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This thesis describes the extension of the double electron electron resonance (DEER) technique 

to the case of Cu2+ and its application in biophysics. First, we demonstrate the possibility of 

Cu2+–Cu2+ distance measurement using DEER on a proline-based peptide. The DEER spectra 

collected at four different magnetic fields do not change appreciably with magnetic field at X-

band. Based on simulations, we show that the orientational effects are important in data analysis 

and that the proper Cu2+

             Next, we examine the cause of the weak field-dependence of Cu

-based DEER experimental procedure is to collect DEER data at many 

magnetic fields.  

2+

            We apply the methodology to the case of the EcoRI-DNA complex. Electron Spin Echo 

Envelope Modulation (ESEEM) experiments show that Cu

 DEER data at X-band. 

We improve the simulation procedure by including a distribution in relative orientation of the g-

tensors of the two spins. The new model is tested on two polypeptides. Subtle but detectable 

orientational effects are observed from DEER spectra of both peptides. Distances obained from 

DEER are consistent with structural models and with earlier measurements. Constraints on the 

relative orientation between paramagnetic centers in these two polypeptides are determined by 

examinations of orientational effects and simulations. We discover that the orientational 

selectivity is effectively reduced when the relative orientations of the two spin g-tensors display 

a flexibility of ~5-10°.  

2+
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histidine residues in EcoRI. Cu2+-based distance constraints are then measured using DEER to 

reveal this histidine. Using a triangulation procedure based on the measurement of distance 

constraints we show that Cu2+

 

 binds to histidine 114 in EcoRI. The data is novel because it 

reveals a second metal ion binding site in EcoRI, which has traditionally been classified as a one-

metal endonuclease.  
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1.0  INTRODUCTION 

Double electron electron resonance (DEER) is a pulsed electron spin resonance (ESR) technique 

that measures the magnetic dipolar interaction between paramagnetic centers (1, 2). The dipolar 

interaction is proportional to 1/r3

              Recently, the paramagnetic center has been extended to metal ions and metal-ion 

clusters, with the motivation of determining structural constraints in metalloproteins (7, 8, 50-

57). These measurements are challenging, however, due to the large g and hyperfine anisotropies 

of the paramagnetic metal ions and the complication to the data analysis procedure caused by the 

selective excitation of the ESR spectrum by microwave pulses. We overcome these challenges in 

this thesis. Specifically, in Chapter 2, we demonstrate the use of metal ions as the paramagnetic 

centers and analyze the role of orientational selectivity in Cu

, where r is the distance between paramagnetic centers. 

Therefore, the DEER technique provides sensitivity to distances. The most commonly employed 

paramagnetic center is the nitroxide spin label, which can be site-selectively attached to a protein 

by using site-directed spin-labeling (SDSL), a method invented by Hubbell and coworkers (3, 4). 

The spin label-to-spin label distance distributions can be precisely extracted from DEER signal 

by using an established data analysis procedure (5, 6). Using this approach, structural 

information on soluble protein structure and dynamics (7-20), DNA and RNA (21-26), oligomers 

(27-34) and even more complicated systems such as membrane proteins (35-47) and protein-

protein/protein-DNA complexes (12, 48, 49)  has been determined.  

2+–Cu2+ distance measurements. In 
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Chapter 3, we reveal the role of the relative orientation distribution in Cu2+-based DEER 

measurements and develop a general data analysis procedure that is applicable to a general metal 

ion-system. In Chapter 4, we summarize the optimal experimental conditions to enable efficient 

Cu2+-based DEER measurements. Furthermore, in Chapter 5, we apply the Cu2+

1.1 SITE-DIRECTED SPIN LABELING 

-based distance 

measurements to the restriction endonuclease EcoRI-DNA complex in order to understand the 

role of metal ions in the catalysis of the DNA cleavage. The following sections provide a general 

background of the theoretical and experimental methods that have been used in this thesis. 

The site-directed spin labeling technique was invented by Hubbell and coworkers in the 1990’s 

(4, 58-60), and has become a common approach to attach unpaired electron(s) to proteins, 

nucleic acids and macromolecules. Figure 1-1 shows the scheme of spin labeling. (1-oxyl-

2,2,5,5,-tetramethylpyrroline-3-methyl)-methanethiosulfonate (MTSSL), which is often used as a 

spin label, contains an unpaired electron that is delocalized on the N-O bond. The MTSSL can 

react with a solvent-accessible cysteine residue of a protein, by forming a stable disulfide bond 

(cf. Figure 1-1). The MTSSL molecule is stable in solution and generally causes minimal 

perturbation to the structure of a protein, as proved by studies on rhodopsin (61), colicin (62), 

and bacteriorhodopsin (63). The natural occurrence of free cysteine residues in proteins, 

however, is relatively low. Therefore, if there is no free cysteine in a protein, or if the free 

cysteine of a protein is not at the desired site, one can replace a native amino acid with a cysteine 

residue, by using site-directed mutagenesis. The undesired, native free cysteine is often mutated 
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to a different residue. As demonstrated in T4 lysozyme (64) and colicin (65), site-specifically 

generated cysteine mutants cause little effect on the structure of the protein.  

           Electron Spin Resonance data on singly spin labeled proteins provides site-specific 

information on the reorientational motion and spin relaxation, which leads to insights in folding 

patterns and conformational dynamics of many globular and membrane proteins (66-71) and 

nucleic acids (72-74). For proteins or oligomers with two or more spin labels, ESR distance 

measurements are possible. 
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Figure 1-1. The spin-labeling scheme. The (1-oxyl-2,2,5,5,-tetramethylpyrroline-3-methyl)-

methanethiosulfonate (MTSSL) spin label is chemical attached to the cysteine side chain of a 

protein. 

 

 

 



 5 

1.2 ESR DISTANCE MEASUREMENTS 

Since the focus of this thesis is spin-spin distance measurements, this section provides a brief 

overview of the established ESR distance measurement methodologies including Continuous-

Wave ESR, Saturation Recovery, Inversion Recovery, Double Quantum Coherence and DEER. 

The principle, the pulse sequence, and the established data analysis procedure of the DEER 

technique are emphasized.   

• Continuous-Wave(CW) ESR measures short distances  

Continuous-wave ESR can determine spin-spin distances in the range of 8 to 25 Å, 

depending on the paramagnetic species and the experimental method. There are typically two 

methods to measure spin-spin distances. First, for a doubly labeled protein with a spin-spin 

distance of less than 25 Å, the ESR spectrum is often broader than the spectrum of a singly 

labeled protein, due to the presence of a second spin. By calibrating the excess ESR spectral 

linewidth of the doubly spin labeled protein, the spin-spin distance distribution can be 

determined (52, 75, 76). Second, in a doubly-labeled protein, the two coupled electrons form 

four electron states: αα, αβ, βα and ββ, as shown in Figure 1-2a. The energy transitions, namely 

transitions 1, 2, 3 and 4, are allowed by the ESR selection rule (ΔmS=±1). Another energy 

transition between the αα state and the ββ state, namely transition 5, becomes weakly allowed 

when the dipolar interaction is large (i.e. at short spin-spin distances). As shown in Figure 1-2, 

the frequency of transition 5 is twice that of the allowed transition frequencies. Therefore, the 

ESR absorption peaks of the transition 5 occur at half the magnetic field of the allowed 

transitions (Figure 1-2 b). Eaton and coworkers demonstrated that the intensity ratio of the half 

field transition versus the allowed transition is inversely proportional to r6, where r is the 
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interspin distance (77, 78). Distance in the range of 4-12 Å can be measured by this method. 

Both approaches are sensitive to r-6

• Pulsed ESR methods allow long range distance measurements  

 and this dictates the upper distance limit.  

Relaxation based ESR methods. In a molecule containing a paramagnetic metal ion and a 

nitroxide spin label, the spin-spin distance can be measured by using relaxation based methods. 

The mechanism is as follows. At room temperature, the relaxation rates of a paramagnetic metal 

ion spin is generally many orders of magnitude faster than those of a nitroxide spin. Therefore, 

the metal ion spin is often considered as a fast-relaxing spin, and the nitroxide spin is often 

considered as a slowly-relaxing spin. In the presence of both spins, the relaxation rates of the 

nitroxide spin is enhanced in a distance dependent manner. Kulikov and Likhtenshtein showed 

the relationship between the spin-lattice relaxation rate of a slowly-relaxing spin, such as a 

nitroxide spin, in the presence and in the absence of a fast-relaxing spin, such as a metal ion spin, 

to be (79-81)  

1
𝑇𝑇1𝑠𝑠

= 1
𝑇𝑇1𝑠𝑠

0 + 𝑆𝑆(𝑆𝑆 + 1) × � 𝑏𝑏2𝑇𝑇2𝑓𝑓

1+�𝜔𝜔𝑓𝑓−𝜔𝜔𝑠𝑠�
2
𝑇𝑇2𝑓𝑓

2 + 𝑐𝑐2𝑇𝑇1𝑓𝑓

1+𝜔𝜔𝑠𝑠2𝑇𝑇1𝑓𝑓
2 + 𝑒𝑒2𝑇𝑇2𝑓𝑓

1+�𝜔𝜔𝑓𝑓+𝜔𝜔𝑠𝑠�
2
𝑇𝑇2𝑓𝑓

2 �             (1-1) 

𝑏𝑏2 =
1
6
𝑔𝑔𝑠𝑠2𝑔𝑔𝑓𝑓2𝛽𝛽𝑒𝑒4

(1 − 3𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃)2

ℏ2𝑟𝑟6  

𝑐𝑐2 = 3𝑔𝑔𝑠𝑠2𝑔𝑔𝑓𝑓2𝛽𝛽𝑒𝑒4
𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃

ℏ2𝑟𝑟6  

𝑒𝑒2 =
3
2
𝑔𝑔𝑠𝑠2𝑔𝑔𝑓𝑓2𝛽𝛽𝑒𝑒4

𝑠𝑠𝑠𝑠𝑠𝑠4𝜃𝜃
ℏ2𝑟𝑟6  
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Figure 1-2. (a) The energy level diagram of a two-electron system. The transitions 1, 2, 3 and 4 

are allowed by ESR selection rule. The transition 5 is weakly allowed when the dipolar 

interaction is large. (b) Plot of the energy versus the magnetic field. The “weakly allowed” 

transition occurs at half the magnetic field of the allowed transitions, as shown by the dotted line. 
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where f and s denote the fast- and slowly-relaxing spins, respectively; T1s
0 is the spin-lattice 

relaxation time of the slowly-relaxing spin in the absence of the fast-relaxing spin; T1s is the 

spin-lattice relaxation time of the slowly-relaxing spin perturbed by the fast-relaxing spin; T1f is 

the spin-lattice relaxation time and T2f is the spin-spin relaxation time of the fast-relaxing spin. S 

corresponds to the electron spin quantum number of the faster-relaxing spin; ωf and ωs are the 

resonant frequencies for the fast- and slowly-relaxing spins, respectively; gf and gs are the g 

factors for the fast- and slowly-relaxing spins, respectively; βe is the Bohr magneton; r is the 

interspin distance between two spins, and θ is the angle between the interspin vector and the 

external magnetic field, B0. The enhancement of the relaxation rate of the slowly-relaxing spins 

depends on r-6, as indicated by Equation 1-1. To measure distances using Equation 1-1, one 

needs to measure the relaxation rates of the paramagnetic centers. Commonly used ESR 

techniques to measure these relaxation rates are Inversion Recovery (IR) and Saturation 

Recovery (SR). Using these methods, distances between the fast-relaxing transition metal ions, 

such as Mn2+, Fe3+ and Cu2+

           Kulikov and Likhtenshtein later showed that (82-84), the maximum measurable distance 

depends on the intrinsic properties of the metal ion species such as the value of S, and the metal 

ion relaxation times. For instance, for a Fe

, and the slowly-relaxing nitroxide spin labels have been determined 

(82-84). 

3+-nitroxide spin pair, up to 150 Å distances could be 

measured. The maximum measurable Cu2+-nitroxide distance was also extended to ~100 Å, 

compared with that of less than 10 Å using the CW-ESR approaches. Consequently, the 

relaxation methods allow longer distance measurements. However, due to limitations in 

experimental methodology, such measurements were restricted to very low temperatures. Recent 
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advances in methodology have allowed distance measurements at physiological temperatures, 

compared with other pulsed ESR methods (1, 2, 85, 86). 

            Besides these elegant contributions, the major limitation of the relaxation methods is that, 

the determined distance is only the average distance between the two spin centers. The 

distribution of distances between spin centers is not directly revealed, which truly prevents the 

determination of the flexibility or dynamics of targeted proteins. To probe the distribution of 

distances between spin centers, other pulsed ESR methods, such as DEER and Double Quantum 

Coherence (DQC), are utilized; although those methods require lower experimental 

temperatures.  

DEER and DQC. The pulsed ESR methods, DEER and DQC, extract the weak magnetic 

dipole-dipole interaction between two paramagnetic centers from other contributions to the ESR 

spectrum, by using specific pulse sequences and phase cycling. A DEER or DQC signal is 

usually a time domain curve that modulates with the frequency of the dipolar interaction between 

the two spins. Comparing with the relaxation methods, DEER and DQC experiments need to be 

performed at lower temperatures due to the following reasons.  

The Hamiltonian term of the magnetic dipolar interaction between two free electron spins 

is given by 

𝐻𝐻�12 = 𝑆̂𝑆1 ∙ 𝐷𝐷� ∙ 𝑆̂𝑆2 = 𝑐𝑐 1
𝑟𝑟12

3 �𝑆̂𝑆1 ∙ 𝑆̂𝑆2 −
3
𝑟𝑟12

2 �𝑆̂𝑆1 ∙ 𝑟𝑟12��𝑆̂𝑆2 ∙ 𝑟𝑟12��                     (1-2) 

where c is a constant given by 

𝑐𝑐 = 𝜇𝜇0
4𝜋𝜋ℏ

𝑔𝑔1𝑔𝑔2𝛽𝛽𝑒𝑒2                      (1-3) 

The parameter, r12, represents the distance between the two spins. The μ0 term is the permittivity 

of vacuum, and the βe term is the Bohr magneton. For a system with S= ½, Equation 1-2 can be 

extended to the form of  
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𝐻𝐻�12 = 𝑐𝑐
𝑟𝑟12

3 (𝑆̂𝑆𝑧𝑧1𝑆̂𝑆𝑧𝑧2(1 − 3𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃) − 1
4

(𝑆̂𝑆1+𝑆̂𝑆2− + 𝑆̂𝑆1−𝑆̂𝑆2+)(1− 3𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃) − 3
2

(𝑆̂𝑆1+𝑆̂𝑆2𝑧𝑧 +

𝑆̂𝑆1𝑧𝑧𝑆̂𝑆2+) sin𝜃𝜃 cos 𝜃𝜃 𝑒𝑒−𝑖𝑖𝑖𝑖 − 3
2

(𝑆̂𝑆1−𝑆̂𝑆2𝑧𝑧 + 𝑆̂𝑆1𝑧𝑧𝑆̂𝑆2−) sin𝜃𝜃 cos 𝜃𝜃 𝑒𝑒𝑖𝑖𝑖𝑖 − 3
4
𝑆̂𝑆1+𝑆̂𝑆2+𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃𝑒𝑒−2𝑖𝑖𝑖𝑖 −

3
4
𝑆̂𝑆1−𝑆̂𝑆2−𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃𝑒𝑒2𝑖𝑖𝑖𝑖                                (1-4) 

where θ is the angle between the external magnetic field, B0 (also the z-axes of the lab frame) 

and the spin-spin vector, r12, and φ is the angle between the x-axes of the lab frame and the 

projection of the interspin vector onto the xy-plane of the lab frame (cf. Figure 1-3). Under the 

high field approximation, the terms containing 𝑆̂𝑆1+ , 𝑆̂𝑆1− , 𝑆̂𝑆2+ , and 𝑆̂𝑆2−  in Equation 1-4 are 

negligible compared with the term containing 𝑆̂𝑆𝑧𝑧1𝑆̂𝑆𝑧𝑧2. The Hamiltonian Ĥ 12

𝐻𝐻�12 = 𝜔𝜔12𝑆̂𝑆𝑧𝑧1𝑆̂𝑆𝑧𝑧2            (1-5) 

 can be written as 

(87)  

where 

𝜔𝜔12 = 𝑐𝑐 1
𝑟𝑟12

3 (3𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 − 1)          (1-6) 

In Equation 1-6, the ω12

             As shown by Equation 1-6, the ω

 is the angular frequency due to the dipolar interaction.  

12 term depends on the spin-spin distance, r12

            In a powder sample, the relative orientation of the external magnetic field and the 

interspin vector in the frozen sample is randomized, meaning that the θ angle ranges from 0° to 

90°. Assuming a full excitation of the θ angles, which is essentially the case of nitroxide spin 

, and the θ 

angle. At room temperature, the dipolar interaction described by Equation 1-5 is averaged to zero 

due to the fast molecular tumbling. To measure distances, the protein sample is usually fast-

frozen from the room temperature. The measured, “static” distance distribution at low 

temperatures still reflects the flexibility or the dynamics of the protein at physiological 

temperatures. 
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labels, every spin pair contributes to the signal. This effect can be better visualized by a Fourier 

transformation (FT) of the time domain data, where spins at each orientation θ leads to a “peak”. 

The frequency of each peak can be calculated by using Equation 1-6. The intensity of the “peak” 

depends on the number of spin pairs that contribute to the corresponding θ angle, which 

generally follows a sin(θ) [0° < θ < 90°] function. Consequently, the dominant peaks correspond 

to the case of θ = 90°. Interspin vectors corresponding to θ = 0° only contribute to the shoulder 

peaks in the spectrum. This characteristic spectrum is known as the “Pake pattern” (cf. Figure 1-

4). For most nitroxide spin labeled samples, the Pake pattern is resolved, although a distribution 

of distances broadens the Pake pattern and weakens the shoulder peaks. 

Although DEER and DQC share the same spectrum, the principles of using DEER and 

DQC to measure distances are slightly different. Developed by Freed and coworkers, the DQC 

experiment excites the double quantum coherence of a spin pair (88-90). The rate of the double 

quantum coherence formation is related to the dipolar interaction between the two electron spins, 

providing spin-spin distances. To selectively measure the formation of the double quantum 

coherence signal, a pulse sequence containing 6 pulses and a 256-step phase cycling that isolates 

the DQC pathway from all other unwanted pathways are employed in the DQC experiment. 

More details on the DQC method can be found in literatures (88-90). 
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Figure 1-3. The definition of angles used in Equation 1-4. The angle between the interspin 

vector, r12 and the external magnetic field, B0, is defined as θ. The angle between the x-axes of 

the lab frame and the projection of r12

 

 on the xy-plane is defined as φ. 
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Figure 1-4. A typical DEER or DQC signal in the time domain and the frequency domain. The 

frequency domain spectrum is know as the Pake pattern, with the dominant peak corresponding 

to θ =90º and the shoulder peak contributed by θ=0º. 
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The DEER technique, on the other hand, uses microwave pulses at two different 

frequencies to separately excite spins in resonance with each frequency. The dipolar coupling 

between these excited spins can be extracted from the DEER signal, providing distances. To 

illustrate the principle of DEER, we use a doubly nitroxide-labeled protein as an example. The 

principle of Cu2+-based DEER is analogous. The pulse sequence of the three-pulse DEER is 

shown in Figurer 1-5a. The pulses applied at the main frequency, ν1, are often referred to as the 

observer or the probe pulses, and the pulse applied at a slight different frequency (~70 MHz 

lower), ν2, is known as the pump pulse. As shown in Figure 1-5a and b, the observer pulses 

excite part of the nitroxide ESR spectrum, generating a primary echo. The excited spins are 

named ‘spin 1’ in this thesis. At the pump frequency, a π pulse is applied to irradiate spins in 

resonance with ν2 (namely ‘spin 2’) with a flip angle of π. The inversion of the magnetization of 

‘spin 2’ due to the pump π pulse induces a change in the local magnetic field that ‘spin 1’ 

experiences. This change in the local field introduces a phase factor of cos(𝜑𝜑) to the refocused 

echo. The angle 𝜑𝜑 depends on the position of the pump pulse, tp, and the magnetic dipolar 

interaction between these two spins, ω12. As the pump pulse is stepped out, the size of the 

refocused echo is modulated with ω12. The measured DEER signal, V(T), is therefore 

proportional to cos(ω12 tp

It is worth mentioning that the spins in resonance with different frequencies (c.a. ‘spin 1’ 

and ‘spin 2’) need not be located in the same molecule (oligomer). Considering an ensemble of 

doubly labeled proteins, as shown in Figure 1-6, the interspin distance within the same protein is 

apparently the distance one wants to measure (cf. solid bars in Figure 1-6). The dipolar 

).  
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interaction between these spins is called the “intramolecular” dipolar interaction, contributing to 

part of the DEER signal.  

For a rigidly separated nitroxide spin pair in a protein molecule at low temperatures, the 

relative orientation of the interspin vectors and the external magnetic field is randomized. The 

DEER signal purely due to the intramolecular interaction, V(tp

𝑉𝑉(𝑡𝑡𝑝𝑝) = ∫ 𝜉𝜉(𝜃𝜃) cos�𝜔𝜔12𝑡𝑡𝑝𝑝� sin 𝜃𝜃 𝑑𝑑𝑑𝑑𝜋𝜋/2
0                            (1-7) 

), can be analytically calculated 

by integrating over all possible θ angles.  

where tp is the time interval between the observer π/2 pulse and the pump pulse (cf. Figure 1-5a), 

ω12

For real biological samples, however, due to the inherent flexibility of macromolecules 

and nitroxide spin labels, we expect a broadened distance distribution between the nitroxide spin 

labels. DEER signal due to intramolecular interaction can be calculated by summation over all 

the interspin distances with corresponding probabilities, P(r) (92).  

 is given by Equation 1-6, 𝜉𝜉(𝜃𝜃) is a factor that describes the excited θ angles due to the 

microwave pulses. For the case of a nitroxide spin pair, this factor is close to 1 for all the θ 

angles. A simulated DEER signal based on Equation 1-7 is shown in Figure 1-4a. The spectrum 

after Fourier transformation provides a Pake pattern (91) (Figure 1-4b), as discussed early in this 

section.  

