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Proteins play an important and diverse role in all living organisms. If proteins 

are unable to carry out their prescribed functions, the results can be problematic, or 

even fatal, for an organism. For example, in humans, Alzheimer’s and Parkinson’s are 

just 2 of the many diseases caused by proteins which either do not function, or 

function incorrectly. Proteins can also perform chemical transformations which are 

very difficult via synthetic methods, such as the oxidation of methane to methanol 

and the fixation of dinitrogen to ammonia. Understanding the mechanisms of these 

processes may lead to much more efficient catalysts, greatly reducing the large energy 

expenditures currently required.  

In biochemistry, the link between structure and function has been well 

established, and so in order to understand the mechanisms and functions of proteins, 

we must understand their structures. In many cases, the structures of flexible proteins 

can be difficult to elucidate, especially if multiple conformations exist simultaneously. 

Here, we use copper-based pulsed dipolar ESR spectroscopy (PDS) and other, 

complimentary biophysical and biochemical methods to characterize protein 



conformations in flexible proteins. These include mutants of Superoxide Dismutase 1 

(SOD1) which cause familial ALS, and the Drosophila melanogaster circadian clock 

protein Period.  

By using these techniques, we show that fALS mutants of SOD1 tend to 

aggregate in solution as opposed to the wild-type (WT) protein which does not. 

Furthermore, we propose a structural mechanism by which this aggregation occurs. In 

the Period protein, we have discerned small differences in the conformation of 

mutants that mimic phosphorylation vs. the WT. These subtle changes may cause 

differences in circadian behavior observed in fruit flies. 
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Chapter 1 

OVERVIEW OF PULSED DIPOLAR ESR SPECTROSCOPY AND OTHER 

PROTEIN CHARACTERIZATION METHODS 

1.1 Introduction 

It is estimated that there are 105 to 106 unique proteins in humans, and 107 to 

108 unique proteins across all life forms [1, 2]. Each protein plays an important role in 

their respective organism. These roles are incredibly diverse, from transporting 

oxygen in humans to modulating the circadian rhythms of fruit flies to controlling the 

motion of single celled bacteria [3-5]. If proteins are unable to carry out their 

prescribed functions, the results can be problematic, or even fatal, for an organism. 

Issues may also arise from proteins that perform other tasks for which they are not 

designed, known as a gain of function. In humans, Alzheimer’s, Parkinson’s, and even 

inherited cataracts are just 3 of the many diseases caused by proteins which either do 

not function, or function incorrectly [6]. Gaining insight into the mechanisms by 

which proteins carry out their given tasks is essential in attempting to prevent and 

treat these diseases.  

Direct human health benefits are not the only motivation for understanding 

protein function. The study of protein systems in model organisms has provided 

tremendous insight into complex cellular processes such as signal transduction, gene 

regulation and molecular trafficking [4, 5]. Together, these can lead to the 
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understanding of higher order functions such as an organism’s behavior. 

Furthermore, certain proteins can perform chemical transformations which are very 

difficult via synthetic methods. The oxidation of methane to methanol and the 

fixation of dinitrogen to ammonia are two important transformations that nature 

carries out much more efficiently than does the industrial chemistries of man [7-9]. 

Elucidating how proteins and enzymes catalyze these reactions could lead to much 

more efficient catalysts, greatly reducing the large energy expenditures currently 

required.  

In biochemistry, the link between structure and function has been well 

established, and so in order to understand the mechanisms and functions of proteins, 

we must understand their structures. Protein structure is broken down into 4 classes, 

each representing an increasing level of complexity. Primary structure is the sequence 

of amino acids which constitute a given protein. Secondary structure is the way in 

which these amino acids fold locally, into motifs such as beta sheets or alpha helices. 

Tertiary structure is the 3-dimensional folding of the entire protein, and quaternary 

structure is the way that fully-folded protein molecules interact with one another. 

Determination of primary and secondary structure is a fairly well solved problem. For 

primary structure, proteomics and genomics have become reliable methods for 

determining amino acid sequences and for secondary structure, prediction of local 3-

dimensional folding based upon primary structure is possible through computation 
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and comparison to already solved protein structures. In fact, for secondary structure 

prediction there are over 50 such programs, which compute everything from alpha-

helical sections to homology modeling to ab initio folding [10]. However determining 

the 3-dimensional structure of an entire folded protein based upon the sequence is 

not currently feasible, despite recent advances in theory and computation. Here, 

experimental methods are needed to solve this important problem. 

1.2 Methods of Determining 3-Dimensional Protein Structures 

1.2.1 X-Ray Crystallography 

 X-ray crystallography is by far the most common method of determining 

protein structures. In the Protein Data Bank, almost 90% of structures have been 

solved using this method [11]. As the name implies, crystallography involves growing 

crystals of the purified protein or protein complex of interest and exposing them to x-

rays of wavelength commensurate with the atomic spacings in the molecule.  The x-

rays scatter off of electrons in the protein and surrounding solvent onto a detector to 

produce a diffraction pattern. Through application of a Fourier Synthesis, the 

diffraction patterns can be converted into an electron density map. From these maps, 

the structure of the protein can be elucidated (Fig. 1.1).  

 



4 
 

 

 

 

 

 

 

 

 

 

 

The amount of information gained from x-ray crystallography depends on the 

diffraction resolution of the crystals. For low or moderate resolution data, the general 

shape of the protein backbone and the position of side chains can often be identified. 

However, in cases of very high resolution (< 1.2 Å), each individual atom in the 

protein can be discerned [12].  

Despite the high resolution information potentially available, crystallography does 

have some limitations. As indicated previously, protein crystals are required for this 

Figure 1.1: Schematic of an x-ray crystallography experimental set-up. A 

crystal is placed in front of an x-ray source (red), and the x-rays are 

diffracted onto the detector. The diffraction pattern can then be Fourier 

Transformed to generate an electron density map. The protein is then 

overlaid onto the electron density map to give a 3-dimensional structure.  

FT 
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technique, and these are not always trivial to grow. Even if crystals are grown, the 

resolution must be high enough for useful information to be extracted. Other issues 

may arise during data processing, such as twinning and difficulty in phasing,  making 

the conversion from a diffraction pattern into a structure challenging [12]. 

Furthermore, there is a certain loss of information involved in crystallizing a protein, 

as it is not in the natural solution state. In order for a protein to crystallize, it generally 

adopts a single, uniform conformation. This conformation may not be the sole or 

even active form of the protein, which may need to adopt multiple conformations in 

order to be functional. As crystallography generally produces a time-averaged 

structure, it can be difficult to characterize intermediates or transient states relevant to 

function. Furthermore, complexes representing functionally critical but weak protein-

protein interactions are very difficult to crystallize. Dynamics are not easily inferred 

from crystal structures. To overcome these limitations, there are several methods of 

structurally characterizing proteins in solution, which can be used in conjunction with 

crystallography. 

1.2.2 NMR Spectroscopy 

Nuclear Magnetic Resonance (NMR) spectroscopy offers a method of full 

structural characterization of proteins in solution. This is done from the scalar 

coupling, or J-coupling, between atoms [13]. This J-coupling arises from the nuclei in 

adjacent atoms changing the electronic environment of their neighbors through bonds 
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between these neighboring atoms [13]. Each amino acid side chain has a unique 

coupling spectrum and by looking at the coupling between side chains, as well as 

distance restraints between protons, a model for the structure of the protein is 

generated [13]. Multiple models are often generated to examine their reproducibility, 

as well as the number of conformations sampled by the protein. 

 Because protein NMR is a solution state technique, it can report on properties 

such as dynamics that crystallography cannot. Further, crystals are not needed, so in 

theory NMR spectroscopy can be performed on any protein in the solution state. Of 

course, this technique does have limitations. Large proteins pose a problem for NMR 

studies, due to the fact that T2 relaxation times decrease as protein size increase, and 

this eliminates many proteins as candidates for this technique. Often isotopic labeling 

with NMR active nuclei (13C and 15N) is required to achieve necessary signal to noise 

ratios [13]. This can be expensive and also reduce protein yields significantly. Many 

metalloproteins are also not suitable for protein NMR, as their paramagnetic centers 

broaden linewidths and make NMR spectra very difficult to interpret. In some cases, 

however, the paramagnetic ions can be used in conjunction with NMR spectroscopy 

to decipher structural information of the protein of interest [14]. 

1.2.3 Small Angle X-Ray Scattering 

Small angle X-ray scattering, or SAXS, has characteristics of both NMR 

spectroscopy and X-ray crystallography. Instead of a crystal, a solution sample is 
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exposed to an x-ray source. The observed result is an isotropic scattering profile 

where intensity decreases as the scattering angle increases [15] (Fig. 1.2). As opposed 

to crystallography, the scattering profile from SAXS cannot be used to gain high-

resolution information. In SAXS, the high-resolution information is contained at 

larger angles, where the signal to noise is poor. This, along with orientational 

averaging of the protein molecules in solution, limits the resolution of SAXS [15]. 

Despite these limitations, SAXS is a useful tool, as it can measure properties such as 

the radius of gyration, disorder or unfolding, and gives a low-resolution particle shape, 

all with relatively simple sample preparation [15]. It is also a useful technique for 

observing the association/dissociation of protein complexes and stimuli-generated 

conformational changes [15, 16].  

 

 

 

 

 

Figure 1.2: Schematic of a SAXS experimental setup. A solution state sample 

is placed in front of an x-ray source. The scattering profile is collected on a 

detector, and then the intensity is plotted against the angle of the scattering. 

From this, low-resolution information is extracted.  
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1.3 ESR Spectroscopy 

1.3.1 Theory 

Whereas NMR spectroscopy observes atomic interactions through the effect of 

an applied magnetic field on nuclei, electron spin resonance spectroscopy (ESR, also 

known as electron paramagnetic resonance, EPR) observes those interactions though 

effects on electrons, specifically unpaired electrons [17]. Generally, the unpaired 

electrons are in the form of organic or protein radicals, or transition metals. ESR 

spectroscopy has many applications, including elucidating the electronic structure 

around an unpaired spin and observing the coupling between unpaired spins and 

neighboring nuclei [17]. Pulsed ESR measurements can also be used to measure 

distances between unpaired spins [18], which is the main focus of this thesis.  

The main theoretical consideration for ESR spectroscopy is that in an applied 

magnetic field, an unpaired electron can either adopt a spin-up or spin-down 

conformation. The spin-up conformation is lower in energy (i.e. more stable), and 

thus slightly favored. As the applied magnetic field strength increases, the difference 

in energy between the 2 states also increases, which is known as the Zeeman Splitting 

(Fig. 1.3). By delivering a quantized unit of energy equal to the Zeeman Splitting, the 

spin may be flipped from spin-up to spin-down. For a standard continuous wave 

(CW) ESR experiment, the energy, in the form of microwave radiation, is held 

constant and a field sweep is done by increasing the magnetic strength. When the 
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resonance energy is reached, an absorption peak is recorded. From the position of the 

absorption peaks, g-values, which represent the electron’s local magnetic 

environment, (equation 1) can be easily calculated. These g-values, along with the 

lineshape of the spectrum, provide ample information on the electronic structure 

surrounding the unpaired spin(s) [17].  

ΔE = gBB           (1) 

Where ΔE is the Zeeman splitting energy, B is the Bohr magneton, and B is the 

applied magnetic field. 
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Figure 1.3: (a) Zeeman splitting diagram. The vertical arrows represent the 

microwave energy input into the system. As the magnetic field is swept, that energy 

becomes in resonance with the Zeeman splitting, causing a spin flip, which is 

recorded by the absorption event in (b). Due to electronic circuitry considerations, 

the absorption spectra are routinely converted to their 1st derivative (c).  
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There is another class of ESR experiments based on similar principles, pulsed 

ESR spectroscopy, which measures the interactions between 2 spins [19]. Techniques 

such as ESEEM (Electron Spin Echo Envelope Modulation) [20] and ENDOR 

(Electron Nuclear Double Resonance) [21] measure interactions between nuclear 

spins and unpaired electron spins. Another type of pulsed ESR experiment is pulsed 

dipolar ESR spectroscopy (PDS) [22] . PDS measures the dipolar coupling between 2 

unpaired spins, usually denoted as A and B spins [23, 24] (Fig. 1.4). From the strength 

of the dipolar coupling, a distance between the 2 spins can be extracted. In general, 

distances of ~15-90 angstroms can be measured. Measuring distances in this way is a 

central component of this thesis.  

In PDS, unlike CW ESR, the magnetic field is kept constant and instead of a 

constant application of microwave radiation, microwaves are applied to the sample in 

very short pulses, on the order of tens of nanoseconds. For this thesis, the focus is on 

DEER (Double Electron Electron Resonance) also known as PELDOR (Pulsed 

Electron Double Resonance). In a DEER experiment, the microwave pulses are given 

at 2 different frequencies, one which flips the A spins and the other which flips the B 

spins. The A and B spins can, but do not have to have the same chemical origin. 

Here, a 4-pulse DEER sequence (Fig. 1.4) is used. The 3 A-spins are subject to the 

detection pulses, whereas the B-spins are subject to the pump pulse. In the cases 
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where the A and B spins have the same chemical origin, they are distinguished in 

frequency by slightly shifting the detection and pump frequencies from each other. 

