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1. Motivation

Proteins are one of the major components of living cells. They perform di�erent

tasks, which are essential for life and the survival of the respective organism. The

di�erent functions of proteins mainly comprise catalysis, energy conversion, transport

or regulatory functions. To understand the function of proteins the overall structure

as well as the dynamics are constitutive. The investigation of proteins is important

for di�erent sciences as medicine, physiology, biology, biochemistry or pharmacology.

Proteins are large biomolecules or macromolecules and consist of a sequence of the

twenty native amino acids, whereby each protein exhibits its individual sequence

(primary structure). The backbone is formed by a poly peptide chain with di�erent

side chains of the respective amino acids, which determines the further folding of

the protein. The side chains interact by hydrogen bonds or disul�de bonds to build

secondary structures as α-helices or β-sheets. The overall shape of the protein is

described by its tertiary structure to be globular for instance and establishes protein

properties as local electric charges or its hydrophilicity.

To understand how proteins work, it is essential to decode their structure and struc-

tural changes during their function. Therefore, di�erent techniques are applied as

cryo electron microscopy, X-ray crystallography or resonance spectroscopy. However,

each of these techniques exhibit advantages and disadvantages and often a combina-

tion of di�erent techniques is useful to understand the correlation of structure and

function of proteins.
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1. Motivation

The classical approach of the light microscopy can only identify proteins within cells,

but the resolution is to low (200 nm) to investigate protein structures itself. For the

latter X-ray crystallography or cryo electron microscopy (EM) is applied, because the

wavelengths of X-rays or electrons are shorter so that the resolution is increased up to

0.1 nm. Cryo EM allows the resolution of the tertiary and even secondary structures

of non crystallized proteins, but only includes static pictures of the overall topology

of the protein [Hen04,MW18]. However, often a more detailed view is essential as

well as the resolution of dynamic changes to understand the protein function.

The X-ray crystallography resolves the protein structure in more detail by its electron

density determined by X-ray di�ractions. Thereby, the primary structure can be

resolved from protein crystals, but can be a�ected from crystal packing e�ects [Dre99].

Again, dynamics of the proteins are neglected or even unwanted.

Spectroscopic techniques allow the analysis of speci�c spectral properties including

time-resolved and spatial information of the protein. Especially nuclear magnetic

resonance (NMR) spectroscopy is applied to determine inter atomic distances in the

nanometer range. However, a high amount of the protein is needed [HN97] and this

method is limited by the size of the protein. Thus, the investigation of many mem-

brane proteins reconstituted into liposomes is excluded, whose tumbling is described

by too long correlation times for that NMR spectroscopy is not sensitive. Here, solid-

state NMR spectroscopy is currently paving the way to increase the applicability for

membrane proteins [Ope14].

Using the site-directed labeling technique as in �uorescence or electron paramagnetic

resonance (EPR) spectroscopy, for that the overall sample is generally silent, allows

to record only the spectral behaviour of the �uorescence or spin label side chains.

Thereby, it is possible to investigate conformations of proteins, which cannot be

resolved by cryo EM or dynamic properties of proteins, which cannot be characterized

14



by other spectroscopic techniques.

With the most common �uorescence technique, �uorescence resonance energy transfer

(FRET), the e�ciency of energy transfer due to the Förster resonance and with it the

distance between two probes is determined [HWK16]. However, two di�erent linkers

are essential working as energy donor or acceptor and, although FRET allows the

investigation of proteins under physiological conditions, the size of the linkers can

disturb the conformational �exibility of the protein and decreases the resolution of

this technique.

In contrast, EPR spectroscopy, which also allows the investigation of proteins under

physiological conditions at low concentrations or of membrane proteins reconstituted

into liposomes, has a higher spatial resolution applying shorter and smaller linker in

comparison to FRET. Further, also interspin distances can be determined applying

identical labels, which simpli�es the sample preparation [KS10, BS07]. Therefore,

EPR spectroscopy provides both structural and dynamic information of the proteins

with high resolution. Hence, EPR spectroscopy in combination with site-directed

spin labeling (SDSL) is a powerful tool to investigate proteins and allows watching,

how the proteins work.

In this work, di�erent techniques of EPR spectroscopy combined with site-directed

spin labeling were applied to three proteins to enlighten the understanding of the re-

lation between their dynamics and function. The enzymatic protein indole-3-glycerol

phosphate synthase was investigated to understand conformational changes of the

protein during the catalysis and the in�uence of di�erent point mutations on catal-

ysis. Further, the sensory receptor/transducer complex SRII/HtrII was analysed to

proof the equilibrium of di�erent dynamic states being involved in signal transfer.

Therefore, the in�uence of conformational changes of the receptor on the tip domain

dynamics of the transducer was investigated. As the third protein channelrhodopsin-

15



1. Motivation

2, which works as a light-gated cation channel through the membrane, is part of

interest, to investigate conformational changes connected to the di�erent steps of the

channel opening or closing process. A detailed introduction of the proteins and the

goals of this thesis will be explicated in the respective chapters.
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2. Theory

EPR spectroscopy allows the characterization of paramagnetic samples regarding to

their behaviour to absorb microwave radiation. Absorption is observed, when the

Boltzmann equilibrium of spins is disturbed by an electromagnetic �eld and the spins

switch to a higher energy level. Here, the spins of free electrons are of interest,

in which the degenerated energy states are split by an external magnetic �eld and

transitions are realized by microwave radiation. The resulting absorption spectrum

during continuous radiation, the so-called cw EPR spectrum, includes information

about the interaction of the unpaired electron with its environment. The energy and

time evolution of electron spins is described by the spin Hamiltonian and provides

the theoretical basis of all EPR methods. Therefore, the Hamiltonian of the free

and bound electron spin will be introduced as well as the macroscopic view of a spin

system.

2.1. Spin Hamiltonian of the Free Electron

Spin

The intrinsic angular momentum, so-called spin, is essential to characterize an elec-

tron among its mass, me, and its electrical charge, qe. The spin is a pure quantum

17



2. Theory

mechanical parameter and is described by the spin vector operator, Ŝ:

Ŝ = (ŝx, ŝy, ŝz) . (2.1)

The vector components are given by the Pauli matrices with the Planck constant,

~ = h/2π ≈ 1.055 · 10−34 Js:

ŝx =
~
2

0 1

1 0

 , ŝy =
~
2

0 −i

i 0

 , ŝz =
~
2

1 0

0 −1

 . (2.2)

An electron with the spin, Ŝ, includes a magnetic , ~µŜ, described by the Landé-

factor, ge, or the gyromagnetic ratio, γ = 1.760 ·1011 s−1T−1, and the Bohr magneton,

µB ≈ 9.274 · 10−24 JT−1, as in Equation (2.3). The negative sign discloses that the

magnetic moment points in the opposite direction of the spin. For a free electron the

g-factor is calculated using the theory of quantum electrodynamics to be ge ≈ 2.002.

~µŜ = −ge · µB · Ŝ with ge = −2me

qe
γ and µB =

qe
2me

. (2.3)

If the electron is positioned into an external magnetic �eld, ~B = (0, 0, B0), which is

usually homogeneous and static for EPR spectroscopy, the magnetic moment of the

electron interacts with the magnetic �eld ~B. Application of the theory of classical

mechanics leads to the potential energy, E, of the electron E = −~µŜ · ~B. Provided by

the correspondence principle the spin Hamilton operator of the electron is calculated

as:

ĤŜ = −~µŜ · ~B

= −ge · µB · ŝz ·B0

= −ge · µB

1 0

0 −1

 ·B0.

(2.4)
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2.1. Spin Hamiltonian of the Free Electron Spin

The spin Hamilton operator is substituted to the Schrödinger equation with the wave

function, ϕ(t):

ĤŜ |ϕ(0)〉 = E |ϕ(0)〉 . (2.5)

As the spin Hamilton operator of a free electron spin is time independent, the Eigen-

values, E, and Eigenvectors are calculated, directly:

E↓ =
1

2
ge · µB ·B0 ⇒ |↓〉 =

 0

1

 ,

E↑ = −1

2
ge · µB ·B0 ⇒ |↑〉 =

 1

0

 .

(2.6)

The calculated Eigenvalues describe the energy levels, which are available for the

electron. The energy gap between the levels is computed by ∆E = E↓ − E↑ =

ge · µB · B0. The Eigenvectors present the direction of the magnetic moment of the

spin on the corresponding energy levels. The splitting of degenerated energy levels

for ~B 6= (0, 0, 0) is known as Zeeman e�ect.

Transitions between two electron states are induced by electromagnetic radiation with

a frequency, ν, de�ned by the resonance condition (Equation (2.7)) and are illustrated

in Figure (2.1).

∆E = h · ν = ge · µB ·B0. (2.7)

The absorption of electromagnetic radiation by electron spins is recorded in the cw

EPR spectrum. In practice, the frequency of the electromagnetic radiation is in the

range of microwaves, which is �xed during the absorption measurements and the

external magnetic �eld is varied.
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2. Theory

Figure 2.1.: Transitions between two electron states are induced by electromagnetic
radiation with a frequency, ν.

2.2. Site-Directed Spin Labeling

The proteins investigated in this work do not exhibit a paramagnetic centre like an

unpaired electron. Hence, to apply EPR spectroscopy a paramagnetic spin label has

to be introduced. The most common nitroxide spin label (SL) has an unbound elec-

tron near to the oxygen and binds selectively to sulfhydryl groups, which can be found

in cysteine residues for instance. To label a protein the native amino acid has to be

replaced at the desired position by a cysteine residue using site-directed mutagene-

sis. Native cysteines, which shall not be labeled, have to be removed. Because this

procedure is an invasive method, the function of the protein has to be proven after

mutagenesis.

Here, two nitroxide spin labels were applied with di�erent length of linker leading to

di�erent spin label mobility (Figure (2.2)): Methanethiosulfonate (MTS) spin label

and 3-Maleimido-PROXYL (MP) spin label. Both spin labels possess an unpaired

electron in the π-orbital of the nitroxide group, which is part of a �ve-membered ring.

Methyl-groups located near to the nitroxide group retard the reduction of the free

electron. MTSSL is attached to the cysteine residue with a string of a disul�de bridge

and a carbon on each side, which leads to �ve rotatable bonds. This points to the fact

that MTSSL is �exible and does not disturb the native folding of the protein. The

20



2.3. Spin Hamiltonian of the Bound Electron Spin

MP spin label o�ers a more restricted motion in comparison to MTS spin label due

to only three rotatable bonds. Both spin labels re�ect the backbone movement of the

protein and are sensitive for sterical restriction caused by neighbouring side chains

and backbone atoms. The in�uence of the environment on the unpaired electron is

described by additional spin Hamilton terms, which have to be added to the spin

Hamilton operator described above.

Figure 2.2.: MTS spin label [A] and MP spin label [B] can covalently bind to a cysteine
by a sul�de bridge to build the spin label side chains R1 or MP, respectively.

2.3. Spin Hamiltonian of the Bound Electron

Spin

The interaction of the electron spin in nitroxide labeled proteins is described by a

more complex spin Hamiltonian, Ĥ, which is the sum of di�erent interactions speci�ed

21



2. Theory

in the following chapters:

Ĥ = Ĥelectron-Zeeman + Ĥdipole-dipole + Ĥexchange + Ĥnuclear-Zeeman + Ĥhyper�ne

= ĤEZ + ĤDD + ĤEx + ĤNZ + ĤHf.

(2.8)

2.3.1. Electron-Zeeman Interaction and g-Anisotropy

The wave function of an electron is used to calculate the probability density, which

is represented by the orbitals. An electron in a s-orbital does not possess an orbital

angular momentum. In contrast, the probability density of the unpaired electron of

the nitroxide group is located in a p-orbital, although the orbital angular momentum

vanishes or more exactly is quenched due to molecular binding. This quenching

process is partly cancelled out in presence of an external magnetic �eld. Hence, the

magnetic moment and the spin Hamiltonian depend on the orientation of the electron

spin in relation to the molecule. The g-value is not further described by a scalar but

by a tensor. This tensor is calculated by a correction using second-order perturbation

theory [WBW94] with the spin coupling constant, λ:

ĝ = ge 1 + 2λ · Λ̂ij

= ge 1 + 2λ ·
∑ 〈ϕ↓| L̂i |ϕ↑〉 〈ϕ↓| L̂j |ϕ↑〉

E↓ − E↑
; i, j = x, y, z.

(2.9)

ϕ↓ and ϕ↑ describe the wavefunctions of the ground state, ↓, and the excited state, ↑,

with the respective energies, E↓ and E↑. Because of the symmetry of Λ̂ij the tensor,

ĝ, becomes also symmetric. Using the principle axis system (PAS) of ĝ, so-called

nitroxide frame, which is characterized by the spin label with the z-axis parallel to

the 2pz-orbital, the x-axis parallel to the nitroxide bond and the y-axis perpendicular
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2.3. Spin Hamiltonian of the Bound Electron Spin

to both, the g-tensor can be diagonalized:

ĝ =


gxx 0 0

0 gyy 0

0 0 gzz

 . (2.10)

The values of the g-tensor can be approximated using a simpli�ed model of the

electronic structure [CM67]. In this model λ(O) = 151 cm−1 is the spin-orbit coupling

parameter of oxygen, ρO↑ describes the spin density of the π-electron in the oxygen

2pz-orbital and c
2
↓x and c

2
↓y describe the contributions of the 2px- and 2py-orbitals of

oxygen to the unbound electrons of the oxygen:

gxx ≈ ge + 2λ(O)
ρO↓ · c2

↑y

E↓ − E↑
, gyy ≈ ge + 2λ(O)

ρO↓ · c2
↑x

E↓ − E↑
, gzz ≈ ge. (2.11)

The external magnetic �eld is also described in the PAS of the spin label and the

spin Hamilton operator of the electron-Zeeman interaction is written as:

ĤEZ = µB · ~B · ĝ · Ŝ (2.12)

To transform the g-tensor and with it the Hamiltonian into the laboratory frame the

Euler angles are applied (Figure (2.3)). Therefore, the spin Hamiltonian is calculated

depending on the orientation of the molecule with respect to the external magnetic

�eld:

ĤEZ = µB · ~B


−φEuler

−ϕEuler

−θEuler

 ĝ


−φEuler

−ϕEuler

−θEuler


−1

Ŝ (2.13)

This notation includes the anisotropic g-tensor to be:
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2. Theory

Figure 2.3.: The spin Hamilton operator is transformed from the nitroxide frame (x,
y, z) to the laboratory frame (θ, ϕ) so that the z-component of the magnetic �eld
(purple) de�nes the z-axis. The 2pz-orbital is illustrated in green.

gθ,ϕ =
√
g2
xxsin

2θcos2ϕ+ g2
yysin

2θsin2ϕ+ g2
zzcos

2ϕ. (2.14)

For nitroxide spin labels in aqueous solutions the g-tensor anisotropy can be neglected

working with magnetic �elds of about 0.3T because of fast rotational motion of the

molecules, which averages the anisotropy. Therefore, the electron-Zeeman interaction

becomes independent of the orientation and is calculated by a scalar g-value giso =

(gxx + gyy + gzz)/3. For the applied EPR techniques, the electron-Zeeman term of the

spin Hamiltonian can be summarized to:

ĤEZ = µB · ~B · giso · Ŝ. (2.15)
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2.3. Spin Hamiltonian of the Bound Electron Spin

2.3.2. Dipole-Dipole Interaction

Interaction of two electrons, which approximate each other, can be described by:

E = −~µi · ~Bj(~rij) = −~µj · ~Bi(~rji). (2.16)

Bi and Bj are de�ned as the induced magnetic �elds of electron i and j located at the

position of the other electron, respectively, which depend on the distance, r, between

the two electrons, with µ0 as the permeability in vacuum, like:

E =
µ0

4π

(
~µi · ~µj
r3
ij

− 3(~µi · ~rij)(~µj · ~rij)
r5
ij

)
. (2.17)

Accordingly, using the correspondence principle the Hamilton operator follows as:

ĤDD =
µ0 · µ2

B

4π~
gi · gj

(
Ŝi · Ŝj
r3
ij

− 3(Ŝi · ~rij)(Ŝj · ~rij)
r5
ij

)
. (2.18)

Using the group spin Ŝ = Ŝi + Ŝj this equation can be abbreviated, when both spins

are described in the same coordinate system:

ĤDD = Ŝ · D̂ · Ŝ. (2.19)

This phenomenon is called zero-�eld splitting because it also occurs, when ~B =

(0, 0, 0). In case of negligible g-anisotropy and in high-�eld approximation1, D̂ can

be written as:

D̂ =
µ0 · µB

4π~
gi · gj
r3
ij


−1 0 0

0 −1 0

0 0 2

 . (2.20)

1The high-�eld approximation can be applied, if the electron-Zeeman term is dominant in compar-
ison to the dipole-dipole interaction.
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2.3.3. Exchange Interaction

Exchange interactions occur, if the distance between two spins is so short that their

orbitals can partially overlap. The strength of the overlap is described by the isotropic

part of the exchange energy operator, Ĵ , with ε0 as permittivity in vacuum by:

Ĵ = −2 〈ϕi(1)ϕj(2)| e2

4πε0r
|ϕi(2)ϕj(1)〉 . (2.21)

Dependent on the orientation of the spins this so-called Heisenberg exchange leads to

a bonding- or an anti-bonding interaction. The spin Hamiltonian is described by:

ĤEx = −2Ĵ · Ŝi · Ŝj. (2.22)

In case of kinetic exchange the electron si is transferred into the orbital of sj so that

the ground state is mixed by an ionic state. Hence, the singlet state becomes stabilized

and the electrons orientate anti-parallel, which is described by the anti-ferromagnetic

interaction and a negative exchange integral. Potential exchange leads to a repelling

Coulomb interaction, the singlet state becomes destabilized and is described by the

ferromagnetic interaction and a positive exchange integral.

2.3.4. Nuclear-Zeeman Interaction

Similar to the electron-Zeeman interaction the nuclei, which also possess a spin, couple

with the external magnetic �eld as:

ĤNZ = −µn · ~B · gn · Î . (2.23)

The nuclear magneton, µn ≈ 5.051 ·10−27 JT−1, is three magnitudes smaller than the

Bohr magneton. Hence, the splitting due to the nuclear-Zeeman e�ect is negligible
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2.3. Spin Hamiltonian of the Bound Electron Spin

using common X-Band spectrometers with a magnetic �eld of B ≈ 0.34T. Only the

usage of much higher magnetic �elds of B ≈ 3.4T (W-Band) results in the shift of

the resonance lines.

2.3.5. Hyper�ne Interaction and A-Anisotropy

The hyper�ne interaction comprehends interactions between electrons and nuclei.

The interaction of electron spins and nuclear spins leads to a further splitting of the

energy levels according to the magnetic quantum number of the nuclei. For nitroxide

spin labels with the nitrogen nuclear spin number of I = 1 and mI = 2I + 1, each

energy level is split into three levels, so that six energy levels occur. Due to the

quantum mechanical selection rules not all transitions are allowed. Transitions with

∆ms = 0 and ∆mI = ±1 can be observed using electromagnetic radiation with a

frequency of a few hundred MHz as applied for NMR spectroscopy. In contrast,

transitions with ∆mI = 0 and ∆mS = ±1 require radiation with frequencies in the

range of microwaves as applied for EPR spectroscopy.

Analogue to the dipole-dipole interaction and exchange interaction between two elec-

trons it is distinguished between the anisotropic dipolar hyper�ne interaction, HDH,

and the isotropic Fermi-contact interaction, HFc. The dipolar hyper�ne interaction

is given by:

ĤDH = −µ0 · µB · µn
4π~

ge · gn

(
Ŝ · Î
r3
ij

− 3(Ŝ · ~r)(Î · ~r)
r5
ij

)

=
∑
k

Ŝ · T̂k · Îk.
(2.24)

The sum symbol points to the fact that more than one nucleus can interact with an

electron. In the eigensystem of T̂k the tensor can be symmetrized as shown for the
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dipole-dipole interaction in case of high-�eld approximation to be:

T̂k =
µ0 · µB · µn

4π~
ge · gn
r3
ij


−1 0 0

0 −1 0

0 0 2

 . (2.25)

The Fermi-contact interaction is due to the �nite spatial probability of the electron

inside the orbital of the nucleus and is isotropic due to the fact that only the s-orbital

of the electron allows probabilities of the existence in the orbital of the nucleus.

ĤFc =
∑
k

2µ0 · µB · µn
3~

ge · gn|ϕr=0|2 · Ŝ · Îk

=
∑
k

Ŝ · a · Îk.
(2.26)

Both e�ects, the dipolar hyper�ne interaction and the Fermi-contact interaction, are

summarized to the hyper�ne interaction as follows:

ĤHf =
∑
k

Ŝ · Âk · Îk. (2.27)

Here, Â is the sum of the dipolar hyper�ne interaction and the isotropic Fermi-contact

interaction. Analogue to the anisotropic g-tensor the anisotropic A-tensor is found

for intermediate �eld treatment to be [LG70]:

Aθ,ϕ =
√
A2
xxsin

2θcos2ϕ+ A2
yysin

2θsin2ϕ+ A2
zzcos

2ϕ. (2.28)

2.3.6. Total Spin Hamiltonian

Even more interactions can in�uence the spin Hamilton operator of a spin system like

the nuclear-quadrupole interaction for instance, but the e�ects are in similar or even
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2.4. Boltzmann Distribution and Relaxation Processes

smaller magnitude than nuclear Zeeman interaction so that they are irrelevant for

common EPR spectroscopy. Summarizing all interactions described above the spin

Hamilton operator is written as follows [AP51]:

Ĥ = ĤEZ + ĤDD + ĤEx + ĤNZ + ĤHf

=
∑
i

µe
~
~BgŜi + ŜD̂Ŝ + Ĵ Ŝ1Ŝ2 +

∑
k

µn
~
~BgnÎk +

∑
i,k

ŜiÂÎk.
(2.29)

As the energies of the described interactions are energetically decoupled from other

energy e�ects, as for example electronic transitions, the spin Hamiltonian includes all

information relevant for EPR2.

Measurements of diluted spin label solutions lead to the vanishing of the anisotropic

term of the hyper�ne interaction and of the dipole-dipole interaction. The nuclear-

Zeeman interaction has to be regarded only for double resonance experiments. In

general, the spin Hamilton operator can be simpli�ed for the di�erent applications as

shown in Chapter (2.6) and (2.7).

2.4. Boltzmann Distribution and Relaxation

Processes

To introduce the spin Hamilton operator only one electron has been considered so far.

But in reality an abundance of electrons are investigated, hence statistical calculations

have to be applied to describe an ensemble of N electrons. In thermal equilibrium

the ratio between electrons in the ground state and in the excited states is given by

2It will be introduced that additional distributions as the crystal �eld interaction contributes to
the spin Hamiltonian by relaxation processes. Nevertheless, the spectra, which are recorded by
EPR spectroscopy, can fully analysed by the introduced spin Hamilton operator.
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the Boltzmann distribution with the Boltzmann constant, kB ≈ 1.381 · 10−23 JK−1.

N↑
N↓

= e−∆E/(kBT ). (2.30)

For B = 0.34T and at room temperature this ratio is 0.998, which means that the

ground state is slightly more populated than the excited states. This is the main

reason that absorption can be observed. With the Boltzmann distribution it can

also be understood that higher frequencies lead to higher signals of the absorption

spectrum, as more electrons exist in the ground state.

The absorption of energy in form of microwaves shifts the equilibrium to the excited

states. However, without any transitions back to the ground state, at any time, no

further electrons would be excited. Meaning, the system is saturated and no further

absorption would be observed. Obviously, this is not the case due to the occurrence

of relaxation processes. Generally, they are classi�ed into longitudinal relaxation

processes, which describe the relaxation in direction of the Boltzmann distribution,

and transversal relaxation processes, which specify the exchange of energy within the

spin system.

2.4.1. Longitudinal Relaxation

The longitudinal relaxation describes the return of the excited spins to their ground

state changing the magnetic quantum number, ms, and with it the energy of the

whole spin system. Spontaneous emission has a low probability, but the energy can

be transferred to the environment of the spins by thermal motion.

In solid material the thermal motion is described by phonons. Energy transfer is real-

ized by a �uctuation of local magnetic �elds, which originates from lattice oscillation

so that the spin-orbit coupling is modulated. In liquids the �uctuating local magnetic

�elds are generated by the molecular motion. For the latter case the longitudinal re-
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2.5. Macroscopic Magnetization and Bloch Equations

laxation time, T1, characterizing the longitudinal relaxation process is given by the

characteristic correlation time of �uctuation, τc, as:

1

T1

=
(ge · µB

~

)2

(B
2

x +B
2

y)
τc

1 + ω2
s · τ 2

c

. (2.31)

2.4.2. Transversal Relaxation

In contrast to longitudinal relaxation energy transfer within the spin system is re-

sponsible for transversal relaxation, realized by a so-called spin �ip-�op. Through a

change of a spin state the free energy can be used for the change of another spin state

reverse to the �rst change due to the dipolar coupling. This double change of states

perturbs the coherence of the spin system twice and is described by the spin-spin

relaxation time, T2.
1

T2

=
(ge · µB

~

)2

B
2

z · τc. (2.32)

2.5. Macroscopic Magnetization and Bloch

Equations

The population di�erence de�ned by the Boltzmann distribution leads to the presence

of a macroscopic magnetization, ~M , which is described by the sum of all magnetic

moments as follows:

~M =
1

V

N∑
i=1

~µi. (2.33)

With an external magnetic �eld, ~B = (0, 0, B0), the magnetization orients to the

z-axis: ~M = (0, 0,M0) with M0 proportional to the population di�erence. Applying

microwave radiation in x-direction described by ~B1 = (2B1cos(ωt), 0, 0) perturbs the

spin system and magnetization compounds also appear in x- and y-direction with
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~B = (2B1, 0, B0) as:
∂Mx

∂t
= γ( ~B × ~M)x −

Mx

T2

,

∂My

∂t
= γ( ~B × ~M)y −

My

T2

,

∂Mz

∂t
= γ( ~B × ~M)z +

M0 −Mz

T1

.

(2.34)

The di�erential equations fully describe the time dependence of a two-state system

and are known as Bloch equations. Because the applied EPR methods are gener-

ally grouped in continuous wave experiments and pulse experiments, when either a

continuous alternating microwave �eld is applied or pulses of microwave radiation,

further fundamentals of EPR spectroscopy are split in the following.

2.6. Continuous Wave EPR Spectroscopy

2.6.1. Calculation of the cw EPR Spectrum

The magnetization components introduced in Equation (2.34) can be calculated for

the time independent case of continuous radiation with the Larmor frequency, ω0, as:

Mx =
T 2

2 (ωo − ω)

1 + (ωo − ω)2T 2
2 + γ2B2

1T1T2

γM0B1,

My =
T2

1 + (ωo − ω)2T 2
2 + γ2B2

1T1T2

γM0B1,

Mz =
1 + T 2

2 (ωo − ω)2

1 + (ωo − ω)2T 2
2 + γ2B2

1T1T2

M0.

(2.35)

Generally, the magnetization is determined by the susceptibility as ~M = χ · ~B, which

is a complex quantity and is described by the Kronig-Kramer relation:

χ(ω) = χ′(ω)− iχ′′(ω). (2.36)
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Comparing the magnetization components with this equation including a real part,

χ′, and an imaginary part, χ′′, leads to:

χ′ =
T 2

2 (ωo − ω)

1 + (ωo − ω)2T 2
2 + γ2B2

1T1T2

γM0,

χ′′ =
T2

1 + (ωo − ω)2T 2
2 + γ2B2

1T1T2

γM0.

(2.37)

It is shown that the absorbed energy of the spin system is proportional to the imag-

inary part and the dispersion is proportional to the real part of the complex suscep-

tibility.

For the cw EPR spectrum of nitroxides mainly the electron-Zeeman and the hyper�ne

interaction of the Hamiltonian contributes to the signal (Figure (2.4)). Considering

an MTSSL single crystal (electron spin of S = 1/2 and a hyper�ne interaction with

a nitrogen atom with a nuclear spin of I = 1) all spins are orientated in the same

direction. Hence, the Hamiltonian is simpli�ed as follows:

Ĥ =
µe
~
ĝ ~BŜ + ŜÂÎ. (2.38)

Assuming an external magnetic �eld in z-direction ( ~B = (0, 0, B0) and in case of high-

�eld approximation ( ŜÂÎ � µe/~ ĝ ~BŜ )), the contributions containing x- and y-

components of the tensors can be neglected. This leads to the following eigenvalues:

EmS ,mI
= gθ,ϕµBmSB + Aθ,ϕmSmI . (2.39)

Thereby, the components of the g-factor, gθ,ϕ, and the hyper�ne coupling constant,

Aθ,ϕ, include the contributions of g andA in dependence of the magnetic �eld direction

with respect to the MTSSL molecule. The quantum numbers, mS andmI , are de�ned

by the respective spin numbers to be mS = 1/2,−1/2 and mI = 1, 0,−1. Considering
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Figure 2.4.: The schematic Breit-Rabi diagram for a spin system including an electron
(S = 1/2) hyper�ne coupled to a nucleus (I = 1) depicts the transitions measurable
by EPR spectroscopy. The Zeeman splitting occurring for B 6= 0 leads to two energy
levels, which are further split due to hyper�ne interaction with a nucleus. Three from
the allowed transitions can be detected using microwave radiation and leads to three
lines in the cw EPR spectrum.

the quantum mechanical selection rules that only transitions are allowed changing

only one quantum number leads to three resonance positions:

B1 =
∆E − Aθ,ϕ
gθ,ϕµB

,

B2 =
∆E

gθ,ϕµB
,

B3 =
∆E + Aθ,ϕ
gθ,ϕµB

.

