirped DEER. Still, the
RIDME measurementclearly shows overtones caused by manganesgFigure 34c-d).
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Figure 34: Tyr-Metal RIDME measurements on 2-Mn-5Fe:wash A: Raw RIDME trace. B: Background
corrected RIDME trace with the corresponding DEER trace from Figure 35 plotted for reference. C:
Dipolar spectrum. The corresponding dipolar spectrum from DEER, as well as the DEER spectrum
scaled up to double and triple the frequency (1,2,3. Harm.), are plotted to illustrate the overtones present
in the RIDME spectrum. D: Results of distance analysis with distances resulting from the overtones
highlighted.

A modified version of DEER analysis (OvertoneAnalysis )4 that takes these overtones into
account exists, but, it was not able to properly fit the signal. This make s sense if a combination
of Mn"" and FeMn generates the signal, asOvertoneAnalysis is not able to take combinations
of different species into account. However, the RIDME signal also contains some, although

To gain further insight into manganese binding, Tyr-Metal DEER was measured on the
samples with 1,2,3 eqMn2* + 5 eq.Fe* as well (Figure 35). The modulation depth changes
comparatively little ( Figure 35b) with the 1 eq. Mn2* sample showing a significant amount of
Tyr-Tyr signal (Figure 35c). However, of the three samples the 2 eq. Mnz* sample clearly has
the strongest Tyr-Metal signal. This stands in contrast to the Tyr-Tyr DEER measurements
(Figure 31d), where the intensity of the Tyr-Metal distance compared to the Tyr-Tyr distance
was largest for the 3 eq. Mnz* sample.
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