 

The 3 A-pulses cause 2 refocusings of the A spins in the XY-plane; these are 

known as “spin-echoes” and the second spin-echo is recorded. In the absence of the 

B pulse, the A spins will refocus at precisely the same time, generating a maximal spin-

echo intensity. When the B-spins are flipped by the pump π pulse, it causes a change 

in the local magnetic field around the A-spins, due to the dipolar coupling between 

the A and B spins. This causes defocusing of the A-spins in the XY-plane, and in 

turn, causes the spin-echo to have a lower intensity than in the absence of the pump 

pulse. As the pump pulse is shifted in time, the effect on the intensity of the spin-echo 

r
AB

 A 

B 

Figure 1.4: The 4-pulse DEER sequence at right is used to measure the 

distance rAB between unpaired spins A and B. The 3 detection pulses at ωdetect 

flip the A-spins and the pump pulse at ωpump flips the B-spins. The amplitude 

of the spin echo generated by the A-spins as a function of time T gives the 

time-domain signal (Fig. 1.5)  
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of the A spins also changes. The intensity of the spin-echo as a function of time T 

constitutes the time-domain signal in DEER experiments, which has the form 

V(T) = V(0)[1-pb(1-cos(DT))]        (2) 

Where V(0) is the echo amplitude in the absence of a pump pulse, pb is the probability 

of a spin-flip, and 

D = ωD(1-3cos2(θ)) + J         (3) 

Where θ is the angle between the external magnetic field and rAB and J is the exchange 

interaction constant. In practice, over long distances, J is weak and the approximation 

J = 0 is valid. Since spin-labels are generally isotropic, θ is approximated as 90˚ and 

thus the 3cos2(θ) term goes to 0 (see Section 2.5 for a discussion on the orientation of 

θ). So then D = ωD, where 

ωD = (γ2ħ)/r3
AB          (4) 

The overall equation then becomes: 

V(T) = V(0)[1-pb(1-cos((γ2ħ)/r3
AB)T)]       (5) 

rAB is the distance between the A and B spins. Solving for rAB gives the distribution of 

distances between the 2 spins in the sample (Fig. 1.5). 
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 A second method of measuring distances via pulsed dipolar ESR 

spectroscopy is Double Quantum Coherence (DQC). Unlike DEER, all of the (6) 

microwave pulses are applied at a single frequency. The DQC method can improve 

upon DEER in some ways, such as greater signal-to-noise and the ability to measure 

distances shorter than 15 angstroms [25]. However, DQC requires that the A and B 

spins have significant spectral overlap, as the pulses are applied at a single frequency 

[23]. Although many of the PDS measurements carried out in this study were between 

species with small spectral overlap, DQC generally produced similar results as DEER 

(see Chapter 2.3).  

Figure 1.5: Time-domain signal and corresponding distance distribution from 

a DEER experiment. 
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1.3.2 Applications 

In practice, DEER is mostly used to measure distances in proteins or other 

biomolecules, such as nucleic acids. The range of DEER spectroscopy, ~15-90 Å, is 

well-suited to measuring relatively long distances in proteins. These measurements are 

done on frozen solutions, with the temperature varied between 15 and 70 K 

depending on the nature of the sample. Low temperatures are needed to reduce T2 

relaxation and allow for sufficiently long spin echoes. Despite the solution being 

frozen, if freezing is rapid, solution characteristics such as sample heterogeneity and 

disorder can be trapped in the solid solution and observed through the modality and 

breadth of the distance distributions. The vast majority of proteins, however, do not 

contain paramagnetic species, and so they need to be added artificially. Most 

commonly, a nitroxyl radical (MTSSL [1-oxyl-2,2,5,5-tetramethylpyrroline-3-(methyl)-

methanethiosulfate]) is covalently attached to an exposed cysteine residue [26] (Fig. 

1.6). The target residues may be natural cysteines, or ones mutated into the protein at 

an opportune position. A nitroxyl radical side chain covalently attached to a cysteine 

residue is commonly referred to as “R1”.  
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Despite the many successful applications of spin-labeling used in concert with 

PDS [23, 27-29] (including several in this thesis), nitroxyl-based labels do have several 

limitations. The most obvious, from a structural standpoint, is the issue of multiple 

cysteines. In a monomeric sample, two cysteine residues are needed to provide two 

unpaired spins in order to measure a distance. If there are less than 2 cysteines, this 

Figure 1.6: Schematic of an MTSSL covalently attached to the –SH group 

of an exposed cysteine residue. This sidechain is commonly referred to as 

“R1”.  

+ 

R1 
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problem is easily corrected through site-directed mutagenesis. However, in many 

proteins, especially large eukaryotic systems, there are many cysteines in the sample, 

and these cysteines cannot always be replaced while maintaining the structural 

integrity (and activity) of the protein. Moreover, nitroxide labels are spectroscopically 

indistinguishable from each other in an ESR experiment, meaning that distance 

distributions resulting from more than 2 labels per sample can be challenging to 

unambiguously deconvolute. Finally, the reducing nature of a cell makes in vivo work 

with nitroxides very difficult, although some advancements have recently been made 

[10, 30]. In order to circumvent these and other limitations, metal ions have 

increasingly been used as paramagnetic labels for PDS measurements. 

 Metal ions as paramagnetic centers are advantageous in that they are 

distinguishable from nitroxides (and from other metals) through their different g-

values. Metal ions used in PDS include Fe (III) [31, 32], Mo (V) [31], Gd (III) [33-36], 

and, most commonly, Cu (II) [37-43]. Cu2+ has a d9 electron configuration, meaning it 

only has 1 unpaired electron, as is the case with nitroxide label. However, the 

magnetic spectrum of Cu2+ is approximately an order of magnitude broader, leading 

to much less spectral coverage by pulse and pump sequences as compared to 

nitroxides. Furthermore, Cu2+ has a much faster intrinsic relaxation time, which also 

contributes to the challenge of using Cu2+ in PDS experiments. Despite this, there 

have been many examples of Cu2+ used as a spin probe, including double labeling 
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experiments where Cu-Cu, Cu-NO and NO-NO distances have all been measured 

from one sample [42].  

 Copper has several advantages over other metals in its use as a spin-label for 

PDS. The only paramagnetic state of copper, Cu2+
, has a single unpaired electron. 

This is in contrast to other biologically relevant metals, such as iron or manganese, 

which can have multiple unpaired electrons at the metal center, making PDS 

measurements complicated. Spin states also do not matter, as there is no difference 

between “low-spin” and “high-spin” Cu2+, as there is with other metals. For example, 

low-spin Fe3+ only has 1 unpaired electron, whereas high-spin Fe3+ has 5 unpaired 

electrons, meaning that only the low-spin species can be measured by PDS, and any 

contamination from high-spin Fe3+ will create difficult complications. Furthermore, 

Cu1+ has a d10 electron configuration, making it diamagnetic and ESR silent. 

Therefore, if there is a mixture of oxidation states in the sample, only those in the 

Cu2+ state (the desired spins) will be measured.  

 Despite this, there have been several instances of other metals being used for 

PDS measurements. The distance between Mo5+ and Fe3+ in sulfite oxidase has been 

measured [31], as have numerous distances involving gadolinium [33-36]. Gd3+ has 

recently become more popular as a spin-label for DEER measurements. Spin 

properties of Gd3+ allow for high-field (W-band) measurements, meaning greater 

sensitivity [44]. Initially, this would seem counterintuitive, as Gd3+ is high-spin with an 



19 
 

f7 electron configuration, meaning that there are 7 potential transitions (±7/2 to ±5/2, 

±5/2 to ±3/2, ±3/2 to ±1/2, and -1/2 to +1/2). This is in contrast to the cases of 

Cu2+, or nitroxides, s = 1/2 systems, where there is only the -1/2 to 1/2 transition to 

consider. However, in the Gd3+ spectrum, the -1/2 to 1/2 transition is very narrow 

and very large compared to all other transitions, which makes specific selection 

feasible, especially at high field, where it narrows even further [11]. Because the 

transition is so narrow, and the background is relatively featureless, orientational 

selectivity is not a concern, as it would be for nitroxides at high field [45]. The higher 

field strength also leads to a greater transition probability for the -1/2 to 1/2 

transition, which leads to a better signal to noise ratio (SNR) and the ability to probe 

shorter distances as compared to nitroxides [45]. Furthermore, since there is no 

naturally occurring gadolinium in cells, the background noise that occurs in other 

attempts at in vivo PDS measurements should be negligible. A PDS measurement has 

been made on Gd3+ labels in cells at high-frequency, but those measurements were 

not strictly in vivo, and required covalent attachment of a Gd3+ label in vitro [36]. See 

Appendix 1 for efforts to make in vivo PDS measurements. 

1.3.3 Comparison with FRET 

 FRET (Forster or Fluorescent Resonance Energy Transfer) is another method 

of measuring the distance between 2 spectral probes within a macromolecule. In this 

case, as the name implies, fluorescent probes are utilized, with one being a donor 
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fluorophore and the other an acceptor fluorophore. When the donor probe is 

stimulated, it transfers energy to the acceptor probe. The FRET efficiency, or the 

quantum yield of the excitation, is based on the distance separating the two probes. 

By measuring the relative quantum yield of fluorescence from both probes, usually 

through fluorescence microscopy, a distance can be calculated [46]. Because both 

techniques are able to measure distances between probes, there is a natural 

comparison between PDS and FRET. However, just as the techniques have much 

different theoretical backgrounds, their applications are much different as well.  

The applications of PDS have been discussed above, but to summarize: PDS 

very accurately measures distance distributions on frozen solution state samples at 

very low temperatures. Thus, a PDS measurement is essentially a snapshot of all of 

the distances between spin probes in a sample. The precise nature of conformational 

changes can be elucidated by taking multiple snapshots and observing small changes 

in distance distributions. In FRET, the exact distance between probes cannot be 

measured as accurately, as there are some simplifying approximations made in the 

calculations [47]. Moreover, the spin probes for FRET are generally much larger than 

the nitroxide labels or metal centers found in PDS [46]. Thus, the reporter is generally 

far away from the area of interest and insensitive to very minor conformational 

changes which can be detected by PDS.  
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While FRET cannot measure distance distributions with the sensitivity of PDS, 

it can look at real-time changes, which PDS cannot do. Because FRET can be done at 

ambient temperatures, the interaction of the 2 probes can be monitored in the time-

domain [48]. For example, the association of 2 subunits can be monitored in real-time, 

or the frequency of some association or dissociation event can be measured on long 

time scales [49]. FRET allows kinetics data to be generated in a way that is not 

possible with PDS [50]. Furthermore, because of the ambient experimental 

conditions, it is possible to collect FRET data in vivo [51], which, due to the challenges 

outlined above, has not currently been achieved with PDS. However, while FRET is 

an excellent tool for observing dynamic processes, PDS has much better sensitivity 

for elucidating detailed structural features. 
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Chapter 2 

COPPER BASED PULSED DIPOLAR ESR SPECTROSCOPY AS A PROBE 

OF PROTEIN CONFORMATION LINKED TO DISEASE STATES* 

2.1 Abstract 

 We demonstrate the ability of  Pulsed Dipolar Electron Spin Resonance (ESR) 

Spectroscopy (PDS) to report on the conformation of  Cu-Zn superoxide dismutase 

(SOD1) through the sensitive measurement of  dipolar interactions between inherent 

Cu2+ ions.  Although the anisotropy of  the Cu ESR spectrum provides challenges for 

PDS, Ku-band (17.3 GHz) double electron-electron resonance (DEER) and double-

quantum coherence (DQC) variants of  PDS coupled with distance reconstruction 

methods recover Cu-Cu distances in good agreement with crystal structures.  

Moreover, Cu-PDS measurements expose distinct differences between the 

conformational properties of  wild-type (WT) SOD1 and a single-residue variant 

(I149T) that leads to the disease amyotrophic lateral sclerosis (ALS). The I149T 

protein displays a broader Cu-Cu distance distribution within the SOD1 dimer 

compared to WT. Distance distributions obtained from Cu-Cu, Cu-NO and NO-NO 

separations in an NO-labeled sample reveal increased structural heterogeneity within 

*The material in this chapter is reprinted with permission from Merz, G.E., Borbat, 

P.P., Pratt, A.J., Getzoff, E.D., Freed, J.H., and Crane, B.R. Copper-Based Pulsed 

Dipolar ESR Spectroscopy as a Probe of Protein Conformation Linked to Disease 

States. Biophysical Journal 107. (2014). Copyright (2014). 
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the protein and a tendency for mutant dimers to associate. In contrast, perturbations 

caused by the ALS mutation are completely masked in the crystal structure of  I149T. 

Thus, PDS readily detects alterations in metalloenzyme solution properties not easily 

deciphered by other methods and in doing so supports the notion that increased 

dynamics and associations of  SOD1 ALS variants contribute to disease progression. 