(2.40)

These three transitions are observed as three lines in the EPR spectrum with the

center line at gθ,ϕ and separated lines shifted by ±Aθ,ϕ3. The calculation is more

complicated in case of motion, because the reorientation of the molecules has to be

considered and the Hamilton operator becomes time-dependent. Detailed calculation

can be found in [Sli89].

3Due to the fact that the microwave absorption of the electron spins is di�cult to detect, the EPR
signal is recorded applying the Lock-in technique. Therefore, not the absorption spectrum itself,
but its �rst derivative is measured.
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2.6. Continuous Wave EPR Spectroscopy

2.6.2. Spin Label Side Chain Dynamics and Mobility

Measurements

In this work, the spin labeled proteins are existent in water solution and all orienta-

tions of the molecules with respect to the magnetic �eld are possible and statistically

distributed. At room temperature the isotropic rotational di�usion motion of the

proteins has to be considered. In the frozen state a superposition of all orientations

of the molecules results in the so-called powder spectrum. In turn, at room temper-

ature the anisotropy is averaged out due to the isotropic rotational di�usion motion

of the protein and three similar lines are measured by the EPR signal.

Because the spin label side chain is sensitive for the motion of the protein, its mobility

is a good parameter for protein dynamics, which can be determined by the cw EPR

spectrum. The spin label side chain mobility is de�ned by the possible rotations about

the particular bonds connecting the nitroxide group and the protein backbone, which

is in�uenced by the nearby protein backbone, its side chains and their dynamics.

The characteristic physical measure describing the spin label side chain mobility is

the reorientational correlation time, τ . A spin label side chain located at a loop

exhibits a high freedom to move and is described by small values of τ . In contrast, a

spin label side chain, whose mobility is restricted by the environmental backbone of

the protein, is characterized by high values of τ . Typically, τ is between picoseconds

and several hundred nanoseconds, which can be determined by �tting the cw EPR

spectrum assuming a model of the motion of the nitroxide.

In addition, semi-empirical parameters, the inverse line width of the central line

and the second moment of the spectrum, are commonly used to characterize the

spin label side chain mobility. The line width of the central line, ∆H, is sensitive

for the spin label side chain mobility when τ is shorter than 5 ns, and increases

for longer reorientational correlation times. The inverse line width of the central
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line, ∆H−1, has proven to be a convenient experimental measure of the nitroxide

mobility [MLHH96]. The distinct broadening, which accompanies the low and high

�eld lines (mI = −1, 1) is sensitive for longer reorientational correlation times. The

distinct broadening is characterized by the inverse second moment of the spectrum,

〈H2〉−1, and is calculated using the �rst moment, 〈H〉, with the magnetic �eld, B,

and the absorption spectrum, S(B), as [BS07]:

〈H〉 =

∫
BS(B)dB∫
S(B)dB

,

〈H2〉 =

∫
(B − 〈H〉)2S(B)dB∫

S(B)dB
.

(2.41)

Because the analysis of ∆H−1 and 〈H2〉−1 is defective for cw EPR spectra consisting

of more than one mobility component, often a combination of the semi-empirical

parameters and the �tting of the cw EPR spectrum is useful for good interpretation.

2.7. Pulse EPR Spectroscopy

In general, cw EPR measurements exhibit the resolution to determine the terms of

the Hamiltonian describing the electron-Zeeman and the hyper�ne interaction. One

approach to determine other terms of the Hamiltonian, for example the dipole-dipole

interaction, is the tuning of the electromagnetic oscillating �eld. Therefore, the spins

are not exposed to a continuous oscillating microwave �eld, ~B1, but to a microwave

pulse with a de�ned length, tpulse. This allows to measure the temporal evolution of

a spin system. The microwave pulse disturbs the Boltzmann distribution of the spins

and shifts the system to the excited state. After the pulse the system equilibrates to

its initial state, which is characterized by a certain relaxation time.

Spins, which are positioned in an external magnetic �eld, are exerted by a torque

and precess with the frequency, ωL. This e�ect is called Larmor precession (Figure
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(2.5 A)) and depends on the strength of the external magnetic �eld, ~B = (0, 0, B0),

with the gyromagnetic factor, γ as:

ωL = −γ ·B0. (2.42)

Without microwave radiation the magnetization vector, ~M , is aligned parallel to the

external magnetic �eld.

Figure 2.5.: An external magnetic �eld, ~B = (0, 0, B0), leads to the Larmor precession
of the spins about the z-axis so that the magnetization vector aligns parallel to the
external magnetic �eld in the laboratory frame [A]. Switching to a rotating frame
with an oscillating magnetic �eld in x'-direction (microwave pulse) leads to a �ip
angle, α�ip, depending on the length of an applied microwave pulse [B].

2.7.1. Rotating Frame

In general, linear polarized microwave radiation can be described by two circular

polarized components. That means, for the oscillating magnetic component of the

microwave �eld, ~B1, it can be thought as the sum of two magnetic �elds rotating in

opposite directions at microwave frequency. Switching from the stationary frame to
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a system rotating with the Larmor frequency, ωL, which rotates synchronously with

one of the rotating ~B1 components, leads this component to appear stationary. The

other component seems to rotate with an angular velocity of 2 · ωL and results in a

perturbation, which can be neglected in �rst approximation.

In the rotating frame with ωL = ω0 the magnetization components precessing at

the Larmor frequency also appear to be static so that the e�ective magnetic �eld,

B0, disappears. Because the rotating coordinate system is not an inertial system all

calculated energy di�erences are related to ω0. Hence, only the magnetization, M0,

and the stationary magnetic �eld component ,B1, of the microwave �eld have to be

considered. Again, the magnetization begins to precess about ~B1 with the frequency

ωR = −γ · | ~B1|, which is called Rabi frequency. With a B1-�eld parallel to the x'-axis

the magnetization rotates around the x'-axis as long as the microwave pulse is applied

(Figure (2.5 B)). The �ip angle, α�ip, is given by:

α�ip = γ · | ~B1| · tpulse. (2.43)

2.7.2. Free Induction Decay

Normally, the EPR signal is induced by magnetization components in the x-y-plane,

hence the maximum signal is measured using α�ip = 90◦, which is called π/2-pulse.

Accordingly, a π-pulse �ips the magnetization about 180◦ to the -z-direction. Using

Fourier Transformation the excitation bandwidth of the exciting microwave pulse can

be calculated. The full width half maximum (FWHM) of the gaussian distribution

related to the excitation bandwidth in the frequency space is anti-proportional to the

pulse length.

After applying a π/2-pulse the magnetization stays in the -y-direction of the rotating

frame, but rotates in the x-y-plane of the stationary frame with ωL, thereby decaying
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due to relaxation processes4. This e�ect generates microwaves and is called free

induction decay (FID). Due to the detection set up it is not possible to measure the

FID, directly.

2.7.3. Relaxation Processes

Without relaxation processes the magnetization would remain constant in the x-y-

plane. But, after the energy of the spin system was increased and the Boltzmann

distribution of the spins was perturbed by the microwave pulse, the energy of the

spin system is transferred to its environment and the spins relax back to their initial

equilibrium. The time of this relaxation process is characterized by the spin lattice

relaxation time, T1. Applying a π/2-pulse the recovery of the magnetization in the

z-direction is described as:

M(t) = M0 · (1− exp−t/T1). (2.44)

To describe the free induction decay, so far, it was assumed that all spins precess with

the Larmor frequency and thus are exactly on resonance. However, the EPR spectrum

contains many di�erent frequencies. Being not exactly on resonance means that after

a π/2-pulse the magnetization in the laboratory frame rotates faster than B1, ω > ω0,

or slower, ω < ω0. The magnetization tips out faster than in case of resonance and the

magnetization components in the x-y-plane decrease. This phenomenon is described

by the characteristic time constant, T ∗2 .

Additionally, spins with the same Larmor frequency can undergo spin �ip-�ops, which

further decrease the magnetization in the x-y-plane. This process is called spin-spin

4The direction of the magnetization in the x-y-plane after the π/2 pulse depends on the phase of
the microwave pulse.
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relaxation and is described by the spin-spin relaxation time, T2, as:

M(t) = exp−t/T2 . (2.45)

Both mechanisms together, the o�-resonance e�ects and the spin-spin relaxation, can

be summarized to the transverse relaxation time.

2.7.4. Hahn-Echo Sequence and ESEEM Experiment

In practice, it is not possible to measure the free induction decay of the spin system,

directly. But the FID can be recovered with another microwave pulse to produce the

so-called Hahn-echo. This pulse is normally a π-pulse and turns the magnetization

about the x'-axis. Hence, a time reversed FID, E(τ), is observed followed by the

normal FID.

E(τ) = E0 exp−2τ/Tm . (2.46)

The pulse sequence is described by π/2 − τ − π − τ − echo with τ as the time, in

which the magnetization fans out. Previous to the pulse sequence the magnetization

is aligned parallel to the external magnetic �eld in z-direction. After applying a π/2-

pulse in x-direction the magnetization is �ipped about the x-axis into the x-y-plane

and the spins begin to precess with their Larmor frequencies, respectively, so that

the magnetization fans out with a well-de�ned phase to each other. After the time,

τ , the π-pulse �ips the magnetization about the x-axis so that the magnetization can

be refocused again after a second time, τ (Figure (2.6)). The coherence of the spins

after the π/2-pulse and with it the information of the spin system becomes lost, when

the fastest spins are dephased by more than 180◦ and cannot be refocussed anymore.

This time window, at which it is possible to refocus the echo, is called the phase

memory time, Tm. Changing τ leads to the so-called 2-pulse ESEEM (Electron spin
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echo envelope modulation) experiment, which includes the exponential decay of the

echo signal depending on τ . It can be used to measure the interaction of the electron

spins with the nuclei, which causes a periodic oscillation of the echo amplitude due

to the periodic dephasing by the nuclei.

Figure 2.6.: Without any oscillating electromagnetic �eld the magnetization is aligned
parallel to the external magnetic �eld. After the application of a π/2-pulse the spins
are �ipped into the x-y-plane and the magnetization fans out during the time, τ .
Applying a π-pulse leads to a �ip of the magnetization in the x-y-plane and the echo
can be refocused again.

2.7.5. Echo Detected Field Sweep

The echo detected �eld sweep (EDFS) experiment can be understood as the pulse

analogue to the cw EPR experiment. Using a �xed pulse sequence the magnetic

�eld component, B0, is swept trough the whole spectrum. In this experiment the

echo signal is integrated for a certain magnetic �eld area to limit the bandwidth of

detection and within the broadening of the spectrum (Figure (2.7)).

2.7.6. Phase Cycling and DEER Experiment

Using only two pulses limits the experiment in the time range of the phase memory

time. When a third pulse is applied the much longer longitudinal relaxation time T1

is time-limiting for the experiment. The observed stimulated echo is correlated to the

initial state of the system for a longer time, but is decreased in its amplitude because

the stimulated echo does not decay in the x-y-plane. Furthermore, other echoes are

observed because every pulse pair generates a Hahn-echo signal or even a stimulated
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Figure 2.7.: The EDFS spectrum depicts the absorption spectrum of a powder spec-
trum of the sample. In X-band [A] the maximum microwave absorption occurs at the
center line, in Q-band [B] the maximum microwave absorption is observed at the low
�eld peak.

echo signal. To suppress the unwanted echo signals the so-called phase cycling is

applied.

Measurements with pulse sequences with only the phase of one pulse changed are

added or subtracted adequately, to suppress the undesired echoes. Usually, a phase

cycling of the �rst π/2-pulse between 0◦ and 180◦ is applied. Subtraction of resulting

echo traces leads to twice the echo amplitude of the wanted signal and cancels out

all echoes, which phases are not a�ected by the �rst π/2-pulse.

The four-pulse DEER (double electron electron resonance) experiment is a common

two-frequency method to measure electron-electron interactions (Figure (2.8)). Three

pulses with the so-called observer frequency, νobs, generate a refocused stimulated

Hahn-echo signal of the spin population with Larmor frequency 2π νobs (observer

spins). The fourth pulse (ELDOR- or pump-pulse) with a di�erent so-called pump

frequency, νELDOR, inverts the spin population with Larmor frequency 2π νobs (EL-

DOR spins). Spin-spin interaction modulates the echo development of the observer

spins. In detail, inverting the ELDOR spins changes the local magnetic �eld for

the observer spins and thus their Larmor frequency by the electron-electron-coupling
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frequency, ωDD. This coupling frequency contains the information of the distance

distribution between observer spins and ELDOR spins.

Figure 2.8.: The four-pulse DEER sequence is commonly used to measure electron-
electron interactions and determine interspin distances.

Further, the recorded signal, V (t), is superimposed by echo signal modulation due to

dipolar interaction with unpaired electrons of the surrounding B(t) (Equation (2.47)).

Hence, the background contribution, B(t), has to be considered to get the desired

local intra-molecular contribution, F (t), also called form factor.

V (t) = F (t) ·B(t). (2.47)

The background is calculated with a constant, k, proportional to the concentration

of spins and the background dimension, D [MT97], in which D = 3 represents a

three-dimensional distribution as expected for frozen solutions, to be:

B(t) = exp−kt
D/3

. (2.48)

The background corrected form factor, F (t), is calculated into a distance distribution,

P (r), by the computation of a simulated time domain signal, S(t), by means of a
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kernel function, K(t, r), as:

S(t) = K(t, r) · P (r). (2.49)

Assuming ideal microwave pulses the kernel function is de�ned to be:

K(t, r) =

∫ 1

0

cos[(3x2 − 1) · ωDD · t]dx. (2.50)

The dipolar frequency, ωDD, is given by the following equation as described in [KS10]

with the interspin distance, r, for nitroxide spin labels as introduced in Chapter (2.2):

ωDD =
µ0 · µ2

B · g2

4π~
· 1

r3
· (3 cos2 θ − 1),

=
2π · 52.04MHz nm3

r3
.

(2.51)

By the application of Tikhonov regularization the optimum distance distribution

is calculated by minimizing the objective function, Gα (Equation (2.52)), with the

regularization parameter, α:

Gα(P ) = ||S(t)− F (t)||2 + α · || ∂
2

∂r2
P (r)||2. (2.52)

Variation of α is used to �nd the best compromise between smoothness and resolution

of P (r) and is realized by the L-curve criterion, where the logarithm of the smoothness

of P (r) is plotted against the logarithm of the mean square deviation.

With the DEER technique the terms of the Hamiltonian can be determined, which

includes electron-electron interactions (ĤDD + ĤEx, see Equation (2.29)). The second

term can be neglected for interspin distances longer than 1.5 nm. The upper limit

of the precise determination of interspin distances strongly depends on the phase
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memory time, Tm, of the sample. Generally, distances up to 8 nm can be measured5.

5It is known that Tm can be increased with the application of further microwave pulses or by
deuteration of environmental molecules or the sample, itself. Because both applications are
extensive, �rst due to the requirements to the spectrometer, second because of a complicated
and expensive sample preparation, they were not implemented in this work.
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3.1. Introduction

3.1.1. Function and Structure

The (βα)-barrel enzyme indole-3-glycerol phosphate synthase (IGPS) catalyses the

�fth reaction of the biosynthesis pathway of tryptophan. Thereby the substrate 1-(o-

carboxyphenylamino)-1-deoxyribulose 5-phosphate (CdRP) undergoes a ring closure

reaction to the product indole-3-glycerol phosphate (IGP) (Figure (3.1)). This multi-

step transformation involves a condensation, decarboxylation and dehydration and is

irreversible [Par72]. The mechanism of the enzymatic catalysis is described by a four

step model [SDK+13] (Figure (3.2)).

Figure 3.1.: The ring closure reaction of CdRP to IGP consists of a condensation,
decarboxylation and dehydration forming two intermediates I1 and I2 and can be
accelerated by IGPS.

IGPS is found to occur in di�erent organisms living under both moderate or extreme

conditions. Many structures of thermophilic IGPS and their mesophilic counterparts

were resolved by X-ray crystallography and were identi�ed to be similar in spite

47
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Figure 3.2.: The enzymatic mechanism of IGPS is described by a four step model (E:
enzyme, S: substrate, F: intermediate of the enzyme, P: product).

of a sequence identity of only 30% [JB98,KL98]. Hence, the high thermostability of

thermophilic IGPS up to 85 ◦C is not explained by its structure itself but an increased

occurrence of salt bridges connecting its loops and helices in comparison to mesophilic

IGPS [HDS+95].

As the catalytic residues of orthologous thermophilic and mesophilic IGPS are con-

served, it is assumed that enzymes from di�erent organisms employ the same cat-

alytic mechanism [MYS+00]. However, comparison of the thermophilic ssIGPS with

the mesophilic ecIGPS from Escherichia coli indicates di�erent rate-limiting steps of

the reaction [ZMB12].

Proteins, which were investigated in this work, were extracted from the hyperther-

mophilic archaeon Sulfolobus solfataricus (ssIGPS), which grows in hot, acidic and

sulfurous volcanic pools [RM01] as well as from the mesophilic bacterium Mycobac-

terium tuberculosis (mtIGPS)1. The crystal structures are available, in case of ssIGPS

with bound substrate CdRP, with a resolution of 2.4Å [PDB: 1LBL] and in case of

mtIGPS in the apo state with 1.3Å resolution [PDB: 4FB7] (Figure (3.3)). The struc-

tures of ssIGPS ligand complexes with IGP and reduced CdRP, respectively, were

also determined [HDJK02]. Previous studies of ssIGPS gave evidence for two distinct

low-energy conformations of the (β1α1)-loop [KHM+96], which was identi�ed to play

an important role in catalysis [SDK+13]. The high loop �exibility was con�rmed by

di�erent structures to be either arbitrary or form a β-sheet due to the presence of IGP

or rCdRP2 [HDJK02] or di�erent ionic in�uences [KHM+96]. It was proposed that

1Cysteine mutants of ecIGPS could not be expressed at su�cient level.
2rCdRP is a substrate analogue to CdRP produced by reduction of the hydroxy group near to the
nitrogen by borohydride. It cannot further react to IGP.
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Figure 3.3.: The crystal structures of ssIGPS [PDB: 1LBL] with the substrate CdRP
(grey) [A] and mtIGPS [PDB: 4FB7] in the apo state [B] indicate similar secondary
structures. The (β1α1)-loops are shown in cyan.

motion of this loop facilitates a rearrangement of the active site during the chemical

transformation [SDK+13].

3.1.2. Catalytic Activity and Kinetic Mechanism

In general, the catalytic activity of an enzyme is described by the catalytic turnover

rate constant, kcat. Together with the Michaelis constant, KM , it de�nes the cat-

alytic e�ciency, kcat/KM . Because the determination of KM implicates a signi�cant

uncertainty, di�erent values can be found in literature (Table (3.1)).

The catalytic rate constant of ecIGPS varies from 2 to 9 s−1 in its native temperature

range (25 to 37 ◦C). In contrast, kcat of mtIGPS is 10-fold smaller at 25 ◦C. Further,

the rate constant of thermophilic ssIGPS at 25 ◦C is similar to that of mtIGPS and

rises up to 2 s−1 at 60 ◦C. The catalytic e�ciency of ecIGPS seems to be stable in

the depicted temperature range and three orders of magnitude higher than that of

mtIGPS because of lower a�nity of the protein to bind the substrate (KM = 55µM).
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The catalytic e�ciency of ssIGPS exhibits the maximum value at 60 ◦C, which is

20-fold higher than that at 25 ◦C explained by higher �exibility of ssIGPS, and twice

the catalytic e�ciency of mesophilic ecIGPS at 25 ◦C [HDS+95,MYS+00].

organism T [◦C] kcat [s−1] KM [µM] kcat/KM · 106 [M−1s−1]
ec1 25 2.2 0.34 6.5
ec1∗ 2.7 0.3 9
ec2 4.1 - -
ec2 37 9.3 1.6 5.7
mt2 25 0.16 55 0.003
ss1 25 0.03 0.05 0.6
ss1∗∗ 0.03 0.04 0.7
ss2 0.16 0.07 2.3
ss3 0.06 0.05 1.2
ss3∗ 0.11 0.09 1.2
ss1∗∗ 37 0.15 0.05 3
ss2 0.42 0.09 4.7
ss1∗∗ 60 0.98 0.05 19.6
ss3∗ 2.1 0.1 20

Table 3.1.: Di�erent catalytic turnover rate constants and Michaelis constants taken
from literature describe the catalytic e�ciency of IGPS: [SDK97]1, [DSSK98]1

∗
,

[MYS+00]1
∗∗
, [ZMB12]2, [SDK+13]3, [SKS+18]3

∗
.

In case of ssIGPS the product release was identi�ed as the rate-limiting step of the

catalysis at 25 ◦C [MYS+00]. In contrast, at higher temperatures a single proton

transfer event becomes rate-limiting [ZMB12]. This temperature-dependent switch

of the rate-limiting step was veri�ed by stopped-�ow �uorescence and EPR measure-

ments [SKS+18]. For mtIGPS a temperature-independent proton transfer seems to

be rate-limiting and is assigned to a step happening after the rise of the intermediates

and before product release [CNL+09].

3.1.3. Properties of ssIGPS Mutants

Di�erent single-substitution mutants of ssIGPS were analysed due to their higher

activity of cell growth at 37 ◦C [MYS+00]: P2S, G212E, L236Q, M237T and F246S
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(Figure (3.4)). P2S, G212E, L236Q and M237T are located at the N-terminal face

of the β-barrel between α0 and α00, whereas F246S is located at the end of the

C-terminal helix α8. Growth rates measured by light scattering show G212E as the

mutant providing the fastest growing rate, followed by L236Q, F246S and M237T. The

P2S substitution has the smallest e�ect on the growth rate [MYS+00]. The presence

of the substrate CdRP correlates inversely with the growth rate, which points to a

relation between growth rate and enzymatic activity.

Figure 3.4.: The crystal structure of ssIGPS [PDB: 1LBL] is depicted with the sub-
strate CdRP (grey) and with positions of di�erent point mutations. The (β1α1)-loop
is coloured in cyan.

The mutants were found to bother structurally and functionally important regions

of the protein. The P2S and F246S mutations increase the �exibility of the N- and

C-termini of ssIGPS. The G212E mutation inhibits the binding of the phosphate of

CdRP and IGP, similar to the L236Q and M237T mutations. Hence these mutants

decrease the enzyme a�nity for phosphate. Further, it was proven that P2S and

G212E variants are as thermostable as the wild type (wt) ssIGPS, whereas the other

mutations decrease the thermostability. Analysis of the catalytic e�ciencies empha-

sises an increase of the catalytic rates and the Michaelis constants of G212E, L236Q,

M237T and F246S mutants, whereas the P2S mutant discloses similar values as the
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wt ssIGPS (Table (3.2)) [MYS+00].

mutation T [◦C] kcat [s−1] KM [µM] kcat/KM · 106 [M−1s−1]
wt1 25 0.11 0.09 1.2
G212E1 0.16 21.7 > 0.01
L236Q1 0.2 3.4 0.06
M237T1 0.23 2.9 0.08
F246S1 0.32 1.3 0.24
wt2 37 0.15 0.05 3
P2S2 0.16 0.05 3.2
G212E2 0.36 5.6 0.1
F246S2 0.35 0.4 0.9

Table 3.2.: Di�erent catalytic turnover rate constants and Michaelis constants taken
from literature describe the catalytic e�ciency of ssIGPS mutants: [SKS+18]1,
[MYS+00]2.

3.1.4. Aim of this Thesis

Previous EPR measurements of thermophilic ssIGPS con�rmed the (β1α1)-loop to

be involved in enzyme catalysis by revealing a correlation of loop dynamics and

catalysis activity [SKS+18]. It was found that the temperature-dependent switch

of the rate-limiting step, which is observed by a non-Arrhenius behaviour of the

catalysis rate constant, is correlated to a non-Arrhenius behaviour of the side chain

mobility of a spin label bound to the (β1α1)-loop. In the present work, the focus was

targeted to the mesophilic counterpart mtIGPS analysing the relation of (β1α1)-loop

mobility and temperature-dependent catalysis activity. Comparison of thermophilic

and mesophilic IGPS by the spin label side chain mobility provides information about

the similarities and di�erences of catalytic mechanism and protein dynamics of these

related proteins at their physiological temperatures.

EPR measurements of ssIGPS mutants spin labeled at the (β1α1)-loop were applied

to investigate the in�uence of the mutations on the temperature-dependent loop dy-

namics. The question is addressed, whether the dynamics of the (β1α1)-loop of the
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ssIGPS mutants correlate with the catalytic rate constants.

3.2. Materials and Methods

3.2.1. Sample Preparation

Expression The spin labeled IGPS samples as well as CdRP, rCdRP and IGP were

provided by R. Sterner's laboratory [Biochemistry, University of Regensburg]. The

preparation protocol can be found in [SDK+13] in combination with [SKD+05,SKS+18].

In brief, the cysteine variants of the recombinant IGPS were expressed in NEB

T7Express Rosetta cells (Stratagene) (in case of mtIGPS cysteine variants in Es-

cherichia coli BL21(DE3) cells). Cells were grown in LB medium (with 30µg/mL

chloramphenicol and 150µg/mL ampicillin, 37 ◦C (in case of mtIGPS only with

150µg/mL)) to an optical density OD600 of 0.6. Overexpression was induced by

1mM IPTG and growth was continued for 18 h.

Puri�cation and Site-Directed Spin Labeling The cysteine variants of IGPS were ap-

plied to a Ni-NTA a�nity column (His Trap FF crude, GE Healthcare) and washed

with 100mM KP (pH 7.5) and 0.5mM DTT to reduce the cysteine side chains. The

reducing agent was removed by washing with 100mM KP (pH 7.5) and 300mM

KCl (wash bu�er). To attach the spin label, a 10-fold molar excess of the spin la-

bel ((1-Oxyl-2,2,5,5-tetramethyl-∆3-pyrroline-3-methyl) methanethiosulfonate (Cay-

man Chemical Co.) or N-(1-oxyl-2,2,5,5-tetramethyl-3-pyrrolidinyl)maleimide (Santa

Cruz Biotechnology)) dissolved in dimethyl sulfoxide was applied to the Ni-NTA a�n-

ity column in one column volume of wash bu�er and incubated for 12 h at 4 ◦C. The

a�nity column was washed to remove free label, and spin labeled protein was eluted

using a linear imidazole gradient (from 50mM to 1M). Spin labeled proteins were

dialysed against 40mM KP (pH 7.5) and stored at -80 ◦C.
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Before cw EPR measurements the protein samples were washed with 53mM HEPES

or 50mM HEPPS (pH 7.5), 4mM EDTA and, if necessary, mixed with the threefold

amount of substrates CdRP, IGP or rCdRP.

Determination of Protein Concentration and Labeling E�ciency By means of UV/Vis

spectra the protein concentrations were estimated using the Lambert-Beer law (Equa-

tion 3.1) with a path length of d = 1 cm and the extinction coe�cients of wt IGPS:

ε280 = 17210M−1 cm−1 [SKS+18].

cprotein =
Eλ
d · ελ

(3.1)

The spin number is given by the area under the EPR absorption spectrum, determined

by double integration of the EPR spectrum. It is compared to the spin number of a

standard, TEMPO, with 100µM concentration. The labeling e�ciency (LE) stands

for the concentration ratio of the spin label side chain and the protein.

3.2.2. Continuous Wave EPR Spectroscopy

Continuous wave EPR spectra were recorded with a home-built X-band EPR spec-

trometer equipped with a dielectric resonator, MD5 (Bruker), using a microwave

power of 0.5mW or 0.9mW and a magnetic �eld modulation of 0.15mT. The mag-

netic �eld was measured with an RMN-2 B-�eld meter (Drusch) or an ER 032 M-

�eld controller (Bruker) and the temperature was controlled by a liquid �ow cryostat

(0− 10 % ethylene glycol, 90− 100 % water) in the range of 1 ◦C to maximum 60 ◦C.

20µL of the sample were �lled into EPR glass capillaries (0.9mm inner diameter) with

a �nal concentration between 75 and 436µM protein. 1−18 averages per sample were

recorded dependent on the spin label concentration.
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3.2.3. Simulations and Analysis of cw EPR Measurements

The cw EPR spectra were simulated using 'Multi Component EPR Fitting' (written

by C. Altenbach (University of California, Los Angeles, CA) in LabVIEW (National

Instruments) and available freely from http://www.chemistry.ucla.edu/directory

/hubbell-wayne-l). For a given number of spectral components with its respective

A- and g-tensors the program solves the stochastic Liouville equation (3.2), numer-

ically, which includes the spin Hamiltonian, Ĥ, the spin density, ρ, and the Marcov

operator, Γ [Fre76].
∂ρ

∂t
= −i[Ĥ, ρ]− Γρ. (3.2)

The deviation between the simulated and experimental spectra is minimized by the

Levenberg-Marquardt algorithm. The logarithm of the rotational di�usion rates

log(R · s)3, line width broadening, W , and the fractions of the mobility components

were �tted. More information about this program can be found in [BLSF96].

The simplest motional model for non-interacting solvent-exposed spin label side chains

is the isotropic reorientational motion realized by an isotropic value of logR, which

adequately �ts most of the cw EPR spectra. A more accurate approach is the model of

axial symmetric reorientation motion, characterized by two rotational di�usion rates,

R‖ and R⊥, and the angle between the symmetry axis and the nitroxide p-orbital

(βD = 36◦) including an ordering potential [CKJ+01]. For spin labeled ssIGPS best

�ts were achieved with a slightly increased di�usion tilt angle βD = 40◦ without ap-

plication of any ordering potential. The averaged rotational di�usion rates, 〈logR〉,

were calculated with Equation (3.3) and the apparent reorientational correlation time

is given by Equation (3.4).