𝑉𝑉(𝑡𝑡𝑝𝑝) = ∫ ∫ 𝜉𝜉(𝜃𝜃) cos�𝜔𝜔12𝑡𝑡𝑝𝑝�P(r)sin𝜃𝜃 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝜋𝜋/2
0

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅                                (1-8) 

where P(r) is the distance distribution function. Defining x=cos(θ), ωDD=ω12/r3, and assuming 

that 𝜉𝜉(𝜃𝜃) is 1, Equation 1-8 can be rewritten as  

𝑉𝑉(𝑡𝑡𝑝𝑝) = ∫ ∫ cos�(1 − 3𝑥𝑥2)𝜔𝜔𝐷𝐷𝐷𝐷𝑡𝑡𝑝𝑝� 𝑃𝑃(𝑟𝑟)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑1
0

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅                           (1-9) 
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The Rmin and Rmax are the range of possible distances for P(r). Equation 1-9 is a Fredholm 

equation with a kernel function, κ( r,tp), given by 

𝜅𝜅(𝑟𝑟, 𝑡𝑡𝑝𝑝) = ∫ cos�(1 − 3𝑥𝑥2)𝜔𝜔𝐷𝐷𝐷𝐷𝑡𝑡𝑝𝑝� 𝑑𝑑𝑑𝑑
1

0                                     (1-10) 

Consequently, Equation 1-9 becomes 

𝑉𝑉(𝑡𝑡𝑝𝑝) = ∫ 𝜅𝜅�𝑟𝑟, 𝑡𝑡𝑝𝑝�𝑃𝑃(𝑟𝑟)𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅                                               (1-11) 

The distance distribution function, P(r), can be extracted from the Fredholm equation (Equation 

1-11) and the corresponding kernel function (Equation 1-10).   

             For the case of nitroxide spin labels, a model free method to convert the time domain 

data into a distance distribution, known as the Tikhonov regularization method, has been 

implemented by Chiang et. al.(93) and Jeschke et. al. (94). More details about the Tikhonov 

regularization method is as follows. Equation 1-11 is converted into a discrete form for M data 

points and N solution points:  

𝑉𝑉(𝑡𝑡𝑝𝑝) = ∫ 𝜅𝜅�𝑟𝑟, 𝑡𝑡𝑝𝑝�𝑃𝑃(𝑟𝑟)𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ≈ ∑ 𝜔𝜔𝑗𝑗𝜅𝜅 �𝑡𝑡𝑝𝑝 𝑖𝑖 , 𝑟𝑟𝑗𝑗 � 𝑃𝑃(𝑟𝑟𝑗𝑗 )𝑁𝑁

𝑗𝑗=1              (1-12) 

where ωj = (Rmax − Rmin)/N, rj = (j − 1/2)ωj + Rmin for j = 1, 2, … , N, and 

tp,i = (i − 1/2) (tp,max

𝑆𝑆 =𝐾𝐾 ∙ 𝑃𝑃�⃗                          (1-13) 

/M) for i = 1, 2, … , M. The discrete form is converted into a system of 

linear algebraic equations represented by 

Elements of 𝐾𝐾  are 𝜅𝜅𝑖𝑖𝑖𝑖 = 𝜔𝜔𝑗𝑗𝜅𝜅 �𝑡𝑡𝑝𝑝 𝑖𝑖 , 𝑟𝑟𝑗𝑗 �  and 𝑆𝑆  are 𝑆𝑆𝑖𝑖 = 𝑉𝑉 �𝑡𝑡𝑝𝑝 𝑖𝑖� ; for i=1,2,…M, and j=1,2,…,N. 

Here, 𝐾𝐾 denotes an operator that maps the function 𝑃𝑃�⃗  onto the experimental data vector, 𝑆𝑆. The 

Tikhonov regularization method modifies the equation to the following functional form, 𝛷𝛷[𝑃𝑃�⃗ ]: 

𝛷𝛷[𝑃𝑃�⃗ ] =�𝐾𝐾 ∙ 𝑃𝑃�⃗ − 𝑆𝑆�
2

+𝜆𝜆2 �𝐿⃡𝐿 ∙ 𝑃𝑃�⃗ �
2
                               (1-14) 
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where λ is the so-called regularization parameter and 𝐿⃡𝐿 is an operator identity. The regularized 

solution Pλ

𝑃𝑃�⃗𝜆𝜆 = �𝐾𝐾𝑇𝑇 ∙ 𝐾𝐾 + 𝜆𝜆2𝐿⃡𝐿𝑇𝑇 ∙ 𝐿⃡𝐿�
−1
∙ 𝐾𝐾𝑇𝑇 ∙ 𝑆𝑆        (1-15) 

 is obtained by minimizing Equation (1-15): 

The quality of the result depends strongly on the regularization parameter λ. If λ is too small, the 

result will show artificial peaks. If λ is too large, the result will be over-smoothed, providing a 

distance distribution that is too broadened. The criteria for choosing the optimum λ using the L-

curve method can be found in references (95, 96). Jeschke(97) has implemented a program 

package for fitting DEER data (DEERAnalysis 2006) based on the Tikhonov regularization 

method, which can be freely downloaded.  

               On the other hand, the DEER signal also contains the contribution from the dipolar 

interaction between spins excited from different proteins, which is also known as the 

intermolecular interaction. Since the proteins are randomly distributed, the distance dependent 

term in Equation 1-7 is averaged out, and a featureless decay is observed. Generally, the baseline 

is in the shape of an exponential decay function, which is often removed before DEER data 

analysis. 

 

 

 

 

 

 

 

 



 18 

 

 

 

 

 

 

 

 

Figure 1-5. (a) The pulse sequence applied in a three-pulse DEER experiment. (b) The excitation 

profiles of probe and pump frequencies. 
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Figure 1-6. An illustration of the intramolecular interaction and the intermolecular interaction in 

a doubly labeled protein sample. 
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1.3 METAL ION BASED DEER 

Nitroxide-to-nitroxide distances extracted by using Tikhonov regularization have served as 

important constraints to probe the structure and dynamics of proteins. Recently, attempts to 

measure distances between metal ion centers using DEER have been carried out. The extension 

of the spin probes to the case of metal ions provides an opportunity to measure distances in 

metalloproteins. In combination with SDSL, additional distance constraints, such as the metal 

ion–metal ion and the metal ion–nitroxide distances, can be obtained. It is found that ~ 1/3 of 

known proteins require metal ions to carry out their functions. Therefore, the metal ion-based 

DEER distance measurements have wide biological applications. The use of metal ions as the 

spin probes faces specific challenges, such as the relatively low signal-to-noise ratio and, more 

importantly, the so-called “orientational effects” on the experimental data. This section will 

provide a brief introduction of the motivation of using metal ions as spin probes and the specific 

challenges of using metal ions in DEER experiments.  

 

• Metal ions in proteins 

Metalloproteins are proteins containing and requiring cofactors of metal ions or metal-ion 

clusters to perform their biological functions. Depending on specific functions, metalloproteins 

are subcategorized to catalytic enzymes, oxygen and ion transport and storage proteins, 

and signal transduction proteins. Commonly found metal ions in metalloproteins are Mg2+, Mn2+, 

Zn2+, Ca2+, Cu2+ and Fe3+. These metal ions are usually coordinated to nitrogen, oxygen or sulfur 

atoms from amino acids of the metalloproteins, forming stable metal ion-bound protein 

complexes. Among these ions, Mn2+, Cu2+ and Fe3+ are typically paramagnetic, which can serve 

as the unpaired electron spin probes for distance measurements using DEER. There are also 

http://en.wikipedia.org/wiki/Enzyme�
http://en.wikipedia.org/wiki/Signal_transduction�
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applications of DEER distance measurements based on metal ion clusters (7, 57). Among these 

metal centers, Cu2+ is the most commonly used in DEER distance measurements. Due to the 

electronic configuration of the Cu2+ ion, there is only one unpaired electron in the 3d atomic 

orbital of the copper atom. For Mn2+ or Fe3+ one can have as many as 5 unpaired electrons (the 

high spin state). The energy level diagram for Cu2+ is therefore relatively simpler, which 

potentially reduces the complication in the DEER data analysis. The relatively narrower Cu2+ 

absorption spectral line width also makes Cu2+ more favorable than other ions. This is because 

with the same sample concentration, ions with narrower line width usually provide higher signal-

to-noise ratio in DEER measurements. Based on these two reasons, Cu2+ is relatively more 

commonly used in DEER compared with other ions. It is worth mentioning that the Cu2+

• Challenges of using Cu

 spectral 

line width is still 10 times broader than that of the nitroxide spin labels, as shown from Figure 1-

7.  

2+

The broad Cu

 as the spin probe 

2+ ESR absorption spectrum generates potential challenges for the 

measurement of Cu2+-based distances using DEER. The broadening of the Cu2+ spectrum 

originates from the larger anisotropies of the Cu2+

𝜐𝜐𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑔𝑔𝛽𝛽𝑒𝑒𝐵𝐵0                          (1-16) 

 g and hyperfine tensors, which are intrinsic 

properties of the paramagnetic species. For a free electron, the g tensor is isotropic, meaning that 

the magnitude of the g value is identical in all directions. The ESR transition frequency of this 

electron is also isotropic, given by  

 

 

 



 22 

 

 

 

 

 

 

 

Figure 1-7. The example ESR absorption spectra of Cu2+

 

(red) and nitroxide spin labels (green). 

The typical coverage of the microwave pulses used in the DEER experiment is shown in blue. 
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where βe is the Bohr magneton, B0 is the external magnetic field, and g is the isotropic value of 

the g tensor. As the electron is localized to a specific atomic orbital, the ESR transition frequency 

becomes proportional to the local magnetic field, Blocal

𝜐𝜐𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑔𝑔𝛽𝛽𝑒𝑒𝐵𝐵𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙                               (1-17) 

, that the electron experiences, instead of 

the constant external magnetic field. This transition frequency is given by 

The Blocal is a contribution from B0 and the magnetic field due to the interaction of the atomic 

orbital angular momentum with B0. Due to the anisotropic shape of the atomic orbitals (cf. 

Figure 1-8a), the ESR transition frequency is not isotropic but rather dependent on the relative 

orientation of the atomic orbital and the external magnetic field (cf. Figure 1-8b). Consequently, 

the absorption spectrum contains contributions from all ESR transitions that occur at every 

relative orientation. Such anisotropic character is also present in the hyperfine tensor, and it 

originates from the anisotropic electron-nuclear interaction. Generally, a 3x3 matrix is used to 

describe an orientation dependent tensor. The principal g values, gxx, gyy and gzz, are usually 

referred as to the diagonal elements of the g tensor. The principal hyperfine values, usually 

named Axx, Ayy and Azz

 

, are the diagonal elements of the hyperfine tensor.  
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Figure 1-8. (a) An illustration of the anisotropic px, py and pz orbitals. (b) The effects of induced 

magnetic field, Binduced, generated by the orbital on the local magnetic field that the electron 

experiences. The ESR transition frequency depends on not only B0

 

, but also the orientation of 

the orbital (cf. Equation 1-17). 

 

 



 25 

The atomic orbital associated with the nitroxide and Cu2+ paramagnetic center is the 2p 

orbital of the nitrogen atom and the 3d orbital of the copper atom, respectively. The difference in 

the electron spin intensity and the shape of these two orbitals results in differences in the 

anisotropy of the g and hyperfine tensors between nitroxides and Cu2+. Typically, the x-, y- and 

z-axes of the nitroxide spin label are along the N-O bond of MTSSL, the py orbital of the 

nitrogen atom and the direction perpendicular to the xy-plane, respectively (cf. Figure 1-9a). The 

typical principal g values for the nitroxide electron spin are 2.0032, 2.0046 and 2.0069, although 

these values may differ slightly for different samples. The hyperfine tensor is often assumed to 

be parallel to the g tensor. The typical principal nitroxide hyperfine values are Axx = 5 G, Ayy = 

5 G and Azz = 30 G.  On the other hand, the orientation of the Cu2+ g-tensor depends on the Cu2+ 

bound ligands and coordination geometry. One of the common Cu2+ binding modes is the type II 

Cu2+ center, which has a square-pyramidal geometry. The Cu2+ ion is coordinated by four ligands 

in the equatorial plane and a fifth ligand outside of the plane (cf. Figure 1-9b). The x- and y-axes 

of the Cu2+ g-tensor usually lie in the equatorial plane, parallel to two coordinate bonds (cf. 

Figure 1-9b). The z-axes points at a direction that is perpendicular to the equatorial plane (cf. 

Figure 1-9b). The gxx and gyy values are usually close to each other for the type II Cu2+, in the 

range of 2.05-2.08. The gzz value is typically in the range of 2.2 to 2.4. For a general Cu2+ 

binding mode, the g-tensor can be estimated by using the ORCA package developed by Neese 

and coworkers (98). Nevertheless, the g values are still in the same range as described above. 

The typical principal copper hyperfine values are Axx = 30 G, Ayy = 30 G and Azz

 

 = 160 G. 

Using these typical values, example ESR absorption spectra of these two samples are overlaid 

and shown in Figure 1-7. 
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Figure 1-9. The orientation of a nitroxide g-tensor (a) and a type II Cu2+

 

 g-tensor (b). 
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Orientation selective microwave pulses applied in the DEER experiments are usually 20 

to 50 ns, corresponding to the pulse coverage of 20 to 50 MHz. Compared with a nitroxide 

spectral band width of 200 MHz, these pulses can excite most of the nitroxide spin orientations if 

applied as shown in Figure 1-5b. Consequently, the simplified kernel function can be used to 

extract the distance distributions between nitroxide spin labels (cf. section 1.2 of this thesis).  

For the case of Cu2+, the pulses can cover only a small part of the ~2 GHz Cu2+-ESR 

spectrum, exciting a small portion of the Cu2+ spin pairs. The Fourier transformation of the Cu2+

We sought to account for the partial orientation excitation effects by quantitatively 

evaluating the excitation probability for each θ angle. As demonstrated by Maryasov et. al., for a 

nitroxide-based system (99), the θ excitation probability (also called the θ excitation function) 

depends on the experimental magnetic field, the frequency offset between the pump and the 

observer pulses, the g and hyperfine anisotropies and more importantly, the relative orientation 

of the g-tensors of the two coupled spins. We extended their analysis of the θ excitation function 

to the case of Cu

-

based DEER signal is not anticipated to be a Pake pattern as in the case of nitroxide, but 

becomes dependent on the excited θ angles. The simplified kernel function shown in Equation 1-

10 is not suitable to extract the spin-spin distances from the DEER data due to this partial 

orientation excitation. One can remove this limitation by increasing the coverage of the pulses to 

excite more spin orientations. However, stronger pulses (c.a. 4 ns pulses) can also excite the 

electron-nuclear interaction, producing additional modulations to the DEER signal, which makes 

the determination of precise distance distributions problematic.  

2+, and demonstrated the possibility of measuring Cu2+–Cu2+ distances using 

DEER, as shown in Figure 1-10 and Chapter 2. In Chapter 3, we examined the role of the 

relative orientation distributions between the two Cu2+ centers in such experiments (cf. Figure 1-
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11 and Chapter 3). In Chapter 4 we summarized the optimal experimental conditions to ensure 

efficient Cu2+-based DEER data collection. Finally, we explored the developed methodology to 

the restriction endonuclease EcoRI-DNA complex and provided the first experimental evidence 

to show that the Cu2+

 

 binding residue of the EcoRI is histidine 114. This result leads to the 

understanding of the roles of metal ions in the catalytic process of the DNA cleavage (cf. Figure 

1-12 and Chapter 5).   
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Figure 1-10. The DEER data on a synthetic model peptide at four different magnetic fields, 

indicating that Cu2+-Cu2+

 

 distance measurement is possible using DEER. 
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Figure 1-11. The role of the orientation distribution in the θ excitation profiles. The θ excitation 

profiles at two different magnetic fields are simulated. At both magnetic fields, as the flexibility 

in the relative orientation between the two Cu2+

 

 centers is increased, the θ excitation profiles 

become indistinguishable. The orientational selectivity is reduced. 
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Figure 1-12. Using the distances measured from DEER, we triangulate the Cu2+

 

 binding residue 

in the EcoRI-DNA complex to be histidine 114 (as shown in green). 
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2.0  ROLE OF ORIENTATIONAL SELECTIVITY IN COPPER ION–COPPER ION 

DISTANCE MEASUREMENTS 

This work, written in collaboration with James S. Becker and Sunil Saxena, has been published 

in Journal of Magnetic Resonance, 2007, V.188, pages 337-343 (50). 

 

2.1 ABSTRACT 

The effects of orientational selectivity on the 4-pulse electron electron double resonance 

(PELDOR) ESR spectra of coupled Cu2+–Cu2+ spins are presented. The data were collected at 

four magnetic fields on a poly-proline peptide containing two Cu2+ centers. The Cu2+–PELDOR 

spectra of this peptide do not change appreciably with magnetic field at X-band. The data were 

analyzed by adapting the theory of Maryasov, Tsvetkov, and Raap [A.G. Maryasov, Y.D. 

Tsvetkov, J. Raap, Weakly coupled radical pairs in solids: ELDOR in ESE structure studies, 

Appl. Magn. Reson. 14 (1998) 101–113]. Simulations indicate that orientational effects are 

important for Cu2+–PELDOR. Based on simulations, the field-independence of the PELDOR 

data for this peptide is likely due to two effects. First, the flexibility of the peptide washes out the 

orientation effects. These effects reduce the suitability of the poly-proline based peptide as a 

good model system to experimentally probe orientational effects in such experiments. Second, 
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for this peptide, the Cu2+ g-tensor(s) are in a very specific orientation with respect to the 

interspin vector. This appears to a very stringent requirement, which needs to be examined in the 

future. An average Cu2+–Cu2+

2.2 INTRODUCTION 

 distance of 2.1–2.2 nm was determined, which is consistent with 

earlier double quantum coherence ESR results.  

The sensitivity of pulsed electron spin resonance (ESR) to magnetic dipolar interactions has 

recently provided a powerful methodology to measure distances (~18–70 Å) between two spin 

labels (1, 2, 85, 100-103), in order to establish global folding patterns in proteins (10, 104-109) 

and nucleic acids (21, 110-112). Thus far, the ESR method has largely been restricted to the use 

of nitroxides as the spin labels. The internal orientations of the nitroxide spin labels typically 

have only a small effect on the spectral line shape in the pulsed electron electron double 

resonance (PELDOR) at X-band (2), although they have been observed in some cases (113). 

These orientation effects become significant at higher frequencies (114, 115), and can be used to 

infer the relative orientation of the spin labels. 

          Recently, the ESR distance mapping methodology has been extended to the case of 

paramagnetic metal centers in metalloproteins (7, 11, 116), oligomers (52), and peptides (117). 

For paramagnetic metals, the large g and hyperfine anisotropies can complicate the analysis of 

the experimental spectra. There is limited information about the effect of the internal orientation 

on the Cu2+–Cu2+ distance measurements using PELDOR. Previous papers on Cu2+–Cu2+ 

distance measurements using pulsed ESR only focused on the g⊥ range of the Cu2+–ESR 

spectrum (7, 116, 117). 
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            In this Chapter, we address the effects of orientational selectivity on the 4-pulse 

PELDOR spectra of Cu2+ spins. Experimental data were obtained using a model peptide that 

contains Cu2+ binding sites (117). The effects of internal orientation on the Cu2+–Cu2+ distance 

are analyzed by using the theory of Maryasov et. al.. (99). By fitting the experimental data to the 

theory, the Cu2+–Cu2+

2.3 MATERIALS AND METHODS 

 distance is determined. The results indicate that, for this peptide, the 

PELDOR line shape does not depend on the magnetic field at X-band. However, in general, the 

effects of the orientational selectivity must be considered so that accurate distance constraints are 

measured. 

A peptide with a sequence of PHGGGWPPPHGGGW was synthesized. The PHGGGW 

sequence is a common copper binding motif found in the prion protein (118). For ESR 

experiments, a 3.5 mM solution of the peptide in 30% glycerol/30% 2,2,2-trifluoroethanol/40% 

water containing 150 mM NaCl, buffered to pH 7.46 using N-ethylmorpholine was prepared. 

Two equivalents of Cu2+ were added to the solution from a 0.1 M standard solution of CuSO4. 

About 30 µl of this solution was used for ESR experiments. All experiments were performed at a 

temperature of 20 K on a Bruker ElexSys E580 CW/FT ESR spectrometer. For the 4-pulse 

PELDOR experiments, a (π/2)ν1 – τ1 – (π)ν1 – (τ1+T) –(π)ν2 – (τ2-T) – (π)ν1 pulse sequence was 

used. The detection π/2 pulse was 24 ns and its frequency (ν1) was 9.556 GHz. The pump pulse 

length was 48 ns and its frequency (ν2) was 9.656 GHz. These pulse-lengths were chosen to 

minimize the proton and Nitrogen-14 ESEEM in this system (119). 
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The pulse separations, τ1, τ2, were 200 and 1400 ns, respectively, and the echo signal was 

integrated using a video amplifier bandwidth of 20 MHz. The pump pulse was stepped out by 10 

ns for a total of 128 points in T. In order to reduce the proton-ESEEM, the τ1 separation was also 

stepped out by 16 ns (which is 25% of the proton-ESEEM modulation period) for a total of four 

data points (120). The final PELDOR signal was summed up from the signal at each of the four 

τ1

2.4 RESULTS AND DISCUSSION 

 values. The T = 0 value was carefully calibrated using a nitroxide biradical sample. 

