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SUMMARY

The perception of light is essential to many organisms, as it is an important source
of spatial and temporal information. Accordingly, there are many photosensitive
proteins that regulate behavioural and physiological responses. It is because of this
that the investigation of photoreceptor proteins has garnered continued scientific
interest.

One important aspect of a photosensor’s mechanism is the conformation of the
signalling state. Electron paramagnetic resonance (EPR) has been established as a
useful tool for probing the structure of a protein in solution. This work utilises EPR
to investigate three different proteins, YF1, cryptochrome-2 and channelrhodopsin-
2.

YF1 is an example of a LOV protein, a diverse group of blue-light sensing pro-
teins using a flavin chromophore. This work tries to elucidate the structure of the
LOV domain’s signalling state as well as investigate the molecular basis for LOV
proteins’ wide range of photocycle kinetics. Using EPR double resonance tech-
niques, a structural model for the signalling state as well as a general motif for
signal transduction is proposed. Photocycle kinetics are found to be influenced
by amino acids in the chromophore’s environment in a manner that is predictable
and consistent over different LOV domains.

Cryptochromes are photosensing proteins closely related to photolyases. They,
too, contain a flavin chromophore, and the photoreduction and following forma-
tion of a flavin radical has long been held as the important first step in the form-
ation of the signalling state. However, recent experiments on cryptochrome vari-
ants that found them to be functional in vivo but lack photoreduction in vitro, have
called this interpretation into question. This study addresses this issue, based on
EPR’s ability to detect the flavin radical even in vivo. The apparent contradiction
is resolved by the finding that small metabolites like ATP play an important part
in enabling flavin photoreduction in vivo.

Channelrhodopsins are light-gated ion channels from the rhodopsin protein fam-
ily, that have recently come into the focus of research because of their potential for
application in optogenetics. Information about the conformation of the open and
closed states of channelrhodopsins is largely lacking. Using EPR-based distance
measurements, this work investigates the closed- and open-state structure of ChR2.
A movement of two helices is identified and found to be similar to changes reported
for bacteriorhodopsin, despite ChR2’s different transmembrane structure.






ZUSAMMENFASSUNG

Die Fahigkeit, Licht wahrzunehmen ist fiir viele Organismen von zentraler Bedeu-
tung, da Licht als Quelle fiir Informationen tiber Zeit und Richtung dienen kann.
Entsprechend gibt es diverse Proteine, die regulierend in Verhaltens- und physio-
logische Prozesse eingreifen. Durch die grofie Bedeutung von Lichtrezeptoren ist
ihre Erforschung von groflem wissenschaftlichen Interesse.

Ein wichtiger Aspekt des Signalmechanismus von Photorezeptoren ist die Struk-
tur ihres Signalzustandes. Elektron-Paramagnetische Resonanzspektroskopie (EPR),
hat sich als Methode etabliert, Konformationen von Proteinen in Losung zu un-
tersuchen. In dieser Arbeit wird EPR zur Untersuchung von drei verschiedenen
Proteinen, YF1, Cryptochrome-2 und Kanalrhodopsin-2, verwendet.

YF1 ist ein Beispiel fiir ein LOV-Protein, eine diversifizierte Gruppe von blau-
lichtempfindlichen Proteinen, die ein Flavin als Chromophor verwenden. Mit Hilfe
von EPR Doppelresonanzmethoden wird ein Strukturmodell fiir den Lichtzustand
sowie ein Modell fiir die Signalweiterleitung vorgeschlagen. Aminoséduren in der
Umgebung des Flavins werden identifiziert, die die Kinetik des Photozyklus kon-
sistent und iiber verschiedene LOV-Domainen hinweg, beeinflussen.

Cryptochrome sind mit Photolyasen eng verwandte Lichtrezeptoren. Wie LOV-
Proteine enthalten sie ein Flavin als Chromophor. Die Photoreduktion mit anschlie-
ender Bildung eines Flavinradikals wurde gemeinhin als initialer Schritt der Aus-
bildung des Signalzustandes angenommen. Jiingere Experiment an Cryptochrom-
Varianten, die funktionsfahig in vivo waren, jedoch in vitro keine Photoreduktion
zeigten, stellen diese Hypothese jedoch in Frage. Um diesen Widerspruch aufzuhe-
ben, nutzt dieses Werk die Empfindlichkeit der EPR-Spektroskopie aus, die es ihr
ermoglicht, das Flavinradikal auch in vivo nachzuweisen. es wird gezeigt, dass am
Metabolismus beteiligte Molekiile wie ATP die Flavinreduktion stark férdern.

Kanalrhodopsine sind lichtgesteuerte Ionenkanale aus der Familie der Rhodop-
sine, deren Erforschung durch klare Anwendungsmoglichkeiten in der Optogene-
tik an grofler Bedeutung gewonnen hat. Die Struktur des offenen Zustandes von
Kanalrhodopsin ist noch weitgehend unbekannt. Mit Hilfe von EPR-basierten Ab-
standsmessungen werden die Strukturen des offenen und geschlossenen Zustand
in dieser Arbeit untersucht. Die Bewegung zweier Helizes beim Offnen des Ka-
nals kann gezeigt werden. Diese Bewegung entspricht den in Bakteriorhodopsin
Nachgewiesenen, obwohl sich die Strukturen der beiden Proteine unterscheiden.
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CHAPTER 1.

INTRODUCTION

In many organisms, behavioural and physiological responses are regulated in a
light-dependent manner, since light provides both temporal and spatial informa-
tion.!] Tt is therefore not surprising, that the identification and investigation of
the biological photoreceptor proteins that translate light cues into physiological
responses, have garnered persistent scientific interest.

Among the many different photoreceptor proteins known today, blue-light sens-
ing proteins play a particularly important role, one, because their flavin chromo-
phore is endogenous to all organisms and two, because many of its constituents,
despite being involved in very different light-regulated processes, often share very
similar structural motifs.!?~l

Two such protein sub-groups are the focus of this work: Those of light, oxygen
and voltage (LOV) domain proteins and cryptochromes.

LOV proteins>® are remarkable as their blue-light sensing domain shows a
particularly robust and well-conserved three-dimensional structure, while being
coupled to a wide variety of effector domains.!*”*] One example of this adapt-
ability is the artificial photoreceptor protein YF1, which consists of the LOV do-
main from Bacillus subtilis (B. subtilis) YtvA and the histidine kinase domain from
Bradyrhizobium japonicum (B. japonicum) FixL.l’] Despite intense scientific focus,
information about the structure of full-length LOV proteins as well the signalling
mechanism that allows these domains to function when coupled to different effect-
ors, is still lacking.

The second important group of photosensor flavoproteins investigated here are
cryptochromes.'”) This group of proteins, structurally similar to photolyases,'!]
is found throughout the biological kingdoms. They have been implicated in a wide
variety of functions,'?} from the mediation of photomorphogenesis in plants, to
the regulation of the circadian clock in mammals and flies.11] Recently, evidence
has mounted that they also form an integral part of magnetoreception in birds.['!]
The photoreduction of their cofactor flavin adenine dinucleotide (FAD) by light-
driven electron transfer along a series of three highly conserved tryptophane (trp)
residues,['"'%] has long been considered as the biologically relevant primary light-
sensing step. The transition from the oxidised to the radical form of the flavin is



2 | INTRODUCTION

thought to induce conformational changes that lead to the signalling state.[%1%]

This mechanism of light-activation centred around the photoreduction of flavin
has recently come into question, as Arabidopsis thaliana (A. thaliana) cryptochrome-
2 (cry2) variants with a mutationally interrupted transfer pathway, that showed
no photoreduction in vitro, were found to still be biologically active in vivo.l*°]

Besides photoreception, ion transport across biological membranes is a second
fundamental process in living organisms. These processes are governed by trans-
porter proteins and channel proteins,!'!¥] the former actively pumping, the latter
controlling the free downhill movement of ions across the membrane. Channelrho-
dopsins (ChRs) are unique among ion channels, in that the opening of the channel
is triggered by light instead of ligand binding, voltage or mechanical stress.[']
Since they are part of the molecular machinery that controls phototaxis in uni-
cellular algae,[!] they represent an interesting intersection between ion channels
and photoreceptors. ChRs belong to the well characterised family of microbial
rhodopsins,!?”) sharing with them the retinal chromophore as well as the initial
step in the photoactivation process, the photo-induced isomerisation of the chro-
mophore.[?') Which electrostatic and structural changes in ChR lead to the down-
stream opening of the channel, as well as the structure of the open state itself, is
still unclear.

Changes in the tertiary structure of proteins can in general be favourably stud-
ied using electron paramagnetic resonance (EPR) in conjunction with site-directed
spin labelling (SDSL). Flavoproteins additionally carry an intrinsic spin probe, as
the radical states of the flavin chromophore are readily observed.['#15:2%23] This
work uses advanced EPR techniques to address the aforementioned questions, the
light-state conformation of both ChRs and LOV proteins, the basis of different pho-
tocycle kinetics of LOV domains and the reason for contradicting in vivo and in
vitro results in cryptochrome.

The ChR channelrhodopsin-2 (ChR2) from the green alga Chlamydomonas rein-
hardtii (C. reinhardtii), was used to investigate the conformations of the open and
closed state by measuring and comparing point-to-point distances obtained using
SDSL and electron-electron double resonance (ELDOR) spectroscopy, also called
double electron-electron resonance (DEER).

In LOV proteins, two facets of the LOV photocycle were investigated based on
the artificial protein YF1.l®) One, again using SDSL and ELDOR spectroscopy, the
conformational changes caused by the photoreduction of the flavin, were invest-
igated. Two, the structural basis for LOV domains’ widely varying photocycle
kinetics was investigated in a mutational study using electron-nuclear double res-
onance (ENDOR) spectroscopy.

In cryptochrome, the discrepancy between in vitro inactivity but in vivo func-
tionality was investigated by examining the trp triad mutants in different environ-
ments using continuous-wave (cw) EPR and transient EPR (trEPR).
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As is apparent from the debate over cryptochrome photoreduction, the potential
differences between the behaviour of a protein in vitro and in vivo always need to
be considered. Investigating these differences has been a special focus of this study,
and in vitro experiments have, where possible, been performed in vivo as well.






CHAPTER 2.
FLAVINS AND FLAVOPROTEINS

Blue light has long been known to regulate various processes in plants, like photo-
tropism, the induction of flowering, entrainment of circadian clocks or gene tran-
scription.[*] The regulation of these responses involves a group of proteins that
employ flavins as a blue-light sensing chromophore.,[>3%>2%] comprising three ma-
jor classes: BLUF (blue-light sensor using flavin adenine dinucleotide) proteins,?7]
LOV proteins[?] (See Section 2.2) and cryptochromes!'®! (Section 2.3).

THE FLAVIN COFACTOR

Flavins are ubiquitous in nature. Consisting of an isoalloxacine ring with varying
sidechains, the most common variants are riboflavin (vitamin B,,), flavin mono-
nucleotide (FMN) and FAD (Figure 2.1), with FAD and FMN being most commonly
incorporated by proteins.

Flavins can exist in three different redox states, a fully oxidised quinone form, a
fully reduced hydroquinone state and a radical semiquinone state. The hydro- and
semiquinone form can additionally form two different physiologically relevant pro-
tonation states.(?*3"] Thus, they are extremely versatile in biological systems, being
able to undergo one- and two-electron transfer processes, act as electrophiles and
nucleophiles and be involved in enzyme catalysis.[*"*?] Additionally, they are em-
ployed as sensors for redox potential, partial oxygen pressure or light.[>4%6] Their
use as a blue-light sensor stems mainly from the ability of light to facilitate trans-
itions between excited states and the different redox ground states. Photoreduc-
tion is employed by proteins in a variety of ways. In photolyases, photoreduction
ensures that the flavin is driven to the fully reduced state,[** which in these pro-
teins is the catalytically active state needed for deoxyribonucleic acid (DNA) re-
pair.l'*13) In cryptochromes and LOV proteins, flavins are photoreduced from the
oxidised to the semiquinone state as part of the photocycle.

Some proteins, like cryptochromes, stabilise this radical state as part of their
photocycle,['#1%) in others, like LOV domains, the radical state can be stabilised
via mutation.[?>34] The presence of this intrinsic spin probe often makes EPR tech-
niques especially suited for the investigation of flavonproteins.
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FIGURE 2.1. — Different flavin variants. (A) flavin adenine dinucleotide (FAD), (B)
flavin mononucleotide (FMN) and (C) riboflavin all share the same isoalloxacine
ring with different sidechains. In the flavin radical state, the protons attached
at N5 (only in the neutral radical state) (red), C6 (yellow), C8« (blue) and C1’
(green) can be observed using EPR (See Fig. 6.22 on p. 100).

2.2 LOV PROTEINS

LOV domains are a blue-light sensing subgroup of the Per-ARNT-Sim (PAS) do-
main familiy. Sensor proteins utilising PAS domains can be found in all biolo-
gical kingdoms,®*] where they regulate processes ranging from phototropism to
the gating of ion channels.>*! They are small sensor modules building a com-
pact /P structure, with a central, antiparallel, five-stranded B-sheet flanked by
o-helices.®”) PAS domains are highly modular: Different PAS domains detect a
wide variety of different signals, like chemical ligand binding, light absorption or
redox potential, and proteins will often incorporate multiple PAS domains, or PAS
domains in tandem with other types of signalling domains.!*! The range of effector
domains regulated by PAS domains is equally varied, including kinases, transcrip-
tion factors or phosphodiesterases. In most cases, PAS domains covalently bind
to their effector modules via their C-terminus, although a few cases are known
where a PAS domain attaches to an effector domain via its N-terminus.>*]

All this points to a signalling mechanism that is simple, not reliant on specific
tertiary structure contacts and easy to adapt to different quaternary structures.

The group of light-sensitive PAS domains, called light, oxygen and voltage or
LOV domains, themselves also occur in a broad range of organisms and the asso-
ciated sensor proteins regulate diverse processes. They are found throughout Ar-
chae, Bacteria, Protists, Fungi and plants and have been shown to regulate e.g. pho-
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FIGURE 2.2. — Structure of a light, oxygen and voltage domain, showing the typ-
ical PAS fold, an antiparallel § -sheet (blue) flanked on either side by helices
(red). A FMN chromophore (yellow) is situated in a cavity formed by the f3-
sheet and an a-helix. The structure shown is YF1 (pdb: 4GCZ)).

totropism, chloroplast movement, stress responses and circadian rhythms.[242640]
While they differ strongly in composition and structure, they all contain a photo-
sensory LOV domain as a defining feature.

LOV domains exhibit the typical PAS fold."*!) They bind FMN in a cavity formed
by the antiparallel B-sheet on one side and an arrangement of o-helices on the
other and are thus sensitive to blue light (Fig. 2.2).

THE LOV PHOTOCYCLE

The dark-adapted state of LOV domains, LOV,,, (Figure 2.3A), is characterised by
the typical ultraviolet/visual (UV/vis) spectrum of fully oxidised flavin, with dom-
inant absorption at 447 nm. The photocycle of LOV involves the reversible forma-
tion of a covalent bond between the FMN C4a atom and a strictly conserved nearby
cysteine (C450 in the phototropin-1 LOV2 domain from Avena sativa (AsLOV2),
C62 in YF1),[#?] the so-called Cysteinyl-C4a or FMN-Cys photoadduct. This state,
LOV,y, (Fig. 2.3C), is readily distinguished from the dark-adapted state by its sig-
nificantly blue-shifted absorption spectrum.

Photoexcitation of the oxidised flavin leads to a red-shifted flavin triplet state
LOV, (Fig. 2.3B) within nanoseconds. The flavin is then protonated at N5 from
the conserved cysteine, forming a short-lived radical pair FMNH.—-S-Cys[#2-44]
and ultimately the photoadduct. Resulting changes in the hydrogen bonding net-
work propagate through the LOV domain(?®! and ultimately affect the output mod-
ules,[>4%°] though the specific conformational changes remain unclear.

The return to the dark-adapted state involves the breaking of the covalent bond,
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FMN
FMN

C

~1s-1000s

FIGURE 2.3. — Simplified LOV photocycle. In the dark state LOV,,; (A), FMN and
a conserved cysteine (C62 in YF1) are not covalently bound, the cysteine’s sul-
phur is protonated. Photoexcitation yields a transient flavin triplet state LOV
(B). Rapid reduction of the flavin by the conserved cysteine ultimately leads to
the formation of the Cysteinyl-C4a photoadduct LOV;, (C). The chemical struc-
tures of FMN and the cysteine in LOV,,, and LOV,,, are shown on the left and
right, respectively.

deprotonation at N5 and reprotonation of the cysteine. The kinetics of this thermally
driven process appear to be strongly dependent on the precise conformation of the
flavin moiety, which can either hinder or promote the breaking of the bond or N5
reprotonation.[*’] As a result, the observed dark-state recovery rates vary by four
orders of magnitude, from seconds to several hours.[340-%]

YF1, A BLUE-LIGHT SENSITIVE SENSOR HISTIDINE KINASE

The elucidation of the signal transduction mechanism of LOV domains, which al-
lows them to be utilised in a broad spectrum of structurally different proteins, has
long been hampered by the lack of structural information for full-length proteins.
Here, a recently published crystal structure of YF1!) promises new insights into
the mechanisms by which LOV domains interact with their effector domain part-
ners.

YF1is a “designer protein” constructed from a sensor histidine kinase (SHK) with
a bacterial LOV domain replacing its natural sensor domain,®! B. japonicum FixL is
originally an oxygen-sensitive SHK with a Heme-binding PAS domain. In YF1, the
oxygen-sensing PAS domain has been replaced with the blue-light sensitive LOV
domain from B. subtilis YtvA, yielding a new protein that is now a light-regulated
SHK. The resulting structure (Figure 2.4) is that of a homodimer, with two YtvA
LOV domains (Figure 2.4, green) covalently attached to two FixL kinase domains
(Figure 2.4, blue) via a coiled-coil linker region (Figure 2.4, gray). Interestingly, the
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FIGURE 2.4. — Crystal structure of YF1.[3% YF1 is a homodimer, each monomer
consisting of a LOV domain (green) connected to a kinase effector domain (blue)
via a coiled-coil linker helix (gray). Short N-terminal helices (red) are folded in
between the LOV-LOV dimer, separating the 3-sheets.

LOV domains do not dimerise directly via their B-sheets. Instead, two 22 amino
acid N-terminal helices are folded in between the LOV domains, pushing them
apart. This general quaternary structure has also been proposed for wildtype (wt)
YtvA.[50-52]

With the available crystal structure,l®) as well as an efficient functional assay,
YF1 is an ideal basis for the investigation of various aspects of the PAS signalling
mechanism. Chapter 6.2 will shed some light on structural changes involved in the
transition to the signalling state. Chapter 6.3 will investigate the structural basis
of the LOV domains’ highly variable dark state recovery kinetics.

[53]

CRYPTOCHROMES

Cryptochromes, together with CPD-photolyases and (6-4)-photolyases, form the
photolyase/cryptochrome superfamily, a group of photoactive proteins that is found
throughout the biological kingdoms. While photolyases are found in most proca-
ryotes and eucaryotes, cryptochromes are found mainly in higher plants and most
animals. Two major classes of cryptochromes exist, the first consisting of the clas-
sic cryptochromes cryptochrome-1 (cry1), cry2 and homologues in plants and two
types found in insects and mammals, the second comprising cry-DASH crypto-
chromes.

The plant cryptochromes fulfil a variety of signalling roles involved in plant
growth and development, among them the inhibition of stem grows of germin-
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trp triad

D. melanogaster 6-4 photolyase

mmm A thaliana cryptochrome 1

FIGURE 2.5. — Structure of A. thaliana cryptochrome-1 (coloured) (pdb:
1U3Cl%) compared to that of D. melanogaster (6-4) photolyase (gray) (pdb:
3CVUI*). The structure of cryl is colour-coded by RMSD from photolyase,
with red indicating higher and blue lower deviation. The FAD cofactor is shown
in yellow, the trp triad in orange.

ating seedlings (hypocotyl elongation),['**) the photoperiodic initiation of flower-

ing[>>3¢] and the synchronisation of the circadian clock to a 24 h day.['>") Further
processes influenced by plant cryptochromes are hormone signalling, defence and
stress responses as well as metabolism.*”) Interestingly, most of these responses
can be traced to effects on nuclear gene transcription or interaction with the pro-
teasome, and cryl has been shown to be involved in blue-light dependent gene
expression®®*°! even though it is itself not capable of binding DNA.

2.3.1 COMPARISON TO PHOTOLYASES

Cryptochromes show significant sequence and structural homology in their photore-
active domain, with both classes sharing the same secondary structure (Figure
2.5) and both binding FAD as a chromophore. In fact, the class of cry-DASH
cryptochromes is more closely related to photolyases than to other cryptochromes.
Cryptochromes share the active site features of photolyases,*®! even though they
are either incapable of repairing DNA (classic cryptochromes) or show impaired
DNA repair function (cry-DASH).[°?l While both cryptochromes and photolyases
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undergo photoreduction of the flavin cofactor,[!%3] in photolyases the flavin rests

normally in the fully reduced state needed for DNA repair,'*] and photoreduction
is employed to return radical states to this hydroquinone form,") whereas clas-
sical cryptochromes incorporate the flavin in the oxidised form. Cry-DASH pro-
teins, again appearing as an intermediate between photolyases and cryptochromes
can photoreduce their FAD cofactor into the fully reduced form. In light of the sim-
ilarities between the two classes, cryptochromes are defined as proteins similar to
photolyases, that have partially or fully lost DNA repair capabilities and instead
gained signalling functions.["!

Unlike photolyases, most cryptochromes possess an additional C-terminal exten-
sion (CCT) that varies in size from 80 to several 100 amino acids that is both poorly
conserved and poorly structured in the absence of putative interaction partners,¢’]
but nonetheless essential for activity.!>>”] For cry1 and cry?2, it has been demon-
strated that the CCT interacts with COP1, a protein involved in photomorphogen-
esis regulation via the proteasome.[®!]

PHOTOREDUCTION AND THE SIGNALLING STATE

As mentioned, the resting state of the FAD chromophore in plant cryptochromes
is the oxidised form.["#1%65] Tllumination, both in vitro and in vivo, accumulates
the neutral flavin radical state.['#!>) Cryptochromes contain a strongly conserved
series of three tryptophane residues, termed the trp triad,!**) which connects the
FAD chromophore with the protein surface (Figure 2.6). Upon photoexcitation, the
flavin abstracts an electron from the nearest trp residue (W397 in cry2). A cascad-
ing electron transfer process along the triad (from W374 to W397 followed by a
transfer from W321 to W374 in cry2) and subsequent re-reduction of the terminal
trp (W321 in cry2) by the solvent leaves a cryptochrome containing FAD in the
neutral flavin radical state,!>'3] which, being unstable, reverts back to the fully
oxidised form over the course of minutes. While the trp triad is believed to be the
primary electron transfer pathway, alternative pathways have been reported.[*¢]

The proposed activation process for cryptochrome is that in the dark, the C-
terminal region is folded in a way that prevents substrate binding. Light absorption
of the flavin at the N-terminal domain triggers conformational changes that then
make the receptor accessible to downstream signalling partners.[*”%8] Photoreduc-
tion of the flavin and formation of the neutral radical state is believed to be the
initial step in the formation of the cryptochrome signalling state.['*!5] Structural
changes triggered by the formation of an unstable but long-lived neutral flavin
radical would provide a simple mechanism for signal transduction, as such light-
induced conformational changes form the basis of photoreception in other pro-
teins, e.g. rhodopsins and LOV proteins.

Photoreduction as the initial step in the activation mechanism of cryptochromes
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FiIGURE 2.6. — The FAD cofactor and the conserved trp triad in cryptochrome
(pdb: 1U3CIl). Upon photoexcitation, the FAD abstracts an electron from
nearby tryptophane 397. Cascading electron transfer processes along the triad
yield a spin-correlated radical pair on the flavin and terminal tryptophane 321,
which is then re-reduced from the solvent.
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is supported by a number of lines of evidence. (1) The trp triad is highly conserved
in most known plant and animal cryptochromes and functional during photore-
duction of isolated cry1 and cry2.[1#156% (2) As mentioned above, in in vivo crypto-
chromes the resting state of the flavin is the oxidised form,'41957] which can be
photorecuded. (3) Photoreduction and radical accumulation occur in living insect
cells expressing cry1 and cry2.'415] (4) Illumination of plants with with e.g. green
light, which diminishes the amount of flavin radical present, result in diminished
cryptochrome activity as well..'#!°) (5) Mutations that do not undergo photore-
duction, also show reduced biological function in plants.l®! (6) The lifetime of the
cryptochrome signalling state in vivo matches well the lifetime of the flavin radical
state.l’!]

Nevertheless, recent results obtained from cry2 and Drosophila melanogaster
cryptochrome (Dm-cry), where mutant proteins that did not undergo photoreduc-
tion in vitro were nonetheless found active in vivol'%’>-7>] have cast some doubt on
this interpretation. This apparent contradiction will be addressed in Chapter 6.4.






CHAPTER 3.

CHANNELRHODOPSIN-Z, A LIGHT GATED ION
CHANNEL

The transport of ions through biological membranes is a fundamental process in
living organisms. The proteins responsible for this transport can be divided into
two groups, transporters or pumps and channels, the key difference being that the
transport is active in the former and passive in the latter.'”-*®) Jon channels in par-
ticular are involved in the conductance of electrical signals and other signalling
processes by regulating the free downhill movement along electric potential gradi-
ents of ions across a membrane. They generally contain a water-filled pore, along
which ions can pass through the normally impenetrable cell membrane and which
is transiently opened and closed (gated) by the ion channel in response to external
stimuli.[7¢]

Different groups of ion channels can be identified based on the type of trigger
they respond to, commonly a molecule binding to the protein (ligand-gated ion
channels), a change in the electric potential across the membrane (voltage gated
channels) or a change in pressure (mechanosensitive channels).[””]

The only currently known ion channels in nature that are triggered by light
(light-gated) are channelrhodopsins.[®] While the first members of this group, chan-
nelrhodopsin-1 (ChR1) and ChR2, were identified in the eye spot of the green alga
C. reinhardtii,'*’®! there are currently many additional ChRs with differing light
sensitivities, ion selectivities and kinetics known in other unicellular algae.[79’82]
Of the known ChRs, ChR2 is currently the most studied.

ChR2 is a non-selective cation channel, that conducts protons and a variety
of monovalent and divalent cations,' but no anions.[’®! Permeability for mono-
valent cations is smaller by at least six orders of magnitude than for protons,354]
and divalent alkaline cations are conducted worse than monovalent alkaline cations
by one to two orders of magnitude,®’] although the fraction of the total ion cur-
rent not due to protons remains significant at physiological concentrations and pH
values.[®] Additionally, ChR2 also shows proton pumping driven by light, with an
efficiency of 0.3 + 0.1 protons per photocycle.[87:5]

In C. reinhardtii, both ChR1 and ChR2 act as photosensors and are incorporated
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into the signalling mechanism that controls phototaxis, the process directing the
algae towards or away from light to optimise photosynthesis.l'l However, the dis-
covery of a light-gated ion channel has significant implications for optogenetics,
since such a channel offers the possibility to remotely control cell potentials or ion
transport processes by light, including control of nerve cell activity. This makes
this class of proteins particularly interesting for neurophysiology.[** It is there-
fore unsurprising that intense research efforts have been directed at describing
and understanding the structure and function of this class of proteins.

THE STRUCTURE OF CHANNELRHODOPSIN-2

ChR2s comprises a transmembrane (TM) domain bound to a soluble cytoplasmic
domain, consisting of about 400 amino acids, the function of which remains un-
known. Since a truncated construct (residues 1-315) lacking this soluble domain
showed nearly identical ion conduction behaviour as the wt, [ the channel func-
tion is fully contained within the TM motif, to the extent that the truncated con-
struct has been used in research in lieu of the actual wt ever since.

The TM part of ChR2 shows significant sequence homology with the family of
microbial rhodopsins,!?”) which consist of a fold of seven TM helices embedding
retinal as a chromophore, which is covalently bound to a conserved lysine, form-
ing a protonated Schiff base (SB).[?!} The photocyle in bacteriorhodopsin (BR) and
other microbial rhodopsins proceeds from the initial photo-induced trans-to-cis
isomerisation of the retinal chromophore around the C13=C14 bond. In ChR2 this
initial step ultimately leads to the opening of the channel, even though the precise
electrostatic and mechanistic steps are currently not known.

