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1 Introduction 
 

Our environment defines us. Structure, function and place in the ecosystem, are all 

determined by our environments. From microcellular to the gigantic, organisms adapt to their 

surroundings. They develop efficient mechanisms that recognize optimal growth conditions – 

seek nutrients and avoid harmful elements. Single-celled organisms developed a variety of 

environmental probing mechanisms, such as the chemotaxis and closely related phototaxis 

sensing systems. 

Life’s molecular systems require a multidisciplinary approach if we are to understand 

their basic principles. The congruence of biology, physics and chemistry results in practical 

and theoretical methodologies that decode the structural and functional aspects of cellular 

systems and push the boundaries of knowledge towards the fringes of perception. 

Currently, more than 50% of drugs and drug trials focus on membrane proteins [1]. 

This percentage is expected to increase substantially in the next decades, when we consider 

the function of membrane proteins in the cellular system. They ensure the structural stability 

of cells and cellular compartments and participate e.g. in energy transduction, conversion and 

cell signaling (input and output). Structural and subsequent functional alterations in 

membrane proteins may lead to diseases such as cystic fibrosis, retinitis pigmentosa, cancers, 

Alzheimer’s or Parkinson’s. Characterization of key proteins responsible for pathological 

changes in human physiology remains the basis of novel drug design and medication 

improvement. Structural and functional characterization of proteins represents a first insight 

in the integral molecular systems of cells. 

Spectroscopic and computational methods can provide high-resolution structural 

information for a great number of proteins. Despite great advancements, moving from SDS-

polyacrylamide gel electrophoresis to current day spectroscopic techniques, our understanding 

of membrane proteins lags significantly behind that of soluble proteins. Membrane proteins 

represent approximately one third of known proteins, but only about 2% have resolved 

structures in protein data banks. 

The investigative challenge lies in the characterization of membrane embedded 

proteins, for which most biophysical techniques provide limited information. X-ray 

crystallography, Electron Microscopy (EM), Nuclear Magnetic Resonance (NMR) 

spectroscopy and Fluorescence/Förster Resonance Energy Transfer (FRET) all show 

limitations when dealing with the hydrophobic nature of membrane proteins. 

X-ray crystallography exhibits difficulty in crystallizing membrane proteins from 

detergent solutions, as it can’t investigate proteins in their native membrane environment, 

requires high yields and protein size is a limiting factor [2]. Electron microscopy provides 

insight into large protein complexes, but only deals with fixed subjects. The lack of dynamics 
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information makes it difficult to evaluate small structural changes, such as protein side-chain 

orientations [3]. The limitations of NMR emerge with large molecular complexes (>50 kDa) 

and lipid environments: both have a slow reorientation time, which makes it very difficult to 

obtain high-resolution spectra [4]. FRET has high sensitivity, possibility to measure long 

distances (1-10 nm) and can operate under native conditions, which make it a potent tool for 

the study of conformational changes in proteins [5]. However, most fluorophore labels are 

bulky and the need of different acceptor and donor labels further complicates labeling 

strategies. Also, FRET generally provides less structural resolution than X-ray 

crystallography or NMR spectroscopy [6, 7]. 

If we want to remove the difficulties in expression, purification and crystallization of 

membrane proteins, molecular dynamics simulations would be the perfect choice for 

structural and dynamics studies. While computational methods advance at a rapid pace in 

molecular biophysics and biochemistry, the applied mathematical models remain insufficient 

for unambiguous results. The uncertain simulation of protein complexes on relevant 

timescales ensures disputed results, in need of experimental confirmation. 

Our main investigative method of choice, Electron Paramagnetic Resonance (EPR) 

spectroscopy in combination with Site Directed Spin Labeling (SDSL), combines the 

versatility and high resolution of other methods, as it provides both detailed structural and 

dynamic information. It supports a number of approaches, such as measurements in a wide 

temperature range (4.5–350 K, up to 1200 K with specific equipment) and various 

environmental conditions (solution or membrane embedded proteins), all while being 

applicable to molecular complexes independent of size. The downside of the method relates to 

its intrinsic nature: only unpaired electrons contribute to the EPR signal, i.e. it needs a 

paramagnetic species. While most proteins lack paramagnetic centers, this disadvantage is 

solved by inserting a paramagnetic label at the desired site in the protein’s sequence, i.e. by 

SDSL [8]. 

With a sufficient set of labeled sites, SDSL EPR provides information on structure, 

local environment and real time structural changes during function. This versatility advanced 

SDSL EPR as one of the most powerful investigative tools for proteins in physiological 

conditions [6, 9]. The current study uses various SDSL EPR techniques in combination with 

complementary biophysical and biochemical methods to investigate the sensor-transducer 

signaling system from halophilic archaea. 

Bacteria and halophilic archaea developed very similar taxis systems: a signal 

transduction pathway that processes environmental signals and ends up triggering the flagellar 

motor of the organism. Halophilic archaea use an additional tool for adaptation to optimal 

growth conditions: a taxis mechanism based on light sensitive proteins, i.e. a phototaxis 

signaling system. Phototaxis systems allow organisms movement towards favorable light 

conditions. The photo-receptor proteins – the light-driven ion pumps bacteriorhodopsin (BR) 

and halorhodopsin (HR) – drive the organism based on light wavelengths matching their 
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absorption maximum, all while avoiding harmful UV light [10]. 

Expanding our knowledge of taxis systems could accelerate not just drug design but 

also environmental preservation efforts [11], especially since chemotaxis systems are 

essential for colonization and virulence of pathogenic bacteria in plants, animals and humans 

[12]. Recent years revealed an abundance of information on the signaling pathway of bacteria 

and haloarchaea, but pieces of the puzzle are still missing: the detailed mechanism of signal 

propagation and amplification throughout the signaling pathway (dynamics or discrete 

structural states), the relevant timescale for signal propagation, or the role of protein clusters 

in pathway performance [13-15]. 

Our case study uses the haloarchaea Natronomonas pharaonis (Np), specifically the 

incipient part of its signal transduction pathway: a photoreceptor and a tightly bound 

transducer protein, HtrII – the main focus of our work. 
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Figure 1.1: Electron microscopy image of a 

Natronomonas pharaonis cell. The characteristic rod-

shaped archaea presents two long flagellar bundles 

emergent from the cell body. Image by Christian 

Klein (Max Planck Institute for Biochemistry). 

1.1 Halobacterial Transducer Protein HtrII 
 

Most investigations of environmental adaptation mechanisms focus on Escherichia 

coli chemotaxis as a model system due to the extraordinary ease in manipulating the 

organism. While there are a multitude of studies on different components of the taxis system, 

our understanding of the complete transduction pathway – from the initial signal in the 

membrane until the flagellar motor feedback – remains unclear. 

To better understand taxis systems with expanded elements and complexity, the 

current study focuses on the signal transduction pathway of the halophilic archaea 

Natronomonas pharaonis (Np). Specifically, we study the Np phototaxis system as 

represented by the sensory rhodopsin II and halobacterial transducer II (NpSRII/HtrII). For a 

better understanding of our subject, we give a short introduction to the host organism, 

Natronomonas pharaonis (Figure 1.1), with complementary information from the related 

model organism Halobacterium salinarum (Hs). 

As a model system and representative of halobacterial archaea, Halobacterium 

salinarum (or H. halobium) is well studied and understood. We chose Natronomonas 

pharaonis for our study due to practical reasons – the Hs sensory rhodopsin II (HsSRII) has 

lower structural stability under current purification conditions than its counterpart in 

Npharaonis (NpSRII) [16]. At the same time, NpSRII became the prototypical sensory 

rhodopsin for structural and functional studies due to its structural and functional stability in 

different membranes and various detergents. The photosensor NpSRII remains stable under a 

variety of experimental conditions: dark or prolonged illumination, salt concentrations 

ranging from 25 mM to 4 M, a broad pH (pH 6–12) and temperature range (273–333 K) [16]. 

 

1.1.1 Environmental sensing in archaea 
 

Archaea were first discovered and characterized in extreme environmental conditions, 

although “non-extremophiles” were later 

uncovered [17, 18]. Current evidence shows that 

archaea adapted to most Earthly habitats, from hot 

and acidic salt-lakes to soils, coastal waters and 

cold springs [19, 20]. Similar to other archaea of 

the Halobacteria class, Hsalinarum and Npharaonis 

1 µm 
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Figure 1.2: Schematic representation of the four archaeal rhodopsins: the two 

photoreceptors, SRI and SRII, are presented in a 2:2 complex with their respective 

transducer, HtrI and HtrII. On the right: the ion pumps BR and HR, with marked specific ion 

species (H
+
 and Cl

-
 respectively) and transport direction. Picture adapted from Kim et al. 

1999 and Klare 2002. 

live in extremely saline environments, with concentrations of 3.5 M NaCl or more, and thrive 

at temperatures in the range of 318 to 323 K. Natronomonas pharaonis adapted to an 

additional “hostility” factor, with its natural environment exhibiting pH values up to 11, 

although it grows optimally at a pH of 8.5 [21]. 

Haloarchaea are motile cells and use a family of four light-sensing proteins 

(rhodopsins) to efficiently interact with their environment: Bacteriorhodopsin (BR), 

Halorhodopsin (HR), Sensory Rhodopsin I (SRI) and Sensory Rhodopsin II (SRII, also 

known as phoborhodopsin) (Figure 1.2). Even though we refer to haloarchaea, members of 

the rhodopsin family appear throughout the entire three-domain system: bacteria, archaea and 

eukaryota. In terms of structural similarities, each of these rhodopsins consists of a seven 

transmembrane helix bundle (denoted A–G) and a retinal chromophore covalently bound to a 

conserved lysine residue on helix G via a protonated Schiff base. The amino acid composition 

of the local environment regulates the absorption maximum of the chromophore, but the local 

structure essentially dictates the value: λmax(BR) = 568 nm, λmax(HR) = 578 nm, λmax(SRI) = 

587 nm, λmax(SRII) = 490 nm [22]. 

Functionally, we distinguish the four rhodopsins in two classes: BR and HR as ion 

pumps, and SRI and SRII as phototactic receptors. BR and HR operate as energy converters, 

since they are responsible for the efficient export of protons and import of chloride, 

respectively. SRI and SRII influence the swimming behavior of host cells as part of the 

phototaxis system. Both photoreceptors lead the organism towards favorable light conditions 

for optimal BR and HR function. SRI has a dual function though. Upon irradiation with 
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orange light, SRI displays a photoattractant response which leaves the swimming behavior of 

the cell unchanged. Upon exposure to ultraviolet light though, SRI displays a photophobic 

response (negative phototaxis) which alters the swimming behavior of the cell by changing 

both its swimming direction and pace. The cell avoids conditions of photo-oxidative stress 

through the negative phototaxis sensor SRII, which responds to blue light by having its 

absorption maximum in the spectral peak of solar radiation. 

 

1.1.2 The two-component pathway 
 

While SRI and SRII provide the initial signal for seeking favorable light conditions, 

the photoreceptors transmit the signal further towards the flagellum with the help of a tightly 

bound transducer molecule: halobacterial transducer I (HtrI) and halobacterial transducer II 

(HtrII), respectively. The SRII/HtrII complex (as well as SRI/HtrI) is part of a signal 

transduction pathway homologous to the two-component pathway of bacterial chemotaxis. 

Figure 1.3 shows a schematic representation of the phototactic signaling system, with a 

highlight of the principal components. The past decades revealed an extensive amount of 

information on the bacterial chemotaxis system, a key step in understanding the basic 

principles of microorganism adaptation. 

Figure 1.3: Schematic representation of the two-component signaling system. An external 

signal activates the NpSRII light receptor, which triggers the response of its cognate transducer 

NpHtrII. The signal transfers to the cytoplasmic tip of the NpHtrII molecule, where (via the 

adapter protein CheW) the autophosphorylation of the histidine kinase CheA is activated. The 

phosphate group is transferred from CheA to the response regulator CheY, which functions as a 

switch for the flagellar motor. The methylesterase CheB and methyltransferase CheR mediate 

the adaptation to constant level of stimuli. 
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Although two-component signaling pathways predominate in prokaryotes, they appear 

also in archaeal and eukaryotic systems. In prokaryotes, the two-component systems regulate 

most aspects of a bacteria’s life: from responses to environmental changes to cell division [23, 

24]. In eukaryotes they’ve been associate with processes such as osmosensing, oxidative 

stress response and cell-cycle control [25, 26]. The common architecture, prevalence and 

functional diversity of these systems make them a straightforward choice for research. 

 

1.1.3 The Natronomonas pharaonis SRII/HtrII complex – structure 
 

As a key component of the signal relay and amplification transduction pathway of 

Natronomonas pharaonis, halobacterial transducer of rhodopsin II (NpHtrII) poses quite a 

few investigative challenges. The biggest one is its oligomeric arrangement, all while being 

part of a two-component signaling pathway that controls the host’s flagellar motor. The 

homology of the NpSRII/HtrII complex to eubacterial chemotaxis receptors (MCPs), such as 

the aspartate and serine receptors of Escherichia coli (EcTar and EcTsr, respectively) [27], 

gives us a reference point in its analysis. 

Structurally, chemoreceptors are well characterized in terms of both organization and 

signal propagation, with the configuration of phototransducers assumed to be analogous [28-

30]. In contrast, the amount of information available for NpHtrII is limited. For now, only the 

membrane-embedded part and first HAMP domain have been satisfactorily characterized, 

with correlative information on the other cytoplasmic areas only recently published [31-33]. 

Both photo- and chemoreceptors are anchored in the membrane by two 

transmembrane α-helices (the N-terminal helix, TM1, and the following transmembrane helix, 

TM2), while chemoreceptors possess an additional periplasmic ligand binding domain, as 

seen in Figure 1.4 [33, 34]. The transmembrane domains of both classes extend further in the 

cytoplasm by what is known as a HAMP domain. HAMP domains are an ubiquitous signal 

transduction module found at the interface of the transmembrane and cytoplasmic domains of 

Histidine kinases, Adenylyl cyclases, Methyl-accepting chemotaxis proteins, and 

Phosphatases [35]. HAMP domains connect the transmembrane part with the cytoplasmic 

area of the signal pathway, but more importantly, they relay information from chemo-, photo- 

and thermo- sensors towards the cytoplasmic signaling and adaptation domains. The 

similarities between phototransducers and chemoreceptors extend to their functional 

organization in the signal transduction pathway. As shown by EPR measurements, NpHtrI and 

NpHtrII molecules form a 2:2 complex with their cognate photoreceptor, NpSRI and NpSRII, 

respectively [36]. The 2:2 complexes, known as dimers, organize into higher order oligomeric 

structures in chemoreceptors [37, 38]. The oligomeric structures, considered mostly trimer-of-

dimers [34, 39, 40], subsequently assemble with CheA and CheW molecules (a histidine 

kinase and an adaptor protein, respectively) to form higher-order sensing arrays located at the 

cell poles [41]. The core signaling complex stoichiometry in chemoreceptors is currently 



Introduction 

 

8 
 

established as 2:1:2 for a trimer, CheA homodimer and CheW assembly [15]. 

Initial experiments on the NpSRII/HtrII complex were performed on an N-terminal 

truncated transducer construct, which extended only to residue 114 (NpHtrII114) out of 534 

[42, 43]. The truncated construct was used to minimize crystallization artifacts considering 

the dimensions and flexibility of the full length transducer (NpHtrII). Even though a shortened 

transducer was used, the results are still relevant for the full length transducer: NpSRII’s 

limited ability to export protons during its photocycle is blocked when either NpHtrII114 or 

NpHtrII bind to the sensor [28, 43, 44]. Isothermal calorimetry and blue native gel 

electrophoresis experiments on the binding of a different truncated variant of the transducer 

(NpHtrII159) with its receptor reached the same conclusion regarding its influence on SRII 

functionality [45]. Structurally, X-ray data on the membrane-embedded part of the complex is 

consistent with the EPR model [46]. Both show a quaternary complex formed of 2 HtrII 

molecules encompassed by the 2 corresponding SRII proteins. The formed structure has a 

two-folded symmetry due to arrangement of the transducer helices TM1, TM2 and TM1’, 

NpSRII/HtrII MCP 

HAMP 1 

HAMP 2 

HAMP 

Signaling and 

adaptation 

domain 

CheA/CheW 

interaction area 

Figure 1.4: Model of the NpSRII/HtrII signalling complex (left) and a eubacterial 

chemoreceptor (MCP, right). The photoreceptor NpSRII and the ligand binding domain of the 

chemoreceptor are shown in orange. For NpHtrII, a two-helix transmembrane domain (olive) is 

followed by two HAMP domains, with only one in the chemoreceptor (green). The cytoplasmic 

signaling and adaptation domains are depicted in blue/cyan. 
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TM2’ in the helix bundle. A noted important structural feature is the tight contact between 

helices F and G of SRII with HtrII’s TM2, which mediates the signal transfer between the two 

molecules [46]. 

 

1.1.4 The Natronomonas pharaonis SRII/HtrII complex – function 
 

The first events in signal transduction originate in the transmembrane area, specifically 

with SRII for the NpSRII/HtrII system. Upon absorption of a photon, the retinal of SRII 

undergoes isomerisation from an all-trans to a 13-cis conformation. The protein returns to the 

all-trans conformation (ground-state) by thermal relaxation in which it transitions through 

several structural intermediates. The photocycle intermediates, K, L, M, N and O, were 

denoted analogously to those of BR, each characterized by a distinct absorption maximum 

(Figure 1.5). A detailed analysis of the SRII photocycle revealed an important step in the 

activation event: a spectrally silent irreversible transition between two M states (M1 and M2), 

with a time constant of about 2 ms [47]. 

SDSL EPR difference spectra between the initial and the photo-activated states of 

various NpSRII mutants revealed distinctive conformational changes associated with the first 

steps in the signal transfer mechanism [36, 45, 48]. Specifically, an outward tilt of SRII helix 

F towards HtrII helix TM2 was observed, which triggers the activation of the transducer. On 

Figure 1.5: Model representation of the NpSRII photocycle. The absorption maxima for 

each photocycle intermediate are given as indices. Picture adapted from Chizhov et al. 1998. 
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the photocycle time-scale, the helical tilt occurs during the aforementioned irreversible M1 to 

M2 transition. Deactivation of the photo-signaling state (with helix F reversing to its initial 

position) likely occurs during the decay of the O state. The tight interaction of helix F and 

TM2 induces a rotary motion of the transducer helix during the outward tilt of helix F and 

leads to the transducer’s signaling state [36, 48]. The transducer remains in an active state 

even after the NpSRII receptor returns to its initial state [36]. Besides the rotational motion of 

TM2, X-ray crystallography data revealed an additional conformational change: a piston-like 

movement, which together with the rotation results in a screw-type motion [49]. 

After the initial signal events in the transmembrane part of the sensor/transducer 

complex, the signal propagates across the transducer adaptation domain and towards its 

cytoplasmic tip with the help of two HAMP domains. The ubiquity of HAMP domains 

implies a common principle of signal processing and relay throughout its entire taxonomical 

presence. Although the predicted structure of HAMP domains is α-helical (each with two 

amphipathic helices, AS-1 and AS-2), EPR analysis of HAMP domains from the Np 

transducer revealed a shift between two different conformations: a very dynamic one 

(dHAMP) and a highly compact one (cHAMP)  [31, 32]. The “two-state” conformational 

equilibrium shifts towards the dHAMP or cHAMP conformation with salt concentration, 

temperature and photo-excitation [31, 32, 50]. 

Supporting evidence for a two-state equilibrium model of NpHtrII HAMP domains 

came from a variety of studies. Notably, the NMR structure of an isolated HAMP domain 

from Archaeoglobus fulgidus [51], investigations on receptors Tar (E. coli) and Aer (A. 

fulgidus) [52, 53], as well as the crystallography study on the three HAMP domains of Aer2 

(Pseudomonas aeruginosa) [54]. The structural and dynamic equilibrium of HAMP domains 

seems conserved and functionally relevant across various organisms, as supported by various 

crosslinking studies: the successful exchange of HAMP domains between different receptor 

types as well as from different organisms lead to negligible functional impairment [55-58]. 

While EPR data and crystallographic studies agree on a two-state HAMP model, the 

consensus on its ubiquitous relevance still lacks. The debate comes from the approach in 

several studies, with focus on chimeras and experimental techniques which substantially 

reduce natural environment conditions. Recent HAMP data seems to converge though, taking 

into consideration its sensitivity to environmental conditions. Discrepancies between models 

are thus mitigated by a surprising intrinsic input-output dependent plasticity of HAMP 

domains [59]. 

Regards the mechanism of signal propagation in consecutive HAMPs, current data 

suggests the two Npharaonis HAMP domains respond to stimuli through an alternating 

dynamics pattern [32, 33, 46, 60]. Chemoreceptor literature supports the alternating dynamics 

model, with a switch between a compact and dynamic state [61-65]. A recent molecular 

dynamics study on NpSRII/HtrII suggests the model’s validity even beyond HAMP domains 

[33]. The study shows different activate states of NpSRII/HtrII trimer-of-dimers, where 
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342 

 

342 

352 

 

352 

367 
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372 

alternating dynamics affect not just the two HAMP domains, but extend throughout the entire 

cytoplasmic domain of the phototransducer. Their results show a dark-adapted state (non-

signaling) where the first HAMP domain and the adaptation region display a dynamic 

conformation, while the second HAMP and the cytoplasmic tip have a more static 

conformation. Conversely, in the photo-active state (signaling) the first HAMP and the 

adaptation region shift to a static (and compact) conformation while the second HAMP and 

transducer tip become more dynamic. All in all, the simulations suggest a signaling 

mechanism based on dynamic allostery valid for both bacterial chemoreceptors [61-65] as 

well as for archaeal photoreceptors [31-33, 50, 60]. 

 

1.1.5 The cytoplasmic tip of Natronomonas pharaonis HtrII 
 

Literature data characterizes the membrane proximal region of the Npharaonis 

SRII/HtrII complex both structurally and functionally in terms of its photo-sensing signal 

relay mechanism. The present work will focus on characterization of the cytoplasmic tip of 

NpHtrII (the kinase control domain) as part of the two-component signal pathway. 

Based on the known structure and functional characteristics of the membrane-

embedded part of the NpSRII/NpHtrII complex, the cytoplasmic tip of the Natronomonas 

pharaonis phototransducer (also known as the kinase control domain [66]) is assumed to be 

structurally and functionally consistent with that of chemoreceptors [27, 67]. As a reference 

structure for our current study of the NpHtrII protein, we use a structural homology model 

based on readily available chemoreceptor data [33]. 

The amino acid sequence of the studied area, NpHtrII-T345 to E355 (Figure 1.6, light 

blue), shows a typical heptad repeat pattern. These are denoted by lower case “a” to “g”, with 

332 NpHtrII GEVSEMIADI AEQTNILALN ASIEAARADG -----NSEGF AVVADEVKAL 

324 HsHtrI TDIVDVITDI GEQTNMLALN ASIEAARAGG ---NADGDGF SVVADEVKDL 

573 HsHtrII GEIVDVIADI ADQTNMLALN ASIEAARTGA -----DGDGF AVVADEVKTL 

360 EcTar ADIISVIDGI AFQTNILALN AAVEAARAGE -----QGRGF AVVAGEVRNL 

362 EcTsr ADIISVIDGI AFQTNILALN AAVEAARAGE -----QGRGF AVVAGEVRNL 

Heptad 
 

efgabcdefg abcdefgabc defgabcd . . . . . . . . . . . . . . . . . cdefg 

alphahelical sequence 

Figure 1.6: Sequence alignment of tip domain for various photo and chemoreceptors, 

including NpHtrII and EcTsr. Numbering referenced according to NpHtrII; secondary 

structure analysis is at the bottom of the picture. This study’s NpHtrII area of interest is 

highlighted in light blue and the corresponding EcTsr area in yellow. 
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hydrophobic residues positioned at positions “a” and “d” and remaining residues either 

charged and/or polar in nature. The heptad repeat represents the basis of coiled coil structures. 

Coiled coils consist of two to five amphipathic α-helices which form a supercoil; in our case 

building into oligomeric structures. The heptad repeat for the investigated sequence is typical 

of parallel left-handed coiled coils [68]. Compared to chemoreceptors though, the 

phototransducer has a right-handed supercoil [69]. 

The high degree of conservation of the kinase control domain throughout various 

organisms supports the hypothesis that they all play a very specific role in signal transduction 

and oligomerization. 

Some of the first resolved cytoplasmic domains were for the E. coli serine 

chemoreceptor (EcTsr) and the Thermotoga maritima receptors MCP1143C and Tm14 [34, 70, 

71]. Although presenting only the adaptation and signaling domain, these crystal structures 

revealed the α-helical and dimeric nature of cytoplasmic domains, with each monomer folding 

back on itself and forming two long antiparallel coiled α-helices (Figure 1.4). 

Recent publications present structures of the chemoreceptor cytoplasmic tip in 

complex with the histidine kinase CheA and the coupling protein CheW [15]. An initial 4.5 Å 

resolution structure was published in 2012 which showed cytoplasmic component 

arrangement within chemoreceptor arrays [72], with a more refined view (at 3.2 Å) published 

a year later [73]. These results are in good agreement with past publications (including in-vivo 

crosslinking studies [39, 40]), even though they used a shortened receptor (Tm14S) for both 

structures and in the 3.2 Å structure the receptor cytoplasmic tip refused to form a helical 

hairpin. Using cryo-electron microscopy and cryo-electron tomography data as a starting 

point, the consensus model for chemoreceptor array architecture consists of trimers-of-dimers 

units: dimers link tightly at their kinase-binding tip, while their membrane anchored 

periplasmic domains move outward and interact with other dimers. The trimers-of-dimers 

subsequently pack in hexagonal arrays with the help of the CheA kinase and CheW coupling 

protein, which form a baseplate situated at the receptor tip. The CheA/CheW baseplate 

facilitates formation of extended receptor arrays, maintains their stability and provides the 

structural basis for highly cooperative responses [72-78]. 

In terms of signal transmission, early publications noted a conformational “two-state” 

equilibrium in receptor populations, with different degrees of dynamics [79]. While this has 

been consistently shown for the HAMP domains, the mechanism of signal transduction 

towards the cytoplasmic tip and subsequent signal transfer to the CheA/CheW baseplate 

remains elusive. Some results indicate that kinase activity could be modulated by different 

states of chemoreceptor dimers [71, 80], while others emphasize the importance of trimer 

subunit arrangements, packing and subsequent flexibility of hexagonal arrays [81]. The 

current debate regards the concrete signal transduction mechanism focuses on the important 

role of receptor clustering: the high sensitivity, cooperativity and adaptation, all relate to 

receptor oligomerization [15]. Due to the trimeric nature of receptors and the high degree of 
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sequence conservation in cytoplasmic tip, it was also assumed they possess an intrinsic 

collaborative versatility. Cytoplasmic tip homology could lead to mixtures of different 

receptor trimer units and allow receptor contacts with other components of the signaling 

pathway. Several papers support this hypothesis [39, 66, 74, 77, 78, 82], and thus provide 

another insight into the remarkable sensitivity and cooperativity of receptor arrays. Despite 

evidence of different dynamic states in receptor arrays, the details and principles that govern 

array assembly, interaction and function-related dynamics remain unclear. 

The cytoplasmic tip region undergoes subtle conformational rearrangements compared 

to the rest of the receptor, with dynamic shifts as the most significant adjustment in signal 

transduction [33, 74, 83]. As such, the current model for signal transmission in bacterial 

chemotaxis proposes a modulation of receptor dynamics (such as the “frozen–dynamic” 

model), rather than a change in conformation or oligomerization state [15, 61, 81].  

Despite recent advances in signal transduction research, there is considerable debate 

regards the structural and dynamics details by which signals propagate along the adaptation 

and signaling domain towards the bound CheA/CheW baseplate [15, 61]. As it is essential in 

understanding all aspects of signal transduction, we hope that our insight into the dynamics 

and oligomerization of the Np receptor-transducer complex can clarify some of the remaining 

uncertainties: dynamics influence on signal transduction, timescale of dynamic changes, 

kinase control mechanism, potential dynamics and concomitant structural changes in 

oligomeric complexes, and possible significance of differences between NpHtrII and its 

chemoreceptor homologues. 

We usually perform experiments with the NpSRII/HtrII complex reconstituted in PML 

sheets, which accommodate a high number of NpSRII/HtrII oligomers. For our current study 

we also use nanodiscs (ND), which delimit the size of membranes to accommodate a single 

NpSRII/HtrII dimer [84]. As such, we reconstituted the NpSRII/HtrII complex with human 

apolipoprotein AI (ApoAI) and PML, where ApoA1 limits the diameter of ND to about 14 nm 

which accommodates a 7 nm diameter NpSRII/HtrII dimer. We characterized the ND 

assembly as presented in [84]. 

We previously showed the importance of a membrane anchor for the NpSRII/HtrII 

complex in terms of structural stability, versus a DDM-solubilized state [85]. A physiological 

level of salt (NaCl) further stabilizes the complex towards proper α-helical folding. EPR 

spectral features from solubilization and salt concentration experiments also showed the 

existence of two states in equilibrium, similar to the NpHtrII HAMP domains [31, 32]. 

In the current work we expand on previous data and present new SDSL EPR 

information addressing structural and functional details of the NpHtrII kinase control domain. 

Specifically, we thoroughly characterize the two-state equilibrium observed in salt 

concentration experiments in terms of NpHtrII tip functional and structural relevancy, 

contextualized by similar analyses on the NpHtrII HAMP domains. The subsequent chapter 

deals with a series of temperature dependent EPR experiments, which serve as basis for 
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further thermodynamic characterization of the tip’s functional and two-state conformational 

equilibrium. Interspin distances paint a detailed structural picture of the NpHtrII cytoplasmic 

tip domain with respect to two reference structures, the NpHtrII homology model and EcTsr 

crystal structure. Additional information provided by nanodisc experiments on isolated 

NpSRII/NpHtrII complexes clarifies a few unexpected outcomes. 

We summarize the results in context with currently accepted HAMP data (accounting 

for the functionally relevant cHAMP and dHAMP), known chemoreceptor oligomersation 

states and alternating “frozen–dynamic” model (also known as the “static-dynamic” model) 

for signal transduction. 
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2 Theoretical Background 
 

2.1 Electron Paramagnetic Resonance Spectroscopy 
 

The current chapter outlines theoretical fundamentals of Electron Paramagnetic 

Resonance (EPR) spectroscopy, our principal method used to study the NpHtrII kinase control 

domain. EPR observes the behavior of electron spins in reference to an external magnetic 

field and the spin’s environment. A homogeneous magnetic field triggers a split in energy 

states of unpaired electrons, here belonging to a biological paramagnetic sample. Upon 

exposure to electromagnetic radiation, the sample absorbs an energy amount equal to the 

difference between energy states. We observe energy transitions and subsequently associate 

their values with dynamics and structure characteristics in the investigated system. Following 

EPR basics (exemplified by a free electron in an external magnetic field) we describe the 

principles of the two used EPR techniques, namely continuous wave EPR (cw EPR) and pulse 

EPR. For clarity, we extend our introduction to the nitroxide spin label MTS, which acts as 

paramagnetic center in our investigated system. 

 

2.1.1 Electron spins and magnetic moments 
 

A free electron is characterized by charge (e), mass (me), intrinsic angular momentum 

of magnitude    (also called electron spin) and a magnetic moment     associated with the 

electron spin. We describe the magnetic moment     as follows: 

        
 

   
      

  

 
        (2.1) 

where ge = 2.00231 represents the g-factor of a free electron, e = 1.602176∙10
-19

 C represents 

the electron charge, me = 9.109383∙10
-31

 kg represents the electron’s mass, μB =  eℏe/2me = 

9.274009∙10
-24

 JT
-1

 represents the Bohr magneton, ℏ = h/(2π) represents Plank’s constant, 

while the electron spin operator    can be described by its components                   . 

