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ABSTRACT OF THE DISSERTATION 

 

Monitoring the internal dynamics of proteins in the time domain of μs-ms using SDSL-EPR via 

the exploration of novel spin labels with restricted motions 

 

by 

 

Mengzhen Chen 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2022 

Professor Wayne L. Hubbell, Chair 

 

Although many functionally important processes occur in the μs-ms timescale, few 

spectroscopic techniques can report direct dynamic information of biological systems in this time 

domain. One of these is SDSL-EPR (Site-Directed Spin Labeling Electron Paramagnetic 

Resonance). In the versatile toolbox of EPR methods, ST (Saturation Transfer)-EPR is uniquely 

capable of extending the motional-sensitivity range of EPR to as long as 10-3s, which is particularly 

attractive for studying protein dynamics. However, the method has not previously been generalized 

for the study of the internal dynamics of ordinary proteins. The development of methodologies 

that enable the ST-EPR technique to probe μs-ms internal protein dynamics under ambient 

conditions is the central aim of the work presented in this dissertation. 

The fast rotational diffusion of small soluble proteins and side chain internal motions limit 

the utility of ST-EPR to monitor conformational dynamics in the μs-ms range. To reduce the 
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interference of these fast motions and extend the applicability of ST-EPR, we combine both 

stationary-phase techniques for protein immobilization and novel nitroxide spin labels with highly 

restricted internal motions. In all cases reported, the spin label is attached to a cysteine residue 

introduced by site-directed mutagenesis. The results from this work demonstrate that: (1) The 

applicability of SDSL ST-EPR for monitoring protein internal modes can, in general, be extended 

to ordinary soluble and membrane proteins via the use of a disulfide-linked bifunctional spin label 

side chain (RX) together with immobilization of the protein on a Sepharose solid support. Using 

the well-characterized proteins (T4 Lysozyme and Myoglobin), various contributions to the slow 

motions measured by RX and ST-EPR were dissected and the feasibility, versatility, and sensitivity 

of ST-EPR for monitoring protein internal dynamics were demonstrated. (2) To overcome 

potential perturbations to structure and dynamics caused by the cross-linking bifunctional RX side 

chain, two disulfide-linked spin label side chains attached at a single cysteine and having highly 

restricted internal motions were characterized and shown to be comparable to RX for the detection 

of slow protein motions. (3) Finally, a novel highly immobilized spin label side chain attached via 

a thioether linkage at a single cysteine was characterized. Unlike the disulfide-linked side chains, 

the new side chain, designated R9, reacts preferentially with solvent-exposed cysteine residues 

and is non-reducible by common reagents used in protein studies. R9 has great potential for 

describing the magnitude of structural changes and probing protein dynamics. 

Collectively, this work advances and broadens significantly the SDSL-EPR methodology 

for monitoring protein motions, making the direct measurement of internal dynamics possible 

within the important μs-ms time domain by providing new experimental tools and strategies. The 

results lay the foundation for the use of new spin labels in complex systems, including membrane 

proteins. 
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Chapter 1: Protein dynamics 

1.1 The energy landscape and protein function 

Proteins in solution are dynamic macromolecules, exhibiting hierarchical flexibility across a 

wide range of both length and time scales1,2. While a thermodynamically stable ‘native’ state 

typically predominates under physiological conditions, by the late 1950’s it had become clear 

that, in order to perform their functions, proteins cannot exist as static, rigid systems3. The lock-

and-key model4 proposed by Emil Fisher in the 19th century was thus shown to be a poor 

descriptor of enzyme-substrate binding and enzymatic function. Daniel Koshland proposed a 

new mechanism of molecular recognition, known as the induced-fit model5 where, upon binding 

of a substrate, conformational change of the enzyme is induced, whereby specific functional 

groups of the enzyme relocate into positions required to establish necessary stabilizing 

interactions, thus allowing the enzymatic reactions to be catalyzed. 

However, unfortunately neither lock-and-key nor induced-fit models are adequate 

descriptors of reality, as both mechanisms consider only a single conformation in their functional 

enzymatic events. Further, a different view has come to light, with a growing body of 

experimental evidence, from techniques such as fluorescence6, nuclear magnetic resonance7, and 

hydrogen exchange experiments8 9,10. In 1976, Cooper11 reported that transient fluctuations are 

an intrinsic property of proteins at thermodynamic equilibrium. Studies on myoglobin soon 

thereafter lead to a new paradigm proposed by Frauenfelder and coworkers12–18, introducing the 

concept of hierarchical dynamics to describe the molecular mechanism of protein function. 

The concept of the ‘energy landscape’ is used to describe the existence of multiple 

conformational states in equilibrium, separated by multiple energetic barriers; this landscape is 
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dynamic and coupled to a particular set of parameters, including temperature, pressure, solvent, 

etc. The population distribution of the various conformational substates in the energy landscape 

is determined by their relative free energy and by the energy barriers that separate them. On a 

funnel-shaped19,20 energy landscape (Figure 1.1 (B)), excited states possessing higher 

configurational entropy21,22 co-exist with the stabilized native state, as the latter’s free energy is 

often only a few kcal/mol lower2,23,24. 

 

Figure 1.1 (A) Characteristic protein dynamics involved in this dissertation; (B) corresponding time scales of protein 

dynamics depicted in the energy landscape (based on the description introduced by Frauenfelder and co-workers). 

Close analysis of the energy profile reveals that these native state-adjacent excited states are 

sparsely populated and may thus be inaccessible to traditional spectroscopic detection. 

Perturbations in the surrounding environment, however, can redistribute the relative populations 

of these substates, and transitions from native to excited states can occur more readily. Both the 

structural changes and the time scale of exchange accompanying such perturbations may 

contribute to the execution of protein functions22,25–27. 
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1.2 Timescales of protein dynamics 

In the context of a dynamic energy landscape, the motions of proteins (Figure 1.1 (A)) can 

be divided into two major classes: (1) conformational changes (i.e., conformational 

rearrangement), and (2) fluctuations around a ground state structure (i.e., breathing modes), 

which may not necessarily be the native state. Characterized by their motional amplitude and 

frequency (or timescale), different protein motions are often correlated to specific dynamical 

classes. While the amplitude of motion can be large or small for conformational changes, 

fluctuations tend to be smaller in amplitude. The extreme of motional processes28,29  lead to 

complete unfolding of the protein into disordered coils, resulting in a loss of three-dimensional 

tertiary structure and thus function. 

 

1.2.1 Conformational changes (μs-ms) 

A high activation barrier usually separates two states undergoing a conformational change30–

32; as such, the time domain of their exchange is often found in the μs-ms range. Conventional X-

ray diffraction experiments on crystallized proteins cannot characterize the majority of these 

conformational rearrangements directly in solution, because of the characteristics of this 

preparation method. Rather, evidence of motions can only be inferred from the comparison of 

multiple static crystal structures of the same protein in slightly different conditions. Progress has 

been made in the development of methods for the direct time-resolved detection of 

conformational changes. Nuclear magnetic resonance (NMR) spectroscopy has made significant 

contributions in identifying and characterizing protein conformational changes in solution23,26,27. 
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However, NMR methods are also limited in several aspects, one of which is their poor sensitivity 

in the microsecond time domain. In this timescale, typically two discrete states are observed and 

then exchange information is indirectly extracted; further discussions of NMR can be found in 

Chapter 2. 

In 1962, Perutz33 determined the X-ray crystal structure of deoxy- and oxyhemoglobin 

aiming at providing a structural explanation that accounted for Haurowitz’s 1938 observation34 , 

that the entrance of oxygen-induced a conformational change large enough to disrupt crystal 

packing. X-ray crystal structures showed structural differences between deoxy- and 

oxyhemoglobin, but failed to identify a clear route for the binding of the oxygen molecule to the 

heme group (i.e., the oxygen binding site). This result again confirms that fluctuations in the 

tertiary structure of proteins are required for their functionality, and more importantly it also 

shows the benefit of characterizing conformational changes in solution, i.e., in biologically 

relevant or native physiological conditions. 

Functionally important conformational changes have been widely identified in many 

systems35–39. An often-cited example30 refers to the exchange between ‘open’ and ‘closed’ 

conformational states related to ligand binding and dissociation in protein-ligand systems. 

Characterization of conformational ‘switches’ involved in signal transduction has made a 

magnificent contribution to understanding the role of proteins in such processes. Various 

conformational states and substates are possible, and often correspond to specific structural or 

kinetic intermediates where nonspecific binding (so-called promiscuity) enables a diversity of 

ligand recognition and protein-protein interactions. 

Shear40 and hinge41 motions are the most common types of conformational changes, while 

more complicated collective motions42, coupling multiple structural elements and dynamic steps, 
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also exist, where non-covalent interactions, e.g., hydrogen bonding, salt bridges, and van der 

Waals forces, are all found to be relevant. Shear motions are sliding motions that occur at 

interfaces between well-packed elements and maintain the integrity of the interface throughout 

the course of the motion. Accumulated small torsions of side chains contribute to the overall 

shear motion of a secondary element or domain. Such motions43 are normally found in the global 

movement of larger domains, which may, for example, create an active site cleft. Hinge 

motions44, on the other hand, involve larger torsional changes and result from movements 

between two relatively static and compact domains connected by a highly flexible ‘hinge’——

often a few short alpha-helices or beta strands. 

 

1.2.2 Fluctuations (ps-ns) 

Although backbone fluctuations may seem to play a less significant role to the functionality 

and stability of folded proteins, large-scale motions associated with conformational changes 

actually depend upon such fluctuational processes. Frauenfelder45,46 suggested that coordinated 

motions with surrounding solvent molecules are essential for conformational change in proteins, 

a process he described as ‘solvent slaving’. Backbone fluctuations are small-scale structural 

excitations induced by thermal fluctuations of the solvent47,48, leading to a series of high-

frequency, stochastic motions of the protein. Over longer timescales, these fluctuational motions 

in concert eventually result in large-scale conformational motions. Moreover, peptide backbone 

modes in proteins result in local plasticity, which is required for transitions between statistical 

substates on the ps-ns time scale, i.e., for modulating entropic changes associated with functional 

processes, and providing flexible regions dynamic degrees of freedom to populate function-

relevant excited states49–52. 
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Backbone dynamics also play a key role in providing ligand access to protein interiors. 

Oftentimes, functional binding sites are buried within the protein core and appear inaccessible to 

solvent through the lens of the crystal structure. The aforementioned example of deoxy- and 

oxyhemoglobin provides a good example53, namely that according to the crystal structure there is 

no clear pathway for small molecules (oxygen, carbon monoxide, etc.) to reach its binding 

pocket, where the heme group is bonded to the protein. Certain dynamics are required to provide 

such a pathway, either a large-scale conformational change or a series of smaller, coordinated 

backbone motions. However, for the reasons described above, these dynamics are not easily 

identified in the static crystal structure and at most shown as unresolved in the electron density 

maps. 

Results from hydrogen exchange experiments8,54,55 demonstrated that even hydrogen atoms 

buried within the core of a protein undergo a slow, but finite, isotopic exchange with deuterated 

solvent, serving as clear evidence of the occurrence of protein fluctuations. Further 

characterization using NMR and various chemical modification techniques revealed that the 

essence of such protein fluctuations are small amplitude motions in the folded state and/or local 

unfolding of particular regions to expose buried sites49,52. These two characteristic processes 

occur over different time scales: Structural or thermal fluctuations involve motions on the ps-ns 

time scale with small amplitudes, while larger amplitude motions that require activation to cross 

an energetic maximum occur in the μs-ms time domain. 

For the work presented in this dissertation, it should be mentioned that because the detection 

of motions with NMR often replies on the atom-H bond vectors, particularly the N-H vector 

which is collinear with the helical axis, this technique is orientationally less sensitive to the 

‘rocking’ mode of a helix. Rather, the motional mode of N-H vectors is modulated by a 
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‘crankshaft’56 kind of fluctuation. SDSL-EPR serves as a perfect complement in monitoring 

rotational modes as the spin label is averagely orientated perpendicular to the helix, which will 

be introduced with more details in chapters 2-4. 

 

1.2.3 Side chain dynamics 

With its capability briefly mentioned above, it is reasonable to believe that NMR 

techniques57–59 have an optimal observation scheme for detecting protein side chain dynamics. A 

combined NMR 13C relaxation and time-resolved fluorescence study60 reported the rotamer 

lifetimes of valine, leucine, isoleucine, histidine, phenylalanine, and tyrosine as approximately 2 

ns. However, the timescales of side chain dynamics can vary greatly even within the same 

protein——from this study, side chain bond rotation lifetimes ranged from 10 to 1000 ps. 

Comparisons between side chains revealed that the mobility of side chains is correlated with 

the local steric packing. For side chains at solvent-exposed, surface sites of the protein, their 

dynamics are found at the fast end of the range. According to the results of NMR relaxation 

dispersion by Kay and Dahlquist61–64, ‘slower’ motions were observed for 'interior' side chains. 

For a protein modified to have an unnatural cavity (‘cavity mutant’), the side chains of valine, 

leucine, isoleucine, alanine, methionine, asparagine, and glutamine were reported to be slowed to 

even the μs-ms range. Ishima et al. also reported slow, millisecond side chain motions in 

partially-deuterated HIV-1 protease via 13C relaxation experiments65,66. Unlike the fast dynamics 

originating from low-amplitude bond librational motions on surface sites, slower rotameric 

exchanges observed for buried hydrophobic side chains might be more functionally important, as 

such processes are likely to be involved in the structural rearrangement of protein and/or ligand 

binding to the cavity61. 
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In this dissertation, discussions regarding side chain dynamics will primarily focus on the 

internal motion of spin label side chains, which is essentially modulated by the surrounding 

environment, interactions with nearby side chains, and local and global protein dynamics. 

Chapter 4 will provide an in-depth discussion in this regard. 
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Chapter 2: Introduction to Electron Paramagnetic Resonance Spectroscopy (EPR) 

Theory and Instrumentation 

2.1 Introduction to magnetic resonance and EPR spectroscopy 

2.1.1 Spectroscopy 

The determination of macromolecular structures by X-ray crystallography has enormously 

advanced our knowledge of protein science over the last century1. As the most energetically 

stable conformation, the crystal structure of a protein in its native state directly reveals the 

structural basis for biological function and physicochemical properties at atomic resolution2–6. 

However, with time it became clear the importance of elucidating not only the static structure of 

a protein but also the equilibrium that exists between its various conformations7–9. With the 

advent and advancement of cross-disciplinary methodologies, another innovative chapter of 

protein science has started. By incorporating methods of molecular biology and spectroscopies 

that are capable of detecting dynamics in a range of time scales, the field of protein science has 

grown dramatically in the past decades. Widely utilized methods include Nuclei Magnetic 

Resonance (NMR) spectroscopy, Fluorescence spectroscopy, Infrared (IR) and Ultraviolet-

visible (UV-Vis) spectroscopy, and many others, 10–14 each of which plays a role in revealing the 

unique and non-negligible role of dynamics in protein function. 

Deepened understanding of interactions between matter and electromagnetic radiation has 

further established the spectroscopic methods as one of the fundamental exploratory tools in the 

study of protein function, structure, and dynamics. In general, spectroscopic methods probe the 

interaction between atoms or molecules and corresponding electromagnetic radiation that meets 

the resonance condition to induce transitions between two energy levels. The resonance 
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condition means that such transitions are quantum-mechanically allowed by photon emission or 

absorption and occur at a frequency	ν, defined by the energy level difference between the two 

states according to Planck’s law: 

∆E = hν               (2.1) 

where	h = 6.626069 × 10!"#J · s	is Planck’s constant. 

The wavelength of radiative energy in each process decides the characteristics and capacities 

of each kind of spectroscopy (Table 2.1), ranging from the high-frequency region of the 

electromagnetic spectrum (e.g., X-, gamma rays) to the low-frequency region (e.g., radio-, 

microwaves). Across this broad range in the electromagnetic spectrum, spectroscopies can reveal 

the finer details of rotational, vibrational, electronic, and nuclear structure, probing at the (sub-

nanometer) atomic level and in the sub-nanosecond time scale. 

Among the various spectroscopic methods listed above, NMR spectroscopy15–17 has 

contributed many of the most important results in protein science, particularly following the 

development of pulsed radiofrequency technologies. By reporting residue-specific information 

on protein dynamics, NMR methods have revealed the conformational flexibility of proteins, and 

the importance of such flexibility in protein function18–21. Therefore, protein structure (an 

ensemble of conformations in many cases) as determined by NMR is typically considered as a 

complementary method of structural characterization to that obtained by X-ray diffraction. 

Unfortunately, typical solution-phase NMR methods have relatively low sensitivity to 

samples of sub-millimolar concentration and/or samples in rather complicated conditions, for 

example, membrane proteins in their native lipid environments. Indeed, the fact that proteins 

exhibit hierarchical flexibility across a wide range of both length and time scales presents a 

significant challenge to many experimental methods, including NMR. Regardless of its ability to 
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map residue-specific structure, the use of solution-phase NMR to measure internuclear distances 

is limited to a relatively short range, while direct measurements of dynamics are only possible 

for those on the sub-millisecond time scale, which is unfortunate as many functionally important 

biological processes occur outside of this range. 

The shortcomings of other spectroscopic techniques in the study of protein structure and 

dynamics provide the foundation for the development and use of Electron Paramagnetic 

Resonance (EPR, or ESR, Electron Spin Resonance) spectroscopy22,23 and SDSL24,25 (Site-

Directed Spin Labeling) as a complementary method to NMR and X-ray diffraction of protein 

crystals, which have been widely recognized as having unique strengths for detecting rather 

complex biological systems. 

Table 2.1 Electromagnetic spectrum region (by wavelength), type of energy transition, and the associated 

spectroscopic technique. 

Wavelength Energy type Origin Spectroscopy 

< 0.1 nm γ-rays Atomic nuclei Mössbauer spectroscopy 

0.01-2.0 nm X-rays Inner shell electrons X-ray absorption spectroscopy 

2.0-200 nm UV Ionization Vacuum UV spectroscopy 

200-800 nm 
UV-Vis Valency electrons 

UV-Vis spectroscopy 

*Emission* Fluorescence spectroscopy 

0.8-300 μm Infrared Molecular vibration IR and Raman spectroscopy 

1 mm-30 cm Microwave 
Molecular rotation Microwave rotational spectroscopy 

Electron spin EPR spectroscopy 

0.6-10 m Radio waves Nuclei spin NMR spectroscopy 
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Electron paramagnetic resonance was first observed and reported by Yevgeny Zavoisky in 

1944; the EPR spectroscopy technique is sensitive to the motion and environment around 

molecular species containing one or more unpaired electrons. Due to the relative rareness of 

stable, unpaired electron spins in biological systems, EPR is highly selective spectroscopy. There 

are three major types of paramagnetic species that are of biological significance: free radicals, 

transition metal compounds, and a few paramagnetic molecules such as oxygen. Before the 

development of specific molecular biology techniques such as site-directed mutagenesis26 and 

recombinant protein expression, the applications of EPR in protein science were largely limited 

by the practical difficulty of incorporating unpaired electrons into proteins. Pioneered by Hubbell 

and McConnell27, the technique of site-directed spin labeling (SDSL) vastly broadens the 

horizon of EPR for use in protein science. In short, SDSL-EPR involves the incorporation of 

stable free radicals into protein sites specifically selected by site-directed mutagenesis methods; 

these radicals, so-called ‘spin labels’, serve as reporters of motion and local environment for 

EPR28. Nearly all spin labels in common use are nitroxides in which the unpaired electron is 

localized on the N-O bond (see Figure 2.2 and chapter 4). 

Since the first application of SDSL-EPR, substantial progress has been made in 

methodology, instrumentation, relevant molecular biology techniques, and the chemical and 

physical understanding of spin labels. Both the ability to resolve dynamics over a wide range of 

timescales (Figure. 2.1) and the sensitivity across sample types29–33 make SDSL-EPR a 

particularly ideal tool for exploring protein internal dynamics. 

Throughout the following sections of this chapter and Chapters 3 and 4, the relevant 

background, magnetic resonance theory, and instrumental techniques, are presented using the 

formalism of the following authors: Marsh34; Poole35; Carrington and McLachlan36; Berliner37,38; 
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Bridges, Columbus, Fleissner, Guo, Lerch, Lopez, McCoy, and Warshaviak who summarized and 

commented associative materials in their respective dissertation works39–46. The organizational 

framework of their derivations, as well as some content, were drawn upon in the writing of this 

dissertation. 

There are many excellent publications on the theory and application of EPR methods, and a 

more quantitative description can be found in the above references. The aim of this chapter and 

Chapter 3 is only to provide a brief introduction and a general sufficient background on EPR 

spectroscopy, which will help the Reader in navigating subsequent chapters. Also, as the spin 

label is a crucial part of this dissertation, the development of SDSL-EPR will be separately 

introduced with more details in Chapter 4. 

 

Figure 2.1 Intrinsic timescales of SDSL-EPR spectroscopic methods47 for detecting protein dynamics and selected 

protein motions. CW-EPR: Continuous-wave EPR; ST-EPR: Saturation-transfer EPR; SR-EPR: Saturation recovery 

EPR; ELDOR: Electron-electron double resonance. 

 

2.1.2 Electron paramagnetic resonance 

An unpaired electron placed in an external magnetic field (𝐁) possesses a magnetic 
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moment,	𝛍𝐞, which is associated with the electron angular momentum,	𝐒: 

𝛍𝐞 = 𝛾%ℏ𝐒               (2.2) 

𝛍𝐞 = −𝑔𝛽%𝐒               (2.3) 

where	ℏ ≡ ℎ/2𝜋, and	γ&	is the electron gyromagnetic ratio. The second equality is a more 

commonly used, equivalent expression in EPR, given in terms of the electron g-value (𝑔 ≈

2.002319 for a free electron) and the Bohr magneton	β&(= 𝑒ℏ/2𝑚% = 9.274009 × 10!'#𝐽 ·

𝑇!(). 

The interaction energy of an electron with the field is determined by their relative spin 

orientations, where	𝐻J	is the electron Hamiltonian operator, the eigenvalues of which are the 

energies of the states: 

𝐻J = −𝛍𝐞 · 𝐁               (2.4) 

Conventionally, one defines the direction of the static magnetic field in the z-direction, and 

as such the Hamiltonian is: 

𝐻J = 𝑔𝛽%𝐵)𝑆)               (2.5) 

This constitutes what is known as the Zeeman interaction. It has been shown by experiments 

that an unpaired electron has a spin	𝐒 = (
'
, which is quantized to two allowed energy states in the 

z-direction and thus two eigenvalues,	𝑀* = ± (
'
; often, α and β are used to represent the	𝑀* =

+ (
'
	state and the	𝑀* = − (

'
	state, respectively. According to Eq. 2.1 and Eq. 2.5, the energy 

difference,	∆𝐸, between two states separated by the static magnetic field can be written as: 

∆𝐸 = 𝑔𝛽%𝐵+ = ℎ𝜈              (2.6) 

where	𝐵+	is the static magnetic field strength. This is known as the resonance condition for EPR 

absorption. Transitions between the two spin states of the electron can be induced by applying 
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electromagnetic radiation of frequency	𝜈	such that the incident photon energy matches the energy 

difference	∆𝐸 = ℎ𝜈. In practice, conventional continuous-wave (CW) EPR spectroscopy 

employs a fixed microwave frequency while scanning the magnetic field to achieve resonance. 

Table 2.2 lists commonly used microwave frequency bands and magnetic fields matching 

their resonance conditions in commercial EPR spectrometers. The most widely used frequency in 

EPR is the X-band, and is the primary frequency technique reported in this dissertation, unless 

otherwise specified (like Q-band applications in pulsed EPR spectroscopy). 

Table 2.2. Calculated fields of resonance (with equation 2.6) at different frequencies. 

Frequency (GHz) Microwave band Magnetic Field of Resonance (Gauss) 

1.1 (1-2) L 392 

4.0 (2-4) S 1439 

9.40 (8-12) X 3350 

24.0 (18-26.5) K 8633 

35.0 (33-50) Q 12470 

94.0 (75-110) W 33811 

 

2.2 Nitroxide EPR spectrum 

2.2.1 Hyperfine interactions and nitroxide spin Hamiltonian 

As mentioned in 2.1, the most common types of spin labels used in biological studies are 

stable nitroxide derivatives (Figure 2.2), in which the unpaired electron is localized on a nitrogen 

atom, e.g., N-oxyl derivatives of secondary amines in heterocyclic rings.  
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Figure 2.2. The general form of nitroxide radicals for use in spin labeling studies. 

Since the unpaired electron is localized at the nitrogen	 𝑁(# , which has a nuclear spin angular 

momentum 𝐈 = 1, an interaction exists between the electron and nitrogen nuclear spins, resulting 

in what is known as the hyperfine interaction. By including the hyperfine interaction in 

consideration of the electron energy levels, the nitroxide spin Hamiltonian in the z-direction 

contains two principal energy terms: 

𝐻J = 𝑔𝛽%𝐵)𝑆) + 𝐴𝐼-𝑆-              (2.7) 

where 𝐴 is the strength of hyperfine interaction. Placed in the external magnetic field, the 

nitrogen nucleus has three quantized energy states in the z-direction and three eigenvalues,	𝑚. =

+1, 0,	and	−1. Dictated by the selection rules of quantum mechanics (∆𝑀* = ±1, ∆𝑚. = 0), 

there are three allowed transitions involving electron spin transitions, and therefore three 

separated absorption lines in a nitroxide spin label EPR spectrum, corresponding to the 

interaction of the electron with each nitrogen nuclear spin state (Figure 2.3). 

Theoretically, any nucleus with non-zero spin angular momentum (𝐈 ≠ 0) in nearby atoms 

can interact through the hyperfine mechanism with the unpaired electron, resulting in the 

splitting of a single EPR absorption line into many (2𝐈 + 1). In general,	 𝐻	( and	 𝐶(" 	are 

commonly known to also cause line-splittings for nitroxide spin labels. The energy difference 

between these lines (A/gβe) in magnetic field units is called hyperfine splitting, and it can offer 

explicit details about structures and dynamics experienced by the radical. In fact, in the analysis 

of SDSL-EPR spectra, it is one of the most important parameters and will be discussed in more 
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detail. While the splitting caused by	 𝑁(# 	is a major feature in nitroxide EPR spectra, whether 

other separations can be resolved in lineshapes depends on both the microwave frequency (which 

determines the energy separation level in the field) and the potential overlap of linewidth 

broadening contributed from other factors.; thus, they are not always easily separable. Some 

examples will be mentioned in section 2.2.3 and chapter 5. 

 

Figure 2.3. Allowed energetic transitions for an electron interacting with a nuclear spin of 𝐈 = 1. In a magnetic field, 

the spin state of an electron is split into two distinct energetic states, α, and β. Those states are further split by 

hyperfine interactions, which are dependent on the nuclear spin state	𝑚!, in this example, the nitrogen is considered, 

a nucleus that has three spin states: 𝑚! = +1, 0,	and	−1. Allowed transitions (∆𝐸) are shown by dashed arrows, 

corresponding to three first-derivative absorption peaks shown in the EPR spectrum below, with their resonance 

positions at h𝑣/gβe and the splitting as A/gβe. 

Following from Eqs. 2.6 and 2.7, considering the hyperfine interaction, the resonance 
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condition for EPR absorption becomes: 

∆𝐸 = 𝑔𝛽%𝐵+ + 𝐴𝑚. = ℎ𝜈             (2.8) 

 

2.2.2 Angular anisotropy and powder spectrum 

As mentioned above, the unpaired electron in nitroxide spin labels mainly resides near the 

nitrogen atom, namely, in the two-center π-molecular orbitals formed by 2pZ atomic orbitals of 

nitrogen and oxygen. This highly localized, anisotropic electron distribution results in an angular 

dependence and thus, in the absence of rapid motional averaging, in an anisotropic nitroxide EPR 

spectrum. It is the spectral anisotropy of spin labels that imparts their sensitivity to molecular 

orientation and local surroundings, which enables the unique sensitivity of SDSL-EPR 

spectroscopy to structures and dynamics. 

Both the g-value and the hyperfine coupling parameter A can be expressed as direction-

dependent tensors (𝐠	and	𝐀) that depend on relative orientation in the magnetic field. The spin 

Hamiltonian can be rewritten as: 

𝐻J = 𝛽%𝐁 · 𝐠 · 𝐒 + 𝐈 · 𝐀 · 𝐒             (2.9) 

The anisotropic part of the g-tensor arises from the spin-orbit coupling48,49 of the unpaired 

electron. Due to the non-spherical symmetry of the p-orbital, its contributions to the orbital 

angular momentum of the electron lead to nitroxide g-values that deviate from the free-electron 

(spherically symmetric) g-value. 

While the Fermi contact interaction50 between the unpaired electron and the nitrogen nucleus 

leads to an isotropic component of the hyperfine interaction, the anisotropic part of the A-tensor 

arises from the magnetic dipolar contribution of the electron in the axially symmetric 2pZ atomic 

orbital and its interaction with the nitrogen nuclear magnetic moment. In considering the 
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magnetic and spatial structure of the nitroxide, there is very little difference between the 

molecule in the x- and y-axes, while the z-axis is significantly different. Therefore, the nitroxide 

is often approximated as having axial symmetry, where the properties along two axes (the 

perpendicular ones in our case) are considered equivalent and very different from the third axis 

(the parallel axis in our case): for both the hyperfine and g tensors, the value measuring along the 

z-axis is significantly different from (much larger) the values observed along the x- or y-axis that 

are approximately equivalent. 

At X-band, the hyperfine anisotropy dominates the EPR spectral anisotropy. The effect of g-

tensor anisotropy is relatively unimportant at any frequency lower than 94 GHz. At higher 

frequencies, with enhanced energy separation, the g-tensor anisotropy can be resolved as 

different resonance field centers about which the absorption line is split (Figure 2.4), and 

hyperfine splitting is less pronounced. 

With the principal axes coincident with the nitroxide frame shown in Figure 2.5 (A), the g- 

and A-tensors can be expressed in terms of these principal 

elements:	𝑔//,		𝑔00,		𝑔)),	𝐴//,	𝐴00,	𝐴)). The spin Hamiltonian then becomes: 

𝐻J = 𝛽%[𝑔//𝐵/𝑆/ + 𝑔00𝐵0𝑆0 + 𝑔))𝐵)𝑆)\ + 𝐴//𝐼/𝑆/ + 𝐴00𝐼0𝑆0 + 𝐴))𝐼)𝑆)   (2.10) 

where	𝐵/ , 𝐵0 ,	and	𝐵)	are the orientational components of the magnetic field vector B as shown in 

Figure 2.5 (B). In practical measurements, the isotropic g- and A-value:	𝑔+ =
(
"
[𝑔// + 𝑔00 +

𝑔))\;	𝑎+ =
(
"
[𝐴// + 𝐴00 + 𝐴))\	can also be expressed. 
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Figure 2.4. The spectra of randomly-orientated powder samples using 𝑁(# -nitroxide spin labels at EPR frequencies 

of 9.4 GHz (top panel, X-band) and 94 GHz (bottom panel, W-band), and g-values gxx, gyy, and gzz that indicate 

corresponding resonance-field positions are noted. Field width: 200 Gauss or 20 mT. 

Conveniently, the magnetic field direction can be re-expressed in terms of the polar 

angles:	𝜃	and	𝜙. The angular dependence of the nitroxide EPR resonance in field 

units	𝐵1"(𝜃, 𝜙)	is then given by: 

𝐵1"(𝜃, 𝜙) =
23

4(6,8):#
− ;(6,8)

4(6,8):#
𝑚.          (2.11) 

where the explicit angular dependence of the field relative to the nitroxide principal axes is 

defined by the angular dependence of effective g-value and hyperfine coupling on the polar 

angles	𝜃	and	𝜙	: 

𝑔(𝜃, 𝜙) = [𝑔//𝑐𝑜𝑠'𝜙 + 𝑔00𝑠𝑖𝑛'𝜙\𝑠𝑖𝑛'𝜃 + 𝑔))𝑐𝑜𝑠'𝜃       (2.12) 
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𝐴(𝜃, 𝜙) = i[𝐴//' 𝑐𝑜𝑠'𝜙 + 𝐴00' 𝑠𝑖𝑛'𝜙\𝑠𝑖𝑛'𝜃 + 𝐴))' 𝑐𝑜𝑠'𝜃        (2.13) 

In practice, considering the axial symmetry of nitroxides, the g-values and hyperfine 

couplings are often expressed by the parallel and perpendicular components instead: 

𝑔(𝜃) = 𝑔∥𝑐𝑜𝑠'𝜃 + 𝑔=𝑠𝑖𝑛'𝜃           (2.14) 

𝐴(𝜃) = i[𝐴∥'𝑐𝑜𝑠'𝜃 + 𝐴=' 𝑠𝑖𝑛'𝜃\          (2.15) 

where the z-axis is designated	∥,	and both the x- and y-axis are both designated	⊥. 

 

Figure 2.5 (A) Principal axis system for a nitroxide. z-axis lies along the nitrogen 2p atomic orbital, which 

participates in the nitroxide pπ-bond that contains the unpaired electron; the x-axis lies along the N–O bond; the y-

axis lies in C–NO–C plane. (B) Orientation of magnetic-field vector B to the nitroxide principal axis system. (C) 
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The first-derivative CW-EPR spectra of uniformly-orientated samples using nitroxide spin labels, with the magnetic 

field B directed along the x-, y-, or z-axis of the nitroxide principal axis system. The spectrum of a randomly-

oriented powder sample is also included as the red curve for comparison. The dotted lines indicating the principal g-

values and the hyperfine splitting are used to help guide the eye. Field width: 200 Gauss or 20 mT. 

By positioning a uniformly-oriented sample51, like a single crystal, such that the magnetic 

field is aligned with the nitroxide axis system, we can resolve separate components along each 

direction of the hyperfine interaction (in the principle axis system) at the X-band (Figure 2.5 

(C)). However, in most cases, such a single crystal-type experiment is impractical or impossible. 

Biological systems under physiological conditions usually are randomly oriented and are in 

constant Brownian motion. In these samples, subspectra for the nitroxide at all possible 

orientations relative to the field are present, and the EPR spectrum is a superposition of all such 

components. 

In cases where such re-orientational motion is severely reduced or completely absent (e.g., 

for a frozen solution, or a finely-crushed crystal), a so-called powder spectrum is produced and it 

reflects the orientational distribution of the sample. Analysis of this type of spectrum is useful 

since the orientational distribution relates strongly to the intrinsic anisotropy of spins (nitroxide 

in most cases) as we have been demonstrating above. The powder spectrum can be simulated 

with different models of angular dependence to offer detailed orientation information on the 

sample, and so principal A and g values (as well as natural linewidths) can be extracted from 

them with ease because they specify turning points of spectral lineshapes as shown in Figures 2.4 

and 2.5. 

 

2.2.3 Polarity dependence and inhomogeneous linewidth broadening 
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As discussed above, the chemical structure52 (and associated molecular orbitals and local 

polarity) of spin labels, namely the ring structure and substituents in the ring of nitroxides, 

influences the g-factor and hyperfine anisotropy, and thus their EPR spectra. Some specific 

examples reflective of such effects will be shown and discussed in the chapters to follow. 

Apart from the dependence on intrinsic molecular properties, spectral parameters of 

nitroxide spin labels also show a solvent polarity dependence53–57, making them excellent 

probes58–60 of the local environment, particularly for biological systems in which non-covalent 

interactions play important roles. Both experimental and computational work61–63 has been done 

to understand the polarity dependence in EPR, for the practical aims of interpreting spectral 

lineshapes (see Chapter 3 for discussion of lineshape simulations) and for a better understanding 

of spin labels. For the nitroxide spin labels that are widely used in biological studies, two kinds 

of solvent effects63,64 affecting g- and A-tensor components are usually considered: electrostatic 

effects due to the polarity of the solvent, and hydrogen bonding to the nitroxide. 

 

Figure 2.6. (A) The distribution of unpaired electron spin density in the nitroxide in terms of the two resonance-

hybrid structures; (B) An example66 of the pattern of hydrogen bonding between H2O molecules and a nitroxide 

ring. 

The distribution of unpaired electron density in the nitroxide molecule is usually shown as 

two electronic structures in resonance (Figure 2.6 (A)). It has been determined that the structure 
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in which the unpaired electron is localized on the nitrogen atom is favored in polar 

environments61. Consequently, with increasing solvent polarity, the strength of the nitrogen 

hyperfine interaction is stronger, and thus so does the magnitude of the A-tensor65. In practice, 

twice the ‘effective hyperfine splitting’ can be directly measured from spectral extrema (2𝐴))>), 

and can be used as a quantitative parameter to evaluate the polarity of environments, which is 

particularly useful in the studies of biological membranes. 

On the other hand, the hydrogen bonding to the nitroxyl oxygen in protic media (e.g., Figure 

2.6 (B)) can induce profound shifts (as compared to the change brought by polarity) in spin 

density off oxygen onto nitrogen, which can be visualized in crystals of nitroxide molecules. In 

protic environments, both isotropic hyperfine couplings and g-values have a linear dependence 

on the concentration of hydroxyl groups: 

𝑎? = 𝑎+? + l
@A$

@[CD]
m ∙ [OH]                                                                                                       (2.16) 

where	𝑎+?	is spin label specific. Such shifts markedly increase the strength of nitrogen hyperfine 

coupling and thus the magnitude of the A-tensor67,68. 

Another spectral parameter that is sensitive to both the chemical structure of the spin label 

and the surroundings is the spectral linewidth. Theoretically, each absorption line in a spectrum 

corresponds to a quantum-mechanically allowed transition between energy states. As for the EPR 

powder spectrum, different resonance positions correspond to different angular orientations of 

nitroxide in the magnetic field. However, a spectral line extends over a range of frequencies in 

practice, not a single frequency; in other words, it has a nonzero natural linewidth. Moreover, the 

center of each absorption line may be shifted from its nominal frequency position due to the 

mixing of states or exchange averaging between states of similar energies. 

Two major categories of linewidth broadening in EPR spectroscopy exist and are usually 
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referred to as homogeneous and inhomogeneous broadening. The former is determined by the 

lifetime of states based on the Heisenberg uncertainty principle, resulting in an unshifted 

Lorentzian lineshape (see Chapter 3). The latter, on the other hand, generally arises when the 

ensemble of free radicals (nitroxides in our case) occupies a variety of local environments; 

yielding a distribution of unresolved, energetically-similar Lorentzian components. In EPR 

spectra, the common source of inhomogeneous broadening is the unresolved hyperfine structure 

from surrounding atoms. For the 𝑁(# -nitroxide, such broadening arises mostly from unresolved 

hyperfine coupling to nearby protons or trace 13C in the radical. Therefore, inhomogeneous 

broadening depends not only on the nitroxide molecular structure, but also on solvent polarity 

and temperature. 

It should be noted that although both the hyperfine splitting and linewidth directly reflect the 

electronic structure of the spin label, in many cases their apparent values may be subject to 

exchange narrowing due to rapid dynamics, and Heisenberg spin exchange due to collisions with 

another existing paramagnetic species. For example, the equivalent twelve 𝐻(  nuclei from the 

four methyl groups of a typical nitroxide ring give a hyperfine splitting of approximately 0.2 

Gauss at X-band, and the single 𝐻(  on atom C4 gives a hyperfine splitting of approximately 0.5 

Gauss69. Such splitting is incredibly small compared to the dominant	 𝑁(#  hyperfine splitting and 

is not typically observed relative to the natural linewidth. However, the presence of ambient 

oxygen dissolved in the solution (0.18 mM for protein solutions, 0.26 mM for pure water, 

absorbed from the atmosphere) is sufficient to broaden the EPR linewidth far beyond that seen 

due to coupling with methyl and ring protons on the nitroxide70. 

In the aqueous solution and under room temperature, the mobility dependence of these 

parameters is usually the more significant contributor. In the following chapter, the effects of 



33 
 

rotational diffusion on spectral lineshapes will be explained in detail, and some applications 

involving these parameters will be introduced. Even in the absence of thermal fluctuation and 

Heisenberg exchange from paramagnetic species, such as measurements taken at cryogenic 

temperature, the energy limitation of X-band as well as instrumental design (specifically the field 

modulation, see next section 2.3) usually leads to an observed broadening of linewidths 

originated from these refined proton hyperfine structures, instead of splitting of resonance lines. 

Some actual spectra will be shown in Chapters 5&6.  

 

2.3 EPR instrumentation 

Based on the principles of EPR spectroscopy introduced above, in particular, those relating 

to nitroxide spin labels, this section aims to describe the instrumental details of a typical 

commercial EPR spectrometer. Unlike NMR spectroscopy, where CW (field-swept) methods 

have fallen out of favor with the advent of pulsed technology, the traditional continuous-wave 

EPR method still plays an important role in SDSL-EPR studies. Pulsed methods in EPR were 

significantly slower to develop than for NMR; it was in the 1980s, almost 30 years after the first 

observation of EPR, when pulsed EPR and high-field EPR spectroscopy began rapid 

development and such commercial spectrometers first came on the market71,72. Nowadays, high-

frequency pulsed EPR is a very active field, with the main emphasis on measuring molecular-

scale distances in biological systems (see chapter 3 for ‘DEER spectroscopy’). 

When compared to other forms of spectroscopy, there are two major differences for the 

common EPR methods. First, the unmatched bandwidth between microwave resonators and 

microwave sources leads to difficulty in tuning the hardware adequately, which has decided that 

in the scheme of EPR spectroscopy, the electromagnetic radiation frequency is kept fixed while 
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the magnetic field is scanned to match the resonance condition. Second, due to the relatively 

weak signals arising from the small population difference between the two energy levels of spins, 

and the naturally weaker magnetic dipole transitions, the detector in the EPR spectrometer is 

tasked with measuring the amount of radiation reflected back from a standing wave, rather than 

the direct transmission of excitation power through the sample. Several efforts in design have 

been made to obtain better signal-to-noise spectra, which will be introduced below. 

 

2.3.1 Resonator 

The microwave resonator is designed to house a paramagnetic sample in its center, and to 

maintain a standing wave of incident microwaves inside it around that sample. Until the 

resonance condition is met (via field sweep) and thus the microwave radiation is absorbed by the 

sample, the resonator sustains the microwave oscillations and the amount of energy reflected 

back to the detector remains constant. 

One of the quantitative characteristics of resonators is their quality factor, Q, which indicates 

how efficiently they store microwave energy73. In general, a higher Q factor for a resonator 

results in a higher sensitivity in measurement. Figure 2.7 shows the frequency-dependent 

microwave reflection of a resonator, in which the ‘dip’ at νres (resonance frequency) corresponds 

to minimal reflection from the resonator of incident radiation, and Δν is the full width at half 

maximum (FWHM) at resonance. The Q factor can be expressed based on these parameters: 

𝑄 = F%#&
∆F

                                                                                                                                    (2.17) 
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Figure 2.7 The electromagnetic reflection of a resonator as a function of incident microwave radiation frequency. 

Inside the resonator, the ‘stored’ standing electromagnetic waves have both electric and 

magnetic field components. To minimize the non-resonance microwave absorption by the sample 

via the electric field (which causes energy dissipation by generating heat and therefore degrades 

the Q), different resonators have been designed to optimize the spatial distribution of the 

amplitudes of electric and magnetic fields. In a standard cavity resonator74, which is widely used 

in basic EPR spectrometers, the electric and magnetic components are exactly out of phase with 

each other, i.e. where the magnetic field is maximum, the electric field is minimum, and vice 

versa. Therefore, the sample is placed in the electric field minimum and the magnetic field 

maximum to obtain the highest sensitivity. 

Most of the experiments reported in this dissertation, however, were performed with a loop-

gap resonator (LGR), in particular, a 2-Loop-1-Gap resonator75, first described by Froncisz, 

Hubbell, and Hyde in 1987. Loop-gap resonators have wider resonant frequency profiles than 

those of cavity resonators, thus leading to a smaller (ca. ten times lower) Q value. While the 

signal-to-noise ratio (SNR) for a resonator is proportional to the Q value, it is also proportional 

to its filing factor, η, which is defined as73: 
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𝜂 = ∫I'(JK&)*+,#

∫I'(JK%#&-.)/-%
                                                                                                                     (2.18) 

where B1 is the magnitude of the circularly polarized component of the microwave magnetic 

field (see Chapter 3). 

The filling factor describes the amount of energy stored in the sample relative to the energy 

sustained by the resonator, which depends on the sample arrangement in the resonator. For 

LGRs, the filling factor is approximately 100 times higher than those of cavity resonators, which 

means that LGRs have order-of-magnitude signal per spin improvement over cavities regardless 

of the lower Q. This feature makes LGRs more suitable for samples of small volumes (on the 

order of 2-10μL), and thus the ideal choice for biological samples. Figure 2.8 shows a top-down 

view of the 2-loop-1-gap resonator used, the design of which maximizes the electric field in the 

narrow slit and minimizes it in the two loops. When placed in either loop, a sample is largely free 

from the dielectric absorption and the accompanied heating and thermal background noise, 

another advantage for biological applications. 

 

Figure 2.8 The 2-loop-1-gap resonator used in the studies of this dissertation. Electric field potential is a maximum 

in the gap and exactly zero at the two dots. 

LGRs are reported to have another characteristic that is particularly useful for studies in this 

dissertation, and which will be explained in more detail in chapter 3. In short, its efficiency 

parameter, Λ, is defined as74: 
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Λ = I'
√M

                                                                                                                                      (2.19) 

where the microwave P is the power into the resonator. A typical value of Λ for cavity resonators 

is ~1 Gauss/W1/2, while LGRs73 usually have Λ values as high as 10 Gauss/W1/2. In addition to 

the fact that a higher efficiency parameter results in a larger B1 magnetic field strength, it is also 

believed that there is better uniformity of the B1 magnetic field over the sample in LGRs22,72,76. 

Both characteristics provide LGRs significant advantages in experiments involving high power 

levels of incident microwave radiation (e.g., in saturating conditions). 

In pulsed EPR experiments, a resonator with an intrinsically lower Q is preferred. The 

amount of time that the energy in a resonator takes to decay to 1/e of its initial pulse intensity is 

defined as the resonator ringdown time, τRD, which is proportional to the Q value77. Counter to 

the pursuit of better energy utilization in CW-EPR measurements, pulse methods are optimized 

to minimize ringdown in part because visible ringing in the resonator can obscure the weak 

signals obtained in pulsed EPR, making LGRs the more promising candidate. Besides, the 

broader resonant frequency profile (larger bandwidth/lower Q) of LGRs allows for the 

simultaneous irradiation of two or more frequencies in the same resonator, which is intrinsically 

useful for pulsed ELDOR (electron double resonance) experiments measuring spectral diffusion. 

As mentioned above, the architecture of a particular resonator determines the 

electromagnetic field distributions inside, and thus its usefulness for a specific sample and 

measurement type. In summary, the loop-gap resonator is ideal for both CW (including both 

measurements at low power levels or under saturating conditions, see chapter 3) and pulsed EPR 

experiments that were used and reported in this dissertation. 
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2.3.2 Continuous-wave (CW) EPR spectroscopy 

As briefly introduced above, for CW-EPR experiments, microwave radiation incident upon 

the sample is maintained at a constant frequency while the static magnetic field (B0) is slowly 

swept through the resonance condition of the spins in the sample36. From time-dependent 

perturbation theory in quantum mechanics, the fluctuating microwave radiation field B1 must be 

perpendicular to the static magnetic field B0 to induce the transition between corresponding 

energy levels. Under these conditions, the sample absorbs the microwave energy and an EPR 

signal is observed. 

A CW-EPR spectrometer consists of four main components: the resonator, the magnet, the 

microwave bridge including both the microwave source and the signal detector, and associated 

electronics contained in a console for signal processing and display. This section describes the 

general instrumental setup primarily for obtaining a low-power (unsaturated), first-derivative 

absorption spectrum via conventional continuous-wave EPR experiments. Some details will be 

revisited and expanded upon in Chapter 3 specifically for the saturation transfer EPR method that 

also uses continuous-wave techniques. 

