
ABSTRACT 

A Close Look at the Electrostatic Properties of Cu, Zn-Superoxide 

Dismutase  

Yunhua Shi, Ph.D. 

Mentor: Bryan F. Shaw, Ph.D. 

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease. 

Mutations in the gene encoding Cu, Zn-superoxide dismutase (SOD1) are 

responsible for 1-2% of ALS cases. Numerous studies have proved that SOD1 

forms neurotoxic aggregates, which add toxicity to motor neurons through a 

widely accepted “gain of function” mechanism. The electrostatic potential is an 

overlooked important biophysical property that can affect the aggregation 

propensity of SOD1. Protein net charge, a good representative of the 

electrostatic surface potential, is tightly regulated by a network of solvent 

accessible ionizable amino acid residues and coordinated small molecules such 

as water and metal ions. Few tools exist to detailed study the electrostatic 

potential of proteins, however, in this dissertation, we introduced capillary 

electrophoresis in conjunction with protein charge ladders to i) experimentally 

measure the net charge of WT and ALS-variant mutant SOD1 under various 



conditions, and ii) investigate the effect of electrostatic potential on the 

interaction between SOD1 and sodium dodecyl sulfate (SDS) molecules. 

Also, we predict and detect the deamidation of asparagine residues of Cu, 

Zn-SOD1 (human erythrocytes). With our novel tools, we successfully detect 

this sub-Dalton post-translational modification (< 1 Da) in aged Cu, Zn-SOD1 

purified from human erythrocytes. The deamidation of SOD1 was proved to 

produce an ALS mutant analog which shares similar biochemical and 

biophysical properties to ALS mutant N139D. This solvent catalyzed 

spontaneous deamidation of SOD1 is incentive for understanding the mechanism 

of sporadic ALS. 

Finally, we study the effect of an external electric field on the structure of 

cytosolic proteins, and found that the electric field can induce the 

monomerization of metal replete A4V SOD1 but not apo form or that of the WT 

SOD1. We hypothesize that this abnormal monomerization on a relatively 

thermally stable protein is due to the induced rotational torque generated by the 

applied external electric field on the preexisted macrodipole of each subunit of 

SOD1. Thus, in this study, we are the first, to the best of our knowledge, to 

investigate the effect of a physiologically relevant electric field on the structure 

of a cytosolic protein. 
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1 

CHAPTER ONE 

Copper-Zinc Superoxide Dismutase, Protein Net Charge and Protein 

Aggregation 

Introduction 

Neurodegenerative Diseases and Protein Aggregation 

Neurodegenerative diseases result from the progressive loss of nerve cells, 

leading to dementia and dysfunction of the nervous system. According to 

recently gathered data, the National Institute of Neurological Disorders and 

Stroke estimates that approximately 50 million Americans are affected by more 

than 600 neurologic disorders each year. These disorders include, but are not 

limited to: Alzheimer’s (AD), Parkinson’s (PD), Prion diseases, Huntington’s, 

and amyotrophic lateral sclerosis (ALS). More than 5,600 people are diagnosed 

with ALS annually in North America according to a report by ALSA.org, while, 

an estimated 20 to 30 million people worldwide suffer from Alzheimer’s disease 

(which is also the fourth leading cause of death). Upwards of 100,000 patients 

die due to ALS each year. Many neurodegenerative diseases share the same 

pathological properties, such as a late age of onset (i.e., ~75 years for AD, ~60 

years for PD, and ~55 years for ALS) and relatively short survival times (3-5 

years on average). They also share similar clinical characteristics (i.e., 

neurodegeneration and trauma in the spinal cord), which indicate a common 

molecular mechanism for disease initiation and progression. 
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Aggregated protein deposits, such as Aβ, Tau, α-synuclein and Cu, Zn-

superoxide dismutase (SOD1), are a universal pathological hallmark in a wide 

variety of neurodegenerative diseases. (Figure 1.1) Despite substantial 

differences in the amino acid sequences and native conformations, these proteins 

tend to form amyloid protein deposits with a similar intracellular and 

extracellular scaffold consisting of an ordered cross-β assembly through 

hydrophobic interactions. (1,2) This commonality between amyloidogenic 

proteins has been confirmed with X-ray crystallography and solid state NMR. It 

is widely accepted that protein aggregates play a fundamental role in the onset 

and deterioration of neurodegenerative diseases through a “gain of function” 

manner. In the case of ALS, SOD1 knockout mice did not develop ALS 

symptoms; however, overexpression of wild-type (WT) SOD1 protein in 

transgenic mice resulted in ALS symptoms. (3) A variety of protein aggregate 

morphologies that contains the mutant proteins has been found in patients, 

transgenic mice, and cell culture models. These include amorphous aggregates, 

amyloid fibrils, and inclusion bodies. (4-6) It was previously believed that the 

common pathway for the self-assembly of these proteins was through a 

“nucleation-dependent aggregation” pathway where misfolded monomeric 

diseases-related proteins act as an aggregation “nuclei” (or seed) and recruit the 

other forms of either folded or misfolded WT and/or mutant protein subunits to 

propagate and elongate into protein fibrils. (7,8) The misfolding of proteins is 

undoubtedly related to protein aggregation diseases, however, the pathway and 

detailed mechanism of aggregation kinetics remains unknown. Numerous factors 
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such as: oxidation modification, disulfide bound breakage, phosphorylation, and 

nitration induce protein aggregation by disrupting intracellular protein 

homeostasis (e.g., increased oxidizing cellular environment by aging or cellular 

stress could oxidized on the cysteine or histidine residues of SOD1 and increase 

the oligomerization propensity of SOD1). (9) None of these covalent 

modifications can solely explain the initiation and elongation of protein 

aggregates. To better understand the complex underling factors of protein 

aggregation, Shaw et al. coupled enzymatic digest with tandem mass 

spectrometry to detect only native state proteins in the spinal cords of transgenic 

mice that developed ALS symptoms. (10) This finding indicates alternative 

factors that contribute to the onset and propagation of protein aggregation. 

Electrostatic potential has been overlooked for decades as an aggregation 

variable, however, it can be a determinative factor in folding dynamics, protein-

protein interactions, and the self-assembly of proteins. 

Electrostatic Potential and Protein Aggregation 

Electrostatic potential is an intrinsic biophysical property of proteins that is 

important in determining the ligand binding specificity, the interaction with lipid bilayers 

or other macromolecules through dielectric interfaces, determining the denaturation and 

solubility of proteins in solution, and the formation of amyloid protein fibrils. (12,13) For 

example, the highly charged surface of CD2 is responsible for its proper ligand binding 

ability.(14) Carbonic anhydrase mediates the rapid interconversion of carbon dioxide and 

water to bicarbonate and protons through the protonation state of a zinc coordinating 

histidine residue.(15) The folding and dynamics of proteins are greatly influenced by 
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changes in free energy due to hydrogen bonds, hydrophobic interaction through 

uncharged groups, and electrostatic interactions within charged residues.(13) Studies 

have shown that the screening of electrostatic repulsion is a prerequisite for aggregation 

in general. (12,13) The electrostatic potential of a protein is largely determined by the 

primary amino acid sequence and native conformation. Factors such as the cooperation of 

cofactors, mutations that alter the isoelectric focusing point, solvent pH, and ionic  

 

 

Figure 1.1. The amyloid structure of deposited proteins and propagation of the protein 

aggregates that are consistent with the progression of these diseases in humans are shown 

above. a-d) Protein deposit morphology (amyloid-β, Tau, α-Synuclein and TDP-43) for 

various neurodegenerative diseases including Alzheimer’s, Parkinson’s and ALS diseases. 

e-h) The characteristic brain tissue lesions corresponding to the propagation of protein 

aggregates over time (indicated by the black arrow labeled with “t”). Three representative 

stages are shown for each diseases with white arrows indicating the putative spread of the 

lesions in Alzheimer’s, PD and ALS respectively.(11) 
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strength of the solvent change the electrostatic potential of a protein, thereby affecting 

folding, protein- protein interactions, and self-assembly. An accurate description of the 

electrostatic potential of proteins, however, it is challenging for both theoretical and 

experimental approaches because i) the electrostatic interactions are long-range, which is 

difficult for mathematical modeling that simplifies the charged area to a simple point; ii) 

the apparent pKa of ionizable groups is in a dynamic equilibrium that is affected by the 

microenvironment around the residue; iii) a well-defined parameter to accurately describe 

the dielectric properties between proteins and solvent interaction is unknown because, the 

dielectric constant differs among the bulk solvent, the hydrophobic core of a protein, and 

the coordinated water molecules; and iv) solvent ions and other molecules have an 

electrostatic screening effect on the dielectric properties of protein-solvent complex. For 

example, molecular dynamics simulations often ignore the information of water vapor 

transfer of individual ion energies. Current simulations of water are designed to study 

only the structure of boundary waters, but not to investigate properties such as the 

screening of electrostatic interactions.(16) Net charge is an abstractive view of the 

electrostatic potential of proteins, which reflects the fundamental biophysical property of 

a protein. Previous experimental and theoretical studies have proven that the net charge 

of proteins can attribute to protein-protein associations, solubility of proteins, aggregation 

propensity, and crystallization capability.(17) Changes in protein structures, binding of 

metal ions, non-isoelectric mutations, and the alteration of solution pH can result in 

significant fluctuations within the net charge of proteins. Proteins generally have a 

relatively small net charge (i.e., on average, the net charge of proteins is in the range of 

-10 to +10 according to data predicted from Protein Data Bank). Traditionally, the net 



6 
 

charge on a protein was calculated by its amino acid sequence. However, this method 

neglects the dynamics of the pKa of ionizable groups, which can change depending on 

various factors such as: solvent pH, coordination with cofactors, charges at adjacent 

residues, and interactions with coordinated water molecules. Furthermore, experimental 

results have rarely been reported to confirm the theoretical prediction of the net charge.   

 

Protein Charge Ladder and Capillary Electrophoresis 

 

The experimental determination of net charge of proteins is challenging with 

traditional tools (e.g., X-ray crystallography and NMR) because they cannot measure net 

charges of native proteins, and the limit of resolution inhibits the determination of 

ionization states of every ionizable residue. Isoelectric focusing electrophoresis, on the 

other hand, can only measure the net charge of proteins (i.e., Z = 0) when the pH = pI. 

Our prior research and various previous studies included in this dissertation suggest that 

the combination of protein charge ladders with capillary electrophoresis is a valuable tool 

to experimentally determine the net charge of proteins under various conditions. Protein 

charge ladders are synthesized by systematically acetylating the Lys-ε-NH3 with acetic 

anhydride, resulting in a series of proteins with different numbers of lysine acetylation 

modifications that can be separated with capillary electrophoresis due to differences in 

net charge. The acetylation modification with acetic anhydride is generally believed to be 

non-specific to position. In other words, nearly all the lysine residues within a given 

protein have the same probability of participating in the acetylation reaction. Therefore, 

each rung of this charge ladder represents a mixture of proteins with the same number of 

acetylations, but at different sites. During capillary electrophoresis, proteins experience 

both a constant electrostatic force generated by the applied external electric field and a 
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constant osmosis flow force. For charged molecules, the electromobility is the result of 

competition between those two forces. The net charge and structure of the protein can 

affect the degree of both the electrostatic and osmotic flow force, thereby altering the 

electromobility. Proteins with a few Lys acetylations do not display significant secondary 

or quandary structure changes. Thus, each rung of the protein charge ladder can be 

separated by CE due to their different charge values, where neighboring rungs differ in 

charge by one unit. The protein charge ladder coupled with CE is a self-calibrated tool 

that can be used to experimentally measure the net charge of proteins. Previous studies 

have used this unique approach to investigate the net charge of many proteins under 

native conditions. (18-21) 

Not only can CE measure the net charge of proteins, it can also analyze protein-

protein and lipid-protein interactions since each protein species has a unique 

electrophoretic mobility and any factors that change its net charge or the overall structure 

should affect its electrophoretic mobility during CE. 

Cu, Zn-superoxide dismutase and ALS 

Within this dissertation, I focus on studying the electrostatic potential properties 

of Cu, Zn-superoxide dismutase (SOD1) because of the very stable nature of its 

metallated wild-type (WT) form and its well-characterized biophysical and biochemical 

properties as described in numerous previous studies. More than 140 missense mutations 

of SOD1 have been reported to be responsible for approximately 20% of familial ALS 

cases. Human SOD1 is a dimeric, cytosolic protein with two identical 15.8 kDa subunits 

that ubiquitously exist in living cells. (22-24) Each subunit is composed of eight strands 

and anti-parallel β-barrel sheets (Figure 1.2). One Cu2+/Cu+ and one Zn2+ can bind to the 
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active sites of each subunit. The SOD1 enzyme catalyzes the disproportionation of two 

superoxide anions to one oxygen and one hydrogen peroxide molecule with the so called 

“ping pong” mechanism.(25) Hydrogen peroxide (H2O2) can also act as a substrate of 

SOD1 to generate hydroxyl radical species. The proper function of SOD1 is paramount to 

maintain redox-oxidation processes within living cells. The dismutase reaction is thought 

to be catalyzed through the interconversion of Cu(II) and Cu(I). The mechanism of the 

reaction can be summarized as follows: 

O2
- + SOD1-Cu(II) → O2 + SOD1-Cu(I) 

O2
- + SOD1-Cu(I) → H2O2 + SOD1-Cu(II) 

The loss of Cu-coordination is thought to be one important factor for the malfunction of 

SOD1 catalytic activity. (26,27) Cys57 and Cys146 generally form an intramolecular 

disulfide bond that maintains the secondary structure of SOD1, however, the proper 

coordination of Zn2+ is proven to be the major structural stabilizing factor of SOD1. For 

example, previous studies demonstrated that the zinc bound SOD1 can still retain its 

secondary structure even with reduction of the disulfide bond. (28) Also, the disulfide 

intact WT holo-SOD1 has a high thermostability with a melting temperature (Tm) of 

~98 °C, while the WT apo-SOD1 has a lower thermostability with a Tm of 52 °C, and the 

reduction of the disulfide bond further reduced the Tm to 42 °C. (29) The zinc binding has 

also been proven to order the structure of the two theoretically predicted disordered 

regions 69-100 and 123-146 (predicted by PONDR©). (30) This metal binding induced 

ordering in the disordered region has been confirmed through both NMR and X-ray 

crystallography. For example, a decrease in mobility of the zinc binding region has been 

observed upon zinc binding by NMR and an appearance of electro-density of the 
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electrostatic loop during X-ray crystallography indicating that ordering of both metal 

binding and electrostatic loops upon zinc binding. (31) The disordered regions are 

believed to be responsible for proper coordination of copper ions to the newly 

synthesized SOD1 polypeptide. One copper ion within the copper containing protein (i.e., 

CCS) was transferred to the apo-SOD1 through the binding between CCS and apo-SOD1. 

(32) Some have claimed that mutations in SOD1 could reduce its metal binding affinity, 

and result in the destabilization of SOD1 or the disruption of the homeostasis of Zn2+ in 

vivo. (33,34) Mutants that do not interrupt the metal binding loops, such as D90A and 

E100K, however, have similar metal binding affinities and thermostability as that of the 

WT SOD1. (30,35) Therefore, neither the change of metal binding affinity nor the 

variation of the thermostability of either the metallated or unmetallated forms of SOD1 

can simply explain the symptoms related with these mutations. 

Alteration in the enzymatic activity, thermostability and structure of SOD1 

through mutations can contribute to ALS in various degrees. It is wildly accepted that the 

SOD1 protein causes the onset and propagation of ALS (also known as Lou Gehrig 

disease) though a “gain of function” mechanism. This mechanism is proposed based on 

the experimental finding that sod1 gene knockout transgenic mice do not develop ALS 

symptoms (36), however, overexpression of hSOD1 in transgenic mice has resulted in 

ALS symptoms. (37) Transgenic mice who were overexpressing mutant SOD1 developed 

ALS symptoms including muscle weakness and hind limbs paralysis after several months. 

(37) Detergent resistant protein aggregates containing mutant SOD1 protein have also 

been detected in multiple tissues samples from these transgenic mouse models. (38) 
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Moreover, cells overexpressing mutant SOD1 have also been found to increase their 

tendency to form SOD1 aggregates compared with WT SOD1 expressing cell lines. (39) 

 

Figure 1.2. Structure of dimeric WT Cu2Zn2-SOD1 (PDB: 2C9U). α-helices are 

colored in red, and β-sheets are colored in yellow. The blue and grey spheres 

represent Cu2+ and Zn2+ respectively.  

 

The combination of these studies provide a link between the aggregate format 

SOD1 and ALS, however, questions such as which aggregate form is toxic to neurons, 

what is the pathway for the formation of these pathogenic fibrils, and what is the driving 

force behind a higher rate of aggregate formation with mutated SOD1 proteins. For 

example, different morphologies of SOD1 aggregates, such as amorphous aggregates and 

fibrils have been detected though TEM and AFM. (40,41) Some have argued that the 

high molecular weight, well-structured protein fibril is the protective form of protein 

aggregates. However, the small, soluble protofibril is now more commonly believed to be 

the toxic form. (42,43) It is generally believed that the fibrilization of SOD1 arises from 
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immature form, unfolding or misfolding of SOD1. Monomerization is believed to be the 

first step for fibrilization. (8) The misfolded protein acts as an aggregation nuclei or seed 

to recruit other subunits, thereby elongating the fibril. Cryptic mutants such as D90A and 

E100K have an indistinguishable thermostability and metal binding affinity to that of the 

WT SOD1 protein and still have a high propensity to aggregate. This indicates that the 

nucleation and propagation of SOD1 aggregation is a result of the combination of 

multiple biophysical and biochemical properties of SOD1. Recent studies have reported 

non-classical amyloid structures of SOD1 aggregates in transgenic mouse modesl that 

arose from the mature Cu, Zn-SOD1. (44) 

We purpose that ALS substitutions of SOD1 can alter its electrostatic potential, 

and contribute to the increased trend of protein aggregation.  

Charge Regulation of SOD1 upon Amino Acid Substitution, Metal Binding and Alteration 

in Solution pH 

Proteins are charged because of i) surface ionizable amino acid residues; ii) 

protein-water interfaces that produce hydroxide ions or protons; iii) the binding of 

charged cofactors, such as metal ions. “Charge regulation” is the term used to describe 

one group on a macro-molecule that can cause the protonation of other ionizable groups 

on the same macromolecule. Proteins regulate their net charges through both short-range 

and long-range electrostatic interactions. Factors that perturb the network of protein 

electrostatic interactions among ionizable groups could agitate the net charge of proteins. 

Non-isoelectric substitutions of SOD1 not only influence the net charge through changes 

in its 1˚ structure but also by means of the changes in 2˚ or 4˚ structure which alter the 

local pKa of ionizable groups or bounded water molecules. Besides substitution, the 
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protein can also regulate its charge through the coordination of metals. One obvious 

example is the bridging His63 between copper and zinc ions. Evidence from NMR and 

X-ray crystallography determined that His63of Cu, Zn-SOD1, coordinates one Cu2+ and 

one Zn2+ through a imidazole bridge (30); however, it is still ambiguous whether or not 

there are any changes in protonation status of His63 when replacing the Cu2+ with one 

Zn2+. Since the coordination of copper and zinc is through covalent bonding with His and 

Arg residues, different stoichiometry or the depletion of metals can interrupt the 

protonation state of these metal coordinating residues and affect the net charge of SOD1. 

Moreover, a global structural change of SOD1 has been observed upon depletion of Zn2+ 

loading and substitutions that disrupt the zinc-binding of SOD1 result in a significant 

decrease in hydrogen bonding pairs and hydrophobic interactions, which all attributes to 

the fluctuation of local pKa of ionizable residues of SOD1. Solvent factors such as pH 

and the ionic strength of solution not only affect the charges on ionizable amino acids but 

also influence the net charge of SOD1 protein through disruption in the protein-water 

network. These changes to electrostatic potential upon alterations in a protein’s 

microenvironment are important for understanding many biophysical and biochemical 

processes in vivo. For example, hemoglobin changes its structure at different pH values 

thus regulating its oxygen binding affinity; the hydration activity of carbonic anhydrase 

depends on the structural changes upon alteration of solvent pH. (45) SOD1 has a 

relatively stable enzymatic activity in the range of pH 5-10. A closer study of the effect 

of pH on the net charge of SOD1 could enhance the understanding of the stability of 

enzymatic activity of SOD1. Considering that the WT SOD1 has a relatively small net 

charge based on the prediction value from the amino acid sequence (i.e., Zseq = -14 per 
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dimer), binding up to four equivalents of metal ions or any non-isoelectric substitution 

could in theory abolish up to 57% of the net charge of WT SOD1. How SOD1 regulates 

its net charge through the non-isoelectric substitutions, metal coordination and fluctuating 

in solvent pH is an essential question for the complete understanding of the SOD1 

aggregation pathway. In this dissertation, I have investigated how change in the net 

charge of proteins could affect the interaction between proteins and SDS molecules and 

how the net charge of SOD1 fluctuates upon non-isoelectric mutations, metal ion loading, 

and changes in solvent pH. 

Deamidation—a Novel Spontaneous Non-isoelectric Mutation can be Detected in Long-

lived Proteins 

Deamidation is an irreversible post-translational modification that has long been 

overlooked in the field of protein study. Sporadic deamidation is a process with a 

succinimide intermediate with the assistance of solvent hydroxide ions or protons. The 

rate of non-enzymatic deamidation of folded proteins is generally slow and depends on: (i) 

the presence of glycine and/or other small unbranched amino acids at the C-terminal 

flank of an asparagine residue; (ii) unfolding or increase in the solvent accessibility 

usually increases the deamidation reaction rate; (iii) the solvent pH, which would 

significantly affect the rate of deamidation. (46) Because of its slow rate, deamidation 

often relates to long-lived proteins, such as SOD1, Tau and Aβ. Previous studies have 

shown that aged proteins often relate to a higher percentage of deamidation. (47,48) With 

the idea that the deamidation rate is predominantly determined by the primary, secondary 

and tertiary structures of proteins, Robinson et al developed software that could predict 

the rate and percentage of deamidation of folded proteins. (46) Whether or not successive 
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deamidation of long-lived protein, such as SOD1, could result in ALS pathogenic 

mutation mimics such as N139D SOD1 is still unknown. One single asparagine 

deamidation results in a sub-Dalton increase in molecular weight that inhibits the 

detection of deamidation with traditional mass spectrometry. Also, the long period of 

time and solvent pH for sample preparation and separation of traditional tools such as 2D 

electrophoresis are obstacles for accurately identifying the deamidation of asparagine. 

This dissertation introduces capillary electrophoresis coupled with immobilized trypsin 

digest and tandem mass spectrometry to determine the site and rate of deamidation on Cu, 

Zn-SOD, as well as the effect of successive deamidation on the structure, thermostability, 

and protein aggregation propensity of the SOD1 protein. 

 

Figure 1.3. Mechanism of non-enzymatic deamidation where HA is a general acid and A- 

is the conjugate base. (49) 
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Abnormal Factors Driving the Misfolding and/or Disrupting the Self-assemble of SOD1 

Historically, the effect of electric fields on the structure of proteins has only been 

studied in membrane proteins since it has long been believed that the strong physiological 

electric fields (up to 107 V/m) generated around the cell membrane and membrane 

organelles are short-reaching and screened at Debye length (~1 nm); however, recent 

evidence with potassium fluorescent probes indicate that the intracellular Debye length 

can be varied in response to the change of local potassium concentration. Therefore, the 

discussion of how electric fields modulate the structure of cytosolic proteins becomes a 

necessary topic in protein science. Given the limitations of analytical tools, the effect of 

electric fields on water-soluble proteins is still poorly understood. ALS is characterized 

as a rapid progressive spread of disease symptoms among motor neurons with similar 

pathological symptoms as prion disease. Numerous studies have suggested that the 

monomerization of native SOD1 is an early step in the nucleation and propagation of 

neurotoxic oligomers (8,50-53) in ALS. Mutations, such as A4V, that interrupt the dimer 

interface of two subunits, leads to an increase of dissociation constant. (54,55) 

Incorporation of metal ions in both WT and mutant SOD1 proteins results in an increase 

in thermal stability and a decrease in the trend of monomerization and misfolding. 

Supporting computational analysis within this dissertation suggests that the dipole 

of one subunit of SOD1 is antiparallel to the other and both are enhanced by the 

incorporation of metal ions. Therefore, we hypothesize that the quaternary structure of 

SOD1 can be greatly affected by an external electric field and is even more severe in the 

metalated A4V SOD1 mutated protein because of its weak dimer interface and enhanced 

dipole induced by metal coordination. 
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It is commonly believed that the missense mutations, post-translational 

modifications and loss of bound metal ions play a major role in the destabilization of 

dimeric SOD1 proteins. Protein-lipid interactions have long been known to significantly 

affect the biophysical properties of proteins and therefore affect biological processes.  

The effect of interactions of SOD1 to surfactant molecules such as sodium dodecyl 

sulfate, however, has never been fully understood. 

In this dissertation, I used a cool-jacket capillary electrophoresis system to 

generate a physiologically relevant electric field. After both unmetallated and metalated 

SOD1 proteins were exposed to the electric filed, multiple tools were utalized to study 

the structural changes of SOD1 proteins upon electric field application. We also applied 

many analytical tools such as protein charge ladders, differential scanning calorimetry, 

circular dichroism, mass spectrometry, isoelectric focusing, SDS-PAGE, among others to 

study changes in the electrostatic surface potential of Cu, Zn-SOD1 with non-isoelectric 

mutations, metals binding, and alterations in solvent pH. Moreover, I studied how the 

alteration of electrostatic surface potential of proteins could affect the protein-surfactant 

interaction, and protein aggregation propensity of WT and ALS-variant SOD1 in vitro. 
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metal loading and subcellular pH on net charge of superoxide dismutase-1; iii) 
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CHAPTER TWO 

Abnormal SDS-PAGE migration of cytosolic proteins can identify domains and 

mechanisms that control surfactant binding 

This chapter published as:  

Shi, Y., Mowery, R. A., Ashley, J., Hentz, M., Ramirez, A. J., Bilgicer, B., Slunt-Brown, 

H., Borchelt, D. R., and Shaw, B. F. (2012) Abnormal SDS-PAGE migration of cytosolic 

proteins can identify domains and mechanisms that control surfactant binding. Protein 

Sci 21, 1197-1209 (56) 

Abstract 

The amino acid substitution or post-translational modification of a 

cytosolic protein can cause unpredictable changes to its electrophoretic mobility 

during SDS-PAGE. This type of ‘‘gel shifting’’ has perplexed biochemists and 

biologists for decades. We identify a mechanism for ‘‘gel shifting’’ that 

predominates among a set of ALS (amyotrophic lateral sclerosis) mutant hSOD1 

(superoxide dismutase) proteins, post-translationally modified hSOD1 proteins, 

and homologous SOD1 proteins from different organisms. By first comparing 

how 39 amino acid substitutions throughout hSOD1 affected SDS-PAGE 

migration, we found that substitutions that caused gel shifting occurred within a 

single polyacidic domain (residues ~80–101), and were non-isoelectric. 

Substitutions that decreased the net negative charge of domain 80–101 increased 

migration; only one substitution increased net negative charge and slowed 

migration. Capillary electrophoresis, circular dichroism, and size exclusion 
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chromatography demonstrated that amino acid substitutions increase migration 

during SDS-PAGE by promoting the binding of three to four additional SDS 

molecules, without significantly altering the secondary structure or Stokes radius 

of hSOD1-SDS complexes. The high negative charge of domain 80–101 is 

required for SOD1 gel shifting: neutralizing the polyacidic domain (via chimeric 

mouse-human SOD1 fusion proteins) inhibited amino acid substitutions from 

causing gel shifting. These results demonstrate that the pattern of gel shifting for 

mutant cytosolic proteins can be used to: (i) identify domains in the primary 

structure that control interactions between denatured cytosolic proteins and SDS 

and (ii) identify a predominant chemical mechanism for the interaction (e.g., 

hydrophobic vs. electrostatic). 

Introduction 

The interaction between proteins and surfactants occur throughout 

biology and   biotechnology (57,58) but remain poorly understood. (59,60) One 

surfactant in particular, sodium dodecyl sulfate (SDS), is especially important 

because of its use as a  model lipid to study membrane proteins, and the 

misfolding of cytosolic proteins, (61-63)and because of its  historic and evolving 

(64,65) use in protein electrophoresis. Nevertheless, many fundamental 

properties of protein-SDS complexes remain unestablished.  For example, the 

morphologies of SDS-protein complexes that form above the critical micelle 

concentration (CMC) are unclear, although recent data suggests a mixture of 

‘‘bead on a string’’ and ‘‘pearl necklace’’ configurations.(66) Furthermore, there 
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is no set of chemical principles available to explain how SDS binds to 

polypeptides with a stoichiometry that is largely irrespective of primary structure 

(i.e., 1 SDS molecule per 2 amino acids, at [SDS] > CMC). 

This weak understanding of protein-SDS interactions has riddled the 

research literature with examples of cytosolic proteins that migrate during SDS 

polyacrylamide electrophoresis (SDS-PAGE) at rates that are inconsistent with 

their molecular mass. For example, proteins that differ in sequence by a single 

amino acid are frequently observed to migrate during SDS-PAGE as if their 

molecular weights varied by thousands of Daltons. (67-70)This anomaly is 

referred to as ‘‘gel shifting’’ (not to be confused with the gel shifting assay for 

protein-oligonucleotide binding). Gel shifting can also be observed among 

practically isobaric proteins from different organisms (e.g., Cu, Zn superoxide 

dismutase, from mouse and human; Δmass = 0.009 kDa).(71) The post-

translational modification (72) of identical residues in different domains can also 

result in dissimilar rates of migration (e.g., the phosphorylation of Ser63/73 in 

the  oncoprotein c-jun will cause gel shifting; phosphorylation of Ser243/249 

does not affect   migration). (73) We hypothesize that many of these 

electrophoretic anomalies describe—at least to some degree—the biochemical 

factors that drive a type of molecular recognition between surfactants and 

denatured cytosolic proteins. 

The gel shifting of homologous proteins is routinely explained (but rarely 

investigated) by one or more of five hypotheses: (i) differences in the 2 structure 

or (ii) Stokes radius of the protein-surfactant complex, (iii) differences in the 
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intrinsic net charge of the protein, or (iv) number of bound dodecyl  sulfate, and 

(v) post-translational modification, including proteolysis. (35,68,69,74,75) The 

only systematic investigation into the gel shifting of mutant proteins (that we can 

find in the literature) has recently shown that single amino acid substitutions in 

the α-helical transmembrane hairpin  domain from CFTR (cystic fibrosis 

transmembrane conductance regulator) cause gel  shifting by changing SDS 

stoichiometry and α-helical content. (76) Unlike integral membrane proteins, 

cytosolic proteins do not typically regain native 2˚ or 3˚ structure after boiling in 

Laemmli’s buffer. The chemical mechanism(s) of gel shifting—that is, the 

relative contribution of electrostatic, hydrophobic, or conformational effects in 

sur- factant binding—will likely be different for cytosolic proteins compared to 

integral membrane proteins. 

In this article, we identify a chemical mechanism of gel shifting that is 

predominant among a large set of single amino acid variants of human Cu, Zn 

superoxide dismutase (hSOD1).(77) Superoxide dismutase is a well-

characterized cytosolic protein with 153 residues (15.8 kDa). The native SOD1 

polypeptide consists of an 8 stranded β-barrel that can dimerize upon formation 

of an intramolecular disulfide bond in each subunit, and upon the binding of Cu 

and Zn to each subunit. (77) The mutant hSOD1 proteins in this study cause 

familial amyotrophic lateral sclerosis (ALS) and many of these proteins—but 

not all—have been previously observed to migrate differently than wild-type 

(WT) hSOD1 during SDS-PAGE (e.g., the G85R substitution increases the 
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migration of hSOD1, however, the G37R substitution does not alter migration). 

(10,35,67,78-84) 

We demonstrate that ALS-linked amino acid substitutions in hSOD1 

increase migration during SDS-PAGE by altering the electrostatic properties of a 

specific, polyacidic domain (residues 80–101). Electrostatic perturbations to 

domain 80–101   alter the number of SDS molecules that bind to hSOD1, 

without significantly changing the gross 2˚ structure or Stokes radius of the 

hSOD1-SDS complex. The ability of domain 80–101 to cause gel shifting is 

dependent upon its high net negative charge. Lowering the negative charge of 

domain 80–101 by 2–3 units (via chimeric human-mouse SOD1   proteins) 

inhibited ALS mutations from causing gel shifting. 

Results 

To assess the gel shifting of a diverse set of ALS mutant hSOD1 proteins, 

under identical electrophoretic conditions, we analyzed 27 different ALS-linked 

amino acid variants of hSOD1 with SDS-PAGE and anti-SOD1 Western 

blotting [Fig. 2.1 (A)]. In addition, we analyzed the published SDS-PAGE 

results of 12 other ALS mutant hSOD1 proteins that are not included in our set 

[Fig. 2.1 (B)]. Together, these 39 ALS-linked amino acid substitutions are 

scattered throughout the entire 153 amino acid sequence of hSOD1 and 

represent every ALS mutant hSOD1 that has been previously analyzed with 

SDS-PAGE. (10,35,67,78-80,82-84) 
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Thirty of the 39 ALS-linked amino acid substitutions do not alter hSOD1 

migration during SDS- PAGE [Fig. 2.1(B)]; eight substitutions increase 

migration by 2–3 kDa: H80R, G85R, D90A, G93R, E100G, E100K, D101G, 

and D101N; only one substitution, G93D, decreases migration (by 2–3 kDa). 

Remarkably, several ALS-linked amino acid substitutions occurring at one 

locus will cause gel shifting (e.g., G93D, G85R, and E100K); however, the 

identical substitution at a different location will not affect migration (e.g., 

G41D, G37R, and E21K). 

The remarkable pattern of gel shifting in Figure 2.1 (B) illustrates that 

ALS amino acid substitutions to hSOD1 will alter its migration during SDS-

PAGE only if the   substitution meets two criteria: (i) the substitution is not 

isoelectric, and (ii) the substitution occurs approximately within residues 80–

101. There are no isoelectric ALS amino acid substitutions, within or outside 

domain 80–101, that significantlyalter migration, and there are no non-

isoelectric substitutions outside domain 80–101 that significantly alter 

migration. Furthermore, substitutions that increase the net negative charge of 

domain 80–101 uniformly decrease migration; substitutions that decrease the 

net negative charge of domain 80–101 uniformly increase migration. This 

simple electrostatic pattern suggests that ALS mutations cause gel shifting—

that is, change the structure and/or stoichiometry of hSOD1-SDS complexes—

by changing the local   electrostatic environment of residues 80-101 in SDS-

denatured hSOD1.  
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Figure 2.1 Gel shifting of ALS variant hSOD1 during SDS-PAGE. A: SDS-PAGE and 

anti-SOD1 Western blotting of ALS mutant hSOD1. Black = no change in 

migration towards positive electrode; red = increase; green: decrease. 

Untransformed (UT) cells and cells expressing WT hSOD1 were loaded as 

controls. Asterisk denotes smearing artifact of Western blotting. Image 

represents composite of three Western blots (borders indicated by vertical 

dashed lines). B: Summary of migration of 39 ALS variants of hSOD1 with 

SDS-PAGE from this study, and published reports. Substitutions that decrease 

the net negative charge of hSOD1 (ΔZ = +) are highlighted in red; substitutions 

that increase the net negative charge (ΔZ = -) are green; isoelectric substitutions 

(ΔZ = 0) are black. C: Substitutions that cause gel shifting (indicated with red 

dashed lines) are clustered in a polyacidic domain (approximately residues 80–

101) which has a high local net negative charge. D: Comparison of location of 

gel shifting domain with native 2˚ structure and number of known ALS amino 

acid substitutions at each residue in hSOD1. 

Because the biophysical and biochemical properties of ALS mutant 

hSOD1 proteins have been characterized in detail, (30,85) several possible 

causes of gel shifting can be immediately excluded, including post-translational 

modification or incomplete unfolding in SDS. A detailed discussion of these 

points can be found in Supporting Information. Briefly, it is unlikely that ALS-
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linked amino acid substitutions cause gel shifting by changing the degree of 

unfolding of the hSOD1 polypeptide in SDS. The disulfide reduced, apo-

hSOD1 protein is marginally stable (Tm = 42˚C (30); ΔGf = 2 kcal/mol (86)) 

and will remain unfolded after boiling and reduction in Laemmli’s buffer. 

Moreover, several of the substitutions that alter migration such as D101N, 

D90A, and E100K do not alter the native structure, thermostability, rate of 

hydrogen-deuterium exchange, or metalation of hSOD1 (and have thus been 

described as ‘‘cryptic’’ (87)). Several mutations that do alter the structure and 

lower the conformational stability of native hSOD1 (e.g., A4V and G93A (30)), 

do not alter migration during SDS-PAGE [Fig. 2.1(A,B)]. 

We hypothesized that domain 80–101 might be partially resistant to 

associating with SDS because this domain is negatively charged, and lacks 

aromatic residues. For  example, we hypothesize that substitutions that decrease 

the net negative charge (Z) of  domain 80–101 will lower the electrostatic 

repulsion between  SDS and hSOD1, and   promote the binding of additional 

SDS (which would increase migration towards the   positive electrode). In 

contrast, the G93D substitution is, we presume, inhibiting the binding of SDS to 

hSOD1 by increasing the local net negative charge of domain 80–101.  

In order to survey the local net charge of domain in the 1° structure of 

hSOD1 (i.e., “unfolded” SOD1), we used Eq. (1) to approximate the formal 

local net charge of each residue (ZF
local) by averaging its formal charge at pH 

8.0 (ZF
X) with the formal charge of its three nearest neighbors on the C- and N-

terminal flanks of the 1° structure (ZF
X-3…+3). 
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 ZF
local, X = [ZF

X-3 + ZF
X-2 + ZF

X-1 + ZF
X + ZF

X+1… ZF
X+3]/7  (1) 

The number of flanking residues was limited to three in Eq. (1) because 

this distance is on the order of magnitude of the Debye radius (κ-1) that we 

calculated in 25 mM Tris buffer, 3.5 mM SDS (κ-1 Å 1.8 nm). According to Eq. 

(1), most amino acids   in ‘‘unfolded’’ hSOD1 have a local net positive or 

negative charge between ~ +0.4 and -0.4 formal units [Fig. 2.1(C)]; only ~29% 

of the sequence is neutral. Domain 80–101 contains the highest magnitude and 

longest sequence of net negative charge in the 1° structure of hSOD1, and is 

also low in Ile, Leu, and void of Phe, Trp, Tyr that bind the n-alkyl chain of 

SDS. (60) The location of domain 80–101 in the 1° structure of hSOD1 was 

also compared with (i) a secondary structure map of native SOD1 [Fig. 2.1(D)] 

and (ii) a plot of the number of ALS-linked amino acid substitutions, deletions 

or insertions that occur at each residues (out of ~ 160 known mutations). 

 To determine whether ALS mutations cause gel shifting by (i) altering 

the number of SDS molecules that bind SOD1, and/or (ii) altering the structure 

or shape of SDS-hSOD1-SDS complexex with capillary electrophoresis (CE), 

circular dichroism (CD) spectriscioy, and size exclusion chromatography. 

Capillary electrophoresis (60) has been previously shown to be capable 

of detecting the binding of a single molecule of dodecyl sulfate to proteins. (21) 

This type of experiment is performed with a bare fused silica capillary (without 

any gel), and does not involve the same molecular sieving that occurs in 

dodecyl sulfate to a negatively charged protein (such as hSOD1 at pH > 6.0) 

increases the CE mobility of the protein (21). The electrophoretic mobility of a 
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protein [Eq. (2)] can be expressed as a function of the net charge (Z) and 

molecular weight (M); Cp and α are constants. 

                                                                             (2) 

The capillary electrophoretic mobilities of WT, G85R, D90A, and G93R apo-

hSOD1 were measured in 0.1% SDS after boiling and disulfide reduction in 

Laemmli’s buffer and compared to the mobility of the same native apo-hSOD1 

in the absence of SDS [Fig. 2.2(A)]. The CE analysis was performed in 

triplicate, and an overlay of replicate electropherograms for each protein can be 

found in Supporting Information Figure 7.1. 

 The CE mobilities of G93R, G85R, and D90A apo-hSOD1 were less 

than WT apo-hSOD1 in the absence of SDS [as expected, because each protein 

has a lower net negative charge than WT apo-hSOD1; Fig. 2.2(A)]. After 

disulfide reduction and boiling in SDS, however, the electrophoretic mobility of 

all three SDS saturated ALS mutant SDO1 proteins is greater than SDS-

saturated WT apo-hSOD1, which suggests that ALS mutant SOD1 binds more 

SDS than WT apo-hSOD1 (at > CMC). 

The difference in the number of SDS molecules bound to denatured WT 

and ALS variant apo-hSOD1 can be estimated with Eq. (3) [a modified form of 

Eq. (2)]. We cannot, however, use Eq. (3) to approximate the absolute number 

of SDS molecules bound to denatured hSOD1 because the shape and mass of 

the protein changes as the globular homodimer unfolds in SDS.  In Eq. (3), 

MDS
- = mass of dodecyl sulfate; MSOD1 = mass of apo-hSOD1 monomer; Z0 = 

measured net charge of each apo-hSOD1 monomer (Z = -7.5 for WT; -6.0 for 

p
α

SOD1

Z
μ  = C

(M )
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G85R; - 6.0 for D90A; -5.6 for G93R); n = the number of SDS bound to 

hSOD1 (approximated to be 77), and ΔZ = change in Z from binding SDS 

(approximated as -0.9 (21)). 

 (3)       

This calculation suggested that the G85R, D90A, and G93R substitutions 

promote the binding of 3.7 ± 0.4, 3.4 ± 0.4, and 3.2 ± 0.4 molecules of SDS 

(respectively) to apo-hSOD1 polypeptide at [SDS]  > CMC [Fig. 2.2(D)]. 

Circular dichroism (CD) was used to study the 2˚ structures of D90A, 

G85R, G93R, and WT apo-hSOD1 after thermal unfolding and disulfide 

reduction in SDS [Fig. 2.2(C)]. The binding of SDS to cytosolic proteins 

(at >CMC) induces non-native α-helicity. (21,59,60,88) CD spectroscopy is 

sensitive enough to detect these types of SDS-stabilized α-helices in cytosolic 

proteins.(21) The CD spectra of native apo-hSOD1 proteins [Fig. 2.2(B)] are 

characteristic of a globular β-barrel protein lacking α-helices; the boiling of WT 

and mutant apo-hSOD1 in SDS and TCEP, however, produced CD spectra with 

dual troughs at 208 and 222 nm [Fig. 2.2(C)] that are indicative of denatured 

proteins with SDS-stabilized α-helices. (21,60,76) The similar CD spectra [Fig. 

2.2(C)] of SDS denatured-D90A, G85R, G93R, and WT apo-hSOD1 indicates 

that each protein has a similar overall 2˚ structure. The gel shifting of ALS 

mutant hSOD1 is therefore not caused by a change in the gross 2˚ structure of 

hSOD1-SDS. Analysis of CD spectra with a deconvolution program (89) 

suggested a minor increase in α-helicity (2-3% of residues) for each mutant 
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protein, compared to WT hSOD1, however the increase in α-helicity is within 

the margin of experimental error [Fig. 2.2(D)]. 

 

Figure 2.2. ALS amino acid substitutions that increase migration during SDS-PAGE 

promote the binding of 3–4 SDS molecules without altering the gross 2˚ structure of 

SDS-saturated hSOD1. A: Capillary electropherograms of G93R, G85R, D90A, 

and WT apo-hSOD1 under native (black trace) and SDS-denatured conditions 

(red trace). Peak at µ = 0 in all electropherograms is neutral marker, 

dimethylformamide (DMF). The intense broad peak and shoulder at µ = 0–5 in 

red electropherograms is β-mercaptoethanol. The G85R, D90A, and G93R 

substitutions (which cause gel shifting) result in the binding of ~3–4 additional 

SDS molecules per hSOD1 polypeptide after boiling in SDS-PAGE buffer. Note: 

the native G93R apo-SOD1 protein migrated as a doublet during CE (the smaller 

peak with a lower mobility has not yet been identified but is not due to the 

binding of a metal ion). B–C: Circular dichroism spectroscopy of WT, G85R, 

D90A, and G93R apo-hSOD1 proteins under (B) native conditions and (C) after 

boiling and disulfide reduction in SDS/TCEP). D: Table showing: (i) summary 

of changes in SDS stoichiometry (‘‘ΔSDS’’; standard deviation of three 

measurements listed in parentheses), and (ii) the abundance of secondary 

structure (% α-helix, β-sheet, random coil) in each SDS-denatured protein 

(standard deviation from at least 3 measurements listed in parentheses). 
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The binding of additional SDS to ALS mutant hSOD1 will accelerate 

migration during SDS-PAGE, however, SDS stoichiometry might only partly 

contribute to gel shifting during SDS-PAGE. We hypothesized that ALS amino 

acid substitutions might also decrease the Strokes radius of hSOD1-SDS 

complexes (e.g., by promoting the burial of hSOD1 into the hydrophobic interior 

of an SDS micelle). The Strokes radii of WT and ALS mutant hSOD1-micelle 

complexes were compared by analyzing WT and D90A apo-hSOD1-SDS 

complexes with two different types of size exclusion (SE) chromatography: (i) a 

G-100 Sephadex gravimetric column, and (ii) a high resolution GF-250 HPLC 

column. We were particularly interested in studying D90A apo-hSOD1 because 

its structure, activity, and free energy of folding are indistinguishable from WT 

hSOD1, and the two proteins appear to only differ (biophysically) by their 

surface charge.(30) This similarity enables us to study the mechanism by which 

electrostatic perturbations in SOD1 affect its interaction with surfactants, and 

migration during SDS-PAGE. 

Both WT and D90A proteins were boiled in Laemmli sample buffer, 

cooled, mixed together and loaded (as a mixture) onto the same SE column that 

was equilibrated and operated with 0.1% SDS (pH 8.05). The elution of each 

protein was measured by analyzing each fraction with SDS-PAGE [Fig. 3(A,B)]. 

D90A and WT apo-hSOD1-SDS complexes have identical profiles of elution 

and thus appear to have similar Stokes radii [Fig. 2.3(C)]. 



32 
 

 

Figure 2.3. ALS-linked amino acid substitutions that cause gel shifting do not 

significantly alter Stokes radius of hSOD1-SDS complexes. A: SDS-PAGE of 

fractions of SDS-denatured D90A and WT apo-hSOD1 after boiling in Laemlli 

buffer and simultaneous analysis with G-100 size exclusion chromatography. B: 

Analysis of same SDS-denatured D90A and WT apo-hSOD1 with high 

resolution SE-HPLC. C: Plot of intensity of hSOD1 in fractions from G-100 SE 

column demonstrates that D90A and WT hSOD1-SDS complexes co-elute. D: 

Illustration of gel shifting of D90A and WT apo-hSOD1 during SDS-PAGE. 

 

 To test the hypothesis that the high negative charge (acidity) of domain 

80-101 is required for gel shifting, we sought to determine if lowering the net 

negative charge of domain 80-101 by several units would prevent ALS 

mutations from causing gel shifting. (71) We expressed and analyzed different 

chimeric forms of mouse SOD1 (mSOD1) and hSOD1 with SDS-PAGE and 

anti-SOD1 Western blotting. Although the 153 amino acid sequences of mouse 
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and human SOD1 share 86% homology (Fig. 2.4), there are large electrostatic 

differences at residues 80-102 in mSOD1 and hSOD1; domain 80-102 in 

mDOF2 is less negatively charged than domain 90-102 in hSOD1 by 6 formal 

units [Fig. 4(A)]. Thus, the local net negative charge of domain 80-101 in human 

SOD1 can be reduced by 2 formal units (and domain 80-102 by 3 units) by 

generating a human-mouse chimeric protein that is singly fused at residue 80 

[Fig. 2.4(B)]. 

The fusion of the N-terminal half of mSOD1 (residues 1-80) to the C-

terminal half of hSOD1 (residues 81-153) resulted in a vhimeric SOD1 

polypeptide (denoted mN/hCWT) that migrated at a similar rate as hSOD1, but 

slower than mSOD1 [Fig. 2.4(C)]. Incontrast, chimeric SOD1 with residues 1-80 

from hSOD1 and residues 81-153 from mSOD1 (hN/mCWT) migrated faster than 

hSOD1 and at a rate that is similar to mSOD1 [Fig. 2.4(C)]. 

The oncorporation of the G85R substitution into chimeric mN/hC SOD1 

caused gel shifting (as is does in WT hSOD1, Fig. 1), howeverm the G85R 

substitution in hN/mC SOD1—whose domain 80-102 is less negatively charge 

than either mN/hC SOD1 or WT hSOD1 by 3 formal units—did not cause gel 

shifting. This result suggests that the high negative charge of domain ~80-101 in 

hSOD1 contributes to the ability of this domain to cause gel shifting. These 

results also show that electrostatic differences near domain 80-102 in mSOD1 

and hSOD1 account for why mSOD1 is uniformly observed by researchers to 

migrate faster than hSOD1 during SDS-PAGE. (71) 
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Figure 2.4. Decreasing the net negative charge of domain 80–101 in SOD1 prevents ALS 

mutations from causing gel shifting. A: Sequence homology (% a.a.) and formal 

charge homology (%Z) of mouse and human SOD1; nonconserved charged 

residues are labeled +, 0, or -. B: Four chimeric forms of human and mouse 

hSOD1, two of which contain the ALS-linked G85R amino acid substitution that 

causes gel shifting in hSOD1. The hN/mC chimeric WT SOD1 contains N-

terminal half (residues 1–80) from hSOD1 and C-terminal half (residues 81–153) 

from mSOD1 (and vice versa for mN/hC chimeric WT SOD1). The ALS-linked 

G85R substitution caused gel shifting with mN/hC but not with hN/mC. C: SDS-

PAGE Western blot of mWT, hWT, and chimeric m/hSOD1 proteins expressed 

in cultured HEK293-FT cells. Faint bands in C (denoted **) represent 

endogenous hWT SOD1 expressed by HEK cells; faint bands at high molecular 

weight (*) represent nonspecific binding of immunoglobin or oligomeric SOD1. 
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Protein charge ladders (90) of WT holo-hSOD1 (i.e., Cu2Zn2-SOD1) were 

generated to study how large systematic increases in the negative charge pf 

multiple domains in hSOD1 affect its (i) migration during SDS-PAGE, (ii) the 

number of SDS that bind hSOD1, and (iii) its 2˚ structure in micellar SDS. 

Charge ladders were generated by successively acetylating (neutralizing) each of 

the 22 Lys-ε-NH3
+ → Lys-ε-NHCOCH3). We are uncertain about the biological 

relevance of lysine acetylation as a post-translational modification to hSOD1. A 

proteomic study reported that Lys70 in hSOD1 does undergo acetylation in 

HeLa S3 cells, however, this report did not present MS/MS data or Mascot 

scores for the acetylated hSOD1 peptide, (91) and we do not know of any other 

reports of lysine acetylation in SOD1. (92,93) Nevertheless, lysine-acetyl 

hSOD1 charge ladders are ideal tools for further testing the local electrostatic 

hypothesis because: (i) only a single lysine exists in the gel shifting domain 

(Lys91), i.e., the acetylation of most lysine in hSOD1 should therefore not 

contribute as greatly to gel shifting, (ii) multiple charge isomers can be 

generated in minutes (i.e., 22 charge isomers of dimeric hSOD1), (90) and (iii) 

lysine aceylation represents an ideal control, because it increases the net 

negative charge of hSOD1 (opposite of most ALS mutations that cause gel 

shifting). 

Different stoichiometric equivalents of acetic anhydride were added to 

aliquots of hSOD1, resulting in a mixture (a charge ladder) of variably 

acetylated hSOD1 (Fig 2.5, 6, and Fig 7.2). The charge isomers or “rungs” of 

each protein charge ladder (denoted Ac(N)) are resolved by Native PAGE [Fig. 
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2.5(B)] or CE [Fig. 2.6(A)], according to net chargem and also by mass 

spectrometry (Fig. 7.2, and Table 7.1, chapter 7).  

The migration of WT hSOD1 during SDS-PAGE could be slowed by 

only ~2 kDa, even after successively acetylating all 22 Lys-ε-NH3
+ in each 

hSOD1 dimer [Fig. 2.5(A)]. The magnitude and direction of gel shifting od 

peracetylated hSOD1 (Ac(~22)) is similar to that of the G93D substitution, 

which is the only ALS mutation in our data set that increases the net negative 

charge of hSOD1 (and decreased migration during SDS-PAGE). The increased 

migration of acetylated hSOD1 during Native-PAGE demonstrated that 

acetylation does not slow migration during SDS-PAGE by increasing molecular 

mass [Fig. 2.5(B)]. 