A projection map of two-dimensional crystals!®!l as well as a recent crystal struc-
ture of a ChR1-ChR2 hybrid (C1C2) formed from helices A-E of ChR1 and helices
F-G of ChR2P°") confirm the 7-TM structural motif as well as demonstrate that
ChRs form dimers, interacting via helices C and D (Figure 3.1A). The structure,
as revealed by C1C2, helices C-G especially, is typical for microbial rhodopsins.
Helices A and B, however, are tilted outwards by 3-4 A relative to the structure
of BR, creating in a cavity that forms an electronegative pore towards the extra-
cellular medium (Figure 3.1B, surface of the pore shown in gray). This pore was
concluded to form the outer part of the cation pathway."]

THE CHR2 PHOTOCYCLE

In the dark state of ChR2, the retinal absorbs at 470 nm (Figure 3.2A). Photoexcit-
ation of the retinal leads, via an electronically excited state that decays with a Ve-



3.2. THE CHR2 PHOTOCYCLE | 17

; } water pore

FIGURE 3.1. — Crystal structure of the ChR1-ChR2 hybrid®” (pdb: 3UG9). (A)
Helices A-E from channelrhodopsin-1 (yellow/orange) are linked to helices F-
G from channelrhodopsin-2 (green/blue). Together, they form the typical 7-
TM structural motif of microbial rhodopsins. (B) Helices A and B are tilted
compared to the BR structure, forming an electronegative pore (gray).

A

dark state
A_| ChR24 | hv

channel
closed 20s
ANES B
D
channel opening
FIGURe 3.2. — Simplified photocycle of channelrhodopsin-2 without side-

reactions. From the dark state (A), the retinal is photoexcited and undergoes iso-
merisation within picoseconds (P3°°)(B). Within microseconds, the Schiff base is
deprotonated, yielding a blue-shifted intermediate (P3’°)(C). Reprotonation over
2ms results again in a red shift of the absorption (P32°)(D). Between these two
intermediates the channel opens. The channel then closes again and transforms
into an additional intermediate similar to the dark state, but inactive (P42°)(D).
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time of T = 400 fs, to a vibrationally excited, redshifted electronic ground state.[92:%3]

The next step is the decay, with a rate of 3 ps, to a redshifted intermediate that is
characteristic for microbial rhodopsins, absorbs maximally at 510 nm and likely
corresponds to the 13-cis retinal conformation.[?]

The initial steps of the photocycle were elucidated using optical pump-probe
techniques on a timescale of femtoseconds to hundreds of picoseconds. The later
stages, including P3%°, where investigated using flash photolysis, on a timescale of
40 ns to 50 s, leading to a several nanosecond gap in observation. The earliest inter-
mediate identified using flash photolysis, formed in under 40 ns is again redshifted
with an absorption maximum at 500 nm and thus termed P3%.*! Since the last
state observed by pump-probe experiments appears to differ structurally from the
first observed by flash photolysis,®>°° it is likely that there exist several slightly
different P} states with slightly different retinal conformations and/or moieties
(Figure 3.2B).

Within 10 ps, the Schiff base deprotonates,[**?*l D253 being the likely proton
acceptor,®* yielding a new intermediate, P3°, absorbing at 390 nm (Figure 3.2C).

P3* decays, and the Schiff based reprotonates with a proton donated from D156,%!
with a half-life of 2 ms, yielding a red-shifted intermediate with an absorption at
520 nm, P3%. (Figure 3.2D). P3* decays with a time constant of T = 10 ms, as does
the conducting state of ChR2. Thus, the decay of P3%° corresponds to the closing
of the channel. The opening of the channel at 200 ps, however, does not coincide
with either Schiff base deprotonation or P3?° formation and thus likely happens at a
substate that is currently inaccessible to spectroscopy. Studies on variants C156 A
and C128T found that both variants show long-lived open states with similar pho-
tocurrents even though D156A is present primarily as intermediate P and C128T
mostly as P3%, indicating that the open states consist of substates from both P3%
and P30 [979%]

While P3?° decays fairly rapidly on a millisecond timescale, the dark state is only
recovered with a time constant of 20 s via an additional state P3*°, similar to the
ground state (Fig. 3.2E). Time-resolved fourier-transform infrared (FTIR) spectro-
scopy suggests that P;* is not part of a linear photocycle, but rather part of a
branch transited by a fraction of ChR2 molecules.

The detailed internal mechanistic and electrostatic steps involved in the opening
and closing of the channel have been, and still are, extensively studied. A more de-
tailed treatment can be found e.g. in a comprehensive review by LORENZ-FONFRiA
and HeBERLE.”” Knowledge of the structural changes in the tertiary structure
associated with the different stages of the photocycle, well understood in other
rhodopsins,1°0-192] is still lacking for ChR2. Some progress towards unravelling
these structural changes will be presented in Chapter 6.1.
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CHAPTER 4.

FUNDAMENTALS OF EPR

This chapter provides the fundamental theory of EPR with the focus on those inter-
actions of particular relevance to this work. The principles behind basic continuous-
wave (cw) and pulsed EPR experiments are described as well. A more detailed
description of EPR theory can be found in several comprehensive text books, in-
cluding those by Jeschke and Schweiger,['*) Carrington and McLachlan,['** or
Weil, Wertz and Bolton.!1%%

Paramagnetic species possess a permanent dipole moment induced by a com-
bination of their spin and angular momentum. By introducing the paramagnetic
species into an external magnetic field, the magnetic moment is quantized along
the magnetic field’s axis,['° giving rise to an energy splitting called the Zeeman
effect.[17]

EPR spectroscopy, first used as a spectroscopic method by Zavoisky in 194
seeks to investigate these different energy levels by driving transitions between
different states using resonant microwave irradiation according to the resonance
condition

4 [108,109]

hv = ge:u’BBOJ (41)

where v is the microwave frequency, B, is the external field, g, = 2.00231911% js

the free electron g-factor and uy = ¢ is the Bohr magneton.

2m,

THE SPIN HAMILTONIAN

Since magnetic resonance spectroscopy methods only drive transitions between
different spin states, contributions to the full Hamiltonian of the system that have
no spin-dependent components can be disregarded when discussing magnetic res-
onance. The resulting, reduced Hamiltonian is called the spin Hamiltonian H

~

H=H,+H,+Hy+H, +H,,+H, (4.2)

Zero uad*

the individual terms of which will be discussed below.
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ZEEMAN INTERACTIONS H , AND H |,

Just like the classical magnetic dipole moment induced by the angular momentum
of charged particles, the spin angular momentum couples linearly to an external
magnetic field B,,. The magnetic moment of electron and nuclear spins are given

by

(4.3)
: (4.4)

ﬁ’E = —Hp e
By = —HN IN

~ @)

where S and I are the spin operators for the electron and nuclear spin, respectively,
pg and gy are the Bohr and Nuclear magneton and g, and gy are the g-factors for
the electron and the nucleus. The interaction between these magnetic moments
and an external field is called Zeeman interaction and is described by the following
Hamiltonians

H,, = —pBy = s BogS, (4.5)

an = _llKBO = /"LNBOgNIZ' (46)

For most paramagnetic species, spin-orbit coupling between the spin angular
momentum S and the orbit angular momentum L is non-negligible, causing the

strength of the interaction to be dependent on the orientation of S and B,. This
is described by introducing an orientation-dependent g-matrix g in place of the g-

factors g, and gy. Determining and analysing this empiric coupling tensor is one
of the central objects of EPR spectroscopy. Nuclear spins in principle also exhibit
spin-orbit coupling according to the atom shell model. While relevant in high
resolution experiments like high-frequency nuclear magnetic resonance (NMR), in
EPR applications the resulting anisotropy is small when compared to the linewidth
of nuclear transitions. Thus, the interaction can be treated as effectively isotropic
and the nuclear g-factor a scalar specific to each nucleus. Due to the difference
in mass between an electron and a nucleus, the nuclear Zeeman interaction is by
orders of magnitudes smaller” than the electron Zeeman interaction.

For systems with more than one spin, spin-spin interaction both between a nuc-
lear and an electron spin and between two electron spins also contribute to the
total spin Hamiltonian.

AH\, = 0.00152 Hy, for protons.
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4.1.2 HYPERFINE INTERACTION H

The hyperfine interaction between an electron and a nuclear spin is expressed by
k

where k indexes the nucleus under consideration. This interaction can be split
into two parts, the singular part Hy,, and the non-singular part Hyp g, of the
dipole-dipole interaction between electron and nucleus. The isotropic singular, or
Fermi contact, part, arises from the non-zero probability of finding the electron at
the coordinate of the nucleus.

Hy; = Hyioo + Hygoniso- (4.8)

The Fermi contact interaction is given by

th,iso = ahf,iSOSI
2 PN (4.9)
= PrgHo9erBIntin|Po(0)[*ST,

where p, is the total spin density at nucleus k& and |®,(0)|? is the probability of
finding the electron at the nuclear coordinates. Since the latter is zero for orbitals
other than s-orbitals, those do not contribute to the isotropic part of the interaction.
In the case of protons, the magnetic momentum of the electron is in this case fully
described by the free electron g-factor g., since there is no spin-orbit coupling
in proton s-orbitals. This is not necessarily the case for other nuclei, since their
eigenfunctions are linear combinations of multiple 'H eigenfunctions and could as
such exhibit spin-orbit coupling.

Due to the non-symmetric geometry of p-, d-, f-orbitals, unpaired electrons in
these orbitals show dipolar coupling to the nucleus and are therefore responsible
for the anisotropic, dipole-dipole contribution to the hyperfine interaction

th,aniso = SAhf,dipI

™ 3(Sr)(rI) SI (4.10)
:Ege:uBgN:uN — 5 3 |

where 7 is the connecting vector between the electron and nuclear spins. Even
though for protons themselves, most of the spin density is usually located in s
orbitals, proton hyperfine couplings in molecules still regularly show hyperfine
anisotropy due to dipole-dipole interaction with electron spin density on other
nuclei closeby:.
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v v

FIGURE 4.1. — Spin polarisation on protons directly adjacent to carbon radicals.
Due to the spin density in the carbon atom’s p,-orbital, the spin orientation in
(A) is slightly more favourable than that in (B).

SPIN-POLARISATION IN PROTONS BOUND TO CARBON RADICALS

The interactions discussed so far can be understood in a single electron system.
When discussing electrons bound to molecules, further contributions arising from
correlations between multiple electrons become relevant. Consider the case of a
C-H-bond, with the unpaired electron having significant probability of occupying
the carbon atom’s p,-orbital (Figure 4.1).

In an external magnetic field, the a-state will be the preferred one for that elec-
tron. Electrons in other orbitals of the carbon atom will therefore also slightly
prefer the o-state since electrons in the same spin state tend to have less elec-
trostatic repulsion. In particular, this is also true for the electron in the carbon
sp,-orbital shared with the proton. As the Pauli principle requires that two elec-
trons sharing the same orbital must have anti-parallel spin, the electron bound
to the proton will slightly prefer the B-state (Figure 4.1A) over the o-state (Fig-
ure 4.1B). This corresponds to an isotropic hyperfine coupling of the proton. This
effect, termed spin polarization, is found in c-radicals, where the spin density is
confined to a single p,-orbital, and in, more importantly for this work, m-radicals,
where the electron spin density is found in a delocalised m-system. The isotropic
hyperfine coupling of such a proton in a delocalised 7-system can be calculated
via the McConnell relation!!!!]

Qiso = Qpra (411)

where (Jy is an empirical parameter with a value of ~2.5 mT and p,, is the electron
density in the m-system at the coordinates of the carbon atom to which the proton
is bound.
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FIGURE 4.2. — Hyperconjugation of next-neighbour (a-) protons. The overlap
between the proton’s s- and the carbon atom’s p,-orbital (A) induces an iso-
tropic hyperfine coupling, dependent on the angle between the C -H-bond and
the p,-orbital (B).

HYPERCONJUGATION IN (x-PROTONS

Protons that aren’t directly bound to the carbon radical, but to an adjacent (c-)
carbon, e.g. protons in a methyl group bound to a carbon with unpaired electron in
p, or delocalised m-orbitals, also show pronounced hyperfine couplings The cause
in this case is not spin-polarisation but delocalisation of the unpaired electron from
the p,- (7t-) orbital to the proton’s s-orbital due to the significant overlap these
orbitals can have (Figure 4.2). The strength of the resulting hyperfine coupling
is a function of the dihedral angle 6 between the p,-orbitals” axis and the C_ -H-
bond(!1?]

Uiso = aq + aycos? (). (4.12)

Specifically for methyl groups, the three protons at angles of 120° relative to each
other give rise to three different couplings given by

1S

2
a;,, = @y + a, cos? (0 + %l{:) , k=0,1,2, (4.13)

If the C-C-bond can freely rotate, as is usually the case for methyl groups, an
average hyperfine coupling is observed

w0 = G + aycos? (6)
1 (4.14)

= a1 + 5@2.

a;

with triple intensity.
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For typical directly adjacent and nearest-neighbour (a-) protons bound to a co-
factor-radical in a protein, the isotropic component of the hyperfine coupling dom-
inates the anisotropic. In a sample in frozen solution, all orientations of the sample
are present simultaneously. A typical resulting hyperfine spectrum of a single pro-
ton is shown in Fig. 4.3A.

WEAK ELECTRON-ELECTRON INTERACTION H

The interaction between two weakly coupled® electron spins can be described in
very similar terms as the hyperfine couplings between an electron and a nucleus
discussed above, with the isotropic Heisenberg exchange interaction

H

ee,iso

= —2J5,5;, (4.15)

in place of the isotropic Fermi contact interaction H, ntiso (EQ- (4.9)) and the aniso-
tropic electron dipole-dipole interaction

Hee,dip = SADee,dipSB
o (38mSy) 8,8, (@16
47 bHB 7"5 r3

replacing the corresponding anisotropic electron-nuclear spin interaction IA{hf,dip
(Eq. (4.10)).

In proteins, the coupling constant for Heisenberg exchange J can be approxim-
ated by an exponential

J(r) = expP" (4.17)

where 3 is on the order of 15nm™, thus making it largely irrelevant for distances
above 1.4nm, where the dipolar interaction, due to its r>-dependence, becomes
the dominant term.

In the high-field approximation, the two spins can be assumed to be parallel, and
the dipole-dipole interaction simplifies to

D= —ﬁgagb,uﬁr—g 01 0 |= 0 —wpp O (4.18)

Bj e. their interaction is small compared to the external magnetic field
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FIGURE 4.3. — Proton hyperfine splitting compared to electron-electron coup-

lings. (A) a- and B-protons usually exhibit large isotropic and small anisotropic
couplings, resulting in two separated lines in the spectrum. (B) Interactions
between two electron spins are dominated by anisotropic dipolar couplings at
typical distances, giving rise to a Pake pattern.

The dipolar coupling appears as broadening of the EPR spectrum for samples
with low inter-spin distances r <1.5 nm, where the r*-dependence of the broad-
ening can be used to extract distance information. At larger distances, the broad-
ening becomes too small in relation to typical g-anisotropies and can usually be
ignored®.

If the magnetic moments of the interacting spins are parallel — a reasonable as-
sumption for organic radicals in high fields — the dipolar interaction can be de-
scribed solely in terms of the angle 6 between the magnetic field axis and the spin-
spin vector.

~

H

When regarding a disordered sample in frozen solution, all orientations of the
interspin vector are present simultaneously. The distribution in Eq. (4.19) then
results in a Pake pattern (Fig. 4.3).

Using the further assumption that g, = g5 = ¢., Eq. (4.18) can be used to derive a
direct relation between the dipolar coupling frequency vy, = 522 and the distance
r of the two spins A and B

CThe linewidth of a well-resolved first-derivative rigid nitroxide EPR spectrum is on the order of
0.5mT at X-Band frequencies (9.6 GHz), corresponding to ~12 MHz. Assuming that a broaden-
ing of half that width can be safely detected, the limit is actually about 2nm. However, this
assumes a homogeneous nitroxide environment. In a real sample, the environment will be
inhomogeneous and/or different for the two nitroxides, introducing additional broadening.
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/92,04 MHz
r= 2 """ nm. (4.20)
Vpp

While this formula isn’t useful in practical terms, due to the fact that even for
a single pair of spins with a single distance a Pake pattern, i.e. a frequency dis-
tribution is observed, as discussed above, it is still very convenient for a quick
estimation of the expected coupling frequency at a given inter-spin distance and
vice versa.

FURTHER CONTRIBUTIONS TO THE HAMILTONIAN

There are, of course, other contributions to the spin Hamiltonian. Since these are,
however, without relevance to this work, they will not be discussed in detail. The
main, additional, contributions are zero-field splitting and quadrupole coupling.

ZERO-FIELD SPLITTING H

Zero-field splitting describes the interaction between two electrons in those cases
where the high-field approximation does not hold, i.e. in situations with very small
or no external field. In some molecules, transition metal ions, and lanthanides, the
coupling between individual unpaired spins becomes strong enough for them to
appear as a single, effective spin with S > /2. Coupling between the individual spins
causes a lifting of the spin state degeneracy at zero field by splitting the different
energy levels according to

H,_ =SDS. (4.21)

NucLear QuaprupoLe Couping H

Similarly, a nucleus with spin I > 2 possesses a quadrupole moment that interacts
with the electric field gradient at the nuclear coordinates, giving rise to the nuclear
quadrupole coupling

H, .,=1IPI. (4.22)

quad

SPIN-CORRELATED RADICAL PAIRS

For a description of spin-correlated radical pairs (scRPs), it is first necessary to con-
sider two cases of coupled electrons. Two electrons whose exchange and dipolar
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interaction is large compared to the Zeeman splitting (1) will form a four-level sys-
tem that is best described in terms of triplet and singlet states, i.e. as one manifold
with effective spin S = 1 and one with S = 0. This situation arises for example in
oxygen atoms in the gas phase, photoexcited organic compounds or any other sys-
tem where two unpaired electrons exist in close proximity to each other. If the two
electrons are sufficiently separated that their mutual coupling is small compared to
the Zeeman energy (2), their interaction is best described as a small pertubation to
the Hamiltonian, and the resulting states no longer separate into triplet and singlet
manifolds, but into states with mixed singlet-triplet character. The electron pair
in this case is termed a biradical.

When a radical pair is created in state (1) but then transitions rapidly into state
(2) by way of a separation of the two radicals, the result is a biradical whose states
are populated retaining the spin correlation, i.e. the triplet or singlet character of
its precursor. The result is called a spin-correlated radical pair (scRP). Examples
of scRPs are radicals created by chemical reactions that are separated through dif-
fusion or radicals in photoexcited organic compounds that get separated through
electron transfer to neighbouring molecules.

In discussing scRPs, a simplified Hamiltonian

~ ~

Hrp =H,+ Hy+ Hexch,AB + Hdip,AB

. . . 3 (4 14 (4.23)
= w8y, +wpSp, +J (S2+1) + 5 (SE + 552) :

where H A and H A comprise all single-electron contributions to the Hamiltonian
(Eq. (4.5) and (4.7)), while H ., op and Hy;, op describe the exchange (4.15) and
dipolar (4.16) coupling between the two spins A and B, respectively, both terms

rewritten in terms of the total spin of the system S = S, + S;.
Using the standard basis of a two-spin vector space

T,) = [11)
1
To) = —= (I1H) + M)
V2 (4.24)
T) = [1)
1
|15) = T(ITU 1)

of one singlet and three triplet states, H rp €an be written as
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FIGURE 4.4. — Energy levels of a spin-correlated radical pair. The triplet (1", 1, T},
and 1" ;) and singlet (S) energy levels of the initial, strongly coupled radical
pair (A) shift due to singlet-triplet mixing, producing two levels (1 and 4) with
pure triplet and two (2 and 3) with mixed singlet-triplet character (B). See the
main text for details. For a radical pair starting out as a singlet, the resulting
absorbtive (red) and emissive (blue) transitions are shown in (C).

w—J+1id
5 0
H,, = 0
0

0 0 0

J Q 0

O —Jd 0 , (4.25)
0 0 —w—J+3d

withw = 1 (w, +wp) and Q = & (w, — wy) the sum and difference of the Larmor

frequencies and d = D (cos*0 —1/3)

describing the angle 6 between the dipolar

axis and the magnetic field. Diagonalisation yields the new eigenvectors and ei-

genvalues of the system:

1

1) = |T.) Wy =w—J+d (4.26)
12) = cos 1| S) + sin | T) wy = 02— %d (4.27)
13) = —sin ) [S) + cos vy |Ty) wg =—0 — %d (4.28)
14) =|T") wy=—w—J+ %d (4.29)

where 2 =

\/(J + %d)2 + Q2 and tan2y = 2Q/(2J + d) .

The eigenvectors |1) and |4) are identical to their counterparts in a normal spin-
1 system, |2) and |3), however, represent mixed triplet-singlet states. The mixing
angle v is defined by the parameters J, Q and d, v = 2Q/ (2J + d). The corres-
ponding energy levels and their relation to the original singlet/triplet levels are
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FIGURE 4.5. — Simplified spectrum resulting from the spin polarisation in Fig.
4.4C. In most system, each individual line is broadened by g-anisotropy and hy-
perfine couplings, resulting in a complex spectrum. Positive peaks by conven-
tion indicate microwave absorption (red), while negative peaks indicate emis-
sion (blue).

depicted in Fig. 4.4A and B.

As discussed, the radical pair “remembers” the spin state of its precursor. Since
the original strongly coupled biradical exists either in a pure triplet or a pure sing-
let configuration, the same is true for the initial state of the radical pair. As a
consequence, the initial configuration of the radical does not correspond to the
thermal Boltzmann distribution. In a scRP originating from a singlet precursor,
only |2) and |3) are populated. For a triplet precursor, |2) and |3) are less popu-
lated than |1) and |4). Figure 4.4C shows the configuration for a singlet precursor
together with the allowed transitions between states.

The selection rule for an EPR transition (AS = +1) allows for four transitions
in this system, |1) <> |2), |[1) <> |3), |2) <> |4) and |3) <> |4). In a radical pair
derived from a singlet precursor, for example, this results in four EPR lines (Figure
4.4C and 4.5), two of which, [3) — |1) and |2) — |1), are absorptive, the other,
|3) — |4) and |2) — |4), emissive. Hyperfine interaction and g-anisotropy in real
systems lead to each individual line having its own, broadened and potentially
structured, spectrum, causing the four lines to overlap. The resulting spectrum is
often complex and the underlying parameters difficult to disentangle.

SPIN SYSTEM EVOLUTION

To understand the principles of EPR, it is necessary to consider the time dependent
evolution of the spin system. The equations used here to describe the spin system’s
time evolution, called Bloch equations, are exact geometrical representation of a
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S = 12 in a magnetic field neglecting relaxation and are thus formally equivalent to
the Schrédinger equation. For the sake of simplification, they will, however, only
be used in terms of the observable’s expectation values for a spin ensemble.”

4.3.1 BLoCH EQUATIONS

The spin system is described by the macroscopic magnetisation M as the sum over
all individual molecular magnets = & > v, with the preferred state M, =
Myeg, = (0,0, M) parallel to the external field By | 2. The time evolution of
this magnetisation is then given by the equation of motion

d

where M x B, describes the interaction of the magnetisation with the magnetic
field and X = [(1/75,0,0);(0,1/7,,0);(0,0,1/T})] describes the relaxation of
the magnetisation back to the preferred state M,,. T}, the longitudinal relaxation
time and Ty, the transversal relaxation timef are phenomenological parameters
that will be discussed later.

Equation (4.30) is solved by the time dependent function

M (t) = R_(wyt) exp * M(0) + (1 — exp~**) M, (4.31)
with X as defined above and

cose —singp 0
R.(p)=| sinp cose 0 (4.32)
0 0 1

a rotational matrix describing a rotation around the z-axis and w, = B, the Lar-
mor frequency. In sum, this solution describes a precession of the magnetisation
around the z-axis, that, over time, spirals back towards the preferred orientation
M.

Disregarding the term describing relaxation, we next consider the influence of a
second, time dependent, circularly polarized magnetic field B; = B; (cos(w,,t), sin(w
which is used to excite the spins and is provided by the magnetic component of
microwave radiation. To describe the effect of this secondary magnetic field, it is
convenient to switch to a coordinate system of the incidental circularly polarised

t),0)

mw

DA typical EPR spectrometers has a sensitivity on the order of 1012 spins, making only ensemble
averages accessible to EPR.

EThe orientation of the external field, and with it the laboratory frame of reference, is arbitrary.
By convention the external field is always assumed to be in z-direction, i.e. B = (0,0, B)
FNamed for the direction of their influence, towards or perpendicular to the preferred magnetisa-

tion.
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wave, i.e. rotating around the z-axis with w,,,,. With the additional definition of the
frequency offset between incidental wave and Larmor frequency {2 = wy — Wy,
the relaxation-less Bloch equation simplifies to

] —OM, (1)
wlMy<t>

where w; = 7B, is the Larmor frequency of the magnetisation with respect to
the second field B, describing a nutation of the magnetisation around an effect-
ive field, that itself precesses around the z-axis defined by B,. The inclination
between the effective and the external field is given by 6 = arctan(w,/{2), For
large (2, i.e. a large offset between excitation and Larmor frequency, the inclina-
tion is approximately zero. For {2 — 0, however, § — 7/2 and in the case of
resonance {2 = 0 the magnetisation solely precesses around the rotating z-axis
defined by By, e, = B,/B;°

x,rot

M =R, (wt)M(0). (4.34)

x,rot

This means that, in case of resonance between w,,, and w;, a) B, resonantly
transfers energy to the magnetisation and b) by applying a resonant B, only for a
short time At, the magnetisation can deliberately be flipped to an angle § = w, At
with respect to B;. The former forms the basis for cw EPR, while the latter is the
foundational concept of pulsed EPR.

RELAXATION PROCESSES

As described in Eq. (4.30), the relaxation of the magnetisation back to the ground
state M, is governed by two parameters, the longitudinal relaxation time 7 and
the transversal relaxation time 7. To understand their origin, it is necessary to go
from the pseudo-classical, macroscopic sample magnetisation back to regarding
individual spins.

GFor simplicity’s sake, the rotating-frame axes e, and €, o Will be referred to only as z,y from
here onwards.

HIt should be noted that for technical reasons the incidental microwave in an EPR experiment
is linearly, not circularly polarised. Since a linearly polarised wave can be described as two
circularly polarised waves with opposing rotational directions, and only one of these two can
be in resonance, while the other will be at frequency offset of 2w, > w, this has no influence
on the experiment.
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LONGITUDINAL / SPIN-LATTICE RELAXATION

Longitudinal or spin-lattice relaxation causes the magnetisation to return to the
preferred orientation along z. This effect is due to individual spins flipping back
from the excited to the ground state, changing their energy in the process. Spon-
taneous emission does not play a significant role in this process!''3'. Rather, these
spin-flips are induced by coupling to phonons. At low temperatures this process is
mainly driven by direct transitions while at high temperatures Raman transitions
dominate. Both effects are an exponential function of the temperature, leading to
an absolute minimum of the spin-lattice relaxation at an intermediate temperature
specific to the system.

Longitudinal relaxation represents a loss of energy to the spin ensemble, as well
as coherence.

TRANSVERSAL / SPIN-SPIN RELAXATION

Transversal or spin-spin relaxation describes a loss of coherence to the spin system.
Fluctuations in the local magnetic field experienced by the spins causes variations
in the spins’ Larmor frequencies, leading to an coherent spin ensemble dephasing
over time. Additionally, spins can undergo random flip-flop processes, in which
two individual spins with identical Larmor frequencies exchange their respective
states. Both processes retain the total energy of the spin ensemble.

This, too, is a temperature-dependent process, with higher temperatures gener-
ally implying a faster spin-spin relaxation.

THE RELEVANCE OF RELAXATION PROCESSES IN EPR EXPERIMENTS

Relaxation processes play an important role in all EPR experiments, both cw and
pulsed. However, they affect cw and pulsed experiments differently.)

Continuous-wave experiments rely on the resonant energy transfer from the
microwave B;-field to the spin ensemble. The population of the excited state n;
relative to that of the ground state n, is given by

ny 1
nyg 14+ aBT,
were « is a transition-specific parameter. Obviously, for both large B, and long

spin-lattice relaxation time 77, this ratio approaches 1, no further energy is trans-
ferred and consequently no signal can be detected. Thus, cw experiments at low

(4.35)

Ithe expected rate of spontaneous emission at X-Band frequencies (=10 GHz) is on the order of
1000 h.

JFor an extensive discussion of this topic, see Poole and Farach.[''¥]
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temperatures generally require low microwave power. Conversely, the faster re-
laxation at higher temperatures makes cw EPR ideally suited for room temperature
experiments.