 

2.3.2.1 Magnet and field modulation 

Controlled by a Hall-probe attached to a pole piece near the center of the field, the magnet 

produces homogeneous and stable magnetic fields B0 in the desired range, e.g., ~3.3 kilogauss 

for X-band (~9.4 GHz) and ~13 kilogauss for Q-band (~35 GHz) measurements. The 

homogeneity and stability of the B0 field are necessary to acquire accurate EPR spectral 

lineshapes, in which the linewidth is an important parameter for analysis and highly sensitive to 

the applied field. 
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For most paramagnetic samples, their signal is not strong enough for direct detection (i.e., 

for direct measurement of resonant absorption, as is possible in NMR spectroscopy). Therefore, 

magnetic field modulation is employed as a method to enhance signal sensitivity in 

measurements. Small modulation coils are usually mounted on the outside of the resonator body, 

providing a secondary oscillating magnetic field ((
'
𝐵1 sin𝜔1𝑡) superimposed on the ‘static’ 

magnetic field B0, which is ordinarily swept linearly over the range ΔB0. The magnetic field is 

thus modulated at the angular frequency ωm and amplitude Bm, which selectively amplifies the 

desired EPR signal at a particularly high modulating frequency, while filtering out the non-

resonant noise at each resonant field position. As a practical result of this method, the recorded 

CW-EPR spectrum is detected as the first derivative of the absorption spectrum. 

This use of high-amplitude field modulation can distort CW spectra dramatically, so it is 

important to employ modulation amplitudes comparable to or smaller than the spectral linewidth, 

so that the maximum sensitivity can be achieved without distorting the intrinsic lineshapes. 

Similarly, but more complicated, the modulation frequency needs to be high enough relative to 

the field scan during the ‘passage’ (the sweep of modulated magnetic field) between each 

resonant line so that the effective magnetic field can be considered constant and there are many 

cycles of the modulation accomplished. Such a setup is usually defined as the ‘slow passage’ 

experiment at the modulation frequency of 100 kHz. There are other specific situations in which 

a ‘rapid/adiabatic passage’ experiment with a different modulation frequency would instead be 

needed; further details are given in Chapter 3. 

 

2.3.2.2 Microwave bridge and phase-sensitive detector 

Figure 2.9 schematically shows a diagram of the main components of a microwave bridge. 
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There are two essential parts among them all that play a central role in the acquisition of the EPR 

signal: the microwave source (Figure. 2.9-1), and the reference arm that includes the phase-

sensitive detector (Figure. 2.9-6). 

 

Figure 2.9 Diagram of the main components of the microwave bridge. 1: Microwave source; 2: Power attenuator; 3: 

Waveguide; 4: Circulator; 5: Resonator and modulation coil; 6: Reference arm with the phase-sensitive detector; 7: 

Schottky barrier diode detector; 8: Electronics within the console. 

The electromagnetic radiation source can be either a klystron vacuum tube or a Gunn diode. 

A frequency stabilizer is required for the radiation source to respond to all frequency changes by 

a mechanism that returns the frequency to its initial value, so that uncertainty in the 

determination of magnetic properties (i.e., A-, g-tensors) is minimized. The attenuator 

controllably reduces the power of the microwaves before they are transmitted to the resonator 
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through a tube known as a waveguide, whose dimensions are in the order of the microwave 

wavelength (~3 cm for X-band frequency). The incident microwave radiation is fed to the sample 

in the resonator after passing through the circulator, and then reflected energy from the resonator 

is fed to the detector through the circulator again without mixing the two. 

A phase-sensitive (‘lock-in’) detector compares the EPR signal reflected back to a reference 

signal and only passes through the components of the former that properly correspond to the 

reference frequency and phase. The reference voltage comes from the same oscillator that 

produced the field modulation voltage, and this allows the modulated EPR signal to pass through 

while noise is suppressed. In traditional experiments, the frequency and phase of the detector are 

set equal to that of the modulated EPR signal, but by adjusting these parameters (out-of-phase or 

in quadrature), first or second derivatives of signals can instead be recorded, as will be further 

discussed in Chapter 3. 

The microwave radiation is then converted to an electrical current via a Schottky barrier 

diode, and is sent to the electronics housed within the console. Generally, the console digitizes 

the signal, monitors the response from the Hall probe, and controls the microwave field (both the 

field sweep and the modulation). Optimizing sensitivity and absolute signal intensity requires 

that the detector diode be operated at power levels greater than 1mW, so that the diode itself 

operates within its linear sensitivity range. 

 

2.3.2.3 Absorption and dispersion mode 

With the magnetic field being swept, when the resonance condition is satisfied, the sample 

absorbs the incident microwaves, which manifests itself as a Q change or a frequency change in 

the resonator. Most EPR spectrometers detect only the Q change that results from the energy 
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absorption or the change of the imaginary part of the magnetic susceptibility χ’’. Some 

spectrometers can operate in both modes, including the detection of dispersion that corresponds 

to the frequency change that results from the change of the real part of the magnetic 

susceptibility χ’. 

In typical CW-EPR experiments, the insertion of samples into the resonator causes a shift in 

the resonant frequency of the resonator. The microwave source is required to be stabilized by a 

mechanism on the resonator frequency, thus it will ‘follow’ the change of frequency upon the 

placement of the sample, leaving the change of χ’ in resonators stabilized out. In other words, the 

dispersion signal is usually not detectable, unless a phase shifter may be placed between the 

circulator and resonator to vary the effective length of the waveguide and thus adjust the phase of 

the microwave incident on the resonator. It thus permits one to observe either the real part or the 

imaginary part of the magnetic susceptibility. This will have the effect of producing absorption, 

dispersion, or a combination of both shapes of the signal. 

Due to the higher noise level and more strict hardware requirements of dispersion mode, it is 

rarely used compared to absorption detection. However, dispersion spectra can provide unique 

information about slow dynamics in the important μs-ms time range, which will be discussed in 

Chapter 3, section 3.4. 

 

2.3.3 Pulsed EPR spectroscopy 

Most components needed to set up a pulsed EPR system are the same as those of the CW 

system, including the microwave source, the circulator, the magnet, and (often) the resonator, 

detector, and console. It has been historically difficult, however, to develop microwave 

electronics that are fast enough for signal detection across a range of signal intensities (nanowatt 
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to milliwatt), immediately following a high-power excitation pulse (kilowatt), as well as to 

protect the sensitive detector from being destroyed by such high-powered pulses. Eventually, 

three key components have been added to the microwave bridge designed for pulsed EPR 

experiments: a pulse programmer, a pulse amplifier, and a quadrature detector that enables signal 

acquisition in both real and imaginary channels simultaneously. 

Specific descriptions of the pulse excitation arm typically include the microwave pulse 

forming unit (MPFU) and the TWT; this hardware is typically installed separately in the EPR 

bridge so that the low-power CW measurements can still be performed when needed. The pulse 

programmer coordinates the complex series of events required for a pulse experiment to be 

successful, including the basic pre-amplification excitation pulse and defense pulse, and the more 

complicated designs of pulse sequences required for exotic experiments such as DEER, 

saturation recovery, or ELDOR. The microwave amplifier, often of the ‘traveling wave tube’ 

(TWT) variety but can also be solid state, produces kilowatt excitation pulses. A short, low-

power pulse is generated first by the MPFU and is then amplified by the TWT to reach a higher 

power level (~1 kW). The pulse is then sent to the resonator to excite the sample spins. 

The pulse programmer is responsible for coordinating these events with appropriate timing 

(and preamplifier/detector ‘defense’). The TWT must be powered on prior to the microwave 

pulse generated from the MPFU, while the diode that is responsible for the defense pulse must be 

active whenever the TWT is on, to protect the signal preamplifier and detector. Further details on 

pulsed techniques will be provided in the following chapters when discussing specific pulsed 

EPR methods, such as SR-EPR and DEER. 
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Chapter 3: Study Protein Dynamics via Electron Paramagnetic Resonance 

3.1 Introduction 

The electron spin Hamiltonian and resonance condition explicitly define the EPR spectrum 

of a single spin system in terms of ‘delta-function’ (i.e., infinitely narrow and sharp) resonant 

transitions. Such transitions depend on the intrinsic chemical properties and angular anisotropies 

of the spin. In practical experiments performed on macroscopic samples, the ensemble of 

unpaired electron spins is measured in the spectrometer. For the total number of spins, N, in the 

applied static magnetic field, the population ratio of two quantized states (α and β) at thermal 

equilibrium is described by Boltzmann’s law: 

?0
?1
= 𝑒!

23
45 = 𝑒

670#89
45                                                                                                                   (3.1) 

where k is Boltzmann’s constant, and T is the absolute temperature. 

In EPR, the measured signal is dependent on the ‘net magnetization’, the sum total of all 

electron magnetic moments in the applied field. Approximately half of all of the spins are 

magnetically oriented opposite the other half, meaning that the total magnetic moment is not 

simply proportional to the total number of spins present. For a solution of nitroxide molecules 

placed in a field of roughly 3300G (corresponding to X-band frequency) at room temperature, 

the population ratio is approximately 1.001474, meaning that for a total of 106 spins there are 

782 more spins in the β state than in the α state; this determines the sensitivity of the EPR 

technique to microwave absorption. 

The spin populations are dynamically modulated via two types of transitions that are 

dependent on the interactions with the surroundings. These include spontaneous transitions, in 

which random spins ‘flip’ between two states, and stimulated transitions where the application of 
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an oscillating magnetic field induces the spins to flip. 

To explain how such transitions relate to the EPR response, time-dependent perturbation 

theory and the Bloch equations are used. Because magnetic resonance measurements report the 

bulk spin magnetization rather than individual spins, Felix Bloch1 derived a phenomenological 

depiction of the system with a set of equations that classically describe a single, evolving net 

magnetization vector. In time-dependent perturbation theory, the main goal is to determine the 

time-evolution of a perturbed quantum system, with particular emphasis on calculating transition 

probabilities and modeling the irreversible decay of probability from a small quantum system 

coupled to a very large quantum system, which in our case, is the individual electron spin 

Hamiltonian. Both the Bloch equation and perturbation theory have been rigorously discussed in 

publications. In this chapter, key conclusions are presented to provide a fundamental description 

of EPR lineshapes and intrinsic timescales. 

As manifested in spectral lineshapes, the outstanding sensitivity to molecular motion of EPR 

spectroscopy makes it an unmatched technique for studying biological systems. At the end of this 

chapter, a particularly powerful EPR method will be discussed that exclusively detects motion in 

the μs-ms time range: Saturation Transfer EPR, which serves as the most important method for 

results presented in this dissertation. 

 

3.2 Spin relaxation 

3.2.1 Transition probabilities 

The rate at which the microwave magnetic field can induce transitions2 between the β and α 

states,	𝑊N,:, depends on the square of the matrix element ⟨β∣V∣α⟩ for the interaction that 
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connects them: 

𝑊N,: = 2𝜋𝛾%'|⟨𝛽|𝑉|𝛼⟩|'𝛿(𝐸: − 𝐸N − ℎ𝜈)                                                                                (3.2) 

where V represents the time-dependent perturbation (e.g., the radiation field B1), and the Dirac 

delta function that imposes the requirement that the transition energy provided needs to match 

the resonance condition. 

It needs to be noted that interaction with the radiation field induces transitions in both 

directions to occur at the same rate. In the conventional EPR scheme (see Chapter 2), a static 

field B0 is applied in the z-direction and the linearly polarized oscillatory field, B1, which is a 

component of the applied microwave radiation, is applied perpendicular to the static field. For a 

single unpaired electron spin, the rate then becomes: 

W = WO,P =	WP,O =
QR:(

'
B(,S' ∙ g(ω+ −ω)	                                                                               (3.3) 

B(,S = 2B( cosωt                                                                                                                       (3.4) 

which shows that the transition rate is proportional to the square of B(,/, i.e., to the microwave 

power. Therefore, the absorption EPR signal intensity is directly proportional to the square root 

of the microwave power. Here the Dirac delta function is replaced with the envelope function, 

g(ω+ −ω), as in practice there is no infinitely sharp absorption linewidth. 

The rate equation for the instantaneous population in state α (or β) can be derived: 

TU
TV
= W(1 − n) −W(1 + n) = −2Wn                                                                                      (3.5) 

𝑛(𝑡) = 𝑛(0) ∙ exp	(−2𝑊𝑡)                                                                                                        (3.6) 

where n represents the instantaneous difference between the populations of the two states, 

thus	n(0)	is the population difference at t = 0 (equilibrium distribution, no applied radiation). 

The rate of energy absorption from the radiation can be written as: 
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JW
JX
= 𝑛𝑊Δ𝐸 = 𝑛𝑊 × ℏω+                                                                                                         (3.7) 

 

3.2.2 The Bloch equations 

Through the classical lens, for an ensemble of spins (such as electrons) in a magnetic field, a 

torque is exerted of which the moment is summed to yield the net magnetization M: 

J𝑴
JX
= γ& ∙ 𝑴 × 𝑩 = 𝑴×𝝎                                                                                                        (3.8) 

When placed in a static field B0 (which defines the z-direction), the electrons precess about 

the z-axis at the Larmor frequency (ω0), but a component of their magnetization vector exists 

somewhere in the xy plane, randomly such that the sum-total Cartesian x,y-magnetic 

(‘transverse’) components are zero (Mx and My = 0) at thermal equilibrium. The net 

magnetization	𝑴 = ∑𝝁𝒆	(the sum of all electron magnetic moments) along the z-direction can 

be expressed then as: 

M[ = n ∙ γ&ℏ = χ ∙ B                                                                                                                  (3.9) 

Furthermore, the time dependence of M, describing its spontaneous return to thermal 

equilibrium (explained in the next section) can be written for each directional component3: 

J\;
JX

= − ]\;!\;,9^
_'

, J\=
JX

= − ]\=!\=,9^
_(

, J\>
JX

= − ]\>!\>,9^
_(

= − J\=
JX

                                     (3.10) 

where Mi,0 is the magnetization of a given component at thermal equilibrium (note that Mx,0 = 

My,0 = 0, and that Mz,0 = ‘M0’ is proportional to the magnetic susceptibility χ of the sum of spins). 

Combining equations (3.6) - (3.8) yields the Bloch Equation describing the time dependence 

of the bulk magnetization in the laboratory frame of reference, a stationary coordinate system: 

J𝑴
JX
= γ& ∙ 𝑴 × 𝑩 − (\;!\9)

_'
𝒌 − \=

_(
𝒋 − \>

_(
𝒊                                                                             (3.11) 
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where i, j, and k are unit vectors in the x, y, and z directions, respectively. It should be noted that 

the Bloch equations are usually solved under the rotating frame. The transformations and 

derivations of the Bloch equations in the rotating frame can be found elsewhere2,4 and will not be 

discussed in detail here. Briefly, the oscillatory field B1 is applied perpendicular to the static field 

B0, precessing also at a Larmor frequency (ω1). In the rotating frame, i' is the unit vector that lies 

along the direction of B1, and j’ is perpendicular to i'. By performing such a substitution, the unit 

vectors are considered to be rotating at the angular velocity of the circularly polarized radiation, 

and change with time. Equation 3.9 becomes: 

T`?
TV

= −γ&B(v −
(`?!`9)

a'
                                                                                                       (3.12a) 

Tb
TV
= −(ω+ −ω()u + γ&B(M[ −

b
a(

                                                                                       (3.12b) 

Tc
TV
= (ω+ −ω()v −

c
a(
	                                                                                                           (3.12c) 

Going back to the laboratory frame, the magnetization in the x-axis (the direction of the 

applied oscillatory field B1) can thus be written as: 

MS = u cosω(t + v sinω(t = 2B(χ(ω()e!de'V 

							= 2B(χ>(ω() cosω(t + 2B(χ>>(ω() sinω(t                                                                     (3.13) 

where Bloch introduced here the susceptibility as a complex parameter to describe the 

magnetization, including its phase relations of components. 

The solution to the Bloch equations in the steady state (where derivatives = 0, not 

necessarily at thermal equilibrium) yields a mathematical description of the EPR signal. For most 

commercial EPR spectrometers, the recorded steady-state signal is from the absorption mode of 

the instrument, detecting the change in the resonator Q value (see Chapter 2) that directly results 

from microwave energy absorption. The average power absorbed per unit volume is given by: 
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JW
JX
= 𝜔(|𝑀)| = 𝜔(B(v = 𝐵('𝑀+𝜔(

_(
(f_(((g9!g')(fh#(I'(_'_(

= 2𝐵('𝜔(χ>>(ω()                       (3.14a) 

which uses the fact that the solution to 3.12b is: 

ν = M+
R:i'a(

(fa(((e9!g')(fR:(i'(a'a(
                                                                                                 (3.15) 

Recall that M0 is proportional to the magnetic susceptibility χ of the sum of spins, and so 

Equation 3.14a can also be written as: 

JW
JX
= (χ+B('ω+)ω(

a(
(fa(((e9!e')(fR:(i'(a'a(

                                                                             (3.14b) 

Therefore, the absorption signal corresponds to the out-of-phase (relative to the radiation B1) 

component 𝜈, i.e., the imaginary part of the magnetic susceptibility χ’’. The signal reaches a 

maximum at resonance when ω1 = ω0. With an appropriate instrumental setup, the frequency 

change can also be detected in ‘dispersion mode’, directly measuring the real part of the 

magnetic susceptibility χ’. Note that for pulsed experiments, the above Bloch equation 

derivations are not relevant beyond the discussion of spin populations. Theoretical details of 

pulsed EPR experiments are beyond the scope of this dissertation, but can be found in other 

references5. 

 

3.2.3 Spin-lattice relaxation (T1) and saturation 

As a magnetic spin system is not thermodynamically isolated in practice, spontaneous 

transitions occur and constantly drive the spin system to reacquire a state of thermal equilibrium. 

The spin system is coupled to the so-called lattice, the surrounding environment, which serves as 

a thermal sink for the microwave energy absorbed in the EPR experiment. This coupling 

provides the system a pathway to return to its equilibrium population ratio (i.e., the Boltzmann 

distribution). The corresponding spin transitions involving energy release to the lattice are known 
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as longitudinal or spin-lattice relaxation (T1 relaxation). 

Modifying equation 3.5 above to include directions of spin transition, the rate equation 

describing the population difference between two states, considering spin-lattice relaxation can 

be written as: 

TU
TV
= WP→O(1 + n) −WO→P(1 − n)                                                                                        (3.16) 

When the system reaches thermal equilibrium (i.e., following T1 relaxation),	TU
TV
= 0, and so 

the equation can be rewritten as: 

TU
TV
= U@!U

a'
= (WO→P +WP→O)(nk − n)                                                                                   (3.17) 

where	nk = (WO→P −WP→O) (WO→P +WP→O)⁄ 	, which is also the equilibrium value of 

population difference. At time t after the spin system is perturbed, the population difference 

modulated by the T1 relaxation can be expressed as: 

n(t) = nk[1 − exp(− t T(⁄ )]                                                                                                   (3.18) 

One can see that the characteristic time parameter here, T1, is equivalent to that in the Bloch 

equations 3.10 and 3.12. Now, by combining equations 3.5 and 3.17, the overall rate equation 

describes the population difference when microwave radiation is applied: 

TU
TV
= U@!U

a'
− 2Wn                                                                                                                     (3.19) 

When the system reaches a steady state in the radiation field, TU
TV
= 0, the equation can be 

rewritten as: 

𝑛 = l9
(f'm_'

                                                                                                                               (3.20) 

Combining equations 3.3 and 3.17, we see a new form for equation 3.7: 

JW
JX
= n+ΔE

n
(f'na'

= n+ΔE
AB:(

( i'(∙p(e9!e)

(fQR:(i'(∙p(e9!e)a'
                                                                         (3.21) 
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which is of the same form as equation 3.14, but here it is quantized. 

The amplitude of the absorption signal is modulated by two competing processes: T1 

relaxation and radiation. It should be emphasized that the radiative transitions occur at the same 

rate from state α to β and vice versa, but it is obvious that the relaxation transition from the upper 

(α) to the lower (β) energy level induced by spin-lattice interactions must occur at a faster rate 

than the reversed transition, otherwise the spin population difference could not return to the 

equilibrium value defined by Boltzmann distribution. 

From equation 3.20, when 2W≪T1, spin-lattice relaxation dominates and the system is kept 

stable at thermal equilibrium, where the spin population difference remains at the value n0. 

However, when T1≪2W (i.e., in situations of high power of the oscillatory field B1), simulated 

transitions overcome the spin-lattice relaxation, resulting in deviation of the population 

difference from its equilibrium value. The absorption signal vanishes if the spin population 

difference can be driven to zero, due to constant stimulated transitions. Such a phenomenon is 

called saturation. 

In conventional CW-EPR experiments, the microwave source is operated at low power or 

attenuated to avoid saturation of the spin system. When the system is not saturated, equation 3.14 

can be simplified (by eliminating the term	𝛾%'𝐵('𝑇(𝑇') as follows: 

A(ω() =
a(

Q[(fa(((e9!e')(]
                                                                                                        (3.22a) 

And in terms of magnetic field: 

A(B) = R:[a((R:((i9!i)(]
Qa([(fa((R:((i9!i)(]

                                                                                                      (3.22b) 
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which is a Lorentzian lineshape. Note that in this equation B0 is the field at which the resonance 

condition is satisfied, not necessarily the static field strength (which corresponds to the B now, as 

the instrument sweeps field). 

The theory describing the origins of spin-lattice relaxation for spin labels in solution is 

complicated and beyond the scope of this dissertation, but some insightful articles are available6–

8. In brief, spin-lattice relaxation is dependent on the magnitude of local field fluctuations and on 

their proximity to the paramagnetic center, which in this case is the nitroxide spin label. Eaton et 

al.6 proposed four contributing processes responsible for spin-lattice relaxation effects between 

100 and 325 K, two of which depend on the nitroxide rotational correlation time. This motional 

dependence has enabled the development of a method9 using T1 measurements to detect the 

conformational exchange of spin-labeled proteins, via the pulsed technique of saturation 

recovery (SR) EPR. 

In a pulsed SR-EPR experiment, in addition to the static field B0 and weak radiation B1, an 

intense microwave pulse is applied at the frequency of the nitroxide central resonance line (the 

mI = 0 manifold), which serves to saturate the spin system. The return from saturation to 

Boltzmann thermal equilibrium is then monitored with a weak observing microwave radiation 

field, observed as an exponential ‘recovery’ signal with the characteristic time constant T1. 

In situations where two relaxation pathways or protein states (and thus two rates) exist, the 

return to equilibrium is in general bi-exponential in form, and the relaxation rate constants are 

functions of the intrinsic T1 values and exchange rates for the two components. In the case where 

extremely slow or no exchange occurs between the two protein states, the observed relaxation 

rates simply reflect those of the two states; for extremely fast exchange, only a single, averaged 

relaxation rate is observed. When the exchange lifetime between the two states is similar to the 



61 
 

T1 values of the two states, the so-called “intermediate exchange regime”, two relaxation time 

constants are observed, however, they are complicated functions of the intrinsic T1 values, 

exchange rate, and relative populations. In Bridges, et al.9, it was reported that most rotameric 

exchange of the spin label side chain on proteins occurs so quickly as to produce a mono-

exponential SR curve. However, for protein conformational exchange, as it is typically at least 

one order of magnitude slower than the rotameric exchange, intermediate and slow exchange 

processes were both observed for various spin-labeled sites, thus enabling the use of T1 

measurements to differentiate these two processes. 

The value of T1 is fundamentally important for many SDSL-EPR methods, particularly non-

linear EPR techniques (see section 3.4) as it determines the overall amplitude of the absorption 

signal. At solvent-exposed sites in a protein (MW≦50kDa), the most commonly used nitroxide 

side chain R1/MTSSL typically has a value of T1 ≈ 1-2 μs10,11. Incorporating molecular structures 

that can restrict internal flexibility has been proven effective for increasing the intrinsic T1 of 

spin label side chains, and can potentially advance the application of saturation transfer EPR and 

power saturation experiments by extending their detection limits in time or distance 

measurements. Real examples of this will be presented in Chapters 6 and 7. 

 

3.2.4 Spin-spin relaxation (T2) and homogeneous linewidths 

According to the Heisenberg uncertainty relation, the spin-lattice relaxation that limits the 

lifetime of spins in the upper/excited state brings in broadening to the spectral linewidth. 

However, in conventional (i.e., non-saturation) CW-EPR experiments, this so-called ‘lifetime 

broadening’ is not the dominant contributor to spectral linewidths, particularly for nitroxide spins 

measured at ambient conditions (where T1≫T2)6,8,12–14. Instead, spectral lineshapes are largely 
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modulated by another time-dependent process, which is known as the transverse or spin-spin 

relaxation (T2 relaxation). 

It is apparent that this characteristic time is the same T2 mentioned in the Bloch equations 

3.10 and 3.12, which describe the time evolution of transverse spin magnetization components 

(Mx and My). While T1 relaxation drives the reacquisition of the thermal equilibrium population 

distribution along the z-axis (Mz), a return of Mx and My to their equilibrium (random) 

distribution of zero happens concurrently. The spin-spin relaxation phenomenon occurs because 

variation and fluctuations in fields local to each spin cause random changes in the precession of 

each individual spin, resulting in a loss of spin coherence in the xy-plane (dephasing) of the 

ensemble. Any magnetic interaction that influences the local field experienced by the spin 

ensemble can result in T2 relaxation, and this process induces changes in relative spin-state 

energies, thus broadening the spectral linewidths. Equation 3.22 shows the strong dependence of 

conventional CW-EPR lineshapes to T2, from which can be derived the spectral absorption line 

half-width at half-height: 

∆B(/' =
(

R:a(
                                                                                                                           (3.23a) 

For CW spectra, which is detected as a first derivative spectrum (see Chapter 2), the peak-to-

peak linewidth is instead considered: 

∆Brr =
'
√"

(
R:a(

                                                                                                                       (3.23b) 

T2-dependent line-broadening in magnetic resonance is often called Lorentzian broadening 

or homogeneous broadening. In solution, motional contributions originating from molecular 

tumbling dominate T2 relaxation, which will be discussed further in Section 3.3. T2 relaxation 

also occurs from magnetic interactions between two separate spins, which mainly includes two 
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mechanisms: the direct spin-spin interactions via collisional Heisenberg exchange, and through-

space dipolar interactions. 

 

3.2.5 Spin-spin interactions 

3.2.5.1 Dipolar interactions and Heisenberg exchange 

As briefly mentioned in Chapter 2, dissolved oxygen in the aqueous solution is sufficient to 

broaden the EPR linewidth noticeably, such that detailed hyperfine structure and inhomogeneous 

linewidths are difficult to resolve in most nitroxide spectra. This is essentially a result of the 

Heisenberg exchange mechanism, which is a quantum mechanical electrostatic interaction 

arising from collisions of two paramagnetic species that depends on electron orbital overlap 

during the collision and the collision frequency (and thus relative concentrations and 

translational diffusion rates). The collision between a nitroxide and a fast-relaxing paramagnetic 

species (such as O2) results in a decrease in the T1 and T2 values for the nitroxide. Therefore, in 

some EPR experiments, deoxygenation of samples is necessary to eliminate this effect and 

properly achieve saturation. Whereas, this mechanism might also be enhanced on purpose to 

acquire certain information. An extended introduction can be found in chapter 4. 

Another type of spin-magnetic interaction that is relevant to SDSL-EPR is the dipolar 

interaction15,16, due to interactions between the dipole moments of two or more localized spins. 

The dipolar interaction is dependent on the distance between the spins (with a 1/r3 

proportionality), and so this phenomenon is widely employed for the determination of interspin 

distance measurements. The Hamiltonian for the Heisenberg exchange and dipole-dipole 

interactions can be generally written as5: 
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𝐻J(' = 𝐻JsW + 𝐻Jtt = 𝑱𝟏𝟐𝒔𝟏 ∙ 𝒔𝟐 +
w94(:#

(

#xy'(C
[𝒔𝟏 ∙ 𝒔𝟐 − 3(𝒔𝟏 ∙ 𝒓𝟏𝟐)(𝒔𝟐 ∙ 𝒓𝟏𝟐)]                          (3.24) 

where J12 is the exchange constant, μ0 is the vacuum permeability, r12 is the distance between the 

two spins, r12 is the interspin vector in the static magnetic field axis system, and s1 and s2 are the 

spin angular momenta vector operators. 

It is clear from the form of the above equation that the Heisenberg exchange is isotropic, 

while the dipole-dipole interaction is orientation-dependent. In the high field limit (where the 

electron Zeeman interaction is much larger than the dipole-dipole coupling), if two spins are 

aligned parallel to the magnetic field and are thus parallel to each other, the dipole-dipole 

Hamiltonian can be simplified by dropping non-secular contributors to get: 

HJzz =
{9p(P:

(

#Q|'(C
(3 cos' θ − 1)s¢(,[s¢',[ = ω('s¢(,[s¢',[                                                                (3.25) 

where θ is the angle between the external static magnetic field B0 and the interspin vector, and 

ω12 is defined as the dipolar coupling frequency. 

 

3.2.5.2 Double Electron Electron Resonance (DEER) 

The introduction of a second spin label into protein enables one to obtain distance-related 

information between spins by measurement of the dipolar interaction. While the use of 

homogeneous T2 broadening in CW-EPR can determine interspin distances under 30Å17,18, pulse 

techniques make possible the population-weighted distance measurements in the range of ca. 20-

80 Å. Currently one of the most popular EPR techniques, the double electron-electron resonance 

experiment, DEER, has the exclusive advantage of being able to measure not only protein-scale 

distances but also reveal the structural heterogeneity of the conformational ensemble. A brief 

overview of the basic principles of DEER is provided below, while detailed descriptions of the 
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theory and applications are available elsewhere19–25. 

Various pulse sequences exist for different types of DEER experiments, including a 3-

pulse20, 4-pulse24, and 5-pulse26 sequence. For the DEER data reported in this dissertation, only 

the 4-pulse experiment, shown in Figure 3.1, was employed. 

In 4-pulse DEER, a particular subset of the total spins from the ensemble (observe spins or A 

spins) is first populated by a π/2 (90º) pulse in the ‘observe sequence’, causing the net 

magnetization to realign along the negative y-axis. Due to local field inhomogeneities in the 

sample, dephasing27 occurs in the xy-plane as each individual spin precesses about the z-axis. 

After a fixed time interval τ1, a subsequent π (180º) pulse in the observe sequence then inverts 

the precession direction, causing the previously-dephasing magnetization to refocus in the xy-

plane at a later time (τ1 after the π pulse), forming the primary echo. After another fixed time 

interval τ2, a second π pulse in the observe sequence inverts the precession direction again, 

resulting in a secondary (i.e., refocused) echo at a time τ2 after the second π pulse. The intensity 

of this secondary echo, V, is the signal collected in the DEER experiment. 

Between application of the first and second observe π pulses, the magnetization of another 

subset of spins (pump spins or B spins) is inverted through excitation with a π pulse at a 

resonance frequency different from that used for the observe spins (i.e., at the pump frequency). 

By varying the time at which this pump pulse occurs (tp), an oscillatory signal is obtained, the so-

called ‘dipolar evolution signal’. A varying phase gain of 𝜔12 ∙ 𝑡p (see equation 3.25) is 

introduced to the observe spins as the pump pulse changes the transient local field experienced 

by them, which eventually modulates the signal V at the frequency equal to 𝜔12. 
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Figure 3.1 The four-pulse DEER sequence described in the text employs pulses of microwave radiation at two 

different frequencies (blue and red) to induce transitions in two different populations of spins. 

The time domain over which this signal is measured must be sufficiently long such that clear 

features of a full oscillation period (or more) are collected. Depending on the collected time 

range, empirical expressions for the maximum reliable distance and the maximum distance for 

which the width of the distribution is reliable were determined22, respectively: 

r}~S,〈|〉 = 5¥t}~S/2µs
C                                                                                                           (3.26a) 

r}~S,〈�〉 = 4¥t}~S/2µs
C 	                                                                                                         (3.26b) 

However, recalling that the spin-spin relaxation always acts to dephase spins in the xy-plane 

(back to zero xy-magnetization), even in the absence of the pump pulse, the echo intensity V 

decays exponentially as a function of the pulse separation times τ1 and τ2. The pulse separation 

time τ1+τ2 thus sets the maximum tp for which data can be collected, i.e., the tmax in equation 

3.26. For this reason, it is typically necessary to freeze nitroxide samples to cryogenic 

temperatures (~50 K) to maximize T228, since for nitroxides T2 is ~10-30 ns at room temperature, 

prohibitively short for DEER measurements. Deuteration of the protein or surrounding solvent 
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can also help to extend the value of T2 and thus allow the detection of longer distances. 

In randomly oriented samples, such as flash-frozen solutions often used in DEER 

experiments, the relative population for θ (equation 3.25) is weighted by a factor of sin(θ) and, as 

such, perpendicular orientations are weighted more heavily than parallel orientations. Typically, 

although the distribution of θ leads also to a distribution of dipolar frequencies for a specific pair 

of spins, the pulse radiation is sufficiently wide (but not too wide) to equally excite all 

resonances at each orientation. On the other hand, for highly rigid samples with well-separated 

spectral lines and where very narrow pulses are used, specific orientations or narrow ranges of θ 

can be selectively excited22,29. But in the standard DEER experiment, the signal is considered an 

integration over all possible angles for two spins with a certain distance, and representative of the 

entire ensemble30. 

In practice, one observes a distribution of distances (due to the intrinsic flexibility proteins 

and spin label side chains), requiring a summation over all interspin distances weighted by their 

probabilities to deconvolute the signal. To solve for the distance distribution function, the time-

domain dipolar evolution data (after proper background subtraction) is discretized and converted: 

𝐅[tr\ = 𝐊(r, tr) ∙ 𝐏(r)                                                                                                            (3.27) 

where 𝐅 is a vector containing the background-corrected data, 𝐏 is the probability distribution, 

and 𝐊 is a kernel function containing representative dipolar evolutions for a range of distances. 

For a given 𝐏, a kernel function may be readily constructed to solve for 𝐅. Tikhonov 

regularization is the most commonly employed method for solving this equation and has been 

implemented in analysis software. In this dissertation, all DEER data were analyzed using the 

program LongDistances written by Dr. Christian Altenbach, which employs a modified 
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regression analysis involving a non-negative model-free analysis. Experimental DEER results 

will be shown in Chapter 7. 

 

3.3 The effects of rotational dynamics on EPR lineshapes 

The remarkable sensitivity of SDSL-EPR to the dynamics of molecules is one of its most 

important advantages. When the characteristic time scale of molecular rotation matches the 

inverse of the resonance frequency, it is possible then to resolve the effects of motion on the 

spectral lineshape31–33. Conventional CW-EPR lineshapes exhibit distinct and well-understood 

responses to rotational motions with correlation times ranging from ca. 10−11s to 10−7s by 

remarkably exploiting the spectral anisotropy of nitroxide spin labels to molecular orientations 

and surroundings. The detectable motional time range of spectral lineshapes can even be further 

extended to as long as milliseconds in combination with other techniques such as the saturation 

transfer EPR, as will be discussed in Section 3.4). 

Changes in lineshape manifest due to the relationship between the frequency of detection 

and the rotational motion (or any spectral exchange process) connecting two orientational, 

structural, or dynamic states, which each have their own resonance positions in SDSL-EPR. As it 

is the orientation of the spin (relative to the applied field) that defines the resonance position, it is 

not only the rate of motion (characterized by the correlation time τR) but also the angular 

amplitude of motion that is crucial for the motional contributions to the spectra. For nitroxide 

spin labels, rotational motion is most likely to be restricted about the z-axis with a slight tilt 

angle, which defines the order parameter S (discussed below in Section 3.3.2) in corresponding 

motional models. 

In a theoretical sense, molecular motion affects lineshapes as it modulates T1 and T2 
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relaxation by generating transiently fluctuating fields on top of the oscillatory radiation (B1) 

field. Redfield relaxation theory34,35 describes the dependence of T1 and T2 on isotropic rotational 

correlation time, but it is only valid in the fast motional limit (τR < 10-9 sec). For motions slower 

than 1 ns, different theoretical treatments and experimental models have been presented14,36–39, 

some of which will be discussed below. 

 

3.3.1 Effects of the rate of motions on CW-EPR spectra 

Recalling that the A- and g- anisotropies define the resonance positions of the powder 

spectrum40–43 (i.e., where no motion exists) and based on the timescale required to average out 

these anisotropies, three motional regimes in EPR spectroscopy have been defined for nitroxides 

based on the correlation time of isotropic rotational diffusion: the fast/motional narrowing 

regime (τR ≈ 0.1 ns ~ 2 ns), the intermediate regime (τR ≈ 2 ns ~ 100 ns), and the slow/rigid limit 

regime (τR > 100 ns); see Figure 3.2(A). 
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Figure 3.2 (A) X-band CW-EPR spectra of nitroxide spin labels for varying rates of isotropic rotation. From top to 

bottom, rotational correlation times τR (ns) increase. Spectra simulated using the stochastic Liouville equation (see 

section 3.3.3). (B) X-band CW-EPR spectra of nitroxide spin labels for the restricted angular amplitude of motion. 

Rotation is about a single axis with the nitroxide z-axis inclined at a fixed tilt angle. From top to bottom, order 

parameter S increases. Spectra simulated using stochastic Liouville equation with correlation time τR = 0.5 ns. 

While in X-band, the hyperfine splittings dominate over the effect of the g-tensor, and thus 
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the timescale of rotational sensitivity is determined by the anisotropy of A-tensors. Increasing in 

motional rate from the rigid limit, where the spectrum strongly resembles the powder pattern, the 

discrete resonance lines are first seen broadening as the correlation time decreases, and the 

effective hyperfine splitting of the outer spectral extrema (2Azz’) decreases. Notice that the three 

hyperfine manifolds broaden differentially due to anisotropy, with the high-field line (mI = -1) 

broadening more dramatically than the other two. 

In this slow motional regime, Freed14 derived empirical calibrations of spectra to estimate τR 

assuming isotropic rotational motion: 

𝜏� = 𝑎(1 − ;;;D
;;;D(+)

)�                                                                                                               (3.28a) 

𝜏� = 𝑎′(
�*"

�*"(+)
− 1)!�>                                                                                                           (3.28b) 

where a, b, a’, and b’ are empirical fitting parameters,	𝐴))D(0)	represents the rigid limit value for 

the hyperfine extrema,	Δ1"(0)	represents the rigid limit value for the linewidth (manifold-

specific). It should be emphasized that these empirical equations are only valid for isotropic 

motions. Also, care should be taken for the choice of rigid limit values, as the above calculations 

can be significantly influenced by the specific conditions of the ‘rigid limit’. This will be 

revisited with real examples in Chapters 5 and 6. 

With further increasing the rotational rate, resolved resonance lines within a given manifold 

eventually begin to move together and eventually collapse to a single broad resonance if: 

𝜏� =
(

h#(;;;!;>>)
≈ 2𝑛𝑠                                                                                                            (3.29) 

The collapse of the spectral anisotropy in the low-field hyperfine manifold normally occurs 

between τR = 5~7 ns, whereas that in the high-field manifold it occurs between τR = 3~5 ns. All 

spectral anisotropy effects are negated by the time a correlation time τR = 2 ns is reached, where 
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the sample enters the fast/motional narrowing regime. 

In the fast motional regime, the spectra consist of three sharp, well-resolved absorption lines 

centered at the resonance positions corresponding to the 14N-hyperfine interactions. The width of 

each line progressively narrows with increasing τR, hence the alternate name the ‘motional 

narrowing’ regime. 

 

3.3.2 The effects of motional amplitude on CW-EPR spectra 

In most cases using spin labels, a nitroxide does not experience unrestricted rotational 

motion to an angular extent. This means that not all orientations are accessible dynamically, and 

the motion may not be rapid enough to produce an isotropic average. If the motion is indeed 

restricted only to certain orientations on the timescale of the experiment, then the spectral 

anisotropy cannot be completely averaged out, no matter the rate of rotation. Only the magnitude 

of spectral anisotropy is reduced, depending on the angular amplitude of motion. 

A common description for the anisotropic motion of spin labels is as follows: the nitroxide z-

axis (nitrogen 2pz-orbital) is tilted at an angle to a fixed axis about which the spin label rotates 

rapidly. The correlation time for rotation about this axis is short, but the rotation of the axis itself 

is relatively long enough such that the spectral anisotropy is not motionally averaged. Seemingly 

similar to the spectral rate effects described in the previous section but actually different, as the 

tilt angle increases (Figure 3.2 (B)), the outer hyperfine peaks (corresponding to A∥) move 

inwards while the inner peaks (corresponding to A⊥) move outwards. Eventually, the outer and 

inner hyperfine peaks merge when the tilt angle = 54.74° for nitroxides. An order parameter is 

defined as: 
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𝑆 ≡ (
'
(3〈cos' 𝜃〉 − 1) = ;∥!;F

�;
                                                                                                (3.30) 

where Δ𝐴 = 𝐴)) −
(
'
(𝐴// + 𝐴00), and the angular brackets represent an average over the 

ensemble of all accessible orientations. 

In practical systems, a complex situation where the rate of motion also contributes enough to 

modulate the lineshapes on this time scale will be discussed in section 3.3.3. Also, Freed’s 

empirical theorem fails for motions with restricted amplitude as the rotation is no longer 

isotropic. Instead, it is useful to use an effective Hamiltonian model for evaluating the motional 

modes represented in the spectra. Further discussions are shown with real experimental data in 

Chapters 5 and 6. 

 

3.3.3 CW-EPR spectral simulation using the Stochastic Liouville Equation (SLE) and 

microscopic order macroscopic disorder model (MOMD) 

Extending the Classical Bloch equations to simulate lineshapes in the varied-motion 

situations described above requires significant theoretical modifications: the fast motional regime 

would employ perturbation theory44–46, while the slow motional regime requires a ‘jump’ 

model47. Alternatively, rotational diffusion can be described quantum mechanically by using the 

density matrix, which leads to the use of the stochastic Liouville equation (SLE) for spin 

dynamics, which is valid for all motional regimes and takes into consideration distributions of 

both rate and amplitude of motions. 

As the dynamics reported by spin labels in CW-EPR can cover the time range from ps to 

100ns, spectral lineshape simulation using SLE has been proven to be an indispensable analytical 

tool in SDSL-EPR-related studies. Freed and coworkers developed computer programs14,48 to 
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calculate the solution to the SLE for different dynamical models of intermediate motions. One 

motional model that has been proven very useful in modeling the dynamics of nitroxide side 

chains is the microscopic order macroscopic disorder (MOMD) model. 

In the MOMD model, three coordinate frames are employed as illustrated in Figure 3.3. 

Recall in Figure 2.5 that the principal axis system for a nitroxide is the molecule-fixed magnetic 

tensor frame (xM, yM, zM), where the z-axis lies along the nitrogen 2p atomic orbital and the x-

axis lies along the N–O bond. A second coordinate frame introduced is the principal frame for 

the rotational diffusion tensor (xR, yR, zR). The relationship between the diffusion and magnetic 

frames is specified by the diffusion tilt angles (αD, βD, γD), defined as the Euler angles required 

for the rotation of the magnetic frame into the diffusion frame. 

 

Figure 3.3 The MOMD model. A diagram showing the relationship between the nitroxide magnetic frame (xM, yM, 

zM), the z-axis of the diffusion tensor (zR), and the protein fixed director (zD). The angles βD and θ are defined as 

illustrated. Over time, zR moves within a space defined by the ordering potential. 
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To describe the anisotropic motion, a restoring (ordering) potential (U) that constrains the 

spatial extent of the motion of zR is introduced in MOMD. The ordering potential is expanded as 

a series of spherical harmonics: 

𝑈(Ω) = −∑ 𝑐�,�𝐷+���,� (Ω)                                                                                                     (3.31) 

where Ω is a vector representing the diffusion tilt angles, and cL,K are the coefficients of the 

potential, which are expressed in units of kBT. Only five possible terms of the potential are 

typically, namely c20, c22, c40, c42, and c44, and often use of only the term c20 is sufficient for the 

simulation of the majority of lineshapes. 

Using a first-order expansion, the amplitude of motion can be described by: 

U(θ) = − (
'
kiTc'+(3 cos' θ − 1)                                                                                           (3.32) 

where θ is the (instantaneous) angle between zR and the symmetry axis of the potential. The 

symmetry axis zD of the potential defines the z-axis of the third and final coordinate frame, the 

director frame. From this, the order parameter S20 can be written as: 

S'+ =
(
'
(3〈cos' θ〉 − 1)                                                                                                           (3.33) 

where again the angular brackets indicate the spatial average. 

For the commonly used disulfide-linked nitroxide spin label side chains attached to the 

protein, the director frame is uniaxial and fixed in the protein, resulting in an anisotropic motion 

and can be characterized by a such order parameter. For the individual protein molecule, zD could 

form a distribution of angle ψ with respect to the external magnetic field. To obtain the final 

spectrum corresponding to an isotropic distribution of protein orientations, it is necessary for the 

spectrum to be summed over all angles ψ. 

In the actual simulation program, rates of motion are expressed as a Cartesian rotational 

diffusion tensor (Rxx, Ryy, Rzz) of logarithms of the rotational correlation rate, given here in a 



76 
 

modified spherical form: 

〈R〉 = ¥RSSR��R[[C                                                                                                                   (3.34) 

τ� = 1 6 × 10〈�〉⁄                                                                                                                      (3.35) 

In spectral simulations of nitroxide EPR spectra, c20 and	〈R〉, and the principal values of A- 

and g-tensors are by far the most important parameters. Other parameters can also dramatically 

affect the simulated lineshapes and are listed here: the Euler tilt angles (αD, βD, γD), Lorentzian 

homogeneous (wxx, wyy, wzz) broadenings, and the Gaussian inhomogeneous broadenings 

(gib0/Δ(0), gib2/Δ(2)). 

It is important to note that, in the MOMD model, strong correlations exist between certain 

fitting parameters (e.g., βD and c20), which creates the potential for multiple different yet equally-

suitable simulations of experimental spectra. In this dissertation, the program MultiComponent 

(as implemented by Christian Altenbach (https://sites.google.com/site/altenbach/labview-

programs/epr-programs)) is used, which can produce non-unique spectral fits due to these 

parametric correlations. As such, it is critical to test models that can reasonably describe the 

physical system studied, and to not rely on results from lineshape simulation alone as ‘proof’ of 

theorized structural or dynamic mechanisms. 

 

3.4 Saturation Transfer EPR 

Saturation transfer EPR (ST-EPR) is a highly sophisticated method aimed at detecting 

dynamics in the μs-ms time domain. Many theoretical articles and reviews can be found5,49–53. 

This section serves only as a brief introduction to the method for readers to better understand the 

results presented in Chapters 5-7 of this dissertation. 
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3.4.1 Background theory 

As discussed above, the powder pattern represents the ‘rigid motional limit’ of conventional 

CW-EPR, and is essentially determined by the anisotropy of the spin label used. Motional effects 

that are slower than 100ns (for nitroxides) can no longer be sensitively resolved by the CW-EPR 

lineshapes. However, because many functionally important biological processes occur in the time 

domain of μs-ms, it is important to extend the sensitivity of SDSL-EPR into this crucial time 

range. For this reason, Hyde and Dalton54 introduced saturation transfer EPR (ST-EPR) in 1972, 

a technique that is optimally sensitive to motions in the microsecond region. 

Recall that T1 for nitroxides in solution is much greater than T2 (e.g., ~1μs vs. ~10ns); as 

such, any nitroxide EPR method becomes virtually more sensitive to microsecond motion when a 

saturation condition is created. As aforementioned, conventional CW-EPR is performed at low 

microwave power to avoid saturation, in the region of so-called ‘linear’ EPR. By increasing 

power, the spin system can be partially or fully saturated such that the amplitude of the EPR 

signal is no longer linearly proportional to the field strength of B1, (i.e., to the square root of the 

microwave power), producing a ‘nonlinear’ response condition. Such nonlinear EPR methods 

include progressive power saturation CW-EPR and saturation transfer EPR. 

Similar to the discussions involving dynamics in the ps-ns time domain, when molecular 

rotations in the slow regime (μs-ms) can sufficiently influence the resonance absorption (or 

dispersion, which only differs in terms of detection scheme), for example in ST-EPR, it is then 

possible to resolve the effects of motion from the spectra. As demonstrated in Chapter 2, the 

anisotropy of spin labels determines that a very narrow distribution of orientations is excited at 

each spectral position, i.e., the absorption spectrum possesses highly resolved orientational 
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resolution. The sensitivity of the spectral position to the orientation (i.e., the change of resonance 

upon angular changes, dHres/dθ) also varies throughout the spectrum and has a maximum value 

of about 35 Gauss/rad = 0.61Gauss/°. The change in angle that is sufficient to reduce the 

resonance (i.e., excitation probability) by a factor of 2 can thus be calculated using the 

Lorentzian linewidth: 

𝜃_ = ( (
h#_(

) × (Js%#&
J6

)!(                                                                                                            (3.36) 

which is approximately 4° for nitroxide spin labels. This orientational-dependent and rotation-

modulated absorption of spins is the basis of motional, as well as orientational sensitivity for 

both conventional CW-EPR and ST-EPR. 

When the spin system is only saturated partially, only a subset of spins are at resonance (i.e., 

excited) and are therefore subjected to saturating radiation. The amount of saturation depends on 

the competition between the rates of excitation and relaxation back to the ground spin state. 