A homogeneous magnetic field B = (0, 0, B0) directs the electron spin vector in either 

a parallel or antiparallel direction versus the magnetic field orientation, i.e. for an electron 

spin of   
 

 
 we have          

 

 
  , where mS represents the spin quantum 

number. For the same electron we then have the following Schrödinger equation: 

        
              

         (2.2) 

where    represents the Hamiltonian operator,  E1,2 describes the “spin up” and “spin down” 

energy states (parallel and antiparallel), and ψ1,2 represents the electron wave function. 
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The interaction between an unpaired electron and the magnetic field B, where the 

magnetic field orients itself along the z-axis, is described as follows by the Hamiltonian: 

                  (2.3) 

By virtue of equation 2.1, we can rewrite the above as: 

                           (2.4) 

Thus, the two distinct energy states available to a free electron in a magnetic field 

(parallel and antiparallel) defined by the spin quantum numbers mS = ±1/2 are each given by: 

       
 

 
             (2.5) 

       
 

 
             (2.6) 

The splitting of an electron spin energy state in two states in the presence of a 

magnetic field is named the Zeeman effect, as shown in Figure 2.1. 

The energy difference between the two energy states is given then by the following 

equation: 

                      (2.7) 

Figure 2.1: The electron spin Zeeman effect. At zero field (B0 = 0) the spin states have 

identical energy. As we increase the field strength, we end up with distinct energy levels, 

where mS = +1/2 and mS = -1/2 (i.e. “spin up” and “spin down” energy states). 

„spin up“ 

„spin down“ 
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where E+ and E– correspond to the energy of the electrons for mS = +1/2 and mS = -1/2, 

respectively. The Boltzmann distribution dictates the population level in the two energy 

states. Thus, at thermal equilibrium, electrons favor the spin down state (mS = -1/2) versus the 

spin up state (mS = +1/2). 

We can also describe the energy difference ΔE in terms of radiation energy with a 

frequency ν, where the provided energy of the radiation with frequency ν coincides with the 

energy difference between the two electron states. 

                     (2.8) 

where ωL denotes the so-called Larmor frequency. Thus, for a successful transition between 

the two energy states (to a spin up state) we vary either the strength of the magnetic field B = 

(0, 0, B0) or the frequency. The resulting transition, called “resonant absorption”, gives one 

EPR resonance line at 

   
  

    
 

   

    
       (2.9) 

Standard EPR techniques vary the magnetic field B and keep the applied 

electromagnetic radiation frequency ωL constant. For our study, the usual field strength 

extends between 0.1 to 1 Tesla, which corresponds to a microwave frequency of ~9.4 GHz. 

 

2.1.2 The spin Hamiltonian 
 

The total energy and time evolution of an investigated electron system is described by 

the spin Hamiltonian. The eigenvalue equation for the spin Hamiltonian is solved for possible 

energy values of a system which is characterized by the energy eigenvalues E and 

eigenvectors ψ of a Hamiltonian   . 

                   (2.10) 

Since most biological systems don’t posses unpaired electrons, we introduce them 

through stable paramagnetic species, namely spin labels [86]. In this work we use nitroxide 

spin labels as electron spin carriers, specifically the methanethio-sulfonate spin label 

(MTSSL). We thus have an electron spin in constant interaction with a distinct biological 

environment, interactions which we consider as additional terms in the spin Hamiltonian. 

Using MTSSL as an electron spin carrier also simplifies the spin Hamiltonian, since we take 

into account only relevant (dominant) interactions between the unpaired electron and its 

environment, such as electron Zeeman, nuclear Zeeman, hyperfine and electron-electron 

(dipolar and exchange) interactions. Thus, the complete spin Hamiltonian of a system with an 

electron spin    in an external magnetic field, as it interacts with the magnetic moments of 

nuclear spins as well as other electron spins, is described by the sum of the following 



Theoretical Background 

 

19 
 

contributions: 

                               (2.11) 

The terms describe as follows:      – electron Zeeman interaction,      – hyperfine 

coupling between the electron and the nuclear spin,      – dipole-dipole interaction,      – 

Heisenberg exchange between two electron spins and       – nuclear Zeeman interaction. 

Referring to each term, we already discussed the relationship between a free electron 

and an external magnetic field (Figure 2.1), i.e. the electron Zeeman interaction. In our 

measured system though, the electron is bound to a spin label (SL), and thus triggers 

additional interactions. As such, we take into account the coupling between the electron and 

the orbital angular momentum L of the molecule. This means the value of the magnetic 

moment and thus of the Hamiltonian become dependent (anisotropic) on the orientation of the 

molecule versus the magnetic field. The anisotropy is taken into account by the g-tensor, so as 

to differentiate from the above ge value representing the isotropic g-factor of the free electron. 

     
  

 
            (2.12) 

where the g-tensor is described by 

   

         
         
         

       (2.13) 

Since the g-tensor is defined in reference to the spin label, it is most convenient to also 

Figure 2.2: The MTS spin label as an R1 

side-chain (attached to a protein 

backbone).  

A) Schematic view of MTSSL, with 

electron density at the nitroxide group (N-

O bond).  

B) 3D structure of the MTS spin label with 

its molecular coordinate system. 

A 

B 
Z 

X 

Y 
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define a spin label coordinate system. For MTSSL, the x-axis orients itself along the N-O 

bond, the z-axis orients itself parallel to the 2pz-orbital, while the y-axis is perpendicular to 

both (Figure 2.2). We can thus define the g-tensor as a diagonal tensor: 

   

     
     

     

       (2.14) 

where g-tensor element values equal 

gxx ≈  .  89        (2.18) 

gyy ≈  .  67        (2.18) 

gzz ≈ ge = 2.0023       (2.15) 

For EPR we can resolve the g-tensor at magnetic field strengths of 3 T or higher. If 

molecules or residues (amino acid side-chain) move fast enough, the orientation dependence 

averages out. For such cases we can use an isotropic scalar g-factor as a simplification. 

giso = 1/3(gxx + gyy + gzz)      (2.16) 

which results in the following electron Zeeman interaction term 

     
  

 
               (2.17) 

For our study, where we use the MTS spin label, the simplification is applicable if the 

label resides in an unbound (free) state in a low viscosity solution, such as water at room 

temperature. The reverse is represented by a spin labeled protein at temperatures below 180 

K, where the mobility of the spin label residue is severely restricted and we have to consider 

the anisotropic g-tensor values. The usual case though is that we have intermediate states, 

where a quantitative description of the slow spin label motion is difficult due to incomplete 

averaging of the g-anisotropy. Despite the difficult separation of isotropic and anisotropic g-

tensor values, the dual characterization allows the investigation of mobility restricting 

environmental constraints, meaning we can obtain information on spin label mobility at 

specific sites. 

The hyperfine interaction,     , describes the interaction between an electron spin S 

and a nuclear spin I (Figure 2.3). The magnetic quantum number of the nucleus, mI, generates 

a split in the EPR resonance lines which contributes to the spin Hamiltonian by 

                    (2.18) 

where     is the nuclear spin operator of the k nucleus and A represents the hyperfine splitting 

tensor. In the case of MTSSL the electron interacts with the nitrogen nucleus of the N-O 

group, I = 1 and mI = ±1, which gives us three EPR resonance lines as allowed by the 



Theoretical Background 

 

21 
 

quantum mechanical selection rules ( mS = ±1,  mI = 0). Thus we have the following 

hyperfine interaction Hamiltonian: 

                  (2.19) 

We can further describe the hyperfine splitting tensor A as the sum of the electron-

nuclear dipole-dipole coupling         (the anisotropic part) and the isotropic (or Fermi) 

contact interaction         . 

The electron-nuclear dipole-dipole coupling describes the coupling strength between 

Figure 2.3: Hyperfine interaction for a system with S = 1/2 and I = 1 (
14

N). Energy levels 

resulting from the electron Zeeman interaction split further in a total of six energy levels. 

Quantum mechanical selection rules ( mS = ±1 and  mI = 0) dictate the three allowed 

transitions. We record the energy transitions as absorption spectra, and further present them 

as first derivatives. The apparent hyperfine splitting is designated as a0. 

Electron    Hyperfine 

Zeeman   



Theoretical Background 

 

22 
 

the electron spin    and the nuclear spin   . We can further simplify the term with the point 

dipole approximation, which gives the anisotropic contribution in the hyperfine interaction as 

follows: 

                           

 
  

  
         

    

   
  

             

   
     (2.20) 

where μ0 represents the vacuum permeability, rSI the vector connecting the electron spin S and 

nuclear spin I, μn is the nuclear magneton and gn is the nuclear g-factor. In the case of a strong 

external magnetic field we can ignore all contributions perpendicular to the magnetic field 

direction (i.e. the high field approximation). Since the magnetic field is aligned along the z-

axis, we then have the following expression for the anisotropic hyperfine interaction: 

        
  

  
         

        

   
           (2.21) 

The angle θ between the rSI vector and the magnetic field direction thus influences the 

value of the anisotropic hyperfine interaction. If we assume that for MTSSL the z-axis of the 

spin label coincides with the rSI vector direction, we then have θ as the angle between the spin 

label z-axis and the magnetic field direction. As for the g-tensor in electron Zeeman 

interaction, we can rewrite the A-tensor as a diagonal tensor in the spin label frame: 

       
  

  

        

   
  

    
    
   

     (2.22) 

The isotropic (or Fermi) contact interaction is defined by 

                        (2.23) 

where a represents the isotropic hyperfine coupling constant. The isotropic term appears due 

to the finite spatial probability density of electrons at the nucleus. The Fermi contact 

interaction is defined as isotropic since its contribution arises only from electrons in s-orbitals 

(as only they show non-vanishing probabilities). We can thus define the orientation 

independent hyperfine splitting as 

     
   

  
              

      (2.24) 

where       
  represents the electron spin density at the nucleus. 

Considering the above, we can write the A-tensor as 
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      (2.25) 

where A-tensor elements can take values around  

Axx ≈  .5 mT        (2.26) 

Ayy ≈  .5 mT        (2.26) 

Azz ≈ 3.5 mT        (2.26) 

Analogous to the g-tensor, we can simplify the A-tensor in aqueous solutions (fast 

reorientational tumbling) as follows: 

Aiso = 1/3(Axx + Ayy + Azz)     (2.27) 

Considering our MTS spin label, we have both hyperfine splitting terms dependent on 

a spatial distribution of the spin density at the nitroxide. It then follow that both terms depend 

on the implied electric field, which in turn reflects MTSSL’s environmental polarity. We can 

thus estimate spin polarity influences with Azz measurements: in a polar environment the 

present electric field E shifts the electron density of the unpaired electron towards the nitrogen 

atom. This in turn reflects in an increased hyperfine interaction with the nitrogen atom, 

represented as a strong hyperfine coupling and associated with high accessibility to water 

molecules. Low polarity, on the other hand, results in an electron density shift towards the 

oxygen, represented as a weak hyperfine coupling (and low accessibility to water). 

The interaction of the electron with other electron spins, i.e. the coupling between their 

magnetic dipole moments, depends strongly on distance and angle between the interacting 

spins. As such, it is also an invaluable tool in determining molecular distances. The dipole-

dipole interaction,     , refers to a two-spin system with magnetic dipole moments μ1 and μ2. 

For interspin distances above 1 nm we consider the electron spins as magnetic point dipoles 

which interact with an energy equal to 

E = -μ1B2(r12) = -μ2B1(r21)     (2.28) 

where B2 represents the magnetic field of dipole 2 at dipole 1, and r12 = r21 the distance 

between the two dipoles. If we apply the correspondence principle and the equation 

describing the spatial field distribution of a magnetic field dipole we obtain the following 

Hamiltonian: 

     
  

  
 
    

   
  

               

   
      (2.29) 

We can simplify the dipole-dipole interaction Hamiltonian for a spin pair SA and SB, at 

a distance rAB from each other, and yield a dipole-dipole coupling tensor D: 
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     (2.30) 

                    (2.30) 

where gA and gB are the g values of the two electron spins, and D equals 

  
  

   

      
 

   
  

    
    
    

     (2.31) 

Equations 2.30 and 2.31 show that the electron dipolar interaction depends on the 

distance between the two spins (1/r
3
), which gives us the foundation for inter-spin distance 

measurements by spin labeling EPR. 

The interaction between the two spins is field-independent, thus also called zero-field 

splitting. For a negligible g-anisotropy (gA ≈ gB ≈ ge) and a high-field approximation, we can 

rewrite the dipole-dipole interaction taking into account the dipolar frequency ωDD: 

                          (2.32) 

where ωDD equals 

    
    

   
 

   
 
         

   
       (2.33) 

The dipolar frequency depends on the distance between the two spins but also on the 

angle ΘDD between the external magnetic field and the dipolar vector rAB. In macroscopically 

disordered samples (e.g. a frozen solution sample), the dipolar vector orients itself in a 

statistically isotropic distribution versus the external magnetic field. We then have an 

averaged dipolar frequency over all possible ΘDD angles with a weighting factor sinΘDD, 

which gives us the so called Pake pattern. Thus, as with ωDD, the Pake pattern also depends 

on the dipolar vector rAB, which eases the determination of interspin distances: for ΘDD = 90° 

we have the highest contribution to a Pake pattern, while for ΘDD = 0° we have the largest 

splitting in a Pake pattern. 

For interspin distances below 0.8 nm, we have a partial overlap between the electron 

spin orbitals, as described by the Heisenberg exchange interaction. If the spins align anti-

parallel, they can form an electron pair or a covalent bond which results in a vanishing EPR 

signal. If the spins align in a parallel way though, their Coulomb interaction gives us the 

Heisenberg exchange interaction as 

                    (2.34) 

where J represents the isotropic exchange coupling constant, as defined by 
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               (2.35) 

The isotropic exchange coupling J describes the amplitude of the orbital overlap. 

Since J depends on the interspin distance (r), we can obtain information on interacting 

electron spins even for distances below 0.8 nm. Concretely, by measuring an exchange 

coupling constant (J dependent), we can determine spin label accessibilities from the 

interaction of rapidly relaxing paramagnetic species with the spin label’s unpaired electron. 

The nuclear Zeeman interaction,     , characterizes the splitting of energy states for a 

nuclear spin I in an external magnetic field B (analogous to the electron Zeeman interaction).  

Most EPR methods ignore the marginal contributions from nuclear Zeeman 

interactions. For double resonance methods (e.g. DEER, ENDOR), we take it into account as 

described by the following Hamiltonian: 

                   (2.36) 

where I represent the nuclear spin quantum number and gn the nuclear g-factor as inherent 

properties of the nucleus (just as S and ge for the electron), while μn represents the nuclear 

magneton (μn = e /2mp). 

Considering the above defined interactions, the total spin Hamiltonian becomes: 

                               (2.37) 

                                                           (2.37) 

The characterized system shows two electron spins (   ,    ) each coupled to a nuclear 

spin (   ,    ). For EPR, the electron Zeeman interaction dominates the spin Hamiltonian, while 

the dipole-dipole interaction (    ) only becomes relevant for single labeled protein solutions 

of concentrations above 0.2 mM or in double labeled systems for distances below ~10 nm. 

 

2.1.3 Continuous wave EPR 
 

Continuous wave (cw) EPR spectroscopy describes the investigation of a 

paramagnetic sample in a homogeneous external magnetic field B0 using continuous 

microwave irradiation. We detect EPR absorption spectra while we vary the strength of the 

magnetic field and keep the exciting energy frequency fixed in the microwave range. For cw 

EPR we also apply an oscillating magnetic field (Bmod) parallel to B0, which enhances 

detection sensitivity. The phase-sensitive lock-in amplifier presents the detected EPR 

absorption spectrum as a first derivative. As described above, the spin Hamiltonian dictates 

the shape of an EPR spectrum. A first derivative representation emphasizes the environmental 
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effects and characteristics of a paramagnetic species, and thus facilitates direct spectral feature 

comparisons. 

Room temperature (298 K) cw EPR allows for a variety of investigations, such as SL 

dynamics, accessibility to paramagnetic quenchers, and even distance measurements in 

particularly restrictive circumstances (viscous buffers, specific sites) [87]. Low temperature 

(below 200 K) cw EPR, on the other hand, allows for polarity measurements of the spin label 

environment, as well as distance determinations between two unpaired electrons in the 1–2 

nm range. As such, cw EPR stands as one of the most versatile tools to follow conformational 

changes derived from biomolecular functional experimentation. 

From the above description of the spin Hamiltonian, we can obtain the relevant 

solution for an MTS spin label EPR spectrum by taking into consideration the MTSSL 

nitroxide eigenvalues. We can calculate the EPR spectrum by solving the eigenvalue equation 

of the spin Hamiltonian. Thus, we have the following Hamiltonian for a spin label with an 

unpaired electron (spin quantum number S = 1/2) and a hyperfine interaction of the unpaired 

electron with the nitrogen atom (I = 1): 

                               (2.38) 

For ease of calculation, we transform the spin Hamiltonian terms from the spin label 

frame into the laboratory frame by applying a rotation matrix. The z-axis of the laboratory 

frame coincides with the external magnetic field direction B0, which means the g and A-tensor 

shift accordingly. For a single labeled protein in the laboratory frame we have the following 

eigenvalues corresponding to the transformed spin Hamiltonian: 

      
                           (2.39) 

where 

          
         

         
               

    (2.40) 

          
      

               
               

       (2.41) 

and   and φ represent corresponding Euler angles in the transformation of g- and A-tensors to 

the laboratory coordinate system. When we take into account the properties of nitroxide 

systems (S = 1/2, I = 1) together with quantum mechanical selection rules ( mS = ±1,  mI = 

0), we have following energies for the three allowed EPR transitions: 

       
          
                             (2.42) 

         
          
                         (2.42) 

       
          
                              (2.42) 
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The corresponding magnetic field positions for which we have resonance (Figure 2.3) 

are determined by: 

          
        

      
      (2.43) 

         
   

      
       (2.43) 

          
         

      
      (2.43) 

 

2.1.3.1 Relaxation processes 

 

EPR spectra exist due to electrons absorbing a specific energy, which allows them 

transition to a higher energy state. We can acquire EPR spectra though only because the 

excited electrons return to their initial state. The relaxation process, i.e. the spontaneous return 

of the electron spin system to the ground state, re-establishes thermal equilibrium in the 

system. 

Overall we distinguish between two relaxation processes: spin-lattice relaxation (also 

called longitudinal relaxation), and spin-spin relaxation (also called transversal relaxation). 

The terms “longitudinal” and “transversal” refer to the macroscopic magnetization 

orientation, whether parallel to the static magnetic field direction or perpendicular. 

Spin-lattice (or longitudinal) relaxation describes the interaction of electron spins with 

the lattice of surrounding atoms, as characterized by the relaxation time T1. Spin-lattice 

relaxation drives the system towards thermal equilibrium and thus towards the Boltzman 

population distribution of energy states. Environmental thermal motion represents the most 

significant part in longitudinal relaxation, i.e. the absorption or stimulated emission of 

photons. In solids, the energy transfer relies on interactions with the lattice vibration. The 

energy transfer in liquids is assured by molecular motion and collisions, as well as inter-

molecular dynamics. 

Spin-spin (or transverse) relaxation describes interactions of the spin system with 

other spins, as denoted by T2. Unlike longitudinal relaxation, transversal relaxation doesn’t 

rely on energy exchange with the environment. Transverse relaxation consists of an energy 

conserving flip-flop process of two spins, while the phase relation between the interacting 

spin systems vanishes. Basically, one of the spins changes from an α to a β state. This process 

provides in return energy for a second spin to change its state from a β to an α state. 
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2.1.3.2 Mobility regimes reflected by spin label dynamics 

 

Besides relaxation based processes, EPR spectra also perceive the reorientational 

motion of spin label side-chains, and thus characteristics of its environment. Spin label side-

chain mobility depends on several factors: the reorientational freedom of the spin label 

molecule around a particular bond, protein backbone motion and the entire protein motion. 

For liquid solutions at room temperature, the motional freedom of the spin label 

dictates that the rotation matrices of the g and A-tensors become time-dependent. Due to 

nanosecond molecular motions, the anisotropic tensor components in the spin Hamiltonian 

average out. The reorientational correlation time τc characterizes spin label dynamics and thus 

also the averaging of spectral anisotropy. We define τc as the average time interval after 

which the alignment of a molecule changes its initial orientation by 1 radian. Figure 2.4 

displays the influence of spin label mobilities on spectral shape. Small reorientational 

correlation times characterize highly mobile side-chain movements, which generate narrow 

spectral lines with roughly the same height. On the other hand, strong interactions between 

spin labels with neighboring side-chains or backbone atoms generate broadened spectral lines 

and an increased (apparent) hyperfine splitting. 

Figure 2.4: cw X-band EPR 

nitroxide spectra with different 

rotational correlation times (τc). 
For free rotational diffusion 

(small τc) we have isotropic 

spectra, while for powder spectra 

(τc above 200–300 ns, where the 

spin label is completely 

immobilized) we have spectral 

broadening with A and g 

anisotropies. 
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By approximating the molecular system to a spherical form, we can calculate the 

reorientational correlation time from the Stokes-Einstein equation: 

  
     

    
  

 

   
      (2.44) 

where η represents the medium’s viscosity, a the radius of the molecule, kB the Boltzmans 

constant, T the temperature and V represents the molecular volume. X-band cw EPR 

perceives τc in the range of 0.1–300 ns, which overlaps with reorientational correlation times 

of spin label molecules bound to proteins. For proteins reconstituted in liposomes, 

polypeptides larger than 200 kDa or proteins in a highly viscous medium, reorientational 

correlation times reach values outside of EPR’s time scale [88]. 

If we consider the spectral anisotropy  ω as the maximal possible resonance 

frequency shift caused by tensor anisotropy, we define four spin label dynamics regimes: the 

isotropic limit ( ω ≪ τc
-1

), the fast motion regime ( ω < τc
-1

), the slow motion regime ( ω > 

τc
-1

) and the rigid limit ( ω ≫ τc
-1

). 

In the isotropic limit (fastest regime) the anisotropies average completely, which 

results in an EPR spectrum with three narrow width lines and small hyperfine splitting. If we 

are to simulate such spectra, we start by calculating the resonance line positions from 

isotropic g and A-tensor values. We obtain the spectral line width by convoluting the 

resonance line positions with a Lorentzian line function. The function has a “full width at half 

maximum” proportional to 1/T2, where T2 represents the spin-spin relaxation time. 

The fast motion regime shows different resonance line amplitudes, especially at the 

high field position. As such, we use Redfield’s theory to accurately calculate spectral line 

shapes [89]. While we have slight spectral anisotropies in this regime, isotropic g and A-

tensor values describe spectral line positions accurately. The following expression provides 

spectral line broadenings in this regime, based on transverse relaxation times: 

 

  
             

      (2.45) 

where A0 represents the natural line width or unresolved hyperfine splittings and A, B, C the 

line broadening due to spectral anisotropies (motional averaging). In the fast motion regime, 

the nuclear magnetic quantum number mI affects line broadening, which differs among the 

low and high field resonance lines. Since the integral of the absorption lines is proportional to 

the number of spins, broader spectral line also means a decrease in spectral line intensity 

(Figure 2.4). The upper limit for the fast motion regime at X-band frequencies lies around τc 

≈ 3 ns. 

In the case of  ω > τc
-1

, i.e. the slow motion regime, spectral anisotropy dominates 

over τc
-1

, and the superposition of Lorentzian lines is insufficient to simulate an EPR 

spectrum. For this case we use the stochastic Liouville equation, with which we can determine 
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the expected value    of the time-dependent density matrix, which in turn describes 

statistically the energy state populations and their coherence [90]. 

 

  
                                             (2.46) 

where   describes the spin label orientation with respect to the laboratory frame and is 

defined by a set of three Euler angles,    represents the time-dependent spin Hamiltonian, ρ0 

the equilibrium population of the density matrix, while    denotes the Markoff operator and 

describes the reorientational diffusion such as Brownian diffusion or jump diffusion. If we 

introduce Wigner rotation functions as eigenfunctions of the spin Hamiltonian, we can solve 

the stochastic Liouville equation by dividing the Hamiltonian    into three parts. 

                               (2.47) 

The first term sums up isotropic contributions (orientation independent), including the 

electron Zeeman, the nuclear Zeeman and the hyperfine interactions (under the assumption of 

the high-field approximation). The second term outlines anisotropic contributions and 

depends on the orientation angles  . The third term describes interaction of the electron spin 

with the applied radiation magnetic field B1. 

The rigid limit appears at τc > 300 ns, where we treat spin labels as completely 

immobilized (for e.g. in powder samples or frozen solutions), with homogeneously distributed 

orientations. The Hamiltonian becomes time independent and we can describe the resulting 

spectrum as a powder spectrum. We calculate resonance line positions according to equations 

2.40 and 2.41, which treat the g and A-tensors as orientation dependent. 

When analyzing cw EPR spectra we also deal with so-called “mobility”, besides 

reorientational correlation times. The term describes all effects which influence τc, such as 

spin label structure, secondary, tertiary and quaternary interactions as well as backbone 

dynamics. As such, we correlate weak interactions between spin labels and bound molecules 

(e.g. in loop regions) with fast reorientational correlation times and a high spin label side-

chain mobility. Conversely, strong interactions between spin labels and the molecule results 

in a restricted spin label motion, i.e. long correlation times and low spin label side-chain 

mobility. 

 

2.1.3.3 Polarity and distance measurements with cw EPR 

 

At temperatures below 200 K we can expand the capabilities of cw EPR and perform 

polarity and distance measurements. In frozen solutions the molecules and attached spin 

labels remain immobilized at randomly distributed orientation with respect to the external 

magnetic field, i.e. we have powder spectra. Both the hyperfine coupling and the dipolar 
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interaction between spins have significant influence on spectral line shape, where spins 

interact in a range below 2 nm. In such cases we also define the g and A-tensors according to 

equations 2.40 and 2.41 (orientation dependent), where the hyperfine splitting Azz is a 

measure of the strength of the hyperfine coupling. 

The hyperfine coupling depends on the spin label environment polarity, which allows 

us a characterization of the protein’s environment at the spin label binding site: a high Azz 

value reflects a strong hyperfine coupling (associated with a high accessibility to water 

molecules), while a low Azz reflects a weak hyperfine coupling and thus a low accessibility to 

water molecules to the spin label binding site. 

Low temperature experiments allow for distance measurements in the 1.0 – 2.0 nm 

range from spin dipolar interactions. Diffuse residual motions dwindle significantly at 

temperatures below 200 K, which eases the analysis of magnetic dipole-dipole interactions. 

Small interspin distances have a strong dipolar coupling (ωDD ∝ r
-3

), which results in distinct 

spectral line broadening. By fitting simulated spectra to measured ones we can obtain 

concrete values for both the hyperfine splitting Azz as well the distance distributions (Figure 

2.5). We fit spectra to experimental ones according to the slow motion regime, as 

implemented in the DipFit program [91]. We obtain line broadenings and respective dipolar 

interactions via a Pake pattern (dipolar absorption powder pattern) convolution determined by 

Figure 2.5: Simulated low temperature cw EPR spectra. We obtained the spectra from a 

DipFit [91] simulation where the g-tensor and the AXX and AYY components of the A-tensor 

were kept fixed. A) Varied interspin distance simulations: 1.3 nm in black, 1.5 nm in blue, 

1.7 nm in green and 2.0 nm in red. B) Varied AZZ (hyperfine splitting) simulations: 3.3 mT 

in purple, 3.4 mT in cyan, 3.5 mT in lemon and 3.6 mT in red. Dashed lines on the red 

spectrum (3.6 mT) mark the Azz component of the hyperfine tensor, sensitive to 

environmental polarity. 

The 2.0 nm and 3.6 mT lines (both in red) represent the same spectrum.  

Distance simulations 
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the corresponding interspin distance with a powder spectrum of a single spin label [92]. 

 

2.1.4 Pulse EPR spectroscopy – DEER 
 

Pulse EPR spectroscopy allows experiments with a more selective spatial resolution 

and larger range of inter-spin distances, from 2.0 to 8.0 nm. Contrary to cw EPR though, 

pulse EPR experiments use microwave pulses on the nanosecond time scale and keep the 

external magnetic field B0 constant. The current study employs the four pulse double electron-

electron resonance technique (4-pulse DEER) to determine long range distances in the 

cytoplasmic tip of the oligomeric Natronomonas pharaonis transducer HtrII (NpHtrII). 

DEER measurements rely on the selective excitation of two interacting spin fractions 

(A and B) using two different frequencies – the observer frequency νobs and the pump 

frequency νpump. The two frequencies excite the spin fractions selectively: the pump frequency 

νpump corresponds to the maximum of the echo-detected nitroxide EPR absorption spectrum, 

while the observer frequency νobs sits at the low field local maximum (offset by about 65 MHz 

for nitroxide spin labels) [93]. Excitation of the pump spins B shifts the resonance frequency 

of the dipolar coupled spins A. If we detect the frequency shift on spins A, we can then 

calculate the interspin distance. 

For a system with its equilibrium magnetization M0 aligned along the z-axis, we apply 

a series of four successive microwave pulses [94] as detailed by 

 

 
                                                               (2.48) 

The first two pulses detail the Hahn-echo pulse sequence (with the time delay of τ1 at 

the νobs) and generates a spin echo (i.e. Hahn-echo) after another time delay τ1 (Figure 2.6, 

Figure 2.6: Schematic representation of the 4-pulse DEER sequence. The Hahn-echo 

appears in blue, as a reverted echo after the time delay τ1 at the observer frequency. We 

monitor the echo intensity at 2τ1+2τ2, i.e. the red labeled echo, in dependence of the pump 

pulse position t. See text for more details. 
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blue, reversed echo). The π-pulse after the time 2τ1+τ2 on the observer frequency refocuses 

the echo, which we then observe as the echo signal at 2τ1+2τ2 (red labeled echo). The π-pulse 

on the pump frequency νpump selectively excites spin fraction B, which causes a resonance 

frequency shift in the dipolar coupled spin fraction A. We determine the echo amplitude of 

the experimental DEER signal V(t) in dependence of time t, which corresponds to the pump 

pulse position [93]. If we vary t (the pump pulse position), we end up with a modulated echo 

signal with the dipolar frequency ωDD ∝ r
–3

, where r equals the distance between electron 

spins. 

We obtain interspin distance data by analyzing the dipolar interaction between spin 

fractions A and B. We describe the experimental DEER signal as follows 

                    (2.49) 

where F(t) describes the intramolecular contribution modulated by ωDD and B(t) describes the 

unmodulated background contribution [95]. The background contribution B(t) considers the 

homogeneously distributed molecules, and therefore also the homogeneously distributed non-

specific interspin interactions. The superposition of all the signals related to the interspin 

distances modulated by different ωDD results in an exponential decay of the form 

         
   

       (2.50) 

where k equals 

  
     

     

    
         (2.51) 

We thus consider the background dimensionality D (spatial arrangement of spins the system 

inadvertently interacts with), gA- and gB as g-factors for spin species A and B respectively, the 

spin concentration C and the fraction of spins λ excited by the pump pulse [96]. For most 

biological systems in frozen solutions we consider the background dimensionality D = 3 [93, 

97], as spins causing background contributions spread in a homogeneous three-dimensional 

space. Proteins reconstituted into liposomes show a different background though, as the 

planarity of the lipid bilayer generates an almost two-dimensional spin distribution. For such 

cases we employ a background dimensionality between 2 and 3 [98, 99]. 

Since we want to analyze the modulated contribution F(t), we separate it from the 

unmodulated one by dividing V(t) with B(t), which allows us to fit a distance distribution P(r) 

to F(t). Deviations in DEER signals though, either from artifacts or low signal-to-noise ratios, 

can trigger substantial variance in calculated distance distributions. Fit solutions end up 

unstable or even varying according to parameter input. Currently, the so-called Tikhonov 

regularization provides a common fit solution to this ill posed problem [100, 101], as 

implemented in the DeerAnalysis program [98]. In this regard we minimize the following 

function 
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   (2.52) 

The first term describes the minimize condition for a root mean square deviation (RMSD) 

between a simulated spectrum S(t) and an experimental (background corrected) spectrum F(t). 