As cw EPR does not require a coherent spin packet, the spin-spin relaxation has
no effect on the experiment itself. Both 7} and to a lesser extent 7%, do however
influence spectral width, and the homogeneous broadening resulting from relaxa-
tion can be used to determine relaxation times.[!*4]

By contrast, pulsed EPR experiments do rely on the manipulation of a coherent
spin packet. Since spin-spin relaxation represents a loss of coherence, this process
directly limits the pulse sequence’s length in a given experiment. The design of a
pulse sequence in a pulsed EPR experiment is based on the assumption that the
spins are initially in the ground state parallel to the external field. The return to
this state is governed by the spin-lattice relaxation, making it the limiting factor
for the repetition rate of the experiment.

In a non-idealised sample and under realistic experimental conditions, other
relaxation processes than a pure exchange between two spins in the excited en-
semble, e.g. fluctuations in the magnetic field B, contribute to the loss of coher-
ence and therefore to 7,,. To distinguish these processes from the “normal” spin-
spin relaxation, these processes get subsumed into an effective phase-memory time
T.,.
Obviously, the spin-lattice relaxation of the observed spin contributes to 7,
since the relaxation of a spin to the ground state is itself a loss of coherence of the
excited spin packet. 7] thus forms an upper limit for the phase-memory time.

Other than that, the most important of these effects is instantaneous diffusion!
This process occurs when, in addition to the spin ensemble A under observation,
the microwave pulse — either due to ever-present inhomogeneities in the field B,
or the frequency spectrum of the pulse itself — also flips additional spins B, some
of which may be dipolarly coupled to spins in A according to (4.16). This additional
flip causes a fluctuation in the local field at coupled spins in A, altering the phase
relations between the spins in the ensemble and thus destroying coherence. Redu-
cing the sample concentration, thus increasing the mean distance between spins
and, consequently, reducing the dipolar coupling between spins, increases phase
memory times.

Since field fluctuations influence 7, (see above), any process that alters the local
field at the observed spin reduces 7,,,. T, is thus also impacted by spin-lattice
relaxation of other excited spins as well as flip-flop processes that do not directly
involve the observed spin.

Crucially, the spins causing fluctuations do not have to belong to the species
being observed. They can be “accidentally” excited spins as described above, or
nuclear spins in the vicinity. In biological samples, with their relative abundance of
spin-carrying protons both in the sample itself and in the water-based solvent, the

103]
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latter dominate Tm.[103] These nuclear spins, for the most part, do not interact with

the observed spin directly, but relax via transversal relaxation among themselves.
The resulting fluctuations in the local field are related to the phase memory time
via

1
7 g/ I(I+1) (4.36)

m

i.e. T\, is dependent on the nuclear spin /, but much more so on g-factor g, of
the nucleus in question. This results in e.g. protons causing faster relaxation than
deuterons, despite the latter’s spin I = 1.

BAsic EPR TECHNIQUE

An EPR spectrometer is always built from three major components, one, a mi-
crowave bridge, two, a resonant cavity or other resonant device and three, a mag-
net for the generation of B,,. The microwave bridge comprises a microwave source,
phase and amplitude adjustments, microwave detection devices and — in the case
of a pulsed bridge — devices to generate and shape pulses. Resonators can be e.g.
a split-ring or dielectric ring, and are usually equipped with a cryostat for temper-
ature control.

EPR spectrometers are operated in several narrow microwave bands. The reas-
ons for this are a) the commercial availability of parts and b) the necessity of us-
ing a resonator, greatly limiting the spectrometer’s bandwidth. This resonator
bandwidth limitation also means that in a typical EPR experiment, the microwave
frequency remains fixed while the magnetic field is swept to record the sample’s
spectrum. By far the most commonly used frequency band is X-Band (9.6 GHz).

MAGNET

For excitation frequencies up to Q-Band (34-35 GHz), a normal, water-cooled elec-
tromagnet can be used. At higher frequencies, the resonance condition for g = g,
can only be fulfilled with superconducting magnets. Regardless of the set-up, field
homogeneity is of paramount importance, since, as has been discussed in Section
4.3.2, field inhomogeneities directly lead to line broadening.

RESONATOR

The resonator fulfils two tasks. Firstly, by its geometry it minimises the electric
component Eq of the microwave within the sample, which would otherwise tend
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FIGURE 4.6. — A schematic dielectric-ring resonator. The resonant structure is
formed by the dielectric ring (blue), with the sample centred inside. Microwave
radiation is coupled into the resonator via an antenna situated above the ring.
By adjusting the distance between ring and antenna, the coupling can be adjus-
ted.

to be absorbed by the sample, damping the microwave and thus reducing sens-
itivity. This is especially important for biological samples in water-based buffer
solutions. Secondly, by tuning the resonator to be critically coupled (i.e. imped-
ance matched) to the resonant microwave frequency, microwave reflection from
the cavity is reduced and the magnetic component of the microwave B, is greatly
enhanced, leading to a stronger interaction.

The resonators used for this work were a dielectric-ring resonator (Figure 4.6), in
which the electric component of the microwave is concentrated in a ring around
the sample made from a dielectric material, usually sapphire, and a basic cavity
resonator, consisting simply of a metal box that has its main resonant mode at the
microwave frequency.

CoNTINUOUS-WAVE EPR

For an cw experiment, the resonator is critically coupled (impedance matched) to
the microwave. This means that a) the resonator operates at maximum quality
factor Q and b) that the incoming microwave is fully coupled into the resonator,
the reflected signal, and therefore the signal reaching the detector, is zero. When
an EPR transition is excited, the sample will absorb microwave, detuning the res-
onator and thus causing some microwave to be reflected again. This signal is read
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FIGURE 4.7. — A schematic microwave bridge. The signal path for a continuous-
wave experiment is highlighted in yellow. Microwave reflected from the res-
onator is combined with the reference microwave and detected with a rectifier
diode and a lock-in amplifier. P denotes a phase shifter, A an attenuator, S a
microwave switch. Amplifiers are indicated with a triangle.

out at the detector.

Due to the theoretically infinitesimal bandwidth of a continuous wave, only a
small fraction of spins in the sample is excited. This, however, is more than com-
pensated for by the possibility of using extremely narrow bandwidth, and thus
high Q, resonators. Additionally, a standard cw experiment modulates the mag-
netic field at kHz frequencies, thus modulating the signal and making it possible
to use a lock-in amplifier at the detection and to suppress noise.

A schematic microwave bridge is depicted in Fig. 4.7, with the signal path for a
cw experiment highlighted in yellow. The microwave is initially split on to two
paths, the cw arm towards the resonator, and the reference arm. The microwave
reflected from the resonator is separated from the incoming wave using a circulator,
combined with the reference arm by constructive interference and detected with a
rectifier diode. The amplitude of the reference signal is used to bias the detection
diode to operate in the linear regime.
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4.4.2 BAsic PuLsep EPR

In a typical pulsed set-up (Fig. 4.8), the microwave is split into multiple channels
of pulse gates, that can produce individually timed, phased and attenuated mi-
crowave pulses. These pulses are then again combined and strongly amplified
using a travelling-wave tube amplifier (TWT) before being directed into the res-
onator. In order to accommodate the bandwidth of the pulses and reduce the ring-
down time, i.e. the time it takes for the pulse to dissipate from the resonator, res-
onator with low Q-factor is used. To protect the nW-sensitive detectors from the
kW microwave pulses, the detector is blanked during the pulses. This means that
each pulse produces a dead time of the spectrometer, during which no detection
is possible. Working around this dead time, typically on the order of about 100 ns
after the end of a pulse, is a critical concern in pulsed EPR experiments. The mi-
crowave returning from the resonator is mixed with the reference microwave to
remove the carrier frequency from the signal and recorded using a transient re-
corder (oscilloscope or other analog-digital converter (ADC)).

As demonstrated in Eq. (4.34), the length and amplitude of a microwave B, pulse
can be used to flip the sample magnetisation to an arbitrary angle. The simplest
possible pulse experiment would therefore be to flip all spins into the x-y-plane
and to detect along the y- or x-axis of the rotating frame. This results in an in-
stantaneous, slowly decaying complex signal called the free induction decay (FID).
By recording and Fourier-transforming this signal, the full EPR spectrum could in
theory be extractedX.

This is, however, not feasible in general. Firstly, most EPR spectra are too broad
to be excited simultaneously with a single pulse at achievable pulse lengths of
~10ns. Secondly, the aforementioned dead time means that it is impossible to
start recording immediately after the pulse. A typical EPR FID decays fully within
the dead time for most real samples.

HAHN ECHOES

Erwin Hahn first suggested'*] the projecting the FID out of the dead time by ap-
plying a 7/2-pulse® followed by a m-pulse after a delay time t. This second pulse
causes the spin packet, which dephased in the z-y-plane after the initial plane, to
refocus after an additional delay t, created back-to-back FIDs (Figure 4.10 and 4.9).
The resulting magnetisation is coupled back into the resonator antenna. By choos-
ing T to be longer than the dead time, this so-called spin echo can be detected.

KThis technique is commonly used in NMR spectroscopy.

LPulses are commonly defined by their flip angle, a 7/2-pulse corresponds to a pulse with a 90° flip
angle. For the rest of this work, pulses will be referred to in this manner, with pulse separation
times denoted with t, 74, T, etc.
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FIGURE 4.8. — A schematic microwave bridge. The signal path for a pulsed ex-
periment is highlighted in yellow. Low power continuous microwave radiation
is split into multiple channels that generate and shape pulses of individual tim-
ing and phase. These are then amplified using a travelling-wave tube amplifier
(TWT). Microwave detection is achieved by downmixing the detection with
the reference microwave and digitising the resulting signal with a transient re-
corder (oscilloscope or analog-digital converter (ADC)). A second microwave
source, highlighted red, can be added to the setup for multifrequency experi-
ments. For an explanation of the symbols, see Fig. 4.7.
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FIGURE 4.9. — The Hahn echo sequence. The spin system is initially excited using
a 72 pulse, followed by a m-pulse after a delay t (A). After a further delay t, an
echo is observed. n- and 7/%-pulses can be achieved by either varying the pulse
length (top) or pulse power (bottom). By repeating this sequence at different
magnetic fields, the spectrum of the sample can be recorded (B). For a detailed
picture of the spin manipulation involved, see Fig. 4.10.

Since this still does not solve the problem of incomplete excitation of the spec-
trum, the full spectrum is recorded by integrating over the echo (eliminating all
but the exactly on-resonance component) and scanning the spectrum by repeating
the same pulse sequence at different magnetic fields in an field-swept echo (FSE)
experiment (Fig. 4.9B).
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FIGURE 4.10. — Spin picture of the Hahn echo sequence. The spins are initially
oriented along the external field B (A): Applying a %2 microwave pulse with
Bj in x direction causes the spins to rotate into the x-y-plane (B), where, after
the pulse, the packet starts to dephase because the pulse also flips spins with
Larmor frequencies slightly below and above the reference frequency of the
rotating frame (C). The i pulse after delay t inverts the population in the x-
y-plane (D), effectively exchanging the positions of “fast” and “slow” spins in
the packet, causing them to refocus (E). After an additional delay t, the spins
are refocussed again (F), allowing the resulting magnetisation to be detected
outside the spectrometer’s dead time.
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CHAPTER 5.
METHODS & MATERIALS

This chapter discusses the methods used both in experiments and in data evalu-
ation in Section 5.1 below, as well as detailed experimental parameters, measure-
ment equipment and software in Section 5.2.

METHODS

ELECTRON-NUCLEAR DOUBLE RESONANCE

ENDOR is an EPR method, first developed by FEHER['') in 1956, that is designed for
detecting hyperfine couplings (HFCs). It is a two-frequency method, utilising both
microwave frequencies for the excitation of electron spins and radio frequency
(RF) frequencies to directly excite nuclear spin transitions. While initially a cw
experiments, two pulsed variants were later developed, one by Mmms!!'”) in 1965
and one by Davies!!'®) in 1974. For this work, the latter was exclusively employed.

The pulse sequence of Davies ENDOR and the corresponding spin transitions are
shown in Fig. 5.1. In a simplified picture of an isolated electron coupled to an isol-
ated S = Y2 nucleus, Zeeman interaction and hyperfine couplings split the electron-
nucleus spin system into four levels [1.1,.), [T.dn)s [4eT,) and | 4,,). The first
n-pulse selectively excites one of the electron transitions, creating a population in-
version on that transition that can later be detected by a standard Hahn echo (see
4.4.2). If the RF pulse is in resonance with one of the nuclear spin transitions and
has also a n-flip angle, it creates a population inversion in this nuclear transition,
thereby ideally eliminating all population difference from both levels connected
by the electron spin transition pumped by the initial mt-pulse. Since only the spins
contributing to a population imbalance can be detected in the following echo, this
greatly reduces the echo intensity. By repeating the sequence while changing the
RF frequency, the hyperfine spectrum, consisting of two lines centred around the
free nuclear frequency vy and split by the hyperfine couplings a,; (vy > a) or vice
versa (vy < a), can be recorded.

In essence, ENDOR can be described as EPR-detected NMR. The advantages of
this method over standard NMR are twofold; one, only nuclear spins that are ac-
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FIGURE 5.1. — The Davies ENDOR sequence. (A) The energy levels of the two-
spin system over the course of the sequence, (B) the pulse sequence. Electron
spins and micorwave excitation are shown in yellow, nuclear spins and RF excit-
ation in red. The temporal positions of the three diagrams in (A) are marked by
Roman numerals I-III. The initial pulse excites one of the EPR transitions (A-I)
yielding a population inversion on that transition (A-II). Applying an RF pulse
(A-II) can lead to three different cases: In the case of an off-resonant RF pulse,
nothing further happens and an echo is observed when again probing the elec-
tron transition (A-III, first panel). For resonant pulses, the RF pulse eliminates
the population inversion created by the microwave pulse, reducing the echo
intensity (A-III, second and third panel).
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FIGURE 5.2. — Davies ENDOR on an inhomogeneously broadened line. Part of
the hole created by the microwave inversion pulse is shifted towards lower and
higher energy, depleting the hole and thus reducing echo intensity.

tually coupled to the electronic spin can be detected, making this method highly
locally selective and two, the Boltzmann population imbalance between two elec-
tron spin levels is much higher than that of two nuclear spin levels, making the
method much more sensitive®.

In a real experiment, the microwave pulses cannot selectively excite only one of
the two transition in the whole spin ensemble. To understand the detection prin-
ciple under realistic conditions, it is necessary to consider the effect the different
pulses have on an inhomogeneously broadened line (Figure 5.2).

Such a line of width I'; ;, consists of many superimposed spin packets, each with
its own resonance frequency and homogeneous linewidth I'y . The initial st-pulse
affects spins whose resonance frequency falls within the pulse’s bandwidth, “burn-
ing a hole” into the line (Fig. 5.2a). The RF pulse, if resonant, shifts half of this
hole to a resonance frequency different by the hyperfine coupling frequency ay.
The direction of the shift depends on whether the microwave pulse inverted the
1.1, = eTh) or [Todn) — |4ed,) transition. Thus, after a resonant RF pulse,
half of the population remains at the original energy, one quarter gets shifted by
ay to higher energies and one quarter gets shifted by a, ¢ to lower energies. Since
the following Hahn echo only probes spins at the original position, this results in
a 50% lower echo intensity.

It is immediately clear that this change can only appear when the shift is larger
than the width of the hole. Contrary to normal practice, it is therefore important
to choose a comparatively long inversion pulse. However, since the number of
excited spins and thus the signal intensity is inversely proportional to the pulse
length, a trade-off usually has to be made. Common inversion pulse lengths are
between 100 ns and 200 ns. Thus, Davies ENDOR is inherently insensitive to small

AThe population imbalance between the two g = 2, m, = 12 levels at 80 K and X-Band frequencies
is about 0.6 %. For a proton under the same conditions it is about 0.001 %
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HFCs. The Mims ENDOR sequence can improve on that to some degree, but it, too,
suffers from the systematic limitation of the central hole.

ENDOR, EXPERIMENTAL CONSIDERATIONS AND DATA ANALYSIS

Choice of experimental parameters Since experiments using single oocytes suf-
fer from extremely limited effective sample quantities, the ENDOR experiments
in this work were performed in Q-Qand (34-35 GHz) to take advantage of the in-
creased sensitivity as well as the possibility of symmetrising the spectrum (see
below). The main drawback of the Q-Band set-up — lack of power, necessitating
longer pulses of limited bandwidth — is, as discussed above, not a limitation for
Davies ENDOR.

The RF pulse transfers a large amount of energy to the sample. To avoid creating
drifts and offsets in the measurement, the RF frequency is not swept continuously
but stochastically. Thus, any influence the pulse has on the experiment is present
as noise which can be compensated by longer accumulation, instead of drift which
has to be corrected for in post processing. An additional advantage of stochastic
sweeping of the RF frequency is that the impact of nuclear 7} on repetition rates
is reduced, as, even with the finite bandwidth of the RF pulse, a given nuclear spin
is on average only excited every n'! shot, where n is the number of points used to
record the spectrum.

Effects on ENDOR line intensities Since the aim of the ENDOR experiments was
— in part — to obtain the ratio of mobile-to-immobilised C8a methyl groups from
the spectra, as far as possible all parameters impacting the intensity of ENDOR
lines have to be taken into account.

Firstly, the line intensity is influenced by multiple properties of the spin system:
It depends on the population imbalance of the levels between which a transition
is induced. Since the levels are initially Boltzmann-populated, lines of higher fre-
quency will also have higher intensities. Since the energy differences between
nuclear spin states are small, this effect becomes significant only at very low tem-
peratures. Additionally, the ENDOR transition moments contain contributions of
the electron spin operators S and S for RF pulses along x and vy, respectively,
that result in the intensities of a hyperﬁne line pair being scaled by (1 + A, /vy),
an effect called ENDOR enhancement.''®) Assymmetric spin relaxation rates also
play a role.

Secondly, the line intensity depends on the RF power at the location of the
sample. Relative line intensities are therefore negatively impacted by the linear-
ity — or lack thereof — of the RF generator and amplifier used to generate the RF
pulses as well as the coils coupling the RF waves into the resonator.
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FiIGURe 5.3. — The effect of the Davies hole on ENDOR line intensity. ENDOR
efficiency when using a 120 ns inversion pulse according to Eq. (5.1) (red) as a
function of the offset from the free nuclear frequency of the proton, compared
to the ENDOR spectrum of a neutral flavin radical (blue). The suppression effect
around v = 0 in the calculated efficiency is exaggerated since it does not take
into account the finite excitation bandwidth of the RF pulse.

Lastly, the intensities of HFCs detected in Davies ENDOR depend on the length

of the initial pulse 7, and the effective hyperfine coupling a4 according to FAn
et al.'?0]

1'4Aeﬁ7-7r
2072 + (Agr)?

strongly attenuating lines at very small HFCs (Figure 5.3). While this formula sug-
gests that very large HFCs are suppressed as well, this effect is often compensated
by ENDOR enhancement,[''”) leading to a roughly constant ENDOR efficiency for
couplings that are large both relative to vy and t,.. Similarly, while it predicts an
efficiency of zero for hyperfine couplings of zero, this is not true experimentally
due to the bandwidth of the RF pulse. This, combined with the large number of
very small couplings present in a real sample leads to significant signal intensity
at the free frequency in real experiments.

All of these effects have been taken into account in the simulations performed in
this work. Intensity variations due to the Boltzmann population factor and ENDOR
enhancement are already included by the simulation software (see 5.2.3) used.

(5.1)

Davies —

Spectrum symmetrisation In the absence of the aforementioned effects, a typ-
ical proton ENDOR spectrum is expected to be symmetrical around the free pro-
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ton frequency. Therefore, by adding a mirrored version of the spectrum to itself,
the spectral intensity can be increased twofold, resulting in a V/2-fold increase
in signal-to-noise ratio (SNR). Since the spectrum of each nucleus is individually
split around its vy, this is only feasible when the spectrum of one species, e.g. pro-
tons, does not overlap with that of another species, e.g. nitrogen. By choosing to
perform the ENDOR experiments at Q-Band, this has been ensured in this study.?

An additional effect of symmetrisation is that any linear dependence of the line
intensity on the resonance frequency will be eliminated in the process. This is, to a
good approximation, true for Boltzmann population effects, ENDOR enhancement
and the RF system’s non-linearity.

It is, however, not true for the ENDOR efficiency due to the inversion pulse’s
length, since this itself is symmetric around vy. It has therefore been taken into
account explicitly by folding simulated spectra with the efficiency function (Eq.
5.1).

AVOIDING LOCAL MINIMA AND DERIVING ERROR MARGINS IN ENDOR
SIMULATIONS

When simulating ENDOR spectra containing multiple overlapping couplings from
e.g. multiple protons, certain challenges arise:

« the increased number of free simulation parameters (at least four, a,,, ayy,
a,, and the linewidth, per inequivalent nucleus) often renders automatic fit
algorithms unreliable

« even when manually fitting or selecting subgroups of parameters for auto-
matic fitting, this brings with it the very real possibility of getting stuck in
local minima

« when multiple spectra overlap, changes in one can often be compensated by
changes in the other, drastically increasing error margins for these “coupled”
parameters. This is especially true for parameters defining the relative in-
tensity of a line.

If, as was the case in this study, parameters are to be used in further calculations,
it is necessary to also derive reliable error margins, something that is in general
not easy to do with simulated spectra.

BThe width of the flavin ENDOR spectrum is 20 MHz when disregarding the H5 coupling. Proton
free Larmor frequency at typical Q-Band frequencies is 51.7 MHz, the most significant second-
ary contribution to the full ENDOR spectrum is nitrogen, with a free Larmoe frequency of
3.7 MHz. Nitrogen couplings that are large enough to overlap with the proton spectrum will
have too low spectral density to be visible.
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FIGURE 5.4. — Evaluation of ENDOR simulation. Parameters are randomly varied
and the resulting error plotted over the parameter variation. (A) example of a
parameter that has a local minimum (here an rotational angle influenced by the
symmetry of the system), (B) example of one parameter being compensated by a
second (here the intensities of two lines with very similar hyperfine parameters).
The green markers represent those parameter sets that fall within the range of
acceptable deviations.

The approach taken in this work was to first simulate the spectra manually, pro-
ducing an initial guess for the “true” set of parameters, and then repeatedly simulat-
ing the spectra while varying subsets of the total parameter space in a Monte-Carlo
experiment. For each set of parameters thus generated, the standard deviation o
of the simulation from the experiment was calculated.

This method, one, finds an optimal simulation — the parameter set with the low-
est 0 — within the confines of its variation space, two, addresses the problems
discussed above and three, allows one to derive parameter errors.

Local and global fit minima as well as cases of parameters compensating each
other can be identified by plotting the standard deviation ¢ over the variation of
a parameter J, the former as minima of the o-distribution (Figure 5.4A), the latter
as a distribution that is independent of the chosen variation parameter (Fig. 5.4B).

The same plots can be used to determine an error for the simulation parameter.
This is achieved by setting an acceptable deviation of o from the optimum. From
all parameter sets with lower o (Fig. 5.4, green markers), those farthest from the
optimum define the acceptable range of parameters and thus the error.

This method is only feasible if individual simulations are fast enough to repeat
them often. This is usually the case for proton ENDOR. For analysis of ENDOR
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FiGURE 5.5. — The DEER sequence. Using pulses at two different microwave fre-
quencies, the spins excited by the Hahn echo and detected with a refocusing
1 pulse on the probe frequency are influenced by the dipolarly coupled spins
exited by the pulse on the pump frequency, thereby changing the echo intens-
ity. By changing the position of the pump pulse, the dipolar coupling can be
determined. The positions (A-E) correspond to the respective panels in Fig. 5.6.
See there and in the text for details.

intensities, spectra only need to be scaled, and the spectra of individual nuclei have
only to be calculated once for all sets. The computational cost is then negligible.

In all data analysis, special attention was paid to minimise observer bias. To this
end, software was written to automatically vary parameters, determine optimal
parameters and calculate errors. Since the initial simulations were already quite
convincing, parameter variations were biased towards zero using a normal distri-
bution, in order to increase resolution in that area. From visual inspection of the
simulated spectra, a 5% increase in o was set as the acceptable level. While this
choice to some degree also represents observer bias, this mainly manifests itself
in the absolute, not relative error values: Simulations with large minimal ¢ will
produce larger errors than those with small minimal o, parameters that greatly
influence the spectra will have smaller errors than those that contribute little, and
so forth. Accordingly, the errors thus determined were used as weighing factors,
i.e. relative errors, for further calculations.

ELECTRON-ELECTRON DOUBLE RESONANCE

ELDOR is a method designed to measure dipolar couplings between electron spins.
It is today predominantly used in structural biology for distance measurements in
spin-labelled proteins. ELDOR experiments were introduced, as a cw technique
by Bowkrs and Mims['?!l in 1959 and as a pulsed experiment by NECHTSCHEIN
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FiGure 5.6. — The DEER sequence - spin picture. The spin packet A is prepared
by a standard Hahn echo using the probe frequency (A-B). After flipping spin
packet B using a « pulse on the pump frequency, the changed effective field
at spin A causes it to acquire a phase shift proportional to the time it evolved
under the influence of the changed field and the dipolar coupling frequency (C).
Refocussing packet A with a probe frequency n pulse (D) recreates the echo at
a phase offset 0 (E).

and Hype!'?? in 1970, for the investigation of concentration effects and relaxation
mechanics, and only later employed in distance measurements using the r de-
pendence of the dipolar coupling by MiLov et al..'?3-1%] The original experiment,
called three-pulse ELDOR (3pELDOR), consists of three pulses, a Hahn echo exper-
iment on one microwave frequency exciting one spin population A, with a 7t pulse
of different frequency set in between the Hahn echo pulses, exciting a different,
dipolarly coupled population, B.

In 1998, the method was augmented by MARTIN et al [126] by introducing a
second 7 pulse after the Hahn echo sequence and moving the second-frequency
pulse in between the 7 pulses (Fig. 5.5) in a sequence termed DEER. This arrange-
ment eliminates dead time at the cost of a longer pulse sequence and corresponding
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loss of signal intensity.

The experiment works as follows: In the absence of the pump pulse, only the
spins in population A are excited by the probe pulses, an echo is produced at time
2 1, by the initial Hahn sequence, the spins are refocused by the second 7 pulse,
set at a delay T, after the initial echo, producing a second echo at time t, after the
second 7 pulse. By making the initial Hahn echo sequence as short as allowed
by the spectrometer, as introduced by PANNIER et al,l'?’] the penalty in sequence
length when compared to 3pELDOR is all but eliminated. This improvement has
made DEER the de facto standard for ELDOR experiments, and the two terms are
used, for the most part, synonymously.©

The effect of the pump pulse is shown in Fig. 5.6. The initial phase of the experi-
ment (5.6A and B) is identical to the standard Hahn echo. At some time during the
evolution of spin packet A after the second pulse, spin B is flipped by the pump
pulse (5.6C). Since the two spins are dipolarly coupled, this changes the effective
field at, and thus the Larmor frequency of the observer spin A, causing it to acquire
a phase shift relative to the rotation frame of the detection frequency (5.6D). Thus,
the observer spin packet A does not refocus along the y-axis of the rotating frame,
but at an angle

0(T) = wyy (T —t,), (5.2)

where w is the dipolar coupling frequency and 7’ is the time since spin B was flipped
(5.6E). Only the component of the magnetisation parallel to y, I = cos (wgq (T — t,))
is detected. By recording the signal intensity as a function of the pump pulse
position, the dipolar frequencies can be detected in the time domain, while the
constant-time nature of the experiment for the observer spins suppresses all other
effects that could influence echo intensity. Fourier transformation yields the di-
polar spectrum.

The advantage of DEER over 3pELDOR is that the pump pulse can pass over the
echo without interference from detection pulses, allowing the zero time t, of the
dipolar evolution to be recorded, knowledge of which, here as in all methods using
Fourier transformation from phase space to local space, is essential.

The method typically needs to be applied at low temperature, as it is requires
long pulse sequences and, consequently, slow relaxation rates. Additionally, since
the dipolar coupling tensor is traceless, the species of interest has to be more or
less immobile on the timescale of the experiment.

CUnless noted otherwise, ELDOR will denote the DEER experiment in this work.
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ELDOR, EXPERIMENTAL CONSIDERATIONS

Since the maximum detectable distance is, as per (4.18), proportional to the cubic
root of the length of the time trace, necessitating long pulse sequences, ELDOR is
severely limited by the phase memory time. 7, for a spin labelled protein in water-
based buffer is often below 1 ps at 80K, too fast for a proper ELDOR experiment.
Great care thus has to be taken to set up the experimental conditions in a way that
maximises 7, ..

Choice of solvent As explained in 4.3.3, a large contribution to 7, relaxation
comes from coupling of the electron spin to other electron spins and to the proton
bath in the sample and solvent. Three steps can be taken to reduce this influence:

« The background interaction is linearly dependent on sample concentration,
as reduced concentration increases the mean distance between electron spins.
Since this, of course, also reduces the signal intensity, a trade-off usually has
to be made between reduced relaxation and reduced primary signal intens-
ity. In this work, a final concentration between 50-100 pM was found to be
a good compromise.