The number of acetylated lysine in each charge ladder (Ac(~N)) is plotted 

in Figure 2.5 against the magnitude of gel shifting. Gel shifting was expressed in 

terms of molecular weight [Fig. 2.5(C), ΔMWapp/ MWAc(0), %], and in terms of 

migration distance from the stacking gel [Fig. 2.5(D), DAc(~N)-DAc(0)/DAc(0), %]. 

The modest decrease in migration, even after increasing the formal net negative 

charge of monomeric hSOD1 by 11 units, suggests that the acetylation of most 

lysine residues in   hSOD1 does alter migration during SDS-PAGE to the degree 

that electrostatic perturbations to domain 80–101 will alter migration. 

Equation (4) [a modified form of Eq. (3)] was used to determine if 

acetylation decreased the number of SDS that bind to hSOD1. In Eq. (4), MAc 

equals the change in mass associated with acetylation (p); MAc = 42 Da, Z0 = -

4.0; ΔZ = -0.9 for each bound SDS (n) and acetylated lysine.  
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Figure 2.5. Acetylation of multiple Lys-ε-NH3 in human SOD1 induces gel shifting 

during SDS-PAGE.  A: Acetylation of WT hSOD1 (denoted Ac(N)) decreases 

migration during SDS-PAGE (N refers to the number of acetylated lysine in 

dimeric hSOD1). Inset shows side by side analysis of unmodified hSOD1-Ac(0) 

and peracetylated hSOD1-Ac(22) with SDS-PAGE. B: Increased migration of 

charge ladders during Native-PAGE (0 mM SDS). C, D: Plot of t the magnitude 

of gel shifting of hSOD1 (in terms of molecular weight or migration distance) as 

a function of acetylated lysine residues (Lys-NHAc). Error bars represent the 

standard deviation from seven separate experiments. 
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Figure 2.6. Systematic neutralization of multiple Lys-ε-NH3+ in human SOD1 decreases 

the number of bound SDS. A: Acetylation of native WT holo-hSOD1 increases 

capillary electrophoretic mobility in the absence of SDS (black), but reduces 

mobility after boiling and reduction in SDS (red). Peak at µ = 0 is neutral marker, 

DMF). The intense broad peak and shoulder present at µ = 0–5 in red 

electropherograms is β-mercaptoethanol. B: Decrease in number of SDS 

molecules bound to hSOD1 (ΔSDS per monomer) plotted as a function of 

number of acetylated lysine per hSOD1 monomer. C: Plot of number of SDS 

molecules dissociated from acetylated hSOD1 (ΔSDS) as a function of the 

magnitude of gel shifting. Error bars represent standard deviation from three 

separate experiments. 

 

                                                 (4) 

In the absence of SDS, the higher rungs of the charge ladder had greater CE 

mobilities than lower rungs. After boiling in SDS and BME, however, the higher rungs of 

the charge ladder had smaller values of CE mobility than lower rungs [Fig. 6(A)]. The 

decrease in CE mobility of SDS-denature hSOD1-Ac(N) suggests that lysine acetylation 
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diminishes the number of SDS that bind hSOD1. As previously reported for other 

proteins, the rungs of a charge ladder cannot be resolved after denaturation and saturation 

with myriad SDS. (94,95) CE analysis was performed in triplicate for each charge ladder 

and an overlay of replicate electropherograms can be found for each charge ladder in 

Figure 7.3. 

We calculated [with Eq. (4)] that each acetylation inhibited the binding of ~3 SDS 

[see slope of plot in Fig. 2.6(B)]. This stoichiometry is substantial considering that 77 

molecules of SDS are predicted to bind hSOD1 during SDS-PAGE. Previous studies 

report that acetylation of lysine can inhibit the binding of SDS molecules by a similar 

order of magnitude at [SDS] > CMC. (60) 

The number of SDS bound to SOD1 decreases linearly with lysine acetylation 

(i.e., net negative charge) [Fig. 2.6(B)]. The magnitude of gel shifting does not, however, 

correlate linearly with either (i) acetylation [Fig. 5(B,C)] or (ii) SDS binding [Fig. 6(C)]. 

These nonlinear correlations demonstrate that changes in SDS stoichiometry are 

insufficient to entirely explain the magnitude of gel shifting of acetylated hSOD1 [Fig. 

2.6(C)]. 

It is reasonable to hypothesize that the polynomial relationship between 

acetylation (%), and the magnitude of gel shifting [Fig. 5(C,D)] is caused by nonrandom 

acetylation of specific lysine residues—each of which slow migration by a different 

magnitude, or not at all. We determined the susceptibility of lysine residues to acetylarion 

by proteolyzing different hSOD1 charge ladders with pepsin and trypsin, followed by 

sequencing with tandem mass spectrometry (MS/MS). With the charge ladders that were 

studied (e.g., Ac(0, ~0.5, ~2, ~10, ~19, ~22)), only four lysine residues could be 
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reproducibly sequenced in both acetylated and nonacetylated states: K9, K36, K91, and 

K136. From monitoring the intensity of MS ions for acetylated and unacetylated peptides, 

we determined that acetic anhydride acetylated K9, K36, and K136 more preferentially 

than K91 [Fig. 2.7(A-D)]. In general, the acetylation of K91 correlated with greater gel 

shifting than the acetylation of K9, K36, and K136 [Fig. 2.7(F)]. This correlation 

provides additional support for the hypothesis that domain 80-101 electrostatically 

governs the interaction of hSOD1 with SDS micelles. 

 The 2˚ structures of acetylated and unacetylated WT hSOD1 were also examined 

with CS spectroscopy after boiling in SDS/TCEP. The CD spectra of the cariably 

acetylated hSOD1-SDS complexes indicate the presence of SDS-stabilized α-helices. 

Peracetylation didcause a minor decrease in absorbance between 200 and 240 nm 

(~1000deg·cm2 dmol-1; Fig. 7.4, see chapter 7). The deconvolutiong of CD spectra for 

each charge ladder yielded insignificant differences in secondary structure of each SDS-

saturated charge ladder (chapter 7, Fig. 7.4). For example, the differences in the α-

helicity of unacetylated and peracetylated proteins were only ~2% greater than the 

margin of experimental error. We conclude that the differences in the secondary structure 

of unacetylated and peracetylated SOD1 are negligible after denaturation in SDS. 
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Figure 2.7. The acetylation of the single lysine in domain 80–101 of WT hSOD1 (Lys91) 

correlates with greatest magnitude of gel shifting. A–C: Nonrandom acetylation of Lys91 

in hSOD1. A: Triply charged ion of peptide 87-Lys91(Ac)-115 detected in variably 

acetylated hSOD1. B: Doubly charged ion of peptide 80-Lys91(Ac)-115. C: Singly 

charged ion of peptide 7-Lys9-16; increase in signal intensity for acetylated Lys9 is 

greater than acetylated Lys91 at equal concentrations of acetic anhydride. D: Doubly 

charged ions of C-terminal peptide standard (residues 144–153) that does not contain 

lysine, and is cleaved at Arg143. E: Plot of the percent of acetylation for four different 

lysine in SOD1 as a function of the average degree of acetylation of all lysine residues 

(Ac( N)) in SOD1. F: Magnitude of gel shifting of hSOD1 plotted as a function of 

percent acetylation of four lysine residues from multiple hSOD1 domains; error bars 

represent standard deviation from five different enzymatic digests. 

Discussion 

ALS-linked amino acid substitutions to hSOD1 cause gels shifting by altering the 

electrostatic properties of a single polyacidic domain (residues ~80-101), which changes 

the number of SDS that bind to hSOD1, without changing the gross 2˚ structure of Stokes 

radius of the hSOD1-SDS complex. Thus the polyacidic “gel shifting” domain of 

denatured hSOD1 can singularly mediate hSOD1-SDS interactions by a predominantly 

electrostatic mechanism. 
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  The five amino acid substitutions at Gly93 (i.e., G93A, D, R, S, V) are notable 

because they demonstrate, at a single locus, that electrostatic perturbations to residues 80-

101 are causing gel shifting—not small changes in hydrophobicity or polarity [Fig. 

2.1(B)]. We do expect, however, that hydrophobic substitutions could cause gel shifting, 

if the changes in hydrophobicity are large enough to facilitate hydrophobic interactions 

with the alky; chain of SDS (e.g., G, D→W, Y, F, L). 

 The pattern of gel shifting that we observe for mutanthSOD1 is different than the 

pattern observed by Rath et al. for mutant transmembrane hairpins form CFTR. (76) For 

example, amino acid substitutions that either increases or decrease the net charge of the 

CFTR hairpin can have the same effect on migration (e.g., both V232K and V232D 

increase migration), which is opposite of the uniform electrostatic pattern observed with 

mutant hSOD1. Isoelectric amino acid substitutions to CFTR hairpin can also cause gel 

shifting (e.g., G228L and Q220W), however, nonisoelectric substitutions do not cause gel 

shifting in hSOD1. Although the gel shifting of mutant hSOD1 and CFTR are both 

caused by changes in surfactant binding, the chemical mechanism of altered surfactant 

binding is primarily electrostatic in cytosolic hSOD1 and is driven, presumably, by 

hydrophobic and/or conformational effects in the membrane protein CFTR. (76) 

 Our finding that the neutralization of 11 Lys-ε-NH3
+ throughout multiple domains 

inhSOD1 slowed SDS-PAGE migration by the same magnitude as the introduction of a 

single negative charge in domain 80-101 (i.e., G93D), suggests that the acetylation of 

lysine outside of domain 80-101 did not contribute as significantly to gel shifting as 

acetylation within domain 80-101. Likewise, the polynomial relationship between lysine 

acetylation and gel shifting demonstrated that changes in the net charge of the entire 
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hSOD1 peptide do not cause gel shifting per se. For example, the acetylation of only ~3 

lysine per dimer did not induce significant gel shifting [Fig. 2.5(A, C, D)], presumably 

because this ladder did not contain sufficient concentrations of acetylated Lys91. Rather, 

gel shifting only began to occur at higher concentrations of acetic anhydride, 

coincidentally with the acetylation of Lys91 [Fig. 2.7(F)]. The slower reactivity of Lys91 

with acetic anhydride compared with other lysine is surprising—considering its high 

solvent accessibility—and is worth briefly discussing from the standpoint of chemical 

biology. (96,97) The carboxylic acids of Asp90 and Asp92 that flank Lys91 will likely 

raise the pKa of Lys-ε-NH3
+, thus lowering its reactivity (i.e., ε-NH3

+ is less reactive with 

acetic anhydride than ε-NH2 (98)). An approximation of the electrostatic surface 

potentials of holo-SOD1 (with solutions to the nonlinear Poisson Boltzmann equation, 

Fig. 7.5) suggested that Lys91 is indeed located in the most anionic region of native holo-

hSOD1, and that Lys9, 36, and 139 reside in cationic regions (Fig. 7.5). 

The electrostatic interactions that we observed between apo-hSOD1 and SDS 

micelles are not entirely orthogonal to the type of interactions that might occur in vivo 

between hSOD1 and anionic lipids (or possibly fatty acids). (99-101) ALS amino acid 

substitutions have been shown to promote interactions between hSOD1 and anionic lipid 

membranes and fatty acids, and these interactions are hypothesized to induce midfolding 

and neurotoxicity. (99-101) Our results suggest that ALS amino acid substitutions, such 

as D90A, can promote the interaction between disordered hSOD1 and anionic 

amphiphiles by a purely electrostatic mechanism. 
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Conclusions 

This study has only begun to fully explain the gel shifting of ALS mutant hSOD1. 

For example, this study did not identify the location where additional SDS bind to ALS 

mutant hSOD1. We presume that binding occurs in domain 80-101. More than beginning 

to explain a routinely disregarded anomaly, this study has shown that decrypting the 

patterns of gel shifting for cytosolic proteins can be used to identify: (i) mutations or 

post-translational modifications that alter the molecular recognition of lipid-like 

molecules, (ii) the predominant chemical mechanism if the interaction in question (e.g., 

hydrophobic or electrostatic), and (iii) the domain that somehow control interactions 

between denatured proteins and surfactants. 

Experimental 

Expression and/or Purification of SOD1 

Human WT, ALS mutant, and chimeric SOD1 were prepared and expressed in 

HEK293FT cells as previously described. (67) The migration of all 27 hSOD1 proteins, 

and chimeric mouse-human proteins during SDS-PAGE was visualized with anti-SOD1 

Western blotting. For analysis with either CE, size exclusion chromatography, or CD 

spectroscopy, a select group of ALS mutant hSOD1 (D90A, G93R, and G85R) and WT 

hSOD1 were expressed in yeast and purified as previously described. (102,103) 

Capillary Electrophoresis 

Capillary electrophoresis was performed using a Beckman Coulter P/ACE MDQ 

instrument. A bare fused silica capillary (50 cm) was used in all experiments. Solutions 
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of hSOD1 (50 µg) were transferred from 10 mM phosphate buffer into either: (i) a buffer 

that is similar to SDS-PAGE running buffer (3.5 mM SDS, 25 mM Tris-base, 192 mM 

glycine, pH 8.05) or (ii) the same buffer lacking SDS. β-mercaptoethanol was added to 

samples containing SDS (the final concentration of β-mercaptoethanol was 0.7 M). 

Solutions were then boiled at 95 ˚C for 5 min prior to analysis CE (samples that did not 

contain SDS were boiled or reduced). Boiled samples were cooled on ice and re-

equilibrated to room temperature prior to analysis. A neutral marker of electro-osmotic 

flow (dimethylformamide) was added to each sample. The running buffer for capillary 

electrophoresis was 25 mM tris-base, 192 mM Glycine, pH 8.05 (with or without 3.5 mM 

SDS). We used the metal-free (apo) form of the WT and ALS mutant protein for 

comparing the number of bound SDS. Use of the apoprotein ensured that all SOD1 

proteins had identical metalation (i.e., Cu0Zn0). The net charge of apo-hSOD1 proteins 

was determined using protein charge ladders as previously described. (10) All samples 

were injected at 0.5 psi for 5 s; electrophoresis as performed at 30 kV for 30 min at 20 ˚C. 

CE analysis was repeated in triplicate on each sample. 

Circular Dichroism Spectroscopy 

 The 2˚ structure of SDS-denatured hSOD1 was studied with CD spectroscopy 

under solvent conditions that mimic SDS-PAGE. Protein-SDS solutions were boiled (95 

˚C for 5 min) in s reducing agent (TCEP) that does not interfere with CD spectroscopy. 

Solutions were cooled and briefly centrifuged prior to analysis. Spectra were collected on 

a JASCO J-815 spectrometer at 20 ˚C at 15 µM hSOD1, 3.5 mM SDS, 25 mM Tris, 192 

mM Glycine, 10 mM TCEP, pH 8.05. Solutions of native hSOD1 (without SDS or TCEP) 

were analyzed in 25 mM Tris, 192 mM glycine, pH 8.05 (without boiling). The spectrum 
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generated for each sample was an average of 5 scans collected (0.5 nm intervals) on three 

replicate samples (i.e., an average of 15 scans). 

 

Size-exclusion Chromatography 

 

Sephadex media (G-100, Sigma-aldrich) was selled in Tris-Glycine buffer (25 

mM Tris-HC, 192 mM Glycine, pH 8.05) for 4 h, packed into a 1×100 cm Econo-column 

(Bio-Rad) and equilibrated with two bed volumes of SDS-running buffer (25 mM Tris-

HCl, 192 mM Glycine, 0.1% SDS). D90A and WT spo-hSOD1 proteins were transferred 

into SDS-running buffer (25 mM Tris-HCl, 192 mM Glycine, 0.1% SDS) using a 

centrifugal filtration device, and the two proteins were then mixed together. Freshly 

dissolved dithiothreitol (1M) was added to yield a final concentration of 100 mM DTT, 

0.1 mg/mL hSOD1, The mixture was heated at 95 ˚C for 5 min, cooled, and loaded onto 

the column; flow rate = ~200 µL/min. Fractions were analyzed with SDS-PAGE, stained 

with Coomassie blue; band intensity was quantified with ImageJ. Identical procedures 

were used for high resolution SE-HPLC experiments, except that a SE-HPLC column 

was used (Agilent Zorbax, Bio Series GF-250, 4.6 mm × 250 mm; flow rate = 250 

µL/min). 

 

Lysine-acetyl Protein Charge Ladders  

 

Systematic increases in the net charge of domains throughout the hSOD1 

sequence were accomplished with lysine acetyl protein charge ladders. (90) Protein 

charge ladders of wild-type hSOD1 were prepared form the fully metalated holoenzyme 

(Cu2Zn2 hSOD1; purchased form Sigma) using acetic anhydride, as previously described. 

(90) Holo-SOD1 was used in the preparation of charge ladders because of its high 
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conformational stability, and ability to remain folded after exhaustive modification of 

lysine residues. Detailed experimental procedures for mass spectrometric analysis of 

charge ladders are included in Supporting Information. 

SDS-PAGE and Native-PAGE 

For SDS-PAGE, each set of acetylated hSOD1 proteins (10 µg of SOD1 in 10 

mM potassium phosphate buffer, pH 7.4) was mixed with 8 µL of concentrated (“2X”) 

Laemmli sample buffer (Bio-Rad) that contained β-mercaptoethanol. The samples were 

heated at 95 ˚C for 5 min and then run in 15% polyacrylamide gel containing 3.5 mM 

SDS at 120 V for 150 min in SDS-Tris-Glycine buffer, pH 8.05, and stained with 

Coomassie blue. Solutions of hSOD1 were analyzed with Native-PAGE (10% 

polyacrylamide) without boiling or reduction; the running buffer consisted of 25 mM Tris, 

192 mM Glycine, pH 8.05, and did not contain SDS or β-mercaptoethanol. 10 µg of 

hSOD1 in 10 mM potassium phosphate buffer, pH 7.4 was loaded into each lane. 
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CHAPTER THREE 

 

Effect of Metal Loading and Subcellular pH on Net Charge of Superoxide Dismutase-1 

This chapter published as: 

 Shi, Y., Mowery, R. A., and Shaw, B. F. (2013) Effect of Metal Loading and 

Subcellular pH on Net Charge of Superoxide Dismutase-1. Journal of molecular 

biology 425, 4388-404(104) 

 

 

Abstract 
 

The net charge of a folded protein is hypothesized to influence myriad 

biochemical processes (e.g., protein misfolding, electron transfer, molecular 

recognition); however, few tools exist for measuring net charge and this elusive 

property remains undetermined—at any pH—for nearly all proteins. This study 

used lysine-acetyl “protein charge ladders” and capillary electrophoresis to 

measure the net charge of superoxide dismutase-1 (SOD1)—whose aggregation 

causes amyotrophic lateral sclerosis (ALS)—as a function of coordinated metal 

ions and pH. The net negative charge of apo-SOD1 was similar to predicted 

values; however, the binding of a single Zn2+ or Cu2+ ion reduced the net 

negative charge by a greater magnitude than predicted (i.e., ~ 4 units, instead of 

2), whereas the SOD1 protein underwent charge regulation upon binding 2–4 

metal ions. From pH5 to pH8 (i.e., a range consistent with the multiple 

subcellular loci of SOD1), the holo-SOD1 protein underwent smaller 

fluctuations in net negative charge than predicted (i.e., ~ 3 units, instead of ~ 14) 

and did not undergo charge inversion at its isoelectric point (pI = 5.3) but 
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remained anionic. The regulation of SOD1 net charge along its pathways of 

metal binding, and across solvent pH, provides insight into its metal-induced 

maturation and enzymatic activity (which remains diffusion-limited across pH5–

8).  The anionic nature of holo-SOD1 across subcellular pH suggests that ~ 45 

different ALS-linked mutations to SOD1 will reduce its net negative charge 

regardless of subcellular localization. 

Introduction 

Quantifying the net electrostatic charge (Z) of a protein—and, in doing so, 

acquiring a “bird’s eye” view of its electrostatic surface potentials, including 

contributions from tightly coordinated ligands, metals, solvent, or buffer ions—

has been historically challenging because few tools exist to measure net charge 

(and newly developed tools, such as “protein charge ladders” remain 

underutilized). (13,105) Although the net electrostatic charge of a protein is a 

property that remains uncharacterized for nearly all proteins, it is nevertheless 

used to rationalize numerous biochemical properties of proteins, including 

aggregation propensity (106,107), redox potential (108,109), and targets of 

molecular recognition. (60) Because the pKa of residues in folded proteins can 

vary by as many as 5 units (due to solvent burial, dipole-dipole or ionic 

interactions (13,110)), measuring the net charge of a protein across the range of 

biological pH is necessary for gaining a more rigorous (quantitative) 

understating of the influence of net charge (and thus pH) on myriad biochemical 

processes. 
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For metallopproteins, in particular, the large conformational changes that 

can accompany the binding of metal ions will further complicate predictions of 

net charge (111), as will the occurrence of charge regulation (112,113). Charge 

regulation occurs in proteins because their charged functional groups exist in a 

non-linear (i.e., cooperative and interdependent) network and adjust their pKa to 

compensate for any electrostatic perturbation to functional groups within the 

network (such as the binding of a metal ion). (13) The binding of a metal ion to a 

protein might, therefore, result in a smaller change in net charge than predicted 

from the formal charge of the metal ion and deprotonated ligands, regardless of 

whether the metal ion induces a conformational change in the protein. 

Within the context of protein midfolding and human disease, measuring 

the net charge of a protein is a necessary first step—and one that has not been 

taken-in quantifying the degree to which aggregation is (or is not) 

electrostatically accelerated by (i) mutation, (ii) non-isoelectric post-translational 

modification (including interactions with metal ions), or (iii) localization to 

subcellular microenvironments with different pH. Quantifying the net charge of 

proteins will also improve emerging frameworks that seek to predict the 

aggregation rate of proteins in different biological microenvironments. (114) 

In this paper, we used one of the few tools available for measuring the net 

charge of proteins in solution—protein charge ladders (13)—to quantify the net 

charge of human wild-type (WT) Cu, Zn superoxide dismutase [superoxide 

dismutase-1 (SOD1)] as a function of (i) the number of bound Cu2+ and Zn2+ 

ions, (ii) their site of metal occupancy, and (iii) solvent pH. The SOD1 protein is 
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causally linked to amyotrophic lateral sclerosis (ALS). (115) Approximately 150 

different mutations in the SOD1 gene cause familial ALS, presumably by 

accelerating the rate of aggregation of SOD1. By the current count, 45 of these 

mutations lower the formal net negative charge by 1-2 units (these substitutions 

account for > 80% of a non-isoelectric ALS-linked mutations to SOD1) (30,116). 

More recently, the aggregation of the WT SOD1 protein (which is possibly 

triggered by post-translational modification) has been implicated in causing 

sporadic (non-familial) ALS. (117) Quantifying the magnitude of net charge of 

WT SOD1 across pH is important because SOD1 can be localized to multiple 

subcellular microenvironments (e.g., the mitochondria and inner membrane 

space, nucleus, lysosome, and cytosol (118-121)) with local pH that are both 

above and below the theoretical isoelectric point of Cu2Zn2-SOD1 (pI = 5.3) and 

metal-free (apo) SOD1 (pI = 5.9). 

A protein charge ladder of a set pf covalent derivatives of a protein that 

differ in net charge but have similar tertiary and quaternary structures. 

(122)Gitlin et al. have reviewed the subject extensively. (13) Protein charge 

ladders are commonly prepared by successive acetylation of surface Lys-ε-NH3
+ 

with acetic anhydride (Fig. 3.1). (90) A plot of the electrophoretic mobility (µ) 

of each “rung” against the number of acetylated lysine (N) will yield the net 

charge of the unmodified protein (Fig. 3.1), denoted ZCE, to distinguish it from 

the value predicted from its amino acid sequence and modifications (often 

denoted Zseq). (58) A protein charge ladder thus represents an internally 

consistent, self-calibrating electrophoretic array of variably charged (but 
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similarly shaped) proteins. A protein charge ladder can be used to determine the 

net charge pf a folded protein at multiple pH, which is in contrast to other 

methods, such as isoelectric focusing that only determined a single value of net 

charge (i.e., Z = 0), at a single value of pH (i.e., pH = pI). 

The SOD1 protein is a homodimer that coordinates up to four metal ions 

per dimer, where each subunit binds one Cu1+/2+ and one Zn2+ cation in close 

proximity. (123) The structural properties of dimeric SOD1, including its 

intramolecular disulfide bonds, intrinsically disordered metal binding loops, and 

intricate hydrogen-bonding network at the active site (involving coordinated 

water), (77,124,125), led us to suspect that ZCE and Zseq for SOD1 will be 

different in many metallation and pH. At pH 7.4, the net charge of apo-SOD1 is 

predicted to be Zseq = -13.0 (from analysis of its N-acetylated, disulfide-oxidized 

amino acid sequence with the Herderson-Hasselbalch equation). The Cu2Zn2-

SOD1 protein (holo-SOD1) is predicted to have a net charge of Zseq = -8.2 per 

dimer at pH 7.4, when accounting for the +2 oxidation state on each metal, 

intramolecular disulfide bonds, and the deprotonation of metal biniding residues, 

including the anionic imidazolate group of histidine 63 that forms upon the 

binding of Cu2+ and Zn2+. (123) 
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Figure. 3.1. Measuring the net charge of a protein with CE and protein charge ladders. 

The net charge of a protein cannot be accurately determined from its 

electrophoretic mobility alone, per se, but can be determined from the change in 

mobility of multiple rungs of a protein charge ladder. Left: overlay of capillary 

electropherograms of recombinant Cu2Zn2-SOD1 at pH7.4. Center: a protein 

charge ladder of Cu2Zn2-SOD1 prepared by acetylation (neutralization) of 

surface Lys-ε-NH3
+ to Lys-NHCOCH3. Right: a plot of mobility (μ) of each 

rung of the ladder versus the number of acetylated lysine (N) of each rung. The 

mobility of each rung (N) can be expressed in terms of the net charge of the 

zeroth rung or unmodified protein (ZSOD1-Ac0); the hydrodynamic drag of rungs 

of the ladder (feff); and the change in net charge that accompanies each lysine 

acetylation (ΔZAc); “e” is the approximate charge of an electron.  The x-intercept 

is equal to ZSOD1-Ac0/ΔZAc. In other words, the x-intercept represents the number 

of charged Lys-ε-NH3
+ groups that would need to be added to the unmodified, 

negatively charged protein in order to reduce its mobility to zero (and thus 

reduce its net charge to zero). The value of ΔZAc is typically ~ 0.9 instead of 1.0 

because of charge regulation. (13) 

Results and Discussion 

In the current study, we only examined the binding of metals to the 

disulfide intact form of SOD1 (denoted SOD1S-S or simply “SOD1”) and not to 

the disulfide reduced protein (specifically denoted SOD12SH). The structural 

properties of metal derivative of SOD1S-S are better characterized (currently) at 

the atomic level than SOD12SH and thus provide a better basis for a molecular 

interpretation of our results. (124) 
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Monitoring the Binding of Zn2+ to SOD1 with Capillary Electrophoresis  

 

The number of distinctive electrophoretic states that exist for SOD1 as a 

function of Zn2+ concentration was determined by titrating the apo-SOD1 

protein with increasing stoichiometric equivalents of Zn2+ (up to 4.0 Zn2+ per 

dimer), followed by the analysis of each solution (in triplicate) with capillary 

electrophoresis (CE) and inductively coupled plasma-mass spectrometry (ICP-

MS) (Fig. 3.2a). Although each solution was analyzed repeatedly with CE (i.e., 

each electropherogram in Fig. 3.2a is an overlay of three electropherograms), we 

repeated the Zn2+ titration and analysis with CE and ICP-MS in entirety (Fig. 

7.6). The recombinant SOD1 proteins used in this study were > 97% pure, 

lacking oxidative modifications—in both demetallated and remetallated forms—

as demonstrated by SDS-PAGE and mass spectrometry (Fig. 3.2 and Fig. 7.6). 

CE provided an unprecedented view of the range of complexes that form 

between SOD1 and Zn2+ (Fig. 3.2). We are interested in studying the zinc-

loaded SOD1 protein because SOD1 is often isolated with higher-than-expected 

levels of bound Zn2+ (e.g., Cu1Zn3-SOD1) and because SOD1 has been 

hypothesized to be involved in Zn2+ homostasis. (126) 

In general, the successive binding of Zn2+ ions—each of which was 

confirmed with ICP-MS—caused a semi-parabolic shift in the electrophoretic 

mobility of SOD1 (Fig. 3.2), which demonstrates (a priori) that the effect of Zn2+ 

binding on the net charge and/or hydrodynamic drag (feff) of SOD1 is not 

constant with respect to Zn2+ stoichiometry (the relative contributions from net  
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Figure. 3.2.  Binding of multiple Zn2+ ions to recombinant WT SOD1 (at pH7.4) monitored with CE. (a) 

Capillary electropherograms of recombinant WT human SOD1S-S with different stoichiometries 

of bound Zn2+; also shown are Cu2Zn2-SOD1S-S isolated from human red blood cells and 

recombinant monomeric WT apo-SOD12SH. Each set of electropherograms is an overlay of three 

electropherograms. Stoichiometry of bound Zn2+ listed per recombinant dimer on the left (as 

measured by ICP-MS after removing unbound metal ions with centrifugal filtration); SOD1 

concentrations (per dimer, determined spectroscopically) and integral of electropherogram signal 

(I) are listed on the right (variations in concentration are an artifact of centrifugal filtration). 

Dimethylformamide (DMF) was added as a neutral marker of electro-osmotic flow. (b) 

Magnified electropherogram from (a).  Lys-acetyl charge ladders of each recombinant metal 

derivative are superimposed and inverted to provide a “charge ruler”. (c) Color key illustrating 

assignment of peaks in electropherograms from (b). (d) UV–vis spectra showing that Co2+ (a 

spectroscopically active analog of Zn2+) remains bound to the active site of WT apo-SOD1S-S 

after transfer from remetallation buffer to electrophoresis buffer. (e) Mass spectrum and SDS-

PAGE gel of recombinant apo-SOD1 used for metal titrations (to confirm N 97% purity and 

reduced state of Trp32, which can complicate estimation of protein concentration at 280 nm). 
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charge and drag on Δµ are deconvoluted below, a posteriori, with protein charge 

ladders). For example, the binding of 1.0 eq of Zn2+ to apo-SOD1 decreased 

electrophoretic mobility, which suggested that the binding of 1.0 Zn2+ decreased 

net negative charge and/or increased hydrodynamic drag. The binding of the 

second equivalent of Zn2+ slightly increased the electrophoretic mobility. This 

increase in mobility is due to either an increase in the net negative charge of 

SOD1 (unlikely because a cation is binding) or a decrease in the hydrodynamic 

drag (which likely occurred from the structuring disordered metal binding loops). 

The binding of a third Zn2= increased mobility slightly; however the binding of 

the fourth Zn2+ did not alter mobility. 

 

Metal Ions Remained Bound to the SOD1 Active Site Throughout Buffer 

Transfer  

 

 To further confirm that Zn2+ ions were indeed successively binding to the 

active site of SOD1 and that Zn2+ remained bound to the active site after 

transfer from “remetallation buffer” (i.e., 100 mM acetate, pH5.5) to 

“electrophoresis buffer” (i.e., 10 mM phosphate, pH 7.4), we used UV-vis 

spectroscopy to monitor the binding of Co2+ to the active site of SOD1. (127) 

Cobalt(II) is a spectroscopically active analog of Zn2+ and the binding of Co2+ 

to either the zinc site or the copper site can be monitored by ab increase in the 

d-d electronic excitation of Co2+ at 500-600 nm. (128) The increase in molar 

absorptivity that we observe from the binding of up to 4 eq of Co2+ per dimer 

(Fig. 3.2d) is consistent with previous studies (128) and demonstrates that four 

metal ions bind (and remained bound) to the two active sites of the SOD1 dimer. 
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Assignment of Zn2+ Stoichiometry for Electrophoretic States of SOD1 

Specific stoichiometric ranges of bound Zn2+ (e.g., 0.0 Zn2+, 1.0-1.6 Zn2+) 

resulted in electropherograms with a single predominant peal, whereas other 

intervals (e.g., 0.3-0.8 Zn2+ and 1.7-2.8 Zn2+) resulted in multiple peaks (Fig. 

3.2a). The most predominant peak in electropherograms of 0.0, 1.0, 2.0, 3.1, 

and 4.0 Zn2+ was assumed to represent an SOD1 protein with a metal 

stoichiometry that was equal to the average stoichiometry of the solution as 

measured by ICP-MS (Fig 3.2b). These predominant peaks served as “anchor” 

peaks that emerge and attenuate throughout the metal titration. For example, a 

single predominant peal existed in the electropherograms of “0.0 Zn2+” and was 

assigned to be apo-SOD1 (Fig. 3.2b). Similarly, a single predominant peal was 

also observed in “1.0 Zn2+”, “3.1 Zn2+”, and “4.0 Zn2+”, and these peaks were 

assigned Zn1-SOD1, Zn3-SOD1, and Zn4-SOD1 (Fig. 3.2b). The distribution of 

minor peaks in any of these electropherograms can be interpreted from the 

probable states of metallation that initially form upon the addition of metal ions 

and/or the subsequent exchange of subunits (as depicted in Fig. 7.7). 

The width of most of the peaks from solutions that contained 

heterodimeric forms of SOD1 (e.g., Zn1-SOD1; Fig. 3.2b) was generally similar 

to the width of peaks from solutions containing homodimeric SOD1 (e.g., 

Cu2Zn2-SOD1 or apo-SOD1). This similarity suggested that subunit swapping 

(129) is not generally prevalent at the timescale of the electrophoresis 

experiment (4-10 min) and at the temperature of the liquid-cooled silica 

capillary (20 ˚C); that is, subunit swapping does not occur during CE. Subunit 
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swapping did likely occur, however, during the several hours (i.e., 48h) 

required to titrate metal ions, transfer proteins from remetallation buffer to 

electrophoresis buffer, perform analysis with ICP-MS and store solutions at 4 

˚C prior to analysis with CE (i.e., the metal derivatives of Sod1 were at 

thermodynamic equilibrium at the time of electrophoresis). The rate, 

mechanism, and free energy of exchange of subunits between SOD1 dimers 

have not been studied extensively; however, previous studies of bovine SOD1 

do suggest that exchange between holo-subunits and apo-subunits reach 

equilibrium in <24 h. (129) 

 We show below that protein charge ladders of the two predominant 

electrophoretic states “a” and “b” (Fig. 3.2b) can be determined (and are 

approximately equal); the net charge of the two other minor species in 2.0 Zn2+-

SOD1 cannot be determined because they are too weak to detect after 

acetylation. 

 Three peaks were observed in the electropherograms of 0.3 Zn-SOD1 

and 0.5 Zn-SOD1 (Fig. 3.2b). The presence of three peaks was surprising 

because only the apo-SOD1 protein (i.e., the fair right peak at µ = 6.35) are 

expected to exist after binding 0.3 or 0.5 Zn2+. We do not suspect that the 

“middle” peak (at µ = 7.08) represented a Zn2-SOD1 dimer because the 

intensity of this peak is too large to be compatible with the low metal 

stoichiometry of the sample (determined by ICP-MS). The resolution of this 

“middle” peak is, however, depend upon SOD1 concentration (Fig. 7.8). For 

example, the intermediate peak is not observed at [SOD1] = 10 µM or 20 µM 
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but begins to be resolved at [SOD1] > 20µM (Fig. 7.8). There is no such 

concentration-dependent change in the resolution (or number) of peaks 

observed in the electrophoregram of homodimeric forms of SOD1 (i.e., apo-

SOD1; Fig. 7.8). This intermediate is not a sedimentable aggregate; the peaks in 

the electropherograms of metallated SOD1 complexes were not eliminated by 

centrifugation of the sample (prior to electrophoresis; Fig. 7.9). 

We hypothesized that the intermediate species in the electropherograms 

of 0.3 and 0.5 Zn-SOD1 (µ = 7.08; Fig. 3.2a) might represent a tetrameric form 

of SOD1, wherein one apo-SOD1 dimer is associating with one Zn1-SOD1 

dimer. We calculated the theoretical electrophoretic mobility of such as 

tetramer (based upon the measured net charge and mobility of apo-SOD1 and 

Zn1-SOD1) in order to compare the predicted mobility of the proposed tetramer 

with the measured mobility of the actual intermediate. The validity of this 

calculation depends upon the following two assumptions: (i) that the net charge 

of the alleged tetramer is the sum of the net charge of the apo-SOD1 and Zn1-

SOD1 dimers and (ii) that the hydrodynamic drag (feff) of the alleged tetramer is 

a sum of the drag of the two dimers. From this calculation (which is described 

in detail in supporting information), the mobility of the tetramer is predicted to 

be µ = 7.18, which differs by only 1.4% from the measured mobility of the 

intermediate. 

It can be tentatively concluded, based upon the similarity between 

calculated and measured mobilities, that this intermediate represents a 

tetrameric form of SOD1 wherein one apo-SOD1 dimer is bound with one Zn1-
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SOD1 dimer (i.e., tetrameric SOD1 with 1.0 Zn2+ dimer). We cannot rule out 

the possibility that the intermediate represents a “mismetallated” Zn1-SOD1 

species with Zn2+ bound at the copper site (as observed in vitro and, presumably, 

in vivo (130))—mismetallation might alter conformation or charge—however 

we consider this “mismetallation” hypothesis less probable than the “tetramer” 

hypothesis based upon the similarities in the electrophoretic mobilities of 

deliberately mismetallated Cu-SOD1 (described below). The observation that 

the concentration of the intermediate increases at higher concentrations of 

SOD1 (Fig. 7.8) also supports the “tetramer” hypothesis. 

 

Figure. 3.3. Copper “mismetallation” in recombinant WT SOD1 (i.e., binding of Cu2+ to the zinc 

site instead of the copper site) did not affect its electrophoretic mobility. (a) 

Electropherograms of SOD1 after binding Cu2+ at either (i) pH3.8 (black 

electropherograms) or (ii) pH5.5 (red electropherograms). Each set of 

electropherograms is actually an overlay of multiple electropherograms to demonstrate 

reproducibility. (b) Monitoring the binding of Cu2+ to the copper or zinc binding site in 

SOD1S-S with UV–vis spectroscopy; the site of occupancy is denoted with superscript. 

All spectra and CE were collected after proteins were transferred from pH3.8 or 5.5 to 

10 mM potassium phosphate buffer, pH7.4. 
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Electropherograms of Cu2+-SOD1 Proteins 

To determine whether CE can distinguish “mismetallated” SOD1 (i.e., 

iso-stoichiometric metal derivatives that differ only in the site of metal binding) 

and also if “mismetallation” affects the net charge of SOD1, we generated Cu-

SOD1 complexes at pH 3.8 and pH 5.5 and analyzed each with CE at pH 7.4 

(Fig. 3.3a). Copper (II) has been previously shown to bind more selectively to 

the copper site than the zinc site at pH 3.8, compared to pH 5.5 (the selectivity 

of Zn2+ for each of the two sites cannot be similarly manipulated by pH). 

(131,132) To ensure that Cu2+ was bound to the intended binding site of SOD1 

in our experiments, we used UV-vis spectroscopy to monitor the appearance of 

the Cu d-d orbital electronic excitation (at 600-810 nm) as previously described. 

(127) The spectral shits in the d-d excitation band of Cu2+ from pH 3.8 to pH 

5.5 demonstrated that mismetallation occurred at pH 5.5 and that Cu2+ remained 

bound to the active site throughout buffer transfer (Fig. 3.3b). 

 Similar to the electropherograms of 0.5 Zn-SOD1, the 

electropherograms of ~0.5 Cu-SOD1 at both pH 3.8 and pH 5.5 exhibited three 

peaks. The far right and left peaks were assigned as apo-SOD1 and Cu1-SOD1, 

in similar fashion to the peaks in 0.5 Zn-SOD1 (Fig. 3.3a). The similarity in the 

superimposable electropherograms of properly metallated and mismetallated 

Cun-SOD1 suggests that the electrophoretic mobility of SOD1 is not affected by 

the site of metal binding and that the identified intermediate peal in ~0.5 Cu-

SOD1 is not caused by mismetallation. The intermediate species present in the 

electropherogram of 0.4 or 0.5 Cu-SOD1 might represent a tetramer comprised 
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of apo-SOD1 and Cu1-SOD1 dimers. This hypothesis is based on similar set of 

calculations are those performed on the intermediate present in the solution of 

0.5 Zn-SOD1. These calculations demonstrated that the mobility of the alleged 

tetramer of apo-SOD1 and Cu1-SOD1 dimers is µ = 7.08, which differs by only 

0.9% from the measured mobility (µ = 7.02; Fig. 3.3). 

 The binding of 1.0 and 2.0 eq of Cu2+ at both pH 3.8 and pH 55 resulted 

in nearly superimposable electropherograms (Fig. 3.3a). The electropherograms 

of 1.0 Cu-SOD1 exhibited a single peak, similar to 1.0 Zn-SOD1; however, the 

electropherogram of 2.0 Cu-SOD1 also contained only a single peak (unlike the 

non-Gaussian distribution of 4 peaks in 2.0 Zn-SOD1). The presence of a single 

peal in the 2.0 Cy-SOD1 species suggested that the predominant metallation 

state consisted of a homodimeric dorm of Cu2-SOD1 (i.e., one copper per 

subunit) and not a heterodimeric form (i.e., one subunit with two Cu2+ bound to 

an apo-SOD1 subunit) that would have resulted in a mixture of three species 

upon subunit swapping. Moreover, unlike titrations with Zn2+, only two Cu2+ 

ions could be incorporated into SOD1 at pH 3.8 or 5.5 (according to ICP-MS 

and UV-vis) even after adding 10 eq of Cu2+ per dimer, as has been previously 

reported.(131) The inability to prepare 3.0 Cu-SDO1, or 40 Cu-SOD1, and the 

unimodal electropherogram of 2.0 Cu-SOD1 (which demonstrates the presence 

of homodimeric Cu2
—SOD1) compared to the multimodal electropherogram of 

2.0 Zn-SOD1—which exhibited 4 peaks (likely caused by a mixture of 

heterodimeric and homodimeric forms of Zn2-SOD1)—also suggests that the 

SOD1 protein is intrinsically unable (at pH 7.4) to tighly coordinate two Cu2+ 
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ions within the same subunit, The similar electropherograms of properly 

metallated and mismetallated Cun-SOD1 also suggest that mismetallated forms 

of Zn2-SOD1 (i.e., heterodimeric Zn2-apo versus homodimeric Zn1-Zn1) will 

have similar mobilities and be indistinguishable during CE. 

Net Charge of WT SOD1 Along Cu2+ and Zn2+ Binding Pathways 

In order to quantify the effect of metal binding on the net charge of 

SOD1, we generated protein charge ladders from the Cu2+ and Zn2+ derivatives 

shown in Figs. 3.2 and 3.3. These charge ladders and the plots of mobility 

versus number of acetylated lysines are shown in Fig. 3.4. Each charge ladder 

likely consisted of a mixture of regioisomers of Lys-NHCOCH3; however, a 

previous tandem mass spectrometry analysis of WT holo-SOD1 charge ladders 

demonstrated that Lys91 is partially protected from acetylation by acetic 

anhydride. (56) The linear plots of electrophoretic mobility versus  the number 

of acetylated lysine are not parallel for many of the Zn2+ derivatives, as would 

be expected to occur among proteins that have similar values of net charge but 

different values of hydrodynamic drag [as illustrated mathematically and 

graphically in Fig. 3.1; Eq. (7.5) in Chapter 7]. The binding of >1 Zn2+, for 

example, led to a gradual increase in the slope (slope = ΔZAc/feff) and y-

intercept [y-intercept = µAc(0), i.e., ΔZAc/feff] that resulted in similar x-intercepts 

or values of met charge [i.e., ZAc(0)/ΔZAc] (Fig. 3.4d). We attribute the increase 

in slope of SOD1 upon Zn2+ binding to decreased hydrodynamic drag, caused 

by the progressive ordering and tightening of the large disordered loop regions 

that accompanies metal binding. (77,124,125) 
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Figure. 3.4. Lys-acetyl protein charge ladders of Cu2+ and Zn2+-SOD1 complexes 

(recombinant protein). (a) Ladders were prepared from Znn-SOD1 samples shown 

in Fig.  2a (including the disulfide reduced apo-SOD1 protein). (b and c) Lys-

acetyl protein charge ladders of Cun-SOD1 derivatives [Cu2+ was added at 

pH3.8 (b) or pH5.5 (c)]. (d–f) Mobility plots of each charge ladder. Error bars 

in (d), (e), and (f) represent standard deviation from five separate 

electrophoretic measurements of each ladder (R2 > 0.99 for linear fit of each 

plot). CE for all charge ladders was carried out in 10 mM potassium phosphate, 

pH7.4, 20 °C.  
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A comparison of ZCE and Zseq at pH 7.4 can be found in Table 3.1. The 

effect of metal binding on SOD1’s net charge is shown schematically in Fig. 3.5. 

At pH 7.4, the measured net charge of SOD1 in certain metallation states was 

approximately equal to the predicted charge (e.g., apo-SOD12SH, apo-SOD1, 

Zn3-SPD1, and Zn4-SOD1; Table 3.1). The net charge of other metallation 

states at pH 7.4 differed from predicted value by up to 30% (e.g., Cu1-Sod1, 

Zn1-SOD1, Cu2-SOD1, Zn2-SOD1, and Cu2Zn2-SOD1). 

In summary, the binding of a single metal ion to SOD1 (either Cu2+ or 

Zn2+) led to a reduction in the protein’s net charge that was larger than expected 

(Fig. 3.5), whereas the SOD1 protein exhibited a significant degree of charge 

regulation at higher stoichiometries. For example, the net charge of apo-SDO1 

was measured at pH 7.4 to be ZCE = -12.13 ± 0.08 per dimer. The binding of 

h=the first Zn2+ ion to WT apo-SOD1 reduced its net negative charge by +4.01 

± 0.24 (to ZCE = -8.12 ± 0.23 per dimer), that is, a reduction of two more units 

than predicted, Of the seven different stoichiometric intervals of Zn2+ and/or 

Cu2+ that were prepared in this study, the net charge of SOD1 species with 2.0 

eq of bound Zn2+ is the most difficult) but not impossible to measure with 

protein charge ladders because the electropherogram contains two predominant 

peaks (labeled “a” and “b”, assigned a = Zn2 and b= Zn3 or Zn4) that, upon 

acetylation, resulted in the formation of two partially overlapping protein 

charge ladders (Fig. 4). The two ladders could nevertheless bedeconvoluted (by 

knowledge of the mobilities of the zeroth rungs and the approximate values of 

Δµ associated with each acetylation). The values of net charge were determined 
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to be ZCE = -8.62 ± 0.30 for Zn2
a-SOD1 and ZCE = -8.45 ± 0.27 for Zn3/4

b-SOD1 

(per dimer). The protein charge ladder prepared from the solution of 3.1 Zn-

SOD1 demonstrated that the binding of a third Zn2+ to SOD1 did not 

significantly reduce the net negative charge of SOD1 (ZCE = -8.55 Zn2
a-SOD1 

0.11 for Zn3-SOD1). The binding of the fourth equivalent of Zn2+ also did not 

significantly reduce the net charge of SOD1 (ZCE = -8.54 Zn2
a-SOD1 0.12 for 

Zn4-SOD1). It must be remembered that we cannot determine the content of 

heterodimeric versus homodimeric Zn2-SOD1 in the sample with 2.0 eq of 

bound Zn2+. It is reasonable to conclude, however that this type of Zn2+ 

mismetallation will affect net charge simply because of the fact that (i) the Zn1-

SDO1, Zn2-SOD1, Zn3-SOD1, and Zn4-SOD1 proteins have identical net 

charge (within error) and (ii) because the mismetallation of SOD1 by Cu2+, 

which can be controlled with pH, did not affect net charge (described below). 

 The electrostatic effects of binding 2 eq of Cu2+ to apo-SOD1 were 

generally similar to that of Zn2+. The binding of the first Cu2+ (titrated at pH 3.8) 

reduced the net negative charge from ZCE = -12.13 ± 0.08 to ZCE = -8.12 ± 0.12. 

The binding of the second Cu2+ (also titrated at pH 3.8) decreased the net 

charge slightly to ZCE = -7.57 ± 0.08. The net charge of reconstituted Cu2Zn2-

SOD1 protein (wherein Cu2+ is added at pH 3.8 and Zn2+ is added at pH 5.5) 

was ZnCE = -7.37 ± 0.05 per dimer. This value is 1.17 ± 0.13 units lower than 

Zn4-SOD1 and is only 0.83 units lower than the predicted net charge of Cu2Zn2-

SOD1 (i.e., Zseq = -8.2). 
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Figure. 3.5. Effect of binding of Cu2+ and Zn2+ on net electrostatic charge of 

recombinant WT SOD1 at pH7.4. Zinc binding on the left; copper binding on the 

right. Values for Cu1-SOD1 and Cu2-SOD1 derivatives are from titrations at 

pH3.8 (the binding of 3 and 4 eq of Cu2+ per dimer could not be observed). The 

net charge of the disulfide reduced apo-SOD1 monomer (apo-SOD12SH) is 

depicted per dimer in order to be easily compared with net charge values of 

dimeric SOD1; normal sites of metal occupancy are shown for simplicity. Error 

bars represent standard deviation of values of net charge determined from five 

different measurements. 

Reduction of the Disulfide Bond Increases Net Negative Charge of apo-SOD1 

(per Subunit) 

We also determined how reduction of the intramolecular disulfide in 

dimeric SOD1 affected its net negative charge. Reducing the intramolecular 

disulfide bonds in apo-SOD1 (in vitro) has been shown to cause (i) 

conformational changes in multiple loop regions and (ii) monomerization at low 

protein concentrations (i.e., miccromolar).(123,133) 

CE of the apo-SOD12SH charge ladder at pH 7.4 (conducted with a 

running buffer containing 50 mM DTT) yielded a net charge of ZCE = -6.92 ± 

0.14 that is consistent with its predicted value of Zseq = -6.6 (Fig. 3.4). The ZCE 

of apo-SOD12SH is also approximately half of the measured net charge of 
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dimeric apo-SOD1S-S, which demonstrated that the protein was completely 

reduced and monomerized (Table 3.1). The higher net negative charge of appo-

SDO12SH compared to apo-SOD1S-S (by 0.86 per subunit) might be explained—

at least in part—by the partial deprotonation of the thiol groups of Cys146 and 

Cys57. 

 

 

Table. 3.1. Meausred and predicted net charge of recombinant WT SOD1 at pH 

7.4 in different states of metallation. 

 Metal content  (Zn2+/Cu2+)a   

Derivatives Unmodified ladder ZCE
b Zseq

c 
Cu0Zn0

2SH 0.03±0.01/0.00±0.0

0 

0.02±0.00/0.00±0.0

0 

-

6.92±0.14* 

-6.6 

Cu0Zn0
S-S 0.03±0.01/0.00±0.0

0 

0.02±0.00/0.00±0.0

0 

-

12.13±0.0

8 

-

13.0 
Zn1 0.99±0.01/0.00±0.0

1 

0.95±0.01/0.00±0.0

0 

-8.12±0.23 -

11.3 
Zn2(a)d 2.04±0.03/0.00±0.0

1 

1.98±0.04/0.01±0.0

0 

-8.62±0.30 -9.6 

Zn2(b)d 2.04±0.03/0.00±0.0

1 

1.98±0.04/0.01±0.0

0 

-8.45±0.27 -9.6 

Zn3 3.02±0.04/0.00±0.0

2 

2.98±0.07/0.02±0.0

0 

-8.55±0.11 -8.9 

Zn4 4.03±0.11/0.00±0.0

1 

4.08±0.09/0.04±0.0

1 

-8.54±0.12 -8.2 

Cu1(pH3.8)

e 

0.05±0.02/1.01±0.0

4 

0.06±0.02/1.04±0.0

3 

-8.12±0.12 -

11.4 
Cu2(pH3.8) 0.10±0.02/2.09±0.0

7 

0.10±0.02/2.09±0.0

7 

-7.57±0.08 -9.8 

Cu1 0.04±0.01/1.03±0.0

5 

0.04±0.01/1.03±0.0

5 

-8.74±0.08 -

11.4 
Cu2 0.01±0.01/1.92±0.1

0 

0.02±0.00/2.03±0.0

9 

-8.12±0.09 -9.8 

Cu2Zn2 1.86±0.06/2.03±0.0

8 

1.91±0.11/2.01±0.0

9 

-7.37±0.05 -8.2 
a Stoichiometry of bound metal are listed for the unmodified recombinant 

protein and also for protein charge ladders of each derivative (determined by 

ICP-MS); errors are calculated from two replicate measurements. 
b All measured values of net charge (ZCE) were determined at pH 7.4 and listed 

per dimer, except for apo-SOD12SH (denoted with *), which is a monomer. 
c Zseq refers to net charge predicted from amino acid sequence at pH 7.4 (using 

the Henderson-Hasselbalch equation; see the text for additional details) and 

taking into account. Where appropriate, non-titratable metal binding residues or 

resiudes with known anomalous pKa (e.g. His63 in the Cu2Zn2 state). 
d The labels “a” amd “b” correspond to labels of electrophoretically unique 

states in the sample of 2.0 Zn-SOD1 in Fig. 3.4; these two ladders arise from 

the two predominant peaks at μ = 6.82 (assigned Zn2-SOD1) and μ = 7.22 

(assigned Zn3-SOD1 and/or Zn4-SOD1, which are isoelectric) in the 

electrpherogram of 2.0 Zn2+ (Fig. 3.2b). 
e Copper was titrated at pH 3.; however, CE was performed at pH 7.4. 
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Charge Fluctuation is not Caused by Association with Buffer Ions: 

To determine if metal-induced charge reduction and regulation of SOD1 

was caused by the association or dissociation of buffer or salt ions (e.g., 

phosphate or potassium), we measured the net negative charge of the Zn2+ 

derivatives in 10 mM Tris-HCl buffer (i.e., a cationic buffer) at pH 7.4. The 

binding of Zn2+ to apo-SOD1 caused similar changes in its net charge in Tris-

HCl buffer, compared to phosphate buffer, that is, ΔZCE = +3.68 for binding of 

the fourth bound Zn2+ (Fig. 7.10). The absolute values of ZCE for apo-SDO1 and 

each derivative in Tris buffer were, however, consistently less negative than in 

phosphate vu 0.90-1.34 units (0.45-0.67 units per monomer). This lower net 

charge could be due to the association of the positively charged Tris molecule 

(pKa = 8.1). Nevertheless, the binding (or dissociation) of phosphate or Tris 

ions during the metallation of SOD1 cannot account for the changes in the net 

charge of SOD1 that occurred upon metal binding because the relative 

magnitude of these electrostatic changes were similar in the cationic (Tris) and 

anionic (phosphate) buffer systems. 