〈logR〉 =
〈logR‖〉+ 2〈logR⊥〉

3
→ 〈R〉 = (R‖ ·R2

⊥)1/3. (3.3)

3For better legibility the unit 's' will be omitted within the following text.
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τ =
1

6 · 〈R〉
. (3.4)

The initial �t parameters used for �ts of the cw EPR spectra of spin labeledmtIGPS

are summarized in Tables (3.3) and (3.4). The cw EPR spectra of ssIGPS mutants

were �tted by parameters of A-, g- and W-tensors of the mobile component listed in

Table (3.3) with the initial �t parameter of logR = logR‖ = logR⊥ = 8.0.

parameter mobile component (m) immobile component (im)
Axx [mT] 0.52
Ayy [mT] 0.45
Azz [mT] 3.95 ± 0.1
gxx 2.0084
gyy 2.0061
gzz 2.0022
log(R · s) 8.5∗ 7.5∗

fraction 0.2∗ 0.8∗

W [G] 0.1 ± 0.1 0.4 ± 0.4

Table 3.3.: Initial �t parameters (taken from [Urb12]) were applied to �t the cw EPR
spectra ofmtIGPS spin labeled with MTS. Values with an asterisk are free parameters
in the present �ttings. The errors indicate small changes of the parameters, which
were checked to not in�uence logR or the fractions.

The equilibrium constant, k, describing the ratio of the mobile (m) and the im-

mobile (im) component fractions is depicted as the natural logarithm ln k in de-

pendence of the inverse temperature, 1/T (van't Ho� plot). Analysis of logR was

realized by plotting the data in dependence of the inverse temperature 1/T (Arrhe-

nius plot). Thereby, the calculation of the activation energies, ∆E, is possible using

the slope, m, of the graph by the Arrhenius equation (3.5) with the gas constant,

RG ≈ 8.314 Jmol−1 K−1.

R = A · exp−∆E/(RG·T ) → ∆E = RG · ln 10 ·m. (3.5)

With the assumption that the activation energy, ∆E, is equal to the enthalpy, ∆H‡,
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parameter mobile component (m) immobile component (im)
Axx [mT] 0.75
Ayy [mT] 0.75
Azz [mT] 3.40 ± 0.1

3.59 ± 0.1
gxx 2.0079
gyy 2.0054
gzz 2.0030
log(R · s) 8.5∗ 7.5∗

fraction 0.2∗ 0.8∗

W [G] 0.2 ± 0.1 0.9 ± 0.1
0.6 ± 0.1 1.0 ± 0.2

Table 3.4.: Initial �t parameters (taken from [AdSL+01]) were applied to �t the cw
EPR spectra of mtIGPS spin labeled with MP. Values with an asterisk are free pa-
rameters in the present �ttings. The errors indicate small changes of the parameters,
which were checked to do not in�uence logR or the fractions. Italic values were
applied for broadened spectra.

with an error of +RG · T (≈ 2.5 kJ/mol at 25 ◦C), the entropy, ∆S‡, is calculated by

the Eyring equation (3.6):

lnR = −∆H‡

RGT
+

∆S‡

RG

+ ln

(
kBT

~

)
. (3.6)

The knowledge of the activation parameters allows the calculation of the Gibbs energy,

∆G‡, by:

∆G‡ = ∆H‡ − T ·∆S‡. (3.7)

Further the cw EPR spectra were analysed by means of their spectral line shape

using 'unispc' (provided by J. Klare). The program calculates the inverse line width,

∆H−1, and the inverse second moment, 〈H2〉−1, of the cw EPR spectra, latter is

de�ned by Equation (2.41).
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3.2.4. DEER Spectroscopy

Pulse EPR experiments were performed at X-band frequencies with a Bruker Elexsys

580 spectrometer equipped with a Bruker Flexline split ring resonator ER 4118X-MS3

and a continuous �ow helium cryostat CF935 controlled by an Oxford Intelligent

Temperature Controller ITC 503S. The samples were mixed with 25% glycerol as

cryo protector, 50µL were �lled into EPR tubes with 3mm inner diameter and were

frozen immediately in liquid nitrogen.

Measurements were performed using the four-pulse DEER sequence and a two-step

phase cycling as described in Chapter (2.7.6). The resonator was overcoupled to

Q ≈ 100, the ELDOR frequency, νELDOR, was set to the center of the resonator

dip and coincided with the maximum of the nitroxide EPR spectrum, whereas the

observer frequency, νobs, was shifted up about 65− 70MHz, coinciding with the low

�eld local maximum of the EPR spectrum. All measurements were performed at

50K with a pulse length of 16 ns for a π/2-pulse, 32 ns for a π-pulse and 12 ns for the

ELDOR pulse. Proton modulation was averaged by adding traces at eight di�erent

τ1 values, starting at τ1,0 = 200ns and incrementing by ∆τ1 = 8ns. Data points were

collected in 8 ns time steps.

3.2.5. Simulations and Analysis of DEER Measurements

The analysis of the DEER traces was realized by 'DeerAnalysis2018' (written by

G. Jeschke (ETH Zürich, Switzerland) and available freely from https://epr.ethz.c

h/software.html) [JCI+06]. After the optimization of the phase and the adjustment

of the background start as well as the zero time by the program, the background

corrected form factor, F (t), was calculated with a �xed background dimension of

3. Application of Tikhonov regularization led to the calculation of the L-curve and

the respective distance distributions, P (r). The regularization parameter, α, was
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calculated for one trace and �xed within one series of measurements.

The error of the calculated distance distributions was estimated by the validation

tool of the program. Therefore, the background start and density were varied and

white noise was added to the DEER traces.

3.2.6. Spin Label Rotamer Analysis

Interspin distance distributions were simulated applying a rotamer analysis of pos-

sible orientations of the spin label side chains. Therefore, the rotamer library ap-

proach (RLA) was performed by the program 'Multiscale modeling of macromolecules

(MMM)' (written by Y. Polyhach and G. Jeschke (ETH Zürich, Switzerland) and

available freely from https://epr.ethz.ch/software.html) [PJ07]. MMM is based

on a rotamer library containing di�erent rotamer structures of MTSSL. The struc-

tures are generated by systematic variation of dihedral angles of MTSSL attached

to a single cysteine residue. The rotamers are attached to the desired protein with

known structure and the probability of each rotamer to occur in the protein struc-

ture is determined. Therefore, the free energy of each rotamer is computed, which

is in�uenced by spatial restriction of the spin label side chain due to environmental

atoms of the protein. The number of calculated rotamers bound to the protein is

dependent on the scaling factor, or forgive factor, which scales the energy barrier to

allow or forbid clashes of the spin label side chain and the protein.

Here, the rotamer database from 2011 was applied composed of 216 rotamers and

the database from 2015 with 144 rotamers, which are based on Monte Carlo scans

of torsion angle space and the latter is extended by the universal force �eld [PJS15].

From the rotamer sets of two di�erent spin label positions the distance distribution

was calculated by weighting all combinations of rotamers.
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3.3. Results

3.3.1. Interspin Distances of mtIGPS

Interspin distances were determined by the DEER experiment for mtIGPS spin la-

beled with MTS at position 16 and 67 (Figure (3.5)). Thereby, the spin label side

chain at position 16 is expected to be rigid due to its location in a helix. Position

67 is located in the β1α1-loop so that the bound spin label side chain is sensitive for

conformational changes of the loop. The β1α1-loop consists of 14 amino acids and is

two amino acids longer than the β1α1-loop of the thermophilic counterpart ssIGPS.

The number of amino acids between the α-helix and the spin labeled position is the

same as in ssIGPS and allows the comparison of the results of both enzymes. Di�er-

ent steps of catalysis were investigated by measurements of the apo state of mtIGPS

and in presence of the substrate CdRP, the product IGP or the substrate analogue

rCdRP.

Figure 3.5.: The crystal structure of mtIGPS [PDB: 4FB7] was used to determine
73 or 83 rotamers for position 16 and 132 or 126 rotamers for position 67 using the
rotamer database from 2011 and 2015, respectively.

DEER background corrected dipolar evolution data, F (t), and resulting distance dis-

tributions, P (r), of mtIGPS-A16R1-A67R1 in the apo state and in presence of CdRP,

IGP or rCdRP are depicted in Figure (3.6). The form factors, V (t), as well as val-
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idation results are shown in the Appendix (Figure (A.1)). Additionally, calculated

distance distributions are shown based on the RLA with two di�erent rotamer li-

braries, because the RLA is strongly dependent on the applied database. Using the

database from 2011, two distinct interspin distances, 3.6 and 4.3 nm, were calculated,

whereas the usage of the database from 2015 led to longer interspin distances between

4.1 and 4.7 nm.

Figure 3.6.: The form factors, F (t), [A] measured with d2 = 2.4µs and normalized
distance distributions, P (r), [B] of mtIGPS-A16R1-A67R1 in the apo state (black)
and in presence of CdRP (red), IGP (blue) or rCdRP (green) show no in�uence
of CdRP or IGP, but small interspin distance changes in presence of rCdRP. The
distance distributions were calculated by Tikhonov regularization and a �xed α = 400.
Additionally, the distance distributions calculated from the RLA using the rotamer
database from 2011 (orange) and from 2015 (grey) are depicted.

The DEER traces of mtIGPS calculated by Tikhonov regularization show broad dis-

tance distributions with interspin distances in the whole sensitive range from 1.5 to

5 nm expected for interspin distances including a spin label side chain located in a

loop. The distance distributions of the apo state and in presence of CdRP or IGP

show a maximum at 3.6 nm. In contrast, the presence of rCdRP leads to a slight shift

of this maximum to 3.5 nm. Interspin distances shorter than 3 nm were measured for

25− 35 % of the spin pairs and are similar for all four measurements considering the

error calculated from validation (Appendix, Figure (A.1)). For 10− 20 % of the spin
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pairs interspin distances longer than 4.5 nm were calculated, but accurate determina-

tion is not possible because of limitations due to relaxation processes. Comparison

with simulated distance distributions shows evidence that the rotamer database from

2011 seems to re�ect the experimental determined interspin distances more accurately

than the database from 2015.

All in all, no signi�cant di�erences of interspin distances were recorded for the di�erent

catalysis states. The broad distance distributions in combination with noisy data sets

for two of the samples do not allow to observe small changes of the interspin distances,

which were detected for thermophilic IGPS [Sch14].

3.3.2. Temperature-Dependent Spin Label Side Chain

Dynamics of mtIGPS

Continuous wave EPR spectra of mtIGPS with a spin label side chain at position

67 were recorded in dependence of the temperature and provide information about

conformational dynamics of the spin label side chain and the protein backbone in

the nanosecond time scale [BS07]. To discriminate between spin label side chain and

backbone motion two di�erent spin labels were bound for cw EPR measurements, the

�exible MTS spin label and the more rigid MP spin label (Figure (2.2)).

The temperature range was chosen similar to previous catalysis measurements [CNL+09]

with a maximum temperature of 35 ◦C to ensure that temperature-dependent de-

naturation processes do not dominate the cw EPR spectra. Starting at the lowest

temperature of 1 ◦C the cw EPR spectra were recorded in 4 or 5 ◦C steps.

The spin-normalized cw EPR spectra of mtIGPS-A67R1 recorded at 25 ◦C are de-

picted in Figure (3.7). Because the shapes of the cw EPR spectra are similar, it is

concluded that the di�erent catalysis states do not di�er in the spin label side chain

mobility at 25 ◦C. The cw EPR spectra exhibit two components, a mobile component
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discerned by sharp lines and an immobile component leading to a broad line shape.

Figure 3.7.: The spin-normalized cw EPR spectra of mtIGPS-A67R1 at 25 ◦C in the
apo state (black) and in presence of CdRP (red), IGP (blue) or rCdRP (green) exhibit
similar shapes independent of the di�erent catalysis states.

The cw EPR spectra were analysed by �tting the rotational di�usion rates, which

describe the mobility of the respective components (Appendix, Figures (A.3) - (A.6)).

Therefore, a model of isotropic reorientational motion of the nitroxide was applied

for both components describing the overall dynamics of the spin label side chain.

The background regarding the �t program and initial �t parameters can be found in

Chapter (3.2.3) or in Tables (3.3) and (3.4). Depicting the rotational di�usion rate,

R, in the Arrhenius plot reveals information of temperature e�ects on the dynamics

of the spin label side chain and the backbone. The equilibrium constant, k, de�ned

by the ratio of the mobile and the immobile component is shown in the van't Ho�

plot. Both plots are depicted in Figure (3.8) for both, the application of R1 and MP.

An additional temperature series was measured with mtIGPS spin labeled with R1

in HEPES bu�er instead of HEPPS (Appendix, Figure (A.2)). Independent of the

bu�er both series lead to the same spectral shape.

The values of logR describing the immobile component increase in the applied tem-

perature range from 7.6 (τ = 4.2 ns) to 7.7 (τ = 3.3 ns) for R1 and seems to be
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Figure 3.8.: The van't Ho� plots (top) and the Arrhenius plots (bottom) of mtIGPS-
A67R1 [A] and mtIGPS-A67MP [B] in the apo state (black, grey) and in presence of
CdRP (red), IGP (blue) or rCdRP (green) reveal the spin label side chain dynam-
ics. The mobile components (dots), the immobile components (triangles) and their
equilibrium constants, k, calculated by the division of the mobile components by the
immobile components were derived from the �ts of the cw EPR spectra. The size of
the dots indicates the errors.

constant for MP to be 7.45 (τ = 5.9 ns). Interestingly, the ratios of both components

behave di�erently for di�erent measurements. In case of R1 the cw EPR spectra

consist of about 25% of the mobile component at 1 ◦C and about 10% at 35 ◦C. For

MP a similar decrease is observed in presence of IGP and one measurement of the

apo state, when the cw EPR spectra consist of 30 − 35 % of the mobile component

at 1 ◦C. However, for a second measurement of the apo state as well as in presence

of CdRP no signi�cant changes of the fractions were recorded, when the fraction of

the mobile component is 35% at 1 ◦C. In presence of rCdRP even an increase of the

mobile component fractions was detected. This apparent arbitrary behaviour of the

equilibrium constant, k, is �rst evidence that the immobile component does not show

spin label side chain dynamics bound to functional protein but to aggregated protein.

Thereby, an increase of the immobile component at higher temperatures points to a
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temperature-dependent denaturation even in the physiological temperature range of

mtIGPS. Indeed, the denaturation process seems to depend on the initial fraction of

denatured protein. The higher the initial fraction of denatured protein is, the faster

is the denaturation process. This correlation leads to di�erent courses of ln k.

The irreversible process of denaturation was additionally identi�ed by control mea-

surements after heating. Therefore cw EPR spectra were measured at 25 ◦C after

heating to 35 ◦C. The control spectra show di�erences in ln k, when the fraction of

the immobile component increased at higher temperatures (using R1 or MP in the apo

state or in presence of IGP). This fact is strong evidence of denaturation during the

heating process. It is concluded that values of logR and ln k describing the immobile

component of the cw EPR spectra do not reveal any information about the functional

protein and are therefore neglected for further analysis. Mobility changes of the spin

label side chains are only discussed by analysis of the mobile component. The mea-

surement with R1 in presence of rCdRP is an exception, as di�erences in logR for

the mobile component were observed by systematic higher values above 30 ◦C. There-

fore, in presence of rCdRP, logR values above 30 ◦C will be also neglected for further

analysis.

The logR values describing the mobile component using R1 rise from 8.3 (τ = 0.8ns)

to 8.7 (τ = 0.3 ns) in the temperature range from 1 to 35 ◦C. In contrast, logR values

using MP were calculated to be 8.1 (τ = 1.3 ns) at 1 ◦C and 8.4 (τ = 0.7 ns) at 35 ◦C.

Both spin label side chains show an Arrhenius behaviour. The activation energies,

∆E, for the reorientational motion of the spin label side chains were calculated by

the slope of a linear �t as described in Chapter (3.2.3) and are summarized in Table

(3.5). The activation energies were determined to be in the range of 14− 23 kJ/mol.

In spite of the high uncertainty a slight tendency to higher values of ∆E is noticeable

in presence of rCdRP in comparison to the other catalytic states of mtIGPS.
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∆E1−35◦C [kJ/mol]
spin label apo CdRP IGP rCdRP
R1, HEPES 13 ± 1 20 ± 2 15 ± 2 21 ± 3
R1, HEPPS 16 (19) ± 1 18 ± 1 17 ± 1 22 ± 2
MP, HEPPS 19 (14) ± 1 18 ± 3 17 ± 1 23 ± 1

Table 3.5.: The activation energies, ∆E, of mtIGPS-A67R1 and mtIGPS-A67MP in
HEPPS or HEPES bu�er were derived from linear approximation of the Arrhenius
plots. Values in brackets belong to second measurements.

3.3.3. Comparison of Spin Label Side Chain Dynamics of

mtIGPS with ssIGPS

The spin label side chain dynamics characterized by logR are depicted in Figure (3.9)

for the mesophilic mtIGPS in comparison to its thermophilic counterpart ssIGPS

(Fits are shown in the Appendix, Figures (A.8) and (A.9).) [SKS+18]4). It is obvious

that the spin label side chain dynamics of mtIGPS-A67R1 or -MP are in a similar

mobility range as those of ssIGPS-D61R1 or -MP, respectively, at their respective

physiological temperatures.

Using the activation energies, ∆E, and the Eyring equation (3.6) with the assumption

that ∆E is equal to the activation enthalpy, ∆H‡, with an error of +RG · T (≈

2.5 kJ/mol at 25 ◦C) o�er the calculation of the activation entropy, ∆S‡, and the Gibbs

energy, ∆G‡ (Table (3.6)) at speci�c temperatures. The comparison of ∆H‡ and ∆S‡

for the same logR values reveals a compensation of these activation parameters. In

detail, assuming logR = 8.54 for R1 (and logR = 8.31 for MP) and with it the same

Gibbs energies, the higher activation enthalpy of spin labeled ssIGPS at 55 ◦C (60 ◦C

for MP) in comparison to that of spin labeled mtIGPS at 25 ◦C is compensated by a

less negative activation entropy.

4Because of di�erent conventions for the calculation of the axial symmetric reorientational motion
of the nitroxides there are small di�erences between published data [SKS+18] and data shown
here. However, to conserve the comparability of di�erent samples in this thesis, all data were
analysed in a uniform manner.
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Figure 3.9.: The Arrhenius plots of ssIGPS-D61R1 (�lled squares) and -MP (un�lled
squares) as well as of mtIGPS-A67R1 (�lled dots) and -MP (un�lled dots) are shown
for the apo states (grey) and for the presence of CdRP (light red), IGP (light blue)
or rCdRP (light green). The plots indicates similar spin label side chain dynamics
of the counterparts of IGPS at respective physiological temperature. The size of the
dots indicates the errors. For better comparison averaged linear �ts were calculated
ignoring possible di�erences between di�erent catalysis states (black lines). Points, for
that activation parameters were calculated at respective physiological temperatures,
are marked by violet crosses.

organism (SL) T [◦C] log(R · s) ∆H‡ ∆S‡ ∆G‡ / T
[kJ/mol] [J/K] [kJ/(mol·K)]

ss (R1) 25 8.14 18 -44 104
ss (R1) 55 8.54 31 -3 97
mt (R1) 25 8.54 18 -36 97
ss (MP) 25 7.88 18 -49 109
ss (MP) 60 8.31 27 -21 102
mt (MP) 25 8.31 18 -41 101

Table 3.6.: Using the Eyring equation (3.6) the activation parameters were calculated
for di�erent activation energies of the spin label side chains.
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3.3.4. Spin Label Side Chain Dynamics of ssIGPS Mutants

Previous temperature-dependent measurements of ssIGPS-D61R1 were performed

in context of my master thesis. The cw EPR spectra exhibit one component and

were analysed by a model of isotropic reorientation motion of the nitroxide5. A

new analysis of the temperature dependence of wt ssIGPS and of ssIGPS mutants

by a model of axial symmetric reorientational motion of the nitroxide is the topic

of the next two chapters to determine the in�uence of mutations on the β1α1-loop

dynamics. Therefore, �ve samples with di�erent point mutations were measured in

the temperature range between 5 and 60 ◦C in the apo state and in presence of CdRP,

IGP or rCdRP6.

To show the possible in�uence of mutations on the spin label side chain dynamics the

cw EPR spectra of the apo states recorded at 25 and 35 ◦C are depicted in Figure

(3.10). Quantitatively, the cw EPR spectrum of wt ssIGPS reveals the highest mo-

bility of the spin label side chain compared to ssIGPS mutants. Di�erences between

the �ve ssIGPS mutants were not resolved. The in�uence of the mutations on the

spin label side chain dynamics seems to be independent of the mutation leading to a

decreased mobility of the spin label side chain.

The cw EPR spectra were �tted applying a model of axial symmetric reorientational

motion of the nitroxide (Appendix, Figures (A.8) to (A.14)). The spin label side

chain mobility is quanti�ed by 〈logR〉 calculated from the parallel and perpendicular

components of the rotational di�usion rates (Appendix, Figure (A.15)). Comparing

〈logR〉 of wt ssIGPS and ssIGPS mutants calculated from the cw EPR spectra at

25 ◦C, 35 ◦C and 60 ◦C veri�es the decreased mobility of the spin label side chain due

to the mutations (Table (3.7)). Signi�cant di�erences between the mutations were

5For better understanding ssIGPS-D61R1 is now abbreviated by wt ssIGPS to symbolise no further
mutations as for ssIGPS-D61R1 mutants (abbreviated by ssIGPS mutants).

6In the following 'low' temperatures means the range of 5 to 25 ◦C, whereas 'high' temperatures
imply the range of 40 to 60 ◦C.
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Figure 3.10.: The cw EPR spectra of ssIGPS-D61R1 (black) and additional mutations
(P2S: brown, G212E: cyan, L236Q: yellow, M237T: blue, F246S: green) in the apo
state at 25 ◦C [A] and 35 ◦C [B] show a systematic decrease of spin label side chain
mobility obvious from the decreased amplitudes of the low and high �eld peaks due
to mutations but no di�erences between the respective point mutants.

only determined for M237T, which exhibits the smallest values of 〈logR〉 compared

to the other mutants, which were calculated to be similar.

mutation 〈logR · s〉25◦C 〈logR · s〉35◦C 〈logR · s〉60◦C

wt 8.2 8.3 8.7
P2S 8.1 8.2 8.5
G212E 8.1 8.2 8.5
L236Q 8.1 8.2 8.6
M237T 8.0 8.1 8.4
F246S 8.1 8.2 8.5

Table 3.7.: The values of 〈logR〉 of ssIGPS-D61R1 (wt) and additional mutations
were determined by the �ts of the cw EPR spectra with a model of axial symmetric
reorientational motion of the nitroxide and are listed for the apo states at 25 ◦C, 35 ◦C
and 60 ◦C. The errors are less than 0.05.
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3.3.5. Temperature-Dependent Spin Label Side Chain

Dynamics of ssIGPS Mutants

The cw EPR spectra of ssIGPS mutants were analysed in view of the dependence on

the inverse temperature, 1/T , of the inverse central line widths ,∆H−1, the inverse

second moments of the whole spectra, 〈H2〉−1, and the averaged logarithms of the

rotational di�usion rates, 〈logR〉, describing the mobility of the spin label side chains

(Figures (3.11) - (3.15)).

The inverse line widths of the central lines, ∆H−1, of all ssIGPS mutants were de-

termined to be in the range of 4 to 6mT−1. For the P2S, G212E, M237T and F246S

mutants ∆H−1 of the apo state and in presence of rCdRP seems to be slightly smaller

than in presence of IGP or CdRP. The ∆H−1 value of the L236Q mutant does not

show any di�erence between di�erent catalysis states. For all ssIGPS mutants and

respective catalysis states a linear behaviour of ∆H−1 versus 1/T is obvious in a

temperature range between 5 and 45 ◦C. Above 45± 5 ◦C a deviation from this linear

behaviour was found for some of the mutants.

The second moment was calculated by the second integral of the spectrum weighting

the immobile component more than the high-amplitude mobile component. The

inverse second moments, which were calculated to be in the range between 0.35 and

0.55mT−2, show a linear decrease with inverse temperature. Within the errors there

is no evidence for di�erence of 〈H2〉−1 between wt ssIGPS and/or ssIGPS mutants.

The averaged logarithms of the rotational di�usion rates, 〈logR〉, which were deter-

mined by �tting the cw EPR spectra, are depicted in the Arrhenius plots (Figures

(3.11 B) - (3.15 B)). To verify an Arrhenius behaviour of the spin label itself over

a broad temperature range, which was chosen for ssIGPS, a reference sample was

investigated containing 1 mMol MP spin label in 90% glycerol [Sch14]. Both models,

isotropic reorientational motion and axial symmetric reorientational motion of the ni-
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Figure 3.11.: The temperature dependence of the inverse linewidth [A, top], inverse
second moment [A, bottom] and averaged logarithm of rotational di�usion rates [B]
of ssIGPS-P2S-D61R1 are depicted for the apo state (black) and for the presence of
CdRP (red), IGP (blue) or rCdRP (green). The errors of 〈logR〉 are depicted by the
size of the dots.

Figure 3.12.: The temperature dependence of the inverse linewidth [A, top], inverse
second moment [A, bottom] and averaged logarithm of rotational di�usion rates [B]
of ssIGPS-G212E-D61R1 are depicted for the apo state (black) and for the presence
of CdRP (red), IGP (blue) or rCdRP (green). The errors of 〈logR〉 are depicted by
the size of the dots.

troxide, were tested. The results are depicted in Figure (3.16 A) and con�rm a strong

linear dependence of logR or 〈logR〉 on 1/T , which is attributed to the Arrhenius

71



3. IGPS

Figure 3.13.: The temperature dependence of the inverse linewidth [A, top], inverse
second moment [A, bottom] and averaged logarithm of rotational di�usion rates [B]
of ssIGPS-L236Q-D61R1 are depicted for the apo state (black) and for the presence
of CdRP (red), IGP (blue) or rCdRP (green). The errors of 〈logR〉 are depicted by
the size of the dots.

Figure 3.14.: The temperature dependence of the inverse linewidth [A, top], inverse
second moment [A, bottom] and averaged logarithm of rotational di�usion rates [B]
of ssIGPS-M237T-D61R1 are depicted for the apo state (black) and for the presence
of CdRP (red), IGP (blue) or rCdRP (green). The errors of 〈logR〉 are depicted by
the size of the dots.

behaviour of the viscosity of the reference sample [Ste90]. Hence, it is concluded that

any deviation from the Arrhenius behaviour originates from the impact of the protein
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Figure 3.15.: The temperature dependence of the inverse linewidth [A, top], inverse
second moment [A, bottom] and averaged logarithm of rotational di�usion rates [B]
of ssIGPS-F246S-D61R1 are depicted for the apo state (black) and for the presence
of CdRP (red), IGP (blue) or rCdRP (green). The errors of 〈logR〉 are depicted by
the size of the dots.

on the spin label side chain motion.

Figure 3.16.: The Arrhenius plots of 1mMol MP spin label in 90% glycerol validates
the �tting process [A]. Therefore, models of isotropic (violet) or axial symmetric reori-
entational motion of the nitroxide (black) was applied. The latter is characterized by
logR‖ (squares), logR⊥ (diamond) and 〈logR〉 (dots). The temperature-dependence
of 〈logR〉 of ssIGPS-D61R1 is depicted for the apo state (black) and for the presence
of CdRP (red), IGP (blue) or rCdRP (green) [B]. The size of the dots indicates the
errors.
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For wt ssIGPS using a model of isotropic reorientational motion of the nitroxide a

non Arrhenius behaviour was found with a kink temperature of Tkink = 37 ± 4 ◦C

[Sch14]. Similar results were found in this work using a model of axial symmetric

reorientational motion of the nitroxide (Figure (3.16), [B]) [SKS+18]. The latter

model reduces the root mean square deviation (RMSD) of the �ts by a factor of 3

to 10 at low temperatures because of the additional �t parameter compared to the

model of isotropic reorientational motion and is the best model with lowest parameters

number found to simulate the cw EPR spectra for ssIGPS mutants.

The values of logR‖ and logR⊥ are shown in the Appendix (Figure (A.15)). The

analysis of wt ssIGPS by the model of axial symmetric reorientational motion shows

di�erent slopes of the components for high and low temperatures. Similar behaviour

is observed for logR‖ of ssIGPS mutants. However, the temperature dependence

of logR⊥ is di�erent. The oppositional changes of logR⊥ above 40 ◦C leads to a

'reduced' non-Arrhenius behaviour of 〈logR〉 of the ssIGPS mutants. Additionally,

there seem to be systematic shifts of logR⊥ to higher values in presence of CdRP

or IGP for P2S, G212E or F246S mutants. Generally, the presence of any substrate

seems to slightly increase the perpendicular component, logR⊥.

The activation energies for the spin label side chain reorientational motion were cal-

culated by two linear �ts de�ned by the low and high temperature ranges (Table

(3.8), Figures (3.11 B) - (3.15 B)). The intersections of both �ts de�ne the kink

temperatures, which are also listed in Table (3.8).

