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Abstract

Although more than a hundred thousand protein structures are registered in the Protein
Data Bank (PDB), there are still more open questions than answers. One of these proteins
that have captivated researchers for decades is ribonucleotide reductase, short RNR. This
enzyme is solely responsible for synthesizing DNA building blocks, the
deoxynucleotides, in every living organism. Due to its central role, RNR has been the
focus of research on several occasions, but many questions remain unanswered despite
numerous studies. Moreover, information about RNR structure in its natural
environment, namely living cells, is entirely lacking.

A method that can be used for protein structure elucidation is electron paramagnetic
resonance, shortly EPR. EPR is also widely used for RNR studies since the enzyme has a
native radical that is used for catalysis by means of a complex proton-coupled electron
transfer. For many years, E. coli class Ia RNR has been regarded as a paradigm for class
Ia enzymes, which is the analog of human RNR.

In this work, state-of-the-art EPR spectroscopy was used to address some of the
open questions related to RNR. Advanced EPR techniques were used to determine the
structure of the stable tyrosyl radical Yiz2# in E. coli class Ia RNR in living whole E. coli
cells at high resolution. It was demonstrated that the structure and electrostatic
environment of this essential radical are conserved under in vitro and in vivo conditions.
Surprisingly, the radical distribution in living cells was found to behave differently than
assumed by previous in vitro experiments. Mismetallation within the cells was identified
as a possible influencing factor. In the course of these studies, it was shown that
mismetallation with manganese does not lead to irreversible inactivation of protein
activity but that the activity can be restored.

In addition to in-cell EPR, three other applications of magnetic resonance
spectroscopy are highlighted in this work. First, insights into the development process
of a new spin label are given, using RNR as a model system. Through these studies,
azidophenylalanine was identified as a suitable candidate that could contribute to the
ongoing development in the field of spin labeling for protein structure elucidation.
Second, a high-pressure apparatus was used to study the effect of pressure on E. coli
RNRs structure by EPR. Among other results, these studies revealed the presence of an
indeterminate radical formed under the influence of pressure. Finally, independently of
RNR, cw-EPR was used to characterize the Ceo radical anion generated in a molecular
coordination cage. A surprisingly long lifetime of this radical was found, which paves
the way for versatile applications.



Zusammenfassung

Obwohl mehr als hunderttausend Proteinstrukturen in der Protein Datenbank (PDB)
registriert sind, existieren haufig immer noch mehr offene Fragen als Antworten. Eines
dieser Proteine, was Forscher seit Jahren fesselt, ist die Ribonukleotid Reduktase, kurz
RNR. Dieses Enzym ist alleinig in jedem Lebewesen fiir die Synthese von DNS-
Bausteinen zustandig. Durch seine zentrale Rolle ist RNR bereits mehrfach in den Fokus
der Forschung geriickt, doch trotz vielerlei Studien bleiben viele Fragen weiterhin
unbeantwortet. Was jedoch ganzlich fehlt, sind Informationen iiber die RNR Struktur in
seiner nattirlichen Umgebung: in lebenden Zellen.

Eine Methode, die zur Aufklarung von Proteinstrukturen genutzt werden kann, ist
Elektronenspinresonanz, kurz ESR. Auch fiir RNR-Studien wird ESR haufig eingesetzt,
da das Enzym ein natives Radikal besitzt, welches mittels einem komplexen Protonen-
gekoppelten Elektronen-Transfers zur Katalyse eingesetzt wird. Dabei wird seit Jahren
E. coli class Ia RNR als Paradigma fiir class Ia Enzyme verwendet, welches das Analogon
zur humanen RNR darstellt.

In dieser Arbeit wurde modernste ESR Spektroskopie genutzt, um einige der
offenen Fragen im Zusammenhang mit RNR zu beantworten. Fortgeschrittene ESR
Techniken wurden genutzt, um hochauflosend die Struktur des stabilen Tyrosylradikals
Yi2# in E. coli class Ia RNR in lebenden, ganzen E. coli Zellen zu bestimmen. Dabei wurde
gezeigt, dass die Struktur und elektrostatische Umgebung dieses essenziellen Radikals
unter in vitro und in vivo Bedingungen konserviert ist. Uberraschenderweise verhilt sich
die Radikal-verteilung in lebenden Zellen jedoch anders, als durch bisherige in vitro
Experimente angenommen. Mismetallierung innerhalb der Zellen konnte als ein
moglicher beeinflussender Faktor identifiziert werden. Im Verlauf dieser Studien zeigte
sich, dass eine Mismetallierung mit Mangan nicht zu einer irreversiblen Inaktivierung
der Proteinaktivitat fithrt, sondern dass diese wiederhergestellt werden kann.

Weiterhin werden nebst in-cell ESR drei weitere Anwendungsbereiche der Magnet-
resonanzspektroskopie betrachtet. Zum einen werden Einblicke in den Entwicklungs-
prozess eines neuen Spin labels gegeben, bei welchem RNR als Modellsystem genutzt
wurde. Durch diese Studien wurde Azidophenylalanin als ein geeigneter Kandidat
identifiziert, welcher zur fortwdhrenden Weiterentwicklung im Feld der Spin-
Markierung zur Proteinstruktur-Aufklarung beitragen konnte. Weiterhin wurde eine
Hochdruck-apparatur genutzt, um den Einfluss von Druck auf die Struktur von E. coli
RNR mittels ESR zu untersuchen. Dabei offenbarte sich unter anderem die Prasenz eines
undefinierten Radikals, generiert durch den Einfluss von Druck. Schliefslich wurde
unabhangig von RNR cw-ESR zur Charakterisierung des Cso-Radikalsanions verwendet,
welches in einem molekularen Koordinationskafig generiert wurde. Eine ungewo6hnlich
lange Lebenszeit dieses Radikals wurde hierbei festgestellt, welches den Weg fiir

vielseitige Anwendungs-moglichkeiten erdffnet.

VI
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Ribonucleotide reductase - Chapter 1

Ribonucleotide reductase

Ribonucleotide reductase (RNR) was the first protein discovered carrying a free radical
and since has become a prime example of radical involvement in biological
transformations.! Even after decades of research, still many questions about the structure
and function of this complex protein arise. Answering these questions is of general

interest because RNR is an important drug target.

1.1. Introduction to ribonucleotide reductase

Ribonucleotide reductase is an essential enzyme in every living organism since it
converts nucleotides (NDP or NTP) into the corresponding deoxynucleotides (ANDP or
dNTP) through the reduction of the C2'-OH bond (Figure 1.1).>* So far, this protein is
the only known source responsible for de novo biosynthesis of dNTP and hence
substantially controls the nucleotide/deoxynucleotide pool in a cell. Due to this central
catalytic function, RNRs are one of the most-regulated enzymes.>” Increased RNR
activities are found in malignant transformation and tumor cells and thus have been a
target for various anticancer drugs.®® In addition, RNR inhibitors are used as antiviral

drugs, e.g., against herpes viruses or as antibiotics.!%-1?

(P)PPO

N N
o RNR o
—’.

H H H H
H H H

N=AUC,G

Figure 1.1: Reaction catalyzed by ribonucleotide reductases. RNR catalyzes the conversion of adenine (A),
uracil (U), cytosine (C), and guanine (G) nucleotides to deoxynucleotides.



Different classes of ribonucleotide reductases

1.2. Different classes of ribonucleotide reductases

All RNRs are characterized by a structurally homologous active site for nucleotide
reduction located in the large a subunit. Catalysis requires the formation of a thiyl
radical species (Cyse). Depending on the metal-ion-driven thiyl radical generation
mechanism of different RNRs, they are divided into different classes (I, II, and III), with
class I divided into five subclasses a-e (Figure 1.2).13%5 Class I enzymes require a
dimetallocofactor, whereas class II utilizes an adenosylcobalamin cofactor. Class III uses
a glycyl radical, which is, in turn, formed by a 4Fe4S iron-sulfur cluster coupled to
S-adenosylmethionine (SAM).

CH,Ado
NN class I s class Il y A
o H
\_ O
DMB
class |
class la class Ib class Ic class Id class le
OH
O- Q- /—© OH
/ : ‘ : H ’ : 0-
(0] (0] ?
Fe”‘/ ~ Fel Mn' N Mn! an/ \Fe”‘ Mn™ 2N Mn'v
o N

Figure 1.2: Different classes of RNR based on the required metallocofactor for Cys* formation. Cofactors
are shown schematically and simplified. Cyse is marked in gray. Ado: adenosyl, SAM:
S-adenosylmethionine, DMB: dimethylbenzimidazole.

Furthermore, the classes differ in their oxygen tolerance; class I enzymes are aerobic,
whereas class III RNRs are anaerobic and inactivated by the presence of oxygen.!® In
contrast, class II RNRs are indifferent to oxygen, implying they neither require oxygen
nor are they inhibited by it.* Consequently, the emergence of the various classes varies
with different life forms. Class I can be found in all three domains of life, eukaryotes,
eubacteria, and a few archaea. Class II proteins occur in both aerobic and anaerobic
organisms and are primarily found in eubacteria and archaea. Class III RNRs exist in
obligate and facultative anaerobic eubacteria and archaea.

The first class I enzyme that was biochemically characterized requires a binuclear
high spin Fe! complex to form an organic radical species, later designated class Ia.'* Over
the years, knowledge has accumulated about five different subclasses distinguished by
their number and type of metal ions. It was found that class Ia requires a diiron center

(FeFe') for generating a tyrosyl radical Ye. Class Ib binds a dimanganese center



Ribonucleotide reductase - Chapter 1

(Mn"Mn") to generate a Yo, although this radical can also be generated with a diferric
center (Fe"Fe").”-1 Class Ic harbors a mixed Mn'VFe! metallocofactor.?-2> Recently, class
Id containing a MnMn' cluster and the metal-free class Ie were discovered.?>-2* Apart
from their metals, the subclasses also differ in two other points: the oxidant used to
assemble the active cofactor and the involvement of additional proteins such as the
flavoprotein NrdI (Figure 1.3). After complete cofactor assembly, some of these enzymes
form stable tyrosine radicals (class Ia and Ib), further required for Cyse formation,
whereas others use metal-centered Cys oxidants (class Ic and Id). The metal-free class Ie
is an exception, given that it forms a tyrosine radical-derived structure, a

dihydroxyphenylalanine radical (DOPA®).

la o
—— OH — OH,
[ *0 [ 0
e m/ ™~ v m/ ™~ 1]
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\O/ O/
H, H,
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OH o o M o
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| |V|n”'/ \an Mn"'/ \Mn'”
1} 1}
Mn Mn \O/ O/
H H,
O O ~O
— —— OH H
OH, M o IO
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Mn Fe o 0
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Figure 1.3: Cofactor assembly mechanisms in different class I RNRs. Figure adapted from Ruskoski et al.’3



Class Ia ribonucleotide reductase

1.3. Class la ribonucleotide reductase

Class Ia is the most well-studied class of RNRs to date, whereas Escherichia coli (E. coli)
Ia RNR represents a paradigm for class I enzymes and thus has been the focus of
numerous studies. Although it has been six decades since the first discovery of
ribonucleotide reductase in E. coli cell extract,?” this protein still raises many questions,
including structural and mechanistic ones. For this reason, E. coli class Ia RNR is the

main focus of this work.

1.3.1. Tertiary and quaternary structure of E. coli class la RNR

In all class Ia RNRs, the catalytic reaction takes place upon intermolecular interactions
between two separate subunits, namely a large a2 subunit (2x86 kDa in E. coli, 761
residues) and a smaller 32 subunit (2x44 kDa, 375 residues), which are encoded by the
nrdA and nrdB genes, respectively. The individual subunits have been well characterized
via X-ray crystallography, so it is known that the a2 subunit holds two (/«)10 barrels.?8?
Surprisingly, both subunits own structurally disordered C-terminal tails, encompassing
residues 738 — 761 and 340 — 375 for a and [3, respectively. Nucleotide reduction occurs
in the a2 subunit, containing the catalytically active site and two types of allosteric
effector binding sites: a specificity and an activity site (Figure 1.4A).25% All four
nucleotides, CDP, ADP, GDP, and UDP, can be reduced in the catalytic site. The
specificity site, located at the dimer interface, can bind the allosteric effectors dATP,
dGTP, dTTP, and ATP, dictating which of the four nucleotides will be converted to the
corresponding deoxynucleotide and thus controlling the balance of the nucleotide pool.
The activity site, found at the N-terminus of a2, is controlled by ATP and dATP binding
and is responsible for determining the rate of reduction. While ATP promotes the
formation of the active a232 complex, dATP binding leads to the inactive a4[34 oligomer
(Figure 1.5).3

Once a2B2 is formed, nucleotide reduction is accomplished, presupposing the
formation of the thiyl radical species (Css9® in E. coli class Ia RNR). Cu9® is generated by
a diferric tyrosyl radical cofactor Yie, located in the 2 subunit (see Figure 1.4B). The
resulting Yize is an unusually stable radical with ti2 of about 4 days at 4 °C, compared
to 30 min in human or 10 min in mouse class Ia RNRs.163233 The transient thiyl radical is
formed during each catalytic cycle by a long-range proton-coupled electron transfer
(PCET) over a distance of ~32 A3 from 2 to a2 and involves the formation of conserved

aromatic amino acid radicals (Figure 1.4C), further discussed in Section 1.3.2.
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Figure 1.4: Structure of the E. coli class Ia RNR. (A) Crystal structure of the E. coli class Ia a2 subunit with
catalytic, activity, and specificity site highlighted in dark colors. Image was obtained by overlaying PDB
structures 4R1R? and 3R1R?. (B) Crystal structure of the E. coli 2 subunit with Y122 and the diiron cluster
highlighted. PDB: 5CI4%. (C) a232 complex assembly (PDB: 6W4X34) along with catalytically active residues.
(D) Schematic representation of the diiron cofactor. (E) Docking model of the a2B2 complex assembly
compared to the cryo-EM structure.

Previous studies on E. coli class Ia RNR demonstrated that the two subunits a2 and (32
cannot be purified as a stable complex, and dissociation rate constants kaissoc of 70 — 100 s
were established.’ Although a2(2 is formed transiently upon the catalytic reaction,
the complex dissociates after each turnover. Therefore, a232’s crystal structure remained
elusive for a long time, and understanding the reaction mechanism was puzzling.

Instead, a docking model of a 260 kDa a2B2 complex was used, based on shape
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complementarity of a2 and (2 individual crystal structures in agreement with
experimental data.?” 26 years later, a double mutant (FsYi22/E»Q-32/a2) brought the
breakthrough, which forms a long-lived o232 complex and thus enabled the acquisition
of a cryo-electron microscopy (cryo-EM) structure (see Figure 1.4C).3 Interestingly, this
structure indicates an asymmetry of the tetrameric complex, whereas the docking model
presented a symmetrical one (Figure 1.4E). For the first time, this cryo-EM structure
confirmed a long-assumed protein asymmetry that may be related to its half-site
reactivity (see Section 1.5). Understanding these structural differences and their

mechanistic implications is currently under investigation.

ATP
—
E—
active complex dissociated subunits  dATP-inactive complex
azp2 a4f4

Figure 1.5: Schematic representation of allosteric regulation of E. coli class Ia RNR via ATP and dATP
binding. a2 is shown in blue and (32 in orange. Figure adapted from Brignole ef al.* and Kang ef al.3*

1.3.2. The puzzle of the radical transfer pathway

The docking model and cryo-EM structure both propose a long distance of 35 and 32 A
between Y122 and Casy, respectively.?34 This represents an immense distance for a radical
transfer, as most biological systems show a separation of up to 14 A% between redox-
active cofactors. Therefore, it was postulated early that other aromatic amino acids, such
as tyrosine and tryptophan, must be involved in the transport pathway. Furthermore, it
was proven that at physiological pH, Y or W oxidation requires the concerted movement
of a proton and an electron, and thus the radical transfer was proposed to be realized via
a series of PCET steps.*#2 However, identifying the amino acid residues involved in this
process is complex and has required multiple studies. A closer examination of the
docking model led to four conserved amino acids (Y3s and Was in 32, Y731 and Y730 in a2)
as possible candidates.?

The location of Ysss on the flexible C-terminal tail, whose structure is unresolved,
complicates the determination of its role in the radical transport process. The distance
between Was and Y731 is estimated to be around 25 A based on the docking model, which
implies the involvement of the absolute conserved residue Ysse, positioned between Was
and Y71.4! Activity assays showed that mutations at Ysse render the protein inactive.*#
Participation of Was was suggested because of two observations. First, this residue is a

strictly conserved amino acid at the interface. Second, Wais was found to form an H-bond

6
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network with D237 and Hus. Was highly resembles Wia1 in cytochrome ¢ oxidase, which
forms a tryptophan radical intermediate during catalysis.*> WasY only offers residual
activity; however, no direct evidence has been given for the participation of Was in the
electron transfer of E. coli RNR until now.# Furthermore, mutation experiments of
residues Y731 and Y7z to phenylalanine resulted in inactive enzymes but intact interaction
of the individual subunits.* These studies laid the first foundation for a mechanistic
hypothesis and so predicted a radical transfer reaction according to:

Yize — [Was?] — Yase in 32 to Y731 — Y730 — Cazo in a2.

However, detection of radical intermediates along the pathway remained challenging,
and it is believed that the main reason for the absence of spectroscopic detection in wild-
type (wt) RNR is/are rate-limiting protein conformational change(s) upon substrate and
allosteric effector binding (2 — 10 s7).#” One strategy that in particular the Stubbe lab
extensively used to manipulate these rate-limiting steps was the implementation of
unnatural amino acids (UAAs) to study the PCET in RNR.

1.3.3. Unnatural amino acids help unravel the PCET mechanism

A standard tool for analyzing protein structure and function is the introduction of
mutations into the secondary structure, which allows the identification of amino acid
residues involved in catalysis and deciphering their role. However, the 20 canonical
amino acids, which offer limited functional chemistries, restrict the pool of variations.
Another technique used for around 20 years to circumvent these limitations is the
utilization of unnatural amino acids, also called non-canonical amino acids (ncAAs),
extending the genetic code and thus providing new physiochemical properties and
experimental possibilities.®* Over many years, the Stubbe lab has demonstrated
numerous examples on E. coli class Ia RNR in which each of the involved pathway
residues was site-specifically replaced with unnatural tyrosyl-analogs with altered pKas
or reduction potentials. Redox potentials are stated in relation to tyrosine with the
reaction Y — Ye + e +H*. A selection of employed UAAs is depicted in Figure 1.6. These
non-canonical amino acids offer minimal structural changes compared to natural
tyrosine, e.g., the van der Waals radius of fluorine atoms is only 0.15 A larger than that
for hydrogens.® Below are selected examples where the application of UAAs has led to

remarkable progress in elucidating the PCET mechanism in E. coli class Ia RNR.
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Figure 1.6: Overview of UAA usage in RNR. (A) UAAs incorporated into E. coli class Ia RNR. (B) Current
state of amino acids involved in the PCET reaction, substituted by UAAs. As the role of Was is unclear, it is
shown in gray. Footnotes a-h specify respective references. Please note that the indicated literature is
incomplete as only one example is given per UAA for clarity: a*!, b%, ¢%, d*, e%, ¢, g%, and h%®. Figure
adapted from Minnihan et al.#

The first remarkable example of UAA application as a radical trap in RNR concerns the
role of Yss. Using expressed protein ligation (EPL), Ysss was replaced with DOPA (Figure
1.6, UAA 2), which possesses a peak potential Ep of 260 mV lower than tyrosine at pH 7
but with comparable pKas.>® This mutation results in a catalytically inactive protein. The
reaction of YsssDOPA-B2 with wt-a2 together with substrate and effector was monitored
by stopped flow (SF) UV-Vis and electron paramagnetic resonance (EPR) spectroscopy.
These experiments revealed a 50% reduction of Yize® and subsequent generation of
DOPAss® in equal amounts.>® Although these studies proved that Ysss must play a key
role in the PCET, it was not understood at that time why only 50% of the primary Yixe
was consumed. In the absence of wt-a2 or nucleotides, no DOPAzss® was observed,
implying that nucleotides are required to initiate the radical transfer process. Kinetics of
DOPAssc® formation revealed multiple phases, providing first information about rate
constants for conformational changes. In the same year, findings of F.Ysss mutation
experiments were published, suggesting the application of these tyrosine analogs to
change the rate-determining step from a physical one to the radical propagation step by
tuning the reduction potential of Ysss® via F.Ys.?¢ Differential pulsed voltammetry
experiments of N-acetyl and C-amide protected F.Ys unveiled peak potentials ranging
from -50 to +270 mV relative to wt-Y in the pH region in which RNR activity can be
measured, and pKa values varying from 5.6 to 7.8. By increasing the number of fluorine
atoms on the phenol ring and modifying its position, the pKa and the redox potential can

be varied systematically (Figure 1.7).
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Figure 1.7: Proposed relative reduction potentials of unnatural amino acids substituting residues on the
radical transfer pathway in E. coli RNR. Note that this scheme only estimates relative reduction potentials
based on experimental observation. Absolute reduction potentials are not known. Figure adapted from
Minnihan et al.%

Further attempts were made to stabilize the radical on the pathway by using
3-aminotyrosine (Figure 1.6, UAA 3), whose peak potential was proposed to be 190 mV
lower than for tyrosine.®! The pKa values of NH:Y and Y are nearly identical.#? This UAA
was incorporated at positions 730 and 731 employing the in vivo nonsense suppression
method (details in Section 1.4) since the larger size of the a subunit and the location of
the residues within the protein impede EPL.>>¢2 Upon the reaction of NH2Y-a2s with
wt-B2 in the presence of CDP and ATP, a newly emerging EPR signal was assigned to
NH:Ye. Accordingly, NH2Y acts as a conformational probe and allows direct detection
of the physical state analogous to DOPA. Surprisingly, the aminotyrosine-mutants
retained residual activity, i.e., the ability of ANDP production. It was assumed that the
decrease in reduction potential of NH:Y relative to Y is insufficient to shut down the
radical transfer entirely.*>5% However, later experiments showed that catalytic activity
of NH2Y-RNR mutants is quite unlikely as the UAA acts as a deep thermodynamic trap.
The residual activity could be attributed to tyrosines mis-incorporated in place of the
UAA.% X-ray structures of YzoNH:Y-a2 and Y7sNH:Y-a2 indicate only minimal
structural changes relative to the wild-type enzyme with unusual stacked conformations
of Y730 and Y731.5 Interestingly, a flipped conformation of Y71 was seen in YzoNH2Y-a2s
structure, which at this time was considered provocative as it assumed a not yet
confirmed dynamic flexibility at the a2/p2 interface.

These examples impressively demonstrated that the non-canonical amino acids
used as radical traps have massively contributed to elucidating the radical transport
mechanism. Over time, EPR has established itself as a popular analysis method for these

long-lived intermediates (e.g., NH2Y ®s own fi2s on a minute scale).*?
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1.3.4. EPR measurements prove an a2pf2 complex assembly

The formation of stable radical intermediates in E. coli RNR opened the path for in-depth
analysis via advanced EPR methods. Because of its ‘two or none’ radical distribution and
half-sites reactivity (explained in Section 1.5), the use of double electron-electron
resonance (DEER) (Section 2.4.3), a spectroscopic method for determining distances
between two paramagnetic centers, is particularly suitable for investigating E. coli class
Ia RNR. First experiments of wt-p2 remarkably demonstrated the power of this
technique by establishing a distance of 3.31 + 0.2 nm between the Yi2®-Yi»® pair in the
B2 dimer,* which became a milestone of all current research. As the generation of
DOPAsss®, NH2Y7s1e, and NH2Y7s0e resulted in 50% residual Yi2e, a diagonal distance
between Y1z and the other residues was measured next.®® Especially for DOP Asss, these
data provided the first structural constraint for Yss in the active a2p32 complex, whose
location has so far remained unpredictable. The diagonal distances measured across the
a2P2 interface for Yize-NH:Y71® and Yize-NH:Y7ie pairs with 3.81 + 0.12 and
3.87 £0.18 nm, respectively, were in high agreement with those predicted from the
docking model (3.85 and 4.01 nm) (Figure 1.8). These EPR-based distance measurements

supported a long-range radical transfer mechanism.

Figure 1.8: Distances between redox-active amino acids in E. coli class Ia RNR. Diagonal distances
between redox-active amino acids in E. coli RNR, either predicted by the docking model (A) or obtained by
DEER measurements (B) as shown by Seyedsayamdost et al.> Residues are only labeled in one subunit for
clarity. As the position of Yss is unknown, it is omitted in the docking model (A) and is only schematically
visualized in (B). Please note that the illustration on the right is schematic, and distances are not to scale.

Direct evidence of the long distance that needs to be covered for Cs9® formation and
substrate reduction was later provided by distance measurements using an inhibiting
2’-azido-2’-deoxynucleotide NsNDP (shown in Figure 1.9 as 1b) that forms a long-lived
nitrogen-centered radical Ne (Figure 1.9 as 7), covalently bound to Czs and the
nucleotide in the active site of a2.%¢” Due to protein's half-site reactivity, radical transfer
initially occurs within a single af3 pair, stopped by the inhibitor. The reaction results in
one Ne formed per a2@2 and one remaining Yize. The employment of NsUDP in

10
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combination with DEER and double quantum coherence (DQC) spectroscopy confirmed
a diagonal distance of 4.8 + 0.1 nm between Yiz® and Ne, consistent with the docking
model.®® The absence of an Ne-Ne distance highlights the inability of a2f2 to be

catalytically active on both sites simultaneously.
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Figure 1.9: E. coli class Ia RNR reaction mechanism. (A) Schematic representation of the reaction catalyzed
by E. coli RNR in the active site of a2 in the presence of nucleotide 1a. The reaction precedes via intermediates
2-5, resulting in the deoxynucleotide 6. (B) Proposed reaction scheme upon binding of 2’-azido-2’-
deoxynucleotide 1b. Nitrogen atoms of 1b are shown in green. First, the intermediate 4 is formed according
to the scheme presented in (A), followed by the formation of 7, stated N. Details of the reaction mechanism
were discussed by Fritscher et al.®

In addition to the fact that all these experiments support the assumption of a232
complex arrangement, they also provided information about the thermodynamic
landscape of radical transfer. Potentials of Y122 < Yss6 < Y731 = Y730 < Cazo increase, driven
by the irreversible loss of H>O during nucleotide reduction.*>%5 With this knowledge at
hand, particularly F.Ys with their ability to precisely tune pKa values and the redox

11
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potential were implemented to manipulate the rate-limiting steps during the PCET
pathway. F.Ys incorporation thus allowed investigation of otherwise reactive
intermediates. Especially the usage of 2,3,5-FsY has been demonstrated as a useful
radical trap during the PCET pathway.%” If incorporated at position 122, the stable
FsYize is generated with a characteristic EPR lineshape, which is easily differentiable
from the wild-type radical. This mutant is catalytically active and performs a single
turnover reaction. However, due to its higher relative reduction potential of the UAA
compared to wt-Yize, the radical is trapped during the reverse radical transfer at
position 356 (Figure 1.10A). This method of trapping Ysse® allows spectroscopic
characterization of the intermediate without the need to introduce specific tyrosine
analogs at position 356. Furthermore, Yss® was generated by the reaction of FsY122-32
with either Y71F-a2 or Y7sF-a2. In contrast to Yssc® generated with wt-a2 during the
reverse radical transfer, these mutants allowed Yss® formation during the forward

radical transfer (Figure 1.10B).
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Figure 1.10: Estimated relative reduction potentials of residues involved in the radical transfer
mechanism. Mutations are highlighted in black boxes. Introduction of FsY12 into 32 allows trapping during
the reverse radical transfer (A), whereas the additional mutation Y73iF in a2 blocks the forward radical
transfer (B). Both pathways result in the trapping of Yssce.

Multi-frequency EPR investigations up to 263 GHz allowed accurate resolution of g- and
hyperfine coupling values of Ysss®. All trapped radical intermediates revealed shifted gx

values with regard to other known Y ¢ signals. The determined gx of 2.00619 was “one of
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the lowest g« values reported so far””’. As a comparison, Yize® has a gx of 2.00915
according to the latest 263 GHz EPR experiments.” This shift indicates a strong polar
environment with strong H-bonds near the phenolic oxygen atom of Yi22. One advanced
EPR method often used for probing hydrogen bonds is electron-nuclear double
resonance (ENDOR) spectroscopy (explained in Section 2.4.4). ENDOR experiments
indicated that Yssc® forms (at least) one moderate H-bond arising from a cluster of water
molecules involved in the PCET reaction.”%”? Furthermore, the radical intermediates
generated via different mutants revealed different g« values. Ysse(wt-a2) and
Ysse® (Y730F-a2) both showed the described gx value of 2.00619. In contrast, Ysse® (Y7s1F-a2)
showed a second resolved g« value at 2.00720, indicating the presence of a radical species
in a distinct local environment. It was concluded that the presence of the distinct species
depends on the ability to communicate between residues Ysss and Y731 via H-bonds across
the subunit interface. These studies demonstrated the importance of structured water
molecules for the radical transfer mechanism in E. coli class Ia RNR.

Another issue that EPR helped to clarify was the flipped conformation of Yz
predicted from the crystal structure. DEER studies on the NH2Y7:1/Ra1A-a2 double
mutant unmasked the first experimental evidence for a Y731 conformer flipped towards
the a2/(2 interface.” Two distinct distances of 3.9 and 3.5 nm were detected for the Yize-
NH:Y7:1® pair, indicating that Y731 can adapt a stacked and a flipped conformation
relative to Y70. However, the shorter distance could only be obtained in the presence of
the additional RsnA mutation. Orientation-selective F ENDOR measurements
performed at o/ pairs of 3,5-F2Y71-a2 with either 2,3,5-FsY12-32 or EsQ/FsY12-(32
allowed determination of the interspin distance and orientation between Yssc® and the
YF atoms of F2Y731.74 In both cases, presence of a flipped Y731 conformation was confirmed,
suggesting that the flexibility of this residue might be a crucial element for the
communication during PCET. It is currently assumed that the PCET first takes place
between Ysss and Y71, while the following transfer to Y7z requires a conformational
change as this transfer occurs in the stacked conformation of Y731/Y730.7 The combination
of these examples with numerous other studies eventually led to the current model of
PCET mechanism in E. coli class Ia RNR, as represented in Figure 1.11.

13
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Figure 1.11: Current model of the radical transfer pathway in E. coli class Ia RNR, including redox-active
amino acids Y1z, Ysss, Y731, Y730, and Caso. Was in 2 is believed to donate an electron during the cofactor
assembly reaction and is therefore indicated in brackets. Y71 was shown to adopt two different
conformations, depicted in grey each. Yiz2# is separated by about 32 A from the active site, according to the
latest cryo-EM structure.®

1.4. Incorporation procedure of unnatural amino acids

More than 200 UAAs with specific characteristics were designed over the years, and
many approaches for effective in vivo or in vitro incorporation were developed.”>”® The
introduction of UAAs can be performed via expressed protein ligation or, more
commonly, via the nonsense-codon suppressor tRNA method.”” EPL is based on intein-
mediated self-splicing of the product.” The latter method does not require splicing but
two key components of the protein synthetic machinery (Figure 1.12).45

First, a codon that is not used by naturally occurring amino acids and can
exclusively be employed for the non-canonical amino acid is needed. Therefore, a stop
codon is commonly utilized, which is least used in the expression organism. For E. coli
and yeast, the amber stop codon TAG is the first choice among the three existing ones.
Using TAG thus ideally prevents growth perturbation of the host organism. The stop
codon usage was expanded lately so that even two different unnatural amino acids can
be incorporated at distinct sites in the same protein by a combination of amber and
frameshift codons (e.g., TAG and AGGA).”

14
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Figure 1.12: Unnatural amino acid incorporation through in vivo nonsense codon suppression method.
Plasmids containing suppressor tRNA (green), an evolved tRNA synthetase (RS) (blue), and the targeted
gene (orange), modified with the amber stop codon (red), are transfected into E. coli cells. Cells are grown
in UAA-containing medium. RS loads the tRNA with the respective UAA (yellow star). The ribosome (grey)
recognizes the nonsense codon within the mRNA of the gene of interest and uses the charged tRNA to site-
specifically incorporate the unnatural amino acid into the nascent protein chain.

Second, an orthogonal tRNA-aminoacyl/tRNA synthetase pair is required. The tRNA
recognizes the stop codon and will be loaded with the amino acid of interest by the tRNA
synthetase (RS). This orthogonal tRNA-synthetase can often be derived from a different
organism with distinct recognition elements, which therefore do not cross-react with
endogenous synthetases. For E. coli, the first orthogonal tRNA-synthetase pair was
derived from an archaeal tyrosyl-tRNA synthetase pair from Methanococcus jannaschii.*>
The evolution of this tRNA-synthetase pair has allowed over 20 UAAs to be
incorporated via expression in E. coli.® Further variants of these tRNA pairs were
developed and validated by detailed positive and negative selection criteria, leading to
altered synthetase specificity.®! Positive selection turns are conducted in the presence of
UAA and synthetase. Therefore, an amber codon is placed in a drug-resistance gene at a
nonessential position, allowing the selection of tRNAs/RS pairs by their ability to insert
an amino acid in response to the used stop codon. Cells with non-functional tRNA or
tRNAs not recognized by RS will be sensitive to the selected antibiotic. Next, in the
negative selection, an amber codon is introduced in a toxic gene at a nonessential
position and carried out in the absence of UAA and/or synthetase. Often the toxicity of
barnase is tested for selection in E. coli. When the selected tRNA is aminoacylated by
endogenous E. coli synthetases, the amber codon is suppressed, and the toxic product
barnase leads to cell death. Cell death also results if the tRNA is incorrectly loaded with
a naturally occurring amino acid in the absence of UAA. Thus, only cells that do harbor

an orthogonal tRNA charged with the desired UAA will survive. On average, three to
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six rounds of selection are required to find a tRNA/RS pair that meets the criteria for
orthogonality. The evolution theoretically enables the introduction of any unnatural
amino acid into a target protein. With the right choice of the two components described,
such incorporation is highly efficient. In the event of incorrect or missing incorporation
of the UAA, the translation will be aborted, resulting in truncated protein. The modified
protein can be easily separated via size exclusion chromatography during protein

purification.

1.5. Radical distribution and half-sites reactivity in E. coli RNR

Through a series of experiments, insights were gained into two mechanistic
characteristics of E. coli class Ia RNR. The first point concerns the radical distribution of
Yize in the 32 subunit. The diferric-Ye cofactor can be reconstituted in two different
ways. Either, this involves the addition of ferrous ammonium sulfate and sodium
ascorbate to the cell-free extract prior to 32 purification. Instead, 2 can also be purified
in the apo form, and subsequently, the cofactor can be self-assembled by treatment with
ferrous ammonium sulfate and O:. In both cases, the optimized process results in 3.6
Fe'/32 and 1.2 Ye/B32. The reason why maximum loading is not reached, namely 4
Fe'/32 and 2 Ye/B2, remains hidden. For FsY1»-32, apo-purification and subsequent
cofactor yielded ca. 0.8 FsY*/32.82 Monitoring the reaction of FsYi»-p2 with wt-a2 by
rapid freeze-quench (RFQ) EPR unraveled, that 50% of the initial FsY® was converted to
Yssee, regardless of the radical yield used in the sample. These results provided evidence
for a ‘two or none’ radical distribution in the 32 subunit of E. coli RNR.®2 This means a
sample with a radical yield of 1.2 Ye/B2 consists of 60% active 32 dimers and 40%
inactive ones. (Figure 1.13). Consequently, dimers with only one radical do not exist. For

F3Y12, 40% active and 60% inactive ones are present reversely.
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Figure 1.13: Two or none radical distribution in E. coli class Ia RNR. Accordingly, wt-32 with 1.2 Ye/{32
consists of 60% active and 40% inactive dimers.

The second observation concerns RNR's reaction mechanism. All experimental results,
such as those obtained by radical traps or NsUDP, indicate that only one of the two

possible Yizzes in a2[32 reacts simultaneously. This observation was denoted as half-site
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reactivity of the protein. A model for the reaction mechanisms has manifested, starting
with the association of a2 and (2 pairs to form a symmetric o232 complex.
Conformational gating then leads to an asymmetric structure in which only one o/ pair
initiates the catalysis, here termed o’ and (' (Figure 1.14). After reverse PCET and
product release, conformational changes enable the second a/f pair to start the radical
transfer and hence the second turnover. Such a process results in 2 dNDPs/a2. While (32
returns to its original state containing two Yies, the alpha subunit is consumed since
residues Czs and Cue2 have been oxidized to form a disulfide bond.®38* Crs and Crsy,
located on the C-terminal tail of a2, aid in rereduction of the active site disulfide.¥
Afterward, it is suggested that the individual subunits dissociate and reassociate,
followed by a third and fourth turnover. In the absence of an endogenous reduction
agent, a maximum of 4 dNDPs per a2 can thus be formed during a complete turnover.
A detailed overview of the individual reaction steps and their kinetics is given by
Ravichandran et al.%” The occurrence of an asymmetric reaction process in contrast to a
symmetrical a2p2 structure predicted by the docking model appeared conflicting for a
long time. However, the recently obtained cryo-EM structure of a trapped active

complex directly supports this asymmetric behavior by its asymmetric structure.’
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Figure 1.14: Schematic representation of the half-sites reactivity in E. coli RNR. The radical transfer (and
thus catalysis) first occurs within a single o/p pair («’ and ('), followed by conformational changes and
product release (first turnover). Subsequently, the second o/f3 pair performs the catalysis (second turnover).
Figure adapted from Kang ef al.3
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1.6. The diiron cofactor assembly

Apart from the regulation maintained by a434 complex formation, a far less understood
regulatory machinery is the metallocofactor assembly in ribonucleotide reductase.
Correlations between Ye levels and protein activity were found for Saccharomyces
cerevisiae (S. cerevisiae) and E. coli RNR, both class Ia enzymes.® In E. coli, the essential
cofactor can be obtained from the apo enzyme in vitro by adding Fe''. After discovering
this option of cofactor reconstitution, three methods were frequently employed to
unravel the cofactor assembly in vitro: SF UV/Vis, RFQ-EPR, and RFQ Madssbauer
spectroscopy. These studies revealed that an extra electron is required for the four-
electron reduction of Oz, along with the three electrons resulting from the oxidation of

Y122 and 2 Fells.86-88
Y12z + 2 Fell + Oz + H* + e — Yize® + Fell-O>-Fell + H,Q. (1.1)

The missing reducing equivalent can be provided by another Fe atom, resulting in
3 equivalents of Fe!' needed to yield one mole of Yize. In practice, a maximum iron
loading efficiency of 3.2 — 3.6 Fe/32 is reached by this process, and thus the use of 5
equivalents Fe'/apo-32 has been established for a successful radical formation.’® The
diiron cofactor is coordinated by four carboxylate and two histidine ligands, buried
inside the protein, and thus protected from solvent.®” Yet, an internal hydrophobic cavity
and an open coordination site propose possible access for Oz. The oxygen is rapidly
added to the FeFe! center, resulting in a short-lived u-peroxo-Fe!'Fe!l intermediate.*!
The solvent-accessible tryptophan Was helps to cleave the peroxide unit by providing an
electron, forming a Was*® and a Fe'VFe center, entitled intermediate X.?2% This transient
high-oxidation state intermediate X is formed with a rate constant of 8 s and degrades
with a rate constant of 1 s according to kinetic analysis.® The rate constant for the
decomposition of X is in the same range as the one for Yiz® formation. While Was*e is
rapidly reduced by an external reductant (Fe", ascorbate, thiols), X is converted to the
u-oxo-FelFell cofactor, oxidizing the adjacent tyrosine to Yize.

Free Fe' is most likely not the additional electron donor inside living cells since Fe™
in vivo is highly reactive and would have to be chelated and maintained. Hence, the
intracellular cofactor assembly most probably involves a biosynthetic pathway. A
ferredoxin encoding gene was found by bioinformatic studies located downstream of
nrdB.” This gene encodes for YfeE in E. coli which is supposed to be involved in the
metallocofactor biosynthetic or maintenance pathway in vivo.

Furthermore, the two iron binding sites within a single 3 monomer exhibit different
binding affinities. The Fes site, which is 8.3 A away from Yi», has an approximately
5-fold higher binding affinity for Fel than the Fea site, located 5.3 A away from Yi2.%9
However, the Fe"Fe' center is inaccessible for EPR spectroscopy due to strong

antiferromagnetic exchange coupling between the two metal sites.”® In order to

18



Ribonucleotide reductase - Chapter 1

investigate the cofactor formation via EPR spectroscopy, Mn!' was chosen as a
paramagnetic substituent for Fe!, which has also been shown to bind to the protein metal
binding sites with a similar ligand environment.”!® Depending on the experimental
conditions, either noncooperative or anticooperative binding behavior was observed.
The first case occurred at a high glycerol concentration (20%) in the buffer, whereas
metal binding in both Fes sites of the 32 dimer was observed prior to Fea loading.” In
the next step, the Fea sites become metal-loaded so that binding of 4 Mn"/2 is achieved.
In the second model, where 5% glycerol was used, one Fes binding site on one side of
the dimer (P) is first occupied by Mn', followed by the Fea site in the same dimer half.
The other half of the dimer () remained metal-free, reaching a maximum of 2 Mn"/32.
In both cases, manganese-loaded subunits were unable to form Yize. Based on these
findings for anticooperative binding, it was hypothesized that once the protein is able to
form intermediate X, it is in such a conformation that favors metal binding in (.90
Details of the metal binding mechanism and its mechanistic implications, also with

regard to activity regulation, are still uncertain.

1.7. Class la ribonucleotide reductase in vivo

Overall, data concerning in vivo experiments on RNR are relatively sparse. A general
reason for this could be that endogenous RNR levels are below the detection limit for
most spectroscopic methods, so overexpression of the protein inside the host is
necessary.'”! First attempts to identify the free radical's nature in E. coli RNR were carried
out in the E. coli strain KK546, allowing overproduction of the target protein with
subsequent EPR characterization.!®!% The use of [f,f-?H]tyrosine'® and uniformly
labeled *C-tyrosine'® allowed to identify a tyrosine residue located in (32 being
responsible for the protein's characteristic EPR spectrum, which provided the first steps
toward simulations and interpretations of the radical species.