Therefore, both the intrinsic spin-lattice relaxation time T1 and the radiation field strength B1 are 

fundamental parameters to consider in such experiments. The characteristic time of any such 

process must be smaller or comparable to the relaxation time for the process to be detected, 

otherwise, the spin systems have already returned to the thermal equilibrium. 

Different from T1 and B1 which globally influence the saturation-relaxation process, when 

rotational motions occur, the rate of relaxation will increase by causing spins ‘transfer’ between 

excited and unexcited angular ranges of the spectrum. Due to the varying sensitivity of the 

spectral position to the orientation, saturation is also transferred differentially. It is depleted (or 

augmented if transferred in) preferentially in those parts where the resonance position depends 

most strongly on the orientation of the nitroxide to the static B0 field direction, i.e., where the θT 

has a minimum value, while in other parts the transfer of saturation is accordingly less efficient. 
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Therefore, when the B0 field scans through the entire resonance range (i.e., all orientations), 

effects from the orientation-dependent rotation can be resolved from lineshapes. 

The sensitivity of the spectrum to rotational motion is minimal at what are referred to as 

‘turning points’ (designated L, C, H in the ST-EPR spectra in the chapters to follow), where the 

angle θ relative to the magnetic field is 0° or 90°, while maximal sensitivity is found at 

intermediate spectral positions (designated L’’, C’, H’’). As long as the rotational transfer time τT 

(the time required for rotational motion through the minimum angle ≧ θT), is less than or equal 

to T1 (that is τT ≦	T1), a change in saturation caused by the motion-induced transfer can be 

observed. According to the definition of the rotational correlation time (the average time to rotate 

through one radian), τR ≈ τT /0.007 for nitroxide EPR lineshapes (where the minimum θT which is 

4°). Therefore, saturation transfer can be detected whenever the rotational correlation time, τR ≦ 

T1/0.007. For nitroxide spin labels, this means that ST-EPR lineshapes are temporally sensitive to 

dynamics for as long as milliseconds. This allows us to study much slower motions that are 

inaccessible from linewidths and lineshapes of unsaturated nitroxide EPR spectra. 

 

3.4.2 Experimental approaches 

The development of ST-EPR methodology has involved a search for an EPR experimental 

scheme that is optimally sensitive to saturation, while exploiting the available instrumentation 

technology, in a time well prior to the development of pulse techniques. The most important ST-

EPR methods are the second-harmonic absorption spectrum (detected 90° out of phase, V2’), the 

first-harmonic dispersion spectrum (detected 90° out of phase, U1’54), and the first-harmonic 

absorption spectrum (detected 90° out of phase (V1’55). The conventional unsaturated CW-EPR 

first-harmonic absorption spectrum detected in-phase is designated as the V1 spectrum 
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accordingly. Only V1 and V2’ spectra are reported and analyzed in this dissertation. 

V2’ spectra are the classical form of the ST-EPR display, whose lineshapes are exquisitely 

sensitive to very slow rotational motion. The terms ‘out-of-phase’ or ‘in-phase’ describe the 

signal phase with respect to the field modulation, rather than of the bridge (which instead 

provides control of the absorption/dispersion modes). The frequency of modulation is typically 

set at 50 kHz and of the phase-sensitive detector at 100 kHz. A significant response of the second 

harmonic to changes in modulation is obtained, which has been shown in practical experiments 

to possess higher sensitivity to motion in this time domain. 

The overall intensity of the nonlinear signal increases with increasing spin-lattice relaxation 

time. The longer the T1 and the stronger the B1, the more efficient saturation is, and theoretically 

the optimal signal intensity can be expected. One should note, however, that the spin systems 

cannot be completely saturated (i.e., across the entire spectrum), otherwise, there would be no 

measurable transfer of saturation. It is thus crucial to calibrate the value of B1 in the resonator as 

it helps determine the extent of partial saturation. 

When the field strength B1 is high enough to induce partial saturation, when the modulation 

frequency is fast compared to the rate of T1 relaxation (as long as 30μs), instead of the signal 

being effectively modulated, it lags behind the modulation and a signal can be observed not only 

in-phase but also even when the reference phase on the phase-sensitive detector is set 90°-out-of-

phase. The advantage of using the out-of-phase signal is that it is present only when saturation 

exists and thus it is selectively sensitive to saturation transfer which can decrease the spectral 

intensity. As such, the contribution of saturation transfer is more prominent in an out-of-phase 

signal than in an in-phase signal, as the latter is present regardless of saturation and more 

sensitive to faster motions (ps-ns). 



81 
 

In brief, the out-of-phase lineshapes depend on rotational motions that take place on the 

timescale of spin-lattice relaxation. There is not an observable out-of-phase signal if the 

rotational motion is too fast, or if the spin-lattice relaxation is too fast. While the latter case is 

straightforward to understand, in the former case, the fast rotational motion is completely 

averaged out from the whole spectrum, which cannot be effectively resolved as a ‘transfer’ 

between resonance positions in lineshapes. However, as a ‘path’ that alleviates the saturation, its 

effects can still be distinguished from the spectral integral (i.e., signal intensity) and the center 

field region. In particular, the lineshapes in the low and high field manifolds are insensitive to 

motions of fast rate and small amplitude, as both manifolds (mI = +1 and -1) have wider angular 

dispersion. 

From the discussion above, it is self-evident that the accurate setting of the modulation phase 

is also crucial for ST-EPR experiments. The same instrumental setup (saturating microwave 

power, high modulation amplitude, out-of-phase detection) that makes V2’ more sensitive to slow 

rotational motion also makes it more sensitive to changes in other physical and instrumental 

variables. A strategy that employs much more precise phase control is necessary. Generally, the 

phase must be set to an accuracy within 0.3 degrees to avoid misinterpretation of correlation 

times. Due to the poorly-understood relationship between rotational dynamics and the resulting 

spectral lineshapes, ST-EPR spectra are usually analyzed by comparing them with reference 

spectra obtained either from experiments on model systems or from theoretical computer 

simulations. In this dissertation, published51,53 experimental settings and reference curves are 

used. A concise review of nitroxide spin labels used for ST-EPR can be found in Chapter 6, and 

some further discussions of ST-EPR can be found in Chapters 5 and 6. 
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Chapter 4: Site-Directed Spin Labeling (SDSL) and Spin labels in Biological Studies 

4.1 Introduction to site-directed spin labeling technique and nitroxide spin labels 

EPR spectroscopy has long been applied for studying biological molecules ever since the 

1950’s1. However, due to the relative rareness of proteins containing unpaired electrons, it has 

been largely limited to the area of metalloproteins. The general concept of introducing a specific 

‘reporter’ group that can target and covalently attach to a specific protein residue via a 

‘positioning’ group was brought up by Burr and Koshland in 19642. With a qualified reporter of 

which the position can be precisely controlled, it should be sensitive enough to monitor changes, 

at the same time gentle enough to introduce minimal perturbance to the natural environment. 

Thus, the site-specific structure and dynamic information of attached proteins can be obtained by 

modulating and measuring the behavior of the reporter. 

This concept was introduced to electron paramagnetic resonance (EPR) methodology later 

by McConnell3. In a method termed ‘spin labeling’, where stable free radicals are incorporated 

into originally ‘EPR-silent’ protein to serve as the reporter group, the capacity of using EPR for 

biological studies is greatly extended. By far, the most widely used radicals are nitroxide 

derivatives4–7, of which an unpaired electron locates at the 2pZ orbital of the nitrogen atom. In 

order to limit the internal motion of nitroxide moiety, the nitroxide group is incorporated into a 

ring structure (six-membered piperidine, five-membered pyrrolidine, or five-membered pyrrole). 

Regardless of the fact that the N-O moiety is potentially susceptible to reduction8, which largely 

limits its usage in live cells, nitroxide-containing spin labels are known to be kinetically stable 

over a pH range of 3-10 and temperatures up to 80℃9 due to the existence of quaternary carbons 

at the neighboring bonds10, thus suitable for measurements under a large number of biological 
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conditions. 

Other stable radicals such as the triarylmethyl (TAM) radicals11,12 have also been developed 

and applied as EPR probes in specific studies. However, nitroxide radicals are not only 

inherently stable but also can participate in versatile kinds of chemistry, which contributes 

greatly to their values as exogenous labels. In this dissertation, only nitroxide spin label side 

chains are used and discussed. 

Native residues can be used as the spin label attachment position via functional groups with 

specific reactivity for a particular amino acid side chain, such as lysines, cysteines, etc. However, 

the inability to selectively label one site from among all reactive residues, as well as the 

inflexibility to only label their naturally distributed regions on protein both set significant 

limitations to early applications of spin labeling EPR methods. A groundbreaking advancement 

was enabled in the late 1980s on the basis of the development of site-directed mutagenesis and 

recombinant protein expression and purification techniques. Pioneered by Hubbell13, a technique 

known as site-directed spin labeling (SDSL) is developed, wherein spin labels could be 

introduced site-specifically into any position on a recombinant protein that is genetically mutated 

to the reactive amino acid (usually cysteine). This is shown schematically in Figure 4.1, where a 

native residue is mutated and then reacted with a nitroxide derivative to generate a nitroxide side 

chain. Several aspects will be discussed in the next sections, focusing on the variety, structure, 

and dynamic of nitroxide spin labels. 
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Figure 4.1 Site-directed spin labeling. A selected native residue in the protein is mutated to cysteine via site-directed 

mutagenesis, and the cysteine-containing protein is expressed and purified, and reacted with the cysteine-specific 

methanethiosulfonate derivative to generate a nitroxide spin label side chain. In the figure, the most widely used 

methanethiosulfonate reagent MTSSL, and the corresponding spin label side chain after labeling, R1, are shown. 

 

4.2 Development of site-directed nitroxide spin labels 

A variety of spin labeling reagents have been developed for the incorporation of a spin label 

into proteins. The ‘positioning’ group of reagents determines the chemical specificity to react 

with which specific kind of residues on the protein. For instance, at neutral pH, the commonly 

used functional groups, and methanethiosulfonate all react with cysteine residues, while 

hydroxylsuccinimide reacts with lysines. In order to maximize the success of labeling strategies 

under diverse experimental conditions, spin label side chains with a variety of chemical 

structures, linkages, and targeting strategies have been designed, customized, examined, and 

applied in specific studies, which will be introduced below.  

 

4.2.1 Disulfide-linked spin label side chains: R1 and its derivatives 

Due to their high reactivity and specificity, methanethiosulfonate nitroxides (MTS) have 
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been considered the most popular and most utilized reagents among all candidates, namely the 

MTSSL (2,2,5,5-tetramethyl-pyrroline-1-oxyl methanethiosulfonate) reagent which results in a 

disulfide-linked nitroxide side chain designated R1 (Figure 4.2 (A)). Via the reaction of which 

mechanism similar to an SN2 reaction, protein sulfhydryl anions, including cysteine residues at 

both solvent-exposed sites and fully buried sites, could be readily labeled. 

Over the past years, extensive studies4,7,14,15 have been done focusing on characterizing this 

spin label and evaluating its performance in applications. As with any mutation, the possible 

perturbance of introducing the spin label to the native protein structure was examined. By 

determining the activity and thermodynamic stability4 and resolving crystal structures for several 

R1 spin-labeled T4 lysozyme (T4L) mutants, it was found that the altered activity and stability of 

the mutants were energetically similar to substitution with other natural amino acids at those 

sites.  The main chain root means square (RMS) deviation < 0.5 Å was also obtained when 

comparing several R1-labeled T4L structures to the wild-type one15. Conclusively, the effect of 

R1 on protein native backbone fold and thermodynamic stability is proved to be minimal, 

particularly for solvent-exposed surface sites which are mostly used in this dissertation. 

As a probe for detecting protein structure and dynamics, R1 has numerous advantages, 

including its relatively small size, with a molecular volume comparable to native tryptophan 

residue, and its relatively flexible linker (5 single bonds). However, such characteristics that 

make it useful to map local interactions and backbone dynamics on the ns time scale also limit its 

use in many other aspects. The internal flexibility (see the following section 4.3) leads to both 

the motional averaging effect when monitoring slow protein internal motions (μs-ms), and the 

uncertainty in the nitroxide location when determining interspin distance distributions. 

To expand the application of methanethiosulfonate nitroxide reagents, a large library of R1 
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derivatives has been designed and synthesized by the research group of Hideg. Figure 4.2 shows 

the chemical structures of these resulting spin label side chains upon reaction with cysteine. 

 

Figure 4.2 Disulfide-linked nitroxide spin labels used in this dissertation. Each unique spin label side chain is 

designated as indicated. The Hideg HO-codes in parentheses indicate the chemical reagent code for each raw label. 

(A) R1 and other side chains with bulky substituents in the structure; (B) RX and side chains involving more 

attractive interactions with the protein backbone. 

One general idea to restrict the internal motion is to introduce bulky substituents (Figure 4.2 

(A)) to the structure, such as methyl groups or aromatic rings. The substituent can be introduced 

to the 4-carbon position of the nitroxide ring (HO-2101, etc.), or to replace one of the methyl 



93 
 

groups (HO-2242) on the ring, or to the α-carbon position of the side chain (HO-1972, etc.). This 

strategy has been shown to effectively restrict the rotation around terminal bonds via the steric 

interaction between the substituent and the disulfide bond, and thus to limit the internal motion 

of side chains (see R1b (PDB code 1ZWN), R716, R1p17 in previous publications). Even though 

the hydrophobicity of the bulky substituents may cast a shadow on whether the introduction of 

such side chains would perturb the native structure of the protein, the fact that they are generally 

smaller and polar than most widely used fluorescent labels has consolidated the applicability of 

these derivatives in biological studies. 

Another strategy is to enable more attractive interaction within the side chain structure to 

restrain its mobility. Successfully applied in many studies, particularly ones involving distance 

measurements with dipolar spectroscopy, the side chain designed V118 (Figure 4.2 (B)) that has a 

shorter linker and an imidazoline nitroxide has been considered as a more rigid probe than R1. 

Its highly restricted motion is the result of its fewer freely rotating bonds (4 rather than 5) and its 

unique intra-side chain interaction N···Sγ, which both minimize the relative movement between 

the nitroxide and the disulfide. To achieve comparable internal rigidity, the reagent HO-4025 was 

also designed, of which the geometry should allow a similar N···Sδ interaction. 

While there have been many monofunctional R1 derivatives proven useful and utilized 

successfully, HO-1944, a bifunctional nitroxide reagent that cross-links pairs of geometrically fit 

cysteine residues in α-helices and β-sheets, has been widely accepted as the reference of spin 

label rigidity in recent years19. With a second covalent bond attaching it to protein, the side chain 

designated RX has shown to be nearly immobilized on the ns time scale, and to adopt a single 

rotamer on the helix surface site. Although likely, the formation of the cross-link would 

potentially modify the local structure and conformational equilibria, such strong ordering and 
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localization make RX an unmatched candidate in distance measurements and slow (μs-ms) 

motion detection. One aim of this dissertation is to obtain a further characterization of RX in the 

μs-ms time scale, which will be shown in detail in the next chapter. 

Over years, several R1 derivatives have been carefully examined by X-ray crystallography, 

CW-EPR, and pulsed EPR techniques. Their general properties and applications will be 

described in the following section 4.3 and discussed in other chapters. In the results that will be 

presented firstly in this dissertation, some labels have been further examined to complement and 

extend established knowledge, and some new disulfide-linked spin labels have been 

characterized to satisfy corresponding applications. 

 

4.2.2 Thioether-linked spin label side chains 

In addition to the advantages of disulfide-linked side chains, they have some features that 

could cause issues in certain experiments. Thiosulfonates are essentially reversible thiol reagents, 

which could be a rather convenient feature for some experiment designs. However, the fact that 

the reactive disulfide is susceptible to reducing agents leads to sometimes spontaneous cleavage 

in aqueous solution for some labels, such as V1, thus introducing additional perturbance in 

spectral analysis and leading to limitations to its applicable environments. 

Over the development of spin labels, there have been other kinds that also react with 

cysteines but utilize different chemistry to form different linkages. Among them, the two most 

used traditional nitroxide labels are iodoacetamide-functionalized derivatives and maleimide-

functionalized derivatives (Figure 4.3). Both reagents would react with thiols in an irreversible 

manner and form a product with a more stable and permanent thioether linkage that is not 

cleavable by the usual reducing reagents. 
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Figure 4.3 Thioether-linked nitroxide spin labels. Each unique spin label side chain is designated as indicated. (A) 

Spin label side chains that are generated via sulfhydryl-iodoacetamide reaction; (B) Spin label side chains that are 

generated via sulfhydryl-maleimide reaction, and their irreversibly hydrolyzed products; (C) Spin label side chains 

that are generated via reaction between the sulfhydryl groups with β-substituted vinyl aryl ketone reagents; (D) Spin 
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label side chains with shorter linkage that are generated via a bromoacrylaldehyde reagent or a fluoro reagent HO-

4072. 

Reacting with nucleophiles via an SN2 reaction mechanism, iodoacetamide nitroxide spin 

label (Figure 4.3(A)) is usually found as a piperidine (IASL20) or pyrrolidine (IPSL21) 

iodoacetamide and has been used extensively in early works with spin-label methods22. 

However, its applicability suffers slightly from the fact that the reaction conditions can be 

relatively harsh (>10-fold excess, several hours) for the aim protein. Moreover, while these 

reagents are usually most reactive with thiol groups, both ε-amino groups in Lys and thioether 

groups in Met could be partially modified under conditions of many folds’ excesses, leading to a 

variety of labeled residues. Based on studies using iodoacetamide nitroxide spin labels, the 

iodoketo spin label (IKSL23) was designed in order to achieve a higher reactivity and more 

restricted internal motion, making it more appropriate for slow motion detection. 

Due to the limitation of iodoacetamide/iodoketo labels, over many years, the maleimide 

piperidine (or pyrrolidine) nitroxide (MSL20) was rather the more popular choice of spin labels 

and employed in over half of all spin-label studies. The basis of many methodologies has been 

developed with a model system utilizing the maleimide spin label, such as the saturation transfer 

EPR (ST-EPR) technique22,24,25. Through the Michael addition, it has been shown that maleimide 

derivatives are highly specific for thiols between pH 6.5 and 7.5, while the major competing 

groups, ε-amino groups in Lys, react 1000 times slower than at pH<7.5.  

However, there are also drawbacks26 for maleimide spin labels. While its specificity to 

cysteines is essentially dependent on the pH value, the pKa of thiol groups under various local 

environments can shift dramatically from one to another. Moreover, although the thioether 

linkage from Michael addition is usually considered stable, the thiosuccinimide product is rather 
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hydrolytically unstable and susceptible to slow thiol exchange via a retro-Michael reaction which 

ends up releasing the spin label side chain. The addition of thiol to the maleimide will introduce 

a new chiral center to the side chain, leaving potentially a mixture of two epimers. Upon 

irreversible hydrolysis, a chemically stable succinamide acid form of the side chain will be 

generated (Figure 4.3(B)), further complicating the composition of EPR signaling species. 

While maleimide labels were proven useful for detecting motions in the wide time range 

from ps to ms, there have always been efforts to design new spin labels with higher reactivity 

and less mobility. As well as utilizing the Michael addition reaction, several β-substituted vinyl 

aryl ketone derivatives21,27–30 (Figure 4.3(C)) were found to be highly sulfhydryl-reactive due to 

the strong electron withdrawing groups in their structures, and strongly immobilized relative to 

the protein molecule benefiting from the steric bulk of those aryl groups. Among them, an indane 

dione nitroxide spin label (InVSL) has been reported as sufficiently immobilized and generally 

applicable for ST-EPR measurements in many systems, such as Na+/K+-ATPase29, Ca2+-

ATPase31, rhodopsin32, myosin21, etc. 

As compared to MTS derivative reagents, both MSL and InVSL are sterically more 

demanding, leading to not only an impediment of their reactivity but also the concern of whether 

their introduction to the structure will perturb the conformational equilibria of protein. In recent 

years, new reagents to generate thioether-linked spin label side chains with smaller sizes and 

polar structures have emerged (Figure 4.3(D)), such as the bromoacrylaldehyde spin label 

(BASL33). BASL was found to be selective for surface residues, suggesting a potential 

application for samples with multiple buried cysteines. While its short thioether linkage with 

only three bonds is likely to minimize possible structural perturbance, the presence of the 

reactive aldehyde group in its structure could instead lead to unfavored bonding or extra 
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modification, depending on specific chemical conditions. In chapter 7 of this dissertation, a 

similar but improved fluoro spin label reagent (HO-4072) that has been fully characterized to 

show several advantages in distance measurement and motion detection will be discussed 

carefully. 

In conclusion, with a long history of being used as the EPR probe, both the advantages and 

disadvantages of thioether-linked spin labels are obvious. While its linkage is more permanent 

and less susceptible to reduction, its chemistry can be less specific and complicated under 

conditions. As the alternative to disulfide-linked spin labels which are also generally 

commercially available, they are still playing unique and important roles in SDSL-EPR related 

studies. 

 

4.2.3 Non-cysteine targeted spin labels 

Only proteins carrying native or mutated cysteines will be used in this dissertation. 

However, there have constantly been developments of SDSL techniques to expand its application 

for all kinds of biological systems, including peptides34, lipids35, nucleotides36, etc.  

Even for proteins, although cysteines are usually preferred as the targeting residues due to 

their facile reactivity and the more scarcely distributed abundance among natural amino acids, 

labeling strategies based on targeting different residues would undoubtedly allow enhanced 

versatility concerning the incorporation of spin labels. Disulfide bonds are widely found inside 

proteins and have been proven necessary for maintaining the function and stability of some 

proteins in many cases. Due to the great flexibility of R1 that enables labeling to even fully 

buried sites, it is inevitable to eliminate any undesired native cysteines through mutagenesis, 

which could lead to unpredicted change or loss of protein functions. Moreover, accompanied by 
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an increasing interest in distance measurement using EPR techniques, as well as other needs of 

introducing distinguishably different probes to multiple targeting sites, a variety of reagents that 

react with non-cysteine targets have been designed and characterized. 

Nitroxide spin labels with the hydroxysuccinimide functional group (Figure 4.4 (A)) were 

designed for targeting lysine residues, which offers an alternative way to introduce spin labels on 

protein. However, since lysines are typically much more abundant than cysteines, the specificity 

of labeling is likely to be sacrificed with the utilization of these labels, thus making this strategy 

less favorable. Reagents with designed linkers that can site-specific attach the spin label to other 

natural amino acids are also available, including serine37, arginine38, tyrosine39, etc.  

Among all strategies, one way that can truly achieve a bio-orthogonal reactivity to all natural 

amino acids is the use of unnatural amino acid (UAA) spin labels (Figure 4.4 (B)). In response to 

the nonsense amber codon, genetically encoded unnatural amino acid can be site-specifically 

incorporated into recombinant proteins expressed in Escherichia coli40, Saccharomyces 

cerevisiae41, and mammalian cells42, which theoretically makes SDSL methodology amenable to 

any protein regardless of the sequence.  

Via the reaction between p-acetyl-L-phenylalanine (p-AcF) and a hydroxylamine nitroxide 

reagent, the nitroxide side chain K143 can be generated under a relatively harsh condition (at pH 

4, 37℃ for several hours). Instead, the reaction between p-azido-L-phenylalanine (p-AzF) and a 

cyclo-octyne nitroxide reagent can generate a triazole-linked nitroxide side chain T15,44 under pH 

neutral environment, as an application of copper-free click chemistry techniques. Although a 

sophisticated characterization of all the fundamental properties of K1 was published, further 

exploration and development are still needed to fully uncover the potential of using UAA 

methodology with SDSL-EPR. 
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Figure 4.4 Non-cysteine targeted spin label reagents and side chains. Each unique spin label side chain is designated 

as indicated. (A) Hydroxysuccinimide nitroxide reagent; (B) Unnatural amino acid spin label reagents, and 

corresponding side chains K1 and T1; (C) TOAC and TOPP side chains. 

Last but not least, benefiting from the application of solid-phase synthesis in the chemical 

biology area, non-native amino acid spin labels that can be directly incorporated into peptides 

have also been developed (Figure 4.4 (C)), such as 2,2,6,6-tetramethyl-piperidine-1-oxyl-4-

amino-4-carboxylic acid (TOAC45) or its pyrrolidine derivative (POAC46). The fixed position of 

such a side chain in the peptide backbone makes it unique for slow motion detection and 

measurement of orientations. However, the relatively poor yield of peptide coupling reaction has 

thus limited its usage to only small peptides and proteins in which the side chain can be 
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incorporated via total synthesis instead. Moreover, the incorporation of such a sterically hindered 

structure leads to a very limited range of dihedral angles, thus introducing a significant backbone 

distortion to which the side chain attaches. Though other structures allowing greater flexibility 

are designed to overcome this problem, such as the TOPP47, in general, it is still practically 

difficult for these labels to be widely applied in biological systems. 

 

4.3 Internal structure and dynamics of nitroxide spin labels and applications of SDSL 

As discussed in previous publications and this dissertation, there are three major contributors 

(their motions and chemical properties) to consider when analyzing results (of either the 

dynamics or structures) obtained using SDSL-EPR: the macromolecule as a whole (protein 

molecules in this dissertation), the local structure to which the probe is tethered (e.g., an α-helix 

or β-sheet), and the spin label side chain itself.  While the nature of the systems studied dictates 

what characteristics or behaviors should be expected, the capacity and applicability of each 

specific SDSL-EPR technique are largely influenced by the choice of spin labels. In this section, 

the already established fundamental structural and dynamic properties of R1 and other derivative 

spin labels will be reviewed, and appropriate experimental applications based on the properties 

of various labels will be discussed.  

 

4.3.1 Crystal structures of disulfide-linked spin labels 

For the broad library of spin labels used in SDSL-EPR, there are three different types of the 

parent nitroxide ring structures: six-membered rings (piperidines48), five-membered rings 

(pyrrolidines, pyrrolines49–51, and imidazolines52), and fused aromatic rings (isoindolines53,54). 
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From a chemical synthesis perspective, the piperidine nitroxide that can be easily derivatized and 

further functionalized makes it a versatile and accessible candidate. However, the fact that this 

hexagonal ring structure is sensitive to chemically reducing conditions55,56 and it is internally less 

rigid than 5-membered pyrrole rings have made it an economic but less favored choice for 

protein studies.  

While isoindoline and imidazoline spin labels have their own unique benefits in protein 

labeling studies, such as utility as fluorescence-enhanced or pH-sensitive probes, currently 

pyrroline nitroxides are the most widely used type of spin labels, largely due to the ubiquitous 

popularity of R1. The planarity of the pyrroline ring provides both adequate structural rigidity of 

the label and minimal perturbation of protein structures. In this dissertation, only pyrroline 

nitroxides are discussed. 

 

4.3.1.1 Preferred rotamers and the χ4/χ5 model of R1 

The atomic-level structures of several pyrroline nitroxide compounds have been determined 

by X-ray crystallography57, confirming the planarity of the ring structure at 100 K. 

Measurements from these structures give an average N-O bond length (~1.28 Å) that is 

consistent with a three-electron bond structure58, suggesting the predominant localization of the 

unpaired electron to the N-O bond as well as the likelihood of structural resonance. 

When attached to macromolecules, in most cases the planarity and the structural anisotropy 

of the nitroxide are retained. However, a different configuration may be adopted depending on 

both internal flexibility and interactions with nearby moieties. Note that the EPR spectral 

lineshape encodes structural and dynamic information not only on the backbone to which the 

label is introduced and neighboring residues, but also on the tertiary structure in the vicinity of 
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the nitroxide. To truly understand and interpret the behavior of spin label side chains on protein 

molecules, atomic-resolution structural information is needed. From this, one can identify and 

characterize the populated side chain rotamer(s), and the nearest-neighbor interactions that are 

responsible for stabilizing such configuration(s).  

Efforts have been made to establish the structural basis for understanding spin-label motions 

by obtaining high-resolution crystallographic data. A number of different structures16,43,59 have 

been collected from studies of R1 introduced to non-interacting solvent-exposed surface sites on 

helices and loops. Considering all five bonds comprising the disulfide linkage between the 

protein and the spin label, in theory, segmental motion by rotational isomerism about the single 

bond can occur for four of the five, where the disulfide bond itself is excluded as it is known to 

have a relatively high rotational energy barrier and thus slow isomerization on the CW-EPR time 

scale14,60. 

 

Figure 4.5 (A) The R1 side chain with designations of atoms and dihedral angles used in the text, and the molecular 

model (from PDB code 2CUU). The Cα-H···Sδ interaction that restricts the motion of the disulfide linkage is shown. 

(B) The V1 side chain with designations of atoms and dihedral angles that are used in the text, and the molecular 

model (from PDB code 3K2R). The Cα-H···Sδ interaction, and the N···Sγ interaction are shown. 

However, it has been shown16,43,59 that at surface sites on T4 lysozyme and other proteins, 
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including a membrane protein, there exists a ubiquitous intra-residue hydrogen-bonding 

interaction between the Sδ and Cα-H (Figure 4.5 (A)). The same interaction between the disulfide 

sulfur and the backbone has also been identified for RX19, R1b61, R716, and V118 side chains 

from their crystal structures, serving as an effective restrictor to rotational motion about the first 

two bonds of the linkage. 

The existence of this interaction defines a limited rotamer library for disulfide-linked spin 

label side chains on helical sites. Among the various R1-labeled protein structures determined to 

date, the {χ1, χ2} set of rotamers is predominantly populated by only three permutations, namely 

the {m, m}, {t, m}, and {t, p} dihedral combinations (nominal values62 of t, p, m are ±180°, +60° 

and -60°, respectively, but variations of ±20° are commonly observed in experiments), in that 

order of frequency. Combined with the restriction in χ3 (which usually only adopts +90° or -90°) 

due to the barrier to rotation of disulfide bonds, all give rise to an anisotropic motion on the ns 

time scale described by torsional oscillations about the χ4/χ5 dihedral angles only; this is known 

as the ‘χ4/χ5 model’7. 

The χ4/χ5 model was originally proposed based on lineshape simulation and mutational 

analysis for EPR measurements of T4 lysozyme using R1 derivatives with various 4-substituents 

and a different parent ring structure (the pyrrolidine). X-ray diffraction results15,16,59,61,63,64 

indicated that the electron density was only well-resolved for the atom group Cα-Cβ-Sγ-Sδ of R1 

side chains, supporting the conclusions of the χ4/χ5 model. While χ1, χ2, and χ3 have restricted 

motions, the behavior of disulfide-linked spin labels is essentially determined by the terminal Sδ-

Cε-C3 single bonds, the nitroxide ring, and any accessible interactions. This is further supported 

by the effectiveness of introducing bulky substituents or moieties favoring further interaction 

with the peptide backbone to constrain the internal motion of the whole side chain.  
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However, regardless of the importance of crystal structures, it should be noted that the 

nitroxide side chain might adopt another configuration or exhibit complex dynamics in 

ambient/physiological conditions (aqueous solution, non-cryogenic temperatures). As previously 

discussed, the protein crystallization process preferentially selects the most energetically favored 

conformational structure in the crystal environment, which is a static description of protein 

conformational equilibrium without contributions from dynamics. Moreover, both the cryogenic 

temperatures typically used for X-ray diffraction and the extremely dehydrating conditions 

required for protein crystallization could both severely modulate the rotameric equilibria, 

possibly introducing new steric contacts between the nitroxide and symmetry-related molecules 

in the crystal lattice, which could lead to conformational deviations between crystal and solution 

structures. 

In the crystal structure of T4L115R116 measured at 100K, only the {m, m} rotamer is 

observed, while two spectral components by CW-EPR suggest two populations of R1-rotamers at 

room temperature. Another crystal structure was obtained at 298K, a rare and difficult feat, 

revealing the coexistence of two rotamers: {m, m} and {t, m}, an observation consistent with the 

CW-EPR spectral lineshape. Therefore, spectroscopic measurements and computational 

approaches are still needed, serving a complementary role to crystal structures, to fully 

understand the structure-function paradigm of spin-label side chains, which will be further 

discussed below. 

 

4.3.1.2 Structural modeling and rotamer libraries 

With a growing number of applications for DEER and other SDSL-EPR methods, predicting 

the conformational state of a spin label introduced at a target site in a protein is of considerable 
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interest. Many efforts have been made to properly correlate the internal flexibility of spin labels 

to the interpretation of distance measurements. The fact that electron densities of terminal 

nitroxide atoms have yet to be resolved in the crystal structures obtained for R1 at non-

interacting helical sites makes it problematic to model the conformational distribution of the 

label itself and to translate the inter-spin distances obtained in DEER, for example, into structural 

constraints of macromolecules. On the other hand, for situations where the spin label experiences 

highly restricted internal motion, such as for R1 on buried sites or rigid spin labels, such as R1f, 

V1, and RX, nearly all atoms after the Cα-Cβ-Sγ-Sδ can be resolved. 

For the double mutant T4L65V1/76V118, a unique intra-side chain interaction N···Sγ was 

identified that effectively eliminates the internal motion of the side chain by restricting χ4 (Figure 

4.5 (B)). In another 6 structures65 of V1-labeled T4L, χ4 was found to be 0°±20°, suggesting that 

this internal strain is independent of attached sites. This fact makes V1 a good candidate for 

distance measurements, as the location of the nitroxide can be better predicted when χ4 is so 

limited. 

In the case of T4L115RX119, a high-resolution crystal structure (1.0 Å) was obtained66, 

showing via electron density of the nitroxide ring a bent, rather than planar, nitroxide ring. This 

finding is important for quantum-chemical calculation and simulation analysis, for which the 

accurate orientations of the electron g-tensors and A-tensors with respect to the molecule are 

needed. Still, more crystal structures of RX are needed to explore how much the potential 

distortion/perturbation of the protein might be induced by this side chain. 

Besides the continuing efforts on designing new probes and obtaining structures of higher 

resolution, results obtained via computational methods also play an important role in 

understanding and thus predicting spin label behaviors. Density functional theory calculations14 
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have been employed to estimate a detailed energy profile of a spin-labeled protein structure, with 

particular emphasis placed on the rotameric interactions with the surroundings, including both 

the protein backbone and solvent molecules. At reasonable computational cost, the relative gas 

phase energies of these rotamers in a defined structural element (e.g., a single amino acid or a ten 

residue α-helix) can be computed, revealing the structural determinants of stability for each. 

In the initial design of DEER experiments, often preparing a representation of possible spin 

label rotamers on the target protein structure is sufficient, which will be followed by the 

comparison with acquired DEER data. Based on our fundamental knowledge of rotamer 

populations as identified by crystallography, rotamer libraries have been constructed and used in 

molecular modeling toolboxes such as MMM67,68 (Multiscale Modeling of Macromolecules) via 

molecular dynamics (MD) simulation. 

Using the information presented above, potential perturbation of native protein structure 

induced by mutation and spin labeling at particular sites can be visualized, examined, and 

modulated ahead of time, while possible experimental difficulties can be avoided. For example, 

particular molecules may be hard to crystallize, or transient structural states may not be stable 

and thus might not be amenable to structural characterization. Along with the continued 

advancement of computational methods in recent years, it can be expected that simulation and 

computation will play increasingly important roles in SDSL-EPR research in the future. 

 

4.3.2 Detection of dynamics using R1 and its derivatives 

As explained above, the anisotropic motion of the spin label side chain preferentially 

averages the magnetic tensor parameters of the nitroxide, such that the EPR spectral lineshapes 

are sensitive to modulation by the motions of the protein and local interactions with the protein. 
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The relaxation pathway also serves as another principal basis for evaluating the applicability and 

sensitivity of SDSL-EPR techniques methods in protein science. The intrinsic T1 and T2 of a 

sample define the time domain of detectable dynamics, while their apparent values can be 

analyzed to resolve the changes in dynamics, structure, or polarity at a spin-labeled site. 

Applications for the detection of motion will be introduced in this and the next sections. 

 

4.3.2.1 Determining backbone flexibility and scanning local secondary structure 

The conventional X-band CW-EPR lineshape is exquisitely sensitive to motions occurring in 

the time domain of τR = 0.1 ns-100 ns, which can directly contribute to T2 relaxation broadening 

and anisotropic averaging for nitroxide spin labels (Chapter 3). While the relative spectral 

impacts from hyperfine and the g-anisotropies are dependent on the microwave frequency, the 

time window for motional sensitivity of the lineshape can also be adjusted to some extent by 

acquiring EPR spectra at different frequencies. In this dissertation, X-band EPR is mostly 

reported.  

Benefiting from high sample sensitivity at relatively low concentrations and the capacity to 

acquire data under multiple environments, SDSL-EPR is suitable for monitoring the response to 

changes in various conditions, including pH, temperature, viscosity, chemical denaturation, light, 

and pressure. Through rigorous lineshape analysis, quantitative information about the rate and 

angular amplitude (order) of nitroxide motion can be obtained. 

As aforementioned, the lineshape encodes three major contributions in this time scale: the 

Brownian rotational diffusion of the protein molecule, local backbone fluctuations, and internal 

motion of the spin label side chain. In sample preparation or spectral analysis, if one can 

eliminate or isolate the motional contributions of protein tumbling and side chain rotation, it 
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becomes possible to extract information on protein dynamics.  

In the time scale of X-band CW-EPR, for membrane proteins and soluble proteins with 

molecular weights greater than ~50 kDa, the contribution from protein rotational diffusion is 

negligible. For small soluble proteins, rotational diffusion can be minimized by either increasing 

the effective viscosity of the solution or attaching the protein to solid supports, such as the 

affinity resin. Lopez et al.69 carefully examined and characterized the effects on EPR 

measurements brought by using a viscogen (sucrose and Ficoll 70) or by immobilizing the 

protein molecules to stationary phase70, proving that both methods are sufficient in practice for 

restricting the rotational diffusion of protein. 

As previously introduced, considerable effort has been put forth in recent years to 

characterize the internal motions of the nitroxide side chain, such that now the internal motion of 

the R1 side chain on non-interacting solvent-exposed sites is well understood. To summarize 

what is known, for sites where there is no additional tertiary interaction imposed on the R1 side 

chain, through lineshape analysis (spectral simulation, or qualitative parameters, etc.) based on 

the χ4/χ5 model, variations in order parameter (S) and correlation time (τ) are assumed to reflect 

contributions from local backbone fluctuations of each site71. 

The validity of such analysis has been supported by studies of multiple proteins. Comparing 

EPR data to a result measured by NMR 15N relaxation experiments72, Columbus et al.73 studied 

the site-dependent variation by introducing the R1 side chains along the basic leucine zipper 

(bZip) motif of the yeast transcription factor GCN4. A linear gradient of backbone motions on 

the nanosecond to picosecond time scale was identified via CW-EPR spectral analysis, which 

mirrors the result observed by NMR measurements. A more complete work was reported by 

Lopez et al.74 where R1 side chains were placed at 39 solvent-exposed sites of sperm whale 
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myoglobin and the sequence-dependent mobility of each was analyzed. With a large series of 

spectra that exhibited a broad range of R1 mobility, data presented in this study support the 

interpretation that differences in both rate and amplitude of motion of R1 at non-interacting 

surface sites indeed reflect relative differences in the backbone fluctuations on the ps-ns time 

scale. 

For sites potentially involving interaction between the nitroxide and neighboring atoms, the 

sensitivity of nitroxide side chains to the surrounding environment provides a way to probe the 

local secondary and tertiary fold using SDSL-EPR. In a properly folded protein, the mobility of 

the spin label side chain located at completely buried sites or partially hindered sites is expected 

to be highly restricted due to steric repulsion and hydrophobic packing with nearby groups, while 

at surface or loop sites the side chain is more flexible exhibiting shorter correlation times and/or 

smaller amplitudes. Such variation can be directly inferred from their spectral lineshapes. 

By sequential replacement of native side chains with a single spin label along segments with 

well-defined secondary structure (i.e., α-helices and β-sheets), a periodic pattern of rate and order 

with respect to sequence position is observed via lineshape analysis. The efficacy of this 

‘nitroxide scanning’ method was demonstrated in studies done in T4L by Mchaourab et al.4, and 

in cellular retinol-binding protein by Lietzow et al.75 Via a semi-quantitative measure of mobility 

(the central linewidth of CW-EPR spectra) in α-helices R1 reports periods of mobility of ~3.6, 

while the periodicity for β-sheets is 2, clearly indicating that the regularity of R1 mobility with 

sequence position can serve as an effective way to identify topographically different structural 

elements of proteins. Besides the central linewidth, the second moment of the complete 

absorption lineshape can also be used as a valid parameter. Although it should be noted that for 

more complicated spectra with multiple components and/or strongly anisotropic motions, it is 
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necessary to perform further analysis other than measurement of semi-quantitative parameters to 

obtain accurate mobility information, e.g., spectral lineshape simulation. 

Although our fundamental understanding of several R1 derivatives on non-interacting 

solvent-exposed helical sites has been established from studies that involve crystal structures and 

lineshape analysis of CW-EPR spectra, they have not yet been applied in a large number of 

systems. These R1 derivatives include the 4-substituent-modified side chains: R1b, R7, R1p, the 

cross-linking side chain RX, and the imidazoline side chain V1. As compared to R1, the 

functional uniqueness of each structure reveals that these side chains can detect and report 

dynamics and interactions in different fashions than R1 itself. Moreover, it is also evident that 

the potential for introducing structural perturbation in proteins varies widely for these side 

chains, e.g., RX which has a second covalent bond with the protein may be more perturbative 

than R1, R1b, or R1f. 

As mentioned above, most of these labels are designed to have less internal mobility and 

exhibit fewer rotamers, especially in the ps-ns time range, which fundamentally simplifies 

dynamics analysis of EPR spectra by eliminating the motional contribution from the side chain 

itself, and therefore revealing more details about local interactions and protein backbone 

dynamics. However, the pronounced immobility leads to lower sensitivity (compared to R1) to 

nanosecond backbone fluctuations of relatively small angular amplitude. Crystal structures of 

R1f, V1, and RX all confirm that there is only a single rotamer populated on α-helical sites. With 

minimized motional averaging, the magnetic anisotropies are better resolved in their spectra, 

suggesting that an ideal application of these labels will be monitoring slower motions that 

involve larger angular movements. More studies are still needed in order to accumulate an 

adequate knowledge basis of these labels such that their potential can be fully revealed.  
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4.3.2.2 Identification of conformational exchange 

Regardless of its incomparable sensitivity to motions in the ps-ns time domain, there are 

several bottleneck difficulties when using the conventional CW-EPR method to detect dynamics 

beyond its rigid limit (>100ns with nitroxide spin labels). However, due to the great significance 

of the sub-millisecond time domain in which many functionally important biological processes 

occur, efforts have been made to extend the applicability of conventional CW-EPR methods to 

this time range in order to benefit from its technical simplicity and equipment accessibility. 

The theoretical basis of using conventional CW-EPR lineshapes for slow motion detection 

is: 1. The insensitivity of anisotropic averaging and linewidth broadening that is dependent on 

the T2 relaxation (for nitroxide spin labels, usually T2 = 15-30 ns) to slow exchange between 

conformational substates, of which the lifetime is usually >100 ns; 2. The sensitivity of nitroxide 

to distinct interactions with the local environments in each substate. As a result, spectra often 

consist of two (or more) separately resolved components that may arise from the two (or more) 

substates in slow exchange76.  

Approaches are designed to overcome the two major obstacles of this method: first, as 

mentioned, the CW-EPR spectrum encodes contributions from other fast motions, which will 

lead to linewidth broadening and thus dominating the spectral lineshapes. To uncover the hidden 

influence of slow dynamics, stationary-phase SDSL-EPR strategies or the use of viscogen are 

required for small proteins. Moreover, evidence from X-crystallography structures has shown 

that complex spectra with multiple components can also arise from the existence of multiple 

rotamers of the spin label side chain at a given site, which requires additional experimental 

strategies to distinguish the conformational equilibria from rotameric equilibria. 
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Lopez et al.69 examined the method of using osmolyte perturbation to identify the origin of 

multiple components. Due to the difference in solvent-accessible surface area between various 

conformational substates, it is expected to observe apparent lineshape changes that reflect the 

response of the system to solvent perturbation with stabilizing osmolytes such as sucrose. On the 

contrary, there is no significant variation in solvent-accessible surface area between molecules 

with different side chain rotamers, therefore no significant lineshape change should be detected. 

Similarly, the method of using hydrostatic pressure77 to probe conformational substates has also 

been developed, which is based on the different responses to high pressure between 

conformations of different hydrophobic molecular volumes. 

As introduced in previous chapters, few spectroscopic techniques can offer dynamic 

information about biological systems in the time domain of μs-ms. While the versatility of 

applicable systems (such as membrane proteins) makes SDSL-EPR a particularly attractive tool, 

the limitation of conventional CW-EPR makes it fundamentally inappropriate for this timescale. 

Although the simplicity of the perturbation method makes it suitable for facile screening of 

proteins to reveal possible conformational substates, it evaluates slow protein dynamics in a 

rather indirect way and is still largely hindered by its sensitivity to fast (ps-ns) motions. 

However, neither the effectiveness of stationary-phase strategies nor known spin labels with 

restricted motions have yet been truly examined in the time domain of μs-ms. 

In recent years, methods using pulsed-EPR techniques, such as electron-electron double 

resonance (ELDOR19) and saturation recovery EPR (SR-EPR78), have been described to measure 

μs-ms rotational diffusion. Essentially, both methods are designed to probe and evaluate changes 

dependent on the T1 relaxation (1-10 μs with nitroxide spin labels) which can be modulated by 

slow conformational dynamics. By using the highly constrained cross-linked side chain, RX, in 
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the pulsed ELDOR experiment, Fleissner et al. were able to observe slow motions involving 

helix B of T4L and give a characteristic correlation time τR ~ 6 μs, which preliminarily showed 

the effectiveness of RX as a sensor for slow motion detection. This will be further explored and 

results will be shown in this dissertation. 

Nevertheless, not to mention the high hardware requirement for setting up pulse 

experiments, the sensitivity to the motions of these approaches is limited to a rather narrow 

window. In order to truly expand the time scale over which SDSL-EPR can be used, approaches 

based on another continuous-wave methodology, the ST-EPR, will be carefully examined in this 

dissertation. Detailed discussions will be found in the following chapters. 

 

4.3.3 Mapping protein topography and the application of paramagnetic species 

While the capacity for dynamics detection is one of the most important advantages of SDSL-

EPR, it can offer other information about protein three-dimensional structure. Due to the 

collisions occurring via Heisenberg exchange, the intrinsic relaxation of nitroxide can be 

modulated by the second paramagnetic species in the environment, which can be a second, 

bound nitroxide spin label or transition metal molecules, or O2 dissolved in solution, thus making 

the EPR spectra of spin-labeled proteins sensitive to their presence. This mechanism is 

concentration-dependent and distance-dependent, enabling a method of using SDSL-EPR to 

determine such properties of the system. 

Since the relaxation (T1 and T2) and spectral anisotropy (dominated by the nitroxide 

hyperfine splitting in X-band and Q-band) are determinants for measurable EPR response, 

methods are developed accordingly to exploit the relation between these properties and elements 

from targeted systems. As the main focus of this dissertation is on dynamic detection, the 
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detailed introduction and discussion will not be included, which can be found in other references. 

As introduced in previous chapters, the dipolar structure in which the unpaired electron 

located on the nitrogen atom of nitroxide spin labels is favored by polar environments, so that the 

hyperfine splitting value of EPR spectra can be directly used as a semi-quantitative parameter to 

evaluate the polarity of environments. It is widely known that the folded globular proteins 

usually have a well-packed hydrophobic core, therefore, a change in polarity can be used to 

monitor the global/local unfolding process. When the nitroxide is placed in a rather hydrophobic 

environment compared to solvent-exposed locations, the apparent hyperfine splitting is 

decreased, which could indicate that the spin label side chain is buried inside the protein or an 

interior cavity. This parameter has also been extensively used in studies involving phospholipid 

bilayers to report a gradient of polarity79,80. 

It needs to be aware that the intrinsic properties, particularly the chemical structure, of spin 

labels bring in unignorable effects to the value of hyperfine splitting, such as the intramolecular 

resonance which will influence the electron density distribution. Hence, a comparison between 

results obtained by different labels has to be carefully examined before being utilized in practical 

analysis. 

With more versatile approaches to acquisition, solvent accessibility is also a valuable 

parameter that can be determined in EPR experiments, which is directly related to the Heisenberg 

exchange process. The measurement of solvent accessibility can reveal important topographical 

and structural information, such as the immersion depth of local structural elements in the 

membrane. The periodic accessibility can also be used as the reporting parameter for nitroxide 

scanning experiments to distinguish secondary structural elements81. 

