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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 fordecadesis 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 researchon 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 beused for protein structure elucidation is electron paramagnetic
resonance,shortly EPR EPRis alsowidely 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. coliclass la RNR has beerregarded as a paradigm for class
la enzymes, which is the analog of human RNR.

In this work, state-of-the-art EPR spectroscopywas used to address some of the
open guestions related to RNR. Advanced EPR techniques wereused to determine the
structure of the stable tyrosyl radical Y 1223 w B.@aliiclass la 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 possibleinfluencing 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 highpressure apparatus was used to study the effect of pressure onE. coli
RNRs structure by EPR. Among other results, these studies revealed the presence of an
indeterminat e radical form ed under the influence of pressure. Finally, independently of
RNR, cw-EPR was used tocharacterize 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 fesself ist die Ribonukleotid Reduktase, kurz
RNR. Dieses Enzym ist alleinig in jedem Lebewesen fur die Synthese von DNS
Bausteinen zustandig. Durch seinezentrale Rolle ist RNR bereits mehrfach in den Fokus
der Forschung gerlckt, doch trotz vielerlei Studien bleiben viele Fragen weiterhin

unbeantwortet. Was jedoch géanzlich fehlt, sind Informationen tber die RNR Struktur in
seiner naturlichen Umgebung: in lebenden Zellen.

Eine Methode, die zur Aufklarung von Proteinstrukturen genutzt werden kann, ist
Elektronenspinresonanz, kurz ESR. Auch fir RNR-Studien wird ESRhaufig 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. coliclasda RNR als Paradigma fiir classa 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
Y1223 wB. Galiiclassa RNR in lebenden, ganzenE. coliZellen zu bestimmen. Dabei wurde
gezeigt, dass die Struktur und elektrostatische Umgebung dieses esserziellen Radikals
unter in vitro und in vivo Bedingungen konserviert ist. Uberraschendemw eiseverhalt sich
die Radikal-verteilung in lebenden Zellen jedoch anders, als durch bisherige in vitro
Experimente angenommen. Mismetallierung innerhalb der Zellen konnte als ein
mdglicher beeinflussender Faktor identifiziert werden. Im Verlauf dieser Sudien zeigte
sich, dass eineMismetallierung mit Mangan nicht zu einer irrev ersiblen Inaktivierung
der Proteinaktivitat fihrt, sondern d ass diesewi ederhergestellt werden kann.

Weiterhin werden nebstin-cellESR drei weitere Anwendungsb ereiche der Magnet-
resonanzpektroskopie betrachtet. Zum einen werden Einblick e in den Entwicklungs -
prozess eines neuenSpin labelsgegeben, beiwelchem RNR als M odellsystem genutzt
wurde. Durch diese Studien wurde Azidophenylalanin als ein geeigneter Kandidat
identifiziert, welcher zur fortwéhrenden Weiterentwicklung im Feld der Spin-
Markierung zur Proteinstruktur -Aufklarung beitragen kénnte. 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 unteranderem die Prasenz eines
undefinierten Radikals, generiert durch den Einfluss von Druck. Schlie3lich wurde
unabhangig von RNR cw-ESR zur Charakterisierung des Ceo-Radikalsanions verwendet,
welches in einem molekularen K oordinationskafig generiert wurde . Eine ungewdhnlich
lange Lebenszeit dieses Radikals wurde hierbei festgestellt, welches den Weg fir
vielseitige Anwendungs -mdglichkeiten eroffnet.

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, stilimany questions aboutthe structure
and function of this complex protein arise. Answering these questions is of general
interest becauseRNR is animportant 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 deoxynucleotide s (dNDP or

dNTP) UT UOUT T wOT 1 wU1 EQHDHoM (Fywe1.1pp@Solfamthis 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 mostregulated enzymes.®” Increased RNR
activities are found in malignant transfor mation and tumor cells and thus have been a
target for various anticancer drugs .89 In addition, RNR inhibitors are used as antiviral

drugs, e.g.,against herpesviruses or as antibiotics.112

(P)PPO \ (P)PPO \
o RNR o)
—’.
H H H H
H H H
N=AUC,G

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



Different classes of ribonucleotide reductases

1.2. Different classes of ribonucleotide reductase s

All RNRs are characterized by a structurally homol ogous active site for nucleotide
reduction OOEEUI EwbOw U 1 @abalydisirdquires uhe) forinétiénbot) & thiy!
radical species (G/s3 ADepending on the metal-ion-driven thiyl radical generation
mechanism of different RNRs, they are divided in to different classes (I, Il, and Ill), with
class | divided into five subclasses ae (Figure 1.2).1#15 Class | enzymes require a
dimetallocofactor , whereas class Il utilizes an adenosylcobalamin cofactor. Class Il uses
a glycyl radical , which is, in turn, formed by a 4Fe4S ironsulfur cluster coupled to
S-adenosylmethionine (SAM).

CH,Ado
NN class I s- class Il y A
Co - e
N/——N/ I —— \u’[,( — \NJ.Y T [Fessy
o H
\_ O
DMB
class |
class la class Ib class Ic class Id class le
OH
o o ~ s )on %:}
H 0-
(0] 0 (0] 7
Fe”‘/ ~ Fel Mn' N Mn™ an/ \Fe”‘ Mn™ 2N Mn'v
o o
Figure 120 w# D1 1 1 Ul OOWEOEUUT Uwdi wl-1wEEUIT E wof@rmeld A. QofadtasUD UT Ewdl UEO

are shown schematically and simplified. " aU3w PUw OE@ay] Edo: Eafenpsyl, SAM:
S-adenosylmethionine , DMB: dimethylbenzimidazole .

Furthermore, the classes differ in their oxygen tolerance; class | enzymes are aerobic
whereas class Ill RNRs are anaerobic and inactivated by the presence of oxygeri® In
contrast, class Il RNRs are indifferent to oxygen, implying they neither require oxygen
nor are they inhibited by it. 4 Consequently, the emergence of thevarious classes varies
with different life forms. Class | can be found in all three domains of life, eukaryotes,
eubacteria, and a few archaea. Class Il proteins occur in both aerobic and anaerobic
organisms and are primari ly found i n eubacteria and archaea.Class Ill RNRs exist in
obligate and facultative anaerobic eubacteria and archaea.

The first class | enzyme that was biochemically characterized require s a binuclear
high spin Fe'" complex to form an organic radical species, late designated class la¢ Over
the years, knowledge has accumulated about five different subclassesdistinguished by
their number and type of metal ion s. It was found that class la requires a diiron center
(Fe"Fe) for generating a tyrosyl radical Y3. Class Ib binds a dimanganese center



Ribonucleotide reductase - Chapter 1

(Mn'"Mn") to generatea Y3, although this radical can also be generated with a diferric

center (Fe'"Fe").1#12 Class Ic harbors a mixed MnVFe! metallocofactor.2%22 Recently, class

Id containing a Mn "MnV cluster and the metal-free class le were discovered?*26 Apart

from their metals, the subclasses also differin two other points: the oxidant used to

assemble the active cofactor and the involvement of additional proteins such asthe

flavoprotein Nrdl (Figure 1.3). After complete cofactor assembly, some of these enzymes

i OUOWUUEEOI wUauobupOl wUEEDEEOU w gk O kobmadtion, Ew E OE w
whereas others use metalcentered Cys oxidants (class Ic and Id). The metal-free dassle

is an exception, given that it forms a tyrosine radical-derived structure, a
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Figure 1.3: Cofactor assembly mechanisms in different class | RNRs. Figure adapted from Ruskoski et al1?
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1.3. Class la ribonucleotide reductase

Class la is the most well-studied class of RNRs to date whereas Escherichia coliE. col)
la RNR represents a paradigm for class | enzymes and thus has beerthe focus of
numerous studies. Although it has been six decades since the first discovery of

ribonucleotide reductase in E. colicell extract?’ this protein still raises many questions,
including structural and mechanistic ones . For this reason, E. coliclass la RNR is the
main focus of this work.

1.3.1. Tertiary and quaternary structure of E. coli class la RNR
In all class la RNRs,the catalytic reaction takes place upon intermolecular interactions
between two separate UUE U O D U U Ow O E @ bubunitu(Bx@86&Balin E. eoly, 761
residuesA wE O E w E 2 9ubimni©@id4ka) 375 residues, which are encoded by the
nrdA and nrdB genes, respectively. The individual subunits have been well characterized
via X-ray crystallograp hy, so itis known thattl 1 wY | ubUXuE (O E UwnbbarzI©&tpd v Y A
Surprisingly, both subunits own structurally disordered C -terminal tails, encompassing
residues 738¢ 761and 340¢ 3751 O U w Y wésgzEiivety. Nucleotide reduction occurs
in the Y1 w U U ,Eth@ibiky the catalytically active site and two types of allosteric
effector binding sites: a specificity and an activity site (Figure 1.4A).2830 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 atthe N-U1 U OB O U i8 cofroliedvbly AT and dATP binding
and is responsible for determining the rate of reduction. While ATP promotes the
i OUOCEUDPOOWOT wili 1 wEEIPYERUTEDH OwaOOK BUROOWUT 1 wbOEEU
(Figure 1.5).3¢
. OET wY!l ¢ w, Dutleoiid® teduttiBn is accomplished, presupposing the
formation of the thiyl radical species (C 43 wB.@aliclass la RNR). Gsad wbD U wi 1 O1 UEUIT E wE a
a diferric tyrosyl radical cofactor Y 1223 O@E E U1 E wb O w UsedFigupel 14B).OieU O D U w
resulting Y1223 wD UwWE OwUOUUUE O 0 &udd db&EAdhysidl £°€, Rdipaded b D UT w
to 30 min in human or 10 min in mouse class la RNRs!6:3233The transient thiyl radical is
formed during each catalytic cycle by a long-range proton-coupled electron transfer
(PCET) over a distance of ~32 A¢from ¢ | w U&hdiNvblves 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 la RNR. (A) Crystal structure of the E. coliclass la¥Y| wUUEUODUwhkDHOT
catalytic, activity, and specificity site highlighted in dark colors. Image was obtained by overlaying PDB

structures 4R1R® and 3R1Rs. (B) Crystal structure of the E. coli¢p | wU U E U O B.@nd the diiforuc8ister

highlighted. PDB:5CK35. (C)Y' 1 ¢ | WwE OO x O1 R wE U U BB avith qetatyticallyuactifektesidues.

(D) Schematic representation of the diiron cofactor. (E) Docking model of the Y1 ¢ 1 wEOOx Ol RWEUUI OFE
compared to the cryo-EM structure .

Previous studies on E. coliclass la RNR demonstrated that the two subunits Y1 WwEOE wé | w
cannot be purified as a stable complex, and dissociation rate constantskaissoc 0f 704 100s?

were established.?#38 Although Y1 ¢ | wbUwi OUOI EwUUEOUDI OUQawUx OC
Ul 1l wEOOxOI BRWEDPUUOEDEUI UwEIi Ul U wlistuitirauehaibed OY 1 Ub w:
elusive for a long time, and understanding the reaction mechanism was puzzling.

(OUUI EEOQOWEWEOCEODPOT wOOETI OwOlOl wEwWI!I +t YWO#EwWY!Il ¢! w
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EOOxOI Ol OUEUPUaw Ol wYl wEOEwW ¢! whOOEDPYPEUEOwW EUaUU
experimental data.?® 26 years later, a double mutant (EY12dEs2Q-¢ | * YI AW EUOUT T Ow Ul 1
breakthrough, which forms along -OB YT EwY ! ¢ | wE OO x GH tRevatyGidttiond T U U wl OE E ¢
of a cryo-electron microscopy (cryo-EM) structure (seeFigure 1.4C).34Interestingly, this

structur e indicate s 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 15). Understanding these structural differences and their

mechanistic implications is currently under investigation .

active complex dissociated subunits  dATP-inactive complex
a2p2 a4p4

Figure 1.5: Schematic representation of allosteric regulation of E. coli class la RNR via ATP and dATP
binding . Y1 wbUwUT Opb O wb O wE OKigure &dépfediipom BEyBole @LAR @rid Kaihg etal 3

1.3.2. The puzzle of t he radical transfer pathway

The docking model and cryo -EM structure both propose a long distance of 35and 32 A
between Yizzand Cass respectively.2934 This represents an immense distance for a radical
transfer, as most biological systems showa separation of up to 14 A% between redox-
active cofactors. Therefore, it was postulated early that other aromatic amino acids, such
astyrosine 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 ofPCET steps#142H owever, 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 ( Yassand Wasin $2, Yzaand Y7o D O2)u Y
as possible candidates?

The location of Ysse on the flexible C-terminal tail, whose structure is unresolved,
complicates the determin ation of its role in the radical transport process. The distance
between Wisand Yz is estimated to be around 25 Abased on the docking model, which
implies the involvement of the absolute conserved residueYsss, position ed between Was
and Y7s.4t Activity assays showed that mutations at Ysss render the protein inactive. 4344
Participation of W 4s was suggested because of twoobservations. First, this residue is a
strictly conserved amino acid at the interface. Second, Wis was found to form an H -bond

6
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network with D 237 and H1s Was highly resemblesW a1 in cytochrome ¢ oxidase, which
forms a tryptophan radical intermediate during catalysis . WasY only offers residual
activity ; however, no direct evidence has beengiven for the participation of W ss in the
electron transfer of E. coli RNR until now .44 Furthermore, mutation experiments of
residues Yriand Yzsoto phenylalanine resulted in inactive enzymeshbut intact interaction
of the individual subunits. 46 These studies laid the first foundation for a mechanistic
hypothesis and so predicted a radical transfer reaction according to:

Y1223 Y [W4?] Y YaseD O wid l73f OYBa8Cazsin Y2.

