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Abstract 

 

Structural biology often employs a combination of experimental and computational approaches 

to unravel the structure-function paradigm of biological macromolecules. This thesis aims to 

approach this combination by the application of Pulsed Electron-Electron Double Resonance 

(PELDOR/DEER) spectroscopy and structural modelling. In this respect, PELDOR 

spectroscopy in combination with site-directed spin labelling (SDSL) of proteins is frequently 

used to gain distance restraints in the range from 1.8 to 8 nm. The inter-spin distance and the 

flexibility of the spin labelled protein domains are encoded in the oscillation and the dampening 

of the PELDOR signal. The intrinsic flexibility of the commonly used MTSSL (1-Oxyl-2,2,5,5-

tetramethylpyrroline-3-methyl) spin label itself can be an obstacle for structural modelling if 

the flexibility of the label is large compared to the flexibility of the protein domains. In this 

thesis the investigation of two multi-domain proteins by the 4-pulse PELDOR sequence is 

presented. At first, the N-terminal polypeptide transport-associated (POTRA) domains of 

anaOmp85, a rigid three domain protein, giving well-defined PELDOR distance restraints, is 

investigated. The experimental restraints are used for structure refinement of the X-ray structure 

and reveal a strong impact of the intrinsic flexibility of MTSSL on the accuracy of structural 

refinement. The second example, K48-linked diubiquitin, is a highly flexible multi-domain 

protein on which the flexibility of MTSSL is of minor impact on structural modelling. In this 

case, the distance restraints are utilized to determine conformational ensembles. Due to the high 

intrinsic flexibility already characterizing diubiquitin the recently developed 7-pulse Carr-

Purcell (CP) PELDOR sequence was applied to investigate longer ubiquitin chains. This 

sequence enables to measure dipolar oscillations with an extended time window, allowing a 

good separation between inter- and intramolecular contributions even for long distance and 

broad conformational distributions, thereby providing an increased accuracy of the obtained 

distance distributions. 
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Corrections 
 

Page 14, Equation 2.18, bracket before sinθ 

Page 15 line 12-13 The rule of thumb for the maximal distances until 

which the mean distance between two spins A and B 

(Eq. 2.21) or the distribution width (Eq. 2.22) can be 

correctly determined  for a given time window are 

[29]: 

Page 15 Equation 2.21, rA,B must be rmax, <r> 

 Equation 2.22, σA,B must be rmax, σ 

Page16 Figure 2.6 t should be T 

Page 46 Figure 3.15, caption 

line 7 

(A,C,F) should be (B, D, F) 

(B,D,G) should be (C, E, G) 

Page 107 Figure 6.18 C and F  σmax should be rmax, σ 

rmax should be rmax, <r> 
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Chapter 1 

 

Introduction 

 

More than 70% of the eukaryotic proteins [1], and especially membrane proteins, consist of 

multiple domains whose relative orientation and potential flexibility/rigidity are strongly 

associated with their function [2]. Thus, gathering structural and dynamical information is of 

utmost importance in unravelling the structure-function paradigm and in establishing an 

understanding of biochemical processes within all organic life forms. Several methods are 

available to address these questions, such as X-ray crystallography, SAXS1, Cryo-EM2, FRET3 

NMR4- and EPR5-spectroscopy.  

X-ray crystallography allows high resolution (0.12 nm) atomistic structure determination. 

Unfortunately, it is not possible to obtain information about structure and dynamics of 

molecules in their natural environment using X-ray structure analysis [3-5]. In addition, the 

inherent conformational flexibility of proteins, and especially of multi-domain proteins, 

hampers or even prevents crystallisation. This drawback is overcome by SAXS [6]. Here, a 

homogeneous dilute buffer solution of macromolecules, e.g. proteins, up to a size of several 

mega-Dalton can be investigated in real time enabling the determination of the entire 

conformational ensemble. However, this comes at the cost of low resolution (1-2 nm; [7]).  

Cryo-EM has recently emerged as a frequently applied tool for structure determination of 

complex molecular structures. This is due to advances in detector hardware and image-

processing software, which led to a tremendous increase of the resolution limit (~ 0.3 nm; [8]). 

Now it is possible to investigate molecular complexes of a molecular weight as low as ~135 kDa 

[9], and under perfect imaging conditions, a theoretical limit of 38 kDa is indicated [10]. Similar 

to SAXS the molecule of interest can be studied in a buffer solution, however with the 

restriction of fast freezing this solution to cryogenic temperatures. This results in a static picture 

of several conformations of e.g. multi-domain proteins.  

                                                 
1 Small Angle X-ray Scattering 
2 Cryo-Electron Microscopy 
3 Förster Resonance Energy ransfer 
4 Nuclear Magnetic Resonance 
5 Electron Paramagnetic Resonance; also ESR = Electron Spin Resonance 
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In contrast to the aforementioned techniques, NMR spectroscopy simultaneously yields 

atomistic structural and dynamical information [11, 12]. However, high resolution liquid state 

NMR is restricted to systems below ~ 50 kDa [13]. The drawback of the molecular size limit 

can be somewhat overcome by the application of SSNMR6 in combination with MAS7 [14]. 

The intrinsically low sensitivity of both liquid and SSNMR, due to the small energy splitting of 

the nuclear spin states and thus a small Boltzmann polarization, can be addressed by DNP8 [15]. 

DNP allows transferring the high polarization of an electron spin to a nuclear spin, e.g. 1H or 
13C, thereby increasing the intensity of the NMR signal. Nevertheless, the usual technique to 

obtain inter-proton distance restraints is the NOESY experiment, yielding NOE9 restraints of 

less than 0.5–0.7 nm [16]. In order to obtain long-range orientational or distance restraint via 

NMR experiments, RDCs10 or PREs11 (~3.5 nm) are detected, respectively. In the case of 

RDCs, the investigated protein needs to be embedded in an anisotropic medium, which provides 

partial alignment with respect to the external magnetic field and should exhibit a certain rigidity, 

in order to maintain anisotropy within the sample. Under these conditions, the angular 

orientation of e.g. the β-strands and the α-helix in ubiquitin with respect to the external magnetic 

field can be determined, which can be calculated back to the relative orientations of these 

secondary structure elements [17, 18]. The observation of PREs is only possible for proteins 

either containing a paramagnetic metal centre or artificially spin labelled, e.g. with the nitroxide 

label MTSSL12. This technique is predominantly used to investigate low populated 

conformations (≥ 1%) of conformational equilibria with a flat energy landscape [19]. Yet, two 

criteria have to be matched: (i) the distance between the electron spin and the relaxation 

enhanced nuclei in the low populated conformation needs to be significantly shorter than in the 

major conformation; (ii) the conformational exchange should be fast (߬௘௫௖௛௔௡௚௘ ൏ 250	μݏ; 

[20]). 

Complementary biophysical techniques to determine distance restraints are FRET [21] and EPR 

spectroscopy [22, 23], which do not depend on the size of the biomolecule under investigation. 

Yet, they are restricted to local information on either fluorophore or paramagnetic spin labels, 

respectively. The application of CW13 EPR allows the determination of distance up to 1.5 nm 

                                                 
6 Solid-State NMR 
7 Magic Angle Spinning  
8 Dynamic Nuclear Polerization 
9 Nuclear Overhauser Effect 
10 Residual Dipolar Couplings 
11 Paramagnetic Relaxation Enhancement 
12 1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl 
13 Continuous Wave 
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[24, 25], while both FRET and pulsed EPR spectroscopy, e.g. PELDOR14 [26, 27], are able to 

determine long-range distances restraints in the range of 1.5-8 nm [28, 29], thus exceeding the 

distances restraints observable via NMR. In a FRET experiment, an acceptor and a donor 

fluorophore have to be attached to the biomolecule of interest via a flexible linker. The 

efficiency of the resonance energy transfer between the fluorophores is thereby dependent on 

the inter-fluorophore distances and orientation [21]. Nevertheless, due to the high sensitivity, 

these measurements can be accomplished on a single molecule.  

Compared to FRET, EPR spectroscopy has several advantages. First, there is no need for two 

different labels, leading to a facilitated SDSL15 labelling scheme for the commonly used spin 

label MTSSL ([25, 30], Figure 1.1). 

 

N

O

S
S

O

O

+

N

O

S
S
Protein

SHProtein S
H

O

O
+

 
Figure 1.1: SDSL scheme of an EPR active label. The reaction of the MTSSL spin label with cysteine to generate 
the disulphide-linked nitroxide side chain to a protein. This labelling scheme is also utilized in PRE experiment. 
 

Second, the labels are small compared to fluorescent tags and have a shorter linker, which 

increases the accuracy of the observed distance distributions. Furthermore, it has been shown 

that MTSSL introduces less or even no structural perturbations [31].  

The collection of several PELDOR distance restraints in conjunction with structural modelling, 

utilizing programs like Modeller [32, 33], Rosetta [34, 35] or CYANA16 [36, 37], can yield 

relative domain-domain orientations, information about the type of motion underlying a 

conformational change as well as protein-protein interactions. However, the application of the 

restraints in structural modelling requires a suitable approximation of the intrinsic flexibility of 

the spin label. Other than for the fluorescent labels there have been many attempts to estimate 

the flexibility of either the free spin label [38] or of the spin label attached to a small peptide 

fragment or protein [31, 39-44] in silico. The most popular approach is the rotamer library-

prediction.  

Beside these experiment-based approaches, structural and especially dynamical investigations 

are nowadays often carried out by MD17 simulations [2]. A comparison of these simulations 

                                                 
14 Pulsed ELectron-electron DOuble Resonance; also called Double Electron-Electron Resonance (DEER) 
15 Site-Directed Spin Labelling 
16 Combined Assignment and dYnamics Algorithm for NMR Applications 
17 Molecular Dynamics 
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with the long-range restraints can further aid to identify the type of inter-domain motion, e.g. 

swing/hinge or twist.  

 

1.1 Motivation and Aim 

 

PELDOR spectroscopy in combination with SDSL of proteins is frequently used to obtain long-

range distance restraints, which are hardly available by any other technique. The application of 

these distance restraints in structural modelling is particularly interesting in the case of multi-

domain proteins to gain valuable information on the domain-domain orientation, 

conformational flexibility, and potential conformational changes. Yet, it has to be kept in mind 

that the distance restraints are measured between the unpaired electrons of two covalently 

attached flexible MTSSLs. This means that the experimental PELDOR signal comprises 

information on the domain-domain orientation only indirectly by means of inter-spin distances, 

the flexibility of the protein and the flexibility of the spin label linker. Thus, a combination of 

the flexibility of the spin label linker, a large intrinsic protein flexibility, and long inter-spin 

distances rises some challenges in terms of structure calculations and analysis of the 

experimental time traces, which might eventually affect the conclusions involving the structure-

function paradigm.  

These challenges shall be addressed in this thesis by the use of two different types of soluble 

multi-domain proteins. First, the influence of the accuracy of the in silico-predicted flexibility 

of MTSSL on structure refinement of the conformational space of a multi-domain protein will 

be elucidated by the three N-terminal POTRA18 domains from cyanobacterial Omp85 of 

Anabaena sp. PCC 712019 (anaOmp85). Second, the capability of PELDOR spectroscopy to 

determine conformational ensembles of multi-domain proteins, and especially changes of these 

ensembles upon protein-protein interactions, shall be tested by the use of free and UBD20 bound 

K48-linked diubiquitin to unravel distinct binding mechanisms. Furthermore, the experimental 

challenges arising from highly flexible proteins and large inter-spin distances shall be illustrated 

by K48-linked ubiquitin chains (> 2 ubiquitin moieties). Beside the challenges, it was possible 

to evaluate whether the compact fold of tetraubiquitin is the predominant conformation of this 

chain. 

 

                                                 
18 POly-peptide TRansport Associated 
19 Anabaena species Pasteur Culture Collection 7120 
20 Ubiquitin Binding Domain 
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Chapter 2 

 

Theoretical Background  

 

The theoretical background of EPR and especially PELDOR spectroscopy will be elucidated 

with in this chapter guided by standard textbooks and research/review articles [29, 45-48]. The 

nitroxide radical will be taken as an example to underline the descriptions, as it is the utilized 

radical in this thesis. In the case of EPR the spin system S-I is an intramolecular system, in 

which both spins I and S belong to the same molecule, for example, a 14N nuclei (I = 1) and an 

electron spin (S = 1/2) within a nitroxide radical. In terms of dipolar EPR-spectroscopy, more 

precisely PELDOR spectroscopy, the dipolar interactions between neighbouring electron spins 

need to be considered. For this reason, the descriptive Hamiltonians and the relevant terms will 

be introduced and briefly discussed. 

 

2.1 Electron Paramagnetic Resonance  

 

The Total-Spin-Hamiltonian, Eq. 2.1, introduced by Abragam and Pryce [49, 50] describes the 

interactions of two electron spins S (S =1/2) with each other and the interaction of each of those 

electron spins S with a nuclear spins I (I = 1) in an external magnetic field. 

 

෡ࡴ	  ൌ ሬሬԦࡿ࡭ࢍሬሬԦሺ࡮࡮ࣆ
෡
࡭ ൅ ሬሬԦࡿ࡮ࢍ

෡
ሻᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥ࡮

Electron-Zeeman-
Interaction

െ ԦࡵሬሬԦሺ࡮ࡵࣆࡵࢍ
෠
࡭ ൅ ሻᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ࡮Ԧ෠ࡵ

Nuclear-Zeeman-
Interaction

൅ Ԧࡵ࡭࡭ሬሬԦ෡ࡿ
෠
࡭ ൅ Ԧࡵ࡭࡮ሬሬԦ෡ࡿ

෠
ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ࡮

Hyperfine-
Interaction

 

൅ࡵԦ෠ࡵࡼ࡭Ԧ
෠
࡭ ൅ Ԧࡵࡼ࡮Ԧ෠ࡵ

෠
ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ࡮

Nuclear-Quadropol-
Interaction

൅ ሬሬԦࡿ࢖࢏ࡰࡰ࡭ሬሬԦ෡ࡿ
෡
ᇣᇧᇧᇤᇧᇧᇥ࡮

Dipol-Dipol-
Interaction

െ ૛ࡿࡶሬሬԦ෡ࡿ࡭ሬሬԦ
෡
ᇣᇧᇤᇧᇥ࡮

Exchange-
Interaction

 
Eq. 2.1 

 

In the course of this chapter, the six terms in Eq. 2.1 will be discussed in closer detail. At 

specific points, the descriptions will be explained using the example of a nitroxide radical.  

 

The first two terms are the electron and nuclear Zeeman interactions.  
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The electron-Zeeman term describes the interaction of the electron spin characterized by the 

operator Ԧܵመ given by the Pauli spin matrixes 

 

෡࢞ࡿ ൌ
૚

૛
ቀ૙ ૚
૚ ૙

ቁ, ࡿ෡࢟ ൌ
૚

૛
ቀ ૙ െ࢏
െ࢏ ૙

ቁ, ࡿ෡ࢠ ൌ
૚

૛
ቀ૚ ૙
૙ െ૚

ቁ  

 

With an external magnetic field vector ܤሬԦ଴ ൌ ሺ0,0,  ஻, is the Bohr magneton21, which canߤ .଴ሻܤ

be expressed as,  

 

 
ૄ۰ ൌ

԰܍
૛܍ܕ

ൌ
԰ࡿࢽ
ࢋࢍ

 Eq. 2.2 

 

Where e is the electron charge22 and ݉ ௘ the electron mass23. Eq. 2.2 further contains ԰ ൌ  ,ߨ2/݄

with ݄ the Planck constant24, and the gyromagnetic ratio25 of an electron ߛௌ. For an electron 

within a molecule, this isotropic g-factor ݃௘	26 can become anisotropic due to the distribution 

of the electron within the molecule. The g-factor must therefore be given as a tensor ݃. 

 

 
ࢍ ൌ ቌ

࢞࢞ࢍ ૙ ૙
૙ ࢟࢟ࢍ ૙
૙ ૙ ࢠࢠࢍ

ቍ Eq. 2.3 

 

Within the principal axis system (PAS), which can be obtained via matrix transformation of the 

laboratory coordinate system using a rotation around the Euler angles ߗሺߙ, ,ߚ   .ሻߛ

The splitting of the energy levels according to this interaction is shown in Figure 2.1. The 

energy difference of the two resulting energy-levels is given by  

 

ࡱ∆  ൌ ࢙࢓∆ሬሬԦ૙ห࡮ห࡮ࣆࢍ ൌ  Eq. 2.4 ࢜ࢎ

 

Where ݉௦ is the magnetic quantum number, can take two values ݉௦ = ±1/2 as demonstrated by 

the Stern-Gerlach-Experiment [51, 52]. หܤሬԦ଴ห in Eq. 2.4 is the external magnetic field in z-

orientation.  

 

                                                 
21 μB=	9.274015∙10-24Am2 
22	e	=	1.602177∙10-19C  
23 me	=	9.109390∙10-31kg 
24 h	=	6.626076∙10-34J 
 -1.760859644∙1011 s-1T-1	=	ௌߛ 25
26	ge=2.002319  
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Figure 2.1: Electron-Zeeman splitting of the energy levels of an electron spin within a magnetic field. 
Indicating the magnetic quantum number ݉௦ of each state and their energy difference.  
 

Cw- or pulsed EPR can measure a resonance absorption by applying a continuous or a pulsed 

alternating electromagnetic field in the microwave region if the energy difference between the 

two states matches the selection rule ∆݉௦ ൌ 1. The first observation of this resonance 

absorpition was made by Zavoisky in 1944. [53, 54] 

 

In analogy, the nuclear-Zeeman term describes the interaction of the nuclear magnetic 

moments ܫԦመ with the external magnetic field ܤሬԦ. The nuclear magneton is represented by ߤூ and 

can be expressed by: 

 

 
ૄ۷ ൌ

԰ࡵࢽ
ࡵࢍ

 Eq. 2.5 

 

The nuclear-Zeeman interaction is predominantly relevant for NMR phenomena. It has no 

bearing on the description of the EPR experiments with the selection principles ∆݉௦ ൌ േ1 

and	∆݉ூ ൌ 0, because it only leads to an equidistant displacement of the energy levels.  

 

The third in Eq. 2.1 term is the hyperfine interaction, which consists of an isotropic part 

(Fermi-contact-interaction [55]) and an anisotropic part (dipole-dipole-interaction between 

nuclear spin I and electron spin S).  

 

ࢋ࢔࢏ࢌ࢘ࢋ࢖࢟ࡴ෡ࡴ  ൌ ࢏࢓࢘ࢋࡲ,ࡺ෡ࡴ ൅ ࢖࢏ࡰ,ࡺ෡ࡴ ൌ  Ԧ෠ Eq. 2.6ࡵ࡭ሬሬԦ෡ࡿ

 

The Fermi-contact–interaction arises from the electron density |߰଴ሺݎ ൌ 0ሻ|ଶ ൐ 0 at a 

particular nucleus. This is usually limited to an s-Orbital. However, if the electron resides in a 
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p-Orbital, e.g. in a nitroxide residue, significant isotropic interactions can be caused by 

configuration interactions or spin polarization mechanisms [46]. The interaction is independent 

of the relative orientation of the molecule to the external magnetic field.  

 

࢏࢓࢘ࢋࡲ,ࡺ෡ࡴ  ൌ ሬሬԦࡿ࢕࢙࢏࡭
෡ࡵԦ෠ Eq. 2.7 

 

The isotropic hyperfine coupling constant ܣ௜௦௢ is given as 

 

 
࢕࢙࢏࡭ ൌ

૛ࣆ૙
૜԰

૙ሺ࣒࢘|ࡵࢍࢋࢍࡵࣆ࡮ࣆ ൌ ૙ሻ|૛ Eq. 2.8 

 

With ߤ଴is the permeability of vacuum. 

The anisotropic part of the hyperfine term occurs from the dipole-dipole interaction of the 

nuclear spin I and the electron spin S.  

 

࢖࢏ࡰ,ࡺ෡ࡴ  ൌ  Ԧ෠ Eq. 2.9ࡵࢀሬሬԦ෡ࡿ

 

The dipolar coupling tensor components ࢐࢏ࢀ are given by the following equation 

 

 
࢐࢏ࢀ ൌ

૙ࣆ
૝࣊԰

ࡵࢍࢋࢍࡵࣆ࡮ࣆ ൽ࣒૙ቤ
૜࢘࢐࢘࢏ െ ࢐࢘૛࢏ࢾ

࢘૞
ቤ࣒૙ඁ Eq. 2.10 

 

where ݎ௜ and ݎ௝ are components of the interconnecting electron nucleus vector and ߰଴ is the 

ground state wave function. In this case, the tensor ܶ is traceless and neglects spin orbit 

coupling. Taking into account that the magnetic moment of the nuclear spin I is small, we have 

to consider that their interactions are much weaker than those of the electron spin S.  

The combination of the isotropic and the anisotropic part leads to the overall hyperfine-coupling 

tensor ܣ. 

 

࡭  ൌ ૚૜࢕࢙࢏࡭ ൅  Eq. 2.11 ࢀ

 

1ଷ is a (3x3) unit matrix and ܣ௜௦௢ is given as: 

 
࢕࢙࢏࡭ ൌ

૚
૜
൫࢞࢞࡭ ൅ ࢟࢟࡭ ൅ ൯ࢠࢠ࡭ ൌ

૚
૜
 ൯ Eq. 2.12࡭൫࢘ࢀ

 

The hyperfine term of the Hamiltonian has to be included for each coupled nuclei. 
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In the case of a nitroxide radical, e.g. MTSSL, ܣ௜௦௢ is found to be larger than the Lamor 

Frequency of the 14N nucleus resulting in the energy-level scheme represented in Figure 2.2A.  

 

 
Figure 2.2: Interactions of the electron spin S =1/2 in a nitroxide radical with the nuclear spin I of 14N (I=1). 
A) Energy-level-diagram for a nitroxide radical, indicating the three resonance transitions (blue, orange, and 
green). B) CW EPR-spectrum of a nitroxide radical under fast motion with the isotropic g-tensor giso and the 
isotropic hyperfine coupling ܣ௜௦௢ and the linewidth δ. 
 

Irradiation with monochromatic microwaves27 and a sweeping magnetic field at room 

temperature leads to an absorption spectrum when the resonance condition is full-filled. Yet, 

the usually detected CW EPR spectrum is the first derivative of this absorption-spectrum, due 

to field modulation and phase sensitive detection (Figure 2.2B). The cw-EPR spectrum already 

contains information about the surrounding and the dynamics of a nitroxide radical. For 

measurements accomplished at X-band (~9.5 GHz), like in this work, the anisotropy of the 

hyperfine interaction dominates the dynamic effects in the spectrum. In the case of fast 

dynamics (rotational correlation time τr ≤	10ିଽ[25] ;ݏ), the ݃- and ܣ-tensor (Eq. 2.3 and 2.11) are 

averaged to the isotropic values ݃௜௦௢ and ܣ௜௦௢ and the line-width δ, becomes equal for all three 

lines (Figure 2.2B). In the case of slow motion (10ିଽ≤	τr ≤	10ି଺[25] ;ݏ), e.g. radical attached to 

a protein, the random orientation of the molecules with respect to the magnetic field has to be 

taken into account. Each statistical oriented radical gives a spectral line at a certain position 

according to its orientation with respect to the magnetic field. The observed spectrum is broad 

due to the interference of the lines of all radicals (Figure 2.3). Within this regime the complete 

                                                 
27 The Zeeman-splitting of the energy levels typically corresponds to the typically used EPR magnetic field 
strength energies in microwave range.  
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g-tensor as well as the complete hyperfine coupling A have to be taken into account. The 

maximum of this anisotropic spectrum bears several orientations. 

 

 
Figure 2.3: Anisotropic CW EPR spectrum of the nitroxide spin label MTSSL attached to a protein. 
 

The fourth term of the Hamiltonian is the nuclear-quadrupole interaction. If a nucleus has a 

spin I > 1/2 and the distribution of an electron density different from spherical symmetry 

quadrupole interactions occur. This interaction leads to a shift of the nuclear spin sublevels on 

the magnetic field axis. In the case of a nitroxide radical analysed at X-band, this shift is 

negligible. Therefore, this term of the spin Hamiltonian does not have to be taken into account.  

 

The two terms dipole-dipole interaction and exchange interaction in Eq. 2.1 can be summed 

up as electron-spin-spin interactions, which occur when paramagnetic centres/molecules are 

relatively close to each other.  

The dipole-dipole interaction of two electron spins is the foundation for the dipolar 

spectroscopy utilized in this thesis. Given that the point-dipole-approximation28 is valid, the 

interaction can be written as: 

 

 

The interaction is inversely proportional to หݎԦ஺,஻ห
ଷ
 and thus can be used for the determination 

of the distance between two electron spins. 

                                                 
28 Distance between spins is larger than the width of distribution. 

 
ࡰࡰ෡ࡴ ൌ

μ૙࡮ࢍ࡭ࢍμ࡮
૛

૝࣊԰
൥
ሬԦࡿ࡭ሬԦ෠ࡿ
෠
࡮

หሬ࢘Ԧ࡮,࡭ห
૜ െ

૜ሺሬ࢘Ԧࡿ࡮,࡭ሬԦ
෠
ሬԦࡿ࡮,࡭ሻሺሬ࢘Ԧ࡭

෠
ሻ࡮

หሬ࢘Ԧ࡮,࡭ห
૞ ൩ ൌ ሬԦࡿ࢖ࡵࡰࡰ࡭ሬԦ෠ࡿ

෠
 Eq. 2.13 ࡮
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The relative orientation of the two electron spins ܵ Ԧመ஺ and ܵ Ԧመ஻ is commonly defined by the spherical 

coordinates θ, ߶ and ݎԦ஺,஻. Therefore, Eq. 2.13 is often state as: 

 

 
ࡰࡰ෡ࡴ ൌ

࡮ࣆ࡮ࢍ࡭ࢍ૙ࣆ
૛

૝࣊԰
૚

หሬ࢘Ԧ࡮,࡭ห
૜ ሺ࡭෡ ൅ ෡࡮ ൅ ෡࡯ ൅ ෡ࡰ ൅ ෡ࡱ ൅  ෡ሻࡲ

Eq. 2.14 

 

The terms ܣመ െ  .෠, are the dipolar alphabet given in Table 2.1ܨ

 

Table 2.1: Dipolar alphabet. The difference of the magnetic quantum number ΔM describes the character of the 
EPR-transition: ΔM = ±1 are single-quantum transitions and ΔM = ±2 are double-quantum transitions.  
Ԧܵመା ൌ 	 Ԧܵ

መ
௫ ൅ ݅ Ԧܵመ௬	and Ԧܵመି ൌ Ԧܵመ௫ െ ݅ Ԧܵመ௬	 are the raising and lowering operator, respectively. 

 

Term Operator Orientation ΔM 

ሬሬԦࡿ࡭ࢠሬሬԦ෡ࡿ ෡࡭
෡
ࢠ
ሺ૚ ࡮ െ ૜࢙࢕ࢉ૛ࣂሻ 0 

෡࡮  െ
૚
૝
ቀࡿሬሬԦ෡ାࡿ࡭ሬሬԦ

෡
ି
࡮ ൅ ሬሬԦࡿ࡭ሬሬԦ෡ିࡿ

෡
ା
ቁ ሺ૚࡮ െ ૜࢙࢕ࢉ૛ࣂሻ 0 

෡ െ࡯
૜
૛
ቀࡿሬሬԦ෡ାࡿ࡭ሬሬԦ

෡
ࢠ
࡮ ൅ ሬሬԦࡿ࡭ࢠሬሬԦ෡ࡿ

෡
ା
ࣂ࢙࢕ࢉࣂ࢔࢏࢙ ቁ࡮ ∙  1+ ࣘ࢏ିࢋ

෡ࡰ  െ
૜
૛
ቀࡿሬሬԦ෡ିࡿ࡭ሬሬԦ

෡
ࢠ
࡮ ൅ ሬሬԦࡿ࡭ࢠሬሬԦ෡ࡿ

෡
ି
ࣂ࢙࢕ࢉࣂ࢔࢏࢙ ቁ࡮ ∙  1- ࣘ࢏ࢋ

෡ െࡱ
૜
૝
ቀࡿሬሬԦ෡ାࡿ࡭ሬሬԦ

෡
ା
ࣂ૛࢔࢏࢙ ቁ࡮ ∙  2+ ࣘ࢏૛ିࢋ

෡ െࡲ
૜
૛
ቀࡿሬሬԦ෡ିࡿ࡭ሬሬԦ

෡
ିࢠ
࡮ ቁ ࢙࢔࢏૛ࣂ ∙  2- ࣘ࢏૛ࢋ

 

Upon application of an external magnetic field ܤሬԦ଴, which is significantly larger than ܦ஽௜௣ (high-

field approximation) only terms ܣመ and ܤ෠  have to be considered for the description of dipolar 

spectroscopy experiments. In addition, for a spin system, e.g. a doubly nitroxide labelled 

protein, within the weak coupling limit29 and the quantization of the two electron spins along 

the direction of ܤሬԦ଴ only term ܣመ has to be taken into account. Thus, Eq. 2.13 reduces to:  

 

 
ࡰࡰ෡ࡴ ൌ

࡮ࣆ࡮ࢍ࡭ࢍ૙ࣆ
૛

૝࣊԰
૚

หሬ࢘Ԧ࡮,࡭ห
૜ ∙ ሺ૚ െ ૜࢙࢕ࢉ૛ࣂሻ

ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ
ࡰ࣓

∙ ሬሬԦࡿ࡭ࢠሬሬԦ෡ࡿ
෡
ࢠ
࡮

 
Eq. 2.15 

 

Thereby, ߱஽ is the dipolar coupling frequency: 

 

ࡰ࣓  ൌ ૛࣊࢜ࡰ Eq. 2.16 

 

                                                 
29 ห߱ௌಲ െ ߱ௌಳห ≫  ஽௜௣ܦ
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Implementing the dipolar coupling constant ܦ஽௜௣ 15 becomes: 

 

 
ࡰࡰ෡ࡴ ൌ

࢖࢏ࡰࡰ

หሬ࢘Ԧ࡮,࡭ห
૜ ∙ ሺ૚ െ ૜࢙࢕ࢉ૛ࣂሻ Eq. 2.17 

 

The value of ܦ஽௜௣ is 2π∙52 MHz/nm3, with ݃஺ ൌ ݃஻ ൌ ݃௘ ൌ 2.  

Form Eq. 2.17 it is obvious that ߱஽ varies from 
ିଶ஽ವ೔೛
௥ಲ,ಳ
య  to 

ା஽ವ೔೛
௥ಲ,ಳ
య . 

 

This is true for a rotation of dipolar axis r parallel (θ = 0°) and perpendicular (θ = 90°) to the 

external magnetic field ܤሬԦ଴. Additionally Eq. 2.17 reveals the absolute value of the dipolar 

interaction is zero in the case of a random orientation of a molecule [56], e.g. which is rotating 

very fast in comparison to the inverse coupling strength. Furthermore the dipolar interaction 

disappears for the magic angle of θ = 54.7°.  

For a given orientation of the molecule, e. g. a single crystal, the dipolar coupling of the two 

electron spins leads to a splitting of the EPR line (Figure 2.4A). In contrast to that, spectra of 

frozen samples show a superposition of spectra taken from randomly distributed biradicals. The 

spectrum taken from randomly oriented biradicals is called Pake pattern (Figure 2.4). The 

distance between the edges of the spectrum matches the dipolar coupling of molecules with an 

angle of θ = 0°. The distance between the laces is the dipolar coupling of molecules with an 

angle of θ = 90°. 