2.2 Introduction 

 Only a few biophysical methods provide high-resolution long-range distance 

restraints for proteins in solution [1-4].  One such technique is pulsed dipolar ESR 

spectroscopy (PDS) [5-7], which when coupled with nitroxide radical spin labeling  

[8], can measure distances to within one Å accuracy and yield distance distributions 

within and between proteins that range up to 90 Å. However, despite the many 

advantages of PDS, nitroxide labels have certain limitations: their flexibility reduces 

effective distance resolution due to uncertainty in the positions of backbone atoms; 

their placement may perturb structure and/or function; multiple labels cannot be 

distinguished from each other (based for example on a difference in g-values); high 

labeling efficiency is necessary; and use is limited to environments where labels are 

stable; this usually necessitates biochemical reconstitution. Cu2+ ions offer an 

alternative spin-probe [9] that for Cu-metalloproteins requires no perturbation of the 

sample [10]. Moreover, when Cu2+ and nitroxide labels are combined in a single 
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sample, triangulation of distance restraints [11, 12] can provide a more global view of 

structure and dynamics [13]. Here we apply Cu-PDS to the enzyme Cu-Zn superoxide 

dismutase (SOD1, Figure 2.3) and demonstrate its ability to reveal aberrant 

conformational properties of SOD1 mutants linked to the disease amyotrophic lateral 

sclerosis (ALS). These differences are not well discriminated by other methods and 

their consequences speak to the mechanism of ALS.  

Whereas mainstream use of  PDS is based on nitroxide spin-labels, recent work 

has demonstrated the ability of  PDS to provide distance distributions for separations 

between paramagnetic metal centers in peptides and proteins [13-18]. PDS is mainly 

represented by double electron-electron resonance (DEER, aka PELDOR) and 

double-quantum coherence (DQC), with DEER currently implemented over a wide 

range of  microwave frequencies (from cm to mm waves).  Saxena et al. have 

developed techniques to measure Cu-Cu and Cu-nitroxide (NO) distances with 

DEER [17] and variants [13, 15-17] of  the generic DQC method [7, 19, 20] in both 

synthetic peptides [13, 15, 17], and proteins [17]. In other studies, DEER was also 

used to determine distances between the Type 1 and 2 Cu centers of  nitrite reductase 

[10]. Similarly, DEER has been applied to Fe3+ and Mo5+ systems [14], and Gd3+ labels 

are increasingly employed in DEER measurements conducted at mm-wave 

frequencies [21-23]. Here, we apply both DEER and DQC PDS experiments (Section 

2.5, Methods) to attribute such differences to increased structural heterogeneity in the 
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protein subunits themselves. DEER and DQC provide similar distance data when 

implemented in their most common 4-pulse and 6-pulse sequences, respectively; 

although other variants have been developed [24-27]. DEER provides an advantage 

for spin-probes with widely-separated ESR spectra and good isolation from nuclear 

coherence effects, whereas DQC has a wider distance range and often yields greater 

sensitivity. Our use of  intense pulses with proportionally wide spectral excitation of  

~40 G or more significantly increases signal-to-noise ratio (SNR) for these Cu2+ 

studies (cf. Section 2.5, Methods) 
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Figure 2.1: (A) The 4-pulse DEER and (B) 6-pulse DQC PDS pulse sequences. 

Both pulse sequences are well described in the literature. Briefly in the (4-pulse) 

DEER method, a refocused primary echo is created by the sequence of mw pulses 

1, 2, and 3, π/2-t1-π-t2-π-(t2 - t1)-echo applied at the frequency ωdetect, thus selecting 

for detection of the electron spins at the desired field position, while the “pump” 

π-pulse is applied at a sufficiently different frequency, ωpump. Hence it flips the 

electron spins corresponding to a different part of the ESR spectrum. The time 

position of the pump pulse is advanced in small steps from the 2nd to the 3rd 

detection pulse, producing an amplitude modulation of the echo. The modulation 

pattern thus mainly represents the “dipolar” oscillations from the dipole-dipole 

interaction between the electron spins. From the oscillation frequency, ωdip is 

proportional to 1/r3, the distance, r, can be accurately determined. The position of 

the echo does not change in this version of DEER, therefore variable relaxation 

and nuclear ESEEM contributions to the echo amplitude are relatively small. In the 

6-pulse DQC sequence, based on intense mw pulses applied at a single frequency, 

pulses 2 to 6 move in such a manner that the position of the echo also does not 

change. Pulses 3, 4, and 5 move as a group, while refocusing π-pulses 2 and 6 are 

always in the middle of respective intervals “2tp” and “2tm – 2tp”. Dipolar 

oscillations recorded as a function of tζ ≡ tm – 2tp are separated from other 

contributions to the echo by phase cycling.  
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SOD1 is a 32 kDa homodimer, with one Cu2+ ion tightly bound in each 

monomer (Figure 2.3, 2.5).  The Cu2+ centers are 32 Å apart, which is well within the 

10-90 Å range of  PDS (Figure 2.3, 2.5). Over 150 mutants of  SOD1 have been 

implicated in the familial form of  ALS (fALS), a late-onset terminal 

Figure 2.2: (A) Field-sweep echo-detected SOD1 Cu2+ ESR spectrum was recorded 

at 15 K and 4 kHz repetition rate. On the high-field side the spectrum from 

nitroxide labels is visible. The arrows indicate spectral positions of detection and 

pumping used in these sets of measurements. The inset on the left was recorded at 

low repetition rate and is dominated by the narrow nitroxide spectrum. (B) The 

nitroxide field-sweep echo-detected spectrum is plotted on an expanded field scale 

to show more clearly the positions of spectral excitations. The spectrum was 

recorded at 30 K and 0.5 kHz repetition rate. NO-NO DEER data were obtained in 

the standard manner, as shown. The temperature range used was 20-30 K, with the 

optimum being at 30 K.  
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neurodegenerative disease [28].  The connection between the SOD1 mutations and 

fALS is unclear because the mutant proteins have very similar x-ray crystal structures 

[29, 30] and enzymatic activities [31] when compared to wild type (WT) SOD1. 

Decreases in thermal stability versus unfolding have been observed in ALS mutants  

[32], and recently, dimer destabilization leading to aggregation has been proposed as a 

potential mechanism of  disease progression [33-36]. Here we apply Cu-PDS to probe 

the structural properties of  the fALS SOD1 variant I149T, which we find has one of  

the most aberrant Cu-Cu interactions of  several fALS variants tested. 

 

2.3 Results 

2.3.1 Cu-Cu ESR on WT SOD1 

Human SOD1 and fALS variants in the background of  the stabilizing 

mutations C6A and C111S [37, 38] were expressed in E. coli cells and purified as 

described below. The C6A and C111S substitutions aid expression, but do not effect 

SOD1 structure, activity [37, 38] or PDS signals, and are henceforth referred to as 

WT (Sec. 2.5, Figure 2.3). The resulting time-domain DEER traces of  SOD1 revealed 

sufficiently deep DEER modulation (6-10%) with pronounced oscillations, 

characteristic of  a single dominant dipolar interaction well within the optimal DEER 

distance range (Figures 2.3, 2.4). Tikhonov regularization [39] and the maximum 

entropy method [40] produced a distance distribution function that peaks sharply at 



34 
 

32 Å, the Cu-Cu separation in the SOD1 dimer (Figure 2.4A). The standard 

orientation-free kernel was effective in reconstruction, despite substantial anisotropy 

of  the SOD1 ESR spectrum [41]. DQC produced similar results compared to DEER, 

but after just an hour of  data averaging. 

2.3.2 Cu-Cu ESR on SOD1 fALS Mutants 

PDS measurements on fALS mutants H48Q and I149T produced Cu-Cu 

distance distributions decidedly different from WT (Figure 2.4). H48Q substitutes a 

copper ligand in the active center and hence was expected to perturb the Cu-Cu 

separation (Figure 2.3). Indeed the Cu-Cu distribution from H48Q is widened and 

peaks at ~34 Å (Figure 2.4B). Remarkably, I149T, a substitution remote from the 

Figure 2.3: (Left) Crystal structure of human SOD1 (PDB ID: 2V0A). 32 Å 
separate the copper ions across the dimer interface (blue). Zinc ions (grey) reside 
beside the copper ions. Inset shows the active site metal coordination 
environment, with the histidine 48 side chain shown in red. Variant H48Q, for 
which Cu-Cu distance is 34 Å (Figure 2.4), substitutes a ligand to Cu2+.  (Right) 
Cu-Cu distance distributions for WT SOD1 vs. its C6A/C111S mutant, 
(abbreviated as AS-SOD1) reconstructed with the L-curve Tikhonov 
regularization method and refined using the Maximum Entropy Method. 
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active center, shows a distribution that is severely broadened compared to WT (Figure 

2.4). Such behavior could arise from increased conformational variation within the 

protein itself, relocating the copper coordination site by ~1-2 Å. 

 

2.3.3 Crystal Structure of  SOD1 fALS Mutant I149T 

To further investigate the conformational properties of  the I149T variant, we 

crystallized the protein and determined its structure to 2.4 Å resolution (Figure 2.5, 

Table 2.1; PDB accession code 4OH2). The crystallographic electron density clearly 

reflects loss of  the Ile149 C1 atom (Figure 2.5 inset), but otherwise, the I149T 

structure shows very little change compared to that of  the WT. The 149 residue lies at 

the periphery of  the dimer interface and the side chain faces into the hydrophobic 

core of  the subunit -barrel. The IleThr substitution produces no change in -

Figure 2.4: (A) Distance distributions for separation between Cu2+ centers of Cu/Zn 

SOD WT and I149T variant. (B) Distance distributions for WT Cu/Zn SOD and 3 

ALS mutants at 350µM. The I149T P(r) is multiplied by 4 to aid comparison. 



36 
 

sheet conformation or subunit association that can be observed among the five 

unique dimers of  the crystal structure. Comparison of  the Cu-Cu distances in the 

I149T and WT structures (determined from refinement at equivalent resolutions) 

shows a slightly broader distribution for the mutant dimers ( = 0.07 vs. 0.02 Å), but 

the overall widening is extremely small (and likely insignificant) compared to that 

observed in the Cu-PDS experiment (FWHM = 5.3 vs. 1.8 Å). Note that the increased 

width in the distance distribution cannot be reasonably attributed to orientational 

correlation effects that differ in I149T (cf. Section 2.5, Methods). 

 

 

 

 

 

Figure 2.5: Cu-Cu separation in the SOD dimer detected by PDS. The I149T 
structure (yellow) is nearly identical to that of  WT (blue). Inset: superposition of  
residue 149 with 2.38 Å resolution Fo-Fc omit electron density (3σ for Thr149). 
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Table 2.1: Crystallographic data collection and refinement statistics. 

Data Collection Metric   

Space Group C2221 

Unit Cell Dimensions, (Å) a = 165.10 

  b = 203.81 

  c = 144.41 

Unique Reflections 95,238 

Resolution, (Å)  36.10-2.38 

Last Shell, (Å) 2.44-2.38 

Redundancy, (%/last shell) 6.4/2.9 

Completeness, (%/last shell) 98.35/79.40 

I/σ, (overall/last shell) 10.9/1.52 

Linear R-fac (Rmerge), (overall/last shell) .209/.714 

CC ½ (overall/last shell) .973/.543 

Refinement Metric   

R-Work, (%/last shell) 0.166/.225 

R-Free, (%/last shell) 0.215/.290 

No. atoms 22,063 

No. water molecules 891 

Mean B value 21.9 

RMSD from ideal bond lengths, (Å) 0.014 

RMSD from ideal bond angles, (Å) 1.4 
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2.3.4 Double Labeling of I149T 

To further investigate the source of the broad Cu-Cu distribution in the non-

crystalline state of the I149T variant, we labeled the SOD1 dimer with a nitroxide at 

position V94 by mutating the residue to Cys and reacting it with methanethiosulfonate   

spin label to yield the spin-bearing side-chain, commonly known as R1. The 94 

position, which resides at an exposed -turn, was chosen as a site that would generate 

unique Cu-NO, Cu-Cu and NO-NO distances, but whose labeling would not interfere 

with dimerization or metal binding. The combined set of three measurements for Cu 

and NO sites obtained from the WT protein show four distinct distances that match 

very well with the expectations from the crystal structure (Figure 2.6). However, the 

distance distributions derived from the I149T DEER data are much broader with all 

three types of spin interactions than those derived from the WT (Figure 2.6).  Thus, 

the I149T dimer is structurally heterogeneous and this likely reflects increased protein 

dynamics in the subunits, perhaps further superimposed on subunit rearrangements 

about the dimer interface. Indeed, the 24 Å intra-subunit Cu-NO separation in I149T 

is greatly diminished and merged with the longer Cu-NO inter- subunit separation 

(Figure 2.6c). The small chemical change caused by the mutation (Figure 2.5) thus 

increases the amplitude (and/or nature) of structural fluctuations within the entire 

protein, which nonetheless still center on the WT conformation.  Crystallization of 

I149T must mask this behavior by stabilizing the WT state and damping any 
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deviations from it. A similar pattern of behavior was recently reported for a 

membrane protein [42, 43], for which a wide range of structural states were sampled 

by DEER but only two distinct states were captured by x-ray crystallography.  