Acetylation did not Alter SOD1 Structure or Metal Binding 

In order to ensure that acetylation did not cause unfolding or 

monomerization of SOD1—which would effect the hydrodynamic of SOD1 and 

thus diminish the validity of using “charge ladders” to determine net charge—

we measured the rate of amide H/D exchange of all rungs of each ladder (of 

each derivative) with mass spectrometry (Fig. 7.11). The rates of H/D exchange 

decreased upon metallation (as expected and as previously measured with mass 
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spectrometry) (129) or NMR. (134) The rates of H/D exchange of rungs within 

each ladder were similar (after 60 min of exchange), which suggested that 

acetylation did not disrupt SOD1’s tertiary or quaternary structure. The similar 

structures of variably acetylated SOD1, as measured by H/D exchange, 

validates our basic assumption in employing charged ladders, that is, that the 

charge ladder represents as array of isomers that differ in surface charge but not 

in shape or structure.  

 The acetylation of lysine did significantly decrease the rate of H/D 

exchange of some derivatives at 5 min (but not at 60 min), as has been 

previously reported to occur in other acetylated proteins. This effect is thought 

to be electrostatic in nature—not structural—and can be attributed to either a 

lower local concentration of the hydroxide catalyst or an increase in activation 

energy (Ea) of the anionic amide intermediate that forms during base-catalyzed 

amide H/D exchange. (90) As observed in this study, and previous studies, this 

kinetic electrostatic effect decays with time and is more prevalent in the fastest 

exchanging hydrogen (that exchange at < 5 min) than the slower exchanging 

hydrogen (at 60 min). (90) Equally important, however, the avetylation of each 

metal derivative—a reaction that we carried out after the addition of metal 

ions—did not result in a significant loss of bound metal ions, according to ICP-

MS; this point is demonstrated, secondarily, by the slower rates of H/D 

exchange observed among the metallated charge ladder (Table 3.1). 

 We note that the charge ladder of apo-SOD12SH retained ~26-33 

hydrogen at 5min (demonstrating that the protein was folded), but only ~2-5 
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unexchanged hydrogen at 60 min. Previous H/D exchange studies of apo-

SOD12SH at 20 ˚C, pD 7.4 measured ~20 unexchanged hydrogen after 60 

min;(135) however these previous studies used deuterated quenching and 

ionization solutions (which result in D-D back-exchange), whereas the current 

study utilized protonated quenching and ionization solutions and an ice-

submerged desalting column (which results in significant D-H back-exchange 

and possibly lower measured masses). Nevertheless, the ZCE and Zseq of apo-

SOD12SH only differ by 0.32 units, and lysine acetylation did not significantly 

alter its rate of H/D exchange. 

Metal Binding Inhibits Reductions in Net Negative Charge of SOD1 (and 

Charge Inversion) at Low pH  

The net charge of apo2SH, apoS-S, and Cu2Zn2-SOD1 was measured across 

pH 5-8, which is a range relevant to different sites of subcellular localization of 

SOD1. Protein charge ladders of apo2SH, apoS-S, and Cu2Zn2-SOD1 were 

separable with CE at most values of pH that we studied (Fig. 3.6), from which 

values of net charge could be determined (Fig. 3.7). Protein charge ladders of 

apo-SOD12SH and apo-SOD1S-S could not be analyzed with CE at pH < 6 (likely 

because of protein aggregation onto the silica capillary). We also note that the 

rungs of the disulfide reduced apo-SOD12SH ladder split into partially resolved 

doublets at pH 6.50 (denoted “a” and “b”; Fig. 3.6a). This splitting might be 

caused by (i) a pH-specific conformational change (that increased 

hydrodynamic drag and decreased mobility) or (ii) the coupling of the 

protonation of an ionizable residue (possibly a histidine) to a pH-specific 
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conformational change (the pKa of histidine is sensitive to its solvent 

accessibility (135)). This splitting did not occur in apo-SOD1S-S or Cu2Zn2-

SOD1S-S presumably because these structures exhibit greater conformational 

rigidity due to their dimeric state and disulfide and coordinate-covalent bonding 

(Fig. 3.6b and c). We used the ladder of peak “a” to determine the net charge of 

apo-SOD12SH at pH 6.50. 

 The set of linear plots of mobility versus Ac(N) at different pH were 

largely parallel for each derivative at pH > 6. The plots of mobility versus Ac 

(N) for the Cu2Zn2-SOD1 protein—the only derivative we could analyze with 

CE at pH < 6—did begin to undergo a steady decrease in slope at pH < 6 (Fig. 

3.6f). This decrease suggests that the hydrodynamic drag of the protein is 

steadily increasing at low pH, which we attribute to acid-induced increases in 

the amplitude or frequency of its structural fluctuations.  

 The net negative charge of apo-SOD12SH dropped with pH by the 

magnitude expected from its amino acid sequence (Fig. 3.7) and only differed 

from the predicted charge (at most values of pH) by <2%. For example, the net 

negative charge of apo-SOD12SH decreased by ~5 units per monomer from pH 

8.07 to pH 6.1 (i.e., from ZCE = -8.35 to ZCE = -3.82 per monomer; Fig. 3.7), 

which can be explained by the protonation of four Cys (that are ~50% 

protonated at pH 8) and eight His (which are expected to be protonated at pH 8). 

For these experiments, CE was performed with a running buffer that contained 

wither 50 mM DTT (for experiments at pH > 7) or 50 mM tris(2-

carboxyethyl)phosphine (TCEP) (for experiments at pH < 7). 
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The net negative charge of apo-SDO1S-S and Cu2Zn2-SOD1S-S did not drop 

with pH by the expected magnitude, which confirmed our initial hypothesis that several 

residues—albeit unidentified residues—in apo-SOD1S-S and Cu2Zn2-SOD1S-S contained 

aberrant pKa (possibly because of burial from solvent or dipole-dipole or ionic 

interactions). The net negative charge of apo-SOD1S-S decreased by 5.6 units from ZCE = 

-13.70 per dimer at pH 8.06 to ZCE = -8.12 per dimer at pH 6.1 (Fig. 3.7). At pH 61, the 

apo-SOD1S-S protein is more negatively charged than expected by approximately 6 units. 

The net negative charge of Cu2Zn2-SOD1S-S decreased by only 2 units per dimer, 

from ZCE = -7.23 at pH 8.07 to ZCE = -5.24 at pH 6.1 (Fig. 3.7: for these experiments, we 

used Cu2Zn2-SOD1S-S that was isolated from human red blood cells). The ability of 

Cu2Zn2-SOD1S-S to resist large reductions in net negative charge as pH is decreased 

cannot be completely explained by the inability of histidine (i.e., H46, H48, H63, H80, 

H110, and H120) from undergoing protonation because of their participation in metal 

coordination. These histidine residues were treated as non-titratable when calculationg 

Zseq for Cu2Zn2-SOD1 (treating metal-bound histidine as non-titrarable is consistent with 

previous reports that metal ions remain bound across pH 5-8, i.e., SOD1 is active across 

pH 5-9). (127) 
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Figure. 3.6. Protein charge ladders of recombinant apo-SOD1 and Cu2Zn2-SOD1 at 

pH5–8. Capillary electropherogram of Lys-acetyl protein charge ladders of (a) 

WT apo-hSOD12SH at different pH, (b) WT apo-hSOD1S-S, and (c) WT Cu2Zn2-

SOD1S-S at different pH. (d–f) Plot of electrophoretic mobility of each rung of 

(d) apo2SH, (e) apoS-S, and (f) Cu2Zn2-SOD1 protein charge ladders versus 

acetylation number at different pH. Error bars represent standard deviation from 

five separate analyses of protein charge ladders with CE (R2 > 0.99 for linear fit 

of each plot). 
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Figure. 3.7. The net negative charge of Cu2Zn2
S-S, apoS-S, and apo2SH as a function of 

solvent pH. The values shown here were determined from the charge ladder 

experiments depicted in Fig. 3.6. Error bars represent standard deviation from 

five separate measurements. The colored continuous lines represent the 

theoretical net charge of apo-SOD12SH (per monomer), apo-SOD1S-S (per 

dimer), and Cu2Zn2-SOD1 S-S (per dimer) calculated according to the 

Henderson–Hasselbalch equation (taking into account post-translational 

modifications and non-titratable nature of metal binding residues, as described 

in Chapter 7). 

We were able to determine the net charge of Cu2Zn2-SPD1 at pH values 

as low as 5.0; however, CE could not be performed below pH 5 because 

electro-osmosis slowed and diminished resolution of charge ladders (as 

expected). The regulation of net charge of Cu2Zn2-SOD1S-S is remarkable when 

considering that the Cu2Zn2-SOD1 protein only undergoes a change in net 
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charge of ~3 units across pH 5-8, whereas the Cu2Zn2-Sod1 protein is predicted 

to undergo a change in net charge of ~ 14 units. The regulation of net charge of 

Cu2Zn2-SOD1 across pH is so pronounced that the Cu2Zn2-SOD1 protein 

resisted charge inversion below its theoretical isoelectric point (pI = 5.3). For 

example, Cu2Zn2-SOD1 maintained a negative charge of ZCE
 = -3.7 at pH 5.0, 

although Cu2Zn2-SOD1 is predicted to have a net positive charge of Zse1 = +4.4 

at pH 5.0. This value of Zseq at pH 5.0 assumes that the metal-bound histidine 

residues are electrostatically neutral and, thus, non-titratable across pH 5-8 

(with the exception of doubly deprotonated, anionic imidazolate of His63 that 

exists in Cu2Zn2-SOD1 and possibly in Zn4-SOD1 (124)). If these assumptions 

are wrong, then Zseq at pH 5.0 is more positive than we calculated, and the 

difference between Zseq and ZCE is even greater in magnitude at pH 5.0.  

 

Measured Effects of Metal Binding on Net Charge are not Experimental 

Artifacts  

 

 It is tempting to hypothesize that the fluctuation and regulation of charge 

that we observe upon metal binding is an experimental artifact. For example, it 

is tempting to suspect that the net charge and electrophoretic mobility of Zn3-

SOD1 did not change upon the binding of the fourth equivalent of Zn2+ because 

(i) a fourth Zn2+ ion did not actually a Zn4-SOD1 species and cannot bind 

additional Zn2+ or that our apo-SOD1 proteins are half as concentrates as we 

determined and thus 2.0 Zn2+ were added instead of 1.0 Zn2+--all possible errors 

that could be introduced by improper protein quantitation. Regarding the first 

possibility, we reiterate that the content of bound metal ions are determined 
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with ICP-MS after removal of any unbound metal ions by exhaustive buffer 

transfer (as described in Materials and Methods) and the results demonstrate 

that 1, 2, 3, and 4 Zn2+ do successively bind (as do the spectra of Co2+-titrated 

SOD1; Fig. 3.2). The ICP-MS experiments were also carefully performed in 

metal-free buffer, without metal contamination, as illustrated by our ability to 

generate demetallated SOD1 with <0.03 Zn2+ or Cu2+ per dimer (Table 3.1). 

Regarding the second possibility, an analysis of recombinant SOD1 proteins 

with mass spectrometry confirmed the absence of oxidized tryptophan or 

cysteine after demetallation and remetallation (Fig. 7.6), which demonstrates 

that the extinction coefficients (at 280 nm) that we used for quantifying apo-

SOD1 and metal derivatives are applicable to the post-translational state of our 

proteins. We also note that the SOD1 concentrations determined by the BCA 

assay and UV-vis differed by <3%. 

Possible Mechanisms of Charge Regulation in SOD1 

The metal-induced perturbation of the pKa of residues in SOD1 is the 

most reasonable explanation for the sequential reduction and regulation of net 

charge along the Zn2+ and Cu2+ binding pathway. Metal ions might alter pKa
 of 

residues through direct induction or possibly through metal-induced 

conformational changes that alter a residue’s solvent accessibility or 

electrostatic environment. Such effects can be large; the burial of lysine 

residues in staphylococcal nuclease can lower the pKa of Lys-ε-NH3
+ by 5 units. 

(110) 
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 We hypothesize that approximately to protons (net) are absorbed by 

SOD1 upon the binding of the first Zn2+ and that the SOD1 upon the binding of 

the first Zn2+ and the SOD1 protein dissociates two protons (net) for each metal 

that is bound after the first. In this type of model, the SOD1 dimer most 

dissociate approximately six protons from metallation states Zn1 to Zn4 and five 

protons from Zn1 or Cu1 to Cu2Zn2 (Fig. 3.5). Two of these five or six protons 

can be accounted for by the well-known deprotonation of two His63 in 

Cu2
2+Zn2

2+-SOD1 and possibly in Zn4-SOD1 (the protonation state of His63-τ-

N in Zn4-SOD1 is not well understood (124)). It is unlikely that positively 

charge histidine residues exist in the active site of apo-SOD1 (at pH 7.4) and 

are the source of protons (i.e., become deprotonated upon coordinating > 1 Cu2+ 

or Zn2+). The calculated value of net charge of apo-SOD1 (which assumes all 

histidine residues are electrostatically neutral) is similar to its measured net 

charge (Table 3.1). Identifying the amino acid residues (or coordinated solvent) 

that might underlie the metal-mediated regulation and fluctuation of net charge 

in SOD1 is not trivial and will likely require high resolution tools such as 

neutron diffraction crystallography. 

 

Do Differences in Solvation Explain Why Zn4-SOD1 is More Negatively 

Charged than Cu2Zn2-SOD1 

 

The lower net negative charge of Cu2Zn2-SOD1 compared to Zn4-SOD1 

(by 1.17 ± 0.13 units) cannot be explained by the possible protonation of the 

anionic imidazolate of His63 in Zn4-SOD1; such a scenario would result in Zn4-

SOD1; such a scenario would result in Zn4-SOD1 being less negatively charged 
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than Cu2Zn2-SOD1 (which is the opposite of what we observed). The difference 

in net charge might be caused by different pKa values of similar residues in the 

two derivatives; however, the back-bones of both derivatives are nearly 

superimposable according to X-ray crystallography. (124) The solvent network 

at the active sites of Zn4-SOD1 and Cu2Zn2-SOD1 is, however, different 

according to X-ray crystallography (presumably because of the different 

coordination geometries that Cu2+ and Zn2+ adopt when binding at a particular 

site). The active site of Cu2Zn2-SOD1 contains a well-known network of 

approximately seven water molecules, including a Cu-bound water, whereas 

this network is abolished in Zn4-SOD1 (in fact, the entire crystal structure of 

Zn4-SOD1 is less hydrated than Cu2Zn2-SOD1, by 90 crystallographic waters). 

(124) We hypothesize that this increased solvation of Cu2Zn2-SOD1 

contributes—at least to some degree—to its lower net negative charge. 

Possible Roles of Charge Regulation in the Normal Function of WT SOD1 

The charge regulation that we observed in SOD1 across solvent pH 

might play a functional role in maintaining the diffusion-limited rate of 

superoxide dismutation across pH 5-9. (127) The surface charge of SOD1 is 

already known to be crucial in catalysis; for example, the elimination of Arg143 

near the active site of SOD1 diminishes the enzymatic activity of SOD1, 

presumably by minimizing the electrostatic attraction of superoxide. (136) 

Protein charge ladders of Cu2Zn2-SOD1 show that, as solvent pH is raised from 

5 to 8, the Cu2Zn2-SOD1 dimer only dissociates 3H+; however, the protein is 

expected to dissociate 14H+ (Fig. 3.7). The ability of Cu2Zn2-SOD1 to resist 
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large increases in net negative charge at high pH might contribute—at least in 

part—to the enzyme’s ability to maintain a diffusion-limited rate of catalysis at 

alkaline pH. (127)   

 The sequential reduction and regulation of the net charge of SOD1 

during metal leading also has implications in understanding the “maturation” of 

SOD1, (137) specifically, its meatl-induced dimerization and the so-called “one 

zinc” effect. (129) The minimization of electrostatic repulsion between SOD1 

subunits upon binding a single Zn2+ (but not upon binding additional Zn2+) 

correlates with and could be a major factor that drives the stabilization of the 

SDO1 dimer after binding a single Zn2+. (129) In contrast, the regulation of net 

charge at higher metal stoichiometries might function to maintain the solubility 

of metallated SOD1 by preventing continued reductions in net negative charge 

upon the binding of additional metal ions. 

 

Conclusion 
 

 The results of this study suggest that the net charge of human WT 

Cu2Zn2-SOD1 is likely to be negative, in vivo, at all of its known sites of 

subcellular localization and that net charge will fluctuate much less than 

predicted across these microenvironments (e.g., by ΔZ = ±3, instead of ±14). 

This results is indispensable for rationalizing the electrostatic effects of (i) post-

translational modifications to WT SOD1 and (ii) ALS-linked mutations to 

SOD1, that is, in determining whether these electrostatic perturbations do or do 

not lower net charge (which can promote aggregation). For example, at least 45 

different ALS missense mutations—E21K, E21G, G37R, H43R, H46R, D76Y, 
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H80R, G85R, D90A, G93R, E100K, E100G, D101N, D124V, D124H, D125H, 

and N139K, to name a few (30,116)—are expected (in light of our results) to 

diminish the net negative charge of SOD1, even at lysosomal pH (i.e., pH 5.0). 

In contrast, if SOD1 underwent charge inversion (as predicted) and had a net 

positive charge at pH 5, then these mutations would increase net positive charge, 

which would not electrostatically promote the aggregation of SOD1, and would 

contradict current paradigms that rationalize how mutations promote protein 

aggregation by reducing net charge. (106,107) 

The fluctuation and regulation of net charge of SOD1 that we observed 

across metal stoichiometry and solvent pH are nor due to any conceivable 

experimental artifact. For example, control experiments that employed amide 

H/D exchange, ICP-MS, UV-vis, and electrospray ionization mass spectrometry 

ruled out the possibility of (i) variations in three-dimensional structure (i.e., 

hydrodynamic drag) among rungs of a particular charge ladder, (ii) inaccurate 

protein or metal quantitation, (iii) the non-specific binding of metal ions to sites 

beyond the SOD1 active site, and (iv) the loss of metal ions during analysis. 

Thus, this study establishes that lysine-acetyl protein charge ladders and CE are 

ideal tools for studying the net charge of metalloproteins—and possibly other 

toxic proteins that self-assemble into amyloid—as a function of solvent pH and 

interaction with metal ions. To our knowledge, this study represents the first 

direct measurement of the effect of metal binding on the net charge of a protein. 

Research efforts are now underwent to determine the effects of ALS-linked 
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mutations on the net charge of SOD1 and the degree to which metal ions 

attenuate or exacerbate these electrostatic effects. 

 

Materials and Methods 
 
 

Purification of SOD1 and Generation of Metal Derivatives and Lys-NHCOCH3 

Charge Ladders  

 

Human SOD1 was recombinantly expressed in Saccharomyces 

cerevisiae and purified as previously described. (35) The tools and procedures 

that were used for the verification of protein purity, protein quantitation, 

demetallationlation with Zn2+, Cu2+, or Co2+; prevention of metal contamination; 

and quantitation of bound metal ions (i.e., with ICP-MS) are described in detail 

in supporting information.  

 Lys-acetyl protein charge ladders of apo-OD1 and Cu2+ and Zn2+ 

derivatives of SOD1 were prepared by reacting a solution of apo-SOD1 or 

CunZnm-SOD1 with acetic anhydride as previously described for WT SOD1. 

(56) We decided to only generate the first ~5-7 rungs of each SOD1 charge 

ladder, instead of all 22 rungs, because exhaustive acetylation of Lys-ε-NH3
+

 in 

SOD1 will likely disrupt dimerization by increasing the electrostatic repulsion 

of subunits. Nevertheless, five to seven rungs are sufficient for generating a 

linear plot of μ versus Ac(N) and determining the net charge of SOD1 (Fig. 3.1). 

The extent of acetylation was confirmed with CE and electrospray ionization 

mass spectrometry. 

 To ensure that the acetylation of Lys-NH3
+ residues did not result in a 

loss of bound Cu2+ or Zn2+ ions, we used ICP-MS to determine the metal 
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stoichiometry of each derivative before it was acetylated (as described in 

Chapter 7) and after acetylation. The rate of amide H/D exchange of each 

protein charge ladder was also measured with electrospray ionization mass 

spectrometry as previously described, (90) with minor modifications that are 

described in Chapter 7. 

Capillary Electrophoresis 

All CE experiments were performed using a Beckman P/ACE CE that 

was equipped with a bare, fused silica capillary. A liquid-cooled jacket 

surrounded the capillary and was kept at 20 ˚C during all CE experiments (to 

prevent Joule heating). Electrophoresis was performed with a running buffer of 

10 mM potassium phosphate, pH 7.40. For CE experiments between pH 5 and 

pH 8, we also used a 10 mM potassium phosphate buffer for a running buffer. 

For some CE experiments (at variable pH), the intramolecular disulfide bond of 

apo-SOD1 was reduced by the addition of 100 mM DTT to SOD1 (100-110 μM) 

at pH < 7.0. Solutions were diluted 2-fold (in 10 mM phosphate, at variable pH) 

to ~50 μM apo-SOD1, 50 mM DTT, or TCEP prior to analysis with CE (which 

was performed with a running buffer that contained 10 mM phosphate, variable 

pH, in addition to 50 mM DTT for experiments at pH > 7.0 or 50 mM TCEP for 

experiments at pH < 7.0). 

Theoretical and Experimental Determination of Net Charge of SOD1 

The experimental determination of the net charge of proteins based upon 

the electrophoretic mobilities of protein charge ladders was performed as 
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previously described (58) with minor modifications that are described in 

supporting information. 

 The theoretical (or ideal) net charge of SOD1 proteins were calculated 

with the Henderson-Hasselbalch equation using “textbook” pKa values of the 

free amino acids (from Lubert Stryer’s textbook: Biochemistry, 3rd ed., W. H. 

Freeman & Co.). These calculated values are not expected to accurately reflect 

the pKa of every—or even any—residue in the SOD1 protein but are intended 

to illustrate the pitfalls of trying to predict the net charge of proteins from the 

amino acid sequence using “standard values” of pKa for each amino acid—

whatever those standards might be –as opposed to measuring the net charge. 

Using the measured pKa from “model” amino acids (e.g., short peptides of 

variable sequence) to calculate net charge offers very little improvement (in our 

opinion) over pKa values of the free amino acids. The amino acid residues in 

folded proteins exist in a non-linear network, and the pKa of residues will 

fluctuate due to interactions with neighboring ionizable groups and burial from 

solvent (and these effects cannot be generally simulated in model compounds). 

(13) Post-translational modifications (e.g., metal binding, disulfide formation, 

N-terminal acetylation) were incorporated into the calculations as described in 

Chapter 7. 
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CHAPTER FOUR 

Protein Charge Ladders Reveal that the Net Charge of ALS-Linked Superoxide 

Dismutase Can Be Different in Sign and Magnitude from Predicted Values 

This chapter published as: 

 Shi, Y., Abdolvahabi, A., and Shaw, B. F. (2014) Protein charge ladders reveal that the 

net charge of ALS-linked superoxide dismutase can be different in sign and magnitude 

from predicted values. Protein Sci 23, 1417-1433(138) 

Abstract 

This paper utilized “protein charge ladders”—chemical derivatives of proteins 

with similar structure, but systematically altered net charge—to quantify how missense 

mutations that cause amyotrophic lateral sclerosis (ALS) affect the net negative charge (Z) 

of superoxide dismutase-1 (SOD1) as a function of subcellular pH and Zn2+ 

stoichiometry. Capillary electrophoresis revealed that the net charge of ALS-variant 

SOD1 can be different in sign and in magnitude—by up to 7.4 units per dimer at 

lysosomal pH—than values predicted from standard pKa values of amino acids and 

formal oxidation states of metal ions. At pH 7.4, the G85R, D90A, and G93R 

substitutions diminished the net negative charge of dimeric SOD1 by up to +2.29 units 

more than predicted; E100K lowered net charge by less than predicted. The binding of a 

single Zn2+ to mutant SOD1 lowered its net charge by an additional +2.33 ± 0.01 to +3.18 

± 0.02 units, however, each protein regulated net charge when binding a second, third, or 

fourth Zn2+ (ΔZ < 0.44 ± 0.07 per additional Zn2+). Both metalated and apo-SOD1
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regulated net charge across subcellular pH, without inverting from negative to positive at 

the theoretical pI. Differential scanning calorimetry, hydrogen-deuterium exchange, and 

inductively coupled plasma mass spectrometry confirmed that the structure, stability, and 

metal content of mutant proteins were not significantly affected by lysine acetylation. 

Measured values of net charge should be used when correlating the biophysical properties 

of a specific ALS-variant SOD1 protein with its observed aggregation propensity or 

clinical phenotype. 

 

Introduction 
 

A fraction of the ~ 160 mutations in the gene encoding Cu, Zn superoxide 

dismutase (SOD1) that are linked to amyotrophic lateral sclerosis (ALS) appear to 

accelerate the fibrillization of the SOD1 protein (in vivo) without significantly altering its 

native state structure, free energy of folding (∆Gfold), or the coordination of Cu2+ and 

Zn2+.(30,103,116,139,140) These “cryptic” substitutions—which so far include D90A, 

E100K, D101N, and N139K (30,87) —do, however, lower the negative surface potential 

of SOD1. Although “cryptic” mutations (some of which are used to construct transgenic 

mouse models of ALS (141)) comprise a small fraction of SOD1-ALS mutations, they 

suggest that perturbations in the biophysical parameters of SOD1, other than ∆Gfold, can 

accelerate its self-assembly and result in selective death of motor neurons.  

One hypothesis contends that “cryptic” substitutions accelerate self-assembly by 

lowering the electrostatic repulsion of negatively charged SOD1 polypeptides.(103,139) 

This hypothesis is supported by: (i) the absence of “cryptic” mutations that increase net 

negative charge, and (ii) the widespread scattering of “cryptic” substitutions across 264 

Å2 of the SOD1 surface.(30,87) For example, less than 10 % of ALS-SOD1 mutations 
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increase formal net negative charge (116,139) and those that do (such as V7E or N139D) 

also reduce the thermostability of holo-SOD1 and/or apo-SOD1.(142) More general 

support for the electrostatic repulsion hypothesis can be found throughout protein 

science,(106,107,143) from the century-old observation that proteins precipitate rapidly 

at their isoelectric point,(144,145) to the measured rates of amyloid formation among 

non-isoelectric variants,(107,146) to the engineering of “supercharged” proteins that are 

impervious to self-assembly.(147) 

Because intermolecular electrostatic interactions persist through physiological 

buffer across long distances (the Debye radius, -1 = 10 Å at  = 80, I = 0.1 M, T = 310 

K), it is not immediately clear whether “cryptic” mutations would accelerate self-

assembly by minimizing long-range electrostatic repulsions—that depend upon the 

protein’s net charge, as reported for other proteins (106,107,143,148)—or by minimizing 

specific, shorter-range repulsions that depend upon local patterns of charge (e.g., in-

register or out-of-register patterns, per structure of the fibril (149,150)). Regardless of 

which (or whether) one scenario predominates, quantifying how ALS mutations affect the 

electrostatic surface potential of SOD1 in its native state will answer several important 

questions. Do “cryptic” amino acid substitutions diminish net charge by a single unit, or 

more or less than expected because of “charge regulation”?(151,152) Do ALS-variant 

SOD1 proteins follow the same non-linear electrostatic pathway during metal loading as 

the WT protein and do they regulate net charge across subcellular pH?(104) Charge 

regulation is a process by which the pKa of a protein’s functional groups undergo 

cooperative increases or decreases to compensate for electrostatic perturbations within 

the interdependent network of ionizable residues.(13) 
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Measuring such a seemingly trivial, coarse metric as the net charge of a protein 

might seem unfitting for an entire research study, however, the net charge of a folded 

protein remains one of its most enigmatic properties to experimentally determine because 

few tools exist to make such a measurement (accurately).(13,105) We estimate that the 

net charge of less than 0.1 % of unique polypeptides in the Protein Data Bank have been 

accurately measured in the native state (at pH ≠ pI), including any mutant variants of 

these proteins. In cases where accurate measurements have been made, the measured 

values (denoted ZCE in this paper) can differ in magnitude by up to seven-fold from 

predicted values that are calculated from the standard pKa of side-chains (denoted Zseq), 

presumably because of anomalous pKa.(58,153)  

The isoelectric points of a few ALS-variants have been measured,(154-158) 

however, pI is not an expression of—and does not scale with—net charge at pH ≠ pI.(153) 

Experimentally measuring the net charge of ALS-variant SOD1 instead of predicting it is 

especially important because SOD1 is an electrostatically peculiar metalloenzyme. The 

dimeric SOD1 protein contains at least two aberrantly charged residues: each His63 

residue is negatively charged when bridging Cu2+ and Zn2+ at the binuclear active 

site.(77,123) The ionization state of His63 is dubious when bridging two Zn2+ ions at the 

active site (i.e., Cu0Zn4-SOD1).(124) Four intrinsically disordered loops in each SOD1 

dimer—spanning ~ 120 residues in total length, including the highly charged 

“electrostatic loop” (77,123-125,129)—also undergo decreases in solvent accessibility 

upon metal binding. These types of metal-induced reductions in solvent accessibility 

could alter the pKa of ionizable residues by multiple units.(110,159) The SOD1 protein is 

also localized at multiple subcellular sites with local pH that are above and below the 
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theoretical pI of SOD1 (theoretical pI = 5.9 for apo-SOD1; pI = 5.3 for 

Cu2Zn2SOD1).(104) An ALS missense mutation such as E100K might, therefore, 

diminish the net (negative) charge of Cu2Zn2SOD1 at cytosolic pH, but increase net 

(positive) charge at lysosomal pH. 

In our previous study of WT SOD1, we used protein charge ladders and capillary 

electrophoresis (CE) (Figure 4.1) to demonstrate that the actual net charge of apo-SOD1 

and Cu2Zn2-SOD1 deviates from predicted values by between ~ 0.5 and 11 units—and 

even opposite in sign—across its range of subcellular pH (this deviation accounts for the 

charge imparted by bound metal ions and the fixed charge associated with non-titratable 

metal ligands).(104)  In this paper, we use protein charge ladders and CE to measure the 

net charge of four ALS-linked variants of SOD1 (including two cryptic variants), both as 

a function of Zn2+ stoichiometry and pH.  

A protein charge ladder is a set of non-isoelectric chemical derivatives of a 

protein generated by the acetylation of its surface Lys--NH3
+ (e.g., with acetic 

anhydride). Each Lys-acetyl derivative or “rung” differs in net charge from the next by 

ZAc ≈ 0.9 units (instead of ZAc = 1.0) because of charge regulation,(112) but has 

similar shape and hydrodynamic drag. When analyzed by CE, a protein charge ladder is 

an internally consistent, self-calibrating electrophoretic array that can be used to 

determine the net charge of the zeroth rung (i.e., the unmodified protein, Figure 4.1). A 

protein charge ladder is the only convenient tool available for accurately measuring the 

net charge of a folded protein.(13,153) 
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Figure 4.1. Using “protein charge ladders” and capillary electrophoresis to measure the 

net charge of native ALS-variant SOD1. Left: a capillary electropherogram of 

recombinant D90A apo-SOD1 at pH 7.4. Center plot: a capillary electropherogram of a 

“protein charge ladder” of D90A apo-SOD1 prepared by acetylating its surface Lys-ε-

NH3
+ (to electrostatically neutral Lys-NHCOCH3) with acetic anhydride. Right plot: a 

plot of the electrophoretic mobility (μ) of each rung of the ladder versus the number of 

acetylated lysines (N) of each rung. The x-intercept of this plot is equal to ZSOD1-

Ac(0)/ΔZAc, that is , the net charge of unmodified protein (ZSOD1-Ac0) divided by the change 

in net charge imparted by each lysine acetylation (ΔZAc); feff = hydrodynamic drag; e = 

approximate charge of an electron. The x-intercept can be considered to represent, per se, 

the approximate number of Lys-NH3
+ groups that would need to be added to the 

negatively charged protein in order to cause the protein to have an electrophoretic 

mobility of zero, and thus a net charge of zero. 

The results of our measurements demonstrate that the effective magnitude and 

sign of net charge of ALS-variant SOD1 proteins cannot be accurately predicted at all 

values of subcellular pH, even when taking into account the previously measured net 

charge of WT SOD1. Accurately measuring the effect of ALS mutations on the net 

charge of the SOD1 protein will establish a more rigorous understanding of why ALS 

mutations accelerate the self-assembly of SOD1 and why some mutations result in more 

severe clinical phenotypes than others.(67,116,160) 
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Results and Discussion 

Throughout this paper, and in all of our previous papers, we refer to changes in 

the net of proteins—changes that occur upon amino acid substitution, fluctuation in pH, 

or metal binding—in terms of the change in the absolute magnitude of net charge, 

whether it be positive or negative. For example, if metal binding changed the net charge 

of a protein from Z = -14 to Z = -12, we would say that metal binding reduced or 

diminished the net charge of the protein, that is, reduced the magnitude of net negative 

charge. Likewise, if increasing pH changed the net charge of a protein from Z = -12 to Z 

= -14, we would say that increasing pH increased the net charge of the protein. 

Furthermore, we would say that a protein with a net charge of Z = -3, and a separate 

protein with a net charge of Z = +3, each have the same magnitude of net charge. Finally, 

if any process abolished the net charge of either of these triply charged proteins, from Z = 

-3 and Z = +3, to Z = 0, we would say that both processes reduced the net charge of both 

proteins, i.e., reduced the magnitude of charge. We use this convention because the sign 

of charge is intrinsically arbitrary and does not express magnitude, and the word “net” 

refers to magnitude, not sign. 

The location of each amino acid substitution that we studied (G85R, D90A, G93R, 

and E100K) is shown in Figure7.12. Although these substitutions are expected to 

diminish the net negative charge of SOD1 by +2 or +4 formal units (per dimer), each 

amino acid substitution has different effects on the structure, folding, metal affinity, and 

conformational stability of SOD1.(30) The “cryptic” D90A and E100K substitutions 

occur at the surface of SOD1.(87)  The G85R substitution (a non-cryptic substitution 

within the H-bonding network that surrounds metal ligands(161)) weakens the affinity of 
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SOD1 for both Cu2+ and Zn2+.(35,158) The G85R substitution also reduces the 

thermostability of the SOD1 protein and alters its 3-dimensional structure.(103,161,162) 

The fourth protein, G93R apo-SOD1, another non-cryptic variant, can coordinate metals 

properly but exhibits a destabilized conformation and altered structure compared to the 

WT apo-SOD1 protein.(162,163) 

In this study, we only examined the electrostatic effects of Zn2+ coordination to 

ALS-variant SOD1. Although the dimeric SOD1 protein binds two equivalents of Cu1+/2+ 

and two equivalents of Zn2+ in its holo state, the protein is often isolated with more Zn2+ 

bound to the active site than Cu1+/2+ (e.g., Cu1Zn3-SOD1).(126,164) Alterations in Zn2+ 

binding might modulate neurotoxicity.(165,166) We also only studied SOD1 in its 

disulfide intact state.  

Monitoring the Binding of Zinc Ions to ALS-variant SOD1 with Capillary Electrophoresis 

Capillary electropherograms of Zn2+ derivatives of ALS-variant SOD1 proteins 

are shown in Figure 4.2A-D, from which lysine-acetyl “protein charge ladders” were 

synthesized via acetylation of each Zn2+-derivative with acetic anhydride (Figure 4.2E-H). 

Because CE separates proteins based upon their net charge and their hydrodynamic drag, 

each peak in the electropherograms of Figure 4.2A-D represent an SOD1 protein with a 

unique charge and/or a unique structure or state of oligomerization. 

At intermediate states of metalation, i.e., 1-2 Zn2+, the electropherograms of each 

ALS-variant SOD1 protein contained more peaks (albeit minor ones) than 

electropherograms previously published for the WT SOD1 protein at intermediate 

metalation states.(104) (Figure 4.2A-D). This heterogeneity suggested that ALS-variant 

SOD1 proteins populated more unique structural or metalation states than WT SOD1. 
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The most intense peak in each electropherogram was assigned to be equal to the average 

metal stoichiometry that was determined by ICP-MS. The heterogeneity observed in the 

intermediate metalation states (1Zn2+ or 2Zn2+) is interpreted in terms of subunit 

exchange and is discussed (along with peak assignments) in Supporting Information 

(Figure 7.13). The terminal metalation states (e.g., 0Zn2+, or 4Zn2+) resulted in simpler 

electropherograms with a predominantly unimodal distribution of species. Unimodal 

electropherograms are expected for terminal metalation states because only one state of 

metalation is statistically possible. 

With the exception of G85R SOD1, the binding of one to four Zn2+ to each ALS-

variant SOD1 resulted in a non-linear shift in mobility. For example, the binding of a 

single Zn2+ to D90A, G93R and E100K apo-SOD1 caused a large reduction in mobility 

whereas the successive binding of the second and third stoichiometric equivalents of Zn2+ 

gradually increased mobility of D90A, G93R and E100K apo-SOD1. The binding of the 

fourth Zn2+ cation to these three proteins did not significantly affect electrophoretic 

mobility. This non-linear trend was observed previously for the WT SOD1 protein. .(104) 

The non-linear correlation between Zn2+ stoichiometry and electrophoretic 

mobility reflects the fact that metal binding simultaneously alters net charge and/or 

decreases hydrodynamic drag non-linearly with respect to metal stoichiometry. This non-

linear correlation between metal stoichiometry and net charge, or metal stoichiometry and 

hydrodynamic drag is expected in SOD1 for two reasons. First, the binding of a single 

Zn2+ ion affects structure more than subsequent metal ions (i.e., the so-called “one zinc 

effect,” (129) wherein the binding of one Zn2+ to dimeric SOD1 results in the ordering of 

disordered loops in both subunits). Secondly, the binding of higher equivalents of Zn2+ 
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(3Zn2+ and 4Zn2+) is expected to affect charge by less than the binding of 1Zn2+ or 2Zn2+ 

because the deprotonation of His63 will only occur—if it occurs at all—upon binding the 

3rd and 4th Zn2+. Thus, two derivatives such as G85R Zn1-SOD1 and G85R Zn2-SOD1 

(Figure 4.2D) can have values of net charge that differ by multiple units, despite having 

nearly identical electrophoretic mobilities (that differ by < 0.5 cm2/kV/min). This point is 

verified below by electrophoresis of protein charge ladders of each derivative. 

Unlike D90A, G93R, or E100K SOD1, the G85R SOD1 protein could not 

coordinate > 2Zn2+ per dimer (according to ICP-MS, Table 7.2) and did not follow a 

semi-parabolic trend in mobility vs. Zn2+ stoichiometry. Moreover, the binding of one or 

two Zn2+ cations to G85R did not diminish its mobility as much as observed for the other 

mutants (Figure 4.2D). An analysis of Zn2+-derivatives of G85R with ICP-MS confirmed, 

however, the stoichiometry of the Zn1- and Zn2-SOD1 proteins and demonstrated that the 

protein did coordinate up to two Zn2+ cations per dimer (Table 7.2). Analysis of Co2+ 

derivatives of G85R (Co1- and Co2-SOD1) with UV-vis also demonstrated that metal ions 

are bound at the active site of G85R SOD1 (described below). 
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Figure 4.2. Capillary electrophoresis of Zn2+ derivatives o fALS-variant SOD1 and Lys-acetyl protein 

charge ladders. (A-D) Capillary electropherograms of ALS-variant SOD1 with increasing 

stoichiometries of bound Zn2+. Each electropherogram is an overlay of 3 separate 

electropherograms from replicate experiments. Electrophoretically unique species are labeled 

with lower case letters and subscript number (a-m). The concentration of each SOD1 derivative 

at the time of injection is listed per dimer. The red line and “X” indicates that the G85R protein 

did not coordinate > 2 Zn2+/dimer. E-H) Protein charge ladders of each Zn2+ derivative of each 

ALC-variant SOD1 protein from panels A-D, prepared by acetylation of lysine-ε-NH3
+ with 

acetic anhydride. Each electropherogram is an overlay of three electropherograms from 

repeated experiments, Labels such as “a0, a1, b0, b1” denote acetylation number of each 

electrophoretically unique species from parts A-D (i.e., “a0” = unacetylated or zeroth rung of 

species “a”; “b1” = singly acetylated or first rung of species “b”). Acetylation of minor species 

in panels A-D such as “d” in G93R were not detectable and are not labeled. Note: the E100K 

charge ladder of Zn3- and Zn4-SOD1 exhibited two overlapping ladders that might reflect 

differing reactivity of Lys residues (including K100).  
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The Net Electrostatic Charge of ALS-variant Apo-SOD1 at pH 7.4 is Lower than 

Predicted 

Protein charge ladders of each ALS-variant SOD1 protein are shown in Figure 

4.2E-H. The number of acetylated lysine residues was confirmed with mass spectrometry 

(see Chapter 7, Figure 7.14). In cases where the electropherogram of the unacetylated 

metal derivative was characterized by a single predominant peak (e.g., apo-SOD1 or Zn4-

SOD1) the acetylation of lysine residues resulted in a single charge ladder that was easily 

interpretable. In cases where the electropherogram of the unacetylated derivative 

consisted of multiple peaks, the acetylation lysine residues resulted in multiple charge 

ladders (of each species) that could still be partially resolved by capillary electrophoresis 

and deconvoluted (Figure 4.2E-H). 

The plots of electrophoretic mobility of each rung versus its number of acetylated 

lysines are shown for each protein in Figure 4.3A-D. The values of net charge that are 

derived from these plots are listed for each protein in Table 4.1 and are also summarized 

in Figure 4.3E-F. At pH 7.4, each of the four ALS-variant apo-SOD1 proteins were less 

negatively charged (i.e., closer to electrostatic neutrality) than predicted from its amino 

acid sequence by a range of ΔZCE:seq = 0.64-2.29 units per dimer (Table 4.1). 

With the exception of E100K, the measured values of net negative charge of 

ALS-variant apo-SOD1 proteins were lower (closer to neutrality) than predicted at pH 

7.4, even when considering the previously measured net charge of WT apo-SOD1 (which 

is also lower than predicted from its sequence, i.e., ZCE = -12.13 per WT SOD1 dimer at 

pH = 7.4, compared to Zseq = -13.0).(104) These data demonstrate that the non-linear 

network of ionizable residues in the SOD1 protein cannot regulate its net charge in 

response to the G85R, D90A and G93R amino acid substitutions. For example, the 
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expected difference in the formal net negative charge of WT and G85R, D90A, and 

G93R SOD1 is ∆ZWT:ALS =  +2.0 units, however, the G85R substitution caused a 70 % 

greater decrease in the net negative charge of apo-SOD1 than expected i.e., ΔZWT:G85R = 

+3.42 ± 0.08 (Table 4.2). 

The G93R substitution diminished the magnitude of net negative charge of apo-

SOD1 by ΔZWT:G93R = +3.22 ± 0.09 (Table 4.2). The D90A substitution diminished net 

negative charge of apo-SOD1 by ΔZWT:D90A = +2.82 ± 0.08 (Table 4.2). A significant 

amount of charge regulation was exhibited by apo-SOD1 in response to the E100K 

substitution, which lowered net negative charge by less than the 4 units predicted: 

ΔZWT:E100K = +3.77 ± 0.08 (Table 4.2). These results are, to our knowledge, the first direct, 

accurate measurement of the effect of an amino acid substitution on the net charge of a 

folded protein at physiological pH (i.e., at pH ≠ pI). Thus, the exact cause of the 

deviations between predicted and measured ΔZ—which are significant and greater than 

experimental error—are not understood and must be the subject of a future study. 

Nevertheless, we do note that a correlation existed between: (i) the difference in 

the predicted and measured change in net charge of apo-SOD1 upon amino acid 

substitution (denoted ΔΔZ, i.e., ∆ZCE - ∆Zseq) and (ii) the number of anionic vs. cationic 

residues at the substitution’s locus, within a spherical radius of 10 Å from the locus 

(Figure 7.15). A detailed discussion of these points can be found in Supporting 

Information. 

We point out that in this study we only quantified the net charge of ALS-variant 

SOD1 proteins at relatively low ionic strength (10 mM phosphate buffer). The values of 

net charge that we determined might change slightly at higher ionic strength, as inferred 
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from previous studies into the effect of ionic strength on residue pKa.(167)  Previous 

studies have shown, for example, that the pKa values of 14 different histidine residues in 

horse and whale myoglobin increased from an average of pKa = 6.41 at ~ 0.2 M NaCl to 

pKa = 6.61 at 200 mM NaCl.(167) 

Figure 4.3. Electrostatic pathway of ALS-variant SOD1 (at pH 7.4) as a function of 

coordinated Zn2+. (A-D) Plot of electrophoretic mobility of each rung of each ALS-

variant charge ladder [derived from the protein charge ladders shown in Fig. 4.2(E-H)] 

versus the number of acetylated lysines in that rung. (E) Summary of the changes in the 

net charge of ALS-variant SOD1 as a function of Zn2+ stoichiometry (per dimer). The 

electrostatic pathway of WT SOD1 is shown for reference and was determined in our 

previous study. (104) Values of net charge are expressed per dimer. Error bars represent 

standard deviation from three to five replicate experiments. (F) The effect of Zn2+ binding 

on the WT-variant “charge gap” (i.e., the difference in the net charge of WT and ALS-

variant SOD1). 
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The Binding of One Zn2+ Diminishes the “Charge Gap” Between WT and ALS-variant 

SOD1  

Upon binding a single Zn2+ cation, all four ALS-variant apo-SOD1 proteins 

underwent a decrease in the magnitude of net negative charge that ranged between +2.33 

± 0.01 units per dimer (for G85R) to +3.18 ± 0.02 units per dimer (for D90A). The value 

of net charge of metalated proteins are listed in Table 4.1 and shown schematically in 

Figure 3E. The values of ZCE associated with the binding of each Zn2+ ion to each 

protein are shown in Table 4.3. These values of Z0Zn1Zn are lower for each ALS variant 

than the previously reported value of Z0Zn1Zn = +4.01 ± 0.20 units for WT SOD1.(104) 

The different magnitude of ∆Z upon binding one Zn2+ to WT apo-SOD1 

compared to that of ALS-variant apo-SOD1 are outside experimental error for all four 

ALS variants and are considered significant. The binding of one equivalent of Zn2+ to 

ALS-variant apo-SOD1 protein actually diminished its “charge gap” relative to WT 

SOD1 (Figure 4.3F). The charge gap for WT and G85R apo-SOD1 is ΔZCE = +3.42 ± 

0.08, and the binding of one Zn2+ ion diminished this charge gap to ΔZCE = +1.74 ± 0.23 

(Figure 4.3E; Table 4.2). Thus, the binding of Zn2+ partially abolishes the electrostatic 

differences between WT and ALS-linked SOD1, as measured by protein charge ladders 

and CE. 

All four ALS-variant proteins also underwent a significant degree of charge 

regulation when binding > 1 Zn2+ per dimer (Figure 4.3E), and therefore, the binding of 

2-4 Zn2+ did not lead to continued reductions in the net negative charge of SOD1 or 

continued reductions in the “charge gap” (Figure 4.3, Tables 4.1 and 4.2). In fact, for all 

of the variants except for E100K, the binding of > 1 Zn2+ slightly increased the “charge 

gap” (Figure 4.3F, Table 4.2). Therefore, the difference in the net charge between each 
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ALS-variant protein and WT SOD1 is maximized in the apo state, minimized in the Zn1 

state, and is intermediate in the Zn2-4 states (with the exception of E100K SOD1, wherein 

the charge gap of the Zn1 and Zn>1 states are similar). We hypothesize that the ability of 

SOD1 to resist reductions in its negative charge when binding multiple Zn2+ ions might 

be a functionally relevant property that maximizes protein solubility and maintains proper 

protein-protein interactions. 

We point out that the linear plots of electrophoretic mobility versus the number of 

acetylated lysines for each metal derivative of each variant are not (and should not be) 

necessarily parallel or superimposable, or have identical y-intercepts, because the slope 

and y-intercept is a function of the hydrodynamic drag and net charge of each derivative. 

It is possible for two different Zn2+ derivatives of the same variant (or the same Zn2+ 

derivatives from two different ALS variants) to have different slopes or y-intercepts (of µ 

versus Ac(N)) but have similar values of net charge (i.e., similar x-intercepts) because 

two different proteins can have equal charge but different hydrodynamic drag. Thus, the 

slopes of plots of µ vs. Ac(N) can provide information about the structure of the protein 

in question. For example, the binding of multiple Zn2+ to E100K SOD1 generally 

increased the slope (slope = ∆ZAc / feff, feff = hydrodynamic drag) and the y-intercept (y-

intercept = µAc(0) = eZAc(0) / feff). This simultaneous increase in y-intercept and slope 

resulted in similar x-intercepts or values of net charge between Zn2, Zn3 and Zn4 E100K 

(Figure 4.3). We attribute this increase in slope (upon metal binding) to be caused by the 

decrease in hydrodynamic drag in SOD1 that likely resulted from the metal-induced 

ordering and tightening of the large disordered loops in SOD1 (residues ~ 48-83 and 120-

143). 
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Table 4.1. Comparison of measured (ZCE) and predicted (Zseq) values of net charge of WT 

and ALS-variant D90A, G85R, G93R and E100K SOD1 at pH 7.4, 20 ºC.  

Net charge (ZCE & Zseq)
1 

SOD12 WT3 D90A G85R G93R E100K 

apo(a)   ZCE: 

Zseq:

-12.13 ± 

0.08

-13.04

-9.30 ± 

0.02

-11.0

-8.71 ± 0.01 

-11.0

-8.91 ± 0.04 

-11.0

-8.36 ± 

0.02

-9.0

apo(a1)  

ZCE: 

Zseq:

N/A N/A N/A -5.04 ± 0.02 N/A 

-13.0 -11.0 -11.0 -11.0 -9.0 

Zn1(b)  ZCE: 

Zseq:

-8.12 ± 

0.23

-10.3

-6.12 ± 

0.01

-8.3

-6.38 ± 0.01 

-8.3

-6.25 ± 0.02 

-8.3

-5.42 ± 

0.01

-6.3

Zn1(c)   

ZCE: 

Zseq:

N/A -7.22 ± 

0.03

N/A N/A N/A 

-10.3 -8.3 -8.3 -8.3 -6.3 

Zn2(e)   

ZCE:

Zseq:

-8.62 ± 

0.30

-7.6

-6.46 ± 

0.08

-5.6

-6.45 ± 0.10 

-5.6

-6.09 ± 0.01 

-5.6

-5.81 ± 

0.11

-3.6

Zn2(f)   

ZCE: 

Zseq:

-8.45 ± 

0.27

-6.23 ± 

0.10

N/A -6.08 ± 0.03 -5.85 ± 

0.07-7.6 -5.6 -5.6 -5.6 -3.6 

Zn3(j)   ZCE: 

              

Zseq:

N/A N/A N/A N/A -5.48 ± 

0.01 

-3.9

-7.9 -5.9 -5.9 -5.9 

Zn3(i)   ZCE: 

Zseq:

-8.55 ± 

0.11 

-7.9

-6.02 ± 

0.02 

-5.9

N/A -6.20 ± 0.01 

-5.9 

-5.83 ± 

0.01 

-3.9

-5.9 

Zn4(m) ZCE: 

Zseq:

N/A N/A N/A N/A -5.44 ± 

0.01-8.2 -6.2 -6.2 -6.2 -4.2 

Zn4(k)  ZCE: 

Zseq: 

-8.54 ± 

0.12 

-8.2 

-6.12 ± 

0.01 

-6.2 

N/A 

-6.2 

-6.14 ± 0.01 

-6.2 

-5.72 ± 

0.03 

-4.2 

1 All values of net charge are listed per SOD1 dimer. 
2 The labels “a”, “a1”, “b”, etc., correspond to labels of electrophoretically unique states in Figure 

4.2 of main text and are discussed in Supporting Information. 
3 Values for WT SOD1 are from a previous study.(104)  
4 Bottom value after backslash represents calculated Zseq; His63 was treated as anionic 

(imidazolate) when calculating Zseq of subunits with 2Zn2+. 
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Table 4.2. “Charge Gap” values (ΔZALS:WT) between WT and ALS-variant SOD1 at 

different metalation states as measured by capillary electrophoresis at pH 7.4, 20°C. 