The equation also provides a square norm of the second derivative of P(r) as a smoothness 

measure for the distance distribution. The second term is weighted by the so-called 

regularization parameter α, which regulates smoothness. As a compromise between resolution 

and smoothness, we define the best value for α as a plot of                    versus 

    
  

   
     

 

, which ideally results in an L-shaped curve. The kink in the L-curve 

corresponds to the best compromise between P(r) resolution and smoothness [98]. 

 

 

2.2 Thermodynamics of MTSSL 
 

The studied system, the NpSRII/HtrII complex, shows dynamics changes with varying 

temperature. We study the complex in the range of 263 – 333 K, which allows quantification 

of several thermodynamics parameters. We extract most of the thermodynamical information 

from reorientation correlation times (τc) of the attached nitroxide spin label (MTSSL), as 

shown in Arrhenius and van’t Hoff plots. The measured data seems to show a varying two 

component spectral behavior, meaning we observe two dominant MTSSL conformations 

resulting from structural constraints in the microenvironment of the spin label. Different spin 

label conformations might reflect different protein conformations in equilibrium. From the 

characteristic τc behavior of each component we can determine activation enthalpies, while 

the fractions of the two components characterizes a thermal equilibrium between the 

conformational states. 

The Gibbs energy equation describes the behavior of the system 

              (2.53) 

where H represents the enthalpy, T the temperature and S the entropy. 

If we consider our closed system, we have a transition between two protein 

conformations, A ⇌ B, where we can interexchange A and B. At disequilibrium the two states 

will adjust their concentrations to reestablish equilibrium values, since every closed system 

seeks a minimum energy level at equilibrium. We can quantify the changes occurring during 

transition by following the changes in the Gibbs energy: 

                (2.54) 
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where T remains constant.  G characterizes the spontaneity of a reaction:  G < 0 describes a 

favored spontaneous reaction,  G = 0 describes neither a forward nor a reverse reaction (i.e. 

the equilibrium state), and  G > 0 describes a disfavored non-spontaneous reaction. We can 

further write the changes in Gibbs energy with respect to the effective reactant concentrations, 

CA and CB: 

           
  

  
      (2.55) 

where  G
0
 describes the standard Gibbs energy and R is the gas constant. At equilibrium ( G 

= 0) we define the equilibrium constant Keq as the concentration ratio of the two components. 

                    (2.56) 

If N0 represents the total molar concentration of the protein (CA + CB = N0) and fA and fB the 

mole fractions of A and B (fA + fB = 1), we have Keq equal to 

    
    

    
 

  

  
       (2.57) 

For standard conditions we then have the following, according to equations 2.54 and 

2.56: 

  
  

  
 

   

 
 

   

  
       (2.58) 

where we can obtain the component fractions fA and fB from spectral analysis, as well as τc for 

each of those respective fractions. At equilibrium between the two components, we can 

calculate the entropy change  S and the enthalpy change  H from the intercept and slope of a 

plot of the natural logarithm of the fraction’s ratio versus the reciprocal temperature T, i.e. a 

van’t Hoff plot. 

We can extract further information regarding the system’s behavior from 

reorientational correlation times of the spin label. Specifically, we can calculate the enthalpy 

of activation  H* for an activation process induced by temperature variations.  H* provides 

insight into the energy barriers that have to be overcome by a particular spin label side chain 

during its reorientational motion. We can determine  H* from 

          
    

  
       (2.59) 

where we assume τc,0 and  H* as temperature independent in our temperature range. By 

plotting the logarithm of the reorientational correlation times versus the inverse temperature 

we obtain Arrhenius plots, which allow determination of the activation enthalpies  H*: 

                
   

  
      (2.60) 
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For an expanded and detailed view of EPR theory (cw and pulse), as well as SDSL 

EPR, we refer to [92, 102-104]. 
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3 Materials and Methods 
 

All chemicals were purchased in the highest degree of purity from Alexis (Lörrach, 

Germany), Amersham Bioscience (Freiburg, Germany), Bio-Rad (Hercules, CA, US), 

Boehringer (Mannheim, Germany), Enzo life sciences (NY, US), Fluka (Neu-Ulm, Germany), 

GE Healthcare (Freiburg, Germany), Merck (Darmstadt, Germany), Roth (Karlsruhe, 

Germany), Sigma Aldrich (Taufkirchen, Germany), Qiagen (Hilden, Germany) and Toronto 

Research (North York, Canada). Buffers and solutions were prepared with distilled water and 

sterile filtered, unless otherwise stated. Solvents were of laboratory grade. 

 

3.1 Sample Preparation 
 

3.1.1 Protein expression and purification 
 

Protein samples used in the current work were prepared in collaboration with the 

group of Martin Engelhard from the MPI for Molecular Physiology in Dortmund, which 

provided the Natronomonas pharaonis HtrII mutant strains. 

We used the following buffers during various steps of sample preparation: 

A buffer 300 mM NaCl, 50 mM NaPi, pH 8.0, 2% (w/v) DDM 

B buffer 300 mM NaCl, 50 mM NaPi, pH 8.0, 0.05% (w/v) DDM 

C buffer 150 mM NaCl, 25 mM NaPi, 2 mM EDTA, pH 8.0 

G buffer 500 mM NaCl, 10 mM Tris pH 8.0, 0.05% (w/ v) DDM 

For purification purposes, all proteins had a C-terminal 6xHis-tag. NpSRII-His and the 

respective cysteine mutants of NpHtrII-His were expressed in E. coli BL21 (DE3) according 

to references [105-107] with minor modifications. In short, we grew cells in LB medium 

(with 50 mg/mL kanamycin sulfate, 37 ℃) to an optical density OD578 of 0.8−1.0. We 

induced overexpression with 0.5 mM IPTG (final concentration). After induction, we 

incubated cells for 3–4 h at 37 ℃, followed by cell harvesting (15 min, 5000 rpm, SLA-3000 

rotor), one wash round and then resuspension in buffer C (cell wash buffer, 1/100 of culture 

volume). We disrupted the cells by sonication (Branson Sonifier 250), and subsequently 

isolated the membrane fraction by centrifugation (1.5 h, 20.500 rpm, SS34 rotor). We 

solubilized the membrane proteins overnight (4 ℃) in buffer A. We then isolated the 

solubilized membrane proteins by centrifugation (1.5 h, 20.500 rpm, SS34) and incubated the 

supernatant for 2 h with equilibrated Ni-NTA superflow material (by buffer B) in the presence 

of 15 mM imidazole. We removed unspecifically bound proteins by washing the Ni-NTA 
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material with buffer B containing 30 mM imidazole. We then eluted the His-tagged 

transducer proteins with buffer B containing 200 mM imidazole. We removed the imidazole 

from eluted fractions containing the desired protein by dialysis against buffer G. We stored 

protein solutions at −80 ℃ if we didn’t immediately use them for spin labeling and membrane 

reconstitution. 

 

3.1.2 Spin labeling of NpHtrII 
 

We spin labeled specific NpHtrII cysteine mutants with the MTSSL spin label 

according to [31], as summarized in Figure 3.1. MTSSL selectively binds to sulfhydryl groups 

of cysteine side-chains. We seldom encounter though proteins which possess a cysteine 

residue at the desired position. As such, we employ site-directed mutagenesis to replace a 

native residue through cysteine. If the studied protein contains cysteine residues at unwanted 

positions, we replace said residues with alanines or serines. The covalent attachment of 

MTSSL to cysteine residues of NpHtrII starts with an incubation period of the protein solution 

with 10 mM dithiothreitol (2–3 h or overnight, 4 ℃) and followed by dialyzes against buffer 

G to remove the reduction agent. We then incubate the protein overnight with 1 mM MTSSL 

at 4 ℃, which binds selectively to sulfhydryl groups (here from cysteine side-chains). We 

removed excess spin label by several dialysis steps. We subsequently determined labeling 

efficiency, and established it to at least 75% for all samples. The spin labeled cysteine residue 

is commonly abbreviated as R1, and we refer so in the current work. 

 

Figure 3.1: Site-directed spin labeling procedure. The studied sequence lacks a cysteine 

residue at the desired position; the native amino acid is replaced with a cysteine through 

side-directed mutagenesis. The methanethio-sulfonate (MTS) spin label then reacts with the 

sulfhydryl group of a cysteine side-chain, which results in an R1 side-chain attached to the 

protein backbone. 
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3.1.3 Reconstitution of the NpSRII/HtrII complex into PML 
 

Following labeling, we incubated the desired NpHtrII mutant (labeled and solubilized 

in buffer G) with NpSRII in a 1:1 molar ratio for 12 h at 4 ℃. We then reconstituted the 

protein complex in purple membrane lipids (PML), which form membrane sheets, unlike 

other most membrane preparations [108]. We added the lipid stock solution in a 40-fold (w/w 

ratio of lipid to protein complex) and adjusted salt concentration to 1 M NaCl. We added 

detergent-adsorbing Bio-Beads (SM-2) and left the mixture on a shaker for at least 16 h at 4℃ 

in a dark environment. We removed the Bio-Beads by filtration, then pelleted the 

NpSRII/HtrII complex (now in a 2:2 stoichiometric ratio) by centrifugation (12.800 rpm, 4 

℃). We subsequently resuspended the pellet in desired buffers, to the desired concentration. 

All samples were stored at 4 ℃ until further use. For long term storage we shock froze the 

samples in liquid nitrogen and stored them at –80 ℃. 

Nanodisc (also named nanolipoprotein particle – NLP) reconstitution was performed 

by Natalia Voskoboynikova, according to [84]. In short, we incubated the NpSRII/HtrII 

complex with human apolipoprotein AI (ApoAI) and PML for 1–2 h at room temperature. We 

then added Bio-Beads (SM-2) to remove the DDM detergent. After Bio-Bead removal, we 

centrifuged (15.000 rpm, 15 minute, 4 ℃) the newly formed nanodiscs (NDs) to remove 

aggregates. We characterized the ND assembly as previously presented and found ApoAI 

delimits PML sheets to a nanodisc area of about 14 nm, fitting a single 2:2 NpSRII/HtrII 

complex with a diameter of about 7 nm [84]. We stored the sample at 4 ℃ until further use. 

 

 

3.2 EPR Methodology 
 

3.2.1 Cw EPR – samples and measurements 
 

We recorded cw EPR spectra at room temperature (RT) on a homemade X-band EPR 

spectrometer equipped with a Bruker dielectric resonator. To avoid saturation and obtain a 

high signal-to-noise ratio we set the microwave power to 0.4–0.6 mW and the B-field 

modulation amplitude to 0.15 mT. The resonator was outfitted with a liquid flow cryostat 

(liquid containing 30% ethylene glycol, 70% water) to keep the temperature stable for 

standard measurements (296–299 K) and adjust sample temperature for temperature 

dependent measurements (263–333 K). We loaded the samples into EPR glass capillaries with 

a 0.9 mm inner diameter, for a concentration of at least 10 µM and sample volume of 15 µL. 

We recorded cw EPR spectra for interspin distance determination in the 1–2 nm range 

(and for the hyperfine splitting Azz) at 160 K using a homemade X-band EPR spectrometer 
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equipped with a Super High Sensitivity Probehead (Bruker Biospin GmbH, Germany). We 

measured the magnetic field with a RMN-2 B-field meter (Drusch GmbH, Germany), and 

adjusted the microwave power to 0.2 mW, with a B-field modulation amplitude of 0.25 mT. 

For temperature control we used a continuous flow helium cryostat (ESR 900, Oxford 

Instruments, UK) in combination with a temperature controller (ITC 503S, Oxford 

Instruments, UK). We loaded the samples in EPR quartz capillaries of 3 mm inner diameter to 

a volume of 40 µL. We froze the samples in liquid nitrogen for low temperature (LT) cw EPR 

experiments, before insertion into the resonator. 

While for RT we measured the samples in a low salt buffer (500 mM NaCl) or a high 

salt one (3.3 M NaCl), for LT (160 K) cw EPR we used an intermediate salt buffer (2 M 

NaCl) with 40% sucrose as replacement for the high salt one. We avoided the high salt buffer 

in LT cw EPR experiments since the risk of these particular sample tubes cracking or 

breaking was quite high. We successfully tested the intermediate salt buffer with 40% sucrose 

as replacement for the 3.3 M NaCl buffer (see Results, Figure 4.5). 

 

3.2.2 Analysis of cw EPR room temperature spectra 
 

We firstly analyzed the measured room temperature (RT) cw EPR spectra in terms of 

“mobility”. The term refers to effects on spectral line shape due to the motional rate, 

amplitude and anisotropy of the nitroxide side-chain reorientation. Different spectral 

components characterize different mobilities, which result from structural constraints in the 

microenvironment of the spin label (and lead to different stable spin label side-chain 

conformations) or different protein conformations in equilibrium [8, 109]. 

We subsequently fitted RT and temperature dependent cw EPR spectra using the 

programs FreedFit and MultiComponent [110, 111], which help characterize observed 

spectral components in detail. We fitted simulated EPR spectra to experimental ones using a 

Brownian model of isotropic reorientational diffusion of the nitroxide [90], with one or two 

distinct spectral components. The simulation algorithm employs the stochastic Liouville 

equation to fit calculated spectra by a least-squares fitting approach [92, 112]. During the 

fitting procedure we fixed g-tensor values (gxx = 2.0086, gyy = 2.0066, gzz =2.0026) and two 

of the hyperfine A-tensor values (Axx = 0.57 mT, Ayy = 0.42 mT) according to values 

determined from the low temperature spectral analysis. We thus fitted rotational diffusion 

constants (R), the ratio between the two spectral components and the Azz component of the 

hyperfine tensor when necessary. We subsequently calculated reorientational correlation 

times τc from obtained rotational diffusion constants R according to 

   
 

  
        (3.1) 

As a note, we consider the simulation of the spectral component characterized by 
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longer correlation times (i, immobilized component) as strongly approximated. For such cases 

reorientation potentials have an inherently complex influence on spectral shape. The situation 

is especially valid for low temperature values in temperature dependent measurements. 

For temperature dependent measurements, we calculated each spectral component’s 

enthalpy of activation (activation energy, Ea) for the reorientational motion of the nitroxide 

by linear interpolation of log(τc) versus inverse temperature (1/T), i.e. from so called 

Arrhenius plots. The natural logarithm of the fraction ratio of the two spectral components 

versus (ln[mobile]/[immobile]) versus 1/T, i.e. van’t Hoff plots, provides the reaction entropy 

and enthalpy, as determined from the intercept and slope of the regression line according to 

       
  

  
 

  

 
       (3.2) 

where Keq = [mobile]/[immobile] and represents the equilibrium constant,  H represents the 

reaction enthalpy and  S the entropy. 

 

3.2.3 Analysis of cw EPR low temperature spectra 
 

We used the program DipFit for fitting of dipolar broadened EPR spectra to 

experimentally determined low temperature (LT) cw EPR spectra [91], which provided 

average interspin distances in the 1-2 nm range as described in theory. As we assume the 

nitroxide orientation as randomly distributed with respect to the interspin distance (due to the 

flexibility of the spin label side-chain), DipFit uses a Gaussian distribution of interspin 

distances (and the hyperfine splitting Azz) to determine best-fit parameters for interspin 

distances and distance distributions. During the fitting procedure we fix g-tensor values, Axx 

and Ayy values of the hyperfine tensor, as well as the Lorentzian and Gaussian line width 

parameters to values we obtained for A352R1 in low salt buffer (500 mM NaCl). We use 

A352R1 as reference spectrum since we noticed no dipolar broadening for this residue at low 

salt, i.e. we can consider it a single labeled spectrum. We fitted the A352R1 spectrum starting 

with values for the HAMP domain [113], which then provided the following fixed parameters 

for out fits: Axx = 0.58 mT, Ayy = 0.42 mT, gxx = 2.0086, gyy = 2.0066, gzz = 2.0026. We left 

the A-tensor component Azz “free” so as to account for possible polarity variations in the 

nitroxide environment. The fit spectra are convoluted with a field-independent line shape 

function composed of a superposition of 29% Lorentzian and 71 % Guassian, with a line-

width of 0.30 mT and 0.37 mT, respectively. The fraction of single spin-labeled component 

was left variable. 
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3.2.4 Pulse EPR (DEER) measurements 
 

We performed all DEER measurements at X-band frequencies (~ 9.4 GHz) using a 

Bruker Elexsys 580 spectrometer equipped with a Bruker Flexline split-ring resonator (ER 

4118X-MS3, Bruker), at a temperature of 50 K. The resonator was overcoupled to a Q ~ 100, 

as measured with the Xepr software (Bruker). We stabilized the temperature by a continuous 

flow helium cryostat (ESR 900, Oxford Instruments, UK) in combination with a temperature 

controller (ITC 503S, Oxford Instruments, UK). We loaded sample solutions in 1 mm inner 

diameter EPR quartz capillaries to a volume of 40–50 µL and a concentration of 50–100 µM. 

All samples had 15% glycerol as cryoprotectant. We froze the sample in liquid nitrogen 

before insertion into the resonator. 

We performed all measurements with the four-pulse DEER sequence described by 

equation 2.48 and reproduced again below as equation 3.2 (Figure 2.6) [93, 94]. We set     

channels for all pulses at the observer frequency. We performed a two-step phase cycling 

(    ,     ) on the 
 

 
       pulse. We kept times τ1 and τ2 constant and varied t. We obtain 

the dipolar evolution time from t’ = t – τ1, and analyzed data sets with t’ > 0. We positioned 

the pump frequency, νpump, at the center of the resonator dip. The frequency corresponds to the 

maximum of the echo-detected nitroxide EPR absorption spectrum. We set the observer 

frequency, νobs, at the low field local maximum of the absorption spectrum, which 

corresponds to a 65 MHz frequency offset. We set the length of the observer pulses to 16 ns 

for π/2 and 32 ns for π pulses, while we set the pump pulse length to 12 ns. We averaged 

proton modulation by addition of traces at eight different τ1 values, starting with τ1,0 = 200 ns 

and incrementing by  τ1 = 8 ns. Data points were collected in 8 ns time steps. Total 

measurement time varied according to sample quality, in the range of 8–24 h. 

 

 
                                                               (3.2) 

 

3.2.5 Analysis of DEER measurements 
 

We analyzed the measured DEER spectra with the DeerAnalysis 2016 software 

package [98]. The experimental DEER spectra yield information about intra- and inter-

molecular interspin distances. We separated the intermolecular background contribution from 

the intramolecular contribution via a background correction using a homogeneous spin 

distribution of dimensionality D = 2.4, followed by normalization of the function. The 

background corrected trace thus provides information on only interspin distances within one 

nanoscopic object. 

After background correction, we fit the dipolar evolution function using Tikhonov 

regularization (as implemented in the DeerAnalysis program), which results in interspin 
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distance distributions. We obtained distances in the 1.5–6 nm range, based on the dipolar 

coupling frequency of dipolar coupled spins. The lower limit of DEER experiments depends 

on the excitation bandwidth of the pump pulse, which has to be larger than the dipolar 

coupling of the spins and in our case is 1.5 nm [93, 114]. We validated all obtained 

parameters with the validation tool included in the analysis software. 

 

3.2.6 Rotamer Library Analysis 
 

As a computational method, rotamer library analysis (RLA) allows attachment of a 

conformational distribution of the nitroxide residue (here MTSSL) at any chosen site in a 

protein’s structure. The method allows visualization of possible spin label side-chain 

conformations (rotamers) and even distance calculations based on predicted spin label 

orientations. For our purposes we use the MTSSL rotamer library as implemented in the 

MMM 2015.2 program [115]. 

The program uses a set of 210 pre-calculated rotamers for MTSSL as canonical 

ensemble of possible spin label side-chain conformations. The program superimposes the spin 

label’s backbone atoms onto the protein backbone, which provides an orientation range for 

the new side-chain with respect to the protein structure. It then calculates the spin label’s 

internal energy taking into account environmental interactions, and determines a probability 

distribution for the new side-chain. The program then weighs the probability of a specific 

rotamer configuration based on the calculated energies and overall probability distribution. 

The end result consists of a rotamer probability (conformational) distribution at the site of 

interest. By attaching such rotamer probability ensembles at two sites we can calculate a 

respective distance distribution covering all possible inter spin distances between the two 

ensembles. 

In our work we computed rotamer sets based on the implemented MTSSL library as 

attached to our reference structures: the EcTsr crystal structure and the NpHtrII homology 

model [33, 34]. Besides attachment at a specific site, the main constrain for the rotamer 

analysis was temperature, according to the desired comparison: room temperature (298 K) for 

mobility analysis and cryogenic temperatures (175 K) for distance distribution studies. The 

program’s manual provides a detailed protocol for both rotamer library and distance 

distribution calculations. 
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Molecular graphics were implemented with UCSF Chimera and UCSF ChimeraX, 

developed by the Resource for Biocomputing, Visualization, and Informatics at the University 

of California, San Francisco, with support from NIH P41-GM103311 [116] and from National 

Institutes of Health R01-GM129325 and the Office of Cyber Infrastructure and 

Computational Biology, National Institute of Allergy and Infectious Diseases [117]. 
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4 Results and Discussion 
 

The current study focuses on elucidation of structural and dynamics details provided 

by EPR experiments on the spin labeled Natronomonas pharaonis transducer (NpHtrII) to 

gain further insight of its function. Specifically, we tackle the NpHtrII tip, also known as the 

kinase control domain, CheA/CheW interaction domain or signaling domain. For this 

purpose, we reconstituted the photoreceptor (NpSRII) with its cognate transducer NpHtrII in a 

2:2 molar ratio into purple membrane lipids (PML) and in nanodiscs formed from 

apolipoprotein A1 and PML. We obtained information on spin label side-chain dynamics (as a 

function of ionic strength and temperature) and domain conformation. We present and 

correlate the results to previous data, both in terms of the two-state equilibrium of the HAMP 

domain and oligomerization of the NpSRII/HtrII complex. 

The cytoplasmic tip of chemo- and photoreceptors, as part of the sensing system of 

archaea and bacteria, plays a significant role in signal transduction and signal amplification 

[10, 23, 79, 118-121]. The CheA/CheW kinase baseplate, which interconnects trimers of 

chemoreceptor dimers at their cytoplasmic tip, follows as the next component in the signal 

transduction cascade and as part of signal amplification and receptor cooperativity [73, 122]. 

Despite a significant amount of data on the mechanisms of signal transduction, amplification 

and receptor cooperativity in chemoreceptors, the specifics are conflicting or not currently 

defined [61, 123, 124]. The overall arrangement of signaling complexes seems independent of 

signaling state [125, 126], as most changes during signal transduction manifest quite 

discretely [15, 33]. Still, local structural changes occur on timescales hard to document 

consistently with most spectroscopic techniques, if we take native physiological conditions 

into account. Signaling also influences the average structure of receptors in subtle ways, while 

dynamics changes might play the more significant role in kinase control. SDSL EPR provides 

a way to measure these motions in functional receptor molecules with respect to 

environmental variations. We can observe transitions on the nanosecond timescale, 

adjustments in packing and how local dynamics shift in response to stimuli. 

To this extent, we mutated eleven consecutive NpHtrII residues to cysteine: T345, 

N346, I347, L348, A349, L350, N351, A352, S353, I354 and E355 (Figure 1.6 and Figure 

4.1). Based on homology with chemoreceptors, we estimate that the sequence extends one 

helical turn above the short loop at the end of the transducer bundle. We labeled each point 

mutation with the MTS spin label, which yields the nitroxide side chain referred to as R1. We 

investigate the perturbing role of salt and temperature ranges which deviate from the optimal 

growth range of Natronomonas pharaonis (3.5 M NaCl and 313-318 K) [127], as well as 

measure interspin distance variations with salt concentration. 

The crystal structure of the entire NpSRII/HtrII signaling complex remains elusive. 

The closest references consist of a dimer and a trimer-of-dimers signaling complex from 

coarse grain molecular dynamics of a homology model based on chemoreceptor data [33]. 
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Figure 4.1 shows the NpSRII/HtrII model in its dimeric form, with a highlight of the studied 

area and color coded R1 labeled sites. The side view makes visible only part of our studied 

sequence in a monomer, and as such we mark the full studied area with the help of the 

conjugate monomer (prime tags). 

As currently there are no structures depicting the kinase control domain of NpHtrII, we 

complement our analysis with the crystal structure of the cytoplasmic domain of Escherichia 

coli serine receptor (EcTsr, pdb 1QU7) [34]. The NpHtrII kinase control domain shows a high 

degree of homology to that of chemoreceptors, as presented in chapter 1.1. Previous studies 

discussed structural and functional comparisons between the NpSRII/HtrII complex and 

chemoreceptors in terms of both experimental and computational data [46, 123, 124, 128, 

129]. Despite their high homology, substantial differences remain between chemoreceptors 

and photoreceptors. For our investigated area, specific differences appear in several amino 

acids close to the cytoplasmic end. Using the well studied EcTsr as direct comparison, we 

Figure 4.1: The Natronomonas pharaonis SRII/HtrII complex, in a 2:2 stoichiometric 

ratio. A) Model of the NpSRII/HtrII complex, with a highlight of the studied area. The 

membrane embedded photoreceptor (NpSRII) appears in orange, the two HAMP domains of 

NpHtrII in green and its cytoplasmic adaptation and kinase control domain shows in 

blue/cyan. B) Side view of the NpHtrII kinase control domain structure, in ball/ribbon 

representation, with marked MTSSL labeled sites. Parts of the structure have been hidden 

(“front” ribbon) for better visibility of the full studied sequence as also marked by prime tags 

in the conjugate monomer. 
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have the following notable differences: residue NpHtrII-S353, where EcTsr has an alanine 

residue (A383) and residue NpHtrII-I354, where we have a valine side-chain in EcTsr (V384). 

The van der Waals volume marginally “favors” the NpHtrII amino acids, which in turn could 

allow EcTsr a slight structural variance through its smaller side-chains. The largest difference 

represents their polarity, as the NpHtrII-S353 residue is polar, while A383 in EcTsr is 

hydrophobic. The large hydrophobic core of chemoreceptor dimers or trimer-of-dimers 

(provided by I377, L378, A379, L380, A382 and V384 in EcTsr, equivalent to I347, L348, 

A349, L350, A352 and I354 in NpHtrII) thus has another stabilizing point in EcTsr through 

A383. A seemingly more subtle difference between the two receptors comes from their coiled 

coil arrangement: right-handed in NpHtrII and left-handed in EcTsr [69]. The significance of 

these differences with respect to the signal transduction mechanisms of EcTsr and NpHtrII 

remains unclear. Our measurements should highlight NpHtrII’s differences to EcTsr, while 

also discriminate between the two references, the NpHtrII homology model and the EcTsr 

crystal structure. 
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4.1 Environmental Influences on the Cytoplasmic Tip of NpHtrII 
 

The native environment of Natronomonas pharaonis (Np) includes high salt 

concentrations, growing optimally around 3.5 M NaCl. Spectral analysis, as reflected by R1 

side-chain dynamics, provided evidence for a two-state thermodynamic equilibrium in the Np 

transducer tip [85]. The two-state equilibrium likely characterizes two different dominant 

protein conformations, as shown for the NpHtrII HAMP domains [31, 32, 113]. Previous 

investigations on HAMP domains also unveiled the equilibrium shifts considerably with 

varying salt concentration [31, 32]. As such, it is reasonable to assess the effect of ionic 

strength on the Np transducer kinase control domain. We study the protein complex 

(NpSRII/HtrII) reconstituted in purple membrane lipids (PML) at 3.3 M NaCl , 500 mM NaCl 

and 500 mM NaCl with 40% sucrose. While the HAMP domains’ low salt concentration was 

limited to 150 mM NaCl, we use 500 mM NaCl as the “low value” for stability reasons. The 

conformational stability of the Np transducer diminishes as we head away from the membrane 

anchorage point. Initial tests also suggested the transducer proves more dynamic and prone to 

aggregation than the centralized HAMP domains. By increasing the low value salt 

concentration to 500 mM NaCl we expected an increased tip stability, as was found for 

HAMP domains [31]. The spectra in Figure 4.3, Figure 4.4 as well as the mobility parameter 

in Figure 4.5 were shown previously in my master thesis [85]. In this work though we refer 

not only to spectral line shape, but present the data in a concrete motional characterization in 

context with two reference structures (the EcTsr crystal structure and the NpHtrII homology 

model). We also evaluate the effect of salt in terms of environmental viscosity, and a non-

optimal protein to lipid ratio, which further characterize the conformational equilibrium of 

NpHtrII’s cytoplasmic tip. We note the natural environment of Npharaonis membrane 

proteins contains potassium and sodium ions. Tests on the HAMP domain [113] and the 

cytoplasmic tip of NpHtrII showed both induce the same conformational effect. 

 

4.1.1 Protein to lipid ratios for the NpSRII/HtrII complex 
 

We typically reconstitute the protein complex in a minimal amount of lipids 

(NpSRII/HtrII complex to lipid ratio 1:40, see Materials and Methods, chapter 3.1.3), which 

could generate protein aggregation and thus artificial oligomerization. Our reconstitution 

protocols use a 1:40 protein to lipid ratio since it results in an optimal EPR signal strength. To 

test the influence of lipid concentration on protein aggregation, we performed additional 

experiments on the protein complex in a 10-fold molar excess of lipids (NpSRII/HtrII to lipid 

ratio 1:400). The results are presented in Figure 4.2 for the N351R1 mutation for two different 

salt concentrations, and they show no significant spectral difference between the low lipid 

content sample and the high lipid one. A similar behavior was also observed for various spin 

labeled sites in the first NpHtrII HAMP domain [113]. Thus, potential quaternary contacts 

between NpHtrII dimers in PML membranes are due to an intrinsic characteristic of the 
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protein and not triggered artificially by a high protein to lipid ratio. 

Measurements in both low salt (Figure 4.2–A) and high salt (Figure 4.2–B) show 

distinct two-component spectra, as marked by arrows labeled i and m in the low field area of 

each spectrum. Labels denote so called “immobile” and “mobile” spectral components, which 

we will describe in detail in the following chapter. For now we observe that salt transition 

changes component population significantly, with a most prominent change for the m 

component, which diminishes in high salt. We also notice a concomitant apparent increase for 

the i component in high salt, albeit quantification will reveal by how much. 

While for lipid dilution experiments we refer initially to low salt spectra to emphasize 

differences in spectral component populations, we will further refer to high salt data first, as it 

characterizes the native state of Natronomonas pharaonis. 

 

4.1.2 Impact of salt and viscous media on the line shape of NpHtrII spectra 
 

Figure 4.3 presents a spectroscopic overview of each investigated site in 3.3 M NaCl, 

500 mM NaCl and 500 mM NaCl with 40% sucrose. All spectra were recorded at room 

temperature on an X-band EPR spectrometer. The spectra are scaled for optimal visibility and 

comparison. 

Figure 4.2: Lipid dilution experiments on the NpSRII/HtrII complex, spin labeled at 

position N351. We recorded RT cw EPR spectra of the complex reconstituted in purple 

membrane lipids (PML) at molar protein:lipid ratios of 1:40 (blue) and 1:400 (red). Spectra 

are scaled for better comparison. A) NpSRII/HtrII in 500 mM NaCl, B) NpSRII/HtrII in a 3.3 

M NaCl buffer. Arrows indicate the two dominant spectral components. 
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Figure 4.3: Cw room temperature X-band EPR spectra of the studied transducer tip 

mutants of NpSRII/HtrII reconstituted in PML. Some spectra were multiplied by a 

scaling factor for better visibility. Dashed lines indicate the immobile and mobile spectral 

components, in terms of relative motional freedom of the spin label. A) Spectra of the eleven 

mutants in high ionic strength buffer, at 3.3 M NaCl (blue). B) Spectra of the eleven 

investigated mutants in a low salt buffer, at 500 mM NaCl (red), versus low salt buffer with 

added 40% sucrose (green). Figure adapted from Orban, I. – Master Thesis (2008). 
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Line shape analysis of the spectra shows two major spectral components, a “mobile” 

and “immobile” component, as indicated by dashed lines in both the high salt and low salt 

environment spectra of Figure 4.3. The term “mobility” refers to effects of motional rate, 

amplitude and anisotropy of nitroxide side-chain reorientation on the spectral line shape. The 

presence of two spectral components characterized by different mobilities results from 

structural constraints in the spin label microenvironment (which leads to different spin label 

side-chain conformations) and/or different protein conformations in equilibrium [8, 109]. 