The class Ia radical is somewhat unstable as it degrades within minutes to days at
most, depending on the organism, and can also be scavenged by small molecules such
as hydroxyurea. Disappearance of the tyrosyl radical Yi2® leads to the inactive met-32,
with the diferric cluster being present but Y122 being reduced. However, it is known that
radical concentration and protein activity correlate, raising the question of a
maintenance pathway required in the cells. Inspired by this question, radical yields and
iron-loading efficiencies were compared in S. cerevisize and E. coli cells and crude cell
extracts.®>10! Strikingly, the two organisms showed different characteristics. While for S.
cerevisiae, the cells owned almost stoichiometric amounts of Y and diiron cluster per 3
subunit, E. coli exhibited substoichiometric radical yields. Even though low levels of Ye
were observed in E. coli (max. 0.25 Y ¢/B), the protein was almost completely loaded with
iron. Titration of the crude cell extract with reduced YfeE led to a surprisingly high

cofactor assembly efficiency, namely 2 Y®/B2 and 4 Fe/p2. These findings suggest a
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regulatory mechanism in E. coli, which might reduce Ye levels and downregulate RNR
activity if needed and vice versa. In contrast, results of S. cerevisiae indicated that diferric
Ye-cofactor concentrations are not regulated as a function of the cell cycle and thus are
not involved in RNR activity regulation in the cell. Although both enzymes belong to
the same class, they hold a different cofactor distribution. While in E. coli, the active
enzyme is formed by the homodimeric 382, S. cerevisiaze RNR consists of the heterodimeric
pp’.1041%5 Compared to B, three of the six amino acids involved in iron binding are
mutated in ', resulting in a maximum of 1 Ye/3[3".8551% Possible connections between
these different radical distributions and their effect on activity regulation have not been

clarified yet.
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Motivation

Problem

Its central role in DNA replication and repair and its unusual catalytic mechanism made
ribonucleotide reductases an attractive research target for biochemical and medical
applications. RNR reflects an outstanding example of a long-range radical transfer
mechanism in proteins and, in addition, is a highly regulated enzyme. Although much
information and studies are already available, the basic processes, including PCET,
cofactor assembly, and its regulation (especially in wvivo), are still only partially
understood. In order to target these processes for drug development, especially in
human RNR, the underlying mechanism must be clarified. An excellent prototype model
for this purpose is the E. coli RNR, which represents a paradigm for class Ia enzymes,
including the human one. The E. coli protein is by far the best characterized one of the

RNR family and is also easily accessible by expression in its original host organism.

Objective

This work aims to gain further knowledge on the various exciting areas of RNR research,
especially with regard to in-cell studies, and seeks to develop strategies to overcome
these challenges by using primarily EPR spectroscopy in combination with other
methods such as UV-Vis or high pressure. The in-cell EPR studies on a native
paramagnetic center will be the first of their kind, delivering unique insight into the

structure and regulation of E. coli RNR inside living cells.

Chapter overview
First, the basic theoretical principles and methodologies of EPR spectroscopy are
discussed in Chapter 2. These principles find their application in the following Chapters.
Chapter 3 focuses on the in-cell characterization of the stable tyrosyl radical in
E. coli RNR. To understand mechanistic details in the cells, in-depth characterization of
the in vivo protein structure is certainly needed first. The intrinsically occurring tyrosine
radical at position 122 is the perfect starting point for this type of study as it represents
the first step in the PCET mechanism. A few X-band in-cell spectra of Yi2® have been
presented earlier,'?-1% yet a detailed spectroscopic EPR characterization is missing.
Therefore, multi-frequency EPR and ENDOR spectroscopy are employed in this work to
probe the structure and electrostatic environment of Yize. Furthermore, orientation-
selective DEER distance measurements are utilized to examine Yize®-Yiz® pairs in the
cell and to conclude on (32 in-cell structure. Moreover, these studies address the radical

distribution in the cells.
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Studies on the in-cell radical distribution directly led to the next question concerning the
influence of different metal ions (in particular manganese and iron) on the cofactor
assembly and regulation of RNR inside the cell. The metallocofactor assembly
mechanism has only been studied in vitro so far. However, different metals present in
the cell might interfere with the correct cofactor assembly. In Chapter 4, DEER
measurements are used primarily to demonstrate how mismetallation occurs in the
protein and whether this process is reversible. These results revealed an unprecedented
asymmetric cofactor assembly in vitro and in vivo, consistent with protein asymmetry
and half-sites reactivity.

Conformational changes accompanying processes such as mismetallation or PCET
can generally be detected by performing EPR distance measurements in combination
with spin labeling. However, the existing spin labels are not optimal for this purpose.
Hence, Chapter 5 outlines the development of a new, rigid spin label suited for in-cell
distance measurements. The B2 subunit of E. coli RNR is thereby used as a model,
although this spin label can be introduced in all other existing proteins. First, the dimeric
2 requires only one labeling site per subunit, and second the expected distance between
a Yi»-Yi2 pair has been thoroughly described in Chapter 3, which makes this protein a
suitable candidate as a model system.

In Chapter 6, E. coli RNR is investigated under high pressures up to 4 kbar by using
a home-built high-pressure EPR setup. Pressure can be used to convert native to excited
conformational states in protein structures. The aim is thus to artificially induce
structural intermediate states in RNR that might play a role during PCET. Since the high-
pressure setup is new and RNR has never been examined under pressure, this part of
the thesis is intended more as a proof of concept for pressure studies on RNR.

Chapter 7 is independent of RNR studies and provides insights into a completely
different area of chemistry, for which EPR can also serve as an excellent tool. One-
electron photoreduction is used to generate a fullerene anion radical Ceo®- inside a
molecular coordination cage. Subsequently, the formed radical species is analyzed by X-
band cw-EPR, and its lifetime is determined. The EPR results are supported by UV-Vis
NIR studies.

Chapter 8 lists all materials and standard methods, such as protein expression and
purification and standard EPR pulse sequences. As soon as changes have been made to
the standard methods, they are mentioned in the materials and methods section of the
respective chapter. Furthermore, methods that were only used for specific tasks in
individual chapters are not mentioned in Chapter 8. Their descriptions can also be found

in the corresponding section of the specific chapter.
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Theoretical background

Electron paramagnetic resonance, also called electron spin resonance (ESR)
spectroscopy, is an essential and selective tool to investigate systems carrying
paramagnetic centers such as radicals or certain transition metal ions. This technique has
been widely used for elucidating the structure and function of biomolecules, particularly
proteins. In EPR, the resonant absorption of electromagnetic radiation by the
paramagnetic center is measured in the presence of an external magnetic field. Different
techniques, such as continuous wave (cw) EPR (see Section 2.3) and pulse EPR (Section
2.4), offer distinct experimental conditions and thus provide a variety of information.
Furthermore, advanced pulse methods offer various techniques to study electron spin
interactions and their environment. For example, long-range interactions such as dipole-
dipole coupling between two electron spins are routinely studied via DEER (Section
2.4.3), whereas local interactions of an electron spin with surrounding magnetic nuclei
can be probed by ENDOR spectroscopy (Section 2.4.4).

21. EPR theory

Electrons have an intrinsic angular momentum §, also called electron spin, which is a
quantum-mechanical entity without a classical analog.” The angular momentum is

linked to a magnetic moment p, via the electron gyromagnetic ratio y,
He = VeS. (2.1)

The gyromagnetic ratio is thus a proportionality factor and can be further expressed by
the g-value of a free electron (g = 2.002319315)!”, the Bohr magneton ug, and the
reduced Planck constant 2 = h/2m as

* Vectors and matrices are indicated in bold within this thesis.
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Ve = — 22, 2.2)
The spin state of an electron is described by two quantum numbers: the spin quantum
number S, and the magnetic spin quantum number mg. For one unpaired electron, S
equals 1/2 and mg can take the values of +1/2. If an external magnetic field B, = (0,0, By)
is applied, the electron spin vector is spatially quantized and aligns parallel (a state) or
antiparallel (B state) to the magnetic field. The z-component of the spin vector S, can
thus be described as

S, = mgh (2.3)

and the magnetic moment takes two discrete values

g 1
Hez = _eTuBmSh = iE‘geMB- (2-4)

The energy E of the spin states is given by

E= _:ue,zBO = gellpmsB,. (2-5)

In the absence of a magnetic field, the magnetic moment is randomly oriented and the
two energy levels are degenerate, whereas the application of B, leads to a splitting of the
two states, the so-called electron Zeeman splitting (Figure 2.1). The energy levels of these
two spin states with the electron spin aligned parallel (mg = +1/2) or antiparallel
(mg=-1/2) in respect to the magnetic field, also called spin ‘up’ and ‘down’, are
described by

1

Ey = +Ege.uBBO (2.6)
1

Eg = — - gettpBo. (2.7)

The Boltzmann distribution describes the ratio of the number of spins N populating each

energy level with kg as Boltzmann constant and T as absolute temperature:

AE getBBo
— e kT = ¢ kg (2.8)

Ng
Ng

Transitions between the o and 3 states can be induced by electromagnetic radiation in
the microwave range, whose oscillating magnetic component B; is oriented
perpendicular to B,. Therefore, the energy quantum of the radiation must match the

resonance condition
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AE = hv = Eq — Eg = gelsBo. (2.9)

la>
my=+1/2
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Figure 2.1: Electron Zeeman splitting of the energy levels of an electron spin with S =1/2 in the absence
and presence of magnetic field Bo. Blue arrows indicate the orientation of the electron spin vector. The red
line indicates microwave (mw) absorption at resonance condition. Frequency bands commonly used in EPR
spectrometers are shown with the corresponding frequency and magnetic field values. Figure adapted from
Junk et al.108

The resulting microwave absorption is detected as an EPR resonant line, with the
microwave frequency typically held constant and the magnetic field swept. EPR
spectrometers operate at different microwave frequencies. The most common ones, also
used in this work, are X- (8 — 10 GHz), Q- (~34 GHz), and W-band (~94 GHz). The range
>90 GHz is generally considered ‘high-frequency’.!® As demonstrated by equation 2.8,
an increasing magnetic field causes an increase in population difference between the two
spin states and thus enhances EPR signal intensity. Furthermore, the sensitivity can be

enhanced by lowering the temperature.

2.2. The spin Hamiltonian

Unpaired electrons in a sample typically cannot be regarded as free electrons because of
environmental interactions with nuclear and other electron spins, expressed as separate

terms in the spin Hamiltonian %5 with
Hs = Hgz + Hng + Hur + Hex + Hpp + Hng + Hzrs (2.10)

and Hy; describing the electron Zeeman interaction, Hyz; the nuclear Zeeman
interaction, Hyp the hyperfine coupling, H.y the exchange coupling, #pp, the dipole-

dipole coupling, Hyq the nuclear spin quadrupole interaction, and Hygs the zero-field
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splitting.!° The description of these interactions is widely covered in magnetic resonance
literature. Therefore, the following sections will provide only a short overview of the

different terms and their impact on the present studies.

2.21. Electron Zeeman interaction
The electron Zeeman interaction describes the interaction of the electron magnetic
moment with the applied magnetic field. In the operator form, the interaction of an

electron or nuclear spin is, in general, described by
H =-B{p (2.11)

using the external magnetic field operator B (the circumflex will be omitted hereafter)
and the magnetic moment operator fi.""! The superscript T indicates the transposition of

a matrix or a vector. Insertion of equations 2.1 and 2.2 results in
Hey = %ngf (2.12)

for the electron Zeeman interaction with B, = (BOX, Boy, BOZ). g is the g-tensor and § the
electron spin operator § = (8,,5,,5,). As the unpaired electron can experience spin-
orbit coupling between the orbital angular momentum (L) and the spin angular
momentum (S), the observed g-value will deviate from g. and becomes anisotropic. The
g-tensor is assumed symmetric and can be described by three principal values g, gy, and
gz For isotropic systems, the principal values are equal (gx = gy = gz). Axial symmetry is
characterized by g«= gy # -, whereas for rhombic symmetry all three principal values
are distinct (gx# gy # g2). If the paramagnetic sample is transferred to a low-viscosity
environment, e.g., from frozen into liquid state, fast molecular motion averages out the

three g-values to the isotropic g-value giso

1
Yiso = E(gx + 9y + gz)~ (2.13)

2.2.2. Nuclear Zeeman interaction

The nuclear Zeeman interaction is the analog of the electron Zeeman interaction but, in

this case, defines the interaction of the nuclear spin I with B. Similar to equation 2.12,

it is described by:
Hnz = =2 Bignl, (2.14)
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where u, denotes the nuclear magneton and g, the nuclear g-value. The negative sign

comes from the opposite electric charge of a nucleus compared to an electron.

2.2.3. Hyperfine coupling

Some of the most informative parameters in EPR spectroscopy are hyperfine couplings.
This effect is found when the electron spin is in proximity to a nucleus with a nuclear
spin number [ > 0. The electron thus experiences the local magnetic field generated by
the nucleus in addition to the external magnetic field. The spin Hamiltonian describing

this interaction between an electron spin § and a nuclear spin I is given by
ﬁHF = §TA7 (215)

A is called the hyperfine coupling (hfc) tensor and provides information on the nature,
orientation, and coupling strength of surrounding magnetic nuclei. This tensor is

composed of two physical contributions:!'?

A=a;,1+T. (2.16)
The element 1 is the unit matrix. The isotropic part a;s, mainly results from Fermi-
contact interaction, which is characterized by the spatial probability density of finding

an unpaired electron in an s orbital at the same position as the nucleus and is non-zero.

The ays, is given by
2
Giso = 572 JelBInkn| Po(0)|? (2.17)
with the vacuum permeability p, and the electron wave function ¥, (7). |¥,(0)|? is the

probability density of the electron density located at the nucleus (r = 0).!* As shown for
Jiso In equation 2.13, a;s, can be obtained accordingly:

1
Qiso =3 (Ax + Ay + A,). (2.18)

Orientation-dependent electron-nuclear dipole-dipole couplings of electrons residing in
p, d, and f orbitals are considered in the dipolar coupling tensor T. For isotropic electron

Zeeman interactions T is defined by
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-1
T= 4:#geﬂBgn#n < -1 > (2.19)
2

However, the equation is occasionally used as an approximation for small g
anisotropies.!’® Here, r is the distance between the magnetic dipoles of the electron and
the nucleus.

The presence of nuclear spins with I > 0 leads to a splitting of the detected spectral

lines. For m nuclei with spins I the number of allowed EPR transitions Ngpg is'*
Ngpr = [Tk (2l + 1). (2.20)

Thus, for an exemplary system with S=1/2 and I=1/2 (e.g., a proton), two EPR lines will
be detected.

2.2.4. Weak electron-electron interactions

Systems with more than one electron undergo further exchange and dipole-dipole
interactions. While two electrons with a strong interaction that experience zero-field
splitting (Section 2.2.6) are usually treated collectively, weakly coupled spins are usually
viewed as individual spins S1 and S2. Then exchange couplings and dipole-dipole
couplings need to be considered. The exchange interaction decreases exponentially with
increasing distance between two paramagnetic centers. At short distances (r < 0.8 nm),
exchange coupling is predominant, whereas at longer distances (r > 1.5 nm), dipole-
dipole coupling prevails."'> Exchange couplings can be observed if the orbitals of the two

spins overlap to a significant extent. The Heisenberg exchange coupling is defined by
Hox = —2J5,8, (2.21)

with the isotropic exchange interaction J.!* It must be noted that various forms of this
mathematical description circulate in the literature. In the formalism selected here,
negative values for J correspond to antiferromagnetic coupling, meaning the lowest total
spin state is energetically favored. In contrast, positive values indicate that the highest
total spin state is energetically favored, hence the coupling is ferromagnetic.

However, dipole-dipole interactions are the focus of this work, which are

characterized by the dipole-dipole coupling tensor D:!1

Hop = SIS, = L2 g, g, [STS, - = (5T7)(81r)| (222)
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Here, r is the inter-spin vector connecting two magnetic dipoles (Figure 2.2), r its
distance, and g; and g, the g-values of the two spins. Hpp is often also expressed as
follows:

Fop = 522 g1gou3[A+ B+ C +D + £ + F].ns (2.23)

The operators A - F are used to descibe the orientation of the molecule with respect to
the external magnetic field. Their expression can be found in the literature.!” If the
Zeeman splitting of the electron spin states is large compared to the dipolar coupling
between the electron spins and g-anisotropy is neglected, only A must be

considered.!%1? Then the equation simplifies to:
ﬁDD = wDD(l -3 COS2 0)3132 (224:)

with the dipolar coupling constant wpp,

2
_ HoHB 9192
Wpp = _4-1'[fl _1"3 . (225)

The angle between the static magnetic field B, and the interspin vector connecting the
coupled electron spins is represented by 6 (Figure 2.2). Since the dipolar coupling
frequency is proportional to 3, the distance between the coupled spins can be resolved
with corresponding spectroscopic methods.!?!

M,

H,

Figure 2.2: Dipole-dipole interaction. Interaction between two spins S1 and Sz with their respective
magnetic moment py and p,, connected by the interspin distance vector r. Dipoles are aligned along the
external magnetic field By. Figure adapted from Borbat et al.??

2.2.5. Nuclear spin quadrupole interaction

Nuclear quadrupole interaction (NQI) is only observed for nuclei with a spin quantum
number [ > %. Their non-spherical charge distribution induces an electric quadrupole

moment Q, which interacts with the electric field gradient at the nucleus generated by
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the electrons and surrounding nuclei.!’® The Hamiltonian of this interaction can be

described using
Fing =17Ql (2.26)
The nuclear quadrupole tensor Q is defined by

Q1 ¢20q -(1-n)
Q= Q2 = W@i-Dh —-(1-n) , (2.27)
Q3 2

where e is the elemental charge, q is the charge of the nucleus and 1 the asymmetry

parameter

n=4"% (2.28)
Q3

which can take values between 0 and 1 with the ordering convention |Q;| < |Q,| < |Qs].
NQIs are usually not resolved in cw experiments, as all EPR transitions are shifted
equally due to first order of perturbation (Figure 2.3). Second-order effects such as a shift
of resonance lines and the appearance of forbidden transitions are difficult to observe
but can be detected experimentally with pulse EPR methods such as ENDOR.
Inhomogeneous broadening of the EPR lines often hampers the detection of weak

nuclear quadrupole interactions.

mg = +1/2 m =0 _

m, = +1
- m =-1
g o m=0 )
mg=-1/2 i T

Electron  Nuclear Hyperfine  Nuclear
Zeeman Zeeman  Coupling Quadrupole
Interaction

Figure 2.3: Nuclear quadrupole interaction. Energy level diagram for a system with S=1/2 and =1 in the
strong coupling case (1 A/21 > |vil) with Q >0 and n=0. Allowed EPR transitions (Ams = +1 and Ami=0) are
marked with blue lines. Figure adapted from Goldfarb et al. and Colligiani.!'6123
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2.2.6. Zero-field splitting

A system with a total electron spin larger than 1/2, in which the electrons experience
strong coupling, is described by the anisotropic zero-field splitting (ZFS). Prominent
examples are transition metals with unpaired d-electrons (e.g., high-spin Mn") or triplet
states in organic molecules. ZFS in transition metals often arises from spin-orbit
coupling, whereas dipolar interactions play a major role in organic molecules.’?* As the
name implies, zero-field splitting is also present in the absence of an external magnetic

field. Its Hamiltonian can be written as
‘{]:-\[ZFS = §TD§ (229)

containing the zero-field splitting tensor D with its principal values Dy, Dy, and D, where
|D,| = |Dyl, |Dy|. Parameters D and E are defined as the axial and transversal

components, respectively:

_ 3D,

= (2.30)
E= @- (2.31)

The Hamiltonian can be represented in the principal axis system of D:
Hzps = D (522 —25(S+ 1)) + E(S2 - 52). (2.32)

Note that for axial symmetry along the z-axis Dy and D, are equal so that D # 0 and

E =0, whereas for rhombic symmetry both D # 0 and E # 0 are valid.

2.3. Cw-EPR

Two mechanistically distinct types of experiments can be performed to record an EPR
spectrum: cw- or pulse EPR (described in Section 2.4), with the former usually being the
simplest possible experiment. In cw EPR, a sample is continuously irradiated by mw
power. Its frequency vmw is kept constant while the external magnetic field B, is swept.
Sweeping the mw frequency is not possible with commercially available EPR
spectrometers due to technical constraints.!” The mw field is built up in a resonator
which typically has the form of a rectangular or cylindrical cavity.?¢ At the center of a
rectangular cavity designed for the TEi2z mode, the amplitude of the magnetic
component of the mw field exhibits a maximum, whereas the electric component has a
local minimum at this position.!® The coupling of the cavity can be adjusted by the size
of an iris. If this resonator is critically coupled, the incident mw power is entirely

absorbed by the resonator. Under the resonance condition, the transition between the

31



Pulse EPR

two spin states is induced in the sample by the mw irradiation, which results in
additional absorption. Since the coupling is no longer critical, this leads to a reflection of
mw power, measured as a function of the applied magnetic field. The recorded spectrum
in cw experiments is presented in the form of the first derivative yielded by the
sinusoidal amplitude modulation of the magnetic field and the lock-in detection.""® An
appropriate choice of the field modulation amplitude By,,4q needs to be considered. By,q

may not exceed the peak-to-peak amplitude of the EPR signal AB,, because otherwise,

p’
line broadening takes place, and spectral information will get lost. For accurate

measurements, choosing Bp,q of at least one third of ABy, is recommended.

24. Pulse EPR

Although cw is a popular spectroscopic method, some information is very difficult or
even impossible to obtain by simply using cw-EPR. Some examples are relaxation times,
small hyperfine couplings, or intermolecular interactions. Developing new pulse EPR
methods is a growing field of interest to overcome these challenges.

Short (ns range) high-power microwave pulses are generally used to induce spin
transitions in a pulse EPR experiment. The fundamental aspects of spin dynamics can
best be visualized via the motion of the macroscopic magnetization vector M within a
rotating coordinate system, known as rotating frame. Magnetization is the sum of the
individual magnetic moments of the spins normalized to the volume. In the presence of
the external magnetic field B, = (0, 0, By), the magnetic moment is either aligned parallel
or antiparallel to By. According to the Boltzmann distribution, the parallel state of the
magnetic moment has lower energy and a higher spin occupancy at thermal equilibrium.
Therefore, the net magnetization M, is observed parallel to the z-axis. However, M

precesses along the z-axis of the laboratory frame with the Lamor frequency wy,
gu
wy, = TBBO = _yeBo. (233)
The introduction of an mw pulse generates an additional magnetic field component B,
perpendicular to B, and causes M to undergo a supplementary precession,

complicating its description. This problem is simplified by introducing the rotating
frame formalism, which rotates around the z-axis of the laboratory frame with w;,. When
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a suitable microwave pulse is applied, the only precession in the rotating frame is

observed along the B,-direction with the Rabi frequency w,

w; =T By (2.34)

The pulse turning angle 6, also called flip angle,'”” is described by
0 = wytp. (2.35)

This description clearly demonstrates that the flip angle is proportional to the mw pulse
length ¢,

Typically, the transverse magnetization is measured in a pulse EPR experiment.!®
The most straightforward pulsed EPR experiment is based on a single 1t/2 pulse, which,
by definition, rotates the magnetization by 90° to the —y-direction, assuming B is along
the x-axis. After switching off the mw pulse, the magnetization vector returns to its
equilibrium position along the z-axis due to spin-lattice relaxation described by the T1
relaxation time (Section 2.4.2). Meanwhile, the magnetization vector will precess around
the z-axis, causing oscillations of the My and My, components, which can be monitored as
free induction decay (FID). Additionally, to the described spin-lattice relaxation, the
transverse magnetization dephases due to spin-spin relaxation, characterized by the T2
relaxation time (Section 2.4.2). However, recording the FID is often not the best
experimental choice due to the dead time of the spectrometer which is around 100 ns.!'5
After high-power pulses, the power levels are too high to open the sensitive receiver.
Most EPR lines are inhomogeneously broadened, leading to a fast decay of the resulting
FID, shorter than the dead time, so that the FID is not observable.!"> This problem can be
solved by applying a second pulse, described in the next chapter.

2.41. The Hahn echo experiment

The Hahn echo sequence is a two-pulse electron spin echo (ESE) experiment where the
dephasing of the spin packets can be partially reversed by adding a m pulse after the
initial 7t/2 pulse (Figure 2.4) and was first described by Erwin Hahn.'”® The time between
these two pulses is denoted as t. Thus, an echo is observed after a delay time of 2t. After
the first 7/2 pulse, the spin packets dephase during t because of the distribution of their
Lamor frequencies. The 1t pulse causes a rotation of the spin packets by 180° around the
x-axis so that after 2t, all spin packets are refocused at the y-axis, yielding the detectable
Hahn echo, also called primary echo. Its amplitude is proportional to the number of
excited spins. By plotting the integral of the echo versus the swept field, an EPR
spectrum is obtained. This two-pulse experiment provides the basis for many other

advanced pulse techniques.
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Figure 2.4: The Hahn echo sequence, consisting of two pulses leading to the electron spin echo (ESE).
Magnetization of the spin ensemble (blue arrow) in the rotating frame is shown at the corresponding time
points. Figure adapted from Goldfarb et al.11¢

2.4.2. Relaxation

Relaxation theories are among the more complex mathematical constructs. Hence, a
numerically precise description is not presented in this work but, instead, a
phenomenological approach.

After applying a pulse, the spins will start to relax back to thermal equilibrium,
driven by longitudinal (spin-lattice) and transversal (spin-spin) relaxation. The first
process is characterized by Ti, and the second via T2, while T2 is usually much shorter
than Ti. During T, the spins disperse their energy into the lattice, i.e., the surroundings,
by returning to the z-axis to restore the thermal equilibrium given by the Boltzmann
distribution. This parameter is crucial, e.g., for the shot repetition time (srt) of a pulse
experiment, which is the time between the two applied pulse sequences, allowing the
spins to relax back to thermal equilibrium. The T: time can be determined
experimentally, e.g., by inversion recovery, where a single m pulse first inverts the
magnetization.”” The magnetization can recover during the time T, followed by the
Hahn echo sequence used for detection. Furthermore, saturation recovery or echo-
detected saturation recovery experiments can be implemented to obtain T1 times.

Dephasing of the spins takes place due to spin-exchange mechanisms, e.g., spin flip-
flops (one spin changes from «a- to 3-state, while another spin changes from 3 to «).'3
The relaxation time can be measured by a modified Hahn echo experiment in which t is
incremented, also known as two pulse electron spin echo envelope modulation
(2PESEEM) experiment (Figure 2.5). This pulse experiment allows determining the
phase memory decay time Tm, which, in addition to Tz, includes contributions from T1
and many other processes, such as instantaneous diffusion and nuclear spin diffusion.

The influence of the instantaneous diffusion is, among other things, given by local spin
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concentration. High spin concentrations can lead to shorter relaxation times. Moreover,
the extent of the nuclear spin diffusion is determined by the magnetic moment of the
dipolar coupled nuclear spin. Larger magnetic moments will again shorten the
relaxation time. If the Tm time needs to be extended for an experiment, deuteration of a
sample can help since 2H has a smaller magnetic moment than 'H, which further reduces
the dipole-dipole interaction and thus increases Tm.!'® Deuteration is regularly used in
dipolar spectroscopy since the possible length of a DEER trace depends on T2

relaxation.!3!

/2 TT tho

Y
4

Figure 2.5: 2PESEEM pulse sequence. Integrated echo is measured as a function between t. Tm can be
obtained from the echo decay (dotted line).

Furthermore, relaxation times are essential not only for pulse experiments but for cw
experiments as well. For instance, cw spin counting needs to be carried out under non-
saturating conditions. A saturation factor s can be calculated from the relaxation times
by116,126

1
S = ———
1+Ye2B2T T,

(2.36)

For s <1, the amplitude of the cw-EPR signal decreases, and signal broadening may
appear. Furthermore, the signal lineshape is influenced by relaxation times. The
lineshape of an unsaturated cw signal without unresolved hyperfine splitting is

represented by a Lorentzian function and its linewidth ABy, is correlated to T2 via

AB 2

PP T VEyoT, (2.37)

2.4.3. Double electron-electron resonance spectroscopy

A large part of this work is based on Double Electron-Electron Resonance (DEER), also
called Pulsed Electron-Electron Double Resonance (PELDOR) spectroscopy. This
method is used for distance determination between two paramagnetic centers. The
DEER pulse sequence employs two different mw frequencies applied during the
experiment. The four-pulse DEER sequence (Figure 2.6A) consists of an initial Hahn
echo sequence applied at the so-called detect frequency vde, which excites only those

spins in resonance with vde, denoted as spins A. During the time 12, a 7 pulse at the
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second frequency, the pump frequency (veump), is applied at a variable time t with respect
to the primary echo, which likewise excites (or ‘pumps’) spins in resonance with the
pump frequency, referred to as spins B. This pulse flips the magnetization of the B spins
into the —z-direction in a time-dependent manner. Thus, the local magnetic field
experienced by the A-spin changes the frequency of spin A via the dipole-dipole
coupling. After the time T2, following the primary echo, an additional 7 pulse is applied
at the detect frequency to refocus the magnetization. The refocused echo generated in
this way appears with a delay of 1 after the last detection pulse. The signal phase is
adjusted so that the refocused echo shows a maximum positive amplitude. The echo
integral is then recorded against the time t. If spins A and B experience dipole-dipole

coupling, the refocused echo intensity of spin A oscillates with cos(wagt):'*2
wap = wpp(1 — 3 cos? H). (2.38)

The recorded signal V(t) is a product of intra- and intermolecular interactions:'*

V(t) = V(t)intrav(t)inter- (2-39)
A B
refocused h
primary echo
T2 I / echo T /
V(t) = F(1B(t)
Vde’c l l \\/ . /\ %
T T, Ty
Vpump . > >
e t (us) t (us)

Figure 2.6: Double electron-electron resonance spectroscopy. (A) The four-pulse DEER pulse sequence. (B)
Schematic DEER time trace before (left) and after (right) background correction. The modulation depth A
parameter is indicated in blue.

Spins coupled within one spin cluster (or molecule) are taken into account by V(t)intra,
whereas V(t)inter describes the contribution to the echo decay from homogeneously
distributed spins in the sample. In the case of a random spin distribution V (t)pter takes

the form:

2
V()inter = Vo exp (_ % ClBt)r (2.40)

where y is the gyromagnetic ratio of the spins, Ay the fraction of B-spins inverted by the

pump pulse, and ¢ the spin concentration in the sample.’®>!3* Note that higher spin
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concentration leads to an increased V (t);yter- Because of these contributions, V(t) needs
to be background corrected with the function B(t), yielding the background-corrected
DEER trace F(t), or called form factor, with V(t) = F(t)B(t) (Figure 2.6B). The
background correction must be performed carefully; otherwise, undiscovered
modulations could disappear during this process. Subsequently, Fourier-transformation
of F(t) delivers the distance r between spin A and B with the help of the previously
presented equation 2.25. Contributions from exchange coupling are neglected in this
assumption.!3

The inversion efficiency A5 depends on excitation bandwidth and flip angle. The

experimentally obtained modulation depth A (see Figure 2.6) can be approximated by
A=1-(1-215)N-D, (2.41)

where N is the number of spins in a cluster, assuming all spins of group B are of similar
nature. If the coupled spins possess different spectral widths, the respective Ag values
need to be regarded additionally. For a mixture of monomers, dimers, and higher
oligomers, the fraction of each oligomer x; needs to be considered. Additionally,
different transversal relaxation times must be taken into consideration, leading to
different contributions to the refocused echo intensity, which is described by the scaling

factor s;:132

A = ZiSixibi (2.42)

i SiXi

This equation clarifies that a monomeric spin, which does not couple to other spins
within its cluster and thus exhibits a modulation depth of 0, will decrease the
experimentally detected modulation depth in a mixture. For guidelines on experimental

details and analyses, the reader is referred to Schiemann et al.’3*

2.4.4. Electron-nuclear double resonance spectroscopy

Cw or ESE pulse experiments provide key information on a sample, such as g-anisotropy
or large hyperfine interactions. However, the resolution in these experiments is limited,
and many smaller couplings are hidden in the spectral linewidth. Electron-Nuclear
Double Resonance (ENDOR) is a common EPR technique to investigate hyperfine
couplings in high resolution, combining the advantages of EPR with those of NMR
(Nuclear Magnetic Resonance) spectroscopy. The two most frequently used pulse
ENDOR sequences are Davies ENDOR, derived from the inversion recovery sequence,
and Mims ENDOR, derived from the stimulated echo sequence.!'5!%13%¢ Mims sequence
is used for small hyperfine coupling values, whereas for larger ones (> 3 MHz), Davies
ENDOR is the method of choice.'” As only the latter was utilized in this study, this will
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be explained in more detail. In Davies ENDOR pulse sequence (Figure 2.7A), a selective
mw 7 pulse is applied first, which inverts the spin population of one allowed EPR
transition. This process is often referred to as ‘hole burning’ into the EPR line. Then, a
radiofrequency (rf) 7 pulse is applied during the time T, that drives the allowed NMR
transitions, followed by a detecting Hahn echo sequence.

The principle of this experiment is best explained by observing the polarization
transfer between the different energy levels (Figure 2.7B) of an exemplary system with
S =1/2 and I =1/2. In the presence of an external magnetic field, this system has four
distinct energy levels labeled according to their spin states. Due to the Boltzmann
distribution, spin states with mg = -1/2 hold a higher population (black bar) than
mg = +1/2 (white bar), and the electron spin transitions (blue lines) are stronger polarized

than the nuclear spin transitions (orange lines) at thermal equilibrium.

A T T2 T

m B LEA

T T T
T

rf _—

[ee)3) rf rf off
lowoy ~ T T N - /resonance D

mw
— \ — —-— \ f on
B ) resonance
[Bocd
Prior to after 1st after rf
1st pulse mw pulse pulse

Figure 2.7: Electron-nuclear resonance spectroscopy. (A) Davies ENDOR pulse sequence. (B) Polarization
transfer during the Davies ENDOR experiment. Energy levels are depicted as black and white bars, with
higher populations represented in black. Electron spin transitions are shown in blue, and nuclear spin
transitions in orange. Transitions that are driven by the respective pulses are indicated by arrows. Figure
adapted from Tyryshkin et al.13

The first microwave 7 pulse inverts only one of the two possible electron spin transitions
as it is transition-selective; in this case, |Ba) to |aa) (dark blue), whereas the |BB) to |of3)
transition (pale blue) is not inverted. Now the electron and nuclear spin transitions are
polarized with opposite signs each. The following radiofrequency pulse is also
transition-selective; in this case, inverting the |aa) to |af) transition (dark orange). This
leads to a case where no polarization resides on the two electron spin transitions, so no
echo can be observed if the rf pulse is on resonance. If the rf pulse is off resonance, an
inverted echo is observed by the Hahn echo sequence. Hence, the echo intensity is
directly linked to the effective flip angle of the rf pulse. The spectrum is presented as a
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function of the echo intensity against the rf pulse frequency, and the detected ENDOR
lines correspond to the nuclear spin transition frequencies.
For the exemplary system with S = 1/2 and I = 1/2 the g-tensor and hyperfine

coupling are assumed isotropic (A = ajs,). Then its Hamiltonian can be written as
H =22 B,S -2 BT+ AST. (2.43)

The first term in this sum describes the electron Zeeman interaction, the second describes
the nuclear Zeeman interaction, and the third represents the hyperfine interactions. The

corresponding energy levels of the individual spin states can be expressed by
E(ms,m;) = geptgmsBo — gnpinm;Bo + Amgm,. (2.44)

The energy levels are depicted in Figure 2.8A with the two resulting electron spin
transitions detected by cw-EPR experiments, split by A (Figure 2.8B). As comparison, an
exemplary ENDOR spectrum is illustrated with the two detected nuclear spin transitions
split by A and centered around the nuclear Lamor frequency v, (Figure 2.8). Anisotropy
of A can be resolved by performing several ENDOR experiments at distinct g-values.
These orientation-selective measurements can deliver accurate information about the

orientation of coupled nuclei with respect to the paramagnetic center.

A B cw EPR
E m=-12
A e A
my=+1/2,
; . b
tam = 12
' ’ b a
\ m=-12 .- Magnetic Field (mT)
....‘_vms =-1 /2:’_,*" a
C ENDOR
~m, = +1/2._.“ A
Vn
Electron Nuclear Hyperfine ;
Zeeman Zeeman Coupling
Radiofrequency (MHz)

Figure 2.8: Detected transitions in cw-EPR and ENDOR experiments. (A) Energy level diagram for a
system S =1/2 and I = 1/2. Blue lines represent allowed EPR transitions (a and b), and orange lines allowed
NMR (or ENDOR) transitions (c and d). Furthermore, the resulting cw-EPR (B) and ENDOR (C) spectra are
illustrated schematically. Figure adapted from Cutsail ef al.'®
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2.5. Spin labeling in EPR

In principle, EPR spectroscopy is limited to molecules with intrinsic paramagnetic
centers, such as metalloproteins or enzymes containing radicals.'* However, molecular
biology tools have been developed to incorporate stable radicals at user-defined
positions into various biological systems, called site-directed spin labeling (SDSL),41-143
extending the possible application of EPR spectroscopy. SDSL can be performed at
almost any sample, ranging from soluble molecules, e.g., proteins and nucleic acids, to
more insoluble membrane proteins. Most commonly, a spin label is attached to a cysteine
residue via a sulthydryl-specific nitroxide reagent, whereas other accessible cysteines in
the sample that should not be labeled must be mutated, for instance, to alanine or
serine.'*1# The most popular spin label is methanethiosulfonate (MTSSL). Furthermore,
the nonsense suppression method or solid-phase peptide synthesis can be used for spin
label introduction. As this thesis focuses on EPR spectroscopy on proteins, only protein
spin tags will be discussed in the following part, using examples of fundamental SDSL
techniques as well as recent developments. This chapter only gives a short overview,

and numerous examples can be found in the literature.

A) Nitroxide-based B) Metal-based

N‘O-
SH o
proten—/ + _8_ \
4

o
Protein — /'

C) Trityl-based D) Light-activated

Figure 2.9: Overview of different spin labels covered in this section. (A) The attachment of MTSSL to a
cysteine residue. (B) Gd-DOTA-maleimide as an example for metal-based spin labels. (C) TAM-reagent,
exemplarily shown for Trityl labels. (D) The light-activatable TTP label.
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2.5.1 Nitroxide spin labels

The first groundbreaking EPR experiments using MTSSL were presented in 1989 by
Hubbel et al.'#142 The spin label forms a disulfide bond to the protein via a cysteine
residue connected by a linker (Figure 2.9A). The linker renders the spin label flexible,
thus avoiding disturbances of the protein tertiary structure. The nitroxide EPR spectrum
is strongly dependent on its rotational correlation time.!*1¥ At room temperature, a
solvent-exposed label is dominated by a small linewidth with three hyperfine coupling
lines since the mobility of the spin label is only partially restricted. On the other hand,
interactions of the nitroxide tag with protein backbones and side chains produce EPR
spectra with broader linewidths. Completely immobilized spin label side chains, buried
labeling sites, and samples in frozen state show the broadest spectra. Thus SDSL-EPR
spectroscopy with nitroxides can be used to monitor disorder-to-order transitions and
possible conformational changes in proteins. Nevertheless, the linker group also
represents a disadvantage in terms of measurement accuracy. The distance distribution
between two MTSSLs often results in broad peaks.'*® Based on the structure of MTSSL
different labels have been developed which differ, for example, in the linker groups such
as MTS-4-oxyl or maleimide-functionalized compounds.’* An elegant way to use
nitroxide radicals for protein structure analysis was demonstrated recently, combining
spin labeling with the advantages of unnatural amino acid incorporation.!>*'> The need
for a cysteine residue can thus be avoided by site-specifically attaching the label to a
UAA via copper-catalyzed azide-alkyne cycloaddition. However, nitroxide radicals are
reduced in the cellular environment, limiting their in vivo application, which can be
overcome by chemical shielding.'®*'% One reason nitroxide labeling is nevertheless a
popular tool for intracellular studies is the possibility of performing the EPR

measurements at room temperature.160-163

2.5.2 Metal-based spin labels
The in vivo lifetime limitation of nitroxides led to the development of metal-based spin
labels such as Gd™, Cu", or Mn". Reduction-stable paramagnetic Gd"™-complexes were
highly useful in EPR distance measurements in vitro and inside cells.!**1% Different
complexes exhibit distinct advantages, such as reduced zero-field splitting or increased
phase memory time.'® The exemplarily shown Gd-DOTA-maleimide label (Figure 2.9B)
is often used due to its biocompatibility and suitability for cysteine labeling.!® These
labels often require a cell-free protein synthesis approach with subsequent
microinjection or transfection procedures to transfer the labeled protein back into living
cells. In-cell labeling strategies with Gd-DOTA-maleimide were unsuccessful because of
Gd™ release inside the cells.’”® However, azide-functionalized Gd-DOTA labels were
used successfully for this purpose.'”!

One example of using copper as a spin label is found in the double-histidine (dHis)

binding motif.’”>7* In contrast to the other labels, which often require cysteine residues
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for labeling, dHis uses two histidines to chelate Cu" as paramagnetic species. Single
histidine residues have only two rotatable bonds, whereas the coordination of Cu' by
two histidine residues further restricts the rotational movements, providing narrower
distance distributions than those found with MTSSL, for example.!” The spin label can
be assembled intracellularly by adding Cu'-nitrilotriacetic acid (Cu-NTA),'”> thus
avoiding the need for posttranslational modification. However, mutation of two amino
acids is required, in contrast to only one residue for the other presented labels,

potentially interfering with the protein structure.

2.5.3 Trityl spin labels

Triarylmethyl radicals, or short trityl spin labels (Figure 2.9C), were developed to
overcome the limitations of cellular reduction and to enhance relaxation times at room
temperature, compared to nitroxide spin labels.”® Trityl radicals offer a narrow spectral
width, which allows for a better signal-to-noise (S/N) ratio than nitroxides and helps to
avoid orientation-selective measurements. In-cell RIDME (Relaxation-Induced Dipolar
Modulation Enhancement) experiments have been reported for Fe-trityl distances in
cytochrome P450 CYP101, where Felll is present as an intrinsic paramagnetic center and
the trityl label conjugated via an engineered cysteine residue.'”® Furthermore, trityl-trityl
DEER measurements were presented in whole cells at cryogenic temperatures offering
high stability and sensitivity inside the cellular environment.'”7-17° Trityl-trityl distance
measurements using DQC showed high sensitivity, even at 150 K.8° Further
improvement of relaxation times needs to be accomplished, in order to enhance the

range of detectable distances and to enable in-cell room temperature measurements.'®!