As shown the dynamics of ssIGPS-D61R1 is not signi�cantly in�uenced by the di�er-

ent catalysis states (Figure 3.16 B). However, in case of ssIGPS mutants the presence

of rCdRP leads to the formation of biradicals above 50 ◦C (in case of the L236Q mu-

tant already above 40 ◦C) so that the related spectra cannot be considered for further

analysis. The appearance of biradicals points to the fact that rCdRP destabilises the
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∆E5−25◦C [kJ/mol] ∆E40−60◦C [kJ/mol] Tkink [◦C]
apo CdRP IGP rCdRP apo CdRP IGP rCdRP apo CdRP IGP rCdRP

wt 18 19 17 17 35 29 28 32 36 38 35 33
P2S 16 18 17 16 26 23 22 26 35 33 28 30
G212E 16 17 16 17 24 24 23 25 32 33 34 31
L236Q 15 16 17 17 28 28 24 - 34 34 30 -
M237T 16 18 18 17 25 24 23 27 27 31 31 28
F246S 17 18 17 17 25 24 23 25 34 - 30 32

Table 3.8.: The activation energies for ssIGPS-D61R1 and additional mutations were
derived from linear approximations in low and high temperature ranges of the Arrhe-
nius plots, which allows the calculation of kink temperatures, Tkink.

bond of the spin label side chains. Further, a tendency of increased spin label side

chain mobility in presence of CdRP or IGP was measured for the G212E, M237T and

F246S mutations in comparison to the apo state. For the P2S and L236Q mutations

a similar less pronounced tendency to faster spin label side chain mobility was found.

The M237T mutation leads also to an increased spin label side chain mobility in

presence of rCdRP in the whole temperature range. In summary, small di�erences of

the spin label side chain mobility in the di�erent catalysis states of ssIGPS mutants

were observed.

Comparing the Arrhenius plots of the apo states for the di�erent ssIGPS mutants in

the whole temperature range (Figure (3.17)) reveals that the fastest spin label side

chain motion is found for wt ssIGPS. The spin label side chain mobility is decreased

for the ssIGPS mutants L236Q or P2S and further decreased for F246S or G212E.

M237T exhibits the lowest spin label side chain mobility.

As described before the activation energies were calculated from the slopes of linear

�ts, which lead to a kink temperature (Table (3.8)). Because the errors of �ts un-

derestimate the uncertainties of the calculated activation energies, an error of 5%

(1− 2 kJ/mol) is assumed for all values. Thereby, the activation energies determined

in the low temperature regime of all ssIGPS mutants are equal and compatible with

the activation energies measured for wt ssIGPS. The activation energies related to
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Figure 3.17.: The Arrhenius plots of ssIGPS-D61R1 (black) and ssIGPS-D61R1 mu-
tants (P2S: brown, G212E: cyan, L236Q: yellow, M237T: blue, F246S: green) in the
apo state show a systematic decrease of spin label side chain mobility due to point
mutations. The size of the dots indicates the errors.

the high temperature regime are reduced compared to that of wt ssIGPS, which

originates from the increased slope of logR⊥ versus 1/T and show no signi�cant dif-

ferences due to the di�erent mutations. Further, the averaged kink temperature is

decreased for ssIGPS mutants by about 4 ◦C in comparison to wtIGPS.

In summary, it is concluded that the di�erent mutations of ssIGPS do not signi�cantly

in�uence ∆E at low temperatures, but decrease ∆E at high temperatures so that

the non-Arrhenius behaviour of 〈logR〉 is antagonised by the mutations and the

kink temperatures are decreased. Within the errors no distinguishable di�erences of

activation energies due to various point mutations were recorded.
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3.4. Discussion

3.4.1. Correlation Between Loop Dynamics of mesophilic and

thermophilic IGPS During Catalysis

The β1α1-loop of thermophilic ssIGPS is suggested to play an important role in

catalysis [SDK+13]. DEER measurements, which were performed for ssIGPS-R18R1-

D61R1 including a rigid spin label side chain at the boundary of the α-helix α0 to the

loop α0αα0 (R18R1) and a mobile spin label side chain in the β1α1-loop (D61R1)

revealed a 0.1 nm decrease of the distance during the transformation of CdRP to

IGP [Sch14]. Hence, a correlation of the loop conformation and the catalysis was

evidenced.

In case of mesophilic mtIGPS, for which a homologue sample was prepared in this

work (mtIGPS-A16R1-A67R1), no systematic shift was recorded. The distance dis-

tributions as well as the DEER traces are equal in the range of their errors for the

apo state of mtIGPS and in presence of CdRP and IGP. A slight decrease of the

most probable interspin distance by 0.1 nm was recorded in presence of rCdRP. This

change originates from a slight conformational change of the β1α1-loop due to the

binding of rCdRP. Because the signal to noise ratio does not allow the detection of

small interspin distance changes in presence of CdRP or IGP as resolved for ssIGPS,

conformational changes of the β1α1-loop of mtIGPS during catalysis can neither be

veri�ed nor falsi�ed by these DEER measurements.

Analogue to the study on thermophilic ssIGPS temperature-dependent cw EPR mea-

surements of mtIGPS were performed in frame of this work with a spin label side

chain at the homologue position 67. Similar to ssIGPS, no signi�cant di�erences of

the cw EPR spectra were recorded between di�erent catalysis states of mtIGPS. This

leads to the conclusion that the presence of CdRP, IGP or rCdRP do not in�uence
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the spin label side chain mobility.

In contrast to ssIGPS, the cw EPR spectra of mtIGPS consist of two components,

which di�er in their mobility of the spin label side chain. As discussed in Chapter

(3.3.2) the immobile component arises from denatured protein and only the mo-

bile component provides information about the spin label side chain mobility of the

functional protein. The logarithm of the rotational di�usion rates of the mobile com-

ponent for the di�erent catalysis states are comparable within their errors and show

similar Arrhenius behaviour. As expected the reorientational correlation times for

MP (τ = 1ns in the apo state at 25 ◦C) are longer than those of R1 (τ = 0.5ns in the

apo state at 25 ◦C). The activation energies, which were determined from the slopes

by linear �ts of logR versus 1/T were determined to be ∆E ≈ 18 kJ/mol.

The logarithm of the rotational di�usion rates of mtIGPS in comparison to the values

logR of ssIGPS are depicted in Figure (3.9). The values of logR for mtIGPS-A67R1

or -MP measured from 5 to 35 ◦C are in the same range as the values of logR for

ssIGPS-D61R1 or -MP, in the temperature range from 40 to 60 ◦C, respectively.

Assuming that the β1α1-loop of ssIGPS is involved in catalysis and proton transfer

is the rate-limiting step of the catalysis at high temperatures and for mtIGPS at

low temperatures, similar temperature-dependent loop mobility indicates a similar

correlation of loop dynamics and catalysis. This result is supported by the correlation

of the Arrhenius behaviour found for the spin label side chain mobility in comparison

to the catalysis rates [CNL+09].

The activation energies originated from temperature-dependent catalytic rate mea-

surements were calculated to be 35 kJ/mol in case ofmtIGPS [CNL+09] and 118 kJ/mol

and 46 kJ/mol for ssIGPS [SKS+18] in the low and high temperature range, respec-

tively. This points to similar activation energies of the catalysis of the mesophilic

and thermophilic proteins at their respective physiological temperature range. In
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contrast, the analysis of rotational di�usion rates describing the spin label side chain

dynamics is more complicated because the activation energies calculated from the

Arrhenius plots of mesophilic and thermophilic proteins at their respective physio-

logical temperature di�er. Therefore, the activation entropy has to be considered

(Table (3.6)). The activation enthalpies of ssIGPS are increased compared to that of

mtIGPS, whereas the activation entropy is less negative leading to the same spin label

side chain dynamics and the same Gibbs energies for the thermophilic and mesophilic

proteins at their physiological temperatures. It seems that the higher activation en-

ergy of the spin label side chain bound to ssIGPS compared to that of mtIGPS at

the respective physiological temperatures is compensated by a less negative entropy.

This e�ect is commonly called enthalpy-entropy-compensation.

Hence, it is concluded that the β1α1-loop characterized by spin label side chain

dynamics at similar positions behaves similarly formtIGPS at low and ssIGPS at high

temperatures. Similar dynamical behaviours of homologue thermophilic-mesophilic

proteins at respective temperatures was previous suggested by MD simulations [BS12].

Assuming an involvement of this loop in catalysis, it is suggested that the β1α1-

loop interaction is comparable for ssIGPS and its mesophilic counterpart mtIGPS at

respective physiological temperatures. However, more investigations are essential to

con�rm this assumption.

In summary, for mtIGPS spin labeled in the β1α1-loop an Arrhenius behaviour of

the spin label side chain dynamics was found similar to the Arrhenius behaviour of

the catalysis rates [CNL+09]. Further, similar temperature-dependent spin label side

chain dynamics were recorded as for spin labeled ssIGPS at the respective physiologi-

cal temperatures. For both proteins a correlation of catalytic rates and the β1α1-loop

dynamics was concluded.
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3.4.2. Loop Dynamics of ssIGPS Mutants During Catalysis

As shown in [SKS+18], analysis of the dynamics of a spin label side chain positioned in

the β1α1-loop of ssIGPS points to a non-Arrhenius behaviour of the loop dynamics.

Because the kink temperature coincides with the switch of the rate-limiting step, it

was concluded that the di�erent loop dynamics correlate with di�erent rate-limiting

steps at low and high temperatures [SKS+18].

Here, �ve ssIGPS mutants spin labeled in the β1α1-loop were investigated by means

of temperature-dependent cw EPR measurements. The mutants were chosen due to

their property to induce higher growth rates. Contrarily to the assumption that the

mutations lead to increased �exibility of the protein [MYS+00], a systematic decrease

of the spin label side chain dynamics of ssIGPS mutants were recorded compared to

wt ssIGPS independent of the mutations. Hence, it is concluded that the spin label

side chain at the β1α1-loop is either not sensible for the overall increased �exibility

of the protein or the point mutations in�uence the β1α1-loop dynamics di�erently

in comparison to the overall protein dynamics. Moreover, no correlation between

spin label side chain dynamics and thermostability of ssIGPS mutants was detected,

which indicates no responsibility of this loop in stabilization of the protein at high

temperatures.

Similar to previous �ndings for wt ssIGPS or mtIGPS, the loop dynamics of ssIGPS

mutants are not strongly in�uenced by the presence of CdRP or IGP. Indeed, the

presence of rCdRP at high temperatures leads to the occurrence of biradicals, which

points to a destabilization of the bound spin label side chain. The tendency of an en-

hanced spin label side chain dynamics due to the presence of di�erent substrates can-

not be correlated to di�erent inhibition behaviour of the point mutations [MYS+00].

Hence, it is concluded that the tendency of point mutations to inhibit binding of the

substrate or product does not originate from changes of the β1α1-loop dynamics.
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The question of a correlation between catalysis rates of ssIGPS mutants and β1α1-

loop dynamics will be answered by looking at the activation energies for the spin

label side chain reorientational motion. The activation energies, which were deter-

mined from linear �ts at low temperatures do not show any di�erences between the

di�erent ssIGPS mutants and were found to be similar to the activation energy of

wt ssIGPS. This is evidence that the β1α1-loop is not involved in product release,

which is accelerated by point mutations [MYS+00].

The activation energies of ssIGPS mutants at high temperatures, which are about

25 kJ/mol, are systematically smaller than those of wt ssIGPS (∆E = 31 kJ/mol).

This indicates that the point mutations decrease the activation energies for the spin

label side chain dynamics at physiological temperatures. At high temperatures the

chemical transformation step (k2) is suggested to be rate-limiting for wt ssIGPS,

whereas the rate-limiting step of ssIGPS mutants is unknown. Assuming the chem-

ical transformation to be rate-limiting independent of the temperature leads to the

conclusion that the protein seems to facilitate this transformation by conformational

changes of the backbone leading to a decreased activation energy for the loop dynam-

ics and for the kink temperature compared to wt ssIGPS. Otherwise, also a switch of

the rate-limiting step would be plausible and results in a kink of the Arrhenius plot.

In summary, the investigation of ssIGPS mutants labeled at position 61 in the β1α1-

loop shows a decreased spin label side chain mobility in comparison to wt ssIGPS. No

signi�cant di�erences were detected between the respective point mutations or due to

di�erent catalysis states . The spin label side chain dynamics exhibit a non-Arrhenius

behaviour for the ssIGPS mutants, which is less pronounced than for wt ssIGPS.

At low temperatures similar activation energies were calculated for wt ssIGPS and

ssIGPS mutants. Hence, a direct correlation between spin label side chain mobility

and catalysis rate is excluded for this temperature range. The decreased rotational
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di�usion rates by point mutations at high temperature range leads to a reduced

activation energy in comparison to wt ssIGPS. Because rate constants at high tem-

peratures were not measured so far for ssIGPS mutants, no further correlation can

be concluded.

3.5. Conclusion

The mesophilic mtIGPS spin labeled at position 67 in the β1α1-loop was shown to

exhibit an Arrhenius behaviour of the spin label side chain dynamics in the physi-

ological temperature range of the protein. The activation energy of the spin label

side chain dynamics was found to be independent of the catalytic state. Compari-

son with its thermophilic counterpart ssIGPS indicates that a spin label bound to a

comparable position (61) in the β1α1-loop in ssIGPS exhibits a similar Gibbs energy

of activation at high temperatures as a spin label side chain in mtIGPS at low tem-

peratures. Hence, it is concluded that the loop dynamics in the respective proteins

at the respective physiological temperature are similar. A possible explanation could

be that the loops play an important role in the proteins function.

For the thermophilic ssIGPS the β1α1-loop was identi�ed to be involved in the cat-

alytic function of the protein and a correlation of temperature-dependent catalytic

rates and loop dynamics was proven [SKS+18]. Because in this work a similar corre-

lation between loop dynamics and reported catalytic rates [CNL+09] was found for

the mesophilic mtIGPS, it is suggested that the β1α1-loop plays a similar role in

the catalytic function of both proteins. However, further investigations of the loop

dynamics are essential to con�rm the role of the β1α1-loop in mtIGPS.

The investigation of �ve ssIGPS mutants spin labeled at position 61 in the β1α1-loop

indicates decreased spin label side chain dynamics due to the respective mutations,

whereby no distinguishable in�uence by the di�erent mutations was found. Further,
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the mutations do not change the activation energies of the spin label side chain

dynamics at low temperatures. Because ssIGPS mutants are known to increase the

catalytic rates of the protein at low temperatures by the acceleration of the product

release [MYS+00], it is suggested that the β1α1-loop is not involved in product release.

At high temperatures the mutations lead to a systematic decreased activation energy

of the spin label side chain. However, further catalysis data at this temperature are

essential to understand the e�ect of point mutations on the activation energies of the

spin label side chain.
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4. Sensory Rhodopsin II

4.1. Introduction

4.1.1. Function and Structure

Sensory rhodopsin II (SRII) is a membrane protein produced by the rod-shaped ar-

chaeon Halobacterium salinarum (Hs). Generally, archaea live under extreme condi-

tions like high salt concentration (> 4M) or high pH (≈ 11). Besides SRII, further

three photoactic rhodopsins are responsible for processes leading to favourable envi-

ronmental conditions and optimum energy transfer. Halorhodopsin (HR) and bacte-

riorhodopsin (BR) work as pumps through the membrane to import chloride ions and

export protons, respectively, and are activated by orange light [HD75]. Even though

less e�cient, sensory rhodopsin I and II also pump ions through the membrane, when

they are not complexed to their transducers HtrI and HtrII, respectively. If so, the

pump process is hindered and the respective complexes are phototaxis proteins in-

�uencing the swimming behaviour of the cell [Spu94]. After light activation of the

retinal, which is covalently bound to a conserved lysine by a protonated Schi� base,

the chromophore interacts with the protein and initiates a cascade of processes lead-

ing to a signal transfer from the retinal to the �agellar motor (Figure (4.1)). Thereby,

the organism directly reacts to di�erent illumination energies and intensities.

Under light conditions by that SRII cannot be activated the swimming direction
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Figure 4.1.: The schematic photoactic system of haloarchaea includes the membrane
embedded NpSRII/NpHtrII complex and chemotaxis proteins CheA, CheB, CheR,
CheW and CheY [A] (taken from [OGVB+15]). Upon light activation with blue/green
light the signal is transferred by the transducer and a phosphorylation processes
to modulate the �agellar motor. Hence, the swimming direction of the archaea is
controlled by the radiation wavelength. The electron micrograph of a H. salinarum
cell depicts a bundle of �agella [B] (taken from [Sta01]).

is chosen statistically by switching between di�erent directions of �agellar rotation

with about 0.1Hz [SB88]. Radiation by unfavourable blue/green light, which leads

to oxidative stress, results in a photophobic response of SRI and SRII so that the

bacteria �ees from conditions of UV light. In contrast, irradiation of orange light leads

to a positive phototaxis of SRI so that the switching frequency of the �agellar motor

starts to decrease. Thereby, the bacteria have the ability to move in direction of light

favourable for pumping processes of halorhodopsin and bacteriorhodopsin [HJS97].

In case of high oxygen pressure and high illumination, only SRII is expressed and

mediates the photophobic response of the bacteria.

As mentioned above, SRII can tightly bind to the transducer molecule HtrII. Upon

light activation the photoreceptor SRII transmits a signal to the transducer protein,

which initiates the auto phosphorylation of the histidine kinase CheA binding to

the transducer signalling domain through the adaptor protein CheW. The phosphate

group is transferred to the response regulator CheY, which can bind to the �agel-

lar motor, thereby increasing the probability of switching and with it the switching
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frequency of the �agellar motor1.

The photoreceptor SRII belongs to the same protein family like HR or BR exhibit-

ing similar structural characteristics. It is composed of seven transmembrane he-

lices (A - G) and occurs as a dimer, when it is reconstituted into a lipid mem-

brane [LSL+01, RNE+01]. The transducer protein HtrII consists of a membrane-

embedded domain (TM 1 and TM 2) and an elongated α-helical coiled coil sticking

up from the membrane. This cytoplasmic domain consists of two HAMP domains

(histidine kinase, adenylate cyclase, methyl-accepting protein, phosphatase), a cyto-

plasmic adaptation and a signalling domain. The complex of SRII and HtrII is built

in an 1:1 stoichiometry, when the protein is solubilized, and in a 2:2 stoichiometry,

when SRII and HtrII are reconstituted into a membrane (Figure (4.2)). Then, four

helices of the transducer dimer are embedded into the membrane �anked by the SRII

dimer. Crystallization of di�erent states were possible de�ning a closed state as a U-

shaped [PDB: 4GY6] and an open state as a V-shaped dimer [PDB: 1H2S] [IRB+17].

Further clustering is observed similar to eubacterial chemoreceptors. Latter clus-

ter to a complex of trimer-of-dimers [KWS08], which was also simulated for the

NpSRII/NpHtrII complex from Natronomonas pharaonis2 [OKM+15]. Furthermore,

interaction of neighbouring receptors by allosterically coupled arrays seems to amplify

the signalling system [HFP08].

1The phosphate can also be transferred to the methylesterase CheB, that, together with the methyl-
transferase CheR, mediates adaptation to constant level of stimuli.

2Because HsSRII turns out to be unstable under puri�cation conditions, the analogue receptor
from Natronomonas pharaonis is used for the following investigation, which was shown to have
similar characteristics as that from Halobacterium salinarum [SHE92].
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Figure 4.2.: The crystal structure of dimerized SRII with covalently bound retinal at
position 205 (yellow) and the four transmembrane helices of HtrII [PDB: 1H2S] are
shown with the intracellular part on top and the extracellular part on the bottom [A]
or from the intracellular side [B]. The position 75 is marked in orange.

4.1.2. Photocycle and D75N Mutation

The processes within NpSRII, which are initiated by green light and start the signal

cascade to the �agellar motor, are summarized in the photocycle [CSS+98] (Figure

(4.3)). The di�erent intermediates occurring during the photocycle are characterized

by their absorption wavelengths, transitions between the intermediates are described

by the time constants speci�ed by relaxation processes.

After light triggering the retinal, which is covalently bound via a Schi� base to K205,

isomerizes from the all-trans to 13-cis con�guration (SRII500 → K510) followed by

conformational changes of the protein (K510 → L495). Thus, proton a�nities of some

side chains are changed and the retinal deprotonates providing the proton to the D75

side chain (L495 → M400). A spectrally silent transition was found between two M

intermediates [HWES03]. Subsequently, the cytoplasmic proton channel opens and

the Schi� base becomes reprotonated. In the last step the retinal reisomerizes and

the protein relaxes back to its ground state (O535 → SRII).

The M intermediate was identi�ed as the signalling state during the photocycle
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Figure 4.3.: The photocycle of NpSRII describes the processes upon light activation by
green light (taken from [KCE07]). Time constants de�ne the transitions between the
intermediates, small numbers represent the absorption maxima of the intermediates.

[YTJS91]. The transition from M1 → M2 is accompanied by an outward tilt of

helix FSRII [WCES00]. It was assumed that this helical movement is responsible for

and directly combined to the transducer activation due to a clockwise turn of TMH

2HtrII [WKES01,KBES04]. The activated state of helix 2HtrII is conserved during re-

arrangement of helix FSRII [KGL+04]. Further signal transfer was found to occur by

dynamical changes in parts of the transducer HtrII. For HAMP1 a dynamic (dHAMP)

and a compact (cHAMP) conformation was identi�ed, whose ratio can be shifted by

salt concentration and seems to modulate the signal transfer through the HAMP1 do-

main [DBK+08]. Upon light activation the equilibrium between both conformations

shifts to the compact conformation [KVOG+14]. A contrary two-state model seems

to be true for HAMP2 describing a shift to a more dynamic conformation upon light

activation [Ric15,OKM+15]. Further signal transfer along the transducer results in

modulation of a two-state equilibrium for the tip domain, which can be shifted by

salt concentration or by temperature changes [OGVB+15]. Coarse-grained molecular
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dynamic (MD) simulations of the whole NpSRII/NpHtrII complex support the ex-

perimental results and suggest the signal pathway through the complex by dynamical

changes (Figure (4.4)) [OKM+15]. For the latter the activated state was reached by

a reversible methylation of the cytoplasmic domain of the receptors. The methyla-

tion/demethylation process allows the regulation of the signal, so-called adaptation,

and results in the same conformations and dynamics of the protein complex as the

activation by light.

Figure 4.4.: The signal transfer of the NpSRII/NpHtrII complex was suggested to
occur by dynamical alteration as shown by coarse-grained MD simulations (taken
from [OKM+15]).

In the past, it was proven that D75 is the proton acceptor of the Schi� Base during the

rise of the M intermediate [ESS96]. Replacement of the aspartic acid by an asparagine

leads to a red-shifted absorption spectrum resulting from structural and electrostatic

changes near to the chromophore binding pocket [SNSS07]. The photocycle describing

the activation process of NpSRII-D75N traverses 50 times faster than that of the wt

NpSRII [HRK+04]. In case of the D75N mutation the retinal cannot release the proton

to the uncharged amino acid so that the M intermediate does not exist anymore.
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Nevertheless, the mutation exhibits a photophobic reaction upon light activation

[SNSS07]. Consequently, the formation of the M intermediate is not mandatory for

transducer activation. Previous EPR measurements recorded an outward movement

of helix FSRII and a clockwise rotation of TMH 2HtrII during activation of NpSRII-

D75N [HBK+11]. Further information of the NpSRII-D75N photocycle can be found

in [ISST07,SLC+00].

4.1.3. Aim of this Thesis

The signal transfer through the NpSRII/NpHtrII complex was simulated by di�erent

methylation states to occur by changes of the dynamics along the transducer helices

[OKM+15]. An equilibrium between two states, which di�er in their dynamics and

can be controlled by light or methylation, was identi�ed experimentally [KBES04]

and by simulations for HAMP1 [KVOG+14] and HAMP2 [Ric15]. Such a two-state

behaviour was also suggested for the tip domain [OGVB+15]. In frame of this thesis

the dynamics of the tip domain of HtrII was investigated using HtrII variants with

spin label side chains in the tip domain.

NpSRII-D75N was identi�ed to accelerate the process of light activation [HRK+04]

due to missing of the M intermediate. It was suggested that the H-bond network

between helices CSRII and GSRII, which becomes weaker for wt NpSRII during the rise

of the intermediate M, does not exist for NpSRII-D75N [Hol09]. Thus, a partially

constitutive activation of the rhodopsin due to the substitution at position D75 was

suggested as in [SNSS07] and was also observed for the transmembrane domain of

NpHtrII [Hol09]. In contrast, there is evidence that the D75N mutation in�uences

the equilibrium of di�erent conformations of the HAMP2 domain in an opposite

direction [Ric15].

Here, the in�uence of the D75N mutation on the equilibrium of the dynamic and the
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compact states at the tip was analysed to clarify the impact of the pre-activated state

of NpSRII on the tip domain and to validate or falsify the activation model suggested

by [OKM+15].

4.2. Materials and Methods

4.2.1. Sample Preparation

Expression and puri�cation The cysteine variants of NpSRII-His (prepared by J.

P. Klare), NpSRII-D75N-His (prepared by M. Preuss) and the respective cysteine

mutants of NpHtrII (full length transducer) were expressed in Escherichia coli BL21

(DE3) according to [SISK97,MKC+07,HWE99]. Shortly, the cells were grown in LB

medium (with 50,mg/mL kanamycin, 37 ◦C) (in case of SRII in the presence of all-

trans retinal) to an optical density OD 578 of 0.8 - 1.0. Overexpression was induced

by 0.5mM IPTG and after induction, cells were incubated for 4 h at 37 ◦C. The cells

were harvested by centrifugation (15min, 5000RPM, SLA-3000), resuspended in cell

wash bu�er (150mM NaCl, 25mM NaPi, 2mM EDTA, pH 8.0) and disrupted by

sonication. The membranes were collected after another centrifugation step (1.5 h at

20,500RPM, SS34) and solubilized overnight (4 ◦C) in bu�er A (300mM NaCl, 50mM

NaPi, pH 8.0, 2% (w/v) DDM). Solubilized membrane proteins were isolated by

centrifugation (1.5 h, 20,500RPM, SS34) and incubated for 2 h with bu�er B (300mM

NaCl, 50mM NaPi, pH 8.0, 0.05% (w/v) DDM) and equilibrated Ni-NTA super�ow

(Quiagen) material in the presence of 15mM imidazole. Unspeci�cally bound proteins

were removed by washing with bu�er B containing 30mM (for SRII) or 200mM (for

HtrII) imidazole.

Side-directed spin labeling For SDSL the cysteines were reduced with 10mM DTT (2 -

3 h). After removal of DTT, the protein samples were incubated with 1mM spin label
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((1-Oxyl-2,2,5,5-tetramethyl-∆3-pyrroline-3-methyl) methanethiosulfonate; MTSSL)

for 12 - 20 h at 4 ◦C in darkness. Unbound spin label was removed by washing 3 - 5

times with bu�er C (500mM NaCl, 10mM Tris, pH 8.0, 0.05% (w/v) DDM). Samples

were concentrated by centrifugal �ltration (Ultra-4, 10 kDa (for SRII) or 30 kDa (for

HtrII), Amicon).

Reconstitution For preparation of the complex, NpHtrII was mixed with NpSRII

in a molar ratio of 1:1 and incubated for 30min at 4 ◦C. Afterwards, polar lipids

from Halobacterium Salinarum were added in a weight ratio of 1:1 in presence of

NaCl excess. After incubation of 30min at 4 ◦C, the assembly mixture was subjected

to pre-washed SM-2 Bio-Beads (Bio-Rad, Hercules, CA, US) to remove DDM. The

reconstituted proteins were pelletized and resuspended in bu�er D (500mM NaCl,

10mM Tris, pH 8.0).

Determination of protein concentrations and labeling e�ciencies The protein concen-

trations were estimated as described in Chapter (3.2.1) with the following extinction

coe�cients of wt NpSRII or NpSRII-D75N: ε280 = 53400M−1 cm−1. The ratio of ab-

sorption at 280 nm and 500 nm (wt NpSRII, (ε500 = 48000M−1 cm−1 [Cube, Biotech])

or 520 nm (NpSRII-D75N), respectively, is called purity factor (Equation (4.1)) and

de�nes high purity of wt NpSRII. A factor of 1.1 means that each molecule has bound

a retinal. A value of 2.2 denotes one retinal per two molecules.

ε280
ε500

=
53400

48000
≈ 1.1 (4.1)

The protein concentrations, which were calculated from the absorption spectra (Fig-

ure (4.5)), the spin label concentrations and labeling e�ciencies as well as the purity

factors of the samples are summarized in Table (4.1). The sequence of the NpHtrII-

L348C mutant was found to be not correct so that measurements for this spin label

position are missing.
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Figure 4.5.: The absorption spectra of wt NpSRII (black) and NpSRII-D75N (blue)
were applied to calculate the protein concentration and the purity factor of the sam-
ples. The absorption at 280 nm originates from aromatic side chains, at 500 (wt
NpSRII) or 520 nm (NpSRII-D75N) from covalent bound retinal. The absorption
from non covalent bound retinal is observed between 300 and 400 nm.

4.2.2. Continuous Wave EPR Spectroscopy

The cw EPR spectra were recorded as described in Chapter (3.2.2) with the following

speci�cations. The microwave power was set to 0.5mW, the sample temperature to

25 ◦C and 5 − 200 averages per sample were recorded dependent on the spin label

concentrations.