Collisions between the nitroxide and the second fast-relaxing paramagnetic species will 
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result in a decrease in both values of T1 and T2, particularly the T1, therefore providing the 

feasibility of using methods that directly measure T1 or parameters modulated by T1 and T2 

relaxation to determine the solvent accessibility. The experimental strategies normally involve 

the addition of a fast-relaxing paramagnetic agent to the solution containing the nitroxide-labeled 

protein and measuring the corresponding effects. Such experiments are generally called 

relaxation enhancement SDSL-EPR, which can be implemented either directly by measuring 

changes in T1 with pulsed SR-EPR, or by continuous-wave power saturation82. 

While the pulsed SR-EPR method83 is rather straightforward, a brief elucidation of the latter 

method is presented here. As learned in chapter 3, the amplitude of absorption signals increases 

linearly with radiation power, i.e., the oscillatory field strength, until the thermal equilibrium 

distribution is perturbed, leading to a decrease in signal amplitude and eventually saturation. 

With the addition of fast-relaxing agents, a higher power is required to achieve the saturation of 

the signal, as the spin now recovers back at a faster rate (shorter T1) to thermal equilibrium. By 

fitting the power dependence of the amplitude of whole spectra or the central line-height (the 

most intense feature), the parameter P1/2, which is the power required to reduce the amplitude to 

one-half its value in the absence of saturation, can be obtained. The difference in the values of 

P1/2 with or without the fast-relaxing agents serves as a metric of the accessibility of nitroxide 

spin labels to agents in solution, which is directly proportional to relaxant concentration. 

Conventionally, O2 and nickel-complexes (Ni (II) ethylene-diamine diacetate, NiEDDA, or 

Ni (II) bis(acetylacetonate), Ni(acac)2, etc.) are ideal candidates as the relaxants in accessibility 

studies considering their water-solubility and neutral nature. As O2 is smaller in molecular size 

and less polar than NiEDDA, both the interior of protein as well as phospholipid bilayers are 

accessible to O2 but not NiEDDA. Some analysis methodologies are designed on the basis of 
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such variation in accessibility between relaxants, of which the ratio can be used to estimate 

immersion depth in the membrane84, or to identify structural elements from the topological map 

depicted according to the distribution of accessibility85–87. 

An extension of the power saturation relaxation enhancement experiment is to determine the 

intermolecular distance at ambient temperatures between the nitroxide spin label and the added 

paramagnetic species, by making use of the distance dependence88 of the relaxation 

enhancement. In order to measure long-range distances (20−60 Å) near physiological 

temperatures, both paramagnetic species with relaxation time on the nanosecond time scale (e.g., 

Cu2+) and spin labels with long T1 are needed. The binding of paramagnetic species is required89–

92 to correlate the inter-spin distance to structural information of proteins, which can be achieved 

via high affinity Cu2+ binding pentapeptide (-GGGHG-) inserted in computationally optimized 

loop sequences12. It is reported that with a TAM radical and bound Cu2+, the upper limit of the 

accessible distance could be extended to ≈ 50 Å11. 

Regardless of the great potential of relaxation enhancement methods, nowadays, distance 

measurement using DEER is still the most popular strategy to obtain structural information with 

SDSL-EPR. Even though its applicability has been more or less limited by the fact that DEER 

experiments are required to be carried out at cryogenic temperatures (50−80 K), its incomparable 

ability to be able to measure long-range distances (20 Å to 80 Å and possibly 100 Å) and to 

provide probability distributions with high sensitivity in a variety of environments makes this 

technique an exceptional tool for exploring protein topography and structural heterogeneity. 

Huge numbers of reviews93–99 can be found in the literature, with its fundamental theories 

introduced in chapter 3 and some actual results presented in the following chapters of this 

dissertation. 
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Chapter 5: Saturation Transfer EPR reveals dynamics in the μs-ms time range using 

a conformationally constrained bifunctional spin label (RX) 

5.1 Introduction 

It is clear that both the capability of resolving dynamics over a wide range of timescales and 

the versatility of applications make SDSL-EPR a uniquely powerful tool for exploring protein 

internal dynamics. However, lineshapes of conventional CW-EPR are insensitive to motions with 

correlation times longer than 10-7s, which is therefore called the ‘rigid limit’. While the 

importance of detecting slow structural and dynamic information of protein under physiological 

conditions has now been widely acknowledged, there are very few techniques that can directly 

monitor protein internal dynamics in the time domain of μs-ms. 

Accompanying the development of pulsed-EPR techniques, methods utilizing pulsed-

ELDOR1 and pulsed SR-EPR2 have been developed for measuring μs-ms rotational diffusion 

events. Yet, their sensitivity to motions is limited to a rather narrow window (see Figure 2.1), 

which makes them less ideal choices especially when the hardware requirements for setting up 

pulse experiments are considered. In the toolbox of SDSL-EPR methods, Saturation Transfer 

EPR (ST-EPR) is particularly attractive, as it extends the timescale of motions which can be 

studied using nitroxide spin labels to as long as 10 -3 s, and requires little to no additional 

hardware compared to CW-EPR spectrometers. 

Ever since its early application3 in studies of muscle proteins4 and membrane transporters5, 

ST-EPR was specifically designed for studying very slow rotational diffusion (slower than the 

rigid limit of conventional CW-EPR), making it one of the most valuable SDSL-EPR methods. 

With the fact that conventional CW-EPR and ST-EPR can be measured in concert using the same 
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equipment by only modifying necessary parameters, there are few, if any, biophysics methods 

that compete effectively with the method in this incomparable wide detection range of 

timescales. 

Generally speaking (see detailed theoretical backgrounds in chapter 3), ST-EPR is sensitive 

to any process that can alleviate the saturation during the time course of T1 relaxation6–11. 

However, regardless of its unique capacity and potential for probing the conformational changes 

of proteins, it has not been applied widely to small (≤ 50kDa), soluble proteins under 

physiological conditions such as a hydrated environment at room temperature. As introduced in 

chapter 4, all EPR spectra inevitably encode three contributions in the fast time domain (ps-ns) 

from such systems: the rotational diffusion of the protein molecule, local backbone fluctuations, 

and internal motion of the spin label side chain. Any of these contributors of motion introduce 

additional energy dissipation pathways, therefore largely interfering with or even eliminating the 

signal response to slower dynamics. 

Up to now, most ST-EPR practices were employed for systems that either have considerable 

molecular weights, or have native environments, such as in membranes or lipids, that can 

naturally restrict the Brownian rotation of protein. The majority of these ST-EPR studies focused 

on monitoring the overall motion of protein as a macromolecule12,13, which can be used as an 

indicator of polymerization, intermolecular interaction, or change of environment (e.g., phase 

transition of lipids). There have been only a few studies discussing ST-EPR application to the 

protein internal dynamics14, such as movements involving a whole secondary element or the 

entire subdomain, etc. 

However, considerable effort has been spent on finding spin probes for slow motion 

detection, most of which have already been introduced in chapter 4. Among them, thioether-
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linked labels 5- or 6-MSL4 and InVSL15–18, the non-native amino acid label TOAC19, and the 

bifunctionally attached label RX20–23, are intuitive candidates when designing an experiment to 

obtain ST-EPR spectra. 

Benefiting from its doubly covalent disulfide linkages, the internal motion of RX is highly 

restricted, thus allowing for direct measurement of microsecond dynamics, precise distance, and 

even orientation measurements. Thompson20 et al. first used the RX side chain for ST-EPR 

measurements in the study of actomyosin complex, successfully demonstrating its value for 

probing slow protein dynamics. The thorough characterization by Fleissner1 et al. has established 

a solid foundation for extending its further applications. It has so far been widely accepted as a 

standard of maximized rigidity for spin label side chains, i.e., it is expected to bring in minimal 

influence from its internal mobility, leaving the foreground to protein dynamics, thus making it 

the ideal selection of label when exploring a new experimental methodology. 

Another study exploring new monofunctionally attached labels with the effectively restricted 

motion for ST-EPR measurements will be shown in the next chapter, in which a more detailed 

discussion about choosing spin labels can be found. In this chapter, experiments using spin-

labeled mutants of the sperm whale myoglobin and bacteriophage protein T4 Lysozyme will be 

presented, to examine the feasibility of a methodology that integrates both the stationary-phase 

techniques (see chapter 1 and below) and the utilization of rigid spin label (RX) to isolate and 

monitor slow protein motions. Results presented here demonstrate that the applicability of SDSL 

ST-EPR can be generally extended to ordinary protein objects to directly monitor protein internal 

dynamics in the μs-ms time range. The effectiveness of this methodology facilitates the further 

development of new experimental tools and strategies, which can substantially help to advance 

the understanding of molecular mechanisms of protein function. 
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5.1.1 Stationary-Phase SDSL-EPR 

A primary motivation for the development of ST-EPR was the need for probing the slow 

rotational motions in biological assemblies, such as integral membrane proteins, which reside in 

a high effective viscosity medium, or muscle proteins, which are attached to muscle 

filaments/fibrils. As compared to small, globular proteins in aqueous solutions that experience 

rapid tumbling with a correlation time in the ns range, these molecules are by nature nearly or 

completely immobilized. In order to directly observe internal motions occurring in the time 

domain of μs-ms, the Brownian rotation needs to be sufficiently slow to not abate the sensitivity 

of ST-EPR. 

To properly interpret ST-EPR results, a reference is required, which corresponds to the 

slowest motion that ST-EPR spectra are still sensitive to. To determine this “rigid limit of ST-

EPR”, several methods of immobilization have been employed: samples are measured under 

lower temperatures or completely frozen in liquid nitrogen24,25, or crosslinked by chemical 

reagents such as glutaraldehyde12, or precipitated in saturated ammonium sulfate solution26, or 

lyophilized26. Each of these methods has its own advantages, however, none is suitable for 

probing protein dynamics under physiological conditions. Either temperature adjustment or 

solidification treatment (freezing/precipitation/lyophilization) might considerably perturb the 

thermodynamic energy landscape and hydration/solvation status, thus modifying the 

conformational equilibrium and internal dynamics. 

Thomas et. al27 attached isolated myosin heads covalently to controlled pore glass beads 

(CPG, 5-10 μm particle size, 550Å pore size) that were coated and activated with cyanogen 

bromide (CNBr). The spectra of tethered samples were intrinsically similar to that of precipitated 
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Hemoglobin (a rigid limit standard for ST-EPR methodological experiments) and myofibrils, 

suggesting millisecond motions. This result suggests that the attachment of proteins to modified 

matrices may be an effective method of immobilization at room temperature. 

In recent years, a large variety of stationary-phase strategies28–32 have emerged along with 

rapidly evolving chemical biology techniques, greatly expanding the toolkit for protein 

modification and immobilization. A wide range of hybrid immobilization constructs can be 

achieved by assembling different supporting materials, linkage chemistry, targeting groups, and 

even the spacer between protein and matrix, so that for each specific application a variety of 

parameters can be optimized. 

The fact that SDSL-EPR is selectively sensitive to only spin-labeled species and does not 

rely on optical properties for detection makes it advantageous over many biophysical methods 

for studies involving immobilized proteins. Lopez33 et. al have thoroughly discussed the 

effectiveness of several attachment methods for restricting the rotational diffusion in the CW-

EPR time domain (ps-ns), and evaluated how non-specific and site-specific methods influence 

the protein conformational equilibria, of which the results are summarized as the “stationary-

phase SDSL-EPR” methodology. 

In this work (stationary-phase SDSL-EPR), three different linkage chemistries commonly 

used in biophysical and biochemical studies were applied in the four strategies included: 1. 

CNBr that binds primary amine groups from native lysines; 2. Dibenzyl cyclooctyne (DBCO) 

that binds azido groups from unnatural amino acids (UAA); 3. Streptavidin that couples to biotin 

from biotinylated proteins. The utilization of all strategies achieved high effective concentrations 

(≥300μM) without aggregation, which is conducive to providing high signal-to-noise data in 

measurements. 
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The published results have revealed that each strategy is sufficient to suppress the rotational 

motion of the attached protein to a level beyond the rigid limit of CW-EPR at room temperature. 

Meanwhile, by comparing both CW-EPR lineshapes and DEER distance distributions, it can be 

concluded that the native secondary structure, tertiary fold, and backbone dynamics of labeled 

proteins attached to solid supports are largely retained as those in solution. 

 

Figure 5.1 Immobilization strategy using CNBr-activated Sepharose. Cyanogen bromide (CNBr) in base (NaOH) 

solution reacts with hydroxyl groups on Sepharose (crosslinked, beaded-form agarose) to form cyanate esters or 

imidocarbonates, which reacts with the primary amine from lysines. 

This work laid a concrete foundation for integrating the immobilization methods into any 

SDSL-EPR based methodology. Despite enduring discussions about whether the heterogeneous 

multiple-point attachment and nonspecific orientation of proteins on the solid surface will lead to 

potential loss of activity34,35, attachment methods using native residues effortlessly have broad 

applicability since they do not require additional modification to the native protein. Due to its 

obvious convenience and high binding capacity, the covalent attachment to CNBr-activated 

Sepharose (Figure 5.1) is chosen as the initial method of immobilization (this method and the 

matrix will be abbreviated as ‘CNBr’ in the following contents). For further development of the 

methodology, some other attachment schemes are also examined, and results will be discussed in 
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the next chapter. 

 

5.1.2 “α-Helical proteins”: Holo-myoglobin and T4 lysozyme 

Over the past 50 years, the major application of ST-EPR has been in the study of muscle 

proteins (myosin, actin, etc.), and membrane-bound proteins, including Na+/K+-ATPase36, Ca2+-

ATPase, rhodopsin37, cytochrome oxidase38, etc. Many of these systems carry several native 

cysteines that are solvent exposed, and the spin labels were naturally attached to those sites. 

While such locations of probes are satisfactory for studies focused on the mobility of protein as a 

whole, it is not ideal for understanding protein internal dynamics that are more localized and site-

dependent. In order to examine the ST-EPR methodology aiming at extending the applicability to 

ordinary protein systems in the aqueous solution, a well-characterized experimental protein that 

is structurally stable to site-directed mutagenesis is required as a model system. Both myoglobin 

(Mb) and T4 Lysozyme (T4L) are ideal systems for such an aim. 
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Figure 5.2 Structure of sperm whale myoglobin. (A) Ribbon model of myoglobin (PDB: 2MBW) showing the 

location of A-H helices. (B) Heme-binding pocket, showing the heme, the proximal and distal histidines, and the 

ligand (water) (PDB:1CQ2). 

Myoglobin, whose primary function is to store oxygen in cardiac and skeletal muscles and is 

capable to bind other gas molecules, was the first protein of which the crystal structure to be 

obtained at atomic resolution by the groundbreaking work of Kendrew39 and colleagues. Sperm 

whale myoglobin40–42 (Figure 5.2 (A)), the specific type used in this dissertation, is a monomer 

consisting of 153 amino acids (18.0 kDa) and a heme group in its center. It is an oblate spheroid 

of ~3 nm diameter, and roughly 70% of its chain is folded into 8 α-helices (denoted A-H), while 

the rest form interhelical turns connecting structural elements. 

Heme is a coordination complex consisting of an iron ion coordinated to a porphyrin acting 

as a tetradentate ligand. In sperm whale myoglobin, the protein is covalently bonded to the 

porphyrin ring via a histidine-iron bond (from His93) at the fifth coordination position of the 

metal center (Figure 5.2 (B)), and to a distal histidine (His64) near the opposite side of the ring. 

The distal imidazole is not bonded to the iron but is available to interact with the substrate O2. It 

is also known that myoglobin can bind carbon monoxide (CO), of which the affinity is 60 times 

greater than O2. 

It is often referred to as Holomyoglobin (HoloMb) when the heme group is bound, and 

Apomyoglobin (ApoMb) when not. The prosthetic group in myoglobin is responsible for its 

functionality, in which the iron center in heme can exist in either ferrous (Fe2+) or ferric (Fe3+) 

oxidation states, but only the ferrous (Fe2+) state is capable of binding oxygen. Oxidation of the 

iron from ferrous state to ferric state yields metmyoglobin (met-Mb), turning the protein into a 

physiologically inactive form with water as the primary ligand in the distal site instead of O2. 

The prosthetic group also gives rise to the characteristic absorbance spectra of HoloMb, 
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which have been extensively described and are highly informative concerning the state of both 

heme and protein43–50. The narrow, intense band in the ultraviolet region (at approximately 409-

410 nm for sperm whale HoloMb) is characteristic of all heme proteins and is commonly 

referred to as the Soret band. Arising from a 𝜋→𝜋* transition of the porphyrin ring, the position, 

intensity, and shape of the Soret band all strongly depend on the oxidation state of the heme iron, 

making it extremely sensitive and useful for revealing the identities of ligands bound to the 

heme, but also for detecting the structural integrity of the protein. 

Myoglobin has long been studied by the biophysical and protein science community, 

accumulating a wealth of results from multiple techniques leveraging its structural simplicity 

(almost completely α-helical), high expression yields and simple purification strategy, its 

tolerance to mutagenesis, and high stability. While there is no observable pathway from the well-

packed, high-resolution crystal structure for ligand entrance and migration to the binding center, 

the results of multiple experiments revealed that the existence of internal fluctuation between 

conformational and statistical substates resembles a prerequisite for ligand binding. 

Lopez51 et al. placed R1 side chains at 39 solvent-exposed sites of sperm whale myoglobin 

and analyzed its sequence-dependent mobility on the ps-ns time scale by SDSL CW-EPR. As 

judged by A409/A280 ratio, the spin-labeled HoloMb could be fully reconstituted with heme, 

confirming that it was unlikely that the mutations of the selected residues impaired the function 

and structural integrity of the protein. Spectra obtained in this study reflect relatively low 

amplitude backbone fluctuations of each helix in the fast time domain (ps-ns), showing that 

HoloMb is well-ordered with limited conformational flexibility in discrete regions of the 

molecule. Such characteristics promise HoloMb as a suitable model system for examining the 

functionality of a methodology aiming at detecting slower motions. 
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Figure 5.3 Structure of pseudo wild-type T4L. Ribbon model of C54T/C97A T4L (PDB: 1L63) showing the location 

of A-H helices. 

T4L52 (Figure 5.3) consists of 164 residues (18.6 kDa), folded into also 8 α-helices (denoted 

A-H) and a small antiparallel β-sheet between helix A and B. It is a globular protein of ellipsoidal 

shape, roughly divided into two domains connected by the long helix C. T4L is known for its 

extremely high tolerance to amino acid substitutions. The pseudo wild-type (pWT) T4L53 used in 

this dissertation has two natural cysteine groups (Cys54 and Cys97) of the original wild-type 

replaced with Threonine and Alanine for subsequent SDSL applications. The thermostability of 

pWT is almost identical to that of the WT. 

Similar to myoglobin, the general paradigm between the structure, dynamics, and function of 

T4L is experimentally well understood through vast amounts of studies54–58. Particularly, its 

superior stability has enabled it one of the most ideal platforms by which to explore the 

feasibility and functionality of methods and techniques. A significant number of single or 

multiple cysteine mutants engineered for EPR studies have been reported by the Hubbell 

research group over the last 20 years59–64, building up an exclusively EPR-based archive for this 



140 
 

protein of its structure and dynamics. 

Both the analysis of thermal factors from crystal structures and spectroscopic measurements 

in solution revealed that there exist both highly-ordered regions (minimal backbone fluctuations) 

and several dynamic regions to allow substrate binding. The “hinge-bending” motion has been 

proposed to occur in solution to open and close the active site cleft located between the N-

terminal and the C-terminal domains65. While there is no structural unfolding involved in this 

process, certain degrees of conformational fluctuations were detected from changes of interspin 

distances in a previous publication65. 

In summary, both HoloMb and pWT-T4L are thoroughly characterized model proteins 

possessing well-ordered structures and limited internal flexibility, from which sites with a 

minimum of mobility in the fast time domain could be selected. As such, the efficacy of the 

methodology for revealing slow dynamics can be demonstrated with less ambiguity. 

 

5.2 Results 

5.2.1 The internal dynamics of RX 

This section serves as a supplement to the characterization work of RX by Fleissner et al., 

aiming at obtaining an extended understanding of its internal dynamic mode. Site 72 in T4L, in 

the center of the long rigid helix C, has long been used as a reference site33,66,67 for R1 and other 

spin labels, where little contribution is expected from local backbone fluctuations to the motion 

detected by the nitroxide, so that the internal dynamics of the side chain is isolated. As verified in 

previous studies, the side chain is fully solvent exposed and does not contact other amino acid 

residues from the protein. The mutant 68C/72C is used accordingly in order to introduce the RX 
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side chain, of which site 68 is also confirmed to be fully solvent exposed by the spectrum of 

68R1. 

As introduced in chapters 2 and 3, both the effective hyperfine splitting (2Azz’) and linewidth 

(estimated from the low field peak FWHM) are sensitive spectral parameters that can be used as 

indicators reflecting changes in local environments, as well as nitroxide intrinsic dynamics. In 

the following sections, both parameters will be used for estimating the nitroxide rigidity due to 

their directness. Whereas, it is essential to perform spectral simulations to analyze the dynamic 

mode of the spin label side chain, and to truly reveal the origin of its mobility. 

 

5.2.1.1 T4L68RX72 attached to Sepharose in frozen solution 

In order to examine the effects originating from intrinsic chemical properties of spin labels 

and environmental polarity, obtaining spectra corresponding to no motion is necessary, which 

can be achieved by recording EPR spectra at cryogenic temperatures. Fleissner et al. determined 

the frozen spectrum of T4L5RX9 on CNBr at -50℃ (~223K). However, because the hydration 

shell surrounding the protein and spin label side chains is still present at 223K and the spectral 

parameters were shown to be dependent on it24,25, 80K (in liquid nitrogen) is used as the rigid 

limit temperature in this work, at which any motional mode from either proteins or labels is 

completely frozen out. Moreover, at these low temperatures, the hydrogen-bond equilibrium is 

completely stabilized to avoid additional effects on hyperfine splittings and linewidths. 

An effective hyperfine splitting 2Azz’ (0) = 73.356 G was obtained for T4L68RX72 on CNBr 

in the frozen H2O-based solution, and a 2Azz’ (0) =74.177 G was obtained for T4L72R1 on CNBr 

which is just subtly different from RX due to their similar nitroxide ring structures (Figure 5.4). 

Corresponding to the completely immobilized status of nitroxide, the 2Azz’ (0) value will be used 
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as the intrinsic 2Azz tensor value for each spin label in the spectral simulation as it represents the 

contribution from the electronic structure of each respective label. The spectra under ambient 

conditions were also obtained (Figure 5.4A). The difference D2Azz’ = 2Azz’ (0) – 2Azz’ is a metric 

that can be used to compare the relative mobilities of the different labels (see chapter 3). As the 

reference of maximum rigidity, RX has a D2Azz’ of only 2.9 G, while R1 has a D2Azz’ of 20.8 G, 

reflecting a high degree of side chain flexibility. 

 

Figure 5.4 (A) CW-EPR spectra (frozen in liquid nitrogen (LN2): black curves; at room temperature (RT): red 

curves) of R1 and RX on T4L attached to CNBr-activated Sepharose. The magnetic field scan width is 100 G for RT 

spectra and 160 G for frozen spectra. The vertical lines are drawn as references for comparing effective 2Azz’. (B) 

Frozen CW-EPR spectra of T4L68RX72 on CNBr under various solution conditions. 

As mentioned in chapter 2, extremely broad lines with inhomogeneously broadened 

lineshapes of Gaussian character are widely observed for nitroxide spin labels at low 
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temperatures, which is related to the heterogeneity of microenvironment in the vicinity of 

nitroxide68,69. Such heterogeneity can originate from the conformational equilibrium of local 

structures or the network of hydrogen bonds. As shown in Figure 5.4 (B), the exchange from the 

H2O-based buffer to the D2O-based buffer leads to the narrowing of the linewidths (most obvious 

in the center peak), supporting the notion that it is the surrounding rather than conformational 

exchange as the origin of the broad lines. 

It should be noted that 2Azz’ values are also dependent on the polarity. In some subsequent 

experiments, sucrose (30% in w/w) is added to the solution to modulate the viscosity. To 

distinguish whether the accompanying changes in the 2Azz’ values correspond to changes in 

polarity or mobility, the frozen spectrum of T4L68RX72 on CNBr in solution added the sucrose 

(30% in w/w) was also obtained. The identical lineshapes with and without sucrose, further 

support that changes in polarity can be excluded as the origin of changes in the 2Azz’ value. 

 

5.2.1.2 Viscosity and temperature dependence for T4L68RX72 

Timofeev described an analysis method to sequester the contribution purely from the internal 

motion of the spin label side chain: 2Azz’ values of the same sample are measured in a series of 

solutions with increasing viscosity and plotted as a function of viscosity70. Since only the 

rotational diffusion of macromolecules (proteins) can be effectively suppressed by increased 

viscosity, the extrapolated y-intercept (infinite viscosity) reflects mostly the residual motion of 

the spin label, and small contributions from the protein backbone. 

When the label is attached to a site such as 72C, the extrapolated 2Azz’ (inf) can serve as an 

independent indicator of side chain mobility. A value of 2Azz’ (inf) = 71.515 G was obtained for 

T4L68RX72 (slightly higher than the value of 70.8 G measured by Fleissner et al. for 
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T4L5RX9), and a value of 2Azz’ (inf) = 58.741 G was obtained for T4L72R1 (Figure 5.5), which 

clearly shows the much higher mobility of R1 side chain and the effectiveness of bifunctional 

attachment for restricting internal motions. The proximity of the 2Azz’ value of RX (70.493G) to 

its 2Azz’ (inf) value is remarkable, as it confirms the value of using solid supports to eliminate 

rotational diffusion of proteins at ambient temperature. 

 

Figure 5.5 The viscosity dependence of CW-EPR spectra (normalized to the spin count calculated by double 

integration) and values of 2Azz’ for T4L72R1 and T4L68RX72 in sucrose solution (concentrations ranging from 0 to 

35% w/w in buffer). Viscosities of the sucrose solutions were taken from the CRC Handbook of Chemistry and 

Physics71. At each concentration, 2Azz’ is determined and plotted vs. the function of viscosity as indicated. Linear 

extrapolation of the plot to infinite viscosity yields 2Azz’ in the limit of zero rotational diffusion of the protein. 
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Figure 5.6 Normalized CW-EPR spectra of: T4L72R1 in sucrose (30% w/w) at temperatures ranging from 4°C to 

40°C (published results72); T4L68RX72 on CNBr at temperatures ranging from 5°C to 35°C. The vertical lines are 

drawn as references for comparing effective 2Azz’ values. 

The small difference between the 2Azz’ (inf) of RX with its rigid limit value 2Azz’ (0) 

originates most likely from residual backbone fluctuations, since polarity changes due to the 

addition of sucrose in this concentration range were excluded (0% w/w vs. 30% w/w, see Figure 

5.4 (B)). This result, that the same parameter measured for the 68RX72 mutant is higher in value 

than the 5RX9 mutant, is also consistent with helix C being more rigid than the N-terminus. 

Also, it is reasonable to assume that residual dynamics of the RX side chain exist, despite it 

being strongly immobilized compared to other side chains. 
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Another common way to analyze side chain dynamics is to approximate the activation 

energy with Arrhenius law by varying the temperature. As temperature increases, new modes of 

motion will be excited if the activation energy between modes is overcome. The higher 

activation energy is required, the stronger the restriction is in mobility in the current dynamic 

mode, and other modes will be less likely populated. 

The temperature dependence of the T4L68RX72 (on CNBr) CW-EPR spectra (Figure 5.6) 

was investigated in the range of 5-35°C. Neither the aqueous solution freezes nor the agarose 

structure is disrupted within this temperature range. As compared to published results72 for R1 in 

viscous medium (30% sucrose w/w), the spectral changes over the whole detection range were so 

small that no significant changes of the fitting parameters were detected in the lineshape 

simulation (results not shown). The decrease in 2Azz’ values was less than 1 G as the temperature 

increased from 5°C to 35°C, while the linewidths remained constant over the whole temperature 

range. 

In CW-EPR spectra, any motions slower than the CW-EPR rigid limit (<100 ns) are 

essentially indistinguishable. Even at 35°C, the spectrum of T4L68RX72 on CNBr still 

approaches the rigid limit of CW-EPR, showing a “pseudo powder pattern”, demonstrating the 

strong immobilization of this spin label side chain. The insensitivity of lineshapes to 

temperature, as observed for T4L68RX72 on CNBr, further suggests that activation energies for 

motional modes of both side chains and protein backbone are too high to be thermally activated 

in this temperature range, at least in the nanosecond time scale. It implies that slower 

(microsecond), collective motions dominate the resonant energy distribution (spectrum) of 

labeled proteins, showing characteristically rigid limit lineshapes in CW-EPR. 
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5.2.1.3 Global fits to both the X-band spectrum and the Q-band spectrum of T4L68RX72 

attached to Sepharose 

Conventionally, when the spectrum falls in the category of “intermediate immobilization”, 

values of the hyperfine splitting, as well as linewidths, can be used to estimate the rate of motion 

based on their monofunctional dependence to the correlation times, τR (see chapter 3). However, 

the simplified methods have an important failing in that they are not applicable to spectra arising 

from highly anisotropic motion. 

Freed’s theorem73–76 indicates that when the correlation time is longer than the order of 

nanoseconds, both the unresolved inhomogeneous components and the excess motional width 

contribute to the linewidth for Lorentzian lineshapes. This implies that a certain degree of 

broadening is supposed to retain even when there is no motional averaging, which has indeed 

been observed in the frozen spectra (Figure 5.2) or the spectrum of spin labels attached to buried 

sites (see next chapter for examples). However, almost all spectra of RX-labeled protein samples 

exhibit extremely narrow linewidths, implying the existence of strong anisotropy rather than 

slow tumbling. When the motion of the nitroxide, explicitly the angular amplitude, is highly 

restricted, the magnitude of relaxation effects is accordingly suppressed, which mainly involves 

the T2 relaxation on the time scale of CW-EPR. Consequently, the T2-dependent Lorentzian 

linewidth is effectively narrowed. 
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Figure 5.7 The X-band (100 Gauss field width) and Q-band (160 Gauss field width) experimental CW-EPR spectra 

of T4L68RX72 on CNBr (black, solid lines) superposed with simulated spectra (dashed lines) according to the 

MOMD model (red lines), and the time-independent effective Hamiltonian model (blue lines). 

It is noteworthy that the sample is not aligned in a specific orientation, thus the anisotropy is 

likely to originate from the spin label. The mechanism of RX rigidity can be truly revealed from 

the quantitative assessment of the amplitude and rate of its internal motions via spectral 

simulations. Indeed, the MOMD (microscopic order macroscopic disorder) simulation of 
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T4L5RX9 on CNBr in Fleissner et al. indicated a single anisotropic motional component with an 

order parameter as high as S = 0.9 and a correlation time as short as τR = 2 ns. 

To further confirm the generality of using this motional model to account for the internal 

dynamics of RX on solvent-exposed helical sites, MOMD spectral simulations using also a 

single anisotropic motional component were performed for the spectrum of T4L68RX72 on 

CNBr, with the only important difference in the value of principal hyperfine splitting, Azz. The 

37.5 G determined at -50℃ was substituted by the 36.7 G measured in liquid nitrogen. The best 

fit (Figure 5.7, red curves, and Table 5.1) requires a fast internal motion with a correlation time 

τR ≈ 3.0 ns, and an extremely high degree of order (S = 0.93) that can be described as motion 

confined within a cone of half-angle ≈ 12.5° (for 72R1 the half-angle ≈ 37°). This finding was in 

accordance with the results described for T4L5RX9 on CNBr. 

The MOMD model77 allows for the anisotropic motion of a nitroxide due to a restoring 

potential determined by the properties of the side chain (microscopic order), but with a random 

distribution of the protein with respect to the external field (macroscopic disorder), thus 

providing an order parameter and the rate of the motion. Within the context of this motional 

model (rapid anisotropic rotation), it has been pointed out by Hubbell and McConnell78,79 that the 

spectrum of a spin label experiencing such motion can be approximated using a time-

independent effective Hamiltonian. Within this model, the motion is assumed to be sufficiently 

rapid to average the magnetic parameters of the nitroxide over the space of the restricted motion. 

At X-band frequency, the hyperfine interactions dominate, thus the value of A-tensors, 

particularly 2Azz’, should be “effectively” averaged in the absence of motion (τR ≫ 10 ns). 

In fact, taking 2Azz’ = 69.5 G and assuming an axially symmetric motion in a cone (Azz’ ≫ 

Axx’ ≈ Ayy’), a reasonably good fit can be achieved for the experimental spectrum of T4L68RX72 
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on CNBr (Figure 5.7, blue curves, and Table 5.1). This result compellingly supports the “fast 

rate, high order” motional model for the internal dynamics of RX. 

Table 5.1 Parameters for simulations 

 <R>/s-1 τR/ns S c02 αD/° βD/° γD/° 
MOMD-X band 7.75 2.96 0.930 14.33 0 0 0 
MOMD-Q band 7.99 1.71 0.907 11.02 0 1.15 0 

Heff-X band n.a. ∞ n.a. n.a. 6.79 6.96 24.90 
Heff-Q band n.a. ∞ n.a. n.a. 0 10.79 0 

For the MOMD model at both X- and Q-band, the magnetic parameters used for simulations are as follows: 𝐴GG =

6.31𝐺, 𝐴HH = 5.37𝐺, 𝐴II = 36.74𝐺;	𝑔GG = 2.00800 ± 0.00015, 𝑔HH = 2.00586 ± 0.00015, 𝑔II = 2.00199 ±

0.00005; For effective Hamiltonian (Heff) model at both X- and Q-band, the magnetic parameters used for 

simulations are as follows: 𝐴GG = 7.17𝐺 ± 0.5𝐺, 𝐴HH = 5.29 ± 0.5𝐺, 𝐴II = 34.77 ± 0.05𝐺;	𝑔GG = 2.00829 ±

0.00025, 𝑔HH = 2.00573 ± 0.00025, 𝑔II = 2.00251 ± 0.00001. 

In the MOMD model, a restoring (ordering) potential that constrains the spatial extent of the motion is introduced to 

the simulation of anisotropic motions. < 𝑅 >= >𝑅GG𝑅HH𝑅II!  is log10 of the average rotational diffusion tensor; τR 

is the rotational correlation time; 𝑆 = − J
K
< (3 cosK 𝜃 − 1) > is the order parameter; c02 is a scaling coefficient for 

the potential; θ is the instantaneous angle between the z-axis of the diffusion tensor and the symmetry axis of the 

potential; the diffusion tilt angles αD, βD, γD between the rotational diffusion and magnetic frames are defined as the 

Euler angles which are required for rotation of the magnetic frame into the diffusion frame. 

It is known that the EPR spectra obtained at different microwave frequencies have a varying 

degree of sensitivity to motions at different time scales80. At high frequencies, the slower motion 

may show as just a dynamically frozen snapshot and thus the rate remains undetermined, but the 

faster motions can be better captured and are fully resolved in the lineshapes than at lower 

frequencies where they are averaged out. The EPR spectra recorded at different frequencies can 

be fit simultaneously with a common set of magnetic parameters. This way, the variation 

identified by comparing the spectra recorded at more than one frequency facilitates the resolution 
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of motional modes on different timescales. 

Q-band (34GHz) CW-EPR spectra were measured for the same sample (T4L68RX72 on 

CNBr) as used in X-band experiments. Moreover, both MOMD and effective Hamiltonian 

models were tested for the spectral simulation. The results (Figure 5.7 and Table 5.1) show that 

an adequately good fit can be obtained for both Q-band and X-band spectra using the same set of 

parameters with reasonable differentiation (mainly the g-tensors which are poorly resolved in X-

band spectra). Furthermore, the slight decrease in the τR value obtained from the Q-band MOMD 

fit substantiates that Q-band spectra are endowed with enhanced sensitivity for faster dynamics. 

The multifrequency global fits support the earlier finding of RX exhibiting a highly 

anisotropic internal dynamic mode of strongly restricted amplitude, which confirms its 

application as the reference spin label of maximum rigidity, and thus one of the most promising 

probes in slow motion detection or distance measurements. 

 

5.2.2 Probing dynamics in the μs-ms time range with RX on solvent-exposed α-helical sites 

The aim is to prove the effectiveness of the proposed methodology for revealing dynamics in 

the time range of μs-ms, therefore, well-behaved sites that were extensively studied in previous 

work were selected for the experiments in this section. No fast or largescale backbone motions 

were expected for the regions at which the chosen sites locate, minimizing contributions from 

relative movements between spin labels and the protein body. Moreover, all chosen sites (except 

27C and 31C of HoloMb) reflect a single dynamic state in CW-EPR lineshape simulation of their 

corresponding R1-labeled samples, suggesting no existence of conformational exchanges. 

Due to the complexity of the ST-EPR mechanism and instrument setup, empirical 

parameters from spectra are used to determine values of correlation times (τR) by calibration 
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curves developed from standards possessing isotropic rotational motions of known τR. 

Conventionally used parameters include line-height ratios at different spectral positions81 (as 

noted in the following figures), and the integrated spectral intensity82 (IST). 

As introduced in chapter 3, ST-EPR is sensitive to any process that influences the saturation 

during the time course of T1 relaxation, directly or indirectly. Both experiments and simulations 

have shown that under the V2’ measurement scheme, spectral ratios retain the sensitivity to the 

orientational dependence and anisotropy of the detected slow motions, while the integral is more 

sensitive to changes in T1 and B1 (effective field strength). 

In this work, the apparent correlation times are mainly derived by line-height ratios and 

should be considered as a qualitative and relative estimation of the time range of motions, not as 

accurate absolute values. Some further discussions can be found in the following sections. 

Theoretically and practically, each spin label and/or protein has its uniqueness that leads to 

discrepancies in τR obtained from different parameters. Structurally, the geometry influences the 

polarity of different side chains, which affects saturation-relaxation properties such as the 

intrinsic T1 relaxation times. Dynamically, either the anisotropy of motions or multiple dynamic 

substates83 can lead to deviation from values calibrated from the isotropic rotation model. 

It is less reliable to determine accurate values of τR from IST in which more uncertainties 

accumulate. The intensity parameter reports an overall response and possesses a higher 

sensitivity to changes in physical parameters which can be easily differentiated by different 

instruments, resonators, sample specifications, etc. Instead, line-height ratios in three different 

regions of the magnetic field have varying sensitivities to orientations and amplitudes of 

motions. The center-field ratio (C’/C) is more dependent on faster motions (10- 7s~10- 5s) and 

local interactions around the spin. Rather, low- and high-field ratios (H’’/H and L’’/L) show 
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greater sensitivity in the time range of 10- 5s~10- 3s. The actual application of these different 

parameters will demonstrate the aspects and usefulness of the different ratios. 

 

5.2.2.1 ST-EPR at ambient conditions 

Sites have been picked from solvent-exposed sites of well-packed helix B, helix E, helix G, 

and helix H with low B-factors in the crystal structure of HoloMb (Figure 5.8 (A)). In solution, 

all helices exhibit low backbone mobility as shown by both NMR and CW-EPR. Helix G and H 

are known to retain folded even in myoglobin’s low pH molten globule state as one of the core 

helices (A-G-H). For T4L (Figure 5.8 (B)), both helix C and helix H are stable structures and 

have been extensively studied in previous work. 

 

Figure 5.8 (A) Ribbon diagram of HoloMb (PDB code 2MBW) showing the solvent-exposed sites used in this 

study. The red spheres at the Cα indicate cysteine residues where spin labels are introduced; (B) Ribbon diagram of 

pseudo-WT T4L (PDB code 3LZM) showing the solvent-exposed sites used in this study. The blue spheres at the 

Cα indicate cysteine residues where spin labels are introduced. 

Figure 5.9 shows the CW-EPR and ST-EPR spectra measured for corresponding mutants at 

room temperature. All samples were covalently attached to CNBr-Sepharose to remove rotational 
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diffusion. The ambient conditions in this dissertation refer to an environment where the attached 

proteins are placed in aqueous solutions at room temperature. The CW-EPR spectra at all sites 

show prominent features as the powder pattern (large 2Azz’, narrow linewidth, well-resolved 

lineshapes) and are hardly distinguishable from each other. Slight variations were only observed 

in the central field and a relatively decreased value of 2Azz’ for 132RX136, which will be 

revisited. It is obvious that the dominant dynamics of these mutants were not detectable within 

the ps-ns motional regime, leading to the insensitivity of CW-EPR spectral lineshapes. Both the 

strong immobilization of RX and rigid attachment to solid supports appear to be effective in 

restricting the nanosecond motions of all mutants studied. 
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Figure 5.9 CW-EPR and ST-EPR spectra of RX-labeled HoloMb and T4L mutants at room temperature. All mutants 

were attached to CNBr-activated Sepharose. The magnetic field scan width is 100 G. Line heights used to calculate 

parameters are defined as shown, with the following explanations: All line heights are measured with respect to the 

baseline. L is the resolved peak in the low field. L" is defined as the line height at the field position 10 Gauss to the 

right of L. Similarly, H is the resolved peak in the high field, and H" is 15 Gauss to the left. The C and C' are the 

first peak and trough in the center. 

In contrast, more spectral details are resolved in the ST-EPR lineshapes (see section 5.3 for 

complete data of parameters). While the overall lineshapes of examined sites are qualitatively 

similar, the anisotropic nature of detected dynamics is obvious from the discrepancies between 

parameters, which could originate from either the motional mode of protein, or the highly 

ordered RX. The H’’/H parameter is more dependent on anisotropic features and amplitude of 

motions84, due to the higher intrinsic sensitivity to angular changes of the corresponding 

manifold (mI = -1), reporting dynamics with correlation times around >50μs. Instead, from the 

L’’/L parameters, the motion with correlation time around 20~30μs was generally observed for 

all mutants in which the solvent-accessible helical sites were labeled. 

The qualitatively similar lineshapes suggest that a certain type of motional mode in the 

microsecond time range is generally detected on helical sites of two globular proteins, of which 

the apparent correlation times are all in the same order of gratitude. Some basic conclusions 

could be drawn by comparing the results of T4L68RX72 and T4L127RX131. First, close values 

of both L’’/L and H’’/H parameters indicate that the microsecond dynamics of both mutants are 

substantially the same, which is reasonably expected for sites from topographically same regions 

under highly similar environments. Complementarily, the variations coherently observed in IST 

and C’/C parameters reveal the existence of differentiated backbone fluctuations on a relatively 

fast time scale, considering that these parameters are more sensitive to sub-microsecond 
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dynamics and local interactions. 

Indeed, previous studies62,72 using R1 suggested that the helix H possessed a higher degree 

of mobility, judging from the lower order parameter of 131R1 to 72R1 obtained in spectral 

simulation. However, as all motions are coupled to the internal motion of the R1 side chain, there 

is no direct evidence in the ps-ns time range confirming this structural origin of high mobility. 

Due to the strong immobilization of RX, unlike 72R1 and 131R1, the CW-EPR spectra of 

68RX72 and 127RX131 are essentially identical (with negligible amounts of free spins), clearly 

excluding the possible contribution from side chain rotameric exchange. 

Moreover, the results imply that the characteristic time scale of the higher backbone mobility 

of helix H detected by ST-EPR is most probable to fall in the range of < 10μs, as it seems not 

sensible to L’’/L parameters. It is unlikely that the difference in the H’’/H parameter originates 

from the backbone fluctuation of relatively small amplitude, which instead might be the 

consequence of more complicated motional mode and/or interactions. 

Among the four HoloMb mutants, the value of the H’’/H parameter of 132RX136 was 

exceptionally large, with its L’’/L parameter also reporting the longest correlation time. Either 

additional interactions or backbone rigidity could lead to a slow effective correlation time. In the 

CW-EPR study of HoloMb by Lopez et al., the spectrum of 132R1 was fitted with a very high 

order parameter for R1 (0.68), suggesting the possibility of steric interactions between the 

nitroxide ring and its surroundings. This section of helix H was also reported to exhibit low B-

factor values and minimal local fluctuations.  

It needs to be pointed out that the CW-EPR of 132RX136 exhibited a smaller 2Azz’ value, 

implying that the nitroxide could be residing in a more hydrophobic environment. It has also 

been suspected that the formation of crosslink when generating the RX side chain could distort 



157 
 

the local geometry to enforce the extension of helicity to the i+4 position. Thus, it appears 

conceivable, that the attachment of RX to 132C and 136C induced a change in the tilt angle of 

the helix, causing certain degrees of hindrances to the nitroxide. More experiments are needed to 

distinguish whether such a distortion could be the structural origin of the long apparent 

correlation time. 

In conclusion, using the immobilized side chain RX and stationary phase attachment has 

been proven practical for detecting slow dynamics of spin labels on solvent-exposed helix sites. 

On solid supports, protein dynamics with correlation times up to ~150 μs can be resolved from 

high-field ratios of RX-labeled samples. It is the first time that motional modes of helical sites 

whose lifetimes are in the range of sub-milliseconds have been directly described using standard 

CW-EPR equipment at ambient conditions. 

 

5.2.2.2 ST-EPR in rigid limit 

To confirm that the detectable time range of slow motions can reach the previously 

published rigid limit for ST-EPR spectra (>10-3 s) using the currently applied apparatus, 

precipitated hemoglobin labeled with 6-MSL26,85 was prepared. Hemoglobin is a model system 

for studying isotropic Brownian rotational diffusion and has been commonly used to determine 

the reference curves of correlation times for ST-EPR. For comparison, we also prepared 

precipitated, RX-labeled T4L mutants. 

While there exist differences mainly in the center field, two ST-EPR lineshapes (Figure 5.10 

(A)) are highly similar even though completely different spin labels and proteins were measured, 

providing a reliable estimate of the rigid limit. From the H’’/H parameters, the motion with 

correlation time >1 ms was observed for both samples, indicating that there is very little, if any, 
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residual segmental flexibility, which is consistent with previously published results for 

precipitated proteins. Judging from the variations reflected in CW-EPR spectra, the differences in 

center peaks are unlikely to arise from motional effects in the millisecond range. Here, this result 

validates the equivalence and effectiveness of the current experiment for detecting slow motions 

as long as in the millisecond time range. 

 

Figure 5.10 CW-EPR and ST-EPR spectra of precipitated proteins: (A) Hemoglobin labeled with 6-MSL and 

T4L68RX72; (B) upper: T4L68RX72 and T4L72R1; lower: T4L127RX131, T4L131R1. The magnetic field scan 

width is 100 G. Both CW-EPR and ST-EPR spectra were normalized to the spin count calculated by double 

integration of V1 spectra (CW-EPR at non-saturating low power, see chapters 3 and 8). 



159 
 

In the precipitated state, the microenvironment surrounding the nitroxide is rather 

complicated. To better understand this immobilization state, effects from the labeling sites and 

spin label side chains to the lineshapes were explored with the maximized rigid side chain RX 

and the more mobile R1 (Figure 5.10 (B)). Results showed that the L’’/L parameters of all four 

mutants were almost identical (see section 5.3). All H’’/H parameters reported on motions with 

correlation times >1.5 ms, which confirms that neither the backbone fluctuation nor the side 

chain flexibility is sufficient to influence the ST-EPR lineshape of precipitated samples. 

The elimination of contribution from its internal mobility of R1 could arise from a complete 

immobilization of the side chain. The IST of 72R1 is particularly large, suggesting a longer T1 

which is also observed when the side chain is less solvent accessible (see chapter 4), e.g., when 

buried in the hydrophobic interior. Indeed, the relatively broad linewidths (as compared to the 

linewidths from spectra of labeled proteins attached to solid supports) in CW-EPR spectra imply 

the existence of heterogeneity of the environment, which could be associated with more direct 

contact to the nitroxide within the micro ‘crystal lattice’ of precipitated proteins. Further 

discussion can be found in the following section. 

 

5.2.2.3 Exploring the μs-ms dynamics of immobilized proteins under various conditions 

To better understand the nature of the microsecond dynamics observed from attached 

proteins in ST-EPR spectra, labeled mutants were immobilized under various conditions and ST-

EPR spectra were measured (Figure 5.11). To obtain the reference corresponding to the slowest 

motion of labeled proteins, samples were immobilized by two different preparation methods. A 

portion was precipitated in a saturated ammonium sulfate solution. Another portion was firstly 

tethered to the CNBr-activated Sepharose, then crosslinked by a sufficient amount of 
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glutaraldehyde. A Schiff base is formed between ε-amino groups of lysine and aldehyde 

functions on monomeric and polymeric forms of glutaraldehyde. As lysine normally distributes 

across the whole protein, this strategy can ‘lock’ the protein internally via covalent bonds 

between structural elements where the lysine locates. 