Since NaCl influences medium viscosity, we investigated the influence of ionic 

strength and viscosity on the observed mobile and immobile spectral components. As such, we 

studied the 11 mutants in a highly viscous environment, 500 mM NaCl with added 40% 

sucrose (w/v). For reference, the viscosity of water at 293 K is 1.002 cP, of saturated salt 

solution η4 M NaCl = 1.6 cP and of 40 % sucrose (w/v) is η40% sucrose = 6.2 cP [130].  We can 

observe the influence of sucrose on spectral shape in Figure 4.3–B and the selected examples 

Figure 4.4: Spin label mobility in various environments for selected positions. All 

spectra are recorded from cw EPR experiments at room temperature. Spectra were 

normalized to the low field peak (immobile) for better clarity. A) Position NpHtrII-A349R1, 

reconstituted with its cognate photoreceptor NpSRII in PML. High ionic strength (3.3 M 

NaCl) is displayed in blue, low salt (500 mM NaCl) in red, and low salt with 40% sucrose 

(increased viscosity) in green. B) Position NpHtrII-N351R1, with the same color coding as 

above. C) Position NpHtrII-I354R1, with color coding as above. Dashed lines mark the Azz 

component of the hyperfine tensor, sensitive to environmental polarity. D) Position NpHtrII-

E355R1, with color coding as above. Dashed lines mark the maximum and minimum of the 

central resonance line for the low salt spectrum, from which we determine the mobility 

parameter     
  . 
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of Figure 4.4 (green traces). Even though 40% sucrose induces a viscosity increase of about 

four times that of high salt, the salt induced spectral changes consistently dominate. Viscosity 

does shift the equilibrium towards the immobile conformation, as seen in Figure 4.4 and noted 

previously [85], but it does not account for the full spectral changes we observe in NpHtrII 

under the effect of a 3.3 M NaCl buffer solution. 

As we move from position T345R1 towards the cytoplasmic end at position E355R1, 

we observe distinct spectral changes. Specifically, the mobile component seems to gain in 

sharpness and intensity for some positions independent of buffer. To quantify this observation 

we employ the mobility parameter     
  , which evaluates the overall spin label side-chain 

mobility via the inverse peak-to-peak distance of the central resonance line (in mT) (as shown 

in Figure 4.4–D). The mobility parameter represents a rather crude tool for mobility 

characterization, since the mobile component dominates parameter values. As such, we 

restrict the role of     
   to relative qualitative assessments, where we compare mobility 

values only within the same structure. We can thus characterize environmental effects relative 

to a baseline, provided here by the native high salt environment. 

Figure 4.5 displays the     
   based mobility analysis for the high salt spectra 

compared to an α-helical pattern. The physiological salt concentration of 3.3 M NaCl poses an 

experimental challenge though. High salt concentrations interfere with 160 K measurements, 

since the rapid cooling and inevitable thawing increase the risk of low temperature cw EPR 

Figure 4.5: Spin label mobility analysis for the NpSRII/HtrII complex reconstituted in 

PML. Mobility parameters     
   obtained from RT cw x-band EPR spectra at 3.3 M NaCl 

(Figure 4.3–A) versus residue number. 

We illustrate high salt buffer data (3.3 M NaCl) versus the periodicity of an α-helix. 

We determined the mobility parameter in two additional buffers for position E355R1: at 2 M 

NaCl (purple diamond) and 2M NaCl + 40% sucrose (green diamond). The purpose was to 

investigate suitable conditions for cw distance measurements at 160 K. 

We estimate errors at ± 10%, due to uncertainties in assessing spectral line width. 

On the right side we display a color scale for mobility parameter values, which serves as a 

color code for mapping the mobility of residues in various structural pictures. Figure adapted 

from Orban, I. – Master Thesis (2008). 
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sample tubes cracking or even breaking. In an effort to find suitable conditions for cw EPR 

measurements at 160 K, we determined the mobility parameter in two additional buffers: 

reduced salt concentration (2 M NaCl) and with addition of sucrose as a cryoprotectant (2 M 

NaCl + 40% sucrose). Position E355 shows the obtained data points in Figure 4.5 (green and 

purple diamonds). The 2 M salt concentration with increased viscosity due to the sucrose 

addition mimics the 3.3 M NaCl condition almost perfectly. We hence chose the 2 M NaCl + 

40% sucrose buffer as suitable for measurements at 160 K, since it provides results similar to 

those in native conditions. 

The color bar on the right of Figure 4.5 represents a color code for the mobility 

parameter, ranging from 1.2 mT
-1

 (purple) to 2.4 mT
-1

 (red), used for mapping the mobility 

parameter atop structural representations of the Np transducer (seen in Figure 4.1–B and 

Figure 4.6–B, for example). 

In previous data we established the high impact of buffer solutions on overall 

mobilities [85]. The mobility parameter     
   confirmed the stabilizing effect of high salt 

buffer (3.3 M NaCl) versus low salt (500 mM NaCl) or a high viscosity buffer (500 mM NaCl 

+ 40% sucrose). The structure gains in stability as we increase environmental viscosity with 

40% sucrose from only 500 mM NaCl (    
   changed from an average 5.6 ± 1.0 mT

-1
 to an 

average of 3.7 ± 1.3 mT
-1

). The structure remains highly dynamic in the viscous environment 

though, and we observed no distinct overall structural pattern. The pattern and dynamics shift 

completely as we increase the salt concentration to physiological values (3.3 M NaCl): 

besides a substantial increase in stability (average     
   diminishes to about 1.5 ± 0.8 mT

-1
), 

we observe the formation of a pattern reminiscent of an α-helix. The mobility parameter 

    
   displays an α-helical periodicity of roughly 3.6 residues, showing that the four-helical 

bundle of the cytoplasmic transducer tip steadies itself under high salt conditions. 

We observed a similar transition, from a highly mobile structure to a compact one, 

when we compared the DDM-solubilized transducer (NpHtrII) with the receptor-transducer 

complex (NpSRII/HtrII) in DDM and with the complex reconstituted in PML (NpSRII/HtrII-

PML) [85]. In the DDM-solubilized state, the transducer has no clear helical pattern and the 

overall mobility is significantly increased. This suggests a partially unfolded, unstructured, or 

an overall flexible state in detergent. In complex with NpSRII we observe a more compact 

structure for NpHtrII, but still looser than the PML anchored complex where we have proper 

helical folding. 

Altogether, considering the stabilizing effect of PML and compactness induced by 

high salt, observed in all studied NpHtrII tip positions, the transducer requires a membrane 

anchor as well as a high salt environment to form a proper α-helical structure. The changes 

induced by PML reconstitution and a high salt environment reflect in the mobility parameters 

of NpHtrII, as all labeled positions shift from a mobile conformation to immobile. While the 

mobile conformation diminishes significantly, both mobile and immobile conformations seem 

to coexist even at high salt (and PML reconstituted, Figure 4.3 and Figure 4.4), which 
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indicates an overall structural rearrangement of the investigated tip region. As we will show 

below (chapter 4.1.4), low salt concentrations shift the equilibrium towards a dynamic 

dominant state, while high/physiological salt concentrations shift it towards a compact 

dominant state. 

 

4.1.3 NpHtrII tip mobility versus the EcTsr structure and NpHtrII homology 
model 

 

The mobility plot in Figure 4.5 presents an α-helical periodicity at 3.3 M NaCl, with 

some low mobility values suggesting the presence of secondary, tertiary or even quaternary 

side-chain interactions. To better characterize these observations, we compare our data with 

two reference structures, the EcTsr crystal structure [34] and the NpHtrII homology model 

[33]. Specifically, we compare with computed rotamer numbers from the dimer and trimer-of-

dimers arrangement of both EcTsr and NpHtrII (Figure 4.6–A). For ease of comparison, we 

Figure 4.6: Rotamer numbers of studied positions versus the mobility parameter and 

helical wheel depiction of the dimer tip. A) Rotamer numbers based on the NpHtrII 

homology model dimer (cyan squares) versus NpHtrII model trimer-of-dimers (green 

squares), EcTsr crystal dimer (pink diamonds), EcTsr crystal trimer-of-dimers (red 

diamonds) and versus the mobility parameters     
   (blue circles). The experimental 

mobility diagram (blue circles) was scaled for visibility. B) Helical wheel projection of the 

studied kinase control domain based on the NpHtrII dimer homology model and the EcTsr 

crystal dimer. The color coding is based on the color scale of the mobility values (top 

center). Blue arrows indicate positions with a low mobility value, pointing towards the 

aqueous phase. 
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scaled the experimental mobility values of the 3.3 M NaCl PML reconstituted transducer 

(blue circles). Rotamer numbers are based on a computational analysis of each site’s side-

chain motional freedom at room temperature (as described in Materials and Methods – 

chapter 3.2.6), thus directly reflecting local structural constraints. A rotamer number 

comparison between the dimer form (i.e. four helical bundle) of the two reference structures 

shows a similar trend: EcTsr and NpHtrII dimer rotamer numbers (pink diamonds and cyan 

squares, respectively) are almost identical and both follow a helical pattern. The slight 

discrepancy in rotamer numbers between the dimer structures can be sufficiently explained by 

a difference in overall packing (Figure 1.4), which generates different local constraints on the 

investigated sites. 

The significant rotamer difference comes from both trimer-of-dimer reference 

structures, which show lower average rotamer numbers compared to the dimers, highlighting 

the influence of quaternary contacts on side-chain packing. The trimer structures also diverge 

from each other: the NpHtrII homology trimer (green squares) shows higher average rotamer 

numbers compared to the EcTsr crystal trimer (red diamonds), with roughly 32 versus 21 

average rotamers per site (respectively). The lower rotamer average indicates a tighter packed 

structure for the EcTsr trimer, which restricts space for side-chains to probe their 

surroundings. We observe a very good agreement with the experimental mobility data in the 

overall helical pattern of all structures and models. This provides a good starting point for 

comparison of specific positions between structures in terms of quaternary (non-dimer) 

contacts. The EcTsr trimer-of-dimers shows several sites that participate in inter-dimer 

interactions and stand in our area of interest: N376, I377, L378, L380, N381, V384 and E385, 

which are equivalent to N346, I347, L348, L350, N351, I354 and E355 in the NpHtrII kinase 

control domain [34]. It is worth mentioning that only position N381 interacts with its dimer 

conjugates in the proposed EcTsr inter-dimer interactions (ranging from salt bridges to 

hydrogen-bonded networks) [34]. Also, despite the polar nature of residue S353 in NpHtrII 

versus the hydrophobic A383 in EcTsr, their side-chains trigger a similar helical pattern 

(green squares versus red diamonds). S353R1 is the only residue though that shows a 

distinctly lower rotamer number than its Tsr equivalent in the investigated area of the two 

trimer reference structures: 36.5 average trimer rotamers in NpHtrII-S353R1 versus 45.5 

average rotamers in EcTsr-A383R1. The overall packing might be similar in the two 

structures, but the local structures can differ substantially. 

The experimental mobility pattern (blue circles) characterizes a four-helical bundle as 

seen in Figure 4.6–B: buried residues (T345, A349, A352) show the lowest mobility, while 

surface ones (N351, S353, I354) show the highest mobility values. Positions I347 and L350, 

though, point towards the aqueous phase, which should give higher mobility values (similar to 

N351). The helical wheel projection based on the NpHtrII dimer homology model displays 

this best – Figure 4.6–B, blue arrows. Although it is possible the transducer tip region 

undergoes a different structural rearrangement than the reference dimer structures, at least part 

of the studied sites should be surface exposed in an isolated dimer, and as such display 

significantly higher mobility values than those observed. Thus, the experimentally measured 
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spin label dynamics in PML lipids at physiological salt concentrations indicate a quaternary 

contact between multiple NpHtrII dimers. The formation of a supramolecular structure for the 

NpSRII/HtrII complex is in line with the proposed arrangement of chemotaxis receptors in 

cell membranes as trimers-of-dimers [34, 39, 40, 79, 131]. 

Considering the high NpSRII/HtrII homology with chemoreceptors and that our 

mobility data on the complex points towards a higher oligomeric structure, we regard the 

trimer-of-dimer assembly as the direct structural reference [33, 79]. The presented 

experimental information also seems to favor the EcTsr trimer structure over the trimeric 

NpHtrII homology model. Specifically, for position E355 we observe a very low mobility 

value in the experimental data. The low value mirrors only the rotamer numbers of the EcTsr 

trimer structure, while the NpHtrII trimer model shows similarly high values for position 

E355 as those of solvent exposed sites. The drawback of this comparison lies in the nature of 

the rotamers themselves: rotamer computational data can provide an investigative direction, 

but due to its lack of experimental parameter consideration (such as environmental factors) we 

can’t draw unambiguous conclusions. 

 

4.1.4 Conformational equilibrium shift in the cytoplasmic tip of NpHtrII 
 

To better characterize the conformational shift triggered by salt concentration, we 

fitted simulated spectra on top of measured ones with the help of two programs, FreedFit and 

MultiComponent [110, 111]. Both programs provide an interface for the fit algorithm based 

on the work of Freed [90], the latter being an updated version. 

The simulation algorithm integrates several models for spin label diffusion motion: 

Brownian movement, free movement and a jump model. We found the Brownian model of 

isotropic reorientational motion characterizes best the recorded spectra and observed 

molecular motions. The simulation algorithm employs the stochastic Liouville equation to fit 

calculated spectra by a least-squares fitting approach (for details see Materials and Methods, 

chapter 3.2.2). Fits prioritize the low field and middle field peaks due to their prominent 

amplitudes. The immobile and mobile spectral components appear most prominent in both 

peaks. 

From simulated spectra we can extract several parameters of interest, such as 

reorientational correlation times (τc) for each spectral component and each component’s 

percentual presence in the recorded spectra. Reorientational correlation times characterize 

spin label dynamics (reflecting local constraints), which in turn determine the degree of 

spectral anisotropy averaging. For the immobile spectral component we have reorientational 

correlation times τi characteristic of broad spectral lines, due to reduced spin label 

reorientational freedom. In contrast, we fit the mobile spectral component with a τm 

characteristic of narrow spectral lines, indicative of high nitroxide spin label mobility. 
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Besides fits also provide the 

 

 

 

Figure 4.7: Spectral fitting of room temperature cw EPR spectra for selected positions 

in NpHtrII (reconstituted with NpSRII in PML). Dashed lines mark the immobile and 

mobile spectral components, in terms of MTSSL relative motional freedom. A) High salt 

(3.3 M NaCl) one component fits. Blue traces depict recorded spectra, while red traces show 

the respective fits.  B) 500 mM NaCl two component fits. Green traces depict recorded 

spectra, while red traces show the respective fits. Spectra were scaled for better visibility. 
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Besides τc, fits also provide the Azz parameter. Generally easier to observe in low 

temperature (powder) spectra, room temperature measurements also show spectral features 

characteristic of the Azz component of the hyperfine tensor A. Azz represents a parameter of 

interest as it reflects environmental polarity: we associate a high Azz value with a high 

accessibility to water molecules (strong hyperfine coupling, i.e. high polarity), while a low 

Azz means low accessibility to water molecules (weak hyperfine coupling, i.e. low polarity). 

Figure 4.4–C shows an example of the Azz component of the hyperfine tensor, as half distance 

between the low field maximum and the high field minimum. Azz remains unchanged 

irrespective of salt concentration or environmental viscosity, in all measured positions. 

Figure 4.7 presents selected recorded spectra (black traces) and their respective fits 

(red traces). Columns A shows the high salt (3.3 M NaCl) recorded spectra fitted with a one 

spectral component model, while column B shows the low salt spectra (500 mM NaCl) fitted 

with a two spectral component model. Dashed lines mark for both salt concentrations the 

immobile and mobile spectral components. 

Low salt spectra show distinct immobile and mobile spectral components, as well as 

overall better signal-to-noise (S/N). The fit programs, in return, provide high quality fits, and 

subsequent guideline parameters. While the fit model deals well with a wide range of signal-

to-noise (S/N) and varying spectral component intensities, high salt spectral fits proved of 

lower quality compared to low salt ones. High salt spectra also pose a difficult fit conundrum: 

visual inspection shows the immobile component completely overshadows the mobile one 

(Figure 4.7–A), which makes a two component fit (as for low salt) quite problematic. We 

show I354R1 as an example where the mobile component still exerts a decent enough 

presence, visible as a minor peak in the low field area (estimated around 1.5 %). A one 

component fit compensates poorly for the minor mobile component of I354R1. At the same 

time, while a two component fit reflects the measured spectral shape slightly better, the 

margin is minimal and fitted values do not align with previously observed changes. 

Initial two component fit tests for high salt spectra showed significantly decreased Azz 

values compared to low salt: an average of 3.28 mT in high salt versus 3.58 mT in low salt. 

As exemplified in Figure 4.4, we do not observe any polarity shift in NpHtrII’s tip room 

temperature spectra. As such, our next high salt fit tests involved a two component fit with 

fixed Azz values; we use low salt fitted Azz values for each corresponding residue. While fit 

quality seems reasonable, spectral component parameters deviate unrealistically from low salt 

ones. Concretely, visual analysis shows only amplitude changes with different salt 

concentrations for both spectral components (Figure 4.4). The two component high salt fit 

tests (with Azz fixed) show though that both the mobile and immobile component τc increased 

in high salt: a 3.5 fold increase for the mobile component τc and 1.4 factor for the immobile 

component τc. While we could attribute the τc increase to an overall conformational 

constriction, we observed an unrealistic behavior in the high salt two component fits: the 

mobile component increases substantially with high salt (from about 9% in low salt to 20% in 

high salt – Appendix Figure A. 1), an increase that has no correspondence in observed 
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spectral features or previous data. In an effort to simulate the amount of mobile component 

actually present in high salt, we estimate only a maximum of 1.5% remains (as for I354R1), 

compared to the mobile low salt average of 9.1%. We base the estimation on low salt fitted 

parameters and the high salt I354R1 spectrum, which still shows a most prominent mobile 

component (reflected also by the mobility plot, Figure 4.5). Error value comparison also 

eliminates high salt two component fits (free and fixed Azz), versus high salt one component 

fits. Concretely, low salt shows minimal τc errors for the two components (component 

average 0.2%), while high salt two component fits present significant error increase 

(component average 2.0%). High salt one component fits on the other hand show an average 

τc error similar to low salt two component fits (0.1% variance for τc). As such, we resort to a 

one component fit for the high salt spectra, which best characterize the overly dominant 

immobile component, and we estimate the mobile component at maximum 1.5%. 

We plotted the high salt reorientational correlation times τi for the one component fits 

in Figure 4.8–A (blue triangles). As error values for each component remain significantly 

below 1%, we scaled log τc error bars to 1% for each fitted component. We observe a hint of 

α–helical behavior, which disappears as we head towards the NpHtrII cytoplasmic tip. The 

main characteristic of high salt τc consists of an immobile dominated conformational 

equilibrium (overshadowing the mobile component), which characterizes a compact 

dominated structural state. The average decrease in reorientational correlation times τi as we 

head towards the tip of NpHtrII aligns with the mobility analysis. Low salt fits show a similar 

τc trend for both mobile (τm) and immobile (τi) components, where average values decrease 

closer to NpHtrII’s tip (Figure 4.8–A, green and red circles). While τc values of immobile 

Figure 4.8: Reorientational correlation times and spectral component fraction vs. 

residue number. A) Logarithm of τc for high salt (3.3 M NaCl) one component fits versus 

low salt (500 mM NaCl) two component fits. As error values for each component remain 

below 1%, we scaled error bars to 1% for each fit component. B) Natural logarithm of 

component ratio fraction, fmobile/fimmobile, from low salt fits. We also mark the direction of the 

cytoplasmic tip. Errors for both component scales vary between 1–5%, and as such we set 

error bars to 5% for the ratios in pannel B. 
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components in both high and low salt seem to overlap (within error range), we notice a slight 

decrease in average τc for the immobile component (τi) compared to low salt: from about 6.0 

ns in high salt to around 5.2 ns in low salt (13% decrease). The viscosity increase contributes 

an utmost approximate of 5% (from 500 mM NaCl to 3.3 M NaCl) [130, 132, 133]. The extra 

8% in τi indicate a slight tightening of the tip with increased salt concentration. We also 

notice the mobile spectral component reorientational correlation times (τm) are in the range 

observed for highly dynamic loop regions [134, 135], which means we can correlate the fast 

nitroxide side-chain dynamics to protein backbone fluctuations. Values below 1 ns for the 

mobile component suggest a loose protein conformation with an increased backbone motional 

range, which allows the R1 side-chain to populate a broader motional amplitude. 

As we compare the low and high salt τc plots, we also notice position’s I347R1 τi 

increases most with high salt. I347R1 goes from a τi of 6.2 ns in low salt to 8.4 ns in high salt 

(a 34% increase). The observation aligns with previous mobility data, in that it shows once 

again the dimer outlying I347R1 comes into contact with quaternary side-chains in high salt, 

likely neighboring dimers. While average values show the NpHtrII dimer undergoes only 

minor structural transitions with salt concentration increase, it seems the higher order 

oligomeric structure tightens to a higher degree. At the opposite end of the spectrum we have 

I354R1: its τi decreases from 5.0 ns in low salt, to 4.4 ns in high salt (a 14% decrease). The 

residue seems at least partially oriented towards the dimer outside, and the conformational 

transition with increased salt concentration likely pushes I354’s R1 side-chain to a more 

unrestricted motional space. 

Figure 4.8 contains an additional plot, namely part B, which displays the concentration 

ratio of the two spectral components, mobile/immobile versus residue number. Since for high 

salt we only have one component (as discussed above), we focus here on the low salt two 

component ratio (red circles). The mobile and immobile component’s scale show errors 

between 1% and 5%. As such we set error bars to 5% for all ratios in plot B, which also 

compensates for visibility. The low salt two component fits show the same tendency as with 

the mobility analysis, in that the structure becomes looser as we get closer to the tip’s edge 

(direction marked by arrow labeled “tip”). The mobile component in low salt averages around 

9%, which leaves the immobile component average around 91%. Even with such disparity, the 

mobile component dominates spectra, as its distinct mobility regime overshadows the 

immobile component at low salt values due to its small linewidths and corresponding large 

amplitudes: average τm of 0.4 ns for the mobile component vs. an average τi of 5.2 ns for the 

immobile one. We also notice a rough α–helical pattern, distorted towards the cytoplasmic tip 

end. In terms of distinct features, residue A349R1 displays a ratio that heavily favors the 

immobile component even at low salt concentrations. The small percentile of mobile 

component in A349R1 reinforces that the residue lies in an enclosed position in the dimer 

structure (Figure 4.6–B). A349R1 still transitions in high salt towards an immobile dominated 

conformation with the entire structure, as also seen in Figure 4.7. While not to the same 

extent, the inward pointing T345R1 displays a similar behavior, with a minor mobile fraction 
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that transitions to an immobile one with salt concentration increase. 

All in all, high salt shows an overly dominant immobile spectral component 

(associated with a compact structure) for all labeled sites. As we decrease salt concentration 

though, the transducer shifts balance from a completely immobile/compact dominated state to 

a significantly more mobile one (associated with a dynamic structure). The uniformity of the 

change, along the entire studied area, suggests the τc and component fraction change are due 

an overall conformational shift: the protein transitions to an overall looser (dynamic) structure 

compared to the one in high salt. The salt driven transition between the compact and dynamic 

structure aligns with previous observations of conformational equilibrium transitions in 

NpHtrII’s HAMP domains and inter-HAMP region [31, 32, 60, 136]. 

As we hoped to better characterize the thermodynamic equilibrium between the 

compact and dynamic structures, we performed a series of temperature dependent 

measurements on selected residues. We present our results and analysis in the following 

chapter. 
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4.2 Thermodynamic Analysis of NpHtrII’s Kinase Control Domain from 
EPR Temperature Dependent Measurements 

 

We revealed in our EPR spectral feature analysis of the kinase control domain that the 

protein adopts an α–helical pattern in high salt buffers (3.3 M NaCl). The pattern shows 

increased mobility towards the tip end, while NpHtrII maintains an immobile and mobile 

spectral component throughout. The immobile component completely dominates though at 

high salt (3.3 M NaCl), where the mobile component contributes a maximum 1.5% to spectral 

features. High salt compels the protein in an overall tightly packed arrangement, a compact 

structure. As we change to low salt (500 mM NaCl), the mobile component increases its 

contribution to an average 9%, with a corresponding decrease of the immobile component. 

The protein adopts a dynamic structure in low salt along the entire studied area, which 

indicates to an overall conformational equilibrium shift dependent on salt concentration. 

Mobility measurements also suggest the NpSRII/HtrII complex organizes in higher 

oligomeric structures, likely trimer-of-dimers. Rotamer data further reinforces our 

conclusions, as NpHtrII’s cytoplasmic domain shows a similar arrangement to that of EcTsr’s 

trimer structure. 

Previous research documented a similar behavior in the two HAMP domains of 

NpHtrII, where ion strength (NaCl) shifts the balance between a compact and dynamic 

structure [31, 32]. Besides ionic strength, temperature also influences backbone dynamics in 

NpHtrII’s HAMP domains and the equilibrium between the compact and dynamic 

conformations representing different signaling states in NpHtrII HAMP domains [31, 46]. It 

remains unclear though what signaling states each conformation represents (“kinase-on” or 

“kinase-off”), albeit evidence suggests a compact first HAMP domain would trigger the 

kinase-on state (photo-active state, i.e. repellant taxis) [33, 137]. 

To complement our data, we also performed a series of temperature dependent EPR 

measurements which help identifying the thermodynamic characteristics of a possible two-

state conformational equilibrium in NpHtrII’s kinase control domain. We recorded cw EPR 

spectra on positions A349R1, N351R1, I354R1 and E355R1, in a temperature range of 263 K 

to 333 K with a 10 K step. We scanned all NpHtrII residues while reconstituted with their 

cognate receptor NpSRII in PML, at a physiological salt concentration of 3.3 M NaCl. We 

obtained thermodynamic parameters by fitting measured spectra with the FreedFit program as 

described in the previous chapter and in detail in chapter 3.2.2 (Materials and Methods) [111]. 

We compare observed changes in the compact/dynamic conformational equilibrium with data 

from the first and second HAMP domains [31, 32] as well as with chemoreceptors [15]. 
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Figure 4.9: Temperature dependent measurements for positions A349R1, N351R1, 

I354R1 and E355R1 (black traces), versus their respective fits (red traces). We 

measured all positions while reconstituted with NpSRII in PML, in a high salt (3.3 M NaCl) 

buffer. We scanned in a temperature range of 263–333 K, with 10 K steps. Dashed lines 

superimposed over the low field part of A349R1 emphasize spectral feature changes, 

specifically the transition from a predominantly compact conformational equilibrium (low 

temperatures) to a more dynamic equilibrium at high temperatures. 
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4.2.1 Spectral feature analysis of temperature dependent EPR spectra 
 

Figure 4.9 shows the scanned spectra and their respective fits. We present detailed 

fitting parameters and fitted reorientational correlations times (τc) values in Appendix Table 

A.3 and Table A.4. Fitted spectra deviate minimally from recorded ones, with the largest 

differences at 303 K and 313 K. While we fitted room temperature high salt (3.3 M NaCl) 

spectra with a one component model, we fit temperature dependent spectra (all at 3.3 M 

NaCl) with a two component model throughout the entire temperature range. Room 

temperature high salt spectra showed constant polarity as we changed salt concentration, 

which also reflected mostly in spectral component amplitude changes where one component 

overwhelmingly dominated. As such, fits provided reliable results with a one component 

model. Temperature dependant data shows though spectral components which vary not just in 

intensity but also in mobility regime (Figure 4.10). We also observe polarity (Azz) shifts at 

various temperature ranges, which in turn affect the nature of spectral components. Spectra in 

Figure 4.10: Selected temperatures for temperature dependent measurements, with 

highlighted spectral changes. Investigated positions are as previously mentioned: A) 

NpHtrII-A349R1, B) NpHtrII-N351R1, C) NpHtrII-I354R1, and D) NpHtrII-E355R1. We 

color coded selected temperatures as follows: 273 K black traces, 293 K blue, 313 K green 

and 333 K red. Arrows on the low field peaks at position A349R1 indicate a shift of 

immobile (“i”) towards the mobile (“m”) fraction with increase in temperature. We observe 

the same shift in all investigated positions. Dashed lines for A349R1 at 333 K mark the Azz 

component of the hyperfine tensor, sensitive to environmental polarity. We normalized all 

spectra to unity for a clearer comparison. 
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the high temperature interval (313–333 K) also show two distinct spectral components, as 

seen in both Figure 4.9 and Figure 4.10. To emphasize the transition between the two spectral 

components even in the lower temperature range (where the immobile component 

overshadows the mobile one), we fitted all spectra with a two spectral component model. A 

two component fit for spectra at all temperatures allows a consistent fit analysis, which could 

potentially highlight discrete variations in fitted component τc values representing subtle 

conformational changes. 

We note our chosen fit model (Brownian diffusion model) has limitations with 

composite motions on different timescales, i.e. for spectral features that reflect combinations 

of different reorientational correlation timescales. In our measurements limitations appear for 

simulations of spectral components characterized by longer correlations times (e.g. for 

immobile fractions in the low temperature range). In such cases nitroxide orientation 

potentials pose an inherently complex influence on spectral shape. As such, we consider fitted 

reorientational correlations times (τc) as approximations and will refer to τc values as 

measures of overall conformational behaviors. 

Dashed lines in Figure 4.9 mark the immobile (i) and mobile (m) peaks of the low field 

spectral area (highlighted by arrows in Figure 4.10–A). We observe a distinct temperature 

effect in all samples: with increased temperature the immobile spectral component decreases, 

while the mobile one increases substantially. The temperature dependent shift seems to induce 

similar changes between the immobile and mobile components as ionic strength: a dominant 

immobile component appears both at high salt concentration and low temperatures, while the 

mobile one intensifies at low salt concentrations and high temperatures. As observed in 

NpHtrII HAMP domains, the mobile component predominates at high temperatures due to a 

gradual energetic shift in its favor [32, 113]. At the same time, we note a seemingly present 

mobile component even at extreme low temperatures, with a correlated immobile one present 

even at high temperatures. 

Figure 4.10 shows measured spectra for selected temperatures: 273 K (black), 293 K 

(blue), 313 K (green) and 333 K (red). Selected spectra emphasize the transition from a 

compact dominant equilibrium to a dynamic one with increase in temperature. The 

conformational transition has potential physiological relevancy at high temperatures only if it 

is reversible though. We tested the reversibility from the dynamic to compact dominant 

equilibrium in subsequent room temperature measurements, as seen in Appendix Figure A.2. 

All samples show almost identical spectral features at 293 K, both during and after the full 

temperature dependent measurement cycle (263 K to 333 K). The difference comes from a 

minor increase in the mobile spectral component after the temperature cycle, due to either 

detachment of spin label (SL) from the protein, a slight temperature denaturation effect, or 

both. We estimate the free SL/denaturated protein fraction to be less than 3%. 

Spectral feature analysis for temperature dependent spectra seems to show a shift 

between the compact and dynamic conformations, reminiscent of salt changes. We highlight a 
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key parameter in Figure 4.10–A though, which characterizes a distinct conformational change 

in the form of partial unfolding (dashed lines at 333 K). Specifically, Azz shows an increase in 

polarity with temperature, from about 3.38 mT at low temperatures (263–303 K) to about 3.54 

mT at high temperatures (323–333 K). The “hinge” temperature of 313 K coincides within a 

few degrees to Natronomonas pharaonis’s optimal living temperature of 316–318 K [127], 

and shows an intermediate Azz of about 3.46 mT. Thus, while salt shifts conformations 

(between compact and dynamic, with a constant Azz), temperature causes stark conformational 

changes. The polar environment at high temperatures characterizes an increased accessibility 

to water molecules compared to low temperatures, noticeable in all scanned residues. 