4.2.3. Simulations and Analysis of cw EPR Measurements

Cw EPR spectra were simulated as explained in Chapter (3.2.3) with the follow-

ing modi�cations. Fits with two components were calculated for which a model of

isotropic reorientational motion of the nitroxides was assumed with di�erent mobili-

ties. Initial �t parameters are summarized in Table (4.2).
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SL position NpSRII cprot [µM] clabel [µM] LE purity

T345C
wt 49 43 0.88 1.7
D75N 65 52 0.80 1.9

N346C
wt 59 23 0.39 1.7
D75N 87 26 0.30 1.9

I347C
wt 98 76 0.78 1.7
D75N 67 50 0.75 1.9

A349C
wt 169 115 0.68 1.7
D75N 241 132 0.55 1.9

L350C
wt 210 157 0.75 1.7
D75N 232 75 0.32 1.9

N351C
wt 63 33 0.52 1.7
D75N 34 18 0.53 1.9

A352C
wt 45 12 0.27 1.7
D75N 56 9 0.16 1.9

S353C
wt 50 24 0.48 1.7
D75N 34 16 0.47 1.9

I354C
wt 101 20 0.20 1.7
D75N 98 35 0.36 1.9

E355C
wt 76 25 0.33 1.7
D75N 60 10 0.17 1.9

Table 4.1.: The protein concentrations, label concentrations and labeling e�cien-
cies as well as purity factors were calculated for wt NpSRII/NpHtrII and NpSRII-
D75N/NpHtrII spin labeled at positions 345− 355 and reconstituted into PML lipo-
somes.

parameter mobile component (m) immobile component (im)
Axx [mT] 0.58
Ayy [mT] 0.42
Azz [mT] 3.88 ± 0.1
gxx 2.0085
gyy 2.0061
gzz 2.0022
log(R · s) 8.5∗ 7.5∗

fraction 0.2∗ 0.8∗

W [G] 0.1 ± 0.1 1.3 ± 0.2

Table 4.2.: Initial �t parameters (taken from [Ric15]) were applied to �t the cw EPR
spectra of NpSRII/NpHtrII samples. Values with an asterisk are free parameters in
the present �ttings. The errors indicate small �uctuations of the parameters, which
were checked to not in�uence the rotational di�usion rates or fractions.
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4.3. Results

The in�uence of the D75NSRII mutation on the tip domain of the transducer was

analysed by room temperature cw EPR measurements with spin label side chains

at positions 345 − 355 (Figure (4.6)). Therefore, pairs of samples with spin labeled

NpHtrII were prepared simultaneously and under the same sample conditions and

complexed either with wt NpSRII or with NpSRII-D75N.

Figure 4.6.: The spin label side chain mobility was investigated dependent on the
D75NSRII mutation of ten di�erent spin label positions in the tip domain of the
transducer NpHtrII.

The spin-normalized cw EPR spectra are summarized in Figure (4.7)3. The shape of

the spectra includes information about the spin label side chain mobility, sharp lines

indicate high mobility and broad lines points to restricted motion of the spin label

side chain. For all samples the cw EPR spectra consist of two components describing

spin label side chains di�ering in their mobility. Obviously, for the spin label position

349 the immobile component is more pronounced compared to all other positions.

For spin label positions 347, 352, 353 and 354 the motion of the spin label side chain

3As shown in [OGVB+15] sample conditions in�uence the shape of the cw EPR spectra. Therefore,
it does not surprise that the cw EPR spectra of wt NpSRII/NpHtrII mutants are slightly distinct
in their shape from the published data due to di�erent sample conditions.
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seems to be slightly more restricted for NpSRII-D75N/NpHtrII in comparison to wt

NpSRII/NpHtrII.

Figure 4.7.: The spin-normalized cw EPR spectra of wt NpSRII/NpHtrII (black) and
NpSRII-D75N/NpHtrII (blue) spin labeled at positions 345− 355 and reconstituted
into PML liposomes show small mobility changes of the spin label side chain due to
the D75NSRII mutation.

To quantify the mobility changes of R1 originating from the D75NSRII mutation the

cw EPR spectra were �tted as described in Chapter (4.2.3). The �ts are depicted in

the Appendix (Figure (B.16)). The natural logarithm of the equilibrium constants,
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ln k, describing the ratio of the mobile and the immobile component as well as the

logarithm of rotational di�usion rates, logR, are shown in Figure (4.8). In case of

wt NpSRII-HtrII the ratios of the mobile and the immobile components at di�erent

positions are about 0.85 ± 0.4 with an exception at position 349, where, k, yields

0.97. It seems that the spin label side chain at position 349 signi�cantly disturbs the

equilibrium. Furthermore, the equilibrium seems to be in�uenced by the D75NSRII

mutation in that the ratio is shifted in direction of the immobile component for all

positions except position 345. The values of logR indicate only slight changes.

Figure 4.8.: The natural logarithms of the equilibrium constant, k, for
NpSRII/NpHtrII (black: �xed logR values, red: free logR values) and NpSRII-
D75N/NpHtrII (blue: �xed logR values, orange: free logR values) shows a shift
of the equilibrium towards the immobile component due to the D75NSRII mutation
[A]. The samples are spin labeled at positions 345− 355 and reconstituted into PML
liposomes. The logarithm of the rotational di�usion rates are shown with the same
colour code [B]. The size of the dots indicates the errors.

To identify, whether the changes of logR due to the D75NSRII mutation are signi�cant,

the �ts were repeated using �xed values of logR for the pairs of samples. The �ts

result in similar �t errors de�ned by the RMSD (Table (4.3)) as determined by free

values of logR and equal values of the components' fractions (Figure (4.8)). This

points to the fact that the mobile and the immobile components of the cw EPR spectra

of wt NpSRII/NpHtrII and NpSRII-D75N/NpHtrII, respectively, are described by the
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same values of logR.

SL position NpSRII log(Rm · s) log(Rim · s) RMSD · 10−5

T345C
wt 8.68 (8.68) 7.61 (7.60) 2.0 (2.0)
D75N 8.69 (8.68) 7.59 (7.60) 2.7 (2.7)

N346C
wt 8.66 (8.67) 7.55 (7.54) 1.9 (1.9)
D75N 8.67 (8.67) 7.53 (7.54) 2.3 (2.3)

I347C
wt 8.69 (8.69) 7.48 (7.46) 3.1 (3.1)
D75N 8.70 (8.69) 7.44 (7.46) 1.0 (1.0)

A349C
wt 8.59 (8.64) 7.58 (7.58) 2.8 (2.8)
D75N 8.70 (8.64) 7.58 (7.58) 1.1 (1.1)

L350C
wt 8.70 (8.71) 7.55 (7.56) 0.4 (0.4)
D75N 8.71 (8.71) 7.56 (7.56) 1.3 (1.3)

N351C
wt 8.64 (8.69) 7.46 (7.45) 1.5 (1.6)
D75N 8.73 (8.69) 7.43 (7.45) 2.1 (2.1)

A352C
wt 8.72 (8.76) 7.53 (7.49) 3.9 (4.1)
D75N 8.79 (8.76) 7.45 (7.49) 2.1 (2.1)

S353C
wt 8.65 (8.68) 7.49 (7.47) 1.2 (1.2)
D75N 8.72 (8.68) 7.45 (7.47) 2.2 (2.2)

I354C
wt 8.81 (8.79) 7.48 (7.46) 5.1 (5.3)
D75N 8.78 (8.79) 7.44 (7.46) 1.6 (1.6)

E355C
wt 8.77 (8.79) 7.56 (7.54) 1.2 (1.2)
D75N 8.81 (8.79) 7.52 (7.54) 1.9 (1.9)

Table 4.3.: The logarithm of the rotational di�usion rates describing the components
in the cw EPR spectra of wt NpSRII/NpHtrII and NpSRII-D75N/NpHtrII spin la-
beled at positions 345− 355 and reconstituted into PML liposomes were listed with
the �t errors (RMSD). Fits with �xed logR values (italic) exhibit similar RMSD as
with free values of logR.

In summary, the spin label side chains on the tip of the NpSRII/NpHtrII complex

are slightly in�uenced by the D75NSRII mutation. Thereby, the mobility of the spin

label side chain described by logR is not a�ected but the equilibrium constants, k,

which shifts in direction of the immobile component at almost all positions due to

the D75NSRII mutation. The fact that the tendencies described above systematically

increase for spin label side chains, which are closer to the end of the tip, indicates

that the D75NSRII mutation leads to a more compact state of the tip.
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4.4. Discussion

The NpSRII/NpHtrII complex is a notable system to understand, how signal trans-

fer across the membrane can be implemented by proteins. Combination of di�erent

experimental techniques like FTIR, EPR, FRET or X-ray structure analysis together

with MD simulations enabled to follow the signal transfer from light activation of

NpSRII to dynamical changes of HAMP1 in the transducer. Thereby, the light activa-

tion of NpSRII occurs by isomerization of the retinal and subsequent conformational

changes of the protein backbone, which triggers in turn changes of the transducer

conformation [BKH+07,KGL+04,KVOG+14]. Based on MD simulations the signal

transfer along the NpHtrII coiled-coil helices was suggested to be realized by dynamic

alteration through the whole transducer leading to a dynamic tip in the activated

state [OKM+15]. However, experimental proofs are still missing for the bottom part

of the transducer as were found for chemoreceptors [SBD+15].

The in�uence of the D75NSRII mutation was found to change the activation behaviour

in that the M intermediate of SRII does not exist anymore [HBK+11]. Further struc-

ture analysis reasoned the suggestion that the NpSRII-D75N generates a pre-activated

state of the rhodopsin [Hol09]. Here, the in�uence of the D75NSRII mutation on the

tip domain of the transducer was investigated by EPR spectroscopy. The cw EPR

spectra of the wt NpSRII/NpHtrII and the NpSRII-D75N/NpHtrII complex spin la-

beled at the tip are composed of two components, which show a systematic shift in

direction of the immobile component due to the D75NSRII mutation. Thereby, the

spin label side chain dynamics described by logR are not in�uenced be the D75NSRII

mutation. The spin label position 349 seems to play a special role, because of a

general shift in direction of the immobile component for both complexes compared

to the other positions. This points to an invasive mutation at this position, which

seems to in�uence the overall equilibrium of the two components.
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In literature, a two-state model for the NpSRII/NpHtrII complex was introduced,

which can be shifted by temperature or salt concentration [DBK+08, KVOG+14,

OGVB+15]. This shift was also observed induced by light activation in the HAMP1

domain [KVOG+14] and was suggested to occur likewise in the tip domain4 [OKM+15].

As previously shown in [OGVB+15] the cw EPR spectra of the NpSRII/NpHtrII com-

plex spin labeled at the tip consist of two components assigned to the deactivated and

activated state. The EPR measurements presented in this work show that the rota-

tional di�usion rates of the spin label side chains at the tip in each of the two states is

not in�uenced by the D75NSRII mutation, which is evidence that the respective states

for the tip region are the same in NpSRII/NpHtrII and NpSRII-D75N/NpHtrII. This

fact con�rms the applied model.

If the D75NSRII mutation leads to a pre-activated state of NpSRII as assumed, it

should shift the equilibrium in direction of the activated state. For the tip domain

the activated state is described by an increased dynamics (Figure (4.4) [OKM+15].

However, the EPR results yield a shift towards a more compact state at the tip due

to the D75NSRII mutation (Figures (4.8 A, 4.9)). Hence, the present experimental

data contradict the assumption of a pre-activated state of the tip by the D75NSRII

mutation.

In summary, it was shown that conformational changes of the receptor induced by

the D75NSRII mutation a�ects the dynamics and conformation of the tip region of

the NpSRII/NpHtrII complex. This result validates the suggested model of protein

dynamics as the common language of signal transfer through the whole protein com-

plex as known from chemoreceptors [SBD+15]. It was suggested that the D75NSRII

mutation induces a pre-activated state of NpSRII and corresponding of the HAMP1

domain of the transducer. Investigations of the tip regions presented in this work show

4To date, it is not proven, if the same two states of the complex are created by modulating the
equilibrium through the three e�ects.
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Figure 4.9.: The two-state model of the wt NpSRII/NpHtrII complex describes the
same states as of the NpSRII-D75N/NpHtrII complex. The analysis of the cw EPR
spectra of both complexes spin labeled at the tip indicates a shift of the equilibrium
between the compact and the dynamic state due to the D75NSRII mutation in direction
of the compact state controvert to the model of a pre-activated state of the NpSRII-
D75N/NpHtrII complex.

evidence that the D75NSRII mutation shifts the equilibrium of the compact and dy-

namic state of the tip in direction of the compact state, which cannot be correlated to

the active state mimicked by the methylation of the transducer [OKM+15]. This dis-

crepancy between the assumption of the D75NSRII mutation favouring a pre-activated

state and experimental results was also found in studies of the impact of NpSRII-

D75N on the HAMP2 domain dynamics [Ric15]. Hence, these results provide evidence

that the signal transfer in the wt NpSRII/NpHtrII and the NpSRII-D75N/NpHtrII

complexes di�ers not only in the missing M intermediate, but also in alteration of

dynamics and conformations in the transducer.

4.5. Conclusion

The investigation of the NpSRII/NpHtrII complex spin labeled at the tip domain of

the transducer disclosed an e�ect of the D75NSRII mutation on the spin label side

chain dynamics. Hence, it is concluded that the D75NSRII mutation, which is known

to in�uence the dynamics of the receptor and the HAMP domains of the transducer,

is also sensed by the tip domain of the transducer. This is �rst experimental proof

that conformational changes of the receptor a�ect the dynamics of the transducer tip

domain. Hence, the assumption is con�rmed that dynamical changes in the complex
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is the overall language of the protein for signal transfer.

Investigation of the NpSRII/NpHtrII complex with and without D75NSRII mutation

spin labeled at the tip domain leads to the conclusion that the D75NSRII mutation

shifts the equilibrium of the dynamic and the compact state in direction of the com-

pact state. Contrarily to the assumption that the D75NSRII mutation leads to a

pre-activated state, which was experimentally evidenced for NpSRII and the HAMP1

domain of the transducer, at the tip domain the equilibrium is shifted in direction of

the deactivated state. Further investigation of the dynamics of the NpSRII/NpHtrII

complex by time-resolved EPR measurements is essential to understand the in�uence

of the D75NSRII mutation on the signal transfer within the whole protein complex.
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5. Channelrhodopsin-2

5.1. Introduction

Channelrhodopsin-2 (ChR2) is a light-gated proton channel, which depolarizes the

cell interior after absorption of photons with a certain energy. Since its discovery

in 2003 [NSH+03] in the green alga Chlamydomonas reinhardtii the investigation of

ChR2 has become more and more important. Besides the investigation of ChR in its

native environment to understand the mechanisms of biological processes, studies of

the function of this unique light-triggered channel has shown its applicability in neu-

roscience. The possibility to trigger the opening of the channel by illumination within

milliseconds turned ChR2 into the most prominent tool in optogenetics [YFD+11].

Especially, the control of nerve cell activity by light plays a crucial role in neurophysi-

ological applications. It is therefore all the more important to understand the general

function of opening and closing processes and the underlying mechanism in ChR2.

5.1.1. Function and Structure

In general, ions pass the normally impermeable membrane either through ion channels

or ion transporters/pumps. Latter conduct charges actively even against a potential

gradient, whereas ion channels are either always open or open upon an external

stimulus so that electrical gradients are decomposed. Stimuli by molecule binding,
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a change of the electric potential or a change of pressure are well known from other

proteins [CC16]. Though triggering of channel conduction by light seems to be a

unique characteristic of ChR.

In C. reinhardtii, a unicellular green alga and plant model organism, ChR1 and

ChR2 are located in the plasma membrane of the so-called eyespot (Figure (5.1)),

which is responsible for phototaxis. Phototaxis describes the process of locomotory

movement of organisms that survival depends on the environmental light. Thereby,

ChR1 and ChR2 di�er in their activation by photons of di�erent wavelengths. Light-

dependent depolarization of the eyespot leads to a direction change of the cell via

in�uencing the �agellar motor so that the cell can �ee from dangerous high intensive

light sources, which would destroy the cell and can �nd light sources, which are

essential for photosynthesis.

Figure 5.1.: The scheme [A] and di�erential interference contrast image [B] of Chlamy-
domonas Reinhardtii show the �agella f, the eyespot e and the pyrenoid p (taken
from [FGM07]).

The primary sequence of ChR2 consists of 737 amino acids, whereof the residues

316 − 737 build a cytosolic domain, which does not play a crucial role for the

channel function [NSH+03]. Therefore, much research is focused on the transmem-

brane part (amino acids 1− 315), which classi�es ChR2 to the family of rhodopsins

[KCE07, PDB+16] like the representative bacteriorhodopsin or sensory rhodopsin

[SL02,Lan04]. This transmembrane part consists of seven almost parallel helices, A to

G, which clamp the channel through the membrane. ChR2 is only observed as a ho-
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mogeneous dimer with dimerization sites on helices C and D [MBBK11,KZY+12]. A

lot of structural information of the dark state has been derived from a homology model

using a chimera of ChR1 (helices A to E) and ChR2 (helices F and G) [VGRR17].

The crystallization of the ChR2 dimer expressed in Leishmania tarentolae (Figure

(5.2)), in 2017, advanced the structural insights into this channel to understand the

opening and closing process in more detail [VKP+17].

Figure 5.2.: The crystal structure of dimerized ChR2 with covalently bound retinal at
position K257 (yellow) [PDB: 6EID] is depicted from the view parallel to the mem-
brane plane with intracellular part on top and extracellular part on the bottom [A]
and from the view perpendicular to the membrane plane from the intracellular side
[B].

5.1.2. Channel Activity and Photocycle Intermediates

First electrophysiological measurements resolved the channel activity in di�erent or-

ganisms and quanti�ed the photocurrent of various cations related to their size and

their oxidation state [NOF+02, NSH+03, Ber11] with a channel conductance below

1 pS [BKNB08, FZaJS+09, LYT09]. The photocurrent of a single protein was sug-

gested to be 10 to 100 charges per photocycle [DH17] with a minimum pore diameter

of 6.4Å [RD12]. Further, ChR2 was found to be a leaky proton pump [FZaJS+09],
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which was unravelled by time-resolved infrared spectroscopy [LFRK+13].

X-ray crystallography of the closed ChR2 structure identi�ed an electronegative cav-

ity, surrounded by helices A, B, C and G, as a part of the cation-conducting pathway,

which is opened towards the extracellular side but occluded from the cytoplasmic

side [KZY+12]. Further, residues within helices B and G seem to regulate cation

selectivity [RD17]. An inter-helical H-bond network forms two restriction areas (S63,

Y70 (helix A), E90 (helix B) and N258 (helix G)) [KZY+12]. Di�erent experi-

ments like Fourier transform infrared di�erence spectroscopy discovered C128 and

D156 to build a hydrogen-bond as the putative gate buried in the membrane (DC

gate) in that mutations lead to a 102 - 105-fold extended lifetime of the conducting

state [BGK+10,NRG+10].

The process of channel opening and closing is described by its photocycle (Figure

(5.3)), which merges the details of intermediates involved in activation and their

transitions back to the initial state of ChR2. Similar to other rhodopsins a reti-

nal chromophore is covalently bound at position K257 forming a protonated Schi�

base [SYJS00]. Activation of the channel by blue light leads to an isomerization of the

retinal from all-trans to 13-cis conformation (Figure (5.3 C)) forming the red-shifted

intermediate PK
500

1 [LFRK+13]. Subsequently, the retinal Schi� base becomes depro-

tonated and the PK
500 intermediate decays to the blue-shifted intermediate PM

390 in the

µs time range. The transition to the PN
520 intermediate characterizes the reprotonation

of the Schi� base and leads to the conductive state of the protein [BKNB08, SH10].

Afterwards, cation permeation starts to become inhibited by the recovered H-bonding

network of the DC gate and protonation states of E90 and D156 so that the channel

closes after about 10ms [LFRK+13]. Further investigations of the photocycle led

to di�erent extended photocycle models (e. g. [LFRK+13], [BSK+15], [SPSR+18]

and [KVT+19]).

1The nomenclature of the states was chosen as in [KVT+19].
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Figure 5.3.: Di�erent photocycle models were suggested describing the gating process
of ChR2: [A] The photocycle is branched before the last step (taken from [SPSR+18]).
[B] ChR2 coexists in two di�erent closed states: the dark state D470 and the light-
adapted state P480. Both states pass through distinguishable photocycles, which di�er
in conductivity (taken from [KVT+19]). [C] The isomerization of the retinal from the
all-trans to the 13-cis conformation is the �rst step in the photocycle of ChR2.

A photocycle with one dark state and four intermediates was suggested (Figure

(5.3 A)), although it was known that two di�erent dark states are populated [BKNB08]

and can be activated, respectively, to form two di�erent open states [NGG+09]. Since

2013, di�erent results point to the fact that the photocycle of ChR2 is split before

the last step of the photocycle [LFRK+13,SPSR+18]. 75% of the PN
520 intermediate

decays directly to the ground state D470 in about 10ms, 25% of the PN
520 inter-

mediate traverses to the P480 state, which needs about 20 s to relax to the ground

state [LFRK+13]. Time-resolved absorption measurements pointed to a photo activa-

tion of the P480 state [SPSR+18]. Using blue and/or green light to activate the channel

showed di�erent photocycle behaviours [RPHB13]. DNP-enhanced solid-state NMR

spectroscopy identi�ed three di�erent photostates of ChR2: PK
500, P480 and an un-

known Px state, the latter occurs during continuous illumination [BBBS+15]. The

combination of all these results indicate that the photocycle introduced above does

not describe the full activation process of ChR2.
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Recently, a new model was developed combining all these existing models and re-

cent time-resolved FTIR and Raman spectroscopy results [KVT+19]. Accordingly,

the photocycle is not split before the last step of the photocycle but two photocy-

cles coexist. The P480 state is not included in the �rst photocycle (anti -cycle) but

describes a light-adapted state of ChR2, which represents the photosensitive closed

state of the second photocycle (syn-cycle). It is accumulated during continuous il-

lumination [KVT+19]. All previous observations were combined by this extended

photocycle (Figure (5.3 B)) including the anti -cycle of D470 and the syn-cycle of the

P480 state.

Structural information of ChR2 intermediates were received by steady-state FTIR

di�erence spectroscopy [RSB+08,RBN+09], which identi�ed the H-bonding of D156

with C128 to be weaker in the PK
500 intermediate with respect to the ground state.

The H-bonding strength nearly recovers during the transition to the PM
390 intermedi-

ate [LFRK+13]. Additionally, time-resolved FTIR spectroscopy recorded H-bonding

changes of E90 in the PK
500, P

M
390 and PN

520 intermediates [RSB
+08,LFRK+13]. Kinet-

ical alignment allowed the conclusion of a correlation between a weaker H-bonding

network and water-�lled cavities to lead to the on-gating intermediate of ChR2. Water

in�ux was also observed by classical and quantum mechanical molecular simulations,

which suggested a pre-open pore centred between helices A, B, C and G [AH18].

Furthermore, IR spectroscopy disclosed that the pre-opening process, which is initi-

ated by chromophore isomerization, is connected to an outward movement of the key

residue E90 and is followed by a second step of inner gate opening [KER+15]. DEER

measurements using EPR-sensitive mutants recorded a movement of helix B [SRB+13]

accompanied by smaller structural changes of helix F in case of the decelerated C128T

mutant [KEH+13]. Cw EPR measurements of a natural anion ChR labeled at the

αAαB-loop supported the helix B movement upon light activation [LSWS16]. Cryo-
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electron microscopy measurements of two-dimensional crystals of the ChR2-C128T

mutant con�rmed a helical movement of helix F and a loss of order of helix B and

indicated additional structural changes of helix G [MBBK15]. These helical move-

ments were suggested to correlate with the opening process of the protein without

any accumulation of the desensitized state. A connection between helical movements

and the early stage of channel opening was also drawn by MD simulations [TKK+15],

as these helical movements amongst others seem to be jointly responsible for water

in�ux and cation permeation.

5.1.3. Aim of this Thesis

In summary, di�erent intermediates of the photocycle were investigated as well as

conformational changes of ChR2 during the photocycle. Time-resolved changes of

the H-bonding network were identi�ed to be essential for channel activity. It was

shown that outward movements of helices B and F occur during the photocycle and

are related to the channel opening, but a rearrangement of helix B does not seem

to be essential for the process of channel closure [SRB+13]. Open questions still

remain how helical movements are correlated with the photocycle transitions and

channel function. Hence, in this thesis time-resolved EPR measurements of spin la-

beled ChR2 were performed and correlated with time-resolved optical measurements.

Additionally, freeze-trapped intermediates of spin labeled ChR2 were investigated by

the DEER technique to determine interspin distance changes of spin labeled helices

B and F. These experiments o�er new insights into the correlation of function and

structural changes of ChR2.
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5.2. Materials and Methods

5.2.1. Sample Preparation

Expression and puri�cation The ChR2 samples, namely ChR2-C79R1 and ChR2-

C79R1-C208R1, were provided by E. Bamberg's laboratory [MPI for Biophysics,

Frankfurt]. The preparation protocol can be found in [BGK+10, SRB+13]. Shortly,

the expression of Chop2 (coding for amino acids residues 1 − 307 of GenBank ac-

cession number AF461397) in Pichia pastoris in the presence of all-trans retinal was

induced by methanol added three times over a period of 30 h. The cells were harvested

by centrifugation and resuspended to 30% wet weight in 20mM sodium phosphate

(pH 7.4), 100mM NaCl, 2mM EDTA, 1mM PMSF and 5% (v/v) glycerol. Cell

lysis was induced mechanically by glass beads (0.5mm) in a bead-beater (BioSpec

Products). The suspension was centrifuged (15min at 5000 g) and the membranes

were collected after another centrifugation step (1 h at 100,000 g). The membranes

were homogenized in 20mM HEPES/NaOH (pH 7.4), 100mM NaCl and 0.2% (w/v)

DM with a HiTrap column (GE Healthcare).

Side-directed spin labeling For SDSL the protein was bound to a Ni-NTA column and

the cysteines were reduced with 5mM DTT. After removal of DTT, the protein sam-

ples were incubated with 1mM spin label ((1-Oxyl-2,2,5,5-tetramethyl-∆3-pyrroline-

3-methyl) methanethiosulfonate; MTSSL) for 12−20h at 4 ◦C in darkness. Unbound

spin label was removed by bu�er exchange and the proteins were eluted with 1M

imidazole, before they were puri�ed on the Superdex 200 column. Final samples were

concentrated by centrifugal �ltration (Ultra-15, 10 kDa, Amicon).

Reconstitution The proteins were reconstituted in liposomes of POPC/POPG/ choles-

terol (8:1:1). Therefore, the lipids were mixed in 20 mM HEPES (pH 7.4), vesicles

were formed by vortexing and adding 10% cholat. To remove aggregates the lipids
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were centrifuged (3min, 100 g) and protein and lipids were mixed in a ratio of 1:4

(w/w). After incubation for 10min at room temperature, the assembly mixture was

subjected to pre-washed SM-2 Bio-Beads (Bio-Rad, Hercules, CA, US) to remove

detergent. The samples were concentrated as much as possible.

Determination of protein concentrations and labeling e�ciencies The protein con-

centrations were estimated as described in Chapter (3.2.1) with the following extinc-

tion coe�cients of ChR2: ε280 = 77350M−1 cm−1 [Kra16] or ε460 = 45000M−1 cm−1

[VKP+17]. The extinction at λ = 280nm was used to calculate the concentration of

the whole protein, whereas the extinction at λ = 460 nm includes information about

the retinal bound protein concentration. The UV/Vis spectrum of retinal bound

proteins is applied as a purity control. The purity factor of ChR2 is given by the

ratio E280/E460, which reaches ε280/ε460 ≈ 1.7 for pure ChR2, when each monomer

has bound one retinal. Realistic experimental values are in the range of 2.1 assuming

20% of bleached protein [Kra16].

Characteristic parameters of the samples investigated by DEER and time-resolved

EPR spectroscopy are summarized in Table (5.1) and (5.2). The purity factors in-

dicate that 70 − 80 % of the protomers bound a retinal denoting measurable light

activation. The labeling e�ciencies of the single labeled DEER samples are about

90%, but only 50% in case of the double labeled DEER samples. The low labeling

e�ciency of the double labeled mutant complicates the investigation of the spin label

side chains. In contrast, the labeling e�ciencies of the single labeled sample used for

cw measurements are 30% and of the double labeled sample 90%. The di�erences of

labeling e�ciencies originates from di�erent sample preparations.
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sample cprot [µM] cprot+ret [µM] clabel [µM] LE purity
C79R1, sol. 180 110 170 0.9 2.8
C79R1-C208R1, sol. 260 150 120 0.5 2.5
C79R1, rec. 0.9 2.8
C79R1-C208R1, rec. 0.5 2.5

Table 5.1.: Protein concentrations, label concentrations and labeling e�ciencies as
well as purity factors of ChR2-C79R1 and ChR2-C79R1-C208R1 samples are listed
for solubilized (sol.) protein investigated by DEER spectroscopy (including 20% D-
glycerol). Concentrations of samples containing reconstituted (rec.) protein are not
shown because of the inhomogeneous mixing of the sample with D-glycerol.

sample cprot [µM] cprot+ret [µM] clabel [µM] LE purity
C79R1, sol. 1300 750 390 0.3 2.9
C79R1-C208R1, sol. 320 240 290 0.9 2.2
C79R1, rec. 1400 820 420 0.3 2.9
C79R1-C208R1, rec. 330 255 300 0.9 2.2

Table 5.2.: Protein concentrations, label concentrations and labeling e�ciencies as
well as purity factors of ChR2-C79R1 and ChR2-C79R1-C208R1 samples are listed
for solubilized (sol.) and reconstituted (rec.) proteins investigated by time-resolved
EPR measurements.

5.2.2. Optical Absorption Spectroscopy

For optical absorption measurements the sample was �lled into a glass cuvette and

was positioned into an optical pathway to detect optical density changes upon light

activation (Figure (5.4)).

Figure 5.4.: The scheme represents the set up of optical absorption measurements to
detect optical density changes of the samples.

The photocycle was activated by a white light �ash (tpulse = 1µs), afterwards time-
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resolved changes of the optical properties of the samples were measured. To record

the absorption of the sample at a speci�c wavelength the light of a halogen lamp

was passed through an interference �lter (IF) and focused on the sample. The light

from the sample was refocused on a photo diode biased in reverse direction. An

interference �lter prevented the diode from overload by the strong light �ash. Optical

density changes of the sample during the photocycle led to intensity changes of the

detected light and to corresponding current changes through the photo diode. These

changes were recorded by measuring the voltage on a resistance in series to the photo

diode. Upon ampli�cation and analogue to digital conversion the signal was recorded

by a PC. Transients of 100 s length with detection wavelengths, λ = 480nm, 500 nm,

520 nm or 547 nm, were recorded with a sampling rate of 30 kHz. 200 to 300 transients

per wavelength were averaged.