2.5.4. Light-activated spin labels
Light-activated spin labels can theoretically be divided into two groups depending on
the activation mechanism. The first group consists of radicals generated by a chemical
reaction triggered by light. One example is the PaNDA label (Photoactivatable Nitroxide
for inverse-electron-demand Diels-Alder reaction), which has a photoremovable
protection group.'® Irradiation and subsequent oxidation initiate the formation of a
nitroxyl radical. This label is currently under development and first experiments indicate
that it can be a promising candidate for distance measurements in vitro and in vivo.'s
The second group of light-activated spin labels involves the formation of excited
triplet states, demonstrating a field currently under development. The resulting EPR
signals of triplets are stronger than those of Boltzmann-populated paramagnetic centers,
as in this case, a spinpolarized state is formed.'8+'% If the triplet states have a sufficiently
long lifetime in a microsecond or millisecond time scale, they can be investigated by
pulse EPR coupled to laser excitation.'®” Dipolar couplings can be resolved using recently
developed pulse sequences such as light-induced DEER (LiDEER),81% laser-induced
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magnetic dipolar (LaserIMD) spectroscopy,'® or light-induced triplet-triplet electron
resonance spectroscopy (LITTER).* Whereas the Ilatter is used for distance
measurements between two triplets, LIDEER and LaserIMD help to extract distance
information between triplet-radical pairs. In this way, orientation-selective distance
measurements between porphyrins and nitroxides are feasible.!®”-1% In previous studies,
a model peptide was labeled with 5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin,
short TPP, represented in Figure 2.9D. The LiDEER sequence is related to the four-pulse
DEER sequence, but in this case, the observed species, meaning the triplet state, is first
populated by a laser flash prior to the Hahn echo sequence (Figure 2.10).!% This, in turn,
leads to an oscillating DEER trace which is analyzed in the same way a typical DEER
experiment. Another approach for extracting distance information from triplet states by
light-induced dipolar spectroscopy is LaserIMD (Figure 2.10). Instead of changing the
dipolar interaction with a microwave pump pulse during the echo sequence as in
LiDEER, the dipole-dipole coupling is introduced by triplet excitation via a laser pulse.
Temporal overlaps of the laser flash with the microwave pulses or the acquisition trigger
are allowed, which permits the acquisition of the primary echo rather than the refocused
echo, as used in LiDEER. An advantage of the photoinduced activation of the spin label
is the avoidance of reduction in the cellular environment since the paramagnetic species

can be formed shortly before its measurement.

LiDEER LaserIMD
primary echo echo
Tt/2 T / echo T I V(B T2 T 1 V()
Vdetect _I_. \/ . /\ Vdetect I . /\
T T Tz T, T T
1
l—» _—
Vpump VLaser
— —

t t

Figure 2.10: LIDEER and LaserIMD pulse sequence. The pulse sequence of a four-pulse DEER experiment
with an initial laser flash yields the LiDEER sequence. In contrast, LaserIMD is based on the three-pulse
DEER sequence with a laser flash instead of a pump pulse. Figure adapted from Hintze et al.!*
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In-cell characterization of the stable tyrosyl
radical in E. coli RNR by EPR spectroscopy

Parts of the results presented in this chapter are published in:

Meichsner, S. L., Kutin, Y., Kasanmascheff, M. In-Cell Characterization of the Stable
Tyrosyl Radical in E. coli Ribonucleotide Reductase Using Advanced EPR Spectroscopy.
Angew. Chem. Int. Ed. 60, 19155 — 19161 (2021).'2

3.1. Introduction

One of the most challenging tasks for structural biology techniques is to achieve high
resolution within the native environment of biomolecules, i.e., the cells. Whereas dipolar
spectroscopy in combination with spin-labeled biomolecules is an emerging field, only
a few examples of in-cell EPR performed at intrinsic paramagnetic centers have been
presented up until now, primarily focusing on cw-EPR only.10210319319% So far, there is
very little information about the in vivo structure and regulation of ribonucleotide
reductase in particular, which is crucial because of its vital role as a cancer drug target.
Therefore, the presented work intended to solve this problem and study RNR inside its

natural cellular environment using EPR spectroscopic methods.

3.1.1. The problem

A common type of in-cell EPR spectroscopy is the introduction of spin-labeled protein
samples into HeLa cells via electroporation. Therefore, our first attempt was to insert the
B2 subunit into HeLa cells by electroporation according to previously published
protocols.1e71¢  Successful protein uptake was confirmed through fluorescence
microscopy using fluorescently labeled protein (Figure 3.1A). Despite varying
experimental conditions, no Yi2® was detected by EPR (data not shown).
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A Hela cells B Coacervates

Figure 3.1: Fluorescence images of the B2 subunit of E. coli class Ia RNR in living HeLa cells or in a cell-
mimicking system. RNR wt-p32 was labeled with Alexa Fluor 488 Cs Maleimide Dye. (A) RNR was inserted
into human HeLa cells via electroporation. Images were recorded after 6 h incubation after electroporation.
Brightfield microscopic image is merged with fluorescence image. (B) Fluorescence image of RNR in
coacervates. The terpolymer is labeled with Nile red.

In addition, the usually stable tyrosyl radical was attempted to be studied in coacervates.
Coacervates are condensed, liquid-like droplets that are typically formed from
oppositely charged polymer molecules.'® These structures are used, among other things,
to mimic cellular crowdedness and can be loaded with various cargos, including
proteins, nucleic acids, and metabolites.’® Shortly, coacervation is achieved by mixing
positively and negatively charged amylose. Stabilization is reached via the subsequent
addition of a block terpolymer which self-assembles on the surface of the nascent
coacervate due to electrostatic interactions. Protein uptake into the coacervate is realized
by the molecular charge: highly negatively charged proteins are included in the
coacervate phase, whereas positively or neutrally charged proteins remain excluded.'®
Since (32 of E. coli RNR is negatively charged, this procedure is suitable for testing the
enzyme in such a cell-mimicking system. Again, successful protein uptake was
confirmed by fluorescence imaging (Figure 3.1B); however, no radical was seen in cw-

EPR experiments.

3.1.2. The solution

Apparently, the usually relatively stable tyrosyl radical in E. coli RNR is susceptible to
its environment. The inability to detect the native tyrosyl radical Yize of E. coli RNR
other than in its host organism might presumably be a reason for the current absence of
detailed in-cell RNR studies. Therefore, we took the opportunity to study class Ia RNR
in its original host organism, E. coli, by overexpressing the protein, followed by

advanced EPR spectroscopic techniques.
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3.2. Materials and methods

3.21. Wild-type B2 protein expression for in-cell experiments

Expression of wt-32 was carried out as described in Section 8.2.4. After 4 h of protein
overproduction, the cells were harvested by gentle centrifugation. Although 7000 xg for
20 min centrifugation was performed for E.coli whole-cell RNR experiments
previously,!?! here the centrifugation is performed at 6000 xg for 15 min at 4 °C in order
to keep as many cells intact and alive as possible. A typical 2.5 — 3 g cell paste/L media
was obtained. For in-cell sample preparations, the harvested cell pellet was washed
several times and resuspended in 50 mM Tris pH 7.6 with 5% glycerol using 3 mL of
buffer per g cell paste. 0.13 mM Fe'(NH4)2(SOs)2 (~5 equivalents of Fe! with respect to
the estimated protein concentration) was added to this buffer. The added Fe
concentration was only 13% of the concentration that has been shown to inhibit E. coli
cell growth.’” The suspension was kept on ice for 10 min and subsequently saturated

with Oz gas on ice for 1 —2 min.

3.2.2. 2,3,5-F3Y122-B2 protein expression for in-cell experiments

E. coli BL21(DE3)-Gold cells were co-transformed with pBAD-nrdBizrac and pEVOL-
F:YRS-E3, and plated on LB-agar plates with 100 pg/mL carbenicillin (Carb) and
35 ug/mL chloramphenicol (Cm) at 37 °C. Positive clones were selected, and a starter
culture (5 mL) was grown overnight in LB-medium enriched with Carb and Cm at 37 °C
until saturation. An intermediate culture (100 mL) was enriched with 1 mL of the starter
culture, also grown overnight. The expression culture was grown with a 200-fold
dilution of the intermediate culture in 2XYT medium containing Carb and Cm. At
OD600 ~0.3, FsY was added to a final concentration of 0.7 mM. After 30 min, 100 uM
1,10-phenanthroline was added to chelate iron. Protein expression was induced with
0.5% (w/v) L-arabinose after another 30 min. After 4 h protein overproduction, the cells
were harvested by gentle centrifugation at 6000 xg for 15 min at 4 °C. For in vitro sample
preparations, the apo-2,3,5-FsY122 construct was purified as described for the wild-type
protein in Section 8.2.4. Protein concentration was determined via UV-Vis spectroscopy.
For in-cell sample preparations, the harvested cell pellet was washed several times and
resuspended in 50 mM Tris pH 7.6 with 5% glycerol using 3 mL of buffer per g cell paste.
0.13 mM Fe'(NH4)2(SOs4)2 (~5 equivalents of Fe!' with respect to the estimated protein
concentration) was added to this buffer. The BL21 cell suspension was allowed to sit on

ice for 5 min and then saturated with Oz gas on ice for 1 — 2 min.
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3.2.3. EPR sample preparation

After radical formation, 200 uL cell suspension was directly transferred into EPR tubes
and frozen gently in an isopropanol rack at -80 °C to secure slow cooling and prevent
cell damage. Spin concentrations of the samples were determined via 9.6 GHz cw-EPR

measurements (Table 3.1) by comparing them to an RNR standard sample and a Cu'-
EDTA standard sample.

3.2.4. Cell counting experiments

Prior to EPR experiments, cell suspensions from four distinct expression batches were
plated on LB-agar plates after protein overproduction to check the viability of the cells.
Therefore, a dilution series of the cell suspension was prepared with SOC medium up to
a 1:10"2 dilution, followed by plating and incubation at 37 °C overnight. Grown colonies

were counted the next day.

3.2.5. Details of the EPR experiments

X-band: X-band cw-EPR measurements were carried out at T = 100 K using a Bruker

EMX-Nano Benchtop spectrometer equipped with a continuous-flow nitrogen cryostat.

Q-band: Q-Band pulse EPR measurements were carried out at T = 10 K using a Bruker
Elexsys E580 spectrometer equipped with a 150 W TWT amplifier, Bruker ER 5106QT-2
resonator, Bruker SpinJet AWG, Oxford Instruments CF935 continuous-flow helium

cryostat and Oxford Instruments MercuryiTC temperature controller.

Orientation-selective DEER experiments were performed using the 4-pulse DEER
pulse sequence with 16-step phase cycling and Gaussian pulses. The frequency
separation Af = fpump - faet was 84 MHz, and an overcoupled resonator with fpump set to
the center of the resonator dip was used. The optimal nt-pulse lengths were determined
using transient nutation experiments and typically were ~30 ns for the pump pulse and
~70 ns for the detection. If not stated otherwise, DEER time traces were background-

corrected using an empirical second-order polynomial fitting.

ENDOR experiments were carried out at 10 K using a Bruker EN 5107D2 resonator and
an AR 600 W radiofrequency (RF) amplifier. Orientation-selective 'H ENDOR spectra
were recorded using the Davies ENDOR pulse sequence. Three consecutive
measurements at field positions corresponding to g = 2.0094, 2.0059, and 2.0005 were
performed for the in-cell and in vitro samples. For the sample of pure E. coli cells, the
ENDOR measurement was performed at ¢ = 2.0094, with the microwave power

optimized for an S = 5/2 species.
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W-band: W-band pulse EPR measurements were carried out at T =20 K using the Bruker
E680 spectrometer equipped with a Cryogenic Systems closed-cycle 6T magnet, and a
variable temperature insert (VTI) that allowed varying the temperature within the range
of 2 - 300 K. Additional LakeShore 335 temperature controller equipped with a Cernox
sensor was used to record the sample temperature. Due to relatively high uncertainty in
the external magnetic field values, the field axis of the W-band EPR spectra was adjusted
so that the Yize spectral width matched the spin Hamiltonian parameters used for the
X- and Q-band EPR/ENDOR simulations. This was achieved by compressing the x-axis
of all field-swept W-band spectra by ~5%.

3.2.6. Analysis of orientation-selective DEER measurements

Analysis of the orientation-selective DEER data was performed in two different ways:

Analysis by DEERAnalysis as shown in Section 3.3.4: Each orientation-selective
primary time trace was first normalized to the same signal intensity at zero time for
orientation-averaging. Afterward, these traces were normalized to the signal intensity at
the pump position. The summation of the DEER traces leads to the orientation-averaged

time trace.

Analysis by PeldorFit as shown in Section 3.3.5: DeerAnalysis background-corrected
data were used. Subsequently, these data were each analyzed three times with the same
settings using PeldorFit. Due to uncertainty in the external magnetic field values, the
field position specified in the configuration file was adjusted so that detect and pump
position matched the experimental settings. All values were shifted to higher field
positions with 10 G, 6 G, and 8 G for positions 1, 2, and 3, respectively.
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Table 3.1: Samples used in Chapter 3. Ye concentrations were determined via cw-EPR experiments
recorded at X-band. Furthermore, added Mn! concentrations are listed.

Experiment Sample Ye (uM)’ Mn! (uM)
ENDOR
in vitro 18 0
in-cell 3 14 -

Orientation-selective DEER

in vitro 240 0
in-cell 3 22 -
W-band EPR
in vitro 18 0
in-cell 1* 22 -
in-cell 4* 30 -
Calibration curve
1 150 0
0.66 150 100
0.54 150 200
Y122 fractions: 0.36 72 280
0.18 (mimic 1) 22 100
0.18 (mimic 2)* 22 100
0.12 22 132
in-cell 1* 22 -
in-cell 2* 22 -
in-cell 3* 14 -
Experiments with FsYi2:e
in vitro 130 0
in-cell (BL21) 17 -

" Radical concentrations are detected via spin quantification experiments at X-band. An inherent error of at
most 20% should be considered.

t Samples were produced from different cell growths, each starting from new LB-agar plates. All samples
were prepared in the same way, except for the harvesting centrifugation step. In-cell 1 was centrifuged at
6000 xg for 15 min at 4 °C, whereas in-cell 2,3 and 4 were centrifuged at 3000 xg for 20 min at 4 °C.

t Samples were produced from different in vitro protein purification batches.
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3.3.  Results and discussion

3.3.1. Detection and identification of a radical species in E. coli cells

Under normal growth conditions, Yiz® concentrations in E. coli cells are below the
detection limit for EPR spectroscopy. Hence the protein was overexpressed in E. coli
cells.’®! To test the cell viability after overexpression, cells were diluted and plated onto
LB-agar plates. The concentration of cells in the suspension containing wt-[32
overexpression plasmid was 3 — 60 - 10" cells per mL cell suspension, in remarkable
agreement with previously reported numbers (1 — 3 - 10" TOP10 cells per mL cell
suspension'™). Furthermore, cell concentrations for BL21 cells lacking the
overexpression plasmid were 3 — 13 - 10" and 4 - 10" cells per mL cell suspension before
and after iron addition, respectively. These results prove that the cells used for EPR
measurements were intact and alive and show that protein overexpression and radical
generation do not significantly impair cell viability.

In addition, the possibility of cell damage and thus high amounts of protein leakage
from the cells into the suspension buffer was excluded via polyacrylamide gel
electrophoresis (Figure 3.2A) and EPR experiments (Figure 3.2B) by collecting the
supernatant of suspended E. coli BL21 cells after wt-[32 expression and Fe'/O: treatment.
This supernatant was loaded onto an SDS-PAGE and subsequently, band intensities
were compared to those of purified protein with known concentrations (2 uM and 5 uM)
for analysis. Both bands of the purified wt-32 exhibited clearly stronger bands than the
supernatant. Thus, the extracellular protein concentration of in-cell samples must be
below 2 uM, supported by cw-EPR experiments. The cell suspension treated with Fe!
and Oz reveals a strong EPR signal, yielding a spin concentration of approximately
22 uM according to cw spin-counting experiments. The supernatant of this sample
showed a signal with negligible intensity. A second supernatant sample from a different
expression batch revealed no EPR signal. The small peak detected in this case arises from
the resonator background. These results demonstrate that the detected cw-EPR signal

must originate from a paramagnetic species inherent in the cells.
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Figure 3.2: SDS-PAGE and cw-EPR analysis of E. coli in-cell samples under different treatment
conditions. (A) Determination of protein leakage outside the cells via SDS-PAGE Lane M: molecular mass
standards (5 pL); Lane protein: 5 uL of 0.9 and 2 ug purified wt-B2 having a molecular mass of 44 kDa per
monomer. The concentrations of the loaded wt-f32 protein correspond to 2 and 5 uM, respectively. Lane
supernatant: 5 uL supernatant of E. coli BL21(DE3)-Gold cell pellet (containing 14 uM Y22 in total) collected
after wt-B2 expression and Fel/O: treatment. (B) Cw-EPR spectra of wt-32 expressing whole E. coli cells
(black) compared to the supernatant of two samples, collected after centrifugation for 10 min at 2000 xg and
4 °C (green and red). Supernatant 1 originates from a 14 uM Ye in-cell sample. Supernatant 2 was taken
from the 22 uM Y'e in-cell sample shown in black. (C) Cw-EPR spectra of wt-p2 expressed in whole E. coli
cells recorded before (orange) and after (black) Fe/O: treatment. (D) Cw-EPR spectra of E. coli cells grown
without wt-32 expression plasmid. Before the EPR experiments, the cells were treated with either Fe" and
Oz or only O. Signals arising from the resonator background are marked with an asterisk *. Experimental
conditions: 9.6 GHz, 100 K, 31.6 mW power, 1.5 G modulation amplitude, 100 kHz modulation frequency,
5.12 ms as time constant, and 19.9 ms conversion time. Number of scans: (B) 200 (black), 67 (green), 50 (red);
(C) 40 (orange) and 200 (black); (D) 30 scans each.

Subsequently, cw-EPR spectra of in-cell samples overexpressing apo-[32 were recorded
before and after treatment with Fe' and O: (Figure 3.2C). Therefore, the cell pellet was
suspended in Tris buffer with or without 0.13 mM Fe' salt, followed by O: treatment of
both samples. Only the iron-containing sample displayed an EPR signal, whose
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signature is similar to that of Yiz® known from in vitro measurements. Furthermore,
BL21 cells lacking the overexpression plasmid did not reveal any EPR signal after Oz and
Fel/O: treatment (Figure 3.2D). These data suggest that the formed organic radical
detected in the cells originates from Yiz® in the overexpressed 2 subunit of E. coli RNR.

In order to assign and examine the generated radical species, multi-frequency (9.6,
34, and 94 GHz) EPR spectra of iron-treated E. coli cells were recorded and further
analyzed via spectral simulations (Figure 3.3A). The simulation parameters (Table 3.2)
used for the in-cell dataset were in excellent agreement with previously reported multi-

frequency/ENDOR data from in vitro Yize.”!
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Figure 3.3: Multi-frequency EPR spectra of Y122* in whole E. coli cells. (A) Continuous wave EPR (9.6 GHz,
top) and first-derivative pulse EPR (34 GHz, middle and 94 GHz, bottom) spectra of Yi2® in whole E. coli
cells. In-cell data are shown in solid black lines along with the corresponding EasySpin simulations in dotted
red lines (Table 3.2). The 94 GHz EPR spectrum of in vitro Yizz® (solid blue line) is shown for comparison.
Position of the gx value is displayed with a grey vertical line. Inset: The isolated di-iron center (orange and
red spheres) and residue Y1 (blue sticks) are shown within the protein environment. (B) Left: Schematic
representation of protons included for the simulation of Yi2® shown in different colors. Ring protons are
shown in blue. Hyperfine coupling values for Cp-methylene protons (orange and red) are strongly
dependent on the angle 0, defined by the dihedral angle between the CS-H bond and the p- orbital axis of
C1. (C) First-derivative pulse EPR spectrum of an in vitro sample recorded at 94 GHz, shown together with
its splitting scheme.

55



Results and discussion

Table 3.2: '"H Hyperfine coupling parameters used for spectral simulations of multi-frequency EPR
spectra of Yi2* in whole E. coli cells. The g-tensor was gxy,z=2.00915, 2.00460, 2.00225, as reported earlier.”
The Euler angles a, 3, and y are defined within the EasySpin z,y’,z" convention and refer to rotation from
the g-tensor into the hyperfine tensor frames. Positive angles are clockwise rotations viewed along the
rotation axis.

Proton Ax(MHz) Ay(MHz) A:(MHz) a B Y
Cig-H 59.0 55.0 56.0 0 0 0
Cp-H 8.0 -1.0 -1.0 70 4 -7
Ca-H 1.2 -1.0 -4.1 60 -20 0
Cs5/Cs ring protons -27.2 -7.9 -19.8 0 0 -25/-155
C2/Cs ring protons 49 7.7 1.7 0 0 25/155

Two main components play a decisive role in determining the differences in tyrosyl
radicals EPR spectral shape: principal g-values and hyperfine coupling parameters
related to ring- and -methylene protons.!”® Therefore, these parameters are highly
relevant when comparing in vitro and in vivo datasets, which are most evident in the 94
GHz spectra. At high frequencies, the EPR line shape is dominated by g- and hyperfine
anisotropy. These parameters are both susceptible to the molecular environment of
tyrosyl radicals.”0:1%.200

The first factor that enables an assignment to Yi2® is the gx value, which reports on
the electrostatic environment of tyrosyl radicals. This value is affected by changes in the
local environment, such as the addition or loss of H-bonds.”019201202 The tyrosyl radical
found in E. coli class Ia RNR, among other reported values for RNRs from different
organisms, has a uniquely high gx value of 2.00915.7 Only the tyrosyl radical formed in
class Ib RNR in Mycobacterium tuberculosis exhibits a slightly higher gx of 2.0092.20520¢ A]]
other reported values are between 2.0076 and 2.0089.2052% A decrease in gx upon
formation of hydrogen bonds could be traced back to lower angular momentum and
lower spin-orbit coupling matrix elements between the ground state and the first excited
state.?? In contrast, gy is less affected by hydrogen bonds, whereas g- remains mainly
unaffected. Furthermore, broad distributions of the g« value would indicate multiple
molecular orientations or radical environments. The observed gx value and its
distribution, considered by the g-strain in the simulations, were the same for in-cell and
in vitro (Figure 3.3A).

Another essential structural parameter is the strength of the hyperfine couplings of
Cp-methylene protons. The Cif-H hyperfine couplings decisively influence the EPR

lineshape, as depicted in Figure 3.3C. Their isotropic part a? is related to the dihedral

1SO

angle between Cp-H bonds and the ring plane according to the McConnel equation

al = pci(B' + B" cos? 0).27 (3.1)
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The angle 6 is defined as the dihedral angle between the Cg-H bond and the p- orbital
axis of the C1 atom (Figure 3.3B). The strength of the C-methylene couplings is affected
by the spin density p on atom C1. B’ and B" are constants, whereas B’ is generally
neglected. According to this correlation, these couplings provide crucial information on
the structure of tyrosyl radicals. Changes in the angle 8 or the spin density would
immediately be reflected in the EPR lineshape.”? However, the detected signals for in-
cell and in vitro samples are almost identical.

Overall, the EPR data and simulations conclusively show that the radical generated
in whole cells can be assigned to E. coli RNRs Yiz® as a single radical species with one
set of magnetic parameters and a well-defined orientation. Moreover, the structure and
environment of Y in the cells are highly similar to those in vitro. These results are not
unexpected considering the isolated nature of Yize inside the protein, approximately

10 A away from its surface.

3.3.2. Estimation of the intracellular spin concentration

In order to get an impression of the in-cell radical yield of the reconstituted apo-32,
cw-EPR experiments of in vitro and different in-cell samples were performed. All spectra
revealed similar spectral lineshapes. The protein and radical content of the in vitro
sample were determined as 200 + 50 uM and 1.2 Y ¢/p2 via UV-Vis spectroscopy prior to
EPR experiments. Consequently, the in vitro Yine standard sample has a spin
concentration of 240 + 60 uM. Subsequently, EPR spectral intensities of five in-cell
samples, prepared from different growths and/or distinct overexpression levels, were
compared to the in vitro sample. This comparison demonstrated that the in-cell radical
concentration is approximately 18 uM on average, with a maximum variation between
batches of +6 uM. It should be noted that 18 uM is the average bulk concentration in the
EPR tube, which contains 200 pL of the in-cell sample.

In order to estimate the spin concentration within the cells, the intracellular aqueous
volume V;;,, of BL21(DE3) cells in the EPR tube was calculated. Previously, V;, of 1.9 or
2.5 uL mg' was determined either by a concentration-dependent or a gravimetric
method.?”® As 3 mL of buffer was used to dissolve 1 g of cell pellet, 200 uL contained ca.
67 mg cell mass. Accordingly, out of 200 uL cell suspension, 127 puL or 167 uL are
reserved by intracellular volume. As spin-counting experiments revealed a bulk spin
concentration of 18 uM and protein leakage was less than 2 uM, 200 uL cell suspension
contained ca. 3.6+1.2nmol Yize. Divided by V;,, this yields an average spin

concentration within the cells of approximately 25 + 4 uM.
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3.3.3. Probing the H-bonding environment of Y12 in the cells via '"H ENDOR

While the EPR line shape is mostly dominated by larger hyperfine couplings, smaller
couplings can be assessed via ENDOR spectroscopy to characterize the H-bonding
environment. Hence, orientation-selective 'H Davies ENDOR spectra were recorded at
three different field positions within the Yiz® spectrum, corresponding to molecular
orientations at gxy, gy, and gy (Figure 3.4A). This procedure was performed for in-cell as

well as for in vitro samples.
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Figure 3.4: Orientation-selective '"H Davies ENDOR of Yiz*. (A) Field positions chosen for orientation-
selective 'H Davies ENDOR measurements, exemplarily shown at a 34 GHz in vitro Yize® spectrum
corresponding to g =2.0094 (Bo | gxy), 2.0059 (Bo Il gy) and 2.0005 (Bo Il gyz). (B) Orientation-selective 'H Davies
ENDOR spectra of in-cell (black) and in vitro (blue) Y12, recorded at 34 GHz at three field positions.
Simulations (red dotted lines) were performed using the spin Hamiltonian parameters determined by Tkach
et al. (Table 3.2).”' (C) ENDOR spectra (Bo | gxy) of in-cell (black) and in vitro (blue) Yi2®, the scaled
subtraction result (orange), and Mn"-related "H ENDOR features of iron-untreated E. coli cells (pink).

EasySpin simulations could reproduce the spectral lines using the same parameters
reported in Table 3.2 for seven internal 'H hyperfine couplings (Figure 3.4B). However,
the 'H Davies ENDOR line shape of in-cell Yiz® contained additional spectral features
compared to the in vitro one. Therefore, the in vitro spectrum was subtracted from the in-
cell data after normalizing the spectral intensities to the Cif-H ENDOR line, whose
couplings are observed at around + 28 MHz in Figure 3.4B. The resulting spectrum
(orange trace in Figure 3.4C) is very similar to the 'H Davies ENDOR spectrum recorded
with E. coli cells containing overexpressed apo-p2 without Fe!/O: treatment (pink trace
in Figure 3.4C). ESE spectra of this sample revealed Mn'" as the only EPR-detectable
species. This comparison demonstrates that the additional proton hyperfine couplings
observed for the in-cell sample are not related to Yi2® but rather to Mn!'in E. coli. Indeed,
the additional 'H ENDOR features detected in the untreated E. coli cells closely resemble
the in-cell Mn" ENDOR line shape established in the previous literature?”, with broad
shoulders reaching +3.8 MHz around the 'H Larmor frequency, indicative of a water-
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ligated Mn" species.?’ The presence of manganese in the cells is not surprising?!! and is
a well-known problem in in-cell EPR studies.!®¥?2 The fact that besides the Mn-
dependent proton coupling, no further 'H hyperfine couplings are observed is in line
with the multi-frequency EPR data. No additional H-bonds are detected for Yi2® in the
cells compared to in vitro conditions, showing that Yi2®s structure and its H-bonding

environment are conserved.

3.3.4. In-cell distance distribution of Yi22*-Y122¢ obtained via orientation-
averaged DEER measurements

DEER measurements between two Yize residing in wt-2 deliver information about
tertiary and quaternary protein structures. Since orientation-selectivity is known to be
found for the Yize-Yize® pair, orientation-selective DEER spectra were measured.?'® To
cover the whole EPR line, three DEER traces were recorded at distinct g-tensor
orientations (Figure 3.5A) for in vitro and in-cell samples, and the obtained dipolar traces
were summed up, yielding an orientation-averaged DEER trace. Fourier transformation
of in-cell and in vitro traces led to an almost ideal Pake Pattern. The resulting orientation-
averaged form factors and extracted distance distributions evaluated by the software

DeerAnalysis are depicted in Figure 3.5B and C, respectively.
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Figure 3.5: Orientation-averaged time traces for Yi22*-Y12* in E. coli RNR for in-cell and in vitro. (A) ESE-
detected EPR spectrum of an in-cell sample, recorded at 10 K and 34 GHz. Three consecutive DEER
measurements for in vitro and in-cell samples were spaced by 14 G. Detect (D1, D2, and D3) and pump (P1,
P2, and P3) positions for orientation-selective DEER measurements are indicated with green and red arrows,
respectively. Frequency separations between detection and pump positions were 84 MHz. (B) Background-
and phase-corrected, normalized, and orientation-averaged 34 GHz in-cell (black) and in vitro (blue) DEER
traces of the B2 subunit of E. coli RNR. Fits are overlaid in a paler shade. (C) Y122¢-Y122¢ distance distributions
obtained by DeerAnalysis. The original in-cell trace is magnified by a factor of two for better visualization.
Details of the analysis are shown in the supporting information in Figure A.1.

Analysis of the in-cell DEER data revealed a main mean distance at 3.32 nm with a
distance distribution of o =0.09 nm (o is the standard deviation of the distribution, which
is assumed to be Gaussian). This distance can directly be assigned to the Yizne®-Yine pair,
as it is identical to the in vitro Yine-Yize distances detected here (3.32 nm with
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0=0.07nm) and previously (3.31 nm®). The detected narrow in-cell distance
distribution and the presence of orientation-selectivity demonstrate the rigid nature of
Yizes, as different conformers would lead to a broadened distance distribution. More
importantly, these data support a consistent structure of the 32 dimer in cells and in vitro
since changes in the quaternary structure would again result in a change or broadening
of the distance distribution.

The distance distribution of wt-B2 in cells shows the presence of an additional
distance at around 2.8 nm with an extremely small intensity, which is also validated.

Three possibilities were evaluated to elucidate the origin of this peak:

I. A distinct Yi2*-Y12* distance
A distinct Yi2® conformer could lead to a smaller distance detected between
both residues. However, this may not be the cause of this peak since no changes
are observed in the 94 GHz EPR spectrum.

II. A Mn"-Mn!" distance
As reported previously, Mn!' can occupy the iron site in wt-2 in vitro.%1%
Considering the high Mn!' content within the cells, a possible Mn!-Mn! distance
was investigated by performing Mn" DEER experiments with E. coli cells that
either contain the apo wt-B2 protein or completely lack the overexpression
plasmid. None of these experiments showed any dipolar modulation and thus
did not result in any distance (Figure 3.6). These data suggest that a Mn-Mn"

pair may not cause the occurrence of an additional distance.
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Figure 3.6: DEER measurements of E. coli cells that contain overexpressed apo wt-p2 (blue) or lack it
(black) at 34 GHz and 10 K. The fits shown with dashed lines are based on a homogenous, three-
dimensional background function.
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I. Orientation selection artifact
The observed second distance resembles the one extracted by DeerAnalysis
when the distance vector rviz-viz is parallel to the magnetic field, with the vi
component dominating the dipolar spectrum. The normalization and
summation procedure of the individual orientation-selective DEERs is not ideal
for in-cell traces due to the low S/N ratios and huge Mn" contribution at pump
and detect positions. Hence, the distance resulting from the vi component
might be over-pronounced in the orientation-averaged trace leading to the

observed second peak.

This evaluation suggests that the additional small peak of the in-cell distance
distribution is most likely an artifact caused by the orientation-averaging procedure.
Low S/N ratios of the individual in-cell DEER traces and the spectral overlap between
Yize and Mn" EPR features complicate the orientation-averaging process, which is

further discussed in Section 3.3.6.

3.3.5. Analysis of orientation-selective DEER measurements via PeldorFit
Nowadays, many different softwares are available to assist in the analysis of DEER data.
Probably the most widely used one is DeerAnalysis, as also utilized for the analysis in
the previous section of this work. However, this analytic tool is not ideally suited for
analyzing orientation-selective DEER data. A software that was specifically designed for
this purpose is PeldorFit. The underlying principle is to fit the time traces by using a
geometric model of the spin system. This model is described by a defined set of
parameters consisting of the distance and relative orientation between the electron spin
centers. These parameters are then optimized during the fitting process through a
genetic algorithm in order to minimize the root-mean-square deviation (RMSD) between
experimental and simulated traces. The accuracy of the optimized fitting parameters can
subsequently be assessed by error plots, which allows a detailed analysis of the spatial
arrangement of the paramagnetic pair. Conformational changes between in vitro and in
vivo samples of RNR 2 could thus be revealed. Therefore, the previously presented
orientation-selective DEER data were additionally evaluated with PeldorFit.

For the fitting process, a configuration file must be provided in which, e.g., g- and
A-tensors of the system under investigation must be specified. However, the software
only allows consideration of two nuclei. Therefore, protons with the strongest coupling
(Cip-H and Cs-H) were chosen. All other couplings must be neglected for the analysis.
Furthermore, g-values given in Table 3.2 were used. The fitting results of in vitro DEER
time traces are shown in Figure 3.7A. The analysis results in a Yi»®-Yi2® distance r of
3.31 nm (Table 3.3), which is in excellent agreement with the previous results obtained

by DeerAnalysis.
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Furthermore, the geometric arrangement can be assessed by the angles &, @, a, 3, and .
The reference coordinate system coincides with the g-tensor axes of one spin, termed
spin A. Orientation of the g-tensor axes of the second spin, spin B, is given by the three
Euler angles a, B, vy with z,x,z” convention. The vector connecting spin A and B is
defined by the polar angle £ and the azimuthal angle ¢. The calculated angles £ and ¢
agree with the spatial arrangement of both Yi2s in the crystal structure (Figure 3.7C and
D), showing the model's validity. However, it must be mentioned that the different runs
of the optimization process often led to different results for the Euler angles while using
the same settings (Figure A.2 and Table A.1). It can also be seen from Figure 3.7 that the
orientation of the spin B does not exactly match the crystal structure, due to 3 being
underestimated by the fit. This indicates that the Euler angles and thus the orientation
of spin B cannot be determined unambiguously with the available measurement set.
Further measurements at additional field positions could solve this problem. Table 3.3

lists only the fitting results with the highest agreement compared to literature values.?'3

Table 3.3: Y12*-Y12* pair distance analysis derived from DEER experiments using PeldorFit. The value
in brackets indicates the error of the respective parameter. The error is determined by the range in which
110% of the minimal RMSD is reached. The first value per column is the mean value of the parameter, while
the second value represents the uniform width (or in case of r the standard deviation) of each parameter.
Reference values were transformed from the z,y’,z” into z,x’,z”” convention by using Matlab.

Parameter Value
L . Denysenkov
in vitro in-cell
et al.213
' 3.31(0.03) 0.03(0.04) 3.32(0.03) 0.10(0.05) 3.31
(nm)  (nm)
EC)  AL(9) 28(9) 1(32) 19(19) 8(14)
¢ (°) A (°) 94(13) 20(71) 77(50) 11(84)
a (%) Aa (°) 172(12)8 6(9)s 108(21)8 4(42)8 174
B(°) AB (°) 30(6)s 66(5)8 12(17)8 74(46)s 118
Y Ay () 7(5)8 77(20)8 70(9)s 1(98)s 6

Additionally, the orientation-selective DEER time traces of the in-cell sample were
analyzed in the same way. Details of the analysis can be found in Figure A.3 and Table
A.2. The determined Yiz®-Yize® distance, as well as the angles € and ¢ agree within error
for in vitro and in-cell samples (Table 3.3). Moreover, the distance distribution of the in-
cell sample is somewhat broader compared to the in vitro one, reproducing the analytical
results of DeerAnalysis. These results hint at the absence of conformational changes of

Yize in the cells compared to in vitro. However, this statement is only valid with

§ These values are not reliable. For explanation see main text and supporting information to Chapter 3.
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reservations due to the large error of € and ¢. The Euler angles do not match the in vitro
and literature values, which is not surprising considering the enormous variance of the
individual fitting procedures. Therefore, no meaningful analysis of the data can be given
by PeldorFit.
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Figure 3.7: Analysis of 34 GHz orientation-selective DEER data of Yi2¢-Y122* in E. coli RNR in vitro.
(A) Orientation-selective 34 GHz DEER time traces acquired at different positions (1, 2, 3) overlaid with the
PeldorFit simulations (red). Traces and positions correspond to the ones presented in Figure 3.5. (B) RMSD
between experimental and simulated DEER time traces as a function of the geometric parameter of
PeldorFit. (C) Geometric arrangement of the Y122¢-Y122¢ pair as predicted by PeldorFit, visualized by a model
consisting of spin A and B. The g-tensor is shown in black. The directions of its principal axes are collinear
with the molecular axes.?#?!5 (D) Geometric arrangement of the Yi»2®-Yixe pair obtained from the crystal
structure, PDB: 5CI435.

So far, PeldorFit has mainly been used for systems containing nitroxide?'®2% or
copper?220 ]Jabels, whereas distances between organic native radicals in a protein have
not yet been investigated. This is the first time to be shown that PeldorFit is also a good

choice for analyzing orientation-selectivity in intrinsic paramagnetic centers. The
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investigation of in-cell DEER data may be complicated by the presence of manganese,

making this software of limited use for such more complex systems.

3.3.6. Detection and evidence of Mn" in the cellular environment
Different metals are present in all living systems, including the paramagnetic metal
manganese. To illustrate the contribution of Mn! to the in-cell spectra, different Hahn
echoes and a refocused echo were recorded with three different samples (Figure 3.8):
I.  Anin-cell sample with 22 uM bulk Yi22® concentration.
I.  Anin vitro sample with 240 uM Yi2® radical concentration.
III.  E. coli cells that lack the wt-[32 overexpression plasmid, consequently having a

Yi22® concentration below the detection limit.

in-cell in vitro E. coli cells
x 0.1

detected optimized

by: for: ’\
Y
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Figure 3.8: 34 GHz ESE spectra of Y12¢ and Mn" in different samples. Pulse EPR spectra of Yi22¢ in cells
(left) and in vitro (middle) compared to E. coli cells without overexpression plasmid (right). The detection is
either optimized for Ye (red) or Mn" (green). Furthermore, the optimization results for Ye at the detect
frequency of the DEER experiments (blue) are shown along with the refocused echo field-swept spectra
(black). The EPR spectra were recorded at 10 K and normalized to the same video gain and number of scans.
Experimental conditions: 7t = 28 ns for the measurements at the pump frequency and 7t =70 ns for the detect
frequency; 11 = 300 ns (green with 200 ns), t2=2.1 us (refocused echo); srt = 4 ms (green with 2 ms), shots per
point = 100, microwave power =20 mW (green with 3.2 mW).

The Hahn echo spectra were optimized to detect either Yi2® or Mn" at pump or detect
frequencies for DEER experiments. Optimization for Mn!" detection was accomplished
by lowering the microwave power and shot repetition time, revealing the characteristic
six hyperfine lines of Mn! species in both cellular samples. Mn" in its 3d> configuration
has a total electron spin state of S = 5/2.2! This results in five possible EPR transitions
with Amg = +1. Its effective spin Hamiltonian can be expressed as
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Hoge = Hgz + Hur + Hzps
= L2 BTgS + STAT+ D (83 —382) + E($2 - $3)

The Hamiltonian demonstrates that hyperfine interactions of the nuclear spin I = 5/2
further split the EPR transitions into six lines. Additionally, Mn"" experiences zero-field
splitting, which further splits the energy levels of the different mg spin states. In Mn"
EPR spectra, usually the hyperfine lines of the central transition (mg = -1/2 <> +1/2) are
resolved, while the so-called outer transitions (mg = +3/2 < +1/2 and mg = +5/2 < 3/2)
are unresolved and appear as broad spectral wings.?® The anisotropy of the Zeeman
interactions is usually quite small, leading to signals centered around g = 2.22 Upon
increasing the mw power to optimize for Ye detection, forbidden transitions with
Amg =1 and Am; = #1 become predominant, leading to broad signals located between
the central transitions as seen earlier.?*

Especially in the refocused echo, manganese is the predominant species due to its
longer transverse relaxation time (supporting information Figure A.4). Furthermore,
significant changes in the detected Mn" lineshape are observed upon switching the m
pump pulse optimized for an S = 1/2 species on or off (Figure 3.9). The spectrum shown
on the right-hand side was obtained by integrating the refocused echo with a pump
pulse applied at zero dipolar time. Adding the pump pulse leads to an accentuation of
the allowed EPR transitions of the Mn! species. As a result, the absorption maximum of
Yi2e falls into a local absorption minimum of the Mn" spectrum and thus contributes
with a higher relative influence on the total spectral intensity as compared to the
spectrum without the pump pulse applied. Pump pulses influencing the refocused echo

have been reported for Gd™ echo signals in previous literature.?>2%

Pump off Pump on

— in-cell
— E. colicells

1200 1210 1220 1200 1210 1220
Magnetic Field (mT) Magnetic Field (mT)

Figure 3.9: Refocused spin echo field sweep experiments with pump pulse on or off. Spectra were
recorded with an in-cell sample (red) or E. coli cells (black) with the pump pulse off (left) or applied at the
primary echo position (right). Spectra are normalized to the Mn" intensity. The observer position of the
DEER experiments is marked with a dashed line. Experimental conditions: 7tdet = 70 ns, Tpump = 28 ns,
srt =4 ms; spp = 100, T =300 ns, T2 =2.1 pys, microwave power =20 mW.
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3.3.7. Investigating the in-cell radical distribution via DEER spectroscopy

Being able to detect a Yize-Yiz® distance in the cells is not self-evident because in vivo
radical distribution in 32 subunits is unknown. The radical distribution within the cells,
which was suggested to play a key role in RNR regulation and activity,”%! can be
assessed via the modulation depth parameter of DEER experiments. As A depends on
the fraction of spin pairs in a sample, monomers and the presence of other paramagnetic
species will suppress the observed modulation depth. A comparison of the orientation-
averaged DEER traces of Figure 3.5 already indicated a severe reduction in modulation
for the in-cell traces compared to in wvitro, which is not surprising considering the
substantial contribution from Mn'. To clarify whether Mn!" solely accounts for the
reduction of A in the cells, its effect on A was quantified by adding various amounts of
Mn" to in vitro RNR samples (Figure 3.10). DEER measurements were performed at
position 1 as indicated in Figure 3.5A. Subsequently, the modulation depth was plotted
against the fraction of Yi® monitored in the refocused echo with the pump pulse

applied. The Yi2® fraction was calculated via:
Y22 © fraction = 1(Y155 ¢) / [I(Mn'") + 1(Yy2; *)] 3.2)

measured at the detect position (dashed line in Figure 3.10A). This plot resulted in a
calibration curve with a positive linear relationship, as shown in Figure 3.10D (black
data points). As expected, a substantial reduction in A with increasing Mn'" fraction is
observed. The modulation depth of in vitro wt-p2 samples without additional Mn"
neither depends on the protein nor the spin concentration,?® according to the ‘two or
none’ model. Hence, Mn" is the only reason for a reduced A in the in vitro samples. The
metal ions are homogeneously distributed and thus do not contribute to the detected
distances and distributions, as shown in Figure 3.6.