ΔZALS:WT 

SOD1     D90A     G85R     G93R    E100K 

apoS-S 2.82 ± 0.08 3.42 ± 0.08 3.22 ± 0.09 3.77 ± 0.08 

Zn1(b) 2.00 ± 0.23 1.74 ± 0.23 1.87 ± 0.23 2.70 ± 0.23 

Zn2(e) 2.16 ± 0.31 2.17 ± 0.32 2.53 ± 0.30 2.81 ± 0.32 

Zn3(i) 2.53 ± 0.11 N/A 2.35 ± 0.11 2.72 ± 0.11 

Zn4(k) 2.42 ± 0.12 N/A 2.40 ± 0.12 2.82 ± 0.12 
1The labels “a”, “e”, etc., correspond to labels of electrophoretically unique states in 

Figure 4.2. 

Table 4.3. Charge difference (ΔZ) among various metalation states of WT and ALS-

variant SOD1 as measured by capillary electrophoresis at pH 7.4, 20°C. 

ΔZ1       WT2     G85R     D90A     G93R    E100K 

ΔZ 0(a)→1(b) Zn
  4.01 ± 0.20  2.33 ± 0.01  3.18 ± 0.02  2.66 ± 0.03  2.94 ± 0.02 

ΔZ 1(b)→2(e) Zn -0.50 ± 0.27 -0.07 ± 0.10 -0.34 ± 0.08  0.16 ± 0.02 -0.39 ± 0.11 

ΔZ 2(e)→3(i) Zn  0.07 ± 0.26 N/A  0.44 ± 0.07 -0.11 ± 0.01 -0.02 ± 0.11 

ΔZ 3(i)→4(k) Zn   0.01 ± 0.12 N/A -0.10 ± 0.02  0.06 ± 0.01  0.11 ± 0.03 
1 The labels “a”, “b”, “e”, etc., correspond to labels of electrophoretically unique states in 

Figure 4.2 and their values of net charge are obtained from Table 4.2. 
2 Values for WT SOD1 are from a previous study.(104)  

Metal Ions Are Bound at the Active Site of SOD1 and Remain Bound After Acetylation 

It is not unreasonable to suspect that the ability of SOD1 to resist continued 

reductions in net negative charge upon binding two, three or four Zn2+ ions is some type 

of experimental artifact and not, as we conclude, a “Bohr-like” effect wherein the pKa of 

multiple amino acid residues (or tightly bound solvent) is coupled to the binding of metal 

ions via conformational change (or direct deprotonation of a metal ligand). Such an 

artifact could be conceivably caused by the lack of metal binding (or loss of metal ions) 

in Zn2-SOD1, Zn3-SOD1 or Zn4-SOD1 (e.g., a charge ladder of Zn3-SOD1 is in fact a 

charge ladder of Zn1-SOD1). The ICP-MS analysis of metalated protein charge ladders 

(after removal of unbound metal ions with excessive centrifugal filtration) demonstrated, 
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however, that Zn2+ ions remained bound to SOD1 proteins after formation of the charge 

ladder (Table 7.12). 

Although ICP-MS provided accurate measurements of metal content, and 

confirmed that Zn2+ ions were bound to SOD1 before and after acetylation (Table 7.2), 

we wanted to ensure that Zn2+ ions were coordinating at the active site of each mutant 

(not somewhere on the surface, such as Cys111(168)). We also wanted to verify that Zn2+ 

remained bound to the active site after acetylation of multiple lysines. To do so, we added 

four equivalents of Co2+ ions to dimeric apo-SOD1 proteins in the same manner as we 

added Zn2+ ions and analyzed the proteins with UV-vis spectroscopy. We also acetylated 

these Co2+ derivatives to generate protein charge ladders. Cobalt (II) is a 

spectroscopically active coordination analog of the spectroscopically silent Zn2+ (d10) 

cation. 

The UV-vis spectra of the d-d electronic excitation band (spanning 450-550 nm) 

in G85R Co2-SOD1 (acetylated and non-acetylated) demonstrated that a maximum of 

only two Co2+ ions bound to the active site, even after the addition of four Co2+ 

equivalents (Figure 4.4A). This result is consistent with ICP-MS data of Zn2+-SOD1 

derivatives that showed a maximum of only two Zn2+ ions bound to G85R-SOD1 (Table 

7.2). 

The intensity of the d-d electronic excitation band confirmed that all four Co2+ 

ions are coordinated at the active sites in the D90A, G93R, and E100K SOD1 dimers 

(and subsequent charge ladders). For example, the extinction coefficient for the Co2+ d-d 

absorption band (εd-d) in each protein (per equivalent of Co2+ ion) were: εd-d = 213 M-

1·cm-1 (for G85R Co2-SOD1); 217 M-1·cm-1 (for E100K Co4-SOD1); 234 M-1·cm-1 (for 
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G93R Co4-SOD1); and 254 M-1·cm-1 (for D90A Co4-SOD1). These εd-d values are 

calculated from the Co2+-replete derivatives, and do not reflect the possible differences in 

εd-d of Co2+ in the copper site vs. Co2+ in the zinc binding site of SOD1, but are 

nevertheless similar to εd-d values of Co2+-replete derivatives of WT SOD1 from previous 

studies (e.g., 235 M-1·cm-1 and 289 M-1·cm-1).(104,168) Thus, the Co2+ ions—and by 

extrapolation, Zn2+ ions—that we detected with ICP-MS to be bound to ALS-variant 

SOD1 are bound at the active site and remain bound after acetylation of lysine. 

Figure 4.4. UV-vis spectra of Co2+-loaded, Lys-acetyl protein charge ladders of ALS-variant 

SOD1. UV-vis spectra of the Co2+ d-d electronic excitation band of (A) G85R, (B) 

D90A, (C) G93R, and (D) E100K SOD1 after four stoichiometric equivalents of Co2+ 

are added to each protein and proteins are centrifugally washed with 0 mM phosphate 

(pH 7.4) to remove unbound Co2+ ions. The actual stoichiometry of bound Co2+ for 

each derivative (as determined by ICP-MS) is listed (per dimer) next to each spectra. 

The acetylation number (denoted Ac(~N)) represents the most predominant rung of the 

ladder according to CE (i.e., the average number of acetylated lysines in each dimer). 
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Acetylated and Unacetylated ALS-linked SOD1 Proteins Have Similar Thermostability 

and Rates of Amide H/D Exchange  

The validity of the “protein charge ladder” method rests upon the assumption that 

the acetylation of a few surface lysine residues on each SOD1 subunit does not 

significantly alter the globular structure of SOD1 (i.e., that each rung has a similar shape 

and hydrodynamic drag). If this assumption is wrong, then our measurements of net 

charge will be inaccurate. To determine if the acetylation of 2-4 lysines in each ALS-

variant SOD1 subunit affected the structure of SOD1 proteins, we measured the rate of 

amide H/D exchange of acetylated and unacetylated apo-SOD1 with MS (Figure 4.5A) 

and measured the thermostabilities with DSC (Figure 4.6). Mass spectrometry allowed us 

to simultaneously measure the rate of amide H/D exchange of each rung under identical 

solution conditions and abolished the artifactual variations in measured rates that can 

occur in parallel experiments (because of variations in D/H back-exchange(169)). 

All four ALS-variant apo-SOD1 proteins exhibited between ~ 20-28 unexchanged 

protons per monomer, after 60 min in deuterated buffer (Figure 4.5A). The D90A and 

E100K apo-SOD1 proteins retained more unexchanged hydrogens than G93R or G85R, 

which is qualitatively consistent with previous measurements of H/D exchange (at 

37 °C)(103) and correlates with the known effects of each substitution on the structure 

and stability of SOD1.(103) The similar rates of amide H/D exchange of rungs in the 

charge ladder—which are resolvable with ESI-MS before deuteration (Figure 4.5B) and 

after deuteration (Figure 4.5C)—demonstrated that the acetylation of a few surface 

lysines in each subunit of SOD1 does not abolish the globular structure of apo-SOD1, or 

significantly alter its secondary or tertiary structure. 
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It is important to realize that the number of acetylated lysines measured by mass 

spectrometry (listed for each SOD1 protein in Figure 4.5A-C) refers to the number of 

acetylated lysine per monomer. In contrast, the number of acetylated lysines listed for all 

SOD1 proteins in all other figures (i.e., electropherograms, optical spectra, thermograms, 

etc.) are listed per dimer and are therefore two-fold greater than the numbers of 

acetylated lysines shown in Figure 4.5. This two-fold difference is due to the 

monomerization of dimeric SOD1 during electrospray ionization-MS, whereas the SOD1 

protein was analyzed in the dimeric state during DSC, UV-Vis and CE experiments. 

Differential scanning calorimetry also demonstrated that each ALS-variant SOD1 

protein is properly folded, before and after lysine acetylation, and that acetylation 

resulted in only modest reductions in the melting transition temperature (Tm), e.g., 

between 4-5 °C for ALS-variant apo-SOD1 proteins and 3-5 °C for Zn4-SOD1 proteins 

(Figure 4.6). The analysis of acetylated and non-acetylated ALS-variant apo-SOD1 and 

Zn4-SOD1 with DSC also confirmed the presence of a large increase in Tm upon Zn2+ 

binding (∆Tm = ~ 25 °C). The large increase in Tm is similar to previously observed 

measurements for WT apo-SOD1 and Zn4-SOD1,(129) and adds additional support to the 

contention that Zn2+ ions are bound to the active site of ALS-variant SOD1 proteins 

examined in this study, both before and after acetylation. 
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Figure. 4.5. Amide H/D exchange of Lys-acetyl protein charge ladders of ALS-variant 

apo-SOD1 measured with ESI-MS. (A) Number of unexchanged amide hydrogens in 

ALS-variant apo-SOD1 (G85R, D90A, G93R, and E100K) after 60 min in D2O plotted as 

a function of number of acetylated lysine residues. The number of acetylated lysines 

measured by mass spectrometry is one-half the number observed with CE because the 

SOD1 dimer dissociates during ESI-MS (but not during CE). Error bars represent 

standard deviation of seven separate measurements. (B) Representative deconvoluted 

ESI-MS spectra of ALS-variant apo-SOD1 in H2O and (C) after incubation in D2O (10 

mM potassium phosphate, pD 7.4) for 60 min.  
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Figure. 4.6. Differential scanning calorimetry of Lys-acetyl protein charge ladders of 

ALS-variant apo-SOD1 and Zn2+-loaded SOD1. (A) Endothermic transitions of 

acetylated and non-acetylated G85R aoi-SOD1 and G85R Zn2-SOD1. The Tm 

value for each protein is listed next to each endothermic peak. The metal 

content was confirmed with ICP-MS. The average number of acetylated lysines 

in each ladder (Ac(~N)) are listed per dimer. (B-D) Same experiments as in part 

A, but for D90A, G93R, and E100K apo-SOD1 and Zn4-SOD1 proteins. 

How Do ALS-variant SOD1 Proteins Regulate Net Charge When Binding Multiple Zn2+ 

Ions?  

We hypothesize that the binding of the first Zn2+ ion to ALS-variant of SOD1 

resulted in the association of an additional proton (net) and that the binding of each 

subsequent Zn2+ ion resulted in the dissociation of approximately two protons (net). 

Hence, from Zn1- to Zn4-SOD1, the SOD1 protein is expected to dissociate six protons 

(per dimer) in order to maintain its net negative charge. Two of these six net protons 

could originate from the deprotonation of two His63 to imidazolate.(77) It is not known if 
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His63 is deprotonated when it is bridging two Zn2+ at the same active site.(124) Because 

the measured values of ALS-variant Zn4-SOD1 at pH 7.4 are similar—or more anionic in 

the case of E100K—than predicted values that assume each His63 to be negatively 

charged (Table 4.1), our results suggest that His63 is fully deprotonated in ALS-variant 

Zn4-SOD1 at pH 7.4. Nevertheless, His63 cannot account for all 6 released protons that 

are presumably dissociated from dimeric SOD1 when binding the 2nd, 3rd and 4th Zn2+. 

Identifying these possible residues is beyond the scope of this paper and will likely 

require high resolution tools such as neutron diffraction crystallography.(170) 

It is unlikely (but nevertheless still possible) that some of these six purported 

protons are dissociated from positively charged histidine residues, i.e., it is not likely that 

active-site histidines are positively charged prior to metalation and undergo deprotonation 

upon coordinating metals. The measured values of net charge for all four apo-SOD1 

proteins suggest that the metal binding histidines in apo-SOD1 are electrostatically 

neutral (imidazole) prior to metal binding. For example, the calculation of Zseq for each 

apo-SOD1 protein at pH 7.4 assumed that all histidines are electrostatically neutral and 

only small, non-uniform deviations were observed between ZCE and Zseq for all four ALS-

variant apo-SOD1 proteins at pH 7.4, i.e., ∆ZCE/seq ranged from +0.64 to -2.29 (Table 4.1). 

ALS-linked Mutations Do Not Impair the Ability of Apo-SOD1 to Regulate Net Charge 

Across Subcellular pH  

With regard to ALS, we do not know which locus or loci—cytosol, lysosome, 

mitochondria, or nucleus—is the primary site of SOD1 self-assembly in motor neurons 

and so we analyzed protein charge ladders across pH 5-8 (Figure 7.16) and determined 

the net charge of ALS-variant SOD1 across pH 5-8 (Figure 4.7). We could not study the 
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unstable G93R apo-SOD1 across this entire range of pH because the charge ladders could 

not be resolved at low pH, presumably because the protein was absorbing onto the 

capillary or undergoing aggregation (charge ladders of metalated G93R SOD1 were, 

however, resolvable across pH 5-8). The ALS-variant D90A, G85R and E100K apo-

SOD1 proteins generally yielded resolvable protein charge ladders from pH 6.51-8.11 

(Figure 7.16A-D), from which plots of mobility versus Ac(N) were generated (Figure 

4.7A-D). The G85R apo-SOD1 protein did not yield a resolvable charge ladder—and its 

net charge could not be determined—at or below pH 6.51 (Figure 7.16B). 

In general, the net negative charge of all ALS-variant apo-SOD1 proteins that we 

studied did not approach electrostatic neutrality by the expected magnitude as pH was 

lowered from cytosolic to lysosomal pH (Figure 4.7E). This ability for all ALS-variant 

apo-SOD1 proteins to regulate net charge across pH was also observed previously for 

WT apo-SOD1.(104) For example, the net negative charge of D90A apo-SOD1 was 

diminished from ZCE = -9.80 ± 0.08 at pH 8.11 to ZCE = -6.20 ± 0.01 at pH 6.05, which is 

smaller than the decrease that would be predicted from its sequence, i.e., from Zseq = -

14.2 to Zseq = +0.7 (Figure 4.7E). 

The E100K apo-SOD1 protein was, unexpectedly, more negatively charged than 

D90A and G85R at most values of pH across pH ~ 6.5-8 (with the exception of pH 7.4). 

The E100K substitution did not generally diminish the net charge of apo-SOD1 as much 

as the D90A and G85R substitutions, which is a surprising result and would be 

impossible to predict from formal pKa values of amino acids. 

All four ALS-variant apo-SOD1 proteins regulated their net charge to the point 

that each protein remained negatively charged at values of pH as low as pH 6, even 
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though each protein is expected to have a positive charge at pH < 6.5 (Figure 4.7E). For 

example, D90A apo-SOD1 is predicted to have a net charge of Zseq ≈ -1 at pH 6.0, 

however, protein charge ladders demonstrated that the net charge was ZCE = -6.20 ± 0.01 

at pH 6.05. In the case of E100K apo-SOD1, a net charge of Zseq = 0 is predicted at pH 

6.50, however, charge ladders revealed that ZCE = -7.88 ± 0.10 at pH 6.51. These data 

suggest that missense mutations such as E100K will diminish the net negative charge of 

SOD1 at all subcellular loci instead of increasing the protein’s net positive charge at 

lysosomal pH (pH 5) as would be predicted from their formal values of net charge. This 

point—which is important for rationalizing how ALS mutations electrostatically 

accelerate SOD1 self-assembly at different subcellular loci—would be impossible to 

predict from standard values of molecular charge. 

The set of linear plots of mobility versus Ac(N) at different pH were not parallel 

for each protein, as expected and previously observed for the WT SOD1 protein (Figure 

4.7A-D).(104) For example, the plots of mobility vs. Ac(N) for D90A apo-SOD1 

exhibited a general decrease in slope as pH was decreased from pH 8.1 to pH 6.0 (Figure 

4.7C). This decrease suggests that the hydrodynamic drag of the D90A apo-SOD1 protein 

steadily increased as pH was decreased.  
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Figure. 4.7. Effect of solvent pH on net electrostatic charge of ALS-variant apo-SOD1. 

(A-D)Plot of electrophoretic mobility of rungs of charge ladders of ALS-variant apo-

SOD1 (Chapter 7, Fig. 7.16) versus the number of acetylated lysines of each rung at each 

value of pH. (E) The measured and predicted (formal) net charge of WT and ALS-variant 

apo-SOD1 from pH 5.5 to 8.5. The formal vlues of net charge are indicated by solid and 

dashed lines and were calculated with the Henderson-Hasselbalch equation (see 

Experimental Methods). The measured values of net charge were derived from plots in 

part A-D. (F) Plot of the “charge gap” (i.e., the difference in net negative charge of 

variant and WT apo-SOD1) across pH 5.5-8.5. 

The “Charge Gap” Between WT and ALS-variant Apo-SOD1 Is Greatest at Cytosolic pH 

 The “charge gap” between WT and ALS-variant apo-SOD1 was not constant 

across pH. Generally, the gap increased from ΔZCE ≈ 2.0 at pH 6.0-6.5, to ΔZCE ≈ 3.0 at 

pH 7.0-7.5 (Figure 4.7F). The G85R and E100K apoproteins, however, exhibited 

decreases in the charge gap at pH > 7.5 (whereas the D90A apoprotein continued to 

undergo increases in the charge gap at pH > 7.5). 
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We do not have any definitive explanation for why the charge gap in D90A apo-

SOD1 generally increased with pH. Aspartate-90 is located in the most negatively 

charged region of SOD1.(87) It is therefore possible that Asp90 (or another nearby Asp 

or Glu residue) might have an abnormally high pKa that deprotonates at pH > 5 in WT 

SOD1 but, upon substitution of Asp90 with Ala90 might exhibit a lower, more standard 

pKa value. Regardless of the explanation, the electrostatic effects of ALS-linked 

mutations are not constant across the range of intracellular pH encountered by the SOD1 

protein.  The E100K and G85R substitutions will cause the largest reductions in net 

charge at cytosolic pH—and impart the greatest minimization of intermolecular 

electrostatic repulsion between apo-SOD1 proteins—and will thus maximally increase 

the electrostatic component of apo-SOD1’s aggregation propensity at cytosolic pH. 

Charge Regulation of ALS-variant Zn4-SOD1 Across Subcellular pH 

In order to investigate the effect of Zn2+ binding on the ability of ALS-variant 

SOD1 to regulate its net negative charge across subcellular pH, we analyzed protein 

charge ladders of D90A, G93R and E100K Zn4-SOD1 from pH 5.5 to 8.0 with capillary 

electrophoresis. We were able to measure the net charge of ALS-variant Zn4-SOD1 at a 

lower pH than metal-free ALS-variant SOD1 because the metalated proteins yielded 

resolvable charge ladders at lower pH than the apo-SOD1 proteins. Protein charge 

ladders of Zn4-SOD1 are shown in Figure 7.17, and plots of electrophoretic mobility 

versus Ac(N) are shown in Figure 4.8A-D. We also prepared protein charge ladders (and 

measured the net charge) of the WT Zn4-SOD1 protein across pH because the WT Zn4-

SOD1 derivative was not included in our previous analysis (that only included analyses 

of WT apo-SOD1 and WT Cu2Zn2-SOD1 across subcellular pH).(104) 
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The ALS-variant Zn4-SOD1 proteins regulated their net charge across pH 5.5-8.0 

by a magnitude that was similar to that of the WT Zn4-SOD1 protein. The Zn2+-loaded 

ALS-variant proteins do not therefore undergo charge inversion from net negative to net 

positive as would be predicted at pH values that are below the theoretical pI (pI = 6.0 for 

E100K Zn4-SOD1; pI = 5.6 for G93R and D90A Zn4-SOD1). Thus, Zn2+-loaded ALS-

variant SOD1 is likely to remain anionic across all of its subcellular loci. For example, 

the net negative charge of E100K Zn4-SOD1 was diminished from ZCE = -5.98 ± 0.04 to -

3.27 ± 0.04 as pH was lowered from pH 8.02 to pH 5.56. This measured decrease in the 

magnitude of net negative charge is smaller than predicted across this pH range (i.e., 

ΔZCE = +2.71 vs. ΔZseq = +8.6). This degree of charge regulation prevented the net 

charge of the E100K Zn4-SOD1 protein from inverting from the predicted values of Zseq 

= -6 to Zseq = +2.6. 

Similar degrees of charge regulation were observed for WT, G93R and D90A 

Zn4-SOD1 across a similar range of pH.  For example, G93R Zn4-SOD1 exhibited a net 

charge of ZCE = -7.15 ± 0.03 at pH 8.02, which diminished in magnitude to ZCE = -5.56 ± 

0.04 at pH 5.94 (Figure 4.8E). This fluctuation in charge of ΔZCE = +1.59 ± 0.05 is 

smaller than the predicted fluctuation of ΔZseq = +6.4 that is expected to occur from pH 

8.0 to pH 5.9. 
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Figure. 4.8. Effect of solvent pH on net electrostatic charge of WT and ALS-variant Zn4-

SOD1. A-D). Plot of electrophoretic mobility of rungs of charge ladders of WT and ALS-

variant Zn4-SOD1 (at different pH) against the number of acetylated lysines of each rung; 

lot are derived from charge ladders shown in Supporting Information Figure 7.18. (E) 

The measured and predicted (formal) net charge of WT and ALS-variant Zn4-SOD1 from 

pH = 5.5 to 8.0. The formal values of net charge (solid or dashed lines) were calculated as 

described in Material and Methods. The measured values of net charge were derived from 

plots in part A-D. (F) Plot of the “charge gap” (i.e., the difference in net negative charge 

of variant and WT Zn4-SOD1) across pH 5.5-8.0. 

The “Charge Gap” Between WT and ALS-variant Zn4-SOD1 Is Minimized at High 

(Cytosolic) pH and Is Maximized at Low (Lysosomal) pH 

In contrast to the “charge gap” between WT and ALS-variant apo-SOD1, which 

generally increased as pH was raised from pH 6 to pH 8, the “charge gap” between WT 

and ALS-variant Zn4-SOD1 proteins generally decreased for all three variants from pH 6 

to pH 8 (Figure 4.8F). As pH was increased from pH 6.0 to pH 8.1, the “charge gap” of 

D90A Zn4-SOD1 was diminished from 2.33 ± 0.02 to 1.26 ± 0.01 and the “charge gap” 

of G93R Zn4-SOD1 diminished from 1.67 ± 0.01 to 1.09 ± 0.02 (Figure 4.8F). The 

“charge gap” for the E100K Zn4-SOD1 protein diminished from 3.23 ± 0.10 to 2.19 ± 

0.01 across pH 5.6 to pH 8.1. The E100K Zn4-SOD1 protein possessed the smallest 

magnitude of net negative charge of all ALS-variant Zn4-SOD1 proteins across pH 
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(Figure 4.8E), whereas E100K apo-SOD1 was more similarly charged to the other ALS-

variant apo-SOD1 proteins (Figure 4.7E). 

Thus, all three ALS-linked missense mutations lower the net charge of Zn4-SOD1 

by a greater magnitude at lysosomal pH than at cytosolic pH. We hypothesize that the 

coordination of metal ions to SOD1 inhibits the protonation of residues in SOD1 and 

inhibits the minimization of the “charge gap” between WT and ALS-variant SOD1 at low 

pH. 

Conclusion 

This study represents the first use of protein charge ladders and capillary 

electrophoresis to measure how a missense mutation affects the net charge of a folded 

protein across physiological pH. This study represents, therefore, one of the few—to our 

knowledge the only—direct, accurate measurement of how a missense mutation affects 

the net charge of its gene product at physiological pH. The differences that we found 

between the predicted and effective net charge of ALS-variant SOD1 demonstrate that 

the combined effects of missense mutation, Zn2+ coordination, and fluctuation in pH, on 

the net charge of a protein must be measured and never assumed or approximated from 

standard pKa values of amino acid side chains and formal oxidation states of metal 

ions.(67,160) 

It is almost physically impossible for our measurement of the polarity of any 

metal derivative of any protein in this study to be wrong (i.e., to be + instead of –). Every 

solution of SOD1 that we analyzed with CE contained an electrostatically neutral marker 

of electroosmotic flow (dimethylformamide) that functioned as a demarcation of polarity. 

Peaks that appear to the right of the DMF peak have a net negative charge, and peaks on 
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the left have a net positive charge.(13) All rungs of each charge ladder in this study 

appeared to the far right of the DMF peak (Figure 7.18). 

The deviation between the predicted and effective net charge of ALS-variant 

SOD1 will complicate ongoing and future attempts to rationally correlate the biophysical 

properties of each ALS-variant of SOD1 with its aggregation propensity and clinical 

phenotype (e.g., correlating net charge or ∆Gfold with age of disease onset or disease 

duration).(67,116,160) For example, researchers have found a weak linear correlation (r = 

0.78) between the ∆Gfold of ALS-variant apo-SOD1 proteins that are formally isoelectric 

to WT SOD1, and the patient survivability associated with that mutation.(116) Many 

variants that are non-isoelectric to WT SOD1, however, lie outside this linear grouping. 

In most of these cases, variants with a lower magnitude of formal net charge (at pH 7.4) 

are associated with lower survivability (by up to 10 years) than variants with similar 

Gfold that are formally isoelectric to WT SOD1. The few ALS variants that have higher 

magnitudes of formal net charge (compared to WT SOD1) are associated with higher 

survivability (by up to 10 years) than similarly destabilized variants that are isoelectric to 

WT SOD1.(116) Additional patient data will be required to render these correlations 

statistically significant because only a few ALS-linked SOD1 mutations in the current 

sets of data have survivability data from more than 50 patients (e.g., A4V and 

E100G).(116) Furthermore, it is also not clear if all patients in these data sets made 

similar choices for palliative care (e.g., elected to have a percutaneous endoscopic 

gastrostomy, which can prolong life in dysphagic ALS patients by 6-8 months(171)). 

In the current study, we only examined the electrostatic effects of formally non-

isoelectric ALS-linked amino acid substitutions. When considering the strong correlation 
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between the structural environment of an ionizable amino acid residue and its pKa (a 

point that has been recognized for over 50 years(172)) it is reasonable to hypothesize that 

a destabilizing isoelectric ALS-linked mutation such as A4V—which alters the structural 

environment of at least 20 residues in the apo-SOD1 dimer(102,173) and raises pI values 

during native isoelectric focusing(156) by up to ∆pI = +0.25 non-isoelectric—might 

lower the net charge of SOD1 by a degree that will increase its propensity to self-

assemble into toxic oligomers. 

Materials and Methods 

Purification of ALS-variant SOD1 

Recombinant ALS-variant SOD1 proteins (D90A, G85R, G93R, and E100K) 

were expressed in Saccharomyces cerevisiae and purified as previously described.(104)  

Protein concentrations were determined by UV-vis spectroscopy using λmax = 280 nm and 

ε = 10,800 cm-1M-1.  Mass spectrometry was used to confirm the absence of tryptophan 

oxidation or any other post-translational modification that might alter the optical 

absorbance of SOD1 at 280 nm. 

Demetalation and Remetalation of ALS-variant SOD1 

Metal ions (Cu2+, Zn2+) were removed from recombinant ALS-variant SOD1 by 

dialysis as previously described.(104)  All glassware and plastic utensils were soaked in 

20 mM EDTA and rinsed with ultra-pure, metal-free MilliQ water before any contact 

with SOD1 proteins. Zinc (II) ions and Co2+ ions were then titrated back into demetalated 

SOD1 proteins by the slow and stepwise addition of micro-liter aliquots of ZnSO4 (5 mM)

or CoCl2 (5 mM) into solutions of apo-SOD1 protein (~100 µM SOD1) in 100 mM 
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sodium acetate buffer, pH 5.5, as previously described.(104) In order to remove any 

metal ions that remained unbound after each metal titration was completed, SOD1 protein 

solutions underwent at least three cycles of centrifugal filtration (i.e., a 10-20 fold 

dilution into 10 mM potassium phosphate, pH 7.4, followed by a 10-20 fold centrifugal 

concentration). The stoichiometry of Zn2+ and Co2+ bound to SOD1 was determined with 

an Elan 9000 Inductively-Coupled Plasma Mass Spectrometer (ICP-MS) before and after 

acetylation, as previously described.(104) 

Preparation of Lys-NHCOCH3 Charge Ladders of ALS-variant SOD1 

Lysine--NH3
+ protein charge ladders of ALS-variant apo-SOD1 and charge 

ladders of Zn2+ derivatives and Co2+ derivatives of ALS-variant SOD1 were synthesized 

with acetic anhydride as previously described for the WT SOD1 protein.(104) Capillary 

electrophoresis and electrospray ionization mass spectrometry (ESI-MS) were used to 

determine the degree of acetylation after solutions of protein were washed (via 

centrifugal filtration) and transferred into a potassium phosphate buffer (10 mM, pH 7.4). 

Only the lowest rungs of each ladder (i.e., typically first 5-7 rungs) were generated 

(instead of a full ladder consisting of 23 rungs) because this number of rungs is sufficient 

to generate a linear plot of electrophoretic mobility versus the number of acetylated 

lysines. 

Capillary Electrophoresis 

A Beckman P/ACE CE system equipped with a bare, fused silica capillary 

(surrounded by a liquid-cooled jacket) was used for all CE experiments. Electrophoresis 

was performed at 20 C (to prevent Joule heating) using a running buffer of 10 mM 
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potassium phosphate, at various pHs ranging from pH ~ 5 to 8. A small amount of 

dimethylformamide (DMF) was added to each solution of SOD1 before electrophoresis 

as an electrostatically neutral marker of electroosmotic flow (final [DMF] ≈ 1 µM during 

CE of sample). 

Differential Scanning Calorimetry and Amide Hydrogen/Deuterium Exchange 

In order to ensure that the acetylation of lysine in SOD1 did not significantly 

affect the structure or conformational stability of SOD1, we analyzed acetylated and non-

acetylated SOD1 proteins with differential scanning calorimetry (DSC) and amide 

hydrogen/deuterium (H/D) exchange, as previously described for the WT SOD1 

protein.(104) 

Calculation of Formal Values of Net Charge from Amino Acid Sequences 

The formal values of net charge of SOD1 proteins were calculated from their 

respective amino acid sequences using the Henderson-Hasselbalch equation, following 

the same assumptions as previously described.(104) Briefly, for calculations involving 

apo-SOD1 proteins, we used standard pKa values of free amino acids;(104) N-terminal 

acetylation was accounted for each subunit by subtracting a positive unit of charge. The 

net charge of Zn4-SOD1 proteins was similarly calculated with four additional 

assumptions: (i) all metal coordinating residues were treated as non-titratable across pH 5 

to 8 (which is consistent with the ability of SOD1 to remain enzymatically active across 

this pH range(168)); (ii) each of the His63 residues were treated as anionic (imidazolate) 

and non-titratable whereas all other metal-coordinating histidines were treated as 

electrostatically neutral; (iii) each Asp83 residue (a metal binding residue) was treated as 
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anionic and non-titratable; and (iv) two units of positive charge were added for each of 

the four Zn2+ ions. 
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CHAPTER FIVE 

Deamidation of asparagine to aspartate destabilizes Cu, Zn superoxide dismutase, 

accelerates fibrillization and mirrors ALS-linked mutations 

This chapter published as:  
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Shaw, B. F. (2013) Deamidation of asparagine to aspartate destabilizes Cu, Zn 

superoxide dismutase, accelerates fibrillization and mirrors ALS-linked mutations. 
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Abstract 

The reactivity of asparagine residues in Cu, Zn superoxide dismutase (SOD1) to 

deamidate to aspartate remains uncharacterized; its occurrence in SOD1 has not been 

investigated, and the biophysical effects of deamidation on SOD1 are unknown. 

Deamidation is, nonetheless, chemically equivalent to Asn-to-Asp missense mutations in 

SOD1 that cause amyotrophic lateral sclerosis (ALS).  This study utilized computational 

methods to identify three asparagine residues in wild-type (WT) SOD1 (i.e., N26, N131, 

and N139) that are predicted to undergo significant deamidation (i.e., to > 20 %) on 

timescales comparable to the long lifetime (> 1 year) of SOD1 in large motor neurons. 

Site-directed mutagenesis was used to successively substitute these asparagines with 

aspartate (to mimic deamidation) according to their predicted deamidation rate, yielding: 

N26D, N26D/N131D, and N26D/N131D/N139D SOD1. Differential scanning 

calorimetry demonstrated that the thermostability of N26D/N131D/N139D SOD1 is 
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lower than WT SOD1 by ~ 2-8 C (depending upon the state of metallation) and < 

3 C lower than the ALS mutant N139D SOD1. The triply deamidated analog also 

aggregated into amyloid fibrils faster than WT SOD1 by ~ 2-fold (p < 0.008**) and at a 

rate identical to ALS mutant N139D SOD1 (p > 0.2). A total of 534 separate amyloid 

assays were performed to generate statistically significant comparisons of aggregation 

rates among WT and N/D SOD1 proteins. Capillary electrophoresis and mass 

spectrometry demonstrated that ~ 23 % of N26 is deamidated to aspartate (iso-aspartate 

was undetectable) in a preparation of WT human SOD1 (isolated from erythrocytes) that 

has been used for decades by researchers as an analytical standard. The deamidation of 

asparagine—an analytically elusive, sub-Dalton modification—represents a plausible and 

overlooked mechanism by which WT SOD1 is converted to a neurotoxic isoform that has 

a similar structure, instability and aggregation propensity as ALS-mutant N139D SOD1. 

Keywords:  asparagine deamidation, motor neuron, sporadic ALS, amyloid, amyotrophic 

lateral sclerosis, neurodegeneration 

Introduction 

The rate at which asparagine residues in folded proteins deamidate (non-

enzymatically) to aspartic acid (Figure 5.1) is generally slow at neutral pH and can vary 

from days to decades depending upon the primary and three dimensional structure of the 

protein.(175-178) For example, the presence of glycine and other small, unbranched 

amino acids at the C-terminal flank of an asparagine will generally increase the rate of 

deamidation, whereas C-terminal flanking by bulkier branched residues (and proline) will 

diminish the rate of deamidation. The folding of proteins also generally slows the rate of 

deamidation by reducing solvent accessibility and increasing conformational rigidity and 
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intramolecular H-bonding.(179) The non-enzymatic deamidation of asparagine in folded 

proteins is commonly associated with long-lived proteins (48,180) and its perennial 

occurrence in aqueous environments has led to the hypothesis that the reaction functions 

as a “molecular clock” by which organisms can genetically control the amino acid 

sequence of proteins as a function of time.(46,176,178) 

We suspect that the spontaneous deamidation of asparagine to aspartate might be 

intrinsically toxic to motor neurons—and represent more of a “ticking time bomb”—

because it is chemically indistinguishable from toxic Asn-to-Asp missense mutations. For 

example, the N86D and N139D missense mutations in the gene encoding Cu, Zn, 

superoxide dismutase (SOD1)(116) cause familial forms of amyotrophic lateral sclerosis 

(ALS)(181), as do the more recently discovered ALS-linked missense mutations N378D 

and N390D in the TARDBP gene encoding the transactive response DNA binding 

protein-43 (TDP-43 It is reasonable to suspect that the spontaneous deamidation of 

asparagine might occur to SOD1 and TDP-43 within motor neurons (more so than in 

other cell types) because these proteins undergo axonal transport.(182,183) Axonal 

transport in motor neurons can involve distances that exceed one meter and durations that 

exceed one year, for example, the SC-b (slow component-b) axonal transport of SOD1 

proceeds at a rate of 2-8 mm/day.(183) In contrast, a protein such as SOD1 would be—

we hypothesize—less susceptible to deamidation in other cell types where its lifetime is 

typically shorter by a factor of 100 (e.g., the SOD1 protein has a measured lifetime of < 

100 hours when overexpressed in cultured HEK or COS cells(123)). 

To date, more than 160 different mutations in the gene encoding SOD1 have been 

linked to familial forms of ALS. Most of these mutations result in single amino acid 
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substitutions that induce toxicity by (presumably) increasing the rate of self-assembly of 

SOD1 into fibrillar oligomers that are rich in -sheet structure. The aggregation of the 

wild-type (WT) SOD1 protein is now also hypothesized to cause sporadic forms of 

ALS.(117,184) A growing list of post-translational chemical modifications (non-

proteolytic) have been detected (or are at least hypothesized) to occur to SOD1 in vivo or 

in vitro(92,93,155,184-190) and several of these modifications are hypothesized to 

convert the WT SOD1 protein into a neurotoxic isoform that self-assembles into fibrillar 

structures at a rate or form reminiscent of ALS-mutant SOD1. (184,185) 

The deamidation of asparagine to aspartate is unique among post-translational 

modifications that are suspected to occur to SOD1 and be involved in ALS—both in its 

potential relevance to ALS, and the urgency with which we must characterize its 

occurrence and biophysical effects upon SOD1—because: (i) deamidation is the only 

known modification that represents a post-translational “mutation” that is chemically 

equivalent to neurotoxic mutations; (ii) deamidation ( mass = + 0.984 Da) is an 

analytically elusive modification that—if occurring in vivo (or even in vitro)—has likely 

been undetected in prior mass spectrometric analyses of SOD1; and (iii) the slow kinetics 

of deamidation suggest that the reaction will occur selectively to SOD1 expressed in 

motor neurons. In fact, it appears obligatory to conclude, a priori, that asparagine 

deamidation at N86 and N139 in SOD1 produces an SOD1 polypeptide that is just as 

intrinsically toxic to motor neurons as the polypeptide that results from the chemically 

synonymous N86D and N139D missense mutations to the SOD1 gene. Such a conclusion 

cannot be rationally made, a priori, about other types of post-translational modifications 

to SOD1. 
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The deamidation of asparagine in WT SOD1 has not been explicitly investigated 

(or even cited in the literature) as a modification that might convert WT SOD1 into a 

neurotoxic isoform. Moreover, asparagine deamidation has not even been reported to 

occur to full-length human SOD1 in vivo or in vitro, within (or beyond) the context of 

ALS. Nevertheless, the perfunctory detection of a subpopulation of deamidated SOD1, 

followed by the verification that deamidation occurred in vivo (and not during sample 

preparation) are both complicated by: (i) the small change in molecular mass associated 

with deamidation, and (ii) the difficulty in distinguishing whether deamidation occurred 

in vivo, or occurred artifactually during sample preparations that will increase the solvent 

accessibility and conformational flexibility of Asn residues (e.g., proteolysis with trypsin 

or denaturation with urea).(191) Furthermore, the type of mass analyzers (i.e., time of 

flight, quadrupole, or ion-trap) and proteolysis protocols that were used in most of the 

previous mass spectrometric analyses of human SOD1 from neural tissue—e.g., the study 

by Shaw et al.(58)—would not have been able to detect subpopulations of full-length 

SOD1 proteins bearing sub-Dalton modifications.(154,155,192,193)  Detecting 

subpopulations of SOD1 with sub-Dalton modifications is even difficult with Fourier 

transform ion cyclotron resonance-MS instruments (because of naturally occurring 

carbon isotopes), as shown in a recent study that distinguished subpopulations of Cu-

SOD1 (gas-phase) from Zn-SOD1 (∆ mass Cu:Zn = 1.84 Da).(194) 

In this paper, we show (computationally) that several asparagine residues in 

SOD1 undergo significant deamidation on time-scales comparable to the SC-b axonal 

transport of SOD1 in a motor neuron. We also measured the biophysical effects of 

deamidation of multiple asparagines (to aspartate) in WT SOD1. The results demonstrate 
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that the successive deamidation of multiple asparagines has similar effects on the 

structure, thermostability and rate of self-assembly of SOD1 into amyloid as the ALS-

linked missense mutation N139D. To illustrate the elusiveness of deamidation and begin 

to determine its occurrence in vivo, we show that asparagine is deamidated to aspartate 

(not iso-aspartate)—and has gone undetected—in a common commercial source of 

human SOD1 (isolated from human blood) that has been utilized for > 30 years as a 

standard in the electrophoretic, immunohistochemical and enzymological studies of 

SOD1 biochemistry and reactive oxygen species. 

Figure 5.1. Chemical mechanism of spontaneous (non-enzymatic) asparagine 

deamidation. The reaction can produce different products, including the stereoisomers of 

aspartate or iso-aspartate and cleavage products (which are not shown for clarity). 

Results and Discussion 

The SOD1 protein is expected to endure a lifetime on the order of 1.4 years when 

traversing an axon that is one meter in length at a rate of 2 mm/day.(183) The lifetime of 

SOD1 that is localized to axons might also be increased by deficits in axonal transport, 

which can precede the death of motor neurons and can be associated with ALS.(195) 
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With these time-scales in mind, we used an algorithm previously developed by Robinson 

and Robinson(46) to predict the rate of deamidation of all seven Asn residues in a subunit 

of homodimeric WT holo-SOD1 (at pH 7.4, 37 ºC). The calculations were performed 

upon an NMR solution structure of WT holo-SOD1 (PDB entry: 1L3N); the details of the 

algorithm and its use to predict deamidation rates have been reviewed.(179) Briefly, the 

free energy of activation required to rearrange the Asn side chain (to permit optimal 

formation of the cyclic succinimide intermediate) is approximated from a parameterized 

function that accounts for the local primary structure and flexibility of each asparagine 

(i.e., the local 2° and 3° structure, and H-bonding). The location of each Asn residue (and 

its solvent accessibility) in folded holo-SOD1 is shown in Figure 5.2A; the secondary 

structure of each Asn residue in holo-SOD1 is shown in Figure 5.2B. 

The shortest half-life of Asn deamidation in folded, holo-SOD1 was calculated to 

be t1/2 = 71 days for N26 (which is solvent exposed and C-terminally flanked by Gly27) 

and the longest was t1/2 = 48.5 years for N86 (which is buried and C-terminally flanked 

by Val87)  (Figure 5.2C). The half-life of N139 was predicted to be t1/2 = 3.6 years in 

folded holo-SOD1. Asparagine residues in holo-SOD1 were predicted to undergo 

deamidation in the following order: N26 > N131 > N139 > N65 > N19 > N53 > N86. We 

did not attempt to predict the effect of the deamidation of one Asn residue on the rate of 

deamidation of a separate Asn residue. In order to estimate the intrinsic half-life of Asn 

residues in disordered SOD1 or peptide fragments of SOD1—such as those that might be 

generated during proteolysis (in vitro, prior to MS/MS sequencing)—we searched 

published libraries of measured rates of deamidation for ~ 400 pentapeptides(179) and 

found seven pentapeptides with Asn residues that have identical n + 1 and n - 1 residues 
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to the seven Asn in SOD1. Notably, t1/2 = 0.96 days for the N26 analog pentapeptide, and 

t1/2 = 21.1 days for the N139 analog, at pH 7.4-7.5, 37 C (Figure 5.2C). 

Figure 5.2. A) Three-dimensional structure of human WT SOD1 (PDB: 1L3N) with its 

seven Asn side chains highlighted in red; the solvent accessible surface area of each Asn 

is listed (as approximated from the rolling sphere method, using Accelrys Discovery 

Studio). B) Secondary structure map of WT holo-SOD1. C) Calculated (theoretical) half-

lives of deamidation for all seven Asn residues in folded holo-SOD1 at pH 7.4, 37 C. 

Half-lives were calculated by analysis of the NMR-derived solution structure of WT 

holo-SOD1 (PDB entry: 1L3N) with an algorithm developed by Robinson and Robinson 

(46). Also shown: the previously measured half-lives of deamidation of seven different 

pentapeptides (179) (at pH 7.4, 37 C) that have homologous neighboring residues (n+1 

and n-1) to the seven Asn residues in SOD1. 

The predicted rates of Asn deamidation in holo-SOD1 were compared with its 

timespan of anterograde SC-b axonal transport through an axon measuring 1 meter in 

length (Figure 3). After ~ 450 days, 99 % of holo-SOD1 polypeptides were predicted to 

have undergone deamidation at N26; 55 % at N131; 21 % at N139, and 2 % at N86 
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(Figure 5.3). These approximations led us to hypothesize that the deamidation of N26, 

N131, and N139 might occur at significant levels (i.e., > 20 %) in SOD1 proteins that 

traverse long distances during axonal transport. 

Figure 5.3. Comparison of the predicted extent of deamidation of holo-SOD1 (as 

estimated by an algorithm developed by Robinson and Robinson(46)) with the rate of 

anterograde SC-b axonal transport of SOD1 (at 2 mm/day) in a motor neuron that is 1 

meter in length.  

Successive Asn Deamidation Lowers the Thermostability of WT SOD1 

The conformational stability of ALS-linked mutant SOD1 proteins has been 

shown to correlate negatively with their aggregation propensity and positively with the 

life-span of ALS patients.(160) In order to determine the effects of successive 
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deamidation on the conformational stability (and other biophysical properties) of SOD1, 

we used site-directed mutagenesis to introduce the following compounded Asn-to-Asp 

substitutions into WT SOD1: N26D, N26D/N131D, and N26D/N131D/N139D. The use 

of Asn-to-Asp missense mutations to mimic deamidation allowed us to: (i) generate pure 

solutions of “deamidated” SOD1, (ii) control the site of “deamidation”, and (iii) generate 

the deamidated analogs quickly (instead of performing the reaction manually over the 

course of, presumably, several months under reducing conditions). 

An analysis of each recombinantly expressed and purified N/D SOD1 mutant 

protein (in the demetallated apo state) with circular dichroism and amide hydrogen-

deuterium exchange (as measured by mass spectrometry) suggested that the compounded 

deamidation of N26, N131, and N139 does not significantly affect the three dimensional 

structure of apo-SOD1 (Figure 5.4B-D). All apo-SOD1 proteins retained between 25 and 

35 unexchanged hydrogens after 60 min in D2O, however, a one-way ANOVA test 

(analysis of variance) of each set of 21 measurements (for each protein) showed no 

statistically significant difference between the rates of H/D exchange for any of the apo-

SOD1 proteins studied at either 5 or 60 min, i.e., p > 0.05 (Figure 5.4C). 

In order to demonstrate further that WT apo-SOD1, N139D apo-SOD1, and the 

triply deamidated analog of apo-SOD1 exhibited similar rates of amide H/D exchange, 

we mixed the WT, N139D, and N26D/N131D/N139D apo-proteins into a single solution 

and simultaneously measured their mass in D2O after 60 minutes (Figure 5.4D). The 

width of the molecular ions for this mixture (i.e., ~ 20.4 Da) were nearly 

indistinguishable from the width of the molecular ions of the pure N26D/N131D/N139D 

apo-SOD1 protein after 60 min in D2O (i.e., ~ 19.5 Da). The small increase in width (0.9 
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Da) observed for the mixture is likely due to the small variance in the intrinsic molecular 

weight of the three proteins before H/D exchange (Figure 5.4D). It is important to point 

out that increasing the net negative charge of proteins—by only a single unit—can reduce 

the rate of amide H/D exchange of that protein at pH > 4 (by either lowering the local 

concentration of hydroxide catalyst or increasing the free energy of activation of the 

anionic –N:– intermediate that forms during base-catalyzed amide H/D exchange).(87) 

These electrostatic (not structural) effects—if occurring from the addition of a single unit 

of negative charge with each N/D substitution—would likely manifest in reductions in 

the global rate of exchange of only 1-3 hydrogen ions after 5 or 60 minutes (which is 

within our experimental error). Nevertheless, the similarities in rates of amide H/D 

exchange (and likely, structure) are not surprising when considering that N131 and N139 

are located in loop VII, which is intrinsically disordered prior to the coordination of metal 

ions(102) and the R group of N26 located in loop II is exposed to solvent (Figures 5.2A 

and 5.2B). All apo-SOD1 proteins in this study were demetallated to contain < 0.05 

equivalents of either copper or zinc per dimer, according to ICP-MS (Table 7.3). 
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Figure 5.4. Biophysical effects of successive deamidation of N26, N131, N139 in apo-

SOD1 (as modeled by N/D substitutions). A) Electrospray ionization mass spectra and B) 

circular dichroism spectra (at pH 7.4, ~ 22C) of N26D, N26D/N131D, and 

N26D/N131D/N139D apo-SOD1. C) Solution structure of deamidated analogs are 

similar, as measured by amide H/D exchange and mass spectrometry (at pD 7.4, ~ 22 C). 

Error bars represent standard deviation of 21 replicate measurements (i.e., seven replicate 

H/D experiments, measured in triplicate). D) Width of +13 ion of a mixture of WT, 

N26D, N26D/N131D, and N26D/N131D/N139D apo-SOD1 after 60 min in D2O is 

similar to width of +13 ion of pure apo-SOD1 protein (here, N26D/N131D/N139D apo-

SOD1) showing that deamidation does not affect the rate of amide H/D exchange of apo-

SOD1. 
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Each successive N/D substitution lowered the melting temperature (Tm) of apo-

SOD1 by < 1 C per substitution (i.e., per deamidation), as measured by differential 

scanning calorimetry (DSC) (Figure 5.5A, Table 7.3). The Tm of the triple mutant (i.e., 

N26D/N131D/N139D) apo-SOD1 was similar to the ALS-linked N139D apo-SOD1 (i.e., 

∆Tm = 0.24  1.46 C). The successive N/D mutations had a greater destabilizing effect 

on remetallated (i.e., Cu2Zn2) SOD1 than apo-SOD1. All apo-SOD1 proteins were 

remetallated to contain between 1.73-2.05 Cu2+ and 1.70-1.87 Zn2+ per dimer, according 

to ICP-MS (Table 7.3). The thermograms of remetallated WT SOD1 and each mutant 

protein exhibited one predominant endothermic transition (in the range 82-88 C), and 

two minor transitions (each of which likely represent a unique state of metallation, as 

previously observed for WT and ALS-mutant SOD1).(162) Each of the three transition 

temperatures of the triple mutant were consistently lower than the ALS-mutant N139D 

protein by ~ 1-3 C, and lower than the WT SOD1 protein by ~ 3-8 C (Figure 5.5B, 

Table 7.3). The most straightforward explanation for why the compounded N26D, 

N131D and N139D substitutions had a more destabilizing effect on remetallated SOD1 

than apo-SOD1 is because N131 and N139 are located in loop VII, which is intrinsically 

disordered prior to metal binding.(102) Therefore, the N/D substitutions at positions 131 

and 139 cannot significantly destabilize a loop in apo-SOD1 that is already intrinsically 

disordered. Loop VII does, however, become ordered upon metal binding and the 

structuring of this loop in the metallated state—which involves the molecular packing 

and partial burial of N139 (see solvent accessibility values in Figure 5.2A)—is somehow 

disfavored by the incorporation of a carboxylic acid. This destabilizing effect could be 

rationalized on the basis that: (i) the partial burial of a negatively charged carboxylic acid 
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will be generally disfavored over the partial burial of a neutral amide and/or (ii) the H-

bond donor ability of the CO2
- group is lower than the CONH2 group. 