A poly-proline peptide, shown in Figure 2-1a, with a sequence of PHGGGPPPHGGGW with 

two Cu2+ binding PHGGGW sequence was used for the experiments (119). Figure 2-1b shows 

the field-swept echo-detected ESR signal from the poly-proline peptide, obtained using a π/2 - τ 

- π sequence (121). The line shape is characteristic of an axially symmetric g-tensor (electron 

spin-1/2) with hyperfine splitting from the nuclei of spin-3/2. These splittings are evident for the 

larger A|| component and are shown by arrows in Figure 2-1b. Each “resonance-field” in the 

spectrum consists of contribution from an orientation (or from a set of orientations) of the 

magnetic field with respect to the principal axis system (PAS) of the g-tensor for each Cu2+ 

center (cf. inset to Figure 2-1b for definition of angles). To first order, and given that the electron 

electron dipolar (EED) interaction is weak, the resonance field, Bres, for an orientation β i

I
e

res mA
g
hB

i

i

β
β β
ν

−= 0

 (i = 1,2, 

cf. Figure 2-1b) is given by (122): 

                     (2-1) 
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where mI is the nuclear spin quantum number, ν0 is the spectrometer frequency, βe is Bohr 

magnetron for electrons, and gβi and Aβi

[ ] 2
122

||
22 cossin ii ggg

i
βββ += ⊥

 are defined as: 

 

and 

( ) 2
1

2

222222
||

2
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
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

 +−
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A i

β
β

β              (2-2) 

where g||, g⊥, A||, and A⊥ are the parallel and perpendicular components of the g- and hyperfine 

tensors, respectively. A spectrum simulated using Equations 2-1 and 2-2 and with g||, g⊥, A||, and 

A⊥

The value of the hyperfine splitting is characteristic of Cu

 of 2.230, 2.068, 165.0 G, and 2.0 G, respectively, is shown in Figure 2-1b.  

2+ coordinated to three nitrogen 

atoms and one oxygen atom (119, 121). This was confirmed by Electron Spin Echo Envelope 

Modulation (ESEEM) experiments (117) which contains peaks due to Electron Nuclear Dipolar 

(END) interactions with the remote 14N nuclear spin of the imidazole and with the 14

             Figure 2-2 shows the time domain PELDOR signal for the poly-proline peptide at four 

different magnetic fields. In this two-frequency experiment (1, 100), the detection frequency was 

9.556 GHz and the pump frequency was 9.656 GHz. The separation between the detection pulse 

and the pump pulse was extended to 100 MHz, in order to reduce the ESEEM effects (2). In the 

experiments the modulation depth depended on the magnetic field and ranged from 0.6%-1%. 

The modulation depth calculated from theory is 1%-2.5% (1). The intramolecular dipolar 

modulation between the two Cu

N nuclear 

spin of the non-coordinated glycine residue (118).  

2+ spins is evident in the range of ~200 ns. The decay of the time 

domain trace is due to the intermolecular dipolar interaction between the Cu2+ electron spins. 

The total time domain signal can be expressed as (123, 124): 
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Figure 2-1. (a). The modeled structure of the Cu2+ binding peptide. The dipolar vector forms an 

angle of close to 90º with respect to the Cu2+ binding ligand plane (shown by rectangles). (b). 

Field-swept electron spin echo detected Cu2+-ESR spectrum of the peptide at 20 K with a 

simulated spectrum shown as the dashed line. The Principal Axis System (PAS) with respect to 

the magnetic field and interspin vector is shown in the inset. Each spectral position corresponds 

to an orientation, β, (or a set of orientations), of the PAS with respect to the magnetic field. The 

data are consistent with Cu2+

 

 binding to the PHGGGW sequence. Arrows show the larger 

hyperfine splitting. 



 38 

raertotal tVtVtV intint )()()( =                            (2-3) 

The intramolecular time domain signal at each magnetic field was obtained after a 

baseline correction and the resultant intramolecular time traces are shown in Figure 2-3a. The 

Fourier transformation of the intramolecular time domain traces are shown in Figure 2-3b at the 

four different magnetic fields. The PELDOR signal monitors the modulation due to the EED 

interaction which occurs at a frequency of (125): 

( )1cos3
4

2
3

2
0 −= θ

π

βµ
υ

hr
gg eba

d                      (2-4) 

where µ0 is the permeability of free space, ga,b are the g-factors for the electrons, rab is the Cu2+–

Cu2+

       In general, the large anisotropy in the g-tensor can present an interesting opportunity for 

the case of Cu

 distance, and θ is the angle between the interelectron vector and the static magnetic field 

(cf. Figure 2-1b inset).   

2+-ESR. The experiment was obtained with detection pulses of 24 ns (π/2 pulse) 

and 48 ns (π pulse) and a pump pulse of 48 ns (π pulse). At a given magnetic field, the pulses 

“reorient” spin packets that are within a narrow bandwidth of about 41 MHz, compared to the 

full spectral bandwidth of ~2 GHz. Therefore, at a given magnetic field, only a subset of 

orientations of PAS (given by angles, δi, βi

( )iiii 0coscoscos ββδθ −=

), and, therefore, θ angles, are excited by the selective 

microwave pulses. From Figure 2-1b inset, it follows that: 

   i = 1,2                     (2-5) 

As shown in Figure 2-1b inset, for the i-th Cu2+ spin, βi is the angle between the g|| and 

the external magnetic field, Bo. θ is the angle between the interspin vector and the external 

magnetic field, Bo. The projection of the interspin vector on the g|| and g⊥ plane forms an angle 
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of β0i with respect to the g|| axis. The angle between the interspin vector and its projection on the 

g|| and g⊥ plane is defined by δi

From Equations 2-1 to 2-5, it follows that the PELDOR frequency should vary with 

magnetic field in a fashion that depends on the angles δ

.  

i and β0i

In order to quantitatively analyze this effect, we use the theory of Maryasov, Tsvetkov 

and Raap (99). The PELDOR signal, V(T), is given by (99): 

. However, the PELDOR data on 

the poly-proline peptide do not vary with magnetic fields (cf. Figure 2-2). The peak frequency is 

~3.9 MHz.  

𝑉𝑉�𝑡𝑡𝑝𝑝� = ∬𝑃𝑃(𝑟𝑟)𝜉𝜉(𝜃𝜃)〈1 − cos[𝜔𝜔𝐷𝐷(1 − 3𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃) + 𝐽𝐽]𝑡𝑡𝑝𝑝〉 sin𝜃𝜃 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑                   (2-6) 

where the function )(cosθξ  contains information about the orientation of spins and is called the 

geometrical factor. The geometrical factor is given by (99): 

2121 ,,,
321

23
321

23 )cos1)(cos1(sin)cos1)(cos1(sin
2
1)(cos

δωδω
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Φ

∑ −−+−−=
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where rqlqxq BBk /=     (2-7) 

and 2
1

222 )]/)([( lqqrqrq BB +−= γωω      (2-8) 

in which ωa and ωb are the frequencies of the detection pulse and the pump pulse, respectively. 

Blq is the amplitude of the oscillating magnetic field at frequency ωq where q=a,b; ωrq

a1φ

 is the 

resonance frequency; Equation 2-8 includes the effect of inhomogeneous broadening of the ESR 

lines (99); γ is the gyromagnetic ratio for the electron; , a2φ  and b3φ  are the rotation angles of 

the ith pulse. These rotation angles are expressed as (99):  

pirqiq tBγφ =                                (2-9) 
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Figure 2-2. Time domain data of the Cu2+

 

-PELDOR spectra. The magnetic fields used are 

indicated by arrows on the FS-ESE spectrum, which is shown in the inset. The fast modulation in 

the time domain is from proton-ESEEM. 
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Figure 2-3. (a) The time domain signal of Cu2+-PELDOR after baseline correction. The 

positions of magnetic fields used are shown on the Field Swept Cu2+

 

-ESE spectrum in the inset. 

The period of the dipolar modulation of the time domain is similar at each magnetic field. (b) 

The Fourier transformation of the baseline corrected time domain signal. At each magnetic field, 

the dominant frequency peak appears at ~3.9 MHz. The 14.8 MHz peak is from proton-ESEEM. 
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If all orientations are excited, as is substantially the case for nitroxides (99), the 

orientation factor is practically uniform for all values of cos(θ) and a characteristic Pake pattern 

results (126). In the Pake pattern, the frequency corresponding to θ = 90° dominates (cf. 

Equation 2-4), due to the greater probability of the presence of molecules with θ = 90° 

The presence of finite pulse-lengths, and large g-and hyperfine anisotropies, as in Cu

in the 

powder sample. 

2+

)(cosθξ

 

can lead to large orientation effects. Figures 2-4a and b show the simulated geometrical factor, 

 and PELDOR spectrum, based on Equations 2-6 and 2-7, respectively. In these 

simulations, a single Cu2+–Cu2+ distance is selected as 2.2 nm. The orientations of the principle 

axis systems for the two Cu2+ centers were set at β01=β02=0°, δ1=δ2=0°. δi was chosen as 0º 

since in this case the orientational selectivity of the PELDOR spectrum is the maximum. Only 

β0i values of 0º are shown in Figure 2-4. Similar results were obtained with other β0i

)(cosθξ

 values. At 

the magnetic field of 2900 G, the simulated DEER spectrum consists of a single peak at 4.1 

MHz. Non-selective excitation would have yielded a Pake pattern with a dominant θ = 90° peak 

of 4.8 MHz (from Equation 2-4 with θ = 90° and r = 2.2 nm). The results can be rationalized 

from the geometrical factor, . At this magnetic field and with β01=β02=δ1=δ2

Figures 2-4c and d illustrate the orientational selectivity imparted by the choice of 

magnetic fields. At a magnetic field of 3000 G, the geometrical function is bimodal with peaks at 

θ ~ 30° and at θ ~53° which leads to frequencies of 6.1, 0.4 MHz in Equation 2-4. The simulated 

DEER spectrum based on Equation 2-7 yields peaks at 6.1 and 0.4 MHz. At a 3100 Gauss 

magnetic field, orientations with θ ~ 10°, 51°, and 68° are predominantly excited, which 

=0°, the 

geometrical factor peaks at θ~38° (cf. Figures 2-4a and b), which from Equation 2-4 leads to a 

frequency ~4.1 MHz in the DEER spectrum.  
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corresponds to frequencies of 9.3, 0.9 and 2.8 MHz. From the simulated Pake pattern, the same 

frequency peaks were obtained. Finally, at 3200 Gauss orientation with θ centered at 50°, 73° 

and 80° are excited. The distribution between 73°- 80° generates a broad peak around 4.8 MHz 

while a peak at 0.9 MHz results from excitation of θ~50°. Therefore, theoretically, when δ~0°, 

there is strong orientational selectivity on the Cu2+

The magnetic field dependence of PELDOR frequency persists even in the presence of a 

distribution in distances. Figure 2-5 shows simulated PELDOR spectra, based on Equation 2-6 

for different values of magnetic field in the presence of a distribution of distances. A Gaussian 

distribution function with a mean distance of 2.2 nm and a standard deviation of 0.3 nm was 

used. The orientations were held at β

-PELDOR spectra, at X-band. Different DEER 

spectra are anticipated at different magnetic field.   

01=β02=135°, δ1=δ2=0°.

The results indicate that the presence of substantial g and hyperfine anisotropies leads to 

the excitation of only certain orientation at a given magnetic field when δ

 The PELDOR spectrum changes 

with magnetic field and the prominent frequency changes from 1.4 MHz to 4.1 MHz. However, 

this effect will be subtle in the presence of noise. 

i

However, the orientational selectivity is washed out when δ

~0°. The PELDOR 

spectrum deviates from a simple Pake pattern and should vary with different magnetic field. 

i

 

 approaches to 90°, as is 

evident from Equation 2-5. Under this condition, only the orientation with θ~90° are excited, and 

these features dominate the PELDOR spectrum. (Simulation data not shown). 
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Figure 2-4. (a) The geometrical factor calculated using Equation 2-6 for β01=β02=0º, δ1=δ2=0º, 

r=2.2 nm and B0=2900 G is shown. The plot indicates that at this magnetic field and for these 

parameters, only θ~ 38º orientations are excited by the selective pulses. (b) The simulated 

PELDOR spectrum consequently yields a frequency of 4.1 MHz (solid line). Non-selective 

excitation would yield a Pake pattern with a dominant peak at 4.8 MHz (dashed line). (c) The 

simulated geometrical factor with the same parameters but at three different magnetic fields is 

shown. These results indicate that the θ angles are different at different magnetic field. 

Therefore, the resultant PELDOR spectrum varies with magnetic field. (d) The simulated 

PELDOR spectra based on Equation 2-7 at three magnetic fields are shown. Such orientational 

effects are reduced when δ1~90° and δ2

 

~90°. 
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Figure 2-5. The magnetic field dependence of PELDOR frequency persists even in the presence 

of a distribution in distances. (a) Simulated time domain signal and (b) the spectra at 2980 G, 

3000 G, 3020 G and 3040 G, with β01=β02=135°, δ1=δ2=0°. The interspin distance is held at 2.2 

nm and a standard Gaussian distance distribution is used as 0.3 nm. The frequency shifts from 

1.4 MHz to 4.1 MHz. Such orientational effects are reduced when δ1~90° and δ2

 

~90°. 
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The field-independence of experimental data (shown in Figures 2-2 and 2-3) is possibly 

due to the combination of two effects. First, the orientation effects of Cu2+ electron spin are 

washed out by the flexibility of the peptide, which yields a large distribution in Cu2+–Cu2+ 

distances. Second, for this poly-proline peptide the Cu2+ δ1 and δ2 may be close to 90°. The 

modeled structure of the Cu2+ binding peptide is shown in Figure 2-1a (117). The dipolar vector 

forms an angle of close to 90º with respect to the Cu2+ binding ligand plane. The angles between 

the Cu2+–Cu2+ dipolar vector and each Cu2+ binding ligand (3 N 1 O) for the first Cu2+ are 82º, 

118º, 92º and 84º. The angles between the Cu2+–Cu2+ dipolar vector and each Cu2+ binding 

ligand (3 N 1 O) for the second Cu2+ are 110º, 81º, 75º and 106º. Therefore, the dipolar vector 

could form an angle of close to 90° with respect to the Cu2+ g-tensor plane. With the internal 

orientation that δ1 and δ2 ~ 90°, the best fits were obtained with a Gaussian distribution of 

distances with an average interspin distance of 2.1-2.2 nm and a standard deviation of 0.3 nm. 

Similar results were obtained for any β0i value. The resulted time traces and PELDOR spectra 

are shown by dashed lines in Figure 2-3. Double Quantum Coherence ESR results measured a 

distance of 2.0 nm on the same peptide (117). The δi

For a general Cu

 values estimated from this work are 

consistent with the assumption made by Huber and coworkers in their metalloprotein (116). 

2+-based sample, however, the relative orientation of the two Cu2+

Large distance measurements on spin labeled macromolecules have opened up the use of 

ESR to measure global folding patterns of proteins, nucleic acids, and flexibility of polymers. 

 g-

tensors may not be the same as in the case of the poly-proline peptide used in this work. 

Therefore, even in the presence of a distance distribution, strong orientational selectivity is still 

expected in the experimental data. This matter warrants more attention in the future. 
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Extension of this methodology to paramagnetic metals is likely to have a similar impact on the 

measurement of structure function relationships in metalloproteins. 

2.5 SUMMARY 

In this work, we present the Cu2+-PELDOR spectra at four magnetic fields, at X-band. We found 

that the Cu2+-PELDOR spectra do not vary with magnetic field. However, theory predicts that 

the Cu2+-PELDOR spectra should vary strongly with magnetic field. We explained this magnetic 

field independency by the combination of two possible effects. First, the flexibility of the model 

peptide washes out the orientational selectivity of the Cu2+-PELDOR spectra. Second, the Cu2+ 

g-tensor in our model peptide is in a specific orientation with respect to the interspin vector (cf. 

Figure 2-1a)- at these orientations the PELDOR data are expected to be field independent from 

theory. The combination of large flexibility and mutual orientations reduces the suitability of 

poly-proline based systems to monitor orientational effects in these experiments. However, the 

simulations indicate that, in general, the orientation effects are important for obtaining accurate 

Cu2+–Cu2+

 

 distance using PELDOR, and field dependent data should be acquired and analyzed 

as discussed in this work.  
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3.0  AN UNDERSTANDING OF ORIENTATIONAL EFFECTS ON COPPER ION–

BASED DOUBLE ELECTRON ELECTRON RESONANCE 

This work, written in collaboration with Drew Kise and Sunil Saxena, has been published in the 

Journal of Physical Chemistry B, 2010, V.114, pages 6165-6174 (51). 

 

3.1 ABSTRACT 

We present the measurement of Cu2+–Cu2+ and Cu2+–nitroxide distance distributions using 

double electron-electron resonance (DEER) on a proline-based peptide and an alanine-based 

peptide. The proline-based peptide contains two well-characterized Cu2+ binding segments, 

PHGGGW, separated by seven proline residues. The alanine-based peptide contains a PHGGGW 

segment at one end of the peptide and a nitroxide spin label attached to a cysteine residue close 

to the other end of the peptide. DEER experiments were performed at several external magnetic 

fields and resonance offsets to probe the orientational effects on the Cu2+-based DEER signal. 

Subtle but detectable orientational effects were observed from the DEER spectra of both peptides. 

A general theoretical model was developed to analyze the experimental data sets. We show that 

the Tikhonov regularization-based method is not applicable to extract precise Cu2+-based 

distance distributions. Instead, a full data analysis is required to obtain the distance distributions 
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and relative orientations between spin centers. A 30 Å mean Cu2+–Cu2+ distance and a 27 Å 

mean Cu2+

3.2 INTRODUCTION 

–nitroxide distance were determined in the two peptides. These distances are 

consistent with structural models and with earlier measurements. Constraints on the relative 

orientation between paramagnetic centers in these two model peptides were determined by 

examination of the orientational effects. The data analysis procedure is system independent, and 

therefore is applicable to more complicated biological systems.  

Double electron electron resonance (DEER) (1, 2, 101, 127, 128) has become a powerful 

approach to measure interspin distance distributions in the range of 2-8 nm. The distribution of 

distances provides valuable structural information in order to probe the structure and dynamics 

of soluble proteins (7-20), DNA and RNA (21-26) and oligomers (27-34). The DEER technique 

is attractive because they can provide distance constraints even in membrane proteins (35-47) 

and large biomolecular complexes (12, 48, 49). The paramagnetic centers employed are mostly 

nitroxide spin-labels, which are covalently attached to a cysteine residue in a biomolecule by 

site-directed spin labeling (4, 58, 60). Nitroxide–nitroxide distance distributions can be precisely 

determined by utilizing an inversion technique based on Tikhonov regularization (5, 6). 

Recently, paramagnetic metal ions have also been employed as the spin centers (5, 7, 8, 50, 52-

56). The data analysis procedures for metal ion centers, on the other hand, are still under 

development.  

In principle, the selective microwave pulses applied in the DEER experiment excite only 

a small portion of the ESR spectrum. This partial selectivity of the ESR spectrum can impart the 
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so-called “orientational selectivity” on the DEER signal. For the case of nitroxide spin labels, the 

distance distribution can often be resolved by using an inversion technique based on Tikhonov 

regularization (5, 6). The Tikhonov regularization method extracts the distance distribution by 

solving a Fredholm equation containing a kernel that is readily available from theory. The kernel 

for nitroxide spin labels is simplified since effects due to relative orientations of the two spin 

centers are typically randomized, due to the large inherent flexibility of the spin labels (5, 6). 

However, in some specific cases, the nitroxide orientational selectivity can be observed (2). For 

instance, Prisner and coworkers observed a frequency offset dependence on the nitroxide-based 

DEER signal in the potassium ion channel, KcsA, even at X-band (129). In this protein, the 

nitroxide spin labels were orientationally restricted due to the tertiary interaction. Such strong 

restriction of the nitroxide spin labels in the membrane protein made the Tikhonov 

regularization-based method problematic in extracting nitroxide–nitroxide distances. Instead, a 

full analysis of these frequency offset dependent DEER data was required. By using a molecular 

model, Prisner and coworkers were able to resolve not only the nitroxide–nitroxide distances but 

also the orientations of nitroxide spin labels at X-band (129). Orientational effects on nitroxide-

based DEER signal also becomes more significant at higher resonance frequencies, where a full 

data analysis procedure is also required to obtain information on distances as well as the relative 

orientation of spin labels (114, 115). 

    For the case of paramagnetic metal ions such as Cu2+, the importance of accounting for 

orientational effects has been noticed by us as well as other research groups (7, 50, 52-54). In 

most of these works, DEER data were collected at several magnetic fields and/or frequency 

offsets, and distances were measured by an analysis based on an appropriate theoretical model. 

In an elegant contribution from Prisner and coworkers, a procedure was developed for a model 
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compound where the Cu2+ and the spin label were separated by a fairly rigid linker (53). In a 

more recent work, Lovett et. al. developed another procedure to extract the distance as well as 

the relative orientation between two Cu2+ in a dicopper complex (54). In both cases, the 

structural information such as the location, the electron spin density delocalization, the 

orientation of each spin center, and the flexibility of the linker between spin centers could be 

estimated by X-ray diffraction measurements and/or DFT calculations. The availability of such 

structural information simplified the data analysis procedures. These works were important in 

establishing the role of the spin density delocalization in Cu2+

               The key step to make our procedure general is to use a molecular model, wherein the 

relative orientation of the principal axes system of the two spin centers was described by three 

Euler angles; - these angles were allowed to have a distribution. No structural information 

regarding the linker between the spin centers, or the precise distance, is required to analyze the 

DEER signal, which therefore ensures that this model is system independent. The model was 

tested on two synthetic peptides, one with Cu

-based distances. Based on the 

understanding obtained by these works, we sought to develop a more general analysis procedure 

that can be applicable to an unknown sample or a more complicated biomolecules, where DFT 

calculations are not accessible. 

2+ bound to both ends of the peptide and the other 

with one Cu2+ bound to one end and one nitroxide attached to the other end of the peptide. 

Experimental DEER data showed only very subtle frequency offset dependence for the alanine-

based peptide. Detectable magnetic field dependence was observed for the proline-based peptide 

data sets. These data sets were analyzed using our model, wherein both spin-spin distance 

distributions and relative orientations between spin centers were determined for the two peptides. 

These parameters were consistent with results of molecular modeling (117, 130-132). The 
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success of the present analysis procedure indicates that our model can be applied to more 

complicated biological systems. 