Importantly, new short distances appear for I149T in both the Cu-Cu and NO-

NO data (Figure 2.6), a fact that can only be explained by higher-order associations of  

SOD dimers (Figure 2.6, 2.9). Particularly, the strong ~25 Å NO-NO signal requires 

an association of  SOD subunits through an interface distinct from that of  the WT 

SOD dimer. Differences in the high SNR time-domain data between WT and I149T 

are also in full support of  this interpretation (Figure 2.7). Although short distance 

components indicative of  aggregation clearly manifest in both I149T and 

I149T:V94R1, they are more pronounced when the spin-label is present. Thus, V94R1 

further destabilizes the I149T variant, even though V94R1 alone produces no 

conformational destabilization or aggregation (Figure 2.3, 2.6).  
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Figure 2.6: Cu-NO PDS experiment reveals conformational differences of  the I149T 
variant. (A) Distances based on the I149T crystal structure (modeled nitroxides shown 
in red). (B) Cu-Cu, (C) Cu-NO and (D) NO-NO distance distributions from WT 
(C6A:V94C:C111S) and with addition of  I149T shown with colored arrows 
designating separations in (A). Short distances can be explained by dimer association 
(blue). The I149T trace in (C) has been multiplied by 3 to aid comparison. Sharp 23 Å 
peak in NO-NO WT due to D2O modulation is not present in protiated buffer. WT 
measurements were made at 150µM, I149T at 350 µM. 
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Figure 2.7: DEER raw time domain data for Cu-Cu (top), Cu-NO (middle) 

and NO-NO (bottom) for SOD1 V94R1 (A) vs. V94R1:I149T (B). 
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Aggregation of  I149T is also supported by the increase in DEER modulation 

depth in all cases (Figure 2.7) and by multi-angle light scattering (MALS) experiments 

that show a concentration-dependent increase in the average molecular weight of  the 

I149T variant, in contrast to the WT, which remains at the dimeric MW over the same 

concentration range (Figure 2.8). Hence, at least this particular ALS mutation appears 

to promote increased oligomerization of  the protein.  

 

 

 

 

 

 

The plausibility of  a tetrameric state containing short spin separations is 

supported by a dimer-to-dimer contact in the I149T crystal structure that produces 

close Cu-Cu and NO-NO separations consistent with those observed by PDS 

(Figures 2.9 and 2.10). Due to the moderate intensity of  the component derived from 

Figure 2.8: MALS data shows that the I149T mutant undergoes concentration 

dependent aggregation, which is completely absent for the WT. The black and red 

traces show average molecular weights for WT and I49T respectively. The blue trace 

shows the percentage of aggregation in the I149T samples. 
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a dimer-of-dimers, even less probable, higher-order aggregates are not expected to 

significantly change the signal. Indeed, a long-distance component in the range of  the 

SOD1 dimer size (ca. 60 Å), which would result from abundant multimeric 

aggregates, was not observed. However, characterization of  large protein aggregates 

currently presents a difficult task for PDS and is often only evident by an increase in 

the baseline slope [7, 44]. This issue could be explored further in the future. 

 

 

 

 

 

 

 

Figure 2.9: One possible model of the close contact between two I149T dimers 

(green and blue) based on one of several lattice contacts in the I149T crystal.  

Interdimer distances are shown with dashed lines. The inter-dimer Cu-Cu distance 

agrees well with the new short distance found in I149T by PDS, but rotation 

about this Cu-Cu distance is required to bring the nitroxide moieties into 

reasonable agreement with the PDS data (See Fig. 2.10.) 
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2.4 Discussion 

The Cu-PDS experiments on SOD I149T indicate that the disease-causing 

residue substitution increases conformational heterogeneity in the overall protein fold. 

These data along with MALS experiments further show that the increase in 

heterogeneity leads to aggregation. Previous studies on the solution properties of 

SOD1 fALS mutants demonstrated that the residue substitutions caused local 

Figure 2.10: (A) R1 side-chain modeling was carried out on the crystal structure 

of Fig. 2.5. R1 conformers were simulated using rotamers implemented in 

MMM2013 (Molecular Multiscale Modeling, software package). (B) Distance 

distributions obtained by rotamer modeling (blue) are compared to the NO-NO 

experiment on R1:I149T (red). As expected, the experimental solution DEER 

data indicate that the structure must deviate from that suggested by contacts 

found in the crystal lattice. However, a relatively small restructuring, as noted 

under Fig. 2.9, can easily bring all distances into the proper range. 
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destabilization [45] or produced metal loss, but that such changes were only detected 

in denaturing conditions [46, 47].  An exception is an ALS mutational site in contact 

with I149 (I113T). The I113T variant was also found not to affect the SOD1 crystal 

structure, yet the solution structure was considerably altered, as judged by small-angle 

x-ray scattering (SAXS) [30]. Our method is the first to reveal structurally defined 

conformational differences between WT SOD and an ALS mutant that promotes 

aggregation under native solution conditions. We have found that substitutions at the 

G93 position of SOD1 (a hot spot for ALS mutations) also give perturbed Cu-Cu 

PDS spectra, albeit to a lesser extent than I149T (Figure 2.4). Thus, an altered Cu-Cu 

PDS distribution, which appears as a consistent feature of ALS variants tested thus 

far, may prove a useful diagnostic tool for identifying mutations in sod1 that lead to 

ALS.  In conclusion, Cu-PDS, when combined with orthogonal (e.g. nitroxide) 

labeling, enables a straightforward assessment of metalloprotein conformation and 

association state relative to the active site metal ions. This information fills an 

important gap between low-resolution methods such as EM, SAXS, FRET and high-

resolution techniques such as NMR and x-ray crystallography. 

2.5 Methods 

2.5.1 Protein Expression and Purification 

Human SOD1 DNA in the pET28 expression vector was provided by the 

Getzoff lab at the Scripps Research Institute. ALS mutations were made using the 
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QuikChange method. Proteins were expressed in E. coli BL21-DE3 cells. Cells were 

grown at 37 °C until they reached an OD600 of 0.75, at which point they were induced 

with 0.3 mM IPTG and 0.25 mM CuSO4. Additional growth for 18 hours at 25 ˚C 

was followed by harvesting by centrifugation. Cells were lysed by sonication, insoluble 

debris was pelleted by centrifugation, and the supernatant was run over a nickel 

immobilized metal ion affinity chromatography (IMAC) column. After elution with 

excess imidazole (200 mM), the His-tag was cleaved with an overnight thrombin 

digest of 400 µg at room temperature. SOD1 was further purified on a Superdex 75 

(Pharmacia) size-exclusion column. Exogenous metal was removed using EDTA at 

low pH as previously described  [48] and copper and zinc were reconstituted by direct 

addition of 1-20 µM ZnSO4 (equi-molar with protein) at 4°C overnight followed by 

the same concentration of CuSO4 at 4°C for 4 hours. The protein was then 

concentrated to 350 M.  Spin-labeling  of Cys variants with MTSSL was carried out 

on these purified, metallated samples, as previously described [44]. 

Upon purification, the metal content of the fALS variants (I149T, H48Q) was 

shown by ICP-MS (University of Georgia, Department of Biochemistry [49]) not to 

vary significantly compared to that of the WT (all samples had 71-83% Cu2+ loading). 

Uniform metal content among the samples was also supported by only modest 

variations in ESR CW spectra and DEER echo modulation depth, the latter of which 

may in part be due to minor orientational effects (cf. Section 2.5, Methods). 
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2.5.2 Crystallization, X-ray Diffraction Data Collection, and Structure Solution 

Crystals were grown by vapor diffusion using the hanging drop method. The 

well solution consisted of 100 mM NaCl, 100 mM Tris-HCl pH 7.6, 2.8 M (NH4)2SO4 

and a protein concentration of 10 mg/mL in 2.25 mM potassium phosphate buffer, 

pH 7.0 and 160 mM NaCl. Crystals were soaked in a solution of 25% glycerol in 

mother liquor before flash-cooling in the cryostream. Data was collected at 100 K 

using 0.979 Å x-ray radiation at beamline A1 at the Cornell High Energy Synchrotron 

Source (CHESS). Data was reduced and scaled using HKL2000 [50]. Initial phases 

were determined by molecular replacement in AutoMR (Phenix) [51] using WT SOD1 

(PBD ID 2V0A [52]) as a model. Further refinement was carried out with XFIT [53], 

CNS [54], and Phenix [55] (Table 2.1). For comparison of Cu ion positions in the WT 

and I149T SOD, diffraction data for was downloaded from the PDB and then limited 

to the same resolution as of I149T. Cu ions were than randomly moved 0.5-1.0 Å and 

the structures refined in Phenix by conjugate gradient minimization. No restraints 

were placed on metal ion ligands. Variances of the Cu-Cu interdimer separations were 

calculated from the five unique SOD dimers in each asymmetric unit.  

2.5.3 Pulsed Dipolar ESR Measurements 

The 4-pulse DEER and the 6-pulse DQC PDS pulse sequences (Figure 2.1) 

were used to measure distances between unpaired electron spins of  catalytic Cu2+ ions 

in SOD1 and fALS mutants.  DEER was also applied to measure distances between 
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Cu2+ ions and MTSSL spin labels (R1) introduced at site V94, mutated to cysteine, as 

well as between the NO groups of  R1 nitroxide side-chains. Cu-Cu DEER 

experiments were conducted by flipping Cu-spins and observing echo modulation at 

the field positions well outside of  the NO spectrum (Figure 2.2). The field positions 

of  pump and detection pulses, located at the Cu2+ gy maximum (~5900-6000 G), were 

typically separated by 60 G. Experiments where pulse and pump positions were 

swapped and shifted by ~200 G toward the NO spectrum in Cu-NO measurements 

produced no detectable difference in DEER modulation. NO-NO interactions were 

determined by confining both frequencies to the nitroxide spectrum (at ~6200 G, 

Figure 2.2) where Cu2+ absorption is low and will not contribute more than ~1% to 

the deep (~50%) modulation of  DEER signal when NO is pumped. Cu-NO 

interactions were measured by pumping the nitroxide spins between the pump and 

detection frequencies of  the NO-NO case and detecting the Cu well outside of  the 

NO envelope (Figure 2.2). DQC experiments were carried out at the Cu spectrum 

maximum in the gy region. In general, the DQC method can easily circumvent the 

minimal 20 Å limit of  standard DEER, as well as provide increased SNR.   

The Cu2+ magnetic tensor principal axis system of bovine SOD [56] has gz 

moderately tilted away from the inter-copper vector (u), which could introduce 

orientation correlation effects with respect to gz but not for the gx,y spectral regions. 

Moreover, inhomogeneous hyperfine broadening comparable to the difference 
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between the pump and detection frequencies further randomizes orientational effects 

over the gx,y, region. Thus, due to the stronger orientational correlations at gz, the gz 

spectral region was avoided. Fortunately, reconstruction artifacts caused by reduced 

contributions at gz are expected to be minimal because the orientations selected at gz 

have u aligned parallel to the static magnetic field and orientations of u less than the 

magic angle do not contribute substantially in the Tikhonov treatment. As expected, 

the DEER data recorded at gx and gy were identical and distance reconstruction 

exhibited few spurs. It is important to note that this simplification may not be 

appropriate for other copper systems: for example, one with an axial g-tensor that has 

z perpendicular to u. For such a case, orientational effects will likely necessitate a 

more complicated distance analysis, with related examples known for nitroxides [57].   

2.5.4 Multi-angle Light Scattering Coupled to Size-exclusion Chromatography 

Size-exclusion chromatography coupled with multi-angle light scattering 

(MALS) was used to study the molar mass of  WT SOD1 and the I149T mutant. 

Proteins (1-5 mg/mL) were run at room temperature on an SEC column 

(WTC050N5 - Wyatt) pre-equilibrated with 50mM Tris-HCl pH 7.5, 150mM NaCl 

buffer. Analysis and molecular weight determination was carried out with Wyatt 

technologies ASTRA. Bovine serum albumin (Sigma) was used as a control for data 

quality. 
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Chapter 3 

SITE-SPECIFIC INCORPORATION OF A Cu2+ SPIN-LABEL INTO 

PROTEINS FOR MEASURING DISTANCES BY PULSED DIPOLAR ESR 

SPECTROSCOPY 

3.1 Abstract 

 Pulsed dipolar ESR spectroscopy (PDS) is a powerful tool for measuring 

solution-state distances in macromolecules. Recently, paramagnetic metal ions, 

specifically Cu2+, have been utilized as spin labels on proteins as they can be 

spectroscopically distinguished from traditional nitroxide (NO)-based labels. 