The same procedure was followed with three different in-cell samples from different
expression batches (see Table 3.1). In all cases, the detected modulation depth falls below
the in vitro calibration curve (red data points in Figure 3.10D). Details of the
measurements can be found in Figure A.5. The variance in modulation depth within the
different cellular samples is to be expected, as it is a living, dynamic system, and
furthermore, expression conditions can never be fully reproduced despite all efforts. The
reduction of in-cell A becomes particularly evident in the direct comparison with a
sample prepared to mimic the cellular conditions, shown in yellow in Figure 3.10.
Duplicates of this mimic were prepared as shown in Figure A.5, but for simplicity, only
one of them is shown here. Both in vitro mimics showed very similar Yi2e fractions
compared to the in-cell samples. However, the detected modulation depth for in-cell
samples is consistently lower than for the mimics. This result shows that the presence of
manganese alone cannot explain the reduction of A in the cells. As Yi»® and Mn" are the
only paramagnetic species detected within the cells, an additional monomeric species

must be present in the cell. Either some of the 32 dimers must contain only one Y1, or
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Yize-carrying 3-monomers do exist, both possibilities leading to further reduction of A
values. In vivo presence of 1 Y per (32 would be consistent with the asymmetric a232
complex structure. Either way, these data suggest a distinct radical distribution being
present in E. coli cells compared to the in vitro “two or none” hypothesis. Such a distinct
radical distribution has never been observed in E. coli RNR before and strongly supports
a model in which protein activity is regulated via modulation of Ye concentrations in

the cells.
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Figure 3.10: Modulation depth analysis of in vitro p2 samples containing different equivalents of Mn!
compared to in-cell samples. (A) Q-band field-swept EPR spectra of RNR/Mn"" mixtures and an in-cell
sample (red trace) recorded via refocused spin echo with the pump pulse applied at the primary echo
position. Spectra are normalized to Mn! intensity. (B) Primary DEER traces and (C) form factors of the
corresponding samples. (D) Calibration curve for the modulation depth as a function of relative Yize
contribution to the refocused echo. The area below the curve is shaded as a guide to the eye.

Another fact to note is that the background slope of the primary DEER traces (Figure
3.10B and Figure A.5) of in-cell data does not exceed the steepness of the in vitro traces,
which excludes high local spin concentrations.!**??8 The slope of the in-cell background
is in a comparable range to the mimics, while samples with higher radical concentrations
(70 pM grey and 150 uM black, pink, and blue in Figure 3.10) exhibited significantly
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steeper backgrounds. This shows that the local Y12 concentration is substantially lower
than 70 uM and implies that RNR (32 is homogeneously distributed within the cells, as
supported by Tm measurements (Figure A.6). This result is in perfect agreement with the

calculated intracellular radical concentration from Section 3.3.2.

3.3.8. The effect of chloroform on radical yield and cell viability

In previous in-cell EPR experiments performed on [2Fe-2S] clusters, it was proposed that
the addition of chloroform enhances cell permeability so that reducing agents could be
effectively delivered into the cytosol.*?? Sodium dithionite is required as a reducing
agent to make [2Fe-25] clusters accessible for EPR spectroscopy. In their studies, 10%
(v/v) chloroform was added to the cells immediately prior to freezing the samples. In
the case of RNR, no sodium dithionite is needed; however, adding chloroform might
also facilitate the iron supply to the cells. To test this hypothesis and to probe whether
chloroform addition thus leads to higher radical yields, samples were prepared with
different amounts, ranging from 0.5 to 10%, directly added after iron addition.
Subsequently, X-band cw-EPR spectra were recorded, as shown in Figure 3.11A. In the
next step, double integrals of the spectra were plotted as a function of chloroform content
(Figure 3.11B). Except for the sample with 5% chloroform, all samples show reduced
signal intensity compared to the chloroform-free sample. Intriguingly, the addition of
chloroform decreases the in-cell Yi2® concentration instead of increasing the yield. This
observation is supported by Q-band measurements performed with a second wt-{32
expression batch (Figure A.7).
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Figure 3.11: Cw-EPR spectra of in-cell samples supplemented with chloroform showing signal intensities
as a function of chloroform content. (A) 9 GHz spectra of Yize® in cells after the addition of different
amounts of chloroform. (B) Double integrals normalized to 1, plotted against the chloroform content. The
sample containing 10% chloroform was prepared as a duplicate. Experimental conditions: 9.6 GHz, 100 K,
31.6 mW power, 1.5 G modulation amplitude, 100 kHz modulation frequency, 5.12 ms as time constant, and
19.9 ms conversion time.
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Furthermore, it can be seen from the X-band spectra that the addition of chloroform
causes slight changes in the EPR lineshape, such as the additional spectral features
centered around 342 mT. Their appearance could well be caused by the presence of the
underlying manganese signal. In order to analyze the lineshape more precisely, W-band
spectra of samples containing 0% and 1% chloroform were compared (Figure 3.12). As
can be seen from the figure, both spectra highly agree in their EPR lineshape. For
example, the gx value (shown with a solid gray line) is unchanged and the Cs-methylene
proton couplings, which provide essential information about Y ¢ conformations, are also
consistent (shown with dashed gray lines). However, it is important to note that not all
of these couplings are resolved in the spectra, such as those at 3343 mT. These couplings
cannot be absent since the splitting scheme must be symmetric around g», as shown
previously in Figure 3.3. The reason for the invisibility of these couplings is the
suppressed, underlying manganese signal, which can only be separated by a complex
background subtraction (Figure A.8). A direct influence of chloroform on the protein
structure and thus on the EPR lineshape can consequently not be verified. It is possible

that the presence of different Mn" species causes the observed differences.
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Figure 3.12: ESE spectra of Yiz* in E. coli cells measured at 94 GHz. (A) Absorption spectra and (B)
pseudomodulated spectra (modulation amplitude = 5 G) of E. coli cell samples expressing wt-p2 and
containing either no (black) or 1% chloroform (blue), shown together with spectral simulations (red).
Simulations were performed by EasySpin, using parameters shown in Table 3.2. Solid gray vertical line
indicates the position of the gx value. Dashed lines show the positions of Cf-methylene protons couplings.
Mn" signals are marked with an asterisk *. Acquisition parameters: Temperature =20 K, m=32ns, =320 ns,
srt =15 ms, spp = 80.
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Another factor that must be considered when utilizing chloroform is cell viability. To
check this property, 20 uL of cell suspension were plated up to a 10" dilution onto LB-
agar plates and allowed to incubate overnight at 37 °C. No colonies were observed for
chloroform-containing samples, whereas the chloroform-free samples showed strong
growth. Furthermore, liquid cultures were prepared by inoculating 5 mL of chloroform
containing LB medium with a single colony, followed by incubation at 37 °C overnight.
Only the samples with 0% and 0.5% chloroform resulted in cloudy solutions, indicative
of cell growth, whereas all other samples remained clear. SDS-PAGE analysis of these
samples illustrates that a chloroform content of 0.5% is already sufficient to increase
protein leakage marginally, as an increase in extracellular protein content is observed
(Figure 3.13).
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Figure 3.13: SDS-PAGE analysis of the supernatant of E. coli cells treated with different amounts of
chloroform. An E. coli cell-suspension overexpressing wt-f2 in Fe-containing buffer was enriched with
chloroform. The cells were kept on ice for approximately 5 min, and afterward, cells were separated at 2000
xg for 5 min at 4 °C. 9 uL of supernatant were taken for SDS-PAGE analysis (15% Gel).

In conclusion, these observations show that chloroform leads to cell death, which is a
well-known fact.?® Its damaging effect is attributed to its ability to modify membrane
lipid matrix properties.?*"232 Therefore, its use is not suitable for in-cell experiments when
preservation of the cellular structure is requested.
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3.3.9. Detection of F3Y122* and F3Y122°-F3Y122¢ pairs within the cells

The next important step for in-cell studies is understanding RNR’s activity and active
structure in the cellular environment. The use of unnatural amino acids is a key element
in this process. The incorporation of FsY122 was fundamental to enable investigations on
the in vitro radical transfer mechanism and to obtain the cryo-EM structure of the o232
complex. Therefore, in the next step, 2,3,5-FsY was incorporated in position 122, and apo-
FsY122 was overexpressed in the cells. The cell growth on the LB-agar with the E. coli cell
suspension containing 2,3,5-FsY122 overexpression plasmid was at least 6 - 101 cells per
mL cell suspension. Slightly lower survivability in mutants is to be expected compared
to wt-B2 overexpression. Fel and O: treatment of the washed cell cultures led to the
generation of FsYize as verified by 9.6 and 34 GHz EPR spectra, while no detectable
amounts of radical could pass the cell wall (Figure 3.14). Spin quantification experiments
yielded a 17 + 5 uM in-cell bulk concentration of FsYiz2® in good agreement with the

wt-p2 in-cell samples.
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F5 O}“a ih-cell X7
sim.
.0 F, WT:' in vitro

Fs

328 332 336 340 344 348

Signal Intensity (a.u.)

1200 1204 1208 1212 1216 1220
Magnetic Field (mT)

Figure 3.14: Cw- and derivative pulse EPR spectra of FsY122* measured at 9.6 and 34 GHz. In-cell (black)
and in vitro (blue) data are shown along with corresponding simulations (red dashed lines) and the
supernatant spectrum (green). Simulation parameters reported in literature®?3 are changed minimally
during spectral simulations (see Table 3.4). Asterisks denote couplings seemingly absent in the experimental
spectra due to a background signal. Schematic representation of FsYi22¢ shown left with the numbering of
magnetically coupled nuclei included in the EPR spectral simulations in red and blue. Experimental
conditions: 9 GHz: 2.5 mW power (31.6 mW power for green), 1.5 G modulation amplitude, 100 kHz
modulation frequency, 5.12 ms as time constant, and 19.9 ms conversion time at 100 K, 50 scans (black),
20 scans (blue), 100 scans (green). 34 GHz: t = 32 ns, T=300 ns, srt =4 ms, spp =10 and 20 mW power, 1 scan.
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Table 3.4: Hyperfine coupling parameters used for spectral simulations of multi-frequency EPR spectra
of 2,3,5-FsY1z* in whole E. coli cells. Best agreement with the experimental data was achieved with
Suyz=2.0085(5), 2.0045(2), 2.0022(3). Hyperfine parameters used for simulating the 9.6 GHz and 34 GHz data
are given in regular and italic font, respectively. The minor differences between the two sets are likely due
to the presence of the second conformation. The Euler angles a, 8, and vy are defined within the EasySpin

z,y',z’ convention and refer to rotation from the g-tensor into the hyperfine tensor frames. Positive angles
are clockwise rotations viewed along the rotation axis. The hf coupling uncertainty was at most 20%.

Nucleus Ax (MHz) Ay (MHz) Az (MHz) a p Y
56 39 40
Cig-H
56 39 40
0.5 0.5 3
C-H
0.5 0.5 3
. -3 16 -45
Fa2ring 0 0 60
-3 16 -45
. -3 -40 150
Fs ring 0 0 -45
-3 -40 155
. -3 -25 180
Fs ring 0 0 135
-3 -25 184
. 5.8 5.5 2
Hs ring 0 0 -120
5.8 5.5 2

Subsequently, in-cell and in vitro DEER measurements with samples containing FsY122®
were performed. Four in vitro DEER traces were recorded at different g-tensor
orientations (Figure 3.15B), which were summed up to eliminate orientation-selection
effects (Figure 3.15C blue). Further details of these measurements are given in Figure
A.9. Because of poor S/N ratios, such orientation-selective DEER measurements were not
feasible with the in-cell sample. Instead, an in-cell DEER trace (Figure 3.15C black) at a
molecular orientation at which the distance vector resviz-rsviz is perpendicular to the
magnetic field was recorded, marked as position 1. It was stated earlier that the correct
mean distances can be determined directly from dipolar frequencies at this orientation.?*
The distance analysis of this trace resulted in a mean distance of 3.37 nm (Figure 3.15D).
Please note that the standard deviation of the in-cell distance distribution can not be
given as a comparison since its value is not entirely reliable in the presence of
orientation-selectivity.?® The detected in-cell distance agrees to a high degree with the
in vitro distance detected here (3.36 with 0=0.11 nm) and with the distance between
oxygen atoms of two FsYixs in the recent crystal structure of FsY12-32 (Figure 3.15A).
Hence, this distance can be assigned to the FsYine-FsYize pair in E. coli RNR. The
agreement between the in vitro and in vivo FsY12¢-FsY12® distance, as well as with the
wild-type Yize-Yizedistance indicates that incorporation of the unnatural amino acid

does not significantly affect the protein structure in the cell.
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Figure 3.15: Distance determination between the FsY122¢-FsY12¢ pair in E. coli RNR. (A) Crystal structure
of the FsY12-P2 variant of E. coli RNR (PDB: 5CI3%) overlaid with the wt-2 structure (PDB: 5CI4%) to
reproduce the homodimeric complex. IN and OUT conformers of FsYi22 are shown in yellow and blue,
respectively. (B) ESE-detected EPR spectrum of an in-cell sample recorded at 10 K. Four consecutive
measurements for an in vitro sample were spaced by 20 G. Detect (D1, D2, D3, and D4) and pump (P1, P2,
P3, and P4) positions for in vitro orientation-selective DEER measurements are indicated with green and red
marks, respectively. Frequency separations between detection and pump positions were 84 MHz. DEER
measurements for the in-cell sample were carried out at the first detect and pump position (D1/P1). (C)
Background- and phase-corrected, normalized 34 GHz in-cell (black) and orientation-averaged in vitro (blue)
DEER traces of FsY1220-B2 subunit of E. coli RNR with fits overlaid in pale shade. The original in-cell trace is
magnified by a factor of two for better visualization. (D) FsYiz2e-FsYi22¢ distance distributions. Details are
given in Figure A.9.

The crystal structure of the FsY1»-32 variant of E. coli RNR was overlaid with the wt-32
structure by using PyMOL to reproduce the homodimeric complex. In the crystal
structure, two conformations of FsY122 are present, termed IN (yellow) and OUT (blue),
as shown in Figure 3.15A. Earlier X-ray crystallographic investigations showed that the
electron density of 2,3,5-FsY122 cannot be modeled accurately by a single conformation of
the residue. Instead, two conformations were found that differ by a 180° rotation around
the C-Cy bond and a slight shift within the hydrophobic pocket.** Accordingly, the Cf3-
proton hyperfine couplings differ for both conformers (Table 3.5).
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Table 3.5: CB-proton hyperfine couplings for 2,3,5-FsY12-2 IN and OUT conformers as determined by
Oyala et al.%

. Ax Ay A Relative "
Conformation Proton pci 0°
(MHz) (MHz) (MHz) abundance
Cp-H 57 51 54
IN 80% 0386  21.7
Cp-H 0.5 0.5 3
Cig-H 43 38 38
ouT 20% 0357  34.1
Cp-H -0.5 -0.5 2

The distance for two IN conformers (3.36 nm) corresponds to the in vitro and in-cell
distances detected in this work through DEER measurements. The distance between two
OUT FsYiz® conformers is 3.22 nm, which is not detected by the presented DEER
measurements. These results support that the IN conformation is the predominant state
in whole cells, as already suggested for in vitro in the literature.®> Simulations of the
multi-frequency data support this observation, where hyperfine coupling values
corresponding to the IN-conformation were utilized.

It should be noted that the distances between the IN-IN and OUT-OUT conformers
are captured between two oxygen atoms of FsY1z® in the crystal structure, which does
not correspond to the center of spin density,?"?% but still provides reliable results. The
distances measured for a Yiz®-Yiz® pair based on the spin density gravity center and
based on the O atoms in the crystal structure are 3.26 and 3.29 nm, respectively. Thus, a
discrepancy of 0.03 nm is expected. The spin density is estimated to remain about the
same for Yize (pc1 = 0.387%) and FsYize. Compared to the difference between IN and
OUT conformers (0.14 nm), the discrepancy of 0.03 nm is negligible. Thus, distance
calculations based on the oxygen atoms of FsY12# in the crystal structure are valid.
Furthermore, background slopes of the in-cell and in vitro DEER traces were compared.
Similar to the results obtained with Yiz2e in the wild-type enzyme, this analysis showed
that the local FsY122® concentration within the cells must be substantially lower than the
detected in vitro concentration of 130 + 30 uM.

" Values were determined from EPR measurements.
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3.3.10. Optimization of F3Y122¢ expression conditions

Previous F.Y-2 expression protocols suggested using E. coli TOP10 cells and only 0.05%
arabinose to induce protein expression.® The first attempts of expressing and detecting
FsYize in E. coli were thus performed in TOP10 cells. However, this resulted in low
radical yields and poor S/N ratios of the DEER data. To enhance the FsY122# radical yield,
different expression conditions were tested. The overall expression procedure was kept
as described in Section 3.2.2, introducing changes at specific points.
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Figure 3.16: 34 GHz ESE spectra of F3Y12*-B2 expressed under different conditions. (A) Either 0.05% or
0.5% arabinose was used to induce protein expression. An exemplary background correction is shown in
dashed lines. (B) The cell suspension was either allowed to incubate for 10 or 5 min with iron. (C) TOP10 or
BL21(DE3)-Gold cells were employed for protein overexpression. (D) comparison of samples before and
after optimization of the expression protocol. Values next to the spectra indicate integrals of FsY122® signal
after background subtraction. Sample details: green: TOP10, 0.05% arabinose, 5 min; blue: TOP10, 0.5%
arabinose, 5 min; red: TOP10, 0.05% arabinose, 10 min; black: BL21, 0.5% arabinose, 5 min. Signals are scaled
to number of scans, spp, and videogain. Acquisition parameters: 7 = 32 ns, T = 300 ns, srt =8 ms, spp = 100
and 20 mW power, 1 scan.

First, the arabinose content for FsY12:-32 overexpression in E. coli TOP10 cells was varied
using either 0.05% or 0.5% arabinose. Subsequently, 34 GHz ESE spectra were recorded
(Figure 3.16A). The spectra reveal the presence of two paramagnetic species, FsY122¢ and

Mn". To allow the comparison of generated FsY1z® yields, a background correction for
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Mn!" was performed (exemplarily shown as dashed lines in Figure 3.16A), and the
integral of the FsYe signal was determined (values shown next to the spectra).
Accordingly, using 0.5% arabinose instead of only 0.05% drastically enhances the radical
yield in the cells. Next, the incubation time between iron addition and sample freezing
varied between 5 and 10 min (Figure 3.16B). Integration of the FsYi»® signal reveals a
remarkable increase in radical content for the shorter incubation time. Finally, the
employed E. coli strain was altered from TOP10 to BL21 cells, causing only a negligible
enhancement in FsY1»® radical yield (Figure 3.16C).

The direct comparison before and after optimization of the expression conditions
(Figure 3.16D) unveils approximately a doubling of FsYize signal intensity and an
enhanced relative intensity compared to the Mn! EPR signal, which should consequently
lead to an increase in S/N rations and modulation depth in DEER experiments. Indeed,
DEER traces recorded for the FsYi22¢-FsY122# pairs in TOP10 cells revealed a dampened
modulation depth with A=0.5% (Figure 3.17A). The modulation depth of the DEER trace
of BL21 cells is enhanced by the factor of two (A = 0.9%) and is only slightly lower than
for wt-pB2 expression. In vitro experiments already showed that the maximum radical
yield of FsYize® is 0.9 FsYe/p32, in contrast to the usual 1.2 Ye/B2 for the wild-type
enzyme,* which could be a possible reason for the reduced modulation depth observed

with FsY12e. The lower radical concentration in TOP10 cells causes a poor signal-to-noise

ratio.
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Figure 3.17: 34 GHz DEER measurements of F3Y122¢ expressed in E. coli BL21(DE3)-Gold or TOP10 cells.
(A) Background- and phase-corrected, normalized 34 GHz DEER traces of FsY122¢-f32 subunit of E. coli RNR
overexpressed in BL21 with 0.5% arabinose (black) or TOP10 with 0.05% arabinose (red) cells. Fits obtained
by DeerAnalysis are overlaid in pale shade. (B) FsY122¢-FsY12¢ distance distributions together with detected
distances. Bulk radical concentration: 17 uM (black), 7 uM (red).

Analysis of the DEER traces of BL21 and TOP10 samples results in a main peak in the
distance distribution at 3.37 and 3.35 nm, respectively (Figure 3.17B). However, a smaller

distance at 2.8 nm is observed in TOP10 cells, which already emerged in the orientation-
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averaged traces of the wild-type protein, this time with increased relative intensity and
again validated. In conclusion, these results highlight that using 0.5% arabinose is more
suitable for investigating FsYi22# in E. coli cells via EPR. Moreover, we prefer the E. coli

strain BL21 for in-cell EPR as it is a standard strain for protein expression.

3.4. Conclusion and outlook

This chapter reports on the characterization of the essential tyrosyl radical of E. coli class
Ia RNR in whole E. coli cells by using advanced EPR techniques. This goal was achieved
by overexpressing the wt-f32 subunit in intact, living cells. Multi-frequency EPR and 'H
Davies ENDOR measurements revealed that the structure and electrostatic environment
of the di-iron tyrosyl radical cofactor Yize in E. coli RNR are identical under in vivo and
in vitro conditions. DEER distance measurements within the Yize-Yize pair provided
insights into the in-cell structure and conformational rigidity of the 32 subunit. Such
orientation-selective DEER measurements performed on a native paramagnetic center
in the cells are, to the best of our knowledge, the first of their kind. Most importantly,
these dipolar experiments shed light on a distinct in-cell radical distribution within this
subunit. The presence of 32 subunits having only one Yiz® strongly supports a model
in which E. coli RNR activity is regulated via modulation of Ye concentrations in the
cells. These results serve as a basis for future experiments aiming to detect and
manipulate the factors influencing in-cell RNR activity.

Additionally, the spectroscopic detection of an unnatural amino acid radical in
whole cells, FsY122¢, was presented. It could be shown that FsY incorporation does not
affect the in vivo protein structure. A successful generation of FsY12¢ within the cells is
the first step toward gaining unique insights into RNR catalysis under physiological
conditions. Trapping the intermediate Ysss® within the cells would be substantial to
investigate its function in the PCET inside a living system. Initial hints indicate that the
overexpressed 32 subunit is catalytically active within the cells, and Ysss® might be
detectable (Figure 3.18). Since these preliminary data are still characterized by a poor
S/N ratio and a strong Mn' background, additional spectroscopic and biochemical work
is necessary to confirm this hypothesis with certainty.

In vivo formation and detection of F.Yes will not only be crucial for RNR but,
furthermore, showcases the possibility of unraveling the in vivo structure and role of
tyrosyl radicals involved in other fundamental processes such as photosynthesis,?”

reduction of O2 to water,?*® and DNA repair? by unnatural amino acid incorporation.
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Figure 3.18: An outlook for trapping of Ysss* investigated by 34 GHz ESE spectra. (A) Absorption spectra
and (B) pseudomodulated spectra. For in vitro Yss® generation, the reaction of FzYi12e-2 with wt-a2 was
manually freeze quenched as described by Nick et al.”? Proximity of FsY1e to the di-iron cluster alters its
relaxation properties so that at 80 Kmostly Ysss® can be monitored (blue). In-cell measurements of the FsY122®
variant (black) at 70 K reveal a spectrum with similar lineshape compared to Ysss® on top of the Mn!' EPR
pattern.
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Role of manganese ions in tuning the
radical generation in ribonucleotide
reductase

Parts of the results presented in this chapter are in preparation for publication:

Meichsner, S. L., Kasanmascheff, M. Mismetallation or regulation? Role of manganese

ions in tuning the radical generation in ribonucleotide reductase, in preparation.

41. Introduction

E. coli encodes two class I RNRs, Ia (NrdA and NrdB) and Ib (NrdE and NrdF). Class la
is expressed under normal aerobic growth conditions, whereas the Ib enzyme takes over
the catalysis under iron-limited and oxidative stress conditions.!® Surprisingly, under
these conditions, class Ia is also expressed in levels comparable to those detected in iron-
rich media. The presence of class Ia 2 in large amounts with low activity remains
puzzling.

The universal binding of transition metals in the +II oxidation state is described in
terms of the Irving-Williams series with Mn" < Fe' < Nj! < Co" < Cu"' > Zn".2% Mn" and
Fell in general exhibit relatively low binding affinities, so mismetallation of iron sites
with manganese and the reverse case is a well-known problem.?*-24> Mn" and Fe! both
offer relatively similar ionic radii (0.80 A for Mn" and 0.74 A for Fell), similar
coordination numbers, and redox activities in the physiological pH.?* Previous studies
of the 32 subunit of E. coli class Ia RNR have demonstrated that Mn" can bind tightly in
the protein's metal-binding site with the same amino acids involved in the ligation as for
Fe!l.” This in turn inhibits the formation of the stable Yi2¢ on the Mn-occupied binding
site.”1% To date, there is no exact answer to how nature minimizes or regulates such a
mismetallation in the protein. However, understanding its activity regulation is essential

because of RNR's central role in every living organism.
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Some of the presented facts already demonstrated that a type of activity regulation of E.
coli RNR is present in living cells. So far, the maximum possible yield of 2 Yi2® and 4 Fe
per 32 was observed in crude cell extracts titrated with reduced YfaE exclusively.!"! Yet,
only substoichiometric Yize levels (0.1 — 0.3 Yi2®/2) were detected inside the cells,
although the overexpressed [32 was almost completely loaded with the diferric cluster.'”!
Moreover, the results obtained in Chapter 3 displayed that overproduction of NrdB in
E. coli cells under iron-limiting conditions results in a distinct radical distribution of Y12®
in the cells,”> compared to the two or none model in vitro. These results suggest a model
in which RNR activity is regulated via modulation of Yiz® concentrations, possibly
influenced by metal availabilities. These studies aim to address the question about the
interplay between available metal ions and radical formation, thus RNR activity, in vitro

and in vivo.

4.2.  Materials and methods

4.2.1. In-cell sample preparation

The former in-cell samples were produced under iron-limiting conditions. In this
chapter, a second set of samples was prepared, in which iron was available during
protein expression (n = 3/group/point in time). For both samples, E. coli BL21(DE3)-Gold
cells were grown in 600 mL LB-medium. For iron chelation, 1,10-Phenanthroline was
added to a final concentration of 100 uM in the medium at OD600 ~0.9. After 20 min,
while an OD600 of around 1.1 was detected, protein expression was induced with
0.5mM isopropyl-1-thio-B-galactopyranoside (IPTG). For the other samples, no
phenanthroline was added, and protein expression was directly induced at OD600 ~1.1.
For both samples, protein overproduction was accomplished for 4 h, and afterward, the
cells were harvested by centrifugation at 3000 xg for 20 min at 4 °C. A typical 3 -9 and
6 — 7 g cell paste/L media was obtained for iron-chelated and iron-available samples
each. The cell pellet was resuspended in 50 mM Tris pH 7.6 with 5% glycerol using 3 mL
of buffer per g cell paste. 0.15> mM Fe(NH4)2(SO4)2 was added to this buffer. After 10 min
incubation on ice, all samples were transferred to 2.8 mm O.D. EPR tubes and frozen in
liquid N2 at the same time to ensure equal incubation times. Yiz® yield and the amount
of free Mn!' were quantified by cw-EPR spectroscopy at 9.6 GHz (Table 4.1).
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Table 4.1: Y1z yield, Mn™ and OD600 of E. coli in-cell samples expressing wt-B2 RNR for 4 h under iron
chelated and iron available conditions. Mean values and standard deviation of three individual expression
batches are listed.

Iron Yize (UM) Mn! (uM) OD600 (a.u.)
chelated 20+5 20+4 1.6+0.2
available 58 +23 2612 22+03

4.2.2. Monitoring of cell density, tyrosyl radical, and manganese content in the
cells

During the growth of the in-cell samples from Section 4.2.1, aliquots were taken at
distinct time points after initiation of protein expression to determine the Yi»® radical
content and the amount of EPR-detectable Mn! species by cw-EPR, as well as the OD600
value. Cells were allowed to grow for at most 20 h. After sampling, the cells were again
harvested by centrifugation at 3000 xg for 20 min at 4 °C. The cell pellet was resuspended
in 50 mM Tris pH 7.6 with 5% glycerol using 3 mL of buffer per g cell paste. 0.15 mM
Fe'(NHa4)2(SOs)2 was added to this buffer. After 10 min incubation on ice, all samples

were transferred to 2.8 mm O.D. EPR tubes and frozen in liquid N2 at the same time.

4.2.3. In vitro sample preparation

First, protein concentration was determined via UV-Vis spectroscopy. 150 uM of apo-{32
were titrated with the corresponding amount of Mn!. Manganese was supplied in the
form of MnCl, prepared freshly for each experiment. The protein-manganese mixture
was incubated on ice for 10 min. Subsequently, 5 equivalents of Fe' per dimer were
added in the form of Fe(NHa4)2(5O4)2. The iron solution was prepared freshly before its
use in degassed buffer via N2 bubbling for at least one hour. If not stated otherwise, the
solution was mixed and incubated for 2 h in an open 1.5 mL Eppendorf tube to ensure
O: availability. For EPR measurements, 100 uL protein solution was transferred to
2.8 mm O.D. EPR tubes and shock frozen in liquid Na.

4.2.4. UV-Vis measurements

UV-Vis experiments were conducted at a Jasco V-650 spectrometer equipped with a
temperature control unit. 30 uM of apo-f32 were titrated with the corresponding amount
of MnCl, prepared freshly for each experiment. The solution was incubated on ice for
10 min. Subsequently, 5 equivalents of Fe!' per dimer were added in the form of

Fe!'(NHa4)2(SOs)2. The iron solution was prepared freshly before its use in degassed buffer
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via N2 bubbling for at least one hour. The solution was mixed and measured
immediately afterwards with a dead-time of around 1 min after iron addition. Spectra
were acquired at 20 °C every 3 min between 1 — 30 min, every 5 min between 30 — 60 min,
and then every 10 min. The Yize® contribution at Azionm (Y122 ¢) to the absorbance
spectrum was determined by baseline subtraction for each spectrum. The background
intensity is constantly changing because of ongoing iron oxidation (Figure B.5A); hence
anew background needs to be created for every time point. This background was created
by omitting the data points between approx. 400 to 420 nm. Using the background
corrected data, the Yiz2® yield per 32 could then be obtained by

c(Y122°) _ Aszionm (Y122°)
c(B2) ed-c(f2) (4'1)

with €(410nm) = 2110 M! cm-1.88

4.2.5. Size exclusion chromatography for 2 dimer and monomer identification
To distinguish monomeric and dimeric 3-subunits, size exclusion chromatography was
performed with a Superdex 75 Increase 10/300 GL column using a flow rate of
0.5 mL/min on a cooled AKTA go chromatography system. Prior to the analysis, a
calibration was accomplished by using a molecular marker kit containing Albumin,
Alcohol Dehydrogenase, (3-Amylase, Carbonic Anhydrase, Cytochrome ¢, and Blue
dextran. Subsequently, either 30 uM or 150 uM protein solution was incubated for
10 min with the indicated amount of Mn" on ice. After different time points of iron
addition, the solution was applied to the column.

4.2.6. Dephosphorylation of azido-CTP

The NsCDP activity assay requires the 5'-diphosphate form of 2'-azidonucleotide for
binding to the active site of a2. This compound is not commercially available, though
the 5'-triphosphate can be purchased. The terminal phosphate group can be cleaved
enzymatically by myosin.?*> Therefore, 5 mM azido-CTP was incubated with 5 mM CaClz
and 0.65 uM myosin (65 pl/ml) in 50 mM Tris HCl, pH 8.0, for 9 hours at 37 °C and
300 rpm. This reaction was performed in a standard volume of a total 200 uL. After
incubation, the mixture was placed on ice for some minutes to stop the reaction, which
led to calcium phosphate precipitation. The white precipitate was spun down at
10 000 xg for 2 min at 20 °C. In the following, myosin could be separated from the
nucleotide by centrifugation in an Amicon® centrifugal filter unit with 10 kDa cutoff
once with 8 mL fresh 50 mM Tris HCl pH 7.6 buffer for 3000 xg for 15 min at 4 °C.
Afterwards, two further washing rounds were performed in a smaller Amicon® with

1 mL Buffer at 3000 xg for 30 min at 4 °C. The nucleotide-containing filtrate was then
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frozen in a 15 ml plastic tube and lyophilized overnight. The dry powder was stored at
—20 °C until use. The nucleotide was then dissolved in a minimal amount of 50 mM Tris
HCI pH 7.6. To check nucleotide concentration, 1 pl is mixed with 99 pL 0.01 M HC],
followed by the absorption measurement at 279 nm. At pH 2.0, £(279 nm) = 13 700
M cm can be applied. The cleavage efficiency is checked by thin layer chromatography
(TLC) using TLC Silica gel 60 F2s4 as the stationary phase and 0.3 M (NH4)2COs as mobile
phase. The separation of di- and tri-phosphates is monitored by potassium
permanganate staining. The purity is close to 100%, as no traces of triphosphates were
observed on the TLC plate (Figure B.1).

4.2.7. N3;CDP-based activity assay

In order to test the activity of manganese-bound (32 subunits, NsCDP as substrate
analogon was used. The assay conditions used were 50 uM (32, 50 uM a2, 50 uM dTTP,
1 mM NsCDP, 15 mM Mg-acetate, and 1.25 mM DTT in 50 mM Tris-HCl pH 7.6.
Therefore, 32 was first incubated with the corresponding amount of MnCl: for 10 min,
followed by iron addition and incubation at RT for 2 h. Subsequently, the radical yield
was checked via UV-Vis. In the next step, one reaction vessel was prepared, containing
the a2-subunit, dTTP, DTT, and Mg-acetate. In a second vessel, 32 was mixed with
NsCDP and Mg-acetate. The reaction was started by mixing both solutions, which were
then quickly transferred in EPR tubes and, after 1 min reaction time, frozen in liquid N.

For the detection of Yize signal decay, 40 puL of the sample volume was filled in
1.6 mm O.D. EPR tubes, which were frozen in liquid N: after 1 min incubation at room
temperature. The Yi»® content was quantified by cw-EPR measurements at 9.6 GHz.
Afterward, the sample was allowed to thaw at 20 °C for 1 min, followed by freezing and
measuring. This cycle was repeated for 20 min in total.

As the N radical is not stable over the observed period,* sample preparation was
different for efficient Ne detection. Therefore, 80 pl of the reaction mix was filled in
2.8 mm O.D. EPR tubes and frozen after 6 min incubation time at room temperature.
After this 6 min, Yi2¢ and N were detected via cw-EPR. The isolated EPR spectrum of
N is obtained via subtraction of the remaining Y12® from the cw-EPR spectrum.

4.2.8. Size exclusion chromatography to probe a232 complex assembly

Separation of a2, 32, and a2B2 can be achieved by utilizing a Superdex 200 Increase
10/300 GL column connected to a cooled AKTA go chromatography system with a flow
rate of 0.5 mL/min. The samples were the same as used for the activity assay, prepared
for Ne detection. After the cw measurements, samples were thawed on ice and directly
diluted to 600 pL sample volume, yielding around 3 uM protein concentration.
Afterward, the solution was applied to the column and eluted with 0.5 mL/min flow.

Calibration of the column was achieved by a molecular marker kit containing Albumin,
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Alcohol Dehydrogenase, -Amylase, Carbonic Anhydrase, Cytochrome c, and Blue

dextran.

4.2.9. Detail of the EPR experiments

X-band: X-band cw-EPR measurements were carried out at T = 100 K using a Bruker
EMX-Nano Benchtop spectrometer equipped with a continuous-flow nitrogen cryostat.

Q-band: Q-Band pulse EPR measurements were carried out at T = 10 K using a Bruker
Elexsys E580 spectrometer equipped with a 150 W TWT amplifier, Bruker ER 5106QT-2
resonator, Bruker SpinJet AWG, Oxford Instruments CF935 continuous-flow helium

cryostat and Oxford Instruments MercuryiTC temperature controller.

Orientation-selective DEER experiments were performed using the 4-pulse DEER
pulse sequence with 16-step phase cycling and Gaussian pulses. The frequency
separation Af = foump - faet was 84 MHz, and an overcoupled resonator with fump set to the
center of the resonator dip was used. Pump and detect positions are marked in the
spectrum in Figure 4.1. Optimal m-pulse lengths were determined using transient
nutation experiments, typically 28 ns for the pump pulse and 70 ns for the detection.
DEER time traces were background-corrected by using an empirical second-order
polynomial fitting. The protein concentration of p2 used was 150 uM if not stated

otherwise.

Detect

Pump Yin®

Intensity (a.u.)

Mnll

1180 1200 1220 1240 1260
Magnetic Field (mT)

Figure 4.1: Detect and pump position used for DEER experiments in this chapter. An exemplary pulse
EPR spectrum recorded at 34 GHz and 10 K displaying spectral features contributed by Yize (gray) and
Mn" (purple). Detect and pump positions of a typical DEER experiment are indicated by arrows.
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4.3. Results and discussion

4.3.1. Relation between cellular metal concentration and Y12, radical yield

The influence of transition metals such as iron and manganese being present during wt-
2 expression in E. coli cells on the tyrosyl radical formation efficiency was tested by
choosing two different expression procedures. One of those corresponds to the one
already shown in Chapter 3, namely apo-32 expression under iron-limiting conditions.
In the second approach, no metals are chelated. Thus, the amount of available metal ions
corresponds to physiological conditions in E. coli cells. E. coli cells grown in LB-medium
usually contain a 10-fold excess of iron compared to manganese,?** which therefore
corresponds to a holo-f32 expression. After different time points of protein expression,
samples were taken and investigated for their cell density via OD600 measurements
(Figure 4.2A), the restored amount of tyrosyl radical Yi2e (Figure 4.2B), and the EPR-
detectable amount of Mn'-species (Figure 4.2C). Notably, biomolecule-bound
manganese is characterized in many cases by broad and/or complex EPR lineshapes,?7-
2 which were not observed in this case. Since the 32 subunit is the only overexpressed
enzyme in the cells, EPR signals of other metallocofactors are below the detection limit.
Thus, the detected amount of Mn" in the in-cell samples should mainly represent free,
bioavailable Mn'. A constant increase in OD600 over the observation period is seen for
both expression batches (Figure 4.2A). The phenanthroline-free cell sample features a
higher cell density, which can be explained by phenanthroline's cytotoxicity.?® The
strongest cell growth is observed within the first three hours of overexpression.
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Figure 4.2: Different parameters monitored during 20 h wt-B2 expression in E. coli cells. (A) OD600, (B)
Yize concentration, and (C) Mn" content with iron available (green) or chelated (red) during protein
expression. Yize and Mn! content were assessed via cw-EPR measurements.

Next, the in-cell Yi2® concentration is investigated (Figure 4.2B). Before doing so, it
should be noted that all samples contained approximately the same amount of cell mass,
which is why changes in Yi2® concentration should not be confused with changes in cell
density. Similar to the observation for the cell density, the observed Yi:e content
strongly increases within the first three hours. Samples produced under conditions with
iron available reveal approximately twice the Yi2® concentration of samples with iron
chelator. Astonishingly, both expression batches seem to agree on a mutual equilibrium
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of roughly 24 +5 uM Yize after 20 h overproduction. This observation could indicate an
active regulation of the radical content in the cells.

For the iron-chelated samples, approximately 15 uM Mn' is detected at the starting
point of protein expression, whereas for iron-available samples, the Mn"" was below the
detection limit (Figure 4.2C). It has already been observed that under iron-limiting
conditions, the manganese importer MntH together with the small protein MntS is
expressed in order to increase the intracellular manganese concentration.?!! In iron-
available samples, the progression of the manganese concentration is analogous to the
Yize content, while the manganese concentration in iron-chelated samples remains at a
constant level within the error margins. Only a minor increase is observed in the first
three hours. A straightforward interpretation of the time-dependent free manganese
concentration is not feasible due to multiple factors in the cell. What is striking, however,
is that the intracellular manganese content changes as a function of iron availability
during protein expression. Since RNR is the only overexpressed protein in this
experiment, there might be a correlation to the monitored metal concentration. The
available metal pool could be influenced, for example, by the binding of iron but also

manganese to RNR, which will be the research subject in this chapter.

4.3.2. Metal ion availability influencing the Y122¢ radical distribution in the cells

In the next step, DEER measurements were accommodated for cell suspensions
prepared under unaffected metal availability to compare the present Yize radical
distribution to those grown under iron-limiting conditions from Chapter 3. The
background slope is steeper for the sample containing free iron than for the iron chelated
one since its radical concentration is higher (77 uM vs. 22 uM bulk Yi2® concentration).
A second in vitro mimic sample containing 72 uM Yize (see Table 3.1 and Figure 4.3
gray) owns a comparable background slope and thus indicates that no high local protein
concentration is present in these samples either. The modulation depth and the fraction
of Yi2® in the refocused echo were again plotted on the calibration curve (Figure 4.3D).