Figure 5.5. Successive deamidation (as modeled by N/D amino acid substitutions) 

reduces the thermostability of remetallated SOD1 more than apo-SOD1. A) Endothermic 

transitions of N26D, N139D, N26D/N131D, and N26D/N131D/N139D apo-SOD1, with 

a diagram of resulting Tm values. B)  Endothermic transitions of remetallated N26D, 

N139D, N26D/N131D, N26D/N131D/N139D Cu2Zn2-SOD1, with diagrams of resulting 

Tm values. Error bars represent standard error from three separate DSC measurements of 

each protein. 
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Measuring the Effect of Successive Deamidation on the Rate of Self-Assembly of SOD1 

into Amyloid 

In spite of its destabilized conformation, the triply deamidated SOD1 analog 

might aggregate slower than N139D SOD1 or WT SOD1 because it has a higher net 

negative charge than both proteins, which can diminish the rate of 

aggregation.(107,139,143,146) We used a thioflavin-T (ThT) fluorescence assay(51) to 

quantify the rate of aggregation of N/D mutants and WT SOD1 into amyloid-like fibrils 

at pH 7.4 (Figure 5.6). Assays were performed on metal free, disulfide-reduced SOD1 

proteins in the absence of NaCl (Figure 5.6A); Na+ and Cl- can screen certain types of 

attractive or repulsive electrostatic interactions in proteins (e.g., those that occur: (i) 

across a distance that is larger than the Debye screening length, which is ~1 nm at I = 100 

mM, or (ii) do not occur across the hydrophobic core of protein that has a low dielectric 

interior).(13) 

Each thioflavin-T amyloid assay was repeated in replicates of 42 to 96 for each 

protein (depending on protein availability) in the presence or absence of NaCl.  Each 

longitudinal plot of ThT fluorescence generally exhibited a sigmoidal increase in 

fluorescence (as previously observed for SOD1(51)) that yielded kinetic parameters of 

fibrillization, i.e., “lag time”, and “ inverse propagation constant” (Table 5.1). A 

graphical illustration of the calculation of lag times and inverse propagation constants 

from sigmoidal plots of ThT fluorescence is shown in Figure S1. Only a single 

longitudinal plot of fluorescence from a single replicate experiment is shown for each 

protein in Figure 5.6 (to indicate the general sigmoidal shape and not necessarily the 

average lag time and inverse propagation constant shown in Table 5.1, that were 

calculated from dozens of replicate experiments); the intensity of fluorescence was also 
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normalized in these plots. The raw (non-normalized) longitudinal plots of ThT 

fluorescence for each protein (a total of 534 plots) are included in supporting information 

(see Figures 7.19 and 7.20; replicate experiments that were carried out in 0 mM NaCl are 

shown in Figure 7.19, and experiments in 100 mM NaCl are shown in Figure 7.20). The 

terminal reduction in fluorescence that occurred in some of the replicate assays at the end 

of fibrillization, after reaching a maximum intensity (Figure 5.6A&B), is an artifact that 

can be attributed to the adhesion of aggregated SOD1 to the sides of the microplate wells 

(as inferred from visual inspection); data points within this region were not included in 

the sigmoidal fit. The fibrillar morphology of aggregated SOD1 proteins was confirmed 

with transmission electron microscopy (Figure 5.6C).  

In the absence of NaCl, the triply deamidated analog of apo-SOD1 exhibited a 

shorter mean lag time than WT apo-SOD1 by a factor of 1.7 (p < 0.0001***) and a smaller 

mean inverse propagation constant than WT by a factor of 1.6 (p = 0.0003) (Table 5.1). 

The mean lag time of the triply deamidated analog was, however, indistinguishable from 

N139D apo-SOD1 in the absence of NaCl (p = 0.2263); the mean inverse propagation 

constants of the triple mutant and N139D were also indistinguishable (p = 0.5514). In the 

presence of 100 mM NaCl, the fibrillization of the triply deamidated analog of apo-SOD1 

exhibited a significantly shorter mean lag time than WT apo-SOD1, by a factor of 1.3 (p 

= 0.0079**) (Table 5.1, Figure 5.6B). The triple mutant apo-SOD1 protein exhibited a 

similar mean inverse propagation constant than WT apo-SOD1 (p = 0.0670), which 

suggested that although the fibrillization of the triple mutant initiated earlier than WT 

apo-SOD1, the rate of propagation of the triple mutant fibrils was identical to WT fibrils, 

in 100 mM NaCl. 
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Figure 5.6. The fibrillization of deamidated analogs of WT apo-SOD1 (disulfide-reduced) into 

amyloid-like oligomers studied with ThT fluorescence assay and transmission electron 

microscopy. A) Thioflavin-T fluorescence assay for the fibrillization of WT and N/D mutant apo-

SOD1 without NaCl; number of replicates, n, listed in key. Inset shows magnification of 0-30 

hours. Only a single longitudinal plot of fluorescence is shown for each protein to indicate 

sigmoidal increase in ThT fluorescence, i.e., the single plot shown for each protein was randomly 

chosen and might not correlate with the relative average lag time and inverse propagation 

constant listed for each protein in Table 5.1. Longitudinal plots of fluorescence from all replicate 

experiments (≥ 42 replicate experiments for each protein) are shown in Figure 7.19B) The same 

experiment as in part A, but in the presence of 100 mM NaCl. Only a single longitudinal plot of 

fluorescence is shown for each protein to indicate sigmoidal increase in ThT fluorescence but not 

to indicate relative average lag times or inverse propagation constants (listed in Table 1) that were 

calculated from replicate experiments; longitudinal plots of fluorescence from all 42 replicate 

experiments (for each protein) are shown in Figure 7.20. C) Transmission electron micrographs 

after ThT assay in part A (scale bar = 100 nm). All ThT assays were performed at pH 7.4, 37 C. 

D and E) SDS-PAGE of WT and N/D mutants of apo-SOD1 before aggregation assay (D) and 

after aggregation assay and centrifugation (E) in 100 mM NaCl. 
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Table 5.1. Kinetic parameters of fibrillization (i.e., lag time and inverse propagation 

constant) of deamidated analogs of WT apo-SOD1 and ALS-linked N139D apo-SOD1 

(at pH 7.4). 

aData are shown as Mean ± Standard Error of the Mean (SEM) of N number of assays; bP values 

are calculated with Unpaired t-test between WT and different mutants; cN represents the number 

of replicates of thioflavin-T (ThT) amyloid assays performed for each protein; dUnpaired t-test 

between N139D and triple mutant yielded p = 0.5514 for inverse propagation constant and p = 

0.2263 for lag time; e11.5 % and f44.1 % of replicate experiments did not result in a substantial 

increase in fluorescence (i.e., appeared flat, resulting in sigmoidal fits with R2 < 0.9) and were not 

included in calculation of mean lag time or propagation constant. These flat plots are nonetheless 

shown in Figure S2; gUnpaired t-test between N139D and triple mutant yielded p = 0.7018 for 

inverse propagation constant and p = 0.3008 for lag time; h12 % and i21 % of replicate 

experiments did not result in a substantial increase in fluorescence (i.e., appeared flat, resulting in 

sigmoidal fits with R2 < 0.9) and were not included in calculation of mean lag time or propagation 

constant. These flat plots are nonetheless shown in Figure 7.20. 

SOD1 

Inverse 

Propagatio

n Constanta 

(hr)

P valueb

Lag 

Timea

(hr) 
P 

valueb 

Nc

Averag

e   R2          

0 mM NaCl

WT 5.3 ± 0.4 26.2 ± 1.5 60 0.98 

N139Dd 3.3 ± 0.1 
<0.0001 

17.7 ± 1.1 
<0.0001 96

e 
0.97 

N26D 2.4 ± 0.2  <0.0001      31.2 ± 1.9   0.0430  42 0.99 

N26D,N131D 3.5 ± 0.3 0.0010 33.3 ± 2.7 0.0159 42 0.99 

N26D,N131D,N139

D 
3.4 ± 0.3 

0.0003 
15.7 ± 1.0 

<0.0001 84f

0.92 

100 mM NaCl

WT 3.5 ± 0.3 18.9 ± 1.2 42 0.97 

N139Dg 2.9 ± 0.2 
0.1110 

12.9 ± 1.1 
0.0006 42

h 
0.97 

N26D 3.0 ± 0.3 0.2099 22.6 ± 1.1 0.0286 42 0.97 

N26D,N131D 2.3 ± 0.2 0.0005 21.3 ± 1.3 0.1908 42 0.97 

N26D,N131D,N139

D  
2.8 ± 0.2 

0.0670 
14.5 ± 0.9 

0.0079 
42i 0.97 
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Most importantly, the mean inverse propagation constant and mean lag time of 

the triple mutant were statistically indistinguishable from those of N139D SOD1 (p = 

0.7018 and p = 0.3008, respectively, Table 5.1), suggesting that the N139D ALS variant 

and triply deamidated apo-SOD1 exhibited identical rates of aggregation in 100 mM 

NaCl. 

We note that 12 % of replicate ThT fluorescence plots of N139D (in 0 mM NaCl 

and 100 mM NaCl) and 36 % of replicate ThT fluorescence plots of the triply deamidated 

analog (in 0 mM NaCl and 100 mM NaCl) appeared as predominantly flat lines, that is, 

exhibited a nearly negligible sigmoidal increase in fluorescence of < 2 arbitrary units 

(from the baseline) throughout the 150 hr assay (Figure 7.19D&E and Figure 7.20D&E). 

A sigmoidal fit of these predominantly flat plots—which were only observed during the 

aggregation of N139D and N26D/N131D/N139D apo-SOD1—yielded R2 values below 

0.9. We, therefore, chose not to incorporate the lag times and inverse propagation 

constants from these fittings into the calculation of the mean lag time and inverse 

propagation constants listed in Table 5.1. A visual inspection of these low intensity 

samples at the end of the assay revealed turbidity, which suggested that the SOD1 

proteins did indeed aggregate, albeit not into oligomers that bound fluorescent ThT. 

We also point out that although the majority of replicate experiments for all 

proteins exhibited a single predominant sigmoidal increase in ThT fluorescence (denoted 

τ1 in Figures 7.19 and 7.20), we did observe that ~ 15 % of the replicates exhibited a 

second minor sigmoidal increase in fluorescence (denoted τ2 in Figures 7.19 and 7.20). 

This second transition—which was observed more often in the N139D and 

N26D/N131D/N139D apo-SOD1 proteins than other proteins—occurred 2-3 days after 
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the first increase in fluorescence. The lag times and inverse propagation constants for this 

second sigmoidal increase in fluorescence were not incorporated into the calculation of 

mean lag times and inverse propagation constants listed in Table 5.1, that is, this second 

transition was excluded from all mathematical fittings because of its infrequency of 

occurrence and minor amplitude. Future studies will be required to determine the cause of 

this second transition. Additional details of the raw ThT data from the amyloid assays, 

including the shortcomings of the ThT assay and possible causes of variation in 

fluorescence intensity among fibrils of WT SOD1 and all four variants of SOD1 are 

discussed further in supporting information. 

Analysis of WT and mutant SOD1 proteins with ESI-MS, UV-Vis and SDS-

PAGE before initiation of the ThT assays demonstrated that all proteins were present at 

identical concentrations and degrees of purity (Figures 5.4, 5.6D). The centrifugation and 

SDS-PAGE analysis of the supernatant of SOD1 solutions after completion of the ThT 

assay demonstrated that the majority (i.e., > 80 %) of WT and mutant SOD1 proteins 

underwent aggregation in 100 mM NaCl (to a sedimentable form) during the 150-hour 

amyloid assay. A small amount of N139D SOD1 (i.e., 3 %) and N26D/N131D/N139D 

SOD1 (i.e., 14 %) remained in the supernatant upon completion of the aggregation assay 

(Figure 5.6E), which suggests the presence of native (monomeric or dimeric) SOD1 

and/or oligomers that were too small to sediment during centrifugation at 13,000 rpm. 

Asparagine is Deamidated to Aspartate in WT SOD1 Purified from Human Blood 

In order to begin to determine if asparagine deamidation occurs to SOD1 in 

humans, and also to establish mass spectrometric protocols (that are free of artifactual 

deamidation) that can be used by researchers in future studies to search for deamidated 
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SOD1 from tissue extracts, we determined the extent of deamidation in an analytical 

standard of human SOD1 that is commercially available (from Sigma-Aldrich) as a 

lyophilized powder. This copper- and zinc-containing form of human SOD1 (denoted 

holo-SOD1) is isolated from human erythrocytes and has been utilized by dozens of 

research groups for several decades in clinical and biochemical studies of SOD1 and 

reactive oxygen species (wherein it is used as an analytical standard in 

immunohistochemical, electrophoretic, and enzymological studies of SOD1 and reactive 

oxygen species). (196-211)The deamidation of asparagine has never been reported to 

occur in this (or any) form of native human SOD1. 

We reiterate that our intent in the analysis of this analytical “legacy” standard of 

SOD1 (Figure 7) was not to necessarily establish (definitively) that asparagine 

deamidation occurs to SOD1 in vivo—collecting such data must be the subject of future 

studies—but to demonstrate that asparagine deamidation can (if present) remain easily 

overlooked, even in an analytical standard of SOD1 that has been used for > 30 years. 

Nevertheless, if the deamidation of SOD1 is a physiologically relevant reaction in some 

human tissues, then we would expect (based upon the Robinson algorithm(46) to observe 

the deamidation of the most reactive asparagine in SOD1 proteins isolated from 

erythrocytes. For example, the SOD1 proteins that are isolated from erythrocytes are 

expected to have moderately long lifetime because: (i) erythrocytes cannot synthesize 

proteins after erythrogenesis, and (ii) the lifetime of erythrocytes is ~ 120 days. (212,213) 

A combination of capillary electrophoresis (which can separate proteins that differ 

in net charge by as little as a single unit), rapid proteolysis with immobilized trypsin, and 

LC-ESI-MS/MS was used to detect deamidation at N26 in WT holo-SOD1 from Sigma-
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Aldrich (as isolated from human erythrocytes) (Figure 5.7). The electropherogram of 

holo-SOD1 contained a small satellite peak (µ = 6.14 cm2·kV-1·min-1) that was consistent 

with an increase in net negative charge (denoted Z) of a single unit, according to 

alignment with second rung of the Lys-NHCOCH3 “protein charge ladder” of holo-SOD1 

(Figure 5.7A). The protein charge ladder of SOD1—which operates as a “charge ruler”—

was made by successively acetylating surface Lys--NH3
+ with acetic anhydride to yield 

electrostatically neutral Lys--NHAc. Thus, the 2nd “rung” of the charge ladder will be 

isoelectric with a singly deamidated SOD1 protein. The integration of this satellite peak 

at µ = 6.14 (which represented deamidated SOD1, as we show below) yielded an 

intensity that was 24.9 % of the major peak. This satellite peak does not represent a 

different metallation state of SOD1, as demonstrated by its persistence after demetallation 

(Figure 7.19). 

Rapid trypsinization of human WT holo-SOD1 from human erythrocytes, and 

analysis with HPLC-MS/MS demonstrated that N26 is deamidated to aspartic acid, and 

thus contributes (at least partially) to the intensity of the small satellite peak in the 

capillary electropherogram in Figure 5.7A. For example, the tryptic peptide 

corresponding to residues 24-36, which eluted at t = 23.74 min, was 0.985 Da lower in 

mass than the tryptic peptide (which also contained residues 24-36) that eluted 1.1 min 

later at 24.84 (Figure 5.7B). The MS/MS spectra of the eluting peptides confirmed the 

presence of N26 in the peptide at 23.74 min and D26 in the peptide at 24.84 min (Figure 

7.20). There were no other deamidated residues detected in WT holo-SOD1 from 

erythrocytes. The intensity of the peak at 24.84 min representing residues 24-36 with 

deamidated N26 was 22.4 % of the intensity of the peak at 23.74 min, suggesting that 
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22.4 % of the SOD1 protein is deamidated at N26, which is nearly equal to the estimate 

of 24.9 % deamidation from the capillary electropherogram. Quantifying the amount of 

deamidated N26 from the intensity of mass spectral ions is appropriate when considering 

experiments, described below, which show that the ionization efficiency of the 

deamidated and undeamidated peptides are approximately similar (i.e., see similar mass 

spectral intensity of synthetic peptides; Figure 5.8A) 

The extent of deamidation that we detected at N26 in WT SOD1 from 

erythrocytes (i.e., ~ 23 %, based upon the integration of peaks in the chromatogram and 

electropherogram) is approximately two-fold lower than the theoretical percentage that is 

predicted from the Robinson algorithm, i.e., ~ 50 % deamidation, after ~ 70 days (Figure 

5.3). This theoretical percentage was inferred by assuming that the SOD1 proteins from 

Sigma-Aldrich existed in an aqueous (i.e., non-frozen and non-lyophilized) environment 

for an average of ~ 70 days before analysis with CE and MS. This “age” of SOD1 is 

based upon the average lifetime of erythrocytes (i.e., ~ 60 days, assuming a maximum 

lifetime of ~120 days) and the time required to purify SOD1. The lyophilized SOD1 

protein that is purchased from Sigma-Aldrich requires 9 days to purify from blood 

samples (which is collected at a private blood bank) utilizing a proprietary protocol that 

has been used for decades without modification (and is adapted from long-used 

protocols(214-216)). This proprietary protocol involves lysis, ammonium sulfate 

precipitation, cation and anion exchange chromatography and a proprietary thermal 

denaturation step (which is unique to the method of purification utilized by Sigma-

Aldrich, but presumably denatures under-metallated SOD1 species and thus results in a 

high metal content). 
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Figure 5.7. Deamidation of Asn26 is observed in human WT SOD1 isolated from human erythrocytes, 

but not in recombinant WT SOD1 that is freshly isolated from yeast, i.e., that existed in aqueous 

solution for < 13 days prior to analysis (see materials and methods for description of time required to 

express and purify SOD1). Capillary electropherogram of: (top) WT SOD1 from human erythrocytes, 

and (bottom) freshly isolated recombinant human WT SOD1 (with multiple metallation states). A 

protein charge ladder of holo-SOD1 (from erythrocytes) is inverted to provide a “charge ruler” to 

estimate the change in charge (Z) of the small satellite peak. B) Ion extracts from chromatogram of 

HPLC separation of tryptic digest of SOD1 from erythrocytes (4 hr digest); the two ions 467.5898 m/z 

(black trace) and 467.9177 (red trace) correspond to the theoretical m/z of [MH3]3+ of residues 24-36 

in WT SOD1 (i.e., ES[N/D]QPVKVWGSIK). Measured mass is listed below amino acid sequence. 

The gray trace represents raw chromatogram of all eluents. C) Similar ion extracts (467.5898 m/z, 

black trace; 467.9177, red trace) from chromatogram of tryptic digest of “fresh” recombinant human 

WT SOD1 (4 hr digest). The tryptic peptide 24-36 containing D26 is not detected. D and E) Intensity 

of mass spectra of tryptic peptide 24-36 (containing Asn26) decreases in intensity (D) while 

artifactually deamidated peptide 24-36 (with Asp26) increases in intensity (E) during 24 hr tryptic 

digest. F) Plot of artifactual deamidation of Asn26 (that occurred during proteolysis) as a function of 

digest time. G) Top: Deamidation of N26 detected in recombinant WT apo-SOD1 after the protein has 

existed in solution for ~ 60 days. Bottom: deamidation is not detected in the same sample after only ~ 

16 days in solution. 
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Figure 5.8. A) Reversed-phase liquid chromatographs of mixtures of synthetic peptides 

with identical sequences to residues 24-36 from SOD1, wherein residue 26 contained 

either: Asn26, Asp26, or iso-Asp26. Top: a mixture of peptides with Asn26 and iso-

Asp26; middle: Asn26 and Asp26; and bottom: all three peptides. B) Mass spectra of 

peptides from A. Top: residues 24-36 with Asn26; middle: residues 24-36 with iso-Asp26; 

bottom: residues 24-36 containing Asp26. 

The deamidation of N26 in WT holo-SOD1 from erythrocytes is not an artifact of 

proteolysis with trypsin or of analysis with LC-MS. For example, we found that 

artifactual deamidation did occur during proteolysis, but could be eliminated by 

completing trypsin digests in 4-8 hours (with immobilized trypsin). Trypsin digests 

longer than 8 hours resulted in detectable artifactual deamidation at N26 (Figure 5.7E). 

Moreover, artifactual deamidation was not observed at other Asn residues. The sequence 

coverage of SOD1 in MS/MS experiments was > 95 %. 

In order to determine if deamidation of N26 can be observed in WT SOD1 shortly 

after translation, we analyzed recombinant human WT SOD1 immediately after isolating 

the recombinant human protein from yeast (Figure 5.7). These recombinant SOD1 

proteins had been in aqueous solution for < 13 days prior to analysis with CE or MS (i.e., 

the time required to express, purify, and freeze protein). The electropherogram of “fresh” 
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recombinant SOD1 exhibited a tight clustering of partially resolved peaks that represent a 

mixture of different metallation states, as demonstrated by the emergence of a single peak 

after complete demetallation (Figure 7.19). Deamidation was not detected in any Asn 

residues in this recombinant WT SOD1 after trypsinization and MS/MS, including at N26 

(Figure 5.7C). Deamidation at N26—but not at any other Asn residue—could be detected 

in recombinant human WT apo-SOD1 (Figure 5.7G) after the protein had been incubated 

in solution for ~ 60 days (i.e., 8 days of cell growth, 5 days of purification, 7 days of 

demetallation and 41 days of incubation at pH 7.4, 37 ºC); deamidation was not 

detectable after only 16 days of similar incubation at pH 7.4, 37 ºC. We were prevented 

from quantifying the deamidation in folded SOD1 at t > 2 months because of loss of 

protein signal during CE and ESI-MS (possibly due to protein aggregation or misfolding). 

The authenticity of the MS/MS identification of the tryptic peptide containing 

deamidated N26 was further confirmed by LC-MS/MS analysis of synthetic peptides that 

were identical to residues 24-36 in WT SOD1, but contained either N26, D26, or iso-D26 

(Figure 5.8). The MS/MS spectra of the peptides derived from proteolysis of SOD1 were 

identical to synthetic peptides containing N26 and D26 (or iso-D26) (Figure 7.20). 

Because our MS/MS instrument does not generate “z” daughter ions, we could not use 

MS/MS to determine whether N26 deamidated to aspartate or iso-aspartate. Each of the 

three synthetic peptides were, however, separable with HPLC (Figure 5.8A), and a 

comparison of their elution time with elution times of SOD1 peptides allowed us to 

confirm that N26 deamidated to aspartate in SOD1, and not to iso-aspartate. For example, 

the telute was 1.6 min for synthetic peptides containing N26 and iso-D26, whereas telute 

= 1.2 for synthetic peptides containing N26 and D26 (Figure 5.8A), which is similar to 
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the telute = 1.1 observed for the D26 and N26 peptides derived from the proteolysis of 

WT SOD1 (Figure 5.7B). 

The deamidation of N26 in WT SOD1 to predominantly D26, with no detection of 

iso-D26, is not in conflict with what (little) is known about the deamidation of Asn in 

folded proteins. Although previous studies on short disordered peptides have shown that 

the deamidation of Asn generally favors the formation of iso-Asp over Asp, by a ratio of 

3:1,(179,217,218) other studies have shown that the ratio can be inverted in folded 

proteins to 1:2 in favor of Asp (presumably due to the steric constraints that prevent the 

reconfiguration of the polypeptide backbone that is required during the formation of iso-

Asp). (218)  The formation of iso-Asp can also be intrinsically disfavored in some 

proteins because of specific interactions with nearby residues. For example, the 

isomerization of Asp15 to iso-Asp15 in the H15D mutant of histidine-containing 

phosphocarrier protein (HPr) is inhibited by the presence of Glu85; the deletion of Glu85 

(via site-directed mutagenesis) allows the interconversion of iso-Asp15 and Asp15.(219) 

Nevertheless, we cannot rule out the possibility that a significant fraction of N26 in WT 

SOD1 does deamidate to iso-Asp, but that this isomeric form of SOD1 is lost during 

protein purification (possibly due to its potential instability) or is present at low 

abundance and difficult to detect. 

Deamidation of Asparagine in SOD1: a Molecular Clock or a Ticking Time Bomb? 

The presence of the Ser25-Asn26-Gly27 motif in a solvent exposed loop of SOD1 

appears to predispose N26 to spontaneous deamidation, which suggests that the 

deamidation of N26 might play a functional role in the cell biology of holo-SOD1 (e.g., 

in signal transduction). Signal transduction cascades that involve non-enzymatic 
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deamidation (triggered by increases in intracellular pH) have been delineated. (220,221) 

We do not suspect that the deamidation of N26 is toxic to motor neurons because N26 

has not been identified as the site of an ALS-linked missense mutation (as of yet) and the 

effects upon the structure, stability and aggregation propensity are small. We do not, 

however, rule out the possibility that the deamidation of N26 is intrinsically toxic, 

because several ALS mutations (e.g., D90A and D101N) are known to have subtle effects 

on the structure and thermostability of SOD1.(30,103) 

Unlike other post-translational chemical modifications to SOD1 (e.g., the 

oxidation of histidine, tryptophan or cysteine; glycation of lysine; glutathionylation or 

palmitoylation of cysteine, or the phosphorylation of serine) (92,93,155,184-190) that 

require the intracellular presence of reactive oxygen species, lipids, enzymes, glycans or 

other small molecules (at catalytic, stoichiometric, or excessive concentrations), the 

deamidation of asparagine is a reaction that is mediated by water and hydroxide ion and 

is thus occurring perennially throughout the lifetime of a protein. The deamidation of 

asparagine is thus initiated—albeit at different rates depending upon the primary and 

three dimensional structure of each asparagine—at the moment of protein translation. The 

incessant occurrence of non-enzymatic deamidation, and the likelihood that the reaction 

occurs to SOD1 proteins steadily over time suggests to us that the WT SOD1 protein 

becomes a type of “time bomb” that starts “ticking” at the moment which it is expressed 

in a motor neuron. This “ticking time bomb” hypothesis implies that the concentration of 

deamidated SOD1 would be directly proportional to its lifetime and intracellular pH (and 

possibly the state of metallation, i.e., the loop containing N139 is intrinsically disordered 

prior to coordinating metal ions and might undergo deamidation more rapidly in the apo-
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state than holo-state). The “ticking time bomb” hypothesis also suggests that the 

concentration of deamidated SOD1 would be greater in longer motor neurons than shorter 

ones, which could offer one (albeit simple) hypothesis for why the longest motor neurons 

involved in upper or lower limb extremities are the first to be reportedly affected in 

ALS.(222) We can only speculate on the abundance of N139-deamidated SOD1 that 

would be required to induce motor neuron death, however, the heterozygous nature of the 

N139D mutation suggests the level to be  50 %. 

Although this study represents the first detection of asparagine deamidation in 

intact human SOD1, we suspect that deamidation has been detected in previous 2D 

electrophoretic studies of SOD1 from cultured cells and neural tissue.(154,155,192,193) 

Multiple analyses of WT and ALS-mutant SOD1 proteins from human and transgenic 

mouse tissue (154,155,192,193) have consistently detected a series of multiple isoforms 

of human SOD1 with reduced isoelectric points consistent with successive deamidation 

(i.e., pI = 6.2, 5.9, 5.6, 5.3, and 5.1).(154) Many of these isoforms have identical 

molecular weights (according to SDS-PAGE) and were not reported to contain chemical 

modifications according to tandem mass spectrometry.(155) These previous studies did 

not, however, discuss the possibility of asparagine deamidation—whose formation is not 

mutually exclusive of other modifications—and we presume that the sub-Dalton 

modification was not queried during MS/MS peptide fingerprinting (and would be 

difficult to detect, de novo, especially if instrument or search-algorithm tolerances for 

parent or daughter ions were  1 Da). 
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Conclusion 

This study demonstrated that the sequential deamidation of N26, N131, and N139 

to aspartate can convert the WT SOD1 polypeptide into a pseudo-ALS-mutant isoform 

with a destabilized conformation and accelerated rate of aggregation that is 

indistinguishable from ALS-linked N139D SOD1. Although this study only examined 

one particular sequence of compounded deamidation, we do not rule out the possibility 

(and potential importance) of deamidative reactions that occur stochastically or in a 

different sequence than examined in this study. Future studies will need to be performed 

to determine the extent of asparagine deamidation in human WT SOD1 that is expressed 

in ALS-affected tissue. 

The superoxide dismutase protein is certainly not the first example of a protein 

whose deamidation accelerates its self-assembly into amyloid-like fibrils. The 

deamidation of asparagine in amylin and -synuclein also accelerate their fibrillization 

into amyloid. (177,223) Moreover, the deamidation or “ticking time bomb” hypothesis 

that we introduce in this study is by no means limited to cases of ALS that are caused by 

SOD1. The Asn residues in TDP-43 (which undergoes both anterograde and retrograde 

transport (182,224)) that are the sites of the recently discovered N378D and N390D ALS 

mutations are estimated to have even faster intrinsic rates of deamidation than N86 and 

N139 in SOD1 (as estimated from measured rates of deamidation of pentapeptides with 

homologous n + 1 and n – 1 residues).(179)  For example,  t1/2 = 15.1 days for 

GlySerAsnSerGly (i.e., the peptide analog for N378) and t1/2 = 14.9 days for 

GlySerAsnAlaGly (i.e., the analog N390).(179) The three dimensional structure of the 

entire TDP-43 protein has not yet been reported. Thus, we cannot use the Robinson 
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algorithm(46) to predict the rates of deamidation of its 28 Asn residues within its native 

state. Nevertheless, the fact that mutations in two different ALS-linked genes result in 

similar Asn-to-Asp substitutions on their gene products raises another hypothesis. The 

concurrent, collocal deamidation of two (or more) different ALS-linked proteins, for 

example, N139 in SOD1 and N378 in TDP-43 might antagonize motor neurons 

synergistically, thus lowering the concentration of each isoform that would have alone 

been required for pathogenesis. 

Materials and Methods 

Prediction of Deamidation Rates from the Solution Structure of Human WT holo-SOD1 

The rate of deamidation for each Asn residue in folded WT Cu2Zn2-SOD1 (PDB: 

1L3N) was estimated by Noah C. Robinson (37 °C, pH 7.4, 0.15 M Tris) using a 

previously developed algorithm.(46) 

Purification of SOD1 Proteins 

The expression, purification, demetallation, quantitation (of protein and metal 

stoichiometry), and remetallation of recombinant human WT SOD1 from Saccharomyces 

cerevisiae are described in Chapter 7. The time required to express and purify SOD1 is 

critical to interpreting the kinetics of deamidation and involved: 8 days of expression (at 

30 ºC, pH 6.5), 5 days of purification (at room temperature, pH 7.0-8.0), and 7 days of 

demetallation (4 ºC, pH 3.8-5.5). After purification, a portion of the “as-isolated” protein 

was immediately frozen in order to determine the extent of deamidation in SOD1 

immediately after expression and purification. Another aliquot of recombinant SOD1 was 

demetallated and incubated at 37 ºC, pH 7.4 for up to 41 additional days in order to assess 
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deamidation (the solution conditions at which these proteins were incubated included: 5 

M SOD1, 150 mM NaCl, 50 mM KCl, 1 mM dithiothreitol, 5 % glycerol, 0.002 % 

sodium azide, 10 mM potassium phosphate). 

Capillary Electrophoresis, Differential Scanning Calorimetry, Circular Dichroism, and 

Amide Hydrogen-deuterium Exchange of SOD1 Proteins  

Preparation of SOD1 protein charge ladders from lyophilized WT holo-SOD1 

(isolated from erythrocytes, Sigma-Aldrich) and analysis of all SOD1 proteins with CE 

was performed as previously described.(56)Differential scanning calorimetry was 

performed on a Microcal VP-DSC (scan rate = 1 °C/min, 10 mM potassium phosphate, 

pH 7.4, 2.00  0.03 mg/mL SOD1). Circular dichroism spectroscopy of apo-SOD1 was 

performed at pH 7.4, 22-23 C, 15 M SOD1 (dimer) as previously described. (56) 

Amide H/D exchange experiments were performed at 22-23 °C, pD 7.4 (10 mM 

phosphate, 90 % D2O) as previously described.(87) The extent of H/D exchange was 

quantified with ESI-MS after 5 min and 60 min in deuterated buffer. Seven separate H/D 

exchange experiments were performed for each time point and measured in triplicate 

(resulting in 21 mass measurements for each protein at each time point). See Chapter 7 

for additional details. 

Thioflavin-T Fluorescence Amyloid Assay 

A microplate-based ThT fluorescence assay was used to measure the fibrillization 

of disulfide-reduced apo-SOD1 proteins (pH 7.4, 37  C, 60 µM SOD1 monomer) with 

and without 100 mM NaCl, as previously described (with modifications described in 

supporting information).(51) Data were collected continuously over a period of at least 

150 hours. In order to determine the lag time and the inverse propagation constant from 
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each ThT aggregation assay, a sigmoidal function was fit to resulting plots, as described 

in supporting information (and illustrated in Figure 7.18). Thioflavin-T amyloid assays 

were carried out for each protein in replicates of between 42 and 96 (depending on 

availability of protein) so that the statistical significance of average fibrillization rates 

could be compared among different SOD1 proteins (using an unpaired t-test at a 95 % 

confidence interval). After completion of the aggregation assay, aliquots of each SOD1 

protein from replicate assays (at least 6) were mixed together and analyzed with 

transmission electron microscopy to confirm the presence of fibrillar species (see Chapter 

7 for additional experimental details). 

To quantify the extent of aggregation, solutions of SOD1 were also analyzed with 

denaturing SDS-PAGE (Coomassie staining) prior to initiating the aggregation assay and 

after completion. Prior to aggregation, 20 µL of soluble protein solutions (60 µM SOD1 

monomer) were diluted 2-fold into Lammeli’s buffer and analyzed with SDS-PAGE. 

After aggregation, protein solutions from 6 replicate microplate wells were combined and 

centrifuged at 13,000 rpm for 30 minutes. The resulting supernatant was filtered with a 

syringe filter (0.2 µm), and 20 µL was diluted 2-fold into Laemmli’s buffer. All samples 

were heated to 95 °C for 5 min before loading into gel cassette. 

Trypsinization and Mass Spectrometric Analysis of SOD1 

Immobilized trypsin (Promega) was used in all digests. An aliquot of each SOD1 

solution (100 µL, 178 µM SOD1, 50 mM NH4HCO3, pH 7.5) was combined with a slurry 

of immobilized trypsin (350 µL, 50 mM NH4HCO3, pH 7.5) into the filter cup of a 

centrifugal filtration device (5,000 Da cutoff). To this mixture, 4.5 µL of 1M 

dithiothreitol (DTT) was added. The digest slurry was incubated at 37 C for 4 hours and 
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analyzed with LC-MS/MS (see Chapter 7 chromatographic details). Identical tryptic 

digests were also carried out for 8, 12, and 24 hours. 

Synthetic Peptides Containing Asn26, Asp26 or iso-Asp26 

Three synthetic peptides that were identical to the Asn26-containing peptide from 

trypsin proteolysis of WT SOD1 (i.e., residues 24-36: ESNQPVKVWGSIK) were 

synthesized, wherein residue 26 was either: Asn, Asp, or iso-Asp. Peptides were 

synthesized using solid-phase synthesis by New England Peptide (NEP) and received 

as a lyophilized powder (see Chapter 7 for protocols). Each peptide had a molecular 

weight within 0.1 % of the theoretical mass and a purity > 98 %, according to HPLC and 

MALDI-TOF mass spectrometry by NEP. Certificates of analysis from NEP are shown in 

Chapter 7. We also verified the purity and peptide sequence with LC-ESI-MS/MS. The 

Asn26 peptide was mixed with Asp26 and/or iso-Asp26 peptides in equal concentration 

(2.0 M) and analysed with the same LC-ESI-MS/MS method described for tryptic 

digests of WT SOD1. 

Supporting Information 

Additional experimental details, additional supporting data, and an expanded 

discussion of data can be found in Chapter 7, including: (i) the complete set of 534 

longitudinal plots of thioflavin-T fluorescence for WT, N26D, N131D, N139D and 

N26D/N131D/N139D apo-SOD1; (ii) the tandem mass spectra of synthetic peptides and 

peptide fragments of WT SOD1; and (iii) the certificates of analysis of each synthetic 

peptide. This information is available free of charge via the internet at http://pubs.acs.org. 

http://pubs.acs.org./
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CHAPTER SIX 

Voltage induced misfolding of zinc replete ALS mutamt superoxide dismutase-1 

This chapter published as: 

 Shi, Y., Acerson, M. J., Shuford, K. L., and Shaw, B. F. (2015) Voltage-Induced 

Misfolding of Zinc-Replete ALS Mutant Superoxide Dismutase-1. ACS Chem Neurosci 

(225) 

Abstract 

The monomerization of Cu, Zn superoxide dismutase (SOD1) is an early step 

along pathways of misfolding linked to amyotrophic lateral sclerosis (ALS). 

Monomerization requires the reversal of two post-translational modifications that are 

thermodynamically favorable: (i) dissociation of active-site metal ions, and (ii) reduction 

of intramolecular disulfide bonds. This study found, using amide hydrogen/deuterium 

(H/D) exchange, capillary electrophoresis, and lysine-acetyl “protein charge ladders”, 

that ALS-linked A4V SOD1 rapidly monomerizes and partially unfolds in an external 

electric field (of physiological strength), without loss of metal ions, exposure to disulfide-

reducing agents, or Joule heating. Voltage-induced monomerization was not observed for 

metal-free A4V SOD1, metal-free WT SOD1, or metal-loaded WT SOD1. 

Computational modeling suggested a mechanism for this counter-intuitive effect: subunit 

macrodipoles of dimeric SOD1 are antiparallel, and amplified two-fold by metal 

coordination, which increases torque at the dimer interface as subunits rotate to align with 

the electric field
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Introduction 

The development of tools to map intracellular electric fields(226) is beginning to 

suggest that a significant fraction of cytosolic proteins are—like the majority of 

membrane proteins—exposed to strong electric fields that range in strength from 104 to 

107 V/m.(227) For example, the use of nanoscale photonic voltmeters to measure electric 

fields emanating from mitochondrial or nuclear surfaces suggests that electric fields 

extend—as would the field’s effect on cytosolic protein structure—to Debye lengths > 10 

nm.(227,228) Historically, the electric fields emanating from cellular or membrane 

surfaces, which do reach field strengths of 107 V/m, were predicted (with Gouy-Chapman 

theory) to be short-reaching(229) and screened at Debye lengths of ~ 1 nm. Such 

predictions have remained unverified because conventional tools (patch-clamp and dye 

techniques) measure potential at membrane surfaces, not intracellularly.(230,231) 

The reasons why intracellular Debye lengths might extend beyond 1 nm are 

unclear, but non-uniform distributions of intracellular K+ represent one possibility. 

Potassium is the primary free ion that screens electrostatic interactions inside cells (e.g., 

in mammalian neurons, intracellular [K+] = 140 mM, [Na+] = 5–15 mM, [Cl–] = 4–30 

mM). Fluorescent probes for K+ have provided the first glimpse of intracellular 

potassium distributions and suggest that intracellular [K+] can vary ~ 10 to 30-fold across 

the interior of cultured cells.(232,233) A subcellular microdomain containing low [K+]

would permit, ceteris paribus, longer field propagation than regions with higher [K+] 

(e.g., Debye lengths would increase 6-fold from [K+]ave = 140 mM to [K+]local = 4 mM).  
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The ability of external electric fields to modulate the structure of integral 

membrane proteins is a central dogma in voltage-gating,(234) however, few studies can 

be found for field-effects on water-soluble proteins.(235,236) Lysozyme and synapse-

associated protein 97 are the few examples of water-soluble proteins that have been 

reported to undergo conformational changes in response to external electric 

fields.(237,238) These field-induced effects are poorly understood, but are attributed to 

rotational and translational movement of dipolar residues (or domains) in response to 

external electric fields. 

In this paper, we used capillary zone electrophoresis (CE), “protein charge 

ladders”,(138,239) amide hydrogen/deuterium (H/D) exchange-mass spectrometry, native 

isoelectric focusing, and size exclusion chromatography to study how electric fields of 

biological strength (104 V/m) affect the tertiary and quaternary structure of wild-type 

(WT) superoxide dismutase-1 (SOD1) and the A4V variant of SOD1. The SOD1 protein 

is a ubiquitous homodimeric metalloenzyme found in the cytosol,(240) nucleus,(241) 

lysosome,(242) and mitochondrion.(243) The Ala4Val missense mutation in SOD1 is 

causally linked to familial amyotrophic lateral sclerosis (ALS), and is the most 

commonly occurring ALS-SOD1 mutation in North America.(244) Amyotrophic lateral 

sclerosis is a fatal disease characterized by selective death of upper and lower motor 

neurons(245) and SOD1 mutations are hypothesized to cause familial ALS by 

accelerating SOD1 self-assembly into a neurotoxic oligomer.(246) The aggregation of 

WT SOD1 has also been causally linked to non-familial (sporadic) ALS.(50) 

The monomerization of SOD1 has been identified as an early step in the 

nucleation and propagation of neurotoxic oligomers.(50,52,53,247,248) The dissociation 
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constant (Kd) for dimeric WT SOD1 in its metal-free (apo) state has been measured to be 

~ 1–10 nM, but is increased 100-fold by the A4V substitution(54,55), which occurs at the 

dimer interface.(244)  

Fully metalated SOD1 (WT or A4V), with one Cu2+ and Zn2+ coordinated per 

subunit (or two Zn2+ per subunit(249)) is a thermostable homodimer (Tm > 70 C) and its 

monomerization and unfolding requires—at physiological temperatures—the dissociation 

of metal ions and reduction of the intramolecular disulfide bond in each 

subunit.(31,247,250,251)  The current study shows that within electric fields of 

physiological strength, the opposite is true for A4V SOD1: metalation promotes 

monomerization and unfolding, and does so at 23 C. We rationalize the voltage-induced 

misfolding of A4V SOD1 in terms of the large macrodipoles of each SOD1 subunit, 

which are (according to theoretical modeling) antiparallel to each other, and amplified 

two-fold by metal coordination. 

Results 

We suspected that the quaternary structure of SOD1 (WT or A4V) might be 

particularly sensitive to external electric fields because subunits of the SOD1 homodimer 

are situated antiparallel to one another (Fig. 6.1a). To the extent that each subunit exhibits 

an overall dipole—i.e., a “macrodipole”(252,253)—that is not parallel with the C2 

rotational axis of the dimer (Fig. 6.1a), then the macrodipoles of each subunit will be 

orientated antiparallel to one another when populating dimeric states. These antiparallel 

macrodipoles will generate, in an applied electric field, some degree of destabilizing 

rotational torque at the dimer interface as each subunit rotates to align its dipole with the 

external field. 
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To characterize the electrostatic properties and the macrodipoles of SOD1, 

solutions to the Poisson-Boltzmann equation were calculated to approximate electrostatic 

surface potentials based upon a crystal structure of dimeric WT Cu2Zn2-SOD1 (Fig. 6.1b). 

The magnitude and direction of the macrodipole of each subunit was calculated by 

assigning a partial charge to all atoms in the crystal structure (Fig. 6.1b–c). Macrodipoles 

were calculated to be 247 Debye (D), for each subunit of Cu2Zn2-SOD1, and were 

predicted to be antiparallel to one another (Fig. 6.1b–c). Notably, the macrodipole of each 

Cu2Zn2-SOD1 subunit proceeds through the metal binding region (Fig. 6.1b–c); the metal 

binding site is the positive pole of the macrodipole. When the SOD1 homodimer is 

treated as a continuous single polypeptide, the subunit macrodipoles do not entirely 

cancel to yield a zero dipole, because the subunit macrodipoles are not perfectly 

antiparallel (Fig. 6.1b–e). Instead, the macrodipole of the entire homodimer—a single 

macrodipole—is reduced to 68 D, and is now parallel to the C2 rotational axis and 

perpendicular to the macrodipoles of individual subunits (Fig. 6.1d–e). 

Because the SOD1 protein fluctuates between dimeric and monomeric states, it is 

reasonable to assume that the macrodipole of SOD1 fluctuates (oscillates) between the 

single macrodipole of the homodimer shown in Fig. 6.1d, and the two antiparallel 

macrodipoles of individual subunits shown in Fig. 6.1b. Therefore, we believe that it is 

indeed correct to calculate macrodipoles of homodimeric SOD1 in both the actual 

homodimeric state, where the SOD1 homodimer is treated as a continuous polypeptide, 

and the monomeric state, where macrodipoles are calculated for individual polypeptide 

chains (irrespective of charged groups on the neighboring subunit). Furthermore, the 

treatment of the SOD1 homodimer as a continuous polypeptide, with a single 
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macrodipole (Fig. 6.1d) is reasonable when considering that charged or polarizable 

groups of one subunit are very close to functional groups in the neighboring subunit. For 

example, in the crystal structure of WT Cu2Zn2-SOD1 (PDB: 2C9V), -NH3
+ of Lys9 on 

one subunit is 4.3 Å from -CONH2 of Asn53 on the opposing subunit; -CO2 of Asp52 

is also 3.8 Å from the -CH3 of Val5 on the opposing subunit. 

Figure 6.1: The subunit macrodipoles of WT Cu2Zn2-SOD1 are antiparallel and proceed 

through the metal-binding site. (a) WT Cu2Zn2-SOD1 exhibits antiparallel quaternary 

structure (PDB: 1SOS); C2 axis of symmetry indicated with orange line. (b) Electrostatic 

surface potential of WT Cu2Zn2-SOD1; red = negative; blue = positive. Arrows depict 

direction and magnitude of average dipole moment (µ) for each subunit in units of Debye 

(D); blue = positive; red = negative (PDB: 1SOS). (c) WT Cu2Zn2-SOD1 cartoon 

showing the metal active site, with subunit dipole moment from (b). (d,e) When the 

SOD1 dimer is treated as a single, continuous polypeptide, the single macrodipole (a 

vector sum of two subunit macrodipoles) is diminished to 68 Debye and perpendicular to 

subunit macrodipoles. 
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Net Charge of A4V Zn4-SOD1 is One-half of WT Zn4-SOD1 in an Electric Field 

The quaternary structures of A4V and WT apo-SOD1 and Zn4-SOD1 in an 

external electric field (E = 2.5×104 V/m) were assayed by measuring the net charge (Z) of 

each protein in the external field. The net charge of WT apo-SOD1 was previously 

determined(239) to be Z = –12.13 ± 0.08 per dimer, at pH 7.4 (which is similar to the 

predicted net charge of Z = –13.0). The net charge of WT Zn4-SOD1 was previously 

measured to be only Z = –8.54 ± 0.12 per dimer (and not Z = –4.13 per dimer, as one 

might expect upon binding four Zn2+; this disparity is a result of charge regulation).(239) 

Given these values of net charge for apo-SOD1 and Zn4-SOD1, the monomerization of 

either of these proteins would result in—and can be assayed by—a reduction in the 

magnitude of net charge of 50 %, from –12.1 to –6.0 (for apo-SOD1) or –8.5 to –4.2 (for 

Zn4-SOD1). 

The only convenient, accurate method for measuring the net charge of a protein—

and the method we used—is to synthesize a “protein charge ladder” of the protein,(254) 

and analyze the charge ladder with capillary electrophoresis. Protein charge ladders are 

chemical derivatives of a protein, most commonly synthesized by acetylating 

(neutralizing) lysine-ε-NH3
+ with acetic anhydride. The relative mobility of each rung of 

the charge ladder can be used to determine the net charge of the unacetylated protein.(239) 

The quaternary structure of the Cu2Zn2 state of WT and A4V SOD1 was not 

examined in this study because properly metalated A4V Cu2Zn2-SOD1—where Zn2+ and 

Cu2+ are properly coordinated at their respective sites—is difficult to synthesize in vitro 

because the A4V SOD1 protein “mismetalates”.(255) Instead, we analyzed the effects of 

an electric field on the quaternary structure of zinc-replete, disulfide-intact WT and A4V 
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SOD1, where 2 Zn2+ ions are bound per subunit (denoted: Zn4-SOD1). Zinc-rich states of 

SOD1 (Zn≥3–SOD1) are physiologically relevant.(249) 

Prior to synthesis of WT and A4V SOD1 charge ladders, all proteins were 

analyzed with CE to determine the mobility of the zeroth “rung” of each ladder, which 

represents unacetylated SOD1. Both A4V and WT proteins exhibited one predominant 

peak during capillary electrophoresis, before and after the coordination of four 

equivalents of Zn2+ per dimer (Fig 7.23). A4V apo-SOD1 displayed a broader peak than 

WT apo-SOD1 with a mobility that was ~ 0.4 cm2/(kV·min) lower than WT apo-SOD1 

(Fig. 7.23a). This lower mobility is likely caused by a greater hydrodynamic drag of A4V 

apo-SOD1, compared to WT apo-SOD1 (not a difference in net charge, as demonstrated 

below). Coordination of four Zn2+ decreased the mobility of WT and A4V compared to 

their apo forms by 1.93 and 2.60 cm2/(kV·min) respectively (Fig. 7.23b), as previously 

observed for WT SOD1(239) and other ALS variants.(138) 

Lysine-acetyl charge ladders of WT and A4V apo- and Zn4-SOD1 were 

synthesized by acetylating 1–3 lysine-ε-NH3
+ (per polypeptide chain), under mild 

conditions that favor the native state of SOD1 (Fig. 6.2). Apo-SOD1 lysine-acetyl charge 

ladders were not generated by demetalating a zinc-replete lysine-acetyl SOD1 ladder; 

instead, acetylation of WT and A4V apo-SOD1 occurred after demetalation. Similarly, 

acetylation of WT and A4V Zn4-SOD1 was carried out on the Zn4-SOD1 protein, and not 

by the addition of Zn2+ to the lysine-acetyl charge ladder of apo-SOD1. Charge ladders 

were then extensively characterized (with ICP-MS, and for Co2+-SOD1 ladders with UV-

Vis spectroscopy) to demonstrate proper metal binding and the maintenance of native 
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structure after acetylation (previous experiments have validated the use of charge ladders 

for WT and several ALS-variant SOD1 proteins(138,239)). 

Each SOD1 protein charge ladder was analyzed with ICP-MS in order to 

determine metal content and ensure that acetylation did not result in loss of metal ions 

(Table S1). Metal analysis showed that ~ 4 equivalents of Zn2+ (per SOD1 dimer) were 

bound to the zinc-replete derivatives of A4V and WT SOD1, and that the content of 

bound Zn2+ did not change significantly after acetylation of WT and A4V Zn4-SOD1 and 

transfer from remetalation buffer to electrophoresis buffer (Table 7.4). For example, 

ΔZn2+
Acetyl = 0.32 ± 0.27 equivalents per dimer for A4V Zn4-SOD1.  

Mass spectrometry showed that both zinc-replete and apo A4V and WT SOD1 

proteins were pure and not oxidized during metal titrations or acetylation with acetic 

anhydride (Fig. 6.2a). Cobalt (II) derivatives of SOD1 protein charge ladders were also 

prepared, in order to confirm that acetylated SOD1 proteins were able to bind metal ions 

at the active site (Co2+ is a spectroscopically-active coordination analog for the 

spectroscopically-silent Zn2+).   

The binding of Co2+ to the active sites of acetylated and unacetylated A4V and 

WT SOD1 was monitored with UV-Vis spectroscopy (Fig. 6.2b). The signature d-d 

electron absorption band at 450–550 nm indicated that the coordination of metal ions 

occurred at the active sites in both acetylated and unacetylated WT SOD1. The UV-Vis 

spectra of A4V Co4-SOD1 and its acetylated derivatives also support the ICP-MS results 

that show ~ 4 equivalents of Co2+ were bound to the active site of acetylated A4V apo-

SOD1, assuming the previously estimated molar extinction coefficient of 240 M-1cm-1 per 

bound Co2+ (Fig. 6.2b).(239)  The binding of metal ions to the active site of acetylated 
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WT and A4V SOD1, and retention of metal ions by the charge ladders, is consistent with 

previous analyses of Co4-SOD1 charge ladders for WT SOD1 and other ALS variants 

with UV-Vis and ICP-MS.(138,239) 

The net charge of apo- and Zn4-SOD1 in the external electric field was calculated 

by plotting the mobility of each rung versus its number of acetylated residues (Fig. 6.3). 

The x-intercept of this plot (Fig. 6.3b, d) is proportional to the net charge of each 

unacetylated protein, denoted ZSOD1-Ac(0), divided by the change in net charge associated 

with each acetylation, denoted ∆ZAc. The identity (mobility) of the zeroth rung of the 

ladder, which represents the unacetylated protein, was verified by: (i) comparison to the 

electropherogram of the pure, unacetylated protein (Fig. 7.23); (ii) analysis of lysine-

acetyl charge ladders with ESI-MS (Fig. 6.2a), and (iii) by spiking the charge ladder with 

an aliquot of the unacetylated protein, to deliberately increase the intensity of the zeroth 

rung during CE (Fig. 6.3a, c). 