However, the application of  metal ions for PDS has been largely limited to natural 

metalloproteins. Here we demonstrate site-specific incorporation of  Cu2+ into non-

metalloproteins through use of  a genetically encodable non-natural amino acid, 3-

pyrazolyltyrosine (PyTyr). We first establish proof-of-principle for PyTyr-based PDS 

by measuring Cu-to-nitroxide distances within an engineered cyan-fluorescent protein 

(CFP) and then apply the method to track interactions and domain positions in the 

complex formed by the large multi-domain histidine kinase CheA and its target 

response regulator CheY. These measurements reveal new mechanistic insights into 

the dynamics of  the histidine substrate domain during the phosphotransfer cycle.  
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3.2 Introduction 

Pulsed dipolar ESR spectroscopy (PDS) in concert with site-specific spin 

labeling provides long distance restraints (up to 90 Å) to characterize protein 

conformation and assembly states in solution [1-3]. In the most common usage, 

nitroxyl-based spin-probes (NO) are covalently attached to engineered cysteine 

residues [4]. However, large eukaryotic proteins often contain many cysteine residues, 

which cannot always be replaced to ensure specific labeling. Furthermore, nitroxide 

radicals are spectroscopically indistinguishable from each other and thus most 

experiments are limited to two interacting sites. In contrast, paramagnetic metal ions, 

such as Cu2+, have anisotropic g-tensors that allow their specific excitation and 

detection.  Moreover, the combination of  nitroxide and Cu2+-based spin labels in the 

same sample allows for Cu-Cu, NO-NO and Cu-NO separations to be uniquely 

determined [5,6].   Nonetheless, specificity of  binding is a major limitation in the use 

of  metal ions as spin probes.  Natural metal-binding centers in active sites and metal-

binding loops of  metalloproteins have been exploited to this end [7-10], but these 

complex centers have drawbacks in control over positioning and transfer to non-

cognate systems.  To overcome these limitations, a small, specific metal-binding probe 

that can be incorporated at any position in a protein is desirable. To this end, we have 

employed a genetically-encodable non-natural derivative of  tyrosine, 3-

pyrazolyltyrosine (PyTyr, Figure 3.1), to site-specifically incorporate Cu2+ ions for 
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PDS measurements. PyTyr was previously used as an electron acceptor in protein 

electron transfer (ET) experiments [11]. However, its ability to bind and stabilize Cu2+ 

with reasonably high affinity makes it a suitable candidate for use as a spin label. Here, 

we incorporate PyTyr into two different proteins and demonstrate its utility for PDS. 

For proof  of  principle we measure Cu-NO distances in cyan fluorescent protein 

(CFP, Figure 3.1), and then we characterize the interaction between the multi-domain 

histidine kinase CheA and its phosphorylation target, the response regulator protein 

CheY (Figure 3.2). In the latter case, Cu-PDS reveals domain juxtapositions within the 

complex and tracks conformational changes upon binding protein effectors and 

nucleotide modulators. Assessment of  the spin-echo modulation depth further reveals 

the stoichiometry of  interaction [12].  

 

3.3 Results 

In order to incorporate PyTyr into a protein of  interest, a mutant tRNA/tRNA 

synthetase pair (PyTyrRS) was evolved to deliver PyTyr to the ribosome [11] through 

suppression of  the amber (TAG) stop codon [13]. PyTyr was synthesized from 

tyrosine and pyrazole by a CuI catalyzed cross-coupling reaction, with some 

modification to the published protocol (see Methods).  

3.3.1 Incorporation of  PyTyr into CFP 
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We first chose to incorporate PyTyr into cyan-fluorescent protein (CFP, Figure 

3.1), a derivative of  green fluorescent protein (GFP), that offers a colored, structurally 

characterized system to readily evaluate yields and test feasibility [14].  PyTyr was 

placed at position 151 (CFP151PyTyr) and a Ser208Cys substitution was introduced 

by mutagenesis to allow additional labeling with a nitroxyl radical.  The double mutant 

was cloned into pET28 and co-expressed with PyTyrRS in E. coli BL21(DE3) cells. 

The His6-tagged protein was purified by Ni-NTA affinity chromatography, during 

which Cys208 was labeled on-column with the nitroxide spin label (MTSSL [1-oxyl-

2,2,5,5-tetramethylpyrroline-3-(methyl)-methanethiosulfate]). After removal of  the 

His6-tag by thrombin digest and subsequent gel filtration chromatography, Cu2+ was 

added as CuSO4 (1.5 equivalents) at 4˚C overnight. The protein was then buffer 

exchanged to remove excess Cu2+ and concentrated to 150 µM for PDS 

measurements. .  

Cu-NO PDS experiments were carried out on a home-built Ku-band ESR 

spectrometer operating at 17.0-17.6 GHz with a four-pulse double electron electron 

resonance (DEER) pulse sequence [15]. Protein samples were 150 uM, and the data 

was collected at 15-20 K for 8-12 hours. For Cu-NO measurements, nitroxide spins 

were pumped at frequencies corresponding to 6180 G and Cu2+ spins were detected at 

those corresponding to 6100 G. Time-domain traces were converted to distance 

distributions using Tikhonov regularization [16] followed by the maximum entropy 
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method [17]. The bimodal distance distribution (Figure 3.1) obtained agrees well with 

a model based on the crystallographic structure of  CFP [18]. The two peaks in the 

distribution likely reflect two distinct conformations of  the spin label.   

 

 

 

 

 

 

 

 

Figure 3.1: (A) Cu2+ binding amino acid PyTyr. (B) Expected Cu-NO separation in 

CFP from the crystal structure CFPpyTyr (PDB:3ZTF [18]) modeled with a nitroxide 

on residue 208. (C) Cu-NO baseline corrected time domain data. (D) Cu-NO 

distance distribution obtained by DEER spectroscopy.   

A 

B 
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3.3.2 Incorporation of  PyTyr into T. maritima CheY 

Next, we applied PyTyr Cu2+-labeling to characterize domain juxtaposition in 

the complex formed by the histidine kinase CheA and its target response-regulator 

protein CheY. CheA and CheY form a two-component system [19] that regulates 

bacterial motility in response to chemoattractants. T. maritima CheA is a dimeric 

kinase, each subunit composed of  five domains (named P1 through P5). CheY docks 

at the CheA P2 domain to receive phosphate from the P1 domain, which undergoes 

autophosphorylaion on a specific histidine residue by the ATP-binding P4 domain. P1 

and P2 are connected to each other and the CheA core (P3P4P5) by long flexible 

linkers [20, 21].  Crystal and NMR structures are known for all CheA domains [22-25], 

but not as an intact protein. The modulation of  interactions among P1, P2 and P4 

underlie kinase regulation and thereby biological function. There is currently little 

structural information for P1 and P2 when attached to the kinase core.  

Following procedures analogous to those described above, we labeled the 

response regulator CheY with PyTyr-Cu2+ and the P1 domain of  CheA with a 

nitroxide spin-label. CheA dimerization then generates two nitroxide labels per kinase 

unit; likewise we expect two CheY proteins to bind a dimeric kinase.   

PyTyr was introduced at position 41 of  T. maritima CheY and a Cys residue was 

introduced at position 76 of  P1 in an otherwise cys-less version of  CheA (C63S 

C208S).  The CheY variant was expressed and purified in the same manner as 
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CFP151PyTyr, except that there was no need for nitroxide labeling. Expression and 

purification of  CheY41PyTyr yielded 510 ug of  protein, which was concentrated 

down to 600 uM. Complexes were formed by direct addition of  each component and 

incubation overnight at 4˚C, after which they were flash frozen for PDS 

measurements. CheA and CheW were expressed and purified, and CheA was spin 

labeled, as previously described [26, 27].  

Cu-NO DEER time-domain traces (Figure 3.5) were collected in the same 

manner as for CFP151PyTyr. NO-NO DEER data was collected on the same 

spectrometer at 20-30 K for 8-12 hours, with standard pulse sequences [5]. Tikhonov 

regularization followed by the maximum entropy optimization produced Cu-NO 

distances. Weak Cu-Cu and NO-NO signals were observed, but these were not strong 

enough to yield usable distance distributions (cf. Figure 3.4).  
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Figure 3.2: Schematic of the domain architecture of the CheA-CheY complex. A 

structural model of the P1-P2-CheY complex (P1, P2 – black ribbons, CheY-green 

ribbons), with the observed Cu-NO ESR distance indicated by a dotted line.  (PDB: 

1U0S [28] (P2-CheY) and 2LP4 [25] (P1)) 

Cu2+ 

NO 

Figure 3.3: Cu-NO distance distributions for CheA-CheY complexed on their own 

(black), with unlabeled CheW (red) and with unlabeled CheW and ADPCP (blue).  
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3.4 Discussion 

The obtained Cu-NO distance distributions (Figure 3.3) give insight into the 

structure of  the CheA-CheY complex, in particular the relationship between the 

phosphate donating P1 domain and the acceptor CheY when bound to P2. In the 

resting state of  CheA, with only CheY present, the Cu-NO maximal distance of  48 Å 

Figure 3.5: Cu-NO (background corrected) time domain signals for CheA + CheY 
(black), CheA + CheY + CheW (red) and CheA + CheY + CheW + ADPCP (blue). 

 

Figure 3.4: Cu-Cu (background corrected) time domain signals for CheA + CheY 

(left) and CheA + CheY + CheW samples (right). 
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suggests that the P1 domain resides some distance away from P2 and CheY.  The 

weak Cu-Cu modulations indicate that the CheY molecules themselves are also far 

dispersed in the CheA dimer (> 60 Å). These signals collectively imply that in the 

absence of  ATP, the structure of  CheA is extended, with the P1 domain not docked 

on the P2-CheY complex. The protein CheW binds to the CheA regulatory domain 

P5 and is essential for coupling CheA to the receptor arrays [29]. The addition of  

CheW to CheA:CheY causes the Cu-NO distance distributions to broaden, and shift 

to slightly longer distances. These changes indicate that CheW can influence the 

position and dynamics of  the P1 domain. Addition of  the non-hydrolyzable ATP 

analog ADPCP to CheA + CheY + CheW, further shifts the Cu-NO distributions to 

longer distances. ADPCP-mediated release of  P1 is also supported by SAXS data, 

which reveals a much more extended structure of  CheA in the presence of  the 

nucleotide [30].  

The PDS measurements also enable the assessment of  binding stoichiometry. 

The weak Cu-Cu signals from the complex could derive from long distances of  

separation or substoichiometric binding (i.e. negative cooperativity within the dimer 

producing a 1:2 CheY:CheA subunit complex).  To confirm the binding stoichiometry, 

an NO-Cu DEER experiment was performed by detecting the NO spin echo while 

pumping the Cu2+ spins. The modulation depths of  NOdetect-Cupump and Cudetect-Cupump 

experiments are about the same (~.024), which strongly indicates that on average, 1 
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CheY proteins binds to one CheA subunit. Importantly, this measurement indicates 

that the Cu2+ binds specifically to PyTyr; if  otherwise, there would not be close 

correspondence between the Cu-Cu and Cu-NO modulation depths. 

This study has demonstrated the site-specific incorporation of  Cu2+ for use as a 

spin-label in PDS experiments. In principle, any position on any protein expressed in 

E. coli can be targeted by this method. Furthermore, the labeling is quite specific, with 

little background from non-specific binding on a relatively large protein complex (~ 

160 kDa) Thus, PyTyr incorporation extends PDS as a useful tool for exploring large 

dynamic protein complexes, the conformations of  which are otherwise difficult to 

characterize.  Moreover, the genetically encodable nature of  the PyTyr label bypasses 

the need for covalent attachment. This advance overcomes limitations such as protein 

degradation during labeling and the lack of  site-specificity when targeting Cys residues 

in large proteins.  The spectroscopic challenges of  Cu2+ such as an anisotropic g 

tensor and fast T2 relaxation times can be overcome [5, 9] and in some cases turned 

to advantage. For example, the broadness of  the Cu2+ ESR spectra allows Cu signals 

to be distinguished from those of  nitroxide; in CheA this allows for the measurement 

of  3 distinct distance distributions [5, 6]. It should also be noted that PyTyr is a close 

derivative of  Tyr, and where such a substitution is made, the perturbation to protein 

structure on labeling will be minimal. Saxena et al have recently described an 

alternative strategy for incorporating Cu2+ specifically into proteins through 
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introduction of  judiciously positioned His residues on known secondary structure 

elements [10]. The combination of  that strategy, along with application of  PyTyr 

could potentially allow high fidelity dual labeling by Cu. Finally, the ability to 

genetically encode Cu2+ labels, which should generally be more stable to reduction 

than nitroxides, also raises the possibility of  their use as in vivo spin probes. 

 

3.5 Methods 

3.5.1 Synthesis of  PyTyr 

Production of Boc-L-3-iodotyrosine: 3-Iodo-L-Tyrosine was purchased from 

Aapptec. A 500 mL round bottom flask was charged with 3-Iodo-L-Tyrosine (2.0 g, 

6.51 mmol), di-tert-butyl dicarbonate (1.42 g, 6.51 mmol), 40 mL dioxane, 60 mL 500 

mM NaOH. A solution of 6 M NaOH was then added dropwise until the pH reached 

9.5. The reaction stirred at room temperature for 4 hours. NaOH was added dropwise 

as needed to maintain pH at 9.5. The reaction was quenched with 6 M HCl until the 

pH reached 1, at which time the solution was extracted with ethyl acetate, and washed 

with 1 M HCl followed by brine. The organic layer was dried with MgSO4 and filtered. 