Surprisingly, the samples where iron was available during protein expression match
the in vitro calibration curve. This implies that once free iron is available during the
expression of wt-p2 in E. coli cells, a radical distribution according to two or none is
present. However, iron chelation during protein expression results in a distinct radical
distribution in the cells, other than two or none, and thus provides direct evidence for
the influence of metal availability on RNRs in vivo radical distribution.
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Figure 4.3: Modulation depth analysis of in-cell samples expressing the f2-subunit of E. coli RNR under
iron-chelated and iron-available conditions. (A) Q-band field-swept EPR spectra of in-cell samples
produced under iron-limiting (red) or iron-available (green) expression conditions. Spectra were recorded
via the refocused spin echo with pump pulse applied. A spectrum of E. coli cells without protein
overexpression is shown in black as comparison. (B) Primary DEER traces and (C) form factors of the
corresponding samples. An in vitro sample mimicking the iron-available sample is shown in grey as
comparison. (D) Calibration curve for different in-cell samples compared to in vitro. Iron was either limited
(red) or available (green) during the protein expression of the cells. Details are given in Figure B.2.

4.3.3. Yz radical distribution in vitro as a function of manganese concentration
To gain a detailed understanding of such a complex mechanism as Ye level regulation
in dependence on metal availability is hard to be clarified solely via in vivo experiments.
Various factors, such as intracellular metal and protein levels, would need to be
controlled, and reliable in vivo activity assays would need to be applied, which do not
exist yet. Therefore, a different approach was chosen to understand the underlying
basics: the cellular conditions were mimicked by in vitro experiments. Therefore, apo-32
RNR was first titrated with Mn™.

The presence of the diiron center in E. coli RNR is a prerequisite for the radical state
of Y1z and, thus, protein catalytic activity. Self-assembly of the metallocofactor in vitro
from apo-p2 by the addition of Fe' and Oz results in the reconstitution of the active diiron

tyrosyl radical cofactor (Figure 4.4A). However, the protein can also bind manganese
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with a quite similar ligand environment as the iron complex, forming an inactive
dimanganese (Mn"Mn") cofactor. The EPR fingerprint of this Mn-cofactor is
characterized by a broad EPR signal with a peak-to-peak linewidth of 500 G centered at
g = 1.95 (Figure 4.4A), consistent with earlier results.®!® The ground state of an
antiferromagnetically coupled Mn"™n" center is EPR silent (S = 0). However, when the
exchange coupling is small, this allows excited spin states of the manifold to be accessed
at cryogenic temperatures.?’ These spin manifolds have total spin quantum numbers of
5=0,1,2,3, 4, and 5, given by:

S = |51+52|'|Sl +SZ_1|""'|51_SZ|'251 (42)
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Figure 4.4: Iron or manganese bound in the homodimeric 2 subunit of E. coli RNR. (A) Cw-EPR spectrum
of B2 after the addition of Fe! (top) or Mn" (bottom) under aerobic conditions. Note the different spectral
widths of Yiz2e and Mn'Mn. Spectra were recorded at 9.6 GHz and 100K. (B) Yiz2® yield generated by the
addition of 5 equivalents Fe™ to the 32 subunit of E. coli RNR, previously incubated with 1 — 4 equivalents
Mn'"/B2 under aerobic conditions. Yields were determined by the amplitude of the Yi12® cw-EPR signal at
9.6 GHz. Data points show mean values together with standard deviation.

EPR signals of these excited states appear quite characteristic but, at the same time,
diverse.21222% The EPR signature of Mn"Mn" in E. coli class Ia RNR differs from most of
the reported spectra of dinuclear Mn" centers in proteins, such as those of RNR class Ib
or R2¢,'7?! which might be explained by weaker coupling.? An isotropic exchange

coupling of | =-1.8 cm™ was found earlier for Mn"Mn" in E. coli class la RNR.1® Indeed,
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the spectral lineshape is more consistent with the one of Mn': in concanavalin A%* with
|J| = 0.9 cm rather than the one from Mn-catalase (|| = 14 cm™)>>.

The following experiments were performed next to further mimic the process of in-
cell sample preparation: First, various equivalents (eq.) of Mn!' were added to in vitro
apo-p2 under aerobic conditions to allow manganese binding in the iron-binding sites
of the protein. Afterward, the radical formation was initiated by the addition of 5 eq. Fe"
per 2 and the radical yield was determined by cw-EPR after 2 h incubation (Figure
4.4B). As seen in the data, the addition of Mn' to apo-32 prior to iron reduces the radical
generation efficiency. However, the observed effect is not as drastic as reported earlier,
where 2 eq. Mn!" were already sufficient to almost fully inhibit the radical formation (ca.
10% radical yield vs. 50% here).” The different outcomes can be explained by varying
experimental conditions as in the previous studies, significantly higher amounts of
glycerol (20%) have been used in the buffer, compared to 5% used here. Glycerol was
shown to affect the allostery between the two (3-subunits and thus leads to a distinct
metal distribution in the homodimeric protein.'® For high glycerol levels, manganese is
incorporated equally in both subunits and binding of up to 4 eq. Mn" was observed.
Only one site was found to bind Mn" at low glycerol contents, and thus, a maximum of
2 Mn"/p2 is detected.'®

Furthermore, it was manifested that oxygen availability plays a crucial role in the
cofactor assembly mechanism. In the absence of oxygen, only two metals, either being
Mn" or Fe!, could be bound in (31, whereas i remains in the apo state. If Fe'' is bound in
B, Mn" can be added and subsequent O: saturation of the sample will lead to an
asymmetric assembly with diiron cofactor in Pr and a dimanganese one in (.
Furthermore, metal exchange, also described as scrambling, was suggested to take place
during the reaction with Oz to form an active diferric cofactor with its tyrosyl radical on
one side and a di-manganese cofactor on the other side of the dimer.?¢ This process is
only feasible in the presence of oxygen. However, no direct spectroscopic evidence has
been presented for this hypothesis yet.

Among the two metal-binding sites within a single (3-monomer, the Fes site
possessed an approximately 5-fold higher binding affinity than the Fea site.”” Apo-{32
with one equivalent of Mn" thus results in Mn'"s-82, bound in (31, which does not exhibit
any cw-EPR signal at 100 K and 9.6 GHz (Figure 4.5A). Typically, a characteristic EPR
spectrum of Mn'-RNR is expected,'® which scales inversely with temperature'® and is
therefore no longer detectable at 100 K in this case. The addition of iron leads to the
detection of three different paramagnetic species (Figure 4.5A): I) tyrosyl radical (cut out
for better visualization), II) a broad EPR signal, characteristic of the dimanganese
Mn"Mn!-82, and III) free Mn!. The appearance of these signals after iron addition
indicates that rearrangement of the metals bound in the subunits must occur, allowing

Yi22e formation.
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Figure 4.5: Cw-EPR spectrum before and after adding Fe" to Mn"-bound E. coli RNR. Signals are shown
for the addition of (A) 1 equivalent Mn! per 32 or (B) 2 equivalents. Yize signal is cut out for better
visualization. Free aqueous Mn" is underlaid in gray for comparison to bound Mn" species. Data were
recorded at 9.6 GHz at 100 K. Experimental conditions: 1 mW power, 3.5 G modulation amplitude, 100 kHz
modulation frequency, 20.48 ms as time constant, and 34.84 ms conversion time, 15 scans (1 Mn"), 34 scans
(1 Mn!" + 5 Fel), 50 scans (2 Mn!), 80 scans (2 Mn!' + 5 Fell).

When RNR is supplemented with 2 eq. Mn", the Mn!'Mn!-B32 signal is already detected
even without iron addition (Figure 4.5B). No or only minor amounts of Yi2® and free
Mn" are observed. Adding iron again leads to the observation of the three species (Y12°,
Mn"Mn', and free Mn!"), supporting a hypothesis of metal rearrangement in combination
with radical formation.

These results allow a conclusion on the binding mechanism of Mn" in E. coli RNR in
the presence and absence of iron, as depicted schematically in Figure 4.5. First, all Mn''s
binding sites are occupied in (3, followed by binding in the A-site in f1 upon adding the
second equivalent of Mn!. However, the addition of Fe' leads to manganese scrambling
so that in all cases, Mn'aMn!s centers are tried to be formed. Note that A and B sites, as
well as r and B, are not labeled in the scheme below, as their allocation after metal
scrambling is unknown. These findings strongly support an unprecedented, asymmetric
radical distribution to be present in the 32 dimer with a diiron-Yi22® cofactor on one side
and a dimanganese cofactor on the other side of the dimer. Such an asymmetric cofactor

arrangement seems surprising as it has not been observed in RNR yet.
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4.3.4. An asymmetric cofactor assembly and radical generation in E. coli RNR
verified via in vitro DEER measurements

The data so far strongly suggest asymmetric cofactor formation in E. coli RNR. However,
there is still the possibility that the observed tyrosyl radicals are generated in
manganese-free subunits only. The distance between the tyrosyl radical and the
dimanganese cofactor is expected to be ~2.9 nm based on the available crystal structure
(Figure 4.6A and Figure B.3), which lies within the accessible range of DEER
spectroscopy. If the formation of an asymmetric cofactor assembly in the 2 dimer is the
case, a distance between Yi12® and Mn"Mn" should be easily resolved. Therefore, apo-32
samples pretreated with 1 — 4 eq. Mn!/32 were supplemented with iron, incubated for
2 h, and subsequently investigated by orientation-selective DEER measurements (Figure

4.6B).
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Figure 4.6: Detection of a Yize-Mn"Mn" distance in E. coli RNR via DEER measurements. (A) Crystal
structure of E. coli RNR {2 in its iron (gray) and manganese (red) bound form, along with distances between
two Yi2es and between Yi2e and Mn"Mn'! (dashed lines). (B) Background- and phase-corrected, normalized
34 GHz DEER traces of apo-32 supplemented with one to four equivalents Mn!" per dimer together with
obtained distance distributions. Detected main distances are marked with colored lines. Fits obtained by
DeerAnalysis are overlaid in light color. Details of the experiments and analyses are given in Figure B.4.
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Distance measurements of manganese-containing RNR revealed two main distances,
one located at around 3.3 nm and a second smaller distance at 2.9 nm. The first one can
be immediately assigned to the Yize-Yize pair, termed Y-Y in the following.** The
second distance matches the predicted distance for a Yize-Mn"Mn! pair based on the
crystal structure. Additionally, the 2.9 nm distance gains relative intensity compared to
the Y-Y distance with increasing amounts of manganese. These observations strongly
suggest that the identity of this smaller distance is a Yi2e-Mn"Mn" pair (shortly Y-Mn)
originating from asymmetric cofactor assembly. However, this distance was only
observed for samples where Mn" was added prior to iron. DEER measurements of
samples with reverse order of metal addition revealed only one distance, the Y-Y pair.!*2

Another possibility giving rise to additional distances in the distance distribution”
could be a distinct Yi22» conformation. This possibility is unlikely, as it would be reflected
in a change in the EPR lineshape, which could not be observed. However, to rule out this
possibility entirely, further DEER experiments were performed, in which the power of
the pump pulse was reduced. The previous pulses were optimized for Yie detection.
However, metal species possess distinct relaxation behaviors and saturate quickly under
the chosen experimental conditions. Therefore, the sharp six lines characteristic of Mn"
are not visible when applying a 7 = 28 ns pulse of 90% power at 20 mW for detection.
Hahn echo-detected field sweep spectra (Figure 4.7) revealed an optimal power of
around 20 to 30% with 7 = 28 ns for manganese detection. At these power levels, Mn'!

shows six spectral lines originating from the mg =-1/2 <> +1/2 transitions.
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Figure 4.7: ESE spectra of Mn" added to Yi2* in E. coli RNR performed at 34 GHz and 10 K depending
on the microwave pulse power applied. Spectra are illustrated as a 3D plot (left) or a heatmap (right).

The experimental inversion efficiency Aeyp, can be calculated via the following equation:

|
> | W

/1exp = T (43)
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with A being the echo amplitude before the generation of microwave pulses and B the
echo intensity at the corresponding time point. Nutation experiments, performed at the
field position with maximum signal intensity of Yize®, were implemented by varying
power levels of the inversion pulse t, and unraveled a reduction in inversion efficiency
from 0.83 to 0.41 (30% power) or 0.25 (20% power) (Figure 4.8A). This means that by
reducing the pump pulse power in the DEER experiment, the tyrosyl radical is pumped
less effectively than the metal species, highlighting the Y-Mn distance against the Y-Y
pair in relative intensities. If both distances result from two distinct Y-Y conformations,
both distances would scale equally in relative intensity. In fact, the corresponding DEER
experiments prove that the first scenario is true, so the smaller distance at 2.9 nm must

result from dipolar coupling of the metal species (Figure 4.8B).
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Figure 4.8: Power-dependent DEER experiments for Mn'-bound E. coli class Ia RNR, proving a
Y122e-Mn"Mn" distance. (A) Microwave nutation experiments with 90% (black), 30% (blue), and 20% (light
blue) power of the initial m-pulse tp. (B) Obtained distance distributions normalized to intensities at 3.3 nm.

These findings provide proof of the first spectroscopic detection of a Yize-Mn"Mn"
distance in E. coli RNR and thus support an unprecedented asymmetric radical
distribution in the presence of manganese. The lack of any spectroscopic detection of a
Mn"Mn!-Mn"Mn" pair with an expected distance of 2.5 nm demonstrates an asymmetric
metal-binding process in which one side of the dimer ((31) is able to bind manganese but
prevents further metal incorporation into i, as suggested by Pierce et al.'® A maximum
of 2 Mn"bound per 32 as detected by cw experiments supports these findings.

It is important to note that a smaller distance of around 2.2 — 2.3 nm is detected in
some cases. This distance can be assigned to an orientation-selectivity artifact of the vi
component, as the observed distance resembles the one extracted by DeerAnalsis for
0 =0° This observation provides proof of strong orientation selectivity and,
consequently, a rigidity that must be present in the system under consideration. This is
not surprising, considering the strong orientation selectivity of Yi»® detected in the cells
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as well. Similarly, this shows that the manganese is systematically and tightly
coordinated in RNR's metal-binding pocket.

In addition, the narrow peak of the Y-Mn distance indicates a considerably localized
spin density in the dimetal center. Distances between Yize-Mn'a and Yi2e-Mn's based
on the crystal structure are 2.92 and 2.86 nm, respectively (Table B.1). Considering an
error in distance determination of approximately 0.3 nm, based on the Y-Y distance
determined experimentally and by the crystal structure, the experimental Y-Mn distance
of 2.85 nm indicates a spin density more localized at Mn"s. This might suggest that the
determined distance can also originate from a single bound Mn! ion. However, this
explanation seems unlikely since two metals are observed to bind upon the addition of
4 eq. of manganese in a Mn'aAMn''s arrangement, and thus, a peak broadening or a shift
of the mean distance should be observed, which is not the case (Figure 4.6). The correct
spin density distribution could be clarified by density functional theory (DFT)
calculations.

Apart from a distance, DEER experiments deliver information on the fraction of spin
pairs in a sample provided by the experimental modulation depth A. As outlined in
Chapter 3, the effect of the manganese content on the modulation depth of E. coli can be
described by a linear calibration curve. A comparison of these new results to the
established calibration curve demonstrates that all data points constantly fall below the
modulation depth expected for a two or none radical distribution (Figure 4.9). This
implies that a radical distribution different from two or none must be present in these
samples. The reduction of A can be explained by the presence of the Y-Mn distance. As
Mn'" is characterized by a broad EPR spectrum, the fraction of Mn"-species inverted by
the pump pulse Ay,u is much smaller than for a tyrosyl radical, holding a narrow
spectral width. Hence, the maximum A for a Y-Mn distance will be smaller than for a
Y-Y pair. These observations again provide direct proof of an asymmetric cofactor
assembly. Remarkably, all data points align and therefore demonstrate that the metal
binding and, thus also, mismetallation in E. coli RNR is a controlled process. Otherwise,
if manganese were bound in some cases and free in solution in others, the data points

would be scattered over the entire graph.
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Figure 4.9: Calibration curve for E. coli RNR in vitro prepared under different metal-availabilities,
mimicking cellular conditions. Fe" (black) or Mn" (blue to red) was first added to apo-f32, followed by the
addition of the other metal respectively. Black data points were recorded 10 min after Mn" addition, while
colored data points were recorded 2 h after Fe!' addition. Data shown in red with a filled or open symbol
differ in the sample preparation. For details, see supporting information Figure B.4.

4.3.5. Elucidating the time-dependent in vitro radical generation process

Diferric Yize® formation in E. coli class Ia RNR is usually completed within a few
seconds.®® However, if a metal exchange were to take place, it could happen within
hours. Such a phenomenon has been showcased in, for example, cadmium carbonic
anhydrase. Zn can substitute the bound Cd while the replacement takes place within a
timeframe of several hours to finally reach a new equilibrium in vitro after approximately
one day of incubation.?” Detecting the occurrence of such an exchange mechanism
would be an essential element for understanding the mechanistic implications of
metallocofactor assembly in E. coli RNR. To check the incidence of metal exchange and
a resulting recovery of the protein, time-dependent UV-Vis measurements were
performed (Figure 4.10A) to characterize the Ye yield. UV-Vis spectra of holo-p2 are
characterized by a sharp absorption maximum at 410 nm caused by Yi2® and bands at
320 and 365 nm resulting from the p-oxodiiron™ cofactor.®%” The Mn'-bound [2-subunit
does not exhibit any specific absorption features (Figure B.5B) and consequently allows
differentiation of the two states. For the experiments, apo-32 was first incubated with
1 -4 eq. of Mn" for 10 min. Subsequently, 5 eq. Fe!' were added, and UV-Vis spectra were
recorded immediately afterward. In order to extract the contribution of Yize to the total
absorption at 410 nm, a dropline correction is often used for subtracting Fe!-O-Fe!
contributions.®® However, for manganese-containing samples, the UV-Vis lineshape is
changed, and the established dropline correction might be inaccurate. Consequently, a
modified version of background correction needs to be done by creating a new
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background for each individual dataset. The obtained radical yield can then be

represented as a function of time (Figure 4.10B).
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Figure 4.10: Influence of Mn" on the time-dependent radical formation of Yi2* in E. coli RNR. (A) UV-
Vis spectra of the 2 subunit supplemented with different equivalents of Mn' recorded 1 min (left) or
120 min (right) after Fe addition. (B) Time-dependent detection of the Y122¢/B2 yield as a function of added
Mn". Errors in the graphs are given by the standard deviation of duplicates.

In all manganese-containing samples, Yize®-formation is inhibited in the first few
minutes after iron addition, whereas the manganese-free samples already displayed a
radical yield of 0.9 Ye/B2. A subsequent increase in radical concentration is observed
over a period of approximately 1 hour, independent of the manganese content. Holo-32
without additional manganese reaches a radical yield of 1.1 Yi22¢/(32 after 2 h incubation,
consistent with the previously reported maximum yield of 1.2 Yi22¢/(32.5 In contrast, all
manganese-containing samples exhibit lower radical yields. 2 equivalents of Mn" were
already sufficient to initially inhibit the radical generation process (0.1 Y122¢/32 at 1 min).
However, a rise of 0.4 units can be observed after 2 h incubation.

Surprisingly, high amounts of glycerol prevent this recovery effect (Figure 4.11).
Even in the absence of manganese, glycerol reduces the maximal radical yield,
decreasing it from 1.2 to 0.8 Yi»®/B2. In the presence of manganese, both samples
initially display a radical yield of around 0.3 Yi22¢/32, which remains stable in the case
of 20% glycerol but increases to 0.6 Yi2¢/p2 for 5% glycerol. These results demonstrate
a reduced radical formation caused by glycerol. Interestingly, activity measurements of
the a232 complex revealed that a glycerol content of 18% already reduces the catalytic
activity by about 50% compared to assays performed in a glycerol-free buffer.”* An
increase of the glycerol content to 27% results in a residual activity of approx. 30% only.”
These findings support the hypothesis that glycerol influences RNR's allosteric
regulation and consequently activity.
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Figure 4.11: Time-dependent detection of the Y12¢/B2 yield in the presence and absence of 1 Mn'/B2,
obtained via UV-Vis measurements. Samples were prepared in Tris buffer, either containing 5% or 20%
glycerol. Data are mean values and standard deviation of two experiments.

The formation of a tyrosyl radical, despite manganese binding, is surprising, as it was
previously predicted that manganese would completely prevent radical formation.” In
contrast to the experiments shown here, previous ones did not consider time-dependent
effects. Therefore, it is interesting to identify and understand factors that enable radical
generation over time. One way to approach this question is to trace the different
manganese species. Thus, cw-EPR spin counting experiments of the free aqueous Mn!
were performed (Figure 4.12), revealing that radical generation is accompanied by Mn"
release. After 2 h of iron incubation, around 40% of the initially added manganese is
released. Previous studies report on 20% free Mn" after iron addition and a few minutes
of incubation, consistent with our observations.?®* In contrast, manganese-bound 32
incubated for 2 h without iron does not show such a release. Thus, Mn" must be tightly
bound in the protein, but Fe' must have a slightly higher binding affinity, as already
proposed in the Irving-William Series. In turn, this process allows metal displacement
with accompanying radical generation as a regulatory mechanism for protein
mismetallation.

However, not all bound manganese is released, but only about 40% at a time. The
limitation in metal release could be linked to the fact that iron oxidizes very quickly
under aerobic conditions. Hence, the radical yield was also investigated after the second
addition of 5 eq. Fe!' to the sample (Figure 4.13A). This supplementary addition of iron
causes a further increase in radical yield of about 0.1 — 0.2 units. Furthermore, DEER
spectra were recorded at equilibrium after the first (5 eq. Fe") and the second addition of
iron (10 eq. Fe') to a sample containing 2 eq. Mn!" (Figure 4.13B). For 10 eq. Fe, the
fraction of Yize in the refocused echo decreases compared to 5 eq. Fe! since Mn"
continues to be released (ca. 10% released as determined by cw-EPR experiments).
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Comparing both samples to the calibration curve points out that the second iron addition

causes an approach back to the calibration curve, meaning the quantity of Y-Y pairs

increases relative to Y-Mn pairs. This indicates that once there is sufficient Fe!' present,

the protein can completely reverse mismetallation and return to its active, diiron-bound

form.
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Figure 4.12: Percentage of free Mn" before (0 min), directly after (1 min), and 2 h after the addition of Fe!
to E. coli RNR. Data are obtained by cw-EPR spin counting experiments, comparing the spectra to that of a
standard sample of MnCl: in Tris buffer (inset). Spectra were recorded at 9.6 GHz and 100 K.
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Figure 4.13: The effect of further addition of Fe' to Mn"-mismetallated RNR 2. (A) Time-dependent
detection of the Yi2¢/32 yield as a function of added Mn" obtained by UV-Vis measurements. Iron was
added at two different time points (0 and 121 minutes), indicated by the gray shaded area. Mean values and
standard deviation of two experiments each are shown. (B) Comparison of samples containing either 5 eq.
(gray) or 10 eq. (red) Fe" and 2 eq. Mn' to the calibration curve. Details of the experiments are shown in

Figure B.6.
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4.3.6. Relative binding affinities of manganese and iron
The previous experiments suggest that iron has a slightly higher binding affinity to the
metal binding site of E. coli class Ia RNR than manganese. To test for their relative
binding affinities, 5 equivalents of both metals were added to apo (32 at the same time,
followed by detection of the radical yield via UV-Vis (Figure 4.14A). Surprisingly, the
radical yield did not reveal changes over time but instead a constant yield of ~0.2
Yi2#/p32. This shows that some tyrosyl radicals can still be formed even with excess
manganese. However, both metals must have comparable binding affinities and
compete against each other, as binding of only one of the two metals is not observed.
The radical and metal distribution can further be elucidated by DEER spectroscopy.
Prior to the measurements, the sample must be desalted since the large amounts of
manganese prohibit the detection of a dipolar modulation. The distance distribution of
a desalted sample is illustrated in Figure 4.14B, along with a comparison to the
calibration curve (Figure 4.14C).
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Figure 4.14: 5 equivalents of iron and manganese added simultaneously to apo-B2. (A) Time-dependent
detection of the Yi2#/B2 yield. Mean values and standard deviation of two experiments are shown. (B)
Distance distribution obtained by the DEER measurements of samples with 5 eq. Felland Mn" each added
to apo-2 after 2 h incubation (orange). A sample with 2 eq. Mn!" added prior to iron (blue) is selected as
comparison. Y-Y and Y-Mn pair distances are marked, as well as the orientation-selection artifact, marked
by an asterisk *. (C) The modulation depth A was plotted against the fraction of Yi»e® determined by the
refocused echo. Details of the DEER measurements are given in Figure B.7.

DEER data of this sample are compared to a previously shown sample with 2 eq. Mn"
added prior to iron. These samples exhibited comparable modulation depths in the
DEER experiments. DEER measurements of the sample prepared under the
simultaneous presence of both metals provide evidence for Y-Y and Y-Mn pairs (Figure
4.14B orange data), with the ratios of the two peaks being comparable to those of the
sample with 2 Mn" (Figure 4.14B, blue data). These results indicate that in both cases, an
asymmetric radical distribution must be present with a Mn"Mn" cofactor on one side of
the dimer and the ferrous tyrosyl radical on the other. In general, the procedure of metal
incorporation thus behaves similarly during the presence of both metals at the same
time, compared to individual addition. Furthermore, these DEER experiments

demonstrate that the binding affinities of Mn"" and Fe to E. coli RNR are in a comparable
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range. If iron were bound predominantly, only a Y-Y distance would be observed.
However, due to the rapid oxidation of Fe, it is challenging to make a definite statement.

In addition, the distance distribution of the sample prepared under the
simultaneous addition of Mn!" and Fe!" displays a minor fraction of a smaller distance
located at around 2.5 nm, which is also validated. According to the crystal structure,
such a distance would agree with a Mn"™n"-Mn"Mn" pair distance (see Table B.1). As
previously explained, metal-based distances can be identified by lowering the power of
the pump pulse used. If this distance originates from a Mn"Mn"-Mn"Mn" pair, it should
gain relative intensity with lower power of the pump pulse compared to the Y-Y
distance, just as shown for the Y-Mn pair (Section 4.3.4). A DEER experiment with only
30% power of the pump pulse (Figure 4.15) reveals three main distances. First, the Y-Y
distance at about 3.3 nm is detected, this time with a much broader distribution than all
data shown in this work. The width can be explained by the low S/N ratio of the data.
Furthermore, two distances at 2.9 and 2.4 nm are detected, which gain relative intensity
compared to the Y-Y distance. The distance at 2.9 nm can be assigned to the Y-Mn pair,
as already described several times. A clear assignment of the smaller distance is
challenging due to the high noise content of the data. This distance is probably not
originating from the orientation-selectivity artifact, as this one does not scale with the
used power (see Figure 4.8). Hence, these data suggest a Mn'Mn"-Mn"Mn! pair to be
the origin of the 2.4 nm distance. Blocking all four metal-binding sites would complicate
the mechanism of metal exchange, which might explain the low, unrecoverable radical

yield.
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Figure 4.15: Power-dependent DEER experiments for samples in which iron and manganese were added
simultaneously to apo-f2. (A) Background-corrected DEER traces with either 90% (orange) or 30% (yellow)
power of the pump pulse. The yellow trace is magnified by 1.5 for better visualization. (B) Obtained distance
distributions normalized to intensities at 3.3 nm. Acquisition times: 24 h (orange), 42 h (yellow).

These data suggest that the cofactor assembly and metal exchange process is less
controlled and thus less effective in the simultaneous presence of excess free manganese

and iron. These findings would explain the low radical yield observed. Potentially,
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combinations of wrong metallocofactors could be assembled during conformational
changes, e.g., two dimanganese centers on each side of the dimer, which blocks the
radical recovery. These experiments propose that the regulation of mismetallation in

RNR is not solely determined by metal binding affinities.

4.3.7. Time-dependent DEER experiments allow summarizing the regulatory
mechanism of mismetallation

So far, the results obtained in this work illustrate that mismetallation is not irreversibly
inhibiting E. coli RNR, but the cofactor constitution is being modulated. This obervation
leads to a hypothesis about the regulatory mechanism, where two processes are crucial
for the recovery from mismetallation by manganese. I) Fe possesses a slightly higher
binding affinity for the metal binding site in E. coli class Ia RNR, thereby competing with
and releasing manganese. II) Metals switch subunits, thus allowing maximum radical
yield formation.

Such a process should be easy to determine by time-dependent distance
measurements between the Mn"Mn!" cofactor and the tyrosyl radical. The previously
shown time-dependent UV-Vis experiments were recorded with 30 uM protein
concentration, but higher concentrations are needed for DEER measurements.
Consequently, a concentration-dependent effect was excluded first by monitoring the
radical yield prior to dipolar measurements (Figure B.8). The subsequent DEER
measurements recorded for 1 and 2 equivalents of Mn" added to apo-2 allow to
ultimately conclude on the recovery mechanism when compared to the calibration curve
(Figure 4.16):

As explained earlier in Section 4.3.3, the addition of 1 eq. Mn! per (32 subunit leads
to the formation of a fraction of dimers containing a Mn"Mn" cofactor and another
manganese-free fraction in the presence of iron and oxygen. The latter ones are able to
rapidly form the native diiron tyrosyl radical cofactor in both subunits. Manganese-
containing dimers remain Y12 free for the moment. This hypothesis is supported by the
presence of a single Y-Y distance in the distance distribution and a radical distribution
according to two of none observed in the calibration curve at the 1 min datapoint. Over
time, Yize®s are slowly formed in manganese-containing (32s, verified by the growth of
the Y-Mn pair distance and the shift of data points away from the calibration curve.
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Figure 4.16: E. coli class Ia RNR recovers from Mn'! mismetallation via metal release and scrambling.
(A) 1 eq. Mn!'/B2 was added, followed by the addition of 5 eq. Fe!l. DEER measurements were recorded after
1, 10, 30, 60, and 90 min iron incubation at RT. Data are compared to the calibration curve. (B) Experiments
identical to those described in (A) were performed for 2 Mn!/B2. Details are given in Figure B.9.

For two equivalents, the data behave differently, which is consistent with the previous
hypothesis. Upon addition of 2 Mn"/32, Br's metal coordination sites are fully saturated
by manganese, which initially inhibits Yize radical formation. No pair distances

between paramagnetic centers are detected in this case. The described combination of
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metal release and scrambling leads to the formation of manganese-free 32 subunits,
represented by Y-Y distances, and 32s with asymmetric metallocofactors, represented
by Y-Mn distances. However, this process takes a relatively long time, as already
observed with one equivalent Mn!, which is why the modulation depth increases only
slowly in this case. Both processes, release and scrambling, must coincide or at least
depend on each other. If, for example, the release would take place in a much faster time
frame, the modulation depth would have to switch instantaneously to a two-or-none
distribution in the calibration curve. Overall, these findings demonstrate that the
metallocofactor assembly is a highly controlled and regulated process, as all data points

are characterized by a clear trend and are not randomly distributed.

4.3.8. P2remains a rigid dimer during recovery from mismetallation

Exchanging metals could be accompanied by swapping the individual dimeric (32
subunits, possibly resulting in monomers as intermediates. To distinguish monomeric
from dimeric 3-subunits, size exclusion chromatography using a Superdex 75 Increase
10/300 GL column can be performed. Either 30 uM or 150 uM protein solution was
incubated for 10 min with the indicated amount of Mn" on ice. After different time points
of iron addition, the solution was applied to the column (Figure 4.17). A single peak is
observed in the elution profile corresponding to dimeric 32 with 88 kDa for all samples.
Monomeric 3-subunits with 44 kDa and Ve/Vo = 1.3 are not detected in any samples.
These size exclusion experiments demonstrate that only dimers are present at any time

during the reaction.
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Figure 4.17: Detection of oligomeric states of the 2 subunit in E. coli RNR upon mismetallation. (A) Size
exclusion chromatography of E. coli RNR 2 supplemented with different amounts of Mn'/p2.
(B) Calibration with standard samples.
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4.3.9. Testing the activity of mismetallated RNR using the N;CDP assay

All class Ia RNRs are characterized by a half-site reactivity, in which the two halves of
the a2f32 complex cannot be assembled simultaneously.?#?*® The radical transfer and
catalysis initially occur within a single af3 pair. After conformational changes and
product release, the other af3 pair is subject to the catalytic reaction. Therefore, it might
seem logical that the radical formed in asymmetric cofactors could undergo one catalytic
turnover. One way to assess RNR activity is to use the mechanism-based inhibitor
2’-azido-2’-deoxycytidine diphosphate (N3CDP).43¢024> This substrate analog binds in the
active site and, during catalysis, is converted to a nitrogen-centered nucleotide radical
(Ne) covalently bound to a cysteine in the active site. The reaction of a2, 32, NsCDP, and
TTP consequently results in 50% conversion of Yi22# to the EPR active Ne, and the other
50% of Yi2® remains unchanged (Figure 4.18A).2° The activity can be assessed either by
monitoring the decrease of Yize or the appearance of the Ne EPR signal. The first
method is more suitable for quantitative statements since the Ne radical is not very

stable at room temperature.
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Figure 4.18: Probing the catalytic activity of mismetallated RNR using the N3CDP assay, monitoring the
Y12® decay. (A) Schematic representation of the reaction of a2(32 complexed with NsCDP. (B) Y122 yield as
a function of time during the reaction with NsCDP observed via cw-EPR at 9.6 GHz.

For the first analysis pathway, it is true that the Yi»e® radical is stable at room
temperature for several days. Hence, a decrease in radical yield in the presence of NsCDP
is caused by the formation of Ne during catalytic turnover only, completed after ca.
20 min. The expected decrease from 1.1 to ca. 0.5 Y*/B32 was observed in manganese-free
samples (Figure 4.18B). In contrast, a sample supplemented with 2 eq. Mn! shows a
decrease of only 0.2 Ye/B2. The presence of 4 eq. Mn" leads to almost no detectable
changes in Yi2® signal intensities. However, all samples exhibit similar radical yields at

equilibrium, regardless of their manganese content. Previous DEER experiments of
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samples supplemented with 4 eq. Mn!" displayed Y-Mn pairs only. Therefore, their Y-Y
content must be below the detection limit. If Y-Mn pairs would be catalytically active,
the Yize yield should be almost zero after the reaction, which could not be observed.
Instead, a total yield of one Yiz® per dimer can be determined after the incubation time
of 20 min, which demonstrates that mismetallated 32 subunits are inactive. Accordingly,
a sample with only 2 equivalent Mn" still offers residual activity as it contains fractions
of Y-Y pairs, as proven by the previous DEER experiments.

In a second experiment, Ne formation in mismetallated protein was monitored. As
the reaction with NsCDP leads to 1 N¢/32 in combination with 1 Ye/B2, a mixed EPR
spectrum of both species is observed. N s EPR signature can be extracted by subtracting
the remaining Yize signal, as demonstrated in Figure 4.19A. For all samples, Ne is
detected (Figure 4.19B), whereas signal intensities decrease with increasing amounts of
manganese. These findings are consistent with catalytically inactive mismetallated (32

subunits. Otherwise, one would expect identical signal intensities for all samples.
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Figure 4.19: Determination of the catalytic activity of mismetallated RNR using the Ns;CDP assay,
monitoring N formation. (A) Cw-EPR spectra of radical signals obtained before and after incubation of
the a2p2 complex with NsCDP. Spectra were acquired at 9.6 GHz and 100 K. (B) Before a232 complex
assembly, 32 was supplemented with the indicated amount of Mn!. Afterward, N was monitored as
described in (A). Experimental conditions are: 0.1 mW power, 2 G modulation amplitude, 100 kHz
modulation frequency, 20.48 ms as time constant, and 20.01 ms conversion time.

Observing a weak Ne signal despite the addition of 4 eq. manganese seems surprising
since DEER experiments detected only Y-Mn pairs present in the sample. However,
residual activity can be explained by the presence of a minor fraction of Y-Y pairs below
the detection limit, which also explains the slight decline in Yi»®/32 as observed in
Figure 4.18.

105



Results and discussion

4.3.10. Active a2B2 complex formation in mismetallated RNR

A possible explanation for the inactivity of manganese-containing class Ia RNR could be
the lacking assembly of the active a232 complex (260 kDa), so that separated « (86 kDa),
a2 (172 kDa), and 2 (88 kDa) subunits coexist in the solution. Whereas « is present in
monomeric and dimeric form depending on the nucleotide pool, monomeric 3 has never
been observed.?® Size exclusion chromatography allows the separation of a2, 32, and
a2P2 by utilizing a Superdex 200 Increase 10/300 GL column. Therefore, samples
containing a2, 32, NsCDP, and TTP plus the respective amount of manganese were
applied to the column (Figure 4.20A). For each sample, a control experiment without
NsCDP was performed additionally.

Manganese-free samples revealed one main elution peak, matching successful a232
assembly with an apparent molecular weight of 246 + 7 kDa (Figure 4.20 yellow). The
error is given by the standard deviation of multiple experiments. SDS-PAGE analysis of
the eluted fractions revealed bands characteristic for a and B (Figure 4.21 left). Their
band intensities were compared to standard samples of the individual proteins by using

GelAnalyzer 19.1 and exposed a:(3 ratios of 1:1, confirming the presence of a232.
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Figure 4.20: E. coli RNR complex assembly investigated by size exclusion chromatography. (A) 32 was
supplemented with different amounts of Mn'", and afterward, the a282 complex assembly was investigated
in the absence (gray) and presence (black) of NsCDP. Main elution peaks are indicated as vertical lines.
Green: a4f4, yellow: a2f2. The identity of the peak marked in purple is ambiguous and can either be
assigned to a or 2. The identity of the detected oligomeric species could be revealed by comparing it to the
calibration curve depicted in (B). (B) Calibration of the column obtained with standard samples. Mean values
of the detected species are plotted versus the expected molecular weight.

Surprisingly, a2f32 complex formation is also observed in manganese-containing
samples, and even more remarkably, a higher-ordered structure with an apparent

molecular weight of 428 + 7 kDa is observed additionally (Figure 4.20 green). SDS-Page
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analysis (Figure 4.21 right) reveals a 1:1 ratio of a to 3 for this complex, which proposes
the inactive a4f34 complex (520 kDa) as the origin of this signal. Unfortunately, single
a2s and (32s cannot be distinguished due to the lack of resolution (Figure 4.20 purple
line).

0 Mn"/B2 4 Mn"/B2
50 3.0 50 3.0

Absorbance (mAU)
Absorbance (mAU)

Figure 4.21: SDS-PAGE of fractions obtained after size exclusion column of E. coli supplemented with
0 Mn'/B2 (left) and 4 Mn!/B2 (right). Fractions 1 — 9 are shown along with the Marker (M). Fractions with
weak band intensities were excluded from the analysis (fraction 1 und 2 left).

In summary, these data clearly demonstrate that subunit assembly takes place in
mismetallated protein. Incomplete complex assembly can therefore be ruled out as the
source of inactivity. Surprisingly, the fraction of a2p32 even increases upon NsCDP
addition in relation to a434 (Figure 4.22), seemingly being a regulatory reaction. This
proposes a model in which RNR activity is highly regulated, possibly much more than
expected until now. Not only the protein concentration® or nucleotide pools*! may
govern protein activity, but furthermore, the metal pool might be essential. The presence
and allosteric regulation of o434 under these circumstances remain elusive.

107



Conclusion and outlook

a4pB4
a2pB2
others
1.0}
0% -2% -4%
- 08f
k<]
i3]
S 06}
= +6% +14%
8 +7% !
o 04¢
0.2 ] - 4% -10%
-7%
0.0
N,CDP - + - + - +
Mn"/B2 0 1 4

Figure 4.22: Fraction of peaks detected by size exclusion chromatography. Spectra shown in Figure 4.20
were fitted with three different Gaussians, whereas the peak center was allowed to vary by + 0.05 mL and
full width at half maximum (FWHM) of maximal 1.3 mL (a44 and a232) or 1.5 mL (others). An exemplary
fitting result is shown in the inset as red line.

44. Conclusion and outlook

These studies highlighted the effect of mismetallation by manganese in E. coli RNR on
its radical distribution and activity. As a basis for further investigations, it was first
experimentally confirmed that mismetallation by manganese takes place as proposed by
previous reports.”'® The two previously published studies are partly controversial as
they either report on a maximum binding capacity of 2 or 4 equivalent Mn" per (32 dimer.
Here, binding of 2 eq. Mn!' was observed as maximum, agreeing with the results from
Pierce et al. The differences in the experimental outcomes from Atta et al., which were
attributed to the presence of high amounts of glycerol, could be confirmed in this work.

In contrast to the former studies, the results presented here demonstrate a recovery
from mismetallation, allowing the formation of an asymmetric cofactor assembly with a
Mn"Mn'" center on one side of the 32 subunit and Y122 formation in the other half. Such
an asymmetric cofactor has never been observed in this enzyme but is substantial
because it must be directly linked to RNR's half-site reactivity. Moreover, these results
highlight one of the very few examples of a protein that can self-recover from
mismetallation. Two main mechanisms allow for the recovery from mismetallation by
manganese. First, Fel's slightly higher binding affinity for the metal binding site in E. coli
class ITa RNR competes against Mn", leading to manganese release. Second, the
remaining bound manganese alternates its binding sites to allow the formation of
maximum radical yield. Surprisingly, the 32 subunit remains a stable dimer during this

process, while no monomeric 3s are observed.
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Mismetallated 2 subunits do not exhibit catalytic activity, which is most probably
related to the observation of a4(34 complex formation. An explanation for the presence
of inactive a4p4 next to active a232 in mismetallated enzyme could not be found yet but
is pivotal to understand RNR regulation in the cells. The preliminary in-cell results
strongly support a hypothesis in which RNR radical distribution and thus its activity is
strongly influenced by the metal availability in the cells. The observation of an
intracellular radical distribution other than two or none, as well as the detection of a
2.8 nm distance inside the cellular environment, indicates that mismetallated protein
with an asymmetric cofactor plays a role in the cellular machinery as well. Mismetallated
protein must be of biological importance and may act as a kind of regulatory mechanism.
These findings help decipher why class Ia expression levels are not down-regulated
while class Ib RNR is expressed at high intracellular manganese levels.!’® With the results
obtained here, it now seems reasonable that the present class [a RNR is mismetallated
under these conditions and can be restored to its original function if the iron content is
sufficiently high. Such an intramolecularly self-rescue mechanism is exciting to observe,
as it showcases the strong regulation of this vital enzyme. Self-rescue may be a certainly
simpler but possibly also a less effective control pathway than, for example, relying on
additional chaperones as observed in other systems.?6

Further quantitative Western blot experiments would help to determine the amount
of 32 expressed and quantify the Ye/32 ratio in the cells. Furthermore, adjustments of
various factors, such as a2 expression levels in the cell, are possible. Incorporating
unnatural amino acids could further help determine intracellular protein activities as a
function of protein- and metal concentrations. Moreover, expression levels of the
manganese importer MntH and MntS or the exporter protein MntP?" could be varied to
modify the bioavailable manganese pool.