In the external electric field, A4V apo-SOD1 exhibited a net charge of –12.37 ± 

0.15 (Fig. 6.3a–b, Table 7.5) which is indistinguishable from the measured net charge of 

WT apo-SOD1 in the external field, i.e., Z = –12.11 ± 0.07 (Fig. 6.3c–d, Table 7.5). 

These values of net negative charge are consistent with the predicted net charge of 

dimeric apo-SOD1 (WT or A4V) of Z = –13. Thus, the measured net charge of WT and 

A4V apo-SOD1 indicates that these proteins are both dimeric, even in the presence of an 

electric field of 2.5×104 V/m (and that each protein remains dimeric after the acetylation 

of a few lysine residues). If either of the two apo proteins were monomeric, we would 

have observed values of net charge of Z ≈ –6. For example, the net charge of monomeric 
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WT apo-SOD1 (prepared by reducing intramolecular disulfide bonds in apo-SOD1) has 

been previously measured to be Z = –6.92 ± 0.14.(239) 

The WT Zn4-SOD1 protein exhibited, in the external electric field, a net charge of 

–8.58 ± 0.29 at pH 7.4 (Fig. 6.3c–d, Table 7.5), which is consistent with our previous

measurement of Z = –8.54 ± 0.12 for WT Zn4-SOD1.(239) We reiterate that the binding 

of 4 Zn2+ to WT SOD1 decreases the net charge by ~ 4 units instead of ~ 8 units, as 

previously observed,(239) because of an inexplicably large degree of charge regulation. 

The A4V Zn4-SOD1 has, in contrast, a net charge of Z = –4.49 ± 0.10 (Fig. 6.3c–d, Table 

7.5). The diminished magnitude of net charge of A4V Zn4-SOD1, by 52 % compared to 

WT Zn4-SOD1, suggests that the A4V Zn4-SOD1 protein existed as a monomer (and is 

more accurately described as 2[Zn2-SOD1] or Zn2-SOD1). Additional control 

experiments were performed (described below) to demonstrate that A4V Zn4-SOD1 was 

dimeric before exposure to the external field. 

 The low magnitude of net charge of A4V Zn4-SOD1, compared to WT Zn4-

SOD1, was not the result of random or systematic experimental error such as mishandling 

or inadvertent denaturation of the unstable A4V protein. The net charge of A4V Zn4-

SOD1 in the electric field was observed repeatedly with two batches of A4V SOD1 

protein that were separately expressed, purified, demetalated, and remetalated with Zn2+. 

Although the net charge of A4V and WT Zn4-SOD1 proteins will differ two-fold 

depending upon its state of dimerization, their pI’s will be independent (largely) of 

quaternary structure.(239) Therefore, WT and A4V Zn4-SOD1 proteins were analyzed 

with native IEF to determine if the net charge of A4V Zn4-SOD1 is half that of WT Zn4-

SOD1 in the external field because of monomerization or, in contrast, because the A4V 
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substitution altered the pKa of multiple ionizable groups via structural perturbation 

(which only coincidentally resulted in a decreased net charge of ~ 50 %). Both A4V and 

WT Zn4-SOD1 proteins exhibited pI = 5.2 (Fig. 7.24). Thus, the A4V substitution does 

not change the intrinsic net charge of the SOD1 polypeptide. We conclude that A4V Zn4-

SOD1 monomerized in the electric field because the net charge of A4V Zn4-SOD1 is half 

that of WT Zn4-SOD1, without a concomitant difference in the intrinsic net charge of 

each polypeptide, i.e., pIWT ≈ pIA4V. WT apo-SOD1, A4V apo-SOD1 and WT Zn4-SOD1 

were, in contrast, dimeric, based upon net charge. 

The net charge of A4V Zn4-SOD1 (actually, 2[Zn2-SOD1]) in the field also 

provides information on the number of Zn2+ ions that remain coordinated to monomeric 

A4V SOD1 in the electric field. If metal ions dissociate from A4V Zn4-SOD1 after 

monomerization, the net charge of the A4V monomer would be one half of WT apo-

SOD1) and not (as it is) one half of the net charge of WT Zn4-SOD1. Thus, we conclude 

that two Zn2+ ions remained bound to A4V SOD1 after monomerization in the electric 

field. 



169 

Figure 6.2: Mass spectrometric and UV-Vis characterization of zinc-replete and cobalt-

replete A4V and WT SOD1, before and after synthesis of lysine-acetyl protein charge 

ladders. (a) Electrospray ionization mass spectra of A4V and WT Zn4-SOD1 before 

acetylation (left) and after acetylation (right). The number of acetylated lysine residues, 

denoted Ac(N), refers to the number of acetyl modifications per monomer (the SOD1 

dimer dissociates during electrospray ionization). (b) UV-Vis spectra of A4V Co4-SOD1 

before and after acetylation. 
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Figure 6.3. Determination of quaternary structure (i.e., net charge, Z) of A4V and WT Zn4-SOD1 

and apo-SOD1 in a thermally controlled, external electric field (15 kV/60.2 cm, 15 °C, pH 7.4). 

(a) Electropherograms of protein charge ladders of A4V and WT apo-SOD1. Replicate 

electropherograms are overlaid to demonstrate reproducibility. Each rung is labeled according to 

its number of acetylated lysine residues (per dimer, in the case of WT SOD1). The magnitude of 

each rung is a reflection of the varied amount of acetic anhydride added (to achieve the desired 

level of modification) and the intrinsic reactivity of surface lysines. (b) Plot of electrophoretic 

mobility of each rung (µ) vs. the number of acetylated lysine corresponding of that rung (N) for 

protein charge ladders of A4V and WT apo-SOD1. The electrophoretic mobility of each rung can 

be expressed by the equation shown in Fig. 6.3b,d where “ZSOD1-Ac(0)” is the net charge of 

unacetylated A4V or WT SOD1; “ΔZAc” is the change in net charge upon acetylation (~ 0.9); “e” 

represents the charge of an electron; and “feff” is the hydrodynamic drag of SOD1 proteins during 

electrophoresis. The x-intercept of µ vs. N is equal to the ZSOD1-Ac(0)/∆ZAc. (c) Capillary 

electrophoresis of protein charge ladders for A4V and WT Zn4-SOD1. (d) Plot of electrophoretic 

mobility vs. acetylation number for each rung of the protein charge ladders for A4V and WT Zn4-

SOD1. Error bars in (b) and (d) represent standard deviation in mobility values calculated from 

six replicate measurements.  
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Effect of Acetylation on Stability of WT and A4V Zn4-SOD1 

We do not suspect that the monomerization of A4V Zn4-SOD1 occurred in the 

electric field because the dimer was destabilized by the acetylation of 1–3 lysines per 

subunit.  Numerous studies have shown that the acetylation of lysine residues has 

minimal effects on the conformation of WT or ALS-variant SOD1.(138,239,256) 

Moreover, monomerization of A4V apo-SOD1 was not observed in this study or in 

previous studies of acetylated WT and A4V apo-SOD1, and was not previously observed 

for acetylated forms of other ALS-variant apo-SOD1 proteins.(138,239,256) 

Nevertheless, amide H/D exchange and differential scanning calorimetry (DSC) 

were performed to confirm that the acetylation of a few lysine residues (~ 1–3 residues 

per monomer) did not alter the thermostability and structure of WT and A4V Zn4-SOD1 

proteins. The similar number of unexchanged hydrogens for each acetyl derivative of 

either A4V or WT Zn4-SOD1 during the 60 minute H/D exchange experiment, prior to 

the application of the external field, (Fig. 6.4a) suggested that acetylation of lysine 

residues does not significantly alter the overall structure of either protein. Acetylation 

actually slowed amide H/D exchange in A4V Zn4-SOD1, resulting in a slight increase in 

the number of unexchanged hydrogens (4 H’s per monomer in Ac (4) compared to Ac 

(0)). This slowing of H/D exchange upon acetylation does not suggest, as one might 

assume, that acetylation actually stabilized native SOD1 (or increased its thermostability). 

Instead, the protective effect of lysine acetylation against amide H/D exchange—which 

has been previously observed for several proteins including WT and ALS-variant SOD1, 

myoglobin, and carbonic anhydrase II—has been shown to be electrostatic, not structural, 

in nature.(138,239,257,258) 
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The minimal effect of acetylation on the structure of WT and A4V Zn4-SOD1 was 

further confirmed with DSC. Prior to acetylation, A4V Zn4-SOD1 exhibited a Tm value of 

68.97 °C, and after acetylation A4V Zn4-SOD1 exhibited a Tm of 65.89 °C (Fig. 6.4b); 

WT Zn4-SOD1 exhibited a Tm = 76.67 °C before acetylation, and Tm = 73.51 °C after 

acetylation (Fig. 6.4c). The ∆Tm = –3.08 °C upon acetylation of A4V Zn4-SOD1 is 

similar to the ∆Tm = –3.16 °C for WT Zn4-SOD1 upon acetylation. These small decreases 

in Tm suggest that acetylation does not significantly alter the structure of either A4V or 

WT Zn4-SOD1. The ability of A4V Zn4-SOD1 to remain globular (folded) and 

thermostable after the acetylation of a few lysine residues per dimer demonstrates that the 

apparent monomerization of A4V Zn4-SOD1 in the external field (and the dimerization of 

A4V apo-SOD1) is caused by the combined effects of the A4V substitution and the 

coordination of metal ions, not by lysine acetylation. 

A4V Zn4-SOD1 is Dimeric at 0 kV 

Despite the presence of the dimer-destabilizing Ala-to-Val substitution, previous 

analyses of A4V SOD1 in different states of metalation (including the disulfide-intact apo 

state) has demonstrated that A4V SOD1 retains its dimeric quaternary structure outside of 

external electric fields (except of course in the disulfide-reduced apo state, where all 

SOD1 proteins—WT or mutant—are also monomerized).(250,259-261)  In order to 

confirm the dimeric quaternary structure of A4V and WT Zn4-SOD1 in the absence of an 

electric field, we analyzed both proteins with size exclusion chromatography.  
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Figure 6.4. The effect of acetylation (synthesis of protein charge ladders) on the structure 

and thermostability of A4V Zn4-SOD1, in the absence of an external electric field. (a) 

Number of unexchanged amide hydrogens in A4V and WT Zn4-SOD1 after 60 min in 

D2O as a function of the number of acetylated lysines per monomer.  (b) DSC of A4V 

Zn4-SOD1 before and after acetylation.  (c) DSC of WT Zn4-SOD1 before and after 

acetylation. The number of acetylated lysine residues is listed per monomer. 

The retention time of unacetylated A4V and WT Zn4-SOD1 were within 0.88 ± 0.01 min 

of one another, which is consistent with the elution time for the 31.6 kDa homodimer 

(Fig. 7.5a–d). Elution times were calibrated to molecular weight using a mixture of 

bovine serum albumin, human Cu2Zn2-superoxide dismutase (isolated from human 

erythrocytes), myoglobin, ubiquitin, and cytochrome c (Fig. 7.5e). 
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As a control, we analyzed monomeric forms of WT and A4V apo-SOD1 with 

SEC-HPLC in the absence of an external field. These WT and A4V protein samples were 

monomerized by reduction of the intramolecular disulfide bonds with 10 mM TCEP 

(again, disulfide reduction induces monomerization of apo-SOD1(247)). Monomeric 

SOD1 proteins eluted 3 min later than dimeric forms with similar elution times to 

myoglobin (16.9 kDa) which was added as an internal standard (Fig. 7.5a–d). 

The elution times of acetylated WT and A4V Zn4-SOD1 demonstrates that 

acetylation of lysines did not abolish the dimeric state of either WT or A4V Zn4-SOD1 

(Fig. 7.5b,d); acetylated Zn4-SOD1 (WT or A4V) are dimeric outside of the electric field. 

In fact, the acetylation of surface lysine residues on WT and A4V Zn4-SOD1 decreased 

elution time by only 0.19 and 0.27 min, respectively, during HPLC-SEC (Fig. 7.5b,d). 

This small change in retention might be caused by electrostatic interactions between 

SOD1 and zirconium-modified silica, which might be partially anionic due to unreacted 

silanol groups.(262) 

Acceleration of Amide H/D Exchange in A4V Zn4-SOD1 by an External Electric Field 

To further confirm and characterize the change in quaternary structure of A4V 

Zn4-SOD1 in response to the external electric field (and detect possible changes in 

secondary and tertiary structure), we measured the rate of amide H/D exchange for A4V 

Zn4-SOD1 before and after the application of the external electric field. Amide H/D 

exchange was measured on a 250 μL aliquot of D2O/A4V Zn4-SOD1 solution that was 

contained in the CE reservoir in which the negative electrode was immersed (Fig. 7.6). 

With the rate of electroosmotic flow in this apparatus (0.3 μL/min) the majority of protein 

in the CE reservoir (> 90 %) from which aliquots were removed and analyzed with ESI-
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MS never passed through the fused silica capillary. Thus, whatever changes we observe 

in the rate of H/D exchange of proteins will not be caused by protein-silica interactions. 

Prior to application of the external electric field, WT and A4V Zn4-SOD1 proteins 

were incubated in D2O for 60 minutes at 0 kV (Fig. 6.5a). This hour-long pre-incubation 

in D2O allowed the rate of amide H/D exchange to plateau before the application of the 

external field, thereby leaving only solvent-inaccessible or strongly H-bonded amide 

NH’s unexchanged with D2O. If these unexchanged amide hydrogens become exposed to 

D2O through monomerization of A4V Zn4-SOD1 (upon application of the electric field), 

then the number of unexchanged hydrogens should decrease (and the mass of SOD1 

should increase) as the amide NH’s that were once buried become available for rapid 

exchange with D2O.(263) For example, a previous study of WT apo-SOD1 with amide 

H/D exchange demonstrated that the monomerization of WT apo-SOD1 (via disulfide 

reduction with dithiothreitol) resulted in the exchange of ~ 10 additional amide NH’s, 

compared to disulfide-intact, dimeric WT apo-SOD1.(263) In this same study, the 

disulfide reduced A4V apo-SOD1 monomer was determined to be intrinsically disordered, 

and rapidly exchanged all amide NH’s with D2O.(263) 

The mass spectra of A4V and WT Zn4-SOD1 proteins in H2O (before and after 

the application of the electric field) show that the protein is pure and not covalently 

modified (e.g., oxidized) as a result of the electric field.  The minor ~ +23 Da 

modification observable in spectra (before and after the application of the field, Fig. 

7.5a–b) likely represents a gas-phase Na+ adduct.  

Mass spectrometry demonstrated that the rate of amide H/D exchange in A4V 

Zn4-SOD1 was accelerated by an external electric field (15 kV/60.2 cm), while the rate of 
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H/D exchange of WT Zn4-SOD1 was unaffected by the field (Fig. 7.5c). For example, 

A4V Zn4-SOD1 retained ~ 40 unexchanged NH’s (that were protected from H/D 

exchange with D2O) prior to application of the electric field (Fig. 7.5c). This number of 

unexchanged hydrogens in A4V Zn4-SOD1 decreased by ~ 4 after five minutes in the 

electric field (Fig. 7.5c), and continued to decrease (sigmoidally) by ~ 33 over the next 30 

minutes in the external field. After 30 min in field, only ~ 5 amide NH’s in A4V Zn4-

SOD1 remained protected from H/D exchange (Fig. 7.5c). In the case of WT Zn4-SOD1, 

~ 48 unexchanged hydrogens remained before the application of the electric field, 

however, this number was only reduced by ~ 6 hydrogens over 30 min in the field (Fig. 

7.5c). After 30 min in field, WT Zn4-SOD1 retained ~ 40 amide NH’s, suggesting that 

the external electric field did not disrupt the hydrophobic core of WT Zn4-SOD1 and had 

a minimal effect on the structure of WT Zn4-SOD1. 

The rapid exchange of most amide NH’s in zinc-replete A4V SOD1 suggested 

that this protein lacked most of its 2º, 3º, and 4º structure.  The A4V Zn2-SOD1 monomer 

cannot, however, be entirely denatured when exposed to the electric field because: (i) ~ 5 

amide NH’s remained unexchanged at t = 30 min in field, and (ii) the net charge of zinc-

replete A4V SOD1 suggests that two Zn2+ ions are still coordinated to each chain. If the 

A4V monomer was in fact fully demetalated, and denatured in the electric field, then—as 

discussed above—the net charge would have been more negative, and approximate to 

half that of dimeric A4V apo-SOD1 (Z = ½ ZA4V apo-SOD1 = –6.1) and not half that of 

dimeric WT Zn4-SOD1. Thus, because Zn2+ cations appear bound to monomeric A4V 

SOD1, there must remain some degree of residual structure that is capable of 

coordinating two Zn2+ ions. Therefore, the monomeric A4V Zn2-SOD1 protein is best 
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described as predominantly unfolded or misfolded, and metalated with two Zn2+ per 

polypeptide chain. The small amount of residual structure (e.g., 5 unexchanged amide 

NH’s) that seems to remain in monomeric A4V Zn2-SOD1 is in contrast to the 

intrinsically disordered A4V apo-SOD12SH monomer observed in previous 

studies.(261,263,264) 

The electric current that is generated during capillary electrophoresis can cause a 

significant amount of heat (Joule heating) in the capillary and, to a lesser degree, in the 

corresponding solvent reservoirs. This heat could thermally denature (partially or 

completely) SOD1 proteins. However, the CE instrument that we used for electrophoresis, 

and also used to establish the external electric field for H/D exchange experiments, is 

equipped with a liquid-jacketed capillary that is maintained at 15 °C in order to eliminate 

the effects of Joule heating. Amide H/D exchange experiments were also carried out in 

glass reservoirs at room temperature, i.e., > 30 C below the melting transition 

temperature (Tm) of A4V Zn4-SOD1 and WT Zn4-SOD1 that were determined in this 

study (Fig. 7.4b–c) and previous studies.(174) In addition, the variation in temperature of 

the D2O/SOD1 solution in each glass reservoir was monitored throughout the course of 

the H/D exchange experiment and application of the external field, and only varied  <  

3 °C during the course of experiments (Fig. 7.5d). Therefore, it is unlikely that the 

monomerization of A4V Zn4-SOD1 was caused by Joule heating during capillary 

electrophoresis or during the amide H/D exchange experiments. Moreover, if Joule 

heating was causing monomerization of A4V Zn4-SOD1, we would expect to also 

observe the monomerization of A4V and WT apo-SOD1, whose Tm values are lower than 

A4V Zn4-SOD1 (according to previous measurements(264)). 
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Deconvoluted mass spectra of WT and A4V Zn4-SOD1 in D2O, collected before 

and after exposure to the electric field, are shown in Fig. 5e–f. The mass spectra of 

deuterated samples of WT and A4V Zn4-SOD1, collected before application of the 

external field, contain a large satellite peak that is ~ 36–41 Da greater than the 

predominant peak in the spectra (see bottom-most spectra in Fig. 5e–f). This heavier peak 

is not present in H2O samples of WT and A4V Zn4-SOD1 and has been observed in 

previous studies of WT and A4V SOD1 with amide H/D exchange.(263,264) This peak 

likely represents SOD1 proteins that populated denatured (or partially denatured) states 

sufficiently to become nearly perdeuterated. After 30 min at 15 kV/60.2 cm, this peak 

(whose mass is only ~ 5 Da lower than that of perdeuterated SOD1), becomes the 

predominant peak in the spectrum of A4V Zn4-SOD1, but remains a minor peak in WT 

Zn4-SOD1 (top-most spectra in Fig. 7.5e–f). The predominance of this peak in the spectra 

of A4V Zn4-SOD1 suggests that the majority of A4V Zn4-SOD1 proteins populated non-

native (nearly unfolded) states in the electric field. We do not, however, describe the 

A4V Zn4-SOD1 protein, in field, as completely unfolded because of the ~ 5 residual 

unexchanged amide NH’s, and the apparent coordination of two Zn2+ per polypeptide. In 

contrast, the low intensity of the heavier peak in the spectra of WT Zn4-SOD1 suggests 

that the majority of WT Zn4-SOD1 proteins populated native states in the electric field. 
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Figure 6.5. Effect of external electric field (15 kV/60.2 cm) on rate of H/D exchange of 

WT and A4V Zn4-SOD1. WT and A4V Zn4-SOD1 underwent hydrogen/deuterium 

exchange in 90 % D2O at room temperature for 60 minutes before application of an 

external electric field. (a) Representative mass spectra (inset shows raw spectra of 

[MH17]
+17 ion) of A4V Zn4-SOD1 in H2O before application of electric field (top), and in 

H2O after 30 min exposure to electric field (bottom). (b) Similar raw and deconvoluted 

mass spectra as in part (a), but for WT Zn4-SOD1. (c) Plot of the number of unexchanged 

hydrogens in A4V Zn4-SOD1 and WT Zn4-SOD1 as a function of time in D2O. Arrows 

indicate the time at which the field was applied to WT Zn4-SOD1 (closed black boxes) 

and A4V Zn4-SOD1 (closed red circles); open red circles and open black boxes denoted 

H/D exchange for WT and A4V Zn4-SOD1 without external field (0 kV). (d) 

Temperature plot of the glass vial containing SOD1 solutions as a function of time over 

which voltage applied. (e,f) Representative mass spectra of A4V Zn4-SOD1 and WT Zn4-

SOD1 after 60–90 min in D2O, without electric field (bottom two spectra), followed by < 

1–30 additional minutes in D2O while exposed to the electric field (top three spectra). 

Red dashed lines designate mass values corresponding to native SOD1 and non-native 

SOD1. 

Computational Analysis of SOD1 Electrostatics 

We hypothesize that the macrodipole of each SOD1 subunit will, in an electric 

field, generate some degree of destabilizing, rotational torque between subunits at the 

dimer interface, as each subunit must either: (i) align its macrodipole to be parallel with 

the external field and populate monomeric states, or (ii) align its dipole to be antiparallel 
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with an adjoining SOD1 subunit (and be antiparallel to the field) in order to populate 

dimeric states. 

We hypothesize that A4V Zn4-SOD1 populated monomeric states in the electric 

field because bound metal ions intensified the macrodipole of each subunit and induced 

rotational torque that was sufficient to disrupt the weakened dimer interface of A4V 

SOD1 (Fig. 6.6c), whereas the WT Zn4-SOD1 protein, with its stronger dimer interface, 

was able to withstand (or overcome) any type of inter-subunit rotational torque caused by 

the external electric field. We predict that coordination at the active site of SOD1 would 

intensify each subunit’s macrodipole because the positive end of the macrodipole of each 

SOD1 subunit proceeds through the metal binding region (Fig. 6.1b–c). 

Predicting the magnitude (and direction) of subunit dipoles, predicting the surface 

potential for apo-SOD1 is difficult (for WT or A4V) because the metal binding loops of 

SOD1 become intrinsically disordered in the apo state and the structure of these loops is 

not observable with X-ray crystallography.(244) To overcome this shortcoming, we 

calculated the macrodipoles (and electrostatic surface potentials) of apo-SOD1 by 

“removing” metal ions (in silico) from crystal structures of dimeric WT and A4V 

Cu2Zn2-SOD1 and WT Zn4-SOD1 (Fig. 6.6a–b, Table 7.6). Thus, the macrodipole that 

we calculate for apo-SOD1 subunits is only valid for apo proteins whose loops happen to 

adopt a structure (during stochastic fluctuation) that is similar to the WT and A4V 

Cu2Zn2-SOD1 (or WT Zn4-SOD1) crystal structures that were used for calculations. 

Calculations of the electrostatic surface potential of A4V Cu2Zn2-SOD1, WT Zn4-

SOD1, and apo (in silico) A4V and WT SOD1, derived from respective crystal structures, 

showed a large patch of positive surface potential covering the metal coordination site of 
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each subunit (loops IV and VII)—the largest positive patch on the surface of SOD1—and, 

in contrast, a large patch of negative and neutral surface potential at the opposite end of 

the subunit at β2, β3, and β6 (Fig. 6.6a–b). The calculated macrodipole for each subunit 

passes directly through the positively charged metal binding region, and oppositely, 

through β2, β3, and β6 (Fig. 6.6a–b). The macrodipoles of each subunit in WT Cu2Zn2-

SOD1, WT Zn4-SOD1, and A4V Cu2Zn2-SOD1 were reduced in magnitude (by 

approximately two-fold) by the in silico removal of all Cu and Zn cations from each 

active site (Fig. 6.6; Table 7.6). For these calculations, we used the crystal structure of 

zinc-replete WT SOD1 (Zn4-SOD1), and the copper-zinc replete structure of A4V SOD1 

(Cu2Zn2-SOD1), as the crystal structure of zinc-replete A4V SOD1 is not available (Fig. 

6.6). 

The computational prediction that the removal of metal ions reduces the 

magnitude of the macrodipole of A4V and WT SOD1 (by two-fold) is intuitive when 

considering that the positive end of the macrodipole of an SOD1 subunit passes through 

the metal binding region (Fig. 6.1a–c). Consequently, the binding of metal ions to both 

A4V and WT SOD1 increases the positive surface potential of a region that is already 

highly positively charged (Fig. 6.6a–b). 
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Figure 6.6. Metal binding amplifies the antiparallel subunit macrodipoles of WT and 

A4V SOD1. (a) WT Zn4-SOD1 (PDB: 2C9S) and WT apo-SOD1 (PDB: 1SOS) 

electrostatic surface potentials calculated using the CHARMm force field and Delphi 

default template in Discovery Studio 4.1. An average dipole moment (µ) per monomer 

was calculated from all subunits contained in the crystal structure. This average dipole 

moment is depicted as a blue-red arrow (blue = positive; red = negative for both 

electrostatic surface potential and dipole moment). A white, dashed circle designates the 

metal binding pocket, and a black, dashed line indicates the dimer interface. (b) Same 

analysis as in (a) except for A4V Cu2Zn2-SOD1 (PDB: 1UXM) and A4V apo-SOD1 

(PDB: 1UXM). Note: due to the disordered loops in apo-SOD1, potentials were estimated 

for apo-SOD1 using the crystal structure of Cu2Zn2-SOD1 after removal of the metal ions 

in silico. (c) Proposed mechanism of monomerization for A4V Zn4-SOD1 in an external 

electric field. Macrodipoles are represented by arrows; metalated proteins by green 

circles. The triple bar indicates the material equivalence between SOD1 dimers that 

possess large antiparallel macrodipoles for each subunit (right side of triple bar), or a 

single, smaller macrodipole when the homodimer is treated as a single polypeptide (left 

side of triple bar). 



183 

Discussion 

The primary observation of this study, that A4V Zn4-SOD1 monomerized and 

partially unfolded in an external electric field of 104 V/m, while A4V apo-SOD1 

remained dimeric, is contrary to the conventional wisdom for SOD1. For example, 

previous studies have shown that the active-site coordination of metal ions to SOD1 

increases the stability of dimeric WT and ALS-variant SOD1.(31,250) The results of this 

study show that in an external electric field, the opposite is true, at least in the case of 

A4V Zn4-SOD1. Indeed, we would have never predicted that Zn2+ ions could assist in the 

monomerization of A4V SOD1, and only observed this result serendipitously (initially) 

while attempting to use “protein charge ladders” to determine if the A4V substitution 

could alter the intrinsic net charge of SOD1. Ironically, the results of this study do 

confirm our original suspicion that the Ala4Val missense mutation can reduce the net 

electrostatic charge of SOD1, albeit by a mechanism different than we expected— 

monomerization, instead of pKa perturbation—but nevertheless by a magnitude larger 

than we expected. 

Thus far, A4V Zn4-SOD1 is the only variant that we have observed to undergo 

monomerization in an electric field.(138) Our previous analysis of the net charge of other 

ALS mutant SOD1 proteins (D90A, G93R, and E100K Zn4-SOD1) demonstrated that 

these proteins are dimers(138) when exposed to electric fields up to 5.0×104 V/m. The 

exclusivity of the observation for A4V SOD1 does not diminish its potential clinical 

significance: the A4V mutation accounts for ~ 50 % of ALS-linked SOD1 mutations in 

North America, and is associated with a particularly aggressive ALS phenotype(265) 

compared to other ALS-linked missense mutations in SOD1.(266) 
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We hypothesize that the hydrophobic forces joining the two subunits of the 

relatively weak A4V Zn4-SOD1 dimer could not withstand the rotational torque produced 

by antiparallel macrodipoles, in the field of E = 2.5×104 V/m, whereas WT Zn4-SOD1, 

with its stronger dimer interface, was able to resist (or overcome) the rotational torque 

and thus populated dimeric states. Following this reasoning further, we predict that both 

WT and A4V apo-SOD1 proteins remained dimeric in the field because each experienced 

reduced torque as a consequence of the two-fold smaller macrodipole of each apo subunit 

(Fig. 6.6a–c).  

The presence of strong electric fields—either external fields, generated by 

mitochondrial, nuclear, or plasma membrane surfaces or even internal fields, generated 

by a protein’s own charged functional groups—are typically ignored when exploring how 

missense mutations affect the structure, dynamics, and function of proteins. In fact, only 

recently has the internal electric field of an enzyme been recognized to promote rapid 

catalysis by long-range polarization of substrates (via the Stark effect).(267) The strength 

of the external electric fields in this study are by no means biologically unrealistic or 

stronger than fields emanating from the surface of an axonal membrane of a motor 

neuron (i.e., at the surface of nodes of Ranvier), or at mitochondrial membrane surfaces, 

where E = 106–107 V/m.(268,269)  

Interactions between SOD1 and membrane surfaces are suspected to play a key 

role in SOD1 aggregation and ALS pathogenesis. For example, the occurrence of 

aggregated SOD1 on the surface (and inside) of mitochondria is one hallmark of SOD1-

linked ALS.(270-273)  Within a myelinated motor neuron, we predict that the SOD1 

protein has a higher probability of encountering strong fields emanating from 
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mitochondrial membranes than from plasma membrane surfaces at nodal or synaptic 

regions. Although the local fields that exist at mitochondrial membranes are known to 

affect the structure of voltage-gated mitochondrial membrane proteins(274), local voltage 

might also be sufficient to alter the structure of SOD1 proteins that are temporarily 

proximal to mitochondrial membranes, either during transient interactions or during 

import of SOD1 into mitochondria. 

Method 

WT and A4V SOD1 Isolation, Demetalation, and Remetalation with Zn2+ 

Wild-type and A4V SOD1 proteins were recombinantly expressed in yeast and 

purified as previously described.(239) In order to achieve monodisperse and discrete 

states of zinc metalation, proteins were completely demetalated after purification and 

then remetalated with Zn2+ (or with Co2+ for experiments involving UV-Vis) also as 

previously described.(239) In this paper, we did not remetalate SOD1 proteins with 

copper. The entire purification, demetalation, and zinc remetalation procedure was 

repeated twice to produce two separate batches of WT, and two separate batches of A4V 

SOD1 proteins. Electrophoresis experiments used to assess the quaternary structure of 

SOD1 (described below) were performed repeatedly on both batches to exclude the 

possibility that the monomerization of A4V Zn4-SOD1 in the electric field was the result 

of random experimental error or mishandling of protein solutions. The concentration of 

each SOD1 solution was measured by UV-Vis spectroscopy using a molar extinction 

coefficient of 10,800 M-1cm-1 at 280 nm. Metal content of apo- and Zn4-SOD1 proteins 

was measured with inductively coupled plasma mass spectrometry (ICP-MS) as 

previously described.(239) All protein solutions were prepared using metal-free water (R 
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= 18.2 MΩ, as dispensed from a Milli-Q filtration system) and all utensils were rinsed 

with 5 mM EDTA, followed by final rinsing with Milli-Q water. 

Protein Charge Ladders and Capillary Electrophoresis (CE) 

Each protein charge ladder was synthesized as previously described by acetylating 

Lys-ɛ-NH3
+ in SOD1 with acetic anhydride to yield Lys-ɛ-NHCOCH3.(239) In the case 

of Zn4-SOD1, each ladder was prepared after titration of Zn2+ into apo-SOD1. The metal 

content of apo-SOD1 and Zn4-SOD1 charge ladders was verified before and after 

acetylation with ICP-MS. Acetylation was performed by reacting protein solutions 

(buffered by 100 mM N-(2-hydroxyethy) piperazine-N’-(4-butanesulfonic acid) i.e., 

HEPBS, pH 9.0) with excess equivalents of acetic anhydride (diluted in neat 1,4-dioxane) 

at room temperature for 10 minutes. The acetylated protein was then transferred to 10 

mM potassium phosphate buffer (for capillary electrophoresis) using centrifugal filtration. 

CE was performed in a bare fused silica capillary (60.2 cm in length) using a Beckman 

P/ACE system as previously described.(239) Electrophoresis was carried out at 5.0×104 

V/m in 10 mM potassium phosphate buffer (pH 7.4); higher resolution CE was performed 

at 2.5×104 V/m. A constant temperature of 15 °C was maintained in the capillary with a 

liquid cooled capillary jacket.  Dimethylformamide (DMF) was added to each sample as 

an electrostatically neutral marker of electroosmotic flow. The mobility of each peak was 

calculated using the following equation: 

𝜇 =  
𝐿𝐷  ∙  𝐿𝑇

𝑉
(

1

𝑡𝑒𝑜𝑓
−

1

𝑡
) 

The electrophoretic mobility of each rung of the protein charge ladder was plotted 

versus its number of acetylated lysine residues in order to generate a plot from which the 
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net charge of the protein could be determined as previously described.(239) The net 

charge of unmodified SOD1 protein can be calculated from a plot of electrophoretic 

mobility (of each rung of the charge ladder) against the number of acetylated lysines, as 

illustrated by the equation shown in Fig. 6.3. 

The external electric field that was used in this study was generated with the 

power source of the capillary electrophoresis instrument. Briefly, two solution wells were 

connected by a fused silica capillary that is 60.2 cm in length. A constant electric field 

was generated by applying a constant voltage (15 kV) with two platinum electrodes that 

were immersed into the glass reservoirs. An image of this apparatus is shown in Fig. S4. 

Therefore, a constant electric field of 2.5 ×104 V/m in strength is generated. The 

measured current varied between 14–18 μA. 

Differential Scanning Calorimetry (DSC) 

Experimental procedures used for DSC are described in previous reports.(239) 

Each protein sample was analyzed at a concentration of 2 mg mL–1 in 10 mM potassium 

phosphate buffer (pH 7.4). Thermal scanning occurred from 20–110 °C, at a scan rate of 

1 °C min–1.   

Amide H/D Exchange in Absence and Presence of External Electric Field 

For experiments in the absence of electric fields, each protein solution was 

transferred into 100 mM potassium phosphate buffer (pH 7.4) prior to amide H/D 

exchange, with a final concentration of ~ 30 mg mL–1. Hydrogen/deuterium exchange 

was initiated by diluting this concentrated protein solution into deuterium oxide (99.5 % 

purity) at a 1:10 v/v ratio. Hydrogen/deuterium exchange was carried out at room 
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temperature (23–25 °C) for 60 minutes. Prior to mass spectral analysis of each aliquot (at 

each time point), H/D exchange was quenched by flash freezing in liquid nitrogen (the 

time at which aliquots were frozen is the recorded time of the data point). Each protein 

solution was thawed by diluting with pre-chilled 0.3 % formic acid (pH 2.5) followed by 

immediate injection into a desalting column coupled to the ESI-MS. The mobile phase of 

the desalting column was composed of 60 % acetonitrile, 1.2 % formic acid, and 38.8 % 

Milli-Q water. The mass of eluted protein was measured using ESI-MS. At the end of the 

entire experiment, an aliquot of the protein solution was heated for 10 minutes with a 

PCR instrument at a temperature 5 °C below the Tm value, to produce a perdeuterated 

protein sample.  This sample was then used to quantify the rate of back-exchange (D/H 

exchange) that occurred during ESI-MS analysis, so as to accurately calculate the number 

of unexchanged hydrogens at each time point. The number of unexchanged hydrogens 

was calculated by subtracting the measured mass of the native protein in D2O from the 

mass of the perdeuterated protein, as previously described.(239) 

We also measured the rate of amide H/D exchange for various periods of time in 

A4V and WT Zn4-SOD1 after exposure to an external electric field (15 kV/60.2 cm). 

Non-acetylated A4V and WT Zn4-SOD1 (~ 30 mg mL–1) underwent H/D exchange as 

described above for 60 minutes to reach a plateau (i.e., to allow exchange of rapidly 

exchangeable amide NH’s, leaving unexchanged NH’s in the hydrophobic core of SOD1). 

H/D exchange was carried out in glass vials, wherein a positive and negative electrode 

from the CE instrument was immersed in one glass vial, and the two vials were connected 

via a 60.2 cm salt bridge of fused silica. Each vial contained an identical solution of 

SOD1 (250 μL, ~ 3 mg mL–1 SOD1, pH 7.4) that was incubated in D2O for 60 min prior 
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to application of the electric field. Each protein solution was exposed to a 15 kV potential 

for 2–30 minutes at 23–25 ˚C, before removal of a 10 µL aliquot, and flash freezing of 

the aliquot for later mass spectral analysis (in triplicate). As a control, aliquots of the 

D2O/SOD1 solution (10 μL) were also flash frozen and measured by ESI-MS after 

incubation at 23–25 ˚C (for 60 + 2–30 min), without exposure to the electric field.   A 

micro-thermometer was used to measure the temperature of the glass vial containing the 

D2O/SOD1 solution after 1-30 min at 15 kV (to quantify the degree of Joule heating). For 

these control experiments, the high voltage was switched off and the thermometer was 

immediately immersed in the D2O/SOD1 solution (contained in a glass vial) in < 45 sec 

after voltage shut-off. 

Theoretical Modeling of SOD1 Electrostatics 

All calculations were performed using Discovery Studio 4.1, as described in 

supporting information.  

Associated Content 

Additional experimental details and data (e.g., details of native iso-electric 

focusing and size exclusion chromatography, size exclusion chromatograms, capillary 

electropherograms, images of IEF gels, and tabulated charge and dipole values) are 

available free of charge via the Internet at http://pubs.acs.org. 



190 

CHAPTER SEVEN 

Supporting Information 

Abnormal SDS-PAGE Migration of Cytosolic Proteins can Identify Domains

and Mechanisms that Control Surfactant Binding

Exclusion of Possible Causes of Gel shifting of hSOD1 During SDS-PAGE 

There are several possible explanations for the observed gel shifting of ALS 

mutant SOD1 that can be immediately excluded. These exclusions are as follows: (i) Post 

Translational Modification. The post-translational modification of ALS variants cannot 

explain their altered mobility during SDS-PAGE. Previous mass spectrometric analysis 

of hSOD1 proteins that exhibit altered rates of migration during SDS-PAGE (e.g., G85R, 

D90A, and D101N) has shown that these SOD1 proteins do not contain post-translational 

modifications (123). (ii) Molecular Weight. The gel shifting of SOD1 cannot be 

explained by the molecular weight of each variant: each ALS variant only differs in mass 

by ± < 0.6 % and, moreover, several substitutions that increase mass also increase 

mobility during SDS-PAGE (i.e., H80R, G85R, and G93R). (iii) Net charge. The net 

charge of the SOD1 polypeptide cannot explain its rate of migration during SDS-PAGE, 

per se: a decrease in the net negative charge of SOD1 (e.g., substitutions such as G93R, 

G85R, and D101N) would decrease its rate of migration towards the positive electrode 

during denaturing SDS-PAGE, which is opposite to the effect observed in Figure 2.1 of 
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the main text. (iv) Proline. None of the ALS-linked substitutions in Figure 2.1 of 

the main text involve proline. The addition of proline into a polypeptide can alter its rate 

of migration during SDS-PAGE (unpredictably), presumably by altering the 2º or 3º 

structure of the protein-surfactant complex and/or the number of bound SDS.(68,74,275) 

Experimental Details 

ALS-mutant and chimeric human/mouse SOD1 cDNA constructs. Human WT and 

ALS-mutant SOD1 were expressed in HEK293FT cells using a pEF-BOS expression 

vector as previously described (67). We expressed hSOD1 proteins in mammalian cells 

and analyzed lysate with SDS-PAGE and anti-SOD1 Western blotting. This allowed us to 

rapidly analyze the migration of 27 hSOD1 variants without purifying each hSOD1 

protein individually. 

The preparation of chimeric forms of mouse and human SOD1 proteins were done 

as previously described (71). The cDNA genes and pEF-BOS vectors encoding ALS-

mutant and murine/human chimeric cDNAs were sequenced for verification prior to use 

(38,67,71). The growth of HEK293FT cells expressing ALS-mutant or chimeric forms of 

SOD1 and the analysis of lysate with anti-SOD1 Western blotting was also done as 

previously described (38,67,71). 

Demetalation of hWT and ALS variant apo-SOD1. Recombinantly expressed 

hSOD1 proteins were demetalated as in previous studies (102,173), with a minor 

modification to the first step of demetalation: proteins were demetalated in sodium 

acetate, pH 3.8, 10 mM EDTA for 96 h instead of the standard 48 h. The absence of Cu2+ 

and Zn2+ were verified with a PerkinElmer Elan 9000 Inductively Coupled Plasma 

Optical Emission Mass Spectrometer (ICP-MS). 
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The absence of Cu2+ and Zn2+ in hSOD1 proteins was verified with a PerkinElmer 

Elan 9000 Inductively Coupled Plasma Optical Emission Mass Spectrometer (ICP-MS) 

as in previous studies (102,173). The metal content is reported for the dimeric protein, as 

an average of four replicate samples: WT apo-SOD1: Cu=0.000.000, Zn=0.030.007; 

D90A apo-SOD1: Cu=0.010.000, Zn=0.050.005; G85R apo-SOD1: Cu=0.010.004, 

Zn=0.010.004; G93R apo-SOD1: Cu=0.000.004, Zn=0.050.010. Protein 

concentrations were determined with UV-Vis spectroscopy (max = 280 nm  = 10,800 

cm-1 M-1).

Acetylation of holo-hSOD1 with acetic anhydride. Lysine-acetyl protein charge 

ladders of hSOD1 were prepared using holo-hSOD1 (Cu2Zn2 SOD1) (purchased from 

Sigma; purified from human erythrocytes). Holo-SOD1 was used in the preparation of 

charge ladders because of its high conformational stability, and ability to remain folded 

after exhaustive acetylation of lysine residues. Lysine residues in holo-hSOD1 were 

acetylated with acetic anhydride as previously described for other proteins (87), including 

bovine holo-SOD1. Briefly, hSOD1 was dissolved in 100 mM HEPBS (pH 9.0) to a 

concentration of approximately 5 μM (monomer). Aliquots of hSOD1 solutions (10 mL) 

were distributed amongst seven vials to which different volumes of 50 mM acetic 

anhydride (in dioxane) were added at room temperature (e.g., 0 µL, 10 µL, 20 µL, 60 µL, 

180 µL, 200 µL, and 1000 µL). The pH of the solution was maintained at pH 9.0 during 

the course of the reaction by the addition of NaOH. After ~3 hours, proteins were 

transferred to 10 mM potassium phosphate buffer (pH 7.4) using centrifugal filtration 

devices and flash frozen. We determined the number of acetylated lysine residues (Table 

7.11) with electrospray ionization mass spectrometry and capillary electrophoresis. The 
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content of Zn2+ and Cu2+ in hSOD1 did not diminish as a result of acetylation, as 

demonstrated by ICP-MS; acetylated and unacetylated holo-SOD1 contain >1.9 

equivalents of both Cu2+ and Zn2+ per dimer. 

Determining the number of acetylated lysines in acetylated hSOD1. Each set of 

acetylated hSOD1 proteins was analyzed separately by capillary electrophoresis and by 

LC-MS. Acetylation of Lys-ε-NH3
+ increases the mass of the hSOD1 protein by 42 Da, 

and neutralizes the positive charge. By identifying the dominant rung of each set of 

acetylated hSOD1 proteins from the results of capillary electrophoresis, we calculated the 

average approximate acetylation number of each set of acetylated hSOD1 proteins. The 

results, summarized in Table 7.1, were then confirmed by LC-MS (Figure 7.2). 

Determining the number of acetylated lysines in hSOD1 charge ladders with LC-

MS. Solutions of acetylated and non-acetylated hSOD1 were analyzed on an Accela 

liquid chromatograph coupled to an LTQ Orbitrap Discovery mass spectrometer (Thermo 

Fisher Scientific, San Jose, CA.) using positive electrospray ionization (+ESI).  Solutions 

of each hSOD1-Ac(N) protein (50 µM, 10 mM potassium phosphate,  pH 7.4) were 

diluted (1:50) into mobile phase and then injected (10 µL) into the LC system consisting 

of a 15 cm x 2.1 mm (3.5 µm, 300 Å) Zorbax 300SB-C8 column (Agilent Technologies, 

Palo Alto, CA).  A binary mobile phase gradient containing 0.1 % (v/v) formic acid in 

water (A) and acetonitrile (B) was applied as follows: 97% A for 2 min, to 98% B in 3 

min, held for 1.5 min, back to 97% A in 0.5 min, and equilibrated for 3 min at 97% A.  

Additional chromatographic parameters were as follows: column temperature 30 °C; flow 

rate 400 µL/min.  Full-scan accurate mass spectra (m/z range: 200 – 4000) of eluting 

compounds were obtained at high mass resolving power (30,000 FWHM) on the Orbitrap 
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mass analyzer using internal calibration (accuracy of measurements < 2 ppm) and 

processed using Xcalibur v.2.0.7 software. 

Identifying acetylated lysine residues in hSOD1 by MS/MS analysis of enzymatic 

digests. SOD1 proteins were proteolyzed with both trypsin and pepsin, in order to 

maximize our chances of observing proteolytic fragments containing acetylated lysine. 

Five different digests were performed on each solution of acetylated or non-acetylated 

hSOD1. Non-acetylated and acetylated hSOD1 was digested by adding 100 μg hSOD1 to 

6 μg trypsin (Sigma) in 100 mM potassium phosphate buffer, pH 8.0, 100 mM DTT. The 

reaction was allowed to proceed for 2 days at 37 ºC. For peptic digestions, we added 100 

µg of hSOD1-Ac(N) phase and then injected (10 µL) into the LC system consisting of a 

10 cm x 2.1 mm (3.5 µm, 300 Å) Zorbax 300SB-C8 column (Agilent Technologies, Palo 

Alto, CA).  A binary mobile phase gradient containing 0.1 % (v/v) formic acid in water 

(A) and acetonitrile (B) was applied as follows: 97% A for 3 min, to 98% B in 32 min, 

held for 3 min, back to 97% A in 3 min, and equilibrated for 4 min at 97% A.  Additional 

chromatographic parameters were as follows: column temperature 30 °C; flow rate 350 

µL/min.  Data dependent scanning was employed to acquire accurate mass on parent and 

daughter ions of eluting peptides.  Four scan events were defined: in the first scan event 

full-scan accurate mass spectra (m/z range: 200 – 4000) of eluting compounds were 

obtained at high resolving power (30,000 FWHM) on the Orbitrap mass analyzer using 

internal calibration (accuracy of measurements < 2 ppm).  Subsequent scan events, 2, 3, 

and 4, were defined to monitor fragments produced from the isolation and collision-

induced dissociation of three most intense peptides found in scan event one.  Product ions 

were measured in the Orbitrap mass analyzer at a resolution of 7,500 FWHM.  
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Electrospray source conditions were: sheath and auxiliary gas flow 40 and 5 arbitrary 

units (a.u.), respectively; heated capillary temperature 300 °C; electrospray voltage 4.5 

kV; capillary voltage 14 V; tube lens voltage 170 V.  LTQ parameters for MS/MS 

transitions were as follows: normalized collision energy 35; isolation width 5; activation 

Q  0.250; activation time 30 ms. Measured peptide parent and product ions were analyzed 

in each sample using Proteome Discoverer 1.0 (Thermo Fisher Scientific). 

Quantifying the increase in abundance of acetylated peptides with MS/MS.  In 

order to quantify the increase in the acetylation of a specific lysine residue in each 

particular SOD1 charge ladder, we calculated the ratio of intensities of signals for 

acetylated and unacetylated peptides. For example, for Lys91, we calculated the degree 

of acetylation (K91-NHAc %) of this specific amino acid by summing the intensities of 

all charge states ([MHn]
+n, from +1 through +5) of the unacetylated (K91) and acetylated 

(K91-Ac) peptides. 

Calculating the magnitude of gel shifting (ΔMW) of hSOD1 during SDS-PAGE. In 

order to calculate the apparent difference in molecular weight (i.e., the magnitude of gel 

shifting), we compared the distance of migration of each SOD1 band with the distance of 

migration of the bands of each protein standard in the commercial MW ladder (ranging 

from 10 kDa to 250 kDa). The distance of migration of hSOD1 was determined by 

measuring the distance between the center of the SOD1 band and the top edge of the 

resolving gel. Because the distance of migration of proteins during SDS-PAGE is a 

logarithmic function of their molecular weight, we plotted the log(MW) of each protein 

in the standard mixture as a function of its distance of migration. This linear plot was 
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then used to determine the observed molecular weight of each hSOD1 band and to 

calculate ΔMW according to the following equations: 

∆MWapp = MWAc(n) – MWAc(0)  (7.1) 

 [∆MWapp/MWAc(0)] (%) = [(MWAc(n) – MWAc(0)) /MWAc(0)] × 100% (7.2) 

Table 7.1. Average number of acetylated lysines in each set of hSOD1 proteins (per 

dimer) after reaction with acetic anhydride. 

Volume of acetic anhydridea Average number of acetylated lysine per hSOD1 dimerb

0 0 

10 0.5 

20 2 

60 10 

180 17 

200 19 

1000 22 

aIn units of μL.  
bDetermined by CE and confirmed by LC-MS. 
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Figure 7.1. Overlay of replicate capillary electropherograms of G93R, G85R, D90A and 

WT apo-hSOD1 under native (black trace) and SDS-denatured conditions (red trace). 

Peak at µ = 0 in all electropherograms is neutral marker, dimethylformamide (DMF). The 

intense broad peak and shoulder at µ = 0-5 in red electropherograms is β-mercaptoethanol. 
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Figure 7.2. MS spectra of unmodified (Ac(0)) and acetylated (i.e., Ac(~0.5), Ac(~2), 

Ac(~10), Ac(~17), Ac(~19), and Ac(~22)) hSOD1. This hSOD1 protein (purified from 

human erythrocytes) was fully metalated and purchased from Sigma. This protein 

contains a significant amount of oxidized cysteine, as evidenced by the predominant mass 

peak at 15876 in Ac(0), as opposed to the expected molecular weight of 15844. 
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Figure 7.3. Overlay of replicate capillary electropherograms of acetylated and unmodified 

hSOD1 under native (black trace) and SDS-denatured conditions (red trace). Peak at µ = 

0 in all electropherograms is neutral marker, dimethylformamide (DMF). The intense 

broad peak and shoulder at µ = 0-5 in red electropherograms is β-mercaptoethanol. 
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Figure 7.4. Circular Dichroism of Lys-NHAc charge ladders of SOD1 under native and 

SDS-denaturing conditions. A) Circular dichroism (CD) analysis of acetylated and 

unmodified hSOD1 under native conditions (~10 µM protein, 25 mM Tris, 192 mM 

Glycine, pH 8.05, 0 mM SDS). B) CD spectra of acetylated and unmodified hSOD1 after 

thermal unfolding (95 °C for 5 min) and disulfide reduction in SDS (~10 µM hSOD1, 3.5 

mM SDS, 25 mM Tris, 192 mM Glycine, pH 8.05, 10 mM TCEP). Tables in A and B 

summarize results of deconvolution of CD spectra with the program K2D2; values in 

parentheses are standard deviation from at least three separate experiments.  



201 

Figure 7.5. The electrostatic surface potential of human WT holo-SOD1 was estimated 

using a crystal structure of SOD1 (2V0A) and solving the non-linear Poisson-Boltzmann 

equation. Blue indicates positive electrostatic surface potential; red indicates negative 

electrostatic surface potential. Lysine36 and Lysine9 are solvent exposed and located 

near the dimer interface; Lys36 and 9 are located in a region with positive electrostatic 

surface potential. Lysine136 is solvent exposed and distal to the dimer interface but is 

also located in a region with positive potential. Lysine91, however, is surround by 

negative electrostatic surface potential and is located in the one of the most anionic 

regions of human SOD1. 
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Effect of metal loading and subcellular pH on net charge of superoxide dismutase-1 

Figure 7.6. A) Capillary electropherograms of recombinant WT-SOD1S-S after binding 

different stoichiometric equivalents of Zn2+. The metal binding experiments and 

capillary electrophoresis were performed identically to those experiments described in 

main text (and shown in Figure 2) and are intended to demonstrate reproducibility. Each 

set of electropherograms is an overlay of three repetitive electrophoresis experiments. 