Solvent was removed by rotary evaporation to afford a yellow oil. This oil was 

purified by column chromatography, using Silica Gel 60 Å with a gradient of 

dichloromethane/methanol (100/0 to 50/50 v/v). Drying under vacuum afforded an 

off-white solid (Boc-L-3-iodotyrosine) at 60% yield.  
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Production of PyTyr: Under a nitrogen atmosphere, Boc-L-3-iodotyrosine (2.0 

g, 4.93 mmol) was added to a 100 mL schlenk flask, along with Cs2CO3 (3.21 g, 9.86 

mmol), CuI (0.47g, 2.46 mmol), pyrazole (0.34 g, 4.93 mmol) and dry DMF (25 mL). 

The reaction was heated to 180˚C and stirred for 18 hours. After cooling, the reaction 

mixture was extracted with ethyl acetate and washed with 2 M HCl. The aqueous 

phase was concentrated by rotary evaporation to yield a brown solid. This solid was 

then purified by HPLC (Atlantis T3 C18 column 186003708, 40 mL/min flow rate, 0-

60% acetonitrile in water over the course of 40 minutes) to a white solid at 15% yield.  

3.5.2 Protein Expression and Purification 

DNA coding for CFP was cloned into pET28 and co-transformed into E. coli 

BL21(DE3) cells with pEV01 containing PyTyrRS under control of an arabinose 

promoter [11]. A single colony was picked and placed in a 5 mL starter culture of 

Luria-Bertani (LB) broth with kanamycin (250 ug/mL) and chloroamphenicol (170 

ug/mL). After overnight growth at 37˚C, 1 mL of the starter culture was aliquoted 

into 200mL of LB supplemented with the same antibiotics as above, as well as 30 mg 

of PyTyr. Cells were grown at 37˚C until A600 = 0.6, at which time they were induced 

with IPTG (1 mM final concentration) and arabinose (400 mg). The cells were grown 

at 37˚C overnight before being pelleted. The cell pellet was resuspended in 20 mL of 

lysis buffer (50 mM HEPES pH 7.5, 500 mM NaCl, and 5 mM imidazole), followed 

by sonication to lyse the cells. The lysate was then centrifuged, and the supernatant 
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applied to Ni2+-NTA affinity resin. Non-specific binding was removed by washing 

with a buffer of 50 mM HEPES pH 7.5, 500 mM NaCl, and 20 mM imidazole (wash 

buffer). A solution of 5 mg MTSSL [1-oxyl-2,2,5,5-tetramethylpyrroline-3-(methyl)-

methanethiosulfate], 150 uL acetonitrile and 5 mL wash buffer was added to the resin 

for labeling C208 with the nitroxide side chain known as “R1”. This solution was 

incubated with the resin for 5 hours at room temperature and then 7 hours at 4˚C. 

The labeled protein was then eluted with a buffer of 50 mM HEPES pH 7.5, 500 mM 

NaCl and 200 mM imidazole. The His6-tag was removed by overnight incubation at 

room temperature with thrombin (200 ug) and the protein was further purified by 

size-exclusion chromatography (Superdex 200 10/300 analytical column). Cu2+ was 

added by direct addition of CuSO4 (1.5 equivalents) and incubation at 4˚C overnight. 

The protein was then buffer exchanged into 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 

and 30% glycerol. This process yielded 830 ug of CFP151PyTyr, which was 

concentrated to 150 uM and flash-frozen for PDS measurements.  T. maritima 

CheY41PyTyr was produced identically to that described above, except that Glu41 

was mutated to TAG with QuikChange (Stratagene, La Jolla, CA) mutagenesis and 

spin labeling did not take place. This process yielded 510 ug of CheY41PyTyr which 

was concentrated to 600 uM, incubated with other chemotaxis proteins as previously 

described, and then flash frozen for PDS measurements. T. maritima S76C and E387C 

CheA was expressed and purified as previously described [24]. Spin labeling followed 

as above. 
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3.5.3 Pulsed-Dipolar ESR Spectroscopy Measurements 

For CFP151PyTyr, Cu-NO PDS experiments were carried out on a home-built 

Ku-band ESR spectrometer operating at 17.0-17.6 GHz [15] with a four-pulse double 

electron electron resonance (DEER) pulse sequence. Samples were 150 uM, and the 

data was collected at 15-20 K for 8-12 hours. Nitroxide spins were pumped at a 

frequency corresponding to 6180 G and Cu2+ spins were detected at that 

corresponding to 6100 G. For CheY41PyTyr and CheA76R1, Cu-NO DEER time-

domain traces were collected in the same manner as for CFP151PyTyr. NO-NO 

DEER data was collected on the same spectrometer at 20-30 K for 8-12 hours, with 

standard pulse sequences [5]. Very weak Cu-Cu signals were observed, but these were 

not strong enough to yield usable distance distributions. Cf. section 3.3.2. 
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Chapter 4 

TOWARDS ELUCIDATING THE STRUCTURAL AND BIOCHEMICAL 

PROPERTIES OF THE DROSOPHILA MELANOGASTER CIRCADIAN 

CLOCK PROTEIN PERIOD 

4.1 Abstract 

The protein Period is an essential component of the Drosophila melanogaster 

circadian clock; along with binding partner Timeless, it forms the main repressor 

complex in the clock’s negative feedback loop. Despite extensive study, there is only 

structural information available for a relatively small segment of Period that 

encompasses its ordered PAS domains.  However, key functional regions of Period lie 

outside the PAS modules. In these uncharacterized stretches, point mutations are 

known to affect the rhythm of the clock, but the underlying mechanism responsible is 

unclear. Here, we are able to express and purify a construct consisting of the first 700 

amino acids (PER 1-700). In vitro biochemical assays on PER 1-700 show marked 

conformational differences between the wild-type protein and mutants thereof which 

alter circadian rhythms of flies.  

4.2 Introduction 

4.2.1 The Drosophila Circadian Clock 
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Many organisms, from cyanobacteria to fruit flies to humans have defined 

circadian rhythms [1-3]. These circadian rhythms place many biological functions in 

an approximately 24 hour period, coinciding with the diurnal cycle. While the clock of 

an organism is not exclusively regulated by the daily cycle of light and darkness, light 

and other factors such as temperature (known as zeitgebers) do help to entrain the 

clock and keep its 24 hour rhythm [4, 5].  

In general, the eukaryotic circadian clock consists of two main regulatory 

systems that work in opposition: the positive elements and the negative elements 

(Figure 4.1). Associated with the positive elements are two types of genes: clock genes 

and clock-controlled genes. When the positive elements are in abundance, they initiate 

transcription of the clock genes. These clock genes are then translated into proteins 

which are the negative elements. The negative elements in turn repress the production 

of the positive elements, by blocking their transcription. The level of positive 

elements also modulates the activity of the many clock-controlled genes of the 

organism. This transcriptional-translational feedback mechanism is the basis for the 

circadian clock in its simplest form. 

 

 

 



78 
 

 

 

 

  

 

 

 

 

Drosophila melanogaster, the common fruit fly, is (along with the fungus 

Neurospora crassa) the main model organism for studying the circadian clock. Although 

the mechanism of positive and negative elements outlined above seems fairly simple, 

there are many components to the positive and negative limbs of the Drosophila clock. 

These components often have complex interactions which are poorly or incompletely 

understood, especially from a detailed structural standpoint. The positive elements of 

the Drosophila clock are the proteins Clock (CLK) and Cycle (CLC) [8]. Clock and 

Figure 4.1: The basic feedback loop which governs the circadian clock. Positive 

elements initiate transcription of clock and clock-controlled genes. The clock genes 

are then translated into negative elements, which then repress the expression of the 

positive elements. Figured adapted from [6, 7]. 
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Cycle then promote the production of the two main negative elements in the clock: 

Period (PER) and Timeless (TIM) [9]. These two proteins, along with the kinase 

Doubletime (DBT), form a PER-TIM-DBT complex, which then interacts with a 

complex of Clock and Cycle [9-12]. Doubletime phosphorylates Clock, which then 

prevents Clock from binding DNA. This causes the production of PER and TIM to 

be repressed, which completes the negative feedback loop [9].  

 Doubletime is not the only active kinase in the Drosophila clock. In fact, 

phosphorylation is one of the main signaling mechanisms of the core clock 

components. Two other kinases, Shaggy and Casein Kinase 2 (CK2) phosphorylate 

Timeless and Period, which gates their entry into the nucleus, allowing them to 

complex with Clock and Cycle [13, 14]. Furthermore, phosphorylated Timeless is 

ubiquinated by a protein called Jetlag (JET) and this ubiquitination signals for 

Timeless to be degraded by the proteasome [15-17]. Once Timeless is degraded, the 

PER-TIM complex no longer forms. Timeless protects Period from phosphorylation, 

so in its absence, PER is phosphorylated by Doubletime [18, 19]. This signals for PER 

to be ubiquitinated by the protein Slimb, which in turn causes it to be degraded [20, 

21].  

 Light-dependent regulation of the Drosophila clock depends on the protein 

Cryptochrome (CRY), which senses blue light through its flavin adenine dinucleotide 

(FAD) cofactor. Light causes the FAD to be reduced, setting in motion a series of 
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conformational changes in CRY, which ultimately lead to its light-dependent binding 

of Timeless [22, 23]. When CRY binds TIM, TIM can no longer complex with PER, 

and as was noted above, PER is then degraded through phosphorylation by 

Doubletime followed by ubiquitination by Slimb. This allows the clock to be reset by 

light. 

 

 

 

 

 

 

 

 

 

4.2.2 Period 

 Period is one of the main negative elements (along with Timeless) in the 

Drosophila clock, repressing Clock and Cycle in the nucleus. However, relatively little is 

Figure 4.2: The basic feedback loop of the Drosophila circadian clock. Clock (CLK) 

and Cycle (CYC) are the positive elements, while Period (PER) and Timeless 

(TIM) are the negative elements. The kinase Doubletime plays an important role in 

circadian regulation and the photo-sensor Cryptochrome (CRY) helps to entrain 

the clock based on light. 
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known about the structure of this 1224 residue protein. Much of the current 

information about PER comes from in vivo studies aimed at uncovering the 

interactions between the various members of the clock. The only region of structural 

homology in Period is the PAS AB region, residues 240-454. PAS domains are 

conserved motifs which occur in both prokaryotic and eukaryotic signaling proteins. 

PAS domains are named for the 3 proteins in which they were first discovered: 

Period, Aryl Hydrocarbon Receptor Nuclear Translocator, and Single-Minded. Often, 

they sense light, oxygen, or voltage through a bound flavin cofactor, in which case 

they are referred to as LOV domains. PAS domains are characterized by 5 antiparallel 

beta sheets, followed by several alpha helices, which often form N or C terminal caps, 

and almost always have the ability to dimerize. For some PAS domains, especially 

LOV domains, the oligomeric state is a signaling mechanism and changes in the 

presence of stimuli [24, 25].  

The PAS AB domain in PER is the only region that has been structurally 

characterized, with Yildiz et. al. solving a crystal structure of residues 232-599, and 

then with King et. al. solving a crystal structure of residues 229-575 [26, 27]. The PAS 

domain is known to be important for dimerization, but its functionality beyond that is 

unknown. Often, PAS domains are integral parts of sensory proteins by way of a 

bound cofactor (LOV domains). For PER, this is not the case, as there is no bound 

cofactor. The PAS domains have been implicated as being important for Period’s 
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interaction with Timeless, but the structural nature of this interaction is also unknown 

[28].  

 The PER PAS domains mediate dimerization of the larger PER protein. 

Residues 229-575 were crystallographically characterized to be a dimer [26], as is often 

the case with PAS domains. In vivo and in vitro studies (including in this thesis) both 

show that PER is a dimer in solution [29, 30]. The interesting aspect about the PAS 

domain crystal structure is that it shows a head-to-tail dimer, with a helical arm 

wrapped around the opposite monomer (Figure 4.3) [26]. This head-to-tail 

directionality may be important for the function of the protein, specifically an 

interaction between the N and C termini of opposite monomers. (See section 4.4 for 

further discussion.) 

  

 

 

 

 

Figure 4.3: Schematic of the head-to-tail dimer of the PER PAS AB region.  
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Other regions on PER have been shown to be critical for association with its 

numerous binding partners. Residues 764-1034 interact with the Clock-Cycle complex 

[31], allowing Clock to be phosphorylated by Doubletime and inhibiting the ability of 

Clock to bind DNA, including the promoter regions of genes that code for PER and 

TIM [9]. Residues 765-800 have been implicated in binding Doubletime [21]. 