Basically, salt shifts the overall conformation between a compact and dynamic predominated 

state, while temperature triggers partial unfolding at high temperatures. To see if the change 

appears in both compact and dynamic predominated states, we analyze fitted spectra in a 

systematic manner. 

 

4.2.2 Thermodynamic analysis of temperature dependent EPR spectra 
 

For a more in depth analysis, we evaluate spectral component fractions 

(immobile/mobile) and their respective reorientational correlation times (τc) in the form of 

Arrhenius and van’t Hoff plots. Resulting thermodynamic parameters help characterize the 

equilibrium between compact and dynamic predominant conformations as a function of 

temperature. 

Figure 4.11 presents a detailed representation of the thermodynamic analysis based on 

our temperature dependent measurements. Part A of Figure 4.11 (top) shows the logarithm of 

reorientational correlation times (τc) of each spectral component (mobile & immobile) versus 

inverse temperature, known as Arrhenius plots. Temperature affects not just spectral 

component τc values but also each component’s spectral fraction (Appendix Table A.3 and 

Table A.4). Part B of Figure 4.11 (bottom) depicts the natural logarithm of fraction ratios for 

spectral components (ln mobile/immobile) versus inverse temperature (i.e. van’t Hoff plots). 

The plotted data allows us to calculate enthalpy ( H), entropy ( S), Gibbs energy at 298 K 

( G298K), equilibrium constants at 298 K (Keq298K) and activation energies (Ea) for each 

investigated position and subsequent spectral component, as presented in Table 4.1. Due to 

significant variations in signal-to-noise ratios of cw EPR spectra recorded at different 

temperatures and between investigated sites, calculated parameter errors vary by one order of 

magnitude. Thus, we discuss energy changes in terms of global trends for observed 

conformations. 

All positions show comparable Arrhenius graphs, with a similar decrease in 

reorientational correlation times τc as temperatures rise, specific for increased spin label 

dynamics (Figure 4.11–A). The compact (black dots) and dynamic (green squares) 

conformations both exhibit a linear behavior versus temperature, with an energy change 
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around 303–313 K. Mutation N351R1 deviates slightly: its energy switch appears at higher 

temperatures, around 313–323 K. We observe the energy change in all studied positions, with 

a linear behavior along the entire temperature range. The consistent change underlines a 

rearrangement in the protein’s two-state conformational equilibrium, specifically a switch 

towards a significantly more dynamic state for both the compact and dynamic conformations. 

CD spectroscopy data on the NpSRII/HtrII complex shows a similar conformational 

rearrangement: a rapidly restructuring complex with increase in temperature, with the major 

unfolding event around 308 K [138]. The α-helical percentage drops from 85% to 40%, while 

the random coil increases in equal proportion past 313 K. After restructuring, the proportion 

of folded/unfolded protein stays relatively constant up to 368 K. We demonstrated previously 

that low salt buffers and solubilization induces a partially unstructured conformation, 

especially for NpHtrII’s cytoplasmic tip [85]. As CD spectroscopy uses low ionic strength 

buffers (300 mM KF) and the complex was solubilized [138], we estimate CD measurements 

started with a partially unfolded complex (even if at low temperatures), or the conditions 

allowed further unfolding events at slightly lower temperatures than ours (308 K vs. 303–313 

K). CD spectroscopy data also shows NpSRII remains α–helical up to 358 K. This means the 

Figure 4.11: Thermodynamic analysis of temperature dependent measurements for 

NpHtrII residues A349R1, N351R1, I354R1 and E355R1. All positions are reconstituted 

with NpSRII in PML, and measured in a 3.3 M NaCl buffer. A) Arrhenius plots: logarithm 

of the reorientational correlation times τc versus the inverse of the temperature, where the 

black circles show the immobile component change and the green squares display the mobile 

component change. The green transparency area highlights an overlap with τc values from 

room temperature high salt one component fits and low salt immobile component fits (see 

Figure 4.8). B) van’t Hoff plots: natural logarithm of the concentration ratio of the two 

spectral components, mobile/immobile, versus the inverse of temperature. 
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observed unfolding event in the NpSRII/HtrII complex at 303–313 K represents either a 

dissociation of SRII and HtrII, a partial unfolding of each component, or both. NpSRII’s high 

temperature stability suggests though the bulk restructuring occurs in NpHtrII. 

The restructuring event appears around 313 K, which could signal the partially 

unfolded structure represents a dynamic non-functional state. We correlate though the high 

temperature switch to functional conformations since we observe a reversible thermally 

induced compact/dynamic conformational change and a van’t Hoff behavior for each spectral 

component. The conclusion is also supported by an overlap between the CD measurements 

conformational rearrangement point and our measured restructuring point (around 303–313 

K). Additionally, recent data on the Sulfolobus solfataricus enzyme ssIGPS documents 

similar temperature dependent dynamic states (switching around 313 K) that correlate with 

different enzymatic activity rates [139]. Another point to consider comes from the optimal 

growth temperature of Natronomonas pharaonis, around 316–318 K [127]. This suggests the 

313 K (323 K in N351R1) conformational switch point could indeed be functionally relevant 

for NpHtrII’s kinase control domain. 

Activation energies (Ea, calculated from Arrhenius plots) for both the immobile and 

mobile spectral components remain in the same order of magnitude while in the low 

temperature range (3.9–10.6 kJ/mol). After the conformational switch in the high temperature 

range, their activation energies double to about 16.0–29.3 kJ/mol (Table 4.1). The values are 

in agreement with previously published data for NpHtrII’s HAMP domains [31, 32]. Position 

N351R1 stands out again though, as it exhibits similar activation energies (8.5–10.7 kJ/mol) 

for both the immobile and mobile components independent of temperature. Its unchanged 

energy landscape mostly likely means the side-chain remains in a tight local environment 

despite temperature changes, where it has to overcome a higher energy barrier to change 

conformation. Due to low data point amount for the high temperature range of N351R1 (323–

333 K), we cannot provide error values for correlated thermodynamic parameters. Regarding 

the relatively narrow Ea interval for other labeled positions, literature details similar values: 

roughly 25 kJ/mol for specific T4 lysozyme positions in 30% sucrose [140] and 7–14 kJ/mol 

for hemoglobin in water [132] which correlate with solvent effects on the protein energy 

landscape. Even more so, experiments on functional ssIGPs enzyme demonstrate similar 

temperature effects: ~16 kJ/mol up to 303K and 23–35 kJ/mol from 313 K [139]. Our data 

shows a linear trend in dynamics change for all measured positions, similar to literature 

documented patterns for functionally relevant conformations, including NpHtrII HAMP 

domains [32, 113]. We conclude our data characterizes an environmentally induced 

conformational switch, specifically a swift temperature driven dynamics increase around 

313/323 K. 

Arrhenius plots also present a distinct picture for the dynamics increase in both 

spectral components, which when taken apart actually overlap around the 303–313 K hinge 

temperature. Specifically, low temperature immobile and mobile components (blue fit lines in 

Figure 4.11–A) switch to mobile and highly-mobile components at high temperatures (red fit 



Results and Discussion 

 

71 
 

lines in Figure 4.11–A). Reorientational correlations time (τc) clarify the picture: around 205 

ns for the immobile component, 5.6 and 6.3 ns for the two mobile components (low and high 

temperature, respectively), and 1.3 ns for the highly-mobile one. The 313 K hinge temperature 

shows a τc value of 2.3 ns. We remind that we consider τc values as approximate, and use 

them as indication for the distinct nature of each component and highlight the overlap 

between the two mobile components. The green area in Figure 4.11–A highlights another 

noteworthy overlap, between the two mobile components and the room temperature high salt 

one component fits and low salt immobile component fits (see Figure 4.8–A for details). 

Concretely, room temperature high salt one component fits show an average τc of 6.0 ns, 

while low salt immobile component fits show an average τc of 5.2 ns (both values as average 

over all mutants). We find it quite remarkable that different environmental triggers (salt 

Table 4.1: Thermodynamic parameters from analysis of cw EPR temperature 

dependent measurements. We determined values for ∆H, ∆S, ∆G298K, Keq298K and Ea from 

presented Arrhenius and van’t Hoff plots, as specified in Materials and Methods (chapter 

3.2.2). For Ea, we denote the two spectral components as C1 = mobile and C2 = immobile. 

Error values in the high temperature range of N351R1 are unavailable due to reduced 

number of data points in that range. 

 A349R1 N351R1 I354R1 E355R1 

 H [kJ/mol] 

low temperature 
17.5 ± 1.5 19.7 ± 1.4 22.0  ± 1.5 19.4 ± 1.1 

 H [kJ/mol] 

high temperature 
21.9 ± 4.3 39.7 37.7 ± 9.3 39.2 ± 0.2 

 S [J/molK] 

low temperature 
57.9 ± 5.3 67.3 ± 4.8 73.0 ± 5.4 64.1 ± 3.8 

 S [J/molK] 

high temperature 
63.9 ± 13.3 121.7 113.7 ± 28.9 119.7 ± 0.6 

 G298K [kJ/mol] 

low temperature 
0.2 ± 3.1 -0.3 ± 2.8 0.3 ± 3.1 0.2 ± 2.2 

 G298K [kJ/mol] 

high temperature 
2.9 ± 8.3 3.4 3.8 ± 17.9 3.5 ± 0.4 

Keq298K 

low temperature 
0.9 ± 1.0 1.1  ± 1.0 0.9 ± 1.0 0.9 ± 1.0 

Keq298K 

high temperature 
0.3 ± 0.9 0.3 0.2 ± 0.8 0.2 ± 1.0 

Ea [kJ mol
−1

] 

low temp. C1 
9.4 ± 0.7 10.7 ± 1.1 8.6 ± 1.5 10.6 ± 0.4 

Ea [kJ mol
−1

] 

low temp. C2 
4.9 ± 2.7 10.2 ± 3.3 6.1 ± 3.3 3.9 ± 1.0 

Ea [kJ mol
−1

] 

high temp. C1 
16.0 ± 1.6 8.5 28.5 ± 2.7 29.3 ± 6,9 

Ea [kJ mol
−1

] 

high temp. C2 
28.7 ± 10.0 9.1 24.1 ± 10.2 19.2 ± 3.4 
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immobile mobile 

compact dynamic highly-dynamic 

Figure 4.12: NpHtrII kinase control domain 

conformations, according to their relative 

dynamics range. The overall immobile and 

mobile spectral equilibriums overlap in their 

dynamic conformation. 

 

concentration and temperature) shift part of the protein array to a similar mobility regime. As 

for room temperature low salt mobile component fits, τc values average around 0.4 ns, a 

mobility regime outside of the 1.3 ns we observe for the highly-mobile spectral component in 

our current temperature dependent measurements. We imagine though the two regimes could 

overlap within a higher temperature range than currently available. 

As we consider our spectral components correlate with conformations, the τc data in 

Figure 4.11 reveals three distinct ones: a compact conformation for the immobile component 

(predominant below 303 K), a dynamic conformation for the mobile component (predominant 

in the mid-range temperature interval, 303–323 K), and a highly-dynamic conformation for 

the highly-mobile component (above 323 K). 

Temperature dependent data further 

correlates with room temperature salt 

dependent measurements, as they reveal the 

overall immobile ensemble (composed of a 

compact and a dynamic conformational 

subset) overlaps with the overall mobile 

ensemble (composed of a dynamic and 

highly-dynamic conformational subset) in 

their dynamic conformations, which are 

characterized by the same dynamics regime 

(Figure 4.11–A and Figure 4.12). The 

surprising overlap between Npharaonis’s thriving temperature (316–318 K) and the dynamic 

temperature range also suggests the common dynamic conformation has significant functional 

relevancy. 

Values derived from van’t Hoff plots, such as Keq298K, characterize the equilibrium 

between NpHtrII’s cytoplasmic tip conformations (Table 4.1). As with activation energies, we 

observe a change in favor of the mobile spectral component with increased temperature. 

Energy differences between the low temperature range (263 – 303 K) and high temperature 

range (313 – 333 K) – seen for  G298K and Keq298K at every position – confirm the overall 

two-state conformational rearrangement in a distinct dynamic/highly-dynamic equilibrium at 

high temperatures.  G298K differences between the low temperature range and high 

temperature range average around 3.3 kJ/mol, which corresponds to energy levels of 

rotameric state shifts in MTS spin labels [141, 142]. We could thus attribute the observed 

equilibrium rearrangement to side-chain rotameric shifts, instead of a protein conformational 

rearrangement. However, we observe the same energy difference in all scanned samples. 

Corroborated with observations that protein conformational states can have energy differences 

below 3 kJ/mol [143], we conclude that our observed  G298K difference characterizes a 

distinct conformational switch from a compact/dynamic equilibrium towards a 

dynamic/highly-dynamic equilibrium. The compact/dynamic conformational equilibrium 

appears below Npharaonis’s optimal living conditions (316–318 K), while the 
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dynamic/highly-dynamic conformational equilibrium predominates at temperatures above the 

archaea’s optimal living conditions. 

The conformational switch point, centered around Np’s optimal living conditions, 

seems to allow NpHtrII access to a variety of conformations which revolve around the 

common dynamic one. The relatively center framed structure gives Npharaonis control over 

the switch between overall conformational equilibriums with minimal energy investment. A 

similar three state signaling mechanism has been proposed for chemoreceptors as early as 

1994 [13], where an attractant or repellant stimuli would trigger deviation from a “default” 

conformational space. Literature already pointed out the existence of three predominant 

(functionally relevant) conformations for chemoreceptor HAMP domains [124, 128], as part 

of a biphasic signaling model. Specifically, targeted mutations switched the EcTsr HAMP 

domain to a highly-dynamic conformation, which triggered the same kinase-off response 

(equivalent to a counterclockwise – CCW – flagellar rotation) as the compact conformation. 

Since chemoreceptors switch to a kinase-off state for both compact and highly-dynamic 

HAMP conformations, it leaves only the dynamic conformation as trigger for kinase-on 

responses (equivalent to a clockwise – CW – flagellar rotation). As for chemoreceptor kinase 

control domains, current literature correlates variation in their dynamic attributes with kinase-

on and kinase-off signaling states [61, 62, 118]. Coarse-grained molecular dynamics 

simulations on the NpSRII/HtrII complex also support the correlation between signaling 

domain dynamic levels and kinase-on or kinase-off states [33]. Taken together with our data, 

chemoreceptors and Np simulations confirm the NpHtrII cytoplasmic tip compact and 

dynamic conformations, associated with kinase-off and kinase-on states (respectively). 

Our current findings support a biphasic signaling model through the three 

conformational states  we observe in NpHtrII’s cytoplasmic tip (compact, dynamic and 

highly-dynamic) [64, 124, 128, 144]. The biphasic model emphasizes the significance of a 

center framed structure for the kinase-on signaling state, which requires minimum energy 

Figure 4.13: Schematic 

representation of the biphasic 

signaling model for the N. 

pharaonis SRII/HtrII kinase 

control domain. The highly-

dynamic conformation’s red 

marking denotes a non-verified 

correlation with the 

counterclockwise (CCW(B)) 

signaling state. 

Figure adapted from Parkinson 

(2010) and Sukomon et al. 

(2017). 
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input towards achieving outlying conformations and thus a kinase-off state. In analogy with 

chemoreceptor data, we expect the high temperature highly-dynamic NpHtrII signaling 

domain conformation to trigger a kinase-off state. We denote the kinase-off state associated 

with the highly-dynamic conformation as CCW(B), in accordance with chemoreceptor 

notations (Figure 4.13, adapted from [124, 128]). The CCW(B) designation emphasizes the 

conformational trigger difference versus the compact structure, which also causes a kinase-off 

feedback (CCW(A)). The association between a highly-dynamic NpHtrII signaling domain 

conformation and a kinase-off response remains to be experimentally confirmed though. 

Regarding the functional purpose of a narrow temperature range (303–313 K) to 

switch between predominant conformations, we can speculate based on available 

chemoreceptor data [13, 120]. If a CW/kinase-on state represents the default conformational 

state [15, 124, 128] in the form of a central dynamic structure, the adaptation response of N. 

pharaonis to environmental conditions could switch towards outlying compact or highly-

dynamic conformations with minimal energetic input. The organism could thus trigger a 

CCW/kinase-off response adapted to environmental conditions. The small energy change 

between predominant conformations we observe (around 3.3 kJ/mol) supports such a three-

state dynamics based signal transduction mechanism. 

Besides concrete function–conformation correlation experiments, future investigations 

into the biphasic “output curve” should include the kinase CheA/CheW base plate, bound to 

the transducer cytoplasmic tip [72, 73, 76, 78]. The base plate provides additional 

conformational stability to sensory arrays, and constrains to some extent the magnitude of 

conformational changes during signal switching [125]. The added relative stability might also 

influence the temperature switch point between conformations, bringing it closer to Np 

thriving conditions. The base plate itself does undergo small subdomain structural and 

dynamics changes [118, 145], aligned with proposed dynamics based signaling models in 

which the difference between a kinase-on and kinase-off state remains subtle. We believe the 

biphasic model incorporates most dynamics based models (such as alternating dynamics), 

adding a layer of detail to the equilibrium between conformations. Environmental signals are 

converted into output with minimal energy usage, as the default dynamic/kinase-on state can 

easily switch towards a compact or highly-dynamic conformation, and thus trigger a kinase-

off/“running” response. However, several key questions need clarification, such as the 

concrete characteristics of the biphasic “output curve” [124, 128], and if NpHtrII does indeed 

favor a compact or highly-dynamic state specific to environmental conditions for kinase-off 

responses. 

 

 

  



Results and Discussion 

 

75 
 

4.3 Interspin Distances in NpHtrII Kinase Control Domain 
 

Interspin distances in oligomeric complexes provide valuable structural information on 

monomers, oligomers, as well as on potential conformational changes due to environmental 

condition variations. Room temperature cw EPR data suggests the NpSRII/HtrII complex 

forms oligomeric structures, most likely trimer-of-dimers, similar to chemoreceptor clusters 

[34, 39, 40, 75, 146]. The current chapter presents interspin distance data obtained by several 

EPR techniques. Continuous wave (cw) EPR spectroscopy at 160 K provides distances in the 

0.8–2.0 nm interval, pulse EPR spectroscopy (performed at 50 K) provides reliable distance 

distributions in the 1.8–8 nm interval, and rotamer library analysis (RLA) simulations give a 

complementary view to experimental results. 

Temperatures below 200 K constrain diffusive residual motions in proteins, and 

samples can be treated as powder samples, which yield so called powder EPR spectra. 

Motional restrictions include the MTS spin label, which allows distance determinations in 

double labeled systems. The native oligomerization of NpSRII/HtrII makes such 

measurements easier, needing only one spin label insertion per monomer. The dipolar 

interaction between unpaired electrons on each spin label influences the shape of low 

temperature cw EPR spectra considerably: the closer electron spins are to each other, the 

broader an EPR absorption spectrum becomes. By fitting simulated dipolar broadened spectra 

to experimental ones, we can determine the spin-spin distance. For our analysis we fit cw 

spectra with the DipFit program [91]. As mentioned in chapters 3.2.1 and 4.1.2, due to 

technical constraints specific to low temperature (LT) cw EPR, we performed the experiments 

in an intermediate salt concentration buffer (2 M NaCl) with 40% sucrose as cryoprotectant. 

These conditions showed the same spectral features at room temperature as a high salt (3.3 M 

NaCl) buffer, shown in Figure 4.5. Mean interspin distances in Figure 4.17–A were 

determined previously in my master thesis [85]. In the current work we refer to the data not 

just in terms of preliminary considerations, but we evaluate concrete distances versus our two 

reference structural models (NpHtrII homology model and EcTsr crystal structure). We also 

analyze structural changes with respect to salt concentration, noticeable especially towards the 

cytoplasmic tip end. While LT cw EPR limits our analysis to distances below 2 nm, the data 

shows dimer structural features and also points towards higher oligomeric arrangements. The 

two reference structures provide context for dimer distances and potential trimer-of-dimers 

oligomerization features. 

Reliable distance determinations above 2.0 nm require a different approach. Compared 

to cw EPR where we permanently irradiate the sample, pulse EPR (here double electron-

electron resonance – DEER) applies nano-second microwave pulses of radiation. This allows 

for distinct observation of a spins’ coupling strength to the other spin(s), which enables a 

precise determination of the distance distribution between two or more interacting magnetic 

dipoles. We analyze obtained DEER traces with the DeerAnalysis2016 software package 

[98]. The program allows separation of intermolecular background contributions from 
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intramolecular ones. For most biological systems in frozen solutions spins spread in a 

homogeneous three-dimensional space [93, 97]. As we reconstituted our protein complex in 

membrane sheets, the planarity of the lipid bilayer changes the spin distribution to an almost 

two-dimensional space [98, 99]. As such we assume a homogeneous spin distribution of 

dimensionality D = 2.4 for our background contributions. We fit the background corrected 

dipolar evolution traces using Tikhonov regularization, which results in our interspin distance 

distributions. We validate all obtained parameters with the validation tool included in 

DeerAnalysis2016. The obtained distance distributions show concrete trimer-of-dimers 

features, when compared to our references. The overlap is far from perfect though, as major 

differences appear also between the two reference structures. Nanodisc distance data clarifies 

most of the uncertainties. 

Rotamer library analysis (RLA) allows in silico spin-labeling of structural models, 

which subsequently enables comparison of EPR distance data with said models. RLA uses a 

semi-dynamic model for spin label side-chains to predict orientations and distances between 

multiple side-chains. For our analysis we use the MMM2015.2 program [115], which 

represents MTSSL side-chain dynamics by a discrete set of pre-calculated conformations (or 

rotational isomers) called rotamers. The currently implemented MTSSL rotamer library 

consists of 210 rotamers. RLA simulations provide a possible set of rotamers which can be 

populated and calculate distances between multiple spin labels based on the respective 

populations. To better characterize the system, the program allows neighboring amino acid 

side-chains flexibility by implementing them independently from a distinct set of rotamer 

libraries [147]. MMM2015.2 provides an additional feature, which helps clarify oligomeric 

Figure 4.14: Visualization of intra-dimer and inter-dimer distances in generic 

oligomeric structures. A) An isolated dimer with its intra-dimer distance (red arrows). B) A 

trimer-of-dimers, showing the same intra-dimer distance (red arrows) and a few of the 

possible inter-dimer interactions (black arrows). The figure depicts a generic trimer-of-

dimers, in a symmetrical arrangement. 

Intra-dimer distances 

Inter-dimer distances 

A B 
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structures: within calculated distances between multiple spins we can isolate specific spin 

pairs and thus compare their distance with measured spectral features. Figure 4.14 presents a 

generic dimer and trimer-of-dimers representation, with a highlighted differentiation between 

intra-dimer and inter-dimer distances. Figure 4.14–A shows an isolated dimer, with a clear 

intra-dimer distance (red arrows). Figure 4.14–B on the other hand shows the intra-dimer 

distance (red arrows) in a trimer context, together with some of the possible inter-dimer 

distances (black arrows). We note that an intra-dimer distance in a trimer could be different 

from the dimer alone, as higher order oligomers could alter a dimer’s structure. The above 

example assumes a symmetrical trimer, and thus distances are equivalent for symmetrical 

monomers. For more details on the above techniques see Materials and Methods, chapters 

3.2.3 through 3.2.6. 

The below presented RLA data puts our experimental distances in the context of our 

reference structural models, the NpHtrII homology model and EcTsr crystal structure [33, 

34]. Distance distributions obtained from RLA simulations show a concrete difference 

between the two references, which also puts our data closer to only one of them in terms of 

trimer-of-dimers arrangement. 

 

4.3.1 Low temperature cw EPR distance measurements 
 

Black traces of Figure 4.15 display low temperature cw EPR spectra for the eleven 

studied point mutations (T345 to E355), labeled with the MTS spin label which yields an R1 

side chain. Part A of Figure 4.15 shows the membrane reconstituted NpSRII/HtrII complex in 

a high salt buffer (2 M NaCl) with 40% sucrose, while part B shows the same mutants in a 

low salt buffer (500 mM NaCl). Figure 4.16 shows two example spectra, for mutations 

A349R1 and E355R1, which highlight the subtle spectral characteristics of interspin 

interactions as visualized by low temperature cw EPR measurements. The intrinsic dimer 

form of NpHtrII considerably facilitates distance analyses by naturally providing a conjugate 

for each spin labeled monomer. We expect scanned spectra to show distinct distances based 

on their surroundings in the four helical bundle of NpHtrII’s cytoplasmic tip, as well as 

distance changes in line with environmental salt concentrations. Fitted spectra (red traces in 

Figure 4.15) give as result the mean inter-spin distances plotted in Figure 4.17–A. Positions 

L350R1 and A352R1 in 2 M NaCl with 40% sucrose show the largest distance error, as 

observed from both Figure 4.15 and the plot of Figure 4.17. This is due to the program not 

fitting the singly labeled fraction properly for position L350R1 and an unexpected high 

spectral noise for position A352R1. 

The obtained mean inter-spin distances show considerable difference according to the 

sample environment (Figure 4.17–A). Both low salt (green triangles) and high salt (blue 

squares) distances show a random pattern, distinct from each other. The low salt environment 

shows an average distance around 18.6 Å while the high salt averages around 17.7 Å. The 
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decrease in average distance around r. Even so, 

1 mT 

T345R1 

 

N346R1 

 

I347R1 

 

L348R1 

 

A349R1 

 

L350R1 

 

N351R1 

 

A352R1 

 

S353R1 

 

I354R1 

 

E355R1 

A 
2 M NaCl + 40% sucrose 

 

B 

500 mM NaCl 

Figure 4.15: Low temperature (160 K) cw ERP spectra of studied tip mutants from 

NpSRII/HtrII reconstituted in PML. A) Spectra of the measured eleven mutants in an 

intermediate salt buffer, at 2 M NaCl with 40% sucrose as cryoprotectant. Blue traces 

represent measured spectra, red traces their respective fit. B) Spectra of the measured eleven 

mutants in a low salt buffer, at 500 mM NaCl. Green traces represent measured spectra, red 

traces their respective fit. 
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decrease in average distance with salt concentration increase shows again the stabilizing 

effect of high ionic strength. We should keep in mind that distances above 18 Å are 

considered unreliable for cw EPR (as marked by the gray area), and such distances could be 

significantly larger. Even so, the average distance difference remains, especially due to 

position I347R1. If we consider the NpHtrII dimer bundle, we expect a short distance between 

14 Å and 15 Å for position T345R1. The distance for I347R1 in high salt though (around 14.7 

Å) does not show any correlation with a dimeric arrangement, as marked in the helical wheel 

representation of Figure 4.17–B (blue “outside” arrows). We color coded the helical wheel 

according to the mobility pattern determined in chapter 4.1 and display the mobility scale as 

reference (    
  ). If we arrange dimer helices to 

 

 

 

When w 

Figure 4.17: Interspin distance analysis on the PML reconstituted N. pharaonis 

SRII/HtrII complex. A) Mean interspin distances from fitting of simulated dipolar 

broadened spectra to experimental cw EPR spectra recorded at 160 K. B) Helical wheel 

projection of the investigated area, with positions color coded according to their mobility; 

the mobility scale is shown as reference (    
  ). Blue arrows indicate the shortest recorded 

distances, for positions T345R1 (“inside”) and I347R1 (“outside”), at around 14-15 Å. 

Figure 4.16 : Example low temperature (160 K) cw EPR spectra, for NpSRII/HtrII 

reconstituted in PML. A) Residue A349R1 versus E355R1 in a high salt buffer (2 M NaCl) 

with 40% sucrose. B) Residue A349R1 versus E355R1 in a low salt buffer (500 mM NaCl). 
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reference (    
  ). If we arrange dimer helices to support both the T345R1 and I347R1 short 

distances, we then get closer contacts between positions N346R1 or L348R1 and their dimer 

conjugates. As we do not observe such close contacts, we conclude that a higher order 

oligomeric arrangement generates the short distance at residue I347R1 found in high salt, 

specifically inter-dimer contacts. 

When we compare distances from the two buffers, we observe that every distance 

shifts to lower values in high salt, except for position A349R1. The helical wheel misleads 

here though: while position A349 stands at the interface of helical monomers, the 

representation does not account for natural coiled coils in NpHtrII dimers. Concretely, Figure 

4.18–A shows a 3D representation of the NpHtrII dimer coiled coil that actually pushes 

A349R1’s side-chain outwards. We computed R1 side-chain positions on the NpHtrII 

homology model with MMM [115, 147]. To better reflect current measurement conditions, 

we computed this set of rotamers at cryogenic temperatures (175 K), in accordance with the 

MMM provided protocol. While MMM can compute rotamers for each site, the program 

remains constrained to distance distribution computations above 15 Å. To encompass also 

distances below 15 Å and for a straightforward comparison of computational results to cw 

EPR measured distances, we refer for now to computed distances as (roughly) centered in the 

rotamer cloud, instead of comparing distance distributions which encompass an entire rotamer 

cloud. Since unpaired electrons reside in the NO bond of R1 side-chains, we measured 

distances between cloud-centered NO atoms of each monomer. Distances between Cβ atoms 

and NO groups vary from 4 to 8 Å, according to spin label environmental constraints [88]. 

Besides its outward pointing side-chain, we also notice that A349R1 shows a 

computed R1 distance in the NpHtrII dimer at 24.56 Å. While this value could corroborate the 

distance above 18 Å found in high salt, it also shows that the NpHtrII dimer structure cannot 

explain the measured distance around 16.3 Å found in low salt. Since the trimer-of-dimers 

arrangement represents our main oligomeric reference, we extend our discussion to include it 

[33]. Figure 4.18–B shows the NpHtrII trimer homology model, with A349R1 marked for 

clarity. The NpHtrII trimer model, though, also comes short in explaining the 16.3 Å distance: 

closest rotamers appear at 12.66 Å, with every other possible distance above 20 Å. As such, 

we broadened our search for possible matches to the closely related structure of the Ecoli 

serine receptor – EcTsr (pdb 1QU7) [34]. The EcTsr dimer (Figure 4.18–C with marked 

equivalent A379R1 site) shows a similar localization of rotamers and distance to the NpHtrII 

dimer model, namely 23.75 Å. Looking at the EcTsr trimer-of-dimers in Figure 4.18–D 

though, we finally observe a distance that comes close to the experimental one: 15.46 Å, as 

seen between neighboring monomers of different dimer units. While our measured distance 

resembles more the EcTsr trimer, it conclusively points out that Np transducers also arrange 

in a higher oligomeric structure, even in the absence of a CheA/CheW baseplate. 

Regarding the question why A349R1’s cw EPR distance shifts to higher values in a 

high salt buffer (contrary to expectations from mobility analysis), current information allows 

only speculation. The MMM computation shows a very low number of mostly outward 
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pointing rotamers for A349R1, averaging at 1.67 rotamers per monomer for the NpHtrII 

trimer model and 3.50 rotamers for the EcTsr trimer structure. The low rotamer number 

signals a high degree of local sterical hindrance, in accordance with the observed low 

mobility. A low rotamer number responds sharper to local changes, compared to positions 

with larger and wider spread rotamer clouds. As such, the 16.3 Å low salt measured distance  

 

 

 

 

 

 

Figure 4.18: Cytoplasmic view of the kinase control domain of the Npharaonis 

transducer and Ecoli serine receptor, in ribbon representation, showing NO distances at 

an equivalent site: A349 and A379, respectively. The displayed distances are between NO 

atoms of specific R1 rotamers; the chosen rotamers represent an approximate center of the 

site’s rotamer cloud. NO atoms are overrepresented for several sites in all structures for 

better visibility. A) The NpHtrII dimer structure, with position A349 showing the spin label 

side-chain R1 in both transducer monomers, and the distance between them. B) The NpHtrII 

trimer-of-dimers structure with a highlight of the shortest distance between A349R1 side-

chains. A third set of rotamers is displayed in gray, pointing out their “outward” orientation.  