3.3 MATERIALS AND METHODS 

Theory. DEER data can be orientational selective due to the mechanism by which DEER 

measures the dipolar interaction. Given that 4-pulse DEER and 3-pulse DEER share the same 

mechanism, the 3-pulse DEER pulse sequence alone will be used to discuss the mechanism, even 

though all experimental data shown in this work were collected using the DEER sequence. In 3-

pulse DEER, the (𝜋𝜋/2)υ1  R− τ − (𝜋𝜋)υ1  sequence at the frequency of υ1 generates a primary echo 

at time τ after the (𝜋𝜋)υ1  Rpulse. Only electrons resonant with frequency υ1 (spin A) contribute to 

the primary echo. The pump (𝜋𝜋)υ2  pulse applied at time tp after the (𝜋𝜋/2)υ1  R pulse inverses the 

magnetization of electrons resonant with frequency υ2 (spin B). This causes the inversion of the 

local magnetic field generated by spin B at the location of spin A. The local magnetic field that 

spin A experiences is proportional to the dipolar interaction between spin A and B, providing 

sensitivity to the distance between spin A and B. To measure the dipolar frequency, the tp

𝜔𝜔𝑑𝑑𝑑𝑑 = −𝜇𝜇0𝜇𝜇𝐵𝐵
2

4𝜋𝜋ћ
𝑔𝑔1𝑔𝑔2
𝑟𝑟3 (3 cos𝜃𝜃2 − 1)                     (3-1) 

 

interval is incremented by a certain stepsize. The dipolar interaction, 𝜔𝜔𝑑𝑑𝑑𝑑 , is 

In Equation 3-1, μB is the Bohr magneton, g1 and g2 are the g-values of the coupled electron 

spins, ћ is the Planck constant divided by 2𝜋𝜋, r is the spin-spin distance, θ is the angle between 

the spin-spin vector and the external magnetic field, and μ0 is the vacuum permeability. The 

spectral frequency as shown in Equation 3-1 depends on r and the θ angles that are excited. For 
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the case of nitroxide spin labels, the relative orientations of the two spins are randomized due to 

the inherent flexibility of the spin label. The microwave pulses used in DEER experiments, 

therefore, can uniformly excite most of the θ values. A characteristic spectrum known as the 

Pake pattern is measured (cf. Figure 3-1a) (126). In a Pake pattern, the frequency peak 

corresponding to the θ of 90° dominates since in a powder sample there are more spin-spin 

vectors with a θ of 90° with respect to the magnetic field than other angles. The Tikhonov 

method with a simplified kernel can then be used to measure distance distributions. For the cases 

of higher resonance frequencies (114, 115) (>90 GHz), restricted label motions (129), or Cu2+

 The large g and hyperfine anisotropies of the Cu

-

based DEER experiments, this approach to extract interspin distances can be questionable. 

2+ electron spin broaden the Cu2+ ESR 

spectrum to ~2 GHz, compared with a 200 MHz nitroxide ESR spectrum (cf. Figure 3-1). The 

coverage of microwave pulses used in the PELDOR experiments is typically ~20-50 MHz, and 

thus only a small portion of the Cu2+ ESR spectrum is excited (cf. Figure 3-1b and below). The 

high-field part of X-band Cu2+ spectrum is highly disordered because of interplay of g and A 

anisotropies, in combination with I=3/2. Therefore, in the experimental setup, if both the 

observation and pumping frequencies excite the high-field part of the spectrum (which is 

essentially  the case of most of our data collection), the range of angles θ contributing to DEER 

effect is expected to be rather broad. The orientational selectivity effects are expected to be not 

very strong, but they may still affect the resultant DEER spectrum. Consequently the spectrum 

may differ from a Pake pattern (cf. Figure 3-1b). The excited θ angles are in general unknown 

and dependent on the relative orientation of the two spin centers. The distance between Cu2+ 

centers cannot be extracted using the Tikhonov method with a simplified kernel (cf. Figure 3-

1b), but becomes dependent on the θ excitation profile. The θ excitation profile can be 
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quantitatively analyzed as follows (133). In the rotating frame, the off-resonance magnetic field 

in the z direction is denoted by Ω. The amplitude of the microwave pulse applied along the +x 

direction is B1. During the pulse, the effective magnetic field the electron spin experiences, Beff, 

is the vector sum of B1 and Ω. The initial magnetization, which is along with the z-axis, is 

rotated by an angle of 𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒  around Beff

�
𝑀𝑀𝑥𝑥
𝑀𝑀𝑦𝑦
𝑀𝑀𝑧𝑧

� = 𝑅𝑅𝑦𝑦−1(𝛼𝛼)𝑅𝑅𝑧𝑧�𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒 �𝑅𝑅𝑦𝑦(𝛼𝛼)�
0
0
𝑀𝑀0

� = �
𝑀𝑀0 sin𝛼𝛼 cos𝛼𝛼 cos𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑀𝑀0 sin𝛼𝛼 cos𝛼𝛼

𝑀𝑀0 sin𝛼𝛼 sin𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒
𝑀𝑀0 sin𝛼𝛼 sin𝛼𝛼 cos𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑀𝑀0 cos𝛼𝛼 cos𝛼𝛼

�             

(3-2) 

 axis. The magnetization after this pulse is (133) 

where 𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒  is the effective flip angle, 𝛼𝛼 is the angle between the external magnetic field and Beff. 

For spins that are off-resonance, the (𝜋𝜋/2)υ1  R pulse provides a factor of sin𝛼𝛼1 sin𝛽𝛽𝑒𝑒𝑓𝑓𝑓𝑓 ,1 (cf. My 

term of Equation 3-2. Subscript “1” corresponds to the (𝜋𝜋/2)υ1  R pulse in the PELDOR sequence) 

to the total magnetization. The (𝜋𝜋)υ1 pulse provides another factor of 

𝑀𝑀0 sin𝛼𝛼2 sin𝛼𝛼2 cos𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒 ,2 + 𝑀𝑀0 cos𝛼𝛼2 cos𝛼𝛼2   (cf. Mz term of Equation 3-2. Subscript “2” 

corresponds to the (𝜋𝜋)υ1  pulse in the PELDOR sequence) to the total magnetization. In the υ2

ξ = sin𝛼𝛼1 sin𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒 ,1 sin𝛼𝛼1 sin𝛼𝛼1 �1 − cos𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒 ,2� sin𝛼𝛼2 sin𝛼𝛼2 �1 − cos𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒 ,3�              (3-3) 

 

frequency, spin Bs are not uniformly flipped 180° by the (𝜋𝜋)υ2  pulse as intended. This (𝜋𝜋)υ2  

pulse adds a factor of 𝑀𝑀0 sin𝛼𝛼2 sin𝛼𝛼2 �1 − cos𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒 ,3�  to the total DEER signal, which 

corresponds to a change in the z component of the magnetization. Therefore, besides the 

magnetic dipolar term, an additional factor is introduced to the final PELDOR signal,  

where ξ is a factor that accounts for the orientational effects on the PELDOR signal. 

 

 



 56 

 

 

Figure 3-1. The field-swept electron spin echo (FS-ESE) spectrum, simulated θ excitation 

profile and simulated DEER spectrum for a nitroxide sample (a) and a Cu2+ sample (b), 

respectively. The coverage of the microwave pulse used in DEER is shown by the dashed line in 

both figures. For the case of nitroxide, most θ angles are excited resulting in the familiar Pake 

pattern shown in (a). For the case of Cu2+

 

, however, the θ excitation profile is not uniform and 

therefore the measured DEER spectrum differs from the Pake pattern (b).  
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Based on Equation 3-3, the orientational effects on the PELDOR signal is a result of the off-

resonance effects, which depend on the difference between the local magnetic field an electron 

spin experiences and the external magnetic field. For the case of flexible nitroxide spin labels, 

wherein the inherent flexibility of the spin label largely randomizes the relative orientation of the 

spin labels, the local magnetic field experienced by a nitroxide spin label is randomized. The off-

resonance term is close to 0, resulting in the 𝛼𝛼R1 and 𝛼𝛼R2

𝐾𝐾�𝑡𝑡𝑝𝑝 , 𝑟𝑟� = ∫〈1 − cos[𝜔𝜔𝐷𝐷(1 − 3𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃) + 𝐽𝐽]𝑡𝑡𝑝𝑝〉𝑑𝑑𝑑𝑑                          (3-4) 

 close to 90°;  𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒 ,1 close to 90°; 𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒 ,2 

and 𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒 ,3 close to 180°. The geometrical factor is uniform with all θ angles. The kernel function 

utilized in the Tikhonov regularization method can be simplified to (5) 

and the DEER signal, in the presence of a distribution, is 

𝑉𝑉�𝑡𝑡𝑝𝑝� = ∫𝐾𝐾�𝑡𝑡𝑝𝑝 , 𝑟𝑟�𝑃𝑃(𝑟𝑟) sin𝜃𝜃 𝑑𝑑𝜃𝜃                       (3-5) 

where P(r) is the distance distribution function. For the case of restricted nitroxide spin labels 

(129), the relative orientation of spin centers is rigid. The local magnetic field that a spin label 

experienced is not randomized but dependent on the resonance offset and magnetic field where 

the data was collected, leading to a non-zero off-resonance term. For the case of Cu2+, due to the 

larger anisotropies of the Cu2+ spin center, the off-resonance term becomes comparable to the 

amplitude of B1

sin𝛼𝛼1 = 𝑤𝑤1

�(𝜔𝜔𝑟𝑟1−𝑤𝑤1)2+𝑤𝑤1
2
                             (3-6) 

, which makes Equation 3-3 non-uniform, but generates a θ excitation profile 

(50). Equation 3-3 is essentially the same as the geometrical factor derived by Maryasov et. al. 

(99). They showed that 

where 𝜔𝜔𝑟𝑟1 = 𝛽𝛽𝐵𝐵0𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒 +𝑚𝑚𝐼𝐼𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 +𝛿𝛿𝜔𝜔1
ℎ

2𝜋𝜋

, 𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒  is the effective g value, 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒  is the effective hyperfine 

value and 𝛿𝛿𝜔𝜔1 illustrates the inhomogeneous broadening. Similarly, 
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sin𝛼𝛼2 = 𝑤𝑤2

�(𝜔𝜔𝑟𝑟2−𝑤𝑤2)2+𝑤𝑤2
2
,                            (3-7) 

𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒 ,1 = �(𝜔𝜔𝑟𝑟1 − 𝑤𝑤1)2 + 𝐵𝐵1
2 𝑡𝑡𝑝𝑝 ,1,                      (3-8) 

𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒 ,2 = �(𝜔𝜔𝑟𝑟2 − 𝑤𝑤2)2 + 𝐵𝐵2
2 𝑡𝑡𝑝𝑝 ,2,                      (3-9) 

𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒 ,3 = �(𝜔𝜔𝑟𝑟2 − 𝑤𝑤2)2 + 𝐵𝐵2
2 𝑡𝑡𝑝𝑝 ,3                      (3-10) 

Detailed explanations of each term in the geometrical factor can be found in previous 

works (50, 99). The geometrical factor depends on the resonance offset, the external magnetic 

field, the anisotropy of the electron spin species and the internal orientations of the two spin 

centers. To account for the orientational effects, the total DEER signal can be expressed as (99) 

𝑉𝑉�𝑡𝑡𝑝𝑝� = ∬𝑃𝑃(𝑟𝑟)𝜉𝜉(𝜃𝜃)〈1 − cos[𝜔𝜔𝐷𝐷(1 − 3𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃) + 𝐽𝐽]𝑡𝑡𝑝𝑝〉 sin𝜃𝜃 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
               (3-11)                     

 

where  

𝜉𝜉(𝜃𝜃) =
1
2

� 〈𝑘𝑘𝑥𝑥𝑥𝑥3 𝑘𝑘𝑥𝑥𝑥𝑥2 sin𝜙𝜙1𝑎𝑎(1 − cos𝜙𝜙2𝑎𝑎) (1 − cos𝜙𝜙3𝑏𝑏)
𝑚𝑚𝐼𝐼1,𝑚𝑚𝐼𝐼2

+ 𝑘𝑘𝑥𝑥𝑥𝑥3 𝑘𝑘𝑥𝑥𝑥𝑥2 sin𝜙𝜙1𝑏𝑏(1 − cos𝜙𝜙2𝑏𝑏) (1 − cos𝜙𝜙3𝑎𝑎)〉𝛷𝛷,𝛿𝛿𝜔𝜔1,𝛿𝛿𝛿𝛿 2

 

is the full expression of the geometrical factor; P(r) is the probability of distances. A comparison 

of Equation 3-5 and 3-11 indicates that, in the case of large off-resonance effects, the kernel 

utilized to extract distance distributions between spin centers cannot be simplified to the form 

shown by Equation 3-4. To extract precise Cu2+-based spin-spin distances and relative 

orientations between spin centers, both the interspin distance and the geometrical factor need to 

be considered in the data analysis procedure.  
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The molecular model. The model is illustrated using the proline-based peptide which contains 

two copper centers. The g-tensor of the Cu2+ close to the N-terminus of the peptide (also referred 

to as the first Cu2+ in this work) was chosen to be the reference frame (cf. Figure 3-2) (119, 134). 

The Cu2+ center in the C-terminus of the peptide can also be used as the reference frame. This 

will not affect the molecular model, the fitting procedure and the relative orientation between the 

two Cu2+ centers. The relative position between the two copper atoms was described by a vector, 

R, and an angle, χ (cf. Figure 3-2). The relative orientation of the two Cu2+ g-tensors was 

described by two Euler angles, γ and η. Only 3 angles are required to describe the geometry of 

the two spin centers because of the axial symmetry of the Cu2+

 

 principal axes system. The 

geometrical factor as shown in Equation 3-11 depends only on the relative orientation between 

the principal axes system of the two spin centers. Therefore, the definition of the reference frame 

generates no ambiguity. To account for the flexibility of the peptide, the position of each copper 

atom in this model was assumed to be localized randomly within a spherical region. The radius 

of the sphere was denoted as ΔR. The angles χ, γ, and η were also assumed to be flexible within 

certain ranges.
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Figure 3-2. (a) The molecular structure of the alanine-based peptide, as adapted from Jun et. al., 

Biochemistry 2006, 45, 11666. The Cu2+

 

 center is highlighted using the space-filling method. 

The nitroxide spin label is indicated by the circle. (b) The definition of the relative orientation of 

the two spin centers overlapped on a raw molecular structure of the proline-based peptide. This 

structure was built based on previous proline-based peptide work from Becker et. al., Chem. 

Phys. Lett. 2005, 414, 248. The peptide sequences for both peptides are also shown. 
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In our approach we generated an ensemble containing 2000 different locations of the spin centers 

using a Monte Carlo procedure (see below). The DEER signal was calculated for each location 

and the 2000 signals were summed up to generate the total DEER signal. This signal depended 

on parameters such as the distance distribution as well as on the relative orientation. The DEER 

signal was compared to experiment and the parameters were varied until a good fit was reached. 

The whole procedure is summarized in Scheme 1. 

The Monte Carlo (MC) procedure generates different positions of the copper centers as 

follows. In each MC step, the position of the first copper atom in the spherical coordinate system 

is expressed by 

�
𝑥𝑥1
𝑦𝑦1
𝑧𝑧1

� = �
𝛥𝛥𝛥𝛥 ∙ sin 𝜃𝜃1 ∙ cos𝜑𝜑1
𝛥𝛥𝛥𝛥 ∙ sin 𝜃𝜃1 ∙ sin𝜑𝜑1

𝛥𝛥𝛥𝛥 ∙ cos 𝜃𝜃1

�                                   (3-12) 

where θ1 is the inclination angle, describing the angle between the z-axis of the reference frame 

(the first spin g-tensor) and the vector connecting the center of the reference frame and the 

copper atom. The 𝜑𝜑1 angle is the azimuth angle, describing the angle between the x-axis of the 

reference frame and xy-plane projection of the vector connecting the center of the reference 

frame and the copper atom. The θ1 was selected randomly from 0° to 180°, and φ1 was selected 

randomly from 0° to 360°. Such random selection of inclination and azimuth angles ensured that 

the position of the first copper atom was selected randomly within the sphere. Similarly, the 

position of the second copper atom, (x2, y2, z2

�
𝑥𝑥2
𝑦𝑦2
𝑧𝑧2

� = �
𝛥𝛥𝛥𝛥 ∙ sin𝜃𝜃2 ∙ cos𝜑𝜑2
𝛥𝛥𝛥𝛥 ∙ sin𝜃𝜃2 ∙ sin𝜑𝜑2

𝛥𝛥𝛥𝛥 ∙ cos 𝜃𝜃2

� + �
𝑥𝑥2,0
𝑦𝑦2,0
𝑧𝑧2,0

�                          (3-13) 

) is expressed by  
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Scheme 3-1: Process in optimizing parameters in the molecular model. 
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where the inclination angle, θ2, was randomly selected from 0° to 180°, and the azimuth angle, 

φ2, was randomly selected from 0° to 360°. The (x2,0, y2,0, z2,0) represents the center of the 

second Cu2+ sphere in the reference frame, which depends on ΔR, R, and angle χ. The χ angle 

was selected randomly. The probability of selecting each χ angle was assumed to be a Gaussian 

function, where the mean angle value was χ and the standard deviation of the χ angle was σχ in 

the simulations (135). Such pseudo-random selection of χ accounted for the flexibility in the χ 

angle. For this trajectory, by knowing the coordinates of each copper center, the interspin 

distance, r, can be computed with variables R, ΔR, χ and σχ

As shown by Larson et. al. (2), the 𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒 ,𝑖𝑖  and 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 ,𝑖𝑖  terms in Equation 3-6 to 3-10 depend 

on the relative orientation between the external magnetic field and the z-axis of the Cu

.  

2+ g-

tensors. For the first Cu2+ center, the external magnetic field in the Cu2+

�
𝐵𝐵𝑋𝑋,𝑔𝑔,𝐶𝐶𝐶𝐶
𝐵𝐵𝑌𝑌,𝑔𝑔,𝐶𝐶𝐶𝐶
𝐵𝐵𝑍𝑍,𝑔𝑔 ,𝐶𝐶𝐶𝐶

� = 𝑅𝑅(𝜒𝜒) ∙ 𝑅𝑅(𝜃𝜃,𝜑𝜑) ∙ �
0
0
𝐵𝐵0

�                                                 (3-14) 

 g-tensor coordinate 

system is 

where (𝜃𝜃,𝜑𝜑)  describes the relative orientation between the external magnetic field and the 

interspin vector. The relative orientation between the external magnetic field and the second Cu2+

�
𝐵𝐵𝑋𝑋,𝑔𝑔,𝐶𝐶𝐶𝐶 ,2
𝐵𝐵𝑌𝑌,𝑔𝑔,𝐶𝐶𝐶𝐶 ,2
𝐵𝐵𝑍𝑍,𝑔𝑔 ,𝐶𝐶𝐶𝐶 ,2

� = 𝑅𝑅−1(𝛾𝛾, 𝜂𝜂) ∙ �
𝐵𝐵𝑋𝑋,𝑔𝑔,𝐶𝐶𝐶𝐶 ,1
𝐵𝐵𝑌𝑌,𝑔𝑔,𝐶𝐶𝐶𝐶 ,1
𝐵𝐵𝑍𝑍,𝑔𝑔 ,𝐶𝐶𝐶𝐶 ,1

�                                                (3-15) 

 

g-tensor is given by 

Once the 𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒 ,𝑖𝑖  and 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 ,𝑖𝑖  terms are known, for this trajectory, the geometrical factor can be 

expressed with three Euler angles and their standard deviations (2). Similar to χ, the γ and η 

values were also pseudo-randomly selected, with corrreponding standard deviation of σγ and ση, 
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respectively. The DEER signal for this trajectory was calculated using Equation 3-11. The 

overall DEER signal, Vmodel

            To fit the simulated signal to the experimental data, an average χ

(t), was averaged over 2000 trajectories.  

2

𝜒𝜒2 = ∑
∑ �𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ,𝑖𝑖(𝑡𝑡)−𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 ,𝑖𝑖(𝑡𝑡)�

2𝑁𝑁
𝑖𝑖=1

𝑁𝑁−1
𝑀𝑀
𝑘𝑘=1                                                         (3-16) 

 value was employed to 

describe the goodness of the fit,  

where N represents the number of points in the DEER experiments and M is the total number of 

DEER data collected at different experimental conditions (i.e. the external magnetic field or 

resonance offset). The variables in the molecular model were varied until the lowest average χ2 

value was achieved. The optimized set of variables provided both the interspin distances and the 

relative orientation between Cu2+ centers. This model was originally developed for a Cu2+- Cu2+ 

spin pair. The Cu2+-nitroxide model was obtained by replacing the second Cu2+

Electron spin density delocalization effects have been noticed and analyzed in several 

metal ion related systems (53, 54). These effects play a minor role in the DEER signal simulation 

except for the cases of strong delocalization (54). Nevertheless, we examined the spin density 

delocalization effects on our sample peptides during our analysis process. The Cu

 center with a 

nitroxide spin label. 

2+ binding 

centers in our model peptides display a five-center spin density distribution (the copper atom and 

the four binding ligands). The probability of the electron density distribution in the PHGGGW-

Cu2+ center was determined by Larsen and coworkers (134) to be 64.53 % on the copper atom, 

4.22 % on the δ-N of histidine, 14.45 % and 12.03 % on the amide nitrogen of the first and 

second glycine, respectively. There was almost no electron spin density delocalized on the 

equatorial oxygen. DEER signal for the case of a delocalized electron density was simulated 

using a procedure similar to that developed by Prisner and coworkers (53).  
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  Strategy to optimize the variables in the model. Variables in the molecular model to be 

optimized are R, ΔR, χ, γ, η, σχ, σγ and ση.  For an unknown model peptide, there is no 

information regarding the exact value of each variable. However, an estimation of the range of 

each variable can still be made based on properties of the sample molecules and spin centers. For 

instance, for both peptide sequences, the length between spin centers can be estimated to be in 

the range of 20 to 40 Å. The relative orientation of the two spin centers was expected to contain a 

similar flexibility in the direction of the x, y or z axis of the reference frame. Therefore, to a good 

approximation, we set σχ≈σγ≈ση at a value of σ. We then randomly chose values for the three 

angles and the standard deviation as the initial inputs and calculated the correlation of R and ΔR, 

by generating a contour plot of average χ2 values in functions of R and ΔR using Equation 3-16. 