Interestingly, these are not the only ranges of residues which are phosphorylated by 

Doubletime. Many of the first 100 residues in PER, and specifically Ser47, have been 

shown to be phosphorylation targets of Doubletime [21]. A cluster of residues 

between 585 and 630 are also phosphorylated and significantly change the rhythmicity 

of the clock when modified. Mutation of serine 589 to asparagine (S589N) was the 

first mutation shown to change the length of the clock, shortening its cycle to 19 

hours [4]. Mimicking phosphorylation at residue 589 by mutation to an aspartate has 

the same effect (S589D). This mutation also causes an increased level of repression of 

the Clock-Cycle complex [32]. In vivo studies show that a series of phospho-mimic 

mutations (generally Ser-to-Asp) in this region cause significantly different behavior in 

flies depending upon the specific change. For these variants, the level of repressor 

activity and the length of the circadian cycle are well correlated. For example, 

mutating serine 629 to aspartate (S629D) causes the opposite behavior as S589D: no 

repressor activity and a lengthened circadian cycle [32]. Doubletime also 

phosphorylates a series of residues, S604, S607, T610, and S613, which are usually 

phosphorylated together as a “cluster” [21]. Here, this cluster is treated as one group, 
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and along with S589D, continues to have a short circadian cycle, when the Asp 

substitutions are introduced [32]. 

 
 
 
 

Although the phenotypes of the phospho-mutations have been established, 

there has been little work on their impact on the structural properties of the protein. 

Here, we have attempted to characterize structural changes caused by these mutations. 

This work necessitated development of a method to purify a soluble, non-aggregated 

form of the first 700 amino acids of Period (PER 1-700). PER1-700 and phospho-

mimic variants thereof were then conformationally characterized using a number of 

biochemical and biophysical methods. 

 

 

 

 

Figure 4.4: PER Features. 
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4.3 Results 

4.3.1 Purification of WT PER 1-700 

 Previous work in this lab [35] demonstrated the feasibility of expressing and 

purifying a construct containing the first 700 amino acids of the wild-type Period 

protein (PER 1-700). Expression at 17˚C using pLysS cells and a GST tag for 

purification (see section 4.5) yielded a substantial amount of protein. However, size-

exclusion chromatography (Figure 4.4) showed that the protein was forming high 

molecular weight oligomers almost exclusively, most likely as a result of aggregation.  

 

 

 

 

 

 

 

Figure 4.5: SEC trace of aggregated PER 1-700.  
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It had been shown previously that the N-terminus of PER (residues 1-87) 

binds RNA, and that this may be a cause of aggregation [30]. A DNA gel confirmed 

that PER was indeed binding nucleic acids, either RNA or DNA (Figure 4.6). Upon 

addition of RNase, the nucleic acids were no longer present in the gel, thus 

corroborating previous results (Figure 4.6).  

 

 

 

 

 

 

The addition of RNase also allowed for purification of soluble, non-aggregated 

PER 1-700. Previous protocols (see [33] and section 4.5) were followed up until 

elution of PER 1-700 from GST beads. Upon elution, 16 uL (328 units) of RNase was 

added and this solution was rocked at 4˚C for 2-4 hours. The protein was then 

concentrated to 5 mL and loaded onto a Superdex 200 size-exclusion column. The 

Figure 4.6: DNA gel of PER 1-700 before (left) and after (right) the addition of 328 

units of RNase for 3 hours. Bands are visualized using ethidium bromide. 

. 
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resulting trace showed the same aggregation peak that had previously been seen, but 

also a non-aggregated peak which eluted at the volume corresponding to the 

molecular weight of a PER 1-700 dimer (Fig. 4.7). This was confirmed using size-

exclusion chromatography coupled to multi-angle light scattering (SEC-MALS, Fig. 

4.8).  

 

 

 

 

 

75 kDa 

Figure 4.7: (A) Size-exclusion chromatograph of PER 1-700 after treatment 

with RNase. The first major peak (red arrow) is aggregated protein, while the 

second peak (black arrows) is soluble protein. (B) A gel of the various 

purification steps of PER 1-700. Lanes: markers, GST bead flow through, GST 

bead flow through diluted, GST bead wash, Elution from GST beads, GST 

beads, after addition of RNase, 4 SEC fractions taken from the corresponding 

arrows.  

A B 
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4.3.2 Characterization of PER 1-700 Mutants which Mimic Phosphorylation 

 As noted previously, several residues in the first 700 amino acids of PER have 

been identified as targets for phosphorylation. Serine residues 589, 604, 607, 613, and 

629, along with threonine 610, are phosphorylated by the kinase Doubletime, which 

eventually leads to PER degradation [18, 19]. Mutation of these residues to aspartate 

in various combinations mimics phosphorylation and causes behavioral changes in 

fruit flies [32]. The table below lists the various phosphor-mimic mutations and their 

effect on the behavior of fruit flies. Residues 589 and 629 stand on their own, and 

604, 607, 610 and 613 are “clustered” together.  
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Figure 4.8: SEC-MALS trace of PER 1-700. The molecular weight of ~155 kDa 

confirms the dimeric nature of PER 1-700. 
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Table 4.1: PER 1-700 variants and their in vivo effects 

Mutation(s) Denoted As Behavior Effect 

Wild-type PER1 None 

S589D, S604D, S607D, 

T610D, S613D, S629D 

PER2 Unknown 

S589D, S604D, S607D, 

T610D, S613D 

 

PER5 

Stable, super-repressor 

activity, shortened 

circadian cycle 

S629D  

PER6 

Stable, no repressor 

activity, lengthened 

circadian cycle 

 

Finding the structural and biochemical effects that these mutations impart on PER is 

key to understanding how they change the in vivo behavior of fruit flies.  

 While a crystal structure would provide important structural information, 

biochemical assays can, and do, show significant differences between PER mutants 

(see Appendix 2 for PER crystallization efforts). During purification, the amount of 

bound RNA was measured for each mutant by DNA gel (Figure 4.9).  

  

  

 

 

1 6 

5 2 
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 From Fig. 4.9, the mutant which has super-repressor activity, PER5, binds 

much more RNA as compared to the WT and PER6. There is a direct correlation 

between repressor activity and RNA binding: the greater the repressor activity, the 

more RNA bound by the protein. (Note: PER2’s activity is unknown). There is 

another, more subtle implication from these results, which is that the N and C termini 

of PER 1-700 are somehow interacting. Previous work has shown that the RNA is 

bound in the first 87 residues of PER [33]. These results show that mutations near the 

C terminus of this construct modulate the amount of RNA bound at the N-terminus. 

This could either be due to long-range effects or a direct interaction between the N 

and C termini. In the crystal structure of the PAS domains of PER, they are arranged 

in a head-to-tail alignment, which could explain the interactions of the N and C 

termini. If the entire 700 amino acid construct is in a head-to-tail dimeric 

arrangement, the N-terminus of one monomer could be located quite close to the C-

1 
2 

5 

6 

Figure 4.9: (A) The relative amount of RNA bound by each PER mutant during 

purification was measured by DNA gel. 
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terminal end of the other monomer, allowing for this RNA binding modulation. 

Further evidence for this model comes from Heather King’s thesis [33], which shows 

that when the N-terminal end is truncated, the C-terminus becomes unstable, 

supporting the idea of a direct interaction between these segments.  

Along with having different RNA binding properties, the various mutants of 

PER 1-700 also have different aggregation properties. Despite the exact same 

expression and purification steps, there is a large variance in the amount of 

aggregation seen on the size-exclusion column at the last step of purification. Like 

RNA binding, the trend tracks with the behavioral response. As the repressor activity 

of the variant increases, so does the stability of the construct. PER5 and PER2 have a 

large soluble, non-aggregated peak and a smaller aggregation peak. The level of the 

two PER1 peaks is approximately equal, and PER6 is almost entirely aggregated, only 

yielding a very minor amount of usable protein (Figure 4.10). 
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Despite significant differences during purification, these proteins behave 

remarkably similarly after purification. SEC-MALS was run on PER2 and PER5 as 

well as the WT, to investigate if the mutations changed the oligomeric state of PER. 

The traces in Figure 4.11 show that each variant elutes at the same volume, and the 

light scattering confirms the dimeric nature of these proteins. SEC-SAXS was also 

employed, to determine if mimicking phosphorylation causes any large scale 

conformational changes to PER. From the Kratky Plot below (Figure 4.13), it appears 

as though the phosphomimics have the same general shape and structure as WT PER. 

A Kratky Plot, which plots the angle of scattering against the intensity of the 

Figure 4.10: SEC traces of PER1, 2, 5, and 6. The shift in the volume of the peaks 

is most likely due to column repacking, as the samples were run at different times. 

(See Figure 4.11.) 
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scattering times the square of the angle (I*q2 vs. q), is used to measure the amount of 

folding vs. random coil structure in a sample. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.11: SEC-MALS traces for PER1, PER2 and PER5 at 4 mg/mL (left) and 

6 mg/mL (right). Each variant is a dimer in solution.  

Fig 4.12: I(0) and Rg by frame of SAXS data collected.  



94 
 

 

 

 

 

 

 

 

 

 

 

 One assay that has proven useful in the past at detecting modest 

conformational changes in large proteins has been proteolytic cleavage with the 

enzyme trypsin [23]. Trypsin is a serine protease which cleaves peptide bonds on the 

C-terminal side of positively charged residues lysine or arginine. In the first 700 amino 

acids of PER, there are 40 lysines and 36 arginine residues, affording many of sites for 

trypsin to cleave the protein. A gel is run on the digested protein, and bands can be 

analyzed by mass spectrometry. In general, trypsin will cleave sites that are solvent 

0 
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0.01 

0.015 

0.01 0.03 0.05 0.07 0.09 

I*q2 
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PER1 

PER2 

PER5 

Fig 4.13: Kratky Plot of PER1, PER2 and PER5 generated from SAXS data. A 

Kratky Plot assesses the “foldedness” of a protein. In this case, there is no 

observable difference between the 3 variants of PER.  
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exposed before ones that are buried on the interior of the protein. By comparing the 

gel bands between PER variants, it is possible to determine differences in regions of 

the protein that are accessible. Furthermore, greater digestion by trypsin usually 

indicates more flexibility, as flexibility allows more time-averaged exposure of lysine 

and arginine residues.  

 

 

 

 

 

 

 It is clear that there are several intermediate bands in PER2 and PER5 which 

are either not present or very faint in PER1. The top bands also appear to be weaker 

in PER1, and the bottom band appears stronger. Relevant band intensities were 

quantified with ImageJ to confirm these observations (Figure 4.15). 

1
  

2
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Fig. 4.14: Trypsin digest on PER1, PER2 and PER5. Left 3 lanes are undigested 

protein (control) and the right 3 lanes are the digested protein. Each sample 

contained 2 uL of 80 uM protein, digested for 75 seconds with 2 uL of 80 uM 

trypsin and quenched with 2 uL of 160 uM trypsin inhibitor and 10 uL of SDS 

loading dye. 
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Major bands were analyzed by mass-spectrometry to determine the sequence of 

each fragment. The six bands labeled in Fig. 4.15 (A) were sent in, including the 

undigested protein (1) as a control. Table 4.2 lists the fragments from each band.  

 
 
 
 
 
 
 
 
 
 
 
 
 

1 

2 

Figure 4.15: (A) Gel from Fig. 4.14, labeled with bands cut out and sent for 

sequence analysis by mass-spectrometry. (B) Relative intensities of several band 

comparing PER1, PER2, and PER5. PER2 and PER5 have much stronger 

intermediate bands, while PER1 has a stronger bottom band, suggesting greater 

conformational flexibility in PER1.  
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Table 4.2: PER Fragment Analysis by Mass Spectrometry 
 

Band Residues 

1 1-700 

2 L39-R649 

3 G79-R587 

4 Mixture of Fragments 

spanning G79-R587 

5 Mixture of Fragments 

spanning G79-R587 

6 Mixture of Fragments 

spanning G79-K605 
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4.4 Discussion 

The ability to purify WT PER 1-700 and several mutants which mimic in vivo 

phosphorylation represents a significant step forward in the ability to study Period 

structure, as well as the structural changes caused by phosphorylation. When analyzing 

all of the different experiments as a whole, several observations become apparent. 

First, no major structural rearrangements occur as a result of mimicking 

phosphorylation, even for the most extreme case, PER2, where 6 negative charges are 

A 

B 

C 

D 

Figure 4.15: (A) Example of a mass-spectrum of 1 fragment of band #4. (B-D) 

Fragments identified from bands 4 (B), 5 (C), and 6 (D) are shown in green.  
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added to the protein matrix, and the calculated isoelectric point decreases by almost 

half of a pH unit (6.54 to 6.07) The SEC-MALS data shows that all variants are 

dimeric in nature, and SAXS confirms that no large conformational changes are 

occurring.  

Secondly, there are subtle structural changes occurring and at least some of 

these changes are at the N-terminus, far away from the mutation sites, as evidenced by 

differential RNA binding in the first 87 residues during expression and purification. 

This may be happening in one of two ways: either through a series of small, long-

range conformational changes propagating through the protein, or through a direct 

interaction between the N and C termini. While there is no direct evidence to support 

one case over the other, a direct interaction is feasible and the more straightforward 

explanation. The crystal structure of the PER PAS domains shows them forming in 

an antiparallel dimeric arrangement. If the entire 700 residue construct is an 

antiparallel dimer, this could position the N and C termini quite close together. The 

increased negative charge could then affect conformation at the N-terminus directly.  
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There also seems to be a correlation between the ability of the PER variant to 

repress the Clock-Cycle complex, the length of the circadian rhythm of the variant, 

and the stability of the protein in vitro. PER5, which shows the greatest repressor 

activity in vivo and lengthens the clock, is much less prone to aggregation during 

purification than either the WT or PER6, the mutant with no repressor activity and 

which shortens the clock. Furthermore, limited proteolysis by trypsin reveals that 

PER6 is more easily degraded than WT, and that the WT is more easily degraded than 

PER5, suggesting that there is increased flexibility and instability as repressor activity 

decreases. Exactly how the mutations affect the repressor activity is unknown as of 

yet, and is currently the subject of further investigation.  