 

 
Figure 2.4: The effect of the dipolar coupling between two electron spins A and B.  A) Schematic CW EPR 
spectrum of two dipolar coupled electron spins A and B, whose splitting is covered by the inhomogeneous/natural 
linewidth. B) Simulated Pake pattern for a spin S=1/2. Arrows indicate the splitting between the two peaks 
߱஽ሺߠ ൌ 90°ሻ and the two edges ߱஽ሺߠ ൌ 0°ሻ ൌ 2߱஽ሺߠ ൌ 90°ሻ. In the case of pulsed EPR experiments like 
PELDOR the peaks appear at േ߱஽ and േ2߱஽. 
 
Unfortunately, in the case of spin labelled biomolecules, the splitting is in the case of CW EPR 

often covered by the inhomogeneous line broadening, due to relatively large inter-spin distances 
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(r > 1.5-2 nm). In order to resolve this interaction pulsed EPR methods like Pulsed Electron-

Electron Double Resonance spectroscopy needs to be applied (Chapter 2.2). 

 

If the distance between the paramagnetic centres is smaller than 1 nm or for the case that 

conjugated bridges appear between the radicals the exchange interaction J has to be taken into 

account. In the course of this thesis, this interaction can be neglected, due to the usage of 

disulphide-linked nitroxide spin labels, which were used as markers to investigate multi-domain 

proteins. The disulphide bond prevents the distribution of electron spin density within the 

system. In addition, the labelling positions were chosen such that distance shorter than 1 nm are 

rather unlikely.  

 

2.2 Pulsed electron-electron double resonance spectroscopy 

 

Since the introduction of PELDOR by Milov in 1981 [26, 57] it is possible to separate the 

dipolar coupling from line-broadenings and other effects like separated hyperfine couplings and 

the anisotropy of the g-tensor. [26, 27] This method allows the determination of long-range 

distances and their distribution in spin labelled macromolecules. Thus, providing valuable 

information on conformational changes [58, 59] as well as distance restraints (1.8 nm to 6–10 

nm in deuterated samples) for structural modelling [34, 35, 60-63].  

 

2.2.1 4-pulse PELDOR 

 

The 4-pulse PELDOR experiments [64, 65] were performed with the sequence shown in Figure 

2.5.  

 

 
Figure 2.5: Dead-time free 4-pulse PELDOR sequence.  This sequence is an extension of the 3-pulse PELDOR 
sequence, which was introduced by Milov in 1981.  
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The sequence consist of pulses with detection frequency ݒ஺ and and a pump frequency ݒ஻. The 

spins influenced by ݒ஺ are called observer spins (A) whereas those influenced by ݒ஻ are called 

pumped spins (B). In the course of biological applications like in this work the A and B spins 

are provide by identical nitroxide spectra, whose differentiation is achieved by the large ܣ௭௭ 

hyperfine component of ~34 G. To obtain an optimum pumping efficiency the pump frequency 

usually coincides with the maximum of the nitroxide powder spectrum for a given spectrometer 

frequency (e.g. X-band (~9.5 GHz) or Q-band (~33 GHz)). 

The detection sequence (frequency ݒ஺) of the 4-pulse PELDOR experiment is a refocussed 

Echo-sequence. The 90° pulse (π/2-pulse) in the beginning of the sequence flips the equilibrium 

magnetization (z magnetization) of the spins A into the transversal plane. During the time 

interval ߬ଵ the spins start to precess with different frequencies dependent on the inhomogenty 

of nitroxide spectrum. Due to the second pulse of 180° (π-pulse) the magnetization is 

refocussed. Within the subsequent interval ߬ଵ a primary Echo is built up. The π-pulse in the 

pump sequence (frequency ݒ஻) is applied a time t after the first pulses, selectively inverts the B 

spins within the system. This inversion leads to a change of the local magnetic field of the A 

spins or their Lamor frequency of േ߱஽ respectively. This results in a different transversal 

precession of the A spins and therefore in a non-perfectly refocused Hahn-Echo. Due to this 

dependence, the detected signal ܸሺݐሻ is the product of the echo in the absences of dipolar 

interactions ଴ܸ and the periodic modulation according to the time t of the pump pulse. In the 

case of proteins labelled with MTSSL, in a first approximation no orientation selection is to be 

expected, due to the flexibility of the spin label and biomolecule. Thus, the signal can be 

described as an average over all orientations. 

 

ሺ࢚ሻࢇ࢚࢘࢔࢏ࢂ  ൌ ඵࢂ૙ሺ૚ െ ࡮ࣅ ൅ ࣂ࢔࢏ሻ࢙࢚ࡰሺ࣓࢙࢕ࢉ࡮ࣅ ∙ ࢘ࢊࣂࢊሺ࢘ሻࡼ Eq. 2.18 

With ࣅ஻ being the inversion efficiency of pump pulse (for further information see chapter 2.3). 

 

This signal, usually called dipolar evolution function or time trace, is dominated by the 

oscillation with the angular frequency ߱஽ሺߠ ൌ 90°ሻ. Applying a Fourier-transformation to the 

observed signal one obtains the Pake pattern (Figure 2.4). The observed time trace is 

characterized by a fast damping of the dipolar oscillations. In the case of the flexible nitroxide 

radical, MTSSL, this damping is due to the distribution of ݎ.  
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Up to this point, only two dipolar coupled electron spins within one molecule were considered. 

However, within a macroscopic sample not only the intramolecular ௜ܸ௡௧௥௔ሺݐሻ (Eq. 2.18) but 

also the intermolecular ௜ܸ௡௧௘௥ሺݐሻ interactions contribute to the observed 4-pulse PELDOR 

signal ܸሺݐሻ.[57, 66, 67]  

 

ሺ࢚ሻࢂ  ൌ ሺ࢚ሻࢇ࢚࢘࢔࢏ࢂ ∙ ሺ࢚ሻ࢘ࢋ࢚࢔࢏ࢂ Eq. 2.19 

 

For soluble proteins /molecules in solution a three dimensional distribution can be assumed. 

Furthermore, with the negligence of excluded volumes ௜ܸ௡௧௘௥ሺݐሻ can be described as: 

 

 
ሺ࢚ሻ࢘ࢋ࢚࢔࢏ࢂ ൌ ࢋ

ቆି
૛࣊࡮ࢍ࡭ࢍஜ࡮

૛ࣆ૙
ૢ√૜԰

ቇ࢚࡮ࣅࢉ Eq. 2.20 

 

with c is the radical concentration in m-3 [68].  

In the case of a large conformational flexibility of a biomolecule and/or long inter-spin distances 

(> 6nm) the differentiation between ௜ܸ௡௧௥௔ሺݐሻ and ௜ܸ௡௧௘௥ሺݐሻ contributions becomes ambiguous 

for shorter time windows. The rule of thumbs for the correct determination of a distance ݎ஺,஻ 

(Eq. 2.21) or distribution width ߪሺݎ஺,஻ሻ (Eq. 2.22) for a given time window are [29]:  

 

 
࡮,࡭࢘ ൌ ૞ ∙ ඨ

ࢋ࢓࢏࢚ ࢝࢕ࢊ࢔࢏࢝
૛μ࢙

૜

 Eq. 2.21 ࢓࢔

 

 
࣌ሺ࢘࡮,࡭ሻ ൌ ૝ ∙ ඨ

ࢋ࢓࢏࢚ ࢝࢕ࢊ࢔࢏࢝
૛μ࢙

૜

 Eq. 2.22 ࢓࢔

 

In order to overcome this drawback a recently developed 7-pulse CP30 PELDOR sequence [48] 

can be utilized, substantially prolonging the observation time window and thereby increasing 

the upper limit and accuracy of the observable distance distributions. 

 

  

                                                 
30 Carr-Purcell 
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2.2.2 7-pulse CP PELDOR 

 

The 7-pulse CP PELDOR [48] experiments were performed with the sequence shown in Figure 

2.6. This chapter is a short narration of the technique presented in [48] 

 

 
Figure 2.6: 7-pulse CP PELDOR sequence. This sequence is an extension of the dead-time free 4-pulse 
PELDOR sequence [65]. The sequence uses sech/tan pulses instead of classical rectangular pulses as pump pulse. 
In addition, the sequence is extended by three pulses (an additional refocusing pulse in the detection sequence, 
creating a CP sequence, (operating on ݒ஺) and two pump pulses (operating on ݒ஻)).  
 

As the conventional 4-pulse PELDOR [65] the 7-pulse CP PELDOR [48] is a double frequency 

technique consisting of a detection frequency ݒ஺ and and a pump frequency ݒ஻.  

The detection sequence (frequency ݒ஺) of the 7-pulse CP PELDOR sequence is a Carr-Purcell 

sequence, which uses a series of three rectangular refocussing pulses. For a maximal intensity 

of the refocussed echo at the end of the CP sequence the delay times ߬ଵ, ߬ଶ, ߬ଷ are of 

approximately the same length. This allows a prolongation of the observable time window of 

the dipolar evolution. The pump sequence (frequency ݒ஻) consists of three sech/tan pulses, 

which accompany the three refocussing pulses of the detection sequence. The sech/tan pulse 

shape is necessary to obtain a uniform inversion efficiency of the pump pulses compared to 

conventional rectangular pulses. The first and second pump pulse, are applied after a time T1 or 

T2 after the first and second refocussing pulse, respectively. The third pump pulse is applied at 

a time T3 before the last refocusing pulse to prevent an overlap of the pump pulse with the 

detected echo. The time axis, t, of the experiment is given as: 

 

 

As for the conventional 4-pulse PELDOR sequence, the observed signal is a product of intra– 

and intermolecular contributions (Eq. 2.19). However, the multiple pump pulses lead to an 

 ࢚ ൌ 	 ࣎૚ ൅ ࣎૛ ൅ ࣎૜ െ ሺ|ࢀ૚| ൅ |૛ࢀ| ൅  ૜|ሻ Eq. 2.23ࢀ|
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increased number of dipolar pathways and thus a complicated intermolecular decay function. 

This is because not every B spin that has been inverted by the first pulse is again inverted by 

one or both following pump pulses. In total seven pathways may occur with different weights 

and the following phases: 

 

࣐૚૛૜തതതത ൌ ሺ|࣎૚ െ ૚ഥ૛૜ഥ࣐ ,ࡰ૚|ሻ࣓ࢀ ൌ ሺ|࣎૛ െ ૚૛തതതത૜࣐ ,ࡰ૛|ሻ࣓ࢀ ൌ ሺ|࣎૚࣎૜ െ   ,ࡰ૜|ሻ࣓ࢀ

࣐૚૛തതതത૜ ൌ ሺ|࣎૚ ൅ ࣎૛ െ ૚ࢀ െ ૚૛ഥ૜࣐ ,ࡰ૛|ሻ࣓ࢀ ൌ ሺ|൅࣎૛ െ ૚ࢀ െ   ,ࡰ૛|ሻ࣓ࢀ

࣐૚ഥ૛૜ ൌ ሺ|࣎૛ ൅ ࣎૜ െ ૛ࢀ െ and ࣐૚૛૜ ࡰ૜|ሻ࣓ࢀ ൌ ሺ|࣎૛ ൅ ࣎૜ െ ૛ࢀ െ  the pure 7-pulse ;ࡰ૜|ሻ࣓ࢀ

CP PELDOR signal. 

 

Thus the intra- and intermolecular signal are: 

 

ሺ࢚ሻࢇ࢚࢘࢔࢏ࢂ  ൌ ሺ࣐૚૛૜തതതതሻ࢙࢕ࢉഥ૛൫࢖࡮ࣅ ൅ ሺ࣐૚ഥ૛૜ഥሻ࢙࢕ࢉ ൅ ሺ࣐૚૛തതതത૜ሻ൯࢙࢕ࢉ ൅ 

ሺ࣐૚૛૜ഥሻ࢙࢕ࢉഥ൫࢖࢖࡮ࣅ	 ൅ ሺ࣐૚૛ഥ૜ሻ࢙࢕ࢉ ൅ ሺ࣐૚ഥ૛૜ሻ൯࢙࢕ࢉ ൅ 

ሺ࣐૚૛૜ሻ൯࢙࢕ࢉ૛൫࢖࡮ࣅ ൅ ૚ െ ࡮ࣅ  

Eq. 2.24 

With ߣ஻ the fraction of B spins inverted by one pump pulse, p the probability of a B spin being 

inverted by a second pump pulse and ̅݌ ൌ 1 െ  .݌

 
ሺ࢚ሻ࢘ࢋ࢚࢔࢏ࢂ ൌ ࡮ࣅቆെ࢖࢞ࢋ

૛࣊࡮ࢍ࡭ࢍμ࡮
૛ࣆ૙

ૢ√૜԰
ቇࡿࢉ Eq. 2.25 

With c the radical concentration and S being defined as: 

 

ࡿ  ൌ ഥ૛൫ห࣎૚࢖ െ ૚|หࢀ| ൅ ห࣎૛ െ ૛|หࢀ| ൅ ห࣎૜ െ  +૜|ห൯ࢀ|

ഥ࢖࢖ ቆ
ห࣎૚ ൅ ࣎૛ െ |૚ࢀ| െ ૛|หࢀ| ൅ ห࣎૜ െ ࣎૚ ൅ |૚ࢀ| െ ૜|หࢀ|

൅ห࣎૛ ൅ ࣎૜ െ |૛ࢀ| െ ૜|หࢀ|
ቇ+ 

૛ሺห࣎૚࢖ ൅ ࣎૛ ൅ ࣎૜ െ |૚ࢀ| െ |૛ࢀ| െ  ૜|หሻࢀ|

Eq. 2.26 

 

The probability p is a crucial parameter and needs to be larger than 0.7, in order to obtain a 

signal that is mostly due to the wanted dipolar pathway (߮ଵଶଷ). The additional dipolar pathways 

are then only a perturbation (‘artefacts’) to the true dipolar evolution function.  
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2.3 Data analysis 

 

In order to retrieve the intramolecular distance information from the primary PELDOR time 

trace ܸሺݐሻ	ሺEq. 2.19, Figure 2.7), ௜ܸ௡௧௥௔ሺݐሻ	describing all spins within a spin labelled 

macromolecule needs to be separated from ௜ܸ௡௧௘௥ሺݐሻ being the decay of the signal due to the 

homogeneous distribution of the cluster within the sample (background). The intermolecular 

dipole-dipole interaction (Eq. 2.20) bears information about the spin concentration and the local 

dimensionality of the distribution of the spin labels. To remove the intermolecular contribution 

in 4-pulse PELDOR the signal is divided by a monoexponential (Figure 2.7), while in terms of 

7-pulse CP PELDOR division by the function described by Eq. 2.25 and Eq. 2.26 needs to be 

applied.  

 

 
Figure 2.7: Conventional PELDOR data analysis. Left: Primary PELDOR time trace showing the 
intermolecular contribution in red. Middle: Dipolar evolution function after background-correction indicating the 
modulation depth parameter ߣ. The fit from Tikohonv regularization is shown in blue. Right: Distance distribution 
obtained from Tikhonov regularization. In some case model based analysis like Gaussian model fitting can be 
applied. 
 

Due to the ‘artefacts’ in the dipolar evolution function of the 7-pulse CP PELDOR, the standard 

analysis must be extended by an iterative correction procedure, which aims to subtract the 

additional traces with their appropriate weights, zero times and time increments [48]. 

After the appropriate correction procedure either for 4-pulse PELDOR (Figure 2.7) or 7-pulse 

CP PELDOR the intramolecular dipolar evolution function is obtained (4-pulse PELDOR: Eq. 

2.19; 7-pulse CP PELDOR: Eq. 2.25). This function includes information about electron-

electron distances, distance distributions, labelling efficiency and the number of coupled spins 

within a system (spin-counting) [69]. The modulation depth ߣ is a product of the pump pulse 

efficiency ߣ஻ and the labelling efficiency x.  

 

ሻࢋ࢒࢖࢓ࢇሺ࢙ࣅ  ൌ ࡮ࣅ ∙ ࢞ Eq. 2.27 
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For a system with 100% labelling efficiency, the modulation depth is given by the pump pulse 

efficiency. For standard experiments on a nitroxide with a 12 ns pump pulse and an offset of 70 

MHz, ࣅ has values of 0.45 / 0.53 (dependent on the resonator) at X-band. At Q-band using a 20 

ns pump pulse and an offset of 70 MHz λ was found to be 0.25 (see Figure 6. 1 for calibration).  

To extract the distance information from the dipolar evolution function a Tikhonov 

regularization, implemented in the MATLAB software package DeerAnalysis [70] is utilized, 

which shall be introduced briefly. Additional information can be found in [71].  

In the case of MTSSL labelled proteins the intramolecular part of the PELDOR signal V୧୬୲୰ୟሺtሻ 

can be described by a Fredholm integral equation of the first kind (Eq. 2.28), due to the 

flexibility of both spin label and protein.  

 

 
ሺ࢚ሻࢇ࢚࢘࢔࢏ࢂ ൌ න ,ሺ࢘ࡷ ࢚ሻ ∙

࢞ࢇ࢓ࡾ

࢔࢏࢓ࡾ

࢘ࢊሺ࢘ሻࡼ Eq. 2.28 

 

With ܭሺݎ,  ሻ being a kernel function (Eq. 2.29), giving the average of the dipolar coupling overݐ

all orientations with a given distance r, with respect to the magnetic field, and ܲ ሺݎሻ the distance 

distribution between the two spin labels.  

  

 

,ሺ࢘ࡷ ࢚ሻ ൌ න ሾሺ૚࢙࢕ࢉ െ ૜ࣂ࢙࢕ࢉ૛ሻ࣓ࡰሿܖܑܛીࣂࢊ

ૈ/૛

૙

 Eq. 2.29 

 

However, in a case were the orientation of the interspin vector r and the nitroxide magnetic 

tensors (g and A) are correlated the kernel function presented in Eq. 2.29 is no longer valid. In 

this case, the PELDOR signal is orientation selective, meaning that the signal at a given spectral 

position depends on the geometry of the biomolecule. Thus, in order to retrieve the “true” ܲሺݎሻ 

a sum over multiple frequency offsets is required. This situation is found for example in the 

case of DNA or RNA strands spin labelled with the rigid spin label C-spin, yet also strong 

interactions of the MTSSL spin label with the protein backbone or neighbouring side chains 

might cause this orientation dependency of the experimental signal. Nevertheless, in both cases 

the determination of the underlying distance distribution ܲሺݎሻ is an ill-posed problem, since 

small experimental variations (e.g. noise) can lead to significant deviations in the observed 

distance distribution ܲሺݎሻ.  

A well-suited method to solve this ill-posed problem is the Tikhonov regularization, which 

stabilizes the solution of Eq. 2.28 by the introduction of the regularization parameter α.  
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The resulting ܲሺݎሻ minimizes the following functional:  

 

 ઴ࢻሺࡼሺ࢘ሻሻ ൌ ሺ࢚ሻࢂ‖ െ ,ሺ࢚ࡷ ࢘ሻࡼሺ࢘ሻ‖૛ ൅ ሺ࢘ሻ‖૛ࡼࡸ‖ࢻ Eq. 2.30 

With L being either the identity ܲܮሺݎሻ ൌ ܲሺݎሻ or the second derivative operator ܲܮሺݎሻ ൌ

ܲሺݎሻᇱᇱ  
 

The distance distribution obtained for the minimum of Eq. 2.30, additionally considering the 

restraint ܲሺݎሻ ൒ 0, is given by: 

 

ሺ࢘ሻࢻࡼ  ൌ ሺࡷሺ࢚, ࢘ሻࡷࢀሺ࢚, ࢘ሻ ൅ ሻି૚ࡸࢀࡸࢻ ∙ ,ሺ࢚ࡷ ࢘ሻࢂࢀሺ࢚ሻ Eq. 2.31 

 

From this it becomes obvious that for an appropriate value of α the first term in Eq. 2.30 will 

install compatibility with the experimental data, while the second term gives a smoothed 

estimate of the solution. However, for too large or too small values of α, the result will be either 

over-smoothed or obstructed by ‘artefact’ peaks, respectively. Thus, it is necessary to apply a 

reliable method for the determination of the regularization parameter α, to achieve the best 

quality of the solution, which is, in this case, the L-curve criterion. The L-curve is a logarithmic 

plot of the smoothness ߟሺߙሻ versus the mean square deviation ߩሺߙሻ of the result. These 

quantities are given by the following equations: 

 

ሻࢻሺࣁ  ൌ ሺ࢚ሻࢂ‖	 െ ,ሺ࢚ࡷ ࢘ሻࢻࡼሺ࢘ሻ‖૛ Eq. 2.32 

 
࣋ሺࢻሻ ൌ ብ

૛ࢊ

૛࢘ࢊ
ሺ࢘ሻብࢻࡼ

૛

 Eq. 2.33 

 

The optimal α is found at the corner of the L-curve, giving a reasonable balance between the 

compatibility to the experimental time trace and the smoothness of the solution. 

Another way of finding the solution of the ill-posed problem is fitting the data to a model, e.g. 

assuming a distance distribution of one or two Gaussians [70]. This allows a simplified 

representation of the unknown distance distribution ܲሺݎሻ, thereby facilitating the interpretation 

of the result. However, the application of such models implies a certain knowledge about the 

studied molecule and should be validated against the result of the Tikhonov regularization.  
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2.4 In silico prediction of inter-spin distances  

 

One limitation to PELDOR measurements using SDSL is the unknown position of the electron 

spin with respect to the backbone. Unfortunately, very few experimental data sets on the 

conformations of the spin label attached to proteins [38] are available in order to use this 

information to create a so called rotamer library of the MTSSL side chain. Thus, the ‘golden 

standard’ of an in silico estimation/prediction of likely conformations is still based on long 

Molecular Dynamics (MD) simulations on either free MTSSL or bound to model peptides, as 

the computational effort of sufficiently long whole spin labelled protein simulations is too high. 

The conformations sampled during these runs are then clustered to give a representative 

ensemble of possible conformations, “the rotamer library”. Over the last decade, several 

rotamer libraries have emerged, of which only a small selection shall be introduced as they were 

considered in this thesis. Thereby especially libraries obtained by MD simulations using force 

fields customized to accurately consider possible interactions of the spin label with the protein 

backbone are of interest.  

The prediction of the spin label flexibility at given position in a static protein structure (X-ray, 

NMR) is achieved by in silico spin labelling. Hereby, the fraction of rotamers in the ‘rotamer 

library’ applicable to this site is calculated by applying a Lennard-Jones potential [38], to 

estimate the interaction energy between the rotamer and the protein backbone.  

The first approach is implemented in the MATLAB base software Multiscale modelling of 

macromolecular systems, short MMM [38, 72]. The rotamer libraries chosen in this thesis are 

directly available for the use in MMM. The rotamer libraries under comparison are the standard 

libraries in MMM2013.2 in 298K and 175K mode, the libraries from Hubbell (Warsh, [73]) 

and Sezer [40]. The standard libraries of MMM2013.2 are obtained from MD simulations at 

298K and 175K of the free spin label and iterative projection onto a set of canonical dihedral 

angels resulting in ~210 possible rotamers for each library. [38] The rotamer libraries by Deniz 

Sezer are made on the basis of an MD simulation of the MTSSL side chain attached to a 14 

residue poly-alanine α-helix using a force field especially developed for a reliable description 

of the MTSSL side chain. The library Sezer12 uses populations of ߯1 and ߯2 (Figure 2.8) as 

extracted from the MD trajectories, whereas in Sezer13 the populations are conditioned on the 

state of ߯3.  
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Figure 2.8: The five torsion angles (࣑૚ െ ࣑૞) of the MTSSL side chain. 
 

The rotamer library Warsh is obtained by DFT calculations on an MTSSL side chain on a model 

10 residue polyglycin α-helix. The resulting library considers interactions of the label side chain 

with the protein backbone, intra-residue Cα─H▪▪▪Sδ interactions, solvation energies, as well as 

the ߯1, ߯2 probabilities that are in good agreement to those obtained from X-ray studies. [42] 

To consider the complementary “tether-in-a-cone” approach [74] MtsslWizard a PyMOL 

plugin was used. Hereby the search for rotamers without sterical clashes with the protein is 

accomplished by defining a “vdW cut-off” (different tolerance can be used by the thoroughness 

parameter). In contrast to MMM MtsslWizard does not make assumptions about rotamer 

probabilities or the estimation of interaction energies. [43, 44]  

The interspin distance between one rotamer at position 1 in the protein to all rotamers at position 

2 and vice versa are calculated, thereby creating a distribution of distance. The width of this 

distribution gives the inaccuracy produced by the intrinsic flexibility of the spin label. 

Unfortunately, this approach excludes backbone flexibility, domain movement and especially 

side chain rearrangements upon spin labelling.  
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Chapter 3 

 

Results and Discussion 

 

Structural investigations of biomolecules, e.g. multi-domain proteins, by PELDOR 

spectroscopy can be very challenging. Yet, being aware of those challenges allows elucidating 

domain-domain architectures, conformational flexibilities as well as conformational changes. 

Within this chapter, two studies of multi-domain proteins are presented, which demonstrate 

potential pit-falls and evaluate the applicability of the experimental results for structure 

determination.  

The difficulties arising from the intrinsic flexibility of MTSSL upon structure determination 

will be discussed using the example of the three anaOmp85 POTRA domains [75] which were 

found to give strongly oscillating PELDOR time traces similar to model compounds (Figure 

6.2 and Figure 6.5). A main focus will be on the comparison of different rotamer libraries as 

well as MD simulations of spin labelled anaOmp85 POTRA domains with the experimental 

data. This will be the basis for the evaluation of the accuracy of the predicted spin label 

flexibility and its impact on the resolution of structure refinements.  

The capability of utilizing spin labelling positions, which lead to a restricted spin label 

flexibility for the determination of conformational ensembles and changes by means of 

PELDOR distance restraints will be demonstrated on the example of diubiquitin chains. Yet, 

this was only possible since the inaccuracies in rotamer library-predictions were found to be of 

minor importance due to the flexibility of the diubiquitin chains. 

The challenges emerging with a large conformational flexibility of the biomolecule and large 

inter-spin distances will be illustrated by the use of longer ubiquitin chains. The main issue here 

is the accessibility of a sufficient length of the time window to accurately determine the 

intermolecular background decay. This issue will be addressed by the application of the recently 

developed 7-pulse CP PELDOR sequence [48]. Hereby, enabling the detection of 

conformational changes even for such flexible systems.  

Last but not least the biological relevance of the results will be discussed in the third paragraph 

of this chapter. 
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3.1 Cyanobacterial Omp85 POTRA domains – a rigid system 

 

The POTRA31 domains anaP1, anaP2, anaP3 (Figure 3.1) are the soluble N-terminal extension 

of the polypeptide-transporting β-barrel protein (PTB) anaOmp85. These domains display a 

characteristic β-α-α-β-β fold, where the two helices are packed from the same side against the 

3-stranded β-sheet [75-79]. The X-ray structure of these domains (hereafter 3MC8,) was 

published in 2010 by Koenig et al.[75]. The internal architecture of the domains was rather 

unquestioned. However, the MD simulation published along with the X-ray structure suggested 

an additional relative orientation of the domains, especially anaP1 and anaP2. Seven intra- and 

twenty inter-POTRA domain variants were expressed and purified (Figure 3.1) to investigate 

them by means of PELDOR spectroscopy.  

 

 
Figure 3.1: Ribbon representation of 3MC8 indicating the spin labelled residues. Spin labelled residues in 
anaP3: V460C (black), Q429C (brown), V457C (light blue) and L448C (light green); anaP2: Q374C (orange), 
V370C (blue), E344C (red) and A319C (green); anaP1: I292C (dark cyan), N265C (magenta) and Q259C (violet). 
Intra-POTRA domain variants were expressed, purified and spin labelled by Eva-Maria Bouwer, a former Ph.D. 
student in the lab of Prof. Enrico Schleiff at the Goethe-University. 
 

The majority of the measured distance restraints, using PELDOR spectroscopy at X-band 

frequencies (~9.8 GHz, also see Chapter 6.2.3), were performed and analysed by Dr. Reza 

Dastvan (Figure 6.2, Figure 6.4, Figure 6.5 and Figure 6.6), who was a former PhD student in 

the group of Prof. Thomas F. Prisner and is currently a Postdoctoral researcher at Vanderbilt 

University in the group of Prof. Hassane S. Mchaourab. Exceptions are stated in the caption of 

Figure 6.5. The restraints will be compared to simulations using the rotamer library or the 

tether-in-a-cone approach to validate the structural integrity of the individual domains. In 

                                                 
31 Polypeptide Transport-associated domains 
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addition, the relative orientation of the anaOmp85 POTRA domains in frozen liquid solution 

will be elucidated. Since this comparison does not include any backbone movement, the 

experimental results will be compared to MD simulations of spin labelled anaOmp85 POTRA 

domains and REMD32 simulations of wild type domains (for details see Chapter 6.2.7 and [63]), 

to include the effects of protein dynamics. Based on the high quality of the observed PELDOR 

distance restraints the influence of the spin label flexibility on structure refinement will be 

evaluated using two different approaches: (i) treating the individual POTRA domains as rigid 

bodies and (ii) using an all-atom refinement of the structure to examine the relative orientation 

of these domains in frozen liquid solution.  

 

Parts of this chapter were published in Dastvan et al. 2016. Biophys J 110:2195-2206. 
 

3.1.1 PELDOR distance restraints versus rotamer library-prediction  

 

The structural investigation of biomolecules by PELDOR often includes the comparison to 

available atomistic structures obtained by other techniques such as X-ray crystallography or 

NMR spectroscopy. To compare, these static structures with the experimentally observed 

PELDOR data, in silico modelling of the internal flexibility of MTSSL, by the approaches and 

libraries introduced in chapter 2.5, will be employed. This is beneficial compared to Cα-

distance distributions since it includes the length and flexibility of the MTSSL side chain. 

However, the accuracy of these predictions needs to be evaluated in detail before the 

experimental results can be applied in the refinement of an existing structure.  

 

3.1.1.1 Validation of the intra-POTRA domain architecture  

 

All seven intra-POTRA domain PELDOR time traces showed well-defined oscillations within 

the observed time window. This allowed a clear differentiation between intra- and 

intermolecular dipolar interactions, enabling the extraction of well-resolved distance 

distributions by Tikhonov regularization (Chapter 6.4.1, Figure 6.2). These results point out a 

confined backbone flexibility of the individual domains. Large deviations in the mean distance 

of the experimental data and the predictions, based on the rotamer library, would indicate a 

different intra-domain architecture. Thus, a careful validation of the intra-domain architecture 

                                                 
32 Replica Exchange Molecular Dynamics simulations 
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has to be done before differences in the relative domain-domain orientation could be 

investigated. The background-corrected PELDOR time traces and the distance distributions of 

the seven intra-POTRA domain variants were compared with 3MC8 using different rotamer 

libraries (Figure 3.2 and Figure 3.3), in order to evaluate the quality of the predictions. 

 

 

Figure 3.2: Comparison of intra-POTRA domain PELDOR time traces generated by MMM and 
MtsslWizard with experimental traces. Time traces were generated on 3MC8 by the standard rotamer libraries 
of MMM2013.2 [38] in 298 K mode (red), in 175 K mode (blue), Warsh library (magenta), Sezer12 in 298K mode 
(orange), Sezer12 in 175K mode (green), Sezer13 in 298K mode (brown) and Sezer13 in 175K mode (dark green) 
were directly obtained from MMM software package. While time traces for distance distributions from 
MtsslWizard using thorough search and loose vdW restraints (cut-off 2.5Å, 5 clashes allowed) (violet) were 
obtained by a home-written MATLAB® script. The background-corrected experimental data is shown in (grey). 
  



Results and Discussion 

27 

Especially for intra-domain spin labelled pairs in anaP1 (N265C/I292C) and anaP2 

(A319C/D337C and A319C/E344C), the initial decay as well as the dampening of the predicted 

time traces were in good agreement with the experimental results (Figure 3.2). Thus leading to 

a large overlap of the experimental and predicted distances distributions (Figure 3.3). 