5.2.3. Analysis of Optical Absorption Measurements

The optical absorption data were condensed on a logarithmic time axis with ten

equally spaced data points per decade using the program 'logscal' (provided by

C. Rickert). The averaged transients were �tted by a weighted tri-exponential func-

tion (Equation (5.1)).

f(t) = An · e−t/tn + fn (5.1)

Further analysis of the time-resolved spectroscopic data was performed by the appli-

cation of the Maximum Entropy Method (MEM) [Bro94]. Therefore, the program

'iLT1Dv2', which was kindly provided by V. A. Lórenz-Fonfría, transform the time-

resolved data into lifetime distributions. The data, which were Laplace transformed

stabilized by the MEM, were converted to lifetime-resolved spectra from which the

number of exponentially decays is available. The rise of a state appears as negative

distribution, the decay as a positive distribution [LFK06].
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5.2.4. Time-Resolved cw EPR Spectroscopy

The changes of the cw EPR spectra upon light activation were detected by time-

resolved EPR spectroscopy. The EPR time traces were recorded at �xed magnetic

�eld values after a short light pulse (Figure (5.5)). Repeating this measurement at

di�erent magnetic �eld values allows the detection of the so-called light-minus-dark

EPR di�erence spectrum. Adding this di�erence spectrum to a cw EPR spectrum

recorded in the dark yields the light cw EPR spectrum.

Figure 5.5.: [A] The schematic set up of time-resolved EPR measurements includes
the common set up of a cw EPR spectrometer and a PC, which features a light
source (LED). The sample, which is positioned in the resonator, is illuminated by the
LED. [B] The cw EPR spectrum recorded in the dark is shown in black. Illumination
time is depicted as the yellow cube. The time-resolved EPR spectral changes upon
light activation (green, orange) lead to the cw EPR spectrum in the light (grey),
which relaxes back to the spectrum in the dark. The green line indicates a transient
increase of the immobile component during light activation, whereas the orange line
shows a transient decrease of the mobile component. Back relaxation was recorded
after switching o� the light.

Measurements were performed at room temperature using a home-built X-band EPR

spectrometer equipped with a Bruker dielectric resonator. The microwave power was

set to 2.5mW and the magnetic �eld modulation to 0.3mT. Samples were loaded into

EPR glass capillaries (0.9mm inner diameter). Temperature control was achieved by

a continuous gas �ow of room temperature nitrogen through the glass cryostat. The
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samples were illuminated for 0.5 s by a white 3W LED (Edixeon A Series Neutral

White) or 20 s by a blue LED (Edixeon A Series Blue). The EPR transients were

recorded up to 100 s after sample illumination using an analogue to digital converter

with a sampling rate of 13 kHz and a 12-bit digitization resolution. Each transient

was measured with 100 repetitions.

Calibration of Temperature-induced Changes of the cw EPR Spectrum

Time-resolved cw EPR measurements can be a�ected by temperature increase origi-

nated from the heating process during illumination, which leads to an increased mobil-

ity of the spin label side chain [KVOG+14]. Hence, the contribution of this e�ect was

estimated for ChR2. Therefore, a temperature-sensitive sample was prepared with

TEMPO and a light-absorbing compound (ATTO488) dissolved in a glycerol/water

mixture (99:1). This mixture absorbs light at similar wavelengths as ChR2 and shows

changes in EPR signal shape during the lightning process due to temperature-induced

viscosity changes of glycerol. The amount of glycerol was chosen to set the reorien-

tational correlation time of TEMPO to about 3 ns at room temperature, the concen-

tration of TEMPO was 1mM and the concentration of ATTO488 70µM to achieve

an extinction of OD = 0.5. This sample allows the calibration of temperature e�ects

of the set up.

Temperature-dependent cw EPR spectra were recorded for the TEMPO + ATTO488

sample in the range of 5−25 ◦C (Figure (5.6 A)). The temperature-dependent changes

of the spectral amplitudes at 343.2mT and 343.5mT were �tted by exponential func-

tions (Figure (5.6 A), inset), which represent the amplitude versus temperature cali-

bration curves. Transients were measured for TEMPO + ATTO488 at 24 ◦C at the

same magnetic �eld positions to determine the temperature changes during and after

the lightning process (Figure (5.6 B)). The mobility changes during illumination was

approximately estimated to be linear at least for illumination time up to 15 s. After
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the illumination time the transients show a mono-exponential behaviour up to 60 s

after illumination with a time constant of 10 s. Later temperature changes are prob-

ably caused by di�erent temperature conductivities of the sample and the capillary

and were neglected due to their very long time constants (t > 80 s).

Figure 5.6.: [A] The temperature-dependent cw EPR spectra of TEMPO + ATTO488
in glycerol/water mixture show an increase of mobility in the range of 5 to 25 ◦C.
Amplitude changes (dots, inset) at two magnetic �eld positions were �tted by mono-
exponential functions. [B] Time-resolved cw EPR measurements at two magnetic �eld
positions show a temperature-induced mono-exponential behaviour upon illumination
with a blue LED (cyan bar), which allows the determination of the temperature e�ects
on time-resolved measurements. The time constant for the temperature relaxation is
10 s for ChR2.

The temperature changes, ∆T , caused by the lightning process (ton = 20 s) were cal-

culated by the derivative of the calibration curves at 24 ◦C, A(T )', and the amplitudes

of the transients, ∆A, (Equation 5.2) to be ∼ 0.3 ◦C for the blue LED and ∼ 0.1 ◦C

for the white LED (Table (5.3)).

∂A

∂T
= A(T )′ ⇔ ∆T =

∆A

(A(24◦C))′
(5.2)

Assuming temperature uncertainties of 0.5 ◦C leads to possible frequency shifts of

0.01mT and determines the error of the calculated temperatures changes to be 0.1 ◦C.

118



5.2. Materials and Methods

Even samples with higher values of optical density up to 1 would increase the tem-

perature e�ect only by 30%. Assuming a linear relation between heating process

and duration of illumination allows the calculation of temperature e�ects for each

illumination protocol.

B [mT] ∆A ∆T [◦C]

blue LED (t = 20 s)
343.2 1.7 0.3 ± 0.1
343.5 -1.1 0.35 ± 0.1

white LED (t = 20 s)
343.2 0.4 0.1
343.5 -0.3 0.1

Table 5.3.: Transient amplitudes of TEMPO + ATTO488 in glycerol/water mixture,
which are dependent on the light source and magnetic �eld positions, were applied
to estimate temperature changes induced by the lightning processes.

5.2.5. Simulations and Analysis of cw EPR Measurements

The cw EPR spectra were simulated as explained in Chapter (3.2.3) with the following

modi�cations. The cw EPR spectra were �tted by two components assuming a model

of isotropic reorientational motion of the nitroxides with di�erent mobilities. A third

component was applied with �xed rotational di�usion rates, when free spin label is

present. Initial �t parameters are summarized in Table (5.4).

Analysis of the EPR transients was realized as for optical absorption transients

described in Chapter (5.2.3). The averaged transients were �tted by a weighted

mono-exponential function (Equation (5.1)). Only transients with an amplitude error

smaller than 25% were considered for the light-minus-dark EPR di�erence spectra.

To determine possible systematic errors of the transient amplitudes a reference mea-

surement was recorded using a mixture of a spin labeled protein of similar mobility

(BSA) and a light-sensitive protein (SRII) without any EPR signal. Error bars for

the light-minus-dark EPR di�erence spectra were de�ned as the highest amplitude,

which were determined for the reference sample for that no light-induced transients

119



5. Channelrhodopsin-2

mobile semi-mobile immobile
parameter component (m) component (sm) component (im)
Axx [mT] 0.58
Ayy [mT] 0.42
Azz [mT] 3.90 ± 0.2 3.70 ± 0.1 3.50 ± 0.2
gxx 2.0085
gyy 2.0061
gzz 2.0022
log(R · s) 8.5∗ 7.5∗ 6.0∗

fraction 0.15∗ 0.35∗ 0.5∗

W [G] 0.03 ± 0.37 0.25 ± 0.25 0.50 ± 0.4

Table 5.4.: Initial �t parameters (taken from [Ric15]) were applied to �t the cw EPR
spectra of spin labeled ChR2. Values with an asterisk are free parameters in the
present �ttings. The errors indicate small changes of the parameters, which were
checked to do not in�uence the rotational di�usion rates or fractions.

are expected.

5.2.6. DEER Spectroscopy

During the coarse of this work the Bruker ELEXSYS E 580 spectrometer was up-

graded by a Q-band TWT ampli�er and a Q-band microwave bridge for the DEER

measurements of spin labeled ChR2. The application of adjustments derived from

Chapter (3.2.4) led to a bad signal to noise ratio. Therefore, di�erent optimization

processes were performed to increase the sensitivity of the Q-band microwave bridge.

Optimization of the Q-band Tuning for DEER Measurements

In general, the Q-band measurements allow interspin distance measurements with

higher sensitivity in comparison to X-band. Higher frequencies lead to a higher spec-

tral resolution of the g-tensor anisotropy and a stronger perturbation of the Boltz-

mann distribution. Simultaneously, the modulation depth is decreased compared to

X-band frequencies, because a smaller population of spins is excited by a microwave

pulse. However, the installation of the Q-band components was not straight forward,

120



5.2. Materials and Methods

because the common settings, introduced in Chapter (3.2.4), led to not su�cient

increased sensitivity and additionally to pronounced artefacts in the beginning and

the end of the DEER traces due to secondary echoes. Therefore, optimizations of

the settings were performed in the present work to further enhance the sensitivity in

Q-band.

To avoid overlap of the Larmor frequencies of ELDOR and observer spins a su�cient

frequency separation between ELDOR and observer pulses is necessary. This requires

a su�cient large bandwidth, ∆f , for excitation. The bandwidth limiting factor is the

quality factor, Q, of the resonator with νres being the resonance frequency of the

resonator:

∆f =
νres
Q
. (5.3)

In X-band, a large bandwidth was achieved by resonator overcoupling, which reduces

Q. In the beginning this scheme was also applied for Q-band. However, the higher

frequency in Q-band allows to keep the high quality factor of the resonator obtained

in the critical coupling mode without decrease of the bandwidth, ∆ν, of ∼ 0.1GHz:

QX-band =
νres
∆ν

=
9.4GHz
0.1GHz

= 94,

QQ-band =
νres
∆ν

=
33.8GHz
0.1GHz

= 338.

(5.4)

This leads to a higher microwave �eld at the resonance frequency of the resonator

and thereby to stronger microwave pulses, but also to a longer dead time because

of resonator ringing. It was shown that the overall sensitivity of the spectrometer is

increased at least by a factor of 2 by applying this new setting (Figure (5.7 A)).

Further gain of the signal to noise ratio was achieved by tuning the frequency of

the observer pulse and not that of the ELDOR pulse to the resonance frequency

of the resonator. The modulation depth is not signi�cantly decreased, because the

microwave power at the �anks of the resonator dip su�ces to invert the spins by
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the ELDOR pulse. Consequently, the sensitivity for the observer pulses is enhanced

resulting in an additional increase of the signal to noise ratio by a factor or 2.3 (Figure

(5.7 A, B))2.

With these adjustments it was shown that the frequency gap between ELDOR and

observer pulses, which avoids a Larmor frequency overlap of both spin populations,

could be decreased without the occurrence of an artefact. Using the second local

maximum of the EPR spectrum for the ELDOR pulse (∆f = 50MHz) the signal to

noise ratio was further improved by a factor of 1.3. (Figure (5.7 C, D)).

In summary, together with additional spectrometer speci�c optimizations, the signal

to noise ratio was increased by a factor of 18 in comparison to previous Q-band

settings. Additionally, any artefacts in the beginning and the end of the DEER trace

were suppressed.

Q-band Settings for DEER Measurements

The results of the optimization process led to the following settings: Pulsed EPR

experiments were performed at Q-band frequencies with a Bruker ELEXSYS 580

spectrometer equipped with a Bruker MD5 resonator and a continuous �ow helium

cryostat CF935 controlled by an Oxford Intelligent Temperature Controller ITC 503S.

The samples were mixed with 20% D-glycerol as cryo protector, 10µL were �lled into

EPR tubes with 3mm inner diameter and were frozen immediately in liquid nitrogen.

Measurements were performed using the four pulse DEER sequence and a two step

phase cycling as described in Chapter (2.7). The resonator was critical coupled to

Q ≈ 400, the observer frequency νobs was set to the center of the resonator dip

and the pump frequency was shifted up by 50MHz. The latter coincided with the

absolute maximum of the nitroxide EPR spectrum, whereas the observer frequency

2In practise, a compromise is realized by positioning the frequency of the observer pulses not
directly in the dip but slightly shifted about 20MHz to lower frequencies.
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Figure 5.7.: Optimization of DEER measurements. [A] Critical coupling mode is
possible for Q-band measurements and increases the microwave �eld at resonance
(grey dots) by a factor of 2 in comparison to overcoupling mode (black dots). [B]
The switch from ELDOR frequency at highest microwave power (purple) to observer
frequency at highest microwave power (orange) increases the signal to noise ratio of
the DEER trace by a factor of 2.3. [C] The echo detected �eld sweep shows the
positions of ELDOR (absolute maximum) and observer (local maximum) frequencies
in the EPR spectrum. [D] Using a frequency shift of 50MHz (blue) instead of 80MHz
(green) increases the signal to noise ratio of the DEER trace by a factor of 1.3 without
occurrence of artefacts.

νobs coincided with the local maximum of the EPR spectrum (Figure (5.7 C)). All

measurements were performed at 50K with a pulse length of 16 ns for a π/2-pulse,

32 ns for a π-pulse and 16 ns for the pump pulse. Proton modulation was not visible

so that averaging was not necessary. Data points were collected in 8 ns time steps.
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Illumination Protocol for DEER Measurements

The dark state of ChR2 is de�ned by keeping the samples for at least 3 h without any

light at 278K. The covered sample was frozen by liquid nitrogen and was positioned

into the resonator (50K). To investigate a light-activated states di�erent illumination

protocols were applied.

Illumination protocol I The light-activated state was accumulated by illumination out

of the resonator for 20 s with a blue LED (Edixeon A Series Blue) at 278K. Rapid

freezing by liquid nitrogen enabled the trapping of this unde�ned activated state and

the sample was positioned into the resonator (50K).

Illumination protocol II The dark sample was illuminated inside the resonator for

10min by a blue LED (M470F3, Thorlabs) at 180K. Then the sample and the res-

onator were heated up to 255K for 30min. Afterwards, the resonator was cooled

down to 50K.

Illumination protocol III To trap di�erent intermediates of ChR2 the sample was

illuminated inside the resonator for 10min by a blue LED (M470F3, Thorlabs) at

180K. Then the sample stayed at 180K for 20min. Afterwards, the resonator was

cooled down to 50K. Further trapping of temperature-dependent states was reached

by heating up to 205K, 230K or 255K, waiting for 30min and cooling down to 50K

again. Additional DEER measurements at 50K were recorded after 10min or 4 h

relaxation time at 278K. Latter was realised outside of the resonator.

Illumination protocol II and III were realized by a �ber-coupled LED (M470F3, Thor-

labs) using a 5m multimode �ber. The maximum power was set to 21.8mW at 470 nm

with a bandwidth of 20 nm. Coupling the light into the resonator was possible using

a light �ber sample rod (E5106220, Bruker). The end of the �ber was positioned a

few millimetres above the sample volume in the glass tube.
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5.2.7. Simulations and Analysis of DEER Measurements

The DEER traces were analysed and validated as described in Chapter (3.2.5). Fur-

ther analysis of the DEER data was realized by a three-gaussian �t provided by the

program. The number of interacting spins, 〈n〉, was calculated using Equation (5.5)

with the modulation depths, ∆. The value λ = −0.22065 was experimentally de-

termined using a standard for which the number of interacting spins is known to be

2.

〈n〉 =
ln(1−∆)

λ
+ 1 (5.5)

5.2.8. Spin Label Rotamer Analysis

The rotamer calculations and simulations of distance distributions were either per-

formed as described in Chapter (3.2.6) with the rotamer library from 2015 or using

the program 'MtsslWizard' (written by G. Hagelueken (University Bonn, Germany)

in PyMOL (Python) and available freely from http://www-hagelueken.thch.uni-b

onn.de/index.php/en/2014-08-04-13-28-34/mtssldock. The program tries 10000

spin label side chain conformations to �nd maximum 200 rotamers avoiding clashes

with protein side chains [HWNS12].

5.2.9. MD Simulations

MD simulations were carried out (by J. P. Klare) in the isobaric-isothermal ensemble

(NPT) at 310K (37 ◦C)/1 bar under periodic boundary conditions using the software

package 'YASARA Structure' [KKV02] with the AMBER14 force �eld [PC03]. Parti-

cle Mesh Ewald (PME) summation was used for long range electrostatic interactions

and a cuto� at 8Å for van-der-Waals interactions. The time steps for calculation of

intra- and intermolecular forces were 1.25 fs and 2.5 fs, respectively. The simulation

temperature was controlled by rescaling atom velocities using a Berendsen thermo-
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stat [BPvG+84] based on the time-averaged temperature [KDN+04]. Pressure control

was achieved by keeping the solvent density at 0.997 g/mL and rescaling the simu-

lation cell isotropically along all three axes. Simulation snapshots were stored each

25 ps.

Starting with the ChR2 dimer crystal structure [PDB: 6EID, biological assembly 1],

residues C79 and C208 were replaced by the spin label side chain R1 and two in-

dependent simulations were performed with this structure. The spin labeled ChR2

dimer was inserted into a lipid bilayer composed of POPC/POPG/Cholesterol (8:1:1)

and placed into a simulation box of 8.7 x 9.4 x 7.0 nm size, �lled with TIP3P wa-

ter and ≈ 150 mM sodium and chloride ions, neutralizing the system's net charge.

Initial 250 ps equilibration simulations were performed in which the water molecules

were restricted from entering the membrane part of the simulation cells to stabilize

the bilayer. Afterwards, production runs of 250 ns length were performed, yielding a

total simulation time of 0.5µs.

Analysis of the simulations was performed in terms of energies, RMSDs, inter spin

distances (measured between the centers of the nitroxide groups), and euler angles

for the spin label nitroxide orientation for spectra simulations.

The calculation of the cw EPR spectra using the Euler angles from the MD simula-

tions was performed by the program 'spec16' (written by H.-J. Steinho� (University

Osnabrück, Germany) in Fortram) [SH96,BS06]. Therefore, the Euler angle triplets

Ω = (α, β, γ) were calculated from the atomic coordiantes of the nitroxide nitrogen

and the two adjacent carbons according to the y-convention, where α, γ ∈ [−π, π)

and β ∈ [0, π) [BS06].
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5.3. Results

ChR2 contains nine native cysteines. To apply side-directed spin labeling all cys-

teines were replaced, which should not be labeled. Hence, positions 34, 36 and 87

were mutated to serines and positions 179, 183 and 259 to lysines. Position 128 is

inaccessible for MTSSL, when retinal is bound, so that two positions were spin la-

beled in ChR2-C79R1-C208R1 and one in ChR2-C79R1 with the additional mutation

C208A3.

C79R1 is positioned in the αAαB-loop adjacent to helix B, whereas C208R1 is posi-

tioned within the last turn of helix F near to the αEαF-loop. Channel function was

proven for both mutants, however, the current density of ChR2-C79R1 is decreased

to 25% of the wt ChR2 [SRB+13]. In this work, EPR measurements were performed

with solubilized as well as reconstituted samples.

Rotamer analysis indicates that MTSSL can also access the cysteine at position 128,

when no retinal is linked to the protein (see Appendix, Figure (C.17)). This is not

an issue for methods, which are sensitive for the light-activated molecules like optical

absorption measurements or time-resolved EPR measurements, because only proteins

contribute to the signal, which bind a retinal. But measurements of cw EPR spectra

or interspin distance distributions are unspeci�c concerning the bound retinal, which

leads to the possibility that also proteins without retinal and with an additional

spin label side chain at position 128 contribute to the EPR signals. This has to be

considered for further analysis and will be discussed in Chapter (5.3.4) and (5.3.5).

3Constructs with a cysteine only at position 208 could not be expressed at su�cient level to get
ChR2-C208R1 [Kra16].

127



5. Channelrhodopsin-2

5.3.1. Photocycle of ChR2

The intermediates of ChR2 described by the photocycle were investigated by optical

absorption measurements of spin labeled ChR2. Upon light activation the optical

density changes were measured dependent on the detection wavelengths. Thereby, the

absorption maxima as well as the time constant, tr, characterizing the rise and decay

of the intermediates were determined. These measurements were already reported

for spin labeled mutants of ChR2 in [SRB+13] and were repeated and extended by a

di�erent analysis approach in the present work.

Optical transients were recorded for solubilized ChR2-C79R1-C208R1 (Figure (5.8 A)).

In comparison to previous measurements [SRB+13] the time window was increased to

100 s to ensure that the photocycle is �nished before initiating the next cycle by light.

The time resolution of the set up allows the recording of transients from 0.5ms after

illumination so that processes, which occur with shorter lifetimes cannot be detected.

Among these are the rise and decay of the PK
500 intermediate as well as the rise of

the PM
390 intermediate. Detection wavelengths of λ = 520 nm and λ = 480 nm allow

the recording of the rise and decay of the PN
520 intermediate and the P480 state with

absorption maxima at these wavelengths, respectively. Since the absorption max-

ima of most ChR2 states are close to each other (10 to 20 nm) often a mixture of

intermediates is measured. Hence, two additional detection wavelengths were used

(λ = 500nm and λ = 547nm).

The four transients were �tted by a global tri-exponential function expecting three

time constants, which describe the rise and decay of the PN
520 intermediate and of the

P480 state (Table (5.5)). Furthermore, the maximum entropy method was applied

to be able to interpret the data independently of a model of three time constants.

Thereby, the lifetime distributions were calculated for each transient. Distributions

with negative sign describe the rise of an intermediate, whereas a positive sign points
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Figure 5.8.: Optical absorption measurements of solubilized ChR2-C79R1-C208R1
(purity factor of 3.2 (see absorption spectrum, [A], inset)) with λ = 480nm (orange),
λ = 500 nm (blue), λ = 520 nm (green) or λ = 547 nm (cyan). [A] Optical transients
are averaged logarithmically and �tted by a tri-exponential function (black dotted
lines) and by maximum entropy calculations (grey dotted lines). [B] Lifetime distri-
butions calculated by the maximum entropy method were used to determine the time
constants independent of their number (see Table (5.5)).

to a decay of an intermediate. Di�erences in amplitudes occur, when the photocycle

exhibits paths with di�erent probabilities.

λ [nm] t3 [ms] t4 [ms] t5 [s] RMSD · 10−5 red.χ2 · 10−10

glob. �t 2.7 ± 0.2 17.6 ± 0.8 11.0 ± 2 0.992 (R2) 23.5
480MEM 5.0 ± 0.3 - 21.1 ± 1.3 0.9 0.8
500MEM 2.0 ± 0.1 33.5 ± 2.0 42.2 ± 4.9 2.1 4.3
520MEM 1.7 ± 0.1 17.8 ± 1.0 10.6 ± 0.6 3.2 9.9
547MEM 1.5 ± 0.1 15.0 ± 0.9 17.8 ± 1.0 3.2 10.0

Table 5.5.: Time constants of solubilized ChR2-C79R1-C208R1 describing the tran-
sitions in the photocycle are measured by optical density changes and calculated by
a global tri-exponential �t or by the maximum entropy method (MEM).

Assuming a three time constant model the rise of the PN
520 intermediate is described

by a time constant of 2.7 ± 0.2ms. This value agrees with the literature value of

2.9 ± 0.1ms [SRB+13] and does not di�er signi�cantly from that of the wt ChR2

(1.8±0.1ms [BGK+10]). The time constant characterizing the decay of the PN
520 inter-

mediate was determined to be 17.6±0.8ms (literature value: 15±0.2ms [BGK+10]).

129



5. Channelrhodopsin-2

The third time constant, t5, is assigned to the relaxation of the P480 state to the

ground state. Here, a time constant of 11 s was determined, whereas previous mea-

surements found a relaxation time of 3.3±0.2 s [SRB+13]. For wt ChR2 t5 values from

10 s [BGK+10] to 50 s [KER+15] were determined, which indicates the uncertainties

of the determination of such long time constants, because particularly the accuracy

of the background correction and the length of the transient become more notable.

As mentioned before, the photocycle of ChR2 has been extended repeatedly in the

last years due to new insights into the protein activation so that the number of

only three intermediates occurring during the cycle in the ms and longer time range

is not fully con�rmed. Hence, the analysis of the optical transients independent

of a photocycle model is pretty useful. For this purpose, the maximum entropy

method was applied, which was introduced by V. A. Lórenz-Fonfría and coworkers

for time constants determination [LFK06]. Dependent on the detection wavelength

time constant distributions are calculated by �tting the time traces (Figure (5.8)).

As described before, negative distributions point to the rise, positive distributions

to the decay of an intermediate. Intuitively, the distributions measured at a certain

wavelength, which is only sensitive for one intermediate, should always consist of a

negative and a positive peak. However, all distributions, even at 520 and 480 nm,

show either the occurrence of two rises or two decays indicating that they do not

belong to only one but to at least two intermediates.

The negative peaks at 1.5 − 5ms, which were recorded independently of the wave-

length, are assigned to the rise of the PN
520 intermediate, the positive peaks determined

by a detection wavelength of 520 or 547 nm (15−18ms) to its decay. This interpreta-

tion aligns with the results of the global �t. At λ = 500nm a decay was detected with

a time constant of 34ms. The positive peak recorded at 520 nm shows evidence for

an additional decay with a time constant of about t∗ = 100ms and a at least 15 times
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smaller amplitude. This indicates an intermediate, which cannot belong to the same

photocycle as PN
520 and might describe the transition from the P∗N520 intermediate to

the ground state in the syn-cycle [KVT+19]. The positive peaks with t > 1 s recorded

at 500, 520 and 547 nm indicate the decays of intermediates absorbing at wavelength

larger than 480 nm and are described by time constants of 11 − 42 s. The negative

peak in this time range is described by a time constant of 21 s and is assigned to the

rise of the ground state. The amplitudes of the right peaks are similar to that of the

decay dedicated to the P∗N520 intermediate. This is evidence that t∗ and t5 describe

transitions in the same photocycle. The integrals of the distributions describing the

rises of the PN
520 intermediate and the ground state detected at 480 nm point to a

probability ratio of these two states of about 9:1.

In summary, the application of MEM to calculate lifetime distributions allows a

model-independent analysis of optical transients. Additionally, the comparison of

amplitudes permits the assignment of di�erent populations in a branched or split

photocycle like in the case of ChR2.

5.3.2. Spin Label Rotamer Analysis of ChR2

The rotamers of the spin label side chains can be calculated, when the crystal struc-

ture is available and give an idea about expectable interspin distances for spin labeled

ChR2 and their populations. For the calculation of distance distributions two pro-

grams, MMM and MtsslWizard, were applied.

With MMM three and six rotamer orientations were calculated for position 79 and

208, respectively. In contrast, the application of MtsslWizard leads to about 110 of

200 possible rotamers for position 79 and nearly 200 rotamers for position 208. For

position 208 all rotamers can be summed up in one rotamer cloud independent of

the modelling program, whereas the spin label side chains at position 79 de�ne two
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rotamer clouds (Figure (5.9 A, B)).

Figure 5.9.: Using the crystal structure of ChR2 [PDB: 6EID] spin label side chain ro-
tamer orientations were calculated for positions 79 and 208 (orange) using MMM [A]
and MtsslWizard [B]. Distance distributions calculated with MMM [C] and MtsslWiz-
ard [D] are shown for the spin pairs (A)C79R1-(A)C208R1 (green), (B)C79R1-
(B)C208R1 (orange), (A)C79R1-(B)C79R1 (grey), (A)C79R1-(B)C208R1 (yellow),
(B)C79R1-(A)C208R1 (cyan), (A)C208R1-(B)C208R1 (blue).

Calculated interspin distances, r, for ChR2-C79R1-C208R1 are shown in Figure

(5.9 C, D) and Table (5.6). Due to the symmetry of the dimer, only four di�erent

interspin distances are expected. The intra molecular interspin distance was found

to be 2.7 nm (MtsslWizard) or shorter (MMM), whereas all inter molecular interspin

distances are in the range of 3.5 to 6 nm. The most probable interspin distance of

(A)C208R1-(B)C208R1 was calculated to be 5.4 nm, the most probable interspin dis-

tance between (A)C79R1-(B)C79R1 occurs at 4 nm (MtsslWizard) or 5 nm (MMM),
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which is partially overlaid by the inter molecular most probable interspin distances

between (A)C79R1-(B)C208R1 and (B)C79R1-(A)C208R1.

r [nm]
spin label positions MMM MtsslWizard
(A)C79 (A)C208 1.27 2.65
(B)C79 (B)C208 1.27 2.65
(A)C79 (B)C79 4.96 3.95
(A)C79 (B)C208 5.15 4.35
(B)C79 (A)C208 5.15 4.25
(A)C208 (B)C208 5.43 5.40

Table 5.6.: The most probable interspin distances of ChR2-C79R1-C208R1 were cal-
culated using MMM and MtsslWizard.