Both precipitation and crosslinking are widely used (e.g., in solid-state NMR86–90) to 

immobilize proteins in order to make the slow internal motions of proteins accessible to 

spectroscopic detection. Resembling a polycrystalline status91–93, it is likely that there are direct 

protein-protein contacts in the precipitated proteins. Any large-scale motions, both global and 

segmental, could be restricted by either confine of the lattice or protein interactions. Though 

there is no atomic-level structure, the capacity of precipitated proteins exhibiting nicely resolved 

solid-state NMR signals has reflected the existence of only a considerably small amount of 

residual fluctuations but the protein is mostly immobilized. 

As a comparison, glutaraldehyde crosslinking should quench global motions by the formed 

matrix without affecting internal dynamics, as this matrix is ‘softer’ than the micro-lattices in 

precipitation. For proteins that are already tethered to the solid support, extensive crosslinking 

should reinforce the elimination of any residual global rotational and translational motion. Most 

of the large-scale segmental motions of which correlation times are longer than 10μs should still 

be retained, at least not as much diminished as in the precipitation. This has been implied by both 

results from solid-state NMR studies86,88,89 and early ST-EPR studies of skeletal proteins94. 

Hence, the glutaraldehyde preparation serves as a reference showing how slow is the protein 

when there are only ‘pure’ internal motions, while the precipitated preparation stands for the 

slowest dynamics for a hydrated protein (compared to lyophilization). 



161 
 

 

Figure 5.11 ST-EPR and CW-EPR spectra of T4L68RX72 under different conditions. All ST-EPR lineshapes are 

scaled by the height of the low-field peak for a better comparison. All CW-EPR spectra are normalized to the spin 

count calculated by double integration. 

Measuring ST-EPR showed that on the same site, the precipitated protein exhibited 

dynamics >1ms, while the crosslinked protein exhibited dynamics ~200 μs (see next section for 

parameters). Instead, proteins on the CNBr-activated Sepharose reported dynamics ~80 μs. The 

close order of gratitude in the time scale (around 100 μs) again manifests the validity that it is 

mainly the internal dynamics of proteins detected by ST-EPR. There are faster motional modes 

existing in the non-crosslinked attached sample, leading to a smaller apparent correlation time. 

The origin of it could be residual global motions relative to the solid support, or it could be some 

internal fluctuations being suppressed more or less by the matrix formed in crosslinked samples. 

Considering the heterogeneity of protein dynamics, it is reasonable to speculate that some 

motions carried out by highly flexible structural elements (e.g., loops) could still be restricted by 

the soft yet extensive crosslinking. 

One approach that may shed light on this is to measure the response of attached proteins to 

solvent perturbation by sucrose and Ficoll95–99. It was shown in previous work that sucrose, as a 

stabilizing osmolyte, can both slow down the rotational diffusion of the whole protein by its 
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micro-viscosity, and shift the conformational equilibria by osmolarity to identify conformational 

exchange between substates. While Ficoll is known as a crowding agent favoring the state of a 

protein with the smaller excluded volume, it can also slow down the rotational diffusion as a 

macromolecule. Both reagents have been used in SDSL-EPR studies to restrict the rotational 

diffusion of small proteins in solution. 

To distinguish the possible origin of motions, sucrose (30% in w/w) or Ficoll (25% in w/w) 

was added to protein samples that were already attached to CNBr-activated Sepharose. CW-EPR 

spectra show no noticeable change upon the addition of sucrose or Ficoll, confirming that there is 

no fast motion being induced by either the osmolarity or crowding effects, and the time scales of 

residual dynamics are likely in the μs-ms range.  

From ST-EPR spectra, there is a discrepancy between two empirical parameters reporting on 

correlation time, the spectral height ratios and the integral. ST-EPR spectra of sucrose-added 

samples have highly similar lineshapes to tethered samples in just aqueous buffer but possess a 

higher value of intensity integral. It can be inferred that the addition of 30% w/w sucrose has no 

effect on the motions of tethered proteins but possibly on the relaxation (other pathways of 

relaxation rather than the rotational motions of proteins and/or spin labels). More experiments 

are needed to elucidate the complicated mechanism of how relaxation may be influenced by 

sucrose. One reasonable explanation is that sucrose slows down the translational diffusion of 

dissolved oxygen, which lowers the collision rate and thus the relaxation rate of nitroxides. It has 

been shown in other studies6,7,100–102 that the integral of ST-EPR does respond to changes in 

oxygen percentages in the sample, while the lineshapes stay the same. The fact that lineshapes of 

sucrose-added samples showed no significant change implies that the additional mobility in the 

non-crosslinked, attached sample is not residual global motions in the macroscopic level such as 
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the rotation relative to the solid supports, which would show response to changes in viscosity.  

For the Ficoll-added samples, both the lineshapes and the integral differ from tethered 

samples in the buffer. The determined parameters revealed slower motion, but it seems more 

likely that the detected dynamics are due to crowding effects. Independent evidence from 

different studies suggests contrasting effects of crowding97,99: Crowding effects on proteins are 

commonly considered from two perspectives, the entropic contributions arising from the 

macromolecular nature of crowders, and the enthalpic contribution arising from chemical 

interactions between crowders and proteins. Considering that the difference is observed between 

Ficoll and its monomer, sucrose, it is highly possible that in our case the modulation of motions 

is driven mainly by entropy. Otherwise, sucrose-added samples should show similar responses 

but in different magnitudes due to the chemical similarity between sucrose and Ficoll. 

Ficoll-added samples exhibited dynamics ~150 μs, which is intermediate between values of 

crosslinked and non-crosslinked. It is hard to tell so far whether the crosslinking and the 

crowding restrict the protein in a similar way but to a different extent, or they restrict different 

types of motional modes. To be able to tell this, measurements on different sites probing the 

response of different regions, and/or using different spin label side chains (see chapter 6) are 

necessary. In fact, similar effects upon the addition of sucrose and/or Ficoll were observed from 

ST-EPR spectra of HoloMb mutants that were also attached to CNBr-Sepharose (Figure 5.12). 

Both Ficoll-added mutants reported slower dynamics, while lineshapes of sucrose-added samples 

had no significant change, yet the integrals were higher. 
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Figure 5.12 ST-EPR and CW-EPR spectra of HoloMb66RX70 and HoloMb132RX136 on CNBr-activated 

Sepharose, in buffer, in sucrose 30% w/w, in Ficoll 25% w/w. 

One possibility is that the Ficoll restricts segmental movements by directly contacting 

proteins like in the precipitation. The other possibility is that the protein adopts a different 

conformation with a smaller excluded volume and less mobility, which means a higher energy 

barrier for the internal motions of the protein. Indistinguishable CW-EPR lineshapes indicate that 

the local environment experienced by the spin label is largely retained, suggesting a collective 

motion concerning the coherent movement of multiple side chains. 

Also, the insensitivity of ST-EPR lineshapes to osmolarity suggests that there is no distinct 

difference in solvation surface area during the occurrence of this motion. One possibility is that 

one or a few helices either rotate as a whole about its longitudinal axis, or twist on the solvent-
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exposing surface, leading to a different packing of side chains or a rearrangement of bound water 

molecules in the interior. Either model can introduce higher internal friction of proteins in the 

thermodynamic equilibrium, hence slowing down its internal dynamics. 

Though there are still gaps between these qualitative descriptions of dynamics and a 

complete motional model, these results demonstrate the versatility and sensitivity of ST-EPR in 

the μs-ms time domain. The intricate hierarchy of protein internal dynamic modes has been 

dissected under several different conditions: rigidly confining environment (precipitation/crystal 

lattice), soft gel/matrix (chemical crosslinking), crowded media (Ficoll), and the aqueous 

solution of different viscosities (sucrose). It was demonstrated that the methodology integrating 

both the stationary-phase techniques and a highly restricted spin label side chain is capable to 

extend the applicability of ST-EPR for slow motion detection to small protein systems at ambient 

conditions. Some extended discussions will be shown in the next chapter, where other stationary-

phase schemes and spin labels are examined. 

 

5.3 Tabulated ST-EPR empirical parameters and correlation times 

All empirical parameters and correlation times measured from ST-EPR spectra of HoloMb 

and T4L mutants that were labeled by RX are tabulated on the following pages, including the 

precipitated 72R1 and 131R1 (and R1f, RY which will be introduced in chapter 6). The signal-to-

noise was estimated from the baseline and peak intensity of each spectrum and also included as 

the +/- deviation for values of L''/L and H''/H, and propagated to the corresponding correlation 

times (τR, L’’/L and τR, H’’/H). 
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1. RX on different helical sites (HoloMb&T4L) in buffer 

 

2. Precipitation in (NH4)2SO4 

  

 L’’/L τR/sec C’/C τR/sec H’’/H τR/sec Integral 

HoloMb 27RX31 
CNBr 

0.57 2.9 ×	10!" 0.27 1.2 ×	10!" 0.52 5.0 ×	10!"  

HoloMb 66RX70 
CNBr 

0.46 1.7 ×	10!" -0.05 4.8 ×	10!# 0.61 7.2 ×	10!" 0.2138 

HoloMb 109RX113 
CNBr 

0.51 2.2 ×	10!" 0.38 1.8 ×	10!" 0.43 3.2 ×	10!"  

HoloMb 132RX136 
CNBr 

0.57 2.9 ×	10!" 0.39 1.8 ×	10!" 0.81 1.5 ×	10!$ 0.3308 

T4LpWT-68RX72 
CNBr 

0.48 1.9 ×	10!" 0.46 2.3 ×	10!" 0.65 8.4 ×	10!" 0.4707 

T4LpWT-127RX131 
CNBr 

0.52 2.3 ×	10!" 0.19 9.8 ×	10!# 0.57 6.1 ×	10!" 0.3216 

 

 L’’/L τR/sec C’/C τR/sec H’’/H τR/sec Integral 

T4LpWT-72R1 0.92 1.0 ×	10!" 0.83 2.8 ×	10!" 1.80 4.1 ×	10!# 0.9750 

T4LpWT-68RX72 0.93 1.0 ×	10!" 0.56 3.4 ×	10!$ 1.57 1.6 ×	10!# 0.6698 

T4LpWT-72R1f 0.94 1.0 ×	10!" 0.78 1.4 ×	10!" 2.44 ∞ 1.2407 

T4LpWT-72RY 1.08 1.6 ×	10!" 0.88 7.0 ×	10!" 2.80 ∞ 1.5959 

T4LpWT-131R1 0.95 1.1 ×	10!" 0.73 9.0 ×	10!$ 1.88 6.4 ×	10!# 0.7355 

T4LpWT-127RX131 0.89 9.0 ×	10!$ 0.67 6.1 ×	10!$ 1.64 2.1 ×	10!# 0.7670 

T4LpWT-131R1f 0.98 1.2 ×	10!" 0.79 1.6 ×	10!" 1.99 1.4 ×	10!% 1.1161 

T4LpWT-131RY 1.04 1.4 ×	10!" 0.84 3.0 ×	10!" 2.17 2.1 ×	10!& 1.5866 
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3. T4LpWT68RX72 in various conditions 

  

 L’’/L τR/sec C’/C τR/sec H’’/H τR/sec Integral 

T4LpWT-68RX72 
precipitation 

0.93 1.0 ×	10!" 0.56 3.4 ×	10!# 1.57 1.6 ×	10!$ 0.6698 

T4LpWT-68RX72 
CNBr-glutaraldehyde 

0.74 5.5 ×	10!# 0.65 5.6 ×	10!# 0.88 1.9 ×	10!" 0.6960 

T4LpWT-68RX72 
CNBr-Ficoll 

0.61 3.4 ×	10!# 0.70 7.3 ×	10!# 0.80 1.4 ×	10!" 0.8277 

T4LpWT-68RX72 
CNBr-Sucrose 

0.48 2.0 ×	10!# 0.52 3.0 ×	10!# 0.63 7.9 ×	10!# 0.6546 

T4LpWT-68RX72 
CNBr-Buffer 

0.48 1.9 ×	10!# 0.46 2.3 ×	10!# 0.65 8.4 ×	10!# 0.4707 
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4. Sucrose/Ficoll effects 

  

 L’’/L τR/sec C’/C τR/sec H’’/H τR/sec Integral 

HoloMb 66RX70 
CNBr-Buffer 

0.46 1.7 ×	10!" -0.05 4.8 ×	10!# 0.61 7.2 ×	10!" 0.2138 

HoloMb 66RX70 
CNBr-Sucrose 

0.46 1.7 ×	10!" -0.04 6.4 ×	10!# 0.58 6.4 ×	10!" 0.3221 

HoloMb 66RX70 
CNBr-Ficoll 

0.63 3.8 ×	10!" 0.46 2.3 ×	10!" 0.88 1.9 ×	10!$ 0.5888 

HoloMb 109RX113 
CNBr-Buffer 

0.51 2.2 ×	10!" 0.38 1.8 ×	10!" 0.43 3.2 ×	10!"  

HoloMb 109RX113 
CNBr-Sucrose 

0.46 1.8 ×	10!" 0.48 2.6 ×	10!" 0.34 1.9 ×	10!"  

HoloMb 132RX136 
CNBr-Buffer 

0.57 2.9 ×	10!" 0.39 1.8 ×	10!" 0.81 1.5 ×	10!$ 0.3308 

HoloMb 132RX136 
CNBr-Sucrose 

0.57 3.0 ×	10!" 0.50 2.7 ×	10!" 0.85 1.7 ×	10!$ 0.5181 

HoloMb 132RX136 
CNBr-Ficoll 

0.63 3.7 ×	10!" 0.60 4.2 ×	10!" 1.02 2.9 ×	10!$ 0.6422 

T4LpWT-68RX72 
CNBr-Buffer 

0.48 1.9 ×	10!" 0.46 2.3 ×	10!" 0.65 8.4 ×	10!" 0.4707 

T4LpWT-68RX72 
CNBr-Sucrose 

0.48 2.0 ×	10!" 0.52 3.0 ×	10!" 0.63 7.9 ×	10!" 0.6546 

T4LpWT-68RX72 
CNBr-Ficoll 

0.61 3.4 ×	10!" 0.70 7.3 ×	10!" 0.80 1.4 ×	10!$ 0.8277 
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5. Signal noises 
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Chapter 6: Monofunctional nitroxide spin labels with strongly hindered internal 

motion 

6.1 Introduction 

6.1.1 Spin labels for ST-EPR 

Like any method involving the utilization of probes, the proper choice of spin labels is one 

of the key components for a successful SDSL-EPR experiment. Although the criteria for 

selection will constantly evolve to satisfy various study aims, generally, the specificity, rigidity, 

as well as balance between reactivity and preservation of function are the essential aspects when 

evaluating or designing a spin label. In ST-EPR measurement where the internal motion of spin 

labels strongly interferes with the sensitivity to slower dynamics, the rigidity of the spin label is 

the most crucial property to consider. 

In the initial stage of ST-EPR method development, iodoacetamide derivatives1 and 

maleimide derivatives2 were universally used. While they could detect dynamics in the 

microsecond time domain, several drawbacks drove the continuous exploration of other labels. 

Among those was the pronounced pH-dependent specificity of the reaction to cysteines, which 

consequently compromised the reactivity. It was also observed that the binding of these labels 

was unstable under various conditions. It is likely that upon ligand binding (nucleotides3 and 

vanadate4 in published studies), the changed conformational flexibility of protein will lead to 

weakened attachment and increased mobility of spin labels. 

Between these two, the internal mobility of iodoacetamide labels is more pronounced, 

making the maleimide labels (5- and 6-MSL) a better and more common choice. However, as 

described in chapter 4, the relatively high chemical reactivity of the maleimide group can lead to 
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a mixture of EPR signaling species and multiple spectral components. Moreover, the 

contribution from the internal dynamics of MSL is still non-negligible, potentially hindering the 

detection of slower motional modes. Aiming at introducing a probe with higher reactivity and 

less mobility, β-substituted vinyl aryl ketone derivatives, particularly the 5-InVSL5–8, were 

synthesized and applied in several studies and proven to be an effectively immobilized side chain 

for probing microsecond dynamics. 

However, both MSL and InVSL are sterically demanding, leading to not only the 

impediment of their reactivity but also the concern of potentially affecting the structure and 

conformational equilibrium of the target protein. A more general obstacle originates from the 

chemical properties of their functional groups. Although the thioether linkage generated from 

Michael addition is usually considered stable and not cleavable (compared to the disulfide 

linkage), the thiosuccinimide product is hydrolytically unstable and susceptible to slow thiol 

exchange via a retro-Michael reaction. This leads to cleavage and release of the spin label side 

chain (see chapter 4). 

More recently, benefiting from the application of solid-phase synthesis in the chemical 

biology area, the spin-labeled amino acid 2,2,6,6-tetramethyl-piperidine-1-oxyl-4-amino-4-

carboxyl (TOAC) has been synthesized and applied for ST-EPR experiments9, which 

incorporates directly into fixed positions in protein backbones via amide bonds. However, 

despite its strong immobilization, it requires peptide synthesis to incorporate this label and thus 

is not compatible with proteins with molecular weight above about 6 kDa. Additionally, the 

range of adoptable dihedral angles of TOAC is extremely limited, leading to backbone 

distortions. 

Efforts to find better probes for slow motion detection have also been constantly put over the 
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development of new R1-based spin labels. Despite the many advantages that R1 has, its inherent 

flexibility is even higher than for IASL or MSL. In chapter 5 (and previous publications), the 

cross-linked spin label side chain RX was described, which provides high performance in 

measuring both fast and slow protein dynamics10,11. However, applying RX requires the 

mutagenesis of two residues for each detection, which not only complicates the sample 

preparation but may also affect the thermal stability or folding of some local structures. To adopt 

an energetically relaxed conformation of the side chain, the second cysteine usually needs to be 

located at the i+3 or i+4 position of an α-helix or the i+2 position of a β-strand. The formation of 

the crosslink is likely to lead to strain in forming a proper helix extending to the i+3 or i+4 

position, thereby potentially modifying the local structure and dynamics. 

To this end, monofunctionally disulfide-linked spin label side chains with sufficiently 

restricted internal mobility would be a valuable addition to the SDSL-EPR toolbox. Such spin 

label side chains not only promise to be a suitable sensor for monitoring protein dynamics in a 

time domain that is particularly challenging for other methods, but would also be advantageous 

for distance determination using DEER (see chapter 7). In this work, two rigid, monofunctionally 

linked R1-derivatized spin labels are thoroughly characterized to examine their applicability, 

especially emphasizing their comparable efficacy to the bifunctionally linked RX for slow 

motion detection. 

 

6.1.2 4-Substituted R1-derivatives 

4-substituted R1 derivatives have been considered practical contenders in the search for 

SDSL-EPR probes with more restricted mobility. A whole series of 4-substituted derivatives of 

increasing size were initially tested by Columbus et al., aiming at using the hydrophobic bulk of 
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substituents to hinder the rotations about the two terminal bonds.12 Suggested by CW-EPR 

spectra and the molecular modeling12, it was eventually confirmed with the crystal structures13 

that the 4-substituents could efficiently limit the amplitude of rotations about χ4 and χ5, mainly 

the χ5, by the steric interactions of substituents with the Sδ atom. Consequently, such interactions 

constrain the internal motions of the whole spin label side chain, enhancing the sensitivity for 

detecting protein backbone dynamics. 

Three 4-substituted derivatives have been successfully incorporated into T4L at a solvent-

exposed helical site (site 131), and high-resolution crystal structures were determined. As 

reported by Fleissner et al., structures of the 4-methyl (R1b14) and 4-bromo (R715) derivatives 

indicate that the strain to rotations arises internally within the side chain, while the structure of 

the 4-phenyl (R1f16) derivative reveals a weak interaction between the phenyl ring and the 

protein backbone which is presumably responsible for its greater hindered motion comparing to 

R1b and R7. 

Indeed, regardless of the highly ordered dynamic character reflected from the CW-EPR 

lineshapes of all spin label side chains, only the structure of T4L131R1f reveals a single 

conformation of the side chain with almost all non-hydrogen atoms resolved. The fact that for 

R1b and R7 the nitroxide rings are unresolved implies the existence of residual motions about 

the final two single bonds. Results from the experiment in which the R1f16 side chain was placed 

at multiple helical sites in T4L indicate that (at most sites) despite its rigidity is likely to originate 

from the intermolecular interaction with protein backbones, it appears to be general at solvent-

exposed helical sites and therefore promising R1f as a useful alternative to R1 for monitoring 

dynamics and measuring distances. 

Understanding the structural basis of 4-substituent derivatives has allowed us to design new 



185 
 

spin labels more effectively with improved properties. Inspired by the fact that the phenyl ring 

structure is more effective than the methyl- or bromo- substituents in hindering motions, a 

second phenyl ring was introduced to the carbon between the Sδ atom and the nitroxide ring, 

which serves as an α-substituent. Presumably, this phenyl ring can further suppress the 

configurational space that two terminal single bonds can adopt, thus enabling a spin label with 

even stronger rigidity than R1f. The reagent HO-3292 has been synthesized accordingly by the 

Kálai group, generating the side chain RY of which the properties have been carefully 

investigated for this dissertation. Relevant results and several applications will be shown and 

discussed in this chapter. Another two R1 derivatives with restricted mobility that were reported 

in previous publications, the R1p17 and R2f (also called R8 in some articles), will not be 

reviewed here, but relevant studies18–21 can be found. 

 

6.2 Internal dynamics of monofunctional rigid nitroxide spin labels in the ps-ns time range 

As both a continuation and extension of the exploration by Fleissner et al.22, the internal 

dynamics of R1f, and also of the novel side chain RY, are characterized carefully in the ps-ns 

time range to evaluate their potential for use as the monitor of slow protein motions. Similarly, as 

in any spin label characterization study, the labeled protein is either investigated in a high-

viscosity medium (sucrose or Ficoll) or attached to a solid support in order to eliminate rotational 

diffusion and isolate dynamic modes of side chain and protein. 

 

6.2.1 R1f and RY on α-helix surface sites 

6.2.1.1 Comparison to R1 and RX side chains in CW-EPR spectra 
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Both R1f and RY side chains were introduced to representative helical sites (shown in Figure 

5.8) of two model proteins, the HoloMb and the pseudo wild-type of T4L, which were covalently 

attached to CNBr-Sepharose in this experiment. All spin labeling sites are solvent accessible, 

located in non-terminal regions of well-packed stable helices. The same mutants were also 

labeled with R1 or corresponding double-cysteine mutants with the RX side chain, serving as a 

qualitative reference of internal rigidity. 
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Figure 6.1 CW-EPR spectra (normalized to the spin count calculated by double integration) of RX (black curves), 

RY (red curves), R1f (blue curves), R1 (dash curves) on proteins at room temperature. All mutants are attached to 

CNBr-activated Sepharose. The magnetic field scan width is 100G. 

CW-EPR spectra (Figure 6.1) of all mutants derivatized with R1f, RY, or RX clearly reflect 

strong immobilization of the nitroxide compared with the same sample labeled with R1. All sites 

were readily labeled, and no features relating to the local or global unfolding of structures are 

observed from spectral lineshapes, i.e., no abnormal broadenings (precipitation) or sharpness 

(free-tumbling disordered structures), implying negligible perturbation by the introduced labels. 

In each case, the spectra of R1f and RY labeled samples are indicative of a highly ordered 

nitroxide motion, as evidenced by the well-resolved parallel (A∥) and perpendicular (A⊥) 

components of the hyperfine tensor, the large effective hyperfine splitting, 2Azz’, and the narrow 

linewidth of the low-field peak. Notably, even though monofunctionally attached, the spectra of 

RY strongly resemble the lineshape pattern of RX (2Azz’, e.g., 70.493G (RX) and 70.005G (RY) 

at site 72C). 

The regular increase in the hyperfine splitting observed for four side chains from RX to R1 

is correlated with an increased narrowing of the linewidths, which suggests the decreased 

mobility of side chains due to a decrease in the amplitude of motions on the ns timescale. Just as 

for RX, the narrow linewidth strongly implies that both R1f and RY possess a highly anisotropic, 

i.e., ordered, rapid internal motion with restricted angular amplitudes. While RX is a 

bifunctionally attached side chain, the increasingly suppressed amplitude of motion from R1 to 

R1f and to RY is consistent with the increase in the sizes of their bulk moiety. These spectra can 

theoretically be accounted for reasonably well by a single anisotropic motional component of 

nitroxide with similar rapid rates and varying degrees of order, i.e., the value of S20. Some 

simulation results will be shown in the following sections. 
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6.2.1.2 Effects of nearest neighbor mutations on CW-EPR spectra of R1f and RY side chains 

To evaluate the role of nearby residue side chains in the high ordering of R1f or RY, four 

neighboring residues (N68, Q69, V75, R76 shown in Figure 6.2 (A) and D127, E128, N132, 

K135 shown in Figure 6.2 (B)) were individually mutated to Alanine on the 72C and 131C 

background T4L constructs, respectively, which can potentially interact with the spin label side 

chains at 72C or 131C. 

Spectra (Figure 6.2) of all alanine mutants (except for 131RY/128A which proved unstable 

and was not successfully prepared) were labeled with R1f or RY, respectively, and attached to 

CNBr-Sepharose. All spectra show high similarities to the spectrum of their corresponding 72C 

or 131C mutant in pseudo wild-type T4L background. The chosen mutations have been shown 

by corresponding CW-EPR spectra of R1-labeled samples to have negligent effects on the local 

structure of helix C or helix H. If at all, the 72R1/75A construct shows a slightly more prominent 

difference to 72R1 in the lineshapes which is invisible for either 72RY/75A or 72R1f/75A, 

therefore it is more likely originated from R1-exclusive properties. 

As compared with spectra of R1-labeled samples under the same condition, more details in 

lineshapes were resolved due to the higher order of the immobilized labels. Remarkably, spectra 

of all RY-labeled mutants are essentially identical to the spectrum of the original construct with 

highly resolved spectral features, suggesting that specific local residue interactions are not 

responsible for its surprisingly high rigidity, but inherent properties. Instead, minor differences 

were observed for 76A/72R1f and 132A/131R1f, which are more likely caused by small local 

changes brought by the mutation, especially the residue 76 which is originally an arginine, a long 

and flexible amino acid side chain. 
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Figure 6.2 Ribbon diagram of T4L (PDB code: 3LZM) showing the residue (A) 72C and (B) 131C where spin labels 

are introduced, and their neighboring alanine replacements. Each colored sphere at the Cα corresponds to the same-

colored spectrum, indicating the alanine mutation site. CW-EPR spectra of RY, R1f, and R1 on proteins are shown 

with vertical lines as references for comparing effective hyperfine splittings (2Azz’). All mutants were attached to 

CNBr-activated Sepharose and measured at room temperature. The magnetic field scan width is 100G. 

In general, the highly constrained mobility of the R1f or RY side chain is consistently 

retained in the alanine mutants, which supports the assertion that the restricted internal motion of 
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both labels is not the result of direct interaction with any of these neighboring side chains. 

Although the crystal structure of 131R1f implies that such rigidity is not originated from internal 

interactions within the side chain, such results still substantiate the fundamental hypothesis that 

both side chains can generally exhibit strong immobilization at solvent-exposed sites. 

 

6.2.1.3 Mobility of RY side chains on solvent-accessible sites 

In order to explore its labeling compatibility and the performance in reporting nanosecond 

dynamics in helical proteins, the side chain RY was introduced, one at a time, to solvent-exposed 

sites in the interior of regular helices of HoloMb (Figure 6.3 (A)) and T4L (Figure 6.3 (B)). EPR 

spectra of R1 at each of these sites have been previously published and reproduced here for 

comparison. 

Firstly, we found that the RY side chain could be introduced with a good yield at the tested 

sites, assuring the application of RY for ST-EPR measurements in which a relatively high spin 

concentration (≥300μM) is necessary for optimal signal intensity. The efficiency of labeling was 

quantified by comparing the final spin and protein concentrations of the sample, and the high 

labeling efficiency (>75%) was consistently achieved. 
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Figure 6.3 Ribbon diagram of (A) HoloMb (PDB code: 2MBW) and (B) T4L (PDB code: 3LZM) showing the 

residues where RY (solid curves) and R1 (dashed curves) side chains were introduced. Each colored sphere at the 

Cα indicates a labeling site. CW-EPR spectra are shown with vertical lines as references for comparing effective 

hyperfine splittings (2Azz’). All mutants were attached to CNBr-activated Sepharose, except for 115R1 which is in 

30% sucrose w/w and measured at room temperature. The magnetic field scan width is 100G. 

It has been well established that the motion of the R1 side chain can be largely modulated by 

the backbone fluctuations and tertiary interactions, providing its substantial sensitivity to local 
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environments on the ps-ns time scale. Oppositely, RY appears to be universally immobilized at 

each site in regular helical structures as revealed by the well-resolved hyperfine extrema and 

large apparent hyperfine splittings, reflecting virtually no site-specific variation in nanosecond 

mobility. Although minor differences in linewidth and splitting pattern of MI = 0 (central field) 

manifold were observed, the CW-EPR lineshapes of RY are essentially as insensitive to fast 

dynamics similar to RX, which is a prerequisite to resolve μs-ms dynamics. 

Furthermore, RY was also tested for the reaction with a membrane protein, the rhodopsin23–

27 (Figure 6.4), which contains a total of nine native cysteines but only two of them are solvent-

accessible. In this experiment, the wild-type rhodopsin was placed either in its native bilayer 

membranes, ROS (rod outer segment disc membranes), or in a micellar solution of detergent 

(dodecylmaltoside, DM), where all of its three states, ‘dark’, ‘light’, ‘opsin’, were measured 

accordingly under both environments. 

As a chromoprotein, the internally bound ligand of rhodopsin, 11-cis-retinal, will be 

isomerized to the all-trans-retinal form upon illumination, inducing a conformational change of 

rhodopsin from its ‘dark’ inactive state to the ‘light’ physiologically active state within 

milliseconds. Moreover, conformational changes following activation have been observed, the 

‘light-activated’ state of rhodopsin decays with the slow dissociation of the chromophore, all-

trans-retinal, leading back the protein to the ligand-free ‘opsin’ form28. 
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Figure 6.4 Ribbon model of rhodopsin in the ‘dark’/inactive state (PDB code: 1GZM), which spans the width of the 

rod’s intradiscal membrane, with the ‘cytoplasmic’ and the ‘extracellular’ sides identified in the figure. The CPK 

form of 11-cis-retinal is shown as blue spheres. Yellow spheres show the Cα atoms corresponding to accessible 

cysteine residues where the RY side chain is likely to be introduced in the present study. Normalized CW-EPR 

spectra are displayed staggered and also overlayed for direct comparison. The magnetic field scan width is 100G. 

Practical concerns about using bulky spin labels arise mainly from their steric volume and 

hydrophobicity. The existence of two phenyl rings in the structure of RY could hypothetically 
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hinder or even block its accessibility to a protein that resides in lipids. As a proof of concept, the 

reagent HO-3292 was incubated with stoichiometric amounts of wild-type rhodopsin in ROS. 

After the reaction, the concentrations of rhodopsin molecules and active spins in the mixture 

were determined. It turned out that the spin counts determined from the CW-EPR spectrum 

(double integral is converted into the number of spins) were equivalent to a 2-fold of the 

concentration of rhodopsin determined via optical spectroscopy, implying that there were exactly 

two cysteines labeled after the reaction. A similar result was also obtained for labeling the 

rhodopsin eluted in the DM solution, from which the spin count was at roughly 1.6-fold protein 

concentration. 

Corresponded spectra were collected and normalized for comparison. Notably, details about 

different dynamic modes cannot be fully described with these spectra alone, which are likely 

reporting on both lipid/detergent and protein dynamics. Results are shown mainly for 

demonstrating that the RY side chain is still sensitive to the surrounding environment when 

attached to a membrane protein. 

Differences were observed between samples in bilayers and in DM, which is consistent with 

previous studies using the R1 side chain27. On the other hand, there were essentially no 

significant changes from the lineshapes of dark states and light states on the CW-EPR timescale. 

Shifts in populations upon activation were generally observed from the spectra of R1 mutants 

(140C, 227C, 250C, 316C), in which two well-resolved components co-existed. 

However, as also indicated in the publication, the two states of R1 could arise from 

conformational heterogeneity of either R1 or the protein. While the stronger immobility of RY 

could be masking small local changes, leading to insensitive spectral changes, this minimized 

internal flexibility is also likely to eliminate the contribution from rotameric equilibria, 
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monitoring the protein dynamics more directly. The fact that apparent changes could still be 

detected upon dissociation of retinal (from light to opsin) also suggests that the RY side chain is 

still ‘functional’ to structural changes. For WT rhodopsin used in this work, the opsin state has 

been known extremely unstable in the detergent solution, thus it is likely that the spectrum 

corresponded to an aggregated form of the protein in micelles. Further analysis is beyond the 

capacity of current results and more experiments will be designed in the future. 

 

6.2.2 Degree of destabilization to T4L by the substitution for RY side chains 

To some extent, it is unavoidable to bring in perturbance to the structure and thermodynamic 

stability of native protein when applying techniques involving mutagenesis and exogenous 

labels. Although steric structures are frequently seen in proteins, such as native amino acids 

(tryptophan and phenylalanine) or fluorescence probes, introducing bulky spin labels to proteins 

has always been a fundamental concern. 

The degree of destabilization caused by the presence of R1 at multiple sites of pseudo wild-

type T4L was assessed by monitoring thermal unfolding with circular dichroism29. Values of the 

derived thermodynamic parameters for the unfolding fall within the range of values found for 

substitutions at these sites by native amino acids. This result indicates that the introduction of R1 

can be considered tolerable for globular proteins. It has been widely accepted that R1 introduces 

minimal disturbance to the conformational equilibrium and functionality of the labeled protein, 

which is particularly true for a protein such as T4L which is known for its high tolerance towards 

mutations. 

Here, a similar experiment was performed to evaluate the potential degree of destabilization 

brought by the RY side chain. There are many methods designed for examining the stability of 
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proteins. Various environmental factors contributing to the stability can be regulated to control 

the unfolding process, such as the temperature, pH, and ionic strength, while different compatible 

spectroscopic techniques enable a multi-perspective characterization. However, as the 

complexity of unfolding has not yet been fully uncovered, the comparison between results 

acquired using different methods can be greatly influenced by apparatus-specific factors, and 

thus becomes less reliable. 

In this dissertation, a two-state chemical denaturation process for fully-labeled T4L72RY 

was modulated by urea concentration and monitored by tryptophan fluorescence. Stability 

analysis using urea denaturation curves30–34 has long been widely applied due to its relatively 

simple experimental requirements and nature of reversibility. As compared to another commonly 

used denaturant GdmCl, the mechanism of urea denaturation is not relevant to the pH or the 

ionic strength of the solutions, making it a better-controlled system to extract thermodynamic 

information under equilibrium. The fluorescence of tryptophan is sensitive to the polarity of its 

local environment. Indicated by a red shift in the steady-state emission spectrum, a transition 

accompanied by the protein denaturation from the hydrophobic core of protein to the aqueous 

solution can be sensed by buried tryptophan residues, thus offering a way to monitor protein 

conformational changes and analyze thermodynamic parameters.  

Thermodynamic analysis was performed on the urea-induced change in the center of spectral 

mass (see chapter 8 for details). The comparative experiments were accordingly made for the 

unlabeled cysteine mutant sample (72C) and R1-labeled sample (72R1). Change in the center of 

spectral mass instead of fluorescence intensity at a single wavelength was used because this 

quantity is recognized as less prone to instrumental noise and other non-specific experimental 

variations as an integral measurement. It is also a more sensitive value because it reflects 
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changes involving the entire spectrum, not only the wavelength positions but also the lineshapes. 

Three tryptophan residues are known to be present in the C-terminal lobe of pseudo wild-type 

T4L at sites 126, 138, and 158. Plotting of change in intensity did not yield a smooth urea 

denaturation curve (results not shown), revealing characteristics of the non-simultaneous 

unfolding of regions in which the three residues locate, while the plots of change in the center 

spectral mass versus urea concentration exhibit smooth curves reflecting clear features for two-

state behaviors. 

 

Figure 6.5 Urea denaturation curves of T4L72C, T4L72R1, and T4L72RY based on the center of spectral mass of 

tryptophan fluorescence emission, fit to the equation describing a two-state, reversible unfolding process at 

equilibrium (details are described in chapter 8, materials and methods). 

Table 6.1 Thermodynamic properties derived from the two-state model fit of urea denaturation curves 

 T4L72C T4L72R1 T4L72RY 
ΔG0 (kcal/mol) 12.0 ± 0.91 11.6 ± 1.6 10.5 ± 0.43 

ΔΔG0 (kcal/mol)  -0.4 -1.5 
m (kcal⋅L/mol2) 2.47 ± 0.19 2.26 ± 0.33 2.00 ± 0.084 
[Urea]1/2 (mol/L) 4.87 5.13 5.25 

All three spin-labeled mutants displayed cooperative transitions under increasing amounts of 

urea as illustrated by the representative curves (Figure 6.5), which is consistent with observations 
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made in other denaturation studies29. Fits to the two-state (native/folded versus 

denatured/unfolded) model yield apparent free energies of unfolding in the absence of 

denaturant, ΔG0; the slope of the transition of denaturation, m; and the urea concentration at 50% 

denaturation, i.e., the midpoint of the transition, [Urea]1/2, respectively, for T4L72C, T4L72R1, 

and T4L72RY. 

The values of ΔΔG0 for 72R1 and 72RY both fall within the range of values found for 

substitutions (relative to 72C) by native amino acids35,36. All of the derived thermodynamic 

parameters (Table 6.1) for the unfolding are in the same range as that obtained for the cysteine 

mutant. A decrease of 1.5kcal/mol in the free energy of unfolding induced by introducing the RY 

to 72C is comparable to the substitution by R1 at some sites on T4L (e.g., R80C29). 

This result suggests that the degree of destabilization caused by the presence of RY on the 

solvent-exposed helix is acceptable. While it is expected for a side chain carrying hydrophobic 

and steric substituents to introduce a certain degree of destabilization, the actual value of free-

energy decrease is rather insignificant considering that typical values for single amino acid 

substitutions are in the 2-5 kcal/mol range29,35,36. 

Interestingly, an increase in the transition midpoint [Urea]1/2 was observed, implying that 

spin labeling stabilized the native fold over the unfolded state. However, the change in free 

energy contrarily indicated that the process was rather destabilized. Such effect was essentially 

due to the shift of the m-value which is believed to be dependent on the difference in solvent 

accessible surface area (ASA) between the native and denatured states. Nevertheless, these 

changes in value are still within the typical ranges expected for single amino acid substitutions. 

Both parameters provide more detailed information on the environment surrounding tryptophan 

residues, which is beyond the scope of this work. 
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6.2.3 Characterizing internal dynamic modes of the R1f and RY side chains 

Results shown above undoubtedly demonstrate that the internal motions of both R1f and RY 

side chains at solvent-exposed sites exhibit highly restricted motion on the time scale of CW-

EPR, similar to the bifunctional side chain RX, making them alternative spin label candidates for 

slow motion detection. 

To further evaluate and understand their internal dynamics, a series of characterizations were 

carried out for R1f and RY. The experimental strategies have been thoroughly explained and 

discussed in either previous publications or chapter 5. To avoid redundancy, the following results 

will be simply displayed with only sparsely discussed. 

 

6.2.3.1 The 2Azz’ (0), 2Azz’ (inf), and 2Azz’ of T4L72R1f and T4L72RY attached to Sepharose 

CW-EPR spectra of T4L72R1f and T4L72RY were measured in a series of sucrose solutions 

with increasing concentration to obtain their extrapolated values of hyperfine splitting 2Azz’ (inf). 

A value of 2Azz’ (inf) = 71.036G was obtained for T4L72R1f, and a value of 2Azz’ (inf) = 

71.412G for T4L72RY (Figure 6.6, left). Both are close to the reference value of T4L68RX72, 

with slight differences indicating the further internal immobilization of RY compared to R1f. 
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Figure 6.6 The viscosity dependence of CW-EPR spectra (normalized to the spin count calculated by double 

integration) and values of 2Azz’ for T4L72R1f and T4L72RY in sucrose solution (concentrations ranging from 0 to 

35% w/w in buffer). Viscosities of the sucrose solutions were taken from the CRC handbook (1). At each 

concentration, 2Azz’ is determined and plotted vs. the function of viscosity as indicated. Linear extrapolation of the 

plot to infinite viscosity yields 2Azz’ in the limit of zero rotational diffusion of the protein. 
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Figure 6.7 (A) Frozen CW-EPR spectra of T4L72R1f and T4L72RY (black: buffer; red: 30% w/w sucrose) on 

CNBr-activated Sepharose. (B) CW-EPR spectra (frozen in liquid nitrogen: black curves; at room temperature (RT): 

red curves) of 72R1, 72R1f, 72RY, and 68RX72 on T4L attached to CNBr-activated Sepharose. The magnetic field 

scan width is 100 G for RT spectra and 160G for frozen spectra. The vertical lines are drawn as references for 

comparing effective 2Azz’. (C) 2Azz’ values of T4L72R1, T4L72R1f, T4L72RY, and T4L68RX72 under three 

different conditions. 

The frozen (in liquid nitrogen) and room temperature spectra of T4L72R1f and T4L72RY 

attached to CNBr were also determined (Figure 6.7 (A)(B)). Potential effects from sucrose 

addition were also examined for T4L72RY as for T4L68RX72 and were also excluded (red curve 

in Figure 6.7 (A)). Compared to the maximum rigidity RX having a D2Azz’ (2Azz’ (0) – 2Azz’) of 

2.9G, R1f has a D2Azz’ of 5.1G, while RY has a D2Azz’ of 3.5G, which again reflects that the 

internal dynamics of both side chains are effectively restricted but RY possesses the stronger 

immobility than R1f. 

As shown in Figure. 6.7 (C), for rigid labels (RX, RY, R1f), the values of 2Azz’ (0), 2Azz’ 

(inf), and 2Azz’ under three conditions are substantially similar, which is definitively different 

from R1. This result undoubtedly demonstrates that: (1) the closeness between values of 2Azz’ (0) 

and 2Azz’ (inf) signifies that both new monofunctional labels have adequately restricted internal 

motions as comparable as the bifunctional side chain RX; (2) the closeness between values of 

2Azz’ (inf) and 2Azz’ manifests again the practicability of using solid support attachment. When 

attached to solid supports, any residual ps-ns motions that are still detectable from CW-EPR 

lineshapes are originated from the internal motion of spin labels and backbone fluctuations, 

while the rotational diffusion is virtually eliminated. 

Nevertheless, some distinctions are still recognizable between the RX and the relatively 

more mobile side chain R1f. Qualitatively, the spectra of T4L72R1f all possess broader 
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linewidths, arising from either additional interaction with surroundings or less restricted 

amplitude of motion (decreased T2). In fact, the use of 2Azz’ in Timofeev analysis method37 

which is derived from Freed’s theorem is only valid when the internal motion of the side chain is 

either adequately slow to approach the ‘slow motional regime’ of CW-EPR (> 7ns), or so fast but 

anisotropic in the z-direction that it behaves as effectively frozen out. Otherwise, the effective 

hyperfine splittings are unevenly averaged by the side chain motion as the viscosity increases, 

leading to an overestimation of the extrapolated 2Azz’ (inf) value. 

A rational examination is to estimate the correlation time of protein (in this case, T4L) by 

directly fitting the viscosity-dependent values of 2Azz’ (Figure 6.6, middle). It turns out that both 

68RX72 and 72RY could achieve a reasonable fit reporting a correlation time in the same order 

of magnitude for T4L (6-10 ns). While the fitting for 72R1f actually shows a certain deviation in 

the high viscosity range between the modeling function and experimental data, the attempt for 

72R1 essentially fails to attain a qualified fitting. This test provided mathematical evidence that 

the R1f side chain behaves subtly differently from RX in terms of internal motional mode, while 

the RY side chain is more practically similar. 

 

6.2.3.2 Temperature-dependent CW-EPR spectra of T4L72R1f and T4L72RY attached to 

Sepharose 

The temperature dependence of the T4L72R1f and T4L72RY (on CNBr) CW-EPR spectra 

(Figure 6.8) was also investigated in the range of 5-35°C. The decrease in 2Azz’ values is less 

than 1.5G for both R1f and RY as the temperature increases from 5°C to 35°C, as well as the 

increase in low field linewidth of RY is less than 0.5G. 

The fact that CW-EPR lineshapes show marginal dependence on temperature over the 
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examined range suggests that the existent dynamics for both labels, particularly the RY, are so 

strongly restricted on the nanosecond time scale that sufficiently high activation energy is to be 

overcome to excite new spectral component. Similar to RX, the high-ordering motional model 

could match reasonably well with experimental results obtained for RY. Only the motion of large 

angular amplitude can effectively change values of the order parameter, S20, which would 

apparently require high activation energies. 

 

Figure 6.8 Normalized CW-EPR spectra of T472R1f on CNBr and T4L72RY on CNBr at temperatures ranging 

from 5°C to 35°C. The vertical lines are drawn as references for comparing effective 2Azz’ values. 

In comparison, a relatively more apparent increase in low field linewidth was observed for 

R1f as 2G, implying the presence of a rather complex dynamic state. In fact, the spectrum of 

T4L72R1f on CNBr cannot be satisfactorily fit with the single component in lineshape 

simulation (results not shown) but requires two components with different correlation times 

and/or order parameters, of which the dominant component corresponds to a fast, highly 

restricted motion like RX and RY in a cone with angular amplitude of approximately 16.4°. 
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Heat-induced changes could rather originate from the less dominant component, which is less 

restricted and thus theoretically has the lower activation energy. While the R1f side chain 

behaves practically immobilized on protein in the CW-EPR detection range, additional 

experiments are needed to fully uncover the structural origin for the existence of multi-

components. 

 

6.2.3.3 Global fits to both the X-band spectrum and the Q-band spectrum of T4L72RY 

attached to Sepharose 

To confirm that RY possesses also a highly anisotropic internal dynamic mode with a fast 

rotational rate and strongly restricted angular amplitude, the Q-band CW-EPR spectra were 

measured for the same sample (T4L72RY on CNBr) under the same conditions used in X-band 

measurement. Moreover, both MOMD and effective Hamiltonian models were tested for the 

spectral simulation (Figure 6.9). 

The best MOMD fit in X-band (Table 6.2) requires a fast internal motion with a correlation 

time τR ≈ 3.0 ns, and with a high degree of order (S = 0.91) that can be described as motion 

confined within a cone of half-angle ≈ 14.3° (recall that for 68RX72 the half-angle ≈ 12.5°). 

Resembling the simulation results for RX, the decrease in the τR value obtained from the Q-band 

MOMD fit compellingly implies that its internal dynamics are too fast to be visible in X-band, 

yet so robustly restricted to exhibit powder pattern spectra. 

The global fit results clearly show that an adequately good fit can be obtained for: (1) the 

experimental Q-band spectrum using the same set of parameters from X-band fits with 

reasonable differentiation (mainly the g-tensors which are poorly resolved in X-band spectra); 

and (2) the effective Hamiltonian model in both X- and Q-band. Coherently, the rapid anisotropic 
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motional mode was verified to be the effective model portraying dynamic characters of the RY 

side chain on solvent-exposed helix sites. 

 

Figure 6.9 The X-band and Q-band experimental CW-EPR spectra of T4L72RY on CNBr (black, solid lines) 

superposed with simulated spectra (dashed lines) according to the MOMD model (red lines), and the time-

independent effective Hamiltonian model (blue lines). 
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Table 6.2 Parameters for simulations 

 <R>/s-1 τR/ns S c02 αD/° βD/° γD/° 
MOMD-X band 7.75 2.96 0.908 11.16 0 0 0 
MOMD-Q band 8.17 1.12 0.891 9.53 0 1.15 0 

Heff-X band n.a. ∞ n.a. n.a. 9.85 12.85 19.30 
Heff-Q band n.a. ∞ n.a. n.a. 0 5.42 0 

For MOMD model at both X- and Q-band, the magnetic parameters used for simulations are as follows: 𝐴GG =

6.31𝐺, 𝐴HH = 5.37𝐺, 𝐴II = 36.74𝐺;	𝑔GG = 2.00800 ± 0.00015, 𝑔HH = 2.00586 ± 0.00015, 𝑔II = 2.00199 ±

0.00005; For effective Hamiltonian (Heff) model at both X- and Q-band, the magnetic parameters used for 

simulations are as follows: 𝐴GG = 7.36𝐺, 𝐴HH = 6.40𝐺, 𝐴II = 34.66𝐺;	𝑔GG = 2.00774, 𝑔HH = 2.00581, 𝑔II =

2.00236. 