 

 

Figure 3.3: Comparison of experimentally obtained intra-POTRA domain distance distributions with 
distributions generated by MMM and MtsslWizard.  Distance distributions generated on 3MC8 by MMM in 
298 K mode (red), in 175 K mode (blue), Warsh library (magenta), Sezer12 in 298K mode (orange), Sezer12 in 
175K mode (green), Sezer13 in 298K mode (brown), Sezer13 in 175K mode (dark green) and MtsslWizard using 
thorough search and loose vdW restraints (violet) are compared to the obtained distance distributions by Tikhonov 
regularization (grey). 
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This indicates that the rotamer libraries for these spin labelling positions are suitable to reflect 

the true distance and flexibility of the spin labels in these pairs with high precision. However, 

the experimental time traces for intra-domain spin labelled pairs in anaP3 (Q429C/V460C), as 

well as the anaP2 (D337C/D351C), exhibited stronger oscillations than predicted by any of the 

rotamer libraries (Figure 3.2). Therefore, the experimental distance distributions were much 

narrower than those predicted (Figure 3.3), indicating a small backbone flexibility of the 

anaOmp85 POTRA domains as well as a restricted flexibility of MTSSL. In addition, time 

traces of similar dampening but different oscillation frequencies and thus distances distributions 

of similar width but different shape compared with the predictions for spin labelled pairs related 

to residue 370 in anaP2 (Figure 3.3) were observed. The rigidity of the spin label at this position 

was also observed in liquid solution via CW EPR (Figure 6.3).  

All these aforementioned deviations of experiment and prediction are most likely due to a more 

confined rotamer flexibility of at least one partner in the spin label pair within the experiment. 

In addition, even the libraries, which take into account backbone interactions and Cα─H▪▪▪Sδ 

interactions or solvation energies, do not enhance the overall compatibility. This qualitative 

result was further underlined by using a deviation factor (DF) defined as: 

 

 
ࡲࡰ ൌ

૚
ࡺ
ቆ
∑ ሺ࢖࢞ࢋࡼሺࡾሻ െ ࡾሻሻ૛ࡾሺ࢓࢏࢙ࡼ

∑ ሺ࢖࢞ࢋࡼሺࡾሻሻ૛ࡾ
ቇ Eq. 3.1 

 

With N being the number of experimental data sets.  

 

Table 3.1: Deviation factor DF (Eq. 3.1) of the experimental and predicted distance distributions from 
different rotamer libraries for all intra-POTRA domain variants (N=7).  
 

MMM175K MMM298K MtsslWizard Warsh 

0.43 0.99 0.91 0.77 

Sezer12/175K Sezer12/298K Sezer13/175K Sezer13/298K 

0.73 1.09 0.79 0.85 

 

Nevertheless, it could be concluded that the architecture of the individual domains in frozen 

solution is very similar to 3MC8, allowing the assumption that the individual domains can be 

treated as rigid bodies. Furthermore, this result indicates, that potential differences observed for 

the inter-POTRA domain variants can be attributed to a different domain-domain orientation. 
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3.1.1.2 Relative domain-domain orientation in frozen liquid solution 

 

The structural integrity of the individual domains was evaluated by the seven intra-POTRA 

domain variants. Yet, deviations between the width of experimental and rotamer library based 

distance distributions were observed. These deviations indicated a confined flexibility of the 

spin label in frozen liquid solution compared to the in silico flexibility, especially for residues 

V370C, Q429C, and V460C. This observation needs to be kept in mind when (i) comparing the 

twenty inter-POTRA domain restraints (Figure 3.4) with the predictions based on 3MC8 and 

(ii) drawing conclusion on the relative domain-domain orientation.  

 

 
Figure 3.4: Cartoon representation of 3MC8 indicating the spin labelled residues in each domain for the 
inter-domain variants.  A) Spin labelled residues in anaP3 and anaP2: V460C (black), Q429C (brown), V370C 
(blue), E344C (red), and A319C (green). B) Spin labelled residues in anaP2 and anaP1 creating the inter-domain 
variants between those domains: Q374C (orange), V370C (blue), E344C (red) A319C (green), I292C (dark cyan), 
N265C (magenta) and Q259C (violet). C) Spin labelled residues in anaP3 and anaP1: V460C (black), V457C 
(light blue), L448C (light green), I292C (dark cyan) and Q259C (violet). The spin labelling positions for the inter-
POTRA domain restraints were selected such that a triangulation of a position in anaP1 or anaP3 with a position 
in anaP2 and a direct correlation of anaP1 and anaP3 was possible. Inter-POTRA domain variants were expressed, 
purified and spin labelled by Eva-Maria Bouwer, a former Ph.D. student in the lab of Prof. Enrico Schleiff at the 
Goethe-University. 
 

Similar to the intra-POTRA domain PELDOR data, the majority of the inter-POTRA domain 

spin labelled pairs exhibited pronounced dipolar oscillations within the observed time window 

(Figure 6.5), leading to well-resolved inter-spin distances (Figure 6.6) ranging from ~2.4 nm 

(N265C/E344C) to ~ 5.7 nm (I292C/V460C). Comparison of the experimental inter-POTRA 

domain restraints with 3MC8 using the previously introduced rotamer libraries and 

temperatures was done for all POTRA domain pairs.  

The predictions for the inter-POTRA domain distance restraints between anaP2-anaP3 based 

on 3MC8 showed a high degree of consistency with the experimental intramolecular dipolar 

evolution functions (Figure 3.5; page 30). Especially for spin labelled pairs of residue 429, the 

dipolar frequency, as well as the dampening of the dipolar evolution function, were reproduced 
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by the rotamer libraries, only a minor deviation in the pattern of the oscillations was observed. 

Thus, the distance distributions overlap nicely (Figure 3.6, page 31). 

 

 

Figure 3.5: Comparison of inter-POTRA domain PELDOR time traces for anaP3 and anaP2 generated by 
MMM and MtsslWizard with the experimental traces. Time traces generated on 3MC8 by the standard libraries 
of MMM2013.2 in 298 K (red) and 175 K (blue) mode, Warsh (magenta), Sezer12 in 298K (orange) and 175K 
(green) mode, Sezer13 in 298K (brown) and 175K (dark green) mode were obtained from MMM. While time 
traces for distance distributions from MtsslWizard (violet) using thorough search and loose vdW restraints (cut-
off 2.5Å, 5 clashes allowed) were obtained by a home-written MATLAB® script. The background-corrected 
experimental data is shown in grey. 
 

This agreement was seen for restraints belonging to residue 460 as well. However, the spin 

labelled pair V370C/V460C exhibited stronger dipolar oscillation than predicted and therefore, 

a narrower experimental distance distribution than predicted by in silico labelling. An exception 

to this finding were the Sezer rotamer libraries. Furthermore, the spin labelled pair 

E344C/V460C yielded a bimodal experimental distance distribution, which was not reproduced 

by any of the rotamer libraries. These observations were in line with the intra-domain results, 

where distances involving residues 370 or 460 showed deviations between experiment and 

rotamer library prediction, emphasizing that the spin label flexibility is strongly hindered at 
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these positions. Nevertheless, the restrictions were not strong enough to cause orientation 

selection (Figure 6.7). 

 

 
Figure 3.6: Comparison of inter-POTRA domain distance distributions for anaP3 and anaP2 generated by 
MMM and MtsslWizard with experimental distance distributions. Distance distributions generated on 3MC8 
by the standard libraries of MMM2013.2 in 298 K mode (red), in 175 K mode (blue), Warsh library (magenta), 
Sezer12 in 298K mode (orange), Sezer12 in 175K mode (green), Sezer13 in 298K mode (brown) and 175K mode 
(dark green) and MtsslWizard using thorough search and loose vdW restraints (violet) are compared to the distance 
distributions from Tikhonov regularization (grey). 
 

In-depth inspection of the experimental dipolar evolution functions for anaP1-anaP2 revealed 

that the predicted time traces exhibited a stronger damping and a shift in dipolar coupling 

frequency (Figure 3.7; page 32), leading to some deviations of the experimental and predicted 

mean distances (Figure 3.8; page 33).  
 

Figure 3.7: Comparison of inter-POTRA domain PELDOR time traces for anaP1 and anaP2 generated by 
MMM and MtsslWizard with experimental traces.  Time traces generated on 3MC8 by the libraries of 
MMM2013.2 in 298 K (red) and 175 K (blue) mode, Warsh library (magenta), Sezer12 in 298K (orange) and 
175K (green) mode, Sezer13 in 298K (brown) and 175K (dark green) mode were directly obtained from MMM 
software package. Time traces for distance distributions from MtsslWizard using thorough search and loose vdW 
restraints (cut-off 2.5Å, 5 clashes allowed) (violet) were obtained by a home-written MATLAB® script. The 
background-corrected experimental data is shown in (grey). 
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Figure 3.8 Comparison of inter-POTRA domain PELDOR distance distributions for anaP1 and anaP2 
generated by MMM and MtsslWizard with experimental traces.  Distance distributions generated on 3MC8 
by the standard libraries of MMM2013.2 in 298 K mode (red), in 175 K mode (blue), Warsh library (magenta), 
Sezer12 in 298K mode (orange), Sezer12 in 175K mode (green), Sezer13 in 298K mode (brown) and Sezer13 in 
175K mode (dark green) and MtsslWizard using thorough search and loose vdW restraints (violet) are compared 
to the obtained distance distributions by Tikhonov regularization (grey). 
 

In terms of restraints connected to residue 259, the predicted dipolar evolution functions 

revealed some differences in dipolar coupling frequency for the spin labelled pairs 

Q259C/E344C and Q295C/V370C. This was most likely due to small population differences in 

the rotamer library-predictions compared to the MTSSL conformations at these sites in frozen 

liquid solution. In addition, none of the rotamer libraries reflected the dampening for the spin 

labelled pairs N265C/V370C and I292C/V370C (Figure 3.7; page 32), leading to distance 

distributions broader than observed experimentally (Figure 3.8; page 33). Interestingly the 

predicted and experimental mean distances for spin labelled pair N265C/V370C were in good 

agreement, with the only exception being the Warsh library. While for the other spin labelled 

pairs connected to residue 265, a shift in dipolar coupling frequency to a longer period and thus 

larger mean distance was observed except for the Warsh library. Since residue 265 showed a 

reasonable agreement of experiments and predictions for the intra-POTRA domain restraints 

the observed differences in the inter-POTRA domain restraints might be due to a slightly 

different orientation of the domains, rather than rotamer inaccuracy. For restraints involving 

residue 292, the most intriguing differences were observed for spin labelled pairs I292C/V370C 

and I292C/Q374C. In both cases, the strong dipolar oscillations could not be mirrored by the 

rotamer libraries leading to discrepancies in the distribution widths. The finding that all anaP1-

anaP2 spin labelled pairs with residue 370 as partner beard a narrower distance distribution 

compared to the predicted distributions was most likely due to a smaller selection of rotamer 

states of the spin label. This limited flexibility was not only observed in frozen liquid solution 

but as well by liquid state CW EPR (Figure 6.3). Residue 370 is located within an inter β-strand 

loop, this specific location might have led to interactions with the protein backbone of anaP2, 

which could not be reproduced by the rotamer libraries. This was in line with the results on the 

intra-POTRA domain restraints as well as the POTRA domain pair anaP3-anaP2. 

Taking together all deviations between predicted and experimental restraints and the narrow 

width of the experimental distributions, a distinct but slightly different relative domain-domain 

orientation of anaP1-anaP2 compared to 3MC8 was observed by PELDOR spectroscopy. 

These difference in the inter-POTRA domain orientation of anaP1-anaP2 should as well lead 

to an altered relative orientation of the N-terminal anaOmp85 POTRA domain anaP1 with 
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respect to the C-terminal POTRA domain anaP3, compared to 3MC8. Albeit, most of the 

rotamer library-predictions of the dipolar evolution functions between anaP1 and anaP3 

showed a reasonable agreement with the experiment (Figure 3.9). 

 

 
Figure 3.9: Comparison of inter-POTRA domain time traces and distance distributions for anaP3 and 
anaP1 generated by MMM and MtsslWizard with the experimental data.  A) Time traces generated on 3MC8 
by the standard libraries of MMM2013.2 in 298 K (red) and 175 K (blue) mode, Warsh library (magenta), Sezer12 
in 298K (orange) and 175K (green) mode, Sezer13 in 298K (brown) and 175K (dark green) mode were directly 
obtained from MMM software package. While time traces for distance distributions from MtsslWizard using 
thorough search and loose vdW restraints (cut-off 2.5Å, 5 clashes allowed) (violet) were obtained by a home-
written MATLAB® script. The background-corrected experimental data is shown in (grey). B) Corresponding 
distance distributions generated on X-ray structure compared to the experimental distance distributions obtained 
by Tikhonov regularization (grey). 
 

  



Results and Discussion 

36 

Nevertheless, the experimental mean distance for the spin labelled pair Q259C/L448C was 

slightly longer than predicted on the 3MC8. However, this might be caused by population 

differences of the rotamers at these positions. In addition, the standard library of MMM and 

Sezer12 in 175K mode exhibited stronger dipolar oscillations (Figure 3.9A; page 35) leading 

to distance distributions narrower than experimentally observed (Figure 3.9B; page 35). This 

was as well the case for the spin labelled pair Q259C/V457C, yet for this spin labelled pair, the 

rotamer libraries Warsh and Sezer libraries in 175K mode showed a similar behaviour. The spin 

labelled pair I292C/V460C had the best agreement between experimental results and 

simulations on the 3MC8, except for rotamer libraries Sezer13 in 298K mode and Warsh, with 

slower dipolar oscillations and thus longer distances (Figure 3.9; page 35).  

 

In summary, the experimental inter-POTRA domain distances restraint revealed minor 

deviations from 3MC8. However, as for the intra-POTRA domain restraints, an overestimation 

of the spin label flexibility, reflected by broader distance distributions is observed, potentially 

covering the differences in the relative domain-domain orientation compared to 3MC8. 

Consideration of intra-residue Cα─H▪▪▪Sδ interactions slightly reduces the width of the 

distributions but changed the most probable distances. Thus, overall agreement of predicted and 

experimental distance distributions for all inter-POTRA domain restraints was not greatly 

increased, which can be quantified by DF (Eq. 3.1; page 28) between the experimental and 

predicted distance distributions. 

 

Table 3.2: Deviation factor DF (Eq. 3.1) of the experimental and predicted distance distributions from 
different rotamer libraries for all inter-POTRA domain variants (N=20). 
 

MMM175K MMM298K MtsslWizard Warsh 

0.59 0.53 0.46 0.56 

Sezer12/175K Sezer12/298K Sezer13/175K Sezer13/298K 

0.49 0.53 0.45 0.94 

 

These results might be an indication for rather small inter-domain rearrangements or 

rearrangements leading to non-varying inter-domain distance. Thus, an analysis of the 

conformational dynamics, as well as the spin label flexibility at the respective positions, is 

inevitable for the determination of the relative orientation of the domains. 
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3.1.2 Comparison to Molecular Dynamics Simulations 

 

The comparison of the experimental PELDOR results with 3MC8 using the rotamer library 

approach revealed that the usage of a static model prevents an accurate prediction of the 

flexibility of the MTSSL side chain. To overcome this drawback, multiple Molecular Dynamics 

(MD) simulations on in silico spin labelled anaOmp85 POTRA domains with a total length of 

1.9 µs were performed by Dr. Oliver Mirus, a former Postdoctoral researcher in the group of 

Prof. Dr. Enrico Schleiff at the Goethe-University. This approach should help to account for 

side chain rearrangement and an appropriate description of the spin label and backbone 

flexibility. Thus, leading to more realistic distance distributions and dipolar evolution functions.  

In the case of the anaP2-anaP3 spin labelled pair E344C/V460C the MD simulations did reflect 

the shape of the experimental time trace and distance distributions better than predictions based 

on 3MC8 using the standard rotamer library of MMM in 298K mode (Figure 3.10; page 38).  

A reason for this might have been that rotamer libraries were calculated based on the structure 

3MC8 using a “simple” Lennard-Jones potential to account for interactions with the protein, 

while MD simulations allowed to account for side chain rearrangements as well as putative 

tertiary interactions with the protein. Unfortunately, this improvement in rotamer library-

prediction was not observed as a general trend, e.g., the spin labelled pairs Q259C/E344C, 

N265C/A319C, V370C/V460C (Figure 3.10 and Figure 3.11; pages 38 and 39).  

The distance distributions for the POTRA domain pair anaP1 and anaP2, extracted from the 

MD simulation, were of similar width than those calculated with the rotamer library. Both have 

an increased dampening of the simulated dipolar evolution function (Figure 3.11) compared to 

the experimental time traces. This promoted the picture that the conformational flexibility of 

the domains and the spin label is more confined in frozen liquid solution. The deviations in 

mean distance between 3MC8 and experimental data observed for anaP1-anaP2 spin label pairs 

related to residue 265 were attributed to a potential difference in the domain-domain orientation. 

Interestingly, this was not confirmed by the MD simulations on spin labelled domains, which 

revealed distance distributions for spin label pairs of residue 265 similar to those predicted by 

the rotamer libraries (Figure 3.10 and Figure 3.11; pages 38 and 39).  

Yet, for the spin label pair N265C/V370C a bimodal distance distribution was observed, which 

might be a hint that also the flexibility of the spin label at position 265 was influenced by 

backbone fluctuations and sidechain rearrangements of the protein.  
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Figure 3.10: Comparison of experimental and simulated intra-molecular distance distributions from MD 
and the X-ray structure 3MC8.  The summed distance distribution over all MD simulations on in silico spin 
label anaOmp85 (blue) are compared to the experimental distance distributions (grey) as well as those generated 
on 3MC8 using the standard libraries of MMM2013.2 in 298 K (red). The ribbon representation of 3MC8 
indication the spin labelling positions is given as inset. MD simulations on in silico spin labelled anaOmp85 
POTRA domains were performed by Dr. Oliver Mirus, a former Postdoctoral researcher in the group of Prof. Dr. 
Enrico Schleiff at the Goethe-University. 
 

Interestingly the distance distributions extracted from our MD simulations on spin labelled 

domains anaP1 and anaP3 showed differences in mean distances for the spin labelled pairs 

Q259C/V457C and I292C/V460C (Figure 3.10 and Figure 3.11; pages 38 and 39 ) compared 

to both rotamer library-predictions and experimental restraints. These deviations might be due 

to a lower sampling of these distances within the MD simulations (only 3 out of 15 MD 

trajectories for each spin label pair).  
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Figure 3.11: Comparison of experimental and simulated intra-molecular dipolar evolution functions from 
MD and 3MC8. The MD simulations on in silico spin label anaOmp85 were performed by Dr. Oliver Mirus, 
while simulations of the dipolar evolution functions based on the extracted distance distributions (blue) were 
performed by the author herself using a home-written MATLAB script. The experimental dipolar evolution 
functions (grey), as well as those generated on 3MC8 using the standard libraries of MMM2013.2 in 298 K (red), 
are shown for comparison. 
 

In summary, the MD simulations on in silico spin labelled anaOmp85 POTRA domains, 

unfortunately, showed only minor improvements in the prediction of spin label flexibility. In 

addition, the distribution widths of the MD-based distributions were only slightly increased 

compared to the experimental and those of the rotamer library-predictions. This is a further 

indication of rather a confined flexibility of the domains and especially for anaP2 and anaP3, 

with a conformation comparable to the 3MC8. Yet, the deviations in mean distances of 

restraints related to residue 265 and distribution widths for restraints related to residue 370 were 

preserved in the MD simulations, indicating a different domain-domain orientation of anaP1-

anaP2 in combination with a more confined spin label flexibility in frozen liquid solution 
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compared to both simulation approaches. Nevertheless, the overall DF (0.7180) was even 

increased compared to the predictions based on 3MC8. 

 

3.1.3 Influence of spin label flexibility on structure refinement 

 

The well-defined experimental distance distributions and the deviations in anaP1 and anaP2 

distances, which were preserved for both rotamer library-predictions and MD simulations on 

spin labelled anaOmp85 POTRA domains, are a good basis for a structure refinement. Yet, the 

overestimation of the spin label flexibility by the rotamer libraries might be a limiting factor in 

unravelling the orientation of anaP1 and anaP3 with respect to anaP2 in frozen liquid solution. 

In a first simplified approach, the relative domain-domain orientation of 3MC8 will be refined 

assuming the individual POTRA domains as rigid bodies, according to the results on the intra-

domain restraints and the similarity to the 3MC8. In the second approach, the potential 

backbone movements, as well as side chain rearrangements of the anaOmp85 POTRA domains, 

are taken into account. In a first step, the conformational space sampled by the MD simulations 

is screened to extract an ensemble of start structures, which are further subjected to a Rosetta 

relax protocol. This should help to account for protein flexibility and putative tertiary 

interactions of the spin label with the protein. 

Both approaches will be evaluated and compared in terms of their accuracy to give advice for 

future studies. 

In the case of the rigid body refinement, the standard rotamer libraries of MMM in 175K and 

298K mode, as well as a self-made library based on the MD simulations on in silico spin 

labelled anaOmp85 POTRA domains were considered to account for spin label flexibility at a 

specific site. All libraries showed similar observations (Figure 6.8, Figure 6.9 and Table 3.3), 

thus the results will be discussed exemplarily by the use of the commonly applied standard 

rotamer library of MMM in 298K mode. In order to refine the relative orientation of the 

individual of the anaOmp85 POTRA domains with respect to 3MC8, the domains (rigid bodies) 

will be translated and rotated (Figure 3.12; page 41) to minimize the RMSD between the 

experimental and simulated distance distributions of pairs of rotamer bundles. Hereby, the NO-

coordinates of the rotamer ensembles are fixed relative to the individual POTRA domain they 

are attached to (for details see Chapter 6.2.5).  
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Figure 3.12: Illustration of the rigid body refinement.  A) Ribbon representation of 3MC8 indicating the spin 
labelling positions in the individual domains. The individual domains are assumed as rigid bodies, which is 
depicted by cylinders. B) Cartoon of the translational and rotational motions executed during the rigid body 
refinement. The rotational motions occur at hinge points (orange) which mimic the flexible linkers between the 
domains.  
 

The mean distance for the anaP2-anaP3 spin labelled pair A319C/V460C and its dipolar 

oscillation frequency was slightly better reproduced in comparison to any of the previous 

calculations. Yet, the width of the distribution and therefore the dampening of the dipolar 

evolution function for the spin labelled pair V370C/V460C was increased (Figure 3.13 and 

Figure 3.14, pages 42 and 43). Hence, the rigid body refinement did not lead to an overall 

improvement for restraints between anaP2-anaP3, indicating that the arrangement of those 

domains is close to that of 3MC8.  

Comparison of the refined distance distributions for ‘the best model’ of the rigid body 

refinements revealed that especially distances for the anaP1-anaP2 spin labelled pairs 

N265C/A319C and N265C/E344C, which showed deviations in mean distance compared to 

rotamer library-prediction, were shifted to match the experimental distribution (Figure 3.13; 

page 42). This is even more obvious by looking at the time domain signal (Figure 3.14; page 

43). In addition, an enhanced consistency between dipolar oscillation frequencies was observed 

for the spin labelled pair I292C/Q374C. Nevertheless, the width of the simulated distributions 

was mainly unchanged, especially for the spin labelled pairs N265C/V370C and I292C/V370C; 

preserving the increased dampening of the dipolar oscillations of the time domain signal (Figure 

3.14; page 43). 
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Figure 3.13: Comparison of experimental (grey) and simulated intra-molecular distance distributions from 
the rigid body refinement for all inter-POTRA domain restraints. Distance distributions obtained for the best 
model of the rigid body refinements using the standard library of MMM2013.2 in 298 K mode (red), generated on 
3MC8 is compared to the distance distributions obtained by Tikhonov regularization (grey). The rigid body 
refinement was conducted by Prof. Dr. Thomas Prisner at the Goethe-University. The ribbon representation of 
3MC8 indication the spin labelling positions is given as inset. 
 

Due to the slight change in the conformation anaP1-anaP2, the agreement of simulated and 

experimental distance distributions / dipolar evolution functions for restraints between anaP1-

anaP3 was slightly increased. Especially, the mean distance, as well as width of the distribution 

for the spin labelled pairs Q259C/L448C and Q259C/V457C were in better accordance with 

the experimental data. This was in line with the enhanced accuracy observed for the spin 

labelled pair Q259C/E344C. 
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Figure 3.14: Comparison of experimental (grey) and simulated intramolecular dipolar evolution functions 
from the rigid body refinement for all inter-POTRA domain restraints.  Dipolar evolution functions obtained 
for the best model of the rigid body refinements using the standard libraries of MMM2013.2 in 298 K mode 
generated on 3MC8 is compared to the background-corrected experimental dipolar evolution functions (grey). 
Simulations of the dipolar evolution functions for the distance distributions obtained by rigid body refinement 
were done by the author herself. The rigid body refinements were conducted by Prof. Dr. Thomas Prisner at the 
Goethe-University 
 

Nevertheless, the over estimation of the spin label flexibility by the rotamer library, which was 

reflected by broader distance distributions, led to several solutions giving similar good RMSDs 

between experimental and simulated distance distributions, which were below the error of 

Tikhonov regularization. Thus, this approach was strongly dependent on the quality of the 

rotamer library-prediction. Even a self-made rotamer library from the MD simulations of in 

silico spin labelled anaOmp85 POTRA domains did not lead to a general increase in the 

similarity of the distance distributions (Figure 6.8 and Figure 6.9). This indicates that even full 

MD simulations of in silico spin labelled proteins were not able to represent the necessary 



Results and Discussion 

44 

interaction and the true label flexibility. Thus, none of the rotamer libraries utilized for rigid 

body refinement results in a better overall agreement of predicted and experimental 

distributions. This becomes even more obvious when comparing the SF of the distance 

distributions based on 3MC8 and the best model of the refinements (Table 3.3).  

 

Table 3.3 Comparison of the deviation factor (DF; Eq. 3.1) of the distance distributions predicted for 
different rotamer libraries and the refined distributions for all inter-POTRA domain variants (N=20). 
 

 MMM 175K MMM 298K MD 

X-ray 0.59 0.53 0.72 

refined 0.43 0.40 0.37 

 

A more realistic refinement approach was perused by Dr. Oliver Mirus using Rosetta. Other 

than the simplified assumption of the individual domains as rigid bodies, this approach accounts 

for protein flexibility, side chain rearrangements and putative tertiary interactions of the spin 

label with the protein. Unfortunately, the inherent flexibility of the spin label flexibility is 

initially described by a Rosetta in-built rotamer library. Yet, during the refinement process, one 

single rotamer for each labelling site will be selected to match the experimental restraints for a 

specific model structure. This might aid to overcome the inherent inaccuracy of the rotamer 

libraries (for details see Chapter 6.2.5). Furthermore, the correlation of each position by two 

different sites or even trilateration reduced the degrees of freedom introduced by the MTSSL 

side chain drastically. A drawback of this approach was the invisibility of the distribution width. 

The best Rosetta refined model gave an almost complete agreement (~98%) with the most 

probable distances of the experimental distributions (Figure 6.2 orange lines). Unfortunately, 

the precision of the Rosetta rotamer library, as well as the increased degrees of freedom due to 

full protein flexibility, allowed multiple models with a similar good agreement (Top 100 models 

fall into a score range of ~ 0.6%) with the experimental results in frozen solution.  

Thus, both refinement approaches contain a resolution limit due to the underlying rotamer 

library, resulting in conformational ensembles. Yet, comparison of the conformational space of 

these ensembles with the conformational space sampled during MD simulations of anaOmp85 

POTRA domains can be beneficial to evaluate the size of this ensemble and the influences of 

the intrinsic flexibility of the anaOmp85 POTRA domains on the resolution limit of structure 

refinement.  
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3.1.4 Conformational space of the refined ensembles and MD simulations 

 

The MD simulations on spin labelled anaOmp85 POTRA domains showed only minor 

deviations in the distribution width. A possible explanation was that the conformational space 

was not fully sampled by the simulation. Thus, the total possible conformational space was 

additionally estimated by replica-exchange molecular dynamics (REMD) simulations. In the 

course of these simulations wild type POTRA domains were simulated simultaneously at 

various different temperatures and after a certain simulation period, the models (replica) 

exchanged between the different temperatures (for details see Chapter 6.3.7). In order to 

visualize the conformational space, twist and swing angles of the simulated structures were 

calculated. Hereby, the twist angle described a rotational motion about the main axis of the 

respective domain anaP1 or anaP3. The swing angle described a bending of either anaP1 or 

anaP3 from the main axis of anaP2. Comparison of the orientational space to this of the MD 

simulations in silico spin labelled anaOmp85 POTRA domains showed a large overlap of the 

orientational space for all domain pairs (Figure 3.15B-G; page 46), especially of the most 

populated region. This was also the case for the previously published MD simulations (43); 

however, the present simulations enabled a more comprehensive view due to their multitude, 

time length and an enhanced sampling method. Therefore, it could be concluded that the total 

length of the MD on spin labelled anaOmp85 POTRA domains is sufficient to describe the 

conformational dynamics of the protein backbone.  

The top 100 models of both refinement strategies were located within the conformational space 

sampled by MD and REMD simulations, by that again showing consistency between the MD 

simulation approaches (Figure 3.15B-G; page 46). Yet, the conformational space of the 

anaOmp85 POTRA domain in frozen solution yielded by both refinement approaches is rather 

restricted compared to that sampled by the MD simulations on spin labelled POTRA domains 

and REMD simulations (Figure 3.15B-G; page 46). This is especially observed for the full range 

of twist motion of anaP1 with respect to anaP2 explored during the REMD simulation in a 

small corridor bounded by the swing angle mostly between 80° and 100° (Figure 3.15 E; 

page 46).  

The small angular spread observed for the orientational ensemble of anaP2-anaP3 of 40° and 

30° for the rigid-body (standard rotamer library of MMM in 298K mode) and Rosetta 

refinement, respectively, (Figure 3.15B, C; page 46) was in line with the well-defined 

oscillations of the dipolar evolution functions obtained for these restraints (Figure 6.5). 
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Figure 3.15: Comparison of the orientational space of pairs of anaOmp85-POTRA domains obtained by 
MD simulations of spin labelled POTRA domains and REMD simulations to models obtained from 
structure refinements using the experimental PELDOR distance restraints.  A) Cartoon representation of 
3MC8 indicating the rigid bodies, twist and swing angles describing the relative orientation of the domains and 
labelling positions. B-G) The density maps (10 contour levels) indicate the relative population of the orientational 
space between adjacent anaOmp85-POTRA domains determined by MD simulations of spin labelled POTRA 
domains (A, C, F) and REMD simulations (B, D, G). In all plots, the asterisk indicates the conformation of the 
respective domains in 3MC8. The refined structures obtained by rigid body refinement standard MMM2013.2 
rotamer library in 298K mode (black dots) and Rosetta refinement (cyan dots) are indicated. The REMD 
simulations were performed and the angular plots created by Dr. Oliver Mirus and kindly provided for the use in 
this thesis.  
 

Furthermore, the Cα distance distributions of the investigated inter-domain restraints in the 

REMD simulation were very narrow compared to the experimental distributions confirming the 

assumption of small backbone movements of these domains during the time course of the 

simulation (Figure 6.10). Thus, the flexibility of the spin label was large compared to the inter-
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domain flexibility and the inaccuracy in orientation prediction mostly due to the inaccuracy in 

the prediction of the spin label flexibility in both approaches. Nonetheless, the orientation of 

this domain pair in 3MC8 resembles the putative orientation in frozen liquid solution.  

