
ABSTRACT 

Prion-like Aggregation of Cu, Zn Superoxide Dismutase in Amyotrophic Lateral Sclerosis 

Katelyn M. Baumer, Ph.D. 

Mentor: Bryan F. Shaw, Ph.D. 

Neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease, and 

amyotrophic lateral sclerosis (ALS) are characterized by the aggregation of proteins and 

resulting neuronal death. Approximately 2% of all cases of ALS are caused by mutations to 

Cu, Zn Superoxide dismutase (SOD1). In Chapter One, I investigate the kinetics of 

generational prion-like seeding of SOD1 aggregation via thioflavin T fluorescence assays to 

better understand the utility of in vitro microplate- based assays for studying the inter-cellular 

transmission of SOD1 aggregates. Additionally, the relevance of the air-water interface and 

dependance on the concentration of the so-called “seed” are investigated.  In Chapter Two, I 

selectively supercharge fibrils of SOD1 using derivates of FDA-approved PET agents for 

imaging amyloid in the brain. Using these compounds, I increased the net negative charge of 

fibrils of SOD1 (consisting of 103 subunits) by ~8,100 units.  Chapter Three is dedicated to a 

project that aims to improve the accessibility of STEM education for blind and visually 

impaired students by 3D printing miniature models of globular proteins that can be visualized 

with the mouth.
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CHAPTER ONE 

Introduction 

Neurodegeneration 

Protein misfolding and aggregation is a hallmark of neurodegenerative disease: 

Amyloid beta (Ab) and tau form amyloid plaques and neurofibrillary tangles in 

Alzheimer’s disease; a-synuclein forms Lewy bodies in Parkinson’s disease patients; 

superoxide dismutase forms amyloid-like aggregates in amyotrophic lateral sclerosis.1 

While exceptional progress has been made in understanding these diseases and the role of 

protein aggregation, there is still a great deal of uncertainty surrounding the role of 

aggregated proteins in pathogenesis.  

Amyotrophic lateral sclerosis is a fatal motor neuron disease that typically onsets 

with muscle weakness in the extremities which gradually results in full paralysis.2 

Approximately 10 % of all cases of ALS are familial, caused by mutation to one of many 

genes including TARDBP, FUS, or SOD1.3 There are nearly 180 mutations to Cu, Zn 

superoxide dismutase (SOD1) that are collectively responsible for ~ 2% of fALS through 

a toxic gain of function (i.e., the prion-like misfolding of SOD1 and its transmission 

between cells).  

Superoxide Dismutase Structure and Function 

Superoxide dismutase is an antioxidant metalloenzyme responsible for preventing 

damage from reactive oxygen species (ROS). It is abundant throughout the human body 

with particularly high concentration in the mitochondria. The primary function of SOD1 is 



2 

to catalyze the conversion (i.e., dismutation) of two superoxide anions (O2∙-) to one oxygen 

(O2) and one hydrogen peroxide (H2O2) molecule via redox cycling of copper in the active 

site.4 The structure of a single subunit of SOD1 consists of a Greek key beta barrel and two 

loops: the zinc loop and the electrostatic loop. As its name implies, the zinc loop contains 

3 of the four histidine residues which coordinate zinc in the active site: His63, His71, and 

His 80. The electrostatic loop contains many positively charged residues that help recruit 

superoxide anion to the active site.  

The mature protein is dimeric and contains an intramolecular disulfide bridge 

between residues Cys 57 and Cys 146 and one Cu2+ and one Zn2+ per subunit (Fig 1.1).5 

Both the disulfide bridge and metal ion binding are critical to the stability of SOD1. The 

binding of the first Zn2+ is particularly important to the thermostability, upon binding of 

zinc to one subunit, the thermal stability (Tm) of the other subunit (in the apo- state, i.e., 

without metal) is increased from 54 ℃ to 61 ℃.6 The fully mature protein has a Tm above 

90 ℃.5 

Figure 1.1: Crystal Structure of Superoxide Dismutase 1, PDB: 2C9V. The mature SOD1 protein is dimeric 
and contains one Cu2+ (blue sphere) and one Zn2+ (purple sphere) per subunit. 
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Superoxide Dismutase and Amyotrophic Lateral Sclerosis 

The association between mutations to SOD1 and ALS was first realized by Brown 

and colleagues in 1993; 11 mutations were identified: G37R, L38V, G41S, H43R, G85R, 