+ The coupling to the proton bath depends on solvent inhomogeneity. By
adding 50% (v/v) glycerol to the sample, causing it to freeze as a glass, the
relaxation time can be increased by about a factor of 1.5—2.

« By exchanging the solvent protons with deuterons, a theoretical increase in
relaxation time of a factor of 13 can be achieved (see Eq. (4.36)). In practical
terms, due to residual protons in the solvent as well as of course protons in
the protein itself, a factor of 1.5—3 is common.

Choice of temperature As with the choice of sample concentration, the choice of
measurement temperature also represents a trade-off. In principle, one would like
to set up the sequence to be as long as possible, repeating it as fast as possible. Since
the sequence length is, assuming Ty, < T,P, limited by T,; while the repetition
rate is limited by T,, and both increase at lower temperatures, this is usually not
possible.

Excitation pulses The microwave pulses in an ELDOR experiment should be set
up to excite the spectrum as broadly as possible, firstly to maximise the resulting
signal by maximising the number of spins excited and secondly to minimise the
influence of orientation selection by maximising the spectral range of the spins

D A valid assumption for nitroxide labels bound to a protein.
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FIGURE 5.7. — Bandwidth of a 12 ns (red) and 32 ns (yellow) pulse in relation to
the nitroxide spectrum (grey). The pulse’s spectrum was calculated assuming
perfectly rectangular pulses. Real pulses will contain less energy far off from
the central frequency. The distance between the pulses is optimised to minimise
overlap while maximising total bandwidth.

excited.['?8] Ideally, the pump pulse’s frequency is set to match the center frequency
of the resonator and it’s length set to the minimum n-pulse length the spectrometer
will allow (usually, a 12 ns pump pulse can be achieved with a standard X-Band
spectrometer using a 1 kW TWT). The observer pulses are set up under the same
set of criteria, with the additional provision that they should only have minimal
spectral overlap with the pump pulse. For a nitroxide label’s spectrum, given a
12 ns pump pulse, these conditions are met by 32 ns pulses offset by 70 MHz. 32 ns
/2-pulses are created by halving the microwave power. Figure 5.7 depicts the pump
and observer pulse’s excitation profile in relation to the nitroxide spectrum.

Nuclear modulation averaging Some overlap between the excitation pulses is
unavoidable. This overlap causes some observer spins to be influenced by both
observer and pump pulses. For these spins, the experiment is no longer constant-
time and additional phase shifts, mainly those caused by partially allowed/forbid-
den transitions, become dependent on the pump pulse’s position. This results in
electron spin-echo envelope modulations (ESEEM) superimposed onto the time
trace. For protons, these can mostly be eliminated by increasing the Hahn echo’s
T stepwise in each repetition to a maximum of one full nuclear modulation period.
Since the phase of the ESEEM modulation depends on the Hahn echo t while that
of the dipolar evolution function does not, this averages their contribution.
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FIGURE 5.8. — Combining ELDOR traces. A high signal-to-noise ratio, short time
trace A is combined with long trace with low signal-to-noise ratio B. The com-
bined measurement retains all the information of the short trace, while increas-
ing the maximum detectable distance.

This approach is only effective when the modulation intensity is small relative
to the total intensity. It therefore does not work well when applied to deuterated
samples or solvents, because the deuteron modulations are both low frequency
and very intense. The former causes the echo intensity in the absence of ESEEM
modulation to drop over one averaging period due to relaxation. The latter result
in the echo intensity in the modulation’s minima to drop to almost zero. Therefore,
only traces where the initial T matches maxima in the modulation contribute signi-
ficantly to the averaging process, eliminating the effect. Additionally, the drastic
intensity changes also render the averaging of proton modulations less effective.
It is therefore not unusual to detect both in deuterated-buffer samples, even with
averaging. However, they appear in the distance distribution as sharp features at
predictable distances, making them easy to identify if they do not overlap with real
distances.

Combining multiple ELDOR traces Due to their dependence on sample 7,
good SNR ELDOR measurements with high time resolution (i.e. small time incre-
ments and, accordingly, many points per trace) can only be achieved for compar-
atively short traces. These conditions, short time trace with high resolution are
optimal for the detection of short distances. Due to the r® dependence of the di-
polar frequency, longer distances require much longer time traces, but can get
away with much lower time resolution. The same applies for proper background
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correction (see Section 5.1.2 for details). When measuring distributions contain-
ing both long and short distances, setting up one experiment that addresses these
requirements is not possible without drastically increasing measurement time on
the limited Bruker hardware, allowing only for a constant At in a sequence.

It has been previously proposed'?’] to ameliorate this problem by fitting a short,
high resolution, high SNR DEER trace for the initial part of the dipolar evolution
to a longer, lower resolution 3pELDOR trace, a method termed DEER-Stitch. The
resulting combined measurement retains all the information contained in the short
measurement, while also including interaction of spins with larger distances only
contained in the long trace.

In this work, a slightly different approach was used to address the same prob-
lem. Instead of combining a short DEER with a long 3pELDOR measurements,
two DEER measurements, long and short, where combined (Fig. 5.8). While this
comes at the cost of increasing the length of the long experiment’s pulse sequence
by twice the t of the initial Hahn echo compared to the standard DEER-Stitch ap-
proach, it has the advantage of having the peak at time zero present in both traces,
making fitting much less ambiguous.

Again, to prevent observer bias, a program was written to phase-correct and
then fit the two traces together, by minimising their difference’s deviation from a
constant.

ELDOR, DATA ANALYSIS

Users of ELDOR are faced with two main challenges in data analysis, one, reli-
ably deriving the distribution of inter-spin distances from the measured data and
two, relating the thus determined distance distribution of spins to the underlying
structure of the protein.

BACKGROUND CORRECTION, MODULATION DEPTH AND LONG-DISTANCE
ARTEFACTS

Background correction Any ELDOR measurement contains dipolar couplings
both from the spins within one doubly labelled species of interest (intra-protein
couplings) as well as couplings between spins in different species (inter-protein
couplings). The latter give rise to a background dipolar signal that needs to be sep-
arated from the former to allow proper analysis. The time trace can be separated
into the product of two contributions

Inger = B(t)F(t) = F(t) exp (—kt*?), (5.3)

where d is the dimensionality of the background and F'(t) is the so-called form
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FIGURE 5.9. — An example ELDOR trace of a labelled protein before (A) and
after (B) background correction. Coupling of the observer spin to spins in the
homogeneous spin background appears as an exponential decay of the signal
(A). Removing that from the time trace yields the dipolar evolution function of
spins contained within one protein (B).

factor, the dipolar evolution function of intra-protein interactions. For a soluble
protein, the distribution of background spins can be assumed to be homogeneous
in three dimensions, leading to a monoexpoentially decaying background signal.
Proteins bound in e.g. two-dimensional membranes can give rise to background
distributions of lower dimensionality. k is proportional to the sample concentra-
tion.[130131) Fitting of B(t) is reliable only in those parts of the timetrace where
B(t) can be approximated by a linear function. Low frequencies, i.e. large distances
are difficult to distinguish from a non-linear B(t) at long ¢, making background
extraction in the presence of long distances difficult.

Modulation depth While k is a measure for the concentration of the sample, i.e.
the number of interacting spins outside one protein, the modulation depth A =
1—B(0)/F(0) (see Fig. 5.9) is a measure for the number of spins interacting within
one protein. For a small number of interacting spins /V (small number of labels per
protein), the normalised dipolar evolution function D(t) = F(t)/F(0) is given
by!13]

N

D(t):%i [ L (=20 (o (o)), 59

r A+B

where r and 6 are the distance and angle between the spins and A describes the
excitation efficiency. For ¢ = 0, all contributing cos (wﬁi’Bﬂ = land D(t) = 1.
For large ¢, the product of cosine functions averages to zero. The modulation depth



56 | METHODS & MATERIALS

is therefore given byl!31-13]

A=1—(1-1"1, (5.5)

allowing for the determination of the average number of interacting spins /V, as-
suming the excitation efficiency A is known.[131:134]

FiITTING oF ELDOR DATA

If the distance distribution is very narrow, as is the case for paramagnetic species
like the flavin radical in LOV domains®" or the tyrosine radical in photosystem
I1,[13513¢] analysis by simple Fourier transform is feasible in principle since the res-
ulting spectrum in the frequency domain is a simple Pake pattern (see Eq. (4.19)).
For small molecules in solution that show inherent flexibility, however, this is usu-
ally not the case.

This is especially true for spin-labelled samples, due to the high degree of flexibil-
ity of the MTSSL spin label (see Fig. 5.11a). To derive the spin distance distribution
in those cases, one generates a distance distribution P(r) of arbitrary shape. By
calculating this distribution’s spectrum and time trace

S(t) = /drP(r)K(t,r) (5.6)
= /drP(r) /dx cos ((3x2 — 1) wga(r)t) (5.7)

and fitting it to the measured data, the “real” distribution can be determined.
Multiple approaches to generating P(r) are common.

Tikhonov regularisation Initially, the distance distribution is generated from a
superposition of multiple Gaussian peaks of identical width at different positions
and intensities. Then, the number of individual peaks used is gradually reduced
while the width of each peak is increased.

The algorithm seeks to minimise

d2
G(P,a) = |S(t) = DE)* + a| -5 P(r)|* (5.8)
=62 + ao?, (5.9)

that is the deviation of simulated time trace from experiment, plus the second
derivative of the distance distribution, weighted by the regularisation parameter
«. This parameter determines the weight “smoothness” is given in the simulation;
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the larger «, the greater the penalty for a highly structured distribution. Ideally,
the optimal « is chosen via the L-curve, the plot of the smoothness of P(r), o2,
over the deviation 62: a too smooth P(r) will produce a large deviation §2 with
small o2, while a too structured P(r) will increasingly produce higher o2 while
having little impact on the deviation 2. In very high SNR traces with pronounced
modulation, this will produce a sharp bend at the optimal o. More typical traces
will produce a more decay-like plot, while traces with low SNR or very broad and
complex distributions will produce disordered L-curves. This is especially the case
for distribution that contain sharp and unstructured features and reveals one of
the major drawbacks of the method:

While the Tikhonov-regularisation approach is generally said to be “model-free”,
it imposes the rather strict requirement that P(r) can be well described by a sum
of Gaussians of identical widths. Often, this will lead to overly structured distribu-
tions that suggest resolution where there is none.

Gaussian models An alternative approach is to generate P(r) using a model of
the distribution, most often a small number of variable width Gaussians. Calcu-
lation of the time trace and fitting is performed as for Tikhonov regularisation,
with o2 being omitted. While this imposes an even stronger constraint on the
possible distributions, it does take into account distributions that contain contri-
butions of variable width. It will in general reproduce an approximate envelope of
the distance distribution and is therefore especially suited for broader distribution
with little structural resolution and distributions with distinct narrow and broad
contributions.

Long distance artefacts The maximum observable modulation period is, in ac-
cordance with the sampling theorem,['*”] defined by the length of the time trace
To, . Since the phase of all modulations caused by dipolar interactions is intrins-
ically zero at t = t; (See Fig. 5.5 and Eq. 5.2), the maximum resolved inter-spin
distance is, according to (4.20), r = {/52.047,/ps. Tikhonov regularisation espe-
cially is prone to producing spurious peaks at this distance, mainly resulting from
unresolved longer distance contributions and imperfect background correction.

TRANSIENT EPR

To investigate transient, most often photo-induced, paramagnetic species, trEPR is
employed. In its simplest form, employed for this study, it is based around a cw EPR
experiment (Figure 5.10). A laser pulse is used to excite transient paramagnetic
species in the sample. Instead of a lock-in amplifier, the response of the system
to the laser pulse is directly detected using a transient recorder triggered by the
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FIGURE 5.10. — Transient EPR set-up. Transient paramagnetic species are gen-
erated by a laser pulse (red) and detected using continuous-wave EPR (yellow)
in a field-swept experiment. The EPR response of the system (blue) is recor-
ded with a transient recorder. After background correction, the signal of the
transient species can be extracted.

laser flash via a photo diode. The experiment is repeated at different field positions,
creating a two-dimensional dataset.

The laser flash creates a large, slowly decaying and field independent background
signal in the resonator. By measuring over a field range wider than the expected
spectrum of the paramagnetic species, this background can be removed from the
data by linear interpolation from the first and last magnetic field slice.

Contrary to cw EPR, a lock-in amplifier is usually not used. This makes the trEPR
experiment inherently less sensitive and more time-consuming than standard cw
EPR. However, sacrificing the increase in sensitivity from the lock-in amplifier
results in a dramatically increased time resolution, essentially limited only by the
bandwidth of the detection system, including the resonator.

5.1.4 MODELLING SPIN LABEL DISTANCE DISTRIBUTIONS

The spin label used in the study, MTSSL bound to a cysteine, can freely change
the dihedral angles around all five bonds connecting the protein backbone to the
nitroxide ring, resulting in a large number of possible rotamer conformations and
accordingly a broad distance distribution between two such labels bound to a pro-
tein (Figure 5.11A).

Since ELDOR measures distances between the spin label’s nitroxide radical at the
end of the ring, but the structural information that one seeks to extract from the
measurement are distances between protein backbone C_ carbons, it is necessary
to simulate the possible conformations of the label attached to the protein. Because
of this, ELDOR as a method is mainly useful in cases where a crystal structure of
a protein (or a reasonable approximation of one) exists.

Two simulation approaches have been implemented and are commonly used.
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FIGURE 5.11. — MTSSL mobility in proteins. (A) Structure of MTSSL attached to a
cysteine. The center of the spin density is indicated by a black dot. The spin label
is free to rotate along multiple axes, namely the C,—Cg-, Cg—S;-, §;=5,-, S,-
C,:- and the C:-C,-axis, giving an MTSSL-MTSSL distance a total variability
of ~1.5nm. (B) spin label rotamers simulated at position Q93 in the crystal
structure of YF1.) The centres of spin density are indicated in violet, larger
balls indicate higher density.

Both work by mutating a cysteine into a given crystal structure and then attach-
ing possible rotamers to that cysteine, filtering those rotamers that clash with the
crystal structure. The main difference between the two lies in the way rotamers
are selected.

The MMM program!**®) uses a rotamer library approach, fitting spin label rot-
amers selected from a library of possible conformations generated using QM simu-
lations. This approach is fast, because no rotamer structures have to be generated,
plus it can take into account frozen-solution effects of the spin label condensing
into a smaller selection of preferred rotamers when gradually cooled during sample
freezing.

The MtssIWizard program('3°! attaches a single rotamer to the structure and ro-
tates it around all bonds, while filtering clashing rotamers. This approach is slower
than the MMM approach, but scans a larger range of conformational space, finding
more possible rotamers and thus producing a more conservative i.e._ wider guess
of the distance distribution.

Neither method takes into account the flexibility of the protein backbone, both
are based exclusively on a crystal structure.
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ELAsTiIC NETWORK MODELLING

Changes in distances between labels observed by ENDOR can be related to struc-
tural changes of the protein by way of rigid-body docking (RBD), if the structural
change involves multiple protein domains that individually mostly retain their
structure, or an elastic network model (ENM) if the structural change is more com-
plex.

In an ENM, each particle of a system is simplified as a point-like node and all
interactions between particles as springs connecting these nodes. A protein is rep-
resented in an ENM by replacing the amino acid residues as nodes, using the C co-
ordinates as the nodes’ positions, essentially modelling the protein backbone. Two
main categories of ENMs exist, gaussian network models (GNMs), which consider
only the amplitude of node fluctuations, and anisotropic network models (ANMs),
which consider both amplitude and direction of node movement. Including the dir-
ection of movement in the calculation makes the prediction of large-scale motions
in proteins possible and was thus preferred over the faster-to-calculate GNM.

Several different models for assigning force constants for the protein network
model are in use,['*°"#?] including models with a uniform force up to a certain cut-
off distance or various polynomial dependencies of the force constant on the dis-
tance r, commonly 7~ 2 for GNMs and 7~ for ANMs. For the anisotropic modelling
used in this study, essential dynamics (ED)['**] ENM (ED-ENM), a r~%-dependence
fitted to reproduce protein flexibility observed in molecular dynamics (MD) and ED
simulations.[14]

Once node coordinates and force constants are assigned, the vibrational dynam-
ics of the protein model are computed by setting up the Hessian matrix from the
force constants and solving the 3N-dimensional eigenproblem, where N is the num-
ber of nodes in the model, i.e. residues in the protein. The six lowest eigenvalues
equal zero, and describe the three translational and three rotational degrees of free-
dom of the system. The remaining 3N - 6 eigenvalues are the squared vibrational
frequencies of the protein’s normal modes. The corresponding eigenvectors then
describe the amplitude and direction of the relative movement of each node in a
given normal mode.

Slow, i.e. low vibrational energy, modes contribute most to large scale vibra-
tions, corresponding to deformations of the network that require the least energy.
Testing of pairs of known protein structures has demonstrated!!4>!4%] that large-
amplitude structural changes in proteins proceed predominantly along these slow
modes.

By using these slow modes to fit a given structure to a series of distance con-
straints, structural transitions can be modelled:[*47-148] Using slow modes of an
ENM to change a given state A structure of a protein to match the constraints
imposed by measured distances in the protein’s state B, a structure for B gener-
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ated from A and the transition of the protein from A to B along vibrational modes
can be visualised.

MATERIALS, EQUIPMENT & SOFTWARE

SAMPLE PREPARATION

All biochemical work, comprising site-directed mutagenesis (SDM), protein expres-
sion and purification, functional assays (if applicable) as well as spin labelling was
performed by collaborators, namely Dr. Ralph P. Diensthuber and Nora Lemke
in Prof. Andreas Moglich’s group at the Humboldt Universitat zu Berlin (LOV-
Proteins), Xuecong Wang and David Robles in Dr. Margaret Ahmad’s group at the
University of Paris VI (cryptochromes) and Nils Krause in the group of Dr. Ra-
mona Schlesinger at the Freie Universitit Berlin (ChR2). Experimental details for
this work can be found in [50, 149] for LOV proteins, [150] for cryptochrome and
[151] for ChR2.

LOV proteins YF1/AsLOV2 Samples intended for ENDOR experiments were used
as-is, samples intended for ELDOR experiments were buffer-exchanged by wash-
ing with deuterated HEPES buffer and had 50% (v/v) fully deuterated glycerol
(Sigma Aldritch, St. Louis, MO, USA) added.

The samples were transferred into quartz tubes (QSIL GmbH, Ilmenau, Germany;
1.2 mm/1.6 mm inner/outer diameter for ENDOR measurements and 3.0 mm/3.9 mm
inner/outer diameter for ELDOR experiments), illuminated with a 450 nm LED
(LUXEON Lumiled, Phillips Lumileds, San Jose, CA, USA) for 10 min and 5 min for
ENDOR and ELDOR samples, respectively, and rapidly frozen in liquid nitrogen.

Xenopus laevis (X. laevis) oocytes were injected with YF1 C62A variant protein
and incubated over night. To transfer them into tubes compatible with the spec-
trometer without rupturing them, special quartz capillaries were created. Using a
hydrogen burner, tubes with a rounded top and almost closed bottom (Figure 5.12)
were created from 1.4 mm/1.6 mm inner/outer diameter tubes open on both ends
(QSIL). Individual oocytes were then sucked into the tubes using silicon tubing
and syringes. During this, the rounded edges on the top end prevented the oo-
cytes from rupturing, while the almost closed bottom end allowed buffer to be
sucked through while preventing the oocyte from slipping out.

Once inside the quartz tubes, the oocytes were immediately illuminated for 5 min
using the same set-up as above, and rapidly frozen in liquid nitrogen.

Cryptochrome-2 Cell samples of cry2 variants expressed in Sf21 cells and pur-
ified protein for cw EPR spectroscopy were first transferred into 3.0 mm/3.9 mm
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FIGURE 5.12. — Measurement capillary for single oocytes. Special tubes with an
open top and almost closed bottom prevent the oocyte from rupturing while
being transferred into the tube, and from slipping out during illumination and
freezing. Using silicone tubing and a syringe, the oocyte can be sucked into the
tube from the open end.

inner/outer diameter quartz sample tubes from QSIL, illuminated with a Streppel
halolux 100HL halogen lamp at 450 nm and then rapidly frozen. For cell samples,
multiple samples illuminated for 10, 20 and 30 min were investigated to verify
that a maximally excited state was obtained. For purified protein, two samples
for each variant were prepared, both with the same amount of sample, but one
with 10 mM adenosine triphosphate (ATP) added. Samples were illuminated for
10 min with the set-up described above and then rapidly frozen. Purified protein
intended for transient EPR had 10 % glycerol to ensure a liquid sample at 274 K and
5 mM K,Fe(CN), to enable flavin re-oxidation added. Two samples each, with and
without 10 mM ATP, were produced, with the ATP-less sample topped up with
H,O to ensure identical protein concentrations. Samples were then transferred
into 1.0 mm/2.0 mm inner/outer diameter quartz sample tubes (QSIL) and kept at
2 °C until transferred to the spectrometer.

Channelrhodopsin-2 Samples were used as-is. The samples were transferred
into quartz tubes 3.0 mm/3.9 mm inner/outer diameter (QSIL), illuminated with a
450 nm LED (LUXEON Lumiled, Phillips Lumileds, San Jose, CA, USA) for 3 min
and a 456 nm LED M455D2 (Thorlabs Inc, Newton, NJ, USA) for 20 s for initial and
final ELDOR experiments, respectively, and rapidly frozen in liquid nitrogen.

MEASUREMENT EQUIPMENT & PARAMETERS

LOV proteins YF1 and AsLOV2, channelrhodopsin-2 Q-Band pulsed ENDOR
spectra were recorded using a commercial pulse EPR spectrometer Bruker E580 in
conjunction with a cavity ENDOR resonator Bruker EN5107D2, all from Bruker
Biospin GmbH, Rheinstetten Germany. For radio-frequency pulse generation a

Bruker DICE2 frequency generator in conjunction with an Amplifier Research
Model 250A250A 250W RF amplifier (Amplifier Research, Souderton, PA, USA)
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were used.

X-Band pulsed ELDOR spectra were recorded using an EPR spectrometer Bruker
E680 with ELDOR microwave source E580-400U in conjunction with a dielectric-
ring resonator Bruker EN4118X-MD5 and TWT microwave pulse amplifier Ap-
plied Systems Engineering Model 117X (Applied Systems Engineering Inc., Fort
Worth, TX, USA).

For Davies-type ENDOR, a microwave pulse sequence m—t,-7/2-1,—7 using
40 ns and 80 ns 7/2 and & pulses, respectively, and a radio frequency pulse of 15 ps
duration starting 1ps after the first microwave pulse were used. The separation
times 7, and 1, between the microwave pulses were set to 18 ps and 300 ns, re-
spectively. The repetition time for the entire pulse pattern was adapted for each
temperature to exclude any saturation effect due to the long T, relaxation time
of the flavin radical. The repetition time thus varied from 10 ms at 120K to 2 s at
5K. Notably, 2 s is the longest consistent repetition time achievable with the instru-
ment, and consequently to some degree saturation could not be avoided at 5 K. The
proton free Larmor frequency at Q-Band is around 51.7 MHz, the RF sweep range
was accordingly set to 41-61 MHz. All ENDOR spectra were recorded at magnetic-
field values corresponding to the maximum intensity of the EPR spectrum of the
flavin radical.

For ELDOR, the DEER sequence using 12 ns pump and 32 ns detection pulses was
used. A constant excitation profile for probe pulses was achieved by adjusting the
power of the 72 pulse, allowing 32 ns 72 and 7 pulses to be used for probing. Pulse
separation for the initial Hahn echo was 346 ns, optimized for the maximum of
the deuterium ESEEM modulation, for deuterated samples and 200 ns everywhere
else. Initial ELDOR experiments on ChR2 were performed using 80 ns for all pulses,
since nuclear modulation averaging proved insufficient to suppress proton ESEEM
artefacts. The experiments were performed at 40 K for YF1 and 50 K for ChR2, with
a shot repetition rate of 4 ps. The field and pulse separation were set up as indicated
in Fig. 5.7.

Cryogenic temperatures in both set-ups were set with an Oxford CF-935 cryo-
stat and were controlled using an Oxford ITC503 temperature controller (Oxford
Instruments, Oxfordshire, UK).

Cryptochrome-2 Both cw-EPR and trEPR experiments were performed on lab-
oratory-built X-Band (9-10 GHz) spectrometers. The spectrometer used for cw
EPR consists of a microwave bridge ER 041 MR, microwave controller ER 048 R,
magnet power supply ER 081 S and field controller BH 15, all from Bruker, and an
AEG X-Band magnet (AEG Aktiengesellschaft, Berlin, Germany). The resonator
used was a Bruker ER 4122 SHQ E cavity resonator; for signal detection a Stan-
ford Research SR810 lock-in detector (Stanford Research, Sunnyvale, CA, USA)
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was used. Microwave frequency measurements were performed using an Agilent
53181A frequency counter (Agilent Technologies, Santa Clara, CA, USA). Transi-
ent EPR experiments were performed using a ER 046 XK-T microwave bridge, ER
048 R microwave controller, a field controller BH 15, all from Bruker, as well as
a Varian V7900 Q-Band magnet and magnet power supply (Varian Inc., Palo Alto,
CA, USA). An ER 4118X-MD5 resonator was used.

The sample was excited using a SpectraPhysics DCR-11 Nd:YAG Laser (Spectra-
Physics, Santa Clara, CA, USA) with an OPTA OPO at 460 nm (OPTA GmbH,
Bensheim, Germany). The EPR signal was detected using a LeCroy WaveRunner
104MXi (Teledyne LeCroy, Chestnut Ridge, NY, USA) as a transient recorder. The
microwave frequency was measured using a Hewlett Packard 5352B frequency
counter (Hewlett Packard, Palo Alto, CA, USA). For cw EPR, the samples were
measured with 2 G modulation amplitude, 100 kHz modulation frequency and 100 ms
lock-in time constant. The microwave power was 200 pW and the frequency around
9.38 GHz. For each measurement the current microwave frequency was recorded.
The spectra are averages over 30 scans. Cell spectra were smoothed using a win-
dow of 3 % of data points. For trEPR, the samples were measured at microwave
frequencies of around 9.69 GHz and 2 mW microwave power. Samples of cry2 wt
were measured with 1 mJ pulse energy, while W374A and W321A were measured
with 1.5 mJ. Each pair (+ATP) of samples was measured consecutively to minimize
laser power drift, and the pulse energy was constantly monitored. Pulse energy
variation over the course of a measurement pair was 10 % root-mean-square devi-
ation (RMSD). The shot repetition rate was 2.5 Hz. Since the repeated photoexcita-
tion gradually depletes the added K ;Fe(CN);, the signal intensity of each individual
scan was recorded and the full accumulation cut off well before depletion was vis-
ible. This resulted in each measurement being accumulated from 30 scans with 10
shots per point, making for a total of 300 accumulations. Spectra were smoothed
using a window of 3 % of data points.

Cw EPR measurements were performed at 80K, the trEPR measurements at
274 K. Low temperatures were reached with an Oxford ESR 910 cryostat and Ox-
ford ITC503 temperature controller and a laboratory-built cryostat with LakeShore
321 Autotuning temperature controller (LakeShore cryotronics, Westerville, OH;
USA) for cw and transient experiments, respectively.

SOFTWARE

The spectrometers were controlled using the Xepr software package from Bruker
for pulsed machines and the fsc2 software package!**?! for cw and trEPR machines.

All data analysis was performed using MatLab (The MathWorks Inc., Natick, MA,
USA), Origin (OriginLab, Northhampton, MA, USA), and PyMol.[***] ENDOR sim-
ulations were performed using the MatLab toolbox EasySpin.['**] For ELDOR data
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evaluation the MatLab toolbox DeerAnalysis'®] was used. Label rotamer sim-
ulations were performed in the MatLab Toolbox MMMI*38! and the PyMol plug-
in MtssIWizard.[3°] Elastic network modelling using the ED-ENM force constant
model***] was performed using MMM. Rigid body modelling was performed in
PyMol using mtsslDock.['®) The temperature dependence of the fraction of mo-
bile C8a methyl signal was globally fitted to phenomenological logistic functions
using Origin.
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CHAPTER 6.

RESULTS & DISCUSSION

This chapter describes the data obtained from each of the three biological systems
described in Chapters 2 and 3 as well as discusses the results. The structural invest-
igation of ChR2 is presented in Section 6.1, research into strutural basis of the LOV
signalling mechanism and recovery kinetics is presented in Sections 6.2 and 6.3, re-
spectively, and, finally, the influence metabolites have on the light sensitivity of
cryptochrome-2 will be discussed in Section 6.4.