The conformational ensemble of anaP1 with respect to anaP2 was larger compared to anaP2- 

anaP3 ensemble and described an ellipse with a swing angle dispersion of 30° and 40°, and a 

twist angle dispersion of 50° and 70° for the rigid-body and Rosetta refinement, respectively 

(Figure 3.15D, E; page 46). In particular, large twist angle dispersion and the discrepancy in 

the ellipse centres (rigid body: twist 90°, swing 92°; Rosetta: twist 66°, swing 69°) seemed to 

be in contradiction with the experimentally observed pronounced dipolar oscillations for 

restraints of this domain pair (Figure 6.5). Yet, the underlying motion caused only a minor 

broadening of the Cα distance distributions related to residue 374, leading to widths comparable 

to those of the PELDOR restraints (Figure 6.10). Thus, the underlying flexibility of the domains 

was still covered by the resolution limit of the rotamer library. Nevertheless, anaP1-anaP2 were 

found to be connected in a bit more flexible fashion than anaP2-anaP3. This was in accordance 

with the larger interface between anaP2-anaP3 [75].  

For both POTRA domain pairs the models of the Rosetta refinement showed a larger overlap 

with the most populated orientations in the MD simulations. Therefore, this refinement 

approach seemed to be favourable compared to the rigid body approach since it gave a better 

representation of the ensemble in frozen liquid solution.  

The relative orientations obtained for anaP1 and anaP3 showed a similar spread of twist/swing 

angles for both strategies, which was similar to the one observed for the domain pair anaP2 and 

anaP3 (Figure 3.15F, G; page 46). However, the overlap of the refined ensembles was much 

bigger than observed for anaP2 and anaP3. Looking at the relative orientation of anaP1 and 

anaP3 by MD and REMD simulations reveals a circular orientational space; however, the 

diameter of the space was ~ 20° larger than the one observed for anaP2-anaP3. With the 

orientational space of the most populated conformations being of the same size as for the model 

ensembles obtained by both refinement approaches. A more stringent selection of allowed 

models significantly reduces the spread in angular space of the Rosetta models, which in the 

case of the rigid body refinement was not true for the orientation of anaP2-anaP3 (Figure 6.11). 

Interestingly, the refined ensembles, as well as the conformation of 3MC8, were slightly shifted 

to larger swing angles. Therefore, it could be concluded that the relative orientation of anaP1 

and anaP3 present in 3MC8 bear a close resemblance to the refined model ensembles (Figure 

3.15 F, G; page 46). 
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In summary, it can be concluded, that the resolution limit introduced by the rotamer libraries 

prevents the determination of an explicit relative orientation of the anaOmp85 POTRA domains 

in frozen liquid solution. Furthermore, this observation is benefited by the small intrinsic 

flexibility of the anaOmp85 POTRA domains observed in the REMD simulations. Thus, 

especially the slight differences in the domain-domain orientation of anaP1-anaP2 compared 

to 3MC8 are hidden. Yet, particularly the Rosetta refinement allowed the identification of a 

restricted conformational ensemble compared to the MD simulations, with a slightly larger 

flexibility of anaP1-anaP2, which is in good agreement with the experimental results.  

 

3.1.5 Relevance of the restricted flexibility of anaOmp85 POTRA domains  

 

The three POTRA domains (anaP1, anaP2, and anaP3) are the soluble N-terminal extension of 

the β-barrel type Omp8533 of cyanobacterium Anabaena sp. PCC 7120 (anaOmp85 [80]) 

encode by alr2269. AnaOmp85 is a class II PTBs34 [81] and belongs to the Omp85-TpsB35 

superfamily. It is considered the most abundant Omp85 protein in the outer membrane of 

cyanobacteria [82] and catalyses the insertion of β–barrel proteins into the outer membrane, 

while the POTRA domains were found to regulate the pore gating of the β-barrel from the 

periplasmic side of the outer membrane (OM, [75, 80, 83]). The length of the linker between 

the individual domains in combination with the domain-domain interface determines the 

flexibility and relative orientation of the domains, which are supposed to be of functional 

relevance [84, 85]. In contrast to the five POTRA domains of the related Omp85 BamA36 in 

E.coli (ecP1, ecP2, ecP3, ecP4, and ecP5) the anaOmp85 POTRA domains bare an N-terminal 

proline-rich domain (PRD; residues 145–219), for which structural information does not exist 

[75, 86]. 

The conformational ensembles of the anaOmp85 POTRA domains obtained by structure 

refinement using PELDOR distance restraints showed a small intrinsic flexibility of the three 

anaOmp85 POTRA domains and especially anaP2-anaP3. In addition, the orientation of these 

domains in the X-ray structure (3MC8) seems to be a good representative of this refined 

ensemble The restricted flexibility of anaP2-anaP3 is in line with earlier findings BamA, where 

the most C-terminal POTRA domains ecP3 to ecP5 were assumed to bear a rigid architecture 

                                                 
33 Outer-Membrane Protein of 85 kDa 
34 polypeptide-transporting β-barrel protein 
35 Omp85 – Two-partner secretion B 
36 β-barrel assembly machinery; formerly YaeT. 
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[87]. This was partially validated for ecP4-ecP5 in lipid bilayers as well as in detergent by 

solution- or solid-state NMR and SAXS [87-89], revealing an orientation similar to the X-ray 

structure of those domains. However, recent X-ray structures (5AYW, 5EKQ, 5D0O) of 

assembled BAM complexes challenge this assumption [90-92]. 

The observed restricted flexibility of anaP1-anaP2 contradicts a switch between different 

conformations as reported for the five POTRA domains of BamA, which revealed a fishhook-

like arrangement of the POTRA domains with a kink between rigid architectures of ecP5-ecP3 

and ecP2-ecP1 [77], as well as an extended conformation [78]. A similar conformational change 

was proposed for the two POTRA domains of the class I PTB FhaC37 in Bordetella pertussis 

(bp) by PELDOR spectroscopy [93]. Yet, solution and solid state NMR, EPR or SAXS 

measurements of truncated BamA constructs revealed a reorientation of ecP2-ecP3, which is 

slow or even not present on the timescales of these experiments, especially in lipid bilayers [88, 

94-96].  

The POTRA domains of BamA interact with all components of the BAM complex [90, 92], 

thereby providing a scaffold for the complex assembly. Both 5AYW and 5D0O imply that the 

relative orientation of the POTRA domains and the relative orientation of especially ecP5 to 

the β-barrel are an important factor for the proper architecture of the entire complex. A similar 

observation was made for FhaC, where a 2-amino acid insertion between the two POTRA 

domains decreased the recognition of the substrate [84]. 

Unfortunately, the reconstitution of full-length anaOmp85 into an artificial lipid membrane was 

unsuccessful. Thus, the orientation of C-terminal POTRA domain anaP3 relative to the β-barrel 

remains elusive. Yet, it is possible to infer the potential orientation using the available X-ray 

structures of full-length BamA (5AYW, 5EKQ, 5D0O) or FhaC (4QKY) and aligning the most 

C-terminal POTRA domains (BamA: ecP5, anaOmp85: anaP3 and FhaC: bpP2).  

Embedding these models and the experimentally observed restricted flexibility into the context 

of the outer membrane gives a first insight into the relation between flexibility and the 

dimension of the PGL38 (Figure 3.16; page 50). The PGL is a porous network [97, 98], which 

is in close vicinity [99-101] to the outer membrane from the periplasmic side [102, 103]. In 

Anabaena sp. it was found to be 14±2 nm while [104], while in E. coli the PGL spans only 

about ~ 6nm [105].  

 

                                                 
37 Filamentous emAgglutinin transporter protein 
38 PeptidoGlycane Layer 
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Figure 3.16: Putative orientation of the anaOmp85 POTRA domains to the β-barrel and integration into 
the cellular environment.  To mimic the potential orientation of the anaOmp85 POTRA domain with respect to 
the β-barrel anaP3 is aligned to ecP5 of various full-length BamA structures (4K3B (gold); 5EKQ (rose; Complex 
of BamA, C, D and E); 5AYW (green; Entire BAM complex), 5D0O (yellow, Entire BAM complex)) or bpP2 of 
full-length FhaC (4QXY, blue; superseded 2QDZ). ‘PRD’ denotes the proline-rich domain of anaOmp85, for 
which no structural information is available. The models are embedded into the cellular context using a true to 
scale schematic representation of the outer leaflet of cyanobacteria [104]. The β-barrel is situated in the outer 
membrane (OM), which is followed by the peptidoglycan-layer after a small spacing.  
 

Using these dimensions, the anaOmp85 POTRA domains (length in 3MC8 = 9.5 nm) reach 

only about 6.5 nm into the PGL, leaving them embedded in this confined cellular environment. 

This would be in good agreement with the restricted flexibility of the domains, only allowing 

for small thermal fluctuations. In addition, the positioning of the domains within the PGL 

explains the absence of a kink between anaP1-anaP2. The last ~ 6 nm are potentially covered 

by the PRD39, which are supposed to function as a stiff 'sticky arm', binding rapidly (because 

of the small surface area and flexibility involved) and reversibly to other proteins [106] acting 

as an antenna for the incoming substrate as well as a mediator for the oligomerization in 

membranes. 

 

  

                                                 
39 Proline-Rich Domain 
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3.2 K48-linked ubiquitin chains – a flexible system 

 

Ubiquitination and especially polyubiquitination is one of the most versatile posttranslational 

modifications, which leads to a multitude of cellular signalling functions such as proteasomal 

degradation, destabilization, an altered localization or a functional manipulation of the target 

protein [107, 108]. The information content of ubiquitination is encoded by the linkage type as 

well as by the chain length, which determine the conformational space of a ubiquitin chain 

[109]. The linkage type is defined by the K40 residue of ubiquitin that is bound to the C-terminus 

of the previous ubiquitin. One possible linkage type is by K48. Ubiquitin chains of this linkage 

type were discovered as a signal for proteasomal degradation [110-113], yet the mechanisms of 

signal recognition are under debate, especially for longer chains [114]. Studying the 

conformational space of these chains in more detail could lead to a deeper understanding of the 

aforementioned mechanisms. The large number of published structures of diubiquitin suggests 

a rather high flexibility of these chains [115-121]. As discussed in the previous chapter, 

structure refinement or estimation of the conformational flexibility of multi-domain proteins 

are strongly dependent on the spin label flexibility at a given protein site, when the inherent 

flexibility of the label exceeds the inter-domain flexibility. For multi-domain proteins with a 

high intrinsic flexibility the choice of labelling positons that are prone to exhibit a restricted 

flexibility might be beneficial for the determination of the conformational flexibility. For this 

purpose, in a first step suitable labelling positions with a restricted flexibility have to be 

identified. Second, the conformational space of free K48-linked diubiquitin chains will be 

investigated and, connected to this topic, the capability of PELDOR spectroscopy to determine 

conformational changes will be demonstrated. Third, the complications arising from highly 

flexible multi-domain systems will be discussed by the use of polyubiquitin chains. In the last 

step, the mechanisms involved in the translation of the encoded signal into a cellular response 

will be explored by the use of UBDs41 or DUBs42. 

 

  

                                                 
40 K = Lysine; Three letter code Lys 
41 ubiquitin binding domains 
42 deubiquitinating enzymes 
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3.2.1 Identification of spin labelling sites with restricted flexibility  

 

Helical secondary structure elements have often been shown to lead to a decreased spin label 

flexibility, thus minimizing the contribution of backbone flexibility [122-124]. This was 

observed for anaOmp85 POTRA domains as well [63]. Two double-Cys variants T22C/E34C 

and N25C/E34C, located on the alpha 1 helix of ubiquitin or a nearby position (Figure 3.17), 

were used to estimate the flexibility of the spin label and secondly to probe the length of the 

helix and, thereby, the structural integrity of monoubiquitin.  

 

 
Figure 3.17: Spin label flexibility in doubly spin labelled Cys-variants in monoubiquitin.  A) Monoubiquitin 
variant T22C/E34C; B) Primary 4-pulse PELDOR data with the 3D background shown in blue. C) Background-
corrected 4-pulse PELDOR time traces with fit from a single Gaussian model (red). D) Distance distributions 
obtained by single Gaussian model fitting (red) and Tikhonov regularization (α= 1; grey) with the distance 
distributions generated on the X-ray structure (1UBQ) by MMM2015.2 in 298K mode (black). E) Monoubiquitin 
variant N25C/E34C; F) Primary 4-pulse PELDOR data with the 3D background shown in blue. G) Background-
corrected 4-pulse PELDOR time traces with fit from a single Gaussian model (orange). H) Distance distributions 
obtained by single Gaussian model fitting (orange) and Tikhonov regularization (α= 10; grey) compared with the 
distance distributions generated on 1UBQ (black). Ubiquitin variants were assembled, purified and spin labelled 
by Andreas Kniss from the Lab of Prof. Volker Dötsch at the Goethe-University. 
 

For both double-Cys variants, well-defined oscillations were observed which allowed a clear 

differentiation between intra- and intermolecular dipolar interactions (Figure 3.17). Such time 

traces enable the extraction of well-resolved distance distributions by Tikhonov regularization 

(Figure 3.17) and can be resembled by a single Gaussian distance distribution. These narrow 

distributions are indicative of a confined flexibility of the spin labels at the chosen positions 

and also confirmed the rigid structure of helix 1.  

Comparison to the X-ray structure (1UBQ) in addition confirmed the confined flexibility since 

the width of distance distributions predicted based on the standard rotamer library of MMM in 

298K mode is similar to that experimentally observed. Furthermore, only a small number of 

possible rotamers are predicted for the spin labelled positions based on 1UBQ (T22C = 76 

rotamers, N25C = 52 rotamers, E34C = 21 rotamers; ~200 rotamers in entire library).  
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3.2.2 Conformational ensemble of the flexible K48-linked diubiquitin 

 

The confined flexibility observed for the restraints within helix 1 of ubiquitin was very useful 

for determining the conformational flexibility of K48-linked diubiquitin. Furthermore, labelling 

within the beta-sheets, which would also lead to a confined label flexibility as well (e.g. residue 

370 in anaP2), would, in this case, interfere with molecular recognition over the hydrophobic 

patch [125]. Thus, five variants with spin labelling positions along helix 1 in the proximal43 (p) 

and the distal44 (d) K48-linked ubiquitin moieties were synthesized to characterize the 

conformational space. (Figure 3.18A).  

 

 
Figure 3.18: Experimental PELDOR Data for five K48-linked diubiquitin variants. A) The labelling positions 
for each restraint are indicated on the NMR structure 2PEA. B) Primary 4-pulse PELDOR data. The 3D 
background is indicated pE24C/dA28C (blue), pE24C/dE24C (orange), pA28C/dA28C (cyan), pE34C/dT22C 
(green) and pE34C/dE34C (red). C) Background-corrected time traces with fits from two Gaussian model fitting. 
D) Distance distributions from two Gaussian model fitting. Fits from Tikhonov with a regularization parameter of 
100 are given for comparison and model validation (grey; Table 6.3). Diubiquitin variants were assembled, purified 
and spin labelled by Andreas Kniss from the Lab of Prof. Volker Dötsch at the Goethe-University. 
 

Three variants (pE24C/dA28C, pE24C/dE24C, pA28C/dA28C) showed a dipolar oscillation at 

the beginning, which was already damped after the first oscillation. Nevertheless, the 

observation time windows of up to 6µs were sufficient to enable for a reliable background-

correction (Figure 3.18B, C). The broad yet structured distance distributions by Tikhonov 

regularization could be resembled by the simplified assumption of two-Gaussian distributions 

(Figure 3.18D). The fast dampening is a strong indication of a flexible connection of both 

monoubiquitin moieties, e.g. compared to the observations on anaOmp85 POTRA, where most 

                                                 
43 First ubiquitin in a chain. 
44 Last ubiquitin in a chain. 
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of the experimental time traces showed pronounced dipolar oscillations. The other two variants 

(pE34C/dT22C, pE34C/dE34C) exhibited an even stronger dampening, resulting in an even 

broader distance distributions. Unfortunately, the PELDOR time window was a bit short for 

variant pE34C/dE34C. This short time window was related to a rather short phase memory time 

TM of this variant (Figure 6.12), which is most likely due to the orientation of the spin label at 

position 34, which is pointing towards the inside of a ubiquitin moiety.  

Comparison of the experimental distance distributions of these inter-ubiquitin domain restraints 

to structure-base in silico-predicted distance distributions shows that the observed flexibility 

was in accordance with the large number of different published structures of K48-linked 

diubiquitin in the RCSB45 Protein Data Bank [115-121, 126-130] (Figure 3.19).  

 

 
Figure 3.19: Comparison of the experimental inter-ubiquitin distance distributions for various diubiquitin 
variants to distance distributions generated by MMM2015.2 [38] in 298K mode.  The experimental 
distributions are shown as grey areas (grey). The PDB46 structures are classified in close (2PEA, 3M3J, 2BGF, 
2O6V), open (2PE9, 3AUL, 3NS8) and bound (2LVP, 2LVQ, 1AAR and 1ZO6) conformations, according to the 
relative distance of the I44 centred hydrophobic patches.  
 

                                                 
45 Research Collaboratory for Structural Bioinformatics 
46 Protein Data Bank 
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However, the rather closed conformation (as defined by the relative distance of the I44-centered 

hydrophobic patches) observed in 2PEA [117, 118] showed the closest resemblance of the most 

probable distance. While the closed conformations observed in 2BGF, 3M3J and 2O6V, 

involving extensive hydrophobic patch interactions [116, 119, 129], and 1AAR, diubiquitin in 

complex with E2 [115], do not satisfy most PELDOR distance restraints (Figure 3.19). The 

largest deviations were observed for elongated chain conformations, as seen in the X-ray 

structures 3AUL and 3NS8 [121]. Yet, interestingly the “open” conformations in 2PE9 [117, 

118] or the UBD bound HADDOCK47 models 2LVP, 2LVQ [130] and 1ZO6 [128] were in 

quite good agreement compared to the highly closed conformations. Remarkably, in contrast to 

the observations on the anaOmp85 POTRA domains, the widths of the simulated distance 

distributions are narrower than those experimentally observed. An exception to this were the 

predicted distance distributions for the UBD bound HADDOCK models 2LVP and 2LVQ 

[130], however, this is not due to the inaccuracy in rotamer library-prediction but to the 

inaccuracy of the protein model ensemble (the complete model ensemble are given in Figure 

3.22 on page 67). This underlines that the inaccuracy in rotamer library-prediction does not 

obstruct the determination of inter-domain flexibility but rather, that the lower intrinsic 

flexibility of the spin labels along helix 1 is beneficial for these investigations.  

The resolution limit, observed in the case of anaOmp85 POTRA domains, should be of minor 

importance to structural modelling here since the inaccuracy in the predicted flexibility of the 

spin label was found to be small compared to the inter-domain flexibility.  

As in the case of anaOmp85 POTRA domains, a rigid body assumption for the backbone of the 

individual domains was pursued. In the present case, mobile side chains are assumed. The rigid 

bodies were connected via a flexible linker containing ubiquitin residues 72-76 (Figure 6.13). 

The maximal flexibility of the spin label was given by the rotamer library created with MMM 

in 298K mode at the given position. During the modelling one single rotamer out of this library, 

as in the Rosetta refinement, was chosen for a specific model. The software CYANA16 was 

employed [37], instead of the home-written MATLAB code to prevent non-biophysical linker 

conformations or steric clashes. Furthermore, the experimental distance restraints were not used 

to refine any of the published structures, but as a filtering tool for structural modelling. In an 

initial step, 106 structural models were calculated by translational and rotational movement of 

the distal ubiquitin with respect to the proximal one. The first filtering step was the exclusion 

of models exhibiting sterical clashes, resulting in an ensemble of ~3.7x105 conformers (Figure 
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6.14). The second filtering step utilizes the combined probability (Eq. 6.1) of all five 

experimental distance distributions. Each conformation with a combined probability <1% was 

dropped, yielding a representative structural ensemble of ~1.4x105 models consistent with the 

experimental restraints (Figure 6.14; for detail to the structural modelling see Chapter 6.2.6). 

Out of this ensemble, 3000 individual models were chosen as representative models for 

visualization (Figure 3.20).  

 

 
Figure 3.20: Analysis of the conformational space of K48-linked diubiquitin.  The conformational ensemble 
of the distal ubiquitin moiety obtained by CYANA is given for two combined probability cut-offs (light blue, 0.12 
and dark blue 0.4) with respect to the proximal moiety (grey). A comparison of the conformational ensemble of 
the available structures of closed/open free and UBD bound K48-linked diubiquitin is given. The proximal 
ubiquitin of the structures is aligned onto the reference proximal ubiquitin of the CYANA ensemble. In the case 
of the diverse NMR structure ensembles, 2LVP and 2LVQ additional overlays with all models are shown in Figure 
3.22. Structural modelling employing CYANA was done by Dr. Sina Kazemi from the Güntert Lab at Goethe-
University. 
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In each of these diubiquitin molecules, a sphere represents the centre of mass of ubiquitin 

(Figure 6.13), indicating the position of the distal ubiquitin with respect to the proximal one 

and the size of the spheres represents the combined probability of a certain (for details see 

Chapter 6.3.6). This calculation resulted in a “flower bouquet”-shaped conformational space 

(combined probability cut-off 0.12 (light blue); Figure 3.20), however with highly populated 

sub spaces (combined probability cut-off 0.4 (dark blue); Figure 3.20). Comparison of the 

modelled conformational space to the previously reported structures in the RCSB Protein Data 

Bank revealed that both ‘closed’ (2PEA, 2O6V, 2BGF and 3M3J; [116, 117, 119, 129]) and 

‘open’ (2PE9; [117]) structures showed conformations of the distal ubiquitin moiety at different 

locations within the highly populated subspace (Figure 3.20; dark blue ensemble). Furthermore, 

the conformations of published UBD bound structures (2LVQ, 2LVP, 1ZO6 and 1AAR; [115, 

128, 130]) are possible but fall into a lower populated conformational subspace (Figure 3.20). 

This could indicate that binding of certain UBDs uses conformational selection as recognition 

mechanism. Similarly, compact structures with accessible hydrophobic patches (3NS8 and 

3AUL; [120, 121]) are located in less probable regions of the conformational ensemble.  

 

3.2.3 Alterations of the conformational ensemble of K48-linked diubiquitin 

 

The investigation of conformational changes of multi-domain proteins upon their recognition, 

transport function or due to intracellular conditions is of utmost importance to unravel the 

structure-function relationship. In terms of diubiquitin, the investigation of effects of different 

UBDs on the conformation and conformational flexibility might aid to draw conclusions about 

the mechanisms of molecular recognition. The diubiquitin variant pE24C/dA28C (Figure 3.18), 

which showed a pronounced yet fast damped dipolar oscillation in free diubiquitin, was used to 

study the effect of potential interaction partners. First, the effect of the CUE48 domains of yeast 

Cue1 (form here on Cue1; [131]), of the homologous CUE domain of the human E3 ligase gp78 

[130] and of yeast Cue2 [132] was probed. The UBDs were all found to have similar binding 

modes, interacting with the hydrophobic patch of an individual ubiquitin moiety ([133]; Figure 

3.21; further information on the UBDs can be found in Chapter 3.2.7).  
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Figure 3.21: The effect of ubiquitin binding domains (UBDs) and deubiquitinating enzymes (DUBs) on the 
conformational flexibility of diubiquitin. A) Primary 4-pulse PELDOR data of doubly spin labelled K48-linked 
diubiquitin variant pE24C/dA28C alone (grey) and in complex with the UBDs of Cue1 (light red), gp78CUE 
(orange), Cue2 (green), UBA2 (blue) and the DUB OTUB1i (pink), indicating the 3D background. B) 
Corresponding background-corrected 4-pulse PELDOR time traces with fits using a two Gaussian model (Table 
6.3), which resemble the distance distributions obtained by Tikhonov regularization. C) Distance distributions 
obtained by two Gaussian model fitting. K48-linked diubiquitin variant pE24C/dA28C was assembled, purified 
and spin labelled as well as the UBDs and the DUB utilized in this study by Andreas Kniss from the Lab of Prof. 
Volker Dötsch at the Goethe-University. 
 

Only the addition of Cue1 was found to have a stabilizing effect on the conformational 

flexibility of diubiquitin, leading to a bimodal distance distribution with a contribution of ~70% 

of a broad Gaussian and ~30% of a narrow Gaussian with an error ± 5%, which was obtained 

by background-variation. Thus, Cue1 seems to have a unique stabilizing effect within this class 

of UBDs. The so-called UBA249 domain of human Rad23 [128] was added to diubiquitin to 

test whether an alternative binding mode, for example binding of the K48-linkage, leads to a 

conformational change. However, binding of this domain had only minor effects on the 

conformational flexibility. A similar observation was made in the case of the proteasomal 

receptor Rpn1350, which was shown to interact with the isopeptide linkage connecting the 

individual ubiquitin moieties [134, 135].  

Finally, the effect of a DUB on the conformational flexibility of diubiquitin was investigated. 

Since DUBs regulated the specifical hydrolysis of the inter-ubiquitin linkage [136], all 

measurements were obtained using a variant with an inactivated catalytic centre (see Chapter 

6.2.1) to prevent diubiquitin cleavage. Binding of the inactivated variant of the K48-linkage 

                                                 
49 Ubiquitin-associated  
50 Regulatory Particle Non-ATPase 13 



Results and Discussion 

59 

specific DUB, OTUB151 ([137]; hereafter OTUB1i), to diubiquitin led to a significant change 

in the inter-spin distances reducing the mean distance by ~1.5 nm. (Figure 3.21). 

The conformational changes introduced by either Cue1 or OTUB1i on the five variants of 

diubiquitin, which were used to determine the initial flexibility of diubiquitin, were 

reinvestigated to gain further insights into the underlying binding mechanisms.  

 

3.2.3.1 Conformational selection upon Cue1 binding 

 

Binding of Cue1 to the diubiquitin variants pE24C/dA28C, pE24C/dE24C and pA28C/dA28C 

shifted the conformational equilibrium of diubiquitin to a distinct conformation of ~30% of the 

total probability distribution of K48-linked diubiquitin, while the conformational distribution 

of the pE34C/dE34C variant was shifted to larger distance (Figure 3.22A; page 60). The 

background-correction for this restraint was achieved by applying a similar background 

compared to the free variant. The only distance restraint that was nearly unaffected by Cue1 

binding is the pE34C/dT22C variant (Figure 3.22A; page 60). The five restraints of Cue1 bound 

diubiquitin were subjected to structural modelling with CYANA, as the restraints of free 

diubiquitin, to visualize the differences in the conformational ensembles. For the restricted 

populations of the Cue1 bound state, the inaccuracy in rotamer library-prediction of the spin 

label flexibility might introduce a resolution limit. However, due to the broad underlying 

population of ~70%, this should have a minor effect on the overall size of the ensemble of 

modelled with CYANA. The reduced conformational space was readily seen in the number of 

conformations (4.1x104 conformations; ~30%; Figure 6.15; page 106) out of the original 

collision free ensemble (~3.7x105 conformations) that were in agreement with the five 

PELDOR restraints (Figure 3.22B; page 60). A representative ensemble of 3000 structures 

depicts the conformational distribution of the distal moiety of diubiquitin in this complex in 

Figure 3.22E. The conformational space for a combined probability cut-off of 0.12 includes the 

underlying broad population, while sub spaces for a combined probability cut-off of 0.4 give 

an estimate for the conformationally restricted population (Figure 3.22B; page 60).  

The size of this sub ensemble might be overestimated due to the inaccuracy in the rotamer 

library-prediction. Comparison of the conformational ensemble of free and Cue1-bound K48-

linked diubiquitin underlined that Cue1 binds under the mechanism of conformational 

selection, leading to conformations comparable to those observed in 2LVP, 2LVQ [130]. 
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Figure 3.22: The effect of Cue1 on the conformational space of K48-linked diubiquitin.  A) The labelling 
positions for each restraint are displayed on the NMR structure 2PEA. B) Primary PELDOR data. The 3D 
background is indicated pE24C/dA28C (light blue), pE24C/dE24C (light orange), pA28C/dA28C (light cyan), 
pE34C/dT22C (light green) and pE34C/dE34C (light red). C) Background-corrected dipolar evolution functions 
of five different doubly spin labelled diubiquitin variants in complex with Cue1. D) Corresponding distance 
distributions (dark coloured lines; Table 6.3) in comparison to the distance distributions obtained for the respective 
unbound diubiquitin variants (light coloured lines). E) The conformational ensemble of the distal ubiquitin moiety 
obtained by CYANA is given for two combined probability cut-offs (light blue, 0.12 and dark blue 0.4) with 
respect to the proximal moiety (grey) for the Cue1 bound state. F) Comparison of the conformational ensemble of 
free (blue) and Cue1-bound (red) diubiquitin at a cut-off 0.2, indicating a conformational selection. Furthermore, 
the HADDOCK model ensembles of 2LVQ (grey) and 2LVP (black) are depicted for comparison. K48-linked 
diubiquitin variants, as well as Cue1, were prepared by Andreas Kniss from the Lab of Prof. Volker Dötsch at the 
Goethe-University. Structural modelling employing CYANA was done by Dr. Sina Kazemi form the Güntert Lab 
at Goethe-University.  
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The observed changes could not be attributed to differences in rotamer populations in the course 

of Cue1 binding since Cue1 binds to the hydrophobic patches [131] centred in the beta-sheets 

of ubiquitin, which are located opposite to the spin labelling positions in helix 1. Furthermore, 

the effect could be modulated by binding deficient variants of diubiquitin. The introduction of 

an Alanine mutation at residues 42 or 70 in either or both the proximal or distal moiety was 

used to prevent Cue1 binding (Figure 3.23 and Figure 6.16).  

 

 
Figure 3.23 Investigation of Cue1 binding deficient pE24C/dA28C K48-linked diubiquitin variants. A) NMR 
structure of ubiquitin (1UBQ) indicating the hydrophobic patch residues L8, I44 (blue) and V70 (red) as well as 
R42 (red). R42 and V70 were replaced by A, to create a binding deficiency. B) Schematic representation of 
diubiquitin variant pE24C/dA28C, indicating the ubiquitin moiety with the binding deficient mutation (red). C) 
Background-corrected PELDOR time traces of diubiquitin bearing the Cue1 binding deficient mutation R42A in 
either or both ubiquitin moieties in the presence of Cue1. D) Corresponding distance distributions obtained by 
two-Gaussian model fitting (Table 6.3). E) Background-corrected PELDOR time traces of diubiquitin bearing the 
Cue1 binding deficient mutation V70A in either or both ubiquitin moieties in the presence of Cue1. F) 
Corresponding distance distributions obtain by two-Gaussian model fitting (Table 6.3). Binding deficient 
pE24C/dA28C diubiquitin variant, as well as Cue1, were prepared by Andreas Kniss from the Lab of Prof. Volker 
Dötsch at the Goethe-University. 
 

For the proximal R42A52 / V70A53 mutations [128, 131], a reduction of the stabilizing effect 

by ~50% was observed, leading to a bimodal distance distribution with a broad Gaussian of 

~90% and a narrow Gaussian of ~10%, with a minor variation of ±2% upon different 

background-corrections. (Figure 3.23B, C, Table 6.3 and Figure 6.16) However, distal R42A / 

V70A mutations led to a complete abolishment of the stabilizing effect, indicating that binding 

of the distal moiety is of importance for the stabilizing effect of Cue1. The efficiency of the 

binding inhibition was probed with double R42A / V70A variants of diubiquitin, showing time 
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traces similar to free diubiquitin. These results were compared to a simple equilibrium-binding 

model for two independent binding sites on a protein. This allowed estimating the equilibrium 

concentrations of the possible species of free and Cue1 bound diubiquitin in frozen liquid 

solution (Figure 3.24).  