 

6.3 Measurement of the μs-ms protein dynamics with monofunctional rigid spin labels 

using ST-EPR on solvent-exposed α-helical sites 

Results exhibited above conclusively consolidate the presumption that the monofunctionally 

attached side chain RY possesses adequately restricted internal motion as comparable to the 

bifunctional label RX in practical motion detection. Indeed, both R1f and RY have shown to be 

promising candidates in characterizations performed with CW-EPR, i.e., in the time range of ps-

ns. To uncover the real capacity of new labels for monitoring internal dynamics in the μs-ms time 

domain, ST-EPR spectra of small model proteins labeled with R1f and RY have been recorded. 

All mutants are attached to CNBr-activated Sepharose (unless specifically specified) so that μs-

ms dynamics under physiological conditions can be measured. 

 

6.3.1 ST-EPR under ambient conditions 

Sites have been picked from solvent-accessible sites of rigidly packed helices of HoloMb 
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and T4L. Figure 6.10 shows the CW-EPR and ST-EPR spectra measured for corresponding 

mutants at room temperature. Apparent features as the powder patten (large 2Azz’, narrow 

linewidth, well-resolved lineshapes) are distinguishable from all spectra, among which the 

relatively broader linewidths of R1f-labeled samples indicate a larger degree of mobility of the 

side chain than RY, particularly the 66R1f. Spectra of RY-labeled samples are hardly 

distinguishable from each other, resembling RX. It needs to be noted that, unlike RX, there is no 

decrease in the values of 2Azz’ for 132R1f and 132RY, which supports the contention that the 

attachment of RX might induce local conformational changes that brings in subtle hindrance to 

the nitroxide. 
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Figure 6.10 CW-EPR and ST-EPR spectra of R1f-labeled and RY-labeled HoloMb and T4L mutants at room 

temperature. All mutants were attached to CNBr-activated Sepharose. The magnetic field scan width is 100 G. 

As expected, ST-EPR spectra exhibit more information in the time range beyond the rigid 

limit of CW-EPR. Again, the existence of anisotropy is evidently noticeable from the 

discrepancies between parameters (see section 6.5) for these two highly ordered labels. Most 

spectra of R1f-labeled mutants have negative values of C’/C parameters and smaller IST, 

implying the higher internal flexibility of spin label, yet the L’’/L and H’’/H parameters38 detect 

motions within the same order of gratitude in the time scale as corresponding RX-labeled 

samples (e.g., 20~30μs from L’’/L parameters). 

Both the qualitatively similar lineshapes and the close estimation of correlation times 

unequivocally demonstrate the effectiveness of using these new, monofunctional rigid labels on 

solid supports for measuring dynamics in this time domain. It can be confirmed that the highly 

restricted internal motions of these labels are practically as promising as RX beyond the CW-

EPR rigid limit. Consistent with the characterization in the ps-ns time range, RY is generally 

more immobilized than R1f or even RX on some sites, possibly because of its more hydrophobic 

and steric structure. On solid supports, protein dynamics with correlation times >100μs can be 

resolved from H’’/H parameters of either R1f or RY, revealing the same type of motional mode 

in the microsecond time range detected on helical sites by RX. 
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Figure 6.11 Overlaid ST-EPR spectra of RX/RY/R1f on proteins at room temperature. All mutants attached to 

CNBr-activated Sepharose. The magnetic field scan width is 100 G. Line heights used to calculate parameters are 

defined as shown. All ST-EPR lineshapes are scaled by the height of the low-field peak for a better comparison. 

Characteristics of ST-EPR spectra obtained with spin labels of restricted anisotropic motions 

are further revealed from the comparison between results of RY (or RX) with R1f, a side chain 

that still possesses residual mobility in the fast time range. Even though the intrinsic values of T1 

for RX, RY, and R1f measured from SR-EPR experiments are essentially long (personal 

communications with M. Bridges: 2.9μs for 72R1 on CNBr, 7.7μs for 68RX72 on CNBr, 7.2μs 
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for 72R1f on CNBr, 6.8μs for 72RY on CNBr, 7.7μs for 131RY on CNBr), it is undeniable that 

the contribution from this extra flexibility decreases the overall spectral intensity, i.e., the 

detectable amount of magnetic resonance. Consequently, it is obvious from the spectral lineshape 

of 66R1f that the high field region is poorly resolved, leading to an overestimated value of 

apparent correlation time. 

On the other hand, it is still sufficient to conclude from the value of the L’’/L parameter that 

the spectrum is able to monitor slow dynamics in the microsecond range. As the amplitude of 

anisotropic internal motion is highly restricted, the transfer of saturation can only be effectively 

carried by motions involving a considerable range of angular width in the μs-ms time scale. 

Therefore, both the L’’/L and H’’/H parameters of R1f still preserve the sensitivity to slow 

motions of large amplitude, while the C’/C and integral parameters are more susceptible to fast 

fluctuations. A further discussion can be found in section 6.6. 

 

6.3.2 Effects of nearest neighbor mutations on ST-EPR spectra of R1f and RY side chains 

To explore whether nearby residue side chains might exert an influence on the dynamics in 

the μs-ms time range detected with ST-EPR spectra, the T4L construct 72C and 131C were 

subjected to various mutations of residues around the site to alanines, and corresponding mutants 

were labeled with either R1f or RY to be measured (Figure 6.12). 
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Figure 6.12 ST-EPR spectra of RY and R1f on corresponded alanine-substituted mutants. All mutants are attached 

to CNBr-activated Sepharose and measured under room temperature. The magnetic field scan width is 100G. 

Spectra of four alanine mutants labeled with RY are all principally alike, reporting highly 

similar correlation times derived from all parameters (except one) as 72RY in the pseudo wild-

type T4L background. This result compellingly suggests that the slow motion detected on helical 

sites from ST-EPR is not relevant to specific local side chain dynamics and/or interactions. While 

some influences might appear when multiple residues were mutated simultaneously, a single 

mutation to alanine seems to be not sufficient for modifying the slow motional mode and 

inducing considerable changes in ST-EPR spectra. Such substitution is supposed to largely retain 

the backbone configuration. This observation is consistent with the previous inference that only 

motions involving certain degrees of angular amplitude in the μs-ms time scale could contribute 

distinguishably to the ST-EPR lineshapes. 

In the case of RY, the only noticeable difference is from 72RY/75A and only its H’’/H 

parameter reports a faster motion. Whereas, more variations were shown from the ST-EPR 

spectra of alanine mutants labeled with R1f, particularly the 128A/131R1f. 127A/131R1f and 

128A/131R1f exhibit higher values in both C’/C and integral parameters, suggesting that 
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fluctuations on a relatively fast time scale might be modified by the alanine substitution. 

Moreover, values of both L’’/L and H’’/H parameters from 128A/131R1f are larger than the 

131R1f in pseudo wild-type T4L background, indicating that changes occur in the slow-motion 

time domain. 

While the origin of the lower value in the H’’/H parameter for 72RY/75A is unclear with 

current experimental data, as all the rest of the spectral parameters are unaffected, it is unlikely 

that the dominant motional mode is fundamentally changed. Considering the higher sensitivity of 

the H’’/H parameter to anisotropic features and amplitude of motions, one reasonable hypothesis 

is that the substitution from hydrophobic valine to alanine leads to changes in the packing of side 

chains surrounding the nitroxide, which releases a certain degree of flexibility of the RY side 

chain within a limited range of orientation. A re-orientation of the nitroxide of restricted 

amplitude could be the cause of the reduced value of the H’’/H parameter. 

As for the more complicated results of R1f-labeled mutants, at the moment it is only 

possible to propose speculations based on the previous observation that the crystal structure of 

131R1f suggests its rigidity is relevant to interactions with the backbone. A combination of the 

less rigid side chain and the less stable helix (short and known to possess higher mobility) might 

be more susceptible to modifications, thus affecting the backbone dynamics, which brings in 

changes to multiple spectral parameters. It needs to point out that regardless of the origin, this 

change falls in the sub-microsecond time range, as previous CW-EPR spectra (section 6.2.1.2) 

did not show significant differences in the fast time scale. 

 

6.3.3 The μs-ms dynamics of immobilized proteins under various conditions 

6.3.3.1 ST-EPR in rigid limit 
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Precipitated T4L mutants labeled with R1f or RY were also prepared and measured 

accordingly (Figure 6.13). While all spectral lineshapes are qualitatively similar and show clear 

features as expected for a rigid limit reference, both R1f and RY report extremely slow dynamics 

with their H’’/H parameters and IST. On the one hand, there should be contributions from their 

long intrinsic T1 values. On the other hand, the hydrophobic and steric nature of these two side 

chains might be playing negligible roles in maximizing the immobilization of nitroxides. 

 

Figure 6.13 CW-EPR and ST-EPR spectra of precipitated proteins. T4L68RX72, T4L72RY, T4LR1f, and 

T4L127RX131, T4L131RY, T4L131R1f. The magnetic field scan width is 100 G. Both CW-EPR and ST-EPR 

spectra are normalized to the spin count calculated by double integration of V1 spectra (CW-EPR at low power, see 

chapter 8). 

Recalling that both R1f and RY side chains exhibit slightly higher degrees of mobility in the 

ps-ns time scale than RX, thus it is unlikely that the high values of H’’/H parameters and IST 
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correlate with the internal dynamics of side chains. As confirmed by the similarity between 

spectra of precipitated R1-labeled and RX-labeled mutants (chapter 5), the side chain flexibility 

is not sufficient to bring in influences to the ST-EPR lineshapes, especially to the rigid-limit ST-

EPR spectra. Instead, within the micro ‘crystal lattice’ of precipitated proteins, it is more 

reasonable to presume that the number of direct contacts to the nitroxide is proportional to the 

steric size of side chains, which leads to further immobilization of the side chain. This conjecture 

is also consistent with the observation that the bulkier RY side chains exhibit stronger immobility 

than R1f side chains. 

 

6.3.3.2 Temperature-dependent ST-EPR spectra of T4L72RY attached to Sepharose 

The temperature dependence of thermal motions is one of the most valuable thermodynamic 

parameters characterizing the energy barriers between states encoding structural information. For 

a strongly immobilized system, such as the T4L68RX72 or T4L72RY on CNBr, the temperature 

dependence is essentially invisible from CW-EPR spectral lineshapes, which indicates that the 

lifetime of existent states falls in the time range longer than 100 ns (CW-EPR rigid limit), 

corresponding to the higher activation energies. 

To explore whether there is detectable temperature dependence in the μs-ms time domain, 

ST-EPR spectra of T4L72RY on CNBr (Figure 6.14) were determined at several temperatures in 

the range of 5-35°C. When the temperature is increased, all spectral parameters regularly 

decrease, indicating the increase in mobility on the μs-ms time scale. The H’’/H parameter 

reports the slowest motion at low temperatures with correlation time ~200μs, which is in the 

same order of gratitude as the motion observed for crosslinked T4L68RX72 on CNBr. 
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Figure 6.14 Normalized CW-EPR and ST-EPR (based on V1) spectra of T4L72RY on CNBr at temperatures ranging 

from 5°C to 35°C 

The sensitivity of ST-EPR spectra to temperatures confirms again that the existing motional 

mode corresponds to high activation energies. It can be inferred that slow, collective motions 

involving considerable angular movements are necessary to release the restricted nitroxide from 

high ordering. There is no sufficient evidence to determine the relationship between the 

crosslinked motional mode and the low-temperature motional mode, but both spectra report 

probably the slowest protein internal dynamics. 

While the characteristics in lineshapes are qualitatively retained over the tempering range, 

the analysis with different parameters yields different temperature dependence. A non-linear 

Arrhenius behavior is observed for the lineshape parameters but not the integral parameter, 

which is clearly reflected by the uneven decrease in values of L’’/L and H’’/H parameters. The 

cause of the departure from the ideal relationship between the spectral parameters and 

temperatures is intriguing but complicated. 

Similar results39–44 have been repeatedly observed for membrane proteins, such as in the 

studies of Ca2+-ATPase, some of which have demonstrated the phenomenon as an order-to-

disorder phase transition of the membrane lipid. However, a variety of alternative explanations 
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have also been suggested, including a reduction in the anisotropy in lipids, changes in 

intermolecular interactions, and a reflection of protein conformational change, etc. As the 

activation energy for lipid “microviscosity” in membranes was determined to be constant in the 

examined temperature range45, it is more likely that this is not a property of surrounded lipids but 

the embedded protein itself. Moreover, similar non-linear behaviors were determined from the 

Arrhenius plots of Ca2+-ATPase enzymatic activity, suggesting the relation to the 

functionalization of proteins. 

For the model system (T4L72RY) measured in this work, there are essentially fewer relevant 

variables. Over this temperature range, the probability of phase transition (which would be from 

water to ice) or change in environmental fluidity is minimal. Squier and Thomas proposed that 

the presence of small amounts of weakly immobilized probes could result in a similar 

discrepancy between the temperature dependence of lineshape parameters and the integral 

intensity. However, there is no evidence from the CW-EPR spectra of T4L72RY on CNBr that 

certain amounts of weakly immobilized probes are populated upon heating up. Considering the 

fact that at room temperature, a single anisotropic component is sufficient to satisfactorily fit the 

spectra of 68RX72 or 72RY, this possible origin could be mostly ruled out for these highly 

immobilized side chains. 

Collectively, it is most likely that this temperature dependence is a direct reflection of 

protein internal dynamics. As the temperature increases, the amplitude of protein fluctuations 

also increases, leading to a subsequent re-orientation of the nitroxide probe and eventually 

overcoming the activation energy barriers. The plateau regions occur between 11.1℃ to 17.0℃, 

and between 22.9℃ to 28.9℃, which potentially implies the existence of a temperature-

dependent equilibrium between multiple conformational substates under those temperatures. This 
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energetic profile is a theoretically more reasonable description for collective motions involving 

considerable angular movements, in which concrete stages rather than continuous dynamics are 

expected. 

However, the nature of ST-EPR determines that results solely obtained by this technique are 

difficult to interpret unambiguously. Furthermore, some irreversible changes were observed to 

take place in the measurements for temperature-dependent ST-EPR of T4L68RX72 on CNBr 

(spectra not shown, but spectral parameters can be found in section 6.5). Changes in values of 

L’’/L and H’’/H parameters exhibit non-monotonic tendency, where the sample measured under 

room temperature (22-23℃) reports the fastest dynamics. Measurements using other techniques 

are necessary to fully reveal the mechanism behind this phenomenon, such as distance mapping 

via DEER to provide information on the magnitude, while the outstanding advantage of ST-EPR 

shown here is being able to monitor slow dynamics in situ. 

 

6.3.3.3 T4L72RY in various immobilization matrices 

As the monofunctionally attached spin label showed comparable rigidity as the bifunctional 

RX, the characteristics of the RY side chain in slow motion detection were further investigated. 

Labeled mutants have also been immobilized under various conditions accordingly: 

precipitation, glutaraldehyde crosslinked, add sucrose, and/or Ficoll (Figure 6.15). 
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Figure 6.15 ST-EPR and CW-EPR spectra of T4L72RY under different conditions. All ST-EPR lineshapes are 

scaled by the height of the low-field peak for a better comparison. All CW-EPR spectra are normalized to the spin 

count calculated by double integration. 

While all CW-EPR lineshapes (except for the precipitation possessing heterogeneous and 

complicated microenvironments) are indistinguishable from each other, ST-EPR spectra 

sensitively reflect the variations in dynamics under different conditions. The results are largely 

the same as what has been observed using RX, except for one discrepancy: the addition of Ficoll 

has no effect on the spectral lineshapes of T4L72RY on CNBr. The ST-EPR spectrum of the 

Ficoll-added sample has highly similar lineshapes to the sample in just the aqueous buffer but 

possesses a higher value of intensity integral, which resembles the situation of the sucrose-added 

sample. 

This result could be a discovery of some critically unique characteristics of the RY side 

chain. Structurally different from the crosslinker RX, the rigidity of RY presumably arises from 

the non-covalent restriction to bond rotations via the two phenyl groups. The hydrophobicity and 

aromaticity of phenyl groups could significantly modify the behaviors of the side chain. 

However, in the time domain of ps-ns, the CW-EPR lineshapes are not sensitive enough due to 
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the practically comparable rigidity of RY to RX. 

More features are already resolved from the ST-EPR spectra of solid-attached samples in 

just the buffer. While the values of C’/C parameters still follow the same relationship of 

immobility determined in the ps-ns time range, both 72RY and 72R1f actually report motions 

with longer correlation times from their L’’/L and H’’/H parameters. This result implies that the 

RX side chain might be more sensitive to certain motions in the μs-ms time range that are not 

detected by R1f or RY. In other words, the saturation ‘transfer’ is more efficient in the RX-

labeled sample, thus exhibiting a relatively short correlation time. 

Although previous studies46 indicate that a restriction in the angular amplitude of rotational 

motion can increase the observed effective rotational correlation time, all characterization results 

with CW-EPR confirm that the nitroxide is more restricted in the RX side chain, thus excluding 

this possibility. Moreover, as all mutants are attached to CNBr-Sepharose, although there might 

be concerns about potential non-specific multiple-point attachments, effects from the solid 

supports are unlikely to contribute. Discussions involving the attachment schemes will be 

revisited in the following section, where the other attachment methods are examined and 

analyzed. 

In the experiment measuring the same mutant under various conditions, the loss of 

sensitivity upon Ficoll addition observed for 72RY might also originate from the different 

sensitivity of RY side chains to motions, particularly the anisotropic motions. The relative 

orientation of the spin label axis relative to the protein rotation axis is crucial for the sensitivity 

of spin labels. Recall that RX is approximately perpendicular to the axis of the helix, if the axis 

of the RY side chain is rather in parallel to the helix, the additional motion identified by RX 

could be invisible to RY. In other words, the ST-EPR spectra of T4L72RY report the same 
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dynamics with or without the Ficoll, of which the τR≈140μs.  

Such difference in the intrinsic sensitivity could potentially make the RY side chain a 

particularly valuable candidate for detecting anisotropic motions. Although more evidence is 

needed to further consolidate this hypothesis, it needs to be pointed out that the Ficoll-added 

T4L68RX72 on CNBr reports exactly the same correlation time from its value of the H’’/H 

parameter, where the addition of Ficoll presumably suppresses one particular motion on the μs-

ms time scale. 

 

6.4 Probing dynamics in the μs-ms time range using monofunctional side chains 

6.4.1 A survey: effects of immobilization on protein internal dynamics in the μs-ms time range 

In this section, different strategies for tethering proteins to solid supports are explored with 

ST-EPR. As mentioned above, a large number of strategies have been developed in recent years 

for tethering macromolecules to stationary substances in protein studies and biosensor 

applications. However, the extent to which tethering modifies the energy landscape and therefore 

function of proteins is often unknown. Few biophysical methods can monitor these 

heterogeneous systems of diverse physiochemical properties, and explore the conformational 

ensemble with site-specific resolution. SDSL-EPR, especially ST-EPR, serves as a unique choice 

for this purpose in a manner inaccessible to other methods. 

As both a continuation and extension of the study of stationary-phase EPR18, two generally 

used tethering strategies are tested now with the model protein, pseudo wild-type T4L by ST-

EPR in addition to attachment using CNBr-activated Sepharose which has been successfully 

used for ST-EPR measurements: to streptavidin-functionalized resin by biotinylated tags (Figure 
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6.16); to immobilized metal-ion (Ni and Zn) resin (functionalized by NTA or IDA) by histidine 

tags (Figure 6.17). Monofunctional spin labels are used to simplify the mutant generation 

process, and to minimize potential perturbation brought by more mutations. 

 

Figure 6.16 Immobilization strategy using unnatural amino acids (p-AzF in this dissertation) and streptavidin-

functionalized resin. Insert: the streptavidin-biotin interaction (PDB code: 3RY1). Details can be found in chapter 8. 

Both R1f and RY give qualitatively the same results. By comparing the highly similar CW-

EPR lineshapes (Figure 6.18) and the apparently different ST-EPR lineshape obtained with 

different strategies, it can be concluded: (1) All tethering strategies effectively immobilize 

proteins in the fast time domain (ps-ns) by slowing down the Brownian rotational diffusion to a 

similar extent, judging from 2Azz’ values and linewidths of low-field peaks in CW-EPR spectra. 

(2) In ST-EPR spectra, all constructs report detectable dynamics in the slow time domain (μs-

ms). However, their residual motions vary apparently in this domain. 
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Figure 6.17 Immobilization strategy using histidine tags and IMAC resin (loaded with Ni-NTA/Zn-IDA). Details 

can be found in chapter 8. 

Based on high-field ratios, the attachment via CNBr restricts the correlation time of protein 

dynamics to >100μs, and streptavidin-biotin strategies to ~50μs, while the His-tag-metal-ion to 

only ~30μs. On the other hand, different strategies all show motions in the time domain of 10-

5~10-4 s, confirming that what is detected by ST-EPR mostly comes from a common origin. 

While the specific construct of attachments has effects on the absolute values of correlation 

times, the dominating dynamics measured by ST-EPR are the internal dynamics of tethered 

proteins. 

Compared to either the crystallization or chemical crosslinking that may hinder the intrinsic 

dynamics of proteins in the aqueous solution more or less, tethering to solid supports effectively 

eliminates the contribution from Brownian rotational diffusion while maintaining mostly the 
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physiological state of proteins. These results demonstrate the feasibility of using SDSL-EPR to 

study tethering strategies by directly offering dynamics in the difficult μs-ms time range, which 

may help to modulate the performance of proteins on the functionalized surface in bioanalytical 

applications. 

 

Figure 6.18 CW-EPR and ST-EPR spectra of labeled mutants attached to solid supports by corresponding methods. 

For comparison, all ST-EPR lineshapes are scaled by the height of the low-field peak, and the vertical lines are 

drawn in CW-EPR spectra as references for 2Azz’ changes. 

The attachment to solid supports also helps to improve the stability of samples in solution. 

The high effective concentrations (≥300μM) that can be achieved without aggregation provide 

high signal-to-noise data for ST-EPR measurements. The better quality of data can potentially 

enable real-time recording of transient changes for measuring the kinetics of conformational 

exchange. 

As summarized, different tethering strategies all effectively eliminate contributions from the 

Brownian rotational diffusion so that the internal dynamics in the time domain of μs-ms can be 
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revealed. However, clear variations are identified between different attachment strategies. 

It is practically hard to assign specific origins to explain differences in τR values between 

strategies. Each construct consists of different structural elements that are relevant to the specific 

chemistry utilized for the method, for example, the linkers. Serving as the “hinge” connecting 

protein molecules and solid supports, its intrinsic length and internal flexibility can surely 

influence the relative motion between the residue and the attachment point. The histidine tags 

consist of 6 molecules and are designed to retain internal flexibility to a certain extent, while the 

covalent bond formed between lysines and CNBr-activated Sepharose is short and rigid. 

Moreover, the commercially available beads/resins are functionalized variously, aiming at 

different purposes including high resistance to flow pressure, or high loading capacity to 

maximize purification efficiency, etc. Extra covalent linkers are thus added to the matrix (see 

Figures 6.16 and 6.17) in order to introduce the functional groups. While there are several 

popular choices of linker utilizing well-examined chemistry, such as the CNBr reaction and NHS 

reaction, the specific details are often unreleased, such as the length of the linkage, or the 

strength of interactions forming the linkage, etc. 

In the ST-EPR experiments, the results obtained from Zn-IDA resin are very likely to be 

heavily influenced by the specific functionalization method. While its CW-EPR spectra show 

sufficient immobilization, the ST-EPR spectra report abnormally fast motions in the microsecond 

range. Moreover, the values of its integral parameters are too close to the values obtained from 

Ni-NTA resin. Considering that Ni2+ ion is known to be a fast-relaxing agent while Zn2+ ion is 

not, values of the integral parameter that is directly decided by values of T1 should be apparently 

larger for mutants attached to Zn-IDA resin, which is not observed. Therefore, it is highly 

possible that the linker included in Zn-IDA resin is longer and/or more flexible, leading to 
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additional dynamics in the time range of 100ns-μs. 

As previously mentioned, the solvent perturbation experiments using sucrose and Ficoll 

were also tested with mutants that are site-specifically attached to the streptavidin resin via the 

azido-DBCO-biotin linkage. Both 72RY and 72R1f report slower dynamics upon the addition of 

Ficoll judging from their ST-EPR spectral lineshapes. However, it needs to be emphasized that 

the differences between the Ficoll-added 72RY sample and 72RY in only the buffer are obviously 

small. In fact, both values of their L’’/L and H’’/H parameters are basically the same, implying 

that the ‘transfer’ is largely the same in efficacy between the resonance positions, i.e., relative 

orientations. 

 

Figure 6.19 ST-EPR spectra of T4L72RY and T4L72R1f on streptavidin-functionalized resin, in buffer, in sucrose 

30% w/w, in Ficoll 25% w/w. 

This observation suggests that there exist certain amounts of additional microsecond-range 
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motions in proteins immobilized via this scheme relative to the attachment via CNBr. The 

variations are so subtle that it is very likely to be originated from partial changes in the 

anisotropy of the dynamics. Even though the streptavidin-biotin interaction is recognized as one 

of the most stable interactions47,48, the whole linkage is longer and more complicated compared 

to the CNBr-lysine linkage. Besides, the difference between site-specific attachment and 

heterogeneous non-specific attachment could also contribute to the variations in lineshapes. 

 

6.4.2 Exploring dynamics in the μs-ms time range of T4L cavity mutant L121A/L131A 

To show how might multiple motional modes in exchange be reflected in ST-EPR spectra, 

the L121A/L133A cavity mutant of T4L is used. Cavities and pockets are generally found in 

globular proteins, playing a critical role in function execution such as ligand binding. However, 

there is usually very little difference distinguished in crystal structures between the WT and 

corresponding cavity mutants, which has made it hard to provide the structural basis and thus the 

mechanism of how is the cavity related to the function. 

In one previous work49 of the T4L L121A/L133A cavity mutant using SDSL-EPR methods, 

in solution, additional conformational substates in equilibrium exchange with the WT-like 

conformation are implied by multiple components in CW-EPR lineshape simulation. The “cavity 

conformation” exhibits slower rates and higher orders identified on several sites. Thus, it is 

proposed to adopt an alternative packing structure where the protein fills or partially fills the 

cavity with side chains. SR-EPR evaluates the timescale of exchange between conformational 

substates to be >70μs, which is beyond its detection limit of either CW-EPR or SR-EPR. In 

short, although the existence of conformational exchange can be inferred from a combination of 

CW-EPR, SR-EPR, and distance measurement results, there is no direct characterization of the 
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dynamics of the “cavity conformation” that is in exchange with the WT-like conformation on a 

sub-ms timescale. 

 

Figure 6.20 Ribbon diagram of T4L L121A/L133A cavity mutant (PDB code 251L) showing the sites used in this 

study. The surface of the cavity is shown in lightblue. The green and blue spheres at Cα identify the sites where 

R1f/RY is introduced. Corresponding CW-EPR and ST-EPR spectra of pWT-T4L (black curves) and T4L 

L121A/L133A cavity mutants (red curves) on CNBr-activated Sepharose are shown. 

Sites involved in the exchange (on Helix H, Figure 6.20) are labeled with R1f or RY in both 

pseudo wild-type T4L and L121A/L133A cavity mutant. Primarily, all CW-EPR spectra exhibit 

strong immobilization characteristics, particularly the spectra of RY-labeled mutants which are 

essentially indistinguishable from each other. Yet, clear variations are resolved in ST-EPR 

spectra. According to L’’/L and H’’/H parameters, all mutants report dynamics with correlation 

times in the range of 10-5~10-4s, and L121A/L133A cavity mutants exhibit slower dynamics than 

pWT-T4L. 

Among all, labeled L121A/L133A/130R1f shows the longest correlation time as 250μs. In 
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the previous work, a series of results suggest that the nitroxide of 130R1 is sequestered in the 

cavity of L121A/L133A.The strongly stabilizing interaction of “buried” 130R1 is presumably 

due to the complementary size of the R1 side chain to the hydrophobic cavity, as well as the 

hydrophobic nature of the disulfide linkage and nitroxide ring of R1. Considering that R1f has an 

adequately larger size and a more hydrophobic structure, it is reasonable to speculate that the 

side chain is also sequestered tightly in the cavity. In other words, the correlation time measured 

from the L121A/L133A/130R1f sample corresponds to the least mobility of labeled proteins, 

representing approximately the complete immobilization of nitroxide relative to the 

surroundings. 

Based on high-field ratios of R1f-labeled samples, two solvent-exposed sites, 128C and 

132C both report dynamics ~70μs of pWT-T4L, and dynamics ~120μs of the L121A/L133A 

cavity mutants. Even though the absolute values of correlation times are slightly different on the 

two sites, there are clearly two distinguishably different motional modes monitored from the 

cavity mutant and the WT. Compared with the L121A/L133A/130R1f as a mobility limit, it can 

be inferred that the dynamics are more restricted in the cavity mutant than in the WT, but there 

are still motions detectable on the microsecond time scale. 

While in the WT, motions reflected from lineshapes are very similar to what is detected from 

helical sites of HoloMb and pWT-T4L, there are several possible origins of the slower dynamics 

in the cavity mutant. On the one hand, the cavity conformation is identified as the more 

immobilized component in the previous work, showing lower mobility than the WT 

conformation. It could be that the internal dynamics of the cavity conformation possess an 

apparent correlation time of ~120μs. 

On the other hand, as suggested from previous results, the cavity conformation is in 
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exchange with the WT-like conformation on a sub-ms timescale in the cavity mutant. Therefore, 

it could also be that it is the overall dynamics from a mix of two co-existing conformations that 

we are monitoring. The slight difference in the correlation time of 128R1f and 132R1f may 

either attribute to the difference in their local flexibilities, or the relative populations of the two 

conformations. Titrations of ligands bound to the cavity are needed to further understand the 

mechanism. 

Located at a contact site between helices H and J, residue 130C has shown its uniqueness in 

previous studies. SR analysis showed that the two components in its CW-EPR spectrum arise 

from two conformations rather than two rotamers of R1, revealing inherent flexibility in the helix 

H even in the WT conformation. However, in the ST-EPR spectrum of 130C in pWT-T4L, both 

low-field and high-field ratios, and the integrated intensity indicate that this site experiences the 

same dynamics on the μs timescale as 128C and 132C in pWT-T4L. Only the center-field ratio 

that is more susceptible to faster and more local motions reports a longer correlation time, 

possibly corresponding to the more immobilized component in its CW-EPR spectrum. 

This result demonstrates again that the local flexibility is not necessarily reflected in ST-EPR 

lineshapes. Based on just multiple components in CW-EPR spectra, it is hard to distinguish 

motions with various values of rates and amplitudes when they are all slower than the rigid limit 

(100ns). On the ST-EPR timescale (μs-ms), only motions with sufficient angular amplitudes can 

efficiently transfer the saturation of spins, thus leading to adequate changes in spectra. Therefore, 

it is most likely that microsecond motions that are generally detected on helical sites are 

collective motions involving multiple structural elements. 

RY-labeled samples give a qualitatively same conclusion as R1f that L121A/L133A cavity 

mutants exhibit slower dynamics than pWT-T4L. However, there are some inconsistencies 
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between mutants that probably attribute to differences in the structure of RY. Based on high-field 

ratios, it is the L121A/L133A/132RY rather than L121A/L133A/130RY that shows the longest 

correlation time of 230μs. One possible model is that due to the larger size of the RY side chain, 

the nitroxide cannot be sequestered in the hydrophobic cavity of L121A/L133A/130C. Therefore, 

this sample instead monitors the same motional mode as 128C and 132C. 

For the R1f-labeled mutants carrying 130C, the 2Azz’ in the CW-EPR spectrum of the cavity 

mutant is actually smaller than the 2Azz’ of the pWT-T4L mutant, implying that the nitroxide 

resides in a more hydrophobic environment. However, in the case of RY-labeled samples, the 

2Azz’ of the cavity mutant has not changed significantly, supporting the proposed model that the 

nitroxide is still exposed to solvent. Also, because of the larger size and the more hydrophobic 

nature, the side chain of RY on residue 132C may interact with helix G, leading to longer 

correlation times, while the distance is too far for other spin labels. Although RY is more 

immobilized than R1f or even RX, which might bring in additional information complicating the 

results when applied in more practical systems, each of these labels has its own advantages and 

disadvantages. This will be summarized and discussed further in section 6.6. 

 

6.5 Tabulated ST-EPR empirical parameters and correlation times 

By repeatedly taking ST-EPR measurements on a single sample, the standard deviations 

were estimated for the values of L’’/L, τR, L’’/L, H’’/H, and τR, H’’/H determined from ST-EPR 

spectra of R1f- and RY-labeled samples, serving as an evaluation of measurement precision. For 

R1f, the ratio of standard deviation to average for L''/L is 4.76%; τR, L’’/L: 11.6%; H''/H: 5.78%; τR, 

H’’/H: 15.1%. For RY, L''/L: 4.63%; τR, L’’/L: 11.2%; H''/H: 3.78%; τR, H’’/H: 9.3%. The percentage 
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rather than the absolute value of standard deviation is used considering the relatively wide range 

for these parameter values. 

All empirical parameters and correlation times measured from ST-EPR spectra of HoloMb 

and T4L mutants that were labeled by either R1f or RY are tabulated on the following pages. The 

signal noise was estimated from the baseline and peak intensity of each spectrum and also 

included as the +/- deviation for values of L''/L and H''/H, and propagated to the corresponding 

correlation times (τR, L’’/L and τR, H’’/H).  
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1. RY on different helical sites (HoloMb&T4L) in buffer 

 

*The non-saturating first-derivative in-phase absorption spectra (V1) used in these measurements are taken under a 

different value of power/field strength from other data in this work, so these values can only be used for comparison 

within this dataset but not to others 

 

 L’’/L τR/sec C’/C τR/sec H’’/H τR/sec Integral 

HoloMb 66RY 
CNBr-Buffer 

0.50 2.2 ×	10!" -0.12 4.0 ×	10!# 0.67 9.2 ×	10!" 0.1945 

HoloMb 132RY 
CNBr-Buffer 

0.46 1.8 ×	10!" 0.06 6.7 ×	10!# 0.55 5.5 ×	10!" 0.2383 

T4LpWT 72RY 
CNBr-Buffer 

0.64 3.9 ×	10!" 0.29 1.3 ×	10!" 0.79 1.4 ×	10!$ 0.2538 

T4LpWT 115RY 
CNBr-Buffer 

0.73 5.4 ×	10!" 0.45 2.2 ×	10!" 0.76 1.3 ×	10!$ 0.4017 

T4LpWT 131RY 
CNBr-Buffer 

0.66 4.1 ×	10!" 0.16 9.0 ×	10!# 0.80 1.4 ×	10!$ 0.2879 

T4LpWT 72RY/68A 
CNBr-Buffer 

0.69 4.7 ×	10!" 0.31 1.4 ×	10!" 0.84 1.6 ×	10!$ 0.2658 

T4LpWT 72RY/69A 
CNBr-Buffer 

0.64 3.9 ×	10!" 0.20 1.0 ×	10!" 0.76 1.3 ×	10!$ 0.2678 

T4LpWT 72RY/75A 
CNBr-Buffer 

0.63 3.7 ×	10!" 0.20 9.9 ×	10!# 0.66 8.6 ×	10!" 0.2785 

T4LpWT 72RY/76A 
CNBr-Buffer 

0.70 4.9 ×	10!" 0.21 1.0 ×	10!" 0.86 1.7 ×	10!$ 0.2588 

T4LpWT 128RY 
CNBr-Buffer 

0.69 4.6 ×	10!" 0.20 1 ×	10!" 0.78 1.3 ×	10!$ 0.4620* 

T4L 121A/133A 128RY 
CNBr-Buffer 

0.86 8.3 ×	10!" 0.60 4.3 ×	10!" 0.84 1.7 ×	10!$ 1.2058* 

T4LpWT 130RY 
CNBr-Buffer 

0.69 4.7 ×	10!" 0.43 3.5 ×	10!" 0.67 9.2 ×	10!" 0.8153* 

T4L 121A/133A 130RY 
CNBr-Buffer 

0.88 8.8 ×	10!" 0.64 5.4 ×	10!" 0.83 1.6 ×	10!$ 1.0258* 

T4LpWT 132RY 
CNBr-Buffer 

0.80 6.8 ×	10!" 0.44 2.2 ×	10!" 0.81 1.5 ×	10!$ 0.4408* 

T4L 121A/133A 132RY 
CNBr-Buffer 

0.92 9.9 ×	10!" 0.62 4.6 ×	10!" 0.94 2.3 ×	10!$ 1.1250* 
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2. R1f on different helical sites (HoloMb&T4L) in buffer 

 

 

 

 L’’/L τR/sec C’/C τR/sec H’’/H τR/sec Integral 

HoloMb-66R1f 
CNBr-Buffer 

0.55 2.7 ×	10!" -0.35 2.0 ×	10!# 0.86 1.8 ×	10!$ 0.1024 

HoloMb-113R1f 
CNBr-Buffer 

0.31 5.8 ×	10!# -0.28 2.5 ×	10!# 0.41 2.8 ×	10!" 0.1128 

HoloMb-132R1f 
CNBr-Buffer 

0.38 1.1 ×	10!" -0.40 1.6 ×	10!# 0.56 5.8 ×	10!" 0.1061 

T4LpWT-72R1f 
CNBr-Buffer 

0.59 3.1 ×	10!" -0.13 3.8 ×	10!# 0.87 1.8 ×	10!$ 0.1598 

T4LpWT-115R1f 
CNBr-Buffer 

0.54 2.6 ×	10!" 0.20 1.0 ×	10!" 0.68 9.4 ×	10!" 0.2732 

T4LpWT-131R1f 
CNBr-Buffer 

0.53 2.5 ×	10!" -0.18 3.3 ×	10!# 0.66 8.8 ×	10!" 0.1755 

T4LpWT-131R1f/127A 
CNBr-Buffer 

0.54 2.6 ×	10!" 0.02 6.0 ×	10!# 0.64 8.2 ×	10!" 0.3006 

T4LpWT-131R1f/128A 
CNBr-Buffer 

0.60 3.4 ×	10!" 0.06 6.8 ×	10!# 0.81 1.5 ×	10!$ 0.3152 

T4LpWT-131R1f/132A 
CNBr-Buffer 

0.60 3.4 ×	10!" -0.13 3.9 ×	10!# 0.75 1.2 ×	10!$ 0.2540 

T4LpWT-131R1f/135A 
CNBr-Buffer 

0.61 3.5 ×	10!" -0.06 4.8 ×	10!# 0.74 1.2 ×	10!$ 0.1879 

T4LpWT-128R1f 
CNBr-Buffer 

0.56 2.8 ×	10!" -0.21 3.0 ×	10!# 0.62 7.5 ×	10!" 0.2268 

T4L 121A/133A 128R1f 
CNBr-Buffer 

0.69 4.7 ×	10!" 0.40 1.9 ×	10!" 0.79 1.4 ×	10!$ 0.4714 

T4LpWT-130R1f 
CNBr-Buffer 

0.56 2.8 ×	10!" 0.11 7.7 ×	10!# 0.66 8.7 ×	10!" 0.2340 

T4L 121A/133A 130R1f 
CNBr-Buffer 

0.80 6.7 ×	10!" 0.62 4.6 ×	10!" 0.97 2.5 ×	10!$ 0.5615 

T4LpWT-132R1f 
CNBr-Buffer 

0.45 1.6 ×	10!" -0.36 1.9 ×	10!# 0.58 6.4 ×	10!" 0.1766 

T4L 121A/133A 132R1f 
CNBr-Buffer 

0.66 4.2 ×	10!" 0.29 1.3 ×	10!" 0.72 1.1 ×	10!$ 0.3086 
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3. T4LpWT 72RY, various conditions 

 

4. T4LpWT 72R1f, various conditions 

  

 L’’/L τR/sec C’/C τR/sec H’’/H τR/sec Integral 

T4LpWT 72RY 
precipitation 

1.08 1.6 ×	10!" 0.88 7.0 ×	10!" 2.80 ∞ 1.5959 

T4LpWT 72RY 
CNBr-glutaraldehyde 

0.85 8.0 ×	10!# 0.50 2.8 ×	10!# 1.00 2.7 ×	10!" 0.6028 

T4LpWT 72RY 
CNBr-Ficoll 

0.61 3.5 ×	10!# 0.24 1.1 ×	10!# 0.77 1.3 ×	10!" 0.3951 

T4LpWT 72RY 
CNBr-sucrose 

0.61 3.5 ×	10!# 0.35 1.6 ×	10!# 0.71 1.1 ×	10!" 0.4316 

T4LpWT 72RY 
CNBr-Buffer 

0.65 4.0 ×	10!# 0.29 1.3 ×	10!# 0.79 1.4 ×	10!" 0.2538 

 

 L’’/L τR/sec C’/C τR/sec H’’/H τR/sec Integral 

T4LpWT 72R1f 
precipitation 

0.94 1.0 ×	10!" 0.78 1.4 ×	10!" 2.44 ∞ 1.2407 

T4LpWT 72R1f 
CNBr-glutaraldehyde 

0.72 5.1 ×	10!# 0.02 6.0 ×	10!$ 0.92 2.1 ×	10!" 0.2651 

T4LpWT 72R1f 
CNBr-Buffer 

0.59 3.1 ×	10!# -0.13 3.8 ×	10!$ 0.87 1.8 ×	10!" 0.1598 
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5. Sucrose/Ficoll effects 

  

 L’’/L τR/sec C’/C τR/sec H’’/H τR/sec Integral 

HoloMb 132R1f 
CNBr-Buffer 

0.38 1.1 ×	10!" -0.40 1.6 ×	10!# 0.56 5.8 ×	10!" 0.1061 

HoloMb 132R1f 
CNBr-Sucrose 

0.38 1.0 ×	10!" -0.21 3.0 ×	10!# 0.44 3.4 ×	10!" 0.2116 

HoloMb 132R1f 
CNBr-Ficoll 

0.54 2.6 ×	10!" -0.01 5.5 ×	10!# 0.62 7.5 ×	10!" 0.3229 

T4LpWT 72RY 
CNBr-Buffer 

0.65 4.0 ×	10!" 0.29 1.3 ×	10!" 0.79 1.4 ×	10!$ 0.2538 

T4LpWT 72RY 
CNBr-Sucrose 

0.61 3.5 ×	10!" 0.35 1.6 ×	10!" 0.71 1.1 ×	10!$ 0.4316 

T4LpWT 72RY 
CNBr-Ficoll 

0.61 3.5 ×	10!" 0.24 1.1 ×	10!" 0.77 1.3 ×	10!$ 0.3951 
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6. T4LpWT 68RX72, T4LpWT 72RY, T4LpWT 72R1f, temperature dependence 

  

 L’’/L τR/sec C’/C τR/sec H’’/H τR/sec Integral 

T4LpWT-68RX72 
CNBr-RT 

0.48 1.9 ×	10!" 0.46 2.3 ×	10!" 0.65 8.4 ×	10!" 0.4707 

T4LpWT-68RX72 
CNBr-5.2℃ 

0.51 2.2 ×	10!" 0.52 3.0 ×	10!" 0.87 1.8 ×	10!# 0.7248 

T4LpWT-68RX72 
CNBr-34.8℃ 

0.63 3.8 ×	10!" 0.66 5.7 ×	10!" 0.67 9.0 ×	10!" 0.7620 

T4LpWT 72RY 
CNBr-RT 

0.61 3.5 ×	10!" 0.21 1.0 ×	10!" 0.78 1.3 ×	10!# 0.2538 

T4LpWT 72RY 
CNBr-4.9℃ 

0.60 3.4 ×	10!" 0.39 1.8 ×	10!" 0.94 2.2 ×	10!# 0.4712 

T4LpWT 72RY 
CNBr-11.1℃ 

0.57 3.0 ×	10!" 0.29 1.3 ×	10!" 0.90 2.0 ×	10!# 0.3693 

T4LpWT 72RY 
CNBr-17.0℃ 

0.57 3.0 ×	10!" 0.28 1.3 ×	10!" 0.91 2.0 ×	10!# 0.3032 

T4LpWT 72RY 
CNBr-22.9℃ 

0.51 2.3 ×	10!" 0.11 7.8 ×	10!$ 0.75 1.2 ×	10!# 0.2411 

T4LpWT 72RY 
CNBr-28.9℃ 

0.52 2.3 ×	10!" 0.08 7.1 ×	10!$ 0.76 1.3 ×	10!# 0.2051 

T4LpWT 72RY 
CNBr-34.9℃ 

0.45 1.7 ×	10!" -0.16 3.5 ×	10!$ 0.65 8.4 ×	10!" 0.1755 

T4LpWT 72R1f 
CNBr-RT 

0.59 3.1 ×	10!" -0.13 3.8 ×	10!$ 0.87 1.8 ×	10!# 0.1598 

T4LpWT 72R1f 
CNBr-5.1℃ 

0.58 3.0 ×	10!" 0.06 6.7 ×	10!$ 1.21 5.1 ×	10!# 0.2694 

T4LpWT 72R1f 
CNBr-34.8℃ 

0.52 2.3 ×	10!" -0.41 1.6 ×	10!$ 0.71 1.1 ×	10!# 0.1069 
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7. Solid-support attachments 

  

 L’’/L τR/sec C’/C τR/sec H’’/H τR/sec Integral 

T4LpWT 72R1f 
CNBr 

0.59 3.1 ×	10!" -0.13 3.8 ×	10!# 0.87 1.8 ×	10!$ 0.1598 

T4LpWT 72R1f 
Biotin-Streptavidin-Buffer 

0.43 1.5 ×	10!" -0.26 2.6 ×	10!# 0.57 6.1 ×	10!" 0.1725 

T4LpWT 72R1f 
Biotin-Streptavidin-sucrose 

0.40 1.2 ×	10!" -0.10 4.2 ×	10!# 0.44 3.3 ×	10!" 0.2535 

T4LpWT 72R1f 
Biotin-Streptavidin-Ficoll 

0.50 2.2 ×	10!" 0.22 1.1 ×	10!" 0.64 8.1 ×	10!" 0.3391 

T4LpWT 72R1f 
6His-Ni-NTA-Buffer 

0.34 7.4 ×	10!# -0.46 1.3 ×	10!# 0.46 3.6 ×	10!" 0.0307 

T4LpWT 72R1f 
6His-Ni-NTA-Sucrose 

0.31 5.8 ×	10!# -0.76 2.0 ×	10!% 0.39 2.3 ×	10!" 0.0338 

T4LpWT 72R1f 
6His-Ni-NTA-Ficoll 

0.54 2.6 ×	10!" 0.26 1.2 ×	10!" 0.51 4.6 ×	10!" 0.2137 

T4LpWT 72R1f 
6His-Zn-IDA 

0.19 9.8 ×	10!& -1.08  0.24 8.5 ×	10!# 0.0418 

T4LpWT 72RY 
CNBr 

0.64 3.9 ×	10!" 0.29 1.3 ×	10!" 0.79 1.4 ×	10!$ 0.2538 

T4LpWT 72RY 
Biotin-Streptavidin-Buffer 

0.47 1.8 ×	10!" -0.02 5.3 ×	10!# 0.50 4.5 ×	10!" 0.2237 

T4LpWT 72RY 
Biotin-Streptavidin-sucrose 

0.39 1.1 ×	10!" 0.04 6.4 ×	10!# 0.42 3.0 ×	10!" 0.2637 

T4LpWT 72RY 
Biotin-Streptavidin-Ficoll 

0.50 2.1 ×	10!" 0.36 1.6 ×	10!" 0.51 4.6 ×	10!" 0.4791 

T4LpWT 72RY 
6His-Ni-NTA 

0.23 1.6 ×	10!# -0.45 1.4 ×	10!# 0.36 2.1 ×	10!" 0.0434 

T4LpWT 72RY 
6His-Zn-IDA 

0.15  -0.69 4.0 ×	10!% 0.17 3.4 ×	10!# 0.0919 
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8. Signal noises 

 

 L’’/L±Noise τR±Noise/sec H’’/H±Noise τR±Noise/sec 

HoloMb 66R1f 
CNBr-Buffer 

0.55±0.01 2.7 ± 0.2 × 10!" 0.86±0.07 1.8 ± 0.4 × 10!# 

HoloMb 66RY 
CNBr-Buffer 

0.50±0.03 2.2 ± 0.4 × 10!" 0.67±0.15 9.2 ± 4.4 × 10!" 

HoloMb 113R1f 
CNBr-Buffer 

0.31±0.01 5.8 ± 0.9 × 10!$ 0.41±0.06 2.8 ± 0.8 × 10!" 

HoloMb 132R1f 
CNBr-Buffer 

0.38±0.02 1.1 ± 0.2 × 10!" 0.56±0.08 5.8 ± 1.6 × 10!" 