The rotamer analyses show that the interspin distances of ChR2-C79R1-C208R1 and

thus of ChR2-C79R1 are in the sensitive range of the DEER experiment. Because of

the separation of the intra and the inter molecular interspin distances, it is possible to

estimate the spin labeling ratio of positions 79 and 208 comparing the amplitudes of

the experimentally with the theoretically determined distance distributions. There-

fore, distance distributions were simulated with di�erent spin label ratios of C79R1

and C208R1 by four gaussian �ts with the same width and based on the most probable

interspin distances (Table (5.6), fourth column).

Further rotamer analysis indicates that spin labeling of position 128 is possible, when

the protein has not bound a retinal (Appendix, Figure (C.17)). Hence, interspin dis-

tances between C128R1 and C79R1 or C128R1 and C208R1 occurring in the range

of 2 to 5 nm can contribute to the distance distributions of ChR2-C79R1 and/or

ChR2-C79R1-C208R1. However, this complicates the interpretation of distance dis-

tributions, but has no impact on changes of the distance distribution upon activation.
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Figure 5.10.: Gaussian �ts of the distance distributions with the same width and
based on the most probable interspin distances calculated in Table (5.6) were applied
to estimate expected distance distributions of ChR2-C79R1-C208R1 with di�erent
spin labeling ratios of positions 79 and 208 to be 50:50 (black), 80:20 (violet) or 20:80
(purple).

5.3.3. MD Simulations of ChR2

The di�erences in the calculated distance distributions between two rotamer analyses,

shown above, give an idea of the uncertainties of this approach. To come as close as

possible to the real interspin distances, the dynamics of the protein was considered

by MD simulations of spin labeled ChR2.

MD simulations of 250 ns length were calculated twice with parameters summarized

in Chapter (5.2.9). The trajectories of the four spin label side chains as well as

calculated distance distributions are shown in Figure (5.11). The spin label side

chains at helix F seem to be rigid and show interspin distances of 5.5± 0.3 nm, which

coincide with the results of the rotamer analyses. The (A)C79R1-(B)C79R1 interspin

distance occurs between 2 and 5 nm so that interspin distances shorter than 3.5 nm

seem to be possible unlike the calculation of the rotamer analyses. The intra- and

intermolecular interspin distances between C79R1 and C208R1 coincide with the data

of the rotamer analyses.

The mobility of C208R1 seems to be constant over the time range of 250 ns in both

134



5.3. Results

MD simulations. In contrast, the spin label side chains near to helix B perform

movements leading to �uctuations in the trajectories. Such jumps are observed in

the �rst MD simulation at ∼ 35ns and ∼ 220ns originated from (B)C79R1 or in the

second MD simulation at ∼ 125ns due to movement of (A)C79R1. An explanation

of these jumps could be the transition of two dihedral reorientations of the disul�de-

bond of the spin label side chain, which occur in several hundred nanoseconds at

300K [BS06]. Distances between Cα atoms of position 79 do not present correlated

changes so that helical movements are not responsible for this jumps. However, small

conformational changes of the backbone, here the α-helices or the αAαB-loop, can

be responsible for transitions between favourable conformations of the spin label side

chains.

Interestingly, the initial (A)C79R1-(B)C79R1 interspin distance, which appears to be

∼ 4.8 nm in the �rst 10 ns, becomes shorter during both MD simulations and does

not reach its initial value within 250 ns. Also the trajectory of Cα distances depicts

a tendency over time to shorter distances. This points to the fact that the crystal

structure does not represent an energy-minimized conformation of the αAαB-loop.

The MD simulations data include the trajectories of all atoms of the ChR2 dimer

and the four spin label side chains. The respective coordinates of the spin label

nitroxide were transformed into the Euler angle space. The correlation time of the

cosine of the β angle of the Euler triplet is directly correlated with the reorientational

correlation times, τ , describing the spin label side chain mobility. Therefore, the

correlation functions were calculated and �tted by a bi-exponential function (Figure

(5.12 A, B)). Further, the Euler angles were applied to calculate the cw EPR spectra

of the bound spin label side chains [BS06], which was realized for each spin label side

chain of both MD simulations (Figure (5.12 C, D)).

The calculated reorientational correlation times, τ , are summarized in Table (5.7).
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Figure 5.11.: The crystal structure of spin labeled ChR2 [PDB: 6EID] was applied
for two MD simulations ([A], [B], orange). Calculated interspin distance trajectories
([C], [D]) are depicted for the spin pairs (A)C79R1-(A)C208R1 (green), (B)C79R1-
(B)C208R1 (orange), (A)C79R1-(B)C79R1 (grey), (A)C79R1-(B)C208R1 (yellow),
(B)C79R1-(A)C208R1 (cyan), (A)C208R1-(B)C208R1 (blue). Distance distributions
([E], [F]) of both intra molecular C79R1-C208R1 (green), both inter molecular C79R1-
C208R1 (light blue), the (A)C79R1-(B)C79R1 (grey) and the (A)C208R1-(B)C208R1
interspin distances (dark blue) are added (dotted black line). Distances between Cα
atoms of position 79 slightly decreases, during the MD simulations (black, inset).
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Figure 5.12.: The analysis of the MD simulations regarding to the spin label side
chain mobility was performed in two di�erent ways. For the cosine of the Euler angle
β the correlation functions were calculated and �tted by bi-exponential functions for
the two MD simulations ([A], [B]) for the (A)C79R1 (dark blue), (B)C79R1 (cyan),
(A)C208R1 (dark green) and (B)C208R1 (light green) side chains. The Euler angles
trajectories were applied to calculate the cw EPR spectra for each spin label side
chain ([C], [D]).

For the respective spin label side chain two values of τ are essential. The C79R1

dynamics is described by a τfast of 0.3 − 9 ns and a τslow of 4 − 36ns. The C208R1

dynamics is quanti�ed by a τfast of 3− 7 ns and a τslow of 90− 140ns.

Interestingly, the shapes of the calculated cw EPR spectra of identical spin labels are
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spin label position τfast [ns] τslow [ns]
(A)C79 1 (0.3) 27 (10)
(B)C79 0.3 (9) 4 (36)
(A)C208 3 (3) 90 (143)
(B)C208 3 (7) - (121)

Table 5.7.: The reorientational correlation times, τ , were calculated using the corre-
lation functions of the cosine of the β angle for both MD simulations (italic values
belong to the second MD simulation).

diverse, which indicates that the chosen lengths of the MD simulations were too short

to calculate the average spin label side chain mobility. Nevertheless, it was shown that

both spin label side chains perform movements in two di�erent time scales, described

by mobility models consisting of two components. Thereby, the reorientational corre-

lation times characterizing the fast movements seem to be similar for both spin label

positions, 79 and 208. In contrast, the respective slower movement is described by

di�erent reorientational correlation times, in which the longer τ belongs to C208R1.

The values of τ were compared with experimentally determined values in Chapter

(5.3.5).

5.3.4. Interspin Distance Changes of ChR2

In the past, the DEER technique was applied to spin labeled ChR2 to identify helix

B movements during the activation process [KEH+13, SRB+13]. In detail, interspin

distances between (A)C79R1-(B)C79R1 were found mainly at 3.7 nm in the dark

state of ChR2 becoming longer in the light-activated state up to 4.2 nm. Although

ChR2-C79R1-C208R1 was available and distance distributions were measured, it was

not possible to quantify the di�erent interspin distances in this multiple spin system.

In the present work the DEER measurements were repeated with higher resolution

and extended by an activation protocol to investigate freeze-trapped intermediates of

ChR2.
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First DEER measurements of ChR2-C79R1 and ChR2-C79R1-C208R1 were recorded

with the longest possible d2 time to cover a broad interspin distance range. The

trapping protocol of the dark-adapted and the light-activated state is explained in

Chapter (5.2.6), Illumination protocol I. The distance distributions were calculated

by Tikhonov regularization to be very broad for both mutants (Figure (5.13)). In

detail, ChR2-C79R1 shows the most probable interspin distance between (A)C79R1-

(B)C79R1 to be 3.7 nm in the dark state, which shifts to 3.9 nm for the light-activated

state. ChR2-C79R1-C208R1 shows most probable interspin distance at 4.0 nm in the

dark state, which shifts to 4.1 nm for the light-activated state. The additional increase

of the probability density of interspin distances larger than 4.0 nm con�rms a shift

to longer interspin distances due to activation. Interestingly, no interspin distances

longer than 5 nm were measured in contrast to the prediction of the rotamer analyses

and MD simulations. This is �rst evidence that position 208 is much less labeled than

position 79.

As mentioned before, it cannot be excluded that dipolar coupling including C128R1

also contributes to the distance distributions. Position 128 is inaccessible for MTSSL,

when retinal is bound, but can be spin labeled in proteins without a retinal. Hence,

it is comprehensible that the observation of full activation is di�cult by DEER mea-

surements, because the presence of a fraction of opsin is realistic. Nevertheless, a

molecule with a spin label side chain at position 128 cannot be light-activated and

cannot contribute to interspin distance changes due to light activation. Thus interspin

distance changes can only originate from conformational changes sensed by C79R1

and/or C208R1.

Because the signal to noise ratio of the DEER traces does not su�ce to resolve

di�erent interspin distances expected in the distance distributions, the resolution

was increased by decreasing the d2 time (Figure (5.14)). Because interspin distances
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Figure 5.13.: Dipolar evolution function, V (t), measured with d2 = 4µs, form fac-
tor, F (t), and distance distribution, P (r), of solubilized ChR2-C79R1 ([A] - [C]) and
ChR2-C79R1-C208R1 ([D] - [F]) in the dark (black) and the light-activated state
(blue) show an increase of interspin distances (Illumination protocol I). The orange
area depicts the uncertainty to calculate long interspin distances. The distance distri-
butions were calculated using Tikhonov regularization with parameters optimized by
the program. Validation results (grey area in ([C], [F])) were calculated by changing
the background start and density and by adding of white noise.

longer than 5.5 nm were excluded by the validation of the long DEER traces, further

validation is not necessary.

Better resolution of the DEER traces leads to a split of the broad distance distribution

into two peaks for ChR2-C79R1 as well as for ChR2-C79R1-C208R1. The most

probable interspin distance of (A)C79R1-(B)C79R1 in the dark state was calculated

to be 3.7 nm, which shifts to longer interspin distances of 4.3 nm upon light activation.

Measurements after light activation in the dark point to a back shift of the most

probable interspin distances. Hence, the 3.7 nm interspin distance of (A)C79R1-

(B)C79R1 is related to the conformation in the dark state of ChR2 and the 4.3 nm

interspin distance to a light-activated state as in [SRB+13]. Though the interspin

distance of 4.3 nm is also observed in the dark state, it is not necessarily concluded

140



5.3. Results

Figure 5.14.: Dipolar evolution function, V (t), measured with d2 = 2.4µs, form factor,
F (t), and distance distribution, P (r), of solubilized ChR2-C79R1 ([A] - [C]) and
ChR2-C79R1-C208R1 ([D] - [F]) in the dark state before (black) and after activation
(grey) as well as in the light-activated state (blue) show a shift of interspin distances
to longer distances (Illumination protocol I). The orange area depicts the uncertainty
to calculate long interspin distances. The distance distributions were calculated using
Tikhonov regularization with parameters optimized by the program.

that the light-activated conformation is present in the dark state, but the 4.3 nm

interspin distance can also originate from inactive protein like spin labeled opsin.

Interspin distances shorter than 3 nm can be explained by a small population of

(A)C79R1-(B)C79R1, which can approach each other (see Chapter (5.3.3)) and whose

interspin distances shift also to longer values upon activation.

With additional spin label side chains at position 208 the distance distribution be-

comes much more complicated due to at least four di�erent interspin distances. Nev-

ertheless, the increase of the (A)C79R1-(B)C79R1 interspin distance to larger values

due to activation was detected. Because intra- and intermolecular interspin distances

of C79R1 and C208R1 overlapped by short (about 2.7 nm) and long (about 3.7 nm)

(A)C79R1-(B)C79R1 interspin distance values, no further information can be ex-
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tracted about C208R1. Especially, spin labeled opsins can raise the complexity of the

multiple spin system as shown before.

In combination with the rotamer analysis (Chapter (5.3.3)) the distance distribu-

tions of ChR2-C79R1-C208R1 allow an estimation of the spin label ratio of C79R1

to C208R1. Gaussian �ts of expected interspin distances at 2.7 nm, 4 nm, 4.3 nm and

5.4 nm were calculated for three di�erent labeling ratios (80:20, 50:50, 20:80, Figure

(5.10)). Comparison of calculated and experimental distance distributions of ChR2-

C79R1-C208R1 shows evidence that position 208 is labeled at least four times lower

than position 79. This ratio de�nes the highest possible spin label ratio of C79R1

and C208R1 to be 8:2 for the investigated samples. The comparison of the modu-

lation depths con�rms the spin label ratio of C79R1 and C208R1 to be 8:2. The

modulation depth of ChR2-C79R1 leads to a number of interacting spins of 2 using

equation (5.5). For ChR2-C79R1-C208R1 a number of interacting spins of 2.4 was

calculated. This value coincides with statistical calculations assuming a spin label

ratio between C79R1 and C208R1 side chains of 8:2. Hence, the interspin distances

of (A)C208R1-(B)C208R1, which can only be detected, when both 208 positions are

spin labeled, occur for 4% or less of the whole protein. This explains that inter-

spin distances of (A)C208R1-(B)C208R1, which are predicted to be longer than 5 nm

were not measured. Even implying discrepancies between theoretically and experi-

mentally determined interspin distances or the possible contribution of C128R1, it

can be concluded that position 208 was not labeled as e�ective as position 79.

In addition to solubilized spin labeled ChR2 DEER measurements were performed

with spin labeled ChR2 reconstituted into liposomes (Figure (5.15)). The dark and

light-activated states were trapped as described in Chapter (5.2.6), Illumination pro-

tocol II. Due to light activation an interspin distance increase was detected similar

to that of the solubilized spin labeled ChR2. Nevertheless, due to faster relaxation
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processes occurring for reconstituted samples, in general, the longest possible d2 time

is decreased in comparison to solubilized spin labeled ChR2 (2.4µs in comparison to

4µs). Hence, further investigations by DEER measurements were performed using

the solubilized spin labeled ChR2.

Figure 5.15.: Dipolar evolution function, V (t), measured with d2 = 2.4µs, form factor,
F (t), and distance distribution, P (r), of reconstituted ChR2-C79R1 ([A] - [C]) and
ChR2-C79R1-C208R1 ([E] - [F]) in the dark (black) and in the activated state (blue)
indicate a shift of interspin distances to longer distances (Illumination protocol II).
The orange area depicts the uncertainty to calculate long interspin distances. The
distance distributions were calculated using Tikhonov regularization with parameters
optimized by the program.

To identify the light-activated state of ChR2 a protocol was developed to trap di�er-

ent intermediates of ChR2 upon light activation as summarized in Chapter (5.2.6),

Illumination protocol III. This protocol allows the observation of interspin distance

changes dependent on the temperature and with it on the Gibbs activation energy,

which is essential for the protein to pass through the photocycle from one intermedi-

ate to the next intermediate. Trapping the protein at a speci�c temperature leads to

a 'stop' of the photocycle, when the energy of the protein is too low to transverse to
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the next state within a given time period.

The associated DEER traces and distance distributions of ChR2-C79R1 and ChR2-

C79R1-C208R1 are depicted in Figure (5.16) in the dark and upon light activation

at 180K, 205K, 230K, 255K and 278K. The distance distributions of ChR2-C79R1

show similar interspin distances for the dark state and the state trapped upon light

activation at 180K. This is expected, because commonly the backbone movement

is hindered below this temperature. Further, for the state trapped at 205K, no

di�erences to the dark state were recorded. Actually, a rise of the probability density

for long interspin distances (4.3 nm) was detected trapping at 230K, whose amplitude

is further increased by trapping at 255K. Trapping the protein after 10min in the

dark at 278K leads to a relaxation of P (r) back to the initial distance distribution

and does not change by longer waiting in the dark at 278K.

The distance distributions of ChR2-C79R1-C208R1 show no di�erences between the

dark state and the state trapped at 180K or 205K upon light activation at 180K. An

increase of interspin distances to longer values (4.3 nm) was observed at 230K with

maximum amplitude at 255K. After 10min at 278K the interspin distance increase

relaxes slightly and longer waiting at 278K leads to further relaxation of P (r) back to

the initial distance distribution. It is concluded that ChR2-C79R1-C208R1 indicates

similar thermodynamic behaviour during the activation process like ChR2-C79R1.

The e�ciency of the light activation was estimated by comparison of the areas under

the distance distributions of the dark and the light-activated states of spin labeled

ChR2 (Figure (5.17))4. For that the distance distributions were calculated by a

three-gaussian �t. Comparing the area di�erence under the gaussian curves of P (r)

of ChR2-C79R1 at 3.7 nm and 4.2 nm shows that 20% of the protein was activated

at 255K by the applied activation protocol. Although a three-gaussian �t is less pre-

cise for ChR2-C79R1-C208R1, because more than three di�erent interspin distances

4The temperature-dependent series of ChR2-C79R1 is split to visualize the order of measurements.
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Figure 5.16.: Dipolar evolution function, V (t), measured with d2 = 2.4µs, form factor,
F (t), and distance distribution, P (r), of freeze-trapped intermediates of solubilized
ChR2-C79R1 ([A] - [C]) and ChR2-C79R1-C208R1 ([D] - [F]) show a shift of interspin
distances to longer distances (Illumination protocol III). The distance distributions
were calculated with �xed background correction and α using Tikhonov regulariza-
tion. Colour code from black to cyan indicates the activation process (intermediates
in the dark state and trapped at 180K, 205K, 230K, 255K), whereas the relaxation
process can be followed from cyan to grey (intermediates at 278K).

contribute to the distance distributions, the activation e�ciency was estimated to be

17%. Within the errors of the �ts of ChR2-C79R1-C208R1 it is concluded that the

activation protocol leads to the activation of nearly 20% of the protein.

In summary, the DEER measurements of freeze-trapped intermediates of spin la-

beled ChR2 show the temperature-dependent occurrence of the light-activated state

of ChR2. The applied illumination protocol allows the trapping of the light-activated

state at 255K identi�ed by the maximum rise of the 4.3 nm interspin distances. The

estimation of the spin labeling ratio of C79R1 and C208R1 yielded 8:2 and the ef-

�ciency of the illumination protocol was nearly 20% for both samples. Thus there

is no evidence that the rise of the 4.3 nm interspin distances is contributed by any

light-activated interspin distances changes of C208R1. The correlation between the
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Figure 5.17.: The DEER traces shown in Figure (5.16) were additionally �tted by a
three-gaussian �t to support the quanti�cation of the activation e�ciency. For ChR2-
C79R1 two series of measurements were recorded ([A], [B]) with related distance
distributions in ([D], [E]), respectively. The colour code is chosen as in Figure (5.16).
The gaussian �ts [C] and related distance distributions [F] were also analysed for
ChR2-C79R1-C208R1.

light-activated state at 255K and the photocycle of ChR2 will be discussed in Chapter

(5.4.2).

5.3.5. Spin Label Side Chain Dynamics of ChR2

The dynamics of the spin label side chains bound to ChR2 was determined by cw

EPR measurements of ChR2-C79R1 and ChR2-C79R1-C208R1. The cw EPR spec-

trum re�ects the mobility of the spin label side chain, which is in�uenced by its local

environment. Sharp lines indicate a high mobility, whereas a broad spectrum points

to a more rigid spin label side chain due to sterical restriction caused by neighbouring

side chains and backbone atoms. The cw EPR spectrum of ChR2-C79R1 shows a

very broad spectral line shape (Figure (5.18)). ChR2-C79R1-C208R1 is described

146



5.3. Results

by a similar broad cw EPR spectrum with an additional mobile component. This

component was understood as the signal of free spin label or the signal of dena-

tured protein and can also occur in the cw EPR spectrum of ChR2-C79R1 [Eng15].

Independent of the origin of the mobile component it is comprehensible that this

component does not include any information about spin label side chain mobility

bound to the native folded protein. Hence, it is neglected in the analysis. Further-

more, there is the probability of bound spin label at position 128 in case of molecules

without a bound retinal, which also contributes to the cw EPR spectrum. However,

the amount of C128R1 was estimated to yield maximum 25% for ChR2-C79R1 and

8% for ChR2-C79R1-C208R15. Hence, the C128R1 constitutes only a small fraction

of the spectrum.

In conclusion, both, C79R1 and C208R1, show a similar restricted motion. Compari-

son of the cw EPR spectra of solubilized and reconstituted spin labeled ChR2 reveals

that the reconstitution into liposomes does not signi�cantly in�uence the spin label

side chain mobility.

To analyse the cw EPR spectra in more detail, they were simulated using two compo-

nents (an immobile (im) and a semi-mobile (sm) component) and a third component

in case of ChR2-C79R1-C208R1 to account for the unbound spin label. The initial

�t parameters were chosen as in previous work [Ric15] and are summarized in Table

(5.4). For all �ts a model of isotropic reorientational motion of the nitroxide was as-

sumed. The cw EPR spectra together with their �ts are shown in Figure (5.18). The

calculated values of the �t parameters used for the best �ts are given in Table (5.8).

As expected, both, the spectra of ChR2-C79R1 and ChR2-C79R1-C208R01 solubi-

lized or reconstituted into liposomes, were �tted by similar values of the logarithm of

the rotational di�usion rates, logR. To compare the fractions of the components for

ChR2-C79R1 and ChR2-C79R1-C208R1 the �ts were repeated with �xed values of

5The calculation is based on the retinal to protein ratio and the number of rotamers.

147



5. Channelrhodopsin-2

Figure 5.18.: The cw EPR spectra (black) of ChR2-C79R1 ([A]: solubilized, [B]: re-
constituted) were �tted by two components (red), an immobile component (im) and
a semi-mobile component (sm)(inset), whereas the cw EPR spectra of ChR2-C79R1-
C208R1 ([C]: solubilized, [D]: reconstituted) were �tted by three components. The
calculated cw EPR spectra of 'ChR2-C208R1' were �tted by three components ([E]:
solubilized, [F]: reconstituted).

logR (Table (5.8), italic values), which yield similar RMSD like those with the free

parameter set.

For solubilized spin labeled ChR2 the semi-mobile component is described by a reori-

entational correlation time of τ = 4.2 ns and the immobile component by τ = 105ns.

For ChR2-C79R1-C208R1 the mobile component was �tted by τ = 0.3 ns similar

to free spin label.) For ChR2-C79R1 the fractions of the semi-mobile and immo-

bile components yield ∼ 50 % each. These fractions shift to the component with

higher mobility for an additional spin label side chain at position 208 with fractions

of ∼ 70 % for the semi-mobile component and of ∼ 30% for the immobile compo-

nent. This result indicates that C208R1 in helix F is more �exible than C79R1 close
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log(Rsm · s) log(Rim · s) RMSD · 10−5 fractionsm fractionim
sol. samples
C79R1 7.57 (7.6) 6.16 (6.2) 3.5 (3.6) 0.52 0.48
C79R1-C208R1 7.60 (7.6) 6.29 (6.2) 0.8 (0.9) 0.69 0.31
'C208R1' (7.60) (6.20) (0.9) 0.84 0.16
rec. samples
C79R1 7.62 (7.6) 5.97 (6.0) 1.3 (1.3) 0.71 0.29
C79R1-C208R1 7.59 (7.6) 6.11 (6.0) 2.3 (2.4) 0.78 0.22
'C208R1' (7.60) (6.00) (5.1) 0.73 0.27

Table 5.8.: The logarithm of the rotational di�usion rates, logR, describing the com-
ponents in the cw EPR spectra of ChR2-C79R1 and ChR2-C79R1-C208R1 were listed
with the �t error (RMSD). Fits with �xed logR values (italic) have similar RMSD
as with free values of logR and allow the comparison of component fractions.

to helix B. To quantify the mobility of C208R1 the di�erence of the cw EPR spectra

of ChR2-C79R1-C208R1 and ChR2-C79R1 was calculated and �tted with the same

�xed values of logR. The fraction of the semi-mobile component in the calculated

cw EPR spectrum of 'ChR2-C208R1' was determined to be ∼ 85 % and that of the

immobile component to be ∼ 15 %. Hence, for solubilized spin labeled ChR2 C208R1

is more mobile than C79R1.

The spectra of the reconstituted proteins were analysed in a similar way. The spectra

consist of two components, in which the reorientational correlation time of the semi-

mobile component is equal to that of the solubilized samples (τ = 4.2 ns). The

reorientational correlation time of the immobile component is slightly longer (τ =

170 ± 30ns in comparison to τ = 105 ± 10ns), which might be due to the reduced

protein dynamics in liposomes in comparison to micelles. Interestingly, the component

fractions of the reconstituted ChR2-C79R1 (sm/im: 70% / 30%) and ChR2-C79R1-

C208R1 (sm/im: 73% / 27%) do not di�er signi�cantly. This is evidence that the

reconstitution leads to an increased mobility of . A decreased mobility of C208R1

cannot be excluded.

The existence of two components even in the cw EPR spectra of ChR2-C79R1 was
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predicted by MD simulations (Chapter (5.3.3)). Because the MD simulations were

calculated at 37 ◦C, a direct comparison of τ values is not possible (Table (5.9)).

However, temperature-dependent measurements of reconstituted ChR2-C79R1 from

15 to 25 ◦C were performed (Appendix, Figure (C.18)), which point to a temperature-

independent τ value describing the semi-mobile component (τ = 4ns), whereas the

averaged reorientational correlation time extracted from both MD simulations is 〈τ〉 =

3 ns. In the chosen temperature range of the cw EPR measurements an increase of

τ characterizing the immobile component from 300 to 175 ns was calculated. Linear

extrapolation of the logR values to 37 ◦C leads to a reorientational correlation time

of 26 ns at 37 ◦C, which correlates with the averaged τ calculated by MD simulations

(〈τ〉 = 20ns).

component T [◦C] τ [ns] 〈τ〉 [ns]
sm 25 4 -
sm 37 4 3
im 25 175 -
im 37 26 20

Table 5.9.: The reorientational correlation times, τ , of reconstituted ChR2-C79R1
were measured at 25 ◦C and extrapolated to 37 ◦C. The averaged reorientational cor-
relation times, 〈τ〉, are derived from the MD simulations (Chapter (5.3.3)).

The values of τ calculated from the MD simulations by the correlation functions

describing the mobile component of C79R1 at 37 ◦C were determined to be in the

range of a few nanoseconds, which coincides with the fast component at 25 ◦C. The

reorientational correlation times describing the C208R1 side chain determined by

MD simulations agree likewise with τ values calculated from experimental cw EPR

measurements. The agreement of the reorientational correlation times determined by

MD simulations with those determined by �tting of experimental data con�rms the

comparability of both methods to characterize the spin label side chain mobility of

C79R1 and C208R1.
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5.3.6. Conformational Changes of ChR2

Continuous wave EPR spectroscopy allows the quanti�cation of spin label side chain

mobility as shown before. Light-induced mobility changes were detected by time-

resolved cw EPR measurements and are illustrated in the light-minus-dark EPR dif-

ference spectrum. Therefore, changes of the EPR signal upon light activation were

recorded at �xed magnetic �eld values and illustrated as the amplitude factors of

exponential �ts of each transient.

Because temperature e�ects through illumination can a�ect the transients, the tem-

perature increase was estimated for spin labeled ChR2 (Chapter (5.2.4)). Further,

temperature-dependent cw EPR spectra were recorded for reconstituted ChR2-C79R1

(Figure (5.19)). The knowledge about the temperature increase to be 0.3 ◦C for the

applied light activation (see Table (5.3)) allows the calculation of temperature-induced

amplitude changes to be about 6.5·10−2 for B = 343.2mT and 1.2·10−1 for B = 343.5

mT for spectra normalized to one. Because the amplitudes of measured transients are

about 15 times larger, the amplitude changes in the cw EPR spectra of spin labeled

ChR2 are mainly caused by light-induced processes so that the heating by the used

LED light can be neglected.

Furthermore, the cw EPR spectra of ChR2 were measured before and after time-

resolved EPR experiments in the dark (Appendix, Figure (C.19)). On the one hand

the control spectra show an increase of spin label side chain mobility, which originates

from denaturation of up to 15% protein. The denatured proteins cannot be activated,

hence their EPR signal does not contribute to the time-resolved light-minus-dark EPR

di�erence spectra. On the other hand a signal decrease of up to 34% was observed.

This e�ect implies that light activation can reduce the nitroxides of the spin label

side chains so that less EPR absorption is recorded. Hence, the amplitude of the

EPR signal slightly decreases after each light �ash. These two e�ects, denaturation
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Figure 5.19.: Temperature-dependent cw EPR spectra of reconstituted ChR2-C79R1
show a slightly increase of mobility in the range of 15 to 25 ◦C [A]. Amplitude changes
(dots, small �gures) at two magnetic �eld positions were �tted by linear functions.
Time-resolved cw EPR measurements [B] at two magnetic �eld positions show a light-
induced mono-exponential behaviour upon illumination with blue LED (see cyan bar),
which were compared with the temperature-induced changes (violet bar).

and signal decrease in�uence the signal to noise ratio of the EPR transients but not

the time course of the signal describing the recovery to the dark state.

The amplitude of the light-minus-dark EPR di�erence spectrum is directly related

to the illumination time. In the time range of 0.1 s up to 20 s a linear dependence

of illumination time and EPR signal amplitude was con�rmed by measurements per-

formed with di�erent spin labeled ChR2 samples (Appendix, Figure (C.20)). For the

measurements discussed in the following an illumination time of 0.5 s was applied.

The results of time-resolved EPR measurements of spin labeled ChR2 are depicted

in Figure (5.20). The error bars were calculated as described in Chapter (5.2.5).