Experiments with 2,3,5-FsY12-32 and Y7:1F-a2 mutants are currently underway to
trap the radical during the forward transfer reaction. These studies should provide
information on whether mismetallated 32 subunits are at least capable of initiating the
radical transfer process. If this is the case, i.e., if Ysss® is detected, the catalytic inactivity
of the protein is due to the inability of the radical to pass the protein interface, which is
probably caused by a distinct protein conformation. Such experiments can also be
performed inside cells, supported by DEER experiments, which will provide significant
advances in the field of in-cell structure elucidation of RNR and would thus help to
understand intracellular activity regulation. However, these studies are not only
fundamental for elucidating RNR catalysis but also with regard to the role of RNR in
various cancers. Targeting the cofactor assembly rather than the enzymatic reaction may
be an effective new pathway for drug development.
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Development of a new rigid spin label

5.1. Introduction

As most biologically relevant targets are diamagnetic, they must be spin-labeled in order
to be accessible for EPR spectroscopy. The development of site-directed spin labeling
enabled EPR to be utilized for all biomolecules regardless of their form of magnetic state.
Among all established EPR methods, pulse-dipolar techniques are currently the most
frequently used procedures for in vitro and in-cell structure determination. Since the first
pioneering work using MTSSL as a paramagnetic label, the field of spin label
development has been under constant development.!4114? Different approaches for in-
cell DEER studies have been tested, such as inserting spin-labeled proteins in the cells
via microinjection!159176263 electroporation,'®1¢” or labeling membrane proteins on the
outer cell surface.?*2® Nowadays, many different labels exist, and the need for
additional spin labels may not be obvious. However, as already briefly outlined in
Section 2.5, many well-known spin labels come along with some disadvantages, which

will be outlined in more detail in the following.

5.1.1. The problem

I. The distance distribution
In most cases, spin labels are attached to their target via a linker, which possesses many
rotational degrees of freedom, resulting in broad and incomprehensible distance
distributions.#82672¢8 Hence, small distance changes are challenging to detect, and it is
often difficult to determine whether the detected change originates from a protein
conformational change or another rotamer of the spin label. Further analysis is needed
to model and evaluate possible rotamers and compare them with experimental
outcomes.?*273 The simplest solution to this problem may be to shorten the linker group,
but unfortunately, this often distorts the biomolecular target's structure and function.?*
Moreover, spin tags may also prefer specific conformers due to interactions with the
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protein or its environment.?4?”> In this case, little can be said about the orientation of

individual side chains or amino acid residues.

II. The size of the spin label
Many established spin labels, such as trityl labels, are themselves quite bulky, making
labeling in relatively inaccessible and cramped areas of the protein, such as the protein
interior, impossible. Incorporation of spin labels may destabilize protein structure,

giving rise to partially or fully unfolded fractions.?®

III.  The site-specificity
To attach a spin label to a specific cysteine residue, all other accessible cysteines must be
mutated to prevent nonspecific labeling. In addition to a high workload, this can also be
accompanied by disruption of the natural protein structure. Therefore, performing
activity assays with cysteine mutants and spin-labeled proteins prior to distance

measurements is common practice.

IV. In-cell suitability
The most common groups of spin labels, namely nitroxide-based ones, are susceptible
to reduction and thus not stable in the cellular environment.!>-158277 Although lifetimes
can be extended by chemical shielding, regulatory mechanisms in living organisms that
operate on a scale of hours often are of interest, e.g., mismetallation discussed in Chapter
4. Metal-based spin labels may also not be optimal when investigating a protein inside a
living system, as metal release from the label into the cell interior has been observed
previously.”? Another point to consider is that introducing large amounts of metals can

be toxic to cells.278-280

V. The workload for in-cell measurements
In many in-cell examples, the protein must first be purified before it can be spin-labeled
and reintroduced into the organism. Reintroduction into the cells can be achieved via
microinjection, electroporation, and hypotonic swelling 1516516616263 This procedure

requires additional work and the necessary laboratory equipment.

5.1.2. The solution approach

Due to multiple challenges that come along with some of the spin labels, it becomes
obvious why a new spin label is needed. The underlying idea for developing a new spin
label is to use an unnatural amino acid, which is put into a paramagnetic state through
light activation. Application of the basic concept of photocaged amino acids is inspired
by the impressive work of Deiters?®'-2%, Summerer?*-2%, and Chin?”-?®, to name a few.

This thesis will refine these principles to allow their combination with EPR spectroscopy.
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While designing the new spin label, the problems outlined above are addressed as

follows.

I. The distance distribution
As the UAA will not be attached to the protein via a linker but is directly incorporated
into the nascent protein upon translation, its conformation flexibility will be similar to

that of natural amino acids.

II. The size of the spin label
The plan is to select an UAA that is as similar as possible to a natural variant so that there
are little or no structural disturbances. For example, fluorotyrosines incorporated into
the protein interior do not cause structural changes in ribonucleotide reductase in the

cell, as showcased in Chapter 3.

III.  The site-specificity
The in vivo nonsense suppression method allows the UAA to be incorporated into the
protein at any position with high precision. Interchanging mutations of other native
amino acids can thus be avoided. Furthermore, high labeling efficiencies can be

achieved.

IV. In-cell suitability

The advantage of this method is that the spin label can be generated at any time if
required, i.e., directly before its readout at cryogenic temperatures. Therefore, the label
is resistant to quenching or reduction in the cell. One concern may be the response of the
cells to the irradiation. However, E. coli cells can be exposed to high doses of laser
radiation without significantly reducing their growth rate.?>! Ideally, only a short laser
pulse is required for photoactivation of the new spin label so that the cells are harmed
as little as possible.

V. The workload for in-cell measurements
The principle of ncAA incorporation directly inside the cell facilitates sample handling
enormously. The protein of interest can be expressed directly in the host together with
its unnatural amino acid. Subsequent purification and reintroduction into an organism
are not required but can, of course, still be performed if desired. This procedure is
particularly advantageous for membrane proteins that cannot be reintroduced and

consequently rely on in situ labeling.!”

For the development of the spin label, the 32 subunit of E. coli class Ia ribonucleotide
reductase is chosen as a model system. First, due to the dimeric form of the protein, only
one spin labeling position is required for DEER distance measurements. Second,

structural data under in vitro and in-cell conditions were elaborated over the year,
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especially in this thesis, which tremendously facilitates data analysis and
troubleshooting.

Apart from the fact that spin labels are useful for all kinds of biomolecules, RNR
research can particularly benefit from this new label. As highlighted in Section 3.1,
studying E. coli RNR in a host system other than its original one often leads to quenching
of Yize. A spin label would thus be required to study RNRs structure under these
conditions, yet many labels are not suitable for attachment to all sites of RNR. Even
purification tags such as Strepll or (His)s introduced at the N-terminal tail lead to low
protein and radical yields.?*? Furthermore, especially the flexible C-terminal tail is very
sensitive to modifications.** A small, rigid label could allow significant advances in

resolving RNR structure and dynamics.

5.2.  Materials and methods

5.2.1. Sample preparation and photolysis

Samples were prepared at pH 7.6 in 50 mM Tris, containing 5% Glycerol. The solution
was degassed with N2 gas for 1 h. Afterward, the sample was filled in 2.8. mm O.D. EPR
tubes and subsequently snap frozen in liquid nitrogen at 77 K. Photolysis was performed
with a LOT QuantumDesign LSB610U 100 W Hg arc lamp (250 to > 2500 nm) either
inside the cavity of the EPR spectrometer of the EMX-Nano Benchtop spectrometer (as
shown in Figure 5.1) or in a self-built irradiation setup (all other measurements). For the
first variant, the samples were each exposed for 2 min at 100 K. For the latter alternative,
samples were irradiated at 77 K for 10 min in liquid nitrogen and rotated 180° after 5 min
to ensure uniform sample irradiation. Afterward, the irradiated samples were stored in
liquid nitrogen, and EPR measurements were performed as fast as possible to prevent

radical quenching over time.

5.2.2. Details of the EPR experiments

X-band: X-band cw-EPR measurements shown in Figure 5.1 were carried out at T=100 K
using a Bruker EMX-Nano Benchtop spectrometer equipped with a continuous-flow
nitrogen cryostat. Experimental conditions were: 3.981 mW microwave power, 3 G
modulation amplitude, 100 kHz modulation frequency, 5.12 ms as time constant, 45.0 ms
conversion time.

The X-band cw-EPR measurements shown in Figure 5.2 were carried outat T=15K
using a Bruker Elexsys E580 spectrometer equipped with a Bruker ER 4118X-MD5
resonator and an Oxford Instruments ER 4118CF cryostat. Experimental conditions
were: 0.95 mW microwave power, 10 G modulation amplitude, 100 kHz modulation

frequency, 50.0 ms conversion time.
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Q-band: Q-band pulse EPR measurements were carried out using a Bruker Elexsys E580
spectrometer equipped with the ER 5106QT-2 resonator, operating at T = 10 K. 34 GHz
DEER experiments were performed at 10 K using the 3-pulse DEER pulse sequence with
8-step phase cycling and Gaussian pulses. The frequency separation Af = foump - faet was
84 MHz in an overcoupled resonator with fump set to the center of the resonator dip. The
optimal m-pulse lengths were determined using transient nutation experiments, being
20 ns for the pump pulse and 40 ns for the detection. DEER time traces were background-

corrected, assuming an exponential background with dimensionality equal to 3.

5.2.3. Incorporation of azF in B2 class la E. coli RNR

The incorporation protocol was extended to RNR on the basis of Widder et al.'** E. coli
BL21(DE3)-Gold (Invitrogen) were transformed with pBAD-nrdBizrac and pEVOL-
pCNPhe and plated on LB-agar plates with 100 pg/mL carbenicillin (Carb) and 35 pug/mL
chloramphenicol (Cm) at 37 °C. Positive clones were selected, and a starter culture
(3 mL) was grown for 7 h in LB-medium enriched with Carb and Cm at 37 °C and
180 rpm until saturation. An intermediate culture (100 mL) was enriched with 1 mL of
the starter culture, grown overnight at 37 °C and 180 rpm. The expression culture was
grown with a 200-fold dilution of the intermediate culture in LB-medium containing
Carb and Cm. At OD600 ~0.3, azF was added to a final concentration of 0.6 mM. After
20 min, 100 pM 1,10-phenanthroline was added to chelate iron. After a further 20 min,
protein expression was induced with 0.5% (w/v) L-arabinose. After 20 h of protein
overproduction, the cells were harvested by centrifugation at 17 000 xg for 15 min at 4 °C
resulting in 1.8 g cell paste/L media. The cell pellet was stored at —80 °C until protein
purification. The protein construct was purified by two anion-exchange
chromatography steps as described for wt-$2 in Section 8.2.4, resulting in approximately

13 mg protein/g cell paste.

5.3.  Results and discussion

5.3.1. Amino acid photolysis investigated via 9 GHz cw-EPR measurements
Four amino acids are known to form catalytically active, one-electron oxidized radicals:
tyrosine, tryptophan, cysteine, and glycine.> Tyrosyl and tryptophan radicals can
artificially be generated via UV photolysis in frozen solutions.?*?*> This concept was
used as the basis to induce radical formation in fluorotyrosines, which displayed broader
EPR signals than Ye. Their EPR lineshapes differ depending on the degree and position
of fluorination.®® Furthermore, substituting the aromatic protons of tyrosine with
fluorine results in a blue shift of the UV-Vis absorption maximum. As this shift is quite
small, tyrosine and tryptophan radical generation in UAA-bearing protein samples via

photolytic radical formation is difficult to avoid. Previous experiments on the irradiation
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of the a2 subunit of E. coli RNR already demonstrated the generation of several organic
radicals, exhibiting a quite similar lineshape compared to photolyzed 2,3,5-
trifluorotyrosine (Bachelor thesis Dustin Schliiter and Figure C.1).

These findings have driven us to search for unnatural amino acids that meet at least
one of the two following criteria for being a suitable candidate for spin-labeling. Either
the efficiency of creating the label’s paramagnetic state should exceed that of natural
amino acid residues so that the label is the predominant radical species. Otherwise, the
lineshape or at least the relaxation behavior of the resulting radical species should be
sufficiently different from natural amino acid radicals to allow their spectroscopic
discrimination. In order to test for these criteria, a 200 uM solution of tryptophan (Figure
5.1 as 4) or tyrosine 5 in Tris buffer was prepared. Photolysis was performed inside the
cavity of the X-band EPR spectrometer using a Hg arc lamp, followed by subsequent
investigation via 9.6 GHz cw-EPR experiments. Moreover, the same procedure was

carried out for some unnatural amino acids 1 -3, resembling native tyrosine (Figure 5.1).
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Figure 5.1: 9.6 GHz cw-EPR spectra of different amino acid radicals formed via photolysis at 100 K.
Photolysis was carried out on 4-iodo-L-phenylalanine (IF) 1, 3,5-difluorotyrosine (F2Y) 2, 4-azido-L-
phenylalanine (azF) 3, tryptophan (W) 4, and tyrosine (Y) 5.

Two minutes of light exposure were sufficient for the formation of radical species in Y
and W solutions, whereas a higher signal amplitude was detected for the tyrosyl sample.
Both samples exhibit a single sharp EPR line with a peak-to-peak linewidth of around
1.9 mT centered at g =2.007, in accordance with previous reports.2%2%6.2%7

Next, radical formation in an aqueous solution of 4-iodophenylalanine (IF) 1 was
tested. The C-I bond in IF has a much lower binding energy (213 kJ mol*)** than an O-H
bond (390 k] mol1)** in tyrosine. Consequently, formation of a phenyl-type radical was
predicted earlier with an almost quantitative yield.*® Iodine generally has the lowest

binding energy among all halogens, which favors its bond cleavage by homolysis. In
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principle, this homolytic cleavage should lead to the formation of a radical at the
respective cleaved atoms. However, only a barely visible EPR signal was observed when
tracing the photolytic radical formation via cw-EPR (Figure 5.1). Therefore, this UAA
can be excluded as a spin label candidate.

Second, 3,5-difluorotyrosine was investigated after irradiation for 2 min (Figure 5.1
as 2). In this case, a weak EPR signal was observed, which, however, exceeds the
intensity of IF. Since this signal is very weak, an exact g-value and linewidth cannot be
read from the spectra. Previous Q-band studies with longer irradiation times revealed
that the signal is centered around g = 2.0016 (Figure C.1). Because of the ability to
generate an EPR signal from F.Y’s, an attempt was made to measure the distance between
the FsY122-FsY122 pair of mutant 32 E. coli RNR by DEER spectroscopy (data not shown)
after the photolysis. However, all attempts to extract a distance remained unsuccessful.
Since the EPR spectrum does not significantly differ from that of Yo and We and the
radical generation is less efficient, both criteria for the spin label are not met, so F»Ys are
ruled out as candidates.

Finally, 4-azidophenylalanine 3, azF for short, was investigated using the same
means. The azide unit of this UAA is a popular functional group for click chemistry and
has been used to attach spin labels onto user-defined sites in proteins.!>015.%! The photo-
activated unnatural amino acid displays a cw-EPR signal at g =2.007 with a peak-to-peak
linewidth of ca. 2.7 mT, comparable to W und Y, whereas its intensity is weaker than
those of the natural amino acids. However, this azF exhibits the strongest signal intensity
among the non-canonical amino acids studied. A wide-field scan of this sample revealed
two spectral features at approximately 337 and 716 mT, which equals g =2.01, and 0.94
(Figure 5.2A).
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Figure 5.2: X-band studies of the photolysis product of 4-azido-L-phenylalanine. (A) Azidophenylalanine
was irradiated at 77 K for 10 min and measured via 9 GHz cw-EPR at 15 K. 200 uM amino acid solution was
prepared in 50 mM Tris + 5% glycerol. Asterisk * marks signal arising from resonator background.
Simulations were obtained by the EasySpin ‘pepper’ routine with S =1, giso = 2.02, D/hc = 1.110 cm™, E/hc =
0 cm™. (B) UV light exposure at 77 K of azidophenylalanine induces a triplet nitrene, giving rise to zero-field
splitting, as detected in (A).
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The low-field signal at 180 mT can be assigned to the resonator background, whereas the
signals at ¢ = 2.01 and 0.94 originate from the sample. Such a low g-value of 0.94 is
uncommon for an organic radical and therefore points to the presence of zero-field-
splitting. Previous studies revealed that phenylazides are able to form triplet nitrenes
when exposed to UV light > 310 nm (Figure 5.2B). The triplet state can only be observed
under cryogenic conditions, whereas the singlet state is predominant at room
temperature.®23% Furthermore, such a triplet has been observed for azidophenylalanine
incorporated in T4 lysozyme.®* The occurrence of undefined paramagnetic side
products with S=1/2, corresponding to the signal at around g =2 in Figure 5.1 and Figure
5.2, was also reported in earlier studies.3*%%> The triplet nitrene can be reproduced by
simulating a spin system S = 1 with D/hc=1.110 cm™ and E/hc =0 cm, in agreement with
previously reported data (D/hc = 0.990 cm™ and E/hc = 0 cm? for phenylazide)>®. The
resonance field of the triplet nitrene differs from that of ordinary organic radicals,

meeting the second criterion for a suitable UAA-based spin label.

5.3.2. AzF-B2 RNR investigated via 34 GHz pulse EPR measurements

The unnatural amino acid azidophenylalanine was selected as a suitable candidate for a
new, rigid spin label due to its unusual property of triplet formation. To test its
suitability as a molecular protein marker, the UAA was incorporated into the 32 subunit
of class Ia E. coli RNR at position 122. AzFi»-p2 was irradiated at 77 K for 10 min and
subsequently studied by pulse EPR at 34 GHz (Figure 5.3). Further, free azF and apo
wt-B2 were investigated using the same method to allow an assignment to signals
originating from azFi22 in the protein only (Figure 5.3). Samples containing azF, either in
the protein or free in solution, exhibit several absorption features in the low-field region
between approx. 100 to 800 mT. The negative control, wt-32, does not display any
absorption in this region. These results verify the successful incorporation and triplet
state generation of azF inside the protein.

In addition, both protein-containing samples feature broad spectral absorption
between 1000 to 1400 mT. Measurements pre- and post-irradiation uncover that this
signal originates from protein-bound manganese. The presence of a strong manganese
signal in apo-B2 is to be expected since the sample was not treated with EDTA but only
with phenanthroline during the protein expression. Our internal laboratory data
illustrated that subsequent EDTA treatment of (32 significantly reduces the manganese
content. The resonance fields of the triplet and manganese differ substantially so that the
analysis of the triplet signal is not disturbed by the metal contamination. Nevertheless,
the contribution of manganese can be subtracted by using the spectrum prior to light
exposure. These first-derivative spectra of azF in solution and incorporated into RNR
obtained in this way are depicted in Figure 5.4.
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Figure 5.3: EPR investigation of azidophenylalanine in different environments. 34 GHz ESE spectra of
azidophenylalanine either free in solution (blue) or incorporated into the 32 subunit of E. coli RNR (red).
Furthermore, apo wt-32 was investigated under the same conditions, serving as a negative control (yellow).
(A) shows the complete field sweep, whereas (B) shows an inset of the low-field region. The photolyzed
product of azF12-32 is demonstrated in (C). Signals were normalized to 34 GHz, sample concentrations,
number of scans, and spp. Acquisition parameters: Temperature = 10 K, =26 ns (A) or 20 ns (B), T=200 ns,
Attenuation =5 dB (A) or 0 dB (B), srt =1 ms, spp = 10.

118



Development of a new rigid spin label - Chapter 5

Signal Intensity (a.u.)

0 200 400 600 800 1000 1200 1400
Magnetic Field (mT)

1F B, Il xy +1

Energy (cm™)

AE I —

0 200 400 600 800 1000 1200 1400
Magnetic Field (mT)

Figure 5.4: Analysis of generated triplet species. Top: Pseudomodulated ESE spectra of azidophenylalanine
in Tris buffer (blue) and azF122-32 (red) after photolysis. Asterisk marks S =1/2 side products. Bottom: Energy
levels for S =1 with giso =2.02, D/hc =0.978 cm™! and E/hc =0 cm’. Allowed EPR transitions (denoted as z and
x,y) are shown for Bo Il x,y and Bo | z in red, respectively. Modulation amplitude = 20 mT. Acquisition
parameters: Temperature = 10 K, =26 ns, T =200 ns, Attenuation =5 dB, srt =1 ms, spp = 10.

Exact simulations for both signals are not feasible due to the multitude of small
unassigned signals that most likely arise from nuclear modulation artifacts due to
hyperfine interactions with the N nucleus.* All attempts to fit EPR transitions, spectral
widths, and signal intensities simultaneously remained unsuccessful. However, the
detected transitions can be roughly described by an S =1 system with D/hc = 0.978 cm
and E/hc = 0 cm™! (Figure 5.4), matching the usually reported large D for triplet nitrenes
and their axial symmetry.307-310

These data report the first spectroscopic detection of a triplet nitrene generated from
photolyzed azidophenylalanine inside E. coli RNR, which was found to be stable for at
least two weeks when stored at liquid nitrogen temperatures. Therefore, an attempt was

made to determine the distance between an azFi»-azFi2 pair by 4-pulse DEER at the
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maximum intensity of the triplet signal (data not shown). However, no modulation
could be detected due to low spin concentration and fast Tm times. Furthermore, 3-pulse
DEER was used, which is particularly useful for fast-relaxing species.’**2 Likewise, no
distance could be extracted, but a weak modulation with a modulation depth of
approximately 1% was visible (Figure 5.5). Although the modulation is very weakly
pronounced, the trace differs from background measurements. The data are
characterized by a low S/N ratio due to the short measurement time. However, the
discovery of a weak modulation at Q-band frequencies is promising and opens the way
for further optimization. This measurement serves as the first step for using a UAA-
based triplet species as a protein spin label. Moreover, it should be noted that this
measurement was not performed on a simplified model system such as a short peptide,

as is sometimes the case, but on a protein.
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Figure 5.5: Background-corrected 3-pulse DEER trace of azFi»-B2 detected at 450 mT and 34 GHz.
A background-corrected 4-pulse DEER experiment without any dipolar modulation is shown as a
comparison (black). This trace was obtained from apo wt-32 overexpressed in E. coli cells, as shown
previously in Figure 3.6. Acquisition times: 5 h (red), 15 h (black).

5.4. Conclusion and outlook

This chapter provided insights into the development of a new, rigid spin label designed
in particular for prospective in-cell EPR distance measurements. This study aimed to
find a photoactivatable unnatural amino acid that would meet several criteria for a
suitable label, such as rigidity, specificity, and in-cell suitability. Therefore, photolysis
via a Hg arc lamp was tested for different unnatural amino acids, while three candidates
were presented: 4-iodophenylalanine, 3,5-difluorotyrosine, and 4-azidophenylalanine.
Among these candidates, the unnatural amino acid 4-azidophenylalanine (azF), with its

ability to form a triplet nitrene, proved to be by far the most promising.
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Q-band pulse experiments have proven the successful site-specific incorporation of azF
into the protein and triplet nitrene generation within the protein environment. The
UAA’s unusual property of triplet formation opens up the possibility for further
investigations, aiming to elucidate protein structures and dynamics. This label could
combine some of the most critical features required for EPR spin labels, such as high
rigidity and site-specific tagging. Furthermore, the triplet signal is outside the
manganese spectral range, so azF-labeled protein and intracellular manganese should
not interfere in in-cell DEER experiments.

These studies serve as the first important steps toward establishing azF as a spin
label. Different attempts to measure the distance between two azFs in the 32-subunit of
E. coli RNR using 3- and 4-pulse DEER at Q-band were unsuccessful until now due to
several factors. First, the generated signal is relatively weak in intensity, resulting in a
poor S/N ratio. An increase in protein concentration and an improvement in the
irradiation protocol could help overcome these problems. Employed wavelength and
exposure times could be varied. Second, the transversal relaxation time of the triplet
species is quite fast. This issue can be overcome by deuteration of the sample.
Furthermore, the generated triplet signal is very broad, at least at Q-band frequencies.
Hence, the excited fraction of spins is low with common microwave pulses. This should
be less of a problem at X-band frequencies, where only a single, relatively narrow EPR
transition was detected. X-band DEER measurements might therefore be more suitable
for distance determination when using azF. However, if distance measurements at
Q-band are needed, shaped pulses could be implemented to overcome this issue.
Unfortunately, the complete triplet spectrum will never be excited by a single EPR pulse,
but using shaped pulses such as WURST (wideband, uniform rate, smooth truncation)
pulses could provide a slight improvement.?® Another technique that does not rely on
the excitation width of a pump pulse is LaserIMD. If, for example, a nitroxide radical is
selected as the detected species, the triplet state can be activated by a laser pulse, acting
like a pump pulse in a usual DEER experiment.

Furthermore, using an azide group to generate a paramagnetic species may not only
be limited to phenylalanine since other azide-containing compounds, such as (-azido-
propiophenone or 1-azidoadamantane, also form triplet nitrenes upon UV light
exposure.’'435 In previous work, azido-derivatives of tryptophan, cysteine, and lysine
have been successfully incorporated into proteins, which could, in combination,

eventually pave the way for various UAA-based spin labels.3
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Investigating E. coli ribonucleotide
reductase with high-pressure EPR

6.1. Introduction

6.1.1. Pressure affecting protein structures

The effect of pressure on a system is characterized by Le Chatelier’s principle.
Accordingly, a system tends to minimize and counteract the effect of external perturbing
factors at equilibrium state, which in the case of pressure application, leads to a

reduction of the system's volume. In the equilibrium state, generally
AG = —RTIn(K) = AU + pAV —TAS (6.1)

is valid with the changes in Gibbs free energy G, internal energy U, volume V, and
entropy S.37 R is the gas constant and K the equilibrium constant, while T is temperature
and p pressure. Pressure affects the volume of a system that changes between state A

and B in equilibrium, given by

AV =V —Vy = (?—;)T = —RT (a'g;’())T. 6.2)

In analogy to this equation, the activation volume AV* can be written as

AV* = —RT (%?)T (6.3)

with the rate constant k.318319 Characteristic values for AV or AV* in biochemical
processes are around +50 to =50 mL mol.317,320

The volume of a protein is dominated by three main components: the volume of the
individual atoms (constitutive volume), the void volume of internal cavities, and

contributions arising from the solvation effects of peptide bonds and amino acid side
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chains. Pressure will influence the protein volume and induce local and global
conformational changes and/or subunit dissociation-association processes, which finally
leads to denaturation of the protein. 1 to 2 kbar is mostly sufficient to induce dissociation
of oligomeric proteins.®?' Denaturation of small monomeric proteins is typically
observed in the range of 3 — 8 kbar.?17322 This implies that pressures up to 3 kbar mainly
influence quaternary protein structures, whereas higher pressures affect secondary and
tertiary structures. Primary structures remain undisturbed by pressures up to 20 kbar.3
Pressure-induced unfolding is explained mainly by void volumes in the protein
structure arising from imperfect packing. The application of pressure eliminates these
void spaces, decreasing the system volume.® An additional reason for pressure
unfolding might be water penetration into the protein interior, weakening hydrophobic
interactions.’? On the other hand, pressure-induced dissociation may be explained by
the imperfect packing of atoms located at the subunit interface and also disruption of
polar and ionic bonds at the subunit interfaces leading to negative volume changes.??
The transitions of folded to unfolded state, induced by external factors such as pressure
and temperature, are often visualized with the aid of phase diagrams, exemplarily

shown in Figure 6.1, which deliver information about stability and unfolding

mechanisms.
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Figure 6.1: Exemplary p,T-stability diagram of SNase at pH 5.5. Figure adapted from Winter et al. 32

In addition to its usage in unfolding studies, pressure is often employed to populate
higher-energy conformational states, namely excited states.’?>2 In many proteins,
intermediate structures are difficult to characterize due to their low population and short
lifetimes. Pressure represents one way to artificially induce these conformational
changes, thus leading to a higher population in these states. This principle becomes

comprehensible if one considers the energy landscape of proteins, described by the
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folding funnel (Figure 6.2). The entire allowed conformational space of a protein is
covered by the folding funnel, with the x-axis describing the conformational entropy of
the system and the y-axis describing the conformational order, i.e., the internal energy,
in an aqueous solvent.?® The landscape is represented as hills and valleys. Roughly
speaking, if the landscape is smooth, the natively folded protein is expected to display
only marginal conformational variations. If the landscape is rough, the ensemble of

underlying structures might include conformers entirely different from the native one.33

Energy
Volume

Entropy

Figure 6.2: Exemplarily folding funnel for B-lactoglobulin with the five major conformations: native (N),
the low-lying excited state (N’), two intermediate states (I1 and I2), and the unfolded state (U). Molar
volumes decrease in the order N > N’ >I>>I1 > U. Figure adapted from Akasaka.’?

6.1.2. Excited states in ribonucleotide reductase
In ribonucleotide reductase, high-energy intermediate states might be present during
the catalytic reaction, and hence, pressure application might be beneficial for their
detection. Of course, it has already been outlined in the previous chapters that unnatural
amino acids can be used to capture intermediate steps. Nevertheless, this always
requires a protein mutation, which does not correspond to the protein’s natural state,
even though the change may be minor. The assistance of pressure would allow the usage
of the wild-type enzyme. In addition, other previously hidden conformers could be
unraveled. Conformational changes could either be observed throughout altered EPR
lineshapes, distance measurements, or by changes in the electrostatic environment, e.g.,
caused by water penetration.

In addition, it is interesting to investigate the complex stability of multimeric RNR
for two reasons. First, RNR dissociation and reassociation of a2f32 into dimers is a
fundamental aspect of its regulation. Understanding and manipulating these
mechanisms are vital for therapeutic treatment. Second, it is known that the a2 subunit
of E. coli RNR can be found as monomers in solution, whereas 32 is found exclusively as

a dimer. It is unclear why the protein favors this behavior. Pressure could be used to
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manipulate dimer-monomer equilibria in the sample and thus gain insights into

dissociation constants and processes.

6.1.3. High-pressure EPR

While the combination of high-pressure setups with spectroscopic detection is already
well-established in several biophysical spectroscopies (e.g., NMR, SF setups, FT-IR, or
CD)*7, EPR currently lacks standard accessories for this application. Therefore, Simon
Schumann constructed a self-built setup in our laboratory based on the idea of Lerch et
al 32531 Briefly, sample-containing EPR tubes are sealed with a silicon piston and
pressurized inside a high-pressure setup. After reaching the desired pressure, the
sample is frozen, which allows trapping of the sample in its high-pressure state, even
after removing it from the pressurization setup. This technique allows the investigation
of liquid samples under high hydrostatic pressures via EPR spectroscopy at cryogenic

temperatures.

6.2.  Materials and methods

6.2.1. Sample preparation

First, a radical yield of 1.2 Ye/(32 was achieved by mixing a 190 uM solution apo-f32 in
50 mM Tris pH 7.6 with 5 eq. Fe! and O.. Previous test experiments with the high-
pressure setup revealed that samples must contain 25% (v/v) glycerol to prevent EPR
sample tubes from bursting. Hence, the protein solution was supplemented with
glycerol to a final concentration of 25%, yielding a protein concentration of 140 uM (32.
Ca. 200 pL of the sample was then transferred to 2.8 mm O.D. EPR tubes and stored at
4 °C until pressure application. It is important to note that air bubbles inside the EPR

tube must be avoided.

6.2.2. Sample pressurization

The sample-containing EPR tube was sealed with a silicon piston, which was pressed
down to the sample, so that little to no air was trapped between the sample and the
piston. Ethanol is layered over the piston, which prevents the sample and ethanol from
mixing. To externally control the sample position within the pressure bomb, the EPR
tube is provided with a magnetic collar. The sample tube is then inserted into the high-
pressure apparatus filled with ethanol. First, the sample was positioned at the top of the
pressure bomb, while the desired pressure could be adjusted manually. After reaching
the desired pressure, the system was allowed to equilibrate for 5 — 10 min. The pressure
bomb was then cooled down with a mixture of dry ice/isopropanol, and the sample was
positioned in the lower part of the pressure bomb. The sample was then allowed to
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freeze for around 20 — 25 min. Finally, the bomb was depressurized, and the sample was
removed from the system and quickly transferred to liquid nitrogen. The magnetic collar

was removed before EPR measurements.

6.2.3. Details of the EPR experiments

Q-band: Q-band pulse EPR measurements were carried out at T =10 K using the Bruker
ER 5106QT-2 resonator. DEER experiments were performed using the 4-pulse DEER
pulse sequence with 16-step phase cycling and Gaussian pulses. The frequency
separation Af = foump - fobs was 84 MHz in an overcoupled resonator with foump set to the
center of the resonator dip. DEER time traces were background-corrected by using an
empirical second-order polynomial fitting. For orientation averaging, each primary time
trace was first normalized to the same signal intensity at zero time. Afterward, these
time traces were normalized to the signal intensity of the Hahn echo at the pump
position. The summation of orientation-selective DEER time traces thus led to the
orientation-averaged traces. Validation of the distance distributions was obtained by
varying the starting value of the background fit by +50% in 10 steps and the background
dimensionality in 10 steps by 0.5 concerning the initial value chosen for the data

analysis.
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6.3. Results and discussion

6.3.1. The effect of glycerol on E. coli RNR protein structure

As demonstrated in earlier chapters, glycerol influences the radical formation efficiency
and may thus also affect the protein structure. However, the use of glycerol for the high-
pressure setup is unavoidable according to the current state of the art. To exclude
changes in the EPR lineshape caused by glycerol itself, a comparison of 34 GHz ESE of
holo-f32 samples containing either 5% or 25% glycerol in the buffer is presented in Figure
6.3. Both samples displayed a radical yield of 1.2 Ye/(32. It should be noted that no
pressure has been applied to these samples yet.
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Figure 6.3: Pulse EPR spectra of Y12* in the B2-subunit of E. coli RNR as a function of glycerol content in
the buffer, recorded at 34 GHz and 10 K. Spectra are shown as absorption spectra (A) or as first derivative
(B). Samples either contain 5% (black) or 25% (red) glycerol in the buffer. Spectra are scaled to protein
concentration, number of scans, videogain, and srt. Experimental conditions: 7 =28 ns; t= 300 ns; srt =4 ms;
spp = 100; microwave power =20 mW.

The absorption spectra show only minor deviations in their integral, which is
proportional to the number of spins in a sample, and are within the usually given
10 - 30% error for quantitative EPR.332%% Hence, adding glycerol does not affect the spin
concentration, which is to be expected. It should be noted that glycerol was added after
generating the radical species and thus cannot affect the radical formation process and
efficiency itself. Further, no significant changes in the EPR lineshape are observed since,
for example, g-values and large hyperfine couplings remain the same. T> measurements
revealed almost identical relaxation times with 1.2 and 1.3 us for 5% and 25% glycerol,
respectively.

Next, orientation-selective DEER measurements of holo-32 were carried out to
investigate the spatial orientation of the Y12®-Yi»® pair in the 32 dimer and to determine
the fraction of Yi2®-Y12® pairs. The second point in particular is of concern, as previous
studies from our laboratory have proven that glycerol contents >20% influence the

communication between the respective subunits in the 32 dimer (Master thesis Viktoria
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Gocke). Orientation-selective DEER measurements with the 25% glycerol sample, shown

in Figure 6.4, were thus compared to a sample containing 5% glycerol.
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Figure 6.4: DEER distance measurements for E. coli RNR supplemented with different amounts of
glycerol. (A) DEER measurements were performed at three consecutive field positions (labeled 1, 2, 3). P
indicates pump, and D detect positions. (B) Background- and phase-corrected, normalized orientation-
selective (top), and orientation-averaged (bottom) 34 GHz DEER traces. Data are displayed in dark shade,
and fits obtained by DeerAnalysis are overlaid in paler shade. (C) Distance distribution obtained by the
analysis. Validation of the distance distribution (paler shade) was performed in DeerAnalysis. Top part
(grey data) shows data obtained for the sample containing 25% glycerol. Bottom part shows a comparison
of orientation-averaged data for 5% (black) versus 25% (red) glycerol. Acquisition time =5 h (1), 16 h (2),
6 h (3).

First, the focus is set on the distances obtained to address the first question of spatial
orientation. Only one main distance of 3.31 + 0.07 nm is observed for the sample
containing 5% glycerol, whereas two validated main distances are observed in the
sample containing 25% glycerol. The predominant distance is located at 3.33 + 0.07 nm,
whereas a smaller one is detected at 2.66 + 0.04 nm. In both samples, the 3.3 nm distance
can be assigned to the Yize-Yize pair, while the smaller distance might most probably
originate from an orientation-averaging artifact. Even though the primary time traces
were scaled before summation, the distance arising from 6 = 0° (vi) might still be over-
pronounced. The slight deviation of 0.02 nm for the Yi2®-Y1® pair in both samples is
within error and, therefore, negligible.

Surprisingly, a glycerol content of 25% leads to several unvalidated distances
between 3.5 and 4.6 nm, whereas for 5% glycerol, the distance distribution is very
precisely defined. Note that both the spin concentration (about 240 uM for 5% and
170 uM for 25%) and acquisition times do not vary much between samples, which would
otherwise affect S/N ratios and thus explain the occurrence of measurement artifacts.
However, a higher S/N ratio of 33 is indeed observed for the sample with 25% glycerol
compared to 20 for 5% glycerol.
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Furthermore, the modulation depth A can be read from the DEER measurements.

According to equation 2.41:
A=1-(1-25)ND (2.41)

A depends on the inversion efficiency As and the number of spins N. As all experimental
conditions are kept constant, and the spectral lineshape does not vary among the
experiments, As remains constant. The experimentally determined A increases from 7.9%
to 11.6% with increasing glycerol levels (Figure 6.4). Consequently, a larger modulation
depth implies a higher number of spin pairs N. This observation seems strange since
maximum modulation depth should already be achieved at 5% glycerol due to two or
none radical distribution. Distances other than the Yize-Yine pair have never been
observed in similar experiments. To interpret both, the multiple larger distances and the

enhanced modulation depth caused by glycerol, three possible scenarios were evaluated.

I. Different Yiz* conformers

Glycerol is known to induce conformational changes in proteins.®* Yi»e may
adopt different conformations, resulting in shorter and/or longer distances,
depending on the flipped angle. However, this must be a defined conformation
since an ensemble of many different conformers with only slight spatial
deviations would lead to broadening of the main distance at 3.3 nm, which is
not observed. To probe this hypothesis, different possible rotamers of Yi2: were
calculated by the software PyMOL, restricting the calculation to “backbone
dependent rotamers’. For the highest-ranked rotamer, the angle between the
two n-planes of both conformations changes by around 104° (Figure 6.5B). The
distance between these flipped Yi2-Y122 conformers measured at the O atom
results in around 4.4 nm (Figure 6.5C). Strikingly, the analysis of the DEER trace
without validation of the fit results in a sharp distance of around 4.0 nm (Figure
6.5A). Such a distance of around 4 nm has also been observed in similar studies,
further described in Viktoria Gocke’s Master thesis, and agrees with the
distance observed for the yellow rotamer within an error of 10% accuracy of
distance determination.

However, one fact that is not consistent with this hypothesis is the increase in
modulation depth. As determined from the pulse EPR spectra, the spin
concentration does not change upon the increase of glycerol content. Hence, the
only factor that can change is the ratio between blue and yellow conformers.
This ratio will not affect the modulation depth, as N stays constant.!32220
Moreover, major conformational changes should be reflected in the EPR

lineshape.
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Figure 6.5: Analysis of obtained distances. (A) Distance distribution as obtained by DEER measurements
without validation of the fit. A minor distance is observed at around 4.0 nm. (B) Different conformations of
Y122 in E. coli RNR. The conformer found in the wild-type protein is shown in blue, whereas the yellow
conformer was obtained by rotamer calculations in PyMOL. The diiron cluster is represented by spheres.
Nearby residues are depicted as thin lines. (C) Distances between Yi2-Yi22 are 3.3 nm (blue-blue) and 4.4 nm
(yellow-yellow). PDB: 5CI4%,

II.
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Dimer disruption

Y12 remains rigid, and its structure is not affected, but glycerol penetrates the
protein-protein interface and thus disrupts the dimeric interaction. This may
lead to a larger distance between the Yi22¢s. Glycerol is often used as a cosolvent
for high protein stability and to prevent aggregation.®**3% This is achieved by
the interaction of glycerol with large hydrophobic areas, where glycerol
functions as an amphiphilic interface between the hydrophobic surface and the
polar solvent. However, it was reported that glycerol often shifts the native
protein to more compact states, which would contradict the experimental
observations of larger distances. Although the effect of glycerol penetrating the
protein interface would explain the noncooperative behavior observed during
the diiron cofactor assembly and the larger distance, this scenario is unlikely.
The additional solvent layer of glycerol would more likely shift the main
distance to longer distances rather than cause an additional one. Furthermore,
the modulation depth would remain constant in this case, or even more likely,

A decreases if dimers lose their interaction and fall apart.
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III. Oligomerization
Glycerol may induce the formation of higher-ordered structures, giving rise to
several longer distances. The cosolvent glycerol can mediate the formation of
strong non-covalent interactions with protein subunits, which promotes contact
between monomers, further leading to oligomeric structures.®” No tri- or
tetrameric structures have yet been reported for E. coli RNR. However, a 4
tetramer has been found to be part of the regulatory machinery in class I
Leeuwenhoekiella bladensis RNR.333% Similarly, in Facklamia ignava RNR, also a
class I enzyme, tetramer formation is promoted in the presence of dATP.3* To
test whether oligomers and their radical pair distances in E. coli RNR are within
the detectable range of DEER measurements, docking models of trimers and
tetramers were constructed by ClusPro.3-# Exemplarily, three models with
the highest scoring are pictured each (Figure 6.6). Please note that these models
are not intended to prove the correctness of the docked structure, but instead,
they demonstrate that even different orientations of the monomers in the
oligomer lead to quite similar distances between the Yizs. For the trimers, all
distances are located between 3.0 and 3.5 nm. A distance of 3.1 — 3.8 nm between
two neighboring subunits and a diagonal distance of 4.4 — 54 nm can be
observed in tetramers. All these distances are consistent with those obtained by
DEER measurements. On top of that, the occurrence of additional spin pairs
increases N, leading to a higher experimental modulation depth. Moreover, the
slight increase in T2 times of around 0.1 us could indicate a higher local spin

concentration upon raising the glycerol content.