The lowest χ2 value represented the best R and ΔR when the Euler angles and σ were applied at 

initial inputs. We then fixed R and ΔR at these optimized values, randomly chose a value for σ 

and varied χ, γ and η by increments of 30° ranging from 0° to 90° to calculate the average χ2

   The robustness and specificity of the optimized variables were further tested by using 

different initial inputs. For example, we used a different set of Euler angles to investigate the best 

R and ΔR values, and then optimized the angles and the standard deviation. We even tried to 

randomly choose the values for R and ΔR as the initial inputs and optimized the angles first, then 

 

values to find the best Euler angles. Third, we kept R, ΔR, χ, γ and η at the pre-optimized values 

and varied the σ value by increments of 3°, to determine the optimized standard deviation for 

each Euler angle. Once the Euler angles and the standard deviation were optimized, the 

correlation of R and ΔR were calculated again to ensure that the optimized R and ΔR values 

remained. If a new set of R and ΔR values were obtained, the same steps to optimize the Euler 

angles and standard deviations were performed again until self-consistent results were obtained.  
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use the optimized angles to optimize the R and ΔR. The optimized variables were found to be 

unchanged for both peptides.  

   Sample preparations. Alanine-based peptide sample: The sequence of the alanine-based 

peptide is PPHGGGWPAAAAKAAAAKCAAAAKA (cf. Figure 3-2a. P, proline; H, histidine; 

G, glycine; W, tryptophan; A, alanine; K, lysine; C, cysteine). This peptide was synthesized at 

the Molecular Medicine Institute, University of Pittsburgh. The lysine residues in this peptide 

increase the solubility of the peptide in aqueous solutions. The PHGGGW on one end of the 

peptide serves as a copper binding sequence (118, 119, 136). The purpose of the cysteine residue 

close to the other end of the peptide was to covalently attach the (1-oxy-2,2,5,5-

tetramethylpyrroline-3-methyl) methanethiosulfonate (MTSSL) spin label, using site-directed 

spin labeling (SDSL). The spin labeled alanine-based peptide was mixed with 25 mM N-

ethylmorpholine (NEM) buffer and 25% glycerol and the pH value of the mixture was adjusted 

to be 7.4-7.6. The concentration of the peptide sample was 1.2 mM. Isotopically 

enriched 63CuCl2 was dissolved in the same buffer as for the peptide solution with the same pH 

value to make the Cu2+ stock solution. Cu2+ was then mixed with the peptide solution with a 1:1 

Cu2+-to-peptide ratio. Based on the binding affinity of Cu2+ to the PHGGGW segment, more than 

99% of the Cu2+

    Proline-based peptide sample: The peptide sequence of the proline-based peptide is 

PPHGGGWPPPPPPPHGGGW. This peptide was also synthesized at the Molecular Medicine 

Institute, University of Pittsburgh. The proline-based peptide was mixed with 25 mM N-

ethylmorpholine (NEM) buffer and 25% glycerol and the pH value of the mixture was adjusted 

to be 7.4-7.6. The concentration of the peptide sample was 1.6 mM. Isotopically 

enriched 

 was bound to the peptide (132). 

63CuCl2 was dissolved in the same buffer with the same pH value to make the Cu2+ 
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stock solution. Cu2+ was then mixed with the peptide solution with a 6:1 Cu2+-to-peptide ratio to 

ensure that both PHGGGW sites were occupied by Cu2+

  ESR experiments. All of the pulsed ESR experiments were performed on a Bruker 

Elexsys 580 spectrometer at 20 K. A MD5 resonator was used in all the experiments. The 

effective sample volumes for both samples were ~120 μL. 

. 

   The three pulse ESEEM signals were collected by recording the stimulated electron 

spin echo intensity as a function of T using the sequence: (π/2)-τ-(π/2)-T-(π/2)-τ-(stimulated 

echo), on both peptides. The duration of the (π/2) pulses was 16 ns. The inter-pulse delay τ was 

fixed at 200 ns. The time interval T was incremented from 400 ns with a step size of 16 ns, for a 

total of 1024 points. A four step phase cycle was employed to eliminate unwanted signals (101). 

 For the DEER experiments a (𝜋𝜋/2)υ1  R- τ1 - (𝜋𝜋)υ1  R- T - (𝜋𝜋)υ2  R- τ2 - (𝜋𝜋)υ1  R-τ1-echo was 

employed. The pulse duration of the (𝜋𝜋/2)υ1 , (𝜋𝜋)υ1  Rand (𝜋𝜋)υ2  Rpulses was adjusted to be 24 ns, 

48 ns and 36 ns, respectively. However, for the DEER data on the proline-based peptide at 3060 

G, the pump pulse legnth was set to be 16 ns. For the alanine-based peptide, the interval T was 

incremented from 136 ns with a stepsize of 12 ns, for a total of 128 points. Proton modulation 

was averaged by adding traces at four different τ1 values, starting at 200 ns and incrementing by 

18 ns (2). Interval τ2 was adjusted to make (τ1+τ2) =1700 ns. A two-step phase cycling (+x,-x) 

was carried out on  the first (π/2) pulse. For the proline-based peptide at higher magnetic fields 

(>3230 G), the interval T was incremented from 144 ns with a stepsize of 16 ns, for a total of 128 

points. At 3060 G, the stepsize applied was 10 ns, with the same number of points. A similar 

procedure was applied to reduce the effect from proton ESEEM as in the alanine-based peptide 

sample. 
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 To measure the distance between Cu2+ and the spin label in the alanine-based peptide, 

the pump and observer pulses were placed at the nitroxide and Cu2+

 To measure the Cu

 ESR spectrum, respectively. 

Four different frequency offsets, 260, 364, 448 and 560 MHz, were maintained to probe the 

orientational effects on the DEER signal. The relative position of the pump and observer 

frequencies is shown in the Figure 3-3a inset. Signal collection time varied from 4 hours to 16 

hours, depending on the frequency offset. 

2+-Cu2+ distance in the proline-based peptide, both the pump and 

observer frequencies were applied to the Cu2+

3.4 RESULTS AND DISCUSSION 

 ESR spectrum. DEER signal were collected at five 

different magnetic fields, 3320, 3290, 3260, 3230 and 3060 G. Signal collection time was 8 to 72 

hours depending on different magnetic field. DEER signal were also collected for two different 

frequency offsets, 200 and 300 MHz. 

DEER on the alanine-based peptide. The alanine-based peptide contains a Cu2+ center and a 

nitroxide spin label. Prior to DEER experiments, the Cu2+ binding environment in the alanine-

based peptide was confirmed by using 3-pulse electron spin echo envelop modulation (ESEEM) 

spectroscopy. The resultant ESEEM spectrum showed characteristic peaks due to electron 

nuclear dipolar interactions between the unpaired Cu2+ electron and 14N nuclear spins from both 

a histidine residue and a non-coordinated glycine residue (data not shown) (118). These peaks 

are signatures of Cu2+

The experimental DEER traces for the alanine-based peptide are shown in Figure 3-3a. 

The pump pulse was applied at the maximum position of the nitroxide ESR spectrum, as shown 

 binding to the prion protein copper binding segment, PHGGGW (119).   
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by the dashed arrow in the inset to Figure 3-3a. The observer pulses were applied at four 

different resonance offsets, as indicated by the solid arrows in the inset to Figure 3-3a, that range 

from 260 MHz to 560 MHz. The zero time of each data set was precisely determined and 

illustrated by the dashed line in Figure 3-3a. A slight but noticeable modulation occurring at 

~200 ns can be observed in all the data sets. The modulation depth varied in the range of 5-10 % 

depending on different frequency offsets (detailed values are listed on each curve). This range is 

comparable to theoretical values which gave a range of 7-12 % (127) (The slight difference is 

possibly caused by the inhomogeneous excitation of the mw B1

 

-field (31)). Depending on the 

observer frequency, the DEER data show different decaying slopes due to the intermolecular 

interaction. The background signal for each data set was fit by an exponential function and 

removed from the original data. The baseline corrected DEER traces are shown in Figure 3-3b. 

The differences between these DEER traces are difficult to visualize. However, a Fourier 

transformation of each data set shows subtle differences between different data sets in the 

frequency domain, indicating a weak orientational selectivity (cf. Figure 3-4). For example, the 

linewidth of data set with 260 MHz resonance offset is slightly narrower than the other three. 

Such subtle differences can not be directly used to calculate the spin-spin distance between spin 

centers. Quantitative analysis of the orientational effects is required. 
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Figure 3-3. (a) Experimental DEER time domain traces for the alanine-based peptide at four 

different frequency offsets between 260 MHz and 560 MHz. The vertical dashed line indicates 

the zero time of each trace. (Inset) The FS-ESE spectrum with the pump and observer 

frequencies used in DEER shown by arrows. (b) DEER signal after the removal of the 

intermolecular decay by division of an exponential decay. A clear modulation can be observed at 

~200 ns, for all the experimental data sets. These baseline corrected DEER data were fit by using 

the theoretical model developed in this work. Simulations are shown by dashed lines. 
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Figure 3-4. Fourier transformation of the baseline corrected experimental signal with 

corresponding frequency offset listed. 
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The alanine-based peptide was earlier used by Jun et. al. to measure the average distance 

between Cu2+ and the nitroxide spin label based on T1 measurements and molecular dynamics 

simulations (132). Based on their MD model, the initial Euler angles were selected to be χ=90°, 

γ=0° and η=60° (132). A combination of the peptide backbone flexibility and nitroxide spin label 

flexibility creates large flexibilities in the three Euler angles. As initial inputs, we set the 

standard deviation at 20°. This value together with the initial Euler angle inputs were optimized 

later in this section. The radius of the sphere in which the nitroxide spin is located, namely ΔR’, 

is not necessary to be the same as the Cu2+ sphere. Initially we set ΔR’= ΔR and in later 

simulations investigated the best radius of the nitroxide sphere. Using these initial inputs, the 

correlation of R and ΔR was calculated and shown in Figure 3-5a. The best fit occurred at R=27 

Å and ΔR=3 Å. We then fixed R and ΔR at the optimized values and optimized χ, γ, η, and σ as 

explained in the method section. The best fit occurs at (χ, γ, η)=(90°, 30°, 30°) and σ = 9° - 12°. 

Lastly we varied ΔR’ and ΔR in the range of 1 – 5 Å to investigate the best fit and determined 

that the best fit occurred at ΔR’= ΔR = 3 Å. Most likely the flexibility of the peptide backbone is 

the major contributor to the flexibility in the locations of the spin centers. Using the optimized 

parameter set, the relative orientation between Cu2+

 

 and nitroxide g-tensors can be illustrated by 

the black dots shown in Figure 3-5b.                     
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Figure 3-5. (a). Correlation between R and ΔR, using initial inputs of χ=90°, γ=0° and η=60°. 

The lowest χ2 value occurs at R=27 Å, ΔR=3 Å, χ=90°, γ=30° and η=30°. (b). Orientations of the 

nitroxide gzz axis with respect to the Cu2+

 

 g-tensor shown by black dots.              
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The specificity of the optimized Euler angles, χ=90°, γ=30°, η=30°, and σ=9°-12° was 

further examined by investigating the change of the average χ2 values upon changing parameters. 

Representative fittings are shown in Figures 3-6 to 3-8. Our results showed that the χ angle 

played the most important role. Figure 3-6 shows the fitting of the first 600 ns of the time 

domain traces for three experimental data sets, by scanning χ values from 0° to 90°, using γ=30° 

and η=30°. The χ2 values are listed on each fitting curve. The χ2 values show that the best χ value 

occurs at 90°, with corresponding χ2 values of 0.0802, 0.062, and 0.104 for the three 

experimental data sets. When the χ value deviated from 90°, the χ2 value increased more than 3-

fold. Similarly, in Figures 3-7 and 3-8, we show the effects of γ and η on the fitting of the 

experimental data. The changes in χ2 values by changing the γ and η angles were not as 

significant as changing the χ values (cf. listed χ2 values in Figures 3-7 and 3-8). However, 

different γ and η angles still provided different fits to the experimental data. For instance, as 

shown in Figure 3-7, γ=0° provides good fits to experimental data at 260 MHz and 364 MHz 

frequency offsets with the corresponding χ2 values of 0.0838 and 0.0485, respectively. At 448 

MHz resonance offset, however, the χ2 increased to 0.121. Similarly, as shown in Figure 3-8, 

using η=0° the fit to the experimental data with 448 MHz resonance offset was actually better 

than using η=30°, as shown by the χ2 values. However, the fits to the other two experimental data 

sets was not acceptable. The optimized σ was also investigated in a similar manner. We observed 

that σ values below 9° led to a simulated signal with a higher modulation amplitude compared 

with the experimental data, resulting in a “bad” fit. Conversely, σ values above 12° led to a lower 

modulation amplitude compared with the experimental data, also resulting in a “bad” fit. The 

weak orientational selectivity did not change the distance distribution function between spin 

centers but could be used to isolate the best orientational parameters.  
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Figure 3-6. Investigation of the effect of the χ angle on the DEER simulation. Representative 

fitting of three experimental data using χ values varying from 0° to 90° are shown. The χ2

 

 values 

for each fitting are also listed. For all experimental data, the best χ value is 90°. 
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Figure 3-7. Investigation of the effect of the γ angle on the DEER simulation. Representative 

fitting of three experimental data using γ values varying from 0° to 90° are shown. The χ2

 

 values 

for each fitting are also listed. For all experimental data, the best γ value is 30°. 
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Figure 3-8. Investigation of the effect of the η angle on the DEER simulation. Representative 

fitting of three experimental data using η values varying from 0° to 90° are shown. The χ2

 

 values 

for each fitting are also listed. For all experimental data, the best η value is 30°. 
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Figure 3-9. (a). Solid line: the determined Cu2+

 

-nitroxide distance distribution function using the 

molecular model. Dashed lines: the distance distribution functions obtained from different 

experimental data sets using the Tikhonov regularization method. (b). A “dynamic” view of the 

alanine-based peptide.  
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Five different initial inputs were tested in the fitting procedure. In all cases, we obtained 

the same optimized Euler angles of χ=90°, γ=30°, η=30° and σ of 9° - 12°. The distance 

distribution function was also unchanged. Spin density delocalization effects were also 

investigated in the fitting and were found to have no effect on the simulated DEER signal as well 

as the determined distance distribution function. Using the optimized parameters, the Cu2+

   In such a Cu

-

nitroxide distance distribution was calculated by a statistical histogram plot of the spin-spin 

distances for 2000 conformations and shown by the solid line in Figure 3-9a. The mean distance 

and the standard deviation were calculated to be 27 Å and 2.4 Å, respectively. The mean distance 

is consistent with relaxation results (see below) (132). The standard deviation is also in 

agreement with literature estimates of polyalanine peptides (130). The large values of σ are 

reasonable given that a small bending of the polypeptide chain can lead to a large change in the 

relative orientation. Using the determined Euler angles and standard deviations of Euler angles, 

the model of the alanine-based peptide was rebuilt. Specifically, the nitroxide spin label was 

oriented by using the optimized γ and η angles. The flexibility of the spin label was also reflected 

by using the σ from our model. The resultant, “dynamic” structural model of the alanine-based 

peptide is shown in Figure 3-9b.  

2+-based measurement, the use of the Tikhonov regularization method to 

extract distance distribution functions is believed to be problematic. To illustrate the necessity of 

full data analysis for Cu2+-based DEER data, the experimental data were analyzed by using the 

Tikhonov regularization method after baseline correction. The resultant distance distributions are 

depicted in Figure 3-9a, using different styles of dashed lines (cf. figure captions). The distance 

distributions obtained from different resonance offsets are slightly different from each other, 

showing very weak orientational selectivity. The average distances using Tikhonov 
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regularization are shorter than that obtained from our molecular model (Figure 3-9a solid line). 

The distributions of distances are broader than that from our molecular model. This is due to the 

fact that the Tikhonov regularization method assumes that all of the orientations are excited in 

the analysis of the DEER signal. However, in the case of Cu2+-based DEER, only partial 

orientations are excited. To fit the experimental data using the Tikhonov regularization method, 

broader distance distributions are required to complement the narrower range of excited 

orientations. Therefore, to obtain precise distance distributions between Cu2+

 The average Cu

 involved spin pairs, 

full data analysis is required. 

2+-nitroxide distance in the folded state of the alanine-based peptide has 

been measured to be 25±0.8 Å at physiological temperatures by using the effects of Cu2+ on the 

T1 of the nitroxide (132). As pointed out by these authors this distance is expected to be shorter 

than the actual average, since T1 enhancements depend on r-6 rather than r. Indeed, we obtained a 

mean distance of 27 Å. In comparison, the average distance from the Tikhonov method is 

smaller than 25 Å. The measurement of the distance distribution allows us to make a closer 

comparison. The value of rESR

𝑟𝑟𝐸𝐸𝐸𝐸𝐸𝐸 = 𝜅𝜅1/6 ∙ [�∑ 𝑃𝑃(𝑟𝑟)( 𝜅𝜅
𝑟𝑟6 + 1

𝑇𝑇1𝑠𝑠
0 )𝑟𝑟2

𝑟𝑟1 � − 1
𝑇𝑇1𝑠𝑠

0 ]−1/6                            (17) 

, measured by a relaxation based measurement, as shown by Jun 

et. al. (132), is given by  

where κ is a constant as defined previously (132), 𝑇𝑇1𝑠𝑠
0  is the longitudinal relaxation time of the 

“slow” relaxing spin, the nitroxide, in the absence of Cu2+, P(r) is the distance distribution 

between Cu2+ and nitroxide spins, and r is the real Cu2+-nitroxide distance in each conformation 

of the peptide (132). Using the same T1s,0 and T1s values as Jun et. al. (132), we obtained a 25.7 

Å “ESR averaged” Cu2+-nitroxide distance using Equation 3-17, consistent with the previous 

results (132). In contrast, using the distance distributions obtained from the Tikhonov 
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regularization method we obtained “ESR averaged” Cu2+-nitroxide distances of 21 Å to 23 Å, 2 

to 3 Å shorter than the previous results (132). This further verifies that to obtain precise distance 

distributions between Cu2+

DEER on the proline-based peptide. The proline-based peptide contains two copper 

centers separated by seven prolines. The Cu

 and nitroxide spin centers, full data analysis is required. 

2+ binding environment in the proline-based peptide 

was also confirmed by using the 3-pulse electron spin echo envelop modulation (ESEEM) 

spectroscopy (data not shown) (119). The experimental DEER traces on the proline-based 

peptide are shown in Figure 3-10a. The observer pulses were applied at five different magnetic 

fields scanning from the g⊥ region to the g|| region, as indicated by the arrows in the inset to 

Figure 3-10a. The pump pulse was applied at a frequency 92 MHz lower than the observer 

frequency. The zero time of each data set was precisely determined and illustrated by the dashed 

line in Figure 3-10a. Depending on the external magnetic field, the modulation depth for each 

data set is 0.5-2%, consistent with theoretical calculations (127). In the raw data, a modulation 

can be visualized before baseline correction. After baseline correction by using an exponential 

function, the results are shown in Figure 3-10b. The modulation curve did not change 

appreciably among the data sets in the g⊥ region. The first period of modulation ends at ~600 ns 

for each data set. At the g|| region, the first period of modulation ends at ~540 ns, which differs 

distinctively from other data sets (cf. the vertical dashed line). The Fourier transformation of the 

baseline corrected signal also show subtle differences in the dominant frequency peak (cf. Figure 

3-11). From the g⊥ region to the g|| region, the main frequency peak shifts ~ 0.15 MHz. This shift 

is distinguishable given a resolution of 0.06 MHz in the frequency domain. Such subtle 

differences can not be directly used to calculate the spin-spin distance between spin centers. 

Quantitative analysis of the orientational effects is required. 
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Before fitting the experimental data, a raw structure of the peptide was constructed by 

using the package of CAChe 6.12 using the following procedures. The seven prolines were built 

to form a PPII conformation. The structure of the two Cu2+-PHGGGW groups were adapted 

from the crystal structure obtained by Millhauser and coworkers (119). The two Cu2+-PHGGGW 

groups were connected to both ends of the seven proline segment. The binding angles and 

dihedral angles between the PHGGGW groups and the seven-proline segment were adapted from 

Becker et. al., where two Cu2+ bound PHGGGW groups were attached to a three-proline 

segment (117). The resultant proline-based peptide is shown in Figure 3-2b. The Euler angles are 

measured to be χ=60°, γ=30° and η=0° in this model. These Euler angles were used as the initial 

inputs. The standard deviation was assumed to be the same for all of the three Euler angles, at 

20°. The correlation of R and ΔR was calculated and shown in Figure 3-12a. The best fit 

occurred at R = 30 Å and ΔR= 3 Å. We then fixed R and ΔR at the pre-optimized values and 

optimized the other parameters. The best fit occurred at (χ, γ, η) = (60°, 60°, 0°) and σ from 9° - 

12°. Using these Euler angles and deviations, the R and ΔR correlation was checked again. The 

best fit still occurred at R = 30 Å and ΔR  = 3 Å. Using the optimized parameter set, the relative 

orientations between Cu2+

 

 g-tensors can be illustrated by the black dots shown in Figure 3-12b. 
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Figure 3-10. (a). Experimental DEER time domain traces for the proline-based peptide at five 

magnetic fields between 3060 G and 3320 G. The vertical dashed line indicates the zero time of 

each trace. (Inset) The FS-ESE spectrum of the proline-based peptide with observer frequencies 

indicated by arrows. The pump pulse was kept 90 MHz lower than the observer frequency in all 

the data sets. (b). DEER signal after the removal of the intermolecular decay by division of an 

exponential decay. At the g⊥ region, the modulation period is ~ 600 ns. At the g||

 

 region, the 

modulation period shifts to ~ 540 ns. These baseline corrected DEER data were fit by using the 

theoretical model developed in this work. Simulations are shown by dashed lines.  
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Figure 3-11. Fourier transformation of the experimental signal with corresponding experimental 

magnetic field listed. The SNR is similar to all these data sets. The “noise” in the first four data 

sets is due to the sinc effects from zero-filling of the original data, with the purpose of increasing 

resolution.  
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Figure 3-12. (a). Correlation between R and ΔR, using initial inputs of χ=90°, γ=0°, η=60°. The 

lowest χ2 value occurs at R= 30 Å, ΔR=  3 Å, χ=60°, γ=60°, and η=0°. (b). Orientations of the 

second Cu2+ gzz axis with respect to the first Cu2+

 

 g-tensor shown by black dots.  
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 The specificity of the optimized Euler angles, χ=60°, γ=60° and η=0° was further 

examined by investigating the change of the average χ2 values upon changing the Euler angles. 