INVESTIGATING THE DARK AND LIGHT STATE OF
CHANNELRHODOPSIN-2 USING ELDOR

To determine the conformational changes the tertiary structure of ChR2 undergoes
during its photocycle (Section 3), inter-helical distances were measured using SDSL
and ELDOR in order to detect shifts in the TM helices’ relative positions.

Wildtype ChR2 contains nine native cysteines that are, to varying degrees, ac-
cessible to MTSSL. For this study, all but one (C79, abbreviated ChR2-C79) or
two (C79 and C208, abbreviated ChR2-C79/C208) cysteines were replaced by alan-
ine, with the exception of C128, which was replaced with threonine. The C128T
mutation causes the variants to accumulate the conductive state P3?° upon illumin-
ation,l””%7] while the wt protein accumulates P4®, a desensitized, non-conductive
state.”) A third mutant based on ChR2-C79 with additionally Q117 replaced by
cysteine, was also investigated. Unfortunately, no constructs lacking C79 could be
expressed at sufficient levels. This results in all variants except ChR2-C79 being
doubly labelled. The chosen variants yield two label positions on the cytoplasmic
side of the channel, with C79 situated in the loop connecting helices A and B, ad-
jacent to B, and C208 in helix F at the beginning of the loop connecting it to helix
E and one position on the extracellular side, Q117C in helix C.

Cw spectra of ChR2-C79 (Figure 6.2A, blue) show the label at cysteine 79 to
be mostly rigidly attached to the protein backbone, as evidenced by the peaks at
332.5mT and 339.5mT. The presence of signal especially between 332.5 mT and
334.0 mT, however, indicates that fractions with higher mobility are also present
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FIGURE 6.1. — Labelling positions in channelrhodopsin-2. Two naturally occur-
ring cysteines on the cytoplasmic side, C79 situated in the loop between helices
A and B adjacent to helix B and C208 in helix F, as well as one position on the
extracellular side, Q117 in helix C, were chosen. All positions marked in red.
The structure shown is the ChR1-ChR2 hybrid structure (pdb: 3UG9P%).

TABLE 6.1. — ChR2 variants investigated using ELDOR. No variants lacking C79
could be expressed. The substitution C128T, present in all variants, causes the
conducting state P3%° to be accumulated.

Construct name  Substitutions  Description

ChR2-C79 C34,36,87,179, Only C79 remaining
183,208,259A,
C128T

ChR2-C79/C208 C34,36,87,179, C79 and C208 remaining
183,259A,
C128T

ChR2-C79/Q117C  (C34,36,87,179, Only C79 remaining + Q117C
183,208,259A,
C128T, Q117C
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FIGURE 6.2. — (A) Room temperature continuous-wave spectra of spinlabelled

ChR2 variants ChR2-C79 (blue) and ChR2-C79/C208 (red). Sharp peaks at
332.5mT and 339.5mT correspond to the label at C79 and indicate a rigidly
bound label. The spectrum of ChR2-C79/C208 (red) exhibits additional intens-
ity between 333 mT and 339 mT, indicating a more flexibly bound label. The
peaks at 334.0 mT, 335.7mT and 337.3 mT are due to free spin label. Light—dark
difference spectra of ChR2-C79/C208 (B) and ChR2-C79 (C) show very slight
changes of the mobility of the label at C79.
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in the sample. The influence of free spin label, visible as three sharp peaks at
334.0mT, 335.7 mT and 337.3 mT, is negligible. The spectrum of ChR2-C79/C208
(Fig. 6.2A, red) shows larger free label peaks, the integral intensity, however still
indicates a less than 5% free label content. Apart from the change in free label
content, the spectrum shows additional signal between 333 mT and 339 mT that
can be attributed to the label at cysteine 208. Hence this label has an overall higher
mobility than the one at cysteine 79. While light-dark difference spectra (Figure
6.2B and C) show a slight change of mobility for the label at cysteine 79, the effect
is not significant.

Initially ELDOR experiments on the dark/closed and illuminated/open states of
ChR2-C79 and ChR2-C279/C208, reconstituted in MES buffer containing DM as
detergent, were performed as described (Section 5.1.2, p. 48), the resulting time
traces are shown in Fig. 6.3. For both variants, a 1.4 ps measurement was com-
bined with a 2.8 us one as described in Section 5.1.2 (p. 53) to create timetraces
that are long enough for adequate background fits (Fig. 6.3, dotted lines). Since
the achievable SNR of the 2.8 us-traces was very low, distance distribution data ex-
tracted from the noisy sections of the datasets is very unreliable. To use the long
datasets for background correction, while preventing long-distance noise artefacts
from dominating the fit, the datasets were treated with a hamming window. While
this has the effect of suppressing distances, whose associated dipolar frequencies
are close to the length of the timetrace, given the noise these distances would not
be distinguishable from noise artefacts.

THE oPEN STATE OF CHR2

The dipolar evolution functions obtained after background corrections as well as
the resulting distance distributions are shown in Fig. 6.4, in the left and right
column, respectively. In all cases, a good fit (left hand columns, solid lines) of
the data (shaded lines) could be obtained. Due to the presence of both narrow
and broad distance components in the measured data, a distance model using two
Gaussian distributions, with the width, center and relative integral intensities as
free parameters, was found to be superior to the more standard Tikhonov regular-
isation approach.

The time trace of the singly labelled ChR2-C79 in the closed state (Fig. 6.4A,
blue) shows a fast decay within the first 500 ns, incompatible with a singly la-
belled monomer. Indeed, the corresponding distance distribution (Figure 6.4B,
blue) shows a sharp peak at 3.7 nm, proving that this ChR2 variant is dimeric in
solution, as predicted by the C1C2 crystal structure.[*) The C79-C79 distance is
well resolved, even though ChR-C79 lacks cysteines 34 and 36, which reportedly
stabilise the dimer by forming disulphide bonds between the monomers.[*) A pro-
nounced broad distance component between 2 nm and 6 nm is most likely due to
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FIGURE 6.3. — ELDOR data of spinlabelled ChR2 variants ChR2-C79 and ChR2-
C79/C208. Raw ELDOR measurements (solid lines) of dark/closed (blue) and
light/open state (red) ChR2 are shown together with their respective back-
ground fits (dotted). The vertical dotted line indicates the zero position, the
shaded, gray area indicates the part of the time trace that was used for back-
ground correction. Before further evaluation was performed, data was cut at
the end of the background fit area, eliminating artefacts. The timetraces are the
result of combining two measurements of different lengths as described in 5.1.2.

aggregation of the protein.

A direct comparison of these distances with the C1C2 crystal structure!®! is dif-
ficult, since C79 is situated in the part of the chimera protein taken from ChR1
(See Fig. 6.5). Additionally, it is the only fully resolved amino acid of the loop con-
necting helices A and B. Rotamer predictions using either structure are therefore
bound to be imprecise. However, given this as well as potential differences arising
from protein flexibility, the observed distance is still very well compatible with the
3.3 nm mean distance predicted by MMM.

Upon illumination, the low-noise section of the time trace clearly shows a slower
signal decay in conjunction with a loss of visible oscillations (Fig. 6.4A, red), re-
flected in the distance data by a shift of the maximum by about 0.5nm to 4.2 nm
together with significant broadening (Fig. 6.4B, red). The observation of broaden-
ing of the distance is somewhat at odds with the previous finding that there are
no significant changes in mobility upon illumination, since larger conformational
freedom of the label at cryogenic temperatures is likely to correspond to higher
mobility at room temperature. Distances beyond 5 nm are not changed by illumin-
ation, indicating that they indeed result from aggregation of the protein and not
from an intra-protein C79-C79 interaction.

The dimeric arrangement of ChR2 yields four labels present in ChR2-C79/C208,
with four inequivalent pair distances, severely complicating the interpretation of
the distance data for this sample. However, a shift towards longer distances in



72 | ResuLTs & DiscussION

T
79 | 79
— dark
— light
N 4 | ! !
Vv > |
Il Il Il Il Il Il Il : :
0 1 2 3 4 5
T T T T T T T T
C C79/C208 C79/C208
1 ] <
-
| | | | | I I
0 1 2 3 4
time / ps distance / nm

FIGURE 6.4. — Dipolar evolution and distance distribution of ChR2-C79 (A, B)
and ChR2-C79/C208 (C, D). Left: Dipolar evolution data (shaded) and fit (solid).
The modulation depth of the light state measurement (red) has been scaled to
match that of the dark state (blue). Right: Distance distribution corresponding
to the best fit (solid) as derived from a model of two Gaussians. The positions
where artefacts from proton can appear are shaded gray. Both ChR2-C79 and
ChR2-C79/C208 show a component shifting towards smaller frequencies and
thus, larger distances, on top of a wide, unstructured and unchanging compon-

ent.
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FIGURE 6.5. — Label positions with respect to the C1C2 structure (pdb: 3UG9[*%),
Detailed view of the cytoplasmic side containing C79 and C208. C79 (residue
118 in C1C2) is situated in the ChR1 part (orange) ot the chimera protein, addi-
tionally it is the only resolved residue of the loop connecting helices A and B.
C208 (residue 247 in C1C2) is situated directly at the connection between the
ChR1 (orange) and ChR2 (blue) sections.

the lit state compared to the dark state is still clearly visible in the time trace
(Fig. 6.4C). The oscillation visible in the data from the ChR2-C79 dark state is ab-
sent in ChR2-C79/C208. Correspondingly, the distance distributions are severely
broadened (Fig. 6.4D, blue), with significant distance contributions already appear-
ing around 2.5 nm as well as around 5 nm. Based on the C1C2 structure,® short
distances around 2.5 nm are expected for the C79-C208 intra-monomer pair, while
the long distances observed fit well with a inter-monomer C208-C208 distance. The
inter-monomer C79-C208 distance is expected to be around 4 nm, overlaying the
already identified C79-C79 distance. This overlap of distances, coupled with the
likely presence, again, of aggregates, explains the lack of visible oscillations in the
ChR2-C79/C208 data compared to ChR2-C79.

As was the case for ChR2-C79, illumination of the sample shifts the maximum of
the distribution (by 0.4 nm) towards longer distances (Fig. 6.4D). Interestingly both
the lower and upper inflection points of the distribution shift as well: The lower by
about 0.15 nm, the upper by 0.2 nm. The global shift of the distribution is consistent
with an increase of both the intra- and inter-monomer C79-C208 distance, as well
as the inter-monomer C208-C208 distance.

Comparing the Gaussian model to Tikhonov regularisation The standard ap-
proach to ELDOR data analysis is Tikhonov regularisation. To motivate the choice
of a Two-Gaussians model over the standard approach in this particular case, Fig.
6.6 shows the distance distribution derived from the ELDOR data by using Tik-
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FIGURE 6.6. — Distance distribution of ChR2-C79 (A, C) and ChR2-C79/C208 (B,
D) derived from Tikhonov regularisation (top) and a Two-Gaussians model
(bottom). Both methods reflect the general features of the distribution equally
well, however, the narrow individual Gaussians the Tikhonov fit is built from
suggest a resolution not present in the data. C and D are taken from Fig. 6.4.

honov regularisation (A, B) with a regularisation parameter of 100, compared to
the distribution resulting from the Two-Gaussian model at similar RMSD.

As can be seen from the dashed lines, the maxima of the distributions are quant-
itatively identical in both approaches, as well as the general shape of one narrow
component that is broadened in the lit state plus a broad second component in the
case of ChR2-C79, just one broad distribution in the case of ChR2-C79/C208. How-
ever, the distribution generated by Tikhonov regularisation is highly structured
due to the relatively narrow constituent Gaussians. For ChR2-C79/C208, this tend-
ency could be compensated by choosing the largest possible regularisation para-
meter that does not significantly impact the RMSD of the fit.

Crucially, this is not possible in the case of ChR2-C79, where a larger regularisa-
tion parameter would lead to artificial broadening of the narrow distance peak at
3.7nm. The result is a distribution that, while correctly representing the narrow
features, implies a resolution that is not present in the data.

Given this, the Two-Gaussians model is clearly superior to the Tikhonov ap-
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FiGURE 6.7. — Raw ELDOR traces for ChR2-C79 (A) and ChR2-C79/Q117C (B) in
nanodiscs. The traces show very little background contributions for both dark
(blue) and light (red) samples, indicating the absence of aggregates.

proach in describing the ChR2-C79 data. While Tikhonov regularisation with a
large regularisation parameter could be employed in the case of ChR2-C79/C208,
for direct comparability of the datasets, the same approach was used for both con-
structs.

REDUCING THE INFLUENCE OF PROTEIN AGGREGATES

Clearly, one of the major issues with this data is that the distance distributions con-
tain many contributions from unspecific aggregates, that not only greatly limit the
structural information that can be extracted from the data, but also cause a faster
spin relaxation as well as a more difficult background correction by effectively in-
creasing the sample concentration. To preclude the formation of aggregates, ChR2
variants were reconstituted in nanodiscs.['**) The size of the discs was chosen so
as to only accommodate a ChR2 dimer, the oligomeric state of the protein was
verified by comparing the retinal content per nanodisc using UV/vis absorption
spectroscopy.

ChR2-C79 in nanodiscs Figures 6.7A and 6.8A show ELDOR distance measure-
ments of ChR2-C79 reconstituted in nanodiscs. A clear improvement over previ-
ous data is already apparent in the raw data (Fig. 6.7A), in that the timetrace shows
very little background contribution, indicating a lower effective concentration due
to alack of aggregates. The virtually flat background makes background correction
much less ambiguous even in the presence of larger distances.

The general tendencies that were observed in the detergent-solubilised samples,
namely a distinct modulation in the dark state (Figure 6.8A, blue) that gets less pro-
nounced in the lit state (6.8A, red), are present in the background-corrected traces
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FiIGURE 6.8. — Form factor (left) and distance distributions (right) of ChR2-C79
(A,B) and ChR2-C79/Q117C (C,D) in nanodiscs. Distinct modulations are vis-
ible in both states of ChR2-C79 (A), yielding fairly narrow distance distributions
(B). The distance observed (B) for the dark state (blue) matches that observed
previously (Figure 6.4). This distance shifts upon illumination (red), however,
dark-state contributions are still visible. The modulation depth of the lit sample
in A has been scaled to match that of the dark sample. ChR2-C79/Q117C shows
less distinct modulations due to the dimeric nature of the protein (C). Accord-
ingly, a broad distance distributions (D) is observed for both the dark (blue) and
the light state (red). In addition to the distances from ChR2-C79, a short dis-
tance centred at 2.8 nm can be observed, that corresponds to the Q117C-Q117C
distance and does not shift significantly upon illumination.
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as well, however, compared to the previous measurements the loss of modulation
is much less pronounced, with a distinct modulation, albeit at smaller frequency,
being visible even in the lit state (6.7A, red). This, too, indicates that aggregates
that significantly broaden the distance distribution and thus wash out the modu-
lation, are no longer present in nanodisc-reconstituted samples. Accordingly, the
distance distribution of the dark state consists of only one significant, narrow dis-
tance peak centred at 3.6 nm (Figure 6.8B, blue).

Upon illumination, a second peak appears in the distribution at 4.4 nm (Figure
6.8B, red). An additional small peak at 5.8 nm corresponds to a modulation period
identical to the length of the time trace and is thus most likely a typical Tikhonov
artefact due to incomplete background correction.

Interestingly, the peak at 3.6 nm remains present but is less pronounced. This
indicates that part of the sample even under saturating illumination conditions
remains in the dark state, at least in terms of the structural changes observable
at cysteine 79. Thus, the broadening effect that was observed in the earlier meas-
urement is not due to a broadening of the spin label’s conformational space, but
rather to an unresolved mixture of dark and light state structures, bringing the
ELDOR results again in line with those from room temperature cw EPR. An in-
complete illumination is also compatible with data obtained from UV/vis spectra®.
Unfortunately, it is not possible to reliably quantify the fraction of ChR2 in P3%
using optical absorption spectroscopy, since its spectrum overlaps strongly with
that of the dark state. Here, the ELDOR data offer a helpful tool for ascertaining
the illumination status of the sample.

In the case of incomplete illumination of a ChR2 dimer, three different distances
are to be expected, the fully dark distance (both monomers in the dark conforma-
tion), the fully lit distance (both monomers in the light conformation) as well as a
the halflit distance (one monomer in the dark, the other in the light conformation).
Interestingly, the observed distribution appears to be purely bimodal, with relat-
ive intensities of 35 % and 65 % (measured as the integral intensity from 2.8-3.9 nm
and 3.9-5.0nm) between dark and light conformations, respectively, hinting at
a potential cooperative behaviour of the ChR2 monomers, as has been reported
for BR.'*-161] An alternate explanation would be that a fraction of ChR2 in the
sample is non-functional and thus does not undergo any structural changes upon
illumination.

ChR2-C79/Q117C in nanodiscs The raw ELDOR data of nanodisc-reconstituted
ChR2-C79/Q117C also shows very little contribution from background spins (Fig-
ure 6.7B). The background-corrected timetrace of dark-state ChR2-C79/Q117C (Fig.
6.8C, blue) shows a distinctly more rapid initial decay than the corresponding trace

AExperiments performed by Nils Krause in Dr. Ramona Schlesinger’s group
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of ChR2-C79 (Fig. 6.8A). While a shift towards smaller frequencies and therefore
longer distances is visible in the light-state trace as well (Fig. 6.8C, red), the ini-
tial decay remains unchanged. Tikhonov regularisation yields a short distance
between 2.6-3.0 nm in the dark state (Fig. 6.8D, blue) that shifts only very slightly
towards smaller distances upon illumination (Fig. 6.8D, red), consistent with a
Q117-Q117 distance, predicted from the C1C2 structure to be 2.7 nm. Due to the
dimeric nature of ChR2, the distribution is - as in the case of ChR2-C79/C208 -
very broad. However, the previously assigned C79-C79 distance can be identified
in both the dark (3.6 nm) and the light (4.4 nm) state. Additional contributions
around 3.9 nm in both the dark and the light state match very well the C79-Q117C
distance of 3.8 nm as predicted from the C1C2 structure. Again, some fraction of
uncorrected long-range interactions give rise to a peak at 5.8 nm. Interestingly, a
distance peak also appears at 4.8 nm in the dark state that disappears or becomes
part of the long-distance artefact in the light state. This peak is incompatible with
any intra-dimer distance involving C79 and Q117C and is thus most likely due to
either inter-dimer distances or a degenerated protein. However, absent long time
traces with better signal to noise, a clear assignment of this distance is not possible.

THE STRUCTURE OF THE P§2° STATE oF CHR2

The increases in the C208-C208 and C79-C208 distances observed in ChR2-C79/C208
point towards an outward movement of helix F, in agreement with previous EPR
results from BR and sensory rhodopsin II (SRII).[1%-102] The distance that could be
assigned to Q117C-Q117C in ChR2-C79/Q117C does not change from the closed
to the open state of ChR2, indicating that the extracellular side of helix C does not
undergo a conformational change. The crystal structure of the C1C2 protein(*]
indicates that helix F, and therefore the label at cysteine 208, is located remote
from the dimerisation interface (see Fig. 6.1). Movements of helix F should there-
fore only influence distances involving C208. Contrary to that, ELDOR data from
ChR2-C79 indicate an unambiguous change of the C79-C79 distance. Therefore,
the structural change cannot be limited to helix F, but has to involve either the
dimerisation interface or helix B as well. 2D diffraction experiments using neut-
rons,162] X-rays[163-16%] a5 well as electrons!®®! have demonstrated a movement of
helix B in BR in purple membranes. The ELDOR experiments indicate that, even
though the arrangement of the TM helices in ChR2 is different than that of other
microbial rhodopsins (See Chapter 3), the changes in the tertiary structure between
the closed and the open state seem to be largely conserved.
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FIGURE 6.9. — Labelling positions in YF1 (pdb: 4GCZ!). Seven positions in the
LOV domain, M101, Q93, P87, N84, D71, E55 and Q44 (A) within or surrounding
the B-sheet and three positions in the linker, V144, A134, Q130 (B), were chosen.
All targeted amino acids marked in blue.

6.2 STRUCTURAL CHANGES UPON LIGHT ACTIVATION OF YF1
INVESTIGATED BY SDSL AND ELDOR

To address an important question about the signalling mechanism of LOV photo-
sensor proteins, namely, how the structural changes induced by photoexcitation
of the flavin chromophore can be transmitted from the LOV to coupled effector
domains, structural changes were investigated using SDSL and ELDOR.

For the investigation of structural changes between the active (light) and inact-
ive (dark) state of YF1, two groups of residues were targeted for SDSL. One group,
residues Q44, E55, D71, N84, P87, Q93 and M101, mapping the conformation of the
YF1 LOV-domain, especially the B-sheet’s structure around the beginning of the
coiled-coil helix connecting LOV and kinase domain (Figure 6.9A), and the second,
residues Q130, A134 and V144, along the coiled-coil linker itself (Figure 6.9B). Po-
sitions were chosen based on the projected accessibility to spin labels, favourable
distances and closeness to regions of interest. Due to the dimeric nature of YF1,
the variants contain each residue twice, causing a variant with a single cysteine-
exchanged residue to be doubly labelled. To avoid the additional complexity of
multi-spin distance measurements, only single-cysteine variants were produced.

All mutants retained their functionality in vivo. After labelling, variant Q93C
remained in an always active state independent of illumination, while Q130C re-
mained inactive. The other variants were functional even after labelling, albeit at
a reduced activity in the case of A134C.

ELDOR experiments on the dark and illuminated state of each variant were per-
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FIGURE 6.10. — ELDOR data of spin-labelled YF1 variants Q44C, E55C, D71C,
N84C and P87C. Raw ELDOR measurements (solid lines) of dark (blue) and
light state (red) YF1 are shown together with their respective background fits
(dotted). The vertical dotted line indicates the zero position, the shaded, gray
area indicates the part of the time trace that was used for background correc-
tion. Before further evaluation was performed, data was cut at the end of the
background fit area, eliminating artefacts.
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FIGURE 6.11. — ELDOR data of spin-labelled YF1 variants Q93C, M101C, Q130C,
A134C and V144C. For a detailed description see Fig. 6.10. The V144C and
Q130C time traces are the result of combined datasets (see Section 5.1.2).
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TaBLE 6.2. — YF1 variants investigated using ELDOR. Four residues inside the
LOV domain close to the linker, and three inside the linker itself were chosen

for SDSL.

Protein Variant Functional Location

YF1 Q44C  fully LOV-domain
E55C fully LOV-domain
D71C  fully LOV-domain
N84C  fully LOV-domain
P87C fully LOV-domain
Q93C  only unlabelled LOV-domain
M101C fully LOV-domain
Q130C  only unlabelled Linker
A134C  partly when labelled Linker
V144C  fully Linker

formed as described (Section 5.1.2, p. 48), the resulting time traces are shown in Fig.
6.10 and 6.11. The maximum achievable time trace length varied greatly between
samples, due to the varying impact the deuterated buffer had on the sample’s T,
relaxation time, with the most exposed positions E55 (Fig. 6.10B), D71 (Fig. 6.10C),
N84 (Fig. 6.10D) and M101 (Fig. 6.11B) yielding traces of up to 4-8 ps, while the re-
maining samples were limited to 2 ps traces (Fig. 6.10A and E, Fig. 6.11A, C-E). For
V144C (Fig. 6.11E) and Q130 (Fig. 6.11C), a 2 us trace was combined with a 0.8 s
one as described in Section 5.1.2. Regardless, for all samples but N84C (Fig. 6.10D),
the time traces were long enough to allow a reliable background fit (Fig. 6.10 and
6.11, dotted lines).

ELDOR MEASUREMENTS REVEAL STRUCTURAL CHANGES IN THE LIT STATE OF
YF1

The dipolar evolution functions obtained after background corrections as well as
the resulting distance distributions are shown in Fig. 6.12-6.14, in the left and right
column, respectively. In all cases, a good fit (left hand columns, solid lines) of the
data (shaded lines) could be obtained. The solid lines represent in all plots of the
distance distributions (right hand columns) the best fit of the data, while the shaded
area plots indicate error estimates.

Labels in the N-terminal region of the LOV domain In the dark state, the traces
of labels situated on the N-terminal side of the LOV domains, Q44C, E55C, N84C
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FIGURE 6.12. — Dipolar evolution and distance distribution of YF1 Q44C (A,
B), E55C (C, D), N84C (E, F) and P87C (G, H). Left: Dipolar evolution data
(shaded) and fit (solid). The modulation depth of the light state measurement
(red) has been scaled to match that of the dark state (blue). Right: Distance
distribution corresponding to the best fit (solid) with error estimate (shaded).
The positions where artefacts from proton and deuteron nuclear modulations
can appear are shaded gray. Q44C and E55C show no significant change upon
illumination, N84C and P87C exhibit a distinct shift towards smaller frequencies
and, correspondingly, distances.
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FiIGURE 6.13. — Dipolar evolution (left) and distance distribution (right) of YF1
D71C (A, B), Q93C (C, D) and M101C (E, F). Data presented as in Fig. 6.12. All
three variants exhibit a distinct shift towards smaller frequencies and, corres-
pondingly, distances.
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FIGURE 6.14. — Dipolar evolution (left) and distance distribution (right) of YF1
Q130C (A, B), A134C (C, D) and V144C (E, F). Data presented as in Fig. 6.12.
Time traces of A134C and V144C are strongly impacted by proton and deuteron
nuclear modulations (shaded gray), All three variants show a dominant distance
at around 3.8 nm that is unchanged by illumination.
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(Fig. 6.12A, C and E, blue) show a distinct modulation, yielding a single dominant
and fairly narrow distance peak, centred at 2.8 nm (Q44C, 6.12 B, blue line), 5.0 nm
(E55C, D) and 6.1 nm (N84C, F). P87C, while showing a less distinct modulation (D)
and correspondingly a broader distance distribution, still yields a single dominant
distance centred at 2.7 nm. This result is expected for samples containing a single
pair of labels and indicates that the protein is present in only a single conformation
in the dark state.

Blue light illumination yields no significant change in the distance distributions
of Q44C (A and B, red lines) and E55C (C and D). Both N84C (E and F) and P87C (G
and H), however, show a clear shift of the dominant peak towards larger distances
— 0.1nm and 0.3 nm for N84C and P87C, respectively — in the lit state relative to
the dark state. This shift towards smaller frequencies is already apparent in the
time traces of these samples, a clear indication of structural changes in the protein.
Since no change can be observed for Q44C and E55C, situated closest to the N-
terminus, this could indicate that only the C-terminal side of the LOV-LOV-dimer
moves upon illumination.

Labels in the C-terminal region of the LOV domain The labels situated in the
C-terminal part of the LOV domain, D71C, Q93C and M101C (Fig. 6.13A, C and
E, blue lines) show distinct modulations, yielding distances of 4.7 nm (D71C, B),
2.7nm (Q93C, D) and 3.6 nm (M101, F). The D71C measurement suffers from much
worse SNR compared to the other two, giving rise to spurious distance contribu-
tions below 3.5 nm, as the intensity of deuteron and proton nuclear modulations
(indicated by gray shaded areas) increases relative to that of the dipolar coupling.

All three samples show a shift of the distance distributions towards larger dis-
tances in the lit state (red lines). While D71C shows a shift of 0.2 nm without sig-
nificant changes in the distribution’s shape (B), both Q93 (D) and M101 (F) show a
shift of both the average distance (by about 0.5 nm and 0.1 nm for Q93 and M101, re-
spectively) and the distribution’s width. Greater conformational freedom leading
to widened distance distributions could indicate that these two labels are situated
in a region were the conformational changes occur, as opposed to an inert region
of the LOV domain that just alters its mean distance from the second monomer due
to conformational changes elsewhere. In Q93C in particular, the change is accom-
panied by the appearance of additional structure, yielding a strongly non-Gaussian
shape that could indicate a label that is locked into a few distinct conformations
by the surrounding residues.

Labels in the linker Measurements of label Q130C in the linker region shows
good SNR (Fig. 6.14, A) but a rather broad distance distribution, with distance con-
tributions covering 1.5-4.2 nm (Fig. 6.14, B). A134C and V144C in the linker region
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suffer from poor SNR and, consequently, from artefacts arising due to proton and
deuteron nuclear modulations in the time traces (Fig. 6.14, C and E). The associ-
ated distance peaks are especially apparent in the distance distribution of A134C
(D, shaded gray). Nonetheless, in all three samples, dominant distances of 3.7 nm,
3.8nm and 3.7 nm for Q130C (B), A134C (D) and V144C (F), respectively, can be
identified. These distances do not change significantly upon blue-light illumina-
tion.