 

 

Figure 3.24: Equilibrium binding model for diubiquitin using two independent Cue1 binding sites. The 
equilibrium concentrations of the possible species of free and Cue1 bound ubiquitin are estimated using the Kds 
for proximal and distal binding reported by Delbrück et al. [131] and initial concentrations of Cue1 of 150 µM and 
100 µM of diubiquitin.  
 

Taking into account that purely proximal binding of Cue1 did not reveal a stabilizing effect in 

the experiment and purely distal binding led to a 50% reduction of the stabilizing effect, the 

possible species could be sorted into two groups. First, sum of the equilibrium concentrations 

of free ubiquitin and the purely proximal bound chain ([DiUb-K48]Eq+[pCue1]Eq) which was 

roughly 70% of the available ubiquitin concentration (100 µM) and second, the purely distal 

bound and double bound diubiquitin chain ([pCue1]Eq+[pdCue1]Eq), which contributed to about 

30 %. This was perfectly in line with the experimental distance distribution for the 

pE24C/dA28V variant with no binding deficiency. In an adapted binding model of an inhibited 

proximal binding site, purely distal binding made up ~50% of the ubiquitin species, which was 

in line with the experimentally observed reduction of the conformational stabilization. 
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3.2.3.2 Conformational remodelling upon OTUB1 binding 

 

Binding of an inactivated variant of the thiol and K48-linkage specific DUB, OTUB1 of the 

Otubain (OTU) protease family, to diubiquitin variant pE24C/dA28C led to a strong effect, 

shifting the distance distribution to shorter distances and a narrower distribution (Figure 3.21 

and Figure 3.25B-D; page 64). A similar effect was observed for the pE24C/dE24C variant 

(Figure 3.25A-D; page 64), leading to a narrow population of the distance distribution of about 

~70% of the overall poulation. The shortening of the inter-spin distance was as well observed 

for variant pA28C/dA28C, yet the restrictive effect as seen for the previous variants was not 

observed. A narrowing of the distance distribution was again monitored for the pE34C/dE34C 

variant, however the inter-spin distances increases (Figure 3.25A-D; page 64). As for the case 

of Cue1 binding, the distance restraint that was least affected by OTUB1 binding was the 

pE34C/dT22C variant (Figure 3.25A-D; page 64).  

The observed narrowing of the distance distributions for the variants pE24C/dA28C, 

pE24C/dE24C and pE34C/pE34C could introduce a resolution limit in the structural modelling 

by CYANA, as observed for the anaOmp85 POTRA domains since the overestimation of the 

spin label flexibility by the rotamer library might exceed the protein flexibility. Nevertheless, 

the decrease in the chain flexibility was also revealed by a reduced number of structural models 

(1.2x104 models, Figure 6.17), which were compatible with all five distances restraints for this 

complex, compared to the free diubiquitin ensemble. A representative ensemble of 3000 

structures depicts the conformational distribution of the distal moiety of diubiquitin in this 

complex (Figure 3.25E; page 64). The overlay of the conformational space of free and OTUB1i 

bound diubiquitin underlined the observed shift and narrowing of the conformational space 

(Figure 3.25F; page 64), indicating that OTUB1 binds under conformational remodelling. 

Hereby, it should be mentioned, that the probability cut-off of 0.2 chosen for the comparison 

might be an overestimation of the real conformational space of the distal ubiquitin in the 

OTUB1 bound complex. A comparison to a previously reported X-ray structure of OTUB1 in 

complex with two individual ubiquitin moieties (4DDI), but with a close vicinity of K48 in first 

(proximal) moiety and the C-terminus of the second (distal) moiety, showed that this 

conformation lies on the outer edge of the ensemble (Figure 3.25F; page 64).  
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Figure 3.25: The Effect of OTUB1i on the conformational space of K48-linked diubiquitin. A) The labelling 
positions for each restraint are displayed on the NMR structure 2PEA. B) Primary PELDOR data. The 3D 
background is indicated pE24C/dA28C (light blue), pE24C/dE24C (light orange), pA28C/dA28C (light cyan), 
pE34C/dT22C (light green) and pE34C/dE34C (light red). C) Left: Background-corrected dipolar evolution 
functions of five different doubly spin labelled diubiquitin variants in complex with OTUB1i. D) Corresponding 
distance distributions (dark coloured lines; Table 6.3) in comparison to distance distributions obtained for the 
respective unbound diubiquitin variants (light coloured lines; Table 6.3). E) The conformational ensemble of the 
distal ubiquitin moiety obtained by CYANA is given for two combined probability cut-offs (light green, 0.12 and 
dark green 0.4) with respect to the proximal moiety (grey) for the OTUB1i bound state. F) Overlay of the 
conformational ensemble of free (blue) and OTUB1i-bound (green) diubiquitin at a cut-off 0.2, indicating a 
conformational selection. In addition, the possibly “distal” ubiquitin in complex 1 of 4DDI (black) is shown for 
comparison. K48-linked diubiquitin variants, as well as OTUb1, were prepared by Andreas Kniss from the Lab of 
Prof. Volker Dötsch at the Goethe-University. Structural modelling employing CYANA was done by Dr. Sina 
Kazemi form the Güntert Lab at Goethe-University. 
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3.2.4 Influence of a large inter-domain flexibility on PELDOR restraints 

 

The observations on K48-linked diubiquitin chains showed that a hindered flexibility of the 

spin label is beneficial for the investigation of flexible multi-domain proteins since it will not 

or only slightly contribute to the observed dampening of the dipolar evolution function. This 

provided the possibility to study the conformational flexibility of larger multi-domain proteins 

such as longer ubiquitin chains (> 2 moieties), whose conformational space might depend on 

the chain length. To evaluate this hypothesis double-Cys variants of tri- and tetraubiquitin 

chains were synthesized, carrying a spin label on the proximal and the distal ubiquitin (Figure 

3.26A). The preparation of pure double-Cys variants at the desired ubiquitin moieties was 

controlled during chain elongation (see Chapter 6.2.1). 

The dipolar evolution functions of tri- and tetraubiquitin obtained with the 4-pulse PELDOR 

sequence revealed an increased dampening in combination with a prolongation of the initial 

signal decay, compared to mono- and diubiquitin, leading to an enlarged mean distance and a 

broadening of the distributions (Figure 3.26B and D, Figure 6.18 and Figure 6.19).  

 

 
Figure 3.26: Conformational flexibility of K48-linked polyubiquitin chains. A) Schematic representation of 
monoubiquitin variant T22C/E34C, diubiquitin variant pE24C/dA28C, triubiquitin variant pE24C/dA28C and 
tetraubiquitin variant pE24C/dA28C. B) Background-corrected 4-pulse PELDOR time traces of doubly spin 
labelled K48-linked polyubiquitin chains labelled at position pE24C and dA28C in comparison to the 
monoubiquitin variant T22C/E34C (orange). C) Background- and ‘artefact’-corrected 7-pulse CP PELDOR time 
traces of tri- and tetraubiquitin labelled at position pE24C and dA28C. The modulation depth is scaled to ~0.25. 
D) Corresponding distance distributions obtained by one or two Gaussian fits. For tri- and tetraubiquitin the 
distance distributions obtained by 4-pulse and 7-pulse CP PELDOR are overlaid for comparison (Table 6.3). The 
7-pulse CP PELDOR measurements were obtained in collaboration with Dr. Philipp E. Spindler, a Postdoctoral 
researcher in the group of Prof. Thomas F. Prisner at the Goethe-University. The tri- and tetraubiquitin variants 
were assembled, purified and spin labelled by Andreas Kniss from the Lab of Prof. Volker Dötsch at the Goethe-
University. 
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This was indicative of a strong rise in chain flexibility as well as a larger distance between the 

spin labels. Especially, large distances can look like a damped dipolar evolution function if the 

time window is too short to observe a full dipolar oscillation for a reliable differentiation 

between inter- and intra-molecular contributions (Figure 6.18). 

The utilization of 7-pulse CP PELDOR [48] enabled to enlarge the dipolar evolution time 

window, thereby leading to a more reliable background-correction (Figure 6.19) and a shift of 

the boundaries given by Eq. 2.21 and Eq. 2.22. However, it needs to be kept in mind that for an 

appropriate use of the ‘artefact’ correction procedure, the probability of a double spin inversion 

p has to be larger than ~0.7 (Chapter 2.2.2, [48]). This condition was full-filled for all tri- and 

tetraubiquitin variants (see Figure 6.19). With the applied experimental conditions, accurate 

distance and distribution width can be determined up to 9.5 nm and 7.6 nm, respectively ([29]; 

Eq. 2.21 and Eq. 2.22). The measurements revealed a longer yet fast damped oscillation period 

for triubiquitin, compared to the diubiquitin variant, which was probably removed in the case 

of the 4-pulse PELDOR experiment by an underestimation of the intermolecular contributions 

(Figure 6.18, red background-correction). In the case of tetraubiquitin, the 7-pulse CP PELDOR 

time trace was strongly damped, yet a completely unmodulated signal as in the 4-pulse 

PELDOR experiment was not observed, leading to a slightly narrower distance distribution for 

the 7-pulse CP PELDOR experiment. The modulations visible from t = 4-8 µs were a remnant 

of the approximate iterative correction procedure, which aims to subtract the additional traces 

with their appropriate weights, zero times and time traces [48], and were therefore not taken 

into account for the analysis using a Gaussian model. Nevertheless, the clearly visible 

oscillation in the case of triubiquitin showed that the application of the recently developed 7-

pulse CP PELDOR sequence enabled the determination of a more reliable background-

correction, thus allowing the investigation of highly flexible multi-domain proteins and the 

reliable determination of large inter-spin distance distribution.  
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3.2.5 Evaluation of the compact fold of tetraubiquitin 

 

The enhanced time window due to the application of 7-pulse CP PELDOR enabled the 

evaluation of the compact fold of tetraubiquitin as seen in the published X-ray structures [129]. 

This fold was as well proposed to be the predominant conformation in liquid solution by PRE11 

measurements [129]. However, the result on the tetraubiquitin variant pE24C/dA28C 

challenged this conclusion. Additional triubiquitin (pE34C/dA28C) and tetraubiquitin variants 

(pA28C/dS57C, pE34C/dA28C) were synthesized (Figure 3.27).  

 

 
Figure 3.27: PELDOR distance restraints indicated on the X-ray structure of tetraubiquitin (2O6V). The 
triubiquitin variants pE24C/dA28C (dark blue) and pE34C/dA28C (light blue) are mimicked by in silico spin 
labelling of the second last ubiquitin (abbreviated by m2) moiety in the X-ray structure. In silico spin labelling of 
tetraubiquitin variants, pE24C/dA28C (dark green) and pE34C/dA28C (light green) was pursued at positions as in 
the EPR samples. The colour code matches that of Figure 3.28. The tri- and tetraubiquitin variants were assembled, 
purified and spin labelled by Andreas Kniss from the Lab of Prof. Volker Dötsch at the Goethe-University. 
 

The experimental restraints will be compared with distance distributions predictions based on 

the X-ray structure 2O6V (hereafter 2O6V), which is the only structure of a chain with four 

ubiquitin bearing all moieties in the asymmetric unit, to evaluate the compact fold as the 

predominant conformation in frozen solution as well. The other three structures in the RCSB 

Protein Data Bank either show only two moieties in the asymmetric unit (1TBE, 1F9J; [126, 

127]) or bear a cyclic connection (3ALB; [138]). Thus, only 2O6V will be compared to the 

experimental PELDOR restraints of tri- and tetraubiquitin. In order to mimic a triubiquitin chain 

in silico spin labels were attached to the second last ubiquitin moiety (abbreviated by m2) in 

2O6V (Figure 3.27). All variants (Figure 3.27, Figure 3.28A) exhibited strongly damped time 

traces, which were fitted by broad single Gaussian distributions (exception triubiquitin variant 

pE24C/dA28C; Figure 3.28; page 71 and Figure 6.19).  
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Figure 3.28 Conformational flexibility of K48-linked polyubiquitin chains. A) Schematic representation of the 
investigated tri- and tetraubiquitin variants. B) Background-corrected 7-pulse CP-PELDOR time traces of two spin 
labelled triubiquitin variants (pE24C/dA28C (blue), pE34C/dA28C (light blue), and three tetraubiquitin variants 
(pA28C/dS57C (orange), pE24C/dA28C (green); pE34C/dA28C (cyan)) in comparison to the simulated dipolar 
evolution functions generated on 2O6V (dotted lines). C) Zoom into early times of the dipolar evolution function 
for better comparison to the simulation. D) Corresponding distance distributions obtained by one- or two-Gaussian 
model fitting (solid lines) compared with the simulated distance distributions generated on 2O6V (dotted lines). 
This reveals a broad conformational space for ubiquitin chains > 3 moieties. The model based analysis of the 
experimental data was applied to facilitate the interpretation of the results. The respective Tikhonov regularization 
analysis showed broad, but spiky distributions due to the noise level of some of the datasets. The tri- and 
tetraubiquitin variants were assembled, purified and spin labelled by Andreas Kniss from the Lab of Prof. Volker 
Dötsch at the Goethe-University. 
 

The large widths of the distances for longer polyubiquitin chains are strongly indicative of a 

very broad conformational space. The broadest distribution was observed for the tetraubiquitin 

variant pA28C/dS57C. A reason for this might be the properties of residue 57, this residue is 

located in a small alpha-helical segment within a rather long loop connecting the beta-strands 

4 and 5. This potentially introduces a further layer of flexibility, leading to an additional 

expansion of the conformational distribution. Superposition of the simulated and experimental 

dipolar evolution functions shows a strong discrepancy in dipolar frequency as well as 

dampening (Figure 3.28B, C and Figure 6.19). Nevertheless, due to the broad experimental 

distribution, an overlap with the simulated distance distributions was always observed (Figure 

3.28D). In contrast to the anaOmp85 POTRA domains, were both simulated and experimental 

distribution widths were found to originate predominately form the spin label flexibility, the 

distribution widths in the case of polyubiquitin chains have different origins. While the rotamer 

library approach is based on a static structure, hence only taking into account the inherent 

flexibility of the spin label, the experimental distributions of the polyubiquitin chains are 
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dominated by the protein flexibility. Thus, a quantitative comparison of the overlap integrals of 

both distributions, as done for the anaOmp85 POTRA domains, is not valid.  

Elongation of the doubly-spin labelled diubiquitin variant pE24C/dA28C with wildtype 

ubiquitin to tri- and tetraubiquitin only led to minor effects on the conformational space of 

diubiquitin, which were within the resolution limit (Figure 3.29A-C and Figure 6.20).  

 

 
Figure 3.29: Influence of chain length and diubiquitin position within a chain on the conformational 
flexibility of diubiquitin.  A) Schematic representation of diubiquitin variant pE24C/dA28C, triubiquitin variant 
pE24C/mA28C and tetraubiquitin pE24C/m1A28C. B, C) Experimental PELDOR data and corresponding 
distance distributions (one or two Gaussian model fits) for distal elongation of diubiquitin variant pE24C/dA28C 
with wildtype ubiquitin. For the pE24C/m1A28C tetraubiquitin variant (blue) a comparison to the dipolar 
evolution function and distance distributions generated on 2O6V at respective positions by MMM2015.2 in 298K 
mode (grey, dotted line) is shown. D) Schematic representation of diubiquitin variant pA28C/dA28C, triubiquitin 
variant mA28C/dA28C and tetraubiquitin m1A28C/m2A28C. E, F) Experimental PELDOR data and distance 
distributions (two Gaussian model fits) for diubiquitin variant pA28C/dA28C, proximal elongation to triubiquitin 
variant mA28C/dA28C and proximal/distal elongation to tetraubiquitin variant m1A28C/m2A28C. Data for the 
diubiquitin variant pA28C/dA28C are compared to the dipolar evolution functions and the distance distributions 
generated on 2O6V at positions pA28C/m1A28C (light grey, dotted line) MMM2015.2 in 298K mode. The 
experimental data of tetraubiquitin variant m1A28C/m2A28C is compared to the dipolar evolution function and 
the distance distributions generated on 2O6V at respective positions (grey, dotted line) by MMM2015.2 in 298K 
mode. The di-, tri- and tetraubiquitin variants were assembled, purified and spin labelled by Andreas Kniss from 
the Lab of Prof. Volker Dötsch at the Goethe-University. 
 

Furthermore, the triubiquitin variant mA28C/dA28C and the tetraubiquitin variant 

m1A28C/m2A28C showed dipolar evolution functions and distance distributions similar to 

those of the pA28C/dA28C diubiquitin variant (Figure 3.29D-F and Figure 6.20). Thus, a 

stabilization of the conformational space of diubiquitin upon chain elongation could be 
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excluded. This observation was confirmed by comparison to the in silico predictions of the 

respective restraints based on 2O6V. These results indicated that the compact conformation of 

tetraubiquitin seen in 2O6V in not the predominant conformation in frozen liquid solution at a 

physiological pH of 7.2. This was as well true for a pH of 4.5 (Figure 6.21), which was reported 

to facilitate less compact conformations [139]. Revisiting the PRE measurements published 

alongside with 2O6V, allowed an alternative interpretation of the conformational space 

sampled in liquid solution. The exchange between the ‘open’ and ‘closed’ conformations of 

diubiquitin was found to occur on a timescale of 10 ns [117, 118]. Even if the timescale of the 

exchange would be hundreds of ns in tetraubiquitin the exchange would still be fast on the 

timescale of the PRE experiment (߬௘௫௖௛௔௡௚௘ ൏ 250	μ[20] ,ݏ). Under these conditions PRE 

experiments are usually applied to study sparsely populated conformations of down to 1% of 

the overall population. Such a sparsely populated state would be perfectly in line with the broad 

conformational distribution of those chains in frozen liquid solution and a flat energy landscape 

of the conformational exchange, excluding a conformational restriction due to a slow freezing 

rate. Nevertheless, also a significant contribution of a completely elongated chain conformation 

(pearl-on-a-string model; diameter of pearl/ubiquitin 27 Å and string sections/linkage ~15 Å) 

to the conformational ensemble could be excluded, since the distance between both spin labels 

in such a conformation would be larger than 10 nm. 

 

3.2.6 Conformational changes of highly flexible polyubiquitin chains  

 

Even with the reliability of the background-correction due to the application of the 7-pulse CP 

PELDOR sequence, the observed distance distributions were too broad to be considered for 

structural modelling purposes. This was in strong contrast to the experiments on diubiquitin. 

Nevertheless, it might be at least possible to observe changes upon binding of UBDs or DUB. 

This could still aid to understand the binding modes of the individual binding domains. 

The strong effects of Cue1 and OTUB1i on the conformational flexibility of diubiquitin gave 

reason to also investigate complexes of those binders with longer polyubiquitin chains. 

Complexes of the pE24C/dA28C variants of tri- and tetraubiquitin with either Cue1 or OTUB1i 

were measured using 7-pulse CP PELDOR. The background-corrected time traces of tri- and 

tetraubiquitin in complex with Cue1 only showed a prolonged dipolar oscillation while the 

dampening was unchanged compared to the time trace of the free variant (Figure 3.30A, C and 

Figure 6.22). This led to distance distributions of similar shape in combination with a shift to 
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larger inter-spin distances between the proximal and distal ubiquitin (Figure 3.30B, D). 

However, the conformational selection observed for diubiquitin vanished with increasing chain 

length. For the homologous CUE domain gp78CUE, which is also involved in chain elongation, 

no stabilizing effect on the conformational flexibility of diubiquitin was observed. 

 

 
Figure 3.30: The effect of different UBDs and a DUB on the conformational flexibility of K48-linked tri- 
and tetraubiquitin chains. A) Background- and ‘artefact’-corrected 7-pulse CP PELDOR dipolar evolution 
functions of spin labelled triubiquitin variant pE24C/dA28C free (grey) and in complex with Cue1 (light red), 
gp78CUE (orange) and OTUB1i (magenta). B) Corresponding distance distributions. C) Background- and 
‘artefact’-corrected 7-pulse CP PELDOR dipolar evolution functions of spin labelled tetraubiquitin variant 
pE24C/dA28C free (grey) and in complex with Cue1 (light red), gp78CUE (orange) and OTUB1i (magenta). D) 
Corresponding distance distributions. The tri- and tetraubiquitin variants, as well as Cue1, gp78CUE, and OTUB1i, 
were prepared by Andreas Kniss from the Lab of Prof. Volker Dötsch at the Goethe-University. 
 

In terms of tri- and tetraubiquitin, the oscillation frequency of the dipolar evolution function 

was even increased and a stronger dampening was observed compared to the free polyubiquitin 

chains. This resulted in increased mean distances and broadened distance distributions. 

Nevertheless, the effects of both UBDs on polyubiquitin chains > 2 ubiquitin moieties are 

shallow. Only the addition of OTUB1i to K48-linked tetraubiquitin variant pE24C/dA28C 

resulted in a conformational stabilization of tetraubiquitin leading to a narrower peak at 5.3 nm 

for about 40% of the overall population (Figure 3.30D; Table 6.3: Fitting parameters for data 

analysis with Gaussian model fits.). This conformation is distinct from the conformation in 

2O6V with a mean distance of 3.8 nm and a width of 0.4 nm. Other than for diubiquitin, where 

binding of OTUB1 introduced a conformational remodelling (Figure 3.25), 7-pulse CP 

PELDOR on tetraubiquitin implied a conformational selection rather than an active remodelling 

of the entire topological arrangement of tetraubiquitin. The broadening effect on the 

pE24C/dA28C triubiquitin variant could be explained by the binding mode of OTUB1i as well 
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as its size (31 kDa) compared to the triubiquitin chain (25.5 kDa). Thus, it was unlikely that 

two individual DUBs can simultaneously bind the two isopeptide linkages in triubiquitin, 

leaving always one ubiquitin molecule highly mobile. 

3.2.7 Relevance of the flexibility of K48-linked chains for recognition 

 

The 76-amino acid protein ubiquitin (Figure 3.31) is a key player in the posttranslational 

modification in eukaryotic cells, since ubiquitination and especially polyubiquitination of 

proteins leads to a multitude of proteolytic and non-proteolytic signalling functions such as 

proteasomal degradation, destabilization, an altered localization or a functional manipulation 

of the target protein [107, 108]. A malfunction of any of these can lead to pathological diseases, 

e.g. Parkinson’s disease, cystic fibrosis or an altered immune response [140].  

 

 
Figure 3.31: Ribbon representation of the X-ray structure 1UBQ of monoubiquitin. The eight lysine residues 
(orange), the methionine M1 (yellow) as well as the three hydrophobic patch residues (blue) are indicated 
 

Eight different linkage types (K654, K11, K27, K29, K33, K48, K63 or M155), of highly diverse 

conformations, chain types (homotypic, heterotypic or branched) and chain lengths build the so 

called ‘Ubiquitin Code’ [108]. The highly complex pool of ubiquitin-modifications is ‘written’ 

by the concerted action of ubiquitin-activating enzymes (E1), ubiquitin conjugating enzymes 

(E2) and ubiquitin ligases (E3) [111, 141]. Thereby the E2 enzymes mainly specify the linkage 

type, while E3 enzymes are the primary determinants of substrate specificity [142, 143]. The 

resulting ubiquitin chains are recognized and the contained signal is ‘read’ by ubiquitin binding 

domains (UBDs, [125]) using either the canonical hydrophobic I856, I44, V7057-containing 

patch of ubiquitin or the specific linkage type. The chain length can be sensed when multiple 

UBDs are arranged in tandem [144]. The ubiquitination of proteins is a reversible process, 

                                                 
54 K = Lysine; Three letter code Lys 
55 M = Methionine; Three letter code Met. 
56 I = Isoleucine; Three one letter code Ile. 
57 V = Valine, Three letter code Val. 
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which is regulated by an ‘erase’ process specifically hydrolysing the ubiquitin chains by 

deubiquitinating enzymes (DUBs) [136]. 

The most abundant linkage type is via K48 [145], which is related to proteasomal degradation 

[112], with tetraubiquitin as ‘minimal’ signal for an efficient targeting of proteins to the 26S 

proteasome. The predominant conformation of those chains at near physiological pH of 7.2 was 

found to be compact and ‘closed’, with the hydrophobic patches buried at the domain-domain 

interface [116, 117, 129]. However, this conformation would prevent efficient binding of 

ubiquitin binding proteins [109], e.g. during the sequential assembly of ubiquitin chains by E2 

enzymes [146] or interaction with the receptors on the proteasome [129, 137]. Thus, both cases 

would be strongly interfered or would require an active remodelling of the chains. Fortunately, 

a rapid conformational exchange was observed by NMR4, FRET3 or SAXS1 studies [117, 120, 

129, 137, 147]. Nevertheless, due to the timescale of the experiments or the experimental 

conditions the entirety of the conformational space of the K48-linked chains and with that the 

mechanisms of ubiquitin binding during the ‘writing, reading or erasing’ processes 

(ubiquitination, recognition, and deubiquitination) remain elusive [137].  

Embedding the results reported in chapter 3.2 into the biological context might shed light on 

the binding mechanisms underlying the assembly, recognition or disassembly of K48-linked 

ubiquitin chains as well as the relevance of chain flexibility for ubiquitin binding.  

The large conformational space sampled by K48-linked diubiquitin in frozen liquid solution 

unifies the previously reported structures as part of an even larger structural ensemble. This 

indicates a flat energy landscape with no major preference of a certain conformation, which 

would hint on the relevance of this flexibility for molecular recognition. The effect of 

interacting proteins, as well as their potential binding mechanism, shall now be discussed by 

their occurrence in the proteasomal degradation pathway.  

Two UBDs, which are involved in the ‘writing’ process of K48-linked ubiquitin chains during 

the ERAD58 pathway in yeast and in mammals, are the CUE domains of Cue1 [148, 149] and 

gp78 [130], respectively. Cue1 is bound to the E2 enzyme Ubc7 via a U7BR59, thus Cue1 takes 

part in the conjugation step of the ubiquitination, while gp78CUE is part of the E3 enzyme gp78 

which catalyses the transfer of ubiquitin from the E2 enzyme (Ube2g2) to a lysine residue of 

the substrate protein or the K48 of another ubiquitin moiety. The interaction side of both 

domains on ubiquitin was found to be via the hydrophobic patch. This could also suggest a 

similar binding mechanism. However, the so different the steps are in which these domains are 

                                                 
58 endoplasmic reticulum (ER)-associated protein degradation 
59 Ubc7 – binding region 
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involved so different are their effects on the conformational space of K48-linked ubiquitin. 

While gp78CUE was found to have a minor effect on the conformational space of K48-linked 

diubiquitin, Cue1 lead to a restriction of the conformational space towards ‘open’ 

conformations via a conformational selection mechanism. This selection of an ‘open’ 

conformation is in line with the previous observations by von Delbrück et al., where Cue1 was 

found to accelerate ubiquitination by orienting the distal ubiquitin moiety relative to the E2 

enzyme Ubc7, acting in an E4-like manner [131]. The mild effect of gp78CUE can be attributed 

to the differential organization of the ubiquitination complexes as this CUE domain is directly 

located in the E3 ligase. Furthermore, gp78CUE was found to have a ~ 10 fold lower Kd [130], 

as compared to Cue1 (150 µM; [131]). Nevertheless, it has to be mentioned that one PELDOR 

restraint might not be enough to exclude that gp78CUE uses a similar mechanism only selecting 

a different conformation of the chain.  

The recognition of ubiquitin chains and the deciphering of the encoded signal is for example 

accomplished by the ubiquitin-associated (UBA) domain UBA2 of the proteasomal shuttling 

factor hHR23A60 [128] or a subunit of the regulatory particle of the proteasome such as Rpn13 

[134, 135]. Both preferentially bind K48-linked chains in a chain length-dependent manner 

[150-153]. The results obtained on the pE24C/dA28C of diubiquitin in complex with either 

UBA2 or Rpn13 show a minor stabilizing effect for UBA2 and even a further increase of the 

conformational flexibility in terms of Rpn13. Thus, contradicting the picture of a distinct 

remodelling of the chain conformation for an efficient recognition of the ubiquitin chain. Yet, 

the minimal length of the K48-linked ubiquitin chain for efficient targeting to the proteasome 

contains four ubiquitin moieties [112]. The very large conformational flexibility of both tri- and 

tetraubiquitin are in strong contrast to the reported compact conformation of K48-linked 

tetraubiquitin involving secondary interactions apart from interactions between hydrophobic 

patches, where diubiquitin units are stacked onto one another [129] suggesting that no distinct 

structural motif is generated. Thus, no major structural rearrangement seems to be required for 

efficient proteasomal recognition by Rpn10 and Rpn13 [154]. Furthermore, it suggests that a 

long and flexible conformation facilitates the simultaneous binding to both Rpn10 and Rpn13 

which were found to be separated by approximately 10 nm [152]. 

The regulatory step, which opposes the ‘writing’ process is the disassembly of the ubiquitin 

chains. In order to efficiently hydrolyse an ubiquitin chain DUBs need direct access to the 

isopeptide linkage between the individual ubiquitin moieties, thus binding necessarily requires 

                                                 
60 hHR23A = human homolog of yeast Rad23a 
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an ‘open’ conformation. A K48-linkage specific DUB is OTUB1 [155, 156], a member of the 

thiol specific Otubain (OTU) protease family. The observed PELDOR restraints of K48-linked 

diubiquitin chains in complex with an inactivated mutant of OTUB1 (OTUB1i) together with 

structural modelling suggest a binding mechanism with an initial conformational selection 

accompanied by a specific remodelling of the chain conformation to allow proteolytic cleavage. 

This mechanism is evident by the population of chain conformations, which are weakly or even 

unpopulated in free K48-linked diubiquitin. The action of OTUB1 is especially important in 

terms of longer chains since the length of K48-linked chains can control the degradation 

efficiency [131] and the duration of proteasomal degradation [157]. The interaction of K48-

linked tetraubiquitin and OTUB1i, yielded a pronounced stabilization of the conformational 

space, yet leaving the most probable interspin distance almost unaffected. This stabilization 

might suggest a simultaneous binding of two OTUB1i enzymes, which fixate the ubiquitin 

chain in an ‘open’ extended conformation for efficient hydrolysis. In contrast, the UBDs 

involved in chain assembly or recognition only slightly influenced the large conformational 

space of longer ubiquitin chains, yet leading to an increased mean distance between both spin 

labels in diubiquitin. This suggests a further unwinding of longer K48-linked chains during 

elongation processes with local stabilization effects of the distal moieties being more likely as 

those facilitate chain elongation as observed for the complex of diubiquitin and Cue1. 

In summary, ubiquitin chains and especially the minimal degradation signal K48-linked 

diubiquitin were shown to bare a high conformational flexibility instead of a linkage specific 

‘closed’ conformation. This leaves the existence of a conformation dependent degradation 

signal under question. The investigation of the ubiquitin binding proteins with ubiquitin chains 

revealed two distinct mechanisms of ubiquitin chain binding such as conformational selection 

and conformational remodelling during the assembly and disassembly of the chains, 

respectively. Yet, the conformational selection during chain assembly seems to be more 

relevant for diubiquitin. Nevertheless, such an interplay of these mechanisms to accomplish 

protein complex formation has been proposed earlier [114].  
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Chapter 4 

 

Conclusion and Perspectives 

 

The relative orientation, as well as the conformational flexibility of two multi-domain proteins, 

were examined within the scope of this thesis. The influence of the intrinsic flexibility of the 

commonly used spin label MTSSL61 on structural modelling/refinement, as well as the 

influence of a large inter-domain flexibility on the interpretability of PELDOR62 distance 

restraints, were evaluated. The thorough analysis of these influences allowed to estimate the 

applicability of PELDOR spectroscopy in combination with SDSL63 for the investigation of 

multi-domain proteins to elucidate the structure-function relationship.  