The stoichiometry of bound Zn2+ 
is listed in moles per SOD1 dimer, and determined by 

ICP-MS; the concentration of SOD1 is listed (per dimer) on the right-hand side of each 

electropherogram. Electropherograms of WT holo-SOD1, isolated from human red 

blood cells (RBC) and purchased from Sigma-Aldrich are also shown (at top). B) 

Electrospary ionization mass spectra of recombinant SOD1 proteins after titration of 

metal ions, centrifugal filtration and ICP-MS. The proteins are not oxidatively modified 

(metal ions are lost, however, during ionization). 
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Figure 7.7. Possible mixtures of metallated SOD1 proteins that would occur after initial 

binding of metal ions and subsequent subunit swapping (Zn2+-derivatives are depicted   

but   the   scheme   also applies to the distribution of Cu2+-SOD1 species). Fractional 

stoichiometric coefficients are listed as lowercase letters (and are undetermined but 

depend upon the free energy of formation of each species, in mixture). A-D) Possible 

mixtures that would yield an average stoichiometry of 1.0, 2.0, 3.0 or 4.0 Zn2+ 
per 

dimer, and the mixtures that would result upon subunit swapping.       Previous analysis 

of Zn1-SOD1 and Zn2- SOD1 (ref 129 in main text) have suggested—as do the 

electropherograms in Figure 3.2 of the main text—that Mixture 1 is the predominant 

species in Zn1-SOD1 and Mixture 2 is the predominant species in Zn2-SOD1 (with a 

fraction existing as Mixture 1). Other extermely hetergenous mixtures are possible, but  

not shown because their occurrence is unlikely, so long as the solutions of SOD1 are 

stirred rapidly during the stepwise addition of zinc sulfate (e.g., three parts apo-SOD1 

and one part Zn4-SOD1 would yield an average stiochiometry of Zn1- SOD1,  but  will  

not  likely  exist). *The number of observable electrophoretic states is lower than the 

number of unique metallation states because Zn4 and Zn3 have similar electrophoretic 

mobilities as do (presumably) heterodimeric forms of Zn2-SOD1 (i.e., Zn2-apo dimers) 

and homodimeric forms of Zn2-SOD1 (i.e., Zn2- Zn2 dimers). 

Figure 7.8. Capillary electropherograms of (A) Zn0.5-SOD1S-S and (B) apo-SOD1S-S 

performed at different concentrations of SOD1 (i.e., 10 µM, 20 µM, 50 µM, 100 µM, 

150 µM and 200 µM SOD1). Buffer and electrophoresis conditions: 10 mM potassium 

phosphate, pH 7.4. 
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Figure 7.9. Effect of centrifugation on the shape of electropherograms of metal free (apo) 

and Zn2+ derivatives of human wild-type (WT) SOD1S-S. The intensity of the small, 

unidentified peak (at μ ≈ 6.5) in the electropherogram apo-SOD1S-S (see also Figure 2.2 

in main text) is eliminated after the sample is centrifuged (at 13,000 rpm for 10 minutes). 

Thus, this peak represents a high molecular weight form of SOD1. In contrast, none of 

the peaks that were present in the electropherograms of Zn3.9, Zn1.0, or Zn0.5-SOD1S-S 

diminished after centrifugation. 
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Figure 7.10.  Effect  of  buffer  conditions  on  charge  reduction  and  regulation  in  

Zn-SOD1 complexes. A) Capillary electrophoresis of protein charge ladders of Zn2+ 

derivatives; electrophoresis was performed in: 10 mM Tris-HCl, pH 7.4, 20 °C (as 

opposed to phosphte buffer in Figure 2.2 of main text). Zinc stoichiometries are listed 

per dimer, as determined by ICP- MS after incubation of demetallated (apo) SOD1S-S 

with Zn2+. B) Plot of mobility of each rung vs. the number of acetylated lysine for 

each rung. Capillary electrophoresis for all charge ladders was carried out in 10 mM 

Tris-HCl, pH 7.4, 20 °C. Error bars represent standard deviation from 5 separate 

electrophoretic measurements of each ladder (R2>0.99 for linear fit of each plot). 
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Figure 7.11. Rate of amide hydrogen deuterium exchange (at pH 7.4, 90 % D2O) for 

protein charge ladders of various Zn2+ derivatives of human WT SOD1S-S. A) 

Incorporation of deuterium into protein charge ladders after 5 min in deuterated 

phosphate buffer (90 % D2O). The number of unexchanged hydrogen for each rung of 

each charge ladder was plotted against its acetylation number. B) A representative 

deconvoluted spectrum of WT Cu0Zn0
S-S-SOD1 after incubation in deuterated buffer for 

5 min. C) Incorporation of deuterium into protein charge ladders after 60 min in 

deuterated phosphate buffer (90 % D2O). The number of unexchanged hydrogen for each 

rung of each charge ladder was plotted against its acetylation number. D) A 

representative deconvoluted spectrum of apo-SOD1S-S 
after 60 min in deuterated 

phosphate. 

Additional Materials and Methods 

Demetallation and remetallation of SOD1 proteins. All aqueous buffers, reagents, 

and solutions were prepared from purified, metal-free water (resistance = 18.2 MΩ, as 

dispensed by a Milli-Q water purification system, Millipore Inc.) Recombinant proteins 

were immediately frozen after purification until future use (to prevent oxidation of 
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cysteine or tryptophan). In order to determine the concentration of SOD1 accurately, we 

used both UV-Vis spectroscopy and the BCA (bicinchoninic acid) assay. Immediately 

prior to spectroscopic analysis, protein solutions were centrifuged at 13, 300 rpm for 10 

min, and filtered with a 0.2 µm syringe filter. The concentration of apo-SOD1 and Znn-

SOD1 proteins were determined with UV-Vis spectroscopy at λmax = 280 nm, ɛ = 

10,800 cm-1M-1; concentrations of Cun-SOD1 proteins were determined at λmax = 265

nm, ɛ = 18,400 cm-1M-1. To verify the applicability of these extinction coefficients (which 

can be altered by oxidation of Trp32)(276) we analyzed demetallated and remetallated 

SOD1 with electrospray ionization mass spectrometry. 

We also studied WT holo-SOD1, as isolated from human erythrocytes 

(lyophilized, purchased from Sigma-Aldrich); an extinction coefficient of 18,400 cm-1M-1

was used for this WT holo-SOD1 protein (λmax = 265 nm). This protein was used 

because it contains a high metal content and is presumably metallated in vivo by its 

copper chaperone; this commercially available SOD1 protein was not used for metal 

titrations. Spectroscopically determining the concentration of holo-SOD1 from Sigma-

Aldrich can be more difficult with than with freshly purified recombinant SOD1, 

presumably because of its extensive oxidation. 

Copper and zinc ions were removed from recombinant WT SOD1 (expressed in 

yeast) by dialysis in EDTA (ethylenediaminetetraacetic acid), at pH 3.8, 4 °C, according 

to previous protocols. Briefly, proteins underwent sequential dialysis in: (i) 25 mM 

EDTA, 0.1 M sodium acetate, pH 3.8, (ii) 0.1 M sodium acetate, pH 3.8, and (iii) 0.1 M 

sodium acetate, pH 5.5. All glassware and plastic utensils were soaked in 20 mM EDTA 

and rinsed with metal-free water before any contact with SOD1 proteins. Apo-SOD1 
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proteins were always handled with non- metal utensils, and stored in glass- or plasticware 

that was rinsed with EDTA, prior to final rinsing with metal-free water (resistance = 18.2 

MΩ) and drying. 

Zinc (II) derivatives of SOD1 were prepared by the slow, stepwise addition of 

Zn2+ 
(5 mM ZnSO4) into demetallated SOD1 proteins (100-110 µM SOD1 in 100 mM 

sodium acetate buffer, pH 5.5); cobalt (II) derivatives were prepared in the same manner 

as Zn2+ 
using CoCl2. Copper (II) derivatives were made by the same procedure as the 

Zn2+ 
derivatives, however, copper was added at either pH 3.8 and pH 5.5 as previously 

described (in order to drive the occupancy of Cu2+ 
towards the Zn site and/or Cu site). 

Capillary electrophoresis of these proteins was still performed, however, at identical pH 

(i.e., pH = 7.4) after transfer of proteins into electrophoresis buffer. The Cu2Zn2 

reconstituted protein was made by stepwise addition of 5 equivalents of Cu2+ 
(i.e., a 

stoichiometric excess) into demetallated SOD1 at pH 3.8 (100-110 μM SOD1 in 100 mM 

sodium acetate buffer), followed by adjustment of the solvent pH from pH 3.8 to pH 5.5 

and subsequent addition of 5 stoichiometric equivalents of Zn2+ into Cu-SOD1. In order 

to remove unbound metal ions after each titration of each metal, SOD1 proteins were 

washed with Cu/Zn-free buffer (10 mM phosphate, prepared from metal-free water) using 

centrifugal filtration devices (Molecular weight allowance: 10,000; Corning). For 

example, solutions were diluted 10-fold in Cu/Zn-free buffer, and then concentrated 10-

fold; this procedure was performed successively in triplicate. 

Determination of metal content in Cu, Zn Derivatives of SOD1 with ICP-MS. The 

stoichiometry of bound Cu2+ 
and Zn2+ 

to SOD1 proteins and SOD1 protein charge 

ladders was determined with an Elan 9000 ICP-MS. An aliquot of each protein solution 
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was dialyzed against 10 mM potassium phosphate buffer (pH 7.4). Solutions were 

incubated at 90 °C for 1 hour, followed by 400 fold dilution into 2% nitric acid before 

injection into the mass spectrometer. A solution of 2% nitric acid was used as a blank in 

all experiments. 

Preparation of Lys-NHCOCH3 charge ladders. Lys-acetyl protein charge ladders 

of apo-SOD1 and Cu and Zn derivatives of SOD1 were prepared by reacting a solution of 

each metal derivative with acetic anhydride. Solutions of SOD1 (5 µM SOD1 dimer, pH 

9.0, 25 ºC) in 100 mM HEPBS (N-(2-hydroxyethyl)piperazine-N’-(4-butanesulfonic acid) 

buffer, were reacted with solutions of acetic anhydride (50 mM; prepared by diluting neat 

acetic anhydride into anhydrous dioxane). After transferring the acetylated proteins into 

potassium phosphate (10 mM potassium phosphate, pH 7.4), we determined the number 

of acetylated Lys residues with CE and mass spectrometry. 

Calculating net charge of SOD1 and its metal derivatives with protein charge 

ladders and capillary electrophoresis. Proteins migrate during capillary electrophoresis 

according to their electrophoretic mobility (μ), that is, the ratio of their net charge (Z) and 

hydrodynamic drag (feff), according to Equation 7.3 (where e is the charge of an electron): 

eff

eZ
μ=

f

The electrophoretic mobilities of migrating species during CE experiments were 

calculated according to Eq. 7.4, where µ is the mobility of the migrating species (cm2·kV-

1·min-1); LT is the total length of the capillary (in our experiments, 62.5 cm); LD 

represents the length of the capillary from the positive elextrode to the UV detector (50 

cm); V is the applied voltage (30 kV); teof represents the rate of electro-osmotic flow 

(EOF), that is the time at which the neutral marker (dimethylformamide, DMF) passes 

(7.3) 
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through the UV window (typically 4-5 min); and t is the time at which a migrating 

species passes through the UV window (for SOD1, t < 10 min). The UV detector was set 

at 214 nm. 

The net charge of proteins were measured with capillary electrophoresis and protein 

charge ladders by plotting the electrophoretic mobility od each rung of the charge ladders 

versus the number of acetylated lysine residues of each rung (Figure 4.1, main text). This 

plot cab ne fit with a linear function wherein the x-intercept is approximately equal to the 

quotient of the net charge of the unacetylated equation protein (Z0) and the change in net 

charge that accompanies each acetylation (ΔZ), which we assume to be 0.9 (instead of 1.0 

because of charge regulation). Equation 7.5 expresses the mobility of rung “n” as a 

function of Z0 and ΔZ. 

       
0

n

eff

e(Z +nΔZ)
μ =

f

Calculating the theoretical net charge of SOD1 and its metal derivatives. The 

theoretical net charge (Zseq) of dimeric Cu2Zn2-SOD1 was calculated using the 

Herderson-Hasselbalch equation, based on the following seven assumptions: (i) eight 

units of positive charge were included to account for four bound metals in +2 oxidation 

states; (ii) 12 His residues (that coordinate four metals in each dimer) were treated as 

neutral and non-titratable across pH 5-8 (as inferred to be correct from the constant rate 

of SOD1 activity  across pH 5-8;(127) (iii) two negative units of charge were added to 

simulate deprotonation of His63 to imidazolate anion; (iv) two Asp83 (that coordinate 

Zn2+) were treated as anionic residues and non-titratable across pH 5-8; (v) four cysteine 

(7.4) 

   (7.5) 
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residues were also excluded from titration to account for their participation in two 

intramolecular disulfide bonds per dimer; (vi) the N-terminus α-NH3
+ is acetylated and 

neutral; to account for this modification, a lysine residues was removed from the amino 

acid sequence, (vii) the charge on all other residues was calculated using the Henderson-

Hasselbalch equation by applying standard values of pKa. 

The values of apo-SOD1S-S, apo-SOD12SH, and all Cu2+ and Zn2+ derivatives were 

calculated with similar assumptions, where logically appropriate. For example, the two 

Zn-coodinating Asp83 ligands were treated as titratable residues (with standard pKa’s) in 

Cu1- and Cu2-SOD1, whereas both Asp83 residues were treated as non-titratable anions 

across pH 5-8 in Zn2-SOD1 (and only one Asp83 was treated as a non-titratable anion in 

Zn1-SOD1). In the Zn4-SOD1 deivative, as well as the Cu2Zn2 derivative, we assumed 

that His63 is deprotonated to imidazole, and treated it as anionic and non-titratable from 

pH 5-8. 

Determining effect of lysine acetylation on structure of SOD1 with amide H/D 

exchange and ESI-MS. Protein charge ladders prepared of SOD1 were concentrated to 

approximately 30 mg/mL in a centrifugal filtration device (Molecular weight akkowance: 

10,000; Corning) and transferred into 100 mM sodium phosphate buffer (pH 7.4). 

Concentrated protein samples were quickly diluted 1:10 (v/v) into D2O. During the entire 

period of isotopic exchange, the temperature was maintained at 22 °C. Aliquots (20 µL) 

were removed after 5 minutes and 60 minutes of exchange, and isotopic exchange was 

immediately quenched by addition of iced 1% formic acid (400 µL). Quenched samples 

were loaded into an ice-chilled Rheodyne injector that was attached to an ice-chilled 

desalting column (MacroTrap, Michrom Inc.). Back exchange experiments were 
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performed by thermally unfolding (and thus perdeuterating) proteins, followed by the 

quenching of isotopic exchange and immediate mass analysis. 

The rate of deuterium incorporation was monitored as a function of acetylation 

number for each metallated state hSOD1. The value “number of unexchanged hydrogen” 

(Hunex) was calculated by subtracting the mass of the native species (after incubation in 

a given period of time in 90 % deuterated buffer) from the mass of the unfolded species 

in 90 % deuterated buffer (Eq. 7.6): 

Hunex = M[D]unfolded – M[D]Native, t (7.6) 

The back-exchange (BE) is calculated by comparing the measured mass of denatured 

proteins with the theoretical mass of perdeuterated proteins (in 90% D2O; Eq. 7.7). 

    BE (%) = (M[D]folded – 0.9M[D]theoretical )/ 0.9M[D]theoretical      (7.7) 

Calculating the theoretical electrophoretic mobility of a tetrameric form of SOD1 

comprised of an apo-SOD1 dimer and a Zn1-SOD1 or Cu1-SOD1 dimer. This section 

summarizes a calculation of the expected electrophoretic mobility of a tetrameric form of 

SOD1 that is hypothesized to be formed between dimeric apo-SOD1 and Zn1-SOD1 (or 

Cu1-SOD1). The electrophoretic mobility for the apo-SOD1S-S 
dimer (denoted µ1) is 

expressed by Equation 7.8: 

The mobility of the Zn1-SOD1
S-S 

dimer (µ3) is expressed by Equation 7.9: 

 (7.8) 

  (7.9) 
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The mobility of the unidentified intermediate (alleged to be an apo-SOD1-Zn1-SOD1S-S 

tetramer) will have a mobility (µ2) expressed by Equation 7.10: 

When assuming that the net charge and the hydrodynamic drag of the alleged tetramer is 

the sum of the two dimers, the net charge (Z2) and hydrodynamic drag (f 2eff) of the 

tetramer can be expressed according to Equations 7.11 and 7.12: 

Hence, the theoretical electrophoretic mobility of this tetramer can be expressed by 

Equation 7.13: 

Substitution of Equation 7.11 and 7.12 into Equation 7.10 yields Equaiton 7.14: 

1 3 1 3
2

3 1 1 3

μ ×μ ×(Z +Z )
μ =

μ ×Z +μ ×Z

Thus, based upon the measured values of µ1 = 7.88, µ3 = 6.35, Z1 = -12.13 and Z3 = -

8.12, the theoretical mobility of the tetramer is calculated to be µ2 = 7.18. This theoretical 

mobility is approximately equal to the measured mobility of the unidentified intermediate 

in Figure 3.2 (µ = 7.08). Calculations were performed identically for the intermediate 

species that is observed in the electropherogram of 0.5 Cu-SOD1 (Figure 3.3). 

(7.10) 

(7.11) 

(7.12) 

(7.13) 

(7.14) 
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Protein Charge Ladders Reveal that the Net Charge of ALS-Linked Superoxide 

Dismutase Can Be Different in Sign and Magnitude from Predicted Values 

Assignment of Peaks in the Electropherograms of Zinc Derivatives of ALS-variant SOD1 

The D90A SOD1 protein exhibited 3-5 electrophoretically unique states when 

coordinating between 0.8-1.3 equivalents of Zn2+ per dimer (Figure 7.13A); E100K with 

1.0 equivalents of bound Zn2+ per dimer exhibited 4 unique electrophoretic states (Figure 

7.13C); the G93R protein showed a broad peak when binding 0.9 equivalents of Zn2+ 

(that likely represented 2 unresolved or rapidly interconverting species, Figure 7.13B). 

The peaks denoted “b” in electropherograms of ALS-variant SOD1 with 0.8-1.3 

Zn2+ (e.g., at µ = 4.63 for D90A in Figure 7.13A and peak at µ = 4.27 for E100K, Figure 

7.13C) were assigned to represent the Zn1-SOD1 dimer. The intermediate peaks denoted 

“c” at µ = 5.64 for 1.3Zn2+ D90A (Figure 7.13A) and µ = 5.02 for 1.0Zn2+ E100K (Figure 

7.13C) were both assigned to represent a heterotetramer comprised of a Zn1-SOD1 dimer 

and an apo-SOD1 dimer, as previously detected for WT SOD1 (see reference 20 in main 

text). This intermediate peak “c” was assigned as a tetramer because its mobility is 

similar to the calculated mobility of a tetrameric form of each variant with one bound 

Zn2+ per tetramer. For example, peak “c” in D90A had a measured mobility of µ = 5.64, 

while the predicted mobility of a tetramer comprised of D90A apo-SOD1 and D90A Zn1-

SOD1—taking into account measured mobilities of each dimer—is µ = 5.53. This 

purported tetramer was not observed in G85R or G93R SOD1. The far right peaks at µ = 

5.93 for D90A and µ = 5.50 for E100K, denoted as “a” in electropherograms with 0.8-1.3 

Zn2+ (Figure 7.13A, C) were assigned to be apo-SOD1 because the mobility of this peak 
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is similar to the mobility of the predominant peak in the apo forms of these two proteins 

(Figure 7.13A, C). 

The electropherograms of D90A, E100K and G93R SOD1 with 2.0-2.3 

equivalents of bound Zn2+ contained 3-5 electrophoretically unique species, some of 

which were only partially resolved (Figure 7.13A-C). The greater complexity of 

electropherograms of D90A, G93R and E100K SOD1 at intermediate states of metalation 

(i.e., ~ 1-2 bound Zn2+ per dimer) compared to electropherograms of apo, Zn3-, or Zn4-

SOD1 were most likely caused by subunit swapping (Figure 7.14). The following 

paragraphs explain our assignment of the peaks in these complex electropherograms. 

It is possible that two different types of Zn2-SOD1 dimers formed during the 

titration of ~ 2 equivalents of Zn2+: (i) a properly metalated homodimeric Zn2-SOD1 (i.e., 

a homodimer consisting of Zn1-SOD1-Zn1-SOD1) that yields a single peak, regardless of 

subunit swapping, and (ii) a “mismetalated” heterodimeric Zn2-SOD1 protein, where 

Zn2+ is bound in both the copper and zinc sites of a single subunit (i.e., a heterodimer 

consisting of apo-SOD1-Zn2-SOD1), which could yield three species upon subunit 

swapping: apo-apo, apo-Zn2, and Zn2-Zn2 (see Figure 7.14C). Thus, if the Zn2-SOD1 

protein existed as a mixture of both heterodimers and homodimers, then we would expect 

subunit swapping to yield: apo-apo, apo-Zn1, Zn1-Zn1, apo-Zn2, Zn1-Zn2, and Zn2-Zn2 

(Figure 7.14C). Because it is likely that Zn1-Zn1 and apo-Zn2 have similar mobilities as 

do Zn1-Zn2 and Zn2-Zn2 (as previously reported for WT SOD1 in reference 20 of main 

text), this mixture of 6 metalation states would likely yield only 4 resolved peaks (see 

asterisk in Figure 7.14C). This large number of peaks is in fact what we observed for 
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D90A, G93R and E100K variants with ~ 2 Zn2+ (i.e., between three and six partially or 

fully resolved peaks depending on the mutant). 

We can conclude that the solution of SOD1 with ~ 2 equivalents of bound Zn2+ 

consisted of a mixture of homodimeric Zn2-SOD1 proteins and heterodimeric Zn2-SOD1. 

We conclude that those mutants with complex electropherograms characterized by 

multiple, partially resolved peaks of similar intensity (peaks d, f, g, and h in 2.3 Zn2+ 

G93R, Figure 7.13B) contained a higher amount of mismetalated SOD1 than the mutants 

with less complex electropherograms that were characterized by a predominant doublet 

peak, i.e., peaks e and f in 2.2 Zn2+ D90A and 2.1 Zn2+ E100K (Figures 7.13A, C).  

The largely unimodal electropherograms of the Zn3- and Zn4- states of D90A, 

G93R, and E100K ALS-variant SOD1 (Figure 7.13A-C) are similar in shape to the nearly 

unimodal electropherograms reported previously for WT Zn3- and Zn4-SOD1 (see 

reference 20 in main text). The presence of a predominant peak (peaks i and k) and a 

minor satellite peak (peaks j and m) correlates with the expected homogeneity of Zn3- 

and Zn4-SOD1 (excluding G85R SOD1 which cannot bind > 2 equivalents of Zn2+ per 

dimer). 

In contrast to WT, D90A, G93R, and E100K SOD1, the G85R SOD1 protein only 

exhibited a single peak at all metalation states (Figure 7.13D). The simplicity of the 

electropherograms of Zn2+-G85R is attributed to its inability to bind > 1 Zn2+ cations in a 

single subunit. Unlike the D90A, G93R, and E100K SOD1 proteins, the G85R-SOD1

protein did not retain > 2 equivalents of coordinated Zn2+ (even after the addition of 8 

equivalents of Zn2+ per dimer). This unimodal electropherogram suggests that G85R 
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SOD1 is not populating multiple states of metalation (or oligomerization) or that such 

metalation states (if populated) are not resolvable by CE. 

The unimodal electropherogram for G85R Zn1-SOD1 (and G93R Zn1-SOD1, 

which was atypically broad) suggested that a heterodimeric Zn1-SOD1 dimer (i.e., Zn1-

SOD1-apo-SOD1) is the predominant protein in the G85R Zn1-SOD1 solution, as 

opposed to an equal mixture of apo-SOD1 dimers and Zn2-SOD1 dimers. 

An alternative explanation for why the binding of Zn2+ to G85R did not affect its 

mobility is that Zn2+ did not actually bind to G85R SOD1, or that Zn2+ did not remain 

bound to SOD1 during electrophoresis.  It is imperative to remember, however, that the 

absence of a large shift in the electrophoretic mobility of G85R upon binding one or two 

Zn2+ was not due to the dissociation of metal ions during or prior to electrophoresis. The 

analysis of Zn2+ derivatives of G85R by ICP-MS demonstrated that Zn2+ ions were bound 

prior to electrophoresis (Table 7.2) and the plot of mobility vs. the number of acetylated 

lysine for each charge ladder of each Zn2+ derivative of G85R SOD1 demonstrated that 

the binding of one Zn2+ lowered the net charge of the G85R SOD1 protein without 

causing the large reduction in mobility observed for other proteins. The analysis of Co2+ 

derivatives with UV-vis demonstrated that metal ions are coordinating only at the active 

sites of the SOD1 dimer (Figure 4.4). Thus, although the binding of Zn2+ to G85R SOD1 

did not lower its electrophoretic mobility by a large magnitude (compared to that of the 

other ALS variants), the binding of Zn2+ did alter the net charge of G85R SOD1, as 

demonstrated by the increasingly large values of ∆µ in Figure 4.2H (and by the plots of µ 

vs. Ac(N) in Figure 4.3A). 
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Rationalization of ΔΔZ Values of ALS-Mutant Apo-SOD1 Proteins Compared to WT Apo-

SOD1 

In general, a locus surrounded with more negatively charged groups underwent a 

larger than expected reduction in net negative charge, upon substitution, than more 

positively charged loci (Figure S4). For example, the G85R substitution—which occurs 

within 10 Å of five anionic and one cationic groups— lowered net charge by 1.42 ± 0.08 

units more than predicted (ΔΔZ = +1.42 ± 0.08, Figure 7.13A); the E100K substitution—

which occurs within 10 Å of two cationic and two anionic residues—lowered the net 

charge of apo-SOD1 by 0.23 ± 0.08 units less than predicted (ΔΔZ = -0.23 ± 0.08, Figure 

7.13D); the ΔΔZ and local electrostatic environments of D90A and G93R SOD1 were 

intermediate in this trend (Figure 7.13B, C). This simple correlation that we describe 

might be coincidental and not causal to the values of ΔΔZ. Nevertheless, we do expect 

that the protonated state of the Arg residue that is introduced at position 85 will be 

stabilized by the five nearby carboxylic acids—D76, D83, D101, D124, and D125 

(Figure 7.13A)—more than the protonated state of the Lys residue introduced at position 

100, which is close to two amino groups from K23 and K30 and only two carboxylic 

acids from E121 and D101 (Figure 7.13D). Thus introducing a cationic group at position 

85 would be expected to impart—within the context of charge regulation—more positive 

charge than introducing a cationic group at position 100, which already has two positive 

charges. 
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Figure 7.12: Electrostatic surface potential of the solvent accessible surface of human 

WT Cu, Zn-superoxide dismutase (at pH 7.4) as estimated from solutions to the nonlinear 

Poisson-Boltzmann equation using the Adaptive Poisson-Boltzman Solver (as previously 

described in reference 87 in main text; PDB: 2V0A). The locations of 4 ALS-linked 

amino acid substitutions that are the subject of this study are indicated with arrows. The 

horizontal black line indicates the dimer interface. Positive surface potential is 

represented by blue; negative is represented by red (from -4.0 to +4.0 eV). 
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Figure 7.13: Possible distributions of distinct metalation states of dimeric SOD1 that 

would exist upon swapping of SOD1 subunits. A) Left of arrow: possible distributions of 

SOD1 derivatives that would yield an average stoichiometry of 1 Zn2+ per dimer, along 

with the predicted number of electrophoretically resolvable species. Right of arrow: the 

distribution that might result upon subunit swapping, and the expected number of 

electrophoretically unique states. The “2*” denotes that the mobilities of homodimeric 

and heterodimeric Zn2-SOD1 are likely similar; the “4*” (in A and C) denotes that 

although six species are present, at least two species (3 Zn2+ and 4 Zn2+) are expected to 

exhibit similar electrophoretic mobilities (as inferred from previous studies of 3 Zn2+ and 

4 Zn2+ WT SOD1), as are the two different 2 Zn2+ species.  B) Cropped and aligned 

electropherograms from Figure 7.13A-D for ALS-variant SOD1 with ~ 1Zn2+ per dimer 

are shown for a comparison of predicted number of peaks with actual number of peaks. C) 

A set of SOD1 derivatives that would yield an average stoichiometry of 2 Zn2+ per dimer, 

and the distribution that might result upon subunit swapping. The “1*” denotes that the 

mobilities of homodimeric and heterodimeric (mismetallated) Zn2-SOD1 are likely 

similar (but not necessarily identical). D) Cropped and aligned electropherograms from 

Figure 7.13A-D for ALS-variant SOD1 with ~ 2Zn2+ per dimer are shown for comparison 

of predicted and actual number of peaks. 
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Figure 7.14: Representative electrospray ionization-mass spectra of selected Lys-acetyl 

charge ladders prepared from Zn2+ derivatives of ALS-variant SOD1. 

Figure 7.15: A-D) A pictorial representation of the local network of formal electrostatic 

charge within a spherical radius of < 10 Å of each substitution (G85R, D90A, G93R, 

E100K). The depiction of the spherical radius will account for any electrostatic 

interactions that occur through the interior of the protein, as well as those that occur 

across the surface. Distances are measured in an X-ray crystal structure of WT SOD1 

(PDB: 2V0A). The distance between the substituted residue and neighboring charged 

residues are listed in Å. The value ∆∆Z expresses the difference between the measured 

reduction in net negative charge associated with each substitution (for apo-SOD1) and its 

predicted reduction in net charge from the amino acid sequence (∆ZCE - ∆Zseq). Positive 

values of ∆∆Z express that the mutation lowered the net negative by more than predicted, 

i.e., added more positive charge. Error values for ∆∆Z ranged between ± 0.08-0.09.
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Figure 7.16: Capillary electropherograms of Lys-acetyl charge ladders of WT and ALS-

variant apo-SOD1 proteins at different values of pH.  A) Capillary electropherograms of 

WT charge ladder from pH 5.65 to 8.11. Each electropherogram is an overlay of 3 

separate electropherograms from replicate experiments. B-D) Same experiment as in part 

A for ALS-variant G85R (B), D90A (C) and E100K apo-SOD1. At pH 6.51, the protein 

charge ladder for G85R was not resolvable and could not be used. The red line and “X” at 

pH 6.05 and pH 5.65 indicates that the capillary electrophoresis was not attempted at this 

pH. 
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Figure 7.17: Capillary electropherograms of Lys-acetyl charge ladders of WT and ALS-

variant Zn4-SOD1 at different values of pH. A) Capillary electropherograms of WT Zn4-

SOD1 protein charge ladders at a pH range from 5.56 to 8.02. Each electropherogram is 

an overlay of 3 separate electropherograms from replicate experiments. B-D) Same 

experiment as in part A, but for ALS-variant B) D90A, C) G93R, and D) E100K Zn4-

SOD1. The red line and “X” at pH 5.56 indicates that the capillary electrophoresis was 

not performed. The red asterisk in the D90A Zn4-SOD1 charge ladder at pH 8.02 

designates a noise signal.  
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Table 7.2: Stoichiometric equivalents of bound Zn2+ in each derivative of SOD1 as 

measured by ICP-MS.  

SOD1 apo Zn1 Zn2 Zn3 Zn4 

G85R 0.01±0.011 

    0.01±0.01

1.02±0.02 

1.13±0.01 

1.96±0.06 

2.01±0.02 

         N/A N/A 

         N/A N/A 

D90A 0.05±0.01 

0.03±0.01 

1.26±0.05 

1.20±0.08 

2.16±0.13 

1.83±0.14 

3.13±0.11 

3.13±0.08 

4.04±0.15 

3.98±0.19 

G93R 0.05±0.03 

0.05±0.02 

1.20±0.03 

1.11±0.05 

2.26±0.09 

2.20±0.13 

3.05±0.13 

2.99±0.17 

4.14±0.12 

4.07±0.06 

E100K 0.03±0.01 

0.03±0.01 

1.04±0.03 

1.03±0.11 

2.12±0.11 

1.96±0.09 

3.03±0.07 

3.00±0.14 

3.88±0.10 

4.01±0.16 

1The ICP-MS analysis was performed before acetylation (top value) and after acetylation 

(bottom value). Error values represent standard deviation from four separate 

measurements. 

Deamidation of asparagine to aspartate destabilizes Cu, Zn superoxide dismutase, 

accelerates fibrillization and mirrors ALS-linked mutations 

Supporting Materials and Methods 

Protein Purification, Demetallation, and Remetallation. Plasmids used for 

expressing Asn/Asp mutants were prepared using a QuickMutant II site-directed 

mutagenesis kit (Agilent). The Yep351-WT-hSOD1 and Yep351-Asn/Asp-hSOD1 

plasmids were transfected into yeast EG118Δsod1 strain according to previously 

described protocols.(277) The expression and purification of recombinant WT SOD1, and 

all N/D mutant SOD1 proteins from yeast were performed as previously described.(35) 

Briefly, yeast cells were lysed with glass beads. The SOD1 protein was purified via 

ammonium sulfate precipitation, followed by hydrophobic interaction, ion-exchange and 
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size-exclusion chromatography. The purity of the protein was confirmed with SDS-

PAGE to be > 98%. 

The concentration of SOD1 was determined with both UV-Vis spectroscopy (at 

280 nm) and the BCA (bicinchoninic acid) method. When determining protein 

concentrations with these two methods, protein solutions were centrifuged at ~13,000 

rpm for 10 min and filtered with a syringe filter (0.2 µm) immediately prior to 

spectroscopic analysis. The concentration of apo-SOD1 were determined with UV-Vis 

spectroscopy at λmax = 280 nm, ɛ = 10,800 cm-1M-1; concentrations of remetallated SOD1 

proteins were determined at λmax = 265 nm, ɛ = 18,400 cm-1M-1.  The extinction 

coefficients of SOD1 proteins were not altered by tryptophan oxidation, because 

tryptophan residues were not oxidized according to ESI-MS. 

Copper and zinc ions were removed from recombinant WT SOD1 and Asn/Asp 

mutants of SOD1 by acid dialysis in EDTA (ethylenediaminetetraacetic acid) at pH 3.8, 4 

C. All proteins were sequentially dialyzed against the following solutions: (i) 25 mM 

EDTA, 0.1 M sodium acetate, pH 3.8, (ii) 0.1 M sodium acetate, pH 3.8, and (iii) 0.1 M 

sodium acetate, pH 5.5. All solutions that came into contact with SOD1 proteins were 

prepared from metal-free water (resistance = 18.2 MΩ) as dispensed by a Milli-Q water 

purification system (Millipore Inc.) Purified SOD1 proteins were flash frozen (with liquid 

nitrogen) after purification, demetallation, and remetallation until use. All glassware and 

plastic utensils that were used to dispense or store solutions of demetallated SOD1 were 

soaked in 20 mM EDTA and rinsed with metal-free water before any contact with SOD1. 

The Cu2Zn2 reconstituted SOD1 proteins were made by stepwise addition of 5 

equivalents of Cu2+ (i.e., a stoichiometric excess) into demetallated SOD1 at pH 3.8 (100-
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110 µM SOD1 dimer in 100 mM sodium acetate buffer), followed by adjustment of the 

solvent pH from pH 3.8 to pH 5.5 by buffer transfer via centrifugal filtration (using a 

Corning filtration device, molecular weight allowance: 10,000 Da) and addition of 5 

stoichiometric equivalents of Zn2+. Unbound metal ions were removed from solution by 

transferring proteins into 10 mM phosphate with centrifugal filtration devices (e.g., 

solutions were diluted 10-fold in phosphate buffer, and then concentrated 10-fold; this 

cycle of dilution and concentration was performed in triplicate). 

Determination of Metal Content in apo-SOD1 and Remetallated SOD1. The 

stoichiometric ratios of bound Cu2+ and Zn2+ to SOD1 proteins were quantified with an 

Elan 9000 ICP-MS (Inductively coupled plasma mass spectrometer). Aliquots of each 

protein solution were first dialyzed against 10 mM potassium phosphate buffer (pH 7.4). 

Protein solutions were incubated for 1 hour at 90 °C, followed by dilution (400-fold) into 

2% nitric acid prior to injection into the ICP-MS. A solution of 2% nitric acid was used 

as a blank in all experiments, in order to determine the background intensity of signal 

arising from trace Cu2+ or Zn2+ in nitric acid solutions.  

Assaying SOD1 Fibrillization with Thioflavin-T Fluorescence and Transmission Electron 

Microscopy. Solution conditions for each amyloid assay were identical for all proteins, 

and contained: 60 μM apo-SOD1 (monomer) in 10 mM PO4 buffer (potassium), 5 mM 

EDTA (potassium salt), 20 μM thioflavin-T (ThT), and 10 mM Tris(2-

carboxyethyl)phosphine (TCEP). The pH of the assay was 7.4, and we performed the 

fibrillization assay with and without 100 mM NaCl, as indicated (in order to determine 

whether intra- or intermolecular electrostatic interactions or repulsions were screened by 

free Na+ and Cl- ions).  The ThT assays were carried out in a 96 well microplate. An 
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aliquot (200 μL) of the SOD1 solution described above (i.e., SOD1, ThT, TCEP, and 

EDTA) was transferred via micropipette into a well in the 96 well microplate, to which 

was added one Teflon bead to initiate fibrillization (diameter = 1/8 inch). Teflon beads 

were purchased from McMaster-Carr® and rinsed with deionized water before use. The 

microplate was sealed with plastic amplification tape (Nalge Nunc™ International, 

Rochester, NY) and immediately loaded into a Thermo Scientific Fluoroskan Ascent 2.5 

plate reader for fluorescence spectroscopy. Fluorescence measurements were recorded by 

the Fluoroskan instrument every 15 minutes, using λex = 444 nm, λem = 485 nm. The plate 

was agitated at 360 rpm (3 mm rotation diameter) and the temperature of the plate was 

maintained at 37 °C throughout the entire 150-hr period over which fluorescent 

measurements were continuously made. The volume of each well was measured after the 

completion of the assay in order to ensure that no evaporation had occurred from the well 

(and if evaporation had occurred, the resulting data was not analyzed). Fibrillization 

assays were performed in replicates of between 42 and 96, as determined by the amount 

of each protein that was purified from yeast. The following sigmoidal function was used 

to fit the resulting longitudinal plots of ThT fluorescence (using SigmaPlot, Systat 

Software Inc.), as illustrated graphically in Figure 7.18: 

where y0 is the fluorescence intensity, x is time, x0 is time at which y is at 50 % of its 

maximum, a is the maximum fluorescence intensity at 485 nm, b equals 1/k, wherein k is 

the rate constant. Throughout the manuscript, we refer to x0-2b as “lag time” and b as the 

“inverse propagation constant.” 

f  = y
0
+

a

1 + e
-(

x-x
0

b
)

(7.18) 
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The fibrillar morphology of aggregated SOD1 was confirmed by transmission 

electron microscopy after completion of the 150 hour assay. Microscopy was performed 

on a mixture of 6 replicate wells, in order to eliminate variation among replicates. The 

mixed solutions from replicate wells were centrifuged at 5,000  g in a microcentrifuge. 

The resulting protein pellets were then vigorously resuspended with a pipette. 

Approximately 4 μL of the homogenate was deposited onto a glow discharged 200 mesh 

copper grid with Carbon Type-B support film (Ted Pella 01811). Samples were allowed 

to adhere to the grid for 5 minutes then wicked dry with filter paper. The grid was then 

washed with 20 μL of 18.2 MΩ water.  An aliquot (4 μL) of 3% uranyl acetate was added 

to the grid and allowed to sit for 1 minute before being wicked off with filter paper. Grids 

were then dried for 1 hour, and imaged using a JEOL 1230 High Contrast Transmission 

Electron Microscope operating at 80 kV. 

Solid-phase Synthesis of Peptides Containing Asn26, Asp26 or iso-Asp26. 

Peptides with the same amino acid sequence as residues 24-36 in WT SOD1 were 

synthesized by New England Peptide wherein residue 26 was either: Asn, Asp, or iso-

Asp. The following protocol was used (as supplied by manufacturer). 

Peptides were synthesized using standard solid phase peptide chemistry with 

Fmoc (fluorenylmethyloxycarbonyl) protected amino acids on Wang resin for C-terminal 

peptide acids or on Rink amide resin for C-terminal peptide amides. Amino acid 

activation and couplings were carried out with HBTU/HOBt (O-(benzotriazol-1-yl)-

1,1,3,3-tetramethyluronium/1-hydroxy-1H-benzotriazole) and DIEA (N,N-

diisopropylethylamine). Fmoc groups were removed using 20 % piperidine in DMF 

(dimethylformamide).  The resin-bound sequence was then cleaved and deprotected with 
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80-90 % trifluoroacetic acid containing a variety of scavengers that can include water, 

thioanisole, ethylmethylsulfide, and ethanedithiol, and/or triisopropylsilane. Peptides 

were precipitated into ether and then isolated by centrifugation. Peptides were analyzed 

(for purity) with HPLC using a C-18 analytical column and eluted with water-acetonitrile 

buffers containing 0.1% trifluoroacetic acid.  The molecular weight of each peptide was 

confirmed by MALDI-TOF analysis (by New England Peptides). 

Separation and Analysis of Tryptic Peptides and Synthetic SOD1 Peptides with 

LC-MS/MS. Human WT SOD1 that was either isolated from human erythrocytes 

(purchased from Sigma Aldrich as a lyophilized powder), or as recombinant protein 

(from yeast) were both proteolyzed with immobilized trypsin as a function of time 

(between 4 and 24 hrs). At the end of each tryptic digest of SOD1 (which progressed for 

4, 8, 12, or 24 hrs), the filtration device was centrifuged at ~13,000 rpm in a 

microcentrifuge. The filtrate (approximately 200 µL) was loaded into an HPLC-ESI-MS, 

wherein 50 µL were injected using a partial-injection loop method. Peptides were 

separated on a C-18 Zorbax column using the following nonlinear gradient of water (0.1 % 

formic acid, buffer “A”) and acetonitrile (0.1 % formic acid, buffer “B”): 97 % “A”, 3 % 

“B” for 0-3 min; 97-75 % “A” over 3-33 min; 75-40 % “A” over 33-38 min; 40-2 % “A” 

over 38-39 min; 2 % “A” for 39-43 min (flow rate = 350 µL/min). All mass spectrometric 

measurements were made with a Thermo-Finnigan LTQ Orbitrap ESI-MS. The mass 

spectrometer operated at a resolution of 10,000 ppm. 

SI Results and Discussion 

Fibrillization of WT, ALS-mutant, and Deamidated Analogs of SOD1 Measured 

by Thioflavin-T Fluorescence. We note that the amyloid assays for many proteins—
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including the previously developed ThT protocol for SOD1 that we used (51)—can be 

inherently irreproducible.(278,279) In order to improve reproducibility, researchers often 

tailor solvent pH, salt concentration, buffer type, protein concentration, or the 

concentration of co-solvents(278); even the type of agitation (i.e., circular vs. linear 

shaking) can have profound effects on reproducibility. The addition of a “seed” aggregate 

from a previous aggregation assay can also improve reproducibility.(278) These 

optimization methods are possibly favoring the formation of a specific type or specific 

mixture of oligomers that initiate and propagate with particular free energies of activation 

and thus morphologies (anyone of which might or might not be physiologically relevant). 

Instead of attempting to tailor solution conditions for optimal reproducibility, we 

performed each assay in myriad replicates (between 42 and 96 replicates for each SOD1 

protein, per availability of protein), and analyzed the entire complex of data without 

discarding outlier data. Our goal was not to necessarily produce a particular type of fiber, 

at reproducible rates, with reproducible morphology, but rather to survey as many kinetic 

pathways of aggregation as possible at pH 7.4, 37 C (in order to generate an average 

quantitative expression of the protein’s aggregation propensity). Moreover, each assay 

was initiated (by the addition of a Teflon bead) using soluble (non-aggregated) SOD1, 

without seeding SOD1 aggregation from a pre-formed aggregate. Thus each replicate 

amyloid assay was in fact a de novo replicate, and not a continuous extension of a 

previous experiment in self-assembly, as is the case (presumably) when aggregation is 

initiated by a seed aggregate. 

We note that the ALS-linked N139D apo-SOD1 protein and the triply deamidated 

analog apo-SOD1 protein (N26D/N131D/N139D) generally exhibited a lower intensity 
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of ThT emission at 485 nm (in the absence of 100 mM NaCl) in comparison to other 

SOD1 proteins in NaCl-free solution (Figure 7.19). Previous studies have shown that 

amyloid fibrils from ALS-linked mutants of SOD1 (and mutant fibrils from other proteins) 

often display lower ThT emission than the WT fibrils, which generally form at a slower 

rate.(280-283) The molecular origin of this variation is not well understood, and could be 

caused by many different effects (or artifacts) including: (i) variations in protein 

concentration prior to the assay, or variations in the amount of protein that actually 

undergoes aggregation during the assay, (ii) different stoichiometries of fibril-bound ThT 

(possibly caused by different solvent accessibilities of fibrils, i.e., single-stranded fibers 

versus bundles of fibers), and (iii) differences in the quantum yield of ThT fluorescence 

or the maximum wavelength of emission (possibly caused by differences in the 

electrostatic and hydrophobic surface properties of different proteins).(278,284) 

With regard to the possible causes of the low intensity of fluorescence observed in 

some replicate assays of some of the Asn/Asp mutants—which do indeed aggregate into 

high molecular weight fibrillar species according to SDS-PAGE and TEM—we exclude 

the first possibility (concentration artifacts) because SDS-PAGE demonstrated that all 

proteins were present in identical concentrations before the ThT assay (Figure 5.6D) and 

the majority (i.e., > 80 %) of WT or Asp/Asn mutant proteins underwent aggregation to a 

sedimentable form during the 150 hr ThT amyloid assay (Figure 5.6). We hypothesize 

that the different intensities of fluorescence were caused by differences in the number of 

bound ThT and/or the quantum yield or maximum emission wavelength of fluorescence. 

As mentioned in the main text, a minority of replicate plots of N139D apo-SOD1 and 

N26D/N131D/N139D apo-SOD1 also resulted in no significant increase in fluorescence, 
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i.e., exhibited an increase in < 2 a.u. in fluorescence (Figure 7.19D&E and Figure

7.20D&E). 

Figure 7.18: Graphical illustration of the calculation of the lag time and inverse 

propagation constant from a sigmoidal longitudinal plot of ThT fluorescence. A four 

parameter sigmoidal curve was used to fit each plot of ThT fluorescence. The lag time 

and inverse propagation constant that were extracted from each plot were used to 

calculate the mean lag time and inverse propagation constant shown for each protein in 

Table 5.1 of the main text.    
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Figure 7.19: Complete set of 324 raw (non-normalized) longitudinal plots of thioflavin-T 

fluorescence (i.e., amyloid assays) of (A) WT, (B) N26D, (C) N26D/N131D, (D) N139D, 

and (E) N26D/N131D/N139D apo-SOD1. Each assay was repeated for each protein in 

replicates (n) of between 42 and 96 (depending upon protein availability) in 0 mM NaCl. 

A fraction of the plots of N139D and N26D/N131D/N139D mutants (D and E) exhibited 

sigmoidal increases in fluorescence with low intensities of fluorescence and are 

segregated into a separate panel for visual clarity (“High Amp.” and “Low Amp”); a 

representative set of low amplitude plots are also selected and shown in the recessed 

panel for visual clarity. Distinct sigmoidal increases in fluorescence are denoted τ1 and τ2. 

All units of fluorescence in A-E are arbitrary units. 
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Figure 7.20: Complete set of 210 raw (non-normalized) longitudinal plots of thioflavin-T 

fluorescence (i.e., amyloid assays) of (A) WT, (B) N26D, (C) N26D/N131D, (D) N139D, 

and (E) N26D/N131D/N139D apo-SOD1. Each assay was repeated for each protein in 

replicates (n) of 42 in the presence of 100mM NaCl. A fraction of the plots of N139D and 

N26D/N131D/N139D mutants (D and E) exhibited significantly lower intensities of 

fluorescence and are segregated into a separate panel (“High Amp.” and “Low Amp.”); a 

representative set of low amplitude plots are also selected and shown in the recessed 

panel for visual clarity. Distinct sigmoidal increases in fluorescence are denoted τ1 and τ2. 

All units of fluorescence in A-E are arbitrary units. 
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Figure 7.21: A) Electropherograms of human WT holo-SOD1 as isolated from human 

erythrocytes (purchased from Sigma Aldrich), and of the same protein after complete 

demetallation (to < 0.1 equivalents of Cu2+ and Zn2+ per dimer, according to ICP-MS). 

The small satellite peak persists after demetallation. B) Electropherograms of 

recombinant human WT SOD1 from yeast in its “as isolated” form, with a mixture of 

metallation states, and demetallated apo-SOD1 (i.e., demetallated to < 0.1 equivalents of 

Cu2+ and Zn2+ per dimer, according to ICP-MS). The remetallated recombinant protein 

(Cu2Zn2-SOD1) is also shown. Dimethylformamide (DMF) was added to each sample as 

a neutral marker of electroosmotic flow. 



237 

Figure 7.22: A) Tandem mass spectrum of tryptic peptide 24-36 from WT holo-SOD1 

(isolated from erythrocytes) that contained Asn26 (Figure 5.7, see main text). This 

tandem mass spectrum is generated from the parent ion (m/z = 467.5897) from the 

peptide that eluted at 23.74 minutes in Figure 5.7B. B) Tandem mass spectrum of 

deamidated tryptic peptide 24-36 from WT holo-SOD1 (isolated from human 

erythrocytes) that contained Asp26 (Figure 5.7B). This tandem mass spectrum is 

generated from the parent ion (m/z = 467.9177) shown in Figure 5.7B (peptide elution at 

24.84 minutes). C-E) Tandem mass spectrum of synthetic peptides from chromatograms 

shown in Figure 5.8 of main text. C) MS/MS spectrum of synthetic peptide equivalent to 

residues 24-36 from SOD1 that contained Asn26. This MS/MS spectrum is generated 

from the parent ion m/z = 467.5897 (peptide elution at 22.32-22.37 minutes). D) MS/MS 

spectrum of synthetic peptide equivalent to residues 24-36 from deamidated SOD1 that 

contained Asp26. This MS/MS spectrum is generated from the parent ion m/z = 467.9177 

(peptide elution at 23.52-23.54 minutes). E) MS/MS spectrum of synthetic peptide 

equivalent to residues 24-36 from SOD1 with iso-Asp26. This MS/MS spectrum is 

generated from the parent ion m/z = 467.9177 (peptide elution at 23.87-23.91 minutes). 
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Table 7.3. Melting temperature (Tm) of demetallated SOD1 (rows 1-5) and remetallated 

SOD1 (rows 6-10) as measured by differential scanning calorimetry. Values for WT and 

all Asn/Asp mutants are listed. Errors represent standard deviation from three 

experiments. 

Cu/Zn 

(per dimer) 

SOD1 

Protein 

Melting Transition Temperature 

Tm1 (°C) Tm2 (°C) Tm3 (°C) 

0.03/0.05 

0.02/0.03 

0.04/0.01 

0.02/0.02 

0.03/0.03

WT 52.10 ± 1.09 

N26D 51.20 ± 1.42 

N139D 50.36 ± 1.64 

N26D/N131D 50.43 ± 1.04 

N26D/N131D/N139D 50.60 ± 0.34 

1.73/1.70 

2.04/1.75 

1.83/1.79 

1.77/1.83 

2.05/1.87 

WT 83.84 ± 0.58 87.83 ± 1.65 98.26 ± 1.00 

N26D 82.33 ± 0.77 87.53 ± 0.56 97.95 ± 0.20 

N139D 78.65 ± 0.74 84.21 ± 1.69 96.71 ± 0.50 

N26D/N131D 83.34 ± 0.83 87.18 ± 0.32 98.01 ± 0.77 

N26D/N131D/N139D 75.93 ± 0.57 82.07 ± 0.50 95.60 ± 0.51 
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Certificate of Analyses of Synthetic Peptides from New England Peptides 

Plate 7.1: Copy of Certificate of Analysis of purity of synthetic peptide 

ESNGPVKVWGSIK from New England Peptide (i.e., peptide corresponding to residues 

24-36 in WT SOD1). The measured molecular weight of the protein (according to 

MALDI-TOF) deviates by 0.14 %; purity is > 98 %. 
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Plate 7.2: Copy of Certificate Analysis of purity of synthetic peptide 

ESDGPVKVWGSIK from New England Peptide (i.e., deamidated peptide corresponding 

to residues 24-36 in WT SOD1, with N26 substituted for D26). The measured molecular 

weight of the protein (according to MALDI-TOF) deviates by 0.0 %; purity is > 98 %. 
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Plate 7.3: Copy of Certificate of Analysis of purity of synthetic peptide 

ES(iso-D)GPVKVWGSIK from New England Peptide (i.e., deamidated peptide 

corresponding to residues 24-36 in WT SOD1, with N26 substituted for iso-D26). The 

measured molecular weight of the protein (according to MALDI-TOF) deviates by 0.0 %; 

purity is ~ 98 %. 
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Voltage induced misfolding of zinc replete ALS mutant superoxide dismutase-1 

Native Isoelectric Focusing (Native IEF) 

Rehydrated IEF strips (with a linear pH gradient of 4.0–7.0) were preloaded with 

25 µg of protein solution (dissolved in MilliQ water). Isoelectric focusing was conducted 

at 4 °C for 12 hours followed by a linear increase in the electric potential from 0 V to 

4000 V over 4 hours. After native IEF was completed, a 10 % polyacrylamide gel 

(without SDS) was used to separate protein based on its size and net charge. Protein spots 

were stained with Coomassie Brilliant Blue. Mixtures of apo- and Zn4-SOD1 were 

prepared by mixing A4V and WT proteins in a 1:1 molar ratio. 