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 s%).4” One strategy that in particular the Stubbe lab
extensively used to manipulate the se 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 yearsto circumvent these limitations is the
utilization of unnatural amino acids, also called non-canonical amino acids (NCAAS),
extending the genetic code and thus provid ing new physiochemical properties and
experimental possibilities. 450 Over many years, the Stubbe lab hasdemonstrated
numerous examples on E. coliclass la RNRin which each of the involved pathway
residues wassite-specifically replaced with unnatural tyrosyl-analogswith altered pKas
or reduction potentials. Redox potentials are stated in relation to tyrosine with the
reaction Y Y 8 3 wrHttuIA 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. 35 Below are selected exampleswhere the application of UAAs hasled to
remarkable progressin elucidating the PCET mechanismin E. coliclass la RNR.
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Figure 1.6: Overview of UAA usage in RNR. (A) UAAs incorporated into E. coliclass la RNR. (B)Current
state of amino acidsinvolved in the PCET reaction, substituted by UAAs. As the role of Wasis unclear, it is
shown in gray. Footnotes ah specify respective references. Please notahat the indicated literature is
incomplete as only one example is given per UAA for clarity: a 5, b2, c53, d%4, €%, %, g5/, and h%8, Figure
adapted from Minnihan etal#2

The first remarkable example of UAA application as a radical trap in RNR concerns the
role of Ysse. Using expressed protein ligation (EPL), Yssswas replaced with DOPA ( Figure
1.6, UAA 2), which possesses a peak potentialE, of 260 mV lower than tyrosine at pH 7
but with comparable p Kas5 This mutation results in a catalytically inactive protein. The
reaction of YaseDOPA-¢ Iwith wt -Y2 together with substrate and effector was monitored
by stopped flow (SF) UV-Vis and electron paramagnetic resonance (EPR) spectroscopy.
These experiments revealed a 506 reduction of Y12} and subsequent generation of
DOPAss3 in equal amounts.33 Although the se studies proved that Y sss must play a key
role in the PCET, it was not understood at that time why only 50% of the primary Yaiza}
was consumed. In the absence of wtY2 or nucleotides, no DOPAsss} wbP EUwWOEUI UYI E
implying that nucleotides are required to initiate the radical transfer process. Kinetics of
DOPAzssd wi O U GreveadrBultiple phases, provid ing first information about rate
constants for conformational changes. In the same year, findings of FnYsss mutation
experiments were published, suggesting the application of th ese tyrosine analogs to
change therate-determining step from a physical one to the radical propagation step by
tuning the reduction potential of Y sse} via FnYs3960 Differential pulsed voltammetry
experiments of N-acetyl and C-amide protected FnYs unveiled peak potentials ranging
from -50 to +270 mV relative towt-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 fluori ne
atoms on the phenol ring and modifying its position ,the pKaand 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 estimatesrelative 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 .52 The pKavalues of NH2Y and Y are nearly identical.42 This UAA
was incorporated at positions 730 and 731employing the in vivo nonsense suppression
method (details in Section 1.4) sincethe larger UBD a1l wOi wUT I wYwWUUEUODPUWEO
the residues within the protein impede EPL.5562 Upon the reaction of NH 2Y-Y Is with
wt-p | wbOwUT T wx Uant ATO Fainewl) Emetgity EPR signal was assigned to
NH 28 3 Accordingly , NH 2Y actsas 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 2Y relative to Y is insufficient to shut down the
radical transfer entirely .425455However, later experiments showed that catalytic activity
of NH 2Y-RNR mutantsis quite unlikely asthe UAA acts as a deep thermodynamic trap
The residual activity could be attributed to tyrosines mis-incorporated in place of the
UAA. 63 X-ray structures of YzsoNH:2Y-Y | w E GsflHI28-Y | indicate only minimal
structural changes relative to the wild -type enzyme with unusual stacked conformations
of Yzsoand Yza.5 Interestingly, a flipped conformation of Y 7z was seen inY7soNH 2Y-Y Is
structure, which at this time was considered provocative as it assumed a not yet
confirmed dynamic flexibility at the Y V¢ linterface.

These examplesimpressively 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., NH 28 3 tlvn tuzs on a min ute scale)*?
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1.3.4. EPR measurements prove an U B 2complex assembly

The formation of stable radical intermediates in E. coliRNR opened the path for in-depth
analysis via advanced EPR methods Because of itsgwo or nonezradical 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. coliclass
la RNR. First experiments of wt-¢ | ramarkably demonstrated the power of this
technique by establishing a distance of 3.31+ 02 nm between the Yi2a3-Yi22} w x i& Hé)
¢2 dimer %4 which became a milestone of all current research. As the generation of
DOPAss3, NH 2Y7313, and NH 2Y7s03 resulted in 50% residual Y1223, a diagonal distance
between Y1223 and the other residues was measured next.®s Especially for DOPA ss6 these
data provide d the first structural constraint for Ysssin the active Y kb |complex, whose
location has so far remained unpredictable. The diagonal distancesmeasured across the
Y Ip | interface for Yi223-NH Y733 and Yi2a3-NH 2Y7a13 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 EPRbased distance measurements
supported a long-range radical transfer mechanism.

Y?:ao
Q(é:.':":l You
b‘"“\.‘;bo®
<F -

Figure 1.8: Distances between redox-active amino acids in E. coli class la RNR. Diagonal distances
between redox-active amino acids in E. coliRNR, either predicted by the docking model (A) or obtained by
DEER measurements (B)as shown by Seyedsayamdostet al® Residuesare only labeled in one subunit for
clarity. As the position of Ysssis 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 becovered for Cssad wi O U Caladd B OO
substrate reduction was later provided by distance measurements using an inhibiting
2zazido-2zdeoxynucleotide NsNDP (shown in Figure 1.9 as1b) that forms along-lived
nitrogen -centered radical - 3 urignre 1.9 as 7), covalently bound to C2s and the
nucleotide in the active site of Y2.5667Due to protein's half-site reactivity, radical transfer
initially occur s D 0T B O wE w U bstdppéd byuthfepinhibitérd The reaction results in
one - 3 formed per Y| ¢dnd one remaining Yi2a3. 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+ 0.1nm between Y1223 and N3, consistent with the docking
model.s¢ The absence of @ N3-N3 distance highlights the inability of Y| ¢tb be
catalytically active on both sites simultaneously.

C439
A L L 5
PPO PPO H,0 PPO

CdEB
B é éH éH
L]
N?
PPO base PPO base PPO base
° L — i
O H - o H ° Ho H
- 5 Y/ N
H NJ H e} H 441 H oN H
1b 4 HN, \ 7
O._ _NH
Y Yy oy I S
| | |
C462 C225 N43?

Figure 1.9: E. coli class laRNR reaction mechanism. (A) Schematic representation of the reaction catalyzed

by E. coliRNR in the active site of Y2in the presence of nucleotide 1a. The reaction precedes via intermediates

2-5, resulting in the deoxynucleotide 6. (B) Proposed reaction sci 1 O w Ux OO w ED&EBIGI w O wl z
deoxynucleotide 1b. Nitrogen atoms of 1b are shown in green. First, the intermediate 4 is formed according

to the schemepresentedin (A), followed by the formation of 7, stated- 3 8 w# 1 UEDOU wOIi wUT 1 wUl EEUD
were discussed by Fritscher et al®®

In addition to the fact that all these experiments support UT 1 wEUUUOxUDOOw OI
complex arrangement, they also provided information about the thermodynamic

landscape of radical transfer. Potentials of Y122 < Yass < Y7a1 @ wsBA wasincrease, driven

by the irreversible loss of H20 during nuc leotide reduction. 425658With this knowledge at

hand, particularly FnYs with their a bility to precisely tune pKa values and the redox

11



Class la ribonucleotide reductase

potential were implemented to manipulate the rate -limiting steps during the PCET
pathway. FnYs incorporation thus allowed investigation of otherwise reactive
intermediates. Especially the usage of 2,3,57Y has been demonstrated as auseful
radical trap during the PCET pathway. 5670 If incorporated at position 122, the stable
FsY122} is generated with a characteristic EPR lineshape, whichis 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-Yi223, the radical is trapped during the reverse radical transfer at
position 356 (Figure 1.10A). This method of trapping Y 3ss} allows spectroscopic
characterization of the intermediate without the need to introduce specific tyrosine
analogs at position 356. Furthermore, Yass3 wbP EUwl 1 O1 UEUI E wEYzpl Tl wUI EEUE

reverse radical transfer, these mutants allowed Yase3 wi OUOE UD (hé doriwddd) ® &1 w 0
radical transfer (Figure 1.10B).

A
PPQO base
i o~
C
F3Y122' Y731 Y730 439 ( HO OH
Y
356
AE — PPO j/ base
O ©
HO
B a
y
forward and reverse radical transfer
B
i
N F Y. C439
F3Y122 731 730
356
AE

forward radical transfer

A

L
>

Figure 1.10: Estimated relative reduction potentials of residues involved in the radical transfer

mechanism. Mutations are highlighted in black boxes. Introduction of F sY122into ¢ | WEOOOPUWOUEx xDOT wEUUBE
the reverse radical transfer (A), whereas the additional mutation Y 72%w D Ow VYl wEOOEOUwWUT 1 wi OGUPEUE
transfer (B). Both pathways result in the trapping of Y 3se3 8

Multi -frequency EPR investigations up to 263 GHz allowed accurate resolution of g- and
hyperfine coupling values of Ysse3. All trapped radical intermediates revealed shifted g«
values withregard UQ wOUT 1 U wO O O PHe deBedminediyl of 2@ & as Pone of

12
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the lowest g« values reported so far?’. As a comparison, Yiz2} tas a g« 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 Ysse3 forms (at least) one moderate H-bond arising from a cluster of water
molecules involved in the PCET reaction.”72 Furthermore, the radical intermediate s
generated via different mutants revealed different gx values. Yass} cpbY®) and
Y3563 p8F-Y2) both showed the described gx value of 2.00619.In contrast, Ysse3 qp8F-Y2)
showed a secondresolved gx value at 2.00720, indicatingthe presence of aradical species
in a distinct local environment . It was concluded that the presenceof the distinct species
depends on the ability to communicate between residues Ysssand Yzs1via H-bonds across
the subunit interface. These studies demonstraed the importance of structured water
molecules for the radical transfer mechanism in E. coliclass la RNR.

Another issue that EPR helped to clarify was the flipped conformation of Y7a
predicted from the crystal structure. DEER studies on the NH 2Y7s/RsuA-Y | double
mutant unmasked the first experimental evidence for a Y 731 conformer flipped towards
the Y I'¢ linterface.” Two distinct distances of 3.9 and 3.5 nm were detected for the Yiz23-
NH:2Y73 w x EDUOw b O E b edn héaprTawstatked @nad & flipped conformation
relative to Yzzo. However, the shorter distance could only be obtained in the presence of
the additional R:uA mutation. Orientation -selective F ENDOR measurements
performed at Y ¥ ¢ w x E BEFYw- @2 with either 2,3,5FsY122¢ | or Es2Q/FsY122$2
allowed determination of the interspin distance and orientation be tween Ysse} WE OE wUT 1 w
19F atoms of RY73.74In both cases,presenceof a flipped Y 7s1conformation was confirmed,
suggesing 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 Y7z, while the following transfer to Y 730 requires a conformational
changeasthis transfer occurs in the stacked conformation of Yz3/Y730.74 The combination
of these examples with numerous other studies eventually led to the current model of
PCET mechanism inE. coliclass la RNR, agepresentedin Figure 1.11

13
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Figure 1.11: Current model of the radical transfer pathway in E. coli class la RNR, including redox -active
amino acids Y122, Ysse Y731, Y730, and Case. Wagin ¢ |is believed to donate an electron during the cofactor
assembly reaction and is therefore indicated in brackets. Yza1 was shown to adopt two different
conformations, depicted in grey each Y1223 is separated by about 32  from the active site, according to the
latest cryo-EM structure .34

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. 57 The
introduction of UAAs can be performed via expressed protein ligation or, more
commonly, via the nonsense-codon suppressa tRNA method. 77 EPL is based on intein
mediated self-splicing of the product. 7 The latter method does not require splicing but
two key component s of the protein synthetic machinery (Figure 1.12).49.50

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. ForE. coli
and yeast, the amber gop 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 usagewas 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). ®
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Figure 1.12: Unnatural amino acid incorporation th rough 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. colicdls. Cells aregrown
in UAA -containing medium. RSloads the tRNA with the respective UAA (yellow star). The ribosome (grey)
recognizesthe nonsense codon within the mRNA of the gene of interestand uses the charged tRNA to site-
specifically incorporate the unnatural amino acid into the nascentprotein 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. ForE. colj the first orthogonal tRNA -synthetase pair was
derived from an archaeal tyrosy |-tRNA synthetase pair from Methanococcus jannaschiic®
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.8! 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 antibioti c. 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 testedfor selection in E. coli When the selected tRNA is aminoacylated by
endogenous E. colisynthetases the amber codon is suppressed, and the toxic product
barnaseleads 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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Radical distribution and half -sites reactivity in E. coli RNR

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
purific ation.

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. coliclass laRNR. The first point concerns the radical distribution of

ways. Either, this involves the addition of ferrous ammonium sulfate and sodium

ascorbate to the celifree extractpriorto ¢ Ix UUDI DE EUD O O Galsg b putifiedE EOwéd | wE E C
in the apo form, and subsequently, the cofactor can be selfassembledby treatment with

ferrous ammonium sulfate and O:. In both cases, he optimized processresults in 3.6

Felv ¢ | wE OE w hidhé nea8oh wiy | mdxamum loading is not reached, namely 4

Fe'v ¢ | wEOE w! w8 Ihiddeh .Grar Bal:16-¢ Papdipwrification and subsequent

cofactor yielded ca. 0.8 8 3 ¥ % Mdhitoring the r eaction of FeYz2¢p | wb D ¥y b U

rapid freeze-quench (RFQ) EPRunraveled, that 50% of the initial Fs8 3 wa$converted to

Yased, regardless of the radical yield usedin the sample. These results provided evidence

[ OUWEwWws UpOwOUwdOOO! 7z wi EBilbbni & GucdlilRNREUTRIEDdB OO WD OwUT 1
sample with a radical yield of 1.2 8 3 ¥ @dnsists of 60% active ¢ | dimers and 40%

inactive ones. (Figure 1.13). Consequently, dimers with only one radical do not exist . For

FsY122, 40% active and 60% inactiveonesare presentreversely.
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Figure 1.13: Two or none radical distribution in  E. coli class la RNR. Accordingly, wt -¢ lwith lué | w8 3 v ¢ |
consists of 60%active and 40%inactive dimers.

The second observation concernsRNR's reaction mechanism. All experimental results,
such as those obtainedby radical traps or NsUDP, indicate that only one of the two
possible Y1223 U uyB Gui w WimiEtahEoUsly . 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 YI w EQEw ¢ w xEPUUwW OOw i OUOw Ew Uadd
Conformational gating then leads to an asymmetric structure in which o nly one Y ¥ gair

initiates the catalysis, here termed Y z w E O Eiguré 2.14)qpAfter reverse PCET and

product release, conformational changes enable the secondY ¥ gair to start the radical

transfer and hencethe second turnover. Such a processresults in 2 ANDPs/Y'| 6 w6 1T DOI w¢ |
returns to its original state containing two Y1223 Uthe alpha subunit is consumed since

residues Czs and Cass2 have been oxidized to form a disulfide bond. 884 Czsa and Crsg,

located on the C-Ul UOD OE Ouw &lEip eredidiian ¥flthe active site disulfide. 47

Afterward , it is suggested that the individual subunits dissociate and reassociate

followed by a third and fourth turnover. In  the absence of anendogenous reduction

agent, a maximum of 4 dNDPs per Y2 canthus be formed during a complete turnover.