Representative fittings are shown in Figures 3-13 to 3-15. Figure 3-13 shows the fitting of the 

first 1000 ns of time domain traces for three experimental data sets, by scanning χ values from 0° 

to 90°, using γ=60° and η=0°. The χ2 values are listed near each fitting curve. Both visual 

inspection and the χ2 values show that the best χ value occurred at 60°, which resulted in χ2 

values of 0.11, 0.0745 and 0.0791 for the three experimental data sets. When the χ value deviated 

from 60°, the χ2 value increased up to 5-fold. Similarly, in Figures 3-14 and 3-15, we show the 

effects of γ and η on the fitting of the experimental data. The changes in χ2 values by changing 

the γ and η angles were not as significant as changing the χ values (cf. Figures 3-14 and 3-15). 

For instance, in Figure 3-14, γ=30° provides good fits to experimental data at 3290 G and 3260 

G, with the corresponding χ2 values of 0.0528 and 0.089, respectively. At 3320 G, however, the 

χ2 increased to 0.176. The failure of using γ=30° to fit the experimental data with 3320 G ruled 

out the possibility of γ = 30°. Similarly, as shown in Figure 3-15, using η=30° the fits to the 

experimental data with 3320 G and 3290 G was slightly better than using η=0°, based on the χ2

 Similar to the fitting procedure for the alanine-based peptide, up to five other initial 

inputs were tested for the proline-based peptide. Our simulations showed that the optimized 

parameter set and distance distribution function were unaffected. Spin density delocalization 

 

values. However, the fit to the experimental data at 3260 G was not acceptable. Varying σ values 

resulted in the same scenario as in the case of the alanine-based peptide. The weak orientational 

selectivity did not change the distance distribution function between spin centers but could be 

used to isolate the best orientational parameters.   
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effects were also investigated and did not affect the simulated DEER signal as well as the 

determined distance distribution function (53).  

The Cu2+- Cu2+ distance distribution was calculated by a statistical histogram plot of the 

spin-spin distances for 2000 conformations generated using our model and shown by the solid 

line in Figure 3-16a. The mean distance and standard deviation was calculated to be 30 Å and 2.4 

Å, respectively. The average Cu2+-Cu2+ distance is consistent with the structural model shown in 

Figure 3-2b. The standard deviation is in agreement with literature estimates of polyproline 

peptides (131). Similar to the alanine-based peptide, the large σ values are reasonable given that 

a small bending of the proline-based peptide can lead to a large change in the relative orientation 

between Cu2+ centers. The distance distribution function obtained from our molecular model was 

compared with that from the Tikhonov regularization method. As shown in Figure 3-16a, the 

distance distribution function from the Tikhonov regularization method shows a shorter mean 

Cu2+-Cu2+ distance and a broader distribution of Cu2+-Cu2+ distances. The rationalization of these 

experimental results is similar to that in the case of the alanine-based peptide. This further 

verifies that to obtain precise Cu2+-Cu2+

 

 distances, full data analysis is required. Using the 

determined Euler angles and standard deviations of these angles, the model of the proline-based 

peptide was rebuilt. Specifically, the position and the orientation of the second copper center 

with respect to the first copper center were determined by the optimized variables in the model. 

The resultant, “dynamic” structural model of the proline-based peptide is shown in Figure 3-16b. 
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Figure 3-13. Investigation of the effect of the χ angle on the DEER simulation. Representative 

fitting of three experimental data using χ values varying from 0° to 90° are shown. The χ2

 

 values 

for each fitting are also listed. For all experimental data, the best χ value is 60°. 
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Figure 3-14. Investigation of the effect of the γ angle on the DEER simulation. Representative 

fitting of three experimental data using γ values varying from 0° to 90° are shown. The χ2

 

 values 

for each fitting are also listed. For all experimental data, the best γ value is 60°. 
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Figure 3-15. Investigation of the effect of the η angle on the DEER simulation. Representative 

fitting of three experimental data using η values varying from 0° to 90° are shown. The χ2

 

 values 

for each fitting are also listed. For all experimental data, the best η value is 0°. 
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Figure 3-16. (a). Solid line: the determined Cu2+- Cu2+

 

 distance distribution function using the 

molecular model. Dashed lines: the distance distribution functions obtained from different 

experimental data sets using the Tikhonov regularization method. (b). A “dynamic” view of the 

proline-based peptide obtained based on the relative orientation and flexibility determined from 

the analysis of the DEER data on the proline-based peptide. 
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 Role of σ in reducing orientational effects. For both peptides, the flexibilities of the Euler 

angles reduced the orientational selectivity of the simulated DEER signal. This is reflected by 

representative calculations of the geometrical factor shown in Figure 3-17 for the proline-based 

peptide at two magnetic fields. In Figure 3-17, at two different magnetic fields, σ=1° leads to 

extremely different θ excitation profiles. Strong orientational selectivity of the DEER signal can, 

therefore, be anticipated in cases of smaller σs (50). Our simulations also confirmed this 

consequence. As σ increases, the θ excitation profiles for both magnetic fields become broader, 

indicating that more θ angles are excited. However, the excitation probabilities for different θ 

angles are not uniform. Therefore the case of σ=10° is not sufficient to completely wash out the 

orientational selectivity, and we still anticipate observing weak orientational effects on the 

DEER signal, as confirmed by our simulations. As σ increases to higher values, the orientational 

selectivity further reduces.  
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Figure 3-17. Representative calculations of the geometrical factor for the proline-based peptide 

at two magnetic fields, 3342 G and 3290 G. As σ increases, the θ excitation profiles show that 

more θ angles are excited, indicating that the orientational selectivity is reduced. (Inset) Field-

swept electron spin echo spectrum with the two magnetic fields indicated. 
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3.5 SUMMARY 

We show DEER data on a bis-Cu2+-labeled peptide and a Cu2+-nitroxide labeled peptide. DEER 

experiments were performed at several external magnetic fields and resonance offsets, to probe 

the orientational effects on the Cu2+-based DEER signal. Subtle but detectable orientational 

effects were observed from the DEER spectra of both peptides at X-band. A general theoretical 

model was developed to analyze the experimental data sets. A 30 Å mean Cu2+-Cu2+ distance 

and a 27 Å mean Cu2+-nitroxide distance were determined. The relative orientation of spin 

centers was also determined from the molecular model for both peptides. We show that to obtain 

precise Cu2+

 

-based distance distributions a full data analysis procedure that incorporates 

orientational effects is required. Our data analysis procedure is applicable to a unknown, larger 

sample. 
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4.0  PRACTICAL ASPECTS OF CU ION-BASED DOUBLE ELECTRON 

ELECTRON RESONANCE DISTANCE MEASUREMENTS 

This work, written in collaboration with Ming Ji, and Sunil Saxena, is in preparation for 

submission to Journal of Magnetic Resonance. 

4.1 ABSTRACT 

In this chapter, we present the optimal experimental conditions that lead to efficient Cu2+-based 

DEER data collection. The optimal experimental temperature is ~20 K, and the preferable 

sample concentration is in the range 0.1 -1.5 mM. By systematically investigating the effects of 

pulse lengths, we find that the optimal observer π pulse length is 20 to 48 ns and the length of the 

pump pulse needs to be minimized (16 ns in our case). Simulations show that the use of 

relatively shorter observer pulses (~20 ns) does not eliminate the orientational selectivity. For a 

Cu2+-Cu2+ DEER measurement, the optimal frequency offset is ~100 MHz. For a Cu2+-nitroxide 

DEER measurement, the frequency offset is often varied in the range 100 to 500 MHz, to probe 

the orientational selectivity. For both cases, the frequency of the pump pulse is smaller than the 

observer pulses in order to obtain a better modulation depth. For the same reason, the pump pulse 

is typically chosen to be resonant with the central nitroxide peak for Cu2+-nitroxide distances, 

and resonant at a higher magnetic field for Cu2+-Cu2+ distances. In addition, we show the effects 
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of multiple coupled spins in a Cu2+

4.2 INTRODUCTION 

-based sample on the modulation depth of the DEER signal. 

The experimental parameters are applicable to general paramagnetic metal ion-based DEER 

measurements. 

Double electron electron resonance (DEER) (1, 2, 137) has become an attractive approach to 

measure distance distributions between paramagnetic centers. The most commonly employed 

paramagnetic centers are nitroxide spin labels, which are usually attached to a protein by using 

site-directed spin labeling (SDSL) (4, 58-60). The distance distribution between spin labels can 

be extracted from the DEER data by utilizing Tikhonov regularization (5, 6). Using this 

approach, information on structures of soluble proteins (7-20), DNA and RNA (21-26), 

oligomers (27-34) and even more complicated systems such as membrane proteins (35-47) and 

protein-protein/protein-DNA complexes (12, 48, 49)  has been determined. Recently, 

paramagnetic metal centers, such as Cu2+, have begun to be employed (7, 32, 50-53), with the 

motivation of measuring Cu2+-Cu2+ distances in metalloproteins. In combination with SDSL, 

Cu2+

Generally the extension of the DEER technique to the case of metal ions is a non-trivial 

task. For the case of nitroxide-nitroxide distance measurements, the distance distribution is 

obtained from the experimental signal by solving a Fredholm equation containing a simplified 

kernel that is readily available from theory. This approach of analysis is not usually applicable to 

systems containing paramagnetic centers. The use of microwave pulses of durations in the 10’s 

of nanoseconds necessarily leads to the excitation of only select spins in the ensemble, whose 

-nitroxide distance distributions can also be measured (51).  
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interspin vector is appropriately oriented with respect to the main magnetic field. Consequently, 

the Cu2+-based DEER signal becomes orientational selective, meaning that the DEER signal 

depends on the relative orientation of the two Cu2+ g-tensors. We and other research groups find 

that, to obtain precise Cu2+

  The established Cu

-based distance distributions, it is crucial to account for the 

orientational effects in the data analysis (32, 50, 51, 53). 

2+-based DEER experimental procedure is to collect DEER signal at 

several magnetic fields and/or frequency offsets. A proper model is then utilized to analyze the 

data to provide both the spin-spin distance distribution and the relative orientation of spin 

centers. The high-field part of the X-band Cu2+ spectrum is highly disordered because of the 

interplay of g and A anisotropies, in combination with I = 3/2. The orientational effects on the 

DEER signal are generally diluted. In combination with a distribution in relative spin center 

orientation, the differences in time domain signal collected at different magnetic fields and/or 

frequency offsets are very subtle (50, 51). Therefore, to perform orientational selectivity 

analysis, a high-quality data is required to distinguish the differences between time domain 

signals. In particular, ESR parameters such as pulse lengths, frequency offsets and external 

magnetic fields need to be considered prior to a Cu2+

           We provide a systematic investigation of some key parameters in DEER measurements. 

We show the effects of these parameters on the DEER signal to provide the optimum values that 

can lead to efficient Cu

-based DEER measurement, in order to 

optimize the sensitivity of the DEER measurement. Therefore, it is crucial to understand the 

effects of each parameter on the DEER signal and select optimal parameters for efficient data 

collection. 

2+-based DEER data collection. We also provide a discussion on the 
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calculation of the DEER signal modulation depth for systems with both Cu2+

4.3 MATERIALS AND METHODS 

 and nitroxide spin 

centers. 

Sample preparation: Two peptide samples were used in this work, an alanine-based peptide and 

a proline-based peptide. The sequence of the alanine-based peptide is PPHGGGWPAAAA- 

KAAAAKCAAAAKA (P, proline; H, histidine; G, glycine; W, tryptophan; A, alanine; K, 

lysine; C, cysteine). The PHGGGW on one end of the peptide serves as a copper binding 

sequence (118, 119, 136). The purpose of the cysteine residue close to the other end of the 

peptide is to covalently attach the (1-oxy-2,2,5,5-tetramethylpyrroline-3-methyl) 

methanethiosulfonate (MTSSL) spin label. The spin labeled alanine-based peptide was mixed 

with 25 mM N-ethylmorpholine (NEM) buffer and 25% glycerol and the pH value of the mixture 

was adjusted to be 7.4-7.6. The concentration of the peptide sample was 1.2 mM. Isotopically 

enriched 63CuCl2 was dissolved in the same buffer as for the peptide solution with the same pH 

value to make the Cu2+ stock solution. Cu2+ was then mixed with the peptide solution with a 1:1 

Cu2+ to peptide ratio. Based on the binding affinity of Cu2+ to the PHGGGW segment, more than 

99% of the Cu2+ was bound to the peptide (132). The peptide sequence of the proline-based 

peptide is PPHGGGWPPPPPPPHGGGW. This peptide was also synthesized at the Molecular 

Medicine Institute, University of Pittsburgh. The proline-based peptide was mixed with 25 mM 

N-ethylmorpholine (NEM) buffer and 25% glycerol and the pH value of the mixture was 

adjusted to be 7.4-7.6. The concentration of the peptide sample was 1.6 mM. Isotopically 

enriched 63CuCl2 was dissolved in the same buffer with the same pH value to make the Cu2+ 
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stock solution. Cu2+ was then mixed with the peptide solution with a 6:1 Cu2+ to peptide ratio to 

ensure that both PHGGGW sites were occupied by Cu2+

Pulsed ESR measurements: Pulsed ESR data were collected at X-band frequencies (9.5–9.7 

GHz) using a Bruker Elexsys 580 spectrometer equipped with a MD5 resonator. The temperature 

was controlled by using a continuous flow helium cryostat (CF935, Oxford Instruments) and an 

Oxford Intelligent temperature controller ITC 503S. For all pulsed ESR measurements, the 

resonator was over coupled to a Q~200. The field-swept electron spin echo (FS-ESE) 

experiments for both samples were obtained by using the pulse sequence of (π/2)-τ-(π)- τ-(echo). 

The pulse lengths of the (π/2) and (π) pulses were adjusted to be 16 ns and 32 ns, respectively. A 

total of 1024 data points were collected in the magnetic field domain. The pulse sequence and 

phase cycling for the four-pulse DEER experiments was described previously (51). The pulse 

length, pump frequency and observer frequency were varied during the measurements to 

investigate the relationship between these parameters and the DEER signal (details described in 

each experimental data set). Proton ESEEM effects were averaged as described previously (51). 

The acquisition time for each data set varied from 2 to 72 hours, depending on the signal-to-

noise ratio. 

. 

4.4 RESULTS AND DISCUSSION 

The experimental temperature for DEER measurements is ~ 20 K. The Tm values at this 

temperature for all of our Cu2+-based samples are in the order of 2-3 μs, which are sufficient for 

measuring distances up to 45 Å, while the shot repetition times (SRT) at this temperature are in 

the order of 2-3 ms (51, 54), leading to a reasonable data acquisition time (from 2 hours to 3 
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days, depending on  sample concentrations, experimental magnetic fields, pulse power, etc). The 

sample concentration is ~1.2 mM for the alanine-based peptide and ~ 1.6 mM for the proline-

based peptide. These concentrations are found to provide decent signal-to-noise ratios (SNRs) 

for data sets collected with several magnetic fields/frequency offsets, using a relatively short 

signal averaging time (2 hrs to 12 hrs) (51). However, these concentrations are not mandatory. In 

our recent work, a concentration of ~180 µM is found to be sufficient to perform Cu2+

 The DEER signal consists an intramolecular dipolar signal that is overlaid on a 

featureless decay due to the intermolecular interaction (Figure 1-6 in Chapter 1). In order to 

maximize sensitivity to the intramolecular interaction, the modulation depth should be 

maximized. The modulation depth of a normalized DEER signal is defined as (1-V

-based 

DEER measurements with orientational selectivity analysis (138), although the data acquisition 

time are substantially increased (up to 72 hours). We used a MD5 resonator with an effective 

sample volume of ~ 120 μl for all of our data acquisition. The bandwidth of this resonator was 

determined by a nutation experiment on the alanine-based peptide. As shown in Figure 4-1, the 

pulse nutation frequency remains relatively stable from ~9.5 GHz to ~9.8 GHz, indicating a ~ 

300 MHz bandwidth. This suggests that, in a DEER measurement, the optimal frequency offset 

between the pump and the observer frequency is < 300 MHz. However, practically we were able 

to achieve a frequency offset of ~500 MHz (51).   

p), where Vp 

is the intensity of the baseline intermolecular signal at tp = 0 ns. The pulse length, the frequency 

offset between the pump and observer frequencies as well as the external magnetic field

 

 are key 

parameters determining the modulation depth.  
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Figure 4-1. The coverage of the MD5 resonator determined by using a standard echo-nutation 

experiment.   
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              To investigate the effects of pulse length on the Cu2+-based DEER signal, we collected 

DEER data on the alanine-based peptide with the same frequency offset but different pump and 

observer pulse lengths. Only the alanine-based peptide was used in this investigation because the 

modulation depth for this peptide is much higher than the proline-based peptide (up to 20 % 

comparing with less than 10 % for the proline-based peptide) (51). The changes upon application 

of different pulse lengths are more significant. Initially, the pulse lengths for the pump and 

observer π pulses were adjusted to be similar to probe the general effects of the pulse length. 

Figure 4-2 shows the unprocessed DEER data on the alanine-based peptide. The observer pulses 

are varied from 20 ns to 160 ns, with the corresponding pump pulse scanning from 16 ns to 120 

ns, as listed in Figure 4-2. The frequency offset was selected to be 260 MHz, as shown in the 

inset to Figure 4-2. Both the modulation depth and the slope of each signal change according to 

different pulse lengths. The baseline of each raw data was corrected using a polynomial function. 

The baseline corrected signal was then shifted by a value of the corresponding Vp

 

 to make each 

signal start from a value of 1. The resultant signal are shown in Figure 4-3. As the pulse length is 

increased, the modulation depth of the signal is decreased, from ~19 % to ~1 %. In addition, the 

signal-to-noise ratio (SNR) is comparable for data sets collected using observer π pulse from 20 

ns to 48 ns (cf. Figures 4-3a to d). For observer π pulses that are 60 ns or longer, the SNR is 

rapidly decreased (cf. Figures 4-3e to h). Therefore, an optimal combination of pulse lengths is 

an observer π pulse of 20 ns and a pump π pulse of 16 ns, which provides a comparable SNR and 

the largest modulation depth. The selection of an observer π pulse of 48 ns and a pump π pulse of 

36 ns is also found to provide a ~10 % modulation depth with a decent SNR. 
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Figure 4-2. Unprocessed DEER data on the alanine-based peptide using different pump and 

observer pulses. The pulse lengths are listed on each curve. The pump and observer frequencies 

are selected as indicated in the inset.  
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Figure 4-3. Baseline corrected DEER data on the alanine-based peptide using different pump 

pulses. The pump pulse length for each data set is listed on each curve.  
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                To investigate the effects of pump pulse length on the modulation depth, we show 

DEER data collected on the alanine-based peptide (the Cu2+

 

-nitroxide labeled peptide) using 

pump pulse lengths from 16 ns to 80 ns. Since the modulation depth of the signal only depends 

on the pump pulse length, and a 48 ns observer π pulse provides a comparable SNR as a 20 ns 

observer pulse does, in these series of experiments, an observer π pulse of 48 ns was used. The 

general trend of modulation depths and SNR for a 20 ns observer π pulse is identical. The 

frequency offset in these experiments was set to be 260 MHz (cf. Figure 4-4 inset). The 

acquisition time for every data was ~ 2 hrs. The unprocessed DEER data with the corresponding 

pump pulse lengths are shown in Figure 4-4. The modulation depth of each curve is significantly 

different. This can be better visualized in the baseline corrected data. As shown in Figure 4-5, as 

the pump pulse is increased from 16 ns to 80 ns, the modulation depth is decreased from 19 % to 

4 %. Data shown in Figure 4-5 indicate that, with pump pulse of 16 ns, the modulation depth is 

the largest, meaning the highest sensitivity. The signal-to-noise ratio for this data set is also 

substantially higher than other data sets. Under our experimental conditions, clearly the use of a 

pump pulse length of 16 ns provides the most efficient data collection. A comparison of Figures 

4-3a and 4-5a indicates that, for a 16 ns pump pulse, a 20 ns and a 48 ns observer π pulse provide 

DEER signals with identical SNR and modulation depth. Therefore, the optimal observer π pulse 

is 20 to 48 ns. The optimal pump pulse is 16 ns.              
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Figure 4-4. Unprocessed DEER data on the alanine-based peptide using different pump and 

observer pulses. The pulse lengths are listed on each curve. The pump and observer frequencies 

are selected as indicated in the inset.  
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Figure 4-5. Baseline corrected DEER data on the alanine-based peptide using different pump 

pulses. The pump pulse length for each data set is listed on each curve together with the 

modulation depth, Pb

 

.  
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The modulation depth obtained from each data set is recorded and plotted as a function of 

pump pulse length (cf. Figure 4-6 blue squares). The uncertainty of the modulation depth in each 

data set is estimated to be ~ ± 1 %. This value is a result of different baseline definitions. 

Generally these modulation depths are consistent with theoretical expectations. We also 

calculated the modulation depths for each pump pulse length using a theory demonstrated by 

Tsvetkov and coworkers (1). Theoretically, the modulation depth depends on the ESR line 

shape, the DEER experimental magnetic field and the number of coupled spins. In our 

measurements, the number of coupled spins in the alanine-based peptides is found to be close to 

two (132). Using these parameters, we calculated the theoretical values for the modulation depth 

and plotted it as a function of pump pulse length, as shown in Figure 4-6 (the curve). Similar to 

the trend for the experimental data (the squares), the modulation depth is decreased as the pump 

pulse length is increased. The experimental values are slightly smaller than theoretical values. 

This may be caused by the inhomogeneous excitation of the mw B1-field (31). This may also 

indicate that in the alanine-based peptide sample, not all of the peptides are occupied with two 

spins (one nitroxide and one Cu2+

 

).  