G93C, G93A, E100K, L106V, and I113T.7 Now, nearly two decades later, there are greater 

than 180 known mutations to SOD1 that are associated with ALS (alSOD.org) and are 

spread throughout the entirety of the protein. Nearly all of these mutations follow an 

autosomal dominant mode of inheritance (the most notable exception is D90A, which has 

been observed to be inherited in a recessive fashion in a Scandinavian population8), thus 

most individuals with SOD1-associated ALS co-express both mutant and wild type (WT) 

SOD1.3 It is important to note that SOD1-linked ALS pathogenesis does not involve a loss 

of function mechanism; rather, mutation to SOD1 can lead to a toxic gain of function—the 

misfolding into a toxic species that can aggregate and undergo intercellular transmission.9 

Mutations to SOD1 have varying effects on the structure and thermal stability of 

the protein. So-called “cryptic” mutations, such as D90A, D101N, and E100K (among 

others) have minimal effects on the protein structure and stability, while other mutations, 

particularly those in the active site or zinc loop, have more pronounced effects on structure 

and function.5 For example, mutations to any of the copper binding residues, such as His 

46, can completely or partially abolish copper binding. A direct correlation between any 

given biophysical or biochemical property of a mutant variant of SOD1 and the severity of 

ALS phenotype associated with that mutation is yet to be discovered; however, there is a 

correlation between patient survivability and the rate of heterodimerization of a given 

mutant with WT SOD1.10  



4 

The importance of WT SOD1 in ALS pathogenesis is widely accepted, yet the exact 

mechanisms through which WT and mutant SOD1 interact are not fully understood.11 In 

many cases, the co-expression of mutant and WT SOD1 is required for pathogenesis; for 

example, in many mouse models of SOD1 associated ALS the severity of symptoms is 

increased with co-expression of WT SOD1.11, 12 There are multiple hypotheses (which are 

not mutually exclusive) as to how WT may be interacting with mutant protein: (i) mutant 

SOD1 may serve as a template for further misfolding and aggregation of WT SOD1; (ii) 

mutant and WT SOD1 can heterodimerize; (iii) there may be competition for cofactors 

(i.e., Cu2+ and/or Zn2+) between mutant and WT SOD1.11 

Aggregation of Superoxide Dismutase 

SOD1 pathogenesis is believed to occur via a prion-like mechanism in which a 

population of misfolded protein is transmitted between cells (via pinocytosis) and acts as a 

template for further misfolding.13 Conveniently, the in vivo aggregation of SOD1 has been 

observed to follow “simplistic test-tube like behavior,” allowing for accurate analysis of 

SOD1 aggregation in vitro.14 The aggregation process consists of primary nucleation (the 

recruitment of monomeric protein into a “critical nucleus”) followed by elongation (i.e., 

monomer addition) into a mature fibril.15 

Secondary nucleation processes, including surface-catalyzed nucleation can also 

occur (Figure 1.2). The primary nucleation process is stochastic in nature (due to monomer-

depletion resulting from off-pathway aggregation), meaning that measured rates of 

nucleation follow mathematical distribution and large numbers of replicate measurements 

are required to obtain reproducible nucleation rates.16 This can be partially avoided when 

by-passing primary nucleation via the addition of a pre-formed fibril, or “seed.”  The use 
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of so-called “seeded” aggregation processes are beneficial in improving the reproducibility 

of aggregation kinetics in vitro and serve as a model of SOD1 aggregation following the 

prion-like transmission of misfolded protein between cells.17  

Figure 1.2: Mechanism of Protein Aggregation. (A) Elementary steps of protein aggregation include 
primary nucleation, secondary nucleation, elongation, and fragmentation. (B) When measured via 
Thioflavin T fluorescence follow sigmoidal kinetics, beginning with a lag phase (primary nucleation) and 
continuing with an exponential growth phase (elongation, secondary nucleation, and fragmentation). 

Role of Net Charge in Protein Aggregation 

The measured net charge (Z) of SOD1 ranges from -7.4 (mature, fully metalated 

protein) to -12.1 (apo, disulfide intact protein).18 The net charge is maintained via charge 

regulation (i.e. the adjustment of the pKa values of ionizable residues19) across a wide 

range of pH18 and upon redox cycling during catalysis.20 Interestingly, many ALS-linked 

mutations to SOD1 reduce the surface charge of the protein.21, 22 This change in charge can 

impact catalysis, interactions with membranes or other proteins, and self-assembly.23 

Typically, highly charged proteins are less prone to aggregation than are proteins with a 

small net charge ( i.e., |Z| ≤ 3), as the repulsive forces between molecules is stronger at 
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higher magnitudes of net charge.24 