C) The EcTsr dimer structure, displaying rotamers for the NpHtrII equivalent position A379 

in both monomers and the distance between their rotameric clouds. D) The EcTsr trimer-of-

dimers structure with a highlight of the shortest distance between A379R1 side-chains. A 

third set of rotamers is displayed in gray, highlighting their “outward” orientation. 
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pointing rotamers for A349R1, averaging at 1.67 rotamers per monomer for the NpHtrII 

trimer model and 3.50 rotamers for the EcTsr trimer structure. The low rotamer number 

signals a high degree of local sterical hindrance, in accordance with the observed low 

mobility. A low rotamer number responds sharper to local changes, compared to positions 

with larger and wider spread rotamer clouds. As such, the 16.3 Å low salt measured distance 

for the restricted A349R1 could shift to lower or, as here, higher values if constraints nudge it. 

A tighter structure (as in high salt) thus likely triggers the implausible distance shift to above 

18 Å by pushing the outward pointing side-chain even further apart. The narrative hinges 

though on EcTsr outlining a low salt NpHtrII structure, so as to match the low salt A349R1 

distance. If so, the shift to smaller distances with high salt for A349R1 aligns with other 

trimer triggered changes. Specifically, the distance change in I347R1 seems to show that the 

tighter packed structure in high salt buffer develops mainly from inter-dimer side-chain 

rearrangements. Intra-dimer restructuring would have resulted in a T345R1 distance change, 

as this residue points towards the dimer inner space (Figure 4.17). 

 

4.3.2 Low temperature cw EPR distances vs. RLA data 
 

Rotamer library analysis data shows that our two reference structures, the NpHtrII 

homology model and EcTsr crystal structure, differ in their local structure [33, 34]. Their 

dimeric forms seem similar, but the trimer-of-dimers of each reveals a significantly different 

arrangement, with certain rotameric distances showing distinct values (e.g. A349 vs. A379, 

Figure 4.18). Figure 4.19 displays a helical wheel representation for the EcTsr trimer-of-

dimers, in which we observe a three-fold radial symmetry [34]. Site numbering and color 

coding correspond to the investigated NpHtrII area, for ease of comparison (T345–E355 for 

NpHtrII and T375–E385 in EcTsr). 

The helical wheel projection for EcTsr shows several sites situated at the inter-dimer 

interface: I377, N381 and potentially V384 and E385, which correspond to NpHtrII residues 

I347, N351, I354 and E355 respectively (i-30 vs EcTsr). Since we already discussed 

I377/I347, we refer further to distances from position N381/N351, with EcTsr as main 

reference (as opposed to the NpHtrII homology model). EcTsr-N381 shows a significantly 

disproportionate number of rotamers between the “outer-” and “inner-trimer” oriented side-

chains (Figure A.3–B, Appendix). The very short RLA inner-trimer distance of about 1.9 Å 

should show a clear and distinct broadening in measured N351R1’s low temperature cw EPR 

spectra, which we don’t observe. The imbalance between outer and inner rotamer numbers 

provides a likely explanation by itself, as it signals how inner-trimer labeling sites are 

significantly harder to reach for a spin label. Consequently, failure to spin label most inner-

trimer sites would lead to significant underrepresentation of short inner distances (versus 

outer ones), and thus reduced overall contribution of short inner distances in low temperature 

cw EPR spectra. NpHtrII can oligomerize already in detergent buffers [138], where the 
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labeling process begins. Current measurements indicate NpHtrII trimers likely organize in a 

similar manner to EcTsr, which would result in similarly tight inner-trimer spaces and thus 

restricted access to spin labels. 

Position V384 presents a similar imbalance between outer- and inner-trimer rotamer 

numbers as N381 (data not shown), which would lead to the same labeling issues and thus an 

underrepresentation of short inner-trimer distances in the plotted low temperature cw-EPR 

average (Figure 4.17–A). Current measured data does not exclude a different side-chain 

arrangement in NpHtrII though (vs. EcTsr), with a looser inner-trimer space and side-chains 

interacting at longer distances than RLA data on EcTsr shows. Additionally, distances below 

Figure 4.19: Helical wheel representation of the Ecoli serine receptor (EcTsr) in its 

trimer-of-dimers arrangement. For ease of comparison, we numbered residues according 

to the NpHtrII structure (i-30). Color coding for each residue corresponds to NpHtrII 

measured mobility values. The lower right corner shows the mobility scale as reference. 
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8 Å are difficult to quantify with current mathematical models due to increased exchange 

interaction with decreasing distance, i.e. interacting electrons become indistinguishable in 

close proximity [92, 148, 149]. 

RLA data on position E385, on the other hand, shows a rather balanced number of 

“inner” and “outer” rotamers, which generate a calculated inner-trimer distance of about 4.4 Å 

(Appendix Figure A.3–D). Peculiarly, the helical wheel representation shows that E385 points 

more towards the trimer outside, which would generate a larger distance. As mentioned 

though, the helical wheel does not account for a structure’s coiled coil: unmarked helices 

actually push E385 side-chains towards the trimer center, thus generating a short distance. As 

for the measured cw EPR distance, we observe a significantly higher distance average in 

Figure 4.20: Helical wheel representation of the Npharaonis transducer (NpHtrII) in its 

trimer-of-dimers arrangement, based on the published NpHtrII homology model by 

Orekhov et al. 2015. Color coding for each site corresponds to NpHtrII measured mobility 

values. The lower right corner shows the mobility scale as reference. 
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NpHtrII, around 19-20 Å. As such, we can currently account for the mentioned discrepancies 

only if we consider that EcTsr represents a different trimer structure than our measured one, 

even if only for certain residues (E385/E355 and inner side-chains of N381/N351, 

V384/I354). 

When we compare the NpHtrII homology model [33] with the EcTsr reference, we 

observe that NpHtrII at position N351 shows its shortest RLA distance around 9.6 Å 

(Appendix Figure A.3–A, top rotamers). While EcTsr-N381’s short distance represents 

“inner-trimer” contacts, the short NpHtrII-N351 distance corresponds to outer side-chain 

interactions between monomers in different dimers. The helical wheel projection for NpHtrII, 

seen in Figure 4.20, displays the difference between our reference structures best: while we 

have the same three-fold radial symmetry as in EcTsr trimers, NpHtrII homology dimers are 

rotated by about 90 degrees compared to those of EcTsr [33, 34]. The rotation keeps similar 

intra-dimer contacts (e.g. T345/T375 and A349/A379), but inter-dimer ones change 

significantly. The different arrangements reflect in the number of rotamers per site, where for 

example NpHtrII-N351 shows higher and more balanced numbers per site than the equivalent 

N381 in EcTsr. 

Similar to the comparison with EcTsr, current data allows speculation as to why we do 

not observe the short distance proposed by the NpHtrII-N351 homology model as in our low 

temperature cw EPR measurements. N351 rotamers occupy a large conformational space, a 

space without restrictions during an RLA computational analysis. In our measured samples 

though, adjacent trimers likely push outer side-chains further apart, leaving “visible” only 

distances above 18 Å. We observe a similar situation for I354, which shows a high number of 

rotamers for almost all its monomers, spread within a large conformational space located 

mostly at the inter-trimer interface (not shown). With the exception of one monomer, E355 

shows a similarly high number and broad distribution of rotamers (Appendix Figure A.3–C). 

The short RLA distance in NpHtrII-E355 of 6.2 Å is significantly underrepresented, with only 

2 rotamers for one monomer, which signals a significant restriction. Other rotameric distances 

in NpHtrII-E355 remain above 21 Å. Their vast conformational space also means that 

distances can vary in a fairly large range (here up to 13-14 Å). 

While the NpHtrII model shows high overall rotamer numbers, in EcTsr only position 

E385 displays a rather equal distribution of rotamers all around. Its arrangement at the trimer 

interface and a mobility fitting the measured data could help to distinguish if our measured 

structure favors the EcTsr reference over the NpHtrII model. As mentioned though, measured 

E355R1 cw EPR distances show only values above 18 Å. For a better comparison we would 

require a full atomistic molecular dynamics simulation, to distinctly and reliably characterize 

R1 side-chain orientations in each reference structure, while also taking into account 

backbone changes. Due to the size of the studied system (about 323.000 atoms), such a 

simulation would take a significant amount of computing power and time, which we currently 

lack. To complement our cw EPR data and get a clearer structural picture though, we use the 

pulse EPR technique known as DEER to determine distances above 20 Å. 
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4.3.3 NpHtrII DEER distance measurements vs. RLA computations 
 

We recorded DEER traces for positions A349R1, N351R1, S353R1, I354R1 and 

E355R1, as representative residues for different side-chain orientations in NpHtrII. All traces 

are for PML reconstituted samples in a 3.3 M NaCl buffer. DEER traces were subsequently 

analyzed with the DeerAnalysis 2016 program [98], which uses Tikhonov regularization to 

extract corresponding distance distributions. High oligomeric systems inevitably carry 

multiple interacting spins, which can lead to multi-spin contributions to the dipolar coupling. 

These often manifest as “ghost peaks” in distance distributions, peaks that do not correspond 

to real interactions in a given system. Such peaks further obfuscate data interpretation. A 

diminished modulation depth though (<~0.6), as for all our measured samples, significantly 

minimizes “ghost peak” contributions to a distance distribution [150]. 

As comparison to measured distances, we also calculated inter-spin distance 

distributions for both references, the EcTsr crystal structure and NpHtrII homology model. 

Calculated distance distributions are based on respective rotamer clouds, as computed with 

the MMM software package [115]. For a simpler analysis of our measured data, we profited 

from MMM’s feature that allows isolation of spin pairs, and thus their contributing distance 

distribution to simulated multi-spin ones (e.g. isolation of intra-dimer vs. inter-dimer 

interactions, Figure 4.14). The feature simplifies significantly data interpretation in 

oligomeric systems. We note that even though some trimer RLA structures show inter-dimer 

interactions below 1.5 nm, the MMM program only represents peaks above 1.5 nm. 

 

4.3.3.1 Position A349R1 

 

Top left panel of Figure 4.21 shows the dipolar evolution function recorded by DEER 

spectroscopy, with corresponding fit in red, for residue A349R1. The short noisy trace makes 

the resulting distance distribution (top right panel) quite sensitive to noise and background 

variations, emphasized by the overlapping grey area obtained from a validation check using 

the same tool (DeerAnalysis) [98]. As noted from rotamer library analysis (RLA), we have a 

low number of rotamers at this position in both the NpHtrII and EcTsr trimer-of-dimers 

reference structures. The sterical hindrance that leads to the low rotamer number also hints at 

low labeling efficiencies, which in turn would contribute to a low signal to noise ratio (S/N). 

Considering some monomers in the trimer could thus be harder to label, or not labeled at all, 

this would also lead to underrepresented peaks in the distance distributions, while the low S/N 

can trigger peak overrepresentation due to noise fitting. We can’t specifically point out which 

peaks are over- or underrepresented though, due to the oligomeric nature of the protein. The 

length of the DEER trace dictates the reliability range for a distance distribution, which in this 

case becomes unreliable around 3.3 nm as marked by the pink area. 
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The measured multimodal distance distribution deviates substantially from a simple 

dimer arrangement, as seen from comparison with the RLA dimer distance distributions 

(bottom left panel). The measured distribution shows two main peaks, at 1.6 nm and 2.8 nm, 

and a noise peak around 2.4 nm. The 1.6 nm peak also appears in the RLA EcTsr trimer-of-

dimers distribution, where it corresponds to closest contacts between neighboring dimers. The 

NpHtrII RLA hints at a similarly short distance, but the peak appears shifted before the limit 

of the display range (below 1.5 nm) and remains uncorrelated with measured data. The second 

intensity peak in the measured distance distribution (at 2.8 nm) has no equivalent in either 

RLA computed distance distributions. The peak’s broadness and appearance at values higher 

than most trimer RLA peaks suggests a combination of intra- and inter-dimer contacts. The 

closest peak in the EcTsr trimer RLA, at 2.35 nm, results from intra-dimer interactions. The 

remaining overlapping peak at 3.3 nm extends beyond the reliability area and has no direct 

equivalent in any RLA distribution. Since both trimer RLAs have dimer contributions up to 

only 2.9 nm, it means only inter-dimer contacts could generate distances around 3.3 nm. 

A349/A379 RLA computed peaks resemble each other in terms of dimer structure to a 

large degree, in both dimer and trimer oligomerization. Trimer RLA computations though 

Figure 4.21: Interspin distance analysis with RLA (rotamer library analysis) 

comparison for residue A349R1. Top left: DEER dipolar evolution data after background 

correction, with the respective fit in red. Top right: The resulting distance distribution. The 

grey area emphasizes data sensitivity to background and noise variations, based on a 

validation check using the same analysis tool (DeerAnalysis). The pink square marks the 

diminished reliability in the distance data, based on the length of the time traces. Bottom 

left: RLA computed distance distributions based on the NpHtrII homology model (red) and 

the EcTsr crystal structure (blue) in their dimer arrangement. Bottom right: RLA computed 

distance distributions based on the trimer-of-dimers arrangement of the NpHtrII homology 

model (red) and EcTsr crystal structure (blue). 
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emphasize the difference between the EcTsr and NpHtrII reference structures at higher 

oligomeric arrangements. Several small peaks accompany the dominant ones in both trimer 

RLAs, indicating – as did the DEER distance distribution – the presence of multiple 

interacting spins (here specific for trimers-of-dimers). The EcTsr trimer RLA distance 

distribution shows its dimer peak at about 0.2 nm less compared to the dimer RLA 

distribution (2.35 nm vs. 2.55 nm in dimers only). The 0.2 nm shift to a lower mean 

demonstrates the compacting effect that trimer oligomerization has on the EcTsr structure. We 

observe a similar compacting effect at this position for the NpHtrII homology model. The 

difference between dimer peaks in each trimer RLA structure stays in the range of spin label 

conformational rearrangement (up to 1.2–1.3 nm): the NpHtrII-A349 trimer RLA shows its 

dimer peak at 2.25 nm and the EcTsr-A379 trimer RLA at 2.35 nm. The small difference 

highlights a similar dimeric arrangement for A349 and A379, even in a trimer configuration. 

The other peaks in the computed trimer distributions overlap poorly though: NpHtrII-A349 

shows a minor peak around 3.7 nm overshadowed by the major bimodal peak of the EcTsr-

A379 trimer. Several other minor peaks in the NpHtrII-A349 RLA trimer spread across the 

computed range have no correspondence in the EcTsr-A379 trimer distribution. While similar 

in their dimer arrangement, these peaks specifically illustrate the individuality of each trimer 

reference structure. 

 

4.3.3.2 Position N351R1 

 

Figure 4.22 presents the same distance analysis as above, but for position N351R1 of 

the membrane reconstituted NpSRII/HtrII complex. Top left panel of Figure 4.22 shows the 

DEER dipolar evolution function with its respective fit in red, followed by the resulting 

distance distribution in the top right panel. The grey area marks the sensibility of the distance 

distribution to noise and background variations, and illustrates how the main peaks change 

mostly in amplitude. The pink area marks the unreliable part of the distance distribution, due 

to a short DEER trace. 

The distance distribution is dominated by a broad peak centered around 2.7 nm, with a 

shoulder peak at 2.5 nm and a secondary overlapping peak around 3.1 nm. The entire broad 

area between 1.9 and 2.4 nm characterizes a lower number of interacting spins. Contributions 

below 1.9 nm are highly sensible to noise and background changes. Even so, they correlate 

with the N351R1 LT cw EPR mean distance of 1.8 nm (Figure 4.17– A). 

At first look, the measured distance distribution definitely favors the EcTsr trimer 

RLA computation over the NpHtrII model. The measured 2.7 nm peak corresponds to the 

main 2.7 nm peak in the trimer EcTsr RLA. The NpHtrII trimer RLA has a main peak around 

2.95 nm with no clear correlation in our measured data. The EcTsr trimer shows a high 

number of outward pointing rotamers for the broad 2.7 nm distance peak, and thus correlates 

mostly with inter-dimer contacts (Appendix Figure A.3–B). Specifically, it characterizes a 
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distance between a monomer in dimer A and its closest neighboring monomer in dimers B 

and C. As such, we correlate our measured 2.7 nm peaks also to inter-dimer interactions. The 

overlapping peaks between 1.9 and 2.4 nm of both the DEER measured and EcTsr trimer 

distributions overlap to a high degree. We correlate them mostly to inter-dimer contacts, as 

per the EcTsr trimer RLA. In contrast, the trimer NpHtrII RLA distribution shows only a 

minor contribution below 2.4 nm. As for intra-dimer interactions in the EcTsr trimer RLA, 

they extend mostly between 2.4-2.7 nm and show up as a prominent shoulder peak at 2.5 nm. 

This correlates perfectly with the 2.5 nm peak in our measured distance distribution 

(appearing as a shoulder to the 2.7 nm one), and thus we correlate it also with N351 intra-

dimer contacts. 

The only difference between our measured data and the EcTsr trimer RLA appears as 

the measured 3.1 nm peak, without any correlation in the EcTsr trimer RLA distribution. It 

could correlate with the NpHtrII trimer RLA, which shows an extended shoulder peak beyond 

2.95 nm, generated by inter-dimer interactions. The overall differences between distance 

distributions make it difficult to determine concrete structural features responsible for our 

measured distance distribution. We can say though that since it appears beyond the range of 

Figure 4.22: Interspin distance analysis with a RLA (rotamer library analysis) 

comparison for residue N351R1. Top left: DEER dipolar evolution data after background 

correction, with the respective fit in red. Top right: The resulting distance distribution. The 

grey area emphasizes data sensitivity to background and noise variations, based on a 

validation check using the same analysis tool, DeerAnalysis. The pink square marks the 

diminished reliability of the distance data, based on the length of the time traces. Bottom 

left: RLA computed distance distributions based on the NpHtrII homology model (red) and 

the EcTsr crystal structure (blue) in their dimer arrangement. Bottom right: RLA computed 

distance distributions based on the trimer-of-dimers arrangement of the NpHtrII homology 

model (red) and the EcTsr crystal structure (blue). 
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any intra-dimer RLA contribution (maximum of 2.9-3 nm), the 3.1 nm peak definitely 

correlates with inter-dimer contacts. Peaks extending beyond the reliability area (3.9–4.4 nm) 

overlap to some degree with inter-dimer contributions in both trimer RLA distributions. Their 

position outside of measured DEER reliability range means that we cannot reliably associate 

them with any structural features. As a note, both reference structures show peaks beyond 3.9 

nm, specific to interactions between farthest monomers in different dimers (Appendix Figure 

A.3–A and B). 

While EcTsr-N381 trimers strongly correlate to our measured data, their RLA distance 

distributions show an interesting change in intra-dimer peaks upon trimerization. The broad 

2.3 nm distance peak in isolated dimers shifts towards 2.4-2.7 nm in trimers, as rotamers get 

pushed further apart, towards the tight inner trimer space (Appendix Figure A.3-B). The 

compact trimer has thus an unexpected influence on the intra-dimer distances, which shift to 

higher values. The NpHtrII homology model shows a rather constant value for intra-dimer 

distances in both oligomeric arrangements, around 2.55 nm. The NpHtrII trimer model 

preserves dimeric distances by adopting a looser packed cytoplasmic tip compared to the 

EcTsr trimer. Despite different packing, both the EcTsr trimer structure and NpHtrII model 

show rotamers in close contact: EcTsr trimer RLA around 0.2 nm (generated by inner inter-

dimer side-chains, Appendix Figure A.3–B), and NpHtrII trimer RLA around 0.9 nm (from 

outer inter-dimer interactions). Conversely, our measurements show no close inter-dimer 

contacts, which should generate significant broadening in the N351R1 cw EPR spectrum 

[151]. 

As we consider the high similarity to EcTsr trimers, missing cw EPR spectra 

broadenings correlate with a low number of rotamers for some monomers in N381 trimers. 

EcTsr-N381 dimers show symmetrical rotamer number distributions (47 rotamers per 

monomer), but EcTsr trimers have significantly asymmetrical ones: 47.3 rotamers per one 

monomer and 8 rotamers for the pair pointing inwards. The low number of rotamers for the 

inner monomer of each dimer in the trimer signals a high degree of local sterical hindrance, 

similar to N349R1. Such constraints usually lead to reduced labeling efficiencies for the 

specific monomers. The underrepresentation of close contacts in measured spectra matches 

this assumption only if we keep the comparison limited to EcTsr trimers: the NpHtrII trimer 

RLA displays close contacts in a different range (0.9 nm), generated by outer monomers, and 

has a high number of rotamers per monomer (35 to 60). Of course, other potential causes exist 

for the absence of dipolar broadening in our cw EPR spectra, including that the measured 

structure could differ in key contacts despite the good correlation of distance distributions to 

trimer EcTsr. Another possibility relies on the tendency of NpHtrII to form oligomers 

(including trimers-of-dimers) already in detergent, i.e. before labeling or reconstitution with 

NpSRII in membranes [138]. As a result, labeling in sites with significant sterical hindrance – 

like the inner inter-dimer contact space of EcTsr-N381 – becomes challenging at best, leading 

to significantly underrepresented (short) distances. 
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4.3.3.3 Position S353R1 

 

Figure 4.23 presents the DEER dipolar evolution trace (upper panels, with fit in red) 

and resulting distance distribution for position S353R1 of NpHtrII, reconstituted with its 

receptor NpSRII in purple membrane lipids (PML). The lower two panels show the rotamer 

library analysis (RLA) of the dimer and trimer-of-dimers arrangement for the NpHtrII 

homology model and EcTsr crystal structure. As with previous DEER dipolar traces, noise 

and background variations influence considerably S353R1’s distance distribution 

(emphasized by the overlapping grey area). The main bimodal peak though – centered around 

2.45 nm and 2.75 nm – remains present even at extreme interference values of additional 

noise or modified background correction. The secondary peak around 3.4 nm can disappear 

completely with certain noise and background values. Due to the short dipolar evolution trace, 

the measured distance distribution becomes unreliable around 3.9 nm, as marked by the pink 

area. 

The comparison between the main DEER bimodal peak (at 2.45 nm and 2.75 nm) and 

the dimer and trimer RLA distance distributions reveals a good agreement with the EcTsr 

Figure 4.23: Interspin distance analysis with a RLA comparison for residue S353R1. 

Top left: DEER dipolar evolution data after background correction, with respective fit in 

red. Top right: The resulting distance distribution. The grey area emphasizes data sensitivity 

to background and noise variations, based on a validation check using the same analysis tool, 

DeerAnalysis. The pink square marks the diminished reliability of the distance data, based 

on the length of the time traces. Bottom left: RLA computed distance distributions based on 

the NpHtrII homology model (red) and the EcTsr crystal structure (blue) in their dimer 

arrangement. Bottom right: RLA computed distance distributions based on the trimer-of-

dimers arrangement of the NpHtrII homology model (red) and the EcTsr crystal structure 

(blue). 
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trimer distribution. The measured bimodal peak overlaps almost perfectly with the EcTsr 

multimodal peak appearing around 2.5 nm, 2.7 nm and 2.95 nm. The differences appear from 

the outlier peak at 2.95 nm in the EcTsr trimer RLA, without equivalence in the measured 

data. The measured DEER data also shows a peak around 3.4 nm without equivalence in any 

RLA distance distribution. The lack of correlation with the reference structures signals that 

the 3.4 nm peak could be a noise artifact, or a contribution from other oligomeric interactions. 

The measured main peaks (2.45 nm, 2.75 nm) seem to align perfectly with the EcTsr 

structure. The discrepancy appears during structural correlation though. In the DEER data the 

2.45 nm peak appears most likely from an overlap of intra- and inter-dimer interactions, as 

there is no distinct (dimer) peak below this value. In the EcTsr trimer structure the 2.45 nm 

peak appears only from inter-dimer interactions. Specifically, the trimer EcTsr-A383 RLA 

shows its intra-dimer peak around 1.95-2.2 nm, and corresponds to the broader 2.1 nm peak in 

the dimer EcTsr RLA. For reference, the NpHtrII trimer model shows similar intra-dimer 

distances, between 1.9-2.35 nm, which overlap over inter-dimer interactions to form a 

significantly broadened peak prominent at 2.35 nm. The intra- and inter-dimer rotamers 

overlap in the trimer EcTsr RLA also, although to a much lesser extent, mostly above 2.45 

nm. In terms of measured intra-dimer distances, the S353R1 cw EPR distance in high salt at 

1.7 nm (Figure 4.17–A) could correlate to intra-dimer contacts. This distance likely comes 

from inter-dimer contacts though, as both reference structures consistently generate intra-

dimer distances significantly above 1.7 nm (as seen in the bottom panels of Figure 4.23). 

Of course, it could also be that both reference structures differ from our measured one 

at this specific residue – a valid option considering the residue rests halfway between the 

inner- and outer-trimer interface in both references. This fringe orientation also points out the 

main difference in our two reference structures: EcTsr-A383 pushes all its rotamers towards 

the trimer “outside”, while the NpHtrII-S353 model restricts half to the trimer interior. Thus, 

with our current data we estimate that the measured distance at 2.45 nm comes from an 

overlap of intra- and inter-dimer contacts, with lower values mostly from intra-dimer ones. 

The other measured peak, at 2.75 nm, correlates perfectly with the 2.7 nm peak in the EcTsr 

trimer RLA distance distribution, and likely corresponds to inter-dimer contacts. As 

mentioned, the 3.4 nm measured peak could be noise generated and has no correlation in any 

RLA, but its high value means only inter-dimer interactions can generate it. 

When we compare the dimer RLA distance distribution of EcTsr-S383 and NpHtrII-

S353, we notice a distance peak at 2.1 nm for EcTsr and a very broad bimodal peak around 

2.35-2.5 nm for NpHtrII. The large dimer distance distribution in NpHtrII shifts towards 1.9-

2.35 nm in the trimer RLA, while for EcTsr the peak shifts to lower values only by about 0.05 

nm (from 2.1 nm to 2.05 nm) in the trimer. This aligns with the observed compacting effect 

upon trimerization in EcTsr, as for the previous two sites (A379 and N381), even if its 

rotamers point outwards. Structural differences between the two references become even 

more obvious due to one peculiar peak in the NpHtrII trimer RLA: the broad 4.00 nm peak 

without equivalence in any other distribution, measured or computed. The peak appears from 
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rotamers pointing towards the outer-trimer space, specifically from the farthest monomer in 

each dimer of NpHtrII. 

While not displayed in RLA distributions, both NpHtrII and EcTsr trimer-of-dimers 

structures show inter-dimer contacts around 1–1.2 nm, with NpHtrII going as low as 0.6 nm. 

We do not observe these contacts in measured cw EPR data, as none of the S353R1 spectra 

show a corresponding dipolar broadening. As with residue N351R1, the formation of 

oligomers in detergent provides one possible explanation. Detergent oligomerization leads to 

lower labeling efficiency in sterically hindered sites. Rotamer numbers in the two trimer 

references don’t directly hint at potential labeling issues though, even with a significant 

rotamer asymmetry between monomers: 14.7 rotamer average for inner monomers in NpHtrII 

trimer RLA and 35.7 for outer monomers, while EcTsr shows 17 rotamers for close contact 

monomers and 27 rotamers for other monomers. As mentioned, another speculative 

possibility considers that dimers arrange differently in the measured trimer than in either 

reference structure. Dimers could be further apart towards the tip (as hinted by increased tip 

mobility – Figure 4.6), or with side-chains pushed further apart in trimers (as in EcTsr) or 

closer together (as in the NpHtrII model), each possible due to S353’s fringe position at the 

inner/outer trimer area interface. 

Position S353R1 reveals itself as quite distinct, as our measured data seems to lack a 

distinct intra-dimer peak, which makes structural feature correlation cumbersome. A 

comparison with the EcTsr trimer RLA suggests the main DEER peak at 2.45 nm to be an 

overlap between intra- and inter-dimer interactions. As it stands, the measured data shows that 

our structure resembles mostly the EcTsr trimer arrangement, even if the later also shows a 

distinct intra-dimer peak in its simulated distance distribution. 

 

4.3.3.4 Position I354R1 

 

Residue I354R1 represents the next investigated position in terms of long distance 

analysis, displayed in Figure 4.24. As with previous DEER measured mutants, we 

reconstituted NpHtrII-I354R1 with NpSRII in PML in a high salt buffer (3.3 M NaCl). Upper 

panels show the DEER dipolar evolution trace (top left) with its respective fit in red, and the 

resulting distance distribution (top right). Lower panels show the rotamer library analysis 

(RLA) on our dimer and trimer-of-dimers references – the NpHtrII homology model and the 

EcTsr crystal structure. Noise and background variations influence I354R1’s DEER distance 

distribution to a high degree (shown by an overlapping grey area). The modulation in the 

dipolar evolution trace, emphasized also by the red fit, results in one dominant distance peak 

around 2.5 nm. The smaller peak at 2.15 nm could be noise overrepresentation, as with the 

small 3.15 nm peak. We also observe distances below 2 nm, at 1.7 nm or lower. The DEER 

short distance corresponds quite well with cw EPR measured data for I354R1 in a high salt 

buffer, at 1.7 nm (Figure 4.17–A). The DEER peak at 3.75 nm extends beyond our reliable 
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part of the distance distribution (marked by the red area), which makes it difficult to correlate 

with RLA distance distributions. 

We observe a good overlap of our measured data with the EcTsr trimer RLA, as seen 

from the bottom right panel of Figure 4.24. Specifically, the intra-dimer peak in EcTsr’s 

trimer RLA centers around 2.25 nm and correlates well with the minor 2.15 nm peak in our 

DEER distance distribution. Intra- and inter-dimer contacts overlap to a high degree in the 

EcTsr trimer RLA. The only distinct intra-dimer range appears between 1.9-2.1 nm. The high 

noise makes it hard to clarify the overlap extent between intra- and inter-dimer contacts in our 

measure sample. Whether intra-dimer interactions appear indeed in the same range as for 

EcTsr remains unclear, considering that the measured 2.15 nm peak varies substantially in 

intensity and broadness during validation tests. The main measured peak at 2.5 nm correlates 

with the 2.55 nm peak in EcTsr trimer RLAs. Structurally this corresponds to inter-dimer 

contacts. High broadness variation hampers an almost perfect correlation between the two 

peaks though, as the EcTsr trimer peak at 2.55 nm extends further than the measured one, up 

to 2.9 nm vs. 2.7 nm in NpHtrII. The measured small peak at 3.15 nm has no correlation in the 

EcTsr trimer distance distribution, but its high value means it can only come from inter-dimer 

interactions. The measured unreliable peak at 3.75 nm could partly correlate with a broad 
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Figure 4.24: Interspin distance analysis with a RLA (rotamer library analysis) 

comparison for residue I354R1. Top left: DEER dipolar evolution data after background 

correction, with respective fit in red. Top right: The resulting distance distribution. The grey 

area emphasizes data sensitivity to background and noise variations, based on a validation 

check using the same analysis tool (DeerAnalysis). The pink square marks the diminished 

reliability of the distance data, based on the length of the time traces. Bottom left: RLA 

computed distance distributions based on the NpHtrII homology model (red) and the EcTsr 

crystal structure (blue) in their dimer arrangement. Bottom right: RLA computed distance 

distributions based on the trimer-of-dimers arrangement of the NpHtrII homology model 

(red) and the EcTsr crystal structure (blue). 
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secondary peak between 3.6-4.5 nm in the EcTsr trimer distribution. This would also 

correspond to inter-dimer contacts, specifically from farthest monomers in each dimer. 

DEER data support the structure displayed by the EcTsr trimer RLA for I354/V384, 

but a couple of differences still appear. One difference shows as the shoulder peak around 

1.9–2 nm in the EcTsr trimer RLA (corresponding to intra-dimer interactions), with no direct 

equivalent in the measured data. Widely spread outer rotamers in the trimer EcTsr RLA 

generate broad range intra-dimer contributions (between 1.8-2.4 nm). While the RLA data 

comes from isolated trimers, our I354R1 DEER sample contains a conglomerate of PML 

reconstituted trimers (and/or other oligomers), which restrict the outer side-chains in their 

spread. A second difference comes from inner contacts in the EcTsr trimer which generate 

contributions around 0.5 nm, also without correlation in our measured data. We do observe a 

rotamer number asymmetry in the EcTsr trimer RLA dimers (5 rotamers average for one 

monomer and 84 rotamers for its pair), which could explain the discrepancy. A low rotamer 

number for inner trimer monomers signals a significant sterical hindrance, which can lead to 

poor spin labeling or no labeling at all. This results in underrepresented or absent peaks, 

which could explain the missing 0.5 nm contribution. Nonetheless, we do observe a consistent 

absence of short contact contributions in our measured data, as demonstrated also by 

previously presented residues. 