Out of the three possible explanations, option 2 seems to be the least likely, as it does not
fully agree with the experimental findings. Likewise, a residue as solvent-protected as
Yi122is unlikely to be affected by glycerol to such an extent that it changes its conformation
by more than 90°. Hence, explanation number 3 seems most likely, as it agrees with all
experimental data. However, a combination of the different effects might also be
possible, for example, glycerol first penetrating the interface, thus allowing
conformational changes. As for all these scenarios, the orientation of the inter-spin vector
r changes, orientation-averaging of the individual traces is not straightforward, which
explains the occurrence of an orientation-averaging artifact. Further experiments are
needed to understand the effect of glycerol on the protein structure. However, probing
this is challenging because high levels of glycerol interfere with numerous analytical
methods or are at least not optimal (size exclusion chromatography, mass spectrometry,
and small-angle X-ray scattering, as a few examples).3>3%
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Figure 6.6: Trimers (top row) and tetramers (bottom row) of the B-subunit of E. coli RNR. Models were
obtained by protein-protein docking via ClusPro of the wt-32 subunit (PDB: 5CI4%). One single distance
(black line) between Yi2s in each subunit is observed for trimers. Tetramer formation allows the detection
of two distinct distances (black and red). Only three docking models with the highest scoring out of ten are
presented exemplarily for each assembly. All other models revealed distances in a similar range.

Even though it cannot be ruled out that glycerol does not interfere with the structure of
E. coli RNR, these effects do not seem to be the dominant factors for protein structure (no
change in lineshape and Yi2®-Yi22¢ distance observed). Hence, pressure was applied to
the system in the next step.

6.3.2. E. coli RNR under different pressures

Since no pressure studies on RNR are known to date, a region of suitable pressure must
first be identified in which the protein is not denatured to ultimately identify excited
states. As described above, pressures > 2 kbar often influence tertiary protein structures,
so 2 and 4 kbar were considered interesting starting points for this study. 4 kbar is the
maximum achieved with the pressure setup. The subsequently recorded 34 GHz pulse
EPR spectra are presented in Figure 6.7, along with their pseudomodulation.
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Figure 6.7: Pulse EPR spectra of Y12¢ in the B2-subunit of E. coli RNR under pressure, recorded at 34 GHz
and 10 K. Spectra are presented as absorption spectra (A) or as first derivative (B). Samples were either
measured under atmospheric pressure (0 kbar) or after pressure application (2 and 4 kbar). Spectra are scaled
to protein concentration (140 uM each), number of scans, videogain, and srt. Experimental conditions: 7t =
28 ns; =300 ns; srt = 4 ms; spp = 100; microwave power =20 mW.

Exerting 4 kbar pressure leads to a complete loss of the EPR signal intensity. Either water
has penetrated the protein's interior, which leads to quenching of Yize, or the protein
has completely unfolded. Either way, it becomes clear that 4 kbar is too high if Yie
should be detected via EPR. At 2 kbar, a sharp EPR signal is observed, which increases
in relative intensity compared to 0 kbar (Figure 6.7A). Integration of the 2 kbar spectrum
and comparison to reference samples reveals a spin concentration of 316 + 36 uM.
Furthermore, a change in lineshape becomes apparent when comparing their first
derivative spectra (Figure 6.7B). This suggests that there is a second underlying
paramagnetic species in addition to the Yi2® signal, which could explain the increase in
spin concentration evident from the absorption spectrum. Subtraction of the 0 kbar EPR
spectrum (Figure 6.8B) from the one obtained after 2 kbar pressure application (Figure
6.8A) allows characterization of the underlying signal (Figure 6.8C). Furthermore, a
Hahn echo was recorded at the detect frequency v (Figure 6.8D) used for DEER
experiments later in this chapter. The longer pulses used at vaet seem to be more optimal
for detecting the unknown radical species, as this is the main species detected. The first
derivative spectra reveal global maxima and minima at around g =2.0088 and 2.0015 for
both the subtraction spectrum and the one recorded at vde. The signals exhibit a
linewidth comparable to that of Yi2®, suggesting an organic radical as the origin of this
signal.
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Figure 6.8: First derivative spectra of Y12* and an unknown radical species, recorded at 34 GHz and 10 K.
(A) 2 kbar pressure applied to the 2-subunit of E. coli RNR. The pulse EPR signal is a mixture of Yi2® and
the unknown radical species. Subtraction of Yize (B) results in the radical spectrum (C). (D) Pulse EPR
spectrum recorded at the detect frequency vdet mostly exhibits a signal of the unknown radical. Spectra
(A) — (C) were recorded at 34.0025 GHz with m = 28 ns, whereas spectrum (D) was recorded at 33.9185 GHz
with 7t =70 ns. Spectra were shifted horizontally for better visualization.

Typically, protein-based radicals can be traced back to either tryptophan or tyrosyl
radicals. Thus, the radical signal was simulated using typical parameters for tryptophan
or tyrosine residues from literature to determine its identity (Figure 6.9). The spectrum
shown in Figure 6.8D was used for this purpose, as the unknown radical signal is best
isolated here.

In E. coli RNR, a neutral tryptophan radical at Wii1 can be formed in the
reconstitution reaction of apo-Yi2F with Fel' and oxygen.343% This radical can be readily
distinguished from Yize by high-field EPR studies since Wi offers a much smaller
g-anisotropy than tyrosyl.3* However, Q-band does not provide the required resolution
of single g-values to differentiate in our case. Simulation of Wine at 34 GHz unravels a
similar lineshape and linewidth as the unknown radical signal. Nevertheless, all g-values
for Winne would need to be shifted by +0.002 to match the experimental spectrum. This
deviation is outside the range of all reported tryptophan radicals; hence, tryptophan can

be ruled out as the origin of the unknown radical.??7,3%
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Figure 6.9: Simulation of the radical species. Comparison of the unknown radical species (black) to
simulations for We (A) or Y (B). Simulations, colored in red, were created by the EasySpin ‘pepper’ routine.
Parameters for (A) were reported by Lendzian et al.3® and Bleifuss et al.3*° Parameters used for the simulation
of (B) are given in Table 6.1.

An algorithm has been proposed earlier for tyrosyl radicals, which aids in simulating
and understanding any tyrosyl radical EPR signal.®! This algorithm calculates typical
hyperfine coupling values for different orientations of the tyrosyl ring plane based on
the McConnell relation, previously designated as equation 3.1 in Chapter 3.2

a{io = pc1(B' + B" cos? ) (3.1)

Accordingly, coupling values of C-methylene protons (Figure 6.10A) are affected by
the rotation angle 6 and the spin density p on atom C1. B and B" are constants, whereas
B’ is commonly neglected in practical applications, and B" equals 58 G.*2 Hyperfine
splitting constants for the ring protons and their corresponding Euler angles are
assumed conserved for all tyrosyl radicals and are thus kept constant. The simulation
algorithm also assumes axial symmetry as a simplification. The only parameters that
need to be specified in the algorithm are the spin density pc; and the angle 6. The
algorithm then provides both, theoretical g-tensors and hyperfine coupling constants,
which can be used for simulating the EPR spectra. Alternatively, pc; and 6 can be

obtained by giving isotropic hyperfine coupling values of aiﬁsf) and aiﬁsi .

For Yize, pcy equals 0.38%! and the best match with previously reported hyperfine
coupling values was obtained at 8 = 16.6° and —76.6° (Table 6.1). An angle of 16.6° is in
good agreement with the published crystal structure (Figure 6.10C). For simulating the
radical signal, starting values were taken from tyrosyl radicals in cytochrome c oxidase
and bacterioferritin, as they have similar lineshapes.®*3* The gx value and hyperfine
coupling constants of the Cp-protons were then varied in order to obtain the best fit
(Figure 6.9B). gy and g were retained for Yize since these two parameters vary only

slightly for most tyrosyl radicals.®3% As proposed by the simulation algorithm, axial
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symmetry was maintained for hyperfine couplings. All other parameters were kept
constant during the fitting procedure as compared to Yiz¢. Based on the algorithm, p¢,;
changed to 0.45, and now 6 can be either —8.5° or -51.5° (Table 6.1).

A HgH O 0
B 0 n-ring plane
Ha NH
e O P -
H, i

Figure 6.10: Tyrosine Y122 and Y7 in E. coli class Ia RNR. (A) Left: Schematic representation of protons
generally included for the simulation of a tyrosyl radical. Protons with conserved hyperfine couplings
constants (blue) are located at the aromatic ring. Coupling values for 3-methylene protons (orange and red)
are strongly dependent on the angle 0. Right: 0 is defined by the dihedral angle between the Cf3- H bond
and the p- orbital axis of C1. (B) Residues Y122 (blue) and Y7s (pink) in the E. coli RNR 2 subunit. Angle 0
depicted for Y122 (C) and Yz (D).

A lower gx value may indicate H-bonds between the tyrosyl radical and solvating water
molecules. One explanation thus might be that pressure allows water to enter the
protein, followed by the formation of an H-bond with Yixze. In this case, mostly the
unknown radical should be visible, and the native Yi2® should decrease in relative
intensity. However, spectra utilized for the subtraction in Figure 6.8 were employed
with their original intensities, and thus, a significant decrease in Yi2® concentration is
not verified. This fact indicates that the unknown signal does not originate from the
tyrosine at position 122 but from another tyrosyl residue. However, the radical cannot
be transferred from Y2 to this other tyrosine since then, Yi2® should again decrease in

intensity. Hence, the generation process of this radical species remains unclear.
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Table 6.1: Simulation parameters. Parameters used for spectral simulations of the 34 GHz EPR spectra of
Yiz2e as first reported by Tkach et al. in comparison to the simulation shown in Figure 6.9B.”' The Euler
angles a, 8, and y are defined within the EasySpin z,y’,z”" convention. Furthermore, the predicted spin
density pc; and the rotation angle 6 are listed.

Species Parameters
gx gy gz pCl (7} / °
16.6
Y12 ® 2.00915 2.00460 2.00225 0.38
-76.6
Simulation of -85
2.00780 2.00460 2.00225 0.45
unknown Y -51.5
Ax/MHz Ay/MHz A./MHz « B Y
Cip-H 59.0 55.0 56.0 0 0 0
Cp-H 8.0 -1.0 -1.0 70 4 -7
Yiz2®
C5/Cs -27.2 -7.9 -19.8 0 0 —25/-155
C2/Cs 4.9 7.7 1.7 0 0 25/155
Cip-H 72.0 70.0 70.0 0 0 0
Simulation of C25-H 28.0 28.0 28.0 70 4 -7
unknown Y*  C3/Cs -27.2 -7.9 -19.8 0 0 -25/-155
C2/Cs 49 7.7 1.7 0 0 25/155

To identify possible residues, all tyrosines resolved in the crystal structure of E. coli RNR
(15 in a B-monomer) were examined for their angular conformation of the CB-protons,
while one residue (Y7s) was found to be reasonably consistent with 6 of -51.5°. This
residue, which is depicted in Figure 6.10D, is approximately 1.1 nm away from Yiz.
Furthermore, Y7s is located closer to the protein surface than Yiz (see Figure 6.10B),
which agrees with the smaller gx value proposed by the simulations. The pair distances
between Y7s-Y7s (4.6 nm) and Yi22-Y7s (4.0 nm) are larger than the Yi2-Y122 pair distance
(8.3 nm). If Y7 forms a radical under pressure, this should be verifiable via DEER
spectroscopy. Still, it should be noted that any other residue that has changed its
conformations due to pressure also qualifies as a candidate.
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6.3.3. Pressure-dependent DEER measurements
Orientation-selective DEER traces were recorded under the same conditions as in Section
6.3.1 to ensure comparability of the results. Background-corrected time traces and the

resulting distance distributions of 0 and 2 kbar samples are illustrated in Figure 6.11.
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Figure 6.11: DEER distance measurements of E. coli RNR under ambient (0 kbar, black) or 2 kbar
(turquoise) pressure. Signals for 2 kbar were magnified for better visualization. (A) Background- and phase-
corrected, normalized orientation-selective (top) and orientation-averaged (bottom) 34 GHz DEER traces.
Data are shown in dark shade, and fits obtained by DeerAnalysis are overlaid in a paler shade. (B) Distance
distribution obtained by the analysis. Validation of the distance distribution (paler shade) was performed
in DeerAnalysis. As indicated in Figure 6.4 and Figure 3.5, measurements were performed at three
consecutive field positions (labeled 1, 2, 3). Acquisition time: 0 kbar =5 h (1), 16 h (2), 6 h (3); 2 kbar=18 h
(1), 28 h (2), 30 h (3).

One main distance at 3.32 + 0.09 nm is detected at 2 kbar. This distance is consistent with
the Yi2e-Yi® pair distance detected at 0 kbar (3.33 + 0.07 nm), while the nonsignificant
broader distance distribution indicates a persisting rigidity of Yize. This supports the
hypothesis that the unknown radical species arising after 2 kbar of pressure cannot arise
from a distinct Y122 conformation since it would be reflected in a distinct main distance
or broadening. Surprisingly, all other previously discussed distances detected at 0 kbar
disappear at 2 kbar pressure. The 2.7 nm distance can be observed only at an extremely
high signal magnification. The absence of additional distances implies that no distance
from the unknown signal is detected.

Remarkably, the modulation depth drops drastically upon the application of
pressure. For the orientation-averaged traces, the experimentally determined A is 2.6%
as compared to 11.6% (25% glycerol) and 7.9% (5% glycerol) at 0 kbar. The presence of
the unknown radical can suppress the modulation depth if there is no dipolar coupling

to any other spin. Furthermore, dimer dissociation into monomers will also lead to a
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reduction in modulation depth. As Yize and the unknown radical show different
spectral widths, their inversion efficiencies Az in a DEER experiment differ, which

forbids an accurate quantification according to equation 2.42.

A = Zisixili (2.42)

iSix;

However, the effect of the unknown species on A can roughly be approximated by
several assumptions:”
I.  The maximum Aa obtained by Yize®-Yi2® pairs equals 7.9%.

II.  Spin B exhibits no dipolar coupling, thus As = 0.

III. 2 kbar pressure has no effect on Yiz® concentration, which remains approx.
170 uM. A total spin concentration of ca. 320 uM was detected. Consequently,
the unknown radical has a concentration of ca. 150 uM. Thus x, = 0.53 and
xg = 047.

IV.  Spin A and Spin B are characterized by similar T2 times. Thus s, = sg.

V. Ymze is distributed according to two or none.

The equation thus simplifies to A= 0.53-7.9%, and consequently, the theoretical
modulation depth is expected to be around 4.2%, which is higher than the experimental
value. If all of these assumptions are true, this result implies that the presence of the
unknown radical species cannot be the sole reason for the decreased modulation depth.
Then, dissociation of dimers would also contribute to the reduction in modulation depth.
This hypothesis is in line with the experimental findings. If oligomerization is the reason
for multiple distances observed at 0 kbar in the presence of 25% glycerol, then pressure
may induce dissociation of these multimeric structures, leading to the disappearance of
the larger distances > 3.3 nm. The dissociation of protein subunits caused by pressure is

a well-known effect and may thus not be a surprising observation in E. coli RNR.3%-3%

" Spin A is Y122, Spin B is the unknown radical species. No other spins are present in the sample.
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6.4. Conclusion and outlook

This chapter demonstrated the power of high-pressure studies combined with EPR
spectroscopy. Therefore, the stable tyrosyl radical, located in the 32-subunit of E. coli
ribonucleotide reductase, was investigated by pulse EPR in combination with high
hydrostatic pressures up to 4 kbar. As RNRs have not been explored under pressure
before, these studies deliver unique insights into protein stability under extreme
conditions. By coupling high hydrostatic pressure to EPR investigations, the typically
stable radical Yi2® was shown to be quenched at 4 kbar. In contrast, the radical was
observed to remain stable at 2 kbar, while surprisingly, an additional paramagnetic
species could be monitored. This species is most probably not a distinct Y122 conformer
and cannot be generated by radical transfer from Y122 to another residue. To the best of
our knowledge, the generation of an additional radical species by pressure has not yet
been reported in the literature and thus remains an unsolved mechanism. The identity
of this species remains elusive, even though the experimental results suggest that a
tyrosyl radical is responsible for it. Often, extensive experimental effort is connected to
the procedure of identifying unknown radical signals. In EPR spectroscopy, multi-
frequency investigations are a frequently used tool to specify g-tensors in an unknown
system. However, this is not possible given the current state of the art. W-band sample
tubes have a narrow diameter and are so fragile that they sometimes break upon sample
loading. These sample tubes would not withstand the high pressure and would break,
which we have already observed several times with 2.8 mm O.D. Q-band tubes.
However, isotope labeling and site-directed mutagenesis would be potential tools for
identifying possible radical candidates.?%360-3¢2

Moreover, EPR distance measurements revealed a decrease in modulation depth
upon applying 2 kbar pressure. This effect is most probably caused by dissociation of
the dimeric subunits of the 2 protein, which delivers exciting insights into dimer
stability under such extreme conditions. However, the active a232 complex assembly is
required to identify reactive intermediates involved in the catalytic reaction, while
pressure-induced dissociation would forbid its spectroscopic investigation.

In summary, this chapter demonstrates that the combination of EPR and pressure
reveals unique findings that are important for gaining structural insights and therefore
serves as an expansion to the established pool of biophysical tools. Some of the results
may be challenging to explain, and furthermore, the effect of stabilizing agents such as
glycerol on the system must be understood first. Interactions with the cosolvent, as in
the case of RNR, complicate the data analysis tremendously. Therefore, it is essential to
study the system under investigation with additional biophysical methods, as has been

shown several times in the literature.363364
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Long-lived Ceo radical anion stabilized inside
a molecular coordination cage

Parts of the results presented in this chapter are published in:

Hasegawa, S., Meichsner, S. L., Holstein, ]. J., Baksi, A., Kasanmascheff, M., Clever, G.
H. Long-Lived Ce Radical Anion Stabilized Inside an Electron-Deficient Coordination
Cage. |. Am. Chem. Soc. 143(26), 9718 — 9723 (2021).3¢

7.1.  Introduction

7.1.1. Fullerenes and their functionalization

Fullerenes are cage-like hollow molecules consisting of a mesh of five- and six-
membered rings of carbon atoms. They are denoted by their empirical formula C», with
n being the number of carbon atoms forming the cage. Buckminsterfullerene, a Ceo
football-shaped molecule, is the namesake for this group of molecules and the family's
most famous member. Ceo was first discovered in 1985 by Kroto et al., and since then, this
group of molecules has gained considerable attention over the last three decades, even
though their existence was initially judged critically.?¢3 Finally, the Nobel Prize in
Chemistry was awarded to Robert F. Curl, Sir Harold W. Kroto, and Richard E. Smalley
in 1996 for their “discovery of fullerenes”.3%-370 Fullerenes, one of the most stable
allotropes of carbon, are soluble in organic solvents such as carbon disulfide, toluene,
o-dichlorobenzene, or chlorobenzene, whereas they are insoluble in water.?”! Due to their
curved mt-conjugated surfaces and their exceptional suitability as electron acceptors, they
offer versatile applications such as molecular electronics, photovoltaics, and battery
materials.?”2%75 Also, fullerenes are an attractive candidate for medical application, such
as an antioxidant for reactive oxygen species, whose applicability has so far been limited
due to their water insolubility. Thus, water-soluble derivatives through
functionalization have become a much-addressed problem.”¢ These modifications can

be either installed inside the cavity (endohedral) or attached to the outer surface
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(exohedral). The standard notation for endohedral fullerenes is X@C»., where X is the
species located inside the cage.?”” In most published examples, X is a mono- or bimetallic
metal center, which leads to altered reactivities and electrochemical properties.
Moreover, unique synthetic routes can generate small-molecule fullerenes such as
H>20@Cs0 and H2@Cs0.%”® Numerous examples of exohedral functionalization of fullerenes
can be found in the literature ranging from the attachment of small polar functional

groups, such as amination, up to large synthetic constructs.

7.1.2. Encapsulated fullerenes

Another point limiting the applicability of fullerenes is tedious purification protocols,
peculiar solubility, and limited control over regioselective derivatization, accompanied
by time-expensive chromatographic separation methods. Therefore, many approaches
from the field of supramolecular chemistry have been dedicated to constructing
molecular fullerene receptors that should facilitate selective purification and
derivatization.’”>-%! Most of these host compounds must be synthesized in a
complicated, time-consuming process, whereas self-assembling binders comprise much
simpler building blocks.*23% Hence, metal-mediated rings and cages have moved into
focus, remarkably adaptable depending on their modular construction. Recently, a
metallo-supramolecular receptor has been presented based on the well-known [Pd2La]*
coordination cage motif.3%3% This receptor is advantageous in three points compared to
other receptors: it possesses a lower molecular weight than existing hosts, it is
uncomplicated to synthesize and derivatize, and last but not least, capable of
discriminating different fullerenes and dissolving them in a variety of organic
solvents.?37 Pdl cations in assembly with pyridyl terminated, phthalimide-based, bent
ligands L tend to form a [Pd:L4]* coordination cage, highly selective for Ceo.. Moreover,
the individual components of the receptor cage can be varied to allow binding of larger
molecules such as Cn. Bowl-shaped structures were developed, which can also be
dimerized to form pill-shaped cages, encapsulating two fullerenes simultaneously. The
bowl-shaped structures may also serve as a supramolecular protection group, allowing
selective monofunctionalization of its fullerene guest.’®” These metallo-supramolecular
receptors allow the solubility of fullerenes in acetonitrile, acetone, nitromethane, and
dimethylformamide. As some of these solvents are still toxic, solubility in alcohols or

even water is a goal for future developments.
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7.1.3. The fullerene radical anion

In organic devices, single-electron transfer from donors to Ceo generates the Cso®~ radical
anion. Moreover, this species can also be generated via photochemical reduction,
whereas 1-Benzyl-1,4-dihydronicotinamide (BNAH) is the most suitable one-electron
reductant as described by Fukuzumi et al.3% Cee- plays a vital role as a carrier for
efficient charge harvesting and may be used as a near-infrared (NIR) dye, with potential
applications in bioimaging and photodynamic therapy.?-*' The Ceo®~ radical anion is
generally short-lived, with a maximal lifetime of a few seconds.*>3% For this range of
applications and to enable the characterization of the radical species, it is of general
interest to increase the lifetime of Cso®~. Previous studies of Ce encapsulated in a cationic
metallo-supramolecular cage [Pd:14]* (Figure 7.1) revealed a positive shift for the first
reduction potential compared to bulk Ceo.3%%” This observation could be indicative of
Cso®~ being stabilized within the coordination cage. The aim of this work is thus first to
characterize the photochemically generated paramagnetic species via EPR and, in the

following, to determine its lifetime.

0 4 :”?‘, SR,
o ‘ o Pd(in) o o N _
Ny—N
QO 1 NQ . &Q &

' ’Nf Pd1s

4+
- — Photochemical
reduction
0o I8
Pd214 Ceo@Pd:14 Ceso" @Pd214

Figure 7.1: Structures of Fullerene Ce and the coordination cage. Structures of ligand 1 and cage Pd214 with
a schematic depiction of fullerene binding, followed by photochemical single electron reduction. The figure
is taken from Hasegawa et al.3%
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7.2. Materials and methods

Ligand synthesis, sample preparation, and verification of the cage assembly were done
by Shota Hasegawa, a member of the Clever lab at TU Dortmund. Details of this part

can be found in the supporting information of the respective publication.3

7.2.1. Sample preparation for EPR measurements
Coo@Pd214 (0.70 mM, 0.60 mL, 0.42 umol) was prepared in acetonitrile. Afterward, an
acetonitrile solution of 1-benzyl-1,4-dihydronicotinamide (BNAH) (20.0 mM, 10.5 uL,
0.2 umol) was added in the dark, and the mixture was transferred to 2.8 mm O.D. EPR
tubes. The solution was irradiated with a white LED light source for 2 min while slowly
turning the sample to ensure irradiation from all sides. Subsequently, the sample was
frozen in liquid nitrogen immediately to prevent quenching of the generated species,
followed by EPR measurements. Samples were measured as fast as possible to prevent
radical quenching during storage (< 24 h).

For samples produced in inert atmosphere, the samples were handled and
transferred to 2.8 mm O.D. EPR sample tubes in a glove box filled with N2 gas.
Irradiation was performed similarly to aerobic conditions. Furthermore, the samples

were sealed and frozen inside the glove box to avoid oxygen contamination.

7.2.2. Details of the EPR experiments

X-band: X-band cw-EPR measurements were carried out at T = 100 K using a Bruker
EMX-Nano Benchtop spectrometer equipped with a continuous-flow nitrogen cryostat.
If not stated otherwise, experimental conditions were: 1 G modulation amplitude,
100 kHz modulation frequency, 1.28 ms as time constant, 15.0 ms conversion time.

Spectral simulations were performed with the EasySpin ‘pepper’ routine.

7.3.  Results and discussion

7.3.1. Generation of the Ceo*™ radical

To generate Ceo®-, BNAH was used as a one-electron reductant. Ceo itself acts as a
photosensitizer to activate BNAH by an energy transfer from its excited triplet state, as
depicted in Figure 7.2. One equivalent of BNAH is sufficient for the conversion of two
Ceos. 'TH NMR thereby revealed that Ceo@Pd214 is stable in the presence of 0.5 eq. BNAH
in darkness. Only irradiation of the mixture with a white LED light source for 2 min led
to broadening of the Ceo@Pd21s+ '"H NMR signals, while BNAH entirely transformed to
the corresponding oxidized species. 'H NMR signals appear broadened in the presence

of radicals due to accelerated nuclear spin relaxation processes.?*+%%
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Figure 7.2: The one-electron photoreduction of Ceo by BNAH. The first step is a photoinduced electron
transfer from BNAH to 3Ce0*, resulting in the first equivalent of Ceo®~. In the second step, deprotonation of
BNAHe* leads to BNAe. BNAe® in the third step further reduces a second Ce to Ceo®~. The reaction
mechanism was reported by Fukuzumi et al.35

To ensure that the encapsulated Ce®~ is the only radical species created, three control
experiments were performed by using cw-EPR (Figure 7.3). The host-guest complex
without BNAH was measured before and after irradiation. These samples did not result
in any detectable EPR signals. This result demonstrates that BNAH is needed as a
photoreductant to initiate radical formation. Similarly, irradiation of Pd214 together with
BNAH (but without Ce) showed no EPR signal. Finally, the irradiated host-guest
assembly Ceo@Pd:1s was the only sample that displayed a strong EPR signal. The only
combination missing in these measurements is Ceo with BNAH without the coordination
cage. However, this mixture is not soluble in the chosen solvent, which is acetonitrile. In
conclusion, a combination of all three components (host, guest, and photoreductant) is
required to generate a radical species. These findings are in accordance with 'H NMR
data of empty Pd214.3%

Furthermore, these control experiments strongly suggest that the encapsulated Ceo
is reduced rather than the cage, resulting in Cso®~. The Ceo®- radical anion usually
displays a characteristic absorption in the near-infrared region.**** UV-Vis-NIR spectra
of the encapsulated Ce showed absorption at 546 and 599 nm before reduction, whereas
new absorption bands at 975 and 1111 nm were observed after the reduction.®> These
observed spectral characteristics highly agree with Ceo®~ absorption spectra presented

earlier.396-39%
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Figure 7.3: Cw-EPR control experiments of different compounds performed at X-band under aerobic
conditions. First, the host-guest complex without BNAH was measured before (blue) and after (yellow)
irradiation. Measurements after irradiation of the empty cage in combination with BNAH are displayed in
black. Only the complete assembly of Cso@Pd214 in acetonitrile (0.35 mM, 0.50 mL, 0.17 umol) in the presence
of BNAH (10 mM, 8.8 pL, 0.08 umol) after irradiation (red) revealed an EPR spectrum. Spectra were shifted
horizontally for better visualization. All spectra were recorded at 0.32 mW power, 1 scan each.

'H NMR and UV-Vis-NIR spectra already suggest Ceo®- as being the generated radical
species. However, the method of choice for identifying and characterizing paramagnetic
species is EPR.

Previous reports showcased that Ceo®- is sensitive to oxygen, forming EPR active
side products.*4® Hence, samples were produced in either inert atmosphere (Figure
7.4A) or under aerobic conditions (Figure 7.4B) to exclude contaminating paramagnetic
species in the sample. Whereas for samples prepared in N2 atmosphere, a single cw-EPR
signal with a peak-to-peak linewidth of approximately 0.6 mT is observed, two
overlapping signals are detected for the samples produced under aerobic conditions.
The spectral lineshape could be reproduced by simulation of two different species with
S§=1/2, colored in yellow and blue (Figure 7.4). A yellow-to-blue ratio of approximately
1 resulted in the complete simulation of Ceo®-@Pd214 prepared under aerobic conditions.
The spectrum obtained for Ceo®-@Pd21s prepared under N2 atmosphere could be entirely
reproduced using only the blue species. The species displayed in yellow with giso =2.001
has a much narrower linewidth than the one marked in blue, which possesses a giso of
1.999. The Lorentzian broadened linewidth (0.3 and 1.1 mT) is given by the full width at
half maximum (FWHM).
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Figure 7.4: X-band EPR analysis of generated radicals. X-band cw-EPR spectra of Ceo®~ @Pd:14 in
acetonitrile (0.35 mM) prepared under N2 atmosphere (A) and aerobic conditions (B) along with their
corresponding simulations (red). Spectra were simulated by using two different species (yellow and blue).
Simulation parameters: yellow: giso = 2.001, Iw = 0.3 mT, blue: giso = 1.999, lw = 1.1 mT. Dotted lines indicate
the positions of the giso values of the respective species. Spectra and simulations were shifted horizontally
for better visualization. Spectra were recorded at 0.79 mW with 20 scans each.

The only possible hyperfine couplings in Ceo®- could be due to an interaction of the
unpaired electron spin with the *C isotope with only 1.1% abundance. These interactions
are not resolved under the experimental conditions; thus, the g-tensor is the decisive
parameter.®’! The signal with an isotropic g-value of 1.999 detected in both samples can
undoubtedly be assigned to Ceo®-.32402403 In general, reduction of the Cs molecule
diminishes the g-value relative to ge. It is known that the g-value is sensitive to bond
deformation (bending) as well as to delocalization of the unpaired spin.*** Bending of the
double bond leads to an increase in the o-character of the bond, resulting in a decrease
of the g-value relative to g..#> Delocalization of the unpaired spin from the carbon atom
to neighboring atoms, on the other hand, leads to increasing g-values. Due to bond
deformation on the Ce skeleton, the g-value for Cee- is shifted towards lower values
with respect to ge.

As mentioned, an additional signal with gio = 2.001 is observed in the sample
prepared under aerobic conditions. Such an additional signal in fullerene samples has
been observed in several cases, yet, most theories failed to explain its origin.*® Lately, it
has been shown that this signal originates from an oxygenated fullerene species. The
here detected g-value and spectral linewidth match the reported values for the oxygen-
bridged fullerene dimer Ci200- (giso = 2.0013, peak-to-peak linewidth 0.1 mT).347 The
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presence of such an oxygenated species is also confirmed by electrospray ionization

mass spectrometry analysis.®

7.3.2. Saturation behavior of the radical signals

The intensity of a cw-EPR spectrum depends on the properties of the spin system under
investigation. The first parameter that determines the spectral intensity is the Boltzmann
population. Furthermore, relaxation processes essentially determine the microwave
power dependence of the signal intensity. These parameters determine the steady-state
population difference between the two resonant spin states. If the microwave power is
too high or the spin-lattice relaxation is too slow, the spin system will saturate, and the
observed signal becomes weaker. The power dependence of the peak-to-peak amplitude

of a first-derivative cw-EPR signal I is determined by

(7.1)

with the microwave power P."® P1 is the power at which the saturation factor s,
2

introduced in equation 2.36, equals 1/2.

1
S =———
1+Ye2B2Ti T,

(2.36)
Furthermore, b is defined by the lineshape and may vary between 3 for homogeneously
broadening and 1 for inhomogeneously broadened lines. When the rate of the
microwave-induced transitions is much less than the relaxation rate, meaning at low
power levels, the signal intensity reveals a linear dependence on VP and an undistorted
lineshape is recorded. When saturation becomes significant, the signal intensity
increases less than linearly with VP until finally, the signal amplitude even may
decrease.'> According to these correlations, the saturation curve contains information
on the product of longitudinal and transverse relaxation times T17>.

Power saturation curves of Ceo®- and the oxygenated species were recorded to
characterize the obtained signals. Therefore, the power-dependent spectra were
simulated by EasySpin first, followed by reading out the peak-to-peak amplitude of each
species (Figure 7.5). Microwave powers higher than 0.8 mW led to saturation of the
oxygenated species, whereas Ce®- was not saturated in the observed range. These
results clearly demonstrate the distinct relaxation properties of Ceo®- and the oxygenated

species.
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Figure 7.5: Power saturation behavior of generated radicals. (A) Cw power saturation curves for
Cso®-@Pd214 in acetonitrile (0.35 pM) and its oxygenated species. (B) Cw-EPR spectra recorded at different
microwave power levels. Experiments that were shown in Figure 7.4 were recorded at 0.79 mW power (blue
point in A), which is the ideal power for detecting both species. The same spectrum is shown in blue in (B).
The red spectrum shown in (B) was acquired with 79 mW power (shown as a red data point in A) and shows
the encapsulated Cso®- only. Spectra depicted in (B) are scaled to maximum intensity.

Another factor influenced by the applied microwave power is the width of the EPR line.
At low power, where I is proportional to VP, the linewidth is essentially determined by
T2 and is unaffected by the microwave power. A homogeneously broadened absorption
line is Lorentzian with a FWHM of 1/mtT2."®> Upon saturation, the spectral width is
broadened. As the oxygenated species is almost invisible at high power levels, its power-
dependent linewidth can not be determined. However, when comparing widths of
Ceo®~s EPR spectra at 0.79 mW and 79 mW, no change is notable, showing that saturation
is not reached in the observed power range.

7.3.3. Half-lifetime determination of Ceo*"

The observation of different relaxation properties of Ceo®-and the oxygenated species
allowed separation of the respective EPR signals, and thus in the next step, to determine
the half-lifetime of Ceo®- by tracing the decay of the peak-to-peak amplitude of the EPR
signals. Therefore, cw X-band spectra were recorded at different time points after radical
generation for samples prepared under N2 atmosphere and under aerobic conditions.
Spectra were assimilated at 0.79 mW (which are depicted in Figure 7.6) and 79 mW
power each. Furthermore, time-dependent UV-Vis-NIR data were collected as a second
controlling experiment performed by Shota Hasegawa. As described, Cee- displays
strong absorption bands at 975 and 1111 nm. The half-lifetime of Ceo®- can thus be
estimated by following the decline of the 1111 nm absorption at 295 K.
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Figure 7.6: Half-lifetime determination of Ceo*-. Time-dependent cw-EPR (top) and UV-Vis-NIR spectra
(bottom) of Cso®-@Pd214 in acetonitrile (0.35 mM) prepared under (A) aerobic conditions and (B) under N2

atmosphere. Microwave power: 0.79 mW.

First, the focus is placed on samples prepared under aerobic conditions. Spectra were

recorded in 10 min intervals for the first hour, followed by measurements once an hour.

After two hours, no EPR signal is observed anymore. EPR spectra recorded at 0.79 mW

display changes in the relative weights between Ce®- and the oxygenated species. All

spectra were simulated with the parameters given in Figure 7.4 with varying weight

percentages of the two species (Figure 7.7). Consequently, the oxygenated species

exhibit a longer lifetime than pure Cee®- so that after approximately 40 min, only the

oxygenated species is detected.
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Figure 7.7: Relative weight of Ceo - (blue) and its oxygenated species (yellow) in samples produced under
aerobic conditions as determined by spectral simulations. For simulation parameters see Figure 7.4.

In the next step, the lifetime of Cee- is determined by plotting the peak-to-peak
amplitude of the cw-EPR spectra acquired at 79 mW (Figure 7.8). Datapoints were fitted
by utilizing an exponential decay function based on earlier reports.“® The half-lifetime
of encapsulated Ceso®- under aerobic conditions was estimated to be 14 min, in complete
agreement with the value obtained by UV-Vis-NIR spectroscopy under the same
conditions (13 min).

For Ce encapsulated under anaerobic conditions, duplicates from two different
sample preparations were measured. Here, their mean values are plotted together with
their standard deviation. Surprisingly, an EPR signal of the encapsulated Ceo®- could still
be observed even after one month (Figure 7.8). Spin quantification reveals an initial spin
concentration of 106 + 10 uM (mean value of duplicates with standard deviation) and
approx. 0.1+ 0.1 uM after 4 weeks. These values were obtained by comparing the double
integral of the cw EPR spectra to a 1 mM CuSOs standard, using 1 mW power at 100 K
under nonsaturating conditions. A value of <1 uM radical concentration is close to the
detection limit of the EMX-Nano X-band spectrometer, and hence the error is high due
to the low S/N ratio. The exponential fit of the data points delivers a lifetime of 893 min
(corresponding to ca. 15 h). However, when calculating the remaining spins N(t) after
time t in dependence on the initial spin concentration N, with the half-lifetime ¢, ,, and

an exponential decay according to:

t

N(t) = Ny2 ‘2 (7.2)

the sample would have a spin concentration of 0.04 uM after one week and 3 - 10 nM
after 4 weeks, far below the EPR detection limit in the low micromolar range. This
tremendous deviation of the experimental data from theoretical values might be caused
by the experimental conditions. Presumably, this process is explained by radical
scavengers co-existing in the same system, further oxidizing Ceo®-. This will lead to a
faster decay within the first hours. As the total amount of radical scavengers decreases
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over time, the decay rate also decreases. If the half-lifetime is determined within the
initial decay period between 0 and 48 h (Figure 7.8 inset), the fit resulted in a value of
785 min (ca. 13 h). Fitting only the decay between 24 h to 4 weeks leads to very long half-
lifetimes > 67 h, in agreement with biphasic decay. The encapsulated Ceo®- radical anion
under anaerobic conditions shows a significantly longer half-lifetime than the one
generated under aerobic conditions. These results impressively demonstrate that
protection from air further increases the lifetime of Cso®-. Such a half-lifetime of several

hours is the longest lifetime reported to date for a Ceo®- radical anion in all conscience.
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Figure 7.8: Half-lifetimes of Ceo*- under different conditions. The time-dependent EPR spectra of
Cso®-@Pd214 prepared under aerobic conditions and in N2 atmosphere are used to calculate the half-lifetime
of the encapsulated Cso®- radical anion (aerobic: 14 min, anaerobic: 893 min). The data were normalized by
dividing double integral values of each spectrum by the maximum obtained value. Inset: magnification of
the first 24 h of data acquisition. Data were recorded at 79.43 mW power, 20 to 100 scans each.

Astonishingly, UV-Vis-NIR measurements provided a half-lifetime of around 300 min
for encapsulated Ceo®- under N2 atmosphere, shorter than the value determined by EPR.
This difference can most likely be attributed to the different sample preparation
conditions: In both cases, samples were prepared similarly in the glovebox. Then,
UV-Vis-NIR measurements were performed in a plugged cuvette outside the glovebox
while keeping the sample at room temperature. It cannot be ruled out that the ambient
air contaminates the sample during the measurement time, leading to a shortened
lifetime. Such impurities are, in contrast, unlikely in the EPR measurements. The sample
tubes remained in the glovebox, and aliquots were taken at respective time points. The
samples were removed from the glovebox sealed, and immediately snap frozen in liquid

nitrogen.
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7.4. Conclusion and outlook

The experiments presented in this chapter deliver proof of an exceptional long-lived
Ceo®- radical anion encapsulated in a lantern-shaped coordination cage. The radical form
was generated by photochemical activation of Ceo by BNAH. The electron-deficient cage
Pd14 tightly binds the anionic guest and serves as a protecting group to shield the radical
species. This is most likely achieved by kinetically hindering the access of oxidants.
Protection of the fullerene, leading to prolonged lifetimes, has been verified using a
[10]cycloparaphenylene nanobelt encircling CssNe. The highly reactive radical can be
shielded, resulting in a half-lifetime of 100 min in degassed 1-chloronaphthalene.*”
However, the half-life determined for our system far exceeds any previously reported
lifetimes. These findings represent a decisive step toward the application of Ceo®- for
various chemical, spectroscopic, and imaging purposes. For example, this well-
functioning spin system might be attractive for materials science applications.

The system presented here could also be advantageous as a spin label in EPR
spectroscopy. An example of a fullerene-based spin label application has been presented
earlier.#1%41! However, these techniques employ the EPR active triplet state of fullerenes,
requiring a spectrometer-connected laser setup, which is not accessible to every
laboratory. Once the coordination cage is soluble in water, it might easily be attached to
proteins or other biomolecules. The encapsulated Ce®- radical is stable and, more
importantly, detectable at room temperature. Its narrow linewidth might offer high S/N
ratios in pulsed dipolar distance determination. However, one problem could be
relaxation times. Since no power saturation was observed for Ce®-, its relaxation time
might be relatively short, which is non-ideal for some types of dipolar distance
measurements.'? Besides, the label might be quite space-consuming. Nevertheless, this

type of molecule offers versatile applications, not only in EPR spectroscopy.
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8.1. Materials
8.1.1. Hosts and vectors

All bacterial strains used in this work are non-enteropathogenic Escherichia coli B or K-12
isolates, donated by Prof. Dr. D. Summerer and coworkers (Table 8.1). Genetic material
(Table 8.2) transformed into the recipient hosts agreed with biosafety level 1 regulations.

Table 8.1: Bacterial strains used in this work.

Strain Genotype, Origin, and Notes

BL21- F- hsdSs (rsms) gal dem* endAl ompT A(DE3) Tetr Hte
Gold(DE3) Agilent Technologies (Waldbronn, Germany), cat. no. 230132.
B isolate engineered for high transformation efficiency and high

protein yields with T7 RNA polymerase.

DH10B F- mcrA A(mrr-hsdRMS-mcrBC) @80lacZAM15 A(lac)X74 recAl endAl
(TOP10™) araD139 A(araA-leu)7697 galU galK rpsL(Strr) nupG
Invitrogen™ Thermo Fisher Scientific (Schwerte, Germany), cat. no.
C404003.

K-12 isolate for uptake of large plasmids as deoxyribose is constantly

synthesized.
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Table 8.2: Plasmids used in this work. Km: kanamycin, Amp: ampicillin, Cm: chloramphenicol.
Carbenicillin was used as an ampicillin substitute during protein expression.