 

 

 

 

 

 

 

 

Figure 4.16: Possible arrangement of an antiparallel PER 1-700 dimer. The 

phosphor-mimic sites near the C-terminus (yellow P’s) lead to conformational 

changes near the N-terminus (yellow arrows). 
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Table 4.3: Studied mutations of PER 1-700 and their characteristics 

Mutation(s) Phenotype Oligomeric 

State 

RNA 

Binding 

Aggregation 

Propensity 

Digestion

Profile  

WT Normal Dimer Low Medium Normal 

S589D, S604D, 

S607D, 610D, 

S613D, S629D 

Super-

repressor, 

short rhythm 

Dimer High Low Less 

S589D, S604D, 

S607D, 610D, 

S613D 

Super-

repressor, 

short rhythm 

Dimer High Low Less 

S629D No repressor, 

long rhythm 

Unknown Low High More 

 

4.5 Methods 

4.5.1 Expression and Purification of PER 1-700 

Drosophila Melanogaster PER 1-700 (and variants) DNA in the pGEX expression 

vector was provided by Michael Young at Rockefeller University. Proteins were 

expressed in E. coli BL21(DE3)pLysS cells. Cells were grown at 37˚C until they 

reached an OD600 of .5, at which time they were cooled to 17˚C and then induced 

with .4 mM IPTG. Additional growth for 18 hours at 17 ˚C was followed by 

harvesting by centrifugation. Cells were lysed chemically, using 60 mL (per 8L of 

pellet) of the following solution: 50 mM Tris-HCl pH 7.5, 500 mM NaCl, 3 mM DTT, 

4 uL RNase (82 Units, Ambion), 2 uL benzonase nuclease (500 units, Santa Cruz 

Biotechnology), 1 tablet Serine-Threonine Protease inhibitor (Thermo Scientific), and 
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5% v/v 10x BugBuster Solution (EMD Millipore). The solution was then passed 

through a syringe to shear DNA. It was then incubated at room temperature for 90 

minutes. This was followed by centrifugation at 21,000 x g for 45 minutes at 4˚C. The 

supernatant was collected, and 2 uL RNase and 2 uL benzonase nuclease was added, 

as well as 2 uL of 25% poly-ethylene imine per 1 mL of supernatant. This solution 

was incubated at 4˚C for 20 minutes, during which time a white precipitate formed. 

The precipitate was pelleted by centrifugation at 12,000 x g for 20 minutes. The 

resulting supernatant was filtered through a .42 micron syringe filter, and incubated 

with glutathione beads overnight at 4˚C 

The glutathione beads were then centrifuged at 2,100 rpm for 10 minutes. The 

supernatant was decanted, and the beads were washed twice with a buffer of 50 mM 

Tris-HCl pH 7.5, 500 mM NaCl, and 3 mM DTT. The beads were then incubated 

overnight at 4˚C with 15 mL of 50 mM Tris-HCl pH 7.5, 500 mM NaCl, 5 mM DTT, 

10% glycerol and 48 units of HRV-3C protease (Takara) to remove the GST tag. The 

following day, the cut protein was eluted from the beads using 30 mL of 50 mM Tris-

HCl pH 7.5, 500 mM NaCl, and 3 mM DTT. RNase (15 uL) was added to the protein 

for 3 hours at 4˚C, after which the protein was concentrated to 5 mL and further 

purified on a Superdex 200 (Pharmacia) size-exclusion column.  
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4.5.2 SEC-MALS 

Size-exclusion chromatography coupled with multi-angle light scattering 

(MALS) was used to study the molar mass of  WT PER 1-700 and various mutants. 

Proteins (2-6 mg/mL) were run at room temperature on an SEC column 

(WTC050N5 - Wyatt) pre-equilibrated with 50mM Tris-HCl pH 7.5, 500mM NaCl 

and 3 mM DTT. Analysis and molecular weight determination was carried out with 

Wyatt technologies ASTRA. Bovine serum albumin (Sigma) was used as a control for 

data quality. 

4.5.3 SEC-SAXS 

 Size-exclusion chromatography coupled with small-angle X-ray scattering 

(SAXS) was used to study the conformation of  WT PER 1-700 and various mutants. 

Data was collected at the G1 line of  CHESS, using a Pilatus 100K detector [34]. 

PER1, PER2 and PER5 samples were concentrated to 8-10 mg/mL  in 50 mM Tris 

pH 7.5, 500 mM NaCl and 3 mM DTT and 100uL of  sample was loaded on to an 

analytical size-exclusion column (15/150 Superdex 200). Continuous elution from the 

column was exposed to x-rays. Buffer blanks were collected for background 

subtraction. RAW and PRIMUS [35, 36] were used for data analysis and generation of  

Kratky plots.  

4.5.4 Trypsin Digestion Assay and Mass-Spectral Analysis 
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 For the trypsin digestion assay, the following method was used: 2 uL of  80 uM 

trypsin was added to 2 uL of  80 uM PER and allowed to react for 75 seconds. The 

reaction was then quenched with 2 uL of  160 uM trypsin inhibitor and 10 uL SDS gel 

loading buffer. The samples were then heated to 90˚C and run on a gel. 

 Mass spectral analysis was done as previously described [23]. Briefly, gel bands 

were cut out and then dissolved in a denaturing solution of 6 M guanidine-HCl and 50 

mM Tris-HCl pH 8.0 at 56˚C for 45 minutes. The samples were then reduced with 10 

mM TCEP and alkylated with 10 mM iodoacetimide for 1 hour at room temperature. 

They were then further digested with trypsin (1:25 wt:wt) for 16 hours at 37˚C, at 

which time then were quenched with .5% (vol/vol) TFA, dried by evaporation, and 

redissolved in a solution of .1% formic acid and 2% acetonitrile (both vol/vol). 

Electrospray ionization-MS/MS analysis was done using an UltiMate3000 MDLC 

system (Dionex) coupled with an LTQ-Orbitrap Velos (Thermo-Fisher Scientific) 

mass spectrometer equipped with “plug and play” nano-ion source device 

(CorSolutions LLC). An aliquot of digested peptide (1.0 μL) was injected onto a 

PepMap C18 trap column (5 μm, 300 μm × 5 mm; Dionex) at a flow rate of 20 

μL/min for online desalting and then separated on a PepMap C-18 RP nano column 

(3 μm, 75 μm × 15 cm; Dionex) and eluted in a 90-min gradient of 5–40% acetonitrile 

in 0.1% formic acid at 300 nL/min, followed by a 3-min ramping to 95% 

acetonitrile/0.1% formic acid and a 5-min holding at 95% acetonitrile/0.1% formic 
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acid. The eluted peptides are detected by the Orbitrap Velos through the nano-ion 

source containing a 10 μm analyte emitter (NewObjective). Raw spectra were 

processed using Proteome Discoverer 1.1 (Thermo Scientific) utilizing the Drosophila 

melanogaster Period sequence provided by the author. 
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Appendix 1 

TOWARDS IN VIVO PULSED DIPOLAR ESR SPECTROSCOPIC 

MEASUREMENTS 

A1.1 Introduction 

 Pulsed dipolar ESR spectroscopy (PDS) measures the dipolar coupling between 

2 unpaired spins, and from the strength of the dipolar coupling, a distance distribution 

is extracted. Generally, these unpaired spins are nitroxyl radicals which are covalently 

attached to cysteines at desired sites in the protein of interest. These radicals have 

been shown to be unstable in the reducing cellular environment [1, 2] and thus PDS 

measurements have been limited to in vitro samples. Recently, it was shown that 

nitroxides are stable in E. coli long enough for a labeled protein to be extracted from 

the cell [3]. The advent of metal-based PDS measurements also shows promise in 

working toward use of this technique on intact whole cells.  

A1.2 Results 

  Attempts were made to make in vivo PDS measurements using the protein 

Superoxide Dismutase 1 (SOD1), a homodimer with 2 Cu2+ ions approximately 32 Å 

apart (see Chapter 2). SOD1 was expressed in E. coli BL21-DE3 cells. Cells were 

grown at 37 °C until they reached an OD600 of 1.0, at which point they were induced 

with 0.3 mM IPTG and 0.25 mM CuSO4. After 18 hours of growth at room 
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temperature, an aliquot of the cell culture was pipetted into an ESR tube. The tube 

was spun down at 3,000 rpm until a pellet formed at the bottom and the supernatant 

was clear. The supernatant was then decanted, and this process was repeated until the 

cell pellet had a volume of approximately 30 uL in the bottom of the ESR tube. PDS 

measurements were then attempted, but were unsuccessful. Despite overexpression, 

there was not a high enough concentration to overcome background from numerous 

other copper-containing proteins in E. coli cells. Furthermore, the abundance of metal 

ions greatly increases relaxation times, further complicating PDS measurements.  

A1.3 Discussion 

 For in vivo PDS measurements, using common biological metals such as 

copper, iron and manganese as paramagnets may not be the ideal choice. However, 

gadolinium is a lanthanide metal which has recently been shown to be a suitable spin 

probe for PDS measurements, and which may afford some advantages relative to 

other metals [4-8]. First, gadolinium is not native to E. coli cells, so there should be no 

background interference from exogenous gadolinium. Furthermore, it has been 

shown that Gd3+-Gd3+ distances can be measured at high-field, which increases the 

sensitivity of the experiment, leading to better signal to noise ratios. A PDS 

measurement has been in cells using Gd3+ as a spin probe, but the experiment was not 

done strictly in vivo, as a label was covalently attached outside of the cells [9].  
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 One approach to in vivo Gd3+ PDS measurements might be to design a Gd3+ 

binding site in a protein. Gd3+ has been used as an MRI contrast agent, and a Gd3+ 

binding peptide has been developed for this purpose [10]. By attaching this peptide to 

a protein which expresses very well, such as GFP, it may be possible to reach a high 

enough concentration of Gd3+ ions for PDS measurements in vivo.  
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Appendix 2 

TOWARDS CRYSTALLIZATION OF THE FIRST 700 RESIDUES OF THE 

DROSOPHILA MELANOGASTER CIRCADIAN CLOCK PROTEIN 

PERIOD 

A2.1 Introduction 

 The protein Period is an essential component of the Drosophila melanogaster 

circadian clock; along with binding partner Timeless, it forms the main repressor 

complex in the clock’s negative feedback loop. Despite extensive study, there is 

structural information available for only a relatively small segment of Period that 

encompasses its ordered PAS domains [1, 2]. Here we have attempted to crystallize a 

construct consisting of amino acids 1-700 of Period.  

A2.2 Results 

 Broad robotic screening was done on WT PER 1-700, as well as 

phosphomimics PER2 and PER5 (see Table 4.1) using JCSG I-IV (Qiagen). Previous 

successful crystallization of the PAS domains of PER was done in a protein solution 

consisting of 20 mM HEPES pH 7.7, 200 mM NH4HCO3 and 5 mM DTT, and so 

PER variants were buffer exchanged into this buffer before trays were set up [2]. Out 

of the 384 possible conditions for each variant, there was 1 hit: a crystal formed in a 

drop containing PER1 and 200 mM NH4H2PO4, 100mM Tris-HCl pH 8.5, and 50% 
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(v/v) 2-methyl-2,4-pentane-diol (MPD) at room temperature. Finer screens were then 

set up to optimize crystal growth. Crystals grew in 1-3 weeks with the pH of 100 mM 

Tris-HCl varying from 7.75 to 9.0 and the NH4H2PO4 concentration varying from 

150 mM to 220 mM. Outside of this range, no crystals grew. Reduction in MPD 

concentration to 40% (v/v) yielded no crystals. The concentration of PER1 in the 

same buffer as above was 8-10 mg/mL, and the crystals formed in 3 uL drops 

containing 2 uL of protein solution and 1 uL of well solution. Varying this ratio to 6:1, 

3:1, 1:1 and 1:2 yielded no crystals. Crystals appeared small and needle-like, and were 

very difficult to pick up and work with (Fig. A2.1). Attempts to mount them on a 

loop and shoot them have been unsuccessful.  

 

 

 

 

 

 

 

 

A2.3 Discussion 

 Structural characterization of a large portion of Period would represent a major 

step forward in the study of the Drosophila circadian clock, and thus all possibilities for 

Figure A2.1: Image of PER 1-700 crystals. 
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obtaining a structure should be exhausted. In obtaining crystals, there are many 

variables which have not been tested for optimization. The temperature could be 

adjusted to 17˚C or 4˚C. Seeding was attempted once, and yielded no crystals, but this 

could be re-explored. Other PER variants should be tested under these conditions to 

see if they also yield crystals. 
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