HoloMb 132RY 
CNBr-Buffer 

0.46±0.01 1.8 ± 0.2 × 10!" 0.55±0.05 5.5 ± 0.9 × 10!" 

T4LpWT 72RY 
precipitation 

1.08±0.01 1.6 ± 0.1 ×	10!# 2.80±0.15 ∞ 

T4LpWT 72RY 
CNBr-glutaraldehyde 

0.85±0.01 8.0 ± 0.2 ×	10!" 1.00±0.02 2.7 ± 0.2 ×	10!# 

T4LpWT 72RY 
CNBr-Ficoll 

0.61±0.01 3.5 ± 0.1 ×	10!" 0.77±0.03 1.3 ± 0.1 ×	10!# 

T4LpWT 72RY 
CNBr-sucrose 

0.61±0.01 3.5 ± 0.1 ×	10!" 0.71±0.02 1.1 ± 0.1 ×	10!# 

T4LpWT 72RY 
CNBr-Buffer 

0.65±0.01 4.0 ± 0.2 ×	10!" 0.79±0.02 1.4 ± 0.1 ×	10!# 

T4LpWT 131RY 
CNBr-Buffer 

0.66±0.02 4.1 ± 0.1 ×	10!" 0.80±0.04 1.4 ± 0.2 ×	10!# 

T4LpWT 72R1f 
precipitation 

0.94±0.02 1.0 ± 0.1 ×	10!# 2.44±0.12 ∞ 

T4LpWT 72R1f 
CNBr-glutaraldehyde 

0.72±0.01 5.1 ± 0.1 ×	10!" 0.92±0.04 2.1 ± 0.3 ×	10!# 

T4LpWT 72R1f 
CNBr-Buffer 

0.59±0.02 3.1 ± 0.1 ×	10!" 0.87±0.05 1.8 ± 0.3 ×	10!# 

T4LpWT 72R1f 
CNBr-5.1℃ 

0.58±0.01 3.0 ± 0.1 ×	10!" 1.21±0.06 5.1 ± 0.9 ×	10!# 

T4LpWT 72R1f 
CNBr-34.8℃ 

0.52±0.02 2.3 ± 0.1 ×	10!" 0.71±0.05 1.1 ± 0.2 ×	10!# 

T4LpWT 115R1f 
CNBr-Buffer 

0.54±0.01 2.6 ± 0.1 ×	10!" 0.66±0.03 8.6 ± 0.9 ×	10!" 

T4LpWT 131R1f 
CNBr-Buffer 

0.53±0.01 2.5 ± 0.2 ×	10!" 0.66±0.04 8.8 ± 1.4 ×	10!" 
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(continued) 

 

(continued) 

 L’’/L±Noise τR±Noise/sec H’’/H±Noise τR±Noise/sec 

T4LpWT-128R1f 
CNBr-Buffer 

0.56±0.02 2.8 ± 0.2 ×	10!" 0.62±0.05 7.5 ± 1.3 ×	10!" 

T4L 121A/133A 128R1f 
CNBr-Buffer 

0.69±0.01 4.7 ± 0.2 ×	10!" 0.79±0.03 1.4 ± 0.1 ×	10!# 

T4LpWT-130R1f 
CNBr-Buffer 

0.56±0.01 2.8 ± 0.1 ×	10!" 0.66±0.04 8.7 ± 1.1 ×	10!" 

T4L 121A/133A 130R1f 
CNBr-Buffer 

0.80±0.01 6.7 ± 0.1 ×	10!" 0.97±0.03 2.5 ± 0.2 ×	10!# 

T4LpWT-132R1f 
CNBr-Buffer 

0.45±0.01 1.6 ± 0.1 ×	10!" 0.58±0.04 6.4 ± 1.1 ×	10!" 

T4L 121A/133A 132R1f 
CNBr-Buffer 

0.66±0.01 4.2 ± 0.1 ×	10!" 0.72±0.04 1.1 ± 0.2 ×	10!# 

T4LpWT 128RY 
CNBr-Buffer 

0.69±0.02 4.6 ± 0.2 ×	10!" 0.78±0.05 1.3 ± 0.2 ×	10!# 

T4L 121A/133A 128RY 
CNBr-Buffer 

0.86±0.01 8.3 ± 0.2 ×	10!" 0.84±0.02 1.7 ± 0.2 ×	10!# 

T4LpWT 130RY 
CNBr-Buffer 

0.69±0.02 4.7 ± 0.3 ×	10!" 0.67±0.05 9.2 ± 1.7 ×	10!" 

T4L 121A/133A 130RY 
CNBr-Buffer 

0.88±0.01 8.8 ± 0.3 ×	10!" 0.83±0.02 1.6 ± 0.1 ×	10!# 

T4LpWT 132RY 
CNBr-Buffer 

0.80±0.02 6.8 ± 0.4 ×	10!" 0.81±0.06 1.5 ± 0.3 ×	10!# 

T4L 121A/133A 132RY 
CNBr-Buffer 

0.92±0.01 9.9 ± 0.3 ×	10!" 0.94±0.02 2.3 ± 0.2 ×	10!# 

 



240 
 

 

6.6 Discussion 

This work aims to demonstrate the methodology based on ST-EPR for monitoring dynamics 

in the time range of μs-ms by introducing new spin labels with higher rigidity. It has always been 

attractive to find new spin labels possessing less internal motions and fewer rotamers for 

applications in both distance and dynamic measurements. Ever since the understanding that 

internal motions of R1 are dominated by rotations about the two terminal single bonds: χ4 and χ5, 

strategies have been designed to restrict the χ4 and χ5. One is to introduce a bulky substituent on 

the side chain, while an alternative approach is to generate additional interactions between the 

nitroxide ring and the protein. Progress has been made in previous studies: Bulky substituents on 

 L’’/L±Noise τR±Noise/sec H’’/H±Noise τR±Noise/sec 

T4LpWT 72R1f 
Biotin-Streptavidin-Buffer 

0.43±0.02 1.5 ± 0.2 ×	10!" 0.57±0.07 6.1 ± 1.6 ×	10!" 

T4LpWT 72R1f 
Biotin-Streptavidin-sucrose 

0.40±0.02 1.2 ± 0.1 ×	10!" 0.44±0.06 3.3 ± 0.9 ×	10!" 

T4LpWT 72R1f 
Biotin-Streptavidin-Ficoll 

0.50±0.02 2.2 ± 0.3 ×	10!" 0.64±0.09 8.1 ± 2.5 ×	10!" 

T4LpWT 72R1f 
6His-Ni-NTA-Buffer 

0.34±0.02 7.4 ± 1.4 ×	10!# 0.46±0.09 3.6 ± 1.4 ×	10!" 

T4LpWT 72R1f 
6His-Ni-NTA-Sucrose 

0.31±0.02 5.8 ± 1.3 ×	10!# 0.39±0.09 2.3 ± 0.9 ×	10!" 

T4LpWT 72R1f 
6His-Ni-NTA-Ficoll 

0.54±0.01 2.6 ± 0.2 ×	10!" 0.51±0.05 4.6 ± 0.9 ×	10!" 

T4LpWT 72R1f 
6His-Zn-IDA 

0.19±0.02  0.24±0.07 8.5 ± 5.3 ×	10!# 

T4LpWT 72RY 
Biotin-Streptavidin 

0.47±0.03 1.8 ± 0.2 ×	10!" 0.50±0.07 4.5 ± 1.4 ×	10!" 

T4LpWT 72RY 
6His-Ni-NTA 

0.23±0.01 1.6 ± 0.6 ×	10!# 0.36±0.13 2.1 ± 1.4 ×	10!" 

T4LpWT 72RY 
6His-Zn-IDA 

0.15±<0.01  0.17±0.03 3.4 ± 1.7 ×	10!# 
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position 4 of nitroxide rings are introduced in structures of R1b and R1p, while V1 interacts with 

the Sγ of the disulfide bond through its nitrogen atom at position 4. Characterizations have shown 

the improvement in rigidity of these labels, implying the effectiveness of functionalizing position 

4. 

Inspired by these results, R1f and RY side chains are designed with slightly more 

hydrophobic and more bulky substituents on position 4. For the first time, one additional 

substituent is introduced to the α-carbon position to further restrict χ4 and χ5, which has been 

proven to be effective by the results of this work. RY is generally more immobilized than R1f or 

even RX on some sites on characteristic timescales of both CW-EPR and ST-EPR, making it an 

ideal label for investigating real slow protein dynamics in the time domain of 10-4~10-3s.  

While the inherent flexibility of R1 allows for introduction at virtually any site within a 

protein, there is always concern about the accessibility of bulky side chains to proteins. As 

compared to RY which is more steric, R1f has achieved a practical balance between its rigidity 

and flexibility. On residue 130C in T4L L121A/L133A cavity mutant, results imply that R1f 

resides properly inside the interior cavity, which requires certain flexibility during the labeling. 

In the meanwhile, R1f has sufficiently restricted internal motions to detect submillisecond 

dynamics in ST-EPR spectra. Though it is hard to directly compare the rigidity of new labels 

with TOAC or conventional labels like iodoacetamide derivatives and maleimide derivatives 

because different proteins have been used. However, by using R1 and RX as references, it can be 

concluded that R1f and RX are no less rigid. Moreover, benefiting from using disulfide bonds as 

the linkage to proteins, both the labeling efficiency and stability are promised, suggesting a wider 

range of applications than conventional labels. 

The purpose of this work is to show the capacity of new rigid labels and the feasibility of the 
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methodology in actual ST-EPR measurements, rather than give quantitatively accurate values of 

correlation times. Obtained from calibration curves, the accuracy of τR values is decided by the 

selection of standard systems. It is essential to control all other variables when directly 

comparing the rate of detected dynamics (correlation times) between samples from ST-EPR 

spectra. However, different variables are usually coupled together in actual motional processes, 

and the way how they couple is dependent on many aspects. 

Supported by results from both simulations of CW-EPR spectra and structural 

characterizations, it can be confirmed that every R1-derivatized spin label possesses its particular 

anisotropic motional mode. Since either the anisotropy of spin labels or the amplitude of motions 

influences the angular extent during the transfer of saturation, the intensity at the same field 

position (the line-height) does not necessarily consist of the same angular contribution when 

measured with different spin labels. As a result, a numeric difference in their line-height ratios 

does not necessarily represent the pure difference in the rate of motion when different labels are 

used. In practical ST-EPR measurements, these influences can be qualitatively distinguished 

when comparing parameter correlation plots (Figure 6.21) of different labels50–53. As it can be 

judged from plots, these nitroxide spin labels have qualitatively similar behaviors so that 

calibration curves can still be used qualitatively to determine orders of timescales. However, a 

whole series of calibration curves should be measured under the specific condition and with a 

specific label if more accurate values of correlation times are needed, which is not practically 

efficient. 
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Figure 6.21 Parameter correlation plots of L’’/L and H’’/H vs. C’/C and for data of RX, RY, and R1f in section 6.5, 

and data of standards used in calibration curves of reference. 

While line-height ratios are dependent on the coupling between variables describing the 

motion, the integrated spectral intensities are dependent on the coupling between variables and 

surroundings. When possibly sequestered in the hydrophobic cavity (L121A/L133A/130C) or 

surrounded by macromolecules (Ficoll), the sample has shown a larger value of IST than values 

obtained from fully immobilized samples (precipitation). However, there are still residual 

motions reflected from spectral lineshapes. It is hard to conclude the mechanism from these 

results only, but it is clear that the sample has responded heterogeneously to different 

perturbations rather than simply slowing down motions globally. 

On the basis of such an understanding of ST-EPR results, the fact that there is a certain type 

of microsecond motion generally detected on helical sites seems to be inspiringly interesting. As 
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the X-ray crystallographic structure provides at best a single conformation confined by lattice 

interaction from the conformational ensemble, there are more conformational states permitted in 

the solution. At physiological temperature, timescales of microseconds and slower correspond to 

energy barriers of several kBT (the product of the Boltzmann constant and the absolute 

temperature), which sets up a limited number of conformational states with such long lifetimes. 

Moreover, sufficient angular amplitudes are necessary for motions to be effectively reflected 

from lineshapes according to the mechanism of ST-EPR. While there should be no fast and large 

backbone dynamics in well-packed helical regions, all rigid spin labels used in this work have 

highly restricted anisotropic internal motions. It can be concluded that either can contribute 

significantly to dynamics revealed by ST-EPR lineshapes. Collectively, all results support the 

contention that detected motions should be large-amplitude collective motions involving 

conformational states that are likely to be functionally relevant. Some insights about the 

structural origin of motions are already implied from the perturbation experiments using sucrose 

and Ficoll. To further understand the essence of these internal dynamics, measurements of 

magnitudes in both distance and angle are necessary to complement the timescale information 

obtained in this work. 
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Chapter 7: Structure and dynamics of R9, a nitroxide spin label with non-reducible 

linkage suitable for distance mapping and monitoring protein dynamics 

7.1 Introduction 

Methanethiosulfonate nitroxides have enjoyed extensive use for spin labeling cysteines in 

proteins due to their high reactivity and specificity, allowing facile reaction of the reagents even 

with partially and fully buried cysteine residues. The H-bonding interaction1 (Figure 7.1 (A)) of 

the Sδ sulfur of the disulfide linkage with the Cα-H hydrogen atom of the residue gives rise to the 

anisotropic motion which in turn averages the magnetic tensor parameters of the nitroxide in 

such a manner as to make the CW-EPR spectral lineshape exquisitely sensitive ns time scale 

internal motions of the protein, and to modulation of the side chain motion by local interactions. 

Thus, R1 has become the sensor of choice for monitoring fast backbone fluctuations and 

mapping secondary and tertiary structures. 

However, the internal motional modes of R1 that make it useful to map local interactions 

and backbone dynamics on the ns time scale also limit its use for monitoring slow protein 

internal motions (μs-ms), and complicate the interpretation of inter-spin distance distributions 

determined from dipolar spectroscopy. To limit the conformational space and restrain the motion 

of the spin label, internally constrained disulfide-linked side chains have been introduced. 
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Figure 7.1 (A) Structure of the reagent 1-oxyl-2,2,5,5-tetramethypyrroline-3-methyl (MTTSL, HO-225), the R1 side 

chain with designations of atoms and dihedral angles used in the text, and the molecular model (from PDB code 

2CUU). The Cα-H···Sδ interaction that restricts the motion of the disulfide linkage is shown. (B) Structures of the 

reagent HO-4072, the R9 side chain with designations of atoms and dihedral angles used in the text, and the 

molecular model (from the crystal structure of T4L 65R9/76R9, see next sections). 

However, in addition to their positive features such as strong ordering and localization, they 

have some disadvantages. The disulfide is readily cleaved by reducing agents that are necessary 

for the stability of some proteins. In the case of the V1 side chain2, the reactive disulfide is 

unstable and susceptible to spontaneous hydrolytic cleavage in the aqueous solution. The high 

reactivity of methanethiosulfonate reagents to even buried cysteine residues3 makes it essential to 

remove at least some of the native cysteines which might be functionally important to the 

protein. 
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In this study, another novel nitroxide reagent (HO-4072, Figure 7.1 (B)) was introduced that 

reacts exclusively with solvent-exposed cysteine residues, making it unnecessary to remove 

native buried cysteine residues. The nitroxide side chain formed by the reaction, designated R9, 

has a stable thioether linkage that is not cleavable by the usual reducing reagents. Moreover, R9 

has the shortest linkage of any nitroxide side chain introduced at cysteine, and the nitroxide 

resides close to the protein backbone. Finally, R9 is generally relatively immobilized, and crystal 

structures are presented that identify the unique interactions that lead to high ordering of the side 

chain. 

The R9 side chain has been introduced at solvent-exposed sites in regular α-helices in T4L. 

In the sections below we: (1) explore the internal dynamics of R9 and evaluate the potential of 

the side chain for use as a monitor of slow protein motions; (2) characterize the reaction of 

reagent HO-4072 with solvent-exposed cysteine residues with respect to mechanism and rate, 

and evaluate the degree of destabilization to T4L that might be brought by the substitution for R9 

side chains; and (3) present X-ray crystal structures of R9 on helical sites and identify the 

structural origin of the strongly ordered motion. Applications to determine inter-residue distance 

with DEER, and to monitor slow protein dynamics with ST-EPR are briefly presented. The 

possible use of R9 for distance determination using T1 relaxation is also discussed. 

 

7.2 Results 

7.2.1 CW-EPR studies of R9 

7.2.1.1 Internal dynamics of the R9 side chain on solvent-exposed α-helical sites 

To isolate the side chain and protein dynamic modes, the spin-labeled protein is either 
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investigated in a high viscosity medium (sucrose and/or Ficoll) or attached to the solid support 

functionalized by cyanogen bromide (CNBr) to eliminate uniform rotational diffusion. To further 

isolate just the internal motion of the side chain a reference site is selected where protein 

structural fluctuations do not contribute significantly to the nitroxide motion, and where the side 

chain is fully solvent exposed and does not contact other amino acid residues in the protein. Site 

72 in T4L, in the center of the long rigid helix C, meets all these criteria, and has been used as a 

reference for R1 and other side chains. 

 

Figure 7.2 CW-EPR spectrum and simulation of spin-labeled T4L72C attached to CNBr-Sepharose. The magnetic 

field scan width is 100 G. (A) Experimental spectra of T4L 68RX72, 72R9, 72V1, and 72R1 at room temperature. 

The parallel (A∥) and perpendicular (A⊥) components of the axially symmetric hyperfine tensor, and the effective 

hyperfine splitting, 2Azz’ are shown. The vertical lines are drawn and fixed to the value corresponding to the 2Azz’ of 

the T4L 68RX72 spectrum as a reference for comparison. (B) The MOMD simulated (red dash) spectra were 

obtained by reducing the order parameter of motion, and corresponding experimental (black solid) spectra of T4L 
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68RX72, 72R9, 72V1, and 72R1 attached to CNBr-Sepharose (red dash). Values of the hyperfine splitting 

difference (Δ2Azz’), the correlation time (τR), and the order parameter (S20) are shown. 

Figure 7.2 (A) presents CW-EPR spectra of nitroxide side chains with single site attachment 

to 72C (R1, V1, R9) or doubly attached via 68C/72C (RX4) in T4L attached to CNBr-Sepharose. 

Unsurprisingly, the most highly ordered side chain observed for any spin label is the crosslinking 

nitroxide RX, shown here attached to the double cysteine T4L mutant 68C/72C. The CW 

spectrum is striking with well-resolved parallel (A∥) and perpendicular (A⊥) components of the 

hyperfine tensor, narrow linewidths of the outer hyperfine extrema, and a large hyperfine 

splitting 2Azz’. The previous simulation of the lineshape indicates that the spectrum arises from a 

highly ordered but rapid anisotropic motion of the nitroxide. The high order is due to both the 

backbone rigidity of the protein near residue 72 and the highly constrained internal motion of the 

crosslinked side chain. 

The spectra of the other nitroxide side chains shown have a common feature: they all can be 

accounted for reasonably well by a similar rapid anisotropic motion of the nitroxide with varying 

degrees of order. Simulations according to this model are shown for each as a dotted trace, 

obtained by just reducing the order parameter for the motion, proceeding from RX to R1 (Figure 

7.2 (B)). The similarity to the experimental lineshapes is remarkably good for such a simple 

model. The corresponding values of the S20 order parameter that characterizes the amplitude of 

the motion are provided next to each spectrum. Small variations in other parameters can optimize 

the fit to each data set, but differences in order dominate. 

A more explicit spectral simulation (Table 7.1) using the MOMD model shows a best-fit to 

the spectrum of T4L72R9 on CNBr for a simple anisotropic motion of the nitroxide in a cone, 

which requires a fast internal motion with a correlation time τR ≈ 2.3 ns, with a high degree of 
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order (S=0.87) that can be described as motion confined within a cone of half-angle ≈ 17.4°. 

Recall that at the same location, a best-fit to the spectrum of T4L 68RX72 attached to CNBr-

Sepharose indicates a motion confined within a cone of half-angle≈15°, while for 72R1 the half-

angle ≈ 37°. 

Table 7.1 Parameters for simulations 

 𝑨𝒙𝒙/G 𝑨𝒚𝒚/G 𝑨𝒛𝒛/G <R>/s-1 τR/ns S c02 
68RX72 6.31 5.40 36.68 7.85 2.35 0.926 13.69 

72R9 5.73 5.30 36.29 7.85 2.35 0.859 7.51 
72R9 (explicit) 5.73 5.30 36.29 7.85 2.35 0.866 7.84 

72V1 5.90 5.18 34.97 7.85 2.35 0.672* 1.91 
72R1 6.31 5.37 37.09 7.85 2.35 0.465 2.13 

The magnetic parameters used for simulations are as follows: 𝑔GG = 2.00800, 𝑔HH = 2.00586, 𝑔II = 2.00199; for 

the explicit MOMD simulation of 72R9, αD = 0, βD = 6.80°, γD = 0, Δ(0) = Δ(2) = 0 G; for the simulation of 72V1, a 

c04 = 2.76 is required, and 𝑔GG = 2.00873, 𝑔HH = 2.00604, 𝑔II = 2.00230 (reported by Warshaviak et al.2). 

Within the context of this motional model, the value of 2Azz’ is a direct measure of the 

amplitude of motion, i.e., the order for the model under consideration. The value of 2Azz’ under 

ambient conditions depends on the electronic structure of the nitroxide and local polarity in the 

protein as well as the motion of the nitroxide. The rigid limit value of 2Azz’ is determined in 

frozen solution first (2Azz’ (0)), and the difference Δ2Azz’ = 2Azz’ (0) – 2Azz’ is a metric that can 

be used to compare the relative mobilities of the different labels. This value is provided for each 

label along with the S20. The reference of maximum rigidity, RX, has a Δ2Azz’ = 2.9G, indicating 

a limited amplitude of internal motions. 72R9 has a larger decrease of 5.1G, revealing more 

inherent mobility of the R9 side chain compared with RX, while spectra for 72V1 and 72R1 have 

further increases in a Δ2Azz’ = 6.8 and 20.8G, respectively. 

Of this family of internally ordered side chains, R9 has the highest order of singly attached 

side chains. In addition to differences in a Δ2Azz’, we also note that there is a systematic increase 
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in spectral linewidths proceeding from RX to R1. This is consistent with the corresponding 

increases in amplitude of motion on the ns time scale, which would be expected to produce an 

increasing magnitude of relaxation effects. 

 

Figure 7.3 (A) Ribbon diagram of helix C on T4L (PDB code: 1L63) showing the residue 72C where R9 is 

introduced and neighboring Alanine replacements. The helix is colored as a transition from blue at its N-terminus to 

red at its C-terminus. Space-filling CPK models are shown for each native residue that is mutated to alanine. (B) 

Corresponding CW-EPR spectra of R9-labeled T4L mutants attached to CNBr-Sepharose at room temperature. The 

vertical lines are drawn and fixed to the value corresponding to the 2Azz’ of the 72R9 spectrum as a reference for 

comparison. 

To investigate the possibility that this high ordering of R9 could be caused by interaction 

with neighboring residues, the T4L construct 72C was subjected to various mutations of residues 

around site 72 to alanines. Five residues (N68, Q69, V71, V75, R76, in Figure 7.3 (A)) with 

potential for interaction with R9 are individually mutated. These chosen mutations have been 

shown by corresponding CW-EPR spectra of R1-labeled samples to not have significant effects 

on the secondary structure/native local fold of the helix C (see chapter 6). Clearly, spectra 
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(Figure 7.3 (B)) of all alanine mutants (attached to CNBr-Sepharose) are essentially identical to 

the spectrum of the original T4L construct 72C, supporting the conclusion that specific local side 

chain interactions are not responsible for the high degree of immobilization. Of course, this does 

not eliminate the possibility that the methyl groups of alanine could be involved in an interaction 

with R9, a possibility that will be revisited below. 

 

7.2.1.2 Dependence of the R9 side chain mobility on protein local structures 

To explore the generality of labeling and the information content of R9 EPR spectra in a 

helical protein, the side chain was introduced, one at a time, at sites in distinct structural 

elements of T4L, namely solvent-exposed sites in the interior of regular helices (sites 68, 72, 76, 

131), helix N-terminal sites (sites 82, 109), a C-terminal helix site (site 80), an interhelical loop 

site (site 81), tertiary contact sites (sites 65, 115, 134), and buried sites (site 99, 118, 133, 153). 

Figure. 7.4 (A) shows the location of the above sites in T4L with the backbone color-coded 

according to crystallographic B-factors. 

The EPR spectra of all labeled mutants were measured in a 30% (wt/wt) sucrose solution to 

minimize the contribution from the rotational diffusion of the protein. The solid-support 

attachment was not used considering the variety of topographical regions involved and the 

likelihood that direct nitroxide/solid support interactions will contribute to the side chain 

dynamics at some sites. Thus, the spectra reflect a small contribution from rotational diffusion of 

the protein that is absent in solid support attachment, but differences between the sites can be 

reliably interpreted as contributions from internal modes of motion. The spectra are shown in 

Figure 7.4 (B). 

Firstly, the data reveal that the R9 side chain can be introduced with good yields at sites in 
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any of the structural elements tested (Figure 7.4 (B)), except for the buried sites where there is 

essentially no labeling. On the other hand, the methanethiosulfonate R1 reagent (and the 

disulfide IDSL V1 reagent at site 118) react readily with these sites as previously reported2,3,5. 

The apparent selectivity for solvent-exposed sites can be an important advantage of the R9 

labeling scheme, which will be explored in the following sections. 

 

Figure 7.4 Comparison of CW-EPR spectra of R9 and R1 at various sites of T4L. (A) Ribbon diagram of T4L (PDB 

code: 1L63) showing all the sites used in this study, of which each residue is colored based on the value of B-factor. 

The blue spheres (non-interacting helical sites), blue-white spheres (helical termini sites), red spheres (tertiary 

contact sites), and black spheres (buried sites) at the Cα indicate where spin labels are introduced. (B) CW-EPR 

spectra of R1 and R9 at room temperature in 30% (wt/wt) sucrose solution. The vertical lines are drawn and fixed to 

the value corresponding to the 2Azz’ of the 72R1 or 72R9 spectrum as a reference for comparison. Spectra of helical 

sites are sequentially ordered. Spectra of buried sites were measured under the same experimental conditions to 

reveal how negligible the amount of a buried site can be labeled by R9. 

Based on larger 2Azz’ values, the R9 side chain is generally more immobilized at each site 
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compared to R1. As compared to R1 or V1, its unique short linkage enables fewer oscillating 

bonds and closeness to the backbone. Benefiting from its higher rigidity, R9 is able to monitor 

dynamics with effectively fewer complications arising from its own internal modes. At non-

interacting helix surface sites, the spectra of R9 reflect the mobility variation between the center 

and the termini, which resembles what has been revealed by R1. 

Nevertheless, the spectra of R9 reflect a striking site-specific variation in mobility that 

encodes information on local backbone dynamics and interactions in regular helical structures. It 

has been known that local interactions of the nitroxide with other groups in the protein can give 

rise to multicomponent spectra that can be modulated in complex ways by exchange events. Both 

RX and V1 show strong immobilization and therefore a high similarity generally on almost all 

sites. Although there are still site-dependent differences, such as the value of 2Azz’, the variations 

are often subtle and not intuitive. The R9 side chain might be able to provide unique information 

on protein backbone dynamics. 

Although an analysis of the structural and dynamic origin for the site-dependent mobility is 

beyond the scope of this work, crystal structures that will be presented below identify the unique 

interactions of R9, which give rise to relative immobilization and offer clues to the origin of the 

site-dependent variation. 

 

7.2.2 Reaction of HO-4072 

7.2.2.1 The reaction mechanism and kinetics 

The reaction of HO-4072 with cysteine is anticipated to proceed via a Michael addition 

followed by E1 elimination (Figure 7.5 (A)). The nucleophile in the Michael addition is RS-, so 

the reaction should proceed most rapidly in an alkaline solution. This is readily confirmed by 
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monitoring the decrease in EPR signal (Figure 7.5 (B)) corresponding to the unreacted HO-4072 

during the reaction under pseudo-first order conditions (large excess of protein). Figure 7.5 (C) 

shows the pseudo-first order rate constant determined in this manner as a function of pH for T4L 

131C. The apparent pK determined by fitting is 8.35±0.2, a reasonable value for the pKa of 

cysteine in a protein6. 

However, these data do not identify the product, and it could be the Michael addition 

intermediate preceding the elimination of the HF molecule (Figure 7.5 (A)). Moreover, the 4-

ester could be partially or fully hydrolyzed in the alkaline solutions in which the reaction is most 

favorably carried out (pH 8 to 9). Thus, a mixture of products is possible. However, mass 

spectrometry of the final product indicates a single species with the expected mass increase 

corresponding to the R9 side chain (196±1 Da), readily distinguishable from the intermediate 

with (181±1 Da increase) ester hydrolysis. Examples of single- and double-site reactions are 

illustrated in Figure 7.5 (D). Mass spectra were also recorded during the reaction, and no 

evidence of accumulation of the Michael intermediate (216±1 Da increase) was observed (Figure 

7.6). Apparently, the elimination step is rapid. 
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Figure 7.5 The SDSL strategy and kinetics based on cysteine. (A) Proposed spin-label reaction mechanism with HO-

4072 to generate the R9 side chain. (B) The fitting for the pH dependence of reaction rate constants to the 

Henderson–Hasselbalch equation. (C) The reaction kinetic curve was obtained by fitting the decreased CW-EPR 

high field signal amplitudes of HO-4072 reaction to an exponential function under pH=8.41 in solution. (D) 

Deconvoluted ESI mass spectra before and after the spin-label reaction between HO-4072 and T4L mutant with a 

single solvent-exposed cysteine (131C) or double solvent-exposed cysteines (65C/76C). 

In a separate experiment, it was also found that ester hydrolysis of the reagent itself does not 

take place at measurable rates even at pH = 8.7 at 28℃ for 48h (personal communication from 

Dr. Támás Kálai). The cysteine-less pseudo wild-type T4L was also incubated with the HO-4072 

under the same reaction conditions. It was determined that background labeling of groups other 

than cysteine contributed less than 1% of the total EPR signal of the labeled cysteine mutants 

when pH<9. 
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Figure 7.6 Deconvoluted ESI mass spectra of a reaction mixture of T4L mutant with a single solvent-exposed 

cysteine (72C) with HO-4072 after 2.5, 3.5, or 5 h. 

 

7.2.2.2 Degree of destabilization to T4L by the substitution for the R9 side chain 

The urea denaturation curves (Figure 7.7) were also determined for T4L72R9 using 

tryptophan fluorescence to quantitatively assess its possible influence exerting on the stability of 

the protein. The fit to the two-state model (Table 7.2) showed a decrease in the free energy of 

unfolding relative to the mutant 72C, revealing the destabilization effect brought by the side 

chain R9. As compared to R1 (and even the hydrophobic RY), although it is still within the 

typical values for single amino acid substitutions as 2-5 kcal/mol, a roughly 4 kcal/mol decrease 

clearly implies that R9 interacts distinctively differently with the protein from disulfide-linked 

side chains. 

 

Figure 7.7 Urea denaturation curves of T4L72C, T4L72R1, and T4L72R9 based on the center of spectral mass of 

tryptophan fluorescence emission, fit to the equation describing a two-state, reversible unfolding process at 

equilibrium (details are described in chapter 8, materials and methods). 

Table 7.2 Thermodynamic properties derived from the two-state model fit of urea denaturation curves. 

 T4L72C T4L72R1 T4L72R9 
ΔG0 (kcal/mol) 12.0 ± 0.91 11.6 ± 1.6 7.92 ± 1.8 
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ΔΔG0 (kcal/mol)  -0.4 -4.08 
m (kcal⋅L/mol2) 2.47 ± 0.19 2.26 ± 0.33 1.56 ± 0.36 
[Urea]1/2 (mol/L) 4.87 5.13 5.07 

An obvious shift (almost one unit less) was also observed for the m-value, which might be 

able to provide some insight into understanding the change in the free energy. Over years of 

studying7–9, it now appears that urea denatures proteins because it favors conformations that 

expose more solvent-accessible surface area (ASA). As urea is added to a protein solution, the 

denatured state is energetically more favored as more peptide groups can be exposed to the 

solution in which the urea principally acts as a preferred solvent for these groups. The 

conformational equilibrium is consequently shifted towards the unfolded state, of which the 

population is dependent on the concentration of urea, producing measurable responses that can 

be used for thermodynamic analysis. 

Experimentally defined in this analysis, the thermodynamic m-value is generally considered 

as a parameter reporting on the difference in ASA between the folded and denatured states. The 

apparently decreased m-value indicates that such a difference in ASA for 72R9 is smaller than 

what it is for 72R1. One possible reason is that the denatured state is somehow more compact 

when the side chain R9 is attached to site 72C, as compared to when the side chain R1 is 

attached. 

However, considering that the protein mutant is essentially the same, a rather uncommon but 

seemingly reasonable possibility could be proposed. While the accurate description of the urea-

induced denaturation mechanism is still under debate, a widely-accepted point of view is that 

urea preferentially and efficiently solvates the protein backbone via hydrogen bonding, which 

serves as one of the key steps through which urea intrudes the hydrophobic core of the protein 

and denatures it. When attached to the solvent-accessible surface of the protein (site 72), the R9 

side chain likely competes against urea to develop noncovalent interactions (e.g., hydrogen 
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bonding) with backbone atoms, leading to a reduction of the apparent solvent-accessible surfaces 

and less effectiveness of urea. 

More experiments are needed to justly explain the effects detected in the urea denaturation 

and to understand the mechanism, which seems to be relevant to the interactions between the R9 

side chain and the protein. In this context, a crystal structure could fundamentally advance 

comprehension by offering a structural basis at the atomic level. Some results will be shown 

below. 

 

7.2.3 Crystal structure of T4L 65R9/76R9 

To identify the interactions of the R9 side chain that constrain the internal motion at helical 

sites, a 1.6Å crystal structure of T4L containing R9 side chains at positions 65 and 76 in the long 

helix C (T4L 65R9/76R9) was solved and refined to an R-factor of 21% (Table 7.3, more 

detailed statistics will be reported in a future publication). A structure of R9 at reference site 72 

was not obtained since this site is involved in crystal contacts. 

At the level of the backbone fold, the structure of T4L 65R9/7R9 is essentially identical to 

pseudo-WT (PDB code: 1L63). In particular, there is little difference between the backbone 

dihedral angles along helix C in T4L 65R9/76R9 and the pseudo-WT structures from 

Ramachandran plots, showing that the spin labels do not distort the local helical geometry 

(Figure 7.8). 

Table 7.3 X-ray data collection 
and refinement statistics 

for the T4L 65R9/76R9 crystal 
Data Collection  

Temperature, K 100 
Wavelength, Å 1.5418 
Resolution, Å 80-1.60 
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Figure 7.9 shows the electron 

density map for 65R9 and 76R9; 

electron densities of native side chains 

at other positions in the helix C are also 

shown to indicate the quality of the 

structure. Remarkably, the 2FO–FC 

electron density map reveals a single 

conformation of the side chain at both 

sites 65 and 76, with nearly all non-

hydrogen atoms resolved. This is 

consistent with the high order of R9 reflected in the CW-EPR spectra. In contrast, electron 

density maps of the more mobile R1 at solvent-exposed helical sites are generally not resolved 

for the nitroxide ring due to disorder about the final two single bonds (χ4 and χ5) (Figure 7.1). 

 

Figure 7.8 Ramachandran plot of the backbone dihedral angles for the T4L pseudo-wild type (PDB code: 1L63) and 

65R9/76R9 crystal structures, showing that R9 does not substantially perturb the local protein structure from the 

wild type. 

Highest resolution shell 1.66-1.60 
Space group P3221 
Completeness, % 97.64 
Unit cell dimensions  

a, Å 60.390 
b, Å 60.390 
c, Å 95.430 

Refinement  
Resolution, Å 45.86-1.60 
Reflections used 26610 
Rcryst, % 20.64 
Rfree, % 22.93 
R. M. S. deviations  

Bond lengths, Å 0.007 
Bond angles, ° 0.874 

Mean B factor, Å  
Protein atoms 22.94 
Overall atoms 23.81 

Estimated coordinate error, Å 0.15 
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Figure 7.9 Crystal structure of T4L 65R9/76R9 at 100 K. (A) Electron density map for R9 and neighboring side 

chains are shown for the C helix. The electron density (cyan mesh) was calculated as an unweighted 2Fo-Fc map 

contoured at 1.0 σ. (B and C) Electron density maps of 65R9 and 76R9, respectively. 

Rotamers of a side chain with respect to dihedral angles {χ1, χ2} are designated t (trans), p 

(plus), or m (minus). For native amino acid side chains, nominal values of t, p, m are ±180°, 

+60° and -60°, but variations of ±30° are commonly observed. For R1, V1, and RX, {m, m}, {t, 

p}, and {t, m} are the predominant rotamers observed in crystal structures on α-helices2,10. These 

rotamers are apparently stabilized by intra-residue interactions between the disulfide moiety and 

the peptide backbone, especially the Cα-H···Sδ interaction. 

At both sites 65 and 76, the R9 side chain adopts the {t, t} conformation (Table. 7.4) that has 

not so far been observed in any structures of disulfide-linked spin labels at α-helical sites11–14. 
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The non-covalent interactions that likely stabilize this rotamer and constrain the motion are 

identified from the structure as pairwise interactions at a distance less than the sum of the van der 

Waals radii of the atoms. Due to the short nitroxide-protein linkage in the R9 side chain, the 

nitroxide ring resides close to the backbone and numerous interactions unique to R9 are found. 

These may be grouped into two classes: (1) internal interactions within the R9 amino acid, and 

(2) inter-residue interactions with the i-3 and i-4 residues. The key interactions meeting the 

criterion and involved in stabilizing the rotamer and hindering rotation of the nitroxide are shown 

in Figure 7.10 and tabulated in Table 7.5. 

Table 7.4 Structures of the T4L 65R9 and 76R9 side chains. 

Dihedral angle (χ)(°) 
or Bond angle (∠)(°) 
or Distance (d)(Å) 

T4L 65R9 {t, t} T4L 76R9 {t, t} 

χ1 -176.55 -177.55 
χ2 -174.45 -142.95 
χ3 +138.30 +114.46 

∠Cβ-Sγ-C3 +95.64 +106.78 
d (Cβ-Sγ) 1.765 1.799 

Primary interactions that stabilize the χ1 configuration as {t} are the Cα-H···Sγ interaction, 

the two Cβ-H···O=C interactions with backbone peptides (residue i-3 and i-4), and the relative 

weak Sγ···O=C internal interaction15–18. Such inter-atomic interactions, including the Cβ-H 

interactions with oxygen, have been previously documented in proteins19,20. It needs to be noted 

that although the Cβ-H is usually not considered as the H-bond donor, due to the adjacent sulfur, 

it is in principle more prone to develop such interaction with a nice H-bond acceptor, such as the 

carbonyl oxygen. 
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Figure 7.10 Intra-residue and inter-residue interactions that stabilize the structure of 65R9 {t, t} and 76R9 {t, t} on 

helix C determined from the crystal structure. Interactions stabilizing the χ1 and χ2 are colored green, the ones 

restricting the χ3 are colored red, and the ones stabilizing the internal structure but not the dihedrals of the thioether 

linkage are colored black. 

However, these interactions will not restrict values of χ2 and χ3, and the motion of the 

nitroxide ring relative to the protein. Apparently, the ester group plays an essential role in 

restricting the internal motion of the R9 side chain. Again, though the sp3 hybridization ester 

oxygen is not often seen as the H-bond acceptor, it is not impossible. Taking account of the fact 

that Cα-H has been widely known to form stable interaction due to its acidity, it is convincing 

that the ester group can help R9 to be relatively immobilized on the protein surface. 

The 4-substituent ester group is approximately co-planar with the unsaturated nitroxide ring 

presumably due to conjugation. The small tilt angle (approximately 30°-35°) between two 

conjugation planes optimizes intramolecular interactions of the oxygen atoms in the ester with Sγ 
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and Cα-H, and avoids a possible repulsive interaction between the ester methyl group with Cβ. 

The close apposition of the nonpolar surface of the nitroxide ring with the backbone surface 

leads to the de-solvation of the ring and suggests an additional, perhaps dominant, contribution 

from the hydrophobic effect (Figure 7.11). 

 

Figure 7.11 Illustration of the de-solvation by nonpolar surfaces. The stick models of the nitroxide ring structures 

from 65R9 and 76R9 are shown with their nonpolar surfaces (cyan), while the backbone atoms under the surfaces 

that become solvent inaccessible are shown as space-filling models. 

Importantly, the interactions in Table. 7.5 do not rely on the identity of any neighboring side 

chain (unless glycine) since only Cβ-H interactions are involved with peptide atoms of nearest 

neighbors. Moreover, the intra-R9 interactions are general and site independent. Thus, it is 

reasonable to assume that for R9 at helical sites, the above interactions would be retained, and 

one would expect internal immobilization of the nitroxide. However, collective motions of the 

helix would still modulate the motion of the nitroxide, suggesting the possibility that R9 may be 

a sensor for slow protein motions, as discussed further below. 

Table 7.5 Apparent attractive interactions with the R9 side chain in the {t, t} configuration at sites 65 and 76. 

Distances (Å) T4L 65R9 {t, t} T4L 76R9 {t, t} 
Intra-residue interactions 

C7-H···O (ester oxygen) 2.60 2.42 
Sγ···O (carbonyl oxygen) 3.60* 3.21 

Cβ-H···O (carbonyl oxygen) 2.42 2.89* 
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Cα-H···Sγ 2.88 2.97 
Sγ···O (peptide oxygen) 3.42 3.37 

C8-H···O (peptide oxygen) n.a. 2.96* 
Inter-residue interactions 

O (ester oxygen) ···Cα, i-3-H n.a. 2.54 
Cβ-H···Oi-3 (peptide oxygen) 2.55 2.73 
Cβ-H···Oi-4 (peptide oxygen) 2.80 2.85* 

* The sum of hydrogen and oxygen van der Waals radii21 which is 2.7~2.8 Å, but the weak interactions (distance < 
3.0 Å) are still included, n.a.: the distance is larger than 3.0 Å; the sum of the hydrogen and sulfur van der Waals 
radii which is 3.0~3.1 Å; the sum of the oxygen and sulfur van der Waals radii which is 3.3~3.4 Å. 

Although the {t, t} rotamer is the only one observed here, other rotamers can be modeled 

with a similar set of attractive interactions and without steric collisions (see below). The 

selection of the {t, t} rotamer may be the result of the environment in the crystal lattice, 

particularly at site 65 (Figure 7.12), the nitroxide is at a distance of 3.2-3.3Å with several atoms 

spatially surrounded: the peptide oxygen of Ile50 from the same protein molecule; the Cδ-H, and 

the Nε-H of Arg137 from a symmetry-related protein molecule in the crystal lattice. 

 

Figure 7.12 Interactions determined from the crystal structure between 65R9 {t, t} with Ile50 from the same protein 

molecule (grey), and Arg137 from a symmetry-related protein molecule in the crystal lattice (blue). 

It seems that the short linkage of R9 also plays a role in populating the {t, t} rotamer. As a 

comparison, there is no such interaction around V1 that instead adopts the rotamer {t, p} at the 
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same site (site 65). The fact that the disulfide linkage of V1 is longer than R9 is very likely to 

force V1 to point toward another direction, otherwise, it would not be able to fit into the fairly 

narrow space surrounded by Ile50 and Arg137 in the lattice. Similar to V1 but with an even 

longer length, R1 has been forced to interact repulsively with another symmetry-related protein 

molecule in the crystal lattice, leading to internal strain and thus its non-nominal values of χ1 and 

χ2 (153° and 89°)22. 

In addition to the potential influences from symmetry-related molecules, more generally, the 

unusual solvent conditions in the crystal can also play a role in determining the rotamer(s) of any 

side chain, such as R9, where solvation is an important energetic feature. Indeed, DEER distance 

mapping of the protein in frozen solution indicates the existence of at least one other preferred 

rotamer of R9. The results are presented in the following section. 

Shortly, for R1, the Cα-H···Sδ interaction essentially determines that the χ4/χ5 model23 is 

sufficient for describing its mobility, in which the last two terminal bonds matter the most. While 

for V1, the mobility of the whole side chain is effectively restricted with the internal strain 

accomplished via N···Sγ interaction to the torsional oscillation about the terminal χ4 dihedral 

angle bond. Due to the fact that R9 has only three bonds as the linkage, it is natural to assume 

that its terminal bond would be more accessible to various non-covalent interactions. Details will 

be analyzed below. 

 

7.2.4 Interspin distance mapping by DEER 

Double electron–electron resonance (DEER) spectroscopy24 is well-established for 

measuring long-range distance (20–80 Å) between pairs of spin labels selectively introduced in 

proteins. An important feature of DEER is that it provides analytical probability distributions, not 
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just average distances, making this technique a superior tool for revealing not only the structural 

heterogeneity of protein, but also the magnitude of structural differences. 

 

Figure 7.13 DEER data of T4L mutants bearing either two R9 side chains (blue traces) or two R1 side chains (red 

traces). Background-subtracted dipolar evolution functions (left) of the indicated mutants and their corresponding 

area-normalized distance probability distributions (right) obtained from (A) multiple Gaussian-based fits; (B) 

Tikhonov regularization (model-free) fits, for T4L 65R9/76R9, T4L 72R9/131R9, and T4L 109R9/131R9. 

The distances determined by DEER will of course depend on the structure of the protein, but 

in addition on the {χ1, χ2} rotamer of each side chain. The width of a distribution is determined 

by the spatial disorder of the nitroxide in the state populated, and this is determined both by the 

disorder of the protein structure and of the side chain itself. Therefore, the internal flexibility 

(disorder) of R1 makes it problematic to directly translate interspin distances into structural 
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information of proteins. It is therefore of interest to discover rigid nitroxide side chains for which 

the internal flexibility has minimal contribution to the overall distribution width. 

Though many efforts have been made through crystallization and simulation to model the 

state of R1 and thereby deconvolute its contribution in DEER measurements, finding an 

alternative side chain with more restricted internal motions has always been considered a neater 

way to simplify this problem. The crosslinker RX has proven useful for its significantly narrow 

linewidth compared to R1. However, it would require 4 cysteine mutations per one distance 

measurement, which unquestionably casts a shadow on whether the folding of proteins would be 

influenced in some regions. Moreover, the formation of the crosslink would likely lead to strain 

in forming a proper helix extending to the i+3 or i+4 position, thereby potentially modifying the 

local structure and dynamics. 

As already shown by CW-EPR spectra at various sites, the R9 side chain has the highest 

order of motion of any single-site attachment label, making it a potential candidate for DEER 

distance measurements that would reflect primarily protein disorder. To evaluate this point, pairs 

of R9 labels were introduced at T4L sites in regular, stable helices. 

Previous DEER studies have shown 

that analysis using a multiple-Gaussian 

model provides a way to distinguish 

‘states’ in equilibrium and to obtain the 

fractional populations of each component 

from the distance distributions. For 

results obtained in this experiment, fits of 

dipolar evolution functions (DEF) to a multiple-Gaussian model for the distance distribution 

Table 7.6 Results of multiple Gaussian-based fits. 
 Distance (Å) Width (Å) Population 

65R9/76R9 
20.08 ± 0.16 2.41 ± 0.34 61.32% 
23.04 ± 1.62 4.27 ± 3.04 24.73% 
30.70 ± 2.73 9.76 ± 4.23 13.95% 

65R1/76R1 22.98 ± 0.21 2.28 ± 0.37 69.51% 
25.17 ± 0.27 1.65 ± 0.42 30.49% 

72R9/131R9 35.91 ± 0.05 2.92 ± 0.13 81.22% 
40.39 ± 0.16 1.34 ± 1.09 18.78% 

72R1/131R1 36.01 ± 0.08 5.85 ± 0.21 100.00% 

109R9/131R9 25.56 ± 0.18 2.50 ± 0.44 16.40% 
29.90 ± 0.06 3.82 ± 0.12 83.60% 

109R1/131R1 31.22 ± 0.07 5.00 ± 0.19 100.00% 
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were found to be equivalent to the model-free analysis in reproducing the details of the distance 

distributions (Figure 7.13), therefore the analysis is based mainly on the multiple-Gaussian 

model. 

Remarkably, in each pair, each component from the distance distribution of R9-labeled 

mutants has narrower widths (Table 7.6) than R1-labeled analogs, reflecting a better localization 

of nitroxide within R9 (Figure 7.13). The dominant component of in each distribution has a 

shorter most probable distance value compared to what R1-labeled analogs measure. Both the 

shorter distance and narrower peak width could presumably be attributed to the short linkage and 

restricted mobility of R9, though there is still residual motion that must account for the width of 

the interspin distance distribution. 