 

 

 

 

 

 

 



 110 

 

 

 

 

 

Figure 4-6. Effects of the pump pulse on the modulation depth of the DEER signal on the 

alanine-based peptide. For pump pulse length from 8 ns to 160 ns, the modulation depths were 

calculated. The experimental modulation depths for data sets collected using pump pulse lengths 

from 16 to 80 ns are overlaid on theoretical values and indicated by squares. The error bars are 

caused by the different definition of baseline. 
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  Similar effects of pulse lengths were also found for the proline-based peptide sample 

(where two Cu2+ ions were attached to both ends of the peptide). Using a shorter observer π pulse 

(a 24 ns pulse in this case) and a shorter pump π pulse (a 16 ns pulse), we obtained relatively 

deeper modulation depth (~9 %), as shown in Figures 4-7c and d. The DEER data collected in 

our previous work using an observer π pulse of 48 ns and a pump π pulse of 36 ns is reprinted in 

Figures 4-7a and b for the purpose of comparison. Clearly a better choice is to use a shorter 

pump pulse (16 ns). The frequency offset of 200 MHz in this measurement (Figures 4-7c and d) 

is selected to reduce the ESEEM effects (2). Interestingly, the use of the harder observer and 

pump pulses still provides an opportunity to probe the orientational selectivity of the Cu2+-based 

DEER signal. Using the same Cu2+-Cu2+ distance distribution and relative orientation of the two 

Cu2+ centers (χ=60º, γ=60º, η=0º) obtained from this peptide (51), we simulated DEER signal for 

five different magnetic fields. As shown in Figure 4-8, a ~60 ns deviation between the time 

domain signal collected at 3060 G and at the g┴

 

 region indicates that the use of relatively shorter 

pulses still probes the orientational selectivity.  
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Figure 4-7. (a) Unprocessed DEER signal on the proline-based peptide using 48 ns observer π 

pulse and 36 ns pump π pulse, with a frequency offset of 100 MHz (data reprinted from Chapter 

3 for the purpose of comparison). (b) Baseline corrected signal for data (a). (c) Unprocessed 

DEER signal on the proline-based peptide using 24 ns observer π pulse and 16 ns pump π pulse, 

with a frequency offset of 200 MHz. (d) Baseline corrected signal for data (c). 
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Figure 4-8. DEER simulations show orientational selectivity even under a 24 ns observer π pulse 

for the proline-based peptide. Using the obtained relative Cu2+

 

 g tensor orientation (χ=60º, γ=60º, 

η=0º), DEER signal were simulated for five different magnetic fields.  
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Frequency offset and magnetic field: The frequency offset and the main magnetic field 

are considered together to obtain the best modulation depth. For a sample with only Cu2+

For a sample with both Cu

 probes, 

the frequency of the pump pulse is often adjusted to be in resonant with a magnetic field that has 

a higher intensity than the observer pulses, to obtain a better modulation depth (cf. Figures 4-7 

and 4-9). The frequency offset is often selected to be relatively narrow (~100 MHz). The reason 

is that, using the same pump frequency, a smaller frequency offset means that the observer 

frequency is adjusted to be in resonant with a higher magnetic field compared to a larger 

frequency offset (ca. 200 MHz). This selection of frequency offset leads to a better SNR.  

2+ and nitroxide spin labels attached, the pump pulse is often 

applied at the maximum of the nitroxide ESR spectrum to main the best modulation depth. 

Example data sets on the Cu2+ bound S180C-EcoRI-DNA specific complex (cf. Chapter 5) are 

shown in Figure 4-9. Using the same frequency offset, the modulation depth of signal collected 

in the case of pumping nitroxide is larger than in the case of pumping Cu2+. The frequency offset 

for a sample with both Cu2+

             Taken together, to perform efficient Cu

 and nitroxide spin labels attached is required to be varied in order to 

probe the orientational selectivity. There is not a strict definition of an “optimal” frequency 

offset in this case. Usually we use the frequency offset range of 100 MHz to 500 MHz.     

2+-based DEER data collection, the optimal 

observer pulse length is ~ 20 to 48 ns (π pulse), and the optimal pump pulse length is the 

minimum pulse length one can achieve from the instrument. For a Cu2+

 

-nitroxide DEER 

measurement, the frequency offset is often varied in the range 100 to 500 MHz, to probe the 

orientational selectivity. The pump pulse is often applied at a magnetic field with a higher 

intensity than the observer pulses to maintain the maximum modulation depth. 
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Figure 4-9. Effects of the pump and observer frequencies on the modulation depth of a DEER 

signal. The data was collected on the Cu2+

 

 bound S180C-EcoRI specific complex (cf. Chapter 5).  
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Number of coupled spins: Besides the distance distribution and relative orientation of 

spin centers, DEER signal also reflects the number of coupled spins. For a system containing N 

different spins, the intramolecular interaction Vintra

𝑉𝑉(𝑡𝑡𝑝𝑝)𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 1
𝑁𝑁
∑ �∏ �1 − 𝑝𝑝𝑏𝑏�1 − 〈cos�𝐷𝐷𝑗𝑗𝑗𝑗 𝑡𝑡𝑝𝑝�〉��𝑁𝑁

𝑘𝑘=1
𝑘𝑘≠𝑗𝑗

�𝑁𝑁
𝑗𝑗=1              (4-1) 

 is given by the form of (139) 

where j and k are the index of different spins, and Djk is the dipolar interaction between spins j 

and k. The term, pb, represents the excitation probability of the spins due to the application of the 

pump pulse. Orientational effects of the Cu2+-based DEER signal are ignored in Equation 4-1. At 

tp of , the 〈cos�𝐷𝐷𝑗𝑗𝑗𝑗 𝑡𝑡𝑝𝑝�〉 is close to zero (139).  

For a molecule with three nitroxide spins, namely spin A, B and C, Equation 4-1 can be 

expanded as 

𝑉𝑉(𝑡𝑡𝑝𝑝)𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 1
3
��1 − 𝑝𝑝𝑏𝑏 ,𝑁𝑁𝑁𝑁��1 − 𝑝𝑝𝑏𝑏 ,𝑁𝑁𝑁𝑁� + �1 − 𝑝𝑝𝑏𝑏 ,𝑁𝑁𝑁𝑁��1− 𝑝𝑝𝑏𝑏 ,𝑁𝑁𝑁𝑁� + �1 − 𝑝𝑝𝑏𝑏 ,𝑁𝑁𝑁𝑁��1 − 𝑝𝑝𝑏𝑏 ,𝑁𝑁𝑁𝑁��  

                                                                                                                                                  (4-2)                               

where the term, pb,NO

𝑉𝑉(𝑡𝑡𝑝𝑝)𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡 = �1 − 𝑝𝑝𝑏𝑏 ,𝑁𝑁𝑁𝑁�
𝑁𝑁−1

                 (4-3) 

, represents the excitation probability of the nitroxide spins due to the 

application of the pump pulse. For the case where the pump pulse excites spin A and the 

observer pulses excite spin B and spin C, using Equation 4-1 one obtains the first term in 

Equation 4-2. Similarly the second term in Equation 4-2 reflects the case where the pump pulse 

excites spin B and the observer pulses excite spin A and spin C.  The third term can be 

understood analogously. Further simplification of Equation 4-2 gives 

where N=3. This is the well-known equation for calculation of number of coupled spins. 
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For a spin system containing different spin species, c.a. Cu2+

𝑉𝑉(𝑡𝑡𝑝𝑝)𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 1
2
��1 − 𝑝𝑝𝑏𝑏 ,𝑁𝑁𝑁𝑁� + �1 − 𝑝𝑝𝑏𝑏 ,𝐶𝐶𝐶𝐶��                 (4-4) 

 and nitroxide spins, the 

calculation of the modulation depth requires extra care. As shown in Figure 4-10a, Equation 4-1 

becomes 

where the term, pb,Cu, represents the excitation probability of the Cu2+ spins due to the 

application of the pump pulse.The first term in Equation 4-4 accounts for the DEER signal 

contributed by the case where the pump pulse excites the nitroxide spins and the observer pulses 

excite the Cu2+ spins. On the other hand, the second term in Equation 4-4 reflects the case where 

the pump pulse excites the Cu2+ spins and the observer pulses excite the nitroxide spins. Since no 

Cu2+ spins can be excited by applying the pump pulse as indicated in Figure 4-10a, the pb

1 − 𝑝𝑝𝑏𝑏�1 − 〈cos�𝐷𝐷𝑗𝑗𝑗𝑗 𝑡𝑡𝑝𝑝�〉�                      (4-5) 

 term in 

becomes 0. Equation 4-4 becomes 

𝑉𝑉(𝑡𝑡𝑝𝑝)𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 1
2
��1 − 𝑝𝑝𝑏𝑏 ,𝑁𝑁𝑁𝑁� + 1�               (4-6) 

The pb,NO in Equation 4-6 can be calculated for a sample containing only nitroxide spin labels 

(1). Using a 36 ns pump pulse, the pb,NO value is ~10 %. For a sample containing both Cu2+ and 

nitroxide, a pb,NO value of 10 % leads to a theoretical VP value of ~0.95 according to Equation 4-

6. Experimentally we obtained a Vp

Reversing of the frequencies of the pump and observer pulses generates different V

 value of ~0.94. Therefore in our alanine-based peptide, the 

number of coupled spins is close to 2. 

p 

values. As shown in Figure 4-10b, the expression of Equation 4-4 is unchanged. Since almost no 

nitroxide spins are excited by the pump pulse in this case, the pb

𝑉𝑉(𝑡𝑡𝑝𝑝)𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 1
2
�1 + �1 − 𝑝𝑝𝑏𝑏 ,𝐶𝐶𝐶𝐶��                     (4-7) 

 value in Equation 4-5 becomes 

zero, giving the first term of Equation 4-4 a value of 1. Equation 4-4 can be rewritten as 
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The pb,Cu in Equation 4-7 can be calculated for a sample containing only Cu2+ spin probes (1). 

Using a 36 ns pump pulse, the pb,Cu value is ~2 %. For a sample containing both Cu2+ and 

nitroxide, a pb,Cu value of 2 % leads to a theoretical VP

For a system with two Cu

 value of ~0.99 according to Equation 4-7, 

consistent with our experimental findings. 

2+ and two nitroxide labels (138), the expected Vp value can be 

obtained in a similar approach. As shown in Figure 4-10c, when the pump pulse is applied to the 

maximum of the nitroxide ESR spectrum and observer pulses are applied to the maximum of the 

Cu2+ ESR spectrum, the VP value is equal to 0.895. Switching the pump and observer 

frequencies, as indicated schematically by Figure 4-10d, generates different modulation depth. 

Using the same pb values for Cu2+ and nitroxide spins, the VP

For a general sample with different spin species, our approach to calculate the V

 value is equal to 0.97. 

p

 

 is 

applicable. However, if the sample molecules are not fully labeled, there is no straight forward 

way to calculate the spin labeling efficiency.  
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Figure 4-10. Illustration of spin systems and the frequencies applied in a DEER measurement. 

(a) Illustration of a sample labeled with one Cu2+ ion and one nitroxide spin label, with the pump 

pulse exciting the nitroxide spins and the observer pulses exciting the Cu2+ spins. (b) Illustration 

of the same sample as in (a) but with the pump pulse exciting the Cu2+ spins and the observer 

pulses exciting the nitroxide spins.  (c) Illustration of a sample labeled with two Cu2+ ions and 

two nitroxide spin labels, with the pump pulse exciting the nitroxide spins and the observer 

pulses exciting the Cu2+ spins. (d) Illustration of the same sample as in (c) but with the pump 

pulse exciting the Cu2+ spins and the observer pulses exciting the nitroxide spins.  
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4.5 SUMMARY 

We present the optimal experimental conditions and ESR parameters that lead to efficient Cu2+-

based DEER data collection. The optimal experimental temperature is ~20 K, and the preferable 

sample concentration is in the range 0.1 -1.5 mM. By systematically investigating the effects of 

pulse lengths on the data acquisition, we find that the optimal observer π pulse length is 20 to 48 

ns and the power of the pump pulse needs to be maximized (16 ns in our case). Simulations show 

that the use of relatively shorter observer pulses (~20 ns) does not eliminate the orientational 

selectivity. For a Cu2+-Cu2+ DEER measurement, the frequency offset is ~100 MHz. For a Cu2+-

nitroxide DEER measurement, the frequency offset is often varied in the range 100 to 500 MHz, 

to probe the orientational selectivity. For both cases, the frequency of the pump pulse is smaller 

than the observer pulses in order to obtain a better modulation depth. For the same reason, the 

pump pulse is typically chosen to be resonant with the central nitroxide peak for Cu2+-nitroxide 

distances, and resonant at a higher magnetic field for Cu2+-Cu2+ distances. In addition, we show 

the effects of multiple coupled spins in a Cu2+-based sample on the Vp

 

 value of the DEER signal. 
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5.0  ESR DISTANCE MEASUREMENTS IN ECORI REVEAL A SECOND METAL 

ION BINDING SITE 

This work, written in collaboration with Ming Ji, Preeti Mehta, Linda Jen-Jacobson, and Sunil 

Saxena, is in preparation for submission to Proc. Natl. Acad. Sci. U.S.A. 

5.1 ABSTRACT 

The EcoRI restriction endonuclease cleaves a specific sequence of viral DNA in the presence of 

some divalent ions such as magnesium. Copper, on the other hand, does not support the catalysis 

by itself. In order to gain insight into this process, pulsed ESR spectroscopy were applied to the 

EcoRI-DNA complex. The Electron Spin Echo Envelope Modulation (ESEEM) experiment 

established that copper is coordinated to one of the five histidine residues in EcoRI. Cu2+-based 

Double Electron Electron Resonance (DEER) experiments were performed in order to reveal this 

histidine. Using the Cu2+-based DEER data analysis procedure developed in Chapter 3, copper-

copper and copper-nitroxide distances were extracted. A triangulation procedure based on the 

copper-copper and copper-nitroxide distances demonstrated that Cu2+ binds to histidine 114 in 

EcoRI. Biochemical results show that Cu2+ stimulates the Mg2+-catalyzed DNA cleavage. These 

results raise the question of whether EcoRI can also bind two Mg2+ ions during its normal 

cleavage reaction and, if so, whether the second Mg2+ is necessary. 
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5.2 INTRODUCTION 

The EcoRI restriction endonuclease recognizes and binds to the specific recognition site, 5’-

GAATTC-3’ of DNA. The association constant of EcoRI with the specific site is as much as 

90,000 fold higher than with sites (140, 141) that differ by one base pair from the specific site. In 

the presence of Mg2+, the specificity is found to be even higher (140, 142, 143), and DNA is 

cleaved at the specific site. This cleavage activity and selectivity is essential for EcoRI natural 

function of protecting bacterial cells against viral infection. The DNA cleavage activity is 

completely dependent on a divalent metal cofactor. Replacement of the natural cofactor Mg2+ by 

other divalent metals decreases the cleavage rates according to the series Mg2+ ≈ Mn2+ > Co2+>> 

Zn2+ >> Cd2+ > Ni2+ (144). Ca2+ cannot support catalysis and acts as an inhibitor by competing 

with the essential Mg2+. The divalent metal ion, Cu2+

It is fascinating to determine the exact nature of the divalent ion coordination in order to 

illuminate the microscopic origins of their effects on catalysis. Figure 5-1 shows the structure of 

the metal-free EcoRI-DNA complex. EcoRI is a 62 kDa homodimeric protein, which contains a 

large relatively rigid main domain and a smaller arm region. The arm regions are disordered in 

the free protein but become ordered and enfold the DNA in the specific complex. Crystal 

structures of the post-cleavage (Mn

, does not catalyze the cleavage of DNA by 

EcoRI (144).  

2+ added in the co-crystals of EcoRI protein and DNA) 

complexes are also available (145, 146). The homodimeric-protein DNA complex contains two 

identical Mg2+ binding sites. Biochemical data and molecular dynamics simulations (147) have 

revealed that Mg2+ coordinates to Glu111, Asp91, Ala112 and a scissile phosphate group of the 

DNA backbone. This work allows a model of DNA catalysis whereby a neighboring phosphate 
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serves to orient the attacking nucleophilic water. At the same time Mg2+

In this work, we exploit the paramagnetic properties of Cu

 polarizes the scissile 

phosphate group, which facilitates a nucleophilic attack to assist in the cleavage of DNA (147). 

2+ to understand the catalytic 

consequences of Cu2+ versus Mg2+ coordination. We employ continuous wave (CW) ESR, in 

combination with pulsed ESR methodology to assess information about Cu2+ coordination. 

Specifically, we use CW-ESR and Electron Spin Echo Envelope Modulation (ESEEM) to probe 

the interaction of the Cu2+ electron spin with surrounding nuclei. These experiments establish 

that the two coppers ions are coordinated to EcoRI histidines. The DEER technique, on the other 

hand, is used to obtain Cu2+-based distance constraints in order to identify which histidine 

residue coordinates to Cu2+

        The measurement of Cu

.  

2+-based distances using DEER is not a trivial task. There are only a 

few reports on Cu2+-based DEER experiments (50, 52, 53, 116). The earlier reports were notable 

in demonstrating the feasibility of Double Electron Electron Resonance and Double Quantum 

Coherence experiments on Cu2+ containing samples (52, 116, 117). Recent works (51, 53, 54) 

point out that it is necessary to account for the effects of partial excitation of the Cu2+ ESR 

spectrum. In this work DEER data are collected at many magnetic fields and resonance offsets 

(50, 53), to probe the effects of the partial Cu2+

 

 spectrum excitation. The molecular model 

developed in Chapter 3 is then utilized to analyze these experimental data to extract distance 

information (50, 53).     
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Figure 5-1. Crystal structure of the EcoRI-DNA specific complex. Monomers are shown in 

silver and grey. The arm regions of the EcoRI are highlighted by the circles, enfolding the 

specific DNA sequence. Coordinates are from a highly refined version of PDB entry 1CKQ (cf. 

reference 146).  
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5.3 MATERIALS AND METHODS 

EcoRI specific complex preparation: The Cu2+ stock solution was prepared by dissolving the 

isotopically enriched 63CuCl2 (purchased from Cambridge Isotope Laboratories, Inc.) into 30 

mM N-ethylmorpholine (NEM) buffer, in a pH of 7.4. A 22 base-pair 32P end-labeled DNA 

substrate containing the cognate site GAATTC with the sequence of 

GGGCGGGCGAATTCGCGGCGC was used. The solution of wild-type EcoRI in the presence 

of the specific DNA site was then prepared in 30 mM NEM buffer with the same pH value. A 

2:1 Cu2+

S180C-EcoRI specific complex preparation: Mutation S180C was constructed, and the 

EcoRI was spin labeled with the methanethiosulfonate spin label (MTSSL), as previously 

described (49). A 22 base-pair 32P end-labeled DNA substrate containing the cognate site 

GAATTC with the sequence of GGGCGGGCGAATTCGCGGCGC was used. The solution of 

S180C mutant EcoRI in the presence of specific DNA site was then prepared in 30 mM NEM 

buffer with a pH of 7.4. A 2:1 Cu

-to-protein molar ratio mixture was then prepared with a final concentration of 380 µM 

and an effective sample volume of ~110 μL. This sample will be referred to as “EcoRI specific 

complex”. 

2+

ESR experiments: All of the pulsed ESR experiments were performed on a Bruker 

Elexsys 580 spectrometer at 20 K. CW-ESR and ESEEM experiments were performed with a 

MS3 resonator. DEER experiments were performed with a MD5 resonator.  

-to-protein molar ratio mixture was prepared with a final 

concentration of ~180 μM and the effective sample volume was ~70 μL. This sample will be 

referred to as the “S180C-EcoRI specific complex”. Both samples were stored at -80°C and 

flash-frozen before each experiment.  
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            The three-pulse  ESEEM signal were collected by recording the stimulated electron spin 

echo intensity as a function of T using the sequence: (π/2)-τ-(π/2)-T-(π/2)-τ-(stimulated echo), on 

the EcoRI specific complex. The duration of the (π/2) pulses was 16 ns. The interpulse delay τ 

was fixed at 200 ns. The time interval T was incremented from 400 ns with a step size of 16 ns, 

for a total of 1024 points. A four step phase cycle was employed to eliminate unwanted signals 

(101). 

  DEER experiments were performed on S180C -EcoRI specific complex with the pulse 

sequence: (π/2)υ1-τ1-(π)υ1-T-(π)υ2-τ2-(π)υ1-τ1-echo. The pulse duration of the (π/2)υ1, (π)υ1 and 

(π)υ2 pulse was adjusted to be 24 ns, 48 ns and 44 ns, respectively. Interval T was incremented 

from 136 ns with a stepsize of 16 ns, for a total of 256 points. Proton modulation was averaged 

by adding traces at four different τ1 values, starting at 200 ns and incrementing by 18 ns (2). 

Interval τ2 was adjusted to make (τ+τ2

   The main frequency, υ

) =2200 ns. A two-step phase cycling (+x,-x) is carried out 

on  the first (π/2) pulse. 

1, was fixed at ~9.7 GHz in the DEER experiments. The 

experimental magnetic field, B0, was chosen to be lower than the maximum of the nitroxide 

spectrum, Bmax, so that the magnetic field difference, (Bmax-B0), matched the frequency offset, 

Δυ. The pump frequency, υ2

   The Cu

, was set to be Δυ lower than the main frequency, so that the pump 

pulse excite only the nitroxide electron spins. DEER signal at four different frequency offsets, 

100 MHz, 266 MHz, 408 MHz and 548 MHz were collected.  

2+-based DEER experiments were also performed on the wt-EcoRI specific complex, 

with same pulse sequence, stepsize, number of points and phase. Under a frequency offset of 100 

MHz, DEER signal at four different magnetic fields, 3342 G, 3290 G, 3240 G,  3190 G and 3090 
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G were collected. DEER signal were also collected for  different frequency offsets, of  200 MHz, 

280 MHz, 392 MHz and 500 MHz. 

5.4 RESULTS AND DISCUSSION 

CW-ESR spectrum shows two Cu2+ components: Cu2+ was mixed with the EcoRI specific 

complex in a 2:1 Cu2+-to-protein ratio. Figure 5-2a shows the CW-ESR spectrum from this 

sample. The CW-ESR spectrum exhibits two separate components with 𝑔𝑔∥ = 2.289, 𝐴𝐴∥ = 163 𝐺𝐺 

and 𝑔𝑔∥ = 2.228, 𝐴𝐴∥ = 143 𝐺𝐺 (cf. Figure 5-2a). CW-ESR simulations are shown in Figure 5-2a. 

The best fit is obtained when the ratio of the two components is ~1:1 The 𝐴𝐴∥ values are within 

the range of type-II Cu2+ complexes (121), which indicates that both Cu2+ components have four 

equatorial ligands and two axial ligands. According to the established Peisach-Blumberg plot 

(121), the first component (𝑔𝑔∥ = 2.289, 𝐴𝐴∥ = 163 𝐺𝐺) has either a 2N2O or a 3N1O binding 

mode in the equatorial plane. The second component does not belong to any established binding 

mode. The low 𝐴𝐴∥  and 𝑔𝑔∥  values of the second component may be caused by an irregular 

symmetry of the Cu2+

ESEEM determines that Cu

 coordination (148).  