RELATING INTERSPIN DISTANCES TO STRUCTURE

To relate the observed distance changes to specific structural changes of the LOV
domains, the spin label conformations were simulated in the dark-state crystal
structure of YF1 (pdb code 4GCZ[®!) using both the MD-based rotamer library ap-
proach implemented in MMM (library approach) and the approach of filtering
van-der-Waals (vdW) clashes from the total conformational space employed by
MtsslWizard'>*! (geometric approach). To ensure a maximal set of conformations,
i.e. the broadest possible distribution, in the geometric approach, the constraints
were set to “loose”, implying a vdW cutoff of 0.25 nm with 5 allowed clashes with
the protein to take into account the protein flexibility not represented in the crys-
tal structure. Figures 6.15 and 6.16 show the comparison of the measured distance
distributions (blue) of the dark state to the simulations in the geometric approach
(black, dotted) and rotamer approach (black, dashed).

In general, the library approach yielded narrower and more structured distribu-
tion simulations than the geometric approach, due to the restriction to a set of
120 rotamers as well as the weighting of individual rotamer conformations. Since
such detailed structure can seldom be reliably extracted from ELDOR data, either
because of uncertainties in the crystal structure or because of the ever-present flex-
ibility of the spin label’s surrounding residues, the geometric approach in general
can be considered a safer choice. As can be seen throughout Fig. 6.15 and 6.16, the
geometric approach in general, while mostly overestimating the width of the dis-
tribution, matched the measured distributions better than the rotamer approach.

Labels inside the LOV domain Of the seven label pairs located in the LOV do-
mains investigated, in all but P87C (Fig. 6.15E) and Q93C (Fig. 6.16A) both simu-
lation approaches matched the measured distribution well, either directly in the
case of N84C (Fig. 6.15D) or assuming the observed label distribution to be a subset
of the simulated one in the case of Q44C (Fig. 6.15A), E55C (Fig. 6.15B), D71C (Fig.
6.15C) and M101C (Fig. 6.16B). Both the simulated distribution of P87C (Fig. 6.15E)
and of Q93C (Fig. 6.16A) are shifted towards longer distances by about 1 nm and
1.3 nm, respectively. While there is still significant overlap between the distribu-
tions in the case of P87C, this is not the case for Q93C. For both, this indicates a
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FIGURE 6.15. — Distance distributions measured by ELDOR (blue) vs. simu-
lated via MMM rotamer library (black, dashed) and purely by van-der-Waals
clashes in MtsslWizard (black, dotted). For Q44C (A), E55C (B), D71C (C) and
N84C (D), the simulation purely by vdW clashes matches the observed distri-
bution very well, assuming that the real rotamer distribution is a subset of the
maximal conformation set generated by MtsslWizard. The measured distribu-
tion of P87C (E) deviates significantly from the simulation, however, it can still

be represented by a — albeit small — subset of the total rotamer population (red,
dotted).
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FIGURE 6.16. — Distance distributions measured by ELDOR (blue) vs. simu-
lated via MMM rotamer library (black, dashed) and purely by van-der-Waals
clashes in MtsslWizard (black, dotted). Only the simulated M101 distance dis-

tributions match the data well (B), the Q93C distance is too large by 1.3 nm (A),
while Q130C, A134C and V144C are too short by about 1.5 nm (C-E).
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deviation of the YF1 structure a crystal from that of the protein in frozen buffer
solution.

Labels inside the linker For all three label pairs inside the linker, the simulated
distance distributions in both the library and the geometric approach are wholly
incompatible with the measured data, with simulated distances being shorter by at
least 1 nm (Fig. 6.16C-E), again indicating a deviation of the crystal structure from
the solubilised protein. Moreover, the observed distances are, at 3.7 nm, 3.8 nm
and 3.7 nm for Q130C, A134C and V144C, respectively, incompatible with the max-
imum label distance obtainable in a coiled-coil helical structure (less than 3 nm) in
general. This, together with the fact that both Q130C and A134C had no or im-
paired function after labelling (see Table 6.2), leads to the conclusion that attach-
ing labels in these positions disrupts the structure of YF1, destroying the linker.
The same is true for Q93C, since this variant was also functionally impaired after
labelling. Strikingly, the measured distances in V144C indicate that this variant
shares the disrupted structure of Q130C and A134C, while still being functional
after labelling. The likely explanation here is that this position, situated very close
to the histidine kinase domains, is only accessible to labelling in the structurally
compromised conformation, effectively eliminating the functional fraction of the
protein from the ELDOR data.

Leaving the positions that clearly disrupted the proteins structure aside, the crys-
tal structure appears to match the observed distances very well, with the only in-
dication of a difference between crystal and solubilised structure being P87 in the
loop linking the a-helix containing N84 to the B-sheet.

Summarising the ELDOR results, the positions examined can be separated into
three groups, highlighted in the structure in Fig. 6.17:

1. labels that impair the function of the protein and/or strongly disturb its struc-
ture (Q93C, Q130C, A134C and V144C) (red),

2. label positions that shift towards longer distances upon blue-light illumina-
tion (D71, N84, P87, M101) (green),

3. label position where illumination induces no changes (Q44 and E55) (blue).

From this, a rough model of the conformational change can be generated, wherein
the N-terminus of the LOV-LOV dimer remains fixed, while the 3-sheets as well
as the helix containing N84 tilt outwards in their entirety.

STRUCTURAL MODELS DERIVED FROM MEASURED CONSTRAINTS

For a more detailed description of the conformational changes induced by the illu-
mination of YF1, the structure of the lit state of the protein was modelled using the
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FIGURE 6.17. — YF1 structure with the investigated labels attached, colour-coded
by group: Label positions that impair the function of the protein and likely
disturb the coiled-coil linker (red), label positions where a shift towards longer
distances could be observed in the lit state (green) and label positions where no
change upon illumination was observed (blue).

distances obtained via ELDOR as constraints for the modelling algorithms. Since
the changes observed are small and the number of available constraints limited,
methods must be found to evaluate whether or not the model obtained algorith-
mically is actually relevant to the real structure. One way to address this problem
is to use multiple modelling approaches and parameters consecutively, looking for
structural motifs that are consistent through all models.

In this work both an ENM (Models ENM-<...>), implemented in MMMI'*®! (see
Section 5.1.5), and constrained RBD (Models RBD-<...>), implemented in mtssl-
Dock,["®) were used. As constraints for the fit, the average distances of each of
the six label pairs in group (2) and (3) above were used, i.e. labels that were shown
to disturb the structure were excluded. Since it is not entirely clear whether the
deviation between simulated and measured differences in P87C is due to a real
difference between the structure of wt protein in a crystal and in frozen solution,
or due to a structural change induced by the labelling process, each model was
run both with (<model>-all) and without (<model>-no87) the P87C-P87C label
distance as a constraint. Moreover, to prevent any general deviations between
modelled and measured distances from being incorporated into the conformation
of the light state, each model was run both with light state and with dark state
distance constraints. This approach has two beneficial effects; one, the overall
quality of the fit can be judged from the deviation of the dark state model from the
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TaBLE 6.3. — Constraints used for modelling. Errors given are relative to each
other. The lower set of constraints, involving A134C, V144C and H145C, were
used only in the RBD model and are derived from the crystal structure.

Label pair distance (nm) error (nm)
dark state light state
Q44C-Q44C 2.85 2.85 0.30
E55C-E55C 5.05 5.05 0.40
D71C-D71C 4.75 5.00 0.30
N84C-N84C 6.10 6.20 0.40
P87C-P87C 2.75 3.05 0.20
M101C-M101C 3.60 3.75 0.20
A134C-A134C 2.45 2.45 0.20
V144C-H145C 2.60 2.60 0.20
H145C-V144C 2.45 2.45 0.20
V144C-V144C 2.60 2.60 0.20
H145C-H145C 2.05 2.05 0.20

crystal structure and two, by comparing the modelled light state to the modelled
dark state instead of the crystal structure, any residual deviations of the simulated
distances from the measured are filtered out, leaving only changes related to actual
changes observed in the distance distribution data.

For the ENM, the crystal structure was cut off at residue 1126 at the beginning of
the linker, since in the absence of constraints in either the linker and the histidine
kinase domains, transversal modes of the entire dimer along the linker tended to
dominate the fit. Apart from this, the crystal structure was used as-is. Constraints
for both the dark state and the light state model are given in the top half of Table
6.3.

The rigid-body docking proved to be more complex. Firstly, the model as imple-
mented in mtsslDock comprises an evolutionary algorithm to perform the docking.
Thus, identical constraints do not lead to identical results in consecutive runs. To
ensure a reliable model, 50 consecutive runs were performed for each parameter
set and then scored. The experimental constraints were identical to those used for
the ENM, given in Table 6.3, top half.

Since the algorithm proved unable to reproduce the docking interface of the
full dimer, the crystal structure was again cut, this time at the top of the linker
at residue H145, with one LOV+linker monomer being docked to the other. To
filter out results with an improper orientation of the two domains, additional con-
straints, derived from labels simulated into the crystal structure, were introduced
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TABLE 6.4. — RMSD of the modelled YF1 structures with respect to the crystal
structure and measured constraints. Models are named for their parameters:
ENM/RBD = model type, all = all constraints, no87 = without constraints on
P87C distance, dark/light = illumination state. RMSD was calculated both with
and without the deviation of the P87 distance taken into account.

Name RMSD (nm) with respect to
crystal structure distance constraints
with without

P87 distance

ENM-all-dark 0.30 — —
ENM-no87-dark 0.40 — —
RBD-all-dark 0.33 — —
RBD-no87-dark 0.32 — —
ENM-all-light — 0.27 0.24
ENM-no87-light — 0.34 0.14
RBD-all-light — 0.33 0.27
RBD-n087-light — 0.38 0.22

into the model (Table 6.3, bottom half). The resulting models were scored by the
RMSD of all constraints, with the measured constraints given twice the weight of
the crystal-structure-derived.

Dark-state models Overall, the different models of the dark state represented
the crystal structure about equally well (Table 6.4, second column), with RMSD
values of around 0.3 nm. Only ENM-no87 with a RMSD of 0.4 nm showed a signi-
ficantly higher deviation relative to the crystal structure. Interestingly, including
the P87C-P87C distance did not increase the RMSD to the crystal structure com-
pared to models excluding it. In fact, the structure of ENM-all (Figure 6.18) shows
that the changes with respect to the crystal structure are mainly limited to the
outer helix and the loop region, containing P87, that connects it to the f-sheet. It
is unclear why ENM-no87, the constraints of which are actually closer to the crys-
tal structure than ENM-all, fared so much worse. One possible explanation is that,
given the sparsity of constraints in general, the reduced number of constraints in
this model outweighs the advantage gained by the smaller discrepancies between
measured and simulated constraints.

Light-state models As a consistency check, the deviations of the light structures
from the measured constraints have been calculated for all models both with (Table
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crystal structure

mm ENM-all

FiGURE 6.18. — The RMSD of the full ENM model (color) relative to the crystal
structure (gray). Blue indicates lower, red higher RMSD values. The deviations
are mainly limited to the outer a-helix and the loop connecting it to the 3-sheet,
near P87 and N84, marked green.

6.4, column 3) and without (column 4) the P87C-P87C distance included. Unsur-
prisingly, in the former case better RMSD values were produced by models that
included this distance in their constraints than those that did not, while the reverse
was true in the latter case. In both cases, the ENM models fared significantly bet-
ter (RMSD of 0.27 nm and 0.14 nm for ENM-all-light and ENM-no87-light, respect-
ively) than their RBD counterparts (RMSD of 0.33 nm and 0.20 nm for RBD-all-light
and RBD-no87-light, respectively). This indicates that the structural change upon
illumination is not adequately described exclusively by a movement of the two
monomers’ LOV domains with respect to each other, but based on a conforma-
tional change of the individual LOV domains.

Comparing the simulated light state structures (Figure 6.19 A-D, red) to their cor-
responding dark state structures (blue), a variable shift outwards of the point where
the LOV domains connect to the linker can be identified. This shift is present in all
models to varying degrees, with RBD-all predicting the smallest shift of 0.17 nm
(Figure 6.19A) and RBD-no87 predicting the largest shift (0.31 nm) (C). The ENM-
based models yield shifts of 0.19 nm and 0.27 nm for ENM-no87 (D) and ENM-all
(B), respectively.

A MODEL FOR THE SIGNAL TRANSDUCTION MECHANISM OF LOV DOMAINS
There are four main conclusions that can be drawn from the data presented so far:

1. While some residues located in the linker can be replaced without issue, the
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FIGURE 6.19. — Structures of the YF1 dark (blue) and light (red) state. A-D, struc-
tures derived from ENM and RBD models, including and excluding the P87 con-
straint. Shown in gray is the crystal structure.
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act of attaching labels to the linker connecting sensor and effector domains
significantly disrupts the structure and function of the protein, emphasising
the critical role the linker plays in signal transduction,

2. the observed changes in distance distributions are limited to labels situated
in the C-terminal side of the LOV dimer, implying that changes in the pro-
tein conformation are limited to this region as well, while the N-terminus
remains fixed,

3. light state structure obtained with models that include protein flexibility
(ENM-all and ENM-no87) have lower RMSD from the measured constraints
than their rigid-body counterparts, indicating a conformational change within
the LOV domain that is inadequately described by rigid-body docking,

4. all simulations, regardless of the model or the parameters used, consistently
predict a shift outwards of the connection points between the LOV domains
and the linker region.

Point (3), especially, is crucial for understanding how the information of light-
activation having occurred in the LOV (sensor) domain is transmitted to the his-
tidine kinase (effector) domain (Fig. 6.20). The shift is induced by the two LOV
domain B-sheets tilting away from each other, thus pushing the two individual
linker helices further apart (0.17 nm measured between the 1126-Co-atoms of chain
A and B in both ENM-all and ENM-no87). In this manner, the LOV domains and
the linker form a lever-like arrangement (shown in yellow in Fig. 6.20) capable of
transmitting conformational changes from the sensor to the effector domain.

This represents the first structural model of the signal transduction mechanism
between the LOV blue-light sensor domain and its effector domain partners. While
ithas been demonstrated here for the artificial protein YF1, this mechanism is likely
to apply to other LOV domain proteins as well. Firstly, a similar arrangement of
a LOV-LOV homodimer attached to an effector dimer via a coiled-coil linker has
already been proposed as the structure of YtvA,[*! one of YF1’s “parent proteins”.
Secondly, the extraordinarily wide range of different effector domains LOV do-
mains are found coupled to in nature makes a common mechanism likely.

THE FLAVIN COFACTOR ENVIRONMENT STUDIED BY ENDOR

As has been discussed in Chapter 2.1, the recovery kinetics of the dark state of
LOV domains vary by four orders of magnitude from protein to protein. To bet-
ter understand the influence changes in the immediate chromophore environment
have on LOV dark recovery kinetics, and to understand if such changes can be pro-
duced consistently, YF1 wt and three variants with point mutations in the vicinity
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FIGURE 6.20. — A schematic description of the transition from the YF1 dark (blue)
to light (red) state. The outward tilt of the LOV domains in a hinge-like motion
(yellow) exerts a force onto the coiled-coil linker that can be transferred to the
effector domain. The model shown is ENM-all.
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FIGURE 6.21. — Residues in YF1 investigated by ENDOR. YF1 and AsLOV?2 share
N37 (N425 in AsLOV2) (green), AsLOV2 has an isoleucine (I1470) in place of
YF1’s leucine at position 82 (red). The replacement C62A (C450A in AsLOV2)
(blue) causes LOV domains to accumulate a flavin radical under blue-light illu-
mination, enabling study by EPR.[?234] The structure shown is pdb 4GCZ.[]

of the flavin’s C8a methyl group, L82I, N37C and N37C/L82I (Table 6.5, column
2 and Figure 6.21), were targeted for study using UV/vis and ENDOR. To test
whether these residues have similar effects across different LOV domains, the cor-
responding mutations were investigated also in the phototropin-1 LOV2 domain
from Avena sativa (AsLOV2) (Table 6.5, column 3), which is widely used as a “stand-
ard” LOV domain in research.

UV/vis measurements of dark recovery rates Dark recovery rates k ; of all vari-
ants were determined using UV/vis spectroscopy®. In YF1, the rates varied from
(1.62 £ 0.05) x 107*s7! for YF1 wt to (1.29 4 0.10) x 103 s7! for YF1 N37C/L82I
(Table 6.6), about one order of magnitude. The dark recovery rates in the cor-
responding AsLOV2 variants, while faster by about two orders of magnitude in
general compared to YF1, show that the different mutations have a very similar
relative effect (Table 6.6).

ENDOR measurements In order to analyse the molecular basis for these effects
on dark recovery kinetics in more detail, the immediate environment of the flavin
cofactor was probed using ENDOR spectroscopy. To this end, all previously men-
tioned variants had the active-site cysteine residue C62 (C450 in AsSLOV2) replaced
by alanine (Table 6.5), preventing formation of the Cysteinyl-C4a-adduct and al-

BThese experiments were performed by N. Lemke and R. Diensthuber in the group of A. Méglich.
Details are described in DIENSTHUBER et al.['*’]
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TABLE 6.5. — YF1 and AsLOV2 variants investigated. Each residue configuration
was prepared in YF1 and AsLOV2, both for UV/vis and for ENDOR spectro-

scopy.

Method YF1 variant AsLOV2 equivalent  Notes
UV/vis wt 1470L YF1 wt-like
L82I wt AsLOV2 wt-like
N37C N425C/I1470L
N37C/L821 N425C C. reinhardtii LOV wt-like
ENDOR C62A C450A/1470L YF1 wt-like
C62A/L821 C450A AsLOV2 wt-like
N37C/C62A N425C/C450A/1470L
N37C/C62A/L821 N425C/C450A C. reinhardtii LOV wt-like

TaBLE 6.6. — Dark recovery rates of YF1 and AsLOV2 variants at 22 °C. While
recovery rates in YF1 are slower than in AsLOV2 by about two orders of mag-
nitude, the relative changes between variants are very similar in both proteins.
Values taken from DIENSTHUBER et al..[*’]

Protein  Variant k, (s

YF1 wt (1.62 + 0.05) x 107*
L82I (3.06 + 0.13) x 107*
N37C (6.94 + 0.07) x 107
N37C/L821 (1.29 4-0.10) x 1073

AsLOV2 1470L (1.34 4- 0.03) x 1072
wt (2.62 + 0.08) x 1072
N425C/1470L (5.71 + 0.04) x 1072
N425C (9.00 4 0.03) x 1072
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A N37C/C62A/L82I @ 120K B C62A/L82I @ 5K
matrix matrix
HI1' HI1' HI1' H1'
H8Q H8a fixed H8a fixed

8 6 4 2 0 2 4 6 88 -6 4 2 0 2 4 6 8
frequency offset /| MHz frequency offset /| MHz

FIGURE 6.22. — Example ENDOR spectra of a neutral flavin radical. (A) Typical
case. Clearly visible couplings are those of H8a at +4 MHz (blue) and H6 at
+3 MHz (yellow) (See Fig. 2.1 for their location on the flavin). A H1’ coupling
(green) is visible at the outer edge of the H8a peaks, but mostly hidden beneath
it. The central part of the spectrum stems mainly from unresolved couplings
from matrix protons (gray). (B) Immobile case. The H8« line from (A) has given
way to three individual couplings (See Section 4.1.2).

lowing for the photoaccumulation of a flavin radical.

Figure 6.22A shows a typical flavin spectrum. Besides the central matrix region,
containing mainly unresolved small proton couplings (gray), three major compon-
ents can be identified, namely the couplings of H6 (yellow), the three H8c (blue)
and two H1’ (green), of which only the outermost edge is distinctly visible. The
peaks arising from H8a couplings are most pronounced because all three methyl
protons have the same coupling. By contrast, Fig. 6.22B shows the unusual case
of a flavin with an immobilised C8a group, causing the H8« line to split into three
distinct couplings, one for each proton (See Section 4.1.2).

ENDOR measurements on YF1 and AsLOV2 variants were performed as described
(p. 44). The results are shown in Figure 6.23. YF1 C62A at a temperature of 120K
shows the typical spectrum of a neutral flavin radical,'*”! (Fig. 6.23A), with sharp
peaks of the H6 at + 3 MHz and freely rotating and thus averaged (see Eq. (4.14))
H8o protons appearing at + 3.6 MHzC. Underlying both peaks are signals arising
from the two H1’ protons, the large coupling of the H5 proton of about 30 MHz
falls outside the recording range. The intensity difference within pairs of lines is
due to Boltzmann population differences and ENDOR enhancement(!!*] (for details
see Section 5.1.1, p. 44).

Even though the mobile H8x peak still dominates the spectrum, a fraction of

CThe frequency is given relative to the free proton frequency, thus the numbers on the x-axis
correspond to V2 the hyperfine coupling frequency
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A YF1C62A B C62A/
L82I

6 4 2 0 2 4 6 8 8 -6 4 2 0 2 4 6 8
E AsLOV2 C450A/  F C450A
1470L

8 6 4 2 0 2 4 6 8 -8 6 4 -2 0 2 4 6 8

G N425C/ H N425¢/
C450A/ C450A
1470L

PRI AN

8 -6 4 2 0 2 4 6 88 -6 4 2 0 2 4 6 8
frequency offset /| MHz frequency offset /| MHz

FiGURE 6.23. — ENDOR spectra of YF1 (A-D) and AsLOV2 (E-H) variants. The
frequencies are given relative to the free proton frequency. Each variant was
measured over a temperature range from 5K to 120 K (blue to red). The typical
features of a neutral flavin radical as described in Fig. 6.22A are clearly visible
at higher temperatures for all variants. At low temperatures, signals from im-
mobilised H8a appear between + 1-7.5 MHz.
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immobilised methyl group protons is already discernible in the +1-7.5 MHz range.
With lower temperatures, the mobile fraction is progressively lost, and already at
60 K, atypically high for a methyl group, the entire methyl group population has
become immobilised.

The YF1 variants C62A/L82I (Fig. 6.23B), N37C/C62A (Fig. 6.23C) and N37C/-
C62A/L82I (Fig. 6.23D) show essentially the same spectra, although with the trans-
ition from mobile to spatially restricted C8a group occurring at successively lower
temperatures, with N37C/C62A/L82I especially retaining a relatively large frac-
tion of mobile C8a even at a temperature of 5 K. Additionally, while the structure
of the spatially restricted methyl group’s signals is the same between C62A and
C62A/L82I (Fig. 6.23A and B, 5-6 MHz range), both N37C/C62A and N37C/C62A/-
L82I show a markedly different structure (Fig. 6.23C and D, peak at 7 MHz). This
is indicative of the methyl group being fixed at a different angle relative to the
system in these variants (see Section 4.1.2, p. 23).

The corresponding AsLOV2 variants, strikingly, show the same behaviour (Fig.
6.23E-H), both in terms of the transition from mobile to immobile C8a group,
which happens at the highest temperature in AsSLOV2 C450A/I470L (Fig. 6.23E)
and the lowest in AsSLOV2 N425C/C450A (Fig. 6.23H), as well as in terms of the
change in the immobile methyl group’s orientation, with similar patterns observed
for AsSLOV2 C450A/1470L and C450A as for YF1 C62A and C62A/L82I ((Fig. 6.23E
and F versus A and B) and for AsSLOV2 N425C/C450A/1470L and N425C/C450A as
for YF1 N37C/C62A and N37C/C62A/L82I (Fig. 6.23G and H versus C and D).

Simulating ENDOR spectra In order to quantitatively characterise these obser-
vations, simulation of all spectra were performed. To minimise the number of free
parameters, these simulations were, as far as possible, performed collectively, i.e.
with one parameter set describing all spectra. To this end, the following initial
assumptions were made based on visual inspection of the spectra:

1. Both H6 and H1’ couplings are identical for all samples.

2. The anisotropic part of the immobile H8« hyperfine matrix is identical for
all samples.

3. The isotropic part can be described using the Heller-McConnell model!*?]

according to Eq. (4.13) and (4.14). The 120° symmetry between the three
protons allows one set of parameters a,, a, and 0 to be used for all three.

4. Changing the temperature has no influence on the hyperfine couplings, only
on relative line intensities,

resulting in a minimal parameter set.
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YF1 C62A B C62A/
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FIGURE 6.24. — Simulation of ENDOR spectra of YF1 (solid) compared to meas-
ured spectra (dotted) from 5-120 K (blue-red). Underneath each set of meas-
urements, the individual 8 components making up each spectrum are shown
exemplarily for 5K: Hé6 (yellow), H1’ (2x green), immobile H8a (3x blue), mo-
bile H8ax (red) and an additional intermediate, semi-mobile component (gray).
With the exception of the unresolved matrix protons between 0-3 MHz, all sim-
ulations excellently reproduce the data. The parameters used are given in Table
6.7 and Appendix A, Table A.2.
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FIGURE 6.25. — Simulation of ENDOR spectra of AsLOV2. The parameters used
are given in Table 6.7 and Appendix A, Table A.3. For details, see 6.24.

Since the H1’ matrices cannot be reliably identified due to spectral overlap with
H6 and H8a, values derived from AsLOV2 C450A incorporating selectively deuter-
ated FMN (unpublished data from R. Brosi, used with permission) where adopted
as-is. After an initial manual simulation/optimisation, assumption (1) and (2) were
relaxed as needed, though only very small changes were required for an optimal
fit. Lastly, parameters critical to this study were programmatically optimised as
described in Section 5.1.1 (p. 46). The resulting simulations are shown in Figures
6.24 (YF1) and 6.25 (AsLOV?2).

Overall, a very good agreement between simulation and measurement could be
achieved with the parameters set up as explained above, with only very slight
adaptations of H6 isotropic and H8a anisotropic couplings needed for some of
the samples (the full set of hyperfine and other simulation parameters is given in
Appendix A).
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TABLE 6.7. — C8a methyl group isotropic hyperfine couplings and angles. 0
is given relative to the orientation of the 7 system as indicated in Figure 4.2B.
Errors for hyperfine parameters a; and a, are estimated.

Variant a,; (MHz) a, (MHz) 0 ()

YF1 C62A 0.64 + 0.05 14.00 £+ 0.05 36.7 4+ 04
YF1 C62A/1821 0.23 4+ 0.05 14.44 4+ 0.05 355+0.2
YF1 N37C/C62A 0.09 4 0.05 14.90 £ 0.05 -6+5
YF1 N27C/C62A/L821 0.09 4 0.05 14.84 + 0.05 -7+3
AsLOV2 C450A/1470L 0.54 4 0.05 14.40 4+ 0.05 37.8 +£ 0.8
AsLOV2 C450A 1.09 £ 0.05 13.12 4-0.05 35+5
AsLOV2 N425C/C450A/1470L 0.40 £ 0.05 15.09 £ 0.05 -114+6
AsLOV2 N425C/C450A 0.05 4 0.05 15.62 £ 0.05 -114+6

Table 6.7 gives the resulting hyperfine coefficients a, and a, as well as the angle
of one methyl group proton relative to the flavin it system in the sterically hindered
configuration. In the wt analogue YF1 C62A, the angle of 36.7(4)° shows the group
to have one proton close to aligned with the flavin isoalloxacine plane®. Exchan-
ging leucine 82 with isoleucine brings the proton closer to alignment by about
1°, to an angle of 35.5(2)°. Replacing asparagine 37 in both these variants with
cysteine causes a large reorientation of the sterically hindered group, close to an
alignment parallel to the it system (-6(5)° for N37C/C62A, -7(3)° N37C/C62A/L82I).
The effects of both exchanges, asparagine to cysteine and leucine to isoleucine,
appear to be cumulative, although in the cysteine-containing variants, the change
induced by isoleucine is actually within the margin of error. The orientation of
the immobilised C8x methyl group appears to be conserved across different LOV
domains, since the corresponding AsLOV2 variants give the same results, taking
into account errors. A previous study by Brost et al,** using ab initio quantum-
mechanical (QM) calculations, found a similar angle for AsSLOV2 C450A.

While the fully averaged and fully immobile components of the C8a group are
perfectly described by Eq. (4.13) and (4.14), the transition from one to the other
does not happen instantaneously but proceeds via a broad distribution of interme-
diate “slow” states. These “slow” states are especially apparent in the asparagine-
to-cysteine mutants at intermediate temperatures, e.g. in the broad shoulder next
to the mobile C8a peak in YF1 N37C/C62A at 60K, Figure 6.24C), because they
are well separated from the signals of fully immobilised protons. Accordingly, dif-
ference spectra of these mutants, particularly YF1 N37C/C62A at 60 K minus 80K,

DDue to the 120° symmetry of the methyl group and the 180° symmetry of the 7 system, an angle
of 0°, 60°, 120° ... indicates alignment of one proton perpendicular to the molecular plane, while
30°, 90°, 150°, ... indicates alignment with the molecular plane.
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B YF1 C62A/N37C

measured 60K - 80K

— simulated H8i
— simulated H8i + H8m
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FIGURE 6.26. — Intermediate “slow” states of H8a coupling in YF1 N37C/C62A
at 60K and 80K. (A) Difference spectrum of YF1 N37C/C62A at 60 K minus
80K (blue, dotted) show the appearance of “slow” C8a proton states, H8i (red)
in parallel to a decrease in the amount of mobile C8c protons H8m (blue). (B)
3x magnified view of (A).

were used to produce a fit of these states (Figure 6.26).