The dimer EcTsr RLA centers its broad peak around 2.8 nm, although the structure 

shows side-chain interactions which generate minor contributions even at 2.2 nm. The dimer 

peak shifts to much smaller values (1.8-2.4 nm) in the trimer EcTsr RLA, as neighboring 

dimers trigger a compacting effect similar to previous residues. The dimer RLA of NpHtrII 

differs substantially from the EcTsr dimer RLA. The peaks diverge by 0.25 nm, in favor of 

the much broader NpHtrII dimer peak at 3.05 nm. 

The trimer NpHtrII RLA, on the other hand, differs from both the DEER measured 

data and EcTsr trimer RLA distribution. A different dimer position in the NpHtrII homology 

model trimers (vs. EcTsr trimers) generates a distinct rotamer landscape, with almost all side-

chains pointing outwards of the trimer. The model structure undergoes partial unfolding and 

dimers move further apart towards the cytoplasmic tip, which only increase the rotamer 

spread, as reflected in the densely populated NpHtrII trimer RLA. As such, two major 

bimodal peaks dominate the NpHtrII trimer distribution: at 1.9 nm/2.2 nm and a second 

bimodal peak at 2.95 nm/3.35 nm. A tertiary peak appears around 4.55 nm, interjected by a 

multitude of smaller contributions spread along the entire displayed distance range. As it 

stands, the NpHtrII trimer distance distribution “touches” zero values only at its extremes. 

The large number and wide spread of rotamers makes it hard to distinguish between intra-

dimer and inter-dimer contacts. A comparison with the NpHtrII dimer RLA reveals that intra-

dimer interactions shift to shorter values: from about 3 nm in dimers alone, to 2.4-2.9 nm in 

the NpHtrII trimer. Dimers though contribute even at 1.9 nm and 3.15 nm in the trimer, due to 

partial cytoplasmic tip unfolding. The absence of neighboring trimers in the RLA 

computation exaggerates peak broadness. Another absent restrictive element from the coarse 
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grain computation which generated the NpHtrII model, the CheA/CheW baseplate, likely 

exacerbated the partial tip unfolding. A full atomistic molecular dynamics simulation with the 

baseplate included could provide more refined side-chain data, but the enormous multiprotein 

complex necessitates equitably vast computing power, currently unavailable. 

From all studied residues, the trimer NpHtrII-I354 model RLA differs most from the 

DEER or even the trimer EcTsr RLA. On the other hand, the main differences between the 

DEER data and EcTsr trimer RLA consist in a 0.1 nm shift between their prominent main 

peaks and a broader spread for EcTsr intra-dimer interactions (shown as the minor EcTsr peak 

at 1.9–2 nm). The expansive intra-dimer rotamers we see in EcTsr could be covered by the 

high noise interference in the DEER data (grey validation area), which also makes definitive 

conclusions difficult. Still, the overlap between our measured data with the trimer EcTsr RLA 

at this position reinforces the case that our measured structure resembles much more the 

EcTsr trimer than the NpHtrII homology model. 

We note that even though the trimer EcTsr-V384 structure contains inter-dimer 

interactions around 0.45 nm, the MMM program only represents peaks above 1.5 nm. The 

same limitation applies to the NpHtrII model where rotamers generate peaks between 1.2 nm 

and 1.6 nm for I354 (data not shown). As with previous positions, we can only speculate as to 

why measured data shows interactions only above 1.4 nm (Figure 4.17–A). The low number 

of rotamers for inner EcTsr monomers signifies significant sterical hindrance, which usually 

translates in low labeling efficiencies for the specific monomers. The formation of oligomers 

(including trimers-of-dimers) already during detergent purification could also hinder an 

efficient labeling of inner trimer sites. At the same time, sites closer to the cytoplasmic tip 

also drift further apart, as we see from the mobility data (Figure 4.6). Together with low salt 

buffers we use during labeling, it should alleviate potential oligomeric sterical restrictions, 

since the structure unfolds slightly [85]. We hope future tests can clear the missing short 

distances mystery, whether caused by a different local arrangement or purification issues in 

which oligomerization restricts some monomeric sites even in low salt buffers. 

 

4.3.3.5 Position E355R1 

 

Figure 4.25 shows the last investigated residue in the Natronomonas pharaonis signal 

transducer, NpHtrII-E355R1. Upper panels show the dipolar evolution trace with its 

respective fit in red (upper left), and the resulting distance distribution (upper right). Lower 

panels display RLA computations on the dimer and trimer-of-dimers for the two reference 

structures: the NpHtrII homology model (in red) and the EcTsr crystal structure (in blue). 

Substantial noise in the dipolar trace of E355R1 makes the DEER distance distribution 

sensitive to noise and background variations, as seen by the overlapping grey area. The length 

of a dipolar trace determines the reliability range of distance distributions, which for E355R1 

ends around 3.75 nm, marked by the pink area. Two major overlapping peaks dominate the 
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measured distance distribution, centered at 2.7 nm and 3.1 nm. The 3.1 nm peak has a lower 

intensity and is also more susceptible to noise and background variations, as it can almost 

disappear with certain values. A third minor peak appears around 1.95 nm, while several 

minor contributions shoulder the 2.7 nm peak, although their sensitivity to noise and 

background variations make them very unreliable. 

As with previous residues, measured E355R1 data shows only distance values above 

1.4 nm. Despite a multitude of peaks, the measured distance distribution correlates poorly 

with both trimer RLA computations. None of the major measured peaks have a clear 

correspondence in any RLA distance distribution, even with a wide spread rotamer cloud in 

the NpHtrII trimer RLA. A partial correspondence comes from the uncertain minor peak at 

1.95 nm, which overlaps with the main 1.9 nm peak in the NpHtrII trimer RLA. Taking into 

account the lack of correspondence with computed distances and the significant difference 

between reference structures at this position, we currently consider as unreliable assigning 

any structural information to measured E355R1 peaks. We can say though that the 3.1 nm 

peak comes most likely from inter-dimer contacts, since both dimer RLAs show distances 

only below 3 nm. 

Figure 4.25: Interspin distance analysis with a RLA (rotamer library analysis) 

comparison for residue E355R1. Top left: DEER dipolar evolution data after background 

correction, with respective fit in red. Top right: The resulting distance distribution. The grey 

area emphasizes data sensitivity to background and noise variations, based on a validation 

check using the same analysis tool (DeerAnalysis). The pink square marks the diminished 

reliability of the distance data, based on the length of the time traces. Bottom left: RLA 

computed distance distributions based on the NpHtrII homology model (red) and the EcTsr 

crystal structure (blue) in their dimer arrangement. Bottom right: RLA computed distance 

distributions based on the trimer-of-dimers arrangement of the NpHtrII homology model 

(red) and the EcTsr crystal structure (blue). 

E355R1 
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NpHtrII-E355R1 dimer 

EcTsr-E385R1 dimer 
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The trimer RLA distance distributions of our two reference structures also show poor 

agreement at this position. The only clear overlap comes from the major peak of EcTsr-

E385’s trimer RLA at 2.3 nm, which corresponds to the same value in the NpHtrII trimer 

RLA. The NpHtrII trimer RLA differs in all other peaks though, which have no 

correspondence in the EcTsr trimer RLA. A potential common peak appears around 4 nm, as 

overshadowed by a very broad multimodal peak in NpHtrII’s trimer RLA (3.2-4.5 nm). The 

EcTsr trimer shows intra-dimer interactions between 2-2.6 nm, compared to the EcTsr dimer 

where most appear between 1.75-2.25 nm. The tightly packed trimer pushes spin label side-

chains further apart, quite similar to the NpHtrII homology model. Inter-dimer interactions 

overlap extensively with intra-dimer ones, making the main EcTsr trimer peak broader and 

adding the secondary peak around 4 nm (from outward interacting monomers in different 

dimers). In the NpHtrII trimer RLA we have two major overlapping peaks that dominate, 

centered around 1.85 nm and 2.3 nm. The 2.3 nm peak comes mostly from intra-dimer 

interactions (2.2-2.6 nm), similar to EcTsr. Intra-dimer interactions in the trimer NpHtrII RLA 

though contribute as high as 2.65-3.1 nm, due to partial tip unfolding. The broad rotamer 

spread also generates a multitude of inter-dimer peaks that overlap the mentioned ones, and 

generate distinct inter-dimer peaks only between 3.2-4.5 nm. 

The NpHtrII dimer RLA of E355 serves as a prime example of broad rotamer clouds 

due to a partially unfolded cytoplasmic tip. It shows an extensive multimodal distance 

distribution, with major peaks around 1.5 nm and 1.75 nm and smaller but equally broad 

peaks at 2 nm and 2.3 nm. In total, the NpHtrII-E355 dimer RLA covers a range of more than 

1.5 nm, the broadest of any residue. The broad rotamer pattern extends also to the trimer 

arrangement, where all rotamers point towards the “outside”. The trimer structure tends to 

restrict the overall dimeric rotamer cloud though, with intra-dimer contributions confined to a 

range of 2-2.6 nm and 2.65-3.1 nm. By extension, all other peaks in the NpHtrII trimer RLA 

appear from inter-dimer interactions, and overlap over intra-dimer ones. 

Both NpHtrII-E355 and EcTsr-E385 trimer RLA distance distributions contain 

contributions below 1.4 nm (data not shown). The NpHtrII homology model displays 

interactions around 0.6 nm, which come from wide spread outward pointing rotamers and 

cause short distance interactions between neighboring outward monomers. The outer 

unrestricted space allows a large rotamer number average in the NpHtrII-E355 model: 22.6 

rotamers per one monomer and 62.6 for the pair. Peculiarly, we have one deviating monomer 

in the NpHtrII trimer RLA, with only 2 rotamers – a signal of significant sterical hindrance. 

EcTsr-385, on the other hand, shows distance contributions as low as 0.4 nm. Inter-dimer 

contacts that generate the short distance come from rotamers pointing towards the inner part 

of the trimer. The short distance might not be representative of a real structural feature 

though, as the natural amino acid at this position (glutamic acid) occupies a much smaller 

space than R1. The MTS spin label (resulting in the R1 side-chain) fills a volume of 225 Å3
, 

while glutamic acid occupies 138.4 Å3
. As such, we expect the volume difference affects the 

original local structure, despite a high flexibility in the artificial side-chain. The EcTsr trimer 

rotamer average is quite balanced and evenly distributed though, with 13 rotamers per one 
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monomer and 19 for the conjugate. The balance highlights a rather spacious inner trimer area 

and a higher symmetry in the EcTsr structure versus the NpHtrII homology model. 

To sum up our distance analysis, we notice that our data shows a reasonable overall 

agreement between DEER measurements and RLA computations on the EcTsr crystal 

structure. The interspin distance analysis reveals that NpSRII/HtrII complexes form higher 

order oligomeric structures in cell membranes, as it has been reported for bacterial 

chemoreceptors [34, 75, 79, 122, 146]. Each scanned residues shows distances consistent with 

the EcTsr trimer-of-dimers arrangement or well above any intra-dimer interactions observed 

in both our reference structures. Combined with low temperature cw EPR distance 

measurements, we can conclusively say that Npharaonis transducer (NpHtrII) dimers 

oligomerize into higher order clusters in membranes. Our results parallel literature data which 

show that chemoreceptors aggregate through their cytoplasmic domains even in the absence 

of other chemotaxis proteins, such as the stabilizing CheA/CheW baseplate [34, 66, 152]. 

Table 4.2 summarizes the overall data trend, regarding the structural resemblance between our 

measured structure, the NpHtrII homology model and the EcTsr crystal structure. We observe 

that DEER distance data relates consistently to the EcTsr structure (as opposed the NpHtrII 

model), even if some residues behave significantly different (notably E355/E385). 

The average trend between our measured data and the EcTsr crystal structure shows 

the presence of trimers-of-dimers, but likely also other oligomeric structures in the measured 

samples. The result is also supported by previous findings, where higher oligomeric structures 

were shown to appear even in detergent, albeit to a degree varying on purification procedure 

[138]. 

The experimentally determined interspin distances show a significantly higher 

agreement with EcTsr trimer-of-dimers than the NpHtrII homology model, with major 

discrepancies in the data from positions A349 vs. A379 and E355 vs. E385. The difference to 

Table 4.2: Correlation between DEER measured distance distributions and RLA 

computed ones for positions A349, N351, S353, I354 and E355. Below the studied 

positions we have the EcTsr equivalent site in parenthesis. The RLA distance distributions 

are based on the NpHtrII homology model (Orekhov et al. 2015) and the EcTsr crystal 

structure (Kim et al. 1999). 

DEER distance 

distributions vs. 

A349R1 

(A379) 

N351R1 

(N381) 

S353R1 

(A383) 

I354R1 

(V384) 

E355R1 

(E385) 

NpHtrII 

homology model 
None Average Minor Minor None 

EcTsr crystal 

structure 
Minor Major Average Major None 
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measured distance profiles might come from a few sources, including the above mentioned 

additional oligomeric structures that likely appear in measured NpHtrII samples. Other 

contributions might come from the different coiled coil arrangement in NpHtrII versus EcTsr: 

right-handed in HtrII and left-handed in Tsr [69]. 

Another source of discrepancy between measured data and EcTsr might come from 

different side-chain arrangements inside a trimer inner space, where the measured structure 

seems to resemble the NpHtrII homology model. The EcTsr trimer-of-dimers aligns in a 

perfect three-fold radial symmetry, a direct consequence of manual assembly from the crystal 

structure of a single dimer. As comparison, the NpHtrII homology model – based on coarse-

grain molecular dynamics simulation – has a rather asymmetrical side-chain arrangement. 

Side-chain position differences don’t appear clearly in the helical wheels of our reference 

structures (Figure 4.19 and Figure 4.20), but show up in structural renderings like Figure 

4.18–B and D or Appendix Figure A.3. The NpHtrII homology model unfolds as we reach the 

tip, while EcTsr stays alpha-helical until almost the last tip amino acid. Concretely, NpHtrII 

shows a flexible loop from around S353, while EcTsr unfolds only around R388 (R358 in 

NpHtrII). Our measured sample seems more rigid than the homology model though, with 

better defined distance distributions, although we observe an increased average mobility as 

we reach the cytoplasmic tip (Figure 4.6). A CheA/CheW baseplate would diminish NpHtrII’s 

unfolding and excessive tip dynamics, as noted for chemoreceptors [72, 76-78, 152, 153]. 

Consequently, the wide spread rotamer clouds in NpHtrII RLAs would also tighten their 

reach. Compared to EcTsr, the homology model takes into account the protein environment 

(to a computational extent), which does give some reliability to its data. We believe it hints 

that the measured NpHtrII cytoplasmic tip structure exists in a pattern between the loose 

NpHtrII homology model and the rather stiff EcTsr crystal structure. 

Two main features characterize the measured DEER distances distributions and RLA 

trimer distributions: broad and convoluted peaks. Most distance distributions consist of peaks 

with a width around 0.5–1 nm and almost all overlap considerably. The rendered structures 

already point this out, but part of the width in measured data peaks comes also from low 

signal-to-noise ratio (S/N) in DEER time traces. Wide spread rotamers, combined with low 

S/N traces make assignment of concrete structural features to measured distances quite 

challenging. To add an extra obstacle, we likely observe not just trimers but other oligomeric 

structures in our measured samples. 

As we look to improve the correlation between DEER distance distributions and 

NpHtrII structural features, we consider the use of nanodiscs as a membrane anchor for the 

protein complex. Nanodiscs allow us to study isolated dimers and thus give distinct structural 

information we can then extrapolate from our mixed oligomeric DEER traces. We present our 

initial nanodisc tests in the following chapter. 
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4.4 Distances from Nanodisc Reconstituted NpSRII/HtrII 
 

The oligomeric nature of NpSRII/HtrII reconstituted in purple membrane lipids (PLM) 

makes correlation between measured distance data and model structures cumbersome, 

independent of spectroscopic method. To simplify the correlation, we investigate the 

NpSRII/HtrII complex as an isolated dimer. Thus, we reconstituted the NpSRII/HtrII complex 

in nanodiscs (also named nanolipoprotein particles – NLPs), as methodologically established 

previously [84]. The nanodiscs (NDs) are formed by human apolipoprotein AI (ApoAI) and 

PML, where ApoAI delimits the size of the PML sheets to a nanodisc area so as to fit only a 

2:2 NpSRII/HtrII complex. The method was previously employed to isolate chemoreceptor 

dimers and trimers-of-dimers [154-156], as well as a NpSRII/HtrII fusion protein truncated 

after the second HAMP domain [60]. 

We chose site N351 for our NDs measurements, since its equivalent N381 in EcTsr 

rests both at the inner trimer interface and its periphery (see Figure 4.28). Its position can thus 

provide distinct distances for both intra-dimer and inter-dimer interactions. DEER 

measurements on ND reconstituted NpSRII/HtrII-N351R1 (Figure 4.26) show a rather noisy 

and short dipolar evolution trace (left panel). By performing Tikhonov regularization on the 

trace, we obtain the right panel distance distribution. A noisy dipolar evolution trace makes 

the distance distribution susceptible to noise and background changes, which DeerAnalysis 

2016 validation displays as a grey overlapping area. The length of the trace dictates distance 

distribution reliability, here up to about 3.5 nm (emphasized by a pink area). Nevertheless, the 

distribution shows two distinct dominant peaks in the reliable region: a major one centered 

around 2.05 nm and a secondary one around 3.1 nm. While they change intensity and width 

with varying noise and background to a high degree, they never actually disappear even at 

extreme interference levels. 

N351R1 

 

DEER 

Figure 4.26: Interspin distance analysis for residue NpSRII/HtrII-N351R1 

reconstituted in NDs. Left panel displays the DEER dipolar evolution data after 

background correction. The fitted trace appears in red. Right panel displays the distance 

distribution obtained from our dipolar evolution data. The grey shaded area emphasizes data 

sensitivity to background and noise variations, based on a validation check performed with 

the same analysis tool (DeerAnalysis 2016). The pink area marks a diminished reliability in 

distance data, based on dipolar evolution trace length. 
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Figure 4.27 compares nanodisc DEER data with PML DEER data form NpSRII/HtrII-

N351R1 versus RLA distance distributions from both reference structures (in their dimer and 

trimer-of-dimers arrangement). Top left panel shows a comparison between the ND and PML 

dipolar evolution traces, while top right shows the resulting distance distributions. RLA 

distance distributions appear in the bottom panels: left shows RLA on dimer reference 

structures, while bottom right shows RLA for trimer-of-dimers reference structures. 

Since NDs incorporate strictly dimers, their distance peaks correlate to distinct dimer 

interactions. While RLA simulations show most EcTsr peaks correspond to mixed intra- and 

inter-dimer contributions, DEER and cw EPR distance data comparisons with EcTsr RLA 

showed though a similar intra- and inter-dimer contribution overlap in the PML sample. 

The differences between PML and ND dipolar evolution traces already hint at 

different distance distributions. The dominant distance peak from NDs overlaps only partially 

with the PML one. The main peaks of each distribution emphasize the structural divergence 

Figure 4.27: Interspin distance analysis with a RLA comparison for residue N351R1. 

Top left: DEER dipolar evolution data after background correction. The black trace and its 

respective red fit for the nanodisc reconstituted N351R1 (NDs), and the green trace with its 

grey fit for the PML reconstituted N351R1. Top right: The resulting distance distributions. 

The black line depicts the NDs distance distribution, while the green depicts the PML one. 

The pink area marks a diminished reliability of the distance data, based on the length of the 

time traces. Bottom left: RLA computed distance distributions based on the NpHtrII 

homology model (red) and the EcTsr crystal structure (blue) in their dimer arrangement. 

Bottom right: RLA computed distance distributions based on the trimer-of-dimers 

arrangement of the NpHtrII homology model (red) and the EcTsr crystal structure (blue). 
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between dimeric NDs and higher oligomeric PMLs: N351R1 NDs shows a main peak around 

2.05 nm, while PML data shows its dominant peak around 2.7 nm. Another compelling 

difference between the structures comes from narrower peaks in nanodiscs, while in PML we 

have a multitude of contributions that overlap over a broad range. 

We established previously that the lower intensity overlapping PML peaks between 

1.9-2.4 nm represent inter-dimer contributions. They correlate with the same range in the 

EcTsr trimer RLA, where they appear as a shoulder peak at 2.05 nm. The main ND peak also 

centers around 2.05 nm, and we naturally attribute this peak to intra-dimer contributions since 

nanodiscs accommodate only one unrestricted NpSRII/HtrII dimer. The 2.05 nm intra-dimer 

NDs peak could prompt a revision of our previous PML inter-dimer correlation at 1.9-2.4 nm, 

but we have to keep in mind that a trimer arrangement significantly alters its dimeric 

interactions. Every EcTsr dimer distance shifts towards lower or higher value in trimers 

(depending on the residue’s position in the α-helix). A secondary argument for our initial 1.9-

2.4 nm inter-dimer correlation in PML comes from the 2.4-2.7 nm intra-dimer contacts in 

EcTsr-N381 trimer RLAs. This contribution appears as a shoulder peak at 2.5 nm and 

correlates with the 2.5 nm shoulder peak in NpHtrII-N351’s PML distance distribution. The 

Figure 4.28: Cytoplasmic view of the kinase control domain of the Ecoli serine receptor 

(EcTsr) in a trimer-of-dimers arrangement, as ribbon representation, with a highlight 

of site N381 (equivalent to NpHtrII-N351). A) We display distances for selected N381R1 

rotamers. Shown distances are between NO atoms of selected R1 rotamer side-chains; the 

selected rotamers represent an approximate center of the site’s rotamer cloud. NO atoms for 

several sites are overrepresented for better visibility. The blue transparent area shows the 

high distance variance even if NO atoms in the center rotamer cloud interact at a distance of 

2.3 nm. The grey set of rotamers (bottom left, stick representation) point out the extended 

reach of the R1 side-chains. B) We display the same trimer, with separated dimers which 

highlights the spread and overlap of inner-trimer rotameric side-chains. Outer-trimer side-

chains remain hidden for better visibility. 

4.1 nm 

2.3 nm 

2.3 nm 
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high intra-dimer parallel between EcTsr and NpHtrII at residue N381/N351 supports our 

initial assessment that the 1.9-2.4 nm range comes from inter-dimer interactions in PML. This 

also means the 2.05 nm dimer peak in NDs actually corresponds to the 2.5 nm (intra-dimer) 

shoulder peak in PML, a significant increase triggered by higher oligomeric structures. Inter-

dimer interactions dwarf though all intra-dimer contributions, in both the measured PML 

sample and trimer reference structures. 

The similarity between EcTsr-N381 trimer RLA and measured NpHtrII-N351R1 data 

indicates that the 2.5 nm shoulder peak correlates mostly with intra-dimer interactions but it 

also contains inter-dimer contributions. Intra-dimer contributions could extend as low as 2.05 

nm in PML, since both ND data and EcTsr dimer RLA show rather broad peaks. 

We correlated the main peak at 2.7 nm in PML to mostly inter-dimer contacts, as 

supported by the EcTsr trimer RLA. This seems indeed so, since the 2.7 nm PML contribution 

has no equivalence in NDs. Figure 4.28 shows the main intra- and inter-dimer distances in 

trimer EcTsr, with emphasized R1 rotamers for N381 sites (N351 in NpHtrII). The blue 

transparency area in Figure 4.28–A shows the broad range of distances that interacting spins 

in trimers generate. These interactions show up as the main 2.7 nm peak in EcTsr trimer 

RLAs and measured PML distance distributions. 

The peculiarity in our nanodiscs (NDs) distance distribution comes from the 3.1 nm 

peak, which appears also in our PML distance distribution. The peak does not show up in any 

EcTsr trimer RLA distance distribution though. Since NDs only contain dimers, it most likely 

represents two interacting dimers, i.e. dimers-of-dimers. Correspondingly, the 3.1 nm peak in 

the PML distance distribution also comes from dimers-of-dimers. The NDs dimer-dimer 

interaction can have several causes. Nanodiscs can conglomerate during shock freezing 

preparation for DEER measurements, or appear in high concentration samples (>100 µM 

here) usually used to increase the signal-to-noise ratio (S/N) in distance measurements. 

Literature also showed that higher concentrations can trigger both radial and axial interaction 

in chemoreceptors outside of a CheA/CheW kinase stabilized array [152, 153, 157-159]. We 

expect the NpHtrII cytoplasmic tip interacts in a similar manner, triggering dimer-dimer 

contacts at high concentrations, both in parallel and antiparallel orientations. As for the dimer-

of-dimers peak in PML, literature shows various dimer oligomers appear already during 

purification (with some fractions very difficult to isolate) and we suspect that remnants of 

these fractions generate the observed 3.1 nm distance [138]. 

The main NDs peak at 2.05 nm – due to intra-dimer interactions – shows the measured 

NpHtrII and EcTsr reference differ slightly in their dimer arrangement, as the EcTsr dimer 

RLA shows intra-dimer distances around 2.3 nm. The broad EcTsr RLA peak extends to the 

limit of R1’s motional range (~1.3 nm), compared to the NDs peak (~0.7 nm). The 2.05 nm 

NDs intra-dimer peak drifts towards higher values in PML, to around 2.5 nm as correlated by 

the EcTsr trimer RLA. The 0.45 nm increase remains in R1’s motional range, but incorporates 

a likely local structural rearrangement triggered by trimerization, as observed in both of our 
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references. In EcTsr the trimer triggered rearrangement manifests mostly through side-chain 

compactness, while in the NpHtrII model it comes from backbone unfolding. The NpHtrII 

model generates thus a much wider rotamer cloud, since the unfolded backbone allows more 

conformational reconfiguration: the NpHtrII dimer RLA thus shows its peak at an even higher 

value, around 2.55 nm. 

The narrower NDs dimer peak compared to the EcTsr dimer RLA also shows how 

NpHtrII stays tightly packed around N351R1. Despite differences between our measured 

distances and reference structures, by elimination RLA data still helps clear up the structural 

configuration of NpHtrII in PML and NDs. 

As we had hoped, nanodisc data on N351R1 provides distinct distances which help 

distinguish dimer (2.05 nm in NDs, 2.5 nm in PML) and trimer (2.7 nm in PML) oligomers. 

The formation of dimer-of-dimers (3.1 nm) in both samples demonstrates the high affinity 

with which NpHtrII cytoplasmic tips can interact. Previous studies pointed out the importance 

of N381 in EcTsr, showing how various amino acid substitutions trigger distorted trimer 

formation or only dimer assembly, and significantly affected the formation of ternary 

signaling complexes with the CheA and CheW kinases [73, 160]. The respective studies lack 

information on cysteine replacement though, and as such we can only speculate based on 

other amino acid substitutions. Taking into consideration that the original asparagine occupies 

a volume of 114.1 Å3
 and the R1 side-chain shows a volume of 225 Å3

, we expect that 

N351R1 affects local and trimer geometry even with the ample space at the trimer center and 

R1 flexibility, as seen in the EcTsr-N381 mutational study [160]. 

Since we still observe a high degree of trimer contributions, it seems that N351R1 

alters the trimer interface in an ambiguous manner: it affects local side-chain packing but does 

not interfere with trimer formation in a categorical way. A supporting argument for our 

conclusion is provided by the same EcTsr-N381 paper, where all tested mutant receptors were 

able to form mixed trimers with wild-type EcTar molecules, suggesting that a normal partner 

could alleviate trimer defects [160]. Considering we have a labeling efficiency of around 

75%, it is quite possible that one of the dimers in the trimer remains completely unlabeled, 

left in a wild-type like state where its inter-dimer packing interactions enhance trimer stability 

as for chemoreceptors. We hope to test such hypothesizes in future experiments, with various 

degrees of labeling efficiency and various nanodisc configurations.  
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5 Conclusions and Outlook 
 

The signal transduction pathway of halophilic archaea remains a fascinating example 

of adaptation to extreme environments. Despite similarities with bacterial taxis systems, its 

structural and dynamics patterns during signal relay remain debatable. The currently 

investigated SRII/HtrII phototaxis system of Natronomonas pharaonis shows remarkable 

similarities with chemoreceptors in its membrane and HAMP domains functioning design 

[27-33]. Our data on the kinase control domain (i.e. signaling domain) of NpSRII/HtrII builds 

on current dynamics based signaling models for HAMP domains (such as the “frozen–

dynamic” or two-state equilibrium models) [15, 31, 61, 81]. We present an expanded 

mechanism for signal propagation throughout the signaling domain, where salt and 

temperature variations trigger subtle shifts in dynamics. Extreme dynamics motional ranges 

(compact or highly-dynamic) associate with a specific flagellar signaling state, here the 

kinase-off response, where a more moderate dynamics motion (dynamic) associates with the 

kinase-on response. 

Structurally, we reference our data on PML and ND reconstituted NpSRII/HtrII to the 

EcTsr crystal structure and the NpHtrII homology model [33, 34]. We show that, despite a 

difference in packing, NpHtrII oligomerizes in a similar manner as EcTsr, even in the absence 

of stabilizing structures such as the CheA/CheW baseplate. The presence of trimers-of-dimers 

but also dimers-of-dimers in membrane sheet samples exposes the high affinity with which 

NpHtrII signaling domains interact. We hope our structural and dynamics details will push 

further not just drug design but also environmental preservation efforts where taxis systems 

drive colonization and virulence of pathogens in plants, animals and humans alike [11, 12]. 

 

Our measured data distinctly favors the EcTsr trimer structure, in distance patterns 

(Table 4.2) but also mobility range (Figure 4.6). While the NpHtrII homology model shows a 

similar α-helical pattern as our measured data and the EcTsr trimer structure, its rotamers 

cover a significantly broader range. Distances in the NpHtrII homology model extend beyond 

our measured data and have significantly broader peaks, as seen for I354 and E355 (Figure 

4.24 and Figure 4.25, respectively). The increased peak broadness reflects also in rotamer 

numbers, with an average 32 rotamers for the NpHtrII model and 21 for the EcTsr trimer. The 

significantly lower rotamer average for EcTsr signals an overall tight local structure, likely 

tighter even than our measured NpHtrII which shows increased mobility as we head towards 

the cytoplasmic tip end (Figure 4.5). 

The different packing shows little effect on the good overall structural agreement 

between NpHtrII and the EcTsr trimer structure. Low temperature (LT) cw EPR 

measurements complement DEER distances, as seen with residue I347, which shows 

interactions consistent with higher oligomeric structures such as trimers-of-dimers (Figure 

4.17). Our measurements do show that samples contain additional oligomeric structures, 
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besides referenced trimers. The high tip interaction affinity triggers dimer-of-dimers 

formation both in dimeric nanodiscs (ND) and purple membrane sheets (PML), as N351 

measurements show (at 3.1 nm, Figure 4.27). The unexpected oligomeric contribution seems 

to occur even in chemoreceptors [157-159], and likely explains unassigned distance peaks in 

S353 and I354 (such as the 3.4 nm in Figure 4.23 and 3.15 nm in Figure 4.24, respectively). 

For a definitive picture, though, we would need ND measurements on all mentioned 

mutations, so as to clearly decipher the nature of dimer-of-dimer contributions to PML 

distance distributions. 