2+ is coordinated to a histidine: Figure 5-2b shows the 

three-pulse ESEEM spectrum obtained at a magnetic field of 3369 G, which corresponds to the 

𝑔𝑔⊥ region of the Cu2+ ESR spectrum. Peaks at 0.6 MHz, 1.0 MHz and 1.6 MHz are characteristic 

of the histidine coordination and are due to the interaction of Cu2+ unpaired electron with a 

remote 14N of a histidine imidazole ring (118, 149-152). These peaks arise from transitions that 

involve the nuclear quadrupolar interaction of the 14N spin. Two broad peaks at 3.8 MHz and 4.5 

MHz are also resolved. These two peaks are assigned to the double quantum transition of 
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remote 14N nuclei. The peak at 14.8 MHz is due to hyperfine interaction between the Cu2+ 

electron spins and remote protons. Protons that contribute to this peak may come from either the 

solvent or the protein. ESEEM results indicate that Cu2+ is coordinated to a histidine residue of 

EcoRI. There are five histidines in each subunit of EcoRI at positions 31, 114, 147, 162 and 225. 

In order to identify which histidine binds to Cu2+, we decided to measure the distance between 

the two Cu2+

Cu

 centers (one in each subunit of EcoRI). 

2+-Cu2+ distance rules out His31 and His147: Figure 5-3a shows the DEER signal 

collected on the Cu2+ bound EcoRI specific complex at several magnetic fields. Such magnetic 

field dependent data are important for the case of Cu2+ DEER. The duration of the microwave 

pulses used in the DEER experiments are generally in the 10’s of nanoseconds. This can lead to 

the excitation of those Cu2+ electron spins whose interspin vectors are appropriately oriented 

with respect to the main magnetic field (99). Such orientational selectivity makes the direct 

inversion of the DEER data to obtain distances problematic. The proper procedure is to perform 

DEER experiments at different magnetic fields. Alternatively the data may be collected at 

different resonance offsets – i.e. for different separations in the frequencies of the pump pulse 

versus the probe pulse in this double resonance experiment (1). The field and/or resonance offset 

variation of the DEER signal is used to obtain information about Cu2+-Cu2+ distance as well as 

the relative orientation of the two Cu2+ centers (50, 53). For these reasons, we collected the 

DEER signal at 3342 G (the 𝑔𝑔⊥ region), 3290 G, 3240 G, 3190 G and 3090 G (the 𝑔𝑔∥ region) 

with a fixed resonance offset of 100 MHz. 
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Figure 5-2. (a) The CW-ESR spectrum of Cu2+ bound EcoRI specific complex at 80 K. Two 

components are detected in the spectrum, as labeled by vertical bars named “Component 1” and 

“Component 2”. The spectrum was simulated and shown by the grey line. The line width applied 

was ~15 G for the first component and ~60 G for the second component. The relative ratio of the 

two components is ~1:1. Position “*” illustrates the magnetic field where the ESEEM spectrum 

in (b) was collected. (b) Three-pulse ESEEM spectrum at 20 K. The sharp peaks at 0-2 MHz, as 

indicated by the red bars, are assigned to the imidazole 14N from a histidine residue. The broad 

peaks at ~3.8 MHz and 4.5 MHz are preliminarily assigned to the double quantum transition of 

the 14N nuclei. The peak at ~ 14 MHz, as labeled by blue, is assigned to the proton ESEEM peak. 

(Inset) The Cu2+ coordination derived from the ESEEM results. The remote nuclei that contribute 

to the ESEEM signal are highlighted with the corresponding colors.  
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Figure 5-3. (a) The unprocessed DEER data on Cu2+ bound EcoRI specific complex at four 

different magnetic fields, at 20 K. The relative positions of these magnetic fields are color coded 

on the field-swept echo detected spectrum shown in the left inset. (right inset) Illustration of the 

Cu2+-Cu2+ distance measured in the DEER experiment. (b) Baseline corrected DEER signal at 

four different magnetic fields. A distinct modulation appears at ~500 ns and lasts for more than 2 

modulation periods for every data set. The fast modulation at 3240 G, 3190 G and 3090 G is due 

to the proton ESEEM effect. The dashed lines represent the fit from the optimized parameters 

based on the model shown in Figure 5-4a.  
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            An intramolecular dipolar modulation can be clearly observed by a visual inspection of 

the unprocessed signal in each data set. The modulation depth was determined to be ~1-2%, 

depending on the magnetic field and resonance offset. The low modulation depth is consistent 

with theoretical calculations under our experimental conditions (1). The background signal, 

which is due to the intermolecular dipolar interaction, was corrected with a stretched exponential 

function. After baseline correction, we observed a clean intramolecular dipolar modulation 

lasting over 2 periods from each data set. These data are shown in Figure 5-3b. No significant 

magnetic field or resonance offset dependence of the baseline corrected signal was observed at 

the 𝑔𝑔⊥  region. The modulation period of the data collected at the 𝑔𝑔∥  region, i.e. at 3090 G, 

deviated from the other data sets by ~60 ns, showing weak orientational selectivity. 

  To obtain the Cu2+-Cu2+ distance from the DEER signal, the simple molecular model 

and the fitting procedure developed in Chapter 3 were applied to this complex (cf. Figure 5-4a). 

The optimized parameters were determined to be R=35 Å. Best fit were for orientational angles 

of (χ, γ, η)= (30°, 90º, 0º). The distribution width of each angle was 10º (we obtained similar 

results for σ from 5° to 15°). The specificity of this parameter set was also confirmed using the 

method shown in Chapter 3 (cf. Appendix A). The simulated signal using the optimized 

parameter set are shown in Figure 5-3b dotted lines. The Cu2+-Cu2+ distance distribution was 

obtained from the optimized parameter set and shown in the inset to Figure 5-4a. The most 

probable Cu2+-Cu2+ distance is 35 Å with a standard deviation of ~1 Å. Biochemical experiments 

suggest that only EcoRI dimers exist in solution in the presence of the specific DNA sites (145). 

Therefore, the distance measured can be assigned to Cu2+ bound to the same histidine in each 

subunit of the dimeric complex, or to Cu2+ bound to any two histidines in the complex. Table 5-1 

shows distances between any two histidine residues in the EcoRI homodimer based on the crystal 



 133 

strcuture of the metal-free EcoRI-DNA complex (145, 146). According to the DEER results, 

only six histidine pairs are possible to provide the measured Cu2+-Cu2+

Table 5-1. Distances between histidines in EcoRI homodimer. Inter-subunit histidine-

histidine distances are underlined. Cases (A) to (F) are possible histidines pairs that match 

experimental DEER data. 

 distance (shown by bold 

type in Table 5-1). 

           Intra-subunit H31 

Inter-subunit 

H114 H147 H162 H225 

H31 68 Å 22 Å 35 Å (D) 27 Å 50 Å 

H114 30 Å (A) 48 Å 18 Å 25 Å 39 Å (E) 

H147 40 Å 7 Å 21 Å 20 Å 22 Å 

H162 55 Å 40 Å 32 Å (B) 22 Å 26 Å (F) 

H225 43 Å 40 Å 25 Å 30 Å (C) 18 Å 

 

Cu2+-S180C distance shows that His114 coordinates to Cu2+: In order to determine the 

histidines that coordinate copper ions, we decided to measure Cu2+-nitroxide distances. Residue 

S180 was mutated to a cysteine, and the mutated EcoRI was spin labeled with the 

methanethiosulfonate spin label (MTSSL) as described by Stone et. al. (49). Their work also 

showed that the S180C mutation caused minimal perturbation to the protein structure and that the 

S180C spin labeled EcoRI was functionally active (49). The S180C spin labeled EcoRI complex 

was then mixed with Cu2+ in a 2:1 Cu2+

To selectively measure the Cu

-to-protein ratio.  

2+-S180C distances, DEER signal were collected on this 

sample, with the pump pulse applied to the nitroxide ESR spectrum and the observer pulses 

applied to the Cu2+ ESR spectrum. To investigate the internal orientational effects, we collected 
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DEER data at frequency offsets of 100 MHz, 266 MHz, 408 MHz and 548 MHz, as shown in 

Figure 5-5a. The positions of the pump and probe pulses are shown in the inset to Figure 5-5a. 

For all the data sets, the modulation depth in the raw data was between  ~5-10 %. This is 

consistent with theoretical calculations (1). The baselines for these data sets were corrected by 

using a stretched exponential function and the results are shown in Figure 5-5b. As shown in 

Figure 5-5b, two clear modulation periods are observed, indicating a bimodal distribution of 

Cu2+

To extract the distance information from the experimental data, the molecular model and 

the data analysis procedure developed in Chapter 3 was applied (51). The parameters in the 

model were optimized by fitting to the experimental data sets and the results are provided in 

Appendix A. The simulated DEER signal with four different frequency offsets using the optimal 

parameters are shown in Figure 5-5b, dotted lines. The distance distribution is shown in the inset 

to Figure 5-5b. The analysis of the DEER data yields a bimodal distance distribution function, 

with the most probable distances at 22 Å and 42 Å and the standard deviations of 2 Å and 3 Å, 

respectively.  

-S180C distances.  
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Figure 5-4. (a) Five histidine residues in each EcoRI monomer are highlighted by space-filling 

models using the corresponding colors. The molecular model used in the DEER simulation is 

also illustrated in the model, with variables defined. (Inset) The Cu2+-Cu2+ distance distribution 

extracted from the molecular model. (b) Illustration of the triangulation procedure. H114 is ~ 20 

Å away from the spin labeled S180C within the same monomer and ~ 40 Å away from the 

S180C in the other monomer (case (A). The corresponding distances are ~ 40 Å for H162 and 

H225 (cases (B) and (C)). Cases (D), (E) and (F) are not shown.  
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Table 5-2 shows the intra-subunit and inter-subunit histidine-S180 distances on the basis 

of the crystal structure of the metal-free EcoRI-DNA complex.  Cases (B), (C), (D) and (F) are 

inconsistent with the experimental ~ 22 Å distance and are therefore excluded. Cases (A) and (E) 

contain this ~ 22 Å distance. However, our distance distribution function obtained from DEER 

data (cf. Figure 5-5b) shows that the relative ratio of the shorter distances (~22 Å) versus the 

longer distances (~42 Å) is ~ 1:1. This is consistent only with case (A) since if case (E) is true, 

one anticipates this ratio to be ~1:3. Therefore, the ESEEM and DEER results together provides 

strong evidence that H114 binds to Cu2+

Table 5-2. His-S180 distances for cases (A) to (F) in Table 5-1. 

. 

 Intra-subunit Inter-subunit 

(A) H114-S180 20 Å 40 Å 

(B) H162-S180 40 Å 40 Å 

(C) H225-S180 40 Å 40 Å 

(D) H31-S180; H147-S180 33 Å, 29 Å 53 Å, 35 Å 

(E) H114-S180; H225-S180 20 Å, 40 Å 40 Å, 52 Å 

(F) H162-S180; H225-S180 36 Å, 40 Å 46 Å, 52 Å 

 

Using Cu2+ as a probe, the ESR data reveal the existence of a second metal ion binding 

site (His114) in addition to that previously identified for Mg2+ (147). In support of a role for 

His114 in binding Cu2+, work in the Jen-Jacobson’s lab has shown that the mutant H114Y-DNA 

complex binds with 1600-fold lower affinity (apparent Kd, Cu2+ ~8 mM) than the wt-DNA 

complex (Kd, Cu2+ ~5 µM). Additionally, they observed a 1600-fold enhancement of the Mg2+ 

(0.5 mM)-catalyzed rate in the presence of a saturating concentration of Cu2+. These studies thus 
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raise the question of whether EcoRI can also bind two Mg2+ ions during its normal cleavage 

reaction and, if so, whether the second Mg2+

 

 is necessary or only accelerates catalysis. 
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Figure 5-5. (a) The unprocessed DEER data on Cu2+ bound S180C-EcoRI complex at four 

different resonance offsets, at 20 K. The observer frequency was applied as color coded in the 

Cu2+ ESR spectrum (left inset). The pump pulse frequency was applied to two positions in the 

nitroxide ESR spectrum, depending on the resonance offset. (right inset) Illustration of the Cu2+-

S180C distance measured in the DEER experiment. (b) Baseline corrected DEER signal at four 

different resonance offsets. Two modulations were observed in all the data sets. The dashed lines 

represent the fit from the optimized parameters based on the molecular model shown in Figure 5-

4a. (Inset) The bimodal distance distribution extracted from the molecular model. This result 

indicates that H114 binds to Cu2+. 
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5.5 SUMMARY 

We determine that Cu2+ is coordinated to histidine 114 of EcoRI, by using ESR spectroscopy. 

Specifically, CW-ESR experiment shows two Cu2+ components in EcoRI. The three pulse 

ESEEM experiments revealed that Cu2+ is coordinated to one histidine residue of EcoRI. To 

identify the Cu2+ binding histidine, DEER experiments were performed to measure several Cu2+-

based distances. A triangulation procedure based on distance constraints obtained by DEER 

experiments indicated that histidine 114 coordinated to Cu2+. The data is novel because it reveals 

a second metal ion binding site in EcoRI, which has traditionally been classified as a one-metal 

endonuclease. Biochemical results show dramatic increase in the catalytic rate of Mg2+ in the 

presence of Cu2+ ions. These results raise the question of whether EcoRI can also bind two Mg2+ 

ions during its normal cleavage reaction and, if so, whether the second Mg2+

 

 is necessary or only 

accelerates catalysis. 
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6.0  SUMMARY 

In this thesis, the experimental procedures and data analysis routines for Cu2+

            First, we demonstrated the possibility of Cu

-based DEER 

measurements are established and applied to the EcoRI-DNA complex.  

2+-Cu2+ distance measurement using DEER. 

We presented DEER spectra of a Cu2+ bound proline-based peptide at four magnetic fields, at X-

band. We found that the spectra do not vary appreciably with magnetic field. A molecular model 

was developed to analyze these DEER data. We obtained a Cu2+- Cu2+ distance that was 

consistent with an earlier work. The field-independence was rationalized by the combination of 

two possible effects. First, the flexibility of the model peptide washed out the orientational 

selectivity of the Cu2+-DEER spectra. Second, the Cu2+

             To probe the origin of the field-independence of the Cu

 g-tensor in this model peptide is in a 

specific orientation with respect to the interspin vector. This seems to be a stringent requirement. 

2+ DEER data, we performed 

DEER measurements on a bis-Cu2+-labeled peptide and a Cu2+-nitroxide labeled peptide, at 

several external magnetic fields and resonance offsets. Subtle but detectable orientational effects 

were observed from the DEER spectra of both peptides at X-band. To analyze these data, we 

improved the molecular model by including a distribution in the relative g-tensor orientation of 

the two spin centers. Using the improved model, a 30 Å mean Cu2+-Cu2+ distance and a 27 Å 

mean Cu2+-nitroxide distance were determined. The relative orientation of spin centers was also 

determined from the molecular model for both peptides. We showed that the orientational 
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selectivity was effectively reduced when the relative orientation of the two spin g-tensors 

displayed a flexibility of ~5-10º.  

The orientational selectivity analysis requires high-quality data. We presented optimal 

experimental conditions and ESR parameters. The optimal experimental temperature is ~20 K, 

and the preferable sample concentration is in the range 0.1 -1.5 mM. The optimal observer π 

pulse length is ~20 to 48 ns and the power of the pump pulse needs to be maximized (16 ns in 

our case). For a Cu2+-Cu2+ DEER measurement, the frequency offset is ~100 MHz. For a Cu2+-

nitroxide DEER measurement, the frequency offset is often varied in the range 100 to 500 MHz. 

For both cases, the pump pulse is applied at a magnetic field with a higher intensity than the 

observer pulses to maintain the maximum modulation depth. In addition, we showed the effects 

of multiple coupled spins in a Cu2+

We applied the developed methodology to the EcoRI-DNA complex to understand the 

metal ion reactivity in the DNA cleavage. Three pulse ESEEM experiments revealed that Cu

-based sample on the modulation depth of DEER signal.  

2+ 

was coordinated to one histidine residue of EcoRI. To identify the Cu2+ binding histidine, DEER 

experiments were performed to measure several Cu2+-based distances. A triangulation procedure 

based on distance constraints obtained by DEER experiments indicated that histidine 114 

coordinated to Cu2+. The data is novel because it reveals a second metal ion binding site in 

EcoRI, which has traditionally been classified as a one-metal endonuclease. Biochemical results 

showed dramatic increase in the catalytic rate of Mg2+ in the presence of Cu2+ ions. These results 

raise the question of whether EcoRI can also bind two Mg2+ ions during its normal cleavage 

reaction and, if so, whether the second Mg2+

 

 is necessary or only accelerates catalysis. 
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APPENDIX A 

Data analysis for Cu2+ bound EcoRI-DNA complex:  The procedure to optimize the variables 

in the model was described in our previous work (51) and shown in Chapter 3 of this thesis. 

Using this procedure, for the Cu2+- Cu2+  DEER data shown in Figure 5-3b, we determined that 

the optimized fitting parameters that can fit all of the experimental data sets were R=35 Å, ΔR=1 

Å, (χ, γ, η)= (30°, 90º, 0º), σχ= σγ = ση =5° to 15°. The specificity of the optimized angles, 

χ=30°, γ=90°, η=0°, and σ=5°-15° was further examined by investigating the change of the 

average χ2 values upon changing the angular parameters. Representative fittings are shown in 

Figures A-1 to A-3. Our results showed that the χ angle played the most important role. Figure 

A-1 shows the fitting of the time domain traces for three experimental data sets, by scanning χ 

values from 0° to 90°, using γ=90° and η=0°. The χ2 values are listed near each data set. Both a 

visual inspection and the χ2 values show that the best χ value occurs at 30°, with the 

corresponding χ2 values of 0.489, 0.593, and 0.922 for the three experimental data sets. When the 

χ value deviated from 30°, the χ2 value increased substantially, meaning that the best fit occurs at 

χ=30°. Similarly, in Figures A-2 and A-3, we show the effects of γ and η on the fitting of the 

experimental data. The changes in χ2 values by changing the γ and η angles were not as 

significant as changing the χ values (cf. listed χ2 values in Figures A-2 and A-3). However, 

different γ and η angles still provided different fits to the experimental data. For instance, as 

shown in Figure A-2, γ=60° can also provide good fits to experimental data sets, with the 
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corresponding χ2 values of 0.503, 0.652 and 0.933, respectively. However, the average χ2 is the 

lowest at γ=90°. Similarly, as shown in Figure A-3, the differences in the χ2 using different η 

angles are relatively small. The average χ2

 

 value with η=0° is the lowest, making η=0° the best 

fit.  
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Figure A-1. Effects of the χ angle on the fitting of the three experimental data sets. The 

simulated DEER signal using the corresponding angles are shown in solid curves and the 

experimental data are shown in dotted curves. The corresponding χ2

 

 values are listed near the 

curves.  
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Figure A-2. Effects of the γ angle on the fitting of the three experimental data sets. The 

simulated DEER signal using the corresponding angles are shown in solid curves and the 

experimental data are shown in dotted curves. The corresponding χ2

 

 values are listed near the 

curves.  
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Figure A-3. Effects of the η angle on the fitting of the three experimental data sets. The 

simulated DEER signal using the corresponding angles are shown in solid curves and the 

experimental data are shown in dotted curves. The corresponding χ2

 

 values are listed near the 

curves.  
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Data analysis for Cu2+ bound S180C-EcoRI-DNA complex:  The details of the fitting 

parameters and fitting procedures are described in our previous work (51). The angles describing 

the relative orientation of the Cu2+ and the nitroxide g-tensors are (χ1, γ1, η1) = (30º, 0º, 0º) for 

the case where Cu2+ and the nitroxide spin label are within the same monomer of EcoRI. The 

angles corresponding to Cu2+ and the nitroxide spin label located on a different monomers of 

EcoRI are (χ2, γ2, η2) = (30º, 60º, 30º).  The specificity of these angles was investigated by using 

the same procedure as shown for the case of Cu2+-Cu2+ DEER data. Figure A-4 shows the fitting 

of the time domain traces for three experimental data sets, by scanning χ1 values from 0° to 90°, 

using γ1=0° and η1=0°. The χ2 values are listed near each fitting curve. Both a visual inspection 

and the χ2 values show that the best χ1 value occurs at 30°, with corresponding χ2 values of 

0.184, 0.413, and 0.881 for the three experimental data sets. When the χ value deviated from 30°, 

the χ2 value increased substantially. Interestingly, the best fit to the experimental data at 448 

MHz occurs at χ1=0º. However, the average χ 2 value is the lowest for the case of χ1=30º, 

providing the best fit to all of the experimental data sets. Similarly, the effects of γ1 and η1 on 

the fitting of the experimental data are shown in Figures A-5 to A-6. As shown in Figure A-5, 

γ1=30° can provide a good fit to experimental data set with 100 MHz frequency offset, and 

γ1=0° can provide a good fit to experimental data set with 448 MHz frequency offset. However, 

the average χ2 value is the lowest for the case of γ1=0º, providing the best fit to all of the 

experimental data sets. In addition, as shown in Figure A-6, η1=90° can also provide a good fit to 

experimental data set with 448 MHz frequency offset. However, the average χ2 value is the 

lowest for the case of η1=0º, providing the best fit to all of the experimental data sets. Similar 

findings can be obtained for the angles of (χ2, γ2, η2

 

) (data not shown). 
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Figure A-4. Effects of the χ1 angle on the fitting of the three experimental data sets. The 

simulated DEER signal using the corresponding angles are shown in solid curves and the 

experimental data are shown in dotted curves. The corresponding χ2 values are listed near the 

curves. 
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Figure A-5. Effects of the γ1 angle on the fitting of the three experimental data sets. The 

simulated DEER signal using the corresponding angles are shown in solid curves and the 

experimental data are shown in dotted curves. The corresponding χ2

 

 values are listed near the 

curves. 
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Figure A-6. Effects of the η1 angle on the fitting of the three experimental data sets. The 

simulated DEER signal using the corresponding angles are shown in solid curves and the 

experimental data are shown in dotted curves. The corresponding χ2 values are listed near the 

curves. 
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