PELDOR investigation of the three N-terminal POTRA64 domains from cyanobacterial 

Omp8565 of Anabaena sp. PCC 712066 (anaOmp85) showed pronounced dipolar oscillations 

for intra- and inter-POTRA domain time traces, leading to narrow distance distribution. This 

was indicative of a confined intra-, inter-POTRA domain flexibility as well as of a 

limited/restricted spin label flexibility. Comparison of the experimental intra-POTRA domain 

distance restraints with the X-ray structure 3MC8 via in silico prediction of the distance 

distribution using the different rotamer libraries revealed an overestimation of the spin label 

flexibility for the predictions, reflected by broader distance distributions. Nevertheless, it could 

be concluded that the architecture of the individual domains in frozen liquid solution is very 

similar to 3MC8, supporting the assumption that the individual domains can be treated as rigid 

bodies. A similar comparison of the inter-POTRA domain restraints to 3MC8 showed a distinct 

but slightly different relative domain-domain orientation for the POTRA domain pair anaP1-

anaP2 compared to 3MC8. However, the overestimation of the spin label flexibility by the 

predictions of the rotamer library approach potentially covered the real magnitude of the 

differences in the relative domain-domain orientation compared to 3MC8. The consideration of 

intra-residue Cα─H▪▪▪Sδ interactions in the rotamer library slightly reduced the width of the 

predicted distance distributions, which leads to a closer similarity to the experimentally 

                                                 
61 1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl 
62 Pulsed ELectron-electron DOuble Resonance; also called Double Electron-Electron Resonance (DEER) 
63 Site-Directed Spin Labelling 
64 POly-peptide TRansport Associated 
65 Outer Membrane Protein of 85 kDa 
66 Anabaena species Pasteur Culture Collection 7120 
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observed widths. However, a change in the most probable distances was observed which are 

different from those observed experimentally. Thus, it was concluded that none of the rotamer 

libraries was able to give a reliable estimation of the spin label flexibility. Furthermore, the 

results indicated rather small inter-POTRA domain rearrangements or inter-POTRA domain 

rearrangements leading to non-varying inter-domain distances, e.g. a concerted reorientation of 

anaP1 and anaP3. In order to overcome the obstacles related to the use of a static model for an 

accurate prediction of the flexibility of the MTSSL side chain, as well as to obtain a better 

estimation of the protein flexibility, MD67 simulations of in silico-spin labelled anaOmp85 

POTRA domain were performed. Unfortunately, these showed only minor improvements in the 

prediction of spin label flexibility. In addition, the distribution widths of the MD-based 

distributions were only slightly broadened compared to the experimental and the rotamer 

library-predicted distributions, which was a further indication of a confined flexibility of the 

spin label as well as of the protein backbone. Nevertheless, the deviations in anaP1 and anaP2 

distances were preserved. These deviations were addressed by structure refinement using two 

approaches. The first simplified approach refined the relative domain-domain orientation of 

3MC8 assuming the individual POTRA domains as rigid bodies, according to the results on the 

intra-POTRA domain restraints and the similarity to the 3MC8. In this approach the flexibility 

of the spin label was taken into account by rotamer libraries, keeping the NO-coordinates of the 

rotamers fixed relative to the individual POTRA domain. The second approach took into 

account potential backbone movements as well as side chain rearrangements of the anaOmp85 

POTRA domains by first screening the conformational space of the MD simulations to extract 

an ensemble of starting structures, which were then in silico-spin labelled by the internal 

RosettaEPR Rotamer library and further subjected to a Rosetta relax protocol. This then chose 

a single rotamer pair for a given structural model. Both refinement approaches resulted in 

conformational ensembles rather than in an explicit structure with a different orientation of the 

POTRA domain pair anaP1-anaP2. Comparison of these ensembles with the whole possible 

orientational space, which was estimated by REMD68 simulations, led to the conclusion that, in 

terms of systems with a low intrinsic inter-domain flexibility (narrow Cα distribution), the 

inaccuracy in the in silico prediction of the spin label flexibility leads to a resolution limit of 

structural refinement. This is especially pronounced for labelling position with a more restricted 

flexibility in the real sample than predicted by the rotamer libraries. The resolution limit could 

be lowered by designing of new rigid spin labels that can be incorporated into the backbone of 
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the protein, which would make the prediction of the sidechain conformation unneeded. 

Furthermore, the force fields utilized in the MD simulations could be improved in order to 

increase the accuracy of predictions.  

In the case of a high inter-domains flexibility, as observed for K48-linked diubiquitin, the 

resolution limit introduced by the prediction of the flexibility of MTSSL has a minor effect on 

the determination of the conformational ensemble of these domains. For the investigation of 

such multi-domain proteins, PELDOR spectroscopy in conjunction with structural modelling 

is thus found to be a valuable tool. Thereby, the size of the individual domain does not determine 

the flexibility, since a POTRA domain and a single ubiquitin are of similar size/weight 

(~8 kDa).  

The low impact of the spin label flexibility on the determination of conformational space of 

flexible multi-domain proteins even vanishes when the inter-domain flexibility leads to a highly 

unstructured quaternary fold of the multi-domain protein. This is the case for polyubiquitin 

chains longer than two ubiquitin moieties. Here, the vast flexibility of these multi-domain 

proteins causes a strong dampening of the PELDOR signal due to the broad distribution of the 

inter-spin distances. This leads to difficulties in the differentiation between inter- and 

intramolecular contributions, even within the time window of ~7 µs obtained with the standard 

4-pulse PELDOR experiment at Q-band (34 GHz) in deuterated buffer solution. In this work, 

it was shown that application of the recently developed 7-pulse CP69 PELDOR sequence to 

highly flexible soluble proteins in deuterated buffer solution provides a significant extension of 

the observable time window (~15 µs). This enables a reliable background-correction even for 

time traces with strongly damped dipolar oscillations, thus increasing the accuracy in 

determining distance distributions between both spin labels. Thus, it can be concluded that the 

application of 7-pulse CP PELDOR enables a reliable investigation of highly flexible multi-

domain proteins and their conformational distributions.  

The procedures described above allowed to draw conclusions about the biological relevance of 

the PELDOR results and to give an outlook for possible future investigations to enhance the 

understanding of the structure-function paradigm. 

In the case of the anaOmp85 POTRA domains, the conformational ensemble exhibits a rather 

small angular spread, which is comparable to the most populated region observed during 

REMD70 simulations. This restricted inter-domain flexibility could be rationalized by the 

                                                 
69 Carr-Purcell 
70 Replica Exchange Molecular Dynamics 



Conclusion and Perspectives 

80 

location of the anaOmp85 POTRA domain within the PGL71, which is a porous network in the 

close vicinity of the periplasmic side of the outer membrane. A future perspective of this study 

would be the investigation of the orientation of the POTRA domains with respect to the 

anaOmp85 β-barrel using a full-length construct. Here, the application of 7-pulse CP PELDOR 

will not only allow to address long distances, e.g. between anaP1 and the β-barrel but also 

overcome the challenges arising from the lipid environment, e.g. short dipolar evolution time 

windows due to short TM times. 

The K48-linked diubiquitin chains and especially longer K48-linked ubiquitin chains revealed 

broad conformational distributions, indicative of a flat energy landscape of the conformational 

space of these chains. The increasing flexibility only allowed the application of the restraints 

obtained for K48-linked diubiquitin to structural modelling with a combination of the 

approaches utilized for the anaOmp85 POTRA domains within the software CYANA16, instead 

of the home-written MATLAB code to prevent non-biophysical amino acid chain 

conformations or steric clashes of the ubiquitin moieties. The backbone of the ubiquitin 

moieties was assumed to be a rigid body while the side chains and the inter-domain linker are 

allowed to move freely. The flexibility of the spin label was resembled by an initial rotamer 

library. Yet, during the modelling one single rotamer out of this library, as in the Rosetta 

refinement, was chosen for a specific model. This gave a reasonable model of the 

conformational space of K48-linked diubiquitin, which is in agreement with the multitude of 

structures in the RCSB72 Protein Data Bank.  

Besides, the determination of the conformational ensemble of free K48-linked diubiquitin, it 

was possible to reveal two distinct mechanisms involved in ubiquitin binding during either 

generation or disassembly of ubiquitin chains.  

The CUE73 domain of Cue1, which takes part in the assembly of ubiquitin chains, uses the 

mechanism of conformational selectio to stabilize ~30% of the conformational ensemble of 

diubiquitin in an ‘open’ conformation in order to facilitate chain elongation. Furthermore, it 

was even possible to estimate the ratio of the possible species of proximally or distally bound 

Cue1 in frozen liquid solution using a simple equilibrium-binding model for two independent 

binding sites on a protein. Other than Cue1, the deubiquitinating enzyme OTUB174 uses the 
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mechanism of conformational remodelling to generate a relative orientation of the ubiquitin 

moieties which would allow an efficient cleavage of the isopeptide linkage. 

The application of 7-pulse CP PELDOR to tri- and tetraubiquitin chains revealed a remarkable, 

yet reliable, broadness of the inter-spin distance distributions of these chains, thanks to the 

enlarged dipolar evolution time window. This allowed drawing conclusions about the 

conformational space and its biological role, even if structural modelling does not give 

conclusive results, due to the high inter-domain flexibility. The broadness of the distance 

distribution of the proximally- and distally-labelled tri- and tetraubiquitin chains strongly 

contradicts the accepted model of the compact conformation of the X-ray structure of 

tetraubiquitin (2O6V) as the major conformation in frozen liquid solution. Furthermore, any 

diubiquitin moiety within a tri- or tetraubiquitin chain revealed distance distributions similar to 

that of the corresponding diubiquitin variant. Thus, extensive inter-moiety interactions 

stabilizing a ‘closed’ diubiquitin conformation, as seen in 2O6V, were not observed.  

Furthermore, it was possible to determine conformational changes of both tri- and tetraubiquitin 

upon interaction with either Cue1 or OTUB1. This showed that the stabilizing effect of Cue1 

on the conformational space of diubiquitin was not transferred to tri- and tetraubiquitin chains. 

By contrast, the interaction of OTUB1 with tetraubiquitin led to a strong effect, yet more 

resembling a conformational selection than a remodelling. Along these lines, 7-pulse CP 

PELDOR could be utilized to probe the conformation of tetraubiquitin or even longer ubiquitin 

chain upon simultaneous binding to the proteasomal receptors Rpn10 and Rpn1375, whose inter-

domain distance was found to be ~ 10 nm [152]. 

As the ‘Ubiquitin Code’ contains seven further linkage types (K6, K11, K27, K29, K33, K63 

or M1) apart from K48-linked chains, the conformational space and especially the 

conformational changes of these chains upon interaction with specific binding partners is a large 

field with plenty of open questions. Preliminary experiments on free K11- and K63-linked 

diubiquitin in comparison the K48-linked diubiquitin already revealed that 4-pulse PELDOR 

spectroscopy is not only able to determine conformational changes upon ubiquitin binding 

(Chapter 3.2.3), but also to determine distinct differences in the conformational distributions of 

these linkage types (Figure 4.1).  
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Figure 4.1: Conformational diversity of differently linked diubiquitin chains. A-C) 4-pulse PELDOR time 
traces of doubly spin labelled K48-, K11- and K63-linked diubiquitin variants pE24C/dA28C. D-F) Resulting 
distance distributions obtained by two-Gaussian model fitting. 
 

Therefore, it should be possible to gain a deeper knowledge about the structure-function 

paradigm of the entire ubiquitin code with the benchmarks and methodologies discussed in this 

thesis.  
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Chapter 5 

 

Deutsche Zusammenfassung 

 

Die heutige Strukturbiologie verwendet häufig eine Kombination aus experimentellen 

Datensätzen und computergestützten rechnerischen Methoden, um das Struktur-Funktion 

Paradigma von biologische Makromolekülen, wie zum Beispiel multi-Domänen Proteinen, zu 

entschlüsseln. In dieser Arbeit wird dieser kombinierte Ansatz mittels der Anwendung von 

PELDOR76 Spektroskopie und der computergestützten Modellierungen von Konformations-

räumen verfolgt. Die PELDOR Spektroskopie in Kombination mit SDSL77 ist eine häufig 

verwendete Methode, um Abstände zwischen zwei ungepaarten Elektronenspins, im Bereich 

von 1.8 bis 8 nm, und deren Verteilung zu bestimmen. Hierbei ist sowohl die inter-Spin Distanz 

als auch die Flexibilität des verwendeten Spin Markers und des Proteins im experimentellen 

PELDOR Signal in Form der Oszillationsfrequenz und deren Dämpfung kodiert.  

In der vorliegenden Arbeit wurden die relative Domänen-Domänen Orientierung und die 

konformelle Flexibilität zweier multi-Domänen Proteine untersucht. Im Rahmen dieser 

Analyse wurden Hindernisse, die durch die intrinsische Flexibilität des gängigen Nitroxid-

Markers MTSSL78, eine hohe Flexibilität des Proteinrückgrates sowie große inter-Spin 

Abstände entstehen, evaluiert.  

Zuerst wurden die drei N-terminalen POTRA79 Domänen des β-Fass Proteins anaOmp85 des 

Cyanobakteriums Anabaena sp. PCC 712080 untersucht und der Einfluss der Flexibilität von 

MTSSL auf eine Strukturverfeinerung, mittels PELDOR Abstandsverteilungen, diskutiert. 

Besonders im Vordergrund steht hierbei die Genauigkeit der Vorhersage der Flexibilität von 

MTSSL auf der Basis von Rotamer-Bibliotheken anhand eines statischen Modells (NMR, X-

ray).  

Als Zweites wurde der Konformationsraum von K48-verknüpften Ubiquitinketten sowie dessen 

Änderung durch die Bindung von UBDs81 oder eines DUBs82 ermittelt. Anhand dieser Systeme 

                                                 
76 Pulsed Electron-Electron Double Resonance = Gepulste Elektronen-Elektronen Doppelresonanz 
77 Site-Directed Spin Labelling = Zielgerichtete Nitroxid-Markierung von Proteinen 
78 1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl 
79 POlypeptid TRansport-Associated = Polypeptid Transport-assoziiert 
80 Anabaena species Pasteur Culture Collection 7120 
81 Ubiquitin Binding Domains = Ubiquitin Bindung Domänen 
82 DeUBquitinating Enzym = Deubquitinierendes Enzym 
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wurde die Notwendigkeit eines hinreichenden Zeitfensters für die Untersuchung langer inter-

Spin Abstände und breiter Abstandsverteilungen erörtert werden.  

Die erhaltenen Ergebnisse werden zudem in den biologischen Kontext eingeordnet.  

 

5.1 Einfluss der Nitroxid-Marker Flexibilität auf Strukturverfeinerungen 

 

Die Untersuchung der drei anaOmp85 POTRA Domänen mittels PELDOR Spektroskopie 

zeigte ausgeprägte dipolare Oszillationen der PELDOR Zeitspuren sowohl für Spin Marker 

Paare innerhalb einer POTRA Domäne (intra-POTRA Domäne) als auch zwischen zwei 

POTRA Domänen (inter-POTRA Domäne). Dies war ein erster Hinweis auf eine 

eingeschränkte intra-, inter-POTRA Domänen und MTSSL Flexibilität. Der Vergleich der 

experimentellen intra-POTRA Domänen Abstandsverteilungen mittels in silico Vorhersage der 

Verteilung unter Verwendung verschiedener Rotamer-Bibliotheken zeigte eine Überschätzung 

der Flexibilität von MTSSL durch die Simulationen, was in breiteren Abstandsverteilungen der 

Simulationen resultiert. Dennoch konnte die strukturelle Integrität der individuellen Domänen 

validiert und ihre Ähnlichkeit zur Kristallstruktur 3MC8 festgestellt werden, was die Annahme 

der einzelnen Domänen als starre Körper erlaubt. Im Falle der inter-POTRA Domänen 

Abstandsverteilungen zeigte der Vergleich mit 3MC8, insbesondere für das POTRA Domänen 

Paar anaP1-anaP2, eine leicht unterschiedliche Domänen-Domänen Orientierung. Jedoch 

wurde auch hier eine Überschätzung der Spin Marker Flexibilität durch die Simulationen 

beobachtet, welche den realen Umfang der Unterschiede in der Domänen-Domänen 

Orientierung im Vergleich zu 3MC8 überlagert. Die Verwendung von Rotamer-Bibliotheken 

die Cα─H▪▪▪Sδ Wechselwirkungen des Spin Marker berücksichtigen, führten zu keiner 

merklichen Verbesserung der Vorhersage. Um die Hürden, zum Beispiel die Unbeweglichkeit 

der Seitenketten und des Proteinrückgrates, die bei der Verwendung eines statischen Modells 

(NMR, X-ray) zur Vorhersage der Flexibilität von MTSSL entstehen, zu überwinden, wurden 

MD83 Simulationen von in silico Spin markierten anaOmp85 POTRA Domänen durchgeführt. 

Leider führten diese Simulationen nur zu einer kleinen Verbesserung der Vorhersage der 

Flexibilität von MTSSL. Allerdings sprach die nur leichte Verbreiterung der 

Abstandsverteilungen gegenüber denen der Rotamer-Bibliotheken sowohl für eine 

eingeschränkte inter-Domänen, als auch MTSSL Flexibilität in gefrorenen Lösung. Des 

Weiteren blieben die beobachteten Unterschiede für das anaOmp85 POTRA Domänen Paar 
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anaP1-anaP2 auch in den MD Simulationen erhalten. Diese Unterschiede wurden mittels 

zweier Strukturverfeinerungsansätze adressiert. Hierbei ist zu beachten, dass für die 

Implementierung der mittels PELDOR erhaltenen inter-Spin Abstandsverteilungen in den 

Verfeinerungsprozess eine in silico Vorhersage der Flexibilität von MTSSL benötigt wird. Die 

gängigste Methode für diese Vorhersage ist die Verwendung von Rotamer-Bibliotheken, 

welche aus langen MD Simulationen erzeugt wurden. Unter der Anwendung eines Lennard-

Jones Potenzials und einer bekannten statischen Struktur, zum Beispiel X-ray oder NMR84, 

werden die Rotamere von MTSSL aus der Bibliothek ausgewählt, die an der gegebenen Position 

energetisch günstig sind. Der erste Ansatz nutzte, in Übereinstimmung mit den Ergebnissen der 

Intra-Domänen Abstandsmessungen und deren Ähnlichkeit zur Kristallstruktur 3MC8, die 

vereinfachende Annahme der einzelnen anaOmp85 POTRA Domänen als starre Körper. In 

diesem Ansatz wurde die Spin Marker Flexibilität durch Rotamer-Bibliotheken berücksichtigt, 

wobei die NO-Koordinaten der Rotamere relativ zu denen der individuellen anaOmp85 

POTRA Domäne fixiert sind. Der zweite Verfeinerungsansatz bezog sowohl die Flexibilität des 

Proteinrückrates, als auch der Seitenketten mit ein. Hierzu wurde zunächst der 

Konformationsraum der MD Simulationen gefiltert und ein Bündel an Startstrukturen ermittelt 

die mit einer Rosetta eigenen Rotamer-Bibliothek in silico Spin markiert und anschließend 

einem Rosetta Relaxationsprotokoll unterzogen werden, um das endgültige Strukturbündel zu 

ermitteln, in dem jede Struktur ein einzelnes Rotamer-Paar enthält. Diese Vorgehensweise soll 

dazu beitragen die Flexibilität von MTSSL besser darzustellen, indem mögliche Interaktionen 

mit dem Protein und dessen Aminosäureseitenketten berücksichtigt werden. Bei der Analyse 

der Verfeinerungen stellte sich jedoch heraus, dass beide Ansätze nicht wie angestrebt in einer 

expliziten Struktur mit einer veränderten Domänen-Domänen Orientierung von anaP1-anaP2 

resultieren, sondern in mehreren Bündeln von Strukturen. Ein Vergleich dieser Bündel mit dem 

mittels REMD85 Simulationen geschätzten vollständigen Konformationsraum zeigte, dass im 

Falle von multi-Domänen Proteinen mit eingeschränkter inter-Domänen Flexibilität (schmale 

Cα Abstandsverteilungen) die Überschätzung der Flexibilität von MTSSL, durch die Rotamer-

Bibliotheken, zu einem Auflösungslimit von Strukturverfeinerungen führte.  
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5.2 Konformelle Ensembles von flexiblen multi-Domänen Proteinen  

 

Die Studie der ‚starr‘ verknüpften anaOmp85 POTRA Domänen hat gezeigt, dass die 

Genauigkeit von Strukturverfeinerungen und die Abschätzung der konformellen Flexibilität 

solcher multi-Domänen Proteinen stark von der Flexibilität von MTSSL an einer gegebenen 

Position abhängt. Im Falle von multi-Domänen Proteinen mit einer flexiblen Verknüpfung 

könnte die Wahl von Marker Positionen mit eingeschränkter Flexibilität jedoch von Vorteil 

sein, um die Proteinflexibilität bestimmen zu können. Daher wurden im ersten Schritt Marker 

Positionen mit eingeschränkter Spin Marker Flexibilität innerhalb der Helix 1 von Ubiquitin 

identifiziert. Für die Untersuchung von K48-verknüpften Diubiquitinketten wurden Spin 

Marker Positionen innerhalb der Helix 1 der proximalen (p) und distalen (d) Domäne gewählt. 

Die Messung mittels PELDOR Spektroskopie ergaben breite inter-Domänen Abstands-

verteilungen, was auf eine flexible Verknüpfung der Domänen hinweist. Der Vergleich dieser 

Verteilungen mit Strukturen aus der RCSB86 Protein Daten Bank mit Hilfe des Rotamer-

Bibliotheken Ansatzes zeigte, dass die vorhergesagten Abstandsverteilungen schmaler als die 

experimentellen Verteilungen sind. Dies führt zu der Schlussfolgerung, dass die inter-Domänen 

Flexibilität von K48-verknüpften Diubiquitinen die durch Rotamer-Bibliotheken vorhergesagte 

Spin Marker Flexibilität übersteigt und die Spin Marker Flexibilität somit die Modellierung des 

Konformationsraumes nicht oder nur wenig beeinflusst. Die anschließend Modellierung wurde 

mit einem kombinierten Ansatz der Modellierungen der anaOmp85 POTRA Domänen in der 

Software CYANA87 durchgeführt. Hierbei wurde das Proteinrückrat als starr angenommen, die 

Flexibilität des inter-Domänen Linkers und der Seitenketten jedoch berücksichtigt. Die 

Flexibilität der MTSSL Seitenkette wurde durch eine Rotamer-Bibliothek vorgegeben. 

Währende der Modellierung wurde jedoch jeweils ein Rotamer Paar für ein explizites Model 

ausgewählt. Der erhaltene Konformationsraum ist in Übereinstimmung mit der Vielzahl an 

bekannten Strukturen.  

Neben der Bestimmung des Konformationsraumes von ungebundenen K48-verknüpften 

Diubiquitinketten wurden im Rahmen dieser Studie die Änderungen des Konformationsraumes 

durch die Bindung von UBDs und eines DUBs untersucht. Hierbei zeigten nur die CUE88 
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Domäne von Cue1 und das deubiquitinierende Enzym OTUB189 einen eindeutigen Effekt. 

Cue1, welche an den hydrophoben Bereich einer Ubiquitineinheit bindet, führte zu einer 

Verschiebung des konformellen Gleichgewichts von K48-verknüpftem Diubiquitin zu einer 

bestimmten Konformation die ~30 % der gesamten Wahrscheinlichkeitsverteilung ausmacht. 

Dieser stabilisierende Effekt zeigte sich in einer Reduktion des mit CYANA modellierten 

Konformationsraumes. Dieser Effekt ist zu ~50 % von der Bindung von Cue1 an die distale 

Ubiquitin Domäne abhängig. Anders als die Bindung von Cue1, bewirkte die Interaktion von 

K48-verknüpftem Diubiquitin mit dem DUB OTUB1 eine Verschiebung der 

Abstandsverteilungen zu vorher nicht oder nur gering populierten Abständen und einer 

Verschmälerung der Verteilung. Diese Veränderung des Konformationsraumes war in der 

anschließenden Modellierung mittel CYANA klar zu erkennen.  

 

5.3 PELDOR an hoch flexiblen multi-Domänen Proteinen 

 

Die beobachtete Flexibilität von K48-verknüpften Diubiquitinketten lässt eine Zunahme der 

Flexibilität mit der Kettenlänge vermuten. Bei der Untersuchung dieser Flexibilität ist eine 

eingeschränkte Flexibilität, wie im Falle der Marker Positionen in Helix 1 von Ubiquitin, von 

Vorteil, da die dann beobachtete Dämpfung des PELDOR Signals hauptsächlich durch die 

inter-Domänen Flexibilität gegeben ist. Um diese Hypothese zu prüfen wurden Tri- und 

Tetraubiquitinketten hergestellt, die jeweils in der Helix 1 des proximalen und distalen 

Ubiquitins einen Spin Marker tragen.  

Anhand dieser Polyubiquitin Varianten zeigte sich, dass der Nutzen einer eingeschränkten Spin 

Marker Flexibilität verloren geht, wenn die inter-Domänen Flexibilität zu einer nahezu 

ungeordneten Quartärstruktur mit einer breiten inter-Spin Abstandsverteilung führt. Die breiten 

Verteilungen äußern sich in einer starken Dämpfung des PELDOR Signals. Diese Dämpfung 

führte sogar bei einem langen Zeitfenster von ~7 µs, die mit der 4-pulse PELDOR Sequenz im 

Q-band (~34 GHz) an Proben mit deuteriertem Puffer erreicht wurden, zu Schwierigkeiten in 

der Unterscheidung von intra- und intermolekularen Signalanteile. Die Anwendung der 

kürzlich entwickelten 7-pulse CP90 PELDOR Sequenz, auf Polyubiquitin Varianten in 

deuterierter Pufferlösung, ermöglichte eine signifikante Verlängerung des detektierbaren 

Zeitfensters (~15 µs). Diese langen Zeitfenster erlaubten eine verlässliche Unterscheidung der 
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intra- und intermolekularen Signalanteile und somit eine höhere Genauigkeit in der 

Bestimmung der inter-Spin Abstandsverteilungen. Die bemerkenswerte und dennoch 

verlässlich bestimmte Breite der inter-Spin Abstandsverteilungen erlaubten es 

Schlussfolgerungen über den zu Grunde liegenden Konformationsraum und dessen biologische 

Relevanz zu ziehen, auch wenn eine Visualisierung durch eine strukturelle Modellierung zu 

keinem aussagekräftigen Ergebnis führte. Die weitere Untersuchung von Spin markierten 

Diubiquitineinheiten in einer Tri- oder Tetraubiquitin Kette ergab Abstandsverteilungen, die 

mit denen der jeweiligen Diubiquitinvarianten vergleichbar sind. Dies war ein weiterer 

Hinweis, dass keine Stabilisierung der quartären Struktur von Tetraubiquitin durch starke inter-

Domänen Wechselwirkungen vorhanden ist. Zudem war es möglich die Änderung des 

Konformationsraumes von Tri- und Tetraubiquitin durch die Interaktion mit Cue1 und OTUB1 

zu beobachten. Hierbei zeigte sich, dass der stabilisierende Effekt von Cue1 auf Diubiquitin 

nicht auf Tri- und Tetraubiquitin übertragen wird. OTUB1 führt hingegen auch bei 

Tetraubiquitin zu einem stark stabilisierenden Effekt und einer Verlängerung des inter-Spin 

Abstandes und somit der proximalen und distalen Ubiquitineinheit. 

 

5.4 Abschließende Diskussion und Ausblick 

 

In dieser Arbeit wurden zum Einen die Einflüsse der intrinsischen Flexibilität von MTSSL auf 

Strukturmodellierungen/-verfeinerungen und zum Anderen die einer großen inter-Domänen 

Flexibilität auf die Interpretierbarkeit von PELDOR Abstandsmessungen evaluiert. Die 

eingehende Analyse dieser Einflüsse erlaubte die Anwendbarkeit von PELDOR Spektroskopie 

in Kombination mit SDSL auf die Untersuchung der Struktur-Funktion Beziehung von multi-

Domänen Proteinen.  

Die Untersuchung der drei anaOmp85 POTRA Domänen ergab mehrere Bündel an 

Konformationen mit eingeschränkter inter-Domänen Flexibilität, die auch den am höchsten 

populierten Konformationen der REMD Simulationen ähneln. Diese eingeschränkte inter-

Domänen Flexibilität lässt sich mit der zellulären Umgebung der anaOmp85 POTRA Domänen 

im PGL91 erklären. Der PGL ist eine poröse Schicht, die sich auf der periplasmatischen Seite 

an die äußere Membran anschließt. Die anaOmp85 POTRA Domänen ragen in die Poren dieser 

Schicht, können diese jedoch auf Grund ihrer Länge nicht überwinden. Daher befinden sich die 

Domänen in einer relativ eingeschränkten zellulären Umgebung, die keine größeren inter-
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Domänen Bewegungen erlaubt. Eine Weiterführung dieser Untersuchung wäre die 

Bestimmung der relativen Orientierung der drei anaOmp85 POTRA Domänen zum 

transmembranen β-Fass in einem Volllängenkonstrukt von anaOmp85. Die Anwendung von 7-

pulse CP PELDOR würde hierbei nicht nur die Detektion von langen inter-Spin Distanzen, zum 

Beispiel zwischen anaP1 und dem β-Fass, ermöglichen, sondern auch dazu beitragen die 

Herausforderungen die mit der Lipidumgebung einhergehen (kurze Zeitfenster auf Grund von 

kurzen TM Relaxationszeiten) zu überwinden.  

Die Untersuchung des Konformationsraumes von ungebundenen Diubiquitinketten oder deren 

Komplexen mit Interaktionspartnern ermöglichte die Bestimmung der unterschiedlichen 

Mechanismen der Ubiquitin Bindung im Rahmen des Aufbaus und des Abbaus von 

Ubiquitinketten. Die Bindung der CUE Domäne Cue1, die in den Aufbau von Ubiquitinketten 

involviert ist, nutz den Mechanismus der konformelle Selektion um eine ‚offene‘ Konformation 

zu erzielen während das deubiquitinierende Enzym OTUB1, das den Abbau von 

Ubiquitinketten reguliert, zu einer konformationellen Remodellierung der Kette führt, die 

vermutlich den Zugang des Enzyms zur inter-Domänen Verknüpfung und somit deren 

Hydrolyse erleichtert.  

Die Anwendung von 7-pulse CP PELDOR auf Tri- und Tetraubiquitin erlaubte eine 

verlässliche Abschätzung der inter-Domänen Flexibilität dieser Ketten. In diesem 

Zusammenhang konnte die kompakte Konformation der Kristallstruktur (2O6V) von K48-

verknüpftem Tetraubiquitin evaluiert werden. Ein Vergleich der experimentellen und 

simulierten Abstandsverteilung zeigte, dass die kompakte Konformation von 2O6V zwar 

innerhalb der Verteilungsbreite liegt, jedoch nicht die vornehmliche Konformation von K48-

verknüpftem Tetraubiquitin darstellt. Eine nochmalige Begutachtung der PRE92 Messungen die 

zusammen mit 2O6V veröffentlicht wurden, erlaubt eine alternative Interpretation des 

vorhandenen Konformationsraumes. Der Austausch zwischen der ‚geschlossenen‘ und der 

‚offenen‘ Konformation von K48-verknüpftem Diubiqutin erfolgt auf einer Zeitskala von 10 ns. 

Selbst wenn dieser Austausch im Falle von Tetraubiquitin hunderte von ns dauern würde wäre 

dies immer noch im Rahmen des schnellen Austausches eines PRE Experimentes (߬௘௫௖௛௔௡௚௘ ൏

250	μݏሻ. Unter diesen Bedingungen werden PRE Experiment meist verwendet, um niedrig 

populierte Konformationen oder Protein-Protein Interaktionen von bis zu >1% zu beobachten. 