A detailed overview of the individual reaction steps and their kinetics is given by
Ravichandran et al3” The occurrence of an asymmetric reactionprocessin contrast to a
symmetrical Y | ¢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 support s this asymmetric behavior by its asymmetric structure .34
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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 b D UT D O wE w U b §F @ E¢@,Fatlopved >b¥ dEphformational changes and
product release (first turnover). Subsequently, thesecondY ¥ ¢ wx E P U the datalysi®(Eedodduurnover).
Figure adapted from Kang et al3*
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1.6. The diiron cofactor assembly

Apart from the regulation maintained by YK ¢ K wE OO x Ol fatail lddtubderstdnd O
regulatory machinery is the metallocofactor assembly in ribonucleotide reductase.
Correlations between 8 3 w O1 Y1 OU w E O E w wettGduihdDf@r usacéharémyded) a
cerevisia€S. cerevisigeand E. coli RNR, both class la enzymes® In E. coli the essential
cofactor can beobtained 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, RFQEPR, and RFQ Md&sshauer
spectroscopy. These studies revealedthat an extra electron is required for the four -
electron reduction of Oz, along with the three electrons resulting from the oxidation of
Yizzand 2 Fe's. 8688

Yiz+2 Fé' + 02+ H* + e Y Y23 uRuO?-Fe!' +H-0. (1.2)

The missing reducing equivalent can be provided by another Fe' atom, resulting in
3 equivalents of F€' needed to yield one mole of Yiz2}. In practice, a maximum iron
loading efficiency of 3.2 ¢ 3.6 Fév ¢ | wbUwUI EET | EanEthusitbd Beloux UOET UU
equivalents Fe'/apo-¢ | has beenestablished for a successful radical formatio n.8¢ The
diiron cofactor is coordinated by f our carboxylate and two histidine ligands , buried
inside the protein , and thus protected from solvent .8° Yet, an internal hydrophobic cavity
and an open coordination site propose possible access forOz. The oxygen is rapidly
added to the FE'Fe' center, resulting in a short-lived p-peroxo-Fe'Fe! intermediate. 9091
The solvent-accessible typtophan Was helps to cleave the peroxide unit by providing an
electron, forming aWat3 wE GFEViEe® center, entitled intermediate X.92% This transient
high -oxidation state intermediate X is formed with a rate constant of 8 st and degrades
with a rate constant of 1 st according to kinetic analysis.® The rate constant for the
decomposition of X is in the same range as theone for Y122} wi O U OWHIDWD).BBisi
rapidly reduced by an external reductant (Fe", ascorbate, thiols) X is converted to the
4-oxo-Fe''Fe' cofactor, oxidizing the adjacenttyrosine to Yiza3 0

Free Fé is most likely not the additional electron donor inside living cells since Fé'
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 inE. coliwhich is supposed to be involved in the
metallocofactor biosynthetic or maintenance pathway in vivo.

Furthermore, the two iron binding sites within a single ¢ monomer exhibit different
binding affinities. The Fes site, which is 8.3 A away from Y12, has an approximately
5-fold higher binding affinity for Fe ' than the Fex site, located 5.3 A away from Y 122,997
However, the Fé'Fe" center is inaccessible for EPR spectroscopy due to strong
antiferromagnetic exchange coupling between the two metal sites?® In order to
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investigate the cofactor formation via EPR spectroscopy, Mn" was chosen as a
paramagnetic substituent for Fe", which has also been Bown to bind to the protein metal
binding sites with a similar ligand environment 9219 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 sitesOl wUT I w¢ | wE B Ol phiowtb Eel loe@ikgPiIiJ Y1 E w
the next step, the Fe sites become metalloaded sothat binding of 4 Mn 'y ¢i$ achieved.
In the second model, where 5% glycerol was used, one Fes binding site on one side of
the dimer (¢) is first occupied by Mn'!, followed by the Fea site in the same dimer half.
The other half of the dimer (¢u) remained metal-free, reaching a maximum of 2 Mn /¢ |
In both cases, manganesdoaded subunits were unable to form Yi223. 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 ¢u.%0.100
Details of the metal binding mechanism and its mechanistic implications, also with
regard to activity regulation, are still unc ertain.

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!otFirst attempts to identify the free radical's nature in E. coliRNR were carried
out in the E. coli strain KK546, allowing overproduction of the target protein with

subsequent EPR characterizationt?2103 The use of [p,¢-2H]tyrosine 102 and uniformly

labeled 13C-tyrosine!®® allowed to identify a tyrosine residue located in ¢2 being
responsible for the protein's characteristic EPR spectrum, which provid ed the first steps
toward simulations and interpretations of the radical species.

The class la radical issomewhat 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 Y1223 leads to the inactive met-¢2,
with the diferric cluster being present but Y 122being 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. cerevisiaand E. colicells and crude cell
extracts 85101 Strikingly, the two organisms showed different characteristics. While for S.
subunit, E.colil 3T PEDUI EwWUUEUUODPET pOOI UUPEWUEEDPEEOQwaDI
were observedin E. coli(max. 0.258 34y, 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 28 3¢2 and 4 Feb2. These findings suggest a
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regulatory mechanism in E. colj which might Ul E U E [evei8ahd downregulate RNR
activity if needed and vice versa.ln contrast, results of S. cerevisiamdicated that diferric

8 3Jcofactor 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 diferent cofactor distributi on. While in E. coli the active

1 0aa Ol wbUwi OUOI E wE a sudeievisia®NR@ 6 &idis Ofithd e tenadimeiz w
¢ ¢9+8 Compared to ¢, three of the six amino acids involved in iron binding are
mutated D Ogurésulting in a maximum of 1 8 3¢v$.8z1% Possible mnnections 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 vivo), 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. coliRNR, which represents a paradigm for class la enzymes,
including the human one. The E. coliprotein 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 RNRresearch
especially with regard to in -cell studies, and seeksto 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. coliRNR inside living cells.

Chapter overview
First, the basic theoretical principles and methodologies of EPR spectroscopy are
discussead 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. coliRNR. 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 Yiza} wil E Y I
presented earlier, %103 yet a detailed spectroscopic EPR characterization is missing
Therefore, multi -frequency EPR and ENDOR spectroscopyare employed in this work to

probe the structure and electrostatic environment of Y1223 8 w%UUU0UT 1 UOOUWT OwodUD
selective DEER distance measurementsare utilized to examine Yi223-Yi2} wx EPU U WD Ow U1

cell and to conclude on ¢ linucell structure. Moreover, thesestudies 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 hasonly 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 resultsrevealed 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 outline s the development of a new, rigid spin label suited for in -cell
EDUUEOEI woOl EUUUI Oi OUE @aliRNRIisuhereby tsedeay @ atlel, O w
although this spin label can be introduced in all other existing proteins. First, the dimeric
¢ Irequires only one labeling site per subunit, and second the expected distance between
a Yi12> Y122 pair has beenthoroughly described in Chapter 3, which makes this protein a
suitable candidate asa model system.

In Chapter 6, E. coliRNR is investigated under high pressures up to 4 kbar by using
a home-built high -pressure EPR setup. Pressure can be usetb convert native to excited
conformational states in protein structures. The aim is thus to artificially induce
structural intermediate stat es 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 provide s 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 Csod- inside a
molecular coordination cage. Subsequently, the formed radical speciesis analyzed by X-
band cw-EPR, and its lifetime is determined. The EPRresults 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 sequencesAs 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 me ntioned 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 radi@ls or certain transition metal ions. This technique has
beenwidely used for elucidating the structure and function of biomolecules, particularly
proteins. In EPR, the resonant absorption of electromagnetic radiation by the
paramagnetic centeris measured in the presence of an external magnetic field.Different
techniques, such ascontinuous wave (cw) EPR(seeSection2.3) 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 (Section2.4.4).

2.1. 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 H, via the electron gyromagnetic ratio [

H 1. (2.1)

The gyromagnetic ratio is thus a proportional ity factor and can be further expressed by
the g-value of a free electron (Q = 2.002319315%", the Bohr magneton * , and the
reduced Planck constanto  "Q¢“ as

*Vectors and matrices are indicatedin bold within this thesis.
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(2.2)

The spin state of an electron is described by two quantum numbers: the spin quantum
number Y and the magnetic spin quantum number & . For one unpaired electron, “Y

equals1/2and & can takethe values of +1/2.If an external magnetic field | e

E OU D x E Usia@)Qd tiunampetic field. The zcomponent of the spin vector Y can
thus be described as

Y a9 (2.3)
and the magnetic moment takestwo discrete values

‘ aos -Q . (2.4)

=y

The energy O of the spin states is given by
(6] “h0 Q" a 6. (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 ofd leads to a splitting of the

two states, the so-called electron Zeemansplitting (Figure 2.1). The energylevels of these
two spin states with the electron spin aligned parallel (& = +1/2) or antiparallel
(@ =NL/2) in respect to the magnetic field, also called spin upz and Fowngz are
described by

o -0 b (2.6)
o -0 6. .7

The Boltzmann distribution describes the ratio of the number of spins U populating each
energy level with "Q as Boltzmann constant and“Yas absolute temperature

— Q Q . (2.8)

Transitions between the YWE OE w¢ wUUE U1 U wédetdmegnetio Badiddidhinl E wE a w
the microwave range, whose oscillating magnetic component || is oriented
perpendicular to || . Therefore, the energy quantum of the radiation must match the

resonance condition
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YO © O O "Q 6. (2.9)

la>
my=+1/2

B>
my=-1/2
U ' L—» B, (mT)
0100 1000 4000
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Figure 2.1: Electron Zeeman splitting of the energy levels of an electron spin with  S=1/2in 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 resonanc e condition. Frequency bands commonly used in EPR
spectrometers are shown with the corresponding frequency and magnetic field values Figure adapted from
Junk et alio8

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 operat 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 shigh-frequencyz'®® As demonstrated by equation 2.8,
an increasing magnetic field causes an increase in population difference between the two
spin states and thus enhancesEPR 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 asseparate
terms in the spin Hamiltonian = with

= = = = = = = = (210)
and = describing the electron Zeeman interaction, = the nuclear Zeeman
interaction, =  the hyperfine coupling, = the exchange coupling, = the dipole-
dipole coupling, = the nuclear spin quadrupole interaction, and = the zero-field
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splitting. 11°The description of these interactionsis 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.

2.2.1. 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 (2.11)

using the external magnetic field operator || (the circumflex will be omitted hereafter)
and the magnetic moment operator H.1*1 The superscript T indicates the transposition of
a matrix or a vector. Insertion of equation s 2.1 and 2.2 results in

= =1 H (212

for the electron Zeeman interaction with || 6 B R ] isthe gtensor and the
electron spin operator {| { R| A| . 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 ge and becomes anisotropic.The
g-tensor is assumed symmetric and can bedescribed by three principal values gx, gy, and
g.. For isotropic systems, the principal values are equal (gx =gy = g-). Axial symmetry is
characterized by g« =gy /&g, whereas for rhombic symmetry all three principal values
are distinct (g« Aoy A). 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 "Q

M -0 0 Q. (.19

2.2.2. Nuclear Zeeman inter action

The nuclear Zeeman interaction is the analog of the electron Zeeman interaction but, in
this case defines the interaction of the nuclear spin kwith | . Similar to equation 2.12,
it is described by:

- <k (214

o)
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where * denotes the nuclear magneton and "Q 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

Someof the most informati ve parameters in EPR spectroscopyare hyperfine couplings .
This effect is found when the electron spin is in proximity to a nucleus with a nuclear
spin number "C> 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 ks given by

= { Ak (2.15

‘Ais 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 :112

A . (2.16)

The element is the unit matrix. The isotropic part & 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 nonzero.
Thew is given by

O =0 Qs ms (2.17)

with the vacuum permeability * and the electron wave function i .s Tms isthe
probability density of the electron density located at the nucleus (  1).123 As shown for

"Q in equation 2.13 & can be obtained accordingly:
® -0 0 0 . (2.19

Orientation -dependent electron-nuclear dipole -dipole coupling s of electrons residing in
p, d, and f orbitals are considered in the dipolar coupling tensor 1. For isotropic electron
Zeeman interactions f is defined by
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Q0 o . (2.19)

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

The presence of nuclear spins with‘C> 0 leads to a splitting of the detected spectral
lines. For & nuclei with spins "Othe number of allowed EPR transitions 0 isii4

0 5) ¢O p. (2.20

Thus, for an exemplary system with S=1/2and | =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 ( Section2.2.6 are usually treated collectively, weakly coupled spins are usually
viewed as individual spins S and S. 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 <0.8nm),
exchange coupling is predominant, whereas at longer distances (r > 1.5 nm), dipole -
dipole coupling prevails.115 Exchange couplings can be observedif the orbitals of the two
spins overlap to a significant extent. The Heisenberg exchange coupling is defined by

= cof| | (2.21)

with the isotropic exchange interaction 0.116 It must be noted that various forms of this
mathematical description circulate in the literature. In the formalism selected here
negative values for bcorrespond to antiferromagnetic coupling, meaning the lowest total
spin state is energdically favored . In contrast, positive values indicate that the highest
total spin state is energetically favored, hencethe coupling is ferromagnetic.

However, dipole-dipole interactions are the focus of this work, which are
characterized by the dipole-dipole coupling tensor At

= 4™ —=ee {1 A (2.22)
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Here, »is the inter-spin vector connecting two magnetic dipoles (Figure 2.2), i its
distance, and "Q and "Q the g-values of the two spins. = is often also expressed as
follows :

- ——Q0Q 6 6 6 O 0 "ome (2.23

The operators 0 - "Oare used to descibethe 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 statesis large compared to the dipolar coupling
between the electron spins and g-anisotropy is neglected, only 6 must be
considered.119120Then the equation simplifies to:

- 1 p dAl &4 (2.29)

with the dipolar coupling constant]

— (2.25)

The angle between the static magnetic field || and the interspin vector connecting the
coupled electron spins is represented by —(Figure 2.2). Since the dipolar coupling
frequency is proportional to i , the distance between the coupled spins can be resolved
with corresponding spectroscopic methods .12

M,

”1T/e
r

Figure 2.2: Dipole -dipole interaction. Interaction between two spins S and S, with their respective
magnetic moment H and H, , connected by the interspin distance vector » Dipoles are aligned along the
external magnetic field | 8Figure adapted from Borbat et ali2

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 .16 The Hamiltonian of this interaction can be
described using

= EEk (2.26)

The nuclear quadrupole tensor “Eis defined by

E 0 - p — , (2.27)

where Qis the elemental charge,n is the charge of the nucleus and— the asymmetry
parameter

- (2.29)

which can take values between 0 and 1with the ordering convention s 9 s 9 s
NQIs are usually not resolved in cw experiments, as all EPR transitions are shifted
equally due to first order of perturbation (Figure 2.3). Secondorder effects such asa shift
of resonance lines and the appearance of forbilden 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.

mo=+12 7 =g

mg=-2 B

Electron  Nuclear Hyperfine  Nuclear
Zeeman Zeeman  Coupling Quadrupole
Interaction

Figure 2.3: Nuclear quadrupole interaction. Energy level diagram for a system with S=1/2and | =1in the
strong coupling case (|A/2] >|3)|) with Q > 0and ¢= 0. Allowed EPR transitions gpms=p huwE @ E Q) are
marked with blue lines. Figure adapted from Goldfarb et al and Colligiani .116.123
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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.2* As the
name implies, zero-field splitting is also presentin the absence ofan external magnetic
field. Its Hamiltonian can be written as

= i A (2.29

containing the zero-field splitting tensor "Awith its principal values ‘0,0 , and’O where
Os OO0 . Parameters O and O are defined as the axial and transversal
components, respectively:

o —, (2.30)
0o —. (231

The Hamiltonian can be represented in the principal axis system of A:
= oY -YY p oY Y. (2.32

Note that for axial symmetry along the z-axis O and ‘O are equal so that O /0 and
0= 0 whereas for rhombic symmetry both O FwY DR walid .