As mentioned, the structural heterogeneity in both the side chain and the protein itself would 

contribute to the width of distance distributions. Among 3 pairs of R9-labeled mutants, 

109R9/131R9 shows the most complex structure in the distance distribution, consistent with the 

fact that site 109 resides in the short helix F that is known to have a high degree of flexibility25. 

As a comparison, the distance distribution of 65R9/76R9 is essentially dominated by a single 

distance of ~20.1Å, which is consistent with the fact that both sites are located within the stable 

helix C. 

Of significant interest is that the 20.1Å distance determined by DEER for 65R9/76R9 is 3Å 

longer than the 17.3Å interspin distance measured from the crystal structure (Figure 7.14 (A)). 

Considering that there is no second R9 rotamer except for the rotamer {t, t} resolved at the same 

time from the crystal structure, it is reasonable to assume that a different rotamer must be 

populated in the aqueous solution instead. 

While it is known that only the most energetically favored conformational structure will be 
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stabilized during crystallization, the selection of molecular rotamers can be severely affected by 

the crystal environment. Both the difference in temperature and the degree of hydration could 

theoretically modulate the rotameric equilibria, leading to the deviation between the crystal and 

solution structures. In a contrast, DEER experiments can presumably capture and resolve all co-

existing distances under the equilibrium in the aqueous solution. Less observed in previous 

works, it is actually intriguing that the attached spin labels report the same physical distance 

differently under different environments (as large as 3Å). 
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Figure 7.14 Models of the C helix containing 65R9 and 76R9, showing the interspin distance between: (A) 65R9 {t, 

t} and 76R9 {t, t}; (B) 65R9 {m, m} and 76R9 {t, t}; (C) 65R9 {m, m} and 76R9 {m, m}. 

To further understand this difference, other possible rotamers that would be sterically 

allowed were modeled26 at both sites based on the crystallographically determined configuration 

of R9 (bond angles, lengths, etc.) to see if the DEER-measured distance can thus be satisfied. 

While this distance difference cannot be compensated by only adjusting the χ3, it is required for 

the R9 side to adopt a different {χ1, χ2} rotamer that is not {t, t} at site 65. Among all models, 

using an {m, m, +170°} rotamer at site 65 and keeping the {t, t, +114°} rotamer at site 76, an 

interspin distance of ~20.7Å can be obtained (Figure 7.14 (B)). Another feasible combination is 

to also propose an {m, m} rotamer for 76R9, giving a distance of ~20.5Å (Figure 7.14 (C)). 

 

Figure 7.15 A model of interactions between 65R9 {m, m} (orange) with Trp158, Met1, Ala93, and Val94 from a 

symmetry-related protein molecule in the crystal lattice (green). The original 65R9 {t, t} rotamer is also displayed to 

show the relative orientation. 

Either the unique short linkage or the chemical composition (ester group), or both have 

potentially enabled a virtually different rotameric library for R9. When building up the model of 
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the {m, m, +170°} rotamer in the crystal lattice, which is compatible with the DEER distance, 

there shows several potentially unfavorable repulsive interactions, even collisions, between this 

rotamer (colored as orange) with another (different from the one in Figure 7.12) symmetry-

related molecule. The hydrophobic patch (Figure 7.15) formed by Trp158, Met1, Ala93, and 

Val94 from this molecule could essentially eliminate the possibility of populating the {m, m} 

rotamer at site 65 in the crystal lattice. 

In summary, the {t, t} rotamer is more energetically favored under the crystal environment, 

which could not be achieved similarly in the aqueous solution. Instead, another rotamer is 

populated, suggesting that this configuration would be more stable when there is no interaction 

imposed from symmetry-related molecules. It needs to be emphasized that the {m, m} is just one 

of the possible rotamers that are energetically reasonable in the solution, but other alternatives 

are not certainly excluded. The fact that there is more than one single component in each of the 

three DEER distance distributions of R9 pairs implies the existence of rotameric equilibria. 

In fact, it has been shown in the modeling tests (results not included here) that combinations 

using different rotamers can account for all of the probable distances resolved in distributions 

except for the minor one (14%) at 30.7Å in 65R9/76R9, which might be rationalized to 

fluctuations of the backbone. The feature of the R9 side chain that it possesses the shortest 

linkage and thus the closeness to the surface suggests that it might be able to provide a unique 

perspective in describing backbone dynamics that is not detectable to other disulfide-linked 

labels. 

Collectively, the R9 side chain has shown to be a practically applicable alternative for DEER 

measurements, exhibiting narrower and discrete components in distance distributions, which 

would help simplify the consequent analysis. Although it has always been debated whether 
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DEER measurements can faithfully retain the conformation under ambient conditions upon 

flash-freezing, it is unquestionable that the distance measurement of 65R9/76R9 identifies a 

distinction between crystal lattice and aqueous solution under cryogenic temperatures. Further 

analysis will be given and discussed below. 

 

7.2.5 Structural origin of the highly ordered motion of the R9 side chain 

As supported by the characteristic CW-EPR lineshapes, the narrow DEER distribution, and 

the resolved nitroxide ring in the crystal structure, it is reasonable to believe that the R9 side 

chain is strongly immobilized to the backbone on the protein surface. For possible applications 

and a further understanding of the spin label, it is vital to comprehend and eventually elucidate 

the structural origin of its rigidity. 

It has already been revealed via the analysis about the {t, t} rotamer that the R9 side chain is 

able to adopt the configuration so that energetically favored interactions around it can be 

satisfied, and thus the side chain can be effectively immobilized relative to the protein. The 

closeness of R9 to the surface ensures that necessary interaction can be formed with ‘conserved’ 

atoms (Cα, Cβ, or peptide carbonyl oxygen) in the backbone. At the same time, the short linkage 

also helps minimize potential hydrophobic collision so that the ester group can extend and 

approach other atoms to develop non-covalent interactions. 

Analogously, when modeling the {m, m} rotamers, all χ1, χ2, and χ3 angles are 

approximately optimized so that as much as attractive interactions could be satisfied. In general, 

sufficient interactions are accessible for this rotamer to be energetically stable at the sites being 

examined, further supporting the presumption that this rotamer would be more favored in the 

aqueous solution. 
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Figure 7.16 Intra-residue and inter-residue interactions that stabilize the structure of 65R9 {m, m} on helix C from 

the molecular modeling. 

Common interactions are found for both configurations, including the Cα-H···Sγ and Cβ-

H···Oi-3/Oi-4 (peptide) interactions. Attractive interactions observed previously from only the {m, 

m} rotamer of R1, such as the (peptide) N-H···Sγ interaction and the Cβ-H···O (peptide) 

interaction, are also found. Instead of the Cα, i-3-H···O (ester oxygen) interaction, the {m, m} 

rotamer has a similar but also more or less weak attractive interaction between the Cβ, i+3-H and 

the carbonyl sp2 oxygen (peptide) to help immobilize the side chain to the backbone. Even 

though, due to the carboxamide side chain of Asn68, such interaction at site 65 could be 

enhanced by its more acidic Cβ, i+3-H. 

Among all the interactions that the proposed model of the {m, m} rotamer has enabled, the 

most important one is the strong attractive interaction between Cα-H and the carbonyl sp2 oxygen 

(Table. 7.7 and Figure 7.16). Instead of forming the potentially weak hydrogen-bonding with the 

Cβ-H in {t, t} rotamers, the ester group is positioned within the accessible range of the more 

acidic Cα-H to make internal interaction when the side chain adopts the {m, m} configuration. 

The {m, m} rotamer was found in previous publications to be the most probable of all 
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sterically allowed rotamers according to both experimental results and quantum mechanical 

computation of disulfide-linked side chains. Both the Sγ and Sδ atoms form interactions with the 

backbone Cα-H facilely, making this rotamer likely the most energetically favored configuration 

on surface-accessible helix regions. Similarly (also with the Cα-H···Sγ interaction), but also 

differently (no atom Sδ), it is reasonable to speculate that at the same topographic regions 

(solvent exposed helical sites), the {m, m} configuration will be the most prospective rotamer for 

R9 side chains to adopt. The Cα-H interactions with oxygen have been widely documented in 

proteins, which could play the key role in sufficiently restricting the mobility of R9 relative to 

the protein. 

Table 7.7 Attractive interactions with the R9 side chain in the {m, m} configuration at sites 65 and 72. 

Distances (Å) 65R9 {m, m} 72R9 {m, m} 
Intra-residue interactions 

C7-H···O (ester oxygen) 2.60 2.42 
Cα-H···O (ester oxygen) 2.92* n.a. 
Sγ···O (carbonyl oxygen) 3.60* 3.21 

Cβ-H···O (carbonyl oxygen) 2.46 n.a. 
Cα-H···O (carbonyl oxygen) 2.13 2.20 

Cα-H···Sγ 2.95 2.67 
N (peptide nitrogen)-H···Sγ 2.66 3.19* 

Inter-residue interactions 
O (ester oxygen) ···Cβ, i+3-H 2.87* n.a. 

O (ester oxygen) ···Cβ, i+3-H (another) 2.68 n.a. 
Cβ-H···Oi-3 (peptide oxygen) 2.59 2.82* 
Cβ-H···Oi-4 (peptide oxygen) n.a. 2.72 

Sγ···Cα, i-3-H 3.10 n.a. 
Sγ···Oi-4 (peptide oxygen) 2.46 3.50* 

C8-H···Oi-4 (peptide oxygen) 1.40* n.a. 
C8-H (another)···Oi-4 (peptide oxygen) 2.74 n.a. 

*The sum of the hydrogen and oxygen van der Waals radii which is 2.7~2.8 Å, but the weak interactions (distance < 

3.0 Å) are still included; the sum of the hydrogen and sulfur van der Waals radii which is 3.0~3.1 Å; the sum of the 

oxygen and sulfur van der Waals radii which is 3.3~3.4 Å 

While the existence of other rotamers cannot be excluded with certainty, the {m, m} 
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rotamers were found to be successfully modeled (results were not shown) at most helical sites 

tested for R9 in this work, including sites 68, 72, 76, 80, 82, 109, 115, and 131. The modeling 

tests for 72R9/131R9 have offered other supportive evidence. It turns out to be that any model 

built with the {t, t} rotamer at site 72 actually cannot explain the dominant interspin distance of 

~35.9Å reported by DEER measurement for the 72R9/131R9 pair, regardless of which rotamer is 

used at site 131. In the meantime, both the DEER result of the 72R9/131R9 pair and 

109R9/131R9 pair are compatible with models using {m, m} rotamers of R9 at sites 72, 109, and 

131 (Figure 7.17). 
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Figure 7.17 Models of T4L containing 72R9, 109R9, and 131R9, showing the interspin distance corresponding to 

DEER measurements. (A) 72R9/131R9; (B) 109R9/131R9. The protein is colored as a transition from blue at its N-

terminus to red at its C-terminus. 

Among three rotamers previously observed for R1, the {t, m} rotamer is not sterically 

allowed for 72R9 (also {m, p}, {p, m}, {p, p}, {p, t}). Even though it is theoretically possible to 

build the {t, p} or {m, t} rotamers for 72R9, both rotamers would orient the ester group away 

from the protein but into the solution. Instead, {m, m} can keep the structure closer to the 

backbone and thus effectively immobilize the side chain by being able to pick up more 

interactions, which is consistent with what the CW-EPR spectrum of 72R9 shows: the strongly 

restricted, highly ordered motion. 

It needs to be noted that although at both sites the same rotamer is adopted, the 65R9 {m, m} 

resides differently from 72R9 {m, m}. Around 72R9, there are two hydrophobic Valine residues 

at the i-1 and i+3 positions prohibiting the 4 methyl groups of the nitroxide ring from getting 

closer. While their coherent (a single Val is not enough as proved by the alanine substitution 

experiment) steric hindrance could be the reason why the R9 side chain could be so strongly 

immobilized at this site, such orientation has disabled additional interactions between the 

hydrogen atoms from the nitroxide ring with the peptide oxygen at the i-4 position, which were 

observed in the 65R9. However, the mobility of 65R9 is indeed less restricted than 72R9 judging 

from their CW-EPR spectra, which could be a result of the backbone fluctuation near site 65 

located near the termini of the helix. 

 

7.2.6 Applications 

7.2.6.1 Spin-lattice relaxation rate (T1) of T4L72R9 attached to Sepharose 
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It is well established that the EPR spectrum is modulated by the relaxation effects. By 

measuring saturation-relaxation dependent behaviors of the spin label, several EPR techniques 

extend the detection limit of structure and dynamics. 

Reflected from the narrow linewidth of CW spectra, it can be inferred that R9 has a long 

relaxation time as compared to R1 due to its restricted amplitude of internal motion. In order to 

quantitatively evaluate R9 for further application, its value of T1, the spin-lattice relaxation time 

on T4L 72C attached to CNBr-Sepharose is measured by the pulsed saturation recovery EPR 

(SR-EPR)27. Briefly, SR measures the recovery of the EPR signal following a saturating 

microwave pulse applied to the maximum absorbance of the nitroxide mI = 0 resonance. Under 

similar conditions, the longer T1 usually correlates with the more restricted motion. On solvent-

exposed sites of proteins, R1 typically has T1 ≈ 3μs (2.9μs for 72R1 on CNBr), while RX has T1 

of 6~9μs (7.7μs for 68RX72 on CNBr). 

 

Figure 7.18 SR curves for 72R9 on CNBr-Sepharose. The plot shows the signal intensity recorded at the nitroxide mI 

= 0 resonance position in the first derivative CW spectrum as a function of time following a saturating microwave 

pulse delivered at the same position (black traces). Also shown are the fit to a Stretched Exponential model and 

UPEN28 (Multiplecomponent) model (red traces). The residuals for both fits are shown as gray traces, respectively. 
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When the extent of motional averaging is effectively limited, it is important to carefully 

select the proper mathematical model as the heterogeneity of the environment may play a more 

prominent role. Recently, the stretched exponential function (SEF) has been proposed by 

Subczynski and coworkers 29–32 to adequately describe such systems by a continuous sum of 

exponential decays. The stretching parameter (β) in SEF which ranges between zero and one, can 

be interpreted as a measure of environmental heterogeneity. The smaller the β, the more 

heterogeneous and less ordered the environment. 

Indeed, the SR-EPR data of T4L 72R9 can be nicely fitted using the SEF with a β = 0.91 and 

T1 = 7.56μs, suggesting a slightly heterogeneous and highly restricted mobility. Though the 

residuals from the conventional fit using three distinct exponential functions show comparable 

goodness to the fit residuals using the SEF (Figure 7.18), fitting with SEF is a more reasonable 

model that is consistent with the analysis based on the motional model determined from the 

spectral lineshape simulation: a single motional component of a high order. 

With its T1 = 7.56μs, R9 has exhibited its potential of serving as the probe candidate not only 

in slow motion detection (will be shown below) but also in relaxation enhancement 

measurements33–35 for providing long-range distances (20~60Å) on the nm scale in biological 

systems. Under physiological temperature, the upper limit of the accessible distance of this 

method can be theoretically extended to 40~45Å with such a long T1 value33,34. 

 

7.2.6.2 Detecting dynamics on the microsecond time scale with the R9 side chain in ST-EPR 

As extensively discussed in previous chapters of this dissertation, due to the uncommon 

sensitivity of ST-EPR to all motions on time scales from ns to ms, it is crucial to exclude the 

contribution from ps-ns fast motions when measuring slower dynamics. The fast internal motion 
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of the spin label side chain itself can also bring in significant perturbance to the measurement 

using ST-EPR. A rigid spin label side chain with more restricted internal motion is essential for 

measuring slow dynamics. Here, we show that as a monofunctional spin label with the more 

chemically stable thioether linkage, R9 is sufficiently immobilized on helical sites to detect 

microsecond dynamics in protein with ST-EPR. 

 

Figure 7.19 (A) ST-EPR and (B) CW-EPR spectra of T4L72R9 and T4L131R9 at room temperature, before (black 

traces) and after (red traces) being crosslinked by glutaraldehyde. All mutants attached to CNBr-activated 

Sepharose. The magnetic field scan width is 100 G. Line-heights used to calculate parameters are defined as shown, 

with the following explanations: All line-heights are measured with respect to the baseline. L is the resolved peak in 

the low field. L" is defined as the line-height at the field position 10 Gauss to the right of L. Similarly, H is the 

resolved peak in the high field, and H" is 15 Gauss to the left. The C and C' are the first peak and trough in the 

center. 

Figure 7.19 (A) shows the ST-EPR spectra (black traces) measured for T4L72R9 and 

T4L131R9 at room temperature. Both samples are attached to solid supports to exclude 

Brownian rotational diffusion of proteins. Lineshapes of the two sites are qualitatively similar, 

and both L’’/L (Table 7.8) report dynamics with correlation times around 23μs (calibration curves 
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of standards are from published results36) With higher sensitivity to the angular change of 

motions, the H’’/H of 72R9 shows dynamics ~50μs, while 131R9 shows dynamics ~100μs. The 

result that τR values obtained from different line-height ratios are different suggests the 

anisotropic nature of detected dynamics. It is reasonable to suppose that either the motional 

mode of protein is anisotropic, or it is coupled to the intrinsic anisotropy of the sensor, R9 itself. 

In order to better understand the motional origin of the microsecond dynamics observed in 

ST-EPR measurement, labeled proteins were crosslinked on the solid support by a sufficient 

amount of glutaraldehyde. For crosslinked samples (red traces), the H’’/H of 72R9 shows 

dynamics >100μs, while 131R9 shows dynamics >200μs. As each protein molecule was already 

separately tethered to CNBr-Sepharose, extensive crosslinking should only be able to exert 

influences on protein internal motions. Like what has been observed for RX and RY side chains, 

the CW-EPR spectra at both sites are hardly distinguishable before and after the crosslinking 

reaction, especially site 72 (Figure 7.19 (B)), which confirms again that the R9 side chain is so 

strongly immobilized that the CW-EPR lineshapes are not sensitive anymore. On the contrary, 

the ST-EPR spectra show apparent changes (Figure 7.19 (A)). 

Table 7.8 Parameters of ST-EPR (Line-height ratios) and correlation times of T4L72R9 and T4L131R9. 

 L’’/L τR/sec C’/C τR/sec H’’/H τR/sec 

T4L72R9 CNBr glutaraldehyde 0.72 5.2 ×	10!" 0.39 1.8 ×	10!" 0.77 1.3 ×	10!# 

T4L72R9 CNBr Buffer 0.52 2.3 ×	10!" 0.02 5.9 ×	10!$ 0.52 5.0 ×	10!" 

T4L131R9 CNBr glutaraldehyde 0.85 8.0 ×	10!" 0.45 2.3 ×	10!" 0.93 2.2 ×	10!# 

T4L131R9 CNBr Buffer 0.53 2.4 ×	10!" -0.09 4.3 ×	10!$ 0.69 9.9 ×	10!" 

The fact that the microsecond motions are susceptible to crosslinking reaction implies that it 

is mainly the internal dynamics of proteins that are detected by ST-EPR before crosslinking. 

Based on ST-EPR results, it can be confirmed that there are faster motional modes existing in the 



289 
 

non-crosslinked proteins. Possibilities of the origin of such dynamics have been discussed in 

previous chapters. Here, the qualitative ST-EPR results, as well as the determined T1 value, are to 

demonstrate the ability to use the monofunctional R9 to detect dynamics in the challenging 

submillisecond time domain. The highly restricted motion of R9 on helical sites is promising for 

measurements even beyond the CW-EPR rigid limit. 

 

7.2.6.3 Hetero-double electron resonance 

There is great potential for the reaction selectivity of reagent HO-4072. In fact, the 

likelihood of having more cysteine residues that are functionally relevant also increases with the 

increase in size and structural complexity of protein. Although rounds of mutagenesis or the use 

of another spin label reagent targeting other amino acids could theoretically serve as the solution, 

the accompanying costs essentially make the spin labeling approach practically less preferred for 

large and complex proteins. In the experiments with T4L, R9 was found to be selective for 

surface sites only, which could enable measurements using SDSL-EPR techniques for proteins 

carrying unfavorable buried cysteines. 

On the basis of the reaction selectivity of reagent HO-4072 for solvent-exposed sites, the 

possibility of introducing a hybrid of two different spin labels to the same mutant sample has 

been explored. As a proof of concept, four T4L mutants carrying a pair of cysteines were 

designed of which the interspin distances are detectable in DEER measurements, consisting of a 

solvent-exposed site (68C, 72C, 76C, 131C), and a buried site (118C). It is clear from both CW-

EPR spectra (Figure 7.20) and DEER distances (Figure 7.21) that such a labeling scheme is 

accomplished, by direct comparing with the results collected for mutants labeled with two R1 

side chains instead. 
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Figure 7.20 CW-EPR spectra at room temperature in 30% (wt/wt) sucrose solution of T4L mutants bearing either 

two R1 side chains (red traces) or the hybrid (blue traces) of R9 side chains. 
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Figure 7.21 DEER data of T4L mutants bearing either two R1 side chains (red traces) or the hybrid (blue traces) of 

R9 side chains on solvent-exposed sites (68C, 72C, 76C, 131C) and R1 side chains on the buried site 118C. 

Background-subtracted dipolar evolution functions and corresponding area-normalized distance probability 

distributions are obtained from Tikhonov regularization (model-free) fits. 

More experiments are needed to fully uncover the potential of this scheme in actual 

applications. Current results actually lay a foundation for practicing Hetero-double electron 

resonance experiments in the future. Theoretically, any R1-derivatized side chain might be used 

to substitute R1 in this scheme if sterically allowed, potentially enabling a large variety of spin-

pair combinations. A such possibility might be uniquely advantageous for studies involving the 

exploration of spin label properties, or requiring varied EPR responses from topographically 

different regions. 

 

7.3 Discussions and conclusion 

The results presented here show that the internal motion of the thioether-linked R9 side 

chain is strongly ordered. The reaction mechanism implies that the side chain is only selectively 

attached to solvent-exposed sites. As compared to previously published thioether-linked spin 

labels (such as the BASL37), the existence of an ester functional group in structure improves its 

performance by minimizing unfavored interactions and restricting internal flexibility. 

It is particularly interesting that the high ordering is not a result of any single, isolated intra-

side chain interaction (like the sulfur-nitrogen interaction in V1). Rather, it seems that with its 

shorter length and the ester group, the R9 side chain is able to adopt the configuration so that all 

possible interactions around it can be satisfied maximally, and thus it can be effectively 

immobilized relative to the protein backbone. 
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Several attractive intra-residue and inter-residue interactions, as well as hydrophobic 

interactions, were identified from the crystal structure and molecular modeling. Furthermore, the 

smaller m-value obtained in the urea denaturation experiment is actually consistent with what 

was observed in the crystal structure, that there are collective interactions between the R9 side 

chain with the backbone to immobilize it on the surface. The existence of such interactions might 

compete with urea which acts as a preferred solvent for exposed protein side chains during the 

denaturation, thus leading to a decrease in m-value. 

Unlike the majority of previously published immobilized spin label side chains (R1p38, V1, 

RX, etc.), the spectra of R9 reflect distinctive site-specific variations in the ps-ns time range that 

encodes information on local backbone dynamics and interactions. Moreover, its high degree of 

internal motional order is expected to extend the dynamic range in the microsecond scale, as well 

as the resolution in distance measurements, which has been proved by the results shown in this 

chapter. Collectively, such uniqueness undoubtedly makes the R9 side chain valuable addition to 

SDSL-EPR technology. 
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Chapter 8: Materials and Methods 

8.1 Synthesis of nitroxide spin labels 

The nitroxide spin labels used in Chapters 5-7 were synthesized in Dr. Kálmán Hideg and 

Dr. Támás Kálai’s laboratory in Pécs, Hungary. The syntheses were published previously (for 

HO-2251, HO-19442, HO-21013, and HO-36064) or will be published in collaborative papers in 

the future (for HO-3292 and HO-4072, etc.). 

8.2 Construction, expression, and purification of T4L mutants 

The construction of the following cysteine mutants has been described elsewhere5–11: K65C, 

K65C/R76C, K68C, N68C/D72C, N68C/N81C, D72C, D72C/V131C, D72C/R76A, R76C, 

R80C, N81C, A82C, L99C, T109C, T109C/V131C, T115C, L118C, R119C, D127C/V131C, 

E128C (in the construct of pseudo-wild type and L121A/L133A), A130C (in the construct of 

pseudo-wild type and L121A/L133A), V131C, V131C/D127A, V131C/E128A, V131C/N132A, 

V131C/K135A, V131C/R154A, N132C (in the construct of pseudo-wild type and 

L121A/L133A), L133C, A134C, T151C, and F153C. 

New mutants were generated using the QuickChange site-directed mutagenesis method 

(Stratagene) in the pseudo-wild type T4 lysozyme construct containing the substitutions C54T 

and C97A: N68C/L118C, D72/N68A, D72/Q69A, D72/V71A, D72/V75A, D72C/L118C, 

R76C/R80A, R76C/L118C, V131C/L118C. All mutations were confirmed by sequencing 

(Genewiz Inc. (South Plainfield, NJ) and Laragen Inc. (10601 Virginia Ave, CA)). The mutants 

in the pHSe5 vector and pET11a vector were transformed into Escherichia coli BL21(DE3) 

expression strain (Stratagene), respectively, and expressed as described previously. 

Soluble T4L mutants were purified as described by Mchaourab et al.11, and the isolation of 
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T4L cavity mutants (L121A/L133A) from inclusion bodies was described by Lopez et al12. 

Briefly, cell cultures were grown to an OD (600nm) ≈ 1.0 AU, and protein expression was 

induced by adding IPTG (1 mM). The cells were harvested by centrifugation and the cell pellets 

were resuspended and sonicated. Supernatants or resuspended inclusion bodies were loaded 

respectively into ion exchange columns (GE Healthcare, now Cytiva) and eluted with a gradient 

of NaCl. 

Sample purity was greater than 95 % as judged by SDS-PAGE electrophoresis. To exclude 

the possible co-existence of misfolded soluble-oligomeric species in some samples, the eluted 

fraction was further injected into a Superdex 75 (GE Healthcare, now Cytiva) gel filtration 

column. In all cases, there was a single peak with a retention volume of ~ 15.1 mL corresponding 

to monomeric T4 lysozyme. 

8.3 Spin labeling of T4L mutants 

The reducing agent (DTT or TCEP) was removed by using a Hi-Trap Desalting column (GE 

Healthcare, now Cytiva) equilibrated with buffer consisting of 50 mM MOPS, 25 mM NaCl pH 

6.8. The eluted protein was incubated immediately with 5- to 10-fold molar excess (1- to 3-fold 

for HO-1944 to avoid double labeling) of nitroxide reagent. The sample was incubated for at 

least 1h at room temperature for stable mutants and/or reacting with R1, or overnight at 4℃ for 

less stable mutants and/or reacting with bulky labels such as HO-3292. A second aliquot of 5- to 

10-fold molar excess of nitroxide reagent may be added after 3-6h incubation when the labeling 

reaction is slow. Excess nitroxide reagents were removed with the same desalting column. The 

spin-labeled protein was concentrated with Amicon Ultra 10 kDa MWCO (Millipore). 

For generating the thioether-linked side chain R9 with HO-4072, the sample was eluted with 

the buffer consisting of 10 mM MES, 100 mM NaCl pH 6.0 instead. The eluted protein was 
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incubated with nitroxide reagent and the reaction was initiated by adjusting the pH to 8~9 with 

appropriate volumes of Bis-tris propane pH 11 buffer or sodium borate pH 11 buffer. After the 

reaction, excess nitroxide reagents were removed by eluting the labeled proteins with a buffer 

consisting of 50 mM MOPS, 25 mM NaCl pH 6.8. 

8.4 Construction, expression, and purification of sperm whale myoglobin mutants 

The complete protocol was described and published by Lopez et al.13 The plasmid pET17b 

(Novagen, Madison WI) carrying the WT gene of sperm whale myoglobin was kindly provided 

by Steven Boxer (Stanford University, Ca). Briefly, the individual cysteine substitutions were 

introduced by using the QuickChange site-directed mutagenesis method (Stratagene). The 

construction of some cysteine mutants (D27C/R31C, E54C, V66C, E109C/H113C, H113C, 

N132C) has been described by Lopez et al., and some new mutants (Q8C/H12C, V66C/T70C, 

N132C/E136C) were generated. All mutations were confirmed by DNA sequencing. Mutant 

plasmids were transformed into the expression cells E. coli BL21(DE3). 

The protein was forced to over-express in inclusion bodies by incubating the culture at 42℃ 

for 3-4 hours after the addition of IPTG. The inclusion bodies were washed and resuspended, and 

the protein was purified by reverse-phase HPLC (Shimadzu Biotech) using a linear gradient of 

an acetonitrile solution containing 0.1% trifluoroacetic acid as a mobile phase. Following HPLC 

purification, the protein fractions containing apomyoglobin (as judged by SDS-PAGE) were 

lyophilized and stored at 4℃ until needed. 

8.5 Spin labeling of myoglobin mutants and reconstitution of apomyoglobin with hemin 

The reconstitution of apomyoglobin cysteine mutants was required to obtain Holomyoglobin 

samples and was done as previously described14,15 with some modifications. Lyophilized protein 



301 
 

was resuspended in a urea buffer, and the in vitro refolding was achieved by overnight dialysis of 

the urea-denatured protein into a refolding buffer (10 mM sodium acetate, 5 mM DTT, pH 6.1). 

The reducing agent was removed by using a Hi-Trap Desalting column (GE Healthcare, now 

Cytiva) equilibrated with buffer consisting of 10 mM sodium acetate, 100 mM NaCl pH 6.1. The 

eluted protein was incubated immediately with 5- to 10-fold molar excess (1- to 3-fold for HO-

1944) of nitroxide reagent. The sample was incubated overnight at 4℃. 

The labeled apomyoglobin was then incubated overnight at 4℃ in the dark with a 1- to 3-

fold molar excess of bovine hemin (Sigma). The powder hemin was solubilized in DMSO to 

saturation. The mixture was then filtered and the actual solution concentration was determined 

by measuring the absorbance at 406 nm using an extinction coefficient of 170,000 M-1cm-1. After 

incubation, excess hemin was removed using the Amicon ultra concentrator and the binding of 

heme was assessed via the UV-Vis spectra. The holomyoglobin reconstituted in this manner auto-

oxidizes into the aquomet form (Fe+3–H2O) as judged by the soret band at 409 nm16–18. The 

A409/A280 ratio was measured to ensure that the protein was fully reconstituted (A409/A280 = 4.6 

~5.1). 

8.6 Protein immobilization 

8.6.1 Attachment to solid supports 

8.6.1.1 On CNBr-Sepharose 

Corresponding mutants were covalently attached to CNBr-activated Sepharose 4B as 

previously described for R1 mutants (ref). CNBr-activated Sepharose 4B was purchased from 

GE Healthcare (now Cytiva). The lyophilized media was suspended and washed several times 

with 1 mM HCl pH 2.0 following manufacturer instructions. HCl was removed with several 
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medium volumes of coupling buffer (0.1M NaHCO3, 0.5M NaCl at pH 8.3). The spin-labeled 

proteins (2–4 mg) were diluted (~400 μL) in the appropriate coupling buffer and added to the 

beads in a 2:1 protein solution/medium ratio. The coupling reaction was incubated overnight at 

4℃. 

Any uncoupled protein was eluted with coupling buffer and the coupling efficiency was 

assessed by UV280 absorption. The coupling reaction typically yielded estimated adsorption of 

25-60 mg of protein per milliliter of medium according to the manufacturer. The immobilized 

protein was equilibrated with the appropriate buffers and loaded in glass capillaries (0.60 mm ID 

x 0.84 mm OD, VitroCom Inc, N. J.) before EPR measurements. 

8.6.1.2 On streptavidin-resin 

Corresponding mutants carrying the UAA group were expressed, purified, spin-labeled, 

biotinylated, and attached to streptavidin-functionalized resin (Thermo Scientific) as previously 

described by Lopez et al.19 for R1 mutants (ref). Briefly, the amber codon (TAG) was introduced 

to the T4L gene (pET11a vector) site specifically using the QuikChange site-directed 

mutagenesis method. In this dissertation, only the p-AzF was used and introduced to the N-

terminus of the pseudo wild-type T4L as the second residue after the methionine. The sequence -

Gly-Ser-Gly-Ser-Gly- was also inserted after the p-AzF residue using the Q5 site-directed 

mutagenesis method, serving as a short and flexible spacer between the attachment and the 

folded protein. The mutations were verified by DNA sequencing. 

The reagent Dibenzylcyclooctyne (DBCO)-biotin was obtained from ClickChemistry Tools 

(Scottsdale, Az). Pierce® High Capacity Streptavidin Agarose Resin was purchased from 

Thermo Scientific. Affinity-purified streptavidin is isolated from Streptomyces avidinii and has 

been immobilized on 6% crosslinked beaded agarose. The coupling reaction typically yielded an 
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estimated 10 mg of protein per milliliter of medium according to the manufacturer. The 

immobilized protein was equilibrated with the appropriate buffers and loaded in glass capillaries 

before EPR measurements. 

8.6.1.3 On immobilized metal affinity chromatography (IMAC) resin 

The 6×His-tag was introduced to the N-terminus of pseudo wild-type T4L using the Q5 site-

directed mutagenesis method, together with two sequences serving as spacers: the -Gly-Ser-Gly- 

after the methionine but before the 6×His, and the -Gly-Ser-Gly-Ser-Gly- after the 6×His. 

Corresponding mutants carrying the 6×His-tag were expressed similarly as the pseudo wild-type 

T4L, but purified over HisTrap™ High Performance columns (Cytiva) and eluted with a gradient 

of imidazole. The eluted His-tagged protein was added with reducing agents, and desalted over 

the Hi-Trap Desalting column (GE Healthcare, now Cytiva) equilibrated with buffer consisting 

of 50 mM MOPS, 25 mM NaCl pH 6.8 to be spin labeled accordingly (see 8.3). After labeling, 

excess nitroxide reagents were removed with the same desalting column, and the protein was 

desalted into the equilibration buffer (20 mM sodium phosphate, 300 mM sodium chloride, 10 

mM imidazole, pH 7.4). 

The desired quantity of IMAC resin was equilibrated in the equilibration buffer and washed 

3X by centrifugation with a 5-fold excess of the same buffer. After the final wash and removal of 

the supernatant, the His-tagged, spin-labeled protein was added to the resin in an amount 

equivalent to the stated capacity of the resin and the suspension was mixed at room temperature 

for at least 2 hours at room temperature or 4 °C overnight. The supernatant was removed and the 

resin was washed with a buffer consisting of 50 mM MOPS, 25 mM NaCl at pH 6.8 prior to EPR 

measurements. 

HisPurTM Ni-NTA Resin was purchased from Thermo Scientific. This resin is composed of 
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nickel-charged nitrilotriacetic acid (NTA) chelate immobilized onto 6% crosslinked agarose. The 

coupling reaction typically yielded an estimated 60 mg of protein per milliliter of medium 

according to the manufacturer. Zinc Chelating Resin was purchased from Geno Technology, Inc. 

This resin is composed of zinc-charged iminodiacetate (IDA) chelate immobilized onto 6% 

crosslinked agarose. The coupling reaction typically yielded an estimated 20 mg of protein per 

milliliter of medium according to the manufacturer. 

8.6.2 Using glutaraldehyde crosslinking 

300-700 μM of spin label protein on 5μL of CNBr-Sepharose was incubated with >25-fold 

molar excess of ice-cold glutaraldehyde solution (Electron Microscopy Sciences, Hatfield, PA) at 

4 ̊C. The mixture was immediately loaded into a sealed 0.60 mm ID x 0.84 mm OD, VitroCom 

Inc, N. J., and subjected to quick centrifugation at 800 rpm for 1 minute to facilitate the 

settlement of beads at bottom of the capillary tube. The crosslinking reaction was allowed to 

proceed at room temperature. The crosslinked mixture formed a yellowish color over the beads 

after ~15 minutes of incubation time. 

8.6.3 Ammonia sulfate precipitation 

As a model system for studying isotropic Brownian rotational diffusion, human 

oxyhemoglobin (Hb) was labeled specifically at both β-93 residues with a maleimide spin label 

(MSL), N-(1-oxyl-2, 2, 6, 6- tetramethyl-4-piperidinyl)-maleimide, as described previously20. In 

order to obtain reference spectra corresponding to no motion, a 50 mg/ml solution of MSL-Hb 

was diluted 3:1 with a 50 mg/ml solution of unlabeled Hb to avoid dipolar interaction and 

Heisenberg exchange. A portion of the diluted MSL-Hb was precipitated in saturated ammonium 

sulfate (approximately 75 mg ammonium sulfate plus 100 ml solution, undissolved solids were 
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observed at the bottom) overnight at 4℃, yielding a precipitate that contained (by weight) 

approximately 10% Hb, 40% ammonium sulfate, and 50% water. 

Accordingly, a 30 mg/ml solution of spin-labeled T4L (with R1/R1f/RY/RX) was serially 

diluted from 3:1 to 1:1, to 1:5 with a 30 mg/ml solution of unlabeled pseudo wild-type T4L 

(roughly 2.6-fold lighter in weight than Hb). The CW-EPR spectrum of each was determined so 

that an acceptable ratio (without dipolar interaction and Heisenberg exchange) can be selected 

(by lineshapes). The results showed that for most T4L samples 1:3 was a compatible choice. A 

portion was precipitated also in the saturated ammonium sulfate overnight at 4℃, yielding the 

precipitated samples. 

8.7 Crystallization of T4L mutants and X-ray Crystallography 

T4L 65R9/76R9 was crystallized using the hanging drop vapor diffusion method. Reservoir 

buffers were prepared in twelve different concentrations of the precipitant (1.85-2.40 M 

Na/KPO4) all having 0.15 M NaCl and 100 mM 1,6 hexanediol at eight different pHs (6.7-7.4) 

with or without the additive 3% 2-propanol. Crystallization trials were prepared by mixing 

purified labeled protein (15 mg/ml in 50 mM MOPS, 25 mM NaCl, pH 6.8) with reservoir buffer 

by ratios of 1:2, 1:1, and 2:1, and by suspending the drops over 100μL of the same buffer. The 

final crystallization condition was 2.35 M Na/KPO4, pH 7.4 with 3% 2-propanol. Crystals 

appeared in 1 week under 4℃. 

The crystals of T4L 65R9/76R9 were cyro-protected using mineral oil and were flash-frozen 

at 100 K with a nitrogen gas stream. Data were collected at 100 K on a RAXIS-IV++ image plate 

detector (RIGAKU), processed with DENZO, and reduced with SCALEPACK21. T4L 

65R9/76R9 crystals grew in space group P3221 and were isomorphous with the pseudo-wild type 

T4 Lysozyme crystals with similar cell dimensions22. The data sets showed only one molecule in 
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the asymmetric unit. The structure was determined by molecular replacement method using 

PHASER23. PDB accession code 1C6T24 was used as a starting model. A randomly selected 5% 

of the data was set aside before the start of the refinement to calculate Rfree. Models were refined 

using REFMAC25 or PHENIX26 and rebuilt using COOT27. The refinement quality was 

monitored using the Rfree. After each model was refined to a Rfree of less than 22%, the spin label 

side chain was built-in and subject to further refinement iterations. The final structures were 

validated with COOT. 

8.8 EPR spectroscopy 

8.8.1 Conventional CW-EPR (V1 spectra) 

Conventional CW-EPR spectra were measured on a Varian E-109 spectrometer fitted with a 

two-loop one-gap resonator28. Protein samples of 5 μL (100μM ~1mM) were loaded in glass 

capillaries (0.60 mm ID x 0.84 mm OD, VitroCom Inc, N. J.) sealed on one end. Spectra were 

acquired using either a 2mW incident microwave power for a stronger signal intensity, or 

0.02mW power to avoid any saturation for accurately measuring V1 spectra. Spectra were 

recorded at X-band frequency with a scan width of 100G and Q-band frequency with a width of 

160G, using ca. 1G field modulation amplitude at 100 kHz. 

Temperature control was achieved with a commercial Bruker temperature control unit, 

which employs nitrogen flow from a liquid nitrogen boiler and heater apparatus. A dewar insert 

(Wilmad, Dallas, TX) equipped with a thermocouple monitoring the in-situ temperatures was 

placed around the loop-gap resonator. 

8.8.2 ST-EPR (V2’ spectra) 

Thomas et al.20,29,30 reported the detailed calibration procedure, the instrumental parameter 
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settings, and the reference curves for obtaining apparent correlation times. Some modifications 

were made for the specific apparatus in-use. 

ST-EPR spectra were also measured on the Varian E-109 spectrometer fitted with a two-loop 

one-gap resonator. Protein samples were loaded also in glass capillaries (0.60 mm ID x 0.84 mm 

OD, VitroCom Inc, N. J.) sealed on one end. An exact same sample can be used in concert for 

CW and ST measurements. A ‘blank’ sample was prepared separately using the same type of 

capillaries filled with the same medium (buffer/viscogen added/solid supports, etc.), loaded with 

spin reagent molecules at a similar concentration as the labeled protein sample. Due to the fast-

tumbling dynamics of spin molecules, an assuredly unsaturated but intense signal can be 

acquired. 

The accurate B1 (or designated as H1 in some publications) value of the resonator was 

determined and calibrated as described by Squire et al.29 using the peroxylamine disulfonate in 

deoxygenated solution. All ST-EPR spectra (V2’ scheme) were acquired using a 1.25mW incident 

microwave power, at which the strength of the magnetic field, B1, equals 0.25G for this 

resonator. The field was modulated at 50kHz with a modulation amplitude of 5G. A 0.02mW 

power was used to obtain the unsaturated V1 spectra, at which the B1 = 0.032G. Both spectra 

were recorded at X-band frequency with a scan width of 100G. 

For each measurement, the V2’ spectrum was firstly acquired using the 1.25mW incident 

microwave power at an approximate null value of the reference phase to determine the gain 

value needed for obtaining an acceptable signal intensity. Once the gain was determined, the 

power was adjusted down to 0.02mW to set the accurate value of the reference phase, with all the 

other parameters at the same values to be used in the actual V2’ measurement. 

The value corresponding to a null signal under the in-phase setting was firstly estimated by 
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linear extrapolation method for the ‘blank’ sample, of which the unsaturated and intense signal 

helped to save time for signal averaging and thus decrease the error from readings. This 

estimated value was examined for the actual sample by checking whether an acceptable null 

signal can be obtained. If not, the phase would be adjusted again by the linear extrapolation 

method until the null was achieved. The power was then tuned up to 1.25mW for measuring the 

actual ST-EPR signal. 

8.8.3 DEER 

The four-pulse DEER experiments for the double spin-labeled proteins were conducted at 

80K on the Bruker ELEXSYS 580 spectrometer equipped with a SuperQFT Q-band bridge and a 

10-W AmpQ Q-band amplifier, and fitted with an ER 5107 D 2 Q-band resonator (Bruker 

Siospin). The protein concentration during the DEER experiments was maintained at or below 

200 μM. 20 μL of samples in D2O-based buffer containing 10-20 % v/v deuterated-glycerol as 

cryoprotectant was loaded into a quartz capillary tube (2.0 mm ID x 2.4 mm OD; VitroCom Inc., 

NJ) and then flash-frozen in liquid nitrogen. A 36 ns π–pump pulse was set at the maximum of 

the center-line absorption spectra and the observer π/2 (16 ns) and π (32 ns) pulses were 

positioned 80 MHz less than the pulse frequency, which corresponds to the absorption maxima 

of the low-field line. Additional parameters were set to the following values: d1 = 300 ns, d2 = 

variable (1500 – 3000 ns), d3 = 100 ns, d30 = 8-16 ns, phase cycling = 2-step. 

Distance distributions were obtained from the raw dipolar evolution time raw data using a 

custom program, LongDistances (available at https://sites.google.com/site/altenbach/labview-

programs/epr-programs), written in the LabView software package (National Instruments, 

Austin, TX) by Christian Altenbach (Stein Eye Institute, UCLA). A dipolar evolution function 

was obtained after an exponentially decaying background function was applied to correct for 
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random inter-molecular dipolar interactions. Fourier transformation of the dipolar evolution 

function generated a dipolar spectrum, which was fit using either the Tikhonov regularization31 

techniques or Gaussian distributions to get the interspin distance distribution. 

8.9 Spectral simulation of CW-EPR spectra 

EPR spectra were fit to the MOMD model of Freed and co-workers using a modified 

Levenberg-Marquardt algorithm. The paper of Budil et al.32 provides a detailed description of the 

model, simulation parameters, and fitting procedures. A brief description specific to the 

implementation used in the present work is given below. For consistency, the notation used is 

that of Budil et al. Spectral simulations were carried out using the MOMD fitting program, 

MuitiComponent, as implemented by Christian Altenbach 

(https://sites.google.com/site/altenbach/labview-programs/epr-programs). 

For fitting experimental spectra to the MOMD model, published values for the elements of 

the g tensors (gxx, gyy, gzz) for MTSSL in water were used as starting values33. The values of the 

apparent hyperfine splitting 2Azz’ that measured from the liquid nitrogen frozen spectra of each 

side chain were used as the 2Azz. The final values of the A and g tensor elements were very 

similar to the previously published values. 

The fit was then optimized with the rotational diffusion rates (Rxx, Ryy, Rzz), the coefficient 

of the ordering potential (c20 and c40) from which the order parameter S20 was computed. In 

specific conditions (see chapter 5-7), the tilt angles of diffusion tensors, mostly the βD for z-axis 

anisotropic motions, were also allowed to vary. After the above parameters were optimized, the 

director-frame-dependent Gaussian inhomogeneous broadening (Δ(0) and Δ(2)), and the values of 

Lorentzian linewidth tensors (Wxx, Wyy, Wzz) were allowed to vary reasonably to improve the 

fits. 
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8.10 Urea denaturation and fluorescence spectroscopy 

Three tryptophan residues are present in the C-terminal lobe of T4 lysozyme (Trp126, 

Trp138, and Trp158). 10 M stock solutions of urea were made on the day of use by dissolving 

the urea in 50 mM MOPS, 25 mM NaCl pH 6.8, the same buffer used in purified protein stock 

solutions. By preparing a series of solutions of protein in various concentrations of urea, the 

mixtures were further diluted to a final concentration of < 3 μM and a constant concentration of 

protein is used for the whole series. No contaminants were detected spectroscopically. 

Samples were excited at 280 nm with a bandwidth of 5 nm to minimize tyrosine excitation, 

and emission from 300 to 500 nm was collected at 90° with a bandwidth of 5 nm. All protein 

solutions were allowed to equilibrate at room temperature for 60 to 90 min after mixing with 

urea to different concentrations and before the measurement, as no spectral changes were 

detected, which suggested that all samples appeared to have attained equilibrium at room 

temperature. Data were analyzed34 with MATLAB (The MathWorks, Natick, MA). The center of 

spectral mass, ⟨λ⟩, of each spectrum was calculated in the region 300 to 500 nm with the 

following equation: 

〈λ〉 =»λ�𝐼�
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��(
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��(

¼  

where Ii is the fluorescence intensity at the wavenumber, λi, and N is the number of data 

points collected in the spectrum. The weighted average was then converted to wavelength, ⟨λ⟩. 

For two-state denaturation, the thermodynamic stability of the protein is evaluated by the free 

energy difference between the native/folded (F) and denatured/unfolded (U) states. 

∆𝐺 = −𝑅𝑇𝑙𝑛𝐾 
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where: the signal (𝛶) is the intensity-averaged emission wavelength, ⟨λ⟩; K is the apparent 

equilibrium constant under each individual urea concentration; ΔG is the Gibbs free-energy 

change of protein unfolding at each urea concentration while ΔG0 is the unfolding free-energy in 

buffer without denaturants; m is experimentally defined as the positive slope of the relationship 

of ΔG with denaturant concentration; [Urea]1/2 is the concentration of denaturant at 50% 

denaturation; fF and fU are fractions of unfolded and folded protein at each measurement point 

respectively, R is the gas constant (8.314 J⋅K-1⋅mol-1) and T is the experimental temperature 

which was selected at 295 K (22℃, the room temperature). 

The baselines in the pre-transition (0~2 mol/L urea) and post-transition (7~8 mol/L urea) 

stages are fitted linearly to obtain the factors αF/U (slopes) and βF/U (intercepts), which is 

attributed to solvent effects on the signal in the folded or unfolded states respectively. Between 

the two baselines, the region is defined as the transition stage and fitted the signal (𝛶) to a two-

state model, where the ΔG0, m, and [Urea]1/2 are derived as independent parameters. 
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