Name Purpose Marker Provided by
pET24-nrdA Expression of E. coli classIa RNR a2 ~ Kmr J. Stubbe
pIB-nrdB Expression of E. coli class la RNR 32 ~ Ampr J. Stubbe
pBAD-nrdBiztac Expression of E. coli class Ia RNR Ampr J. Stubbe
Y122X-[32
PEVOL-FaYRS-E3  tRNA/aaRS pair for incorporation Cmr J. Stubbe
of FxY
pEVOL-pCNPhe  tRNA/aaRS pair for incorporation Cmr D. Summerer
of azF
pTZTPL Expression of TPL Ampr J. Stubbe
8.1.2. Instruments
Table 8.3: Laboratory equipment in alphabetical order.
Instrument Model Company
Balance PM400 Mettler-Toledo
Balance, analytical ABJ-NM Kern
Bunsen burner 1040/1 Carl Friedrich
Usbeck KG
Centrifuge, benchtop with 5804R Eppendorf
cooling
Centrifuge, benchtop with 5430R Eppendorf
cooling
Chromatography column XK 16/40 Cytiva
Chromatography TC 601-E tritec
refrigerator
Chromatography system AKTA go Cytiva
Electrophoresis system Rotiphorese® PROclamp MINI  Carl Roth
with Roth power supply
STANDARD
Electroporator Eporator® Eppendorf
Heating block AccuTherm [-4001-HCS-230V ~ Labnet
Incubator INE 600 Memmert GmbH
Incubator shaker New Brundwick™ 126 Eppendorf
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Lamp LSB610U 100 W LOT-
QuantumDesign

Micropipette Research plus Eppendorf
Microwave oven Tecnolux ED 8525 exquisit Verbeken & Fils
pH electrode LE420 Mettler-Toledo
pH meter FiveEasy Plus FP20 Mettler-Toledo
Photometer BioPhotometer® plus Eppendorf
Q-band EPR Elexsys E580 Bruker
Resonator ER 5106QT-2 Bruker
Resonator EN 5107D2 Bruker
Rocker Enduro MiniMix™ Labnet
Size exclusion column Superdex™ 75 Increase 10/300  Cytiva

GL
Size exclusion column Superdex™ 200 Increase 10/300 Cytiva

GL
Size exclusion column HiPrep™ 26/60 Sephacryl® S-  Cytiva

200 HR
Spectrometer, UV-Vis NanoDrop™ 2000 Thermo Fisher
Spectrometer, UV-Vis V-650 Jasco
Thermocycler T-Personal Biometra
Ultracentrifuge Sorvall™ LYNX™ 6000 Thermo Fisher
Vortex mixer Vortex-Genie 2 Scientific Industries
X-band EPR EMX-Nano Bruker

8.1.3. Buffers, reagents, and kits

Table 8.4: Commercial kits and ready-to-use mixtures in alphabetical order.

Product (Brand) Company

Kit for molecular weights 12 000 — 200 000 Sigma-Aldrich
LB-agar (Lennox) Carl Roth
LB-broth (Lennox) Carl Roth
NucleoSpin® Plasmid EasyPure Macherey-Nagel
Q-PAGE 10% TGN Midi Carl Roth

Roti® Blue quick Carl Roth

Roti® Mark Tricolor Carl Roth
Rotiphorese® 10x SDS-PAGE buffer Carl Roth
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Compound CAS No. Company
Acetic acid 64-19-7 Carl Roth
Adenosine 5'-triphosphate disodium salt (ATP) 34369-07-8  Sigma-Aldrich
Agarose LE, molecular biology grade 9012-36-6 Biozym Scientific
Ammonia 32% 7664-41-7 VWR Chemicals
Ammonium acetate 631-61-8 Sigma-Aldrich
Ammonium carbonate 8000-73-5 Sigma-Aldrich
Ammonium hydroxide 1336-21-6 VWR Chemicals
Ammonium sulfate 7783-20-2 Sigma-Aldrich
Ammonium iron(II) sulfate hexahydrate 7783-85-9 Sigma-Aldrich
2’-Azido-2’-deoxycytidine-5'-triphosphate 62192-83-0  tebu-bio
(Ns-dCTP)

4-Azido-L-phenylalanine (AzF) 33173-53-4  Sigma Aldrich
L(+)-arabinose 5328-37-0 Carl Roth
1-Butanol 71-36-3 Fisher Scientific
Calcium chloride dihydrate 10035-04-8  Carl Roth
Carbenicillin, disodium salt 4800-94-6 Carl Roth
Chloramphenicol 56-75-7 Carl Roth
Cytidine-5’-diphosphate trisodium salt (CDP) 34393-59-4  Alfa Aesar
1,4-dithiothreitol (DTT) 3483-12-3 Carl Roth
Ethanol, absolute, p.a. 64-17-5 Merck
Ethyl-acetate 141-78-6 Fisher Scientific
Ethylenediaminetetraacetate (EDTA) 6381-92-6 Sigma-Aldrich
2,6-Difluorophenol 28177-48-2  Thermo Scientific
2,3,6-Trifluorophenol 113798-74-6 Thermo Scientific
Glycerol 56-81-5 Alfa Aesar
Hydrochloric acid 37% 7647-01-0 Chemsolute®
Imidazole 288-32-4 Abcr
4-lIodo-L-phenylalanine 24250-85-9  Abcr
Isopropanol 67-63-0 Fisher Scientific
Isopropyl-p-D-thiogalactopyranosid (IPTG) 367-93-1 Carl Roth
Magnesium acetate tetrahydrate 16674-78-5  Alfa Aesar
Magnesium chloride 7791-18-6 Sigma-Aldrich
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Manganese(II) chloride tetrahydrate 13446-34-9  Sigma-Aldrich
[B-Mercaptoethanol 60-24-2 Merck

-Nicotinamide-adenine dinucleotide phosphate 2646-71-1 Carl Roth
tetrasodium salt, reduced (NADPH)

Ninhydrin 485-47-2 Merck
1,10-Phenanthroline 66-71-9 Sigma-Aldrich
Phenylmethlsulfonyl fluoride (PMSF) 329-98-6 Carl Roth
Pyridoxal 5-phosphate hydrate 853645-22-4 Sigma-Aldrich
Pyruvic acid 127-17-3 Sigma-Aldrich
Potassium tetraborate tetrahydrate 12045-78-2  Sigma-Aldrich
Sodium chloride 7647-14-5 Merck
Sodium hydroxide 1310-73-2 Chemsolute®
Sodium pyruvate 113-24-6 Sigma-Aldrich
Streptomycin sulfate 3810-74-0 VWR Chemicals
Thymidine 5'-triphosphate sodium salt (TTP) 18423-43-3  Sigma-Aldrich
2-amino-2-(hydroxymethyl)propane-1,3-diol (Tris, 77-86-1 Sigma-Aldrich
Trizma base), buffer grade

L-Tryptophan 73-22-3 Sigma-Aldrich
L-Tyrosine 60-18-4 Sigma-Aldrich
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8.1.4. Software and online tools

Table 8.6: Software utilized in this work.

Software Publisher

Adobe Illustrator Adobe Inc. (2020). Adobe Illustrator. Retrieved from
https://adobe.com/products/illustrator

Citavi Version 6.12, Swiss Academic Software GmbH

ClusPro Vajda Lab and ABC Group, Boston University and Stony
Brook University

DeerAnalysis2019 G. Jeschke et al 2

EasySpin S. Stoll et al 412

GelAnalyzer 19.1

Matlab R2017b

MS-Office 2016

OriginPro 2022

PeldorFit 2019
PyMOL

Xepr

(www.gelanalyzer.com) by Istvan Lazar Jr., PhD and Istvan
Lazar Sr., PhD, CSc

MATLAB. (2017). version 9.3.0 (R2017b). Natick,
Massachusetts: The MathWorks Inc.

Microsoft Corporation. (2018). Microsoft Word. Retrieved from
https://products.office.com/word

Origin(Pro), Version 2022. OriginLab Corporation,
Northampton, MA, USA.

D. Abdullin et al .43

The PyMOL Molecular Graphics System, Version 2.2.3
Schrodinger, LLC.
Bruker Corporation, Billerica, MA, USA.
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8.2. Methods

8.2.1. Transformation of competent E. coli cells

Transformation of plasmids into competent bacterial cells was done via electroporation.
Therefore, 0.1 — 10 ng plasmid was added to 25 uL aliquot of competent cells. The
suspension was transferred to a pre-chilled electroporation cuvette, followed by
electroporation at 1.8 kV for 4.1 — 4.4 ms. The cell suspension was immediately recovered
with 500 puL prewarmed S.0.C. medium with subsequent incubation at 37 °C at 800 rpm
for ca. 1 h. Finally, 25 pL of bacterial culture was spread onto antibiotic-containing agar
plates.

8.2.2. Plasmid isolation from bacterial strains

Plasmids were isolated via a silica column purification provided by the commercially
available plasmid purification kit NucleoSpin® Plasmid EasyPure according to the

manufacturer's instructions.

8.2.3. Expression and purification of E. coli class la RNR (His)e-02

Expression and purification was performed as previously described.® If not stated
otherwise, 50 mM Tris buffer containing 5% glycerol and 2 mM DTT at pH 7.6 was used
for all purification steps, shortly termed Tris in the following.

E. coli BL21(DE3)-Gold were transformed with pET28a-nrdA and plated on LB-agar
plates with 50 pg/mL kanamycin (Km) at 37 °C. Positive clones were selected and a
starter culture (5 mL) was grown overnight in LB-medium enriched with Km at 37 °C
until saturation. An intermediate culture (100 mL) was enriched with 1 mL of the starter
culture, also grown overnight. The expression culture was grown with a 200-fold
dilution of the intermediate culture in LB-medium containing Km. At OD600 ~0.6,
protein expression was induced with 0.5 mM IPTG. After 5 h of protein overproduction,
the cells were harvested by centrifugation at 17 000 xg for 15 min and 4 °C. A typical
1 - 2 g cell paste/L media was obtained, in agreement with previously reported yields.>!

The cell pellet was resuspended in 3.5 — 5 mL/g cell pellet Tris buffer, supplemented
with 1 mM PMSEF. Next, the suspension was lysed via four passages through a French
pressure cell press. Insoluble debris was removed at 3200 xg for 30 min at 4 °C. DNA
was precipitated by adding 0.2 vol eq. of a 6% (w/v) streptomycin solution dropwise,
followed by centrifugation at 3200 xg for 30 min at 4 °C. The clear supernatant was
loaded onto a pre-equilibrated Ni-NTA column (Ni-Sepharose™ High Performance, GE
Healthcare). Tris buffer containing 20 mM imidazole and 200 mM NaCl was used for
equilibration. After loading the protein solution, the column was first washed with the
same buffer, and finally, the protein was eluted by raising the imidazole concentration
to 250 mM. Afterward, the protein was precipitated by 60% saturation with (NH4)2504
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(39 g/100 mL). The salt was slowly added for over 10 minutes and stirred for an
additional 15 minutes on ice. Then, the protein was isolated at 3200 xg for 30 min at 4 °C
and resolubilized in a minimal amount of Tris buffer. Desalting was performed using a
PD-10 column (Sephadex® G-25 Medium, Cytiva), preequilibrated with Tris buffer. The
purified protein was concentrated in an Amicon® centrifugal filter unit with 30 kDa
cutoff (Millipore), and the concentration was screened via UV-Vis with (280 nm) =
189 000 M! ecm. Aliquots were flash frozen in liquid nitrogen and stored at -80 °C. A
typical yield of 2 — 4 mg protein/g cell paste was obtained, lower than in previous
reports.?>414 However, as the alpha subunit was rarely used in this study, no further

attempts were made to optimize expression and purification conditions.

8.2.4. Expression and purification of E. coli class la RNR apo-2
The expression and purification procedure was slightly modified compared to earlier
protocols.#5 If not stated otherwise, 50 mM Tris buffer containing 5% glycerol at pH 7.6
was used for all purification steps, shortly termed Tris in the following.

E. coli BL21(DE3)-Gold were transformed with pTB-nrdB and plated on LB-agar
plates with 100 pg/mL carbenicillin (Carb) at 37 °C. Positive clones were selected and a
starter culture (5 mL) was grown overnight in LB-medium enriched with Carb at 37 °C
until saturation. An intermediate culture (100 mL) was enriched with 1 mL of the starter
culture, also grown overnight. The expression culture was grown with a 200-fold
dilution of the intermediate culture in LB-medium containing Carb. At OD600 ~0.9, 1,10-
Phenanthroline was added to a final concentration of 100 uM to chelate iron. After
20 min, protein expression was induced with 0.5 mM IPTG. After 4 — 20 h of protein
overproduction, the cells were harvested by centrifugation at 17 000 xg for 15 min and
4 °C. A typical 2 - 3 g cell paste/L media was obtained, in excellent agreement with the
previously reported yield considering 1,10-Phenanthroline addition.

For protein purification, the cell pellet was resuspended in 3.5 — 5 mL/g cell pellet
Tris buffer containing 0.5 mM PMSF. Next, the suspension was lysed via four passages
through a French pressure cell press. Insoluble debris was removed at 3200 xg for 30 min
at 4 °C. DNA was precipitated by adding 0.2 vol eq. of a 6% (w/v) streptomycin solution
dropwise, followed by centrifugation at 3200 xg for 30 min at 4 °C. Protein was
precipitated by 60% saturation with (NH4)2SO4 (39 g/100 mL) by slowly adding the salt
for over 10 minutes and stir for an additional 15 minutes on ice. Then, the protein was
isolated at 3200 xg for 30 min at 4 °C and resolubilized in a minimal amount of Tris
buffer. Desalting was performed using a PD-10 column (Sephadex® G-25 Medium,
Cytiva), preequilibrated with Tris buffer. Protein-containing fractions were then loaded
onto a preequilibrated anion exchange column (DEAE Sepharose™ Fast Flow, GE
Healthcare), connected to a cooled chromatography system. Equilibration and
subsequent washing of the column were performed with Tris buffer, enriched with
100 mM NaCl. Protein elution was carried out with a gradient of 100 to 500 mM NaCl.
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Protein-containing fractions were pooled and diluted 1:1 with Tris buffer to avoid high
salt concentrations. Furthermore, the protein solution was purified via a second anion
exchange column (Q Sepharose™ Fast Flow, GE Healthcare), also connected to the
chromatography system. Tris buffer supplemented with 150 mM NaCl was used for
equilibration and washing of the column, and elution was performed with a NaCl
gradient from 150 to 500 mM. Protein concentration was checked via UV-Vis, and EDTA
was added to the solution to a final concentration of 100-times the protein concentration,
followed by incubation for 2 h at 4 °C. Finally, EDTA was removed by washing with an
Amicon® centrifugal filter unit with 30 kDa cutoff (Millipore) several times. After
successful EDTA removal and reaching the desired protein concentration, aliquots were
frozen in liquid nitrogen and stored at 80 °C. A typical yield of 9 — 18 mg protein/g cell
paste was obtained, in good agreement with earlier results considering apo-
expression.??2414415 For the apoprotein, an extinction coefficient of (280 nm) = 120 000

M1 cm?! was used.

8.2.5. Reconstitution of apo-f2 to form the diferric-Ye cofactor

Apo-f32 was supplemented with 5 eq. Fe" in the form of Fe'(NH4)2(504)2. As Fe' oxidizes
quickly, the stock solution was prepared freshly before its use in degassed buffer via N2
bubbling for at least 30 min. Protein and iron were mixed fastly and incubated for 10 min
on ice. In some cases, the solution was further treated with Oz, which did not affect the
observed radical yield. Yize® exhibits a sharp characteristic absorption maximum at

410 nm, which can be quantified by the dropline correction method:®

_ Asionm— 0.5(As05nmtAs15nm) | 3:y. e
Cy122. = 5110 M—tem=1 dilution. (8.1)

For holo-32, £(280 nm) = 131 000 M' cm™ is used.

8.2.6. Expression and purification of tyrosine phenol lyase (TPL)
Purification procedures were slightly modified compared to earlier protocols.*1¢41” E. coli
SVS370 harboring the plasmid pTZTPL, which encodes for tyrosine phenol lyase (TPL),
was plated on LB-agar plates with 100 pg/mL carbenicillin (Carb) at 37 °C. Positive
clones were selected and grown for 20 h in 1L LB-medium enriched with Carb at 37 °C.
The cells were collected by centrifugation for 30 min at 10 000 xg at 4 °C and stored at
—80 °C until used for purification. Typical yields were 4 — 5 g cell paste/L medium.

The thawed cells were suspended in 4 mL buffer (0.1 M potassium phosphate,
0.1 mM pyridoxal phosphate, 1 mM EDTA, 5 mM -mercaptoethanol, pH 7.0) per g cell
paste. Next, the suspension was lysed via four passages through a French pressure cell

press. Insoluble debris was removed at 25 000 xg for 30 min at 4 °C. Then, DNA was
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precipitated by adding 0.2 vol eq. of a 6% (w/v) streptomycin solution dropwise,
followed by centrifugation at 25 000 xg for 30 min at 4 °C. Protein was precipitated by
60% saturation with (NH4)2504 (39 g/100 mL) by slowly adding the salt for over 10 min
and stir for an additional 15 min on ice. The resultant precipitate was collected by
centrifugation at 25 000 xg, 30 min, 4 °C, and afterward resuspended in a minimal
amount of buffer. The protein solution was desalted via overnight dialysis in buffer
containing 144 g/L. (NH4)250: (25% saturated). Next, the protein solution was loaded
onto a size exclusion column (HiPrep™ 26/60 Sephacryl® S-200 HR), connected to a
cooled chromatography system, with the buffer being 25% saturated with (NH4)2SOs.
TPL-containing fractions were pooled, and protein was salted out via 75% saturation
with (NH4)2S50s. After resolubilizing the protein in a minimal amount of buffer, the
sample was desalted using a PD-10 column (Sephadex® G-25 Medium, Cytiva),
preequilibrated with the standard buffer. Protein activity was assayed by a coupled
spectrophotometric assay where a small volume of the fraction was added to an assay
mixture containing 0.3 mM L-tyrosine, 1 mM DTT, 50 uM pyridoxal-5'-phosphate,
0.3 mg/mL lactate dehydrogenase and 0.2 mM NADH in 50 mM potassium phosphate
at pH 8.0. The consumption of NADH was monitored at 340 nm, whereas one unit (U)
of activity is defined as 1 umol product/min. A total of ~90 U/g cell paste was obtained,

in agreement with the previously reported yield.

8.2.7. SDS polyacrylamide gel electrophoresis
Precast 10% (v/v) acrylamide SDS-PAGE gels were used to verify successful protein

expression and purification. 5 pL samples were loaded per gel pocket, and separation
was performed at 200 V for 40 min. After washing the gel with water, staining was
performed for 20 min with Roti® Blue quick. Afterward, the gel was destained overnight

in water, followed by imaging.

8.2.8. Enzymatic synthesis and purification of fluorotyrosines

The workup procedure was conducted according to previously published protocols.#8
1L of 30 mM ammonium acetate and the appropriate fluorophenol with a final
concentration of 10 mM was prepared. Pyruvic acid and B-mercaptoethanol were added
to final concentrations of 60 and 5 mM, respectively. The reaction vessel was protected
from light; afterward, the solution's pH was adjusted to 8.0 using ammonium hydroxide.
30 U of TPL was added together with pyridoxal-5"-phosphate to a final concentration of
40 mM, and the solution was allowed to stir for 3 —4 days at room temperature. The light
protection was removed from the reaction vessel, and the pH was lowered to 2 — 3 by
using 6 N HCI, resulting in precipitation of TPL. Precipitated TPL was removed via a
celite pad (Celite 545). The filtrate was then extracted once with 0.5 volumes of ethyl

acetate, and the aqueous layer containing the F.Y was kept for further purification. The
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fluorotyrosine was then separated from residual pyruvic acid and acetic acid throughout
a cation exchange resin (AG50W-X8, 50-100 mesh, Bio-Rad) which was first prepared by
washing with 10 CV of water. After loading the sample solution, the column was washed
with 8 CV of water. F»Y was eluted with approx. 8 CV of a 10% ammonium hydroxide
solution while collecting the eluted fractions. Fractions were tested for amino acid via
the ninhydrin test. Therefore, a ninhydrin solution consisting of 0.19% (w/v) ninhydrin,
95% (v/v) n-butanol, 0.5% (v/v) acetic acid and 4.5% (v/v) water was prepared. The
fractions were spotted onto a TLC plate, and the dry plate was dipped into the ninhydrin
solution, followed by heating with a heat gun for 10 — 15 s. A purple/pink spot indicates
the presence of free amine functionality. Fractions giving a positive ninhydrin test were
concentrated in a rotary evaporator. The remaining solution was lyophilized to dryness.
Successful amino acid synthesis was assessed by NMR spectroscopy (Figure D.1 and
Figure D.2). The resulting F+Y can be stored at 4 °C for several years.

8.2.9. Echo-detected EPR (ESE)
Pulse sequence: 1/2 -t — -t —echo

The integrated echo is recorded as a function of the magnetic field Bo.

8.2.10. Microwave nutation
Pulse sequence: tp — ta — 11/2 — T — m — T —echo
The first pulse tp is incremented in time. Mw nutation experiments were used to

determine optimal pulse lengths for ESE experiments.

8.2.11. Phase memory time
Pulse sequence: 1/2 —t — 1t — T —echo
Time t is incremented. The phase memory time Tm was determined from a mono-

exponential fit to the experimental data

I=lyexp(——)+C. (8.2)

m

8.2.12. Davies ENDOR

Pulse sequence: m—T - 1/2 —t— 1 —1—echo

The RF pulse of variable frequency was applied during the time interval T and had a
length of 17 us as determined from previous RF nutation experiments. The first 7 pulse
was a rectangular-shaped inversion pulse of 190 ns. The radio frequency was swept

stochastically during the experiment to avoid heating and saturation effects.
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8.2.13. DEER

Pulse sequence: 1/2det — T1 — Tdet — (T1-T) — Tpump — (T2-T) — Ttdet — T2 — echo

4-pulse DEER experiments were performed by using 16-step phase cycling and Gaussian
pulses. The frequency separation Af= foump - fdet in an overcoupled resonator was adjusted
with feump set to the center of the resonator dip. The optimal m-pulse lengths were

determined using transient nutation experiments.
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Supporting information

A. Supporting information to Chapter 3

Details of in vitro and in-cell DEER measurements
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Figure A.1: DEER measurements of Yi2¢ in E. coli RNR performed at 34 GHz and 10 K. (A) ESE-detected
EPR spectrum of in-cell sample 1 recorded at 10 K. (A) Primary orientation-selective DEER traces (1, 2, and
3 shown with solid black lines) recorded with an in vitro sample shown along with the background functions
(dashed blue lines). Field positions for traces 1, 2, and 3 are given in Figure 3.5A. For orientation averaging,
each primary time trace was first normalized to the same signal intensity at zero time. Afterward, these
traces were normalized to the signal intensity at the pump position. Summation led to the orientation-
averaged time trace (red). (B) Primary DEER traces (1, 2, and 3 shown with solid black lines) recorded with
the in-cell sample shown along with the background functions (dashed blue lines). (C) Analysis of the in
vitro DEER data at three different positions (upper row) along with the orientation-averaged time trace
(lower row, red). Left: Background- and phase-corrected, normalized (time signal V(t) divided by the signal
at echo maximum V/(0)) DEER time traces are shown in dark colors. Fits obtained by DeerAnalysis using
Tikhonov regularization are overlaid and displayed in paler shade. The inset shows the L-curve and the
corresponding regularization parameter (red data point). Middle: Fourier transforms of the DEER data
(blue) and their fits (paler shade). Right: obtained Yize-Yize distance distributions, along with the mean
distances and standard deviations. Validation of the distance distribution was obtained by varying the
starting value of the background fit (vertical line in A) by +50% in 10 steps and the background
dimensionality in 10 steps by + 0.5 with respect to the initial value chosen for the data analysis. (D) Analysis
for in-cell data, performed as explained in (C). Experimental conditions: Gaussian pulses, et = 70 ns (D1),
68 ns (D2, D3); mpump =28 ns (P1, P2, P3); srt =4 ms; spp = 100; acquisition time = 19 h (in-cell position 1), 19 h
(in-cell position 2), 19 h (in-cell position 3), 3 h (in vitro position 1), 3 h (in vitro position 2), 17 h (in vitro
position 3).
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Analysis of orientation-selective in vitro DEER data by PeldorFit

The data analysis was kindly assisted by Dr. Dinar Abdullin.

For the analysis of dipolar traces by PeldorFit, it is recommended to simulate the same
data set several times with the same settings to ensure the reproducibility of the results.
In this case, the optimization was performed three times with 500 optimization steps
each, while the fitting score was always constant for more than the last 100 optimization
steps, showing that the fit converged to its global minimum.

The fits of the data did not show any noticeable deviations from each other (Figure
A.2). Distance, £, and ¢ were reproducible in three runs (Table A.1). Dr. Dinar Abdullin
also performed the analysis with the newest version of PeldorFit, which yielded similar
values for r, £, and ¢ (3.31 nm, 24°, and 90°). These data are not shown here since this
version is unpublished at the time of writing this thesis.

However, the Euler angles were not reproducible. Even when checking the 16
symmetry-related sets of angles provided by PeldorFit, no better match of the angles
could be found. If the Euler angles from the literature were used and kept constant
during the optimization, the fit could not reproduce the modulation observed at position
3. For the analysis shown in Section 3.3.5, the optimization result of run 2 was chosen as

it showed the highest agreement compared to the literature and crystal structure.

Table A.1: Yi2*-Y12* in vitro pair analysis derived from DEER experiments using PeldorFit. Results of
three optimization runs are shown. The value in brackets indicates the error of the respective parameter.
The error is determined by the range in which 110% of the minimal RMSD is reached. The first value per
column is the mean value of the parameter, while the second value represents the uniform width (or in case
of r the standard deviation) of each parameter.

Parameter Value
Optimization
1 2 3
run
r Ar
3.31(0.03) 0.03(0.03) 3.31(0.03) 0.03(0.04) 3.30(0.03) 0.04(0.01)
(nm) (nm)

£ AL(C)  26(3) 2(17) 28(9) 1(32) 27(19) 11(34)
e A@(°)  88(19) 1(19) 94(13)  20(71) 86(19) 6(77)
a(®)  Aa(®) 11021)  100(30)  172(12) 6(9) 146(17)  9(10)
B(C) AB() 3(7) 3(2) 30(6) 66(5) 22(4) 50(24)
v() Ay(9)  824l)  51(40) 7(5) 77(20)  38(25) 75(19)
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Figure A.2: Analysis of orientation-selective DEER data of Y122¢-Y122¢ in E. coli RNR in vitro. Optimization
of three runs are shown, numbered from 1 to 3 in bold values. Left: Q-Band DEER time traces acquired at
different field positions (1, 2, 3) overlaid with the PeldorFit simulations (red). Right: RMSD between
experimental and simulated DEER time traces as a function of the geometric parameter of PeldorFit.
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Analysis of orientation-selective in-cell DEER data by PeldorFit

The same analysis procedure described for the in vitro data was carried out for the in-
cell DEER traces. In Table 3.3, only the results of fitting run 3 are shown, as the highest
agreement was observed in this case compared to the crystal structure.
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Figure A.3: Analysis of orientation-selective DEER data of Yiz*-Yiz* in E. coli RNR inside cells.
Optimization of three runs are shown, numbered from 1 to 3 in bold values. Left: Q-Band DEER time traces
acquired at different field positions (1, 2, 3), overlaid with the PeldorFit simulations (red). Right: RMSD
between experimental and simulated DEER time traces as a function of the geometric parameter of
PeldorFit.
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Table A.2: Yiz*-Yi2* in-cell pair analysis derived from DEER experiments using PeldorFit. Results of
three optimization runs are shown. The value in brackets indicates the error of the respective parameter.
The error is determined by the range in which 110% of the minimal RMSD is reached. The first value per
column is the mean value of the parameter, while the second value represents the uniform width (or in case
of r the standard deviation) of each parameter.

Parameter Value
Optimization
1 2 3
run
' Ar 3.30(0.05) 0.09(0.06) 3.32(0.06) 0.11(0.03) 3.32(0.03) 0.10(0.05)
(nm) (nm)
EC) AL 8(25) 0(26) 8(75) 2(33) 19(19) 8(14)

@) A@(°) 9B(NA) 19(NA) 60(NA) 3(NA)  77(50)  11(84)
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Figure A.4: Tm measurements. Two-pulse echo decay measurements of Y122 in vitro (red) and Mn" in E. coli
cells lacking the overexpression plasmid (black).
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In-cell samples compared to in vitro mimics
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Figure A.5: Modulation depth analysis of in vitro 2 mimic and in-cell samples compared to pure E. coli
cells. (A) 34 GHz field-swept EPR spectra of E. coli cells, in vitro mimic duplicates, and three different in-cell
samples recorded via refocused spin echo. (B) Primary DEER traces and (C) form factors of the
corresponding samples. Acquisition time: 15 h, 65 scans (E. coli cells); 14 h, 55 scans (mimic 1); 15 h, 62 scans
(mimic 2); 19 h, 61 scans (in-cell 1); 22 h, 89 scans (in-cell 2); 25 h, 101 scans (in-cell 3).
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Figure A.6: Tm measurements of samples presented in Figure A.5. Two-pulse echo decay measurements of
Y122 in cells and in vitro (mimic 1). Data for E. coli cells without overexpression plasmid (purple) are shown
for comparison. Tm of Yi22® within the cells is either longer or the same as that of in vitro samples.
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The effect of chloroform investigated by 34 GHz EPR measurements
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Figure A.7: 34 GHz ESE spectra of in-cell samples supplemented with chloroform. A decrease in Yize
concentration is observed upon increasing amounts of chloroform are added. Experimental conditions:
Temperature = 10 K, =24 ns, t =200 ns, Attenuation = 8 dB, srt =8 ms, spp = 100.
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Subtraction of the Mn'" spectral features

Measurements and analyses presented in this section were kindly performed by Dr.
Yury Kutin.

Two ways of background measurements had to be performed for the background
correction of W-band in-cell spectra. The unidentified background peak labeled with #,
as well as the sharp hyperfine structure lines originating from the ms=-1/2 « +1/2
transition of Mn! were both detected for the E. coli cells harvested prior to the radical
generation. However, the Mn" EPR intensity is strongly dependent on the mw power.
Since it was impossible to perfectly reproduce the same conditions for the background
measurement, this background trace could only be used to isolate (dashed magenta
trace) and subtract the background peak labeled with #. In the second step, the in-cell
spectrum was remeasured with a shorter shot repetition time (green trace) to obtain a
proper Mn" background. This procedure allows for suppressing the slowly relaxing
Yize contribution while reproducing the faster-relaxing Mn! background under the
same conditions (microwave power and signal phase) as used for the in-cell Yixe
measurement. This trace could subsequently be used to entirely suppress the Mn"
spectral features in the in-cell Yiz2® spectrum.
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Figure A.8: Background correction for the in-cell Yize EPR spectra detected via primary spin echo at W-
band. From top to bottom: Black trace: EPR spectrum of Yi22¢ in whole E. coli cells recorded at 94 GHz with
a shot repetition time of 15 ms. Green trace: spectrum of the same sample, with the Yize contribution
suppressed by a short shot repetition time of 0.5 ms. Magenta trace: spectrum of E. coli cells harvested prior
to the radical generation and containing only endogenous radical below the detection limit, recorded under
approximately the same conditions as the in-cell Yiz2® spectrum. Magenta dashed line: isolated background
signal labeled ‘#’. Black trace: background-corrected in-cell Y12 EPR spectrum, with an in vitro Yizze EPR
spectrum (blue trace) for comparison.
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Details of the F3Y122¢ DEER measurements and analysis
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Figure A.9: DEER measurements of FsY122¢ in E. coli RNR performed at 34 GHz and 10 K. (A) Primary
orientation-selective DEER traces (1, 2, 3, and 4 shown with solid black lines) recorded with the in vitro
sample shown along with the background functions. Summation led to the orientation-averaged time trace
(red). (B) Primary DEER trace of the in-cell sample recorded at D1/P1 (solid black line) along with the
background function (dashed blue line). (C) Analysis of the in vitro DEER data at four positions (upper row)
along with the orientation-averaged time trace (lower row, red). Left: Background- and phase-corrected,
normalized DEER time traces are shown in dark colors. Fits obtained by DeerAnalysis using Tikhonov
regularization are overlaid and displayed in paler shade. L-curve and the corresponding regularization
parameter (red data point) are shown in the inset. Middle: Fourier transforms of the DEER data along with
their fits (paler shade). Right: Obtained FsY122¢-F3Y122# distance distributions, along with the mean distances
and standard deviations. Validation of the distance distribution was obtained by varying the starting value
of the background fit (vertical line in A) by +50% in 10 steps and the background dimensionality in 10 steps
by + 0.5 with respect to the initial value chosen for the data analysis. (D) Analysis performed as explained
in (C) for the in-cell data (D1/P1 position). Experimental conditions: Gaussian pulses, mdet = 74 ns (D1), 68 ns
(D2, D3), 62 ns (D4); mpump = 32 ns (P1, P2, P3, P4); srt =8 ms (in cell), 8 ms (in vitro positionl), 4 ms (position
2 — 4); spp = 100; acquisition time = 44 h (in-cell), 10 h (in vitro position 1), 2.5 h (in vitro position 2), 4.5 h (in
vitro position 3), 2 h (in vitro position 4).
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B. Supporting information to Chapter 4
TLC plate to monitor dephosphorylation of N;CTP

Figure B.1: TLC plate to monitor the dephosphorylation of NsCTP. Educt and product were spotted on a
plate TLC Silica gel 60 Fzss, followed by permanganate staining, which proves successful enzymatic
dephosphorylation.
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Detail of the in-cell DEER measurements
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Figure B.2: Modulation depth analysis of in-cell samples expressing the f2-subunit of E. coli RNR under
iron-chelated and iron-available conditions. (A) Q-band field-swept EPR spectra of in-cell samples
produced under iron-limiting (red) or iron-available (green) expression conditions. Spectra were recorded
via the refocused spin echo with pump pulse applied. A spectrum of E. coli cells without protein
overexpression is shown in black as comparison. (B) Primary DEER traces and (C) form factors of the
corresponding samples. (D) Obtained distance distribution. Yi22® concentrations were 77 uM (sample 1) and
71 uM (sample 2). Free Mn!" in these samples was determined as 40 and 26 puM, respectively. Experimental
conditions: Gaussian pulses, Ttdet="70 ns, Tpump = 28 ns, srt =4 ms; spp = 100. Acquisition time: 22 h (red), 21 h

(sample 1), 17 h (sample 2).
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Y-Mn distance in the crystal structure of manganese-bound RNR 32

In order to obtain a structure of E. coli RNR with a diiron cofactor on one side and a
dimanganese cofactor on the other side of the dimer, the crystal structure of the iron-
bound holo-B2 subunit (PDB: 5CI4%) was overlaid with the structure containing
dimanganese centers in both subunits (PDB: 1IMRR®) (Figure B.3). Subsequently,
different possible distances were read out (Table B.1). The two manganese ions within
one subunit possess different binding affinities and are therefore labeled as A and B. The
Yi22-Yi22 distance in IMRR is slightly smaller than for the holo-protein (5CI4: 3.29 nm).
This deviation is assigned to a conformational change that needs to be done for complete
radical generation on both sites. Note that the distances are acquired between the oxygen

atoms of Yizze in the crystal structure.

Figure B.3: Manganese-bound E. coli class Ia 2 RNR. Overlay of the crystal structures of E. coli RNR in
iron-bound form (orange, 5CI4%) and manganese-bound form (purple, IMRR®). Y12 is illustrated by sticks,
metal centers as spheres.

Table B.1: Possible distances obtained by the crystal structures in Figure B.3.

Distance (nm)

Paramagnetic centers
IMRR 5CI4 IMRR and 5CI4 merged

Yize-Yie 3.26 3.29 3.28
Yi2e-Mnlla 291 292
Yi2¢-Mn's 2.84 2.86
Mn!'a-Mn!la 2.57
Mn!a-Mn'ls 2.54
Mn's-Mn''s 2.55

179



Appendix

DEER measurements on manganese-bound RNR

Adding 4 equivalents of Mn! resulted in around 1.3 eq. of free Mn!" per 32, suppressing
the modulation depth to such an extent that no modulation is detected anymore. Hence,
no distance can be extracted (see Figure B.4 dashed line). This sample is represented by
an open symbol in Figure 4.9. To overcome this problem, the sample was desalted by
several washes using a centrifugal filter unit. The desalted sample (Figure B.4 solid line
and filled symbol in Figure 4.9) had a final protein concentration of 40 uM and was not
further concentrated because extensive centrifugation could potentially lead to
manganese release. All other samples had a protein concentration of 150 uM. As
previously shown, different protein concentrations of E. coli RNR do not change the
modulation depth parameter but the signal-to-noise ratio only,?"® allowing comparison

of different sample concentrations.
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Figure B.4: DEER measurements of Yiz* in E. coli RNR with different equivalents of Mn!" added,
performed at 34 GHz and 10 K. (A) ESE spectra of apo-f32 supplemented with different equivalents of Mn.
(B) Refocused echoes of the DEER experiments. (C) Primary orientation-selective DEER traces.
(D) Background- and phase-corrected, normalized DEER time traces are shown in dark colors. Fits obtained
by DeerAnalysis using Tikhonov regularization are overlaid and displayed in paler shade. Experimental
conditions: Gaussian pulses, Ttdet = 70 ns; Tpump = 28 nis; srt = 4 ms; spp = 100; acquisition time =15h (1), 18 h
(2),43h (3), 17 h (4), 24 h (4 desalted).
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Details of UV-Vis measurements
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Figure B.5: UV-Vis measurements of Fe!' solutions and E. coli RNR B2 in the Fe- or Mn-bound state.
(A) UV-Vis measurements of the autooxidation of 150 uM Fe(NHa4)2(SO4)2 in Tris Buffer under aerobic
conditions. (B) UV-Vis spectra of E. coli RNR in the iron- (black) or manganese-bound (red) form.
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Figure B.6: DEER experiments of manganese-bound 2 (30 uM) after first (5 eq. Mn") and second (10 eq.
Mn") iron addition. (A) Refocused echoes. (B) Background- and phase-corrected, normalized DEER time
traces are shown in dark colors. Fits obtained by DeerAnalysis2019 using Tikhonov regularization are
overlaid and displayed in paler shade. Traces were shifted vertically for visualization. (C) Distance
distribution obtained by the analysis. Experimental conditions: Gaussian pulses, Ttdet = 70 ns; Ttpump = 28 ns;
srt =4 ms; spp = 100; acquisition time = 18 h (black), 20 h (red).

181



Appendix

DEER measurements with iron and manganese added at the same time
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Figure B.7: Apo-B2 (150 uM) of E. coli RNR treated with iron and manganese in two different ways.
Samples were either supplemented with 2 Mn'/@32 first, followed by 5 eq. Fe!! (blue) or 5 Mn'" and 5 Fe'/{32
were added simultaneously (orange). Measurements were performed at 34 GHz and 10 K. (A) Hahn-echoes
and (B) refocused echoes. (C) Primary orientation-selective DEER traces. (D) Background- and phase-
corrected, normalized DEER time traces are shown in dark colors. Fits obtained by DeerAnalysis using
Tikhonov regularization are overlaid and displayed in paler shade. Experimental conditions: Gaussian
pulses, Ttdet = 70 ns; Ttpump = 28 ns; srt =4 ms; spp = 100; acquisition time = 18 h (blue), 24 h (orange).
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Excluding concentration-dependent effects on radical recovery

Most of the EPR measurements were performed with samples of 150 uM protein
concentration. However, UV-Vis measurements contained 30 uM (2. To exclude a
concentration-dependent effect, the same experiments were performed with 150 uM but,
this time, detected by the Nanodrop 2000 because of technical constraints of the Jasco V-
650. The protein concentration does not affect radical yields and the time-dependent

radical recovery (Figure B.8).
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Figure B.8: Time-dependent detection of the Y12¢/B2 yield as a function of added Mn'.. Time-dependent
radical formation was investigated for samples with either 30 uM protein concentration (left, also shown in
Figure 4.10) or 150 uM (right). Samples with 150 uM protein concentration were investigated via UV-Vis
spectroscopy using the Nanodrop 2000. Mean values and standard deviations of 2 — 6 repeats are shown.
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Time-dependent radical recovery monitored by DEER measurements
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Figure B.9: Reaction of E. coli RNR supplemented with 1 or 2 equivalents of Mn" per 2, followed
by the addition of 5 equivalents Fe,, monitored over time. Samples were frozen in liquid N2 after 1,
10, 30, 60, and 90 min of iron additions. Subsequently, time-dependent DEER measurements were
performed at 34 GHz and 10 K. (A) Refocused echoes. (B) Background- and phase-corrected, normalized
DEER time traces are shown in dark colors. Fits obtained by DeerAnalysis using Tikhonov
regularization are overlaid and displayed in paler shade. For 2 eq. Mn"/$2 DEER traces were shifted
vertically for better visualization. (C) Obtained distance distributions. Experimental conditions:
Gaussian pulses, Ttdet =70 ns; Ttpump = 28 ns; srt =4 ms; spp = 100. Acquisition time between 14 and 21 h
for each trace.
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C. Supporting information to Chapter 5

Photolysis investigated by 34 GHz measurements
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Figure C.1: First-derivative 34 GHz pulse EPR spectra of photolyzed 2,3,5-trifluorotyrosine (FsY), E. coli
RNR B2-FsY12, and E. coli RNR a2. Photolysis was performed in the home-build irradiation setup in liquid
nitrogen. Irradiation was conducted for 75 min by using a LOT LSB610U 100 W Hg arc lamp. Data were
collected in the course of the Bachelor thesis from Dustin Schliiter.
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D. Supporting information to Chapter 8
NMR spectra of 2,3,5-F;Y
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Figure D.1: TH-NMR of 2,3,5-FsY. 'H-NMR (400 MHz, D20) d (ppm) = 2.91 (dd, 1 H, C8 (CHz), ] = 14.9 MHz),
3.15 (m, 1 H, CB (CH), ] = 14.9 MHz), 3.83 (dd, 1 H, Ca (CH), ] = 5.1 MHz), 4.75 (solvent), 6.66 (ddd, 1 H, C6
(CH), ] =11.6 MHz, ] = 4.8 MHz). OH- and NH:-groups are not resolved in D20.
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Figure D.2: YF-NMR of 2,3,5-FsY. “F-NMR (377 MHz, D:20) d (ppm) =-137.71 (1 F, C2 (CF)), -147.31 (1 F, C5
(CF)), -158.95 (1 F, C3 (CF)).
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