2.3. Cw-EPR

Two mechanistically distinct types of experiments can be performed to record an EPR
spectrum: cw- or pulse EPR (described in Section2.4), with the former usually being the

simplest possible experiment. In cw EPR, a sample is continuously irradiated by mw

power. Its frequency 3w is kept constant while the external magnetic field || 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 hasthe form of a rectangular or cylindrical cavity.2¢ At the center of a
rectangular cavity designed for the TEiwz mode, the amplitude of the magnetic
component of the mw field exhibits a maximum, whereas the electric componenthas a
local minimum at this position. 11 The coupling of the cavity can be adjusted bythe 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
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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, measuredas 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.1¢ An
appropriate choice of the field modulation amplitude &  needs to be considered.6
may not exceed the peakto-peak amplitude of the EPR signal 30 , becauseotherwise,
line broadening takes place, and spectral information will get lost. For accurate
measurements, choosing 6 of at leastone third of 30 is recommended.

2.4, 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 relaxationimes,
small hyperfine couplings , or inter molecular 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 4 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 | ninfd |, the magnetic moment is either aligned parallel
or antiparallel to || . 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 0 is observed parallel to the z-axis. However,
precessesalong the z-axis of the laboratory frame with the Lamor frequency 1

1 —0 ro. (2.33
The introduction of an mw pulse generates an additional magnetic field component || :
perpendicular to || , and causes ! to undergo a supplementary precession,

complicating its description. This problem is simplified by introduc ing the rotating
frame formalism, which rotates around the z -axis of the laboratory frame with 7 . When
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a suitable microwave pulse is applied, the only precession in the rotating frame is
observed along the || -direction with the Rabi frequency]

1 —0 . (2.34)
The pulse turning angle —-also calledflip angle ,*27is described by
— 1 0. (2.35)

This description clearly demonstrates that the flip angle is proportional to the mw pulse
length o .

Typically, the transverse magnetization is measured in a pulse EPRexperiment 116
The most straightforward pulsed EPR experimentis based on a singlew2 pulse, which,
by definition, rotates the magnetization by 90° to the Ny-direction , assuming || 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 T:
relaxation time (Section2.4.2. Meanwhile, t he magnetization vector will precess around
the z-axis, causingoscillations of thed and 0 components, which can bemonitored as
free induction decay (FID). Additionally, to the described spin -lattice relaxation, the
transverse magnetization dephases due tospin-spin relaxation, characterized by the T:
relaxation time (Section 2.4.2. However, recording the FID is often not the best
experimental choice due to the dead time of the spedrometer which is around 100 ns.115
After high-power pulses, the power levels are too high to open the sensitive receiver.
Most EPR lines are irhomogeneously broadened, leading to a fast decay of the resulting
FID, shorter than the dead time, so that the FID is not observable!!s This problem can be
solved by applying a second pulse, described in the next chapter.

2.4.1. The Hahn echo experiment

The Hahn echo sequence is a twepulse electron spin echo (ESE)experiment where the
dephasing of the spin packets can bepartially reversed by adding a wj pulse after the
initial w2 pulse (Figure 2.4) and was first described by Erwin Hahn 126 The time between
thesetwo pulses is denoted as3g. Thus, an echois observed afteraE1 OEa wUDO1 wOI wl g
the first w2 pulse, the spin packets dephaseE U U B Belcawseof the distribution of their
Lamor frequencies. The wpulse causes a rotation of the spin packets by 180° around the
x-axissoU T E U wEdll pin Packets are refocused at the yaxis, 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 fra me is shown at the corresponding time
points. Figure adapted from Goldfarb et all16

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
processis characterized by T1, and the second via Tz, while Tz is usually much shorter
than Ti. During T, the spins disperse their energy into the lattice, i.e., the surrounding s,
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 Ew UBDO1T Ol wwwxUOU
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 beimplement ed to obtain T: times.

Dephasing of the spins takes placedue to spin-exchange mechanisns, e.g, spin flip -

lwi PUUOW

flops (one spin changesi U O Owu(atdte, PT DOT WEOOUT 1 UwUxDOWET EOT T Uwli
The relaxation time can be measured by a modified Hahn echo experimentin which 3 wB U w

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 T, includes contributions from Ti
and many other processes, such as instantaneous diffusionand nuclear spin diffusion .
The influence of the instantaneous diffusion is, among other things, given by local spin

34



Theoretical background - Chapter 2

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 extendedfor an experiment, deuteration of a
sample can help since?H has a smaller magnetic momentthan *H, which further reduces
the dipole -dipole interaction and thus increases Tm.'16 Deuteration is regularly used in
dipolar spectroscopy since the possible length of a DEER trace depend on T:
relaxation .13t

/2 TT tho

[ ST 1 A

Y
4

Figure 2.5: 2PESEEM pulse sequence. Integrated echo is measured asail UOE UD OO w Hi daphel Ow s 6 w
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 i can becalculated from the relaxation times
by116,126

(N (2.36)

For i <1, the amplitude of the cw -EPR signal decreasesand 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 aLorentzian function and its linewidth Y8 is correlated to T2 via

< J— (2.37)

2.4.3. Double electron -electron resonance spectroscopy

A large part of th is 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 sequenceapplied at the scEEOOI EwWE|T Ul EeddwhithUeko@es onty Ehaseu 2

spins in resonance with 2, denoted as spins A. During the time g2, Ewwywx UOUT wE U w!
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second frequency, thepump frequency (2ump), is applied at a variable time t with respect
to the primary echo, which |ikewise excitesO U w s x $pidscitdresinance with the
pump frequency, referred to asspins B. This pulse flips the magnetization of the B spins
into the Nz-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 = following the primary echo ,EQOWEEEDUDPOOE OQwwwx UOUIT wbh
at the detect frequency to refocusthe magnetization. The refocused echogenerated in
this way appears with a delay of 9. 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 echointensity of spin A oscillateswith A 110 0:132

1 1 p oAl & (2.39)

The recorded signal V(t) is a product of intra - and intermolecular interactions: 133

o ©o  wo . (2.39)
A B
refocused h
primary echo
T2 I / echo T /
V(t) = F(HB(t)
Vd l l . /\ ( B =
et I 4 \U " N fig
T 1, T,

Vpump . > >
i

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 afterqpU DT | UAWEEEOT UOUOEWEOUUI EUPOOB w31 1 wC
parameter is indicated in blue.

Spins coupled with in one spin cluster (or molecule) are taken into account by @ 6 ,

whereas w 0 describes the contribution to the echo decayfrom homogeneously
distributed spins in the sample. In the case of a random spin distribution @ 0 takes
the form:

@O (JJAQDT(I):(‘), (2.40)

where | is the gyromagnetic ratio of the spins, _ the fraction of B-spins inverted by the
pump pulse, and wthe spin concentration in the sample.132134 Note that higher spin
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concentration leads to an increased® 0 . Because of these contributions, 0 needs
to be background corrected with the function 6 0, yielding the background -corrected
DEER trace "O0, or called form factor, with @ 0 "0006 0 (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. Contribution s from exchange coupling are neglected in this
assumption.132

The inversion efficiency _ depends on excitation bandwidth and flip angle. The
experimentally obtained modulation depth ¥ (seeFigure 2.6) can beapproximated by

v

Y p p _ , (2.41)
where 0 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 width s, the respective _ values
need to be regarded additionally. For a mixture of monomers, dimers, and higher
oligomers, the fraction of each oligomer w needs to be considered. Addition ally,
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 i :132

(2.42)

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 isreferred to Schiemannet al34

2.4.4. Electron -nuclear double resonance spectroscopy

Cw or ESE pulse experimentsprovide key information on a sample, such asg-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 EPRwith those of NMR

(Nuclear Magnetic Resonance spectroscopy. The two most frequently used pulse
ENDOR sequences are Davies ENDOR, derived from the inversion recovery sequerce,
and Mims ENDOR, derived from the stimulated echo sequence.115135136Mims sequence
is used for small hyperfine coupling values, whereas for larger ones (>3 MHz), Davies
ENDOR is the method of choice 137 As only the latter was utilized in this stud vy, this will
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be explained in more detail. In Davies ENDOR pulse sequence Figure 2.7A), a selective
mw uw pulse is applied first, which inverts the spin population of one allowed EPR
transition . This processis often referred to as ghole burnin gzinto the EPR line. Then, a
radiofrequency (rf) w 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=1/2and | =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 @& = NL/2 hold a higher population (black bar) than
a =+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
o LB,
; = ——
T
rf _—

lo3) rf rf off
lowoy ~ T T N - /resonance D

— \ — —-— \ 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 population s 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 arrow s. Figure
adapted from Tyryshkin et al38

The first microwave wpulse inverts only one of the two possible electron spin transitions
as it is transition-selective; in this case,g fito § f(dark blue), whereas theg fito g [
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 g fito § @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 f 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. T he spectrum is presented & 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 | = 1/2 the g-tensor and hyperfine
coupling are assumed isotropic (0 @ ). Then its Hamiltonian can be written as

e e L 243

The first termin this sum describes the electron Zeeman interaction, the second describes
the nuclear Zeeman interaction, and the third representsthe hyperfine interactions. The
corresponding energy levels of the individual spin states can be expressed by

04 Qa8 "Q ad b4 b . (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 0 (Figure 2.8B). As comparison, an
exemplary ENDOR spectrum isillustrated with the two detected nuclear spin transitions
split by 6 and centered around the nuclear Lamor frequency ' (Figure 2.8). Anisotropy
of ‘A can be resolved by performing several ENDOR experiments at distinct g-values.
These orientation-selective measurements @n 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| = 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) spectraare
illustrated schematically. Figure adapted from Cutsail et al3°
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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.4° 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),14%143
extending the possible application of EPR spectroscopy. SDSL canbe performed at
almost any sample, ranging from soluble molecules, e.g., proteins and nucleic acids, to
more insoluble membrane proteins. Most commonly, aspin label is attached to a cysteine
residue via a sulfhydryl -specific nitroxide reagent, whereas other accessible cysteines in
the sample that should not be labeled must be mutated, for instance, to alanine or
serine 140.144The most popular spin labelis methanethiosulfonate (MTSSL). Furthermore,
the nonsense suppression method or solid-phase peptide synthesiscan be used for spin
label introduction. As this thesis focuseson 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
o W o
Pmtem_/SH + B S (o] H

o} 0 o ~ Y,
| hé
Ches

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?41142The 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. 143147 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 samplesin frozen state show the broadest spectra. ThusSDSL-EPR
spectroscopy with nitroxides can be used to maiitor 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 peaks4¢ Based on the structure of MTSSL
different labels have been developed which differ , for example, in the linker groups such

as MTS4-oxyl or maleimide -functionalized compounds. 4® 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. 154153 The need
for a cysteine residue can thus be avoided by sitespecifically 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. 5415 One reasm nitroxide labeling is nevertheless a
popular tool for intracellular studies is the possibility of performing the EPR
measurements at room temperature 164163

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 measurementsin vitro and inside cells.164168 Different
complexes exhibit distinct advantages, such asreduced zero-field splitting or increased
phase memory time .16 The exemplarily shown Gd -DOTA -maleimide label (Figure 2.9B)
is often used due to its biocompatibility and suitability for cysteine labeling.1¢® 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 cellst’® However, azide-functionalized Gd -DOTA labels were
used successfully for this purpose. 17t

One example of using copper asa spin label is found in the double -histidine (dHis)
binding motif .172174 |n 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.1’2 The spin label can
be assembled intracellularly by adding Cu'-nitrilotriacetic acid (Cu"-NTA) 175 thus
avoiding the needfor 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. 176 Trityl radicals offer a harrow s pectral
width, which allows fo r a better signal-to-noise (§N) ratio than nitroxides and helps to
avoid orientation -selective measurements. Incell RIDME (Relaxation-Induced Dipolar
Modulation Enhancement) experiments have been reportedfor Fe"-trityl di stances in
cytochrome P450 CYP101, where Pé is present as an intrinsic paramagnetic center and
the trityl label conjugated via an engineered cysteine residue.”® Furthermore, trityl -trityl
DEER measurements werepresented in whole cells at cryogenic temperatures offering
high stability and sensitivity inside the cellular environment. 17#179 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 distancesand to enablein-cell room temperature measurements.!st

2.5.4. Light -activated spin labels

Light-activated spin labels cantheoretically be divided into two groups depending on
the activation mechanism. The first group consists of radicals generated by a chemical
reaction triggered by light. On e example is the PaNDA label (Photoactivatable Nitroxide
for inverse-electron-demand Diels-Alder reaction), which has a photoremovable
protection group. 82 Irradiation and subsequent oxidation initiate the formation of a
nitroxyl radi cal. This label is currently under development and first experiments indicate
that it can be a promising candidate for distance measurementsin vitro and in vivo.183
The second group of light-activated spin labels involves the formation of excited
triple t 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.18418f 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 suchas light -induced DEER (LIDEER),!8818 |aser-induced
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magnetic dipolar (LaserIMD) spectroscopy° or light-induced triplet -tripl et electron
resonance spectroscopy (LITTER)® Whereas the latter 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 betweenporphyrin sand nitroxide s are feasible!8#18°|n previous studies,
a model peptide was labeled with 5-(4-carboxyphenyl)-10,15,26triphenylporphyrin,
short TPP,representedin Figure 2.9D. The LIDEER sequence is related to thefour -pulse
DEER sequence but in this case the observed speciesmeaning the triplet state, is first
populated by a laser flashprior to the Hahn echo sequence Figure 2.10).18This, in turn,
leads to an oscillating DEER trace which is analy zed in the same way a typical DEER
experiment. Another appro ach for extracting distance information from triplet states by
light -induced dipolar spectroscopy is LaserIMD (Figure 2.10). Instead of changing the
dipol ar interaction with a microwave pump pulse during the echo sequence asin
LiDEER, the dipole -dipole coupling is intr oduced by triplet excitation via a laser pulse.
Temporal overlap s of the laser flash with the microwave pulses or the acquisition trig ger
are allowed, which permit s the acquisition of the primary echo rather than the ref ocused
echo, asusedin 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 beformed shortly before its measuremert.