Distance data also reveals that despite a common trimeric oligomerization, our 

measured structure and the EcTsr reference can show significant local differences. Distance 

distributions for A349 and E355 barely overlap with EcTsr equivalents (Figure 4.21 and 

Figure 4.25), but measured distances do appear beyond intra-dimer EcTsr ones, and thus 

confirm higher order oligomerization interactions. Distance discrepancies at A349/A389 and 

E355/E385 likely appear from the residue’s borderline positions at the inner-/outer-dimer 

space as well as packing variations. While NpHtrII mobility measurements align with EcTsr 

at these sites (Figure 4.6), NpHtrII also partially unravels and thus allows side-chains a 

broader optimal positioning. An ample space for side-chain arrangement results in broader 

distance distributions for A349 and E355, compared to EcTsr equivalents. The polar NpHtrII-

S353 versus the hydrophobic EcTsr-A383 likely plays a role in local structure and packing 

differences. The NpHtrII homology model differs from our measured data (and EcTsr), but 

still demonstrates how a polar S353 destabilizes the NpHtrII signaling domain versus the 

tightly packed hydrophobic tip of EcTsr (Appendix Figure A.3–C and D). Broad distance 

distributions and an increasing mobility support a similar unraveling in our NpHtrII samples, 

albeit of a subtler nature. 

As our measured NpHtrII structure shows, third party contacts from oligomeric arrays 

stabilize the cytoplasmic tip to a higher degree than predicted by the homology model, close 

to mobility averages observed in EcTsr (Figure 4.6). The NpHtrII homology model might 

indicate though that the kinase control domain relies extensively on third party contacts to 

achieve a functional state, with other dimers and trimers not just restricting side-chain 

movement but also inducing a tighter α-helical fold. Literature already proved the importance 

of membranes for proper chemoreceptor array formation and of dense environments where an 

indirect increase in local (protein) concentration favors associative states [78]. The presence 

of a CheA/CheW baseplate would accentuate trimer stability and compactness [152, 153], and 

likely stabilize the escalating mobility we observe in our kinase control domain. 

Restrictive systems such as NDs show their potential to untangle not just intra- and 

inter-dimer distance overlaps, but also demonstrate how dimer structures adapt to a crowded 

trimer environment: ND measurements on NpSRII/HtrII-N351 confirm that intra-dimer 

interactions shift to higher values in trimers, as also noted in RLA simulations for EcTsr-

N381 dimers and trimers (Figure 4.27 and Figure 4.28). Additional experiments on isolated 

dimers as well as the inclusion of a CheA/CheW baseplate in PML reconstituted complexes 
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would help clarify the level of stability provided by each additional structure. A full atomistic 

molecular dynamics simulation would also provide complementary data, by taking into 

account the detailed structural localization of side-chains and backbones in a receptor array 

model. 

As for structural and packing differences to EcTsr, we note that the EcTsr trimer 

consists of an arrangement of crystal structure dimers. As a manually assembled construct, 

EcTsr’s trimer packing and side-chain interactions might diverge from actual chemoreceptor 

trimers. Published data already pointed out the assembled EcTsr trimer appears too tightly 

packed, with neighboring contacts too close for physiological relevance especially in the 

presence of a CheA/CheW baseplate [161]. A slightly relaxed trimer packing allows array 

flexibility, reorganization and accommodation of mixed receptors, with subsequent 

stabilization by CheA/CheW [40, 146, 153]. Structural and organizational flexibility in 

trimers might thus provide functional versatility, where cells have a varied sensing network at 

their disposal for wider environmental adaptability. An optimal, rather than a maximal, level 

of rigidity seems most fitting in terms of adaptation to environmental factors [77]. We 

estimate that in terms of packing our measured structure stands between the two references, 

with a slightly looser packing than for the tight EcTsr trimer structure. 

It is worth mentioning that the structural differences we observe between the measured 

NpHtrII and EcTsr structure could also characterize fundamental physiological adaptations 

related to their natural environments, as Natronomonas pharaonis seems to have atypical 

growth patterns even compared to other archaea [127]. 

Despite structural and oligomeric differences, EPR distance data in combination with 

RLA analysis on the NpHtrII model and the EcTsr crystal structures shows that NpSRII/HtrII 

oligomerizes through its cytoplasmic domain as trimers-of-dimers even in the absence of 

stabilizing elements such as a CheA/CheW baseplate. The presence of dimers-of-dimers in 

measured samples demonstrates the high affinity with which NpHtrII cytoplasmic tips interact 

with their counterparts. Considering the high cytoplasmic tip homology between photo- and 

chemoreceptors, it might be interesting to explore this affinity in experiments with mixed 

receptors. 

In terms of open issues, we observe a consistent absence of short contact contributions 

in our measured data. Almost all residues show distances below ~1.1 nm in rotamer library 

analysis (RLA) data, which don't appear in our measured cw EPR spectra (lack of spectral 

broadening). A possible explanation could be the low rotamer numbers we observe in RLAs 

at specific inner sites, which signal labeling restrictions and thus an underrepresentation of 

short distances in measured samples. This hypothesis would also correlate with NpHtrII 

forming oligomers already in detergent [138], which restrict inner labeling sites. Spin labels 

of a different size could provide additional information, but our hope lies with nanodiscs 

which showed their potential in clearing up convoluted information from oligomeric 

structures. Nanodisc data on more residues should provide a better understanding of side-
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Figure 5.1: NpHtrII kinase 

control domain 

conformations, according to 

their dynamics regime as a 

function of environmental 

conditions. The highly-

dynamic (temperature) and 

highly-dynamic* (salt) 

conformations extend in a 

similarly high mobility 

regime, even if the latter 

slightly more so. 

 

chain interaction according to oligomeric state. To this extent, we hope to better manipulate 

labeling efficiencies in our system and perform experiments with trimers partially composed 

of wild-type dimers, so as to observe their effect on array stability. Nanodiscs should come 

handy also here, as their expanded sizes can nowadays accommodate even trimers. A next 

step should also include the CheA/CheW baseplate, where a clear structural picture of dimers 

and trimer-of-dimers would help understand array interaction. 

 

Our ionic strength and temperature dependant experiments expand on the importance 

of environmental conditions in oligomeric packing, and point out the rather fluid state in 

which the signaling domain exists: high salt (3.3 M NaCl) and low temperature (263–303 K) 

environments trigger a tightly packed signaling domain, while low salt (500 mM NaCl) and 

high temperatures (313–333 K) trigger a rather loosely packed one. The two environments 

induce the rearrangement rather differently though: while salt rearranges the overall area 

through a balance shift between a dynamic and highly-dynamic* conformation that differ in 

packing (Figure 4.4), temperature increase causes stark conformational changes between a 

compact/dynamic and dynamic/highly-dynamic ensemble in the form of partial unfolding  

(Figure 4.10), albeit reversible (Appendix Figure A.2). Previous studies noted a similar 

conformational rearrangement according to salt concentration for the HAMP domains of 

NpHtrII, where they oscillate between two dominant stable conformations: a tight cHAMP 

and a looser dHAMP [31, 32]. 

Low temperature cw EPR distance measurements demonstrate the extent of NpHtrII’s 

adaptability to different environments through packing changes, as mean distance values 

differ substantially according to salt concentration in the measured 11 amino acid area. The 

high salt environment shows its stabilizing effect by contracting the local structure from an 

average 18.6 Å in low salt to 17.7 Å in high salt. The packing change affects mostly inter-

dimer interactions as opposed to intra-dimer ones, exemplified by T345 and I347: T345 

resides in the intra-dimer space and shows no distance change with increased salt 

concentration, while I347 points towards the inter-dimer space and shifts to a much lower 

compact dynamic 
highly-

dynamic 

highly-

dynamic* 

dynamics regime 

temperature 

salt 

concentration 
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distance with increased salt concentration (from >18 Å to around 15 Å, Figure 4.17). 

Temperature dependent data shows that the ionic strength dependent conformations 

partially overlap over the temperature dependent ones. Their dynamics regimes, 

corresponding to specific conformations, cover a similar range: the dynamic conformation in 

high salt measurements aligns perfectly with the dynamic one in temperature (Figure 4.8 and 

Figure 4.11–A), while the low salt highly-dynamic* one appears quite similar in terms of 

mobility regime with the highly-dynamic conformation in temperature. The common dynamic 

conformation bridges the transition between the compact and the highly-dynamic extremes, as 

shown in Figure 5.1. We expect broader salt concentration values to generate the same 

mobility regimes we observe with temperature, even for the compact conformation we for 

now define only in temperature dependent measurements. 

Overall protein dynamics increase smoothly with temperature, characteristic of a 

steady conformational rearrangement. The atypical behavior happens around 303-313 K (313-

323 for N351), where an energy barrier change shows the protein switches from the 

compact/dynamic conformational ensemble to a dynamic/highly-dynamic one. Arrhenius and 

van’t Hoff plots present a more refined picture for the three conformations: the compact 

conformation predominates below 303 K, the dynamic one around 303–323 K, and the highly-

dynamic one above 323 K. 

The conformational rearrangement point and dynamic conformation interval overlap 

with the optimal living temperature of Npharaonis (around 316-318 K) [127], which suggests 

a functional relevance for the dynamic conformation. The NpHtrII cytoplasmic tip requires 

low energy to switch towards the outlying compact and highly-dynamic conformations 

(around 3.3 kJ/mol, in the range of MTSSL rotameric shifts), which gives NpHtrII swift 

access to a flexible signaling adaptation mechanism. The low energy switch aligns with 

previously documented three-state signaling mechanism in chemoreceptor HAMP domains, in 

which deviation from a “default” conformational space could trigger a specific response 

signal [13, 15, 64, 124, 128]. The aptly named “biphasic signaling model” emphasizes the 

significance of a center framed structure (here in the kinase-on state) which achieves kinase-

off states through minimum energy input. The central conformation generates a kinase-on 

signal (i.e. a CW flagellar rotation) in response to thriving conditions, and transitions with 

minimal structural changes towards outlying conformations and thus a “kinase-off” signaling 

state (i.e. CCW flagellar rotation) (Figure 4.13). 

For our system, the “center” situated dynamic conformation would trigger a kinase-

on/CW response in Npharaonis. The low energy threshold allows Npharaonis a fast adaption 

response to environmental conditions, shifting with minimal effort towards outlying compact 

or highly-dynamic states which generate a kinase-off/CCW (i.e. a fleeing) response. 

Environmental input thus triggers a dynamics based signal transduction response in the kinase 

control domain of NpHtrII, with minimal energy requirements. 

The biphasic model incorporates previously presented dynamics based models (such 
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as “frozen-dynamic” or alternating dynamics) and adds a layer of detail to NpHtrII’s 

dynamics range according to environmental triggers. The low conformational transition 

energy would allow the system to perform exquisitely even in the highly ordered and 

conformationally restrictive sensory array assembly. Low energy dynamics shifts seems to 

extend beyond the signaling domain, as literature documents dynamics changes based on 

activation status also for the CheA kinase. CheA shifts its dynamics range with minimal 

structural changes depending on signaling status [162-164], with behavioral patterns 

reminiscent of the biphasic output model [118]. 

The concrete association between flagellar responses and signal domain dynamic 

ranges remains to be proven though. Until now only comparisons with chemoreceptor data 

provide corroboration of a dynamics based functional behavior in the kinase control domain 

of NpHtrII. Also, currently we can only assume the concrete shape of the biphasic “output 

curve”, as well as the influence of a CheA/CheW base plate on signal output, or if the 

physiological operating range tends more towards a compact or highly-dynamic conformation 

when establishing a kinase-off response. Chemoreceptors seem to prefer the compact state 

(CCW(A) associated), as for now only mutations shift the equilibrium towards the highly-

dynamic conformation (CCW(B)) [124, 128]. The situation for extremophiles, such as 

Natronomonas pharaonis, could differ though. High temperatures tend to dominate their 

environments, which could make the highly-dynamic CCW(B) triggering state a preferred 

one. We hope that further comparative functional experiments between photo- and 

chemoreceptors will clear up the preferred dynamics balance for NpHtrII’s kinase control 

domain, a key area in the mechanism of CheA/CheW kinase activity and the signal 

transduction pathway. 

Temperature dependent measurements revealed the subtle conformation shifts with 

which the kinase control domain of NpHtrII adapts to its environment. For our future 

experiments we hope to diminish the temperature steps from 10 K to 5 K or lower, as well as 

extend salt dependent measurements to more values. Additional salt concentrations would 

likely show the overlap extent between dynamics regimes in our two environments. A smaller 

temperature step would better characterize the temperature range of dominant conformations 

and clearly define the transition point for each state. Going to higher temperature values 

(above 333 K) would provide information on the range in which the mobile/highly-mobile 

ensemble operates, besides probing the active stability range of NpSRII/HtrII’s cytoplasmic 

tip in specific salt or pH environments. 

 

The extended range of experiments to follow seems unending. But with each step we 

quantify the subtle effects of environmental stimuli on NpHtrII’s signaling domain, from local 

geometry changes to overall trimer dynamics influences. Ultimately, all provide a fragment of 

data towards better understanding the signal transduction pathway. The similarities between 

archaeal and eubacterial two-component signaling pathways point to a complementary and 
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shared knowledge pool for these conserved systems. Slowly, but surely, a model for signal 

transduction is being refined and established, a model which will hopefully lead to the design 

of novel therapies and maybe even reveal general principles of receptor sensing and function 

across multiple branches of life. We hope our results will provide another piece of the signal 

transduction puzzle that helps organisms find optimal environmental conditions, and 

ultimately add to the refinement of current photo- and chemotaxis sensory models. I thank 

everyone involved in pushing the knowledge boundaries of this fascinating system, and am 

grateful to have been part of such a distinguished group. To those who follow, I remind a 

simple word I hope every knowledge seeker has as guidance: Excelsior! 
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6 Summary 
 

Bacteria and halophilic archaea developed similar environmental adaptations through 

their signal transduction pathways. Despite an abundance of data on their taxis systems, we 

lack function-related structural and dynamic information on receptor kinase control domains, 

as well as timescale of signal propagation and the adaptation principles of protein clusters to 

various stimuli. 

Using SDLS EPR, we explore the SRII/HtrII phototaxis complex of Natronomonas 

pharaonis, as representative of the haloarchaean phototaxis system. The high homology to 

eubacterial taxis chemoreceptors (MCPs) allows for direct comparison of our data to the 

crystal structure of the Escherichia coli serine receptor (EcTsr) cytoplasmic domain (pdb 

1QU7) as well as to a coarse grain molecular dynamics NpHtrII homology model. 

For a reliable evaluation of the NpHtrII kinase control domain oligomerization and 

signal response pattern we mutated eleven consecutive residues to cysteine: T345, N346, 

I347, L348, A349, L350, N351, A352, S353, I354 and E355, extending roughly one helical 

turn above the short loop at the end of the transducer bundle. We labeled each point mutation 

with the MTS spin label, which yields the R1 nitroxide side chain, and subsequently 

reconstituted the complex either in PML (purple membrane lipids) or dimer sized ApoAI 

nanodiscs (NDs). Thus, SDSL EPR allows the examination of structural and dynamics details 

in functional receptor molecules with respect to various environmental conditions. 

Room temperature (RT) cw EPR measurements with various ionic strength buffers 

demonstrate the influence of environmental conditions on NpHtrII’s overall packing and 

dynamics. High salt (3.3 M NaCl) shifts the observed two-component conformational 

ensemble to a rather immobile balance, while low salt (500 mM NaCl) shifts it towards a 

significantly more mobile one, where a highly-dynamic* conformation predominates. The 

balance shifts from a tighter packed signaling domain (i.e. kinase control domain) at 

physiological salt values towards a looser one in low salt similar to NpHtrII HAMP domains, 

which oscillate between a tight cHAMP and a looser dHAMP conformation. 

Temperature dependent experiments on A349R1, N351R1, I354R1 and E355R1 

demonstrate a similar shift in conformational balance, where the NpHtrII signaling domain 

adopts an overall immobile ensemble at low temperatures (263–303 K) and a more mobile 

one at high temperatures (313–333 K). Increasing temperature, though, shifts the dynamics 

balance through a reversible partial unfolding, compared to salt which uses packing strength 

as lever in the conformational balance. Thermodynamic parameters from Arrhenius and van’t 

Hoff plots show that the conformational ensembles actually extend over three dynamics 

regimes, each correlated to a specific conformation: a compact, a dynamic and a highly-

dynamic conformation. Arrhenius data even shows the three regimes overlap to various 

degrees with the ionic strength ones: the compact/dynamic ensemble at 263–303 K correlates 

with the immobile one in high salt, while the dynamic/highly-dynamic ensemble at 313–333 K 
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resembles the mobile equilibrium in low salt. 

We also notice that each conformation prevails in concrete temperatures ranges: the 

compact conformation below 303 K, the dynamic one around 303–323 K, and the highly-

dynamic one above 323 K. In terms of dynamics regime, the dynamic conformation overlaps 

with the one in salt dependent measurements, even if different in nature (packing change for 

salt versus unfolding for temperature). The highly-dynamic conformation also behaves quite 

similar to the highly-dynamic* one in low salt, even if the latter adopts a more extreme 

mobility regime. 

In terms of temperature range, the dynamic conformation overlaps with the optimal 

living temperature of Npharaonis (around 316-318 K). The signaling domain also seems to 

require minimal energy input as it switches towards the outlying conformations from the 

center dynamic one, with an energy barrier change around 3.3 kJ/mol. The switch in dynamics 

patterns exposed by ionic strength and temperature experiments expands on signaling models 

such as the “frozen-dynamic” or alternating dynamics. Our data correlates with a biphasic 

signaling model where the dynamic conformation remains central versus the extreme 

dynamics motional range of the compact and highly-dynamic conformations. 

Low temperature (LT) cw EPR distance measurements show NpHtrII alters packing 

substantially according to different environments: high salt contracts the local structure from 

an average 18.6 Å in low salt to 17.7 Å in high salt. The packing change exposes the presence 

of higher oligomeric structures, as it affects mostly inter-dimer interactions (versus intra-

dimer ones): the intra-dimer T345R1 residues show no distance change with increased salt 

concentration, while the inter-dimer I347R1 shift to a much lower distance with salt 

concentration increase (from >18 Å to around 15 Å). Quaternary contacts thus stabilize the 

signaling domain to a higher degree than predicted by the homology model, with mobility 

averages observed for EcTsr trimers. 

As an open issue, we observe a consistent absence of short contact contributions in our 

LT cw EPR measurements: most residues show distances below ~1.1 nm in rotamer library 

analysis (RLA) data as obtained with the MMM2015.2 program, which lack in our measured 

cw EPR spectra. The likely reason comes from severe labeling restrictions for inner oligmeric 

sites, as signaled by RLA computations and the presence of various oligomeric structures 

already in detergent, pre-labeling. Restricted sites lead to severe labeling deficiencies and thus 

underrepresentation of short distances that come from inner-oligomer interactions. 

DEER distance data on the high-salt PML (A349R1, N351R1, S353R1, I354R1) and 

ND (N351R1) reconstituted NpSRII/HtrII complex distinctly favors the EcTsr trimer-of-

dimers architecture, corroborating mobility measurements. Distance distributions obtained by 

Tikhonov regularization (DeerAnalysis 2016) of measured data as well as from rotamer 

library analysis (RLA) on the EcTsr trimer show significantly narrower peaks compared to 

those from the NpHtrII homology model (e.g. I354). The EcTsr trimer appears even tighter 

packed than our measured structure though, which shows slightly broader distance 
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distributions and increased mobility as we head towards the cytoplasmic tip end. Comparisons 

between PML, RLA and ND distance data reveals that higher oligomeric structures alter 

dimer packing to a high degree. For N351R1 trimerization increases dimer distance values 

from around 2.05 nm in ND to 2.5 nm in PML, as R1 side chains shift away from each other 

towards an outer-trimer space. 

DEER data also shows that our samples contain additional oligomeric structures, 

besides referenced trimers. DEER measurements on ND reconstituted NpSRII/HtrII dimers 

show that N351 contains the expected dimers, but also dimer-of-dimers, present at 3.1 nm in 

both PML and ND samples. The unexpected contribution seems to explain some unassigned 

distance peaks for other residues (such as the 3.4 nm for S353 and 3.15 nm for I354). 

Besides additional oligomeric structures, measured distances still show a few 

differences to the analogous EcTsr trimer crystal structure. Distance distributions for A349R1 

and E355R1 barely overlap with EcTsr equivalents, but measured distances do appear beyond 

intra-dimer EcTsr ones, and thus confirm higher order oligomerization interactions. The 

slightly different local amino acid composition loosens the structure of NpHtrII oligomers, 

and side-chains of these residues favor a broader optimal orientation distribution, which thus 

interact at different distances. We do note that the EcTsr trimer consists of a manually 

arranged structure from crystal dimers. 

The interspin distance analysis reveals that NpSRII/HtrII complexes form higher order 

oligomeric structures in cell membranes, as it has been reported for bacterial chemoreceptors. 

The slightly relaxed NpHtrII trimer packing allows dynamic flexibility in higher oligomeric 

arrangements as a response to ionic strength and temperature stimuli. 
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7 Appendix 

7.1 Supplementary data 
 

Mutant (500 

mM NaCl) 
Azz 

[G] 

Fit 

residue 
R1 

(log) 
τ1 

[ns] 
lw1 R2 

(log) 
τ2 

[ns] 
lw2 C2 

Mobilty 

Parameter 

1/ΔH [G
-1

] 

345 35.9 6.8E-08 8.49 0.54 0.24 7.48 5.50 0.78 95.1 0.455 

346 35.9 9.7E-08 8.48 0.56 0.15 7.51 5.13 0.57 93.6 0.500 

347 35.7 9.6E-08 8.67 0.36 0.16 7.43 6.22 0.96 93.1 0.556 

348 35.8 8.1E-08 8.70 0.34 0.22 7.54 4.83 0.60 93.3 0.556 

349 36.0 7.8E-08 8.55 0.47 0.16 7.46 5.74 0.91 95.7 0.500 

350 35.9 1.1E-07 8.66 0.37 0.15 7.51 5.11 0.70 83.8 0.625 

351 35.9 8.5E-08 8.54 0.48 0.10 7.59 4.33 0.59 85.5 0.556 

352 35.8 9.3E-08 8.64 0.38 0.18 7.50 5.24 0.68 89.4 0.625 

353 35.9 6.8E-08 8.53 0.49 0.12 7.53 4.89 0.75 91.8 0.556 

354 35.9 7.9E-08 8.61 0.41 0.11 7.52 5.02 0.80 89.1 0.625 

355 35.8 9.8E-08 8.56 0.46 0.17 7.51 5.11 0.50 89.7 0.556 

Mutant (3.3 

M NaCl) 
Azz 

[G] 

Fit 

residue 
R1 

(log) 
τ1 

[ns] 
lw1 R2 

(log) 
τ2 [ns] lw2 C2 

Mobilty 

Parameter 

1/ΔH [G
-1

] 

345 35.8 6.9E-08 - - - 7.43 6.15 1.19 - 0.2632 

346 35.4 1.7E-07 - - - 7.45 5.93 1.20 - 0.2941 

347 34.9 1.1E-07 - - - 7.30 8.35 1.48 - 0.2500 

348 36.7 6.7E-08 - - - 7.50 5.28 0.92 - 0.2632 

349 35.5 1.0E-07 - - - 7.36 7.27 1.41 - 0.2941 

350 36.4 7.8E-08 - - - 7.48 5.54 0.86 - 0.2632 

351 36.3 6.4E-08 - - - 7.46 5.73 0.89 - 0.2500 

352 35.9 9.9E-08 - - - 7.44 6.01 1.00 - 0.2500 

353 36.7 7.0E-08 - - - 7.50 5.25 0.81 - 0.2381 

354 37.8 1.2E-07 - - - 7.58 4.42 0.41 - 0.3125 

355 36.1 7.4E-08 - - - 7.44 5.99 0.89 - 0.2941 

  

  

 

  

Table A.1: Fit data of room temperature cw EPR spectra for NpSRII/HtrII 

reconstituted in PML, in a 500 mM NaCl buffer. We specify for each mutant the Azz and 

main fit factors (1 = mobile, 2 = immobile): R - diffusion coefficient, τ - derived 

reorientation correlation time, lw - component line width. C2 represents the fitted percentage 

of component 2 (immobile) present in the spectrum. We also show the mobility parameter 

(1/ΔH) as reference. Fixed paramenters: Axx = 5.78 G, Ayy = 4.23 G, gxx = 2.0086, gyy = 

2.0066, gzz = 2.0026. 

 

Table A.2: Fit data of room-temperature cw EPR spectra for NpSRII/HtrII 

reconstituted in PML, in a 3.3 M NaCl buffer. We specify for each mutant the Azz and 

main fit factors: R - diffusion coefficient, τ - derived reorientation correlation time, lw - 

component line width. We performed high salt fits with one component. As such, the fitted 

percentage of component 2 (immobile, C2) present in the spectra represents 100%. We also 

show the mobility parameter (1/ΔH) as reference. Fixed parameters as for Table A.1. 
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Figure A. 1: Reorientational correlation times and spectral component fraction vs. 

residue number – comparison to test fits (fixed Azz). 

A) Logarithm of τc for high salt (3.3 M NaCl) one component fits versus two component test 

fits (italics legend). 

B) Logarithm of τc for low salt (500 mM NaCl) two component fits. 

C) Natural logarithm of component ratio fraction, mobile/immobile, from high salt test fits 

(italics legend) versus low salt fits. 

High salt two component test fits show an unrealistic increase in overall mobility versus low 

salt, as the natural logarithm of the component ratio fraction highlights. 
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A349R1: 

Temp [C] 
Azz 

[G] 
χ

2
 R1 τ1 [ns] lw1 R2 τ2 [ns] lw2 C2 

-10 33.8 0.4898 22 7.576 2.40 0.67 248.756 3.10 0.72 

0 34.1 0.3509 24 6.944 2.50 0.67 248.756 2.80 0.68 

10 33.9 0.3699 30 5.556 1.70 0.67 248.756 2.90 0.63 

20 33.8 0.3845 33 5.051 1.50 0.69 241.546 3.00 0.54 

30 33.5 0.6295 38 4.386 1.20 0.97 171.821 2.90 0.48 

40 34.6 0.8464 76 2.193 2.40 14.00 11.905 1.60 0.67 

50 35.4 0.8249 95 1.754 0.79 24.00 6.944 1.60 0.63 

60 35.3 0.8322 110 1.515 0.18 27.00 6.173 1.60 0.55 

 

N351R1: 

Temp [C] 
Azz 

[G] 
χ

2
 R1 τ1 [ns] lw1 R2 τ2 [ns] lw2 C2 

-10 34.0 0.3521 23 7.246 2.40 0.79 210.970 2.50 0.71 

0 34.0 0.3811 23 7.246 1.90 0.82 203.252 2.40 0.63 

10 33.6 0.3587 31 5.376 1.40 0.84 198.413 2.70 0.60 

20 33.5 0.4299 36 4.630 1.10 0.85 196.078 2.80 0.52 

30 33.5 0.7764 40 4.167 0.74 1.20 138.889 2.80 0.43 

40 34.5 0.7971 48 3.472 0.49 1.84 90.580 2.87 0.34 

50 35.6 0.8445 100 1.667 -0.059 28.00 5.952 1.40 0.53 

60 35.6 0.7549 110 1.515 -0.20 31.00 5.376 1.20 0.42 
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Table A.3: Fit data of temperature dependent cw EPR spectra for NpSRII/HtrII-

A349R1 and N351R1 reconstituted in PML, in a 3.3 M NaCl buffer. Each temperature 

has specified its Azz, fit error (χ
2
) and main fit factors for each component (1 = mobile, 2 = 

immobile), with R the diffusion coefficient, τ the derived reorientation correlation time and 

lw the component line width. C2 represents the estimated percentage of component 2 

(immobile) present in the spectrum. Fixed paramenters: Axx = 5.78 G, Ayy = 4.23 G, gxx = 

2.0086, gyy = 2.0066, gzz = 2.0026. 
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I354R1: 

Temp [C] 
Azz 

[G] 
χ

2
 R1 τ1 [ns] lw1 R2 τ2 [ns] lw2 C2 

-10 34.0 0.3690 22.9 7.278 2.77 0.84 198.413 2.64 0.77 

0 33.7 0.5016 31 5.376 1.77 0.65 256.410 2.84 0.73 

10 33.8 0.4025 31.7 5.258 1.99 0.92 181.159 2.65 0.65 

20 33.6 0.5122 34.7 4.803 1.41 1.06 157.233 2.70 0.56 

30 33.5 0.8214 41.1 4.055 1.06 1.05 158.730 3.00 0.48 

40 34.5 1.1820 100 1.667 1.71 16.2 10.288 1.68 0.68 

50 35.6 1.0440 133 1.253 0.51 26.40 6.313 1.43 0.62 

60 35.3 1.1260 193 0.864 0.44 28.10 5.931 1.39 0.47 

 

E355R1: 

Temp [C] 
Azz 

[G] 
χ

2
 R1 τ1 [ns] lw1 R2 τ2 [ns] lw2 C2 

-10 34.2 0.3272 22.2 7.508 2.53 0.70 238.095 2.63 0.75 

0 34.0 0.2621 26.1 6.386 2.22 0.80 208.333 2.54 0.70 

10 33.9 0.3451 30.3 5.501 1.66 0.82 203.252 2.64 0.62 

20 33.7 0.4621 35.4 4.708 1.46 0.81 205.761 2.72 0.57 

30 33.6 0.8181 42.4 3.931 0.79 0.93 179.211 3.06 0.48 

40 34.7 1.1200 101 1.650 1.38 16.90 9.862 1.62 0.66 

50 35.2 1.2400 164 1.016 0.60 22.70 7.342 1.59 0.55 

60 35.3 1.0470 198 0.842 0.49 26.30 6.337 1.55 0.44 

 

 

 

  

Table A.4: Fit data of temperature dependent cw EPR spectra for NpSRII/HtrII-

I354R1 and E355R1 reconstituted in PML, in a 3.3 M NaCl buffer. Each temperature has 

specified its Azz, fit error (χ
2
) and main fit factors for each component (1 = mobile, 2 = 

immobile), with R the diffusion coefficient, τ the derived reorientation correlation time and 

lw the component line width. C2 represents the estimated percentage of component 2 

(immobile) present in the spectrum. Fixed paramenters: Axx = 5.78 G, Ayy = 4.23 G, gxx = 

2.0086, gyy = 2.0066, gzz = 2.0026. 
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Figure A.2: cw EPR scans at 20℃/293 K during and 20℃/293 K after the full 

temperature dependent measurement cycle (-10℃ to 60℃ / 263 K to 333 K). All 

transducer samples are reconstituted with their cognate receptor, NpSRII, in PML in a 3.3 M 

NaCl buffer. 

A) NpHtrII-A349R1, B) NpHtrII-N351R1, C) NpHtrII-I354R1, D) NpHtrII-E355R1. 

I354R1 and E355R1 samples show a distinctly increased mobile component after the 

temperature dependent measurement cycle, which is due to the spin label detachment, partial 

denaturation or both. We estimate the free SL/denaturated fraction at less than 3%. 
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A B NpHtrII-N351R1 trimer-of-dimers EcTsr-N381R1 trimer-of-dimers 

C D NpHtrII-E355R1 trimer-of-dimers EcTsr-E385R1 trimer-of-dimers 

Figure A.3: Cytoplasmic view of the kinase control domain in Npharaonis transducers 

and Ecoli serine receptors, in ribbon representation, with distances at equivalent sites: 

N351, E355 in NpHtrII and N381, E385 for EcTsr. Displayed distances are between NO 

atoms of selected R1 rotamer side-chains; selected rotamers represent an approximate center 

of the site’s rotamer cloud. We overrepresented NO atoms for several sites for better 

visibility. A) The NpHtrII trimer-of-dimers structure, with position N351 showing the spin 

label side-chain R1 in several monomers, and selected relevant distances. Distances at 13.17 

Å and 9.58 Å (bottom left side, yellow dashed lines) show side-chain spread for the same 

site (i.e. N351R1 in chain E, gold color with grey rotamer cloud). The long distance 

represents rotamer extremes, and the smaller one show distance between one extreme and 

the approximate cloud center. B) The EcTsr trimer-of-dimers structure with a highlight of 

several distances for position N381R1. The grey set of rotamers (bottom left) points out the 

side-chain reach. C) The NpHtrII trimer-of-dimer structure displaying rotamers and several 

relevant distances for position E355. D) The EcTsr trimer-of-dimers structure with a 

highlight of several distances for position E385R1. 
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