Ein solcher niedrig populierter Zustand wäre im Einklang mit den in dieser Arbeit erzielten 

Ergebnissen.  

                                                 
92 Paramagnetic Relaxation Enhancement =Paramagnetische Relaxationssteigerung 
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Des Weiteren erlaubte die Anwendung von 7-pulse CP PELDOR die Detektion von 

Konformationsänderungen von Tri- und Tetraubiquitinketten durch die Bindung von Cue1 oder 

OTUB1. Der Effekt von OTUB1 auf Tetraubiquitin ähnelt jedoch eher dem Mechanismus einer 

konformellen Selektion als einer Remodellierung, wie für Diubiquitin beobachtet. In diesem 

Sinne könnte 7-pulse CP PELDOR auch verwendet werden, um die Konformationsänderung 

von K48-verknüpften Tetraubiquitin oder auch noch längeren Ketten durch die gleichzeitige 

Bindung an die proteasomalen Rezeptoren Rpn10 und Rpn13, welche einen Abstand von ~10 

nm besitzen, zu beobachten.  

Der ‚Ubiquitin Code’ enthält neben K48-vernüpften Ketten sieben weitere Kettentypen. Die 

Untersuchung des Konformationsraum dieser Ketten und dessen Änderung durch die Bindung 

von spezifischen Bindungspartnern stellt ein breites Feld mit vielen offenen Fragen dar. Erste 

Experimente an freien K11- und K63-verknüpften Diubiquitinketten im Vergleich zu K48-

verknüpften Diubiquitin haben gezeigt, das 4-pulse PELDOR Spektroskopie nicht nur 

konformelle Änderungen durch Ubiquitinbindung, sondern auch eine Unterscheidung des 

Konformationsraumes unterschiedlicher Kettentypen erlaubt (Abbildung 4.1). Daher sollte es 

mittels der in dieser Arbeit beschriebenen Verfahren möglich sein einen tieferen Einblick in das 

Stuktur-Funktions Paradigma des gesamten ‚Ubiquitin Codes‘ zu erhalten.  
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Chapter 6 

 

Appendix 

 

6.1 Supplemental Material 

 

 
Figure 6. 1: Q-band calibration.  This calibration was done in collaboration with Dr. Burkhard Endeward, who 
is a senior scientist in the Group of Pro. Thomas F. Prisner. A) Molecular Structure of Biphenyl-4,4’diyl-
bis(2,2,5,5-tetrametyl-1-oxyl-3-pyrroline-3-carboxylate (Labname: BiesterBi). Measurements were obtained for a 
concentration of 0.1 mM. B) Background-corrected PELDOR time trace obtained on BiesterBi for different pump 
pulse lengths and a given frequency-offset of 60 MHz between the pump and the probe pulse. C) Background-
corrected PELDOR time trace obtained on BiesterBi for different frequency-offsets between the pump pulse and 
the probe pulse for a given pump pulse length of 20 ns. 
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Figure 6.2: Experimental results on intra-POTRA domain restraints. A) The X-ray structure (3MC8) of the 
three POTRA domains (anaP1, anaP2 and anaP3) indicating the spin labelled residues V460C (black), Q429C 
(brown), V370C (blue), D351C (cyan), E344C (red), D337C (sand/dark yellow), A319C (green), I292C (magenta) 
and N265C (dark cyan). B) Experimentally observed intra-domain PELDOR distance restraints. Left: The primary 
and background-corrected PELDOR time traces, obtained at X-band frequencies (~9.8 GHz), with fits from 
Tikhonov regularization (grey). The 3D backgrounds are shown in red. These experiments and the data analysis 
were performed by Dr. Reza Dastvan, a former Ph.D. student in the group of Prof. Thomas F. Prisner, who is 
currently a Postdoctoral researcher at Vanderbilt University in the group of Prof. Hassane S. Mchaourab. The intra-
POTRA domain variants were expressed and purified by Eva-Maria Bouwer. 
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Figure 6.3: cw EPR spectrum of the single-Cys variant V370C in anaP2. This experiment was performed by 
Dr. Reza Dastvan. The variant was expressed, purified and spin labelled by Eva-Maria Bouwer, a former Ph.D. 
student in the lab of Prof. Enrico Schleiff at the Goethe-University. 
 
 
 
 
 

 
Figure 6.4: The X-ray structure of the three anaOmp85 POTRA domains, indicating the spin labelled 
residues in each domain for the inter-domain residues. A) Spin labelled residues in anaP3 and anaP2 creating 
the inter-domain variants between those domains: V460C (black), Q429C (brown), V370C (blue), E344C (red), 
and A319C (green). B) Spin labelled residues in anaP2 and anaP1 creating the inter-domain variants between 
those domains: Q374C (orange), V370C (blue), E344C (red) A319C (green), I292C (dark cyan), N265C (magenta) 
and Q259C (violet). C) Spin labelled residues in anaP3 and anaP1: V460C (black), V457C (light blue), L448C 
(light green), I292C (dark cyan) and Q259C (violet). The inter-POTRA domain variants were expressed and 
purified by Eva-Maria Bouwer. 
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Figure 6.5: Experimental PELDOR data on inter-POTRA domain restraints.  The primary and background-
corrected PELDOR time traces for measurements on the inter-domain double variants with fits from Tikhonov 
regularization (grey) are shown. The 3D-backgrounds are shown in red. The lower modulation depth observed for 
spin label pairs I292C/Q374C, Q259C/Q374C and Q259C/L448C is due to the lower inversion efficiency of the 
pump pulse on utilized Q-band setup. The prolonged time window for the spin label pair I292C/V460C was 
obtained by matrix deuteration. These experiments were obtained and analysed by Dr. Reza Dastvan, a former 
Ph.D. student in the group of Prof. Thomas F. Prisner, who is currently a Postdoctoral researcher at Vanderbilt 
University in the group of Prof. Hassane S. Mchaourab. An exception to this were the anaP1-anaP2 variants related 
to Q259C and Q374C and anaP1-anaP3 variant Q259C-L448C, which were performed by the author herself.  
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Figure 6.6: Inter-POTRA domain distance distributions obtained by Tikhonov.  All distance distributions are 
normalized from [0-1]. The data analysis using DeerAnalysis2013 was performed analysed by Dr. Reza Dastvan, 
a former Ph.D. student in the group of Prof. Thomas F. Prisner, who is currently a Postdoctoral researcher at 
Vanderbilt University in the group of Prof. Hassane S. Mchaourab. An exception are the anaP1-anaP2 variants 
related to Q259C and Q374C and anaP1-anaP3 variant Q259C-L448C, which were analysed by the author herself.  
 

 
Figure 6.7: Orientation selectivity test for the inter-POTRA domain variant I292C/V370C. Left) Primary 
PELDOR time traces for different off-sets between the pump and probe pulses (40 MHz (red) and 70 MHz (blue)). 
Middle: Background-corrected PELDOR time traces for, showing virtually no difference. Right: Corresponding 
distance distributions. These experiments were performed by Dr. Reza Dastvan, a former Ph.D. student in the 
group of Prof. Thomas F. Prisner, who is currently a Postdoctoral researcher at Vanderbilt University in the group 
of Prof. Hassane S. Mchaourab.  
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Figure 6.8: Comparison of experimental (grey) and simulated intra-molecular distance distributions from 
the rigid body and Rosetta refinement for all inter-POTRA domain restraints. Distance distributions obtained 
for the best model of the rigid body refinements using the standard library of MMM2013.2 [38] in 298 K mode 
(red), in 175 K mode (blue) generated on the X-ray structure and the rotamer library obtained by MD simulations 
of spin labelled POTRA domains (cyan) are compared to the obtained distance distributions by Tikhonov 
regularization (grey). The distances obtained for the best Rosetta refinement model are given as orange line, which 
matches the most probable distance of the individual inter-POTRA domain restraints. The rigid body refinements 
were conducted by Prof. Dr. Thomas F. Prisner at the Goethe-University and the Rosetta refinement by Dr. Oliver 
Mirus, a former Postdoctoral researcher in the group of Prof. Dr. Enrico Schleiff at the Goethe-University. 
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Figure 6.9: Comparison of experimental (grey) and simulated intramolecular dipolar evolution functions 
from the rigid body and Rosetta refinement for all inter-POTRA domain restraints. Dipolar evolution 
functions obtained for the best model of the rigid body refinements using the standard libraries of MMM2013.2 in 
298 K mode (red), in 175 K mode (blue) generated on the X-ray structure and the rotamer library obtained by MD 
simulations of spin labelled POTRA domains (cyan) are compared to the background-corrected experimental 
dipolar evolution functions (grey). The distances obtained for the best Rosetta refinement model are given as 
orange line, which matches the most probable distance of the individual inter-POTRA domain restraints. 
Simulations of the dipolar evolution functions for the distance distributions obtained by rigid body refinement 
were done by the author herself. The rigid body refinements were conducted by Prof. Dr. Thomas Prisner and the 
Rosetta refinement by Dr. Oliver Mirus, a former Postdoctoral researcher in the group of Prof. Dr. Enrico Schleiff 
at the Goethe-University. 
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Figure 6.10: Comparison of experimental intra-molecular distance distributions for all inter-POTRA 
domain restraints in comparison to distributions obtained via MD or REMD simulations. The experimentally 
obtained distance distributions are shown in grey. The distance distributions between the two nitroxide labels 
obtained by MD simulations on spin labelled POTRA domains (blue) and the Cα-distance distributions extracted 
from REMD simulations (purple) are shown as an estimation of the extent of the backbone movements of the 
anaOmp85 POTRA domains. The MD and REMD simulations were performed by Dr. Oliver Mirus, a former 
Postdoctoral researcher in the group of Prof. Dr. Enrico Schleiff at the Goethe-University. 
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Figure 6.11: Orientational space of anaOmp85 POTRA domains of wildtype Alr2269 sampled by REMD 
simulations in comparison to structure refinement. 2D contour plots show the frequency distribution of angular 
orientations of adjacent anaOmp85 POTRA domain pairs from REMD simulations. (A and B) anaP2-anaP3. (C 
and D) anaP1-anaP2. (E and F) anaP1-anaP3. The top models from the rigid body (filled black circles) and Rosetta 
(filled cyan circles) refinement are mapped onto the contour plots. In panels A, C and E the top 25 are shown. In 
panels B, D and F the top 100 models are shown. In all plots, the asterisk indicates the conformation of the 
respective domains in the X-ray structure. The MD and REMD simulations were performed by Dr. Oliver Mirus, 
a former Postdoctoral researcher in the group of Prof. Dr. Enrico Schleiff at the Goethe-University. 
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Table 6.1: Comparison of simulated mean distances <r> obtained for different rotamer libraries on the 
basis of the X-ray structure 3MC8. The distance is given in nm with the standard deviation in parenthesis. 

Pair <r>MMM175K <r>Mtssl-

wizard 

<r>Sezer12_ 

175K 

<r>Sezer12 

298K 

<r>Sezer13 

175K 

<r>Sezer13 

298K 

<r>Hubbell  

298K 

N265-I292 2.3 (0.4) 2.4 (0.4) 2.3 (0.4) 2.3 (0.4) 2.2 (0.4) 2.3 (0.4) 2.3 (0.3) 

A319-D337 2.6 (0.4) 2.5 (0.4) 2.4 (0.4) 2.3 (0.5) 2.6 (0.4) 2.6 (0.4) 2.6 (0.3) 

A319-E344 2.0 (0.4) 2.0 (0.4) 1.6 (0.4) 1.9 (0.4) 2.0 (0.3) 2.1 (0.4) 2.4 (0.3) 

A319-V370 2.2 (0.4) 2.0 (0.5) 2.1 (0.5) 2.0 (0.5) 2.1 (0.4) 2.1 (0.5) 1.9 (0.4) 

D337-D351 2.3 (0.4) 2.3 (0.4) 2.2 (0.4) 2.3 (0.5) 2.2 (0.6) 2.4 (0.5) 2.2 (0.3) 

E344-V370 2.6 (0.3) 2.7 (0.3) 2.6 (0.4) 2.6 (0.4) 2.2 (0.5) 2.7 (0.4) 2.8 (0.2) 

Q429-V460 2.2 (0.4) 2.2 (0.4) 2.2 (0.4) 2.1 (0.5) 2.1 (0.5) 2.3 (0.4) 2.3 (0.4) 

I292-A319 4.6 (0.4) 4.6 (0.4) 4.6 (0.4) 4.5 (0.4) 4.7 (0.4) 4.7 (0.4) 4.4 (0.3) 

I292-E344 3.9 (0.3) 4.0 (0.3) 4.2 (0.7) 4.0 (0.4) 3.6 (0.4) 4.0 (0.4) 4.0 (0.3) 

I292-V370 2.8 (0.3) 3.1 (0.3) 2.9 (0.3) 3.3 (0.4) 3.1 (0.3) 3.1 (0.3) 3.0 (0.2) 

N265-A319 3.9 (0.4) 4.1 (0.4) 3.8 (0.4) 3.9 (0.4) 4.1 (0.5) 4.0 (0.4)  3.6 (0.4) 

N265-E344 2.7 (0.4) 2.8 (0.4) 3.0 (0.4) 2.9 (0.5) 2.6 (0.5) 2.8 (0.5) 2.4 (0.5) 

N265-V370 2.9 (0.4) 3.2 (0.4) 2.9 (0.4) 3.1 (0.5) 3.1 (0.5) 3.1 (0.5) 2.5 (0.5) 

Q259-A319 5.1 (0.3) 5.2 (0.3) 5.1 (0.3) 5.1 (0.4) 5.3 (0.3) 5.2 (0.4) 2.5 (0.6) 

Q259-E344 3.6 (0.4) 3.8 (0.4) 4.0 (0.3) 3.7 (0.4) 3.7 (0.3) 3.7 (0.4) 3.5 (0.4) 

Q259-V370 4.0 (0.3) 4.4 (0.3) 4.1 (0.3) 4.3 (0.3) 4.3 (0.3) 4.4 (0.3) 4.2 (0.3) 

Q374-Q259 3.8 (0.2) 3.9 (0.3) 3.8 (0.3) 3.9 (0.4) 3.8 (0.4) 3.8 (0.4) 3.9 (0.3) 

Q374-I292 3.1 (0.3) 3.2 (0.4) 3.2 (0.3) 3.3 (0.4) 3.3 (0.3) 3.3 (0.3) 3.4 (0.3) 

V460-A319 3.9 (0.4) 4.2 (0.3) 3.8 (0.4) 4.2 (0.4) 4.1 (0.3) 4.3 (0.4) 4.4 (0.4) 

V460-E344 3.8 (0.3) 3.9 (0.3) 4.0 (0.2) 3.8 (0.4) 3.9 (0.3) 4.0 (0.4) 4.0 (0.3) 

V460-V370 4.2 (0.4) 4.2 (0.3) 4.2 (0.4) 4.3 (0.4) 4.4 (0.3) 4.4 (0.3) 4.0 (0.4) 

Q429-A319 2.9 (0.6) 3.1 (0.5) 3.0 (0.6) 3.2 (0.5) 3.1 (0.5) 3.2 (0.5) 3.6 (0.4) 

Q429-E344 2.7 (0.4) 2.7 (0.4) 2.9 (0.3) 2.7 (0.5) 3.0 (0.5) 2.7 (0.6) 2.8 (0.4) 

Q429-V370 4.2 (0.4) 4.1 (0.4) 4.3 (0.4) 4.1 (0.4) 4.2 (0.4) 4.2 (0.4) 4.1 (0.4) 

V460-I292 5.6 (0.3) 5.6 (0.3) 5.7 (0.4) 5.8 (0.4) 5.6 (0.4) 6.0 (0.4) 6.0 (0.3) 

V457-Q259 4.1 (0.2) 4.0 (0.3) 4.2 (0.2) 4.0 (0.3) 4.1 (0.3) 4.0 (0.3) 3.8 (0.3) 

L448-Q259 4.4 (0.3) 4.2 (0.4) 4.3 (0.3) 4.3 (0.4) 4.5 (0.4) 4.3 (0.4) 4.2 (0.4) 
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Table 6.2: Comparison of mean distance <r> of the PELDOR restraints with the X-ray structure, MD 
simulations of in silico-spin labelled anaOmp85 POTRA domains and the best refined model of either rigid 
body or Rosetta refinement.  The distances are given in nm. rpk is the main distance of the distribution; the 
standard deviations are given in parentheses.  

Pair <r>PELDOR/rpk <r>X-ray, MMM298K <r>MD <r>Rigid Body  

MMM298K
 

<r>Rosetta 

N265-I292 2.3/2.4 (0.3) 2.4 (0.4) n.d. n.d. 2.4 

A319-D337 2.5/2.6 (0.4) 2.6 (0.4) n.d. n.d. n.d. 

A319-E344 2.1/2.0 (0.5) 2.0 (0.4) n.d. n.d. 2.0. 

A319-V370 2.1/1.8, 2.3 (0.3) 2.1 (0.5) n.d. n.d. 1.8. 

D337-D351 2.7/2.8 (0.4) 2.4 (0.5) n.d. n.d. n.d. 

E344-V370 2.5/2.4 (0.3) 2.7 (0.4) n.d. n.d. 2.9 

Q429-V460 2.4/2.5 (0.2) 2.2 (0.4) 2.1 (0.4) n.d. 2.5 

I292-A319 4.5/4.6 (0.5) 4.7 (0.4) 4.7 (0.4) 4.7 (0.4) 4.6 

I292-E344 4.2/4.2 (0.3) 4.0 (0.4) 4.0 (0.3) 4.0 (0.5) 4.2 

I292-V370 3.3/3.4 (0.2) 3.1 (0.3) 3.2 (0.3) 3.0 (0.4) 3.3 

N265-A319 3.5/3.4 (0.4) 4.1 (0.4) 4.2 (0.5) 3.7 (0.6) 3.4 

N265-E344 2.3/2.4 (0.4) 2.8 (0.4) 2.9 (0.3) 2.3 (0.5) 2.3 

N265-V370 3.0/3.0 (0.4) 3.1 (0.5) 3.3 (0.6) 3.0 (0.6) 2.9 

Q259-A319 5.3/ 5.0 (0.8) 5.2 (0.4) 5.6 (0.3) 5.1 (0.4) 4.9 

Q259-E344 4.3/3.5, 4.2 (1.3) 3.7 (0.4) 3.8 (0.4) 3.6 (0.5) 3.5 

Q259-V370 4.5/4.5 (0.5) 4.3 (0.3) 4.7 (0.2) 4.3 (0.4) 4.5 

Q374-Q259 3.8/3.8 (0.4) 3.9 (0.3) n.d. 3.9 (0.4) 3.9 

Q374-I292 3.0/3.0 (0.3) 3.3 (0.4) n.d. 3.0 (0.3) 3.1 

V460-A319 4.4/4.4 (0.3) 4.2 (0.4) 4.2 (0.3) 4.2 (0.5) 4.4 

V460-E344 3.9/3.8, 4.3 (0.5) 3.9 (0.4) 4.1 (0.4) 4.1 (0.5) 3.8 

V460-V370 4.6/4.6 (0.2) 4.3 (0.4) 4.8 (0.3) 4.5 (0.4) 4.5 

Q429-A319 3.4/3.4 (0.6) 3.1 (0.5) 3.1 (0.5) 3.4 (0.6) 3.4 

Q429-E344 2.9/2.8 (0.5) 2.7 (0.5) 2.9 (0.4) 2.7 (0.7) 2.9 

Q429-V370 4.3/4.5 (0.4) 4.1 (0.4) 4.3 (0.3) 4.3 (0.4) 4.5 

V460-I292 5.7/5.7 (0.6) 5.7 (0.4) 6.4 (0.3) 5.6 (0.5) 5.7 

V457-Q259 4.1/4.2 (0.8) 4.1 (0.3) 4.6 (0.4) 4.2 (0.4) 4.2 

L448-Q259 4.3/4.6 (0.7) 4.3 (0.4) 4.7 (0.5) 4.5 (0.4) 4.6 
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Figure 6.12: Hahn Echo experiment for the determination of TM. A) The labelling positions for each restraint 
are displayed on the NMR structure 2PEA. B) The pulse sequence of the Hahn Echo experiment. The pulse lengths 
were 16 ns and 32 ns for the π/2-pulse and the π-pulse, respectively. The initial delay τ between the pulses was 
600 ns. The x-axis had 4000 points. The π-pulse is shifted in steps of 4 ns and the acquisition trigger in steps of 
8 ns C) Hahn Echo Decay for the five diubiquitin variants indicated in A, using the same colour code. 
 

 

 
Figure 6.13: Structure of diubiquitin. Indicating the flexible residues 72-76 (red, stick representation) as well as 
the centre of mass of an individual ubiquitin molecule (blue) used for visualization of the conformational space. 
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Figure 6.14: Modelling of the conformational space of K48-linked diubiquitin. Left: Number of conformations 
per distance interval of the collision-free conformational ensemble of 373,761 individual structures compared to 
the experimental distance distribution. Middle: Conformations of the collision-free ensemble weighted by a 
combined probability representing the occurrence of the specific structure with respect to all EPR distance 
distributions resulting in an ensemble of 144,520 structures above the probability threshold (for further information 
see Materials and Methods). Right: A representative ensemble of 3000 structures for visualization as probability 
hyper-surfaces. 
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Figure 6.15: Modelling of the conformational space of K48-linked diubiquitin in complex with the CUE 
domain of Cue1.  Left: Number of conformations per distance interval of the collision-free conformational 
ensemble with 373,761 individual structures compared to the experimental distance distribution. Middle: 
Conformations of the collision-free ensemble weighted by a combined probability representing the occurrence of 
the specific structure with respect to all EPR distance distributions resulting in an ensemble of 41,037 structures 
above the probability threshold (for further information see Materials and Methods). Right: A representative 
ensemble of 3000 structures for visualization as probability hyper-surfaces.  
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Figure 6.16: Primary 4-pulse PELDOR Data for the Cue1 binding deficient pE24C/dA28C K48-linked 
diubiquitin variants. A) Schematic representation of diubiquitin variant pE24C/dA28C, indicating the ubiquitin 
moiety with the binding deficient mutation (red). B) Primary PELDOR data of diubiquitin bearing the Cue1 
binding deficient mutation R42A in either or both ubiquitin moieties in the presence of Cue1.C) Primary PELDOR 
data of diubiquitin bearing the Cue1 binding deficient mutation V70A in either or both ubiquitin moieties in the 
presence of Cue1.  
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Figure 6.17: Modelling of the conformational space of K48-linked diubiquitin in complex with OTUB1i. 
Left: Number of conformations per distance interval of the collision-free conformational ensemble with 373,761 
individual structures compared to the experimental distance distribution. Middle: Conformations of the collision-
free ensemble weighted by a combined probability representing the occurrence of the specific structure with 
respect to the EPR distance distributions resulting in an ensemble of 12,432 structures above the probability 
threshold (for further information see Materials and Methods). Right: A representative ensemble of 3000 structures 
for visualization as probability hyper-surfaces. 
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Figure 6.18: Analysis of 4-pulse PELDOR on doubly spin labelled tri- and tetraubiquitin variants 
pE24C/dA28C using different intermolecular decay functions.  A) Primary 4-pulse PELDOR data for 
triubiquitin variant pE24C/dA28C indicating three different background-functions with starting times of 432 ns 
(blue), 736 ns (orange) and 1536 ns (red). A zoom into early times of the dipolar evolution function for better 
comparison to the simulation is given as inset. B) Background-corrected 4-pulse PELDOR time traces for the 
different background-functions in a. The singel Gausian model fit is shown in the colour code as in A. C) 
Corresponding distance distributions obtained by single Gaussian model fitting. The boundaries given by Eq. 2.21 
and Eq. 2.22 are indicated. Additionally, the maximum distance (shapemax) until which a reliable shape can be 
detected, as given in [29], is stated. D) Primary 4-pulse PELDOR data for tetraubiquitin variant pE24C/dA28C 
indicating three different background-functions with starting times of 400 ns (blue), 976 ns (orange) and 3380 ns 
(red). E) Background-corrected 4-pulse PELDOR time traces for the different background-functions in a. The 
singel Gausian model fit is shown in the colour code as in A. F) Corresponding distance distributions obtained by 
single Gaussian model fitting. The boundaries given by Eq. 2.21 and Eq. 2.22 are indicated. Additionally, the 
maximum distance (shapemax) until which a reliable shape can be detected, as given in [29], is stated.  
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Figure 6.19: Primary 7-pulse CP PELDOR Data. A) 7-pulse CP PELDOR data obtained on singly labelled 
(pE24C) diubiquitin to verify the probability of double spin inversion p. B, D, F, H, J, L, N) Primary 7-pulse CP 
PELDOR data of doubly spin labelled tri- and tetraubiquitin variants spin labelled in the proximal and distal moiety 
fitted to the product (red) of all individual background decay functions (blue exponentials) times (1-ߣ), with ߣ 
being the modulation depth of the signal. The background corrected dipolar signals after subtraction of the 
unmodulated part and renormalization are shown in green. C, E, G, I, K, M, O) Background-corrected 7-pulse 
CP PELDOR time traces of doubly spin labelled tri- and tetraubiquitin variants spin labelled in the proximal and 
distal moiety (red), sum of non 7-pulse dipolar signals (black) and extracted 7-pulse evolution (blue = red-black).  
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Figure 6.20: Primary PELDOR Data for the effect of chain elongation. A) Schematic representation of the 
investigated diubiquitin variant pE24C/dA28C, triubiquitin variant pE24C/mA28C and tetraubiquitin variant 
pE24C/m1A28C. B, D, F) Primary 4-pulse PELDOR data of doubly spin-labeled K48-linked ubiquitin chain 
variants in the order shown in A indicating the 3D background (red) and background-corrected PELDOR time 
trace with fit from 2 Gaussian model (black). C, E, G) Corresponding distance distributions obtain by 2 Gaussian 
model fitting. H) Schematic representation of the investigated diubiquitin variant A28C/dA28C, triubiquitin 
variant mA28C/dA28C and tetraubiquitin variant m1A28C/m2A28C. I, K, L) Primary 4-pulse PELDOR data of 
doubly spin-labeled K48-linked ubiquitin chain variants in the order shown in H indicating the 3D background 
(red) and background-corrected PELDOR time trace with fit from 2 Gaussian model (black). J, L, N) 
Corresponding distance distributions obtain by 2 Gaussian model fitting. 
 

 
Figure 6.21: The effect of pH on the conformational space of di- and tetraubiquitin. A) Primary 4-pulse 
PELDOR data of doubly spin labelled K48-linked diubiquitin variant pE24C/dA28C at pH 4.5 indicating the 3D 
background (red). B) Background-corrected 4-pulse PELDOR time traces of diubiquitin variant pE24C/dA28C at 
pH 7.2 (blue) and 4.5 (green) with fit from a two Gaussian model. D) Background-corrected 7-pulse CP PELDOR 
time traces of doubly spin labelled K48-linked tetraubiquitin variant pE24C/dA28C at pH 7.2 (blue) and 4.5 
(green) with fit from a two Gaussian model. The primary 7-pulse CP PELDOR Data is given in Figure 6.17. C, E) 
The corresponding distance distributions obtained by two Gaussian model fitting, showing virtually no difference. 
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Figure 6.22: Primary 7-pulse CP PELDOR Data for the effect of Cue1, gp78CUE and OUTB1i on the 
conformational space on tri- and tetraubiquitin. A, C, E, G, I, K) Primary 7-pulse CP PELDOR data of doubly 
spin labelled tri- and tetraubiquitin variants spin labelled in the proximal and distal moiety fitted to the product 
(red) of all individual background decay functions (blue exponentials) times (1-ߣ), with ߣ being the modulation 
depth of the signal. The background corrected dipolar signals after subtraction of the unmodulated part and 
renormalization are shown in green. B, D, F, H, J, L) Background-corrected 7-pulse CP PELDOR time traces of 
doubly spin labelled tri- and tetraubiquitin variants spin labelled in the proximal and distal moiety (red), sum of 
non 7-pulse dipolar signals (black) and extracted 7-pulse evolution (blue = red-black). 
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Table 6.3: Fitting parameters for data analysis with Gaussian model fits. Data listed are as mean of a single 
Gaussian (R1 and R2) with the standard deviations σ1 and σ 2, respectively. The population of each Gaussian 
distribution is given by P1 and P2, respectively. The mean distance of the entire distribution is given by <R> and 
the corresponding standard deviation by σ, Obtained from Approximate pake transformation.  
 