6.3.1 RELATING THE FMN CHROMOPHORE ENVIRONMENT TO DARK RECOVERY
KINETICS

Unfortunately, due to spectral overlap of the “slow” component H8i and the im-
mobile component, the fractional population of these intermediate states could
not be determined with any great accuracy for YF1 C62A and C62A/L82I as well
as AsLOV2 C450A and C450A/I470L in particular. Therefore, the fractional popu-
lation of the fully mobile C8a as a function of temperature derived from the simu-
lations was used to characterise the transition kinetics by non-linear least-squares
fitting of a logistic function for a two-state transition model (Figure 6.27A and B).

All asparagine-to-cysteine variants, as well as to some degree AsLOV2 C450A,
show a significant fraction of mobile methyl group even at 5K. This is not un-
expected, since the complex energy landscape and conformational space of the
chromophore environment produces populations with varying transition activa-
tion energies, and quantum-mechanical tunnelling allows for proton interchange-
ability down to 0 K.

Accordingly, the two-state transition model was fit without imposing bound-
ary conditions for T = 0K. For YF1 C62A, a midpoint transition temperature
of (124 4 2) K was determined, while YF1 C62A/L82I, YF1 N37C/C62A and YF1
N37C/C62A/L82I showed successively lower midpoint temperatures of (93.3 4- 0.1) K,
(68 + 2)K and (53 + 5) K, respectively. As was to be expected from the raw data,
the AsSLOV2 variants show much the same behaviour, with transition temperatures
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FIGURE 6.27. — Fractional population of mobile C8a as a function of temperature
in YF1 variants (A) and AsLOV2 variants (B). The fitted two-state transition
model allows for the extraction of transition temperatures (Table 6.8). Plotting
the natural logarithm of the dark state recovery rate k_, as a function of Ty;3*
reveals a linear dependence (C) for both LOV domains.

TABLE 6.8. — Transition temperatures for mobile-to-restricted C8c.

Variant Ty 2 (K)
YF1 C62A 124 £ 2
YF1 C62A/1821 9334+ 0.1
YF1 N37C/C62A 68 £+ 2
YF1 N27C/C62A/L821 53+5
AsLOV2 C450A/1470L 109 + 2
AsLOV2 C450A 86 + 2
AsLOV2 N425C/C450A/I1470L 74+ 3

AsLOV2 N425C/C450A 56 +6
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TABLE 6.9. — Correlation coefficient and proportionality factor of In(k/s?) and
Ty “®* derived from Fig. 6.27C.

Protein  Correlation coeff. slope (Vx)
YF1 -0.989 -0.027 4 0.001
AsLOV2 -0.986 -0.038 4 0.003

of (86 + 2) K for ASLOV2 C450A, (109 + 2) K for ASLOV2 C450A/I1470L, (56 + 6)K
for AsSLOV2 N425C/C450A and (74 4 3) K for AsLOV2 N425C/C450A/1470L (Table
6.8).

Somewhat surprisingly, plotting the natural logarithm of the dark state recovery
rates at 22 °C k_; (see Table 6.6) versus the midpoint transition temperature of each
variants reveals a linear dependence with linear correlation coefficients of -0.989
and -0.986 and slopes of (-0.027 + 0.001) K™! and (~0.038 + 0.003) K™! for YF1 and
AsLOV2, respectively. In keeping with what has been previously noted, the dif-
ferent residue combinations have the same effect in both LOV domains (Table 6.9).
This is especially notable bearing in mind the inherent conformational flexibility
of proteins as well as the fact that two entirely different LOV domains, bacterial
LOV in the case of YF1 and plant LOV2 in the case of AsSLOV2 were chosen for
this study.

Obviously, the correlation of two quantities can not be considered proof of a
causal relationship. In this case in particular, the fact that the effects on dark
recovery rates are observed at physiological temperatures, while the effects on
methyl group mobility and orientation are observed at 120 K and lower makes a
direct causation of the former by the latter very unlikely. The likeliest explanation
is that both processes are similarly affected by the changes in the flavin chromo-
phore environment induced by mutation.

Looking at the flavin binding pocket in high-resolution crystal structures,
one finds that in both proteins the C8x methyl group is embedded into multiple
hydrophobic side chains, comprising T30, N37, L82, 1108 and F119 in YF1 (T418,
N425, 1470, L496 and F509 in AsLOV2). However, while the side chain of isoleucine
1470 in AsLOV2 is branched at the Cp atom, orienting its Cy1 away from the C8a
group of the chromophore, the corresponding leucine L82 in YF1 is branched at
the Cy atom, causing the C81 and C52 methyl groups to bracket the C8x of the
chromophore. As shown above, replacing leucine 82 with isoleucine in YF1 grants
greater conformational freedom to the methyl group, as does replacing asparagine
37 with cysteine. For AsLOV2, similar effects have been previously observed for
other residues in the aforementioned group.®* All these observations clearly point
to the rotational freedom typically observed in methyl groups being hindered by
the packing of the hydrophobic side chains surrounding the chromophore in the

[9,168]
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FiIGURE 6.28. — FMN situated inside the YF1 binding pocket. L82 (red) and N37
(green) are surface-exposed and can likely influence the water accessibility of
the flavin (yellow).

investigated LOV domains.

Alterations in the hydrophobic residues in the vicinity of the flavin ring can also
account for the changes in dark recovery rates observed. In LOV domains, the
flavin is situated relatively close to the protein surface inside a surface-exposed,
water-filled binding pocket (Fig. 6.28). It is therefore likely that alterations of
residues in this region not only affect the conformational freedom of the chro-
mophore, but also solvent access. The return from the signalling to the dark state
involves the initial abstraction of the proton bound at flavin position N5 and is
base-catalysed.['”] Here, the water filling the binding pocket could act as a general
base catalyst. Different configurations of hydrophobic side chains could influence
how closely water can approach the chromophore, thereby modulating dark re-
covery kinetics, explaining the observed effects. Altered water access has already
recently been suggested as a possible explanation for varying photocycle kinetics
in AsLOV2 variants.['”"]

STUDYING YF1 IN AN IN VIVO CONTEXT

The effect of water accessibility on photocycle kinetics gives rise to the question
in how far the in vivo solvent, i.e. the cell environment can influence the photore-
ceptor’s function. To this end, the YF1 variant YF1 C62A was injected into X. laevis
oocytes, which where then transferred into EPR capillaries, illuminated and frozen
(see Section 5.2.1, p. 61) and studied using ENDOR in a single cell experiment un-
der conditions otherwise identical to the previous in vitro experiments.
Measurements were taken at 30 K and 80 K (Figure 6.29). Due to the limited SNR
of single-cell experiments, no spectra at higher temperatures could be recorded,
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FIGURE 6.29. — ENDOR measurements of YF1 C62A in a single X. laevis oocyte.
(A) In vivo measurements (solid lines) reveal a distinctly different pattern of
sterically hindered H8« couplings than in vitro (dotted lines) between +4.0-
7.2 MHz (shaded). (B) Enlarged view of (A). (C) Simulation of YF1 C62A in vivo
spectra (solid) compared to measurements (dotted) at 30 K and 80 K.
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TABLE 6.10. — Methyl group angle and mobility of YF1 C62A at 80K in a single
oocyte and in vitro. Full simulation parameters are found in Appendix A, Table

Al
Context 0 (%) fraction of mobile C8a
in vitro 36.7 £ 04 0.045 + 0.016
in vivo 343 4+ 0.6 0.09 + 0.03

meaning that at least for this variant, the mobile-to-sterically hindered transition
could not be mapped.

Strikingly, comparing the single-cell spectra to corresponding spectra in vitro
(Fig. 6.29A) reveals that the pattern of sterically hindered C8a couplings differs
between in vivo and in vitro spectra, again indicative of a changed orientation of
the immobile methyl group. Indeed, simulating the spectra (Figure 6.29B) yields a
nominal angle 0 of (34.3 £ 0.6)°, shifted from (36.7 + 0.4)° (Table 6.10). The mobile-
to-immobile transition temperature also appears to be slightly changed, since the
fraction of mobile C8a at 80 K is slightly higher in the single cell spectrum than in
vitro (Table 6.10).

Usually in in-cell EPR experiments, a spectrum averaged over all cell environ-
ments is observed. This is not the case for a single cell experiment, where all
observed proteins share the same environment. If the cell environment itself in-
duces larger conformational freedom instead of a defined conformational change,
in the protein, again an averaged spectrum is observed. It should be noted, that
due to the limited SNR of the in vivo measurement, this possibility cannot be fully
excluded. Thus, there are two possible explanations for the changes in the C8«x
methyl group’s ENDOR spectrum, one, the change from buffer solution to cell en-
vironment causes a slight reorientation of the hydrophobic amino acids that res-
ults in a change of the “clamping” of the methyl group, two, the cell environment
confers additional conformational flexibility to the entire protein, and thereby pro-
duces multiple methyl group orientations that then overlay in the spectrum. In
either case, ENDOR measurements of the flavin cofactor are a sensitive probe for
the conformational energy landscape of the protein in cellulo.

A UNIFIED APPROACH TO LOV DOMAIN PHOTOCYCLE DYNAMICS

The ENDOR simulations demonstrate that the flavin chromophore’s proton hyper-
fine parameters are very much conserved across different LOV domain variants,
with differences mainly being caused by reorientations of ENDOR-accessible 3-
protons, mainly H8a and H1’,l'7!] which can be described using a simple Heller-
McConnell model,['*?! rendering simulation of the spectra both reliable and straight-



112 | ResuLTs & DiscussioN

forward, potentially allowing the prediction of photocycle kinetics in contexts
where direct measurements are not feasible, e.g. in vivo.

Being able to tune the photocycle kinetics of LOV proteins by variations of
residues in the vicinity of the flavin chromophore has large implications for ap-
plications in cell biology, biotechnology and synthetic biology. That variations in
residues change the chromophore environment in a predictable manner conserved
across LOV domains, as evidenced by the ENDOR and dark state recovery kinetics
data, demonstrates that such tuning is possible in a predictable manner. However,
bearing in mind the clear correlation between dark state recovery kinetics and C8a
methyl group conformational freedom, the finding that the flavin environment, by
proxy of the C8x methyl group is different in vivo and in vitro emphasises the
importance of studying these effects, as far as possible, in an in vivo context.
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FIGURE 6.30. — trp triad mutants of cryptochrome-2 targeted in this study.
Six variants, each with one of the three tryptophanes in the trp triad, W321
(marked red), W374 (blue) and W397 (green) selectively replaced by alanine or
phenylalanine. (pdb: 1U3DI[®%)).

THE EFFECT OF CELLULAR METABOLITES ON THE LIGHT SENSITIVITY
OF A. THALIANA CRY2

As described in Chapter 2.3, photoreduction of the FMN cofactor via the conserved
trp triad has long been considered the essential first step in the signalling process
of cryptochromes, an interpretation that is well supported by several lines of evid-
ence. However, cry2 variants with interrupted trp triads, cry2 W321A, W374A
and W397A, were found to show biological activity in vivo while not undergoing
significant photoreduction in vitro.[']

To address this seeming contradiction, the same variants, as well the their WxxxF
analogues (Fig. 6.30) were investigated both in vivo and in vitro using cw EPR and
trEPR.

IN-CELL cw EPR OF CRY2 VARIANTS

To characterise potential redox forms of flavin generated in vivo, Sf21 cells express-
ing the trp triad mutants cry2 W321A, W321F, W374A, W374F, W397A and W397F
as well as wt were illuminated with blue light, frozen and measured using cw EPR
(see Materials section, 5.2). The expected signal intensity from whole cell samples
is small due to the low effective sample concentration. Since some background
signal is unavoidable, a sample of uninfected control cells, treated exactly as the
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FIGURE 6.31. — continuous-wave EPR spectra of cells expressing cry2 wt (red)
and control cells (blue), both after illumination The EPR spectrum of cry2 is
typical for a flavin radical..

cry2-expressing variants, was measured and its spectrum subtracted from each as
background correction. Since the reference background was taken from an illu-
minated control, this eliminates both the spectrometer background and potential
light-induced or stable radicals present in the cells, but unrelated to cry2.

Fig. 6.31 shows the uncorrected spectrum obtained from cry2 wt together with
the control. As expected, illuminated cry2 wt shows an unresolved line common
for many organic radicals, including flavins, with a peak-to-peak width and shape
consistent with a flavin radical. This is indicative of the photoreduction of the
flavin from the oxidised to the radical form in the cry2 photoreceptor.

Spectra after background correction of the six trp triad mutants are shown in
Fig. 6.32A-F. Strikingly, with the exception of W397F (Figure 6.32F), all trp triad
mutants show a clear flavin radical signal above background as well (Figure 6.32A-
E), indicating the formation of a flavin radical even in the absence of a functional
trp triad. As can be seen from the SNR, WxxxF mutations (Fig. 6.32E-G) show less
signal than WxxxA variants (Fig. 6.32B and D), hinting that the phenylalanine sub-
stitutions might destabilise the protein. However, the data as recorded here does
not lend itself easily to quantitative analysis, since external factors like cell dens-
ity and in-cell protein concentrations have a large influence on the signal intensity
and cannot be completely controlled for (A discussion of the difficulties involved
in performing quantitative EPR on cell samples can be found in [171]).

Regardless, the spectra, particularly of the tryptophane-to-alanine mutants, demon-
strate conclusively that cry2 variants lacking a functional trp triad retain, to a vary-
ing degree, their photochemical activity in vivo, in marked contrast to results in
vitro.[16:172]
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FIGURE 6.32. — continuous-wave EPR spectra of cells expressing cry2 variants
after illumination. With the exception of W387F (G), all samples show signific-
ant signal above background. Spectra have been normalised.



116 | ResuLTs & DiscussioN

w

signal intensity / a.u.
[=]

— +ATP |
31 e -ATP ]
335 340 345 350 335 340 345 350
magnetic field / mT magnetic field / mT
T T T T
3L C cry2 W374A

signal intensity / a.u.
(=]

1
W

335 340 345 350
magnetic field / mT

FIGURE 6.33. — Continuous-wave EPR spectra of flavin radical accumulated in

isolated cry2 trp triad mutants without (blue, dashed) and with 10 mM ATP

added. Spectra have been scaled relative to each sample’s ATP-less intensity.

Both cryl (A) and cry2 (B) as well as cry2 W374A (C) show a similar increase
in signal intensity in the presence of ATP.

6.4.2 TRANSIENT EPR AND cw EPR OF CRY2 VARIANTS IN VITRO

Experiments performed in the group of M. Ahmad, described in detail in ENGEL-
HARD et al® indicated that while both cry2 wt and trp triad mutants were pho-
tochemically active in vivo, only wild type proteins retained their photochemical
activity after the removal of small molecular weight soluble factors (weight cut-
off at 3500 kD), while trp triad mutant variants lost theirs. Since cryptochrome
is known to have affinity for nucleotide-based cofactors such as ATPI%173] the ef-
fect of these cofactors on photoreduction and radical formation in purified crypto-
chrome variants was further investigated.

cw EPR experiments on purified proteins As expected, cw spectra of both cry1
and cry2 wt proteins showed a pronounced signal from accumulated flavin radical
(Fig 6.33A and B, blue). These signals increased markedly when 10 mM ATP was
added to the sample prior to illumination (red).
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The W374A spectrum showed some accumulated flavin radicals signal even in
the absence of ATP (Fig. 6.33C, blue). Addition of ATP again significantly increased
the amount of accumulated flavin radical (red) in a quantitatively similar fashion
as observed for cry1 and cry2 wt. The same effect for ATP, as well as nicotinamide
adenine dinucleotide (NADH), was observed in UV/vis spectroscopy.[>"]

It is clear from both the EPR (this work) and UV/vis**°} data that the presence of
ATP and similar metabolites potentiates the photochemical activity in cry2. Since
this effect, present in crude and dialysed cell lysates, persists in isolated proteins,
this can not be due to these metabolites modulating the activity of other proteins
which in turn promote cryptochrome photoreduction, but has to be a direct effect
on cryptochrome itself. Additionally, a role of ATP as direct electron donor can
be excluded since addition of inosine triphosphate (ITP), the oxidised analogue of
ATP, produced the same effect.l!*”) The most likely explanation therefore is that
binding of ATP to cry2 results in small conformational changes of the protein that
potentiate its photosensitivity.

There are two possible means by which this could be achieved. One, the con-
formational changes induced by ATP’s and related metabolites’ binding to cry2
could stabilise the radical form of the protein, formed after light-excitation, as has
been reported previously for cry2 in vitro.'’4 This would reduce the flavin reoxid-
ation rate and promote radical accumulation, yielding the larger signals observed
in vivo and in the presence of ATP in vitro. Two, the efficiency of the primary
electron transfer from the solvent to the flavin itself could be increased in an in
vivo context.

The electron transfer efficiency is experimentally accessible by way of observing
the scRP formed immediately after photoexcitation using trEPR.

Transient EPR experiments on purified proteins The trEPR experiments were
performed on liquid samples at 274 K. While this necessitates very low sample
volumes and drastically reduces the achievable SNR, staying in a physiological
temperature range ensures the relevance of the observed effects.

The wildtype spectra of cry2 in the absence of ATP (Fig. 6.34A and C, blue,
dashed) shows an emissive-absorptive pair of lines split by approximately 1.5 mT.
This signal arises from the scRP formed between the flavin and a distal trp or tyr-
osine (tyr) radical®® and is a direct indicator of the forward electron transfer reac-
tion. The same signal can be observed in cryl wt (Figure 6.30B, blue, dashed). In
the cry2 W321A mutant, with the trp triad interrupted at the distal tryptophane,
a small scRP signal is still discernible (Figure 6.30E, blue, dashed), while in cry2
W374A, interrupted at the middle tryptophane, the signal has dropped below the
detection threshold (Figure 6.30D, blue, dashed). The presence of a scRP signal
even in the absence of ATP in cry2 W321A is an indication for the existence of
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FIGURE 6.34. — Transient EPR spectra of isolated wt proteins and cry2 trp triad
mutants. (A) raw 2-dimensional trEPR spectrum of cry2 wt in the absence of
ATP, showing the typical scRP signal. Blue indicates emissive, red absorptive
parts of the spectrum. (B-E) 1-dimensional time slices at t = 0.5 ps of trEPR
spectra from cryl wt (B), cry2 wt (C), cry2 W374A (D) and cry2 W321A (E)
with (red, solid) and without (blue, dashed) addition of 10 mM ATP. All variants
show an increase in scRP signal in the presence of ATP.
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alternative electron pathways that bypass W321A, as reported previously.[6¢17]

While no such signal is apparent in the transient data from W374A, it is possible
that such pathways still play a minor role under the saturating illumination con-
ditions used for cw EPR experiments, which could explain the residual signal ob-
served for W374A in those experiments.

Upon addition of ATP, the scRP signal of both cry2 W321A and W374A increase
significantly (Figure 6.30D, E, red) compared to the spectra from samples lacking
ATP. A similar but quantitatively smaller increase can be observed for the wild-
type samples of cryl (Fig. 6.30B, red) and cry2 (Fig. 6.30C, red). Since these in-
creases in signal are not accompanied by changes in spectral shape and/or width,
which would point to ATP altering the magnetic parameters of the sample, they
instead directly demonstrate that the addition of ATP increases the quantum yield
of the forward electron transfer.l'’%! Since both mutant proteins lack a functional
trp triad, this, by definition, demonstrates that ATP facilitates electron pathways
along alternate pathways, bypassing the trp triad. The decreased effect observed
in wildtype proteins is most likely due to the electron transfer along the trp triad
being already efficient at the light intensity and temperature used. Nonetheless,
the effect of ATP is clearly visible even in wildtype proteins, demonstrating the
relevance of alternate pathways even when the trp triad is uninterrupted. The de-
pendence of scRP quantum yield on the presence of ATP in cry2 is in agreement
with results obtained on isolated cry1 wt.[176]

As mentioned, the existence of alternate electron pathways has been demon-
strated previously for cryDASH.[%] The new finding here is that the binding of
ATP and similar metabolites to cry2 opens up new pathways for electron transfer
in vitro, and thus, since the effect of photoreduction appeared also at physiologic-
ally relevant concentrations of ATP,['>% also in vivo. This then explains the discrep-
ancy between in vivoand in vitro photochemical activity:[1l While the interruption
of the trp triad does, indeed, negatively impact the photochemical activity of cry2
in vivo, the presence of ATP in vitro causes alternate electron pathways bypassing
the triad to become accessible, restoring photoactivity even in the absence of a
functional triad.

THE EFFECT OF THE Y399F MUTATION

Candidates for alternate pathways can be immediately suggested based on the
A. thaliana cry1 crystal structure.!®” These include W331 and W376, situated 9.5 A
and 13.5A from W321A and 10.7 A and 7.7 A from W397, respectively. The lat-
ter of these has already been shown to form a pathway W376-W374-W397-FAD
in cryDASH.[l A second, interesting possibility can be seen in the structure of
A. thaliana cry1 with added ATP (pdb code 1U3D!®")), where the adenine moiety
of ATP is situated within 11 A of the FAD chromophore’s isoalloxacine ring. It is
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FIGURE 6.35. — Continuous-wave EPR spectra of isolated cry2 Y399A/F without
(blue, dashed) and with 10 mM ATP added (red, solid). Spectra have been
scaled relative to each sample’s ATP-less intensity. Both cry2 Y399A (A) and
cry2 Y399F (B) show an ATP effect that is much smaller than that of W374A (C,
taken from Fig. 6.33).
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W321

trp triad

FIGURE 6.36. — Alternate electron pathways in cry2. The pathway along the
trp triad is shown in red. Binding of ATP opens an additional pathway to the
flavin involving the adenine moiety of ATP and Y399 (blue). Potential further
pathways could involve W376 and W331 (green). The structure shown is from
cry1, pdb 1U3D.[°] The cry2 ATP binding site is, with the exception of N356
(D359 in cry1) and R289 (K292 in cry1), strongly conserved.

therefore suitably positioned to form an alternate pathway to the nearby redox-
active surface residue Y399 (Y402 in cry1).

The existence of this pathway was investigated by repeating the cw EPR exper-
iments on purified protein with the two mutants cry2 Y399A and cry2 Y399F (Fig.
6.35). The spectra of APT-less Y399A (Fig. 6.35A, blue) and Y399F (Fig. 6.35B, blue)
samples have been normalised to that of ATP-less W374A (Fig. 6.35C, blue), shown
for comparison. While addition of 10 mM ATP produces a small signal increase in
both samples (Fig. 6.35A and B, red), the effect is drastically reduced when com-
pared to that of W374A (Fig. 6.35C, red).

Since replacing Y399 was shown not to negatively impact ATP binding,[**°) this
is directly indicative of a lessened ATP effect, demonstrating that Y399 forms part
of at least one of the alternate pathways potentiated by ATP. Figure_6.36 shows
the flavin moiety with the trp triad (orange) and the newly identified Y399F (blue)
electron transfer pathway.

These results demonstrate that the in vivo properties of cryptochrome differ
markedly from what is observed in an in vitro context and thus shed light on the
long-standing dispute about the functional relevance of flavin photoreduction and
the trp triad by identifying ATP and other small metabolites as responsible for
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restoring photochemical activity in vivo in protein variants that lack such capab-
ilities in vitro, by effectively tuning the protein for maximal electron transfer effi-
ciency over multiple independent pathways. It should be noted that this work by
no means excludes additional electron pathways or indeed mechanisms by which
the intracellular environment may tune the FAD cofactor’s photochemistry, as
both the residual flavin radical signal in the absence of ATP observed in W374A
cw EPR experiments and in W321A in trEPR experiments, as well as the residual
ATP effect in Y399F and Y399A point to the existence of other potentiating agents.

Meanwhile, emerging evidence suggests that the feature of cryptochrome activ-
ation by metabolites such as ATP may very well be a general feature, as mutants
without a functional trp triad in Dm-cry show photoreduction!?’%77:178] and biolo-
gical signalling function in vivo,l’>73 but do not photoreduce in vitro.’>7’]
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CHAPTER 7.
CoNcLUSION AND OuUTLOOK

CHANNELRHODOPSIN-2

After the demonstration of its activity as a light-gated cation channel,[*! chan-
nelrhodopsin-2 has received widespread attention due to its potential for applica-
tions in neurophysiology, where it could be envisioned to optically control in-cell
processes like action potentials.['’’) Via the crystal structure of a ChR1-ChR2 hy-
brid,[*"! the overall arrangement of ChR2 as a dimer is known, while infrared differ-
ence spectroscopy demonstrated large changes of the tertiary structure in various
intermediate states of the photocycle.['**18] However, a more detailed knowledge
of the structural changes that accompany the opening of the channel is still lack-
ing.

This study sought to address this using SDSL and ELDOR on multiple ChR2
mutants. Cysteine 128 was replaced by threonine throughout, resulting in vari-
ants that accumulate the conducting state P3*° instead of the desensitised state
P80 [9697.157) Of the nine naturally occurring cysteines in ChR2, cysteine 79 in the
loop connecting helices A and B, close to helix B, was found to be essential for
protein expression and was therefore used as the initial labelling position. Two
further variants, containing additional spinlabels at C208 at the cytoplasmic end
of helix F and Q117C, on the extracellular side of helix C, respectively, were also
investigated.

The C1C2 structure is the only point of reference, thus a direct evaluation of the
observed distances is difficult. The distances observed for the closed state of ChR2
in all three variants were fully compatible with those determined from the crystal
structure of C1C2, demonstrating that this structure is indeed a valid template for
further structural studies on ChR2.

In the initial experiments of this study, the resolution of the distance distribution
was hampered mainly due to the presence of protein aggregates. Nonetheless,
upon illumination, a clear increase of the C79-C79 distance could be observed in
the singly labelled variant, as well as a global shift of the distribution towards larger
distances in the variant containing labels at C79 and C208, indicating an increase
of the C208-C208 distance as well. By reconstituting the protein in nanodiscs,'*!
the problem of protein aggregation could be eliminated, greatly enhancing the
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resolution of later distance distributions determined for variants containing only
labels at C79 as well as at C79 and Q117C. Thus, it could be shown that the C79-
C79 distance increases from 3.6 nm to 4.4 nm upon illumination, while the Q117C-
Q117C distance does not change significantly.

Together, these results indicate that in the open state of ChR2, both helix B and
helix F shift outwards relative to the closed state, a result that is in line with pre-
vious results from BR and SRII!%°-102] for the movement of helix F, and results
from BR in purple membranes!!®>-1%] for the movement of helix B. Thus the ma-
jor structural changes upon illumination and opening of the channel appear to be
conserved throughout different microbial rhodopsins. A similar ELDOR study by
SATTIG et al.'®? performed on variants lacking the C128T mutation, which there-
fore accumulate the desensitised state P;*, found the same structural changes as
observed for P3?°, despite that fact that P;*° is non-conducting. Therefore, contrary
to the opening of the channel, its closing requires only small structural changes in
the channel interior, as has been inferred from time-resolved FTIR experiments.[*’]

An interesting observation that bears further study is that, even under saturat-
ing illumination conditions, the distance distribution of illuminated ChR2-C79 is
bimodal with contributions from the open as well as the closed state. However,
crucially, no intermediate distances from ChR2 dimers where only one monomer
resides in the open state. While this could be due to a fraction of inactive ChR2,
it could also indicate cooperativity between the monomers. Light titration exper-
iments using samples that are deliberately only partially illuminated are planned
to distinguish between these two cases.

While the problem of protein aggregation has been solved by the reconstitution
into nanodiscs a central limiting factor for the interpretation of spinlabel distance
distributions in ChR2 remains: The likely unavoidable presence of cysteine C79,
yielding at least four labels per dimer in any future spinlabelled protein variant.
Additionally, while the fact that the Q117C-Q177C distance does not change sig-
nificantly would make this position ideal for triangulation, drawing meaningful
conclusions from a sample containing six labels is not feasible. Absent C79-less
variants, experimentally suppressing the C79-C79 distance is therefore of utmost
importance. Fortunately, C79 is highly accessible, so that it is possible to use dif-
ferential accessibility to selectively label only part of the protein in variants where
the second position is comparatively inaccessible. This can be done, for example
by blocking C79 with a Forster resonance energy transfer (FRET) marker before,
or selectively reducing the label at C79 after spin-labelling. In fact, preliminary ex-
periments tracking the EPR signal intensity of ChR2 labelled at C79 and C208 over
time during reduction with ascorbic acid show a biexponential signal decay, with
time constants of (18 + 1) min and (200 4 10) min for the fast and the slow com-
ponent, respectively. Whether these two components correspond to the labels at
C79 and C208, respectively, will be demonstrated using ELDOR spectroscopy.
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While this would limit further investigations to positions with low accessibil-
ity, it would still pave the way for a more detailed study of the conformational
changes associated with the opening of the channel. Of interest as well would be
the incorporation of the D156C mutation, which is reported to cause accumula-
tion of P3?°7:183) into the exiting variants. If successful, this would make a further
intermediate in the ChR2 photocycle accessible to structural analysis using EPR.