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

Figure 2.10: LIDEER and LaserIMD pulse sequence. The pulse sequence ofa four -pulse DEER experiment
with an initial laser flash vyield s 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 al1%
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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. coliRibonucleotide Reductase Using Advanced EPR Spectroscopy
Angew. Chem. Int. EJ60, 19155t 19161(2021)192

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.102103.193194Gq far, there is
very little information about the in vivo structure and regulation of ribonucleotide
reductase in particular, which is crucial because of itsvital 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
¢2 subunit into HelLa cells by electroporation according to previously published
protocols.167.169 Successful protein uptake was confirmed through fluorescence
microscopy using fluor escently labeled protein (Figure 3.1A). Despite varying
experimental conditions, no Y122} was detected by EPR(data not shown).
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A Hela cells B Coacervates

Figure 3.1: Fluorescence images of the ¢2 subunit of E. coli class la RNR in living HelLa cells or in a cell -
mimicking system. RNR wt-$2 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) Huorescence 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 coacewates.
Coacervates are condensed liquid -like droplets that are typically formed from
oppositely charged polymer molecules.’5These structures are usedamong other things,
to mimic cellular crowdedness and can be loaded with various cargos, including
proteins, nucleic acids, and metabolites.19 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 toelectrostatic interactions. Protein uptake into the coacervate isrealized
by the molecular charge: highly negatively charged proteins are included in the
coacervate phase, whereagositively or neutrally charged proteins remain excluded.1%
Sind w ¢ IEucBIRNR is negatively charged, this procedure is suitable for testing the
enzyme in such a cellF-mimicking system. Again, successful protein uptake was
confirmed by fluorescence imaging (Figure 3.1B); however, no radical was seenin cw-
EPRexperiments.

3.1.2. The solution

Apparently, the usually relatively stable tyrosyl radical in E. coliRNR is susceptible to
its environment. The inability to detect the native tyrosyl radical Y 1223 w @.icali 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 la 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

3.2.1. Wild-type b Zprotein expression for in -cell experiments

Expression of wt-¢2 was carried out as described in Section8.2.4 After 4 h of protein

overproduction, the cells were harvested by gentle centrif ugation. Although 7000 xg for
20min centrifugation was perfo rmed for E.coli whole-cell RNR experiments
previously, 19t here the centrifugation is performed at 6000xg for 15 min at 4 °C in order
to keep as many cells intact and alive as possible A typical 2.5t 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. 0.13mM Fe'"(NH 2)2(SQu)2 (-5 equivalents of Fe' with r espect to
the estimated protein concentration) was added to this buffer. The added Fe
concentration was only 13% of the concentration that has been shownto inhibit E. coli
cell growth. 197 The suspension waskept on ice for 10 min and subsequently saturated
with O 2 gas on ice for 1¢ 2 min.

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

E. coliBL21(DE3)-Gold cells were co-transformed with pBAD -nrdBiz2tac and pEVOL-
FrYRSE3, and plated on LB-agar plates with 100 4g/mL carbenicillin (Carb) and
354g/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 con taining Carb and Cm. At
OD600 ~0.3, kY was added to a final concentration of 0.7 mM. After 30 min, 100 4M
1,10phenanthroline 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. Forin vitro sample
preparations, the apo-2,3,5FsY122 construct was purified as desaibed for the wild -type
protein in Section8.2.4 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 Fé'(NH 4)2(SQs)2 (-5 equivalents of Fée' with r espect 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 O 2 gas on ice for 1¢ 2 min.
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3.2.3. EPR sample preparation

After radical formation, | Y Y w4 suspérsiénQvas 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 sampleswere 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 suspensionsfrom 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 1:102dilution, 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 5106Q¥2
resonator, Bruker SpinJet AWG, Oxford Instruments CF935 continuous-flow helium
cryostat and Oxford Instrumen ts MercuryiTC temperature controller.

Orientation -selective DEER experiments were performed using the 4-pulse DEER
pulse sequence with 16step phase cycling and Gaussian pulses. The frequency
separation | f = fump - faet was 84 MHz, and an overcoupled resonator with feump set to
the center of the resonator dip was used. Theoptimal urpulse 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, 2.005%nd 2.0005 were
performed for the in -cell and in vitro samples. For the sample ofpure E. colicells, the
ENDOR measurement was performed at g = 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 closedcycle 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 tempeature. Due to relatively high uncertainty in

the external magnetic field values, the field axis of the W-band EPR spectra was adjusted

so thatthe Yiz2} wUx 1 EUUEOQwWPPEUT wOEUET 1 EwUT T wUxDOw' EOD(
X-and Q-band EPR/ENDOR simulations. This was achieved by compressing the xaxis

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 eaclanalyzed 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 3.8 3 w E OO E | Owere Bdiebrinédlvia cw -EPR experiments
recorded at X-band. Furthermore, added Mn'" concentrations are listed.

Experiment Sample 8 3 wph, 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
Yizzd wi UEEUDOOUO 0.36 72 280
0.18 (mimic 1y 22 100
0.18 (mimic 2y 22 100
0.12 22 132
in-cell 1° 22 -
in-cell 26 22 -
in-cell 3* 14 -
Experiments with FsY1223 w
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 beconsidered.

b 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
6000xg for 15 min at 4 °C, whereas in-cell 2,3 and 4 were centrifuged at 3000xg for 20 min at 4 °C.

° Samples were produced from different in vitro protein purif ication batches.
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3.3. Results and discussion

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

detection limit for EPR spectroscopy. Hence the protein was overexpressed in E. coli
cells 11 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-¢ |
overexpression plasmid was 3+ 60 - 10t cells per mL cell suspension, in remarkable
agreement with previously reported numbers (1 ¢ 3 - 10! TOP10 cells per mL cell
suspensiont®)), 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. coliBL21 cells after wt -2 expression and Fé//O: treatment.
This supernatant was loaded onto an SDSPAGE and subsequently, band intensities
were compared to those of purified protein with known concentrations (2 uM and 5 pM)
for analysis. Both bands of the purified wt-¢2 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 O:2 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 samplefrom a different
expression batchrevealed no EPR signal. The small peak detectedin this casearises from
the resonator background. These resultsdemonstrate that the detected cw-EPR signal
must originate from a paramagnetic species inherentin 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
UUEOQEEUEUwWpk ws + KOw+EOT wx UOUIT 8pa ouul kEEDHA Qb BunyGBON EEQEQUE UG EU-OUUCE Tu
monomer. The concentrations of the loaded wt-¢ | wx UOUTI POWEOUUI Ux OOEwWwUOw! wEBEwWk ws, O
afterwt-¢ | wi B x Ui UUDdttdairieftE(B) Biv-EPR spectra of wtd | wi B x Ul UUBDGiicalld T OOT w

(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| U O O w E w B Kwell sam@e. Supernatant 2 was taken

[ UOOwWOT 1 duih-telugample&hown in black. (C) Cw-EPR spectraof wtd | wil R x Ul UUIEEaiD Owb i OOI1 w
cells recorded before (orange) and after (black) F&/Oz treatment. (D) Cw-EPR spectra ofE. colicells grown

without wt -¢ | wi R x U ladinisl DBBfGreutkeCEPR experiments, the cellsvere treated with either Fe! and

Oz or only O2. 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 timeconstant, 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 incell samples overexpressing apo-¢2 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 2 treatment of
both samples. Only the iron-containing sample displayed an EPR signal whose
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signature is similar to that of Y 1223 known from in vitro measurements. Furthermore,
BL21 cells lacking the overexpression plasmid did not reveal any EPR signal after & and
Fe'/O2 treatment (Figure 3.2D). These data suggest that the formed organic radical
detected in the cells originates from Y1223 in the overexpressed$2 subunit of E. coliRNR.

In order to assign and examine the generatedradical species multi -frequency (9.6,
34, and 94 GHz) EPR spectra ofiron-treated E. colicells 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 Yiz23 @
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Figure 3.3: Multi -frequency EPR spectra of Y1223 wb O w B.lcdl €ellsw(A) Continuous wave EPR (9.6 GHz,

top) and first -derivative pulse EPR (34 GHz, middle and 94 GHz, bottom) spectra of Yiza} wb O wB.lcdi O1 w

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 ofin vitro Y1223 wgUOODEWEOUT woOD Ol AwbUwUT Ob
Position of the gx value is displayed with a grey vertical line. Inset: The isolated di -iron center (orange and

red spheres) and residue Yizz (blue sticks) are shown within the protein environment. (B) Left: Schematic

representation of protons included for the simulation of Y 1223 wUT Obp OwDOWEDI [ pratdndiewn EOOOUUS
shown in blue. Hyperfine coupling values for C¢-methylene protons (orange and red) are strongly

dependent on the angle g, defined by the dihedral angle between the C$-H bond and the p: orbital axis of

C1.(C) First-derivative pulse EPR spectrum of an in vitro sample recorded at 94GHz, shown together with

its splitting scheme.
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Table 3.2: IH Hyperfine coupling p arameters used for spectral simulations of multi -frequency EPR

spectra of Y122} in whole E. coli cells. The g-tensor was gxy.- = 2.00915, 2.00460, 2.0022% reported earlier.

The Euler anglesY, ¢, andwE U1l wET | DOl EwbDPUT POwWOT 1 w$sEVUa2xbOwadazOazz wgodovI
the g-tensor into the hyperfine tensor frames. Positive angles are clockwise rotations viewed along the

rotation axis.

Proton Ax (MHz) Ay (MH2z) A:(MHz) Y ¢ w
Cip-H 59.0 55.0 56.0 0O O 0
C2-H 8.0 -1.0 -1.0 70 4 -7
CY-H 1.2 -1.0 4.1 60 -20 0
Cs/Csring protons -27.2 -7.9 -19.8 0 0 -25/-155
C2/Ce ring protons 4.9 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 .18 Therefore, these parametersare 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 byg- and hyperfine
anisotropy. These parameters are both susceptible to the molecular environment of
tyrosyl radicals. 70.199.200

The first factor that enablesan assignment to Y1223} 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.70.199.201,202The tyrosyl radical

found in E. coli class laRNR, among other reported values for RNRs from different
organisms, has a uniquely high g« value of 2.00915t Only the tyrosyl radical formed in

class Ib RNR in Mycobacterium tuberculosisxhibits a slightly higher gx of 2.0092203.204 A||

other reported values are between 2.0076 and 2.00895206 A decrease in g« upon
formation of hydrogen bo nds could be traced back to lower angular momentum and

lower spin-orbit coupling matrix elements between the ground state and the first excited
state.202 |n 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 g« 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 essentialstructural parameter is the strength of the hyperfine couplings of
Cé-methylene protons. The Cidp-H hyperfine couplings decisively influence the EPR
lineshape, as depictedin Figure 3.3C. Their isotropic part @ is related to the dihedral
angle between Cp-H bonds and the ring plane according to the McConnel equation

G " 6 6 Al &8 (3.2)
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The angle —is defined asthe dihedral angle between the C¢-H bond and the p: orbital
axis of the C1 atom (Figure 3.3B). The strength of the Cd-methylene couplings is affected
by the spin density ” on atom C1. 6 and Oaeaee constants, whereasd is generally
neglected. According to this correlation, these couplings provide crucial information on
the structure of tyrosyl radicals. Changes in the angle —or the spin density would
immediately be reflected in the EPR lineshape.” However, the detected signals for in-
cell and in vitro samplesare almost identical.

Overall, the EPR data andsimulations conclusively show that the radical generated
in whole cells can be assigned toE. coliRNRs Y122} as a single radical species with one
set of magnetic parameters and awell -defined orientation. Moreover, the structure and
environment of Y1223 wb OwU0T T wET OO U WE U linwitr® THes? sesulisBréotO E U w U O u
unexpected considering the isolated nature of Y1223 w B O U bpffoteim, Gipptoximately
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-¢2,

cw-EPR experiments ofin vitro and different in -cell samples were performed. All spectra

revealed similar spectral lineshapes. The protein and radical content of the in vitro

samplewereE1 Ul UODOI E wE Uwl Y VWadvia KWY-Mid spectio @ dpydnidr to w 8

EPR experiments. Consequertly, the in vitro Y23 w UUE OE E U thas 8 Bihx Ol

concentration of | KYw pwt Yws, w2 UEU] DitténétigsOdt vel ipfcell w Ux 1 EU

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 uWlw 4 , w O O uwkthyal mMavEnuin variation between

EEVET T UwhDwpt GOOEWE] wOOUIT EwOT EVwhWwy , wbUwUOT T w
In order to estimate the spin concentration within the cells, the intracellular aqueous

volume @ of BL21(DE3) cellsin the EPR tube was calculated. Previously,® of 1.9 or

2.5uL mg?* was determined either by a concentration-dependent or a gravimetric

method.28 As 3 mL of buffer w asused to dissolve 1 g of cell pellet, 200 pL contained ca.

67 mg cell mass.Accordingly, out of 200 pL cell suspension, 127 uyL O U w hut drau 4 + w

reserved by intracellular vo lume. As spin-counting experiments revealed a bulk spin

concentration of 18 uM and protein leakage was less than 2 pM, 200 pL cell suspension

contained ca. 3.6x1.2nmol Y1223 6Divided by @ , this yields an average spin

concentration within the cells of Ex x UORDOEUI Oa wl Kk wp wKws , &
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3.3.3. Probing the H-bonding environmentof Y 1A i n t kieHENDOR s
While the EPRline shape is mostly domi nated by larger hyperfine couplings , smaller
couplings can be assessed viaENDOR spectroscopy to characterize the Hbonding
environment . Hence, orientation -selective *H Davies ENDOR spectra were recorded at
orientations at gy, 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 Y 1223. (A) Field positions chosen for orientation -

selective 'H Davies ENDOR measurements, exemplarily shown at a 34 GHz in vitro Yiz2} w Ux1 EQUUQuw
corresponding to g=2.0094Boi gxy), 2.0059 Boi @) and 2.0005 Boi au). (B) Orientation -selective 'H Davies

ENDOR spectra of in-cell (black) and in vitro (blue) Y1223, recorded at 34 GHz at three field positions.

Simulations (red dotted lines) were performed using the spin Ha miltonian parameters determined by Tkach

et al (Table 3.2).71 (C) ENDOR spectra Bo i Gt) of in-cell (black) and in vitro (blue) Y1223, the scaled

subtraction result (orange), and Mn'"-related *H ENDOR features of iron-untreated E. colicells (pink).

EasySpin simulations could reproduce the spectral lines using the same parameters
reported in Table 3.2 for seven internal *H hyperfine couplings (Figure 34B) However
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 Ci¢-H ENDOR line, whose
couplings are observed ataround = 28 MHz in Figure 3.4B. The resulting spectrum
(orange tracein Figure 3.4C) is very similar to the *H Davies ENDOR spectrum recorded
with E. coli cells containing overexpressed apo$2 without Fe'/O: treatment (pink trace
in Figure 3.4C). ESE spectra of this sample revealed Mri as the only EPRdetectable
species.This comparison demonstrates that the additional proton hyperfine couplings
observed for the in-cell sample are not related to Y1223 wE U U wU E Ui E. tblibddad,
the additional *H ENDOR features detected in the untreated E. colicells closely resemble
the in-cell Mn" ENDOR line shape established in the previous literature20®, with broad
shoulders reaching 3.8 MHz around the *H Larmor frequency, indicative of a water-

O
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ligated Mn " species?i® The presence of manganese irthe cells is not surprising2and is

a well-known problem in in-cell EPR studies.’®8212 The fact that besides the Mn

dependent proton coupling, no fu rther *H hyperfine couplings are observed is in line

with the multi -frequency EPR data. No additional H -bonds are detected for Yiz2} wb OwUT 1 w
cells compared to in vitro conditions, showing that Y 1223 Uw U U U U E U UBdnding OE wH U U |
environment are conserved.