Size-Exclusion Chromatography (SEC) and HPLC 

For SEC, acetylated and unacetylated A4V and WT apo- and Zn4-SOD1 (1.5 

mg/mL, 10 mM potassium phosphate buffer, pH 7.4) were mixed with an internal 

standard (myoglobin, 0.5 mg/mL) for a final total protein concentration of ~ 2 mg/mL. 

An aliquot (50 µL) of each protein solution was injected onto a GF-250 size exclusion 

column and separated by HPLC at a flow rate of 0.5 mL/min (mobile phase = 10 mM 

potassium phosphate, pH 7.4). Protein was detected by absorbance at 214 nm. A 

calibration curve (of molecular weight) was also created by plotting the molecular weight 

of each protein (i.e., myoglobin, ubiquitin, cytochrome c, Cu2Zn2-SOD1) to its 

corresponding retention time during SEC-HPLC.  

Theoretical Modeling of SOD1 Electrostatics 

Macrodipoles and electrostatic surface potentials were calculated from crystal 

structures of WT Cu2Zn2-SOD1 (1SOS), WT Zn4-SOD1 (2C9S), and A4V Cu2Zn2-SOD1 
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(1UXM). Calculations for WT and A4V apo-SOD1 were performed on WT and A4V 

Cu2Zn2-SOD1 crystal structures, respectively, after the removal (in silico, using 

Discovery Studio) of coordinated metal ions. Force fields were assigned to x-ray 

structures using CHARMm. Residual water molecules and solvent ions were excluded 

from this calculation. Atomic partial charges were assigned using the Momany-Rone 

method.(285) Delphi default template values were used to calculate the electrostatic 

surface potential with the following parameters:  ionic strength = 0.145 mM, solvent 

dielectric constant = 80 F/m, and solute dielectric constant = 2 F/m.  Positively and 

negatively charged regions of SOD1’s surface are colored blue and red, respectively. 

Macrodipoles were calculated by assigning partial chargers to each atom using the 

Gasteiger-Marsili method.(286)  His63 can exist as an imidazolate anion in both WT and 

A4V Cu2Zn2-SOD1, however, no template for this protonation state of histidine is 

defined in Discovery Studio 4.1. This residue was consequently assigned no charge for 

all dipole calculations.  After each subunit of SOD1 was analyzed within each crystal 

structure, the resulting dipoles for each metalated form of SOD1 were averaged and 

displayed as a single vector with relative magnitude superimposed on their corresponding 

homodimer. 
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Figure 7.23: Capillary electrophoresis of A4V and WT apo- and Zn4-SOD1. Capillary 

electrophoresis was performed at 15 °C, 10 mM potassium phosphate, pH 7.4. 

Dimethylformamide (DMF) was added as a neutral marker of electroosmotic flow. (a) 

Capillary electropherogram of A4V and WT apo-SOD1 (multiple replicates overlaid). (b) 

Capillary electropherogram of A4V and WT Zn4-SOD1 (multiple replicates overlaid).  
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Figure 7.24: Native isoelectric focusing of A4V and WT SOD1 in apo and zinc-replete 

states. Representative native IEF gels (pH 4–7) for each set of proteins were aligned to 

the electrophoresis marker (M) and the physical edge of the gel (right). 
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Figure 7.25: HPLC-SEC of A4V and WT Zn4-SOD1 before and after acetylation. (a) 

HPLC-SEC chromatograms of WT Zn4-SOD1 before acetylation. SOD1 was mixed with 

myoglobin (red line) as a molecular weight marker or run without myoglobin (black line). 

The green trace is a chromatogram for a mixture of monomeric and dimeric apo-SOD1 

(monomeric apo-SOD1 was prepared by reducing the disulfide bond with TCEP). (b) The 

same experiment as in (a), but on the acetylated WT Zn4-SOD1 protein charge ladder. 

(c,d) The same experiment as in (a) and (b), but on unacetylated and acetylated A4V Zn4-

SOD1 respectively. (e) Calibration curve for SEC-HPLC (containing myoglobin, 

ubiquitin, holo-SOD1, and cytochrome c).  The number of acetylated lysine residues in (b) 

and (d) are listed per monomer.  
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Figure 7.26: Apparatus for measuring amide H/D exchange in external electric field. Two 

electrodes and a bare, fused silica capillary (salt bridge, 60.2 cm in length, were placed in 

two identical solutions of SOD1 in 90 % D2O.  An electric potential of 15 kV was applied 

across the 60.2 cm capillary. 

Table 7.4: Zn2+ and Cu2+ content of WT and A4V Zn4-SOD1 protein before and after 

acetylation. Error is represented as mean ± SD 
Zn2+ per dimer Cu2+ per dimer 

WT Zn4-SOD1 

Ac (0) 
4.02 ± 0.21 0.10 ± 0.06 

WT Zn4-SOD1 

Ac (~3) 
3.70 ± 0.06 0.15 ± 0.01 

A4V Zn4-SOD1 

Ac (0) 
4.29 ± 0.30 0.02 ± 0.01 

A4V Zn4-SOD1 

Ac (~2) 
3.97 ± 0.09 0.09 ± 0.01 

Table 7.5: Net charge of A4V and WT apo- and Zn4-SOD1 at pH 7.4. 

Error is represented as mean ± SD. 

apo-SOD1 Zn4-SOD1 

A4V –12.38 ± 0.15 –4.49 ± 0.10

WT –12.11 ± 0.07 –8.58 ± 0.29

apo-SOD1 Zn4-SOD1 

A4V –12.38 ± 0.15 –4.49 ± 0.10

WT –12.11 ± 0.07 –8.58 ± 0.29
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Table 7.6: Dipole moment (µ) in Debye units (D) for subunits of dimeric WT and A4V 

SOD1. 

Values were calculated from all unique chains in X-ray crystal structure. Error is represented as 

mean ± SD.  

Metalation state WT µ (D) A4V µ (D) 

Cu2Zn2 247 ± 24 207 ± 30 

Zn4 284 ± 36 – 

Apo 130 ± 20 97 ± 28 



249 

REFERENCES 

1. Tycko, R. (2011) Solid-state NMR studies of amyloid fibril structure. Annual

review of physical chemistry 62, 279-299

2. Sunde, M., and Blake, C. (1997) The structure of amyloid fibrils by electron

microscopy and X-ray diffraction. Advances in protein chemistry 50, 123-159

3. Bruijn, L. I., Houseweart, M. K., Kato, S., Anderson, K. L., Anderson, S. D.,

Ohama, E., Reaume, A. G., Scott, R. W., and Cleveland, D. W. (1998)

Aggregation and motor neuron toxicity of an ALS-linked SOD1 mutant

independent from wild-type SOD1. Science 281, 1851-1854

4. Kerman, A., Liu, H. N., Croul, S., Bilbao, J., Rogaeva, E., Zinman, L., Robertson,

J., and Chakrabartty, A. (2010) Amyotrophic lateral sclerosis is a non-amyloid

disease in which extensive misfolding of SOD1 is unique to the familial form.

Acta neuropathologica 119, 335-344

5. Oztug Durer, Z. A., Cohlberg, J. A., Dinh, P., Padua, S., Ehrenclou, K., Downes,

S., Tan, J. K., Nakano, Y., Bowman, C. J., Hoskins, J. L., Kwon, C., Mason, A. Z.,

Rodriguez, J. A., Doucette, P. A., Shaw, B. F., and Valentine, J. S. (2009) Loss of

metal ions, disulfide reduction and mutations related to familial ALS promote

formation of amyloid-like aggregates from superoxide dismutase. PloS one 4,

e5004

6. Baglioni, S., Casamenti, F., Bucciantini, M., Luheshi, L. M., Taddei, N., Chiti, F.,

Dobson, C. M., and Stefani, M. (2006) Prefibrillar amyloid aggregates could be

generic toxins in higher organisms. The Journal of neuroscience : the official

journal of the Society for Neuroscience 26, 8160-8167

7. Bailey, J., Potter, K. J., Verchere, C. B., Edelstein-Keshet, L., and Coombs, D.

(2011) Reverse engineering an amyloid aggregation pathway with dimensional

analysis and scaling. Physical biology 8, 066009

8. Sugaya, K., and Nakano, I. (2014) Prognostic role of "prion-like propagation" in

SOD1-linked familial ALS: an alternative view. Frontiers in cellular

neuroscience 8, 359

9. Redler, R. L., Fee, L., Fay, J. M., Caplow, M., and Dokholyan, N. V. (2014) Non-

native soluble oligomers of Cu/Zn superoxide dismutase (SOD1) contain a

conformational epitope linked to cytotoxicity in amyotrophic lateral sclerosis

(ALS). Biochemistry 53, 2423-2432



250 

10. Shaw, B. F., Lelie, H. L., Durazo, A., Nersissian, A. M., Xu, G., Chan, P. K.,

Gralla, E. B., Tiwari, A., Hayward, L. J., Borchelt, D. R., Valentine, J. S., and

Whitelegge, J. P. (2008) Detergent-insoluble aggregates associated with

amyotrophic lateral sclerosis in transgenic mice contain primarily full-length,

unmodified superoxide dismutase-1. The Journal of biological chemistry 283,

8340-8350

11. Jucker, M., and Walker, L. C. (2013) Self-propagation of pathogenic protein

aggregates in neurodegenerative diseases. Nature 501, 45-51

12. Majhi, P. R., Ganta, R. R., Vanam, R. P., Seyrek, E., Giger, K., and Dubin, P. L.

(2006) Electrostatically driven protein aggregation: beta-lactoglobulin at low

ionic strength. Langmuir : the ACS journal of surfaces and colloids 22, 9150-

9159 

13. Gitlin, I., Carbeck, J. D., and Whitesides, G. M. (2006) Why are proteins charged?

Networks of charge-charge interactions in proteins measured by charge ladders 

and capillary electrophoresis. Angewandte Chemie 45, 3022-3060 

14. Davis, S. J., Davies, E. A., Tucknott, M. G., Jones, E. Y., and van der Merwe, P.

A. (1998) The role of charged residues mediating low affinity protein-protein

recognition at the cell surface by CD2. Proceedings of the National Academy of

Sciences of the United States of America 95, 5490-5494

15. Lindskog, S. (1997) Structure and mechanism of carbonic anhydrase.

Pharmacology & therapeutics 74, 1-20

16. Honig, B. H., Hubbell, W. L., and Flewelling, R. F. (1986) Electrostatic

interactions in membranes and proteins. Annual review of biophysics and

biophysical chemistry 15, 163-193

17. Frisch, C., Fersht, A. R., and Schreiber, G. (2001) Experimental assignment of the

structure of the transition state for the association of barnase and barstar. Journal

of molecular biology 308, 69-77

18. Menon, M. K., and Zydney, A. L. (1998) Measurement of protein charge and ion

binding using capillary electrophoresis. Analytical chemistry 70, 1581-1584

19. Gao, J., Gomez, F. A., Harter, R., and Whitesides, G. M. (1994) Determination of

the effective charge of a protein in solution by capillary electrophoresis.

Proceedings of the National Academy of Sciences of the United States of America

91, 12027-12030

20. Gao, J., Mrksich, M., Gomez, F. A., and Whitesides, G. M. (1996) Using capillary

electrophoresis to follow the acetylation of the amino groups of insulin and to

estimate their basicities. Analytical chemistry 68, 2287



251 

21. Schneider, G. F., Shaw, B. F., Lee, A., Carillho, E., and Whitesides, G. M. (2008)

Pathway for unfolding of ubiquitin in sodium dodecyl sulfate, studied by capillary

electrophoresis. Journal of the American Chemical Society 130, 17384-17393

22. Rakhit, R., and Chakrabartty, A. (2006) Structure, folding, and misfolding of

Cu,Zn superoxide dismutase in amyotrophic lateral sclerosis. Biochimica et

biophysica acta 1762, 1025-1037

23. Majoor-Krakauer, D., Willems, P. J., and Hofman, A. (2003) Genetic

epidemiology of amyotrophic lateral sclerosis. Clinical genetics 63, 83-101

24. Hart, P. J., Balbirnie, M. M., Ogihara, N. L., Nersissian, A. M., Weiss, M. S.,

Valentine, J. S., and Eisenberg, D. (1999) A structure-based mechanism for

copper-zinc superoxide dismutase. Biochemistry 38, 2167-2178

25. Tainer, J. A., Getzoff, E. D., Richardson, J. S., and Richardson, D. C. (1983)

Structure and mechanism of copper, zinc superoxide dismutase. Nature 306, 284-

287 

26. Uchida, K., and Kawakishi, S. (1994) Identification of oxidized histidine

generated at the active site of Cu,Zn-superoxide dismutase exposed to H2O2.

Selective generation of 2-oxo-histidine at the histidine 118. The Journal of

biological chemistry 269, 2405-2410

27. Kurahashi, T., Miyazaki, A., Suwan, S., and Isobe, M. (2001) Extensive

investigations on oxidized amino acid residues in H(2)O(2)-treated Cu,Zn-SOd

protein with LC-ESI-Q-TOF-MS, MS/MS for the determination of the copper-

binding site. Journal of the American Chemical Society 123, 9268-9278

28. Kayatekin, C., Zitzewitz, J. A., and Matthews, C. R. (2008) Zinc binding

modulates the entire folding free energy surface of human Cu,Zn superoxide

dismutase. Journal of molecular biology 384, 540-555

29. Tiwari, A., and Hayward, L. J. (2005) Mutant SOD1 instability: implications for

toxicity in amyotrophic lateral sclerosis. Neuro-degenerative diseases 2, 115-127

30. Shaw, B. F., and Valentine, J. S. (2007) How do ALS-associated mutations in

superoxide dismutase 1 promote aggregation of the protein? Trends Biochem Sci

32, 78-85

31. Arnesano, F., Banci, L., Bertini, I., Martinelli, M., Furukawa, Y., and O'Halloran,

T. V. (2004) The unusually stable quaternary structure of human Cu,Zn-

superoxide dismutase 1 is controlled by both metal occupancy and disulfide status.

The Journal of biological chemistry 279, 47998-48003



252 

32. Brown, N. M., Torres, A. S., Doan, P. E., and O'Halloran, T. V. (2004) Oxygen

and the copper chaperone CCS regulate posttranslational activation of Cu,Zn

superoxide dismutase. Proceedings of the National Academy of Sciences of the

United States of America 101, 5518-5523

33. Das, A., and Plotkin, S. S. (2013) Mechanical Probes of SOD1 Predict Systematic

Trends in Metal and Dimer Affinity of ALS-Associated Mutants. Journal of

molecular biology 425, 850-874

34. Bourassa, M. W., Brown, H. H., Borchelt, D. R., Vogt, S., and Miller, L. M.

(2014) Metal-deficient aggregates and diminished copper found in cells

expressing SOD1 mutations that cause ALS. Frontiers in aging neuroscience 6,

110 

35. Hayward, L. J., Rodriguez, J. A., Kim, J. W., Tiwari, A., Goto, J. J., Cabelli, D. E.,

Valentine, J. S., and Brown, R. H., Jr. (2002) Decreased metallation and activity

in subsets of mutant superoxide dismutases associated with familial amyotrophic

lateral sclerosis. The Journal of biological chemistry 277, 15923-15931

36. Banci, L., Bertini, I., Boca, M., Girotto, S., Martinelli, M., Valentine, J. S., and

Vieru, M. (2008) SOD1 and amyotrophic lateral sclerosis: mutations and

oligomerization. PloS one 3, e1677

37. Jaarsma, D., Haasdijk, E. D., Grashorn, J. A., Hawkins, R., van Duijn, W.,

Verspaget, H. W., London, J., and Holstege, J. C. (2000) Human Cu/Zn

superoxide dismutase (SOD1) overexpression in mice causes mitochondrial

vacuolization, axonal degeneration, and premature motoneuron death and

accelerates motoneuron disease in mice expressing a familial amyotrophic lateral

sclerosis mutant SOD1. Neurobiology of disease 7, 623-643

38. Karch, C. M., Prudencio, M., Winkler, D. D., Hart, P. J., and Borchelt, D. R.

(2009) Role of mutant SOD1 disulfide oxidation and aggregation in the

pathogenesis of familial ALS. Proceedings of the National Academy of Sciences

of the United States of America 106, 7774-7779

39. Stathopulos, P. B., Rumfeldt, J. A., Scholz, G. A., Irani, R. A., Frey, H. E.,

Hallewell, R. A., Lepock, J. R., and Meiering, E. M. (2003) Cu/Zn superoxide

dismutase mutants associated with amyotrophic lateral sclerosis show enhanced

formation of aggregates in vitro. Proceedings of the National Academy of

Sciences of the United States of America 100, 7021-7026

40. Leal, S. S., Cristovao, J. S., Biesemeier, A., Cardoso, I., and Gomes, C. M. (2015)

Aberrant zinc binding to immature conformers of metal-free copper-zinc

superoxide dismutase triggers amorphous aggregation. Metallomics : integrated

biometal science



253 

41. Choi, I., Song, H. D., Lee, S., Yang, Y. I., Nam, J. H., Kim, S. J., Sung, J. J.,

Kang, T., and Yi, J. (2011) Direct observation of defects and increased ion

permeability of a membrane induced by structurally disordered Cu/Zn-superoxide

dismutase aggregates. PloS one 6, e28982

42. Matsumoto, G., Stojanovic, A., Holmberg, C. I., Kim, S., and Morimoto, R. I.

(2005) Structural properties and neuronal toxicity of amyotrophic lateral

sclerosis-associated Cu/Zn superoxide dismutase 1 aggregates. The Journal of cell

biology 171, 75-85

43. Caughey, B., and Lansbury, P. T. (2003) Protofibrils, pores, fibrils, and

neurodegeneration: separating the responsible protein aggregates from the

innocent bystanders. Annual review of neuroscience 26, 267-298

44. Hwang, Y. M., Stathopulos, P. B., Dimmick, K., Yang, H., Badiei, H. R., Tong,

M. S., Rumfeldt, J. A., Chen, P., Karanassios, V., and Meiering, E. M. (2010)

Nonamyloid aggregates arising from mature copper/zinc superoxide dismutases

resemble those observed in amyotrophic lateral sclerosis. The Journal of

biological chemistry 285, 41701-41711

45. Ogata, R. T., and McConnell, H. M. (1972) Mechanism of cooperative oxygen

binding to hemoglobin (spin-labeled triphosphate-concerted transition model-

hemoglobin chesapeake). Proceedings of the National Academy of Sciences of the

United States of America 69, 335-339

46. Robinson, N. E., and Robinson, A. B. (2001) Prediction of protein deamidation

rates from primary and three-dimensional structure. Proceedings of the National

Academy of Sciences of the United States of America 98, 4367-4372

47. Lindner, H., and Helliger, W. (2001) Age-dependent deamidation of asparagine

residues in proteins. Experimental gerontology 36, 1551-1563

48. Catterall, J. B., Hsueh, M. F., Stabler, T. V., McCudden, C. R., Bolognesi, M.,

Zura, R., Jordan, J. M., Renner, J. B., Feng, S., and Kraus, V. B. (2012) Protein

modification by deamidation indicates variations in joint extracellular matrix

turnover. The Journal of biological chemistry 287, 4640-4651

49. Wright, H. T. (1991) Nonenzymatic deamidation of asparaginyl and glutaminyl

residues in proteins. Critical reviews in biochemistry and molecular biology 26,

1-52

50. Rotunno, M. S., and Bosco, D. A. (2013) An emerging role for misfolded wild-

type SOD1 in sporadic ALS pathogenesis. Front. Cell. Neurosci. 7, 253



254 

51. Chattopadhyay, M., Durazo, A., Sohn, S. H., Strong, C. D., Gralla, E. B.,

Whitelegge, J. P., and Valentine, J. S. (2008) Initiation and elongation in

fibrillation of ALS-linked superoxide dismutase. Proceedings of the National

Academy of Sciences of the United States of America 105, 18663-18668

52. Ding, F., and Dokholyan, N. V. (2008) Dynamical roles of metal ions and the

disulfide bond in Cu, Zn superoxide dismutase folding and aggregation. Proc.

Natl. Acad. Sci. U.S.A. 105, 19696–19701

53. Polymenidou, M., and Cleveland, D. W. (2011) The seeds of neurodegeneration:

prion-like spreading in ALS. Cell 147, 498–508

54. McAlary, L., Yerbury, J. J., and Aquilina, J. A. (2013) Glutathionylation

potentiates benign superoxide dismutase 1 variants to the toxic forms associated

with amyotrophic lateral sclerosis. Scientific Reports 3, 3275

55. Svensson, A. E., Osman, B., Kayatekin, C., Adefusika, J. A., Zitzewitz, J. A., and

Matthews, C. R. (2010) Metal-free ALS variants of dimeric human Cu,Zn-

superoxide dismutase have enhanced populations of monomeric species. PloS one

5, e10064

56. Shi, Y., Mowery, R. A., Ashley, J., Hentz, M., Ramirez, A. J., Bilgicer, B., Slunt-

Brown, H., Borchelt, D. R., and Shaw, B. F. (2012) Abnormal SDS-PAGE

migration of cytosolic proteins can identify domains and mechanisms that control

surfactant binding. Protein Sci 21, 1197-1209

57. Lemmon, M. A. (2008) Membrane recognition by phospholipid-binding domains.

Nature reviews. Molecular cell biology 9, 99-111

58. Shaw, B. F., Schneider, G. F., Bilgicer, B., Kaufman, G. K., Neveu, J. M., Lane,

W. S., Whitelegge, J. P., and Whitesides, G. M. (2008) Lysine acetylation can

generate highly charged enzymes with increased resistance toward irreversible

inactivation. Protein Sci 17, 1446-1455

59. Otzen, D. (2011) Protein-surfactant interactions: a tale of many states. Biochimica

et biophysica acta 1814, 562-591

60. Shaw, B. F., Schneider, G. F., Arthanari, H., Narovlyansky, M., Moustakas, D.,

Durazo, A., Wagner, G., and Whitesides, G. M. (2011) Complexes of native

ubiquitin and dodecyl sulfate illustrate the nature of hydrophobic and electrostatic

interactions in the binding of proteins and surfactants. Journal of the American

Chemical Society 133, 17681-17695

61. Giehm, L., Oliveira, C. L., Christiansen, G., Pedersen, J. S., and Otzen, D. E.

(2010) SDS-induced fibrillation of alpha-synuclein: an alternative fibrillation

pathway. Journal of molecular biology 401, 115-133



255 

62. Wang, G., Elliott, M., Cogen, A. L., Ezell, E. L., Gallo, R. L., and Hancock, R. E.

(2012) Structure, dynamics, and antimicrobial and immune modulatory activities

of human LL-23 and its single-residue variants mutated on the basis of

homologous primate cathelicidins. Biochemistry 51, 653-664

63. Moore, B., Miles, A. J., Guerra-Giraldez, C., Simpson, P., Iwata, M., Wallace, B.

A., Matthews, S. J., Smith, D. F., and Brown, K. A. (2011) Structural basis of

molecular recognition of the Leishmania small hydrophilic endoplasmic

reticulum-associated protein (SHERP) at membrane surfaces. The Journal of

biological chemistry 286, 9246-9256

64. Halfmann, R., and Lindquist, S. (2008) Screening for amyloid aggregation by

Semi-Denaturing Detergent-Agarose Gel Electrophoresis. Journal of visualized

experiments : JoVE

65. Xia, K., Zhang, S., Bathrick, B., Liu, S., Garcia, Y., and Colon, W. (2012)

Quantifying the kinetic stability of hyperstable proteins via time-dependent SDS

trapping. Biochemistry 51, 100-107

66. Andersen, K. K., Oliveira, C. L., Larsen, K. L., Poulsen, F. M., Callisen, T. H.,

Westh, P., Pedersen, J. S., and Otzen, D. (2009) The role of decorated SDS

micelles in sub-CMC protein denaturation and association. Journal of molecular

biology 391, 207-226

67. Prudencio, M., Hart, P. J., Borchelt, D. R., and Andersen, P. M. (2009) Variation

in aggregation propensities among ALS-associated variants of SOD1: correlation

to human disease. Human molecular genetics 18, 3217-3226

68. de Jong, W. W., Zweers, A., and Cohen, L. H. (1978) Influence of single amino

acid substitutions on electrophoretic mobility of sodium dodecyl sulfate-protein

complexes. Biochemical and biophysical research communications 82, 532-539

69. Panayotatos, N., Radziejewska, E., Acheson, A., Pearsall, D., Thadani, A., and

Wong, V. (1993) Exchange of a single amino acid interconverts the specific

activity and gel mobility of human and rat ciliary neurotrophic factors. The

Journal of biological chemistry 268, 19000-19003

70. Rae, B. P., and Elliott, R. M. (1986) Characterization of the mutations responsible

for the electrophoretic mobility differences in the NS proteins of vesicular

stomatitis virus New Jersey complementation group E mutants. The Journal of

general virology 67 ( Pt 12), 2635-2643

71. Karch, C. M., and Borchelt, D. R. (2010) Aggregation modulating elements in

mutant human superoxide dismutase 1. Archives of biochemistry and biophysics

503, 175-182



256 

72. Tarrant, M. K., and Cole, P. A. (2009) The chemical biology of protein

phosphorylation. Annual review of biochemistry 78, 797-825

73. Morton, S., Davis, R. J., McLaren, A., and Cohen, P. (2003) A reinvestigation of

the multisite phosphorylation of the transcription factor c-Jun. The EMBO journal

22, 3876-3886

74. Saha, S., Biswas, K. H., Kondapalli, C., Isloor, N., and Visweswariah, S. S. (2009)

The linker region in receptor guanylyl cyclases is a key regulatory module: 

mutational analysis of guanylyl cyclase C. The Journal of biological chemistry 

284, 27135-27145 

75. Georgieva, E. I., and Sendra, R. (1999) Mobility of acetylated histones in sodium

dodecyl sulfate-polyacrylamide gel electrophoresis. Analytical biochemistry 269,

399-402

76. Rath, A., Glibowicka, M., Nadeau, V. G., Chen, G., and Deber, C. M. (2009)

Detergent binding explains anomalous SDS-PAGE migration of membrane

proteins. Proceedings of the National Academy of Sciences of the United States of

America 106, 1760-1765

77. Perry, J. J., Shin, D. S., Getzoff, E. D., and Tainer, J. A. (2010) The structural

biochemistry of the superoxide dismutases. Biochimica et biophysica acta 1804,

245-262

78. Ratovitski, T., Corson, L. B., Strain, J., Wong, P., Cleveland, D. W., Culotta, V.

C., and Borchelt, D. R. (1999) Variation in the biochemical/biophysical properties

of mutant superoxide dismutase 1 enzymes and the rate of disease progression in

familial amyotrophic lateral sclerosis kindreds. Human molecular genetics 8,

1451-1460

79. Schonhoff, C. M., Matsuoka, M., Tummala, H., Johnson, M. A., Estevez, A. G.,

Wu, R., Kamaid, A., Ricart, K. C., Hashimoto, Y., Gaston, B., Macdonald, T. L.,

Xu, Z., and Mannick, J. B. (2006) S-nitrosothiol depletion in amyotrophic lateral

sclerosis. Proceedings of the National Academy of Sciences of the United States of

America 103, 2404-2409

80. Wang, J., Xu, G., Gonzales, V., Coonfield, M., Fromholt, D., Copeland, N. G.,

Jenkins, N. A., and Borchelt, D. R. (2002) Fibrillar inclusions and motor neuron

degeneration in transgenic mice expressing superoxide dismutase 1 with a

disrupted copper-binding site. Neurobiology of disease 10, 128-138

81. Wang, J., Xu, G., Li, H., Gonzales, V., Fromholt, D., Karch, C., Copeland, N. G.,

Jenkins, N. A., and Borchelt, D. R. (2005) Somatodendritic accumulation of

misfolded SOD1-L126Z in motor neurons mediates degeneration: alphaB-

crystallin modulates aggregation. Human molecular genetics 14, 2335-2347



257 

82. Wang, J., Xu, G., Slunt, H. H., Gonzales, V., Coonfield, M., Fromholt, D.,

Copeland, N. G., Jenkins, N. A., and Borchelt, D. R. (2005) Coincident thresholds

of mutant protein for paralytic disease and protein aggregation caused by

restrictively expressed superoxide dismutase cDNA. Neurobiology of disease 20,

943-952

83. Zetterstrom, P., Stewart, H. G., Bergemalm, D., Jonsson, P. A., Graffmo, K. S.,

Andersen, P. M., Brannstrom, T., Oliveberg, M., and Marklund, S. L. (2007)

Soluble misfolded subfractions of mutant superoxide dismutase-1s are enriched in

spinal cords throughout life in murine ALS models. Proceedings of the National

Academy of Sciences of the United States of America 104, 14157-14162

84. Zimmerman, M. C., Oberley, L. W., and Flanagan, S. W. (2007) Mutant SOD1-

induced neuronal toxicity is mediated by increased mitochondrial superoxide

levels. Journal of neurochemistry 102, 609-618

85. Vassall, K. A., Stubbs, H. R., Primmer, H. A., Tong, M. S., Sullivan, S. M.,

Sobering, R., Srinivasan, S., Briere, L. A., Dunn, S. D., Colon, W., and Meiering,

E. M. (2011) Decreased stability and increased formation of soluble aggregates by

immature superoxide dismutase do not account for disease severity in ALS.

Proceedings of the National Academy of Sciences of the United States of America

108, 2210-2215

86. Lindberg, M. J., Normark, J., Holmgren, A., and Oliveberg, M. (2004) Folding of

human superoxide dismutase: disulfide reduction prevents dimerization and

produces marginally stable monomers. Proceedings of the National Academy of

Sciences of the United States of America 101, 15893-15898

87. Shaw, B. F., Moustakas, D. T., Whitelegge, J. P., and Faull, K. F. (2010) Taking

charge of proteins from neurodegeneration to industrial biotechnology. Adv

Protein Chem Struct Biol 79, 127-164

88. Nielsen, M. M., Andersen, K. K., Westh, P., and Otzen, D. E. (2007) Unfolding of

beta-sheet proteins in SDS. Biophysical journal 92, 3674-3685

89. Andrade, M. A., Chacon, P., Merelo, J. J., and Moran, F. (1993) Evaluation of

secondary structure of proteins from UV circular dichroism spectra using an

unsupervised learning neural network. Protein engineering 6, 383-390

90. Shaw, B. F., Arthanari, H., Narovlyansky, M., Durazo, A., Frueh, D. P., Pollastri,

M. P., Lee, A., Bilgicer, B., Gygi, S. P., Wagner, G., and Whitesides, G. M. (2010)

Neutralizing positive charges at the surface of a protein lowers its rate of amide

hydrogen exchange without altering its structure or increasing its thermostability.

Journal of the American Chemical Society 132, 17411-17425



258 

91. Kim, S. C., Sprung, R., Chen, Y., Xu, Y., Ball, H., Pei, J., Cheng, T., Kho, Y.,

Xiao, H., Xiao, L., Grishin, N. V., White, M., Yang, X. J., and Zhao, Y. (2006)

Substrate and functional diversity of lysine acetylation revealed by a proteomics

survey. Molecular cell 23, 607-618

92. Proctor, E. A., Ding, F., and Dokholyan, N. V. (2011) Structural and

thermodynamic effects of post-translational modifications in mutant and wild type

Cu, Zn superoxide dismutase. Journal of molecular biology 408, 555-567

93. Wilcox, K. C., Zhou, L., Jordon, J. K., Huang, Y., Yu, Y., Redler, R. L., Chen, X.,

Caplow, M., and Dokholyan, N. V. (2009) Modifications of superoxide dismutase

(SOD1) in human erythrocytes: a possible role in amyotrophic lateral sclerosis.

The Journal of biological chemistry 284, 13940-13947

94. Gitlin, I., Gudiksen, K. L., and Whitesides, G. M. (2006) Peracetylated bovine

carbonic anhydrase (BCA-Ac18) is kinetically more stable than native BCA to

sodium dodecyl sulfate. The journal of physical chemistry. B 110, 2372-2377

95. Gudiksen, K. L., Gitlin, I., Moustakas, D. T., and Whitesides, G. M. (2006)

Increasing the net charge and decreasing the hydrophobicity of bovine carbonic

anhydrase decreases the rate of denaturation with sodium dodecyl sulfate.

Biophysical journal 91, 298-310

96. Shi, S. P., Qiu, J. D., Sun, X. Y., Suo, S. B., Huang, S. Y., and Liang, R. P. (2012)

PLMLA: prediction of lysine methylation and lysine acetylation by combining

multiple features. Molecular bioSystems 8, 1520-1527

97. Li, T., Du, Y., Wang, L., Huang, L., Li, W., Lu, M., Zhang, X., and Zhu, W. G.

(2012) Characterization and prediction of lysine (K)-acetyl-transferase specific

acetylation sites. Molecular & cellular proteomics : MCP 11, M111 011080

98. Anderson, J. R., Chemiavskaya, O., Gitlin, I., Engel, G. S., Yuditsky, L., and

Whitesides, G. M. (2002) Analysis by capillary electrophoresis of the kinetics of

charge ladder formation for bovine carbonic anhydrase. Analytical chemistry 74,

1870-1878

99. Allen, M. J., Lacroix, J. J., Ramachandran, S., Capone, R., Whitlock, J. L.,

Ghadge, G. D., Arnsdorf, M. F., Roos, R. P., and Lal, R. (2012) Mutant SOD1

forms ion channel: implications for ALS pathophysiology. Neurobiology of

disease 45, 831-838

100. Choi, I., Yang, Y. I., Song, H. D., Lee, J. S., Kang, T., Sung, J. J., and Yi, J. (2011) 

Lipid molecules induce the cytotoxic aggregation of Cu/Zn superoxide dismutase 

with structurally disordered regions. Biochimica et biophysica acta 1812, 41-48 



259 

101. Kim, Y. J., Nakatomi, R., Akagi, T., Hashikawa, T., and Takahashi, R. (2005) 

Unsaturated fatty acids induce cytotoxic aggregate formation of amyotrophic 

lateral sclerosis-linked superoxide dismutase 1 mutants. The Journal of biological 

chemistry 280, 21515-21521 

102. Shaw, B. F., Durazo, A., Nersissian, A. M., Whitelegge, J. P., Faull, K. F., and 

Valentine, J. S. (2006) Local unfolding in a destabilized, pathogenic variant of 

superoxide dismutase 1 observed with H/D exchange and mass spectrometry. The 

Journal of biological chemistry 281, 18167-18176 

103. Rodriguez, J. A., Shaw, B. F., Durazo, A., Sohn, S. H., Doucette, P. A., 

Nersissian, A. M., Faull, K. F., Eggers, D. K., Tiwari, A., Hayward, L. J., and 

Valentine, J. S. (2005) Destabilization of apoprotein is insufficient to explain 

Cu,Zn-superoxide dismutase-linked ALS pathogenesis. Proceedings of the 

National Academy of Sciences of the United States of America 102, 10516-10521 

104. Shi, Y., Mowery, R. A., and Shaw, B. F. (2013) Effect of Metal Loading and 

Subcellular pH on Net Charge of Superoxide Dismutase-1. Journal of molecular 

biology  

105. Winzor, D. J. (2004) Determination of the net charge (valence) of a protein: a 

fundamental but elusive parameter. Analytical biochemistry 325, 1-20 

106. Buell, A. K., Hung, P., Salvatella, X., Welland, M. E., Dobson, C. M., and 

Knowles, T. P. (2013) Electrostatic effects in filamentous protein aggregation. 

Biophysical journal 104, 1116-1126 

107. Chiti, F., Stefani, M., Taddei, N., Ramponi, G., and Dobson, C. M. (2003) 

Rationalization of the effects of mutations on peptide and protein aggregation 

rates. Nature 424, 805-808 

108. Perrin, B. S., Jr., and Ichiye, T. (2013) Characterizing the effects of the protein 

environment on the reduction potentials of metalloproteins. Journal of biological 

inorganic chemistry : JBIC : a publication of the Society of Biological Inorganic 

Chemistry 18, 103-110 

109. Rees, D. C. (1985) Electrostatic influence on energetics of electron transfer 

reactions. Proceedings of the National Academy of Sciences of the United States 

of America 82, 3082-3085 

110. Isom, D. G., Castaneda, C. A., Cannon, B. R., and Garcia-Moreno, B. (2011) 

Large shifts in pKa values of lysine residues buried inside a protein. Proceedings 

of the National Academy of Sciences of the United States of America 108, 5260-

5265 



260 

111. Dahms, S. O., Konnig, I., Roeser, D., Guhrs, K. H., Mayer, M. C., Kaden, D., 

Multhaup, G., and Than, M. E. (2012) Metal binding dictates conformation and 

function of the amyloid precursor protein (APP) E2 domain. Journal of molecular 

biology 416, 438-452 

112. Menon, M. K., and Zydney, A. L. (2000) Determination of effective protein 

charge by capillary electrophoresis: effects of charge regulation in the analysis of 

charge ladders. Analytical chemistry 72, 5714-5717 

113. Wang, W., Anderson, N. A., Travesset, A., and Vaknin, D. (2012) Regulation of 

the electric charge in phosphatidic acid domains. The journal of physical 

chemistry. B 116, 7213-7220 

114. Belli, M., Ramazzotti, M., and Chiti, F. (2011) Prediction of amyloid aggregation 

in vivo. EMBO reports 12, 657-663 

115. Sheng, Y., Chattopadhyay, M., Whitelegge, J., and Valentine, J. S. (2012) SOD1 

aggregation and ALS: role of metallation states and disulfide status. Current 

topics in medicinal chemistry 12, 2560-2572 

116. Bystrom, R., Andersen, P. M., Grobner, G., and Oliveberg, M. (2010) SOD1 

mutations targeting surface hydrogen bonds promote amyotrophic lateral sclerosis 

without reducing apo-state stability. The Journal of biological chemistry 285, 

19544-19552 

117. Graffmo, K. S., Forsberg, K., Bergh, J., Birve, A., Zetterstrom, P., Andersen, P. 

M., Marklund, S. L., and Brannstrom, T. (2013) Expression of wild-type human 

superoxide dismutase-1 in mice causes amyotrophic lateral sclerosis. Human 

molecular genetics 22, 51-60 

118. Della Valle, M. C., Sleat, D. E., Zheng, H., Moore, D. F., Jadot, M., and Lobel, P. 

(2011) Classification of subcellular location by comparative proteomic analysis of 

native and density-shifted lysosomes. Molecular & cellular proteomics : MCP 10, 

M110 006403 

119. Inoue, E., Tano, K., Yoshii, H., Nakamura, J., Tada, S., Watanabe, M., Seki, M., 

and Enomoto, T. (2010) SOD1 Is Essential for the Viability of DT40 Cells and 

Nuclear SOD1 Functions as a Guardian of Genomic DNA. Journal of nucleic 

acids 2010 

120. Okado-Matsumoto, A., and Fridovich, I. (2001) Subcellular distribution of 

superoxide dismutases (SOD) in rat liver: Cu,Zn-SOD in mitochondria. The 

Journal of biological chemistry 276, 38388-38393 



261 

121. Sturtz, L. A., Diekert, K., Jensen, L. T., Lill, R., and Culotta, V. C. (2001) A 

fraction of yeast Cu,Zn-superoxide dismutase and its metallochaperone, CCS, 

localize to the intermembrane space of mitochondria. A physiological role for 

SOD1 in guarding against mitochondrial oxidative damage. The Journal of 

biological chemistry 276, 38084-38089 

122. Gao, J., Mammen, M., and Whitesides, G. M. (1996) Evaluating electrostatic 

contributions to binding with the use of protein charge ladders. Science 272, 535-

537 

123. Valentine, J. S., Doucette, P. A., and Zittin Potter, S. (2005) Copper-zinc 

superoxide dismutase and amyotrophic lateral sclerosis. Annual review of 

biochemistry 74, 563-593 

124. Strange, R. W., Antonyuk, S. V., Hough, M. A., Doucette, P. A., Valentine, J. S., 

and Hasnain, S. S. (2006) Variable metallation of human superoxide dismutase: 

Atomic resolution crystal structures of Cu-Zn, Zn-Zn and as-isolated wild-type 

enzymes. Journal of molecular biology 356, 1152-1162 

125. Banci, L., Bertini, I., Cramaro, F., Del Conte, R., and Viezzoli, M. S. (2003) 

Solution structure of Apo Cu,Zn superoxide dismutase: role of metal ions in 

protein folding. Biochemistry 42, 9543-9553 

126. Lelie, H. L., Liba, A., Bourassa, M. W., Chattopadhyay, M., Chan, P. K., Gralla, 

E. B., Miller, L. M., Borchelt, D. R., Valentine, J. S., and Whitelegge, J. P. (2011) 

Copper and zinc metallation status of copper-zinc superoxide dismutase from 

amyotrophic lateral sclerosis transgenic mice. The Journal of biological chemistry 

286, 2795-2806 

127. Goto, J. J., Zhu, H., Sanchez, R. J., Nersissian, A., Gralla, E. B., Valentine, J. S., 

and Cabelli, D. E. (2000) Loss of in vitro metal ion binding specificity in mutant 

copper-zinc superoxide dismutases associated with familial amyotrophic lateral 

sclerosis. The Journal of biological chemistry 275, 1007-1014 

128. Lyons, T. J., Nersissian, A., Huang, H., Yeom, H., Nishida, C. R., Graden, J. A., 

Gralla, E. B., and Valentine, J. S. (2000) The metal binding properties of the zinc 

site of yeast copper-zinc superoxide dismutase: implications for amyotrophic 

lateral sclerosis. Journal of biological inorganic chemistry : JBIC : a publication 

of the Society of Biological Inorganic Chemistry 5, 189-203 

129. Potter, S. Z., Zhu, H., Shaw, B. F., Rodriguez, J. A., Doucette, P. A., Sohn, S. H., 

Durazo, A., Faull, K. F., Gralla, E. B., Nersissian, A. M., and Valentine, J. S. 

(2007) Binding of a single zinc ion to one subunit of copper-zinc superoxide 

dismutase apoprotein substantially influences the structure and stability of the 

entire homodimeric protein. Journal of the American Chemical Society 129, 4575-

4583 



262 

130. Leinartaite, L., Saraboji, K., Nordlund, A., Logan, D. T., and Oliveberg, M. (2010) 

Folding catalysis by transient coordination of Zn2+ to the Cu ligands of the ALS-

associated enzyme Cu/Zn superoxide dismutase 1. Journal of the American 

Chemical Society 132, 13495-13504 

131. Beem, K. M., Rich, W. E., and Rajagopalan, K. V. (1974) Total reconstitution of 

copper-zinc superoxide dismutase. The Journal of biological chemistry 249, 

7298-7305 

132. Valentine, J. S., Pantoliano, M. W., McDonnell, P. J., Burger, A. R., and Lippard, 

S. J. (1979) pH-dependent migration of copper(II) to the vacant zinc-binding site 

of zinc-free bovine erythrocyte superoxide dismutase. Proceedings of the 

National Academy of Sciences of the United States of America 76, 4245-4249 

133. Banci, L., Bertini, I., Cantini, F., D'Amelio, N., and Gaggelli, E. (2006) Human 

SOD1 before harboring the catalytic metal: solution structure of copper-depleted, 

disulfide-reduced form. The Journal of biological chemistry 281, 2333-2337 

134. Banci, L., Bertini, I., Cantini, F., D'Onofrio, M., and Viezzoli, M. S. (2002) 

Structure and dynamics of copper-free SOD: The protein before binding copper. 

Protein Sci 11, 2479-2492 

135. Edgcomb, S. P., and Murphy, K. P. (2002) Variability in the pKa of histidine 

side-chains correlates with burial within proteins. Proteins 49, 1-6 

136. Fisher, C. L., Cabelli, D. E., Tainer, J. A., Hallewell, R. A., and Getzoff, E. D. 

(1994) The role of arginine 143 in the electrostatics and mechanism of Cu,Zn 

superoxide dismutase: computational and experimental evaluation by mutational 

analysis. Proteins 19, 24-34 

137. Banci, L., Bertini, I., Cantini, F., Kozyreva, T., Massagni, C., Palumaa, P., Rubino, 

J. T., and Zovo, K. (2012) Human superoxide dismutase 1 (hSOD1) maturation 

through interaction with human copper chaperone for SOD1 (hCCS). Proceedings 

of the National Academy of Sciences of the United States of America 109, 13555-

13560 

138. Shi, Y., Abdolvahabi, A., and Shaw, B. F. (2014) Protein charge ladders reveal 

that the net charge of ALS-linked superoxide dismutase can be different in sign 

and magnitude from predicted values. Protein Sci 23, 1417-1433 

139. Sandelin, E., Nordlund, A., Andersen, P. M., Marklund, S. S., and Oliveberg, M. 

(2007) Amyotrophic lateral sclerosis-associated copper/zinc superoxide dismutase 

mutations preferentially reduce the repulsive charge of the proteins. The Journal 

of biological chemistry 282, 21230-21236 



263 

140. Vassall, K. A., Stubbs, H. R., Primmer, H. A., Tong, M. S., Sullivan, S. M., 

Sobering, R., Srinivasan, S., Briere, L.-A. K., Dunn, S. D., Colón, W., and 

Meiering, E. M. (2011) Decreased stability and increased formation of soluble 

aggregates by immature superoxide dismutase do not account for disease severity 

in ALS. Proceedings of the National Academy of Sciences 108, 2210-2215 

141. Jonsson, P. A., Graffmo, K. S., Brannstrom, T., Nilsson, P., Andersen, P. M., and 

Marklund, S. L. (2006) Motor neuron disease in mice expressing the wild type-

like D90A mutant superoxide dismutase-1. J Neuropathol Exp Neurol 65, 1126-

1136 

142. Shi, Y., Rhodes, N. R., Abdolvahabi, A., Kohn, T. P., Cook, N. P., Marti, A. A., 

and Shaw, B. F. (2013) Deamidation of asparagine to aspartate destabilizes Cu, 

Zn superoxide dismutase, accelerates fibrillization and mirrors ALS-linked 

mutations. Journal of the American Chemical Society  

143. Chiti, F., and Dobson, C. M. (2006) Protein misfolding, functional amyloid, and 

human disease. Annual review of biochemistry 75, 333-366 

144. Osborne, T. B. (1902) The basic character of the protein molecule and the 

reactions of edestin with definite quantities of acids and alkalies. J. Am. Chem. 

Soc. 24, 39-78 

145. Csonka, F. A., Murphy, J. C., and Jones, D. B. (1926) The Iso-Electric Points of 

Various Proteins. J. Am. Chem. Soc. 48, 763-768 

146. Chiti, F., Calamai, M., Taddei, N., Stefani, M., Ramponi, G., and Dobson, C. M. 

(2002) Studies of the aggregation of mutant proteins in vitro provide insights into 

the genetics of amyloid diseases. Proceedings of the National Academy of 

Sciences of the United States of America 99 Suppl 4, 16419-16426 

147. Lawrence, M. S., Phillips, K. J., and Liu, D. R. (2007) Supercharging proteins can 

impart unusual resilience. Journal of the American Chemical Society 129, 10110-

10112 

148. Schmittschmitt, J. P., and Scholtz, J. M. (2003) The role of protein stability, 

solubility, and net charge in amyloid fibril formation. Protein Sci 12, 2374-2378 

149. Laganowsky, A., Liu, C., Sawaya, M. R., Whitelegge, J. P., Park, J., Zhao, M., 

Pensalfini, A., Soriaga, A. B., Landau, M., Teng, P. K., Cascio, D., Glabe, C., and 

Eisenberg, D. (2012) Atomic view of a toxic amyloid small oligomer. Science 335, 

1228-1231 



264 

150. Ivanova, M. I., Sievers, S. A., Guenther, E. L., Johnson, L. M., Winkler, D. D., 

Galaleldeen, A., Sawaya, M. R., Hart, P. J., and Eisenberg, D. S. (2014) 

Aggregation-triggering segments of SOD1 fibril formation support a common 

pathway for familial and sporadic ALS. Proceedings of the National Academy of 

Sciences of the United States of America 111, 197-201 

151. Barroso da Silva, F. L., Bostrom, M., and Persson, C. (2014) Effect of charge 

regulation and ion-dipole interactions on the selectivity of protein-nanoparticle 

binding. Langmuir : the ACS journal of surfaces and colloids 30, 4078-4083 

152. Kurut, A., Henriques, J., Forsman, J., Skepo, M., and Lund, M. (2014) Role of 

histidine for charge regulation of unstructured peptides at interfaces and in bulk. 

Proteins 82, 657-667 

153. Colton, I. J., Anderson, J. R., Gao, J. M., Chapman, R. G., Isaacs, L., and 

Whitesides, G. M. (1997) Formation of protein charge ladders by acylation of 

amino groups on proteins. Journal of the American Chemical Society 119, 

12701-12709

154. Basso, M., Massignan, T., Samengo, G., Cheroni, C., De Biasi, S., Salmona, M., 

Bendotti, C., and Bonetto, V. (2006) Insoluble mutant SOD1 is partly 

oligoubiquitinated in amyotrophic lateral sclerosis mice. The Journal of biological 

chemistry 281, 33325-33335 

155. Choi, J., Rees, H. D., Weintraub, S. T., Levey, A. I., Chin, L. S., and Li, L. (2005) 

Oxidative modifications and aggregation of Cu,Zn-superoxide dismutase 

associated with Alzheimer and Parkinson diseases. The Journal of biological 

chemistry 280, 11648-11655 

156. Chevreux, S., Llorens, I., Solari, P. L., Roudeau, S., Deves, G., Carmona, A., 

Testemale, D., Hazemann, J. L., and Ortega, R. (2012) Coupling of native IEF 

and extended X-ray absorption fine structure to characterize zinc-binding sites 

from pI isoforms of SOD1 and A4V pathogenic mutant. Electrophoresis 33, 

1276-1281 

157. Wenisch, E., Vorauer, K., Jungbauer, A., Katinger, H., and Righetti, P. G. (1994) 

Purification of human recombinant superoxide dismutase by isoelectric focusing 

in a multicompartment electrolyzer with zwitterionic membranes. Electrophoresis 

15, 647-653 

158. Borchelt, D. R., Lee, M. K., Slunt, H. S., Guarnieri, M., Xu, Z. S., Wong, P. C., 

Brown, R. H., Jr., Price, D. L., Sisodia, S. S., and Cleveland, D. W. (1994) 

Superoxide dismutase 1 with mutations linked to familial amyotrophic lateral 

sclerosis possesses significant activity. Proceedings of the National Academy of 

Sciences of the United States of America 91, 8292-8296 



265 

159. Isom, D. G., Castaneda, C. A., Cannon, B. R., Velu, P. D., and Garcia-Moreno, E. 

B. (2010) Charges in the hydrophobic interior of proteins. Proceedings of the 

National Academy of Sciences of the United States of America 107, 16096-16100 

160. Wang, Q., Johnson, J. L., Agar, N. Y., and Agar, J. N. (2008) Protein aggregation 

and protein instability govern familial amyotrophic lateral sclerosis patient 

survival. PLoS Biol 6, e170 

161. Cao, X., Antonyuk, S. V., Seetharaman, S. V., Whitson, L. J., Taylor, A. B., 

Holloway, S. P., Strange, R. W., Doucette, P. A., Valentine, J. S., Tiwari, A., 

Hayward, L. J., Padua, S., Cohlberg, J. A., Hasnain, S. S., and Hart, P. J. (2008) 

Structures of the G85R Variant of SOD1 in Familial Amyotrophic Lateral 

Sclerosis. Journal of Biological Chemistry 283, 16169-16177 

162. Rodriguez, J. A., Valentine, J. S., Eggers, D. K., Roe, J. A., Tiwari, A., Brown, R. 

H., Jr., and Hayward, L. J. (2002) Familial amyotrophic lateral sclerosis-

associated mutations decrease the thermal stability of distinctly metallated species 

of human copper/zinc superoxide dismutase. The Journal of biological chemistry 

277, 15932-15937 

163. Shipp, E. L., Cantini, F., Bertini, I., Valentine, J. S., and Banci, L. (2003) 

Dynamic properties of the G93A mutant of copper-zinc superoxide dismutase as 

detected by NMR spectroscopy: implications for the pathology of familial 

amyotrophic lateral sclerosis. Biochemistry 42, 1890-1899 
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