LOV PROTEINS

LOV blue-light photoreceptor domains have long been a focus of research, due to
their ubiquity in nature, as well as their capability of interfacing with a wide range
of effector domains. The latter in particular has implications for synthetic biology,
as it opens up the possibility of artificially coupling a LOV domain to a target
effector domain, creating a “designer protein”. Recently, the artificial SHK protein
YF1, consisting of the LOV domain from B. subtilis YtvA and the histidine kinase
domain from Bradyrhizobium japonicum FixL has been developed.l®! Due to the
availability of both a functional assay for this protein(**! and a crystal structure,[’]
all work related to LOV proteins was based on this protein.

This study focused on two aspects of the LOV domain photocycle, one, the ques-
tion of how the initial photoreduction of the flavin cofactor leads to the activation
of the protein’s effector domain and two, what effect causes the LOV domain’s
extraordinarily wide range of photocycle kinetics.

The conformation of the signalling state The first question, how the informa-
tion of the flavin’s photoreduction is transmitted to the effector domain, was ad-
dressed using intra-protein distance measurements via SDSL and ELDOR. It has
been shown that LOV proteins do not undergo large-scale conformational changes
upon light excitation,?*52!134] making it necessary to target residues close to sus-
pected sites of conformational changes. Based on the crystal structure, 10 sites
were chosen: Two (Q44 and E55) in the YtvA LOV domain close to the N-terminus,
three (D71, N84, and P87) in or close to the outermost a-helix, two (Q93 and M101)
close to the linker region and three sites (Q130, A134 and V144) along the linker
helices themselves.

ELDOR measurements of YF1 in the dark state yielded distance distributions
in good agreement with the crystal structure for the variants Q44C, E55C, D71C,
N84C, P87C and M101C, but wholly incompatible for Q93C, Q130C, A134C and
V144C. The distance distribution gathered for the labels attached to the linker in
particular were incompatible not only with the crystal structure, but with the mo-
tif of a coiled-coil linker in general. In the case of Q93C and Q130C, the protein’s
function was disturbed after labelling, indicating a disturbance of the protein struc-
ture by the label, as evidenced by the ELDOR measurements. For the remaining
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positions it is likely that only a non-functional fraction of the protein was labelled.

Of the fully functional variants, comparison of distances obtained from the pro-
tein’s active state with the dark state showed increasing mean distances in D71C,
N84C, P87C and M101C, while both Q44C and E55C showed no change upon illu-
mination, indicating that the N-terminal region of the LOV domain remains fixed
while the B-sheets at the C-terminus twist apart slightly. This marks the first
time conformational changes localised at individual residues have been observed
in LOV domains.

The changes in distance observed in the ELDOR experiments were translated to
conformational changes using ENM and RBD simulations. The resulting model
structures indicate that the observed changes in distances can indeed be explained
by a twisting apart of the two monomer’s $-sheets at the LOV domain’s C-terminus,
expressed in the models through a movement of 1126 connecting the LOV domain
to the linker by between 0.17nm and 0.31 nm. This translates into a separation
of the two individual linker helices by 0.17 nm, putting stress on the coiled-coil
helices. Thus, signal transmission from LOV to effector domain would be achieved
via mechanical force on the interconnecting helices.

The sparsity of available constraints in combination with the small observed
changes in distance does not allow for more than qualitative conclusions. Non-
etheless, knowledge of the precise structural changes responsible for signal trans-
mission from LOV to effector domain has so far been completely lacking. Thus,
the data presented here gives a first indication of a likely mechanism and forms an
ideal basis for more targeted studies.

One way to address these issues is investigating more labelling positions, and
further studies in this direction are already planned. Variants D76C and D115C
are in preparation.

LOV photocycle kinetics To address the second question, the structural basis
for LOV domains wide range of photo cycle kinetics, the flavin itself was em-
ployed as a spin probe by mutationally blocking the formation of the Cysteinyl-
C4a-adduct. The hyperfine couplings of the flavin’s protons to the unpaired elec-
tron’s spin were used as a probe for the protein’s conformational energy land-
scape. In particular, the C8a methyl group’s mobility, as detected by ENDOR,
proved to be highly sensitive to residue exchange in its vicinity. Four variants car-
rying mutations of residues close to this group, YF1 C62A, C62A/L82I, N37C/C62A
and N37C/C62A/L82l, as well their analogues in AsLOV2, AsLOV2 C450A/1470L,
C450A,N425C/C450A/1470L and N425C/C450A, were investigated at temperatures
ranging from 5K to 120 K. All showed a different temperature dependence of the
C8a methyl group’s mobility, with variations containing cysteine showing higher
methyl group mobility than those containing asparagine, and variants containing
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isoleucine showing higher mobility than those containing leucine.

Most importantly, these changes in mobility were clearly correlated with changes
in the dark state recovery rate of the protein, with higher methyl group mobility
indicating a faster dark recovery. Such an effect had been previously reported for
a pair of AsSLOV2 variants.** This study extends this finding to a more general
motif of dark recovery kinetics in LOV domains.

A causal relationship between these two effects is unlikely given the differences
in the temperature (22 °C versus <120K) involved. Rather, these effects point to-
wards the changes in hydrophobic packing of the flavin cofactor being respons-
ible both for a more or less sterically confined methyl group and greater or lesser
solvent accessibility of the flavin, aiding or hindering abstraction of the proton
attached to N5 in the active state, thus modulating the dark recovery rates.

Simulations of the spectra revealed the existence of different protein conform-
ations with different activation energies for the mobile-to-hindered transition of
the C8a methyl group. This was evidenced by the fact that more than half of
the variants did not show a smooth transition from mobile to sterically hindered
methyl group, but would, after an initial decrease, remain at a constant fraction of
the mobile C8a over a wide temperature range, even down to 5K. Additionally,
the simulations made the extraction of the angle of the immobile methyl group
relative to the flavin’s mt-system possible, which was previously shown to be sens-
itive to residue exchanges as well.**! In particular, the variants containing cysteine
showed an orientation of one of the methyl group’ protons aligned almost in paral-
le] with the m-system, while variants containing asparagine had the proton aligned
almost perpendicularly. Leucine-to-isoleucine variants had no significant effect
on the alignment. Both findings reveal the hyperfine coupling of the C8a methyl
group to be an extraordinarily sensitive probe for the conformational energy land-
scape of LOV domains.

With the exception of the methyl group orientation and the relative intensities
of signals from mobile and sterically hindered methyl groups, different residues as
well as different LOV domains had little effect on the spectra. This implies that the
simulation data obtained here can be easily repurposed for measurements under
different conditions. This result was utilised for the measurement of a single oocyte
injected with the photoadduct-inhibited YF1 C62A. Obviously, spectra obtained
from a single cell are limited in SNR, however they could still be simulated using
the simulation system obtained from the in vitro experiments.

The spectra showed a distinctly different methyl group orientation than that
found in the isolated protein. Due to the limited SNR, it was not possible to distin-
guish between a single, different orientation and a superposition of many different
orientations. Therefore, there are two possible interpretations of this result: Either
the changed solvent when going from an in vitro to a cell environment causes a
slight rearrangement of the flavin’s hydrophobic packing, giving rise to a different
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methyl group orientation, or the cell environment confers an additional degree of
conformational freedom to the protein, resulting in many different superimposed
orientations. An additional possibility is that the flavin itself is, by way of its
surface-exposed side chain, slightly reoriented due to interaction with the solvent.
One of the advantages single cell experiments have over standard experiments on
a cell ensemble is in this case that an averaging due to variations in the solvent
can be excluded.

Being able to adapt a sensor’s photocycle kinetics to a target application has large
implications for the fields of bioengineering and synthetic biology. The correlation
between dark recovery kinetics and methyl group mobility makes ENDOR spec-
troscopy an ideal method for investigating such manipulations in contexts like
in vivo, where direct measurements of the recovery rates might not be possible.
Strikingly, all these effects were conserved across LOV domains, as the AsLOV2
variants, derived from a plant LOV2 domain, behaved exactly as their YF1 counter-
parts, derived from a bacterial LOV domain, revealing an astonishing conservation
of functional and structural motifs within the LOV family of proteins. Thus, it is
likely that results obtained for one LOV domain can directly be transferred to oth-
ers, making manipulations of photocycle kinetics both predictable and reliable.

However, the experiments on single oocytes indicate that YF1 might behave dis-
tinctly differently in vivo than in vitro. Future flavin ENDOR experiments will
therefore focus on the investigation of YF1 variants in an in vivo context, both in
cell ensembles and individual cells.

CRYPTOCHROMES

Another area of research is the investigation of cryptochromes, where discrepan-
cies between results obtained in vivo and in vitro have recently gotten a lot of at-
tention.. It was long thought that cryptochrome activity is induced by the photore-
duction of its flavin chromophore by way of electron transfer from the solvent to
the flavin along a highly conserved chain of trp residues (W321, W374 and W397 in
cry2), termed the trp triad. Recently, however, experiments have shown that cry2
variants without a functional trp triad showed no photoreduction in vitro, while
still being biologically active in vivo.['¢]

This study sought to address this seeming contradiction by way of EPR, since
the flavin radical produced by photoreduction is readily observed even in whole
cell samples. First, cry2 variants with the three trp triad tryptophans replaced by
alanine and phenylalanine, namely cry2 W321A, W321F, W374A, W374F, W397A
and W397F as well as cry2 wt, were investigated in vivo using cw EPR. As has
been well established in the literature,[%15] cry2 wt showed a clear flavin radical
signal. Strikingly, with the exception of cry2 W397F, all mutant variants showed a
clear signal above background as well, despite them lacking a functional trp triad.
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[16] showed a

In particular, cry2 W374A, which showed no photoreduction in vitro,
robust radical signal in vivo.

Cw EPR experiments performed on isolated proteins revealed that the addition of
ATP drastically enhanced the flavin radical signal after illumination in cry2 W321A
and W374A. While the existence of alternative electron pathways has been previ-
ously shown,[°17] this result demonstrates that the efficiency of these alternate
pathways can be modulated by small metabolites like ATP.

To address the question of whether the increase in signal is due to changes in
the lifetime of the photoreduced flavin, which would make the radical accumu-
late more easily, leading to a signal increase, or due to a direct change of the
photoreduction’s quantum yield, isolated cry1 and cry2 wt as well as cry2 W321A
and W374A were measured with transient EPR, to detect the transient radical pair
formed after illumination directly, both in the presence and absence of added ATP.
In the absence of ATP, both cryl and cry2 wt show a significant transient rad-
ical pair signal, as was to be expected from studies performed on cry-DASHI®¢]
and cry2.['!] The W321A variant still showed some radical pair signal, albeit at a
drastically reduced quantum yield, indicative of the presence of alternative trans-
fer pathways. This signal, though likely still present, dropped below the detec-
tion limit in W374A. Upon the addition of ATP, quantum yield of all variants was
significantly enhanced, indicating that the presence of ATP does indeed enhance
the forward electron transfer’s yield itself. The effect was largest in W374A and
W321A, which, since they are both lacking the traditional trp triad, leads to the
conclusion that ATP potentiates other pathways unrelated to the trp triad.

There are multiple candidate tyrosines and tryptophans for alternate transfer
pathways, including Y399. A variant carrying the mutations Y399F and Y399A
was expressed and measured in vitro using cw EPR, again both in the presence
and absence of ATP. Interestingly, both variants showed a greatly reduced ATP
effect when compared to both wt protein and variants W374A and W321A. This
is somewhat surprising, since previously demonstrated alternate pathways still
involved the trp triad at least in part, while Y399 is situated remote from it.

These experiments resolve the conflict between in vivo and in vitro data by demon-
strating that mutants lacking a functional trp triad undergo photoreduction in a
cellular context, indicating that only limited conclusions about photochemical pro-
cesses in cryptochromes in vivo can be drawn from experiments in vitro.

Additionally, they identify a new mechanism of regulation of the cryptochrome
photoreduction, in which metabolites like ATP potentiate additional electron trans-
fer pathways, thereby increasing the transfer’s quantum yield.

Further, a new pathway activated by ATP can be identified, where ATP bound
with its alanine moiety situated close to both the FAD cofactor and the surface
exposed tyrosine Y399 apparently bridges the two, creating an additional electron
path entirely separate from the trp triad. Given these findings as well as previously
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published results(®®'7>] on pathways not involving the entire trp triad, it seems un-

likely that there are individual pathways that are switched on or off by the presence
of ATP. Rather, it is likely that binding of ATP confers additional conformational
flexibility to the protein, generally increasing the likelihood of an electron being
transferred along an atypical pathway that is suppressed in the more ordered con-
formation in vitro.

This paints a very similar picture to that discussed for methyl group rotations
in the context of LOV domain. A reorientation of the FAD side chain in cry2
examined in vivo has been reported.['’!] It would therefore be interesting to try
and identify conformational changes or conformational flexibility by performing
similar experiments using the mutants investigated here, both in vivo and in vitro
with and without added ATP.

SUMMARY

In sum, this work has validated the C1C2 structure!®! as a template for the struc-
ture of ChR2, as well as provided initial evidence for the structural changes in-
volved in the opening of the channel of ChR2, changes that appear to be conserved
despite the different lateral arrangement of the TM helices in ChR2 compared to
other microbial rhodopsins. Additionally, comparison of results obtained here for
the conductive state P3?° with results by SATTIG et all'®*? for P4 find these two
states to be identical in terms of their tertiary structure, indicating the closing of
the channel involves only small structural changes inside it.

For LOV domains, this work has provided tentative evidence for a structural
model of signal transmission between a LOV domain and the coupled effector do-
main, in which a slight moving apart of the two LOV monomers exerts a force on
the coiled-coil helices linking the receptor and effector domains. Using ENDOR
spectroscopy, a clear correlation between the packing of the flavin chromophore
and the dark state recovery rate could be demonstrated. Employing the flavin’s
C8a methyl group’s mobile and sterically hindered state as a marker, one can
identify small conformational changes in the chromophore’s vicinity and chart,
to some degree, the conformational energy landscape. Applied to measurements
of YF1 in a single oocyte, this method showed that the conformation of the flavin’s
environment differs in vitro and in vivo, with the methyl group adopting differ-
ent conformations in the two environments. This emphasises the importance of
verifying results obtained in vitro in an in vivo context.

A similar behaviour was observed in cryptochromes, where EPR experiments
could resolve the apparent contradiction of variants that, lacking the conserved
trp triad, were not photoreducible in vitro nonetheless showed biological activity
in vivo by demonstrating the photoreduction of those same variants in a cellular
context. Cellular ATP was found to mediate this effect by potentiating the effi-
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ciency of additional electron transfer pathways. One of the pathways, involving
the surface-exposed tyrosine Y399, could be identified, although the total electron
transfer quantum yield in a cellular context is most likely the result of multiple
pathways, enabled by ATP-induced conformational flexibility.

Altogether, this works provides new insights into in vivo effects and structural
changes of three classes of proteins, that are of high scientific interest due to their
widespread occurence in nature as well as due to potential applications. In addition
it shows the versatility of advanced EPR techniques to elucidate these mechanisms.
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ADDITIONAL DATA
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TaBLE A.1. — Hyperfine parameters of YF1 flavin in oocytes. All values in MHz.

H8, ). are individual protons, H8  is the mobile H8a coupling, H8; the semi-
mobile.
Variant Proton  a;, ayy  ayy  ayy linewidth
YF1 Ho 530 3.60 6.20 6.20 0.45
C62A HY’, 580 410 540 7.90 0.60
oocytes HI1’} 830 640 740 10.60 0.65
H8a,, 780 7.03 742 896 0.30

H8a, 10.53  9.33 10.33 12.93 0.85
H8ary, 11.96 10.59 11.69 13.59 0.55
H8« 091 -0.29 051 251 0.65

C

H8c, 11.50 800 12.00 14.50 1.00

1




TasLE A.2. — Hyperfine parameters of YF1 flavin. All values in MHz. H8

a,b,c

individual protons, H8 , is the mobile H8a coupling, HS8; the semi-mobile.

are

Variant Proton a,, ayxx ayy ayz; linewidth
YF1 Heo 530 3.60 6.20 6.20 0.45
C62A HT’, 6.00 4.30 5,60 8&.10 0.60
H1'} 830 640 740 10.60 0.65
H8a,, 754 677 716 8.70 0.30
H8ar, 9.72 852 952 12.12 0.85
H8ay, 12.43 11.06 12.16 14.06 0.55
H8a, 047 -0.73 0.07 2.07 0.65
H8o; 11.50  8.00 12.00 14.50 1.00
YF1 Heo 510 340 6.00 6.00 0.45
C62A/L821 HT’, 6.00 430 560 8.10 0.60
H1’, 830 640 740 10.60 0.65
H8a,, 754 677 7.16 8.70 0.30
H8a, 9.80 8.40 9.30 11.70 0.65
H8ay, 12.37 11.00 12.10 14.00 0.55
HB8a, 045 -0.75 0.05 2.05 0.65
H8a; 11.50  8.00 12.00 14.50 1.00
YF1 He6 510 340 6.00 6.00 0.45
N37C/C62A HT’, 6.00 430 560 8.10 0.60
H1’} 830 640 7.40 10.60 0.65
H8a,, 754 677 716 8.70 0.30
H8a, 14.37 1297 13.87 16.27 0.65
H8ay, 2.04 0.67 1.77  3.67 0.55
H8o, 6.22 502 582 7.82 0.65
H8oy; 11.50 8.00 12.00 14.50 1.00
YF1 Heo 510 340 6.00 6.00 0.45
N37C/C62A/L821 HI1’, 6.00 430 560 8.10 0.60
H1, 830 640 740 10.60 0.65
H8a, 754 677 7.16 8.70 0.30
H8a, 14.41 13.01 1391 16.31 0.65
H8ay, 213 0.76 1.86  3.76 0.55
HB8a, 6.08 488 568 7.68 0.65
H8a 11.50  8.00 12.00 14.50 1.00
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TasLE A.3. — Hyperfine parameters of AsSLOV2 flavin. All values in MHz. H8,,} .
are individual protons, H8  is the mobile H8a coupling, H8; the semi-mobile.

Variant Proton a;, ayy ayy a,, linewidth
AsLOV2 Ho 510 3.40 6.00 6.00 0.45
C450A HY’, 6.00 4.30 5.60 8.10 0.60
H1} 830 640 7.40 10.60 0.65
H8a,, 7.86  7.09 748  9.02 0.30
H8a, 10.47  9.07 9.97 1237 0.65
H8ax, 12.83 11.46 12,56 14.46 0.55
H8a, 0.28 -0.92 -0.12 1.88 0.65
H8o; 11.50  8.00 12.00 14.50 1.00
AsLOV?2 Ho 510 340 6.00 6.00 0.45
C450A/1470L HT 6.00 4.30 5.60 8.10 0.60

a

H1’, 830 640 7.40 10.60 0.65
H8a 7.86  7.09 748  9.02 0.30

m

H8a 944 824 9.24 11.84 0.85

a

H8a, 12.72 1135 1245 14.35 0.55

H8a, 143  0.23 1.03  3.03 0.65
H8oy 11.50  8.00 12.00 14.50 1.00
AsLOV2 Ho 510 3.40 6.00 6.00 0.45
N425C/C450A HT’, 6.00 4.30 560 8&.10 0.60
H1} 3830 640 7.40 10.60 0.65
H8a,, 7.86  7.09 748  9.02 0.30
H8a, 15.12 13.72 14.62 17.02 0.65
H8ar, 2.00 0.63 1.73  3.63 0.55
H8ax, 6.45 5.25 6.05 8.05 0.65
H8o 11.50 800 12.00 14.50 1.00
AsLOV?2 Ho 510 340 6.00  6.00 0.45
N425C/C450A/1470L HT’, 6.00 4.30 5.60 8.10 0.60
H1’, 830 640 7.40 10.60 0.65
H8a 794 717 7.56  9.10 0.30

H8a 14.64 13.24 14.14 16.54 0.65
H8axy, 2.75 1.38 248  4.38 0.55

645 5.25 6.05 8.05 0.65
11.50  8.00 12.00 14.50 1.00
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APPENDIX B.

PUBLICATIONS

ELEMENTS OF THIS WORK THAT HAVE BEEN PUBLISHED

ELDOR and cw data from proteins in detergent presented in Section 6.1, ELDOR
experiments on spin-labelled ChR2:

N. Krausg, C. ENGELHARD, J. HEBERLE, R. SCHLESINGER, R. BrrTL, “Structural
differences between the closed and open states of channelrhodopsin-2 as observed
by EPR spectroscopy.”’, FEBS Lett. Oct. 2013, 587, 3309-13

Data presented in Section 6.3, ENDOR experiments on YF1 and AsLOV2, excluding
simulations and in-cell experiments:

R. P. DIENSTHUBER, C. ENGELHARD, N. LEMKE, T. GLEICHMANN, R. OHLENDOREF,
R. BrrTL, A. MOGLICH, “Biophysical, Mutational, and Functional Investigation of
the Chromophore-Binding Pocket of Light-Oxygen-Voltage Photoreceptors.”, ACS
Synth. Biol. Mar. 2014, 9, DOI 10.1021/sb400205x

Data presented in Section 6.4, The effect of cellular metabolites on the light sensitivity
of A. thaliana cry2:

C. ENGELHARD, X. WANG, D. RoBLES, J. MoLDT, L.-O. ESSEN, A. BATSCHAUER, R.
BrrTL, M. AHMAD, “Cellular metabolites enhance the light sensitivity of Arabidop-
sis cryptochrome through alternate electron transfer pathways”, Plant Cell Nov.
2014, 26, 4519-31

OTHER PUBLICATIONS

C. ENGELHARD, S. RAFFELBERG, Y. TANG, R. P. DIENSTHUBER, A. MOGLICcH, A. LoslI,
W. GARTNER, R. BrTTL, “A structural model for the full-length blue light-sensing
protein YtvA from Bacillus subtilis, based on EPR spectroscopy.”, Photochem. Pho-
tobiol. Sci. Oct. 2013, 12, 1855-63


http://dx.doi.org/10.1021/sb400205x
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R. Brosr, R. BitTL, C. ENGELHARD, “EPR on Flavoproteins.”, Methods Mol. Biol. Jan.
2014, 1146, 341-60

A. Haun, C. ENGELHARD, S. REScHKE, C. TEUuTLOFF, R. BrrTL, S. LEIMKUHLER, T.
Rissg, “Structural insights into the incorporation of the Mo cofactor into sulfite
oxidase from site directed spin labeling”, Angew. Chemie - Int. Ed. 2015, in press,
DOI 10.1002/anie.201504772R1


http://dx.doi.org/10.1002/anie.201504772R1
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ABBREVIATIONS

3pELDOR three-pulse ELDOR (pp.49f., 54)
(6-4) (6-4) pyrimidine-pyrimidone (p. 9)
ADC analog-digital converter (p. 37)

ANM anisotropic network model (p. 60)

AsLOV2 phototropin-1 LOV2 domain from Avena sativa (pp.7, 98-100, 102, 104~
106, 108 f., 126—128)

A. thaliana Arabidopsis thaliana (pp. 2, 119)

ATP adenosine triphosphate (pp. 62, 64, 116 f., 119, 121f.,, 129-131)
B. japonicum Bradyrhizobium japonicum (pp. 1, 8, 125)

BLUF blue-light sensor using flavin adenine dinucleotide (p. 5)
BR bacteriorhodopsin (pp. 16, 77 f., 124)

B. subtilis Bacillus subtilis (pp. 1, 8, 125)

C1C2 ChR1-ChR2 hybrid (pp. 16, 70£,, 73, 78, 123, 130)

CCT C-terminal extension (p. 11)

C. reinhardtii Chlamydomonas reinhardtii (pp. 2, 15)

ChR channelrhodopsin (pp. 2, 15f.)

ChR1 channelrhodopsin-1 (pp. 15f., 71, 73)

ChR2 channelrhodopsin-2 (pp.2, 15f., 18, 61, 63, 67, 69-71, 73, 75, 77 f., 123-125,
130)

CPD cyclobutane pyrimidine dimer (p. 9)

cryr cryptochrome-1 (pp.9-11, 13, 116 £, 119, 121, 129)
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cry2 cryptochrome-2 (pp.2, 9, 11, 13, 61, 64, 67, 113f,, 116 f., 119, 121, 128-130)

cw continuous-wave (pp. 2, 19, 31-33, 351, 41, 48, 571, 61, 63f, 77, 113, 116, 119,
1211, 128¢, 137)

DEER double electron-electron resonance (pp. 2, 50, 54, 63)
DM n-Decyl-pB-D-maltopyranoside (p. 70)

D. melanogaster Drosophila melanogaster ()

Dm-cry Drosophila melanogaster cryptochrome (pp. 13, 122)
DNA deoxyribonucleic acid (pp. 5, 10£.)

ED essential dynamics (p. 60)

ELDOR electron-electron double resonance (pp. 2, 48, 50f., 53f., 58, 61-64, 67, 70,
73,77-79, 87, 90 1., 123-126, 137)

ENDOR electron-nuclear double resonance (pp. 2, 41, 43-47, 60-63, 96, 98, 100, 102,
109, 1111, 126, 128, 130)

ENM elastic network model (pp. 60, 91f., 94f£., 126)

EPR electron paramagnetic resonance (pp. 2, 5, 19f., 25, 29-35, 37, 41, 57f.,, 61-64,
771,109, 111, 113f, 116 £, 119, 121f, 124f.,, 128-130)

ESEEM electron spin-echo envelope modulation (pp. 52 f., 63)
FAD flavin adenine dinucleotide (pp. 1, 5, 10£., 129)

FID free induction decay (p.37)

FMN flavin mononucleotide (pp. 5, 7, 104, 113)

FRET Forster resonance energy transfer (p. 124)

FSE field-swept echo (p.39)

FTIR fourier-transform infrared (pp. 18, 124)

GNM gaussian network model (p. 60)

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (p. 61)

HFC hyperfine coupling (pp. 41, 44f.)
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ITP inosine triphosphate (p. 117)

LOV light, oxygen and voltage (pp. 1f., 5-9, 11, 56, 61f., 67, 79, 82, 86 £., 90, 92, 94,
96, 98, 105, 108f.,, 111f.,, 125-128, 130)

MD molecular dynamics (pp. 60, 87)
MES 2-(N-morpholino)ethanesulfonic acid (p. 70)

MTSSL (1-Oxyl-2,2,5,5-tetramethyl-pyrroline-3-methyl) methanethiosulfonate spin
label (pp. 56, 58, 67)

NADH nicotinamide adenine dinucleotide (p. 117)

NMR nuclear magnetic resonance (pp. 20, 37, 41)

PAS Per-ARNT-Sim (pp. 6-9)

QM quantum-mechanical (p. 105)

RBD rigid-body docking (pp. 60, 91f£., 94-96, 126)

RF radio frequency (pp. 41, 43-46, 63)

RMSD root-mean-square deviation (pp. 64, 74, 93 f., 96)
SB Schiff base (p. 16)

scRP spin-correlated radical pair (pp. 26 f., 29, 117, 119)
SDM site-directed mutagenesis (p. 61)

SDSL site-directed spin labelling (pp. 2, 67, 79, 123, 125)
SHK sensor histidine kinase (pp. 8, 125)

SNR signal-to-noise ratio (pp. 46, 53f., 57, 70, 86 f., 109, 111, 114, 117, 127)
SRII sensory rhodopsin II (pp. 78, 124)

TM transmembrane (pp. 16, 67, 78, 130)

trEPR transient EPR (pp. 2, 57f., 63 f., 113, 117, 122)

trp tryptophane (pp. 1, 11, 13, 113f,, 117)

TWT travelling-wave tube amplifier (pp. 37, 52, 63)
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tyr tyrosine (p.117)

UV/vis ultraviolet/visual (pp. 7, 75, 77, 98, 117)

vdW van-der-Waals (pp. 87 f.)

wt wildtype (pp.9, 16, 64, 67, 91, 96, 98, 105, 113 £, 116 f,, 119, 128 )

X. laevis Xenopus laevis (pp. 61, 109)
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