3.3.4. In-cell distance distribution of Y 12AY1,A obtained via orientation -
averaged DEER measurements

DEER measurements between two Y23 w U1 U D @B¢@ deliver hiormation about

tertiary and quaternary protein structures. Since orientation -selectivity is known to be
found for the Yi2a}-Yi2a} pair, orientation -selective DEER spectra were measured?!3 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 DEERtrace. 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 Yi1223-Y1223 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 arendicated 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 ofthe ¢ | w Uhil & B. coliRNR. Fits are overlaid in apaler shade.(C) Y1223-Y1223 WEDUUEOET WEDUUUDE
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.l.

Analysis of the in-cell DEER data revealed a main mean distance at 3.32 nm with a
distance distribution of h=0.09 nm pis the standard deviation of the distribution, which

is assumedto be Gaussian). This distancecan directly be assigned to theY1223-Y1223 pair,

as it is identical to the in vitro Yiza3-Yi223 w EDUUE OE | hene BBAnmEWith E w
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h=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
Y1223 Uas different conformers would lead to a broadened distance distribution. More
importantly, these data support a consistent UOUUE O U UT wO ineeddd ahdungvitrauE B O1 U
since changes in the quaternary structure would again result in a change or broadening
of the distance distribution.
The distance distribution of wt -¢ | w D Ow E1 & presdnde Gfad 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 :

A distinct Y1223 WEOOI OUOI UWEOUOEwWOI EEWUOWEWUOEOOT UwE
both residues. However, this may not be the causeof this peak since no changes
are observed in the 94 GHz EPR spectrum.

[I.  AMn"-Mn" distance

As reported previously, Mn " can occupy the iron site in wt-¢2 in vitro.99.100
Considering the high Mn " content within the cells, a possible Mn'-Mn" distance
was investigated by performing Mn!" DEER experiments with E. colicells that
either contain the apo wt-¢2 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). Thesedata suggest that a Mn"-Mn*"
pair may not cause the occurrence of an additional distance.

1.02
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E. coli cells

=
8
S 098
= I
= 096 apo Wi-B2
in-cell
0.94 |
0.00 050 1.00 1.50

Dipolar evolution time (us)

Figure 3.6: DEER measurements of E. coli cells that contain overexpressed apo wt-¢2 (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 rvizzvizD Uwx EUEOOT OwUOwUT 1 wdOET O UB
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, thh WEDUUEOET wUI UUGbmihtw i UOOw
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 artif act caused by the orientation-averaging procedure.
Low S/N ratios of the individual in -cell DEER tracesand the spectral overlap between
Y123 w E O B'uEPROfeatures complicate the orientation-averaging process, which is
further discussedin Section 3.36.

3.3.5. Analysis of orientation -selective DEER measurements via PeldorFit
Nowadays, many different s oftwares are available to assist in theanalysis of DEERdata.
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 allow s 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 fittin g process a configuration file must be provided in which, e.g., g- and
A-tensors of the systemunder investigation must be specified. However, the software
only allows consideration of two nuclei. T herefore, protons with the strongest coupling
(C16-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 aYi223-Y1223 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 angley Owt OQOwY Owd OwE O E wit
The reference coordinate systemcoincides with the g-tensor axes ofone spin, termed
spin A. Orientation of the g-tensor axes ofthe second spin, spin B, is given by the three
$ 001 UWEOT QthlziRYAG uupEGudayll OUD OO08 w3 T 1 wMiakdBOY wEOOOI E U
defined by the x O OE U w E O th©F aub, QulE DI EEuOThécdltulatbduangies > and t
agree with the spatial arrangement of both Y12:s5in 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 fromFigure 3.7 that the
orientation of the spin B does not exactly match the crystal structure, due to ¢ 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 .213

Table 3.3: Y1223-Y122} 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 theminimal 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.
ReferenceY EOUIT Uwbl Ul wOUEOQUI OUOI Ewl UOOWUT 1T wabaz0azzwbOdUOwaoORz 04z

Parameter Value
. . Denysenkov
in vitro in-cell
et al.213
' L 3.31(0.03) 0.03(0.04) 3.32(0.03) 0.10(0.05) 3.31
(nm) (nm)
yuwag | 3(°) 28(9) 1(32) 19(19) 8(14)
tTwep T (°) 94(13) 20(71) 77(50) 11(84)
Ywop . Y() 172(12% 6(9)F 108(21% 4(42% 174
dwag . ¢(° 30(6} 66(5) 12(17} 74(46¥ 118
owqg . ©(° 7(5§ 77(20% 70(9F 1(98¥ 6

Additionally , the orientation -selective DEER time tracesof the in-cell sample were
analyzed in the same way. Details of the analy sis can be found in Figure A.3 and Table
A .2. The determined Y12a3-Y1223 distance, as well asthe angles 3 Eu0 E agtee within error
for in vitro and in-cell samples(Table 3.3). Moreover, the distance distribution of the in-
cell sample is somewhat broadercompared to the in vitro one, reproducing the analytical
results of DeerAnalysis. These results hint at the absence ofconformational changes of
Y1223 in the cells compared to in vitro. However, this statement is only valid with

§ These values are not eliable. For explanation see main text and supporting information to Chapter 3.
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reservationsduetoUT T wOE UT 1 wl UTb&Ruler@riglesdatoOniatehtthein vitro
and literature values, which is not sur prising 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 Yi223-Y1223 in E. coli RNR in vitro .
(A) Orientation -selective 34 GHzDEER time traces acquired at different positions (1, 2, 3) overlaid with the
PeldorFit simulations (red). Traces and positions carespond to the onespresented 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 Y1223-Y1223 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.?14215(D) Geometric arrangement of the Yi223-Y1223 pair obtained from the crystal

structure, PDB: 5CI43,

So far, PeldorFit has mainly been used for systems containing nitroxide 218218 or
copper219220|gbels, whereasdistances betweenorganic native radicals in a protein have
not yet beeninvestigated. 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 ofmanganese
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 arefocused echo were recorded with three different samples (Figure 3.8):
I.  Anin-cell sample with 22 pM bulk Y 1223 wE OOET OUUEUD OO
. Anin vitro sample with 240 ypM Y1223 WUEEDEEOQWE OOEI OUUEUDPOOD
lll.  E. colicellsthat lack the wt-¢ |overexpression plasmid, consequently having a

Yiz2d WEOOEI OUUEUDOOWEI OOpwUT 1 wgl Ul EUPOOWODPODU

in-cell in vitro E. coli cells
x 0.1
detected optimized
by: for: ’\‘
Y M
rima

Y
refocused Y
echo (x 10)

3

1160 1200 1240 1160 1200 1240 1160 1200 1240
Magnetic Field (mT) Magnetic Field (mT) Magnetic Field (mT)

Figure 3.8: 34 GHz ESE spectra of Yiz23 and Mn ! in different samples. Pulse EPR spectra of Y23 wuD OQwEl 0O U w

(left) and in vitro (middle) compared to E. colicells without overexpression plasmid (right). The detection is

1 PUTT UwOxUDOPAT EwpDUWB G AGW HEEWOIVWO@UT OwUT 1 wOxUPOPAEUDPOOWUI
frequency of the DEER expeliments (blue) are shown along with the refocused echo field -swept spectra

(black). The EPR spectra were recorded at 1& and normalized to the same video gain and number of scans.

$Rx1 UDOI OUEOQWEOOEPUDPOOUG wwwé wl WwoU wd OB QB iy wdhEYWOU b @UWREIOw
i Ul gU0:63a0uwep] Ui 1 O wk:p B.1 ps (refoyused Eckod) ars= 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 Y1223 w O U'wat, pdmp 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 celular samples. Mn" in its 3d* configuration
has a total electron spin state of S = 5/2221 This results in five possible EPR transitions
with Y& = +1 Its effective spin Hamiltonian can be expressed as
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= {Ak 0y -y 0O “ve

The Hamiltonian demonstrates that hyperfine interactions of the nuclear spin | = 5/2
further split the EPR transitions into six lines. Additionally, Mn " experiences zerofield
splitting, which further splits the energy levels of the diffe rent & spin states In Mn"
EPR spectrg usually the hyperfine lines of the central transition (& =NL/2z +1/2)are
resolved, while the so-called outer transitions (& =%3/27z +1/2and & =15/27 +3/2)
are unresolved and appear as broad spectral wings.22? The anisotropy of the Zeeman
interactions is usually quite small, leading to signals centered around g = 2222 Upon
increasing the mw power to optimize for 8 3 detection, forbidden transitions with
Y& =xland Y& = +lbecome predominant, leading to broad signals located between
the central transitions as seenearlier.?24

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 ’
pump pulse optimized for an S = 1/2 specieson 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
Y1223 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 signalsin previous literature. 223227

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. colicells (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 E © O E B U & & Qulhoyuuug) =28 ng,
srt =4 ms; spp = 10031 = 300 ns, 22 = 2.1us, microwave power = 20 m\W.
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3.3.7. Investigating the in -cell radical distribution via DEER spectroscopy

radical distribution in ¢2 subunits is unknown . The radical distribution within the cells,
which was suggested to play a key role in RNR regulation and activity, 7101 can be
assessed via the modulation depth parameter of DEER experiments. As. 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 tracesof Figure 3.5 already indicated a severe reduction in modulation
for the in-cell traces compared to in vitro, which is not surprising considering the
substantial contribution from Mn ". To clarify whether Mn!" solely accounts for the
reductionof  wBOwUT 1 wEIT OO tSyuantifiad iy abiding \Elibus Odthauntsuds
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 Y1223 monitored in the refocused echo with the pump pulse
applied. The Y23 wi U E EascBldiGtedvia:

9 REAOAAOBI IET)-1 Y9 K (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, asubstantial Ul EUEUDOOwP Ow. wp Bddtioni® OEUI EUD DT
observed. The modulation depth of in vitro wt-¢ | w UE Ox O1 lhdditioBal MriO'U O w
neither depends on the protein nor the spin concentration,?22EEE OUE D Oiwaudd Ow UT 1 ws
0001 7 wBddée] M Gisdhe only reason foraU 1 E U Eih fheln vitro samples. The
metal ions are homogeneously distributed and thus do not contribute to the detected
distances and distributions, as shownin Figure 3.6.

The same procedure was followed with three different in -cell samples from different
expressionbatches (se€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 befound 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 reprodu ced despiteall efforts. The
reduction of in -cell n becomes particular ly evident in the direct comparison with a
sample prepared to mimic the cellular conditions, shown in yellow in Figure 3.10.
Duplicate s 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 Y 1223 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
only paramagnetic speciesdetected within the cells, an additional monomeric species
must be present in the cell. Either UOOT wOi wUT hmustcbntaii Bnd brg Yiwd, or
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Yi223-carrying ¢-monomers do exist, both possibilities leading to further reduc tion of

values. Invivox Ul Ul OE1 wOIi wonldu® Tansistent with theuE Ua OOT UUPEwWY! ¢
complex structure. Either way, these data suggest a distinct radical distribution being

presentin E. colicells comparedto the in vitro s U b O w O biypdih@ss1 Such a distinct

radical distribution has never been observed inE. coliRNR before and strongly supports

a model in which protein activity is regulated via modulaton O w8 3 WEOOEI OUUEUD
the cells.
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Figure 3.10: Modulation depth analysis of in vitro ¢2 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 relativ e Yiza} w
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 thesteepnessof the in vitro traces,
which excludes high local spin concentrations.34228The slope of the in-cell background
is in a comparable range to the mimics, while samples with higher radical concentrations
(70 uM grey and 150 puM black, pink, and blue in Figure 3.10) exhibited significant ly
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steeper backgrounds. This shows that the localY1223 concentration is substantially lower

than 70 uM and implies that RNR ¢2 is homogeneously distributed with in 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 [2Fe2S] clusters, it was proposed that
the addition of chloroform enhance s cell permeability so that reducing agents could be
effectively delivered into the cytosol.193229 Sodium dithionite is required as a reducing
agent to make [2Fe2S] clusters accessible for EPR spectroscopyn 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, asshown in Figure 3.11A. In the
next step, double integrals of the spectrawere 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 Y1223 concentration instead of increasing the yield. This
observation is supported by Q-band measurements performed with a second wt-¢ | w
expression batch (Figure A.7).
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Figure 3.11: Cw-EPR spectra d in -cell samples supplemented with chloroform  showing signal intensities
as a function of chloroform content . (A) 9 GHz spectra of Y1223 w B O uaffet tBeCaddition 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 Xband spectra that the addition of chloroform
causes slight changes in the EPR lineshapesuch asthe 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 fgure, both spectra highly agree in their EPR lineshape. For
example, the gx value (shown with a solid gray line) is unchanged and the C¢-methylene
proton couplings, which provide essentialinformation about Y 3 conformation s, 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 gx, 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 canconsequently not be verified. It is possible
that the presence of different Mn'" species causes the observed differenes.
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Figure 3.12 ESE spectra of Yiza} w #.Ccali cells measured at 94 GHz. (A) Absorption spectra and (B)
pseudomodulated spectra (modulation amplitude = 5 G) of E. coli cell samples expressing wt$2 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 Cy-methylene protons couplings.

Mn" signals are marked with an asterisk *. Acquisition parameters: TemperaU U U1 wé wl Y w* Oungwé wt | wdU
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 suspensionwere 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. SDSPAGE analysis of these
samples illustrates that a chloroform content of 0.5%is already sufficient to increase

protein leakage marginally , as an increasein 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. colicell-suspension overexpressing wt-¢2 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

In conclusion, these observations show that chloroform leads to cell death, which is a
well -known fact. 2% Its damaging effect is attributed to its ability to modify membrane
lipid matrix properties. #3%232Therefore, its use is not suitable for in-cell experiments when
preservation of the cellular structure is requested.