The amplitude factors of the exponential functions describing the relaxation back to

the dark state (histogram) constitute the light-minus-dark EPR di�erence spectra

and give information about spin label side chain mobility changes. The di�erence

spectra of solubilized and reconstituted ChR2-C79R1 point to similar activation be-

haviours. The fraction of the immobile component is decreased (depicted by negative
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amplitudes) and the fraction of the semi-mobile component is increased (positive am-

plitudes). This light-induced amplitude changes of the cw EPR spectra were �tted

by a shift of the component fractions by about 0.5% from the immobile to the semi-

mobile component (Figure (5.20)). The mobility changes recorded for reconstituted

ChR2-C79R1 seem to be slightly smaller than for solubilized ChR2-C79R1. This

might imply that the mobilization process upon illumination is slightly restricted by

reconstitution.

Figure 5.20.: The cw EPR spectra (black) of ChR2-C79R1 ([A]: solubilized, [B]: re-
constituted) and ChR2-C79R1-C208R1 ([C]: solubilized, [D]: reconstituted) show the
spin label side chain mobility in the dark. The light-minus-dark EPR di�erence
spectra (histograms) depict the time-resolved mobility changes upon light activation.
They were �tted by a mobility increase of 0.5% (cyan area). Insets: The averaged
transients (black) were �tted by mono-exponential functions (red).
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The light-minus-dark EPR di�erence spectra of ChR2-C79R1-C208R1 yield a similar

activation behaviour. The mobilization of the spin label side chain occurring through

the light activation can be understood by the mobilization of C79R1 or of both, C79R1

and C208R1. Because the mobilization of C79R1 seems to be slightly restricted, when

the protein is reconstituted into the membrane, the higher amplitude of the light-

minus-dark EPR di�erence spectrum of reconstituted ChR2-C79R1-C208R1 could

be evidence that a light-induced mobilization of C208R1 contributes to the di�erence

spectra of ChR2-C79R1-C208R1.

To correlate the mobility changes of at least C79R1 with transitions in the photocycle

of ChR2 the relaxation upon light activation was analysed for each sample. For

this purpose the transients recorded at the di�erent magnetic �elds were inverted, if

necessary, to yield a negative amplitude factor, and averaged. The averaged transient

reveals the relaxation of the protein after light activation to its initial state (Figure

(5.20), insets). The transients of solubilized and reconstituted ChR2-C79R1 were

�tted by a mono-exponential function with a time constant of about 20 s (exact

values are given in Table (5.10)). Interestingly, the transients recorded for ChR2-

C79R1-C208R1 were also �tted well by only one time constant of 20 s.

This results in one of the following conclusions: Either only C79R1 changes its mo-

bilities due to activation or C208R1 also contribute to the light-minus-dark EPR

di�erence spectra with similar kinetics as C79R1. Indeed, it cannot be excluded that

the light-minus-dark EPR di�erence spectra only originate from mobility changes of

C79R1 and possible changes of C208R1 occur in a shorter time range (< 0.5 s).

In general, mobility changes of R1 point to variations of the environment of R1 and/or

an alteration of the backbone dynamics. Both e�ects originate from conformational

changes of the protein. An increase of the mobility of R1 indicates more spatial

freedom for R1 to move. In summary, the mobility of R1 of spin labeled ChR2 is

154



5.3. Results

samples tr [s]
C79R1 (sol.) 23.5 ± 1.4
C79R1-C208R1 (sol.) 20.4 ± 1.0
C79R1 (rec.) 21.1 ± 1.3
C79R1-C208R1 (rec.) 23.0 ± 1.5

Table 5.10.: The listed time constants results from the mono-exponential �ts of the
EPR transients shown in Figure (5.20).

increased upon illumination at least at position 79 and recovers back to its initial

behaviour within 20 s.

Comparison of the time-resolved cw EPR data of spin labeled ChR2 with the optical

absorption measurements allows a correlation between the light-induced changes of

the spin label side chain mobility and the photocycle of ChR2. The time constant

of 20 s is attributed to the decay of the P480 state to the ground state (see Chapter

(5.3.1)). The time constant determined by time-resolved cw EPR measurements is

similar, which implies that the decay of the P480 state is directly connected to the

rearrangement of at least C79R1. Analyses of the time-resolved EPR and optical ab-

sorption transients using the MEM method support the direct relation of the recovery

of the spin label side chain dynamics and the decay of the P480 state (Figure(5.21)).

Hence, it is concluded that the immobilization process of C79R1 upon light activation

is related to the decay of the P480 state.
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Figure 5.21.: Lifetime distributions determined from the optical absorption measure-
ments (λ = 480nm (orange), λ = 500nm (blue), λ = 520nm (green) and λ = 547nm
(cyan)) of solubilized ChR2-C79R1-C208R1 in comparison to the time-resolved EPR
measurement (violet) were calculated by the application of the maximum entropy
method.

5.4. Discussion

The large number of di�erent photocycle models published in the last years shows

how controversial the activation process of ChR2 is discussed. The most recent model

suggests two di�erent paths for the protein to open the channel dependent on the

activation protocol (see Figure (5.22)). Short illumination with blue light leads to an

isomerization of the retinal and the protein performs the anti -cycle. A small fraction

of the protein undergoes a second isomerization of the retinal resulting in the P480

state, which can further light-activated performing the syn-cycle. In contrast, longer

illumination leads to an accumulation of the P480 state and increases its population.

Comparison of the time constants, which were measured in this work with the time

constants of the recent photocycle model allows the correlation between observed

conformational changes and the corresponding transitions in the photocycle.
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5.4.1. Identi�cation of Time Constants Belonging to Di�erent

Pathways in the Photocycle

Flash photolysis measurements were performed by an illumination time of 1µs, thus

relaxation times longer than this were resolved and correlated to the photocycle mod-

els (Figure (5.22)). The measured time constants, t3 and t4, which were related to the

rise and decay of the PN
520 intermediate as shown in [BGK+10, SRB+13, LFRK+13],

describe channel opening for sodium ions and protons. The measured time constants,

t5 and t∗, were excluded by the MEM method to occur in the same photocycle as

t3 and t4, because they appear with much smaller amplitude factors. This indicates

that either the photocycle is split as suggested in [SPSR+18], or t5 and t∗ characterize

transitions in the syn-cycle as described in [KVT+19]. The ratio between the pho-

tocycle pathways with and without occurrence of the P480 state was reported before

to be 75:25 [LFRK+13] and was found here to be 9:1. Because the ratio seems to

depend on the illumination intensity and time, the discrepancy can be due to di�erent

illumination protocols. Independent of the photocycle model it is concluded that the

long time constant, t5, of about 10− 20 s characterizes the decay of the P480 state.

5.4.2. Correlation Between Outward Movement of Helix B

and the Rise of the Light-Adapted P480 State

Although many experimental evidences are available in literature that structural

changes and especially helical movements of ChR2 are involved in channel func-

tion [RSB+08,SRB+13,KEH+13,MBBK15,VKP+17] their relation to the photocycle

intermediates and their importance are still unknown.

Previous DEER measurements with similar mutants [KEH+13, SRB+13] to those,

which were investigated in this work, show an increase of interspin distances between
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Figure 5.22.: The time constants determined by �ash photolysis measurements were
assigned to the photocycle models of ChR2 (orange): [A] The photocycle model is
branched before the last step (taken from [SPSR+18]). [B] ChR2 coexists in two
di�erent closed states: the dark state D470 and the light-adapted state P480. Both
states pass through distinguishable photocycles, which di�er in conductivity (taken
from [KVT+19]). [C] The isomerization of the retinal from the all-trans to the 13-cis
conformation is the �rst activation step of ChR2.

spin label side chains C79R1 near to helix B. The interspin distance of 3.7 nm was

related to the dark state and of 4.3 nm to a light activated state of spin labeled ChR2.

The shift of interspin distances, which occurs upon light activation, was explained by

an outward movement of helix B.

In the present work, an activation protocol was developed to correlate these interspin

distance changes to the photocycle. Therefore, intermediates of the protein were

trapped at di�erent temperatures resolving the increase and decrease of interspin

distances, which were related to the outward movement of helix B. It was shown that,

upon light activation at 180K, the initial dark conformation of helix B is trapped up to

205K. After 30min of relaxation at 255K an ensemble of the proteins was trapped,

from which ∼ 20 % underwent a conformational change with tilted helix B with

increased interspin distances. Higher temperatures led to a rearrangement of helix

B back to the initial state. Interestingly, at 230K an increase of interspin distances

158



5.4. Discussion

for about 10% of the protein was recorded. Thus, about half of the activatable

proteins performed an outward movement of helix B within 30min. No evidence for

an additional interspin distance at ∼ 4.0 nm was detected, which would suggest a

dimer with only one tilted helix B. This leads to the conclusion that both protomers

of each dimer can only be activated simultaneously6.

To identify the freeze-trapped intermediates, which are present at 255K, results from

DEER measurements (tilted B helix) were related to temperature-dependent �ash

photolysis measurements presented in [VBB+10] and freeze-trapped intermediates

investigated in [BBBS+15]. From the temperature-dependent time constants the

activation enthalpy, ∆H‡, and the activation entropy, ∆S‡, were determined and

shown in the Eyring plot [VBB+10]. Here, the Eyring plot was extended to lower

temperatures by interpolation of the rates (Figure (5.23)). This interpolation has to

be used with care, because the assumption of a linear dependence of rates describing

the transitions in the photocycle on temperature is not valid in the range of the glass

transition temperature (about 180K). However, this approach allows a qualitative

prediction of intermediates for temperatures above the glass transition temperature.

The graph con�rms that thermally trapping of PN
520 intermediate at 230K is not

possible as shown in [BBBS+15], because the rise and decay happen with similar

time constants. The freeze-trapped P480 state was identi�ed to accumulate at 245K

[BBBS+15].

The analysis of the Eyring plot provides evidence that at 230K and at the chosen

relaxation time range between 10 to 30 min the photocycle has run through the rises

and decays of the PK
500 and PM

390 intermediates7. Because all intermediates with the

exception of the P480 state have decayed in the time and temperature range of DEER

measurements, the interspin distance changes can only be correlated to the rise and

6Though, this argumentation is only true, if the 4.3 nm interspin distance between C79R1 shows
the outward movement of both helices B, which is postulated, here.

7This interpretation is independent of the di�erentiation between two M intermediates.
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Figure 5.23.: The Eyring plot shows the temperature dependence of the rate con-
stants, which describe the transitions of the ChR2 photocycle. The Eyring equation
was applied to �ve time constants (black lines): t1 (rise of PM1

390), t2 (rise of PM2
390),

t3 (rise of PN
520), t4 and t4′ (decays of PN

520) (taken from [VBB+10]). The bottom
line approximates the maximum error of the linear �ts. The gradient coloured areas
symbolize the presence of the respective states. The yellow area depicts the tem-
perature range where the rate constants were determined. The intermediate of spin
labeled ChR2 determined by DEER measurements of freeze-trapped intermediates
at 230K and 255K is depicted in orange. The colour gradients describe the increase
and decrease of interspin distances between C79R1 close to helix B.

decay of the P480 state.

Previous measurements showed the accumulation of the P480 state to arise at 217K

with maximum accumulation at 245K [BBBS+15]. The increased interspin distances

presented in this work, which were understood by a tilt of helix B, starts to accumulate

at 230K with maximum accumulation at 255K (Chapter (5.3.4)) and can directly

be correlated to these literature values. This allows the conclusion that the outward

movement of helix B is connected to the rise of the P480 state. The absence of the
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P480 state at higher temperatures as observed in [BBBS+15] and the decrease of the

interspin distances as observed here is evidence that the relaxation back to the initial

state of helix B occurs during the decay of the P480 state8.

5.4.3. Recovery of the Initial State Orientation of Helix B

During the Decay of the P480 State

Further information about the helical movements of ChR2 and its correlation to the

photocycle were extracted from time-resolved cw EPR measurements. The light-

minus-dark EPR di�erence spectra depict a transient mobilization of C79R1 during

illumination. In general, a mobility increase of the spin label side chain is interpreted

by increased space to move. Hence, these measurements indicate that light activation

of the protein is connected to conformational changes of the protein backbone, which

increases the space for the spin label side chain reorientation. This is concluded to

originate from an outward movement of helix B as found in [KEH+13,SRB+13] and

con�rmed in the present work.

The recovery of C79R1 to the initial dynamics after illumination was �tted by a

mono-exponential function. The time constant describing the recovery to the initial

cw EPR spectrum was found to be ∼ 20 s at 25 ◦C. Comparison with previous UV/Vis

and IR measurements [LFRK+13,KER+15], detecting a similar time constant of tens

of seconds during the decay of the P480 state con�rms the DEER measurements

discussed in Chapter (5.4.2) and the conclusion that the rearrangement of helix B is

directly connected to the decay of the P480 state .

8The conclusion that the outward movement of helix B occurs during the rise of the P480 state
in the syn-cycle does not contradict the assumption that it moves during the rise of the PN

520

intermediate as published in [KEH+13] for the spin labeled ChR2-C128T.
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5.4.4. Classi�cation of Helix B Movement with Respect to the

Most Recent Photocycle Model

The importance of the helix B movement is still under discussion. DEER measure-

ments together with the results of time-resolved cw EPR measurements presented

here show that the changes of interspin distances and of spin label side chain dynam-

ics are directly connected to the rise and decay of the P480 state.

The photocycle model discussed in [SPSR+18] includes the P480 state as a possible

fourth and last step in the photocycle before the protein relaxes to its initial state.

It is populated by up to 25% of the proteins [LFRK+13,SPSR+18]. Identifying helix

B movement to appear during the rise and decay of the P480 state presupposes that

structural changes of helix B occur, when the cation channel is already closed and are

only performed by 10 - 25% of the protein upon short illumination time. In contrast,

a functional model with two closed and two open states was already introduced in

2009 [NGG+09]. The photocycle composed of four intermediates and the functional

model were not fully combined until this year [KVT+19].

The new photocycle model (Figure (5.22, B)) discriminates between two photocycles,

the anti -cycle, which describes the conductivity process for cations and protons during

the PN
520 intermediate, and the syn-cycle, which characterizes only the opening and

closing process for protons by the rise and decay of the P∗520 intermediate. Here, the

P480 state does not occur during channel activity for cations, but arises directly from

the D470 state as an additional closed state and is accumulated during continuous

illumination. The authors identi�ed the deprotonation of E90 to occur only in the

syn-cycle, which was con�rmed to occur in the submicrosecond time range [KER+15]

and, consequently, has to be related to the rise of the P480 state. In the present work,

this rise is suggested to be accompanied by the outward movement of helix B.

It was shown that the relaxation of the P480 state to the ground state is correlated to
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the rearrangement of the helical backbone of ChR2 [RBN+09]. In frame of this work

it was shown that this rearrangement includes the movement of helix B back to the

initial state.

It has to be concluded that the outward movement of helix B occurs during the tran-

sition from the anti - to the syn-cycle. The present results provide evidence that the

helix B movement maybe among others might work as a switch between the anti -

and the syn-cycle as suggested in [RD17]. In this case, it would be responsible for

desensitising the channel for cation conduction. As accumulation of the P480 state is

reached by continuous illumination, the conductivity of the channel is adapted depen-

dent on illumination time. Thereby, the �ux of cations is controlled directly by the

protein, when illumination time becomes longer, staying not open but counteracting

by a desensitised state so that only protons can pass the channel. It is not excluded

that other conformational changes also occur during the rise of the P480 state. Fur-

ther, it is not excluded that helix B movements also occurs during the anti -cycle and

might play an additional role in protein function.

5.4.5. Evidence for Helix F Movement During the Photocycle

A prove for conformational changes of helix F in ChR2, which was found for spin

labeled ChR2-C128T [KEH+13, MBBK15], is still missing. Nevertheless, it is as-

sumed that a movement of helix F occurs also for the ChR2 mutants, because of its

crucial role in other rhodopsins like bacteriorhodopsin [RGS01], sensory rhodopsin

II [WCES00] or halorhodopsin [NKM+13].

The analysis of DEER measurements indicated that spin labeling of position 208

was less successful than of position 79 by a ratio of maximum 20% of C208R1 to

80% of C79R1. The observed interspin distance changes are similar to the results

published in [SRB+13] and can be fully explained by interspin distance changes of
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(A)C79R1-(B)C79R1. Hence, the DEER measurements provide no evidence for helix

F movement.

Aside from that, the time-resolved EPR measurements, which were applied for sam-

ples exhibiting a higher spin labeling e�ciency of position 208, indicate a slightly

higher amplitude, increased for reconstituted ChR2-C79R1-C208R1 in comparison to

reconstituted ChR2-C79R1, which was excluded to originate from C79R1. However,

this result has to be proven with further measurements. Hence, it has to be concluded

that the presented results cannot con�rm or contradict the presence of any helix F

movement during the photocycle.

5.5. Conclusion

In the present work, EPR-sensitive mutants of ChR2 were investigated concerning

the question, when helical movements of the protein occur during the photocycle

and how they are related to the opening and closing processes of the channel. The

maximum entropy method was applied to analyse transient absorption changes led

to the identi�cation of two time constants describing transitions of only a fraction of

molecules and provided evidence for a split or second photocycle, which is not related

to the opening and closing of the cation channel.

Further, theoretically calculated interspin distance distributions and cw EPR spectra

for ChR2 spin labeled at position 79 near to helix B and at position 208 in helix F

were obtained from MD simulations. The data were correlated to experimental DEER

data and the spin label ratio of the di�erent positions were estimated. A temperature-

dependent illumination protocol allowed the determination of interspin distances of

di�erent freeze-trapped intermediates of for the ChR2-C79R1 dimer. Comparison

with literature values enabled their identi�cation. Thus, upon light activation the in-

crease of interspin distances between spin label side chains ChR2-C79R1 were shown
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to occur with the rise of the P480 state. Hence, a direct correlation between the out-

ward movement of helix B, which causes the increased interspin distances [SRB+13],

and the appearance of the P480 state is concluded.

The recovery of helix B to its initial position was detected by time-resolved cw EPR

measurements, which reveal a time constant of 20 s in agreement with the decay time

of the P480 state. Considering the most recent photocycle model [KVT+19] the helix

B movement occurs during the transition between the anti - and the syn-cycle initial

states D470 and P480. This result does not exclude any additional helix B movement

during the anti - or the syn-cycle, because the applied methods are not sensitive for

processes occurring in the ms time range.

For further investigations of the possible role of movements of helix F DEER mea-

surements with the new activation protocol to trap photocycle intermediates could

be performed with samples containing a higher fraction of spin label side chains at

position 208.
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6. Summary

In the present work three di�erent proteins were investigated, namely IGPS, the

SRII/HtrII complex and ChR2. EPR spectroscopy combined with SDSL were applied

to investigate the relation of the respective protein dynamics and their functions. In

case of IGPS spin label side chain dynamics were recorded and allow a classi�cation

of loop dynamics during catalysis. For SRII/HtrII an equilibrium of spin label side

chain dynamics was found to re�ect the equilibrium of the activated and deactivated

states, which are responsible for signal transfer through the complex. Time-resolved

analyses of side chain dynamics and trapping of intermediates of the light-triggered

channel ChR2 identi�ed conformational changes to occur during channel function.

The enzyme IGPS catalyses one reaction of the biosynthesis pathway of trypto-

phan. Thereby, the thermophilic ssIGPS has shown a correlation between (β1α1)-

loop dynamics and catalysis activity [SKS+18]. Here, the (β1α1)-loop dynamics of

its mesophilic counterpart mtIGPS was analysed to understand its role in cataly-

sis. Temperature-dependent cw EPR measurements of mtIGPS spin labeled at the

(β1α1)-loop indicate a similar correlation between (β1α1)-loop dynamics and catal-

ysis activity. Further the spin label side chain mobilities of both proteins at their

respective physiological temperatures exhibit similar dynamics, which points to simi-

lar loop dynamics, i. e. the loop dynamics of the mesophilic protein at 25 ◦C resembles

that of the thermophilic protein at 60 ◦C.

For ssIGPS a temperature-dependent switch of the rate-limiting step of the reaction
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was previously found in the catalysis rate constant and dynamics of the spin label

positioned in the (β1α1)-loop [SKS+18]. Here, �ve di�erent ssIGPS point mutations

were investigated, which were known to accelerate the rate constant of the reaction.

Application of temperature-dependent cw EPR measurements do not reveal any sig-

ni�cant di�erences in spin label side chains dynamics due to the di�erent mutations.

This is evidence that the (β1α1)-loop is not involved in product release, which is

accelerated by point mutations [MYS+00].

The photoreceptor/transducer complex NpSRII/NpHtrII is responsible for the photo-

taxis of Natronomonas pharaonis. It is known that the signalling cascade upon light

activation comprises conformational changes of the receptor, the transmembrane part

of the transducer and the �rst HAMP domain. A model of a thermodynamic equi-

librium between a more compact and more dynamic state of speci�c regions of the

transducer suggests a shift of a more restricted tip domain to a dynamic state upon

light activation [OKM+15].

In the present work this model is challenged utilizing a conformation transition of

the NpSRII/NpHtrII complex induced by the D75NSRII mutation, which has been

suggested to generate a pre-activated state of the photoreceptor and the HAMP1

domain of the transducer. The cw EPR spectra of NpSRII/NpHtrII complexes, with

and without the D75NSRII mutation, spin labeled at ten di�erent positions of the tip

domain, show a systematic shift from a dynamic to a more compact state due to

the D75N mutation. According to recent MD simulations [OKM+15] this shift has

to be attributed to the rise of the deactivated state. Thus, it has to be concluded

that the D75N mutation does not lead to a pre-activated state of the tip region but

to a deactivated state. These results provide �rst experimental prove that subtle

conformational changes in the transmembrane part of the NpSRII receptor pass over

the whole length of the NpHtrII transducer and a�ect the dynamics of the tip domain
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as suggested by MD simulations [OKM+15] and as revealed for chemoreceptors by,

e. g., EPR spectroscopy [SBD+15].

ChR2 is a cation-selective light-gated channel. Photo isomerization of the bound

retinal leads to conformational changes of the protein, which open the channel. The

photocycle, which describes the transitions between di�erent intermediates of the pro-

tein upon light activation, is highly debated. This work includes DEER measurements

combined with a new activation protocol to generate and investigate freeze-trapped

intermediates of the photocycle. MD simulations of the protein spin labeled at po-

sitions 79 and/or 208 aided an accurate interpretation of the experimental distance

distributions and the identi�cation of well-de�ned dark and light-activated states of

ChR2. The light-activated state was directly correlated to the light-adapted P480 state

of ChR2 exhibiting a tilted helix B. The helix B movement was resolved by trapping

di�erent intermediates of spin labeled ChR2-C79R1 at speci�c temperatures and by

time-resolved cw EPR measurements. The latter recorded the recovery of the initial

helix B orientation during the decay of the P480 state. The present results support

a recently published photocycle model [KVT+19] and suggest the observed B helix

movement to be involved in the adaptation of the protein to intense light conditions.

In summary, in this work di�erent EPR techniques were applied to reveal new insights

into the correlation of dynamics and function of IGPS, the SRII/HtrII complex and

ChR2. Thereby, the EPR spectroscopy proves to be a powerful tool to investigate

proteins in context of structural changes during their protein function.
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A. IGPS

Figure A.1.: DEER data, V (t), [A] and error estimation of distance distributions by
validation [B] of mtIGPS-A16R1-A67R1 are shown for the apo state (black) and for
the presence of CdRP (red), IGP (blue) or rCdRP (green). For error estimation the
background start and the background density was varied and white noise was added.

Figure A.2.: The temperature-dependent cw EPR spectra of mtIGPS-A67R1 in
HEPES bu�er in the apo state (black) and in presence of CdRP (red), IGP (blue) or
rCdRP (green) were �tted by two components described by two rotational di�usion
rates (bottom). The size of the dots indicates the errors. The ratios k of the compo-
nents were calculated by division of the fractions of the mobile components by those
of the immobile components (top).

172



A. IGPS

Figure A.3.: The cw EPR spectra of mtIGPS-A67R1 (black) measured at di�erent
temperatures in the apo state [A] and in presence of CdRP [B], IGP [C] or rCdRP [D]
were �tted by a two-component �t and a model of isotropic reorientational motion of
the nitroxide (red).
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Figure A.4.: The cw EPR spectra of mtIGPS-A67MP (black) measured at di�erent
temperatures in the apo state [A] and in presence of CdRP [B], IGP [C] or rCdRP [D]
were �tted by a two-component �t and a model of isotropic reorientational motion of
the nitroxide (red).
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A. IGPS

Figure A.5.: The cw EPR spectra of mtIGPS-A67R1 in HEPES bu�er (black) mea-
sured at di�erent temperatures in the apo state [A] and in presence of CdRP [B],
IGP [C] or rCdRP [D] were �tted by a two-component �t and a model of isotropic
reorientational motion of the nitroxide (red).
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Figure A.6.: A second temperature-dependent series of the cw EPR spectra of
mtIGPS-A67R1 [A] and mtIGPS-A67MP [B] in the apo state was measured and
�tted by a two-component �t and a model of isotropic reorientational motion of the
nitroxide (red) to estimate the error of the measurements.
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A. IGPS

Figure A.7.: The cw EPR spectra before (black) and after heating process (green) at
25 ◦C of mtIGPS-A67R1 [A] and mtIGPS-A67MP [B] in HEPPS bu�er were applied
to identify irreversible temperature-dependent processes.
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Figure A.8.: The cw EPR spectra of ssIGPS-D61R1 (black) measured at di�erent
temperatures in the apo state [A] and in presence of CdRP [B], IGP [C] or rCdRP
[D] were �tted by a model of axial symmetric reorientational motion of the nitroxide
(red).
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A. IGPS

Figure A.9.: The cw EPR spectra of ssIGPS-D61MP (black) measured at di�erent
temperatures in the apo state [A] and in presence of CdRP [B], IGP [C] or rCdRP
[D] were �tted by a model of axial symmetric reorientational motion of the nitroxide
(red).

179



Appendix

Figure A.10.: The cw EPR spectra of ssIGPS-P2S-D61R1 (black) measured at dif-
ferent temperatures in the apo state [A] and in presence of CdRP [B], IGP [C] or
rCdRP [D] were �tted by a model of axial symmetric reorientational motion of the
nitroxide (red).
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A. IGPS

Figure A.11.: The cw EPR spectra of ssIGPS-G212E-D61R1 (black) measured at
di�erent temperatures in the apo state [A] and in presence of CdRP [B], IGP [C] or
rCdRP [D] were �tted by a model of axial symmetric reorientational motion of the
nitroxide (red).
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Figure A.12.: The cw EPR spectra of ssIGPS-L236Q-D61R1 (black) measured at
di�erent temperatures in the apo state [A] and in presence of CdRP [B], IGP [C] or
rCdRP [D] were �tted by a model of axial symmetric reorientational motion of the
nitroxide (red).
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A. IGPS

Figure A.13.: The cw EPR spectra of ssIGPS-M237T-D61R1 (black) measured at
di�erent temperatures in the apo state [A] and in presence of CdRP [B], IGP [C] or
rCdRP [D] were �tted by a model of axial symmetric reorientational motion of the
nitroxide (red).
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Figure A.14.: The cw EPR spectra of ssIGPS-F246S-D61R1 (black) measured at
di�erent temperatures in the apo state [A] and in presence of CdRP [B], IGP [C] or
rCdRP [D] were �tted by a model of axial symmetric reorientational motion of the
nitroxide (red).
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A. IGPS

Figure A.15.: The logarithm of the parallel (circles) and perpendicular (squares) ro-
tational di�usion rates were calculated by a model of axial symmetric reorientational
motion of the nitroxide for ssIGPS-D61R1 [A] and samples with additional point
mutations: P2S [B], G212E [C], L236Q [D], M237T [E], F246S [F]. The temperature
dependence is shown for the apo state (black) and for the presence of CdRP (red),
IGP (blue) or rCdRP (green). The size of the dots indicates the errors.
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B. Sensory Rhodopsin II

Figure B.16.: The cw EPR spectra of NpSRII/NpHtrII mutants spin labeled at posi-
tions 345−355 and reconstituted into PML liposomes were �tted by a two-component
�t with a model of isotropic reorientational motion of the nitroxide. The �ts of wt
NpSRII/NpHtrII (black) are shown in red, the �ts of NpSRII-D75N/NpHtrII (blue)
are shown in orange.
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C. Channelrhodopsin-2

Figure C.17.: Spin labeling of position 128 is possible, when no retinal is bound to the
protein. Hence, the distance distributions of ChR2-C79R1 and ChR2-C79R1-C208R1
can be contributed by further interspin distances including C128R1 ((A)C128-(B)128)
(orange), (A)C79-(A)C128(green), (A)C79-(B)128(blue), (A)C128-(A)C208 (pink),
(A)C128-(B)C208 (purple). This contribution is limited by the number of opsins in
the sample and do not in�uence he measurements of conformational changes upon
light activation.

Figure C.18.: The cw EPR spectra of reconstituted ChR2-C79R1 (black) measured
at di�erent temperatures were �tted by a two-component �t and a model of isotropic
reorientational motion of the nitroxide (red).
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Figure C.19.: The cw EPR spectra of ChR2-C79R1 before (black) and after (green)
time-resolved EPR measurements ([A]: solubilized, [B]: reconstituted) and ChR2-
C79R1-C208R1 ([C]: solubilized, [D]: reconstituted) point to denaturation of the pro-
tein and signal losses. Both processes do not in�uence the time course of the signal.

Figure C.20.: Amplitudes of EPR transients were measured at di�erent magnetic �eld
positions and for di�erent samples (black, green: ChR2-C79R1-C208R1, rec.; blue:
ChR2-C79R1, rec.). The three series show an approximately linear dependence on
the illumination time.
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