Variant Addition R1 / 

nm 

1 / 

nm 

P1 / 

% 

R2 / 

nm 

2 / 

nm 

P2 / 

% 

<R>  

Ubiquitin (100 µM)          

Ubiquitin T22C/E34C   2.91 0.19 100 - - - 2.91 0.13 

Ubiquitin N25C/E34C   2.26 0.22 100 - - - 2.26 0.15 

K48-linked Diubiquitin (100µM)         

pE24C/dA28C  3.12 0.82 22.5 4.38 0.59 77.5 4.09 0.69 

pE24C/dA28C  Low pH (pH=4.5) 2.57 0.49 13.6 4.24 0.57 86.4 4.02 0.70 

pE24C/dA28C +Cue1 (150 µM) 3.98 0.68 69.4 4.10 0.12 30.6 4.02 0.40 

pE24C/dA28C +gp78CUE (150 µM) 3.45 0.95 40 4.60 0.73 60 4.14 0.81 

pE24C/dA28C +Cue2 (600 µM) 3.39 0.97 34.3 4.46 0.64 65.7 4.10 0.74 

pE24C/dA28C +UBA2 (120 µM) 3.90 0.77 21.2 4.60 0.51 78.8 4.45 0.50 

pE24C/dA28C +OTUB1i (150 µM) 2.45 0.31 75.4 3.11 0.25 24.6 2.61 0.35 

pE24C/dA28C +Rpn13 (150 µM) 4.03 1.39 100 - - - 4.04 0.96 

pE24C/dE24C  3.03 0.31 12.2 4.14 0.53 87.8 4.00 0.51 

pE24C/dE24C +Cue1 (150 µM) 3.96 0.13 28.7 3.93 0.96 71.3 3.94 0.57 

pE24C/dE24C +OTUB1i (150 µM) 1.5 2.39 28.6 2.44 0.20 71.5 2.55 0.59 

pA28C/dA28C  3.86 0.96 37.5 4.85 0.58 62.5 4.48 0.71 

pA28C/dA28C +Cue1(150 µM) 4.39 0.26 33.9 4.30 1.01 66.1 4.33 0.59 

pA28C/dA28C +OTUB1i (150 µM) 2.51 0.71 88.5 3.77 1.79 11.5 2.96 0.73 

pE34C/dT22C  2.62 0.69 10.2 4.49 1.03 89.8 4.30 0.90 

pE34C/dT22C +Cue1 (150 µM) 3.96 0.71 26.8 4.71 0.88 73.2 4.44 0.75 

pE34C/dT22C +OTUB1i (150 µM) 4.01 0.63 54.4 4.66 1.88 45.6 4.32 0.99 

pE34C/dE34C  2.07 0.48 26.8 3.95 1.65 73.2 3.49 1.28 

pE34C/dE34C +Cue1 (150 µM) 2.57 1.37 32.9 4.31 0.81 67.1 3.82 0.96 

pE34C/dE34C +OTUB1i (150 µM) 2.74 0.74 17.7 4.98 0.32 82.3 4.58 0.90 

pE24C/pR42A/dA28C  3.62 0.82 35.6 4.45 0.55 64.4 4.15 0.61 

pE24C/pR42A/dA28C +Cue1 4.10 0.13 11.3 4.05 0.81 88.7 4.05 0.54 

pE24C/dA28C/dR42A  3.67 0.84 38.5 4.44 0.51 61.3 4.14 0.59 

pE24C/dA28C/dR42A +Cue1 3.26 0.88 14.9 4.27 0.71 85.1 4.12 0.63 

pE24C/pR42A/dA28C/

dR42A 

 3.52 0.86 34.0 4.41 0.52 66.0 4.11 0.63 

pE24C/pR42A/dA28C/

dR42A 

+Cue1 3.40 0.66 22.0 4.35 0.52 78.0 4.14 0.56 

pE24C/pV70A/dA28C  3.12 0.56 19.0 4.38 0.55 81.0 4.14 0.63 

pE24C/pV70A/dA28C +Cue1 4.08 0.12 12.0 4.04 0.91 88.0 4.04 0.60 
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pE24C/dA28C/dV70A  3.06 0.44 11.2 4.40 0.62 88.8 4.24 0.60 

pE24C/dA28C/dV70A +Cue1 2.95 0.71 14.0 4.36 0.71 86.0 4.16 0.70 

pE24C/pV70A/dA28C/

dV70A 

 3.15 0.36 12.0 4.43 0.62 88.0 4.27 0.59 

pE24C/pV70A/dA28C/

dV70A 

+Cue1 3.26 0.46 16.6 4.43 0.66 83.4 4.24 0.62 

K48-linked Triubiquitin (50 µM)         

pE24C/dA28C§   3.47 1.33 56.2 5.31 0.75 43.8 4.30 1.17 

pE24C/dA28C  4.51 2.17 100 - - - 4.60 1.44 

pE24C/dA28C§ +Cue1 (112.5 µM) 3.84 0.75 27.1 6.11 1.15 72.9 5.49 1.26 

pE24C/dA28C§ +gp78CUE (112.5 µM) 5.36 2.47 100 - - - 5.40 1.65 

pE24C/dA28C§ +OTUB1i (150 µM) 4.27 2.68 100 - - - 4.54 1.64 

pE24C/mA28C§  3.57 0.83 34.6 4.37 0.63 65.4 4.09 0.63 

mA28C/dA28C   3.96 0.81 33.5 4.78 0.61 66.5 4.51 0.62 

pE34C/dA28C  4.28 1.32 100 - - - 4.34 1.29 

K48-linked Tetraubiquitin (50 µM)         

pE24C/dA28C §  4.93 1.5 100 - - - 4.93 1.04 

pE24C/dA28C   4.87 2.80 100 - - - 5.04 1.76 

pE24C/dA28C§ Low pH (pH=4.5) 4.73 1.94 100 - - - 4.76 1.33 

pE24C/dA28C§ +Cue1 (150 µM) 5.78 1.18 100 - - - 5.88 1.14 

pE24C/dA28C§ +gp78CUE (150 µM) 6.96 4.28 100 - - - 6.35 2.11 

pE24C/dA28C§ +OTUB1i (225 µM) 4.39 3.92 61.6 5.28 0.52 38.4 4.99 1.50 

pE24C/m1A28C   4.14 0.91 100 - - - 4.14 0.64 

pA28C/dS57C§  2.95 5 100 - - - 4.68 2.10 

pE34C/dA28C§  4.47 2.36 100 - - - 4.54 1.44 

m1A28C/m2A28C  3.48 1.04 29.7 4.72 0.58 70.3 4.35 0.77 

K11-linked Diubiquitin (100µM)         

pE24C/dA28C  3.20 1.05 55.1 4.11 0.76 49.9 3.62 0.78 

K63-linked Diubiquitin(100µM)         

pE24C/dA28C  3.99 1.03 59.5 5.00 0.52 40.5 4.40 0.78 

a Obtained from Approximate pake transformation  
* Distance distribution from Tikhonov Regularization 
§ 7-pulse CP PELDOR 
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6.2 Materials and Methods 

 

6.2.1 Sample preparation and purification 

 

The anaOm85 POTRA domain variants were expressed, purified and spin labelled by Eva-

Maria Bouwer, a former Ph.D. student in the lab of Prof. Enrico Schleiff at the Goethe-

University. The experimental procedures stated below were already published in Dastvan et al. 

2016. Biophys J 110:2195-2206 and are reprinted in this thesis for completeness. 

 

The residues of anaOmp85 POTRA domains, which were chosen as spin labelling sites, were 

substituted by cysteine via Quick-change PCR using a construct containing residues 161–467 

of anaOmp85 as described in (19). Transformed E. coli BL21 DE3 (Invitrogen) were inoculated 

in LB at 37°C. The expression was induced by addition of 1 mM isopropyl 1-thio-β-d-galacto-

pyranoside (IPTG) at A600 = 0.8. After an incubation of 4h, the cells were harvested and 

resuspended in a lysis buffer (25mM HEPES/KOH pH 7.0; 250 mM NaCl; 5mM MgCl2). The 

cells were lysed via sonication. The proteins were immobilized on Ni-NTA (Qiagen) after 

30 min centrifugation at 25,000 x g and washed with a wash buffer (25mM HEPES/KOH pH 

7.0; 250 mM NaCl; 5 mM MgCl2; 10 mM Imidazole). The anaOmp85 POTRA domain variants 

were spin labelled with MTSSL (Enzo) within the wash buffer overnight at 4°C. After 

extensively washing the labelled anaOmp85 POTRA domain variants were eluted with an 

elution buffer (25 mM HEPES/KOH pH 7.0; 250 mM NaCl; 500 mM Imidazole). The 

concentration of the anaOmp85 POTRA domain variants was determined using the Bradford 

reagent (Bio-Rad). The concentration was adjusted to 100µM for the PELDOR samples, in 

PELDOR buffer (25mM HEPES/KOH pH 7.0; 250 mM NaCl; 500mM Imidazole, 30% 

Glycerol). X-Band samples (180µl or 40 µl with 100 μM protein concentration) were 

transferred to standard 4 mm or 2.8 mm diameter quartz EPR tubes (Wilmad) and shock-frozen 

in liquid nitrogen. The Q-Band samples (10 µl with 100 μM protein concentration) were 

transferred to 1.6 mm diameter suprasil EPR tube (Wilmad) and shock-frozen in liquid nitrogen. 
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Ubiquitin chain variants were assembled, purified and spin labelled as well as the UBDs and 

the DUB utilized in this study by Andreas Kniss from the Lab of Prof. Volker Dötsch at the 

Goethe-University. The detailed experimental procedures stated below were put down by 

Andreas Kniss and are reprinted in this thesis for completeness. 

 

The human ubiquitin and all cysteine variants, cloned into pETM60, were expressed in T7 

Express competent E.coli cells (NEB). The purification was achieved as described [131, 158]. 

The enzymes for K48- and K63-linked chain synthesis Cdc34, Ubc13, Uev1a, cloned into a 

pGEX6p1 vector, and Ube1 sub cloned into a pET21d vector were expressed and purified as 

described in [159] and [160], respectively.  

His6-GST tagged OTUB1 C91A and OTUD7B (Cezanne) (53-446, C194S) were expressed as 

previously reported in [161].  

Codon-optimized synthetic genes of the Cue1 CUE domain (45-115), gp78CUE (453-503 Cue2 

CUE1 domain (6-54), a single chain construct of Ubc7 (1-165) and the U7BR of Cue1 (147-

203, C147S) connected via a GG-linker were expressed as tobacco etch virus (TEV) cleavable 

His10-tagged ubiquitin fusion proteins. A C-terminally truncated version of the human Ube2S, 

Ube2SΔC (1-156), was expressed containing a C-terminal TEV protease cleavage site followed 

by a hexahistidine (6His) tag. In short, expression was performed in a T7 Express competent 

E.coli. The cells were grown in Terrific Broth (TB) medium and induced for 20h at 18°C with 

0.5 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG). Purification was achieved by 

immobilized metal chelate affinity chromatography (IMAC), tag removal by TEV (except for 

Cue2 CUE1), a reversed IMAC step, followed by size exclusion chromatography using a 

HiLoad Superdex S75 column (GE Healthcare). Proximally 6His-tag capped cysteine-

containing ubiquitin chains were enzymatically assembled in vitro as previously described 

[131]. K48-linkages were synthesized using Cdc34, K63- linked chains were generated by 

Ubc13 and Uev1a and K11-linkages were introduced using Ube2S∆C (1-156) [162]. To avoid 

K63-linkage impurities during K11-linked chain synthesis all ubiquitin variants additionally 

contained a K63R mutation. Assembly of K48-linked tri- and tetraubiquitin chains required an 

iterative chain assembly protocol, in which the desired reaction products were purified (by 

NiNTA purification and subsequent gel filtration) and reemployed in further preparative chain 

elongation reaction. Wildtype K48-linked chains of defined length for ITC experiments were 

synthesized in a single 20 mL reaction using 1 µM E1, 10 µM Cdc34, 1500 µM wildtype Ub 

in buffer containing 50 mM Tris (pH 7.8), 20 mM ATP, 0.9 mM DTT, 9 mM MgCl2 at 37°C 

overnight. Ub chains were diluted in 50 mM ammonium acetate (pH 4.5), filtered through a 0.2 
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µm syringe filter, applied in aliquots onto a MonoS column (GE Healthcare) and eluted using 

a salt gradient with 0.5 M NaCl as target concentration. Peak fractions were further purified 

using a 16/60 Superdex 75 gel filtration column. Cysteine containing ubiquitin chains variants 

(100 µM) were labelled with a 20-fold excess over the cysteine amount of 1-Oxyl-2,2,5,5-

tetramethylpyrroline-3-methyl (MTSSL) 1x PBS buffer at room temperature for 1h. Unreacted 

MTSSL was removed by buffer exchange to deuterated PBS buffer (pD 7.2) utilizing Amicon 

Ultra centrigugal filter units. 20% d8-glycerol were added to each sample as a cryoprotectant. 

The Q-Band samples (5-10 µl with 50 or 100 μM protein concentration, see Table 6.3) were 

transferred to 1.6 mm diameter suprasil EPR tube (Wilmad) and shock-frozen in liquid nitrogen. 

 

6.2.2 X-Band CW EPR Measurements 

 

The X-band CW measurements on spin labelled anaOmp85 POTRA variants were obtained 

Dr. Reza Dastvan, a former Ph.D. student in the group of Prof. Thomas F. Prisner, who is 

currently a Postdoctoral researcher at Vanderbilt University in the group of Prof. Hassane S. 

Mchaourab. The X-band CW experiments on spin labelled ubiquitin variants were performed 

by the author herself.  

 

Room-temperature cw X-band spectra were acquired on a Bruker Elexsys E500 cw X-band 

EPR spectrometer equipped either with a standard rectangular Bruker EPR cavity 

(ER4102ST7934), at a quality factor Q of about 3000 (anaOmp85 POTRA domains), or a 

SHQE (ER4122 011 SHQE-W1), at a quality factor Q of about 4500 (ubiquitin variants). The 

microwave frequency was determined using a Systron Donner (6054D) frequency counter. The 

magnetic field was measured with a Bruker gaussmeter (ER035M).  

The measurements were accomplished with a frequency of ~9.4 GHz and a centre magnetic 

field of 3360 G, with a sweep width of 120 G. Measurement on anaOmp85 POTRA domain 

variants and ubiquitin chain variants were accomplished with 512 scans and 1024 scans, 

respectively. The modulation amplitude had a value of 1.5 G (anaOmp85 POTRA domain 

variants) or 1 G (ubiquitin chain variants) and a modulation frequency of 100 kHz. The 

microwave power was ~ 2 mW and a receiver gain of 75 dB or 55 dB for measurements on 

anaOmp85 POTRA domain variants or ubiquitin chain variants, respectively. 
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6.2.3 PELDOR Data Collection and Data Analysis 

 

Pulsed EPR data were measured on an ELEXSYS E580 EPR spectrometer (Bruker, Billerica, 

MA) equipped with a Bruker PELDOR unit (E580-400U). The temperature was kept at 50 K 

with a continuous-flow helium cryostat (CF935) and temperature control system (ITC 502), 

both from Oxford Instruments (Abingdon, UK). For PELDOR experiments the dead-time free 

4-pulse sequence was utilized [65]. For measurements at X-Band frequencies (9.6 GHz), a 1 

kW TWT amplifier (ASE 117x) and a dielectric ring resonator or split ring resonator (MD5 W1 

or MS3) were used. The measurements at Q-band frequencies (33.7 GHz) were obtained using 

the SuperQ-FT accessory as well as a Bruker AmpQ 10 W amplifier and a Bruker EN5107D2 

resonator.  

The X-band PELDOR measurements on spin labelled POTRA variants were obtained Dr. Reza 

Dastvan, a former Ph.D. student in the group of Prof. Thomas F. Prisner, who is currently a 

Postdoctoral researcher at Vanderbilt University in the group of Prof. Hassane S. Mchaourab. 

An exception to this were the anaP1-anaP2 variants related to Q259C and Q374C and anaP1-

anaP3 variant Q259C-L448C, which were performed by the author herself. The typical pulse 

lengths for the probe pulses and the pump pulse were 32 ns (π/2 and π) and 12 ns, respectively. 

To reduce contributions from nuclear modulations the delay between the first and second probe 

pulses was varied between 136 and 192 or 200 and 256 ns in 8 ns steps (protonated samples) 

and between 456 and 848 ns in 56 ns steps (for buffer deuterated sample I292C/V460C) [163]. 

Dependent on the probed distances and transversal relaxation time (TM) of the samples, the 

pulse separation between the second and third probe pulses was between 1.2 and 7.3 μs. The 

shot repetition time was 4-5 ms. The frequency of the pump pulse was set to the resonance 

frequency of the over-coupled resonator (Q ~50). To obtain an optimum pumping efficiency 

the magnetic field was chosen such that the excitation coincides with the maximum of the 

nitroxide powder spectrum The frequency of the probe pulses was chosen 70 MHz higher (80 

MHz for the A319C/E344C sample). Possible orientation selective effects were probed for 

I292C/E344C, I292C/V370C, N265C/A319C, Q429C/A319C, Q429C/E344C, V460C/E344C 

by experiments using a 40 MHz offset between the pump and probe frequency. No changes in 

the PELDOR time traces were observed, excluding orientation selection (Only I292C/V370C 

is shown in Figure 6.7).  
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The Q-band 4-pulse PELDOR on spin labelled ubiquitin variants were performed by the author 

herself with pulse lengths of 32 ns (π/2 and π) for the probe pulses and 20 ns for the pump pulse. 

Due to the negligible effect of nuclear modulations for protons at this frequency band [164], 

the delay between the first and second probe pulses has not been varied. The pulse separation 

between the second and third probe pulses was between 3-4 μs, depending on the probed 

distances and transversal relaxation time (TM) of the samples, and a shot repetition time of 

4.5 ms was used. The frequency of the pump pulse was set to the resonance frequency of the 

over-coupled resonator (Q ~300). The magnetic field was chosen to coincide with the maximum 

of the nitroxide powder spectrum to obtain optimum pumping efficiency. The frequency of the 

probe pulses was chosen 70 MHz lower, compared to the frequency of the pump pulse. The 

experiments on triubiquitin variant mA28C/dA28C and tetraubiquitin variant 

m1A28C/m2A28C, as well as diubiquitin variants in complex with Rpn13, were accomplished 

using a 150 W Q-band TWT, using pulse lengths of 32 ns (π/2 and π) for the probe pulses and 

12 ns (π) for the pump pulse. Nuclear modulation averaging was achieved by a variation of the 

delay between the first and second probe pulses between 260 and 372 in 8 ns steps. The shot 

repetition time was 4.5-5 ms.  

The 7-pulse CP PELDOR measurements were obtained in collaboration with Dr. Philipp E. 

Spindler, a Postdoctoral researcher in the group of Prof. Thomas F. Prisner at the Goethe-

University. The typical pulse lengths were 32 ns (π/2 and π) and 400 ns (π) for the probe pulses 

and the sech/tanh pump pulses, respectively. The interpulse delays (t1= 5000 ns, t2=10400 ns 

and t3= 10200 ns)for the detection sequence were chosen according to [48]. The initial pump 

pulse positions were T1= 232 ns, T2= 300 ns, and T3= -232 ns. These positions were 

incremented with Δ1 = 24 ns, Δ 2 = 0, Δ3 = -24 ns. The sech/tanh pump pulses were generated 

with a homebuilt pulse shaping unit [165]. The pump pulses carrier frequency was set to the 

resonance frequency of the resonator to ensure an optimum inversion efficiency. A shot 

repetition time of 3 ms was used. The frequency of the pump pulse was set to the center of the 

over-coupled resonator (Q ~300), while the probe frequency was chosen or 65 MHz lower. The 

magnetic field was adjusted, such that the excitation by the pump pulses coincides with the 

central peak of the nitroxide powder spectrum to obtain maximum pumping efficiency.  

 

The analysis of the experimental data on spin labelled anaOmp85 POTRA variants were 

obtained Dr. Reza Dastvan, a former Ph.D. student in the group of Prof. Thomas F. Prisner, 

who is currently a Postdoctoral researcher at Vanderbilt University in the group of Prof. 

Hassane S. Mchaourab. An exception to this were the anaP1-anaP2 variants related to Q259C 
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and Q374C and anaP1-anaP3 variant Q259C-L448C, which were performed by the author 

herself. The analysis of the experimental data on spin labelled ubiquitin variants was performed 

by the author herself. 

 

The analysis of the experimental data was performed with DeerAnalysis software package [70]. 

The PELDOR time traces were corrected for background decay using a homogeneous three-

dimensional spin distribution. Seven pulse data was subjected to a self-consistent iterative 

correction procedure [48],  prior to data processing with DeerAnalysis, to remove dipolar signal 

originating from the combinations of only one or two pump pulses. The probability of spin 

inversion p was found to be 0.72 (Figure 6.19A). The self-consistent iterative ‘artefact’ 

correction procedure, as well as background-correction, was performed by Dr. Philipp E. 

Spindler, a Postdoctoral researcher in the group of Prof. Thomas F. Prisner at the Goethe-

University. 

 

6.2.4 In silico prediction of PELDOR distance restraints 

 

In silico spin labelling, of available Protein Data Bank (PDB) structures, was accomplished 

using the rotamer library approach using the Multiscale modelling of macromolecular systems 

(MMM) software package [38] or by the tether-in-a-cone model in mtsslWizard [43, 44].  

In silico spin labelling of the X-ray structure of anaOmp85 POTRA domain (PDB code 3mc8) 

was used to predict the inter-spin distances and intramolecular dipolar evolution functions for 

all spin label pairs. Hereby, different rotamer libraries to model the conformational flexibility 

of MTSSL were used for the predictions and compared to the experimental results. For rotamer 

libraries MMM (175 K and 298 K), Warsh and Sezer (Sezer12 and Sezer13 in 175K and 298 K 

mode, respectively) predictions of distance distributions and intramolecular dipolar evolution 

functions were directly performed in MMM. Distance distributions from MD simulation 

trajectories were extracted using every 40th frame by calculating the distance between geometric 

midpoints of N1 and O1 atoms of MTSSL. Intramolecular dipolar evolution functions for 

distance distributions derived from mtsslWizard, using thorough search and loose vdW 

restraints (cut-off 2.5Å, 5 clashes allowed), and MD simulations were simulated in a home-

written MATLAB® script. 

In silico spin labelling and prediction of distances distributions and dipolar evolution functions 

of the ubiquitin and polyubiquitin structures (Protein Data Bank [PDB] codes: 2PEA, 2PE9, 
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2O6V, 3M3J, 1ZO6, 2lVQ, 2LVP, 1AAR, 2BGF, 3AUL, 3NS8, 4DDI) was performed using 

the standard MMM rotamer library in 298K mode. 

 

6.2.5 Structural Refinement of the X-ray structure of the POTRA domains 

 

The rigid body refinements were conducted by Prof. Dr. Thomas F. Prisner at the Goethe-

University and the Rosetta refinement by Dr. Oliver Mirus, a former Postdoctoral researcher in 

the group of Prof. Dr. Enrico Schleiff at the Goethe-University. The refinement procedures and 

their detailed description were already published in Dastvan et al. 2016. Biophys J 110:2195-

2206 and are reprinted in this thesis for completeness. 

 

Structural refinement of the X-ray structure 3MC8 was done using two approaches, a rigid body 

motion approach using a home-written MATLAB® script and secondly a more structure-based 

approach using Rosetta. The rigid body refinements were conducted by Prof. Dr. Thomas F. 

Prisner at the Goethe-University and the Rosetta refinement by Dr. Oliver Mirus, a former 

Postdoctoral researcher in the group of Prof. Dr. Enrico Schleiff at the Goethe-University. 

In the first approach, the N-O midpoint coordinates of each spin label derived from rotamer 

libraries described in Chapter 2.4 and Chapter 6.2.4 were fixed relative to the individual 

anaOmp85 POTRA domain they are attached to (rigid body assumption). The rigid bodies of 

domain anaP1 and anaP3 were then displaced (x, y, and z) and rotated (alpha, beta, and gamma) 

with respect to anaP2, to minimize the RMSD between experimental and predicted distance 

distribution function. Typically, 20,000 minimizations (with different starting conditions) were 

performed and the 100 best solutions were stored. The linker regions between the domains 

anaP1, anaP2, and anaP3 of the best solutions were rebuilt using Yasara. For the second 

approach, a YASARA [166] Python script was developed to screen the relative orientational 

space of the POTRA domains (with respect to the twist and swing angles) utilizing Rosetta 

(www.rosettacommons.org, release 2015.05.57576). The angular space, which was explored in 

the MD simulations (anaP1-anaP2 twist 0°-160°, swing 0°-120°; anaP2-anaP3 twist 10°-105°, 

swing 0°-75°) was screened in steps of 18°. For in total 143 angle combinations the 

corresponding structure was extracted from the trajectories of the MD simulations. In case a 

structure with the required angle combination was not available, two structures were extracted 

from the trajectories, i.e. one with the required anaP1-anaP2 angles, and another one, which 

fulfils the requirements for anaP2-anaP3. These two structures were then further processed and 
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joined to form a single structure, whose angles correspond to the requested angle combination 

for anaP1-anaP2 as well as anaP2-anaP3. Any missing/superfluous MTSSLs in these 

structures were introduced/removed. The above-selected structures were subjected to Rosetta 

relax protocol [167] creating 500 models for each input structure (143 x 500 ≈ 72,000 Rosetta 

models) enforcing distance restraints to ensure that the pairwise spin label distances lie within 

the range of the experimentally determined distance distributions. Briefly, the better rotamer 

pairs match the distances associated with the highest normalized frequencies, the larger their 

contribution to the total Rosetta score of a model. A virtual atom was introduced at the 

geometric centre of the N1 and O1 atoms of each spin label by extending the MTSSL parameter 

file included in Rosetta. Distance restraints of type “AtomPair” were defined between these 

virtual atoms of spin label pairs and the experimentally determined spin label pair distance 

distributions were used as SPLINE functions for restraint scoring. The frequencies of each 

distance distribution were normalized to [0, 1]; they were multiplied with -1 to fit into Rosetta’s 

scoring scheme. The restraint weight was set to 4, which leads to optimal results with 

RosettaEPR [34]. It employs a related approach for refining structures with EPR/PELDOR data. 

 

6.2.6 Generation of a structural ensemble of K48-linked diubiquitin  

 

Structural modelling employing CYANA was done by Dr. Sina Kazemi form the Güntert Lab 

at Goethe-University. The detailed procedures stated below were put down by Sina Kazemi and 

are reprinted in this thesis for completeness. 

 

In the first step, an ensemble of diubiquitin structures with a broad distance distribution between 

the monomers was generated using CYANA 3.9 [37]. In order to do so, a CYANA library entry 

for MTSSL was generated. To include the PELDOR distance restraints into the structure 

calculations, this entry included a virtual atom (without any interaction with other atoms) placed 

in the centre of the N-O bond of the nitroxide, which represented the unpaired electron and 

served to define the PELDOR distance restraint between the virtual atoms of an MTSSL pair. 

Other than in the PELDOR experiments, where only one spin pair in each sample was present, 

the spin labels were inserted at all positions (residue T22, E24, A28, and E34) in both monomers 

during the generation of the structural ensemble. During all calculations, the backbone angles 

φ and ψ of the core ubiquitin residues (residues 1 to 71) for both monomers were fixed to the 

values found in the first chain of the diubiquitin reference structure 2PEA, (rigid body 
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assumption). The flexible linker region (residues 72 to 76) and all side-chain χ angles were 

allowed to move freely except for the MTSSL sidechain, for which the conformations were 

restricted by a rotamer library generated by MMM2015.2 [38] based on 2PEA. To include the 

rotamer libraries for the specific residues an in-house developed extension of CYANA was used 

[37]. This approach allows CYANA to take into account the entire bundle of rotamers from the 

given rotamer library. This is realized by a new restraint that has a value of 0 (no contribution 

to the target function) when the MTSSL sidechain adopts a conformation in the rotamer library 

and increases with increasing deviation from this library. After the calculation, this restraint 

was checked and structures with rotamer restraint larger than a pre-defined threshold value were 

not further considered. Additionally, a modified lysine residue CYANA library entry was 

generated by deleting two of the hydrogens of the lysine's zeta nitrogen. This modified lysine 

was connected to the second monomer’s c-terminal glycine by nine upper and lower limits with 

a thousand fold weight to guarantee an optimal binding geometry. For each structure 

calculation, five additional distances between the MTSSL pairs were set as described below. 

In order to define the entire conformation space allowed by the PELDOR restraints, both the 

minimal and the maximal distances were extracted from the experimental distance distributions. 

These were 1.5-5.1 nm, 1.9-5.2 nm, 1.5-5.7 nm, 3.0-5.8 nm, and 1.6-5.7 nm for the spin labelled 

pairs pE24C/dE24C, pE24C/dA28C, pA28C/dA28C, pE34C/dT22C, and d34C/dE34C, 

respectively. Using these distance ranges a conformational ensemble was created by a 

systematic variation of each distance range in steps of 0.5 ±0.25 nm (e.g. 2.75 nm as lower and 

3.25 nm as upper bound for a distance of 3 nm). Thus, this conformational ensemble contains 

all possible combinations of five distances within each of these distance ranges. Overall 51,001 

structure calculations were performed. For each distance combination, a bundle of 20 structures 

with the lowest target function out of 100 calculated structures was generated. All structures 

showing van der Waals collisions between the two ubiquitin chains or not fulfilling the above 

described distance ranges were dropped to generate a collision-free conformational ensemble 

of ~3.7x105 models. This ensemble represents the accessible conformational space that is 

consistent with the upper and lower boundaries of the PELDOR measurements.  

To calculate the population distribution within this conformational space each conformation of 

this ensemble was weighted by a pseudo probability. Taking the PELDOR distance restraints 

as a density distribution (with an integral of unity) a combined probability factor for any given 

structure was calculated. The height of the PELDOR distance distribution was used as a pseudo 

probability for each distance. For any given structure, all five pseudo probabilities were 

multiplied to obtain an overall probability factor. The resulting values for each structure were 



Appendix 

122 

then divided by the maximum probability obtained in these calculations such that the structure 

with the highest value was assigned the probability of one. This created a relative pseudo 

probability that allows the comparison of the relative weights of specific conformations. 

Hereafter, all structures with a relative pseudo probability of less than 1% were dropped.  

To visualize the distribution of the distal ubiquitin relative to the proximal ubiquitin with respect 

to the assigned probabilities a three-dimensional grid was generated. The backbone atoms of 

the proximal ubiquitin (only residues 1 to 71) were superimposed. For the representation, a 

subset of 3000 structures that showed a probability distribution similar to the full set was 

selected. Each distal ubiquitin was represented as a truncated 3D Gaussian (1) around its 

geometric centre (with coordinates	ܥ௜௫, ,௜௬ܥ	  .(௜௭ܥ

 

 
,ሺ࢞࢏ࡳ ࢟, ሻࢠ ൌ ࢏࢖ ∙ ࢋ

ିሺ࢞ି࢞࢏ࢉሻ૛ିሺ࢟ି࢟࢏ࢉሻ૛ିሺࢠ࢏ࢉିࢠሻ૛

૛࢘૙
૛ Eq. 6.1 

 

Each Gaussian with ݎ଴ ൌ 5.3	݊݉ was scaled such that the maximum equals the probability pi 

of the specific structure. All values above a certain truncation radial distance of ݎ଴
ଶ/2 were set 

to zero in the grid. The grids containing Gaussians for each structure of the ensemble were 

merged into one grid by taking the maximum value of each grid-point. Showing hyper-surfaces 

covering regions above threshold values (as in three-dimensional contour lines) for this 

probability grid in PyMOL results in overlapping globes where the radius of each globe 

represents the probability of a representative conformation at this point. 

 

6.2.7 Molecular Dynamic simulations of POTRA domains 

 

The MD and REMD simulation were carried out by Dr. Oliver Mirus, a former Postdoctoral 

researcher in the group of Prof. Dr. Enrico Schleiff at the Goethe-University. The detailed 

procedures were already published in Dastvan et al. 2016. Biophys J 110:2195-2206 and are 

reprinted in this thesis for completeness. 

 

Molecular Dynamics Simulations - Wild-Type: The rotational freedom of the anaOmp85 the 

POTRA domains was explored by REMD simulations across 128 replicas in the temperature 

range from 300 to 405 K. A webserver (http://folding.bmc.uu.se/remd/ [168]) was used to 

calculate the exponential temperature distribution of the replicas with an exchange probability 

of 0.2. The 20 ns REMD simulation (20 ns x 128 replicas = 2,560 ns) using the AMBER03 
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force field [169] was performed with Gromacs 5.0.4. A rhombic dodecahedron was selected as 

the shape of the simulation box with the protein being at least 18 Å away from the periodic 

boundaries. A 5 fs time step was enabled by converting hydrogen atoms to virtual sites 

(pdb2gmx option –vsite hydrogens). The Verlet cut-off scheme was used for neighbour 

searching [170]. The short-range cut-off was 1.4 nm. Long-range electrostatics were calculated 

with PME [171]. The PME order was 4 and the Fourier spacing 0.16 nm. Two groups (protein, 

water/ions) were used for temperature coupling with a time constant of 0.1 ps using the V-

rescale thermostat [172]. Isotropic pressure coupling was performed with a Parrinello-Rahman 

barostat [173, 174] using a time constant of 2.0 ps to keep the pressure at 1.0 bar. The 1 µs 

wild-type MD simulation of anaOmp85 POTRA domains used the same parameters as 

described for the REMD setup, but the temperature was set to 300 K. 

Molecular Dynamics Simulations – Spin labelled Variants: For spin labelled variants, MTSSL 

was modelled, quantum mechanically optimized with YASARA [175] and introduced into the 

X-ray of the anaOmp85-POTRA domains (PDB code 3mc8) at appropriate sites. In total 5 sets 

of variants were constructed, which carry MTSSLs at the following positions in anaP1 and 

anaP3: (i) Q259, I292, Q429, V460, (ii) N265, Q429, (iii) Q259, I292, L448, (iv) Q259, I292, 

V457, (v) G233, V460. For each set 3 MD simulations were performed, where anaP2 carries 

MTSSL at residue A319, E344 or V370, respectively. The spin label combinations of these 

variants minimize the number of required simulations as well as the putative contact between 

the SLs. MD simulations were performed with YASARA using the AMBER03 force field 

[169]. The structures were put in cubic simulation boxes of 128Å side length with periodic 

boundaries. The three POTRA domains of the initial (X-ray) conformation of anaOmp85 span 

about 9nm; also a fully elongated (~10.5 nm) structure can be accommodated in the box. 

Placement of water and ions, as well as pKa prediction of protonatable groups of the protein, 

were performed with YASARA’s neutralization experiment [176]. The van-der-Waals 

interactions were cut off at 10.48 Å and Coulomb interactions were calculated with PME [171]. 

Proteins were simulated for 100 ns at 298 K. 
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