70



In-cell characterization of Y1223 wB.©aliRNR - Chapter 3

3.3.9. Detection of F 3Y12A  a n¥W2AFsY12A pairs within the cell s
The next important step forin-cel UOUE DT UwPUwWUOETI UUUEOCEDPOT wl- 1z
structure in the cellular environment. T he use of unnatural amino acids is a key element

in this process. The incorporation of FsYi22was fundamental to enable investigations on

the in vitro radical transfer mechanism and to obtain the cryo-$ , WOUUUEUUOUI wOi wli
complex. Therefore, in the next step, 2,3,5FsY was incorporated in position 122, and apo-

FsY122was overexpressed in the cells.The cell growth on the LB-agar with the E. colicell

suspension cantaining 2,3,5-FsY122 overexpression plasmid was at least 6- 10° cells per

mL cell suspension. Slightly lower survivability in mutants is to be expected compared

to wt-¢ | overexpression. Fe' and O: treatment of the washed cell cultures led to the

generation of FsY1223 as verified by 9.6 and 34 GHz EPR spectra, while no detectable

amounts of radical could pass the cellwall (Figure 3.14). Spin quantification experiments

yielded a 17 P w k w ZcelubBIiOconcentration of FsY1223 in good agreement with the

wt-¢ lin-cell samples.
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Figure 3.14: Cw- and derivative pulse EPR spectra of FaY1223 wOl EUUUIT E wE U whécellybiadkfE wt Kw&' a
and in vitro (blue) data are shown along with corresponding simulations (red dashed lines) and the

supernatant spectrum (green). Simulation parameters reported in literature 35233 are changed minimally

during spectral simulations (seeTable 3.4). Asterisks denote couplings seemingly absent in the experimental

spectra due to a background signal. Schematic representation of BY1223 w U i @fp ith 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 100K, 50 scans (black),

20scans (blue), 100 scans (green). 34 GHmy=t | WO U O w9 wi wmsk, Yoy =D ard a0 panienukcan.
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Table 3.4: Hyperfine coupling p arameters used for spectral simulations of multi -frequency EPR spectra
of 2,3,5FsY1223 in whole E. coli cells. Best agreement with the experimental data was achieved with
Oxy.z=2.0085(5), 2.0045(2), 2.0022(3Jyperfine 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 Y, ¢, and ware defined within the EasySpin
4 0 a z O &ngtignuah@elel 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 (MHZz) Ay (MH2z) Az (MHZz) Y ¢ w
56 39 40
Cip-H
56 39 40
0.5 0.5 3
Cao0-H
0.5 0.5 3
. -3 16 -45
F2ring 0 0 60
-3 16 -45
_ -3 -40 150
Fsring 0 0 -45
-3 -40 155
_ -3 -25 180
Fs ring 0 0 135
-3 -25 184
_ 5.8 55 2
Hering 0 0 -120
5.8 5.5 2

Subsequently, in-cell and in vitro DEER measurements with samples containing FsY1223 w
were performed. Four in vitro DEER traces were recorded at different g-tensor
orientations (Figure 3.15B), which w ere summed up to eliminate orientation -selection
effects (Figure 3.15C blue). Further details of these measurements are given inFigure
A .9. Because of poor $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 rrsvizzravizzis perpendicular to the
magnetic field was recorded, marked as position 1. It was stated earlier that the correct
mean distancescan be determined directly from dipolar frequencies at this orientation .234
The distanceanalysis of this trace resulted in a mean distanceof 3.37nm (Figure 3.15D).
Please note that thestandard 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. 23 The detected in-cell distance agreesto a high degree with the
in vitro distance detected here (3.36 with h=0.11nm) and with the distance between
oxygen atoms of two FsY12:s in the recent crystal structure of FsYi2>¢ | kiggre 3.15A).
Hence, this distance can be assigned to theFsYi22}-FsY1223 w x EEEUenli RNR. The
agreement between thein vitro and in vivo FsY1223-FsY1223 distance, as well as with the
wild -type Yi22}-Yiza}distance 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 FsYi223-FsY1223 wix E £.(toli KR (A) Crystal structure

of the FaY129 | w Y E U B EHIRNROPDB: 5CI35) overlaid with the wt -9 | wUUUUEQOUUFH) dogp/ #! 0 wk "
reproduce the homodimeric complex. IN and OUT conformers of F sY122 are shown in yellow and blue,

respectively. (B) ESEdetected EPR spectrum of an incell sample recorded at 10 K. Four consecutive

measurements for anin vitro sample were spaced by 20 G. Detect (D1, D2, D3, and D4) and pump (P1, P2,

P3, and P4) positions forin vitro orientation -selective DEER measurements areéndicat ed 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 orientatio n-averaged in vitro (blue)

DEER traces of EY1223-¢ | wU U E B.@&RNRGVIthits overlaid in pale shade. The original in -cell trace is

magnified by a factor of two for better visualization. (D) F sY1223-FsY1223 WEDUUEOET wEDUUUPEUUDOOU
given in Figure A.9.

The crystal structure of the FsY122$2 variant of E. coliRNR was overlaid with the wt-¢2
structure by using PyMOL to reproduce the homodimeric complex. In the crystal
structure, two conformations of FsYi22 are present,termed IN (yellow) and OUT (blue),
asshown in Figure 3.15A. Earlier X-ray crystallographic investigations showed that the
electron density of 2,3,5FsY122cannot be modeled accurately by a single confamation of
the residue. Instead, two conformatio ns were found that differ by a 180° rotation around
the C¢-Cwbond and a slight shift within the hydrophobic pocket. 35 Accordingly, the C ¢-
proton hyperfine couplings differ for both conformers ( Table 3.5).
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Table 3.5: Cd-proton hyper fi ne couplings for 2,3,5FsY122¢2 IN and O UT conform ers as determined by
Oyala et al.?s

. Ax Ay Az Relative -
Conformation  Proton Ye1 Y
(MHz) (MHz) (MHz) abundance
Cio-H 57 51 54
IN 80% 0.386 21.7
C20-H 0.5 0.5 3
Ci¢-H 43 38 38
OouT 20% 0.357 34.1
Ca0-H -0.5 -0.5 2

The distance for two IN conformers (3.36 nm) corresponds to the in vitro and in-cell
distances detectedin this work through DEER measurements. Thedistance between two
OUT FsY122} conformers is 3.22 nm which is not detected by the presented DEER
measurements Theseresults support that the IN conformation is the predominant state
in whole cells, as already suggested for in vitro in the literature. 3> Simulations of the
multi -frequency data support this observation, where hyperfine coupling values
corresponding to the IN -conformation were utiliz ed.
It should be noted that the distances between thelN -IN and OUT -OUT conformers
are captured between two oxygen atoms of FsY1z2d wD OwUT 1 wE UaithEle@su UOUUEUOUUI
not correspond to the center of spin density,201236put still provides reliable results. The
distances measured for a ¥izz2}-Yi223 wx EDUWEE U1 E w O Ogratity ¢cemtdd anB OwET OUDP U a
based on the O atoms in the crystal structure are 3.26 and 3.29 nm, respectivelyThus, a
discrepancy of 0.03nm is expected. The spin density is estimated to remain about the
same for Yiza} (Yer = 0.3879) and FsYi223. Compared to the difference between IN and
OUT conformers (0.14 nm), the discrepancy of 0.03 nm is neglgible. Thus, distance
calculations based on the oxygen atoms of EY1223 wD OwUT | wE U arevdli@BOwUUUUEUUUT
Furthermore, background slopes of the in-cell and in vitro DEER traceswere compared.
Similar to the results obtained with Y1223 in the wild -type enzyme, this analysis showed
that the local FsY1223 WE OO E 1 O U U Ehe eellsusbbe subsutdially lower than the

~ A N N A ..

detectedinvitto EOOET OUUEUDOO.wWOI whit Ywp wt Y ws ,

*Values were determined from EPR measurements.
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3.3.10. Optimization of FzY122Aexpression conditions

Previous FnY-$2 expression protocols suggestedusing E. coliTOP10 cellsand only 0.05%

arabinose to induce protein expression.3s The first attempts of expressing and detecting

FsY1223 w B.@oli were thus performed in TOP10 cells. However, this resulted in low

radical yields and poor S/N ratios of the DEER data. To enhancethe FsY1223 WUEEDEEQuwa bl
different expression conditions were tested. The overall expression procedure was kept

as described in Section3.2.2 introducing changes at specific points.
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Figure 3.16: 34 GHz ESE spectra of EY1223-$2 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 incubatefor 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 FsY1223 wUDT OE

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 mBignals are scalel

to number of scans, spp, and videogain. Acquisition p arameters:wywé wt | WOUOws wld wt YYwdUOwUUU
and 20 mW power, 1 scan.

First, the arabinose content for FsY12>$2 overexpression in E. coliTOP10 cells was varied
using either 0.05% or 0.5% arabinose. Subsequently34 GHz ESE spectra weraecorded
(Figure 3.16A). The spectra reveal the presence of two paramagnetic speciesFsY1223 WE O E w
Mn'". To allow the comparison of generated FsY1223 yield s, 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 FsY3 signal was determined (values shown next to the spectra).

Accordingly, using 0.5% arabinoseinstead 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 FsY12} wUBT OEOQwUI YI EOUu
remarkable increase in radical content for the shorter incubation time. Finally, the

employed E. colistrain was altered from TOP10 to BL21 cells causing only a negligible

enhancement in FY1223 w U E i€dy Eighe 3.16C).

The direct comparison before and after optimization of the expression conditions
(Figure 3.16D) unveils approximately a doubling of FsYi22} signal intensity and an
enhanced relative intensity compared to the Mn" EPR signd, which should consequently
lead to anincreasein S/N rations and modulation depth in DEER experiments. Indeed,
DEER traces recorded for theFsY1223-FsY1223 pairs in TOP10 cells revealed a dampened
modulation depth with n = 0.5%(Figure 3.17A). The modulation depth of the DEER trace
of BL21 cellsis enhanced by the factor of two (n =0.9%) and is only slightly lower than
for wt -¢2 expression. In vitro experiments already showed that the maximum radical
yield of FsYi22} is 0.9 Fs8 J¢2, in contrast to the usual 1.2 8 J¢$2 for the wil d-type
enzyme,*>which could be a possible reason for the reduced modulation depth observed
with FsY122}. The lower radical concentration in TOP10 cellscauses a poor signaito-noise
ratio.

A B
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=] 3.37+£0.08
L
S 099t
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0.98}
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Figure 3.17: 34 GHz DEER measurements of FsY122} expressed in E. coli BL21(DE3)-Gold or TOP10 cells.
(A) Background- and phase-corrected, normalized 34 GHz DEER traces of BY1223-¢ | wU U E B.@&RNRO T w
overexpressed in BL21with 0.5% arabinose (black) or TOP10with 0.05% arabinose (red) cells. Fts obtained

distances.Bulk radical concentration: 17 pM (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 orientatior
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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 th at using 0.5% arabinose ismore
suitable for investigating F sY1223 w B.@alicells via EPR.Moreover, we prefer the E. coli
strain BL21 for in-cell EPRas 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. coliclass
la RNR in whole E. colicells by using advanced EPR techniques. Thisgoal was achieved
by overexpressing the wt-¢ |subunit in intact, living cells. Multi -frequency EPR and'H
Davies ENDOR measurementsrevealed that the structure and electrostatic environment
of the di-iron tyrosyl radical cofactor Y 1223 wB.©aliRNR are identical under in vivo and
in vitro conditions. DEER distance measurements within the Yi223-Yi223 wx EPUwx UOY D EI
insights into the in-cell structure and conformational rigidity of the ¢$2 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 presenceof $2 subunits having only one Y23 wU O UOOT OawUUx x U0 U
in which E. colil - 1wEEUDYDPUaAwDUwUI T UOEUI EwYPEW®OEUOE U
cells. These results serve as a basis for future experiments aiming to detect and
manipulat e the factors influencing in -cell RNR activity.
Additionally, the spectroscopic detection of an unnatural amino acid radical in
whole cells, FsY1223 @as presented. It could be shown that FsY incorporation does not
affect the in vivo protein structure. A successful generation of BY1223 wb D UT DOwUT 1T wEI
the first step toward gaining unique insights into RNR catalysis under physiological
conditions. Trapping the intermediate Y sse3 within the cells would be substantial to
investigate its function in the PCET inside a living system. Initial hints indicate that the
overexpressed ¢$2 subunit is catalytically active within the cells, and Ysss} might be
detectable (Figure 3.18). Since hese preliminary data are still characterized by a poor
S/N ratio and a strong Mn" background, additional spectroscopc and biochemical work
is necessaryto confirm this hypothesis with certainty .
In vivo formation and detection of FnY3s 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 7
reduction of O to water,2¢ and DNA repair 23 by unnatural amino acid incorporation.
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A B
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Figure 3.18: An outlook for t rapping of Yass3 wb O Y 1 U U B4 GHY ESE spédira.(A) Absorption spectra
and (B) pseudomodulated spectra. For in vitro Ysse} generation, the reaction of FsY1223-2 with wt-Y2 was
manually freeze quenched as described by Nick et al7® Proximity of F sY1223 w U O widdn ElustErRlters its
relaxation properties so thatat 80K mostly Yass} WE E O wWE 1 w@@P h-tedriehdfirements of theFaY1223
variant (black) at 70K 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 requlation? Role of manganese
ions in tuning the radical generation in ribonucleotide reductase, in preparation .

4.1. Introduction

E. coliencodes two class | RNRs, la (NrdA and NrdB) and Ib (NrdE and NrdF). Classla
is expressed under normal aerobic growth conditions, whereas the Ib enzyme takes over
the catalysis under iron-limited and oxidative stress conditions .18 Surprisingly, under
these conditions, class lais alsoexpressed in levels comparable to those detected in iron
UPET wOl EPE8 w31 1 wxUI Ul OET wOil wEOCEUUW( Ewg !l wbOw
puzzling .

The universal binding of transition metals in the +Il oxidation state is described in
terms of the Irving -Williams series with Mn ' < Fé' < Ni'" < Cd' < Cu'' > Zn".290Mn" and
Fe' in general exhibit relatively low binding affinities, so mismetallation of iron sites
with manganese and the reverse case is a wellknown problem. 24#243Mn!" and Fe' both
offer relatively similar ionic radii (0.80 A for Mn " and 0.74 A for Fe'), similar
coordination number s, and redox activities in the physiological pH. 244 Previous studies
of the ¢2 subunit of E. coliclass laRNR 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'.® This in turn inhibit s the formation of the stable Y1223 w O O w Gdcdupied Ginding
site.99100To date, there is no exact answer to how nature minimizes or regulates such a
mismetallation in the protein. Howe ver, understanding its activity regulation is essential
because of RNR's central role in every living organism.
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Someof the presented facts already demonstrated that a type of activity regulation of E.
coliRNR is present in living cells. So far, the maximum possible yield of 2 Y1223 w E M
per ¢2 was observed in crude cell extracts titrated with reduced YfaE exclusively .10t Yet,
only substoichiometric Y1223 w O1 Y 1 00 Buyeplyd®)were detected inside the cells,
although the overexpressed ¢2 was almost completely loaded with the diferric cluster. 101
Moreover, the results obtained in Chapter 3 displayed that overproduction of NrdB in

E. colicells under iron -limiting conditions results in a distinct radical distribution of Y 1223 w
in the cells,*%2compared to the two or none model in vitro. These results suggest a model
in which RNR activity is regulated via modulation of Y 1223 WE OOET O possibiy D OO U O w
influenced by metal availa bilities. These studies aim toaddress the question aboutthe
interplay between available metal ions and radical formatio n, 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 sampleswas prepared, in which iron was available during
protein expression (n = 3/group/point in time) . For both samples,E. coliBL21(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 OD 600 ~0.9. After 20 min,
while an OD600 of around 1.1 was detected, protein expression was induced with
0.5mM isopropyl-1-thio-¢-galactopyranoside (IPTG). For the other samples, no
phenanthroline was added, and protein expression was directly induced at OD 600~1.1.
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 Fé&(NH 4)2(SO:)2 was added to this buffer. After 10 min
incubation on ice, all samples were transferred to 2.8 mm O.D. EPR tubesand frozen in
liquid N 2 at the same timeto ensure equal incubation times. Y122} yield and the amount
of free Mn" were quantified by cw -EPR spectroscopy at 9.65Hz (Table 4.1).
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Table 4.1: Y1223 wa D1 & &rd @D &D0of E. coli in-cell samples expressing wt -¢2 RNR for 4 h under iron
chelated and iron available conditions. Mean values and standard deviation of three individual expression
batches are listed.

Iron Yi2d wps , A Mn! (M) OD600(a.u.)
chelated 205 20+ 4 16+£0.2
available 58 + 23 26 +12 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 Yiza} radical
content and the amount of EPR-detectable Mn" species by cwEPR, 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'(NH 4)2(SQr)2 was added to this buffer. After 10 min incubation on ice, all samples
were transferred to 2.8 mm O.D. EPR tubesand frozen in liquid N 2 at the same time.

4.2.3. Invitro sample preparation

First, protein concentration was determined via UV -Vis spectroscopy. 19 uM of apo-¢ | w
were titrated with the corresponding amount of Mn ". Manganese was supplied in the
form of MnCl 2, prepared freshly for each experiment. The protein-manganese mixture
was incubated on ice for 10 min. Subsequently, 5 equivalents of Fé per dimer were
added in the form of Fe"'(NH 4)2(SQ:)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:2 availability. For EPR measurements, 100 pL protein solution was transferred to
2.8mm O.D. EPR tubes and shock frozen in liquid No.

4.2.4. UV-Vis measurements

UV-Vis experiments were conducted at a Jasco V650 spectromete equipped with a

temperature control unit. 30 uM ofapo-¢ | wbil Ul wUOPUUEUI EwPBDUT wUT 1T wE O
of MnCl 2, prepared freshly for each experiment. The solution was incubated on ice for

10 min. Subsequently, 5 equivalents of Fé per dimer were added in the form of

Fe'(NH 4)2(SQv)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 afterward s with a dead-time of around 1 min after iron addition. Spectra
were acquired at 20°C every 3 min between 14 30 min, every 5 min between 30t 60 min,
spectrum was determined by baseline subtraction for each spectrum. The background
intensity is constantly changing because of ongoing iron oxidation ( Figure B.5A); hence
a new background needs to be created for every timepoint. This background was created
by omitting the data points between approx. 400 to 420 nm. Using the background
corrected data, the Y23 wa D1 O Eoukl théhbédbtained by

— (4.1)

with - 1 piml =2110 Mt cm.88

425 Sizeexclusion chromatography for b2 dimer and
SOWEDPUUDOT UPUIT wo O 0 &unuhHdzeudxusion Eobtag B Ehyumas
performed with a Superdex 75 Increase 10/300 GL column using a flow rate of
0.5mL/min on a cooled AKTA go chromatography system. Prior to the analysis, a
calibration was accomplished by using a molecular marker kit containing Albumin,
OEOT OOw#1 1 a Adekd, OdbornicOwmhydrase, Cytochrome c, 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 Y2. This compound is not commercially available, though
the 5-triphosphate can be purchased. The terminal phosphate group can be cleaved
enzymatically by myosin .25 Therefore,5 mM azido-CTP was incubated with 5 mM CacCl:
ECEwYdt kws, wOadUbPOwopt Kwsz OrvrOO0AWPOWRBY@éndw3UPUw' " C
300rpm. This reaction was performed in a standard volume of a total 200 pL. 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
10000xg for 2 min at 20°C. In the following, myosin could be separated from the
nucleotide by centrifugation in a n Amicon® centrifugal filter unit with 10 kDa cutoff
once with 8 mL fresh 50 mM Tris HCI 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, huw 4 @ixed With 99 pL 0.01 M HCI,

followed by the absorption measurement at 279 nm At pH 2.0, -(279 nm) = 13 700
M-t cm1can be applied. The cleavage efficiency is checked by thin layer chromatography

(TLC) using TLC Silica gel 60 Essasthe stationary phase and 0.3 M (NH 4)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 oftriphosphates were

observed on the TLC plate (Figure B.1).

4.2.7. NsCDP-based activity assay
In order to test the activity of manganeseE OUOE w ¢ | w N4OBRUAS Bubsirate
analogon was used. The assay conditions used were 5G, w¢ | @,uw ¥ WM ETY Ry
1 mM NsCDP, 15 mM Mg-acetate, and 1.25 mM DTT in 50 mM Tris-HCI pH 7.6.
Therefore, ¢ Iwas first incubated with the corresponding amount of MnCl 2 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 Y Fsubunit, dTTP, DTT, and Mg-acetate. In a second vesselp | was mixed with
NsCDP and Mg-acetate. The reaction was starte by mixing both solutions , which were
then quickly transfe rred in EPR tubes and after 1 min reaction time, frozen in liquid N 2.

For the detection of Y12} signal decay, 40 pL of the sample volume was filled in
1.6mm O.D. EPR tubes which were frozen in liquid N 2 after 1 min incubation at room
temperature. The Yiz2} WE OO UIT OU w b E U w EBRE HdadierBentE at &6 GHE. P
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.

UwOil 1 w- 3JwUEEPEEOWD UwO O U wsabpedicpadton iasuUT 1T wOE

EDIi 11Ul OUwi OU ®&iUPIOHS MI3P 0 w1 J Wdadtiddnixl Was filéduirOi w 0T 1
2.8mm O.D. EPR tubes and frozen after 6 min incubation time at room temperature.
After this 6min, Yizz} amd - 3 wb 1 Ul w kid dtEBRITh&isolated EPR spectrum of
- Jisuobtained via subtraction of the remaining Y1223 wi U O O uBPR $pectum.

428 Sizeexclusion chromatography to probe U2b2 c
S xEUEUPOOwWOI w YdarOhe ddhievad ByQullining la guperdex 200 Increase

10/300 GL columnconnected toa cooled AKTA go chromatogr aphy system with a flow

rate of 0.5mL/min. The samples were the same as used for the activity assay, prepared

for - 3 wE 1 U.lAfeUtBe(® measurements, samples were thawed on ice and directly

diluted to 600 pL sample volume, yielding around 3 pM protei n 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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OEOT OOw#1 1T a RAekd, OdeboricOwmhydrase, Cytochrome ¢, 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 5106Q¥F2
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_ f = fump - faet Wwas 84 MHz, and an overcoupled resonator with foump set to the

center of the resonator dip was used. Pump and detect positions are marked in the

spectrum in Figure 4.1. Ox U b O Epdise igngths 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
x00aO0OO0PEOWI PUUPOT Bw3T T wxUOUI POWEOOET OUUEUDPOOWC
otherwise.

Detect

Pump Yin®

Mnll

Intensity (a.u.)

1180 1200 1220 1240 1260
Magnetic Field (mT)

Figure 4.1: Detect and pump position used for DEER experi ments in this chapter. An exemplary pulse
EPR spectrum recorded at 34 GHz and 10 K displaying spectral features contributed by Y1223 wopl UEaA AwEOE w
Mn" (purple). Detect and pump positions of a typical DEER experiment are indicated by arrows.
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4.3.
4.3.1.

The influence of transition metal s such asiron and manganese being present during wt -

Results and discussion

Relation between cellular m etal concentrationand YA r adi cal

¢2 expression in E. colicells on the tyrosyl radical formatio n efficiency was tested by
choosing two different expression procedures. One of those corresponds to the one
already shown in Chapter 3, namely apo-¢2 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. colicells. E. colicells grown in LB -medium
usually contain a 10-fold excess of iron compared to manganese?*¢ which therefore
corresponds to a holo-¢2 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 Y 1223 (Higure 4.2B), and the EPR
detectable amount of Mn'"-species (Figure 4.2C). Notably,
manganese is characterizedin many casesby broad and/or complex EPR lineshapes?#

biomolecule -bound

29which were not observed in this case.Since the¢2 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. 25© The

strongest cell growth is observed within the first three hours of overexpression.

28 ¢
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Figure 4.2: Different parameters monitored during 20 h wt -2 expression in E. coli cells. (A) OD600, (B)

Yi23 wEOOET OUUE Ub & EobremtEniIE irorgpdvailable @reen) or chelated (red) during protein
expression. Yiza} w E O & aontéht were assessed via cwEPR measurements.

Next, the in-cell Y1223 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 inY1223 concentration should not be confused with changes n cell

y i

el

d

density. Similar to t he observation for the cell density, the observed Y223 w EOOUT OUw

strongly increases within the first three hours . Samples produced under conditions with

iron available reveal approximately twice the Y123 WE OOET QOUUEUDPOOwWOI wUE Ox

chelator. Astonishingly, both expression batches seem to agree on a mutual equilibrium
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of roughly 24 £5 UM Y1223 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 pM 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 thatunder iron-limiting
conditions, the manganese importer MntH together with the small protein MntS is
expressed in order to increase the intracellular manganese concentration.2!! |n iron -
available samples, the progression of the manganese concentration is analogous to the
Y1223 wE O Ouhile @He Manganese concentration in iron-chelated samples remainsat 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 th e cell. What is striking, however,
is that the intracellular manganese content changes as a functionof iron availability
during protein expression. Since RNR is the only overexpressed protein in this
experiment, there might be a carelation 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 researchsubject in this chapter.

4.3.2. Metal ion availability influencingthe Y 1A r a dist dbation in the cells

In the next step, DEER measurements were accmmodated for cell suspensions
prepared under unaffected metal availability to compare the present Y22} radical
distribution to those grown under iron -limiting conditions from Chapter 3. The
background slope is steeper for the samplecontaining free iron than for the iron chelated
one since its radical concentration is higher (77 uM vs. 22 uM bulk Y122} concentration).
A second in vitro mimic sample containing 72 uM Y1223 (seeTable 3.1 and Figure 4.3
gray) ownsa 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 Yo wDOwUOT 1 wUI | OE U Ul offed bnBHe Exlibratiot) ¢urueE (Figui @.8D).

Surprisingly, the samples where iron was available during protein e xpression match
the in vitro calibration curve. This implies that once free iron is available during the
expression of wt-i 2 in E. colicells, a radical distribution according to two or none is
present. However, iron chelation during protein expression res ults 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 ¢2-subunit of E. coli RNR under
iron -chelated and iron -available conditions. (A) Q-band field-swept EPR spectra of incell samples
produced under iron -limiting (red) or iron -available (green) expression conditions. Spectra wererecorded
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 toin vitro. Iron was either limited

(red) or available (green) during the protein expression of the cells. Details are givenin Figure B.2.

433. YA radi cal idvit® tasd funationiofenanganese concentration

To gain a detailed understanding of such a complex mechanism asYJ3 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-$2
RNR was first titrated with Mn".

The presence of the diiron center in E. coliRNR is a prerequisite for the radical state
of Y122 and, thus, protein catalytic activity. Self-assembly of the metallocofactor in vitro
from apo-¢2 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 alo bind manganese
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with a quite similar ligand environ ment 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 peakto-peak linewidth of 500 G centered at
g = 195 (Figure 4.4A), consistent with earlier results.910 The ground state of an
antiferromagnetically coupled Mn"Mn'" centeris 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
S=0,1, 2, 3, 4, and 5, given by:

Y SY YSEY Y pdsHEY  "Ys®l 42)
A B
A —
8 g 100 | % |
80 _
<
5 60 % -
ﬁ‘—\ -g‘ %
3 S
L > 40 -
> 335 340 345 } %
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Magnetic Field (mT) Mn"/B2

Figure 4.4: Iron or manganese bound in the homodimeric ¢2 subunit of E. coli RNR. (A) Cw-EPR spectrum
Of wo!l wED 01 U w0 (tbpud ME"EHoE0)undériaeudbit conditions. Note the different spectral
widths of Y 1223 wE O EMn,".@pectra were recorded at 9.6 GHz and 100K (B) Y1223 yield generated by the
addition of 5 equivalents F&' 0 OwUT 1 w¢ | & OdlENRpEeWaudlyiineubated with 1 ¢ 4 equivalents
Mn'y ¢ | wUOOET UwEIT UOE b E wE de@min &imOiRelamplitddd bf e Vwedbul BEBIPRusignal at
9.6 GHz. Data points show mean values together with standard deviation.

EPR signals of these excited states appear quite characteristic bytat the same time,
diverse.?1.252258The EPR signature of Mn'Mn" in E. coliclass la RNR differs from most of
the reported spectra of dinuclear Mn!" centers in proteins, such asthose of RNR class Ib
or R2ct"2t which might be explained by weaker coupling. 2 An isotropic exchange
coupling of J=11.8 cm! was found earlier for Mn"Mn" in E. coliclass la RNR® Indeed,
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the spectral lineshapeis more consistentwith the one of Mn "z in concanavalin Az4with
bJ =0.9cmtrather than the one from Mn -catalase ¢.b =14 cm1)25,

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-$2 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 seenin the data, the addition of Mn'" to apo-¢ |ptior 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 vas
shown to affect the allostery ET1 Ub 1 1 O w Gdubunitdandthué leads to a distinct
metal distribution in the homodimeric protein. %0 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
2Mn'y ¢ | wbU w1l U1 EUI EB

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 ¢1, whereas ¢n remains in the apo state.If Fe' is bound in
¢, Mn" can be added and subsequent Q saturation of the sample will lead to an
asymmetric assembly with diiron cofactor in ¢ and a dimanganese one in ¢u.
Furthermore, metal exchange, also described as scrambling, was suggested to take place
during the reaction with O 2to form an active diferric cofactor with its tyrosyl radical on
one side and a dimanganese cofactor on the other side of the dimer2s¢ 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 P D U1 B O w E unchéntei, the &e site
possessedan approximately 5-fold higher binding affinity than the Fe a site.®” Apo-¢ |
with one equivalent of Mn'" thus results in Mn'"e-¢ |, bound in ¢, which does not exhibit
any cw-EPR signalat 100 K and 96 GHz (Figure 4.5A). Typically, a characteristic EPR
spectrum of Mn"-RNR is expected}® which scales inversdy 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): 1) tyrosyl radical (cut out
for better visualization), 1) a broad EPR signal, characteristic of the dimanganese
Mn'"Mn"-¢ | and Ill) free Mn". The appearance of these signals after iron addition
indicates that rearrangement of the metals bound in the subunits must occur, allowing
Y223 wi OUOEUDPOO
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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 ¢ | or (B) 2 equivalents. Y223 wUBDT OEOw b ettt U0 w OUOwi OUL
visualization. Free aqueous Md' is underlaid in gray for comparison to bound Mn'" species Data were

recorded at 9.6 GHz at 100K. 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 M, 34 scans

(1 Mn" +5 Fd", 50 scans (2Mn"), 80 scans (2 M#H +5 Fd").

When RNR is supplemented with 2 eg. Mn", the Mn'Mn"-¢ | wUDT OEOwWPUWEOUI EE & wkE
even without iron addition ( Figure 4.5B). No or only minor amounts of Y223 wE QOE wi Ul 1 w
Mn' are observed. Adding iron again leads to the observation of the three species (Y1223 O w
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. coliRNR in
the presence and absence of iron, as depicted schematically inFigure 4.5. First, all Mn''s
binding sites are occupied in ¢1, followed by binding in the A -site in ¢ 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 ¢ and ¢u, are not labeled in the scheme below, as their allocation after metal
scrambling is unknown. These findings strongly support an unprecedented, asymmetric
and a dimanganesecofactor on the other side of the dimer. Such an asymmetric cofactor
arrangement seems surprising as ithas not been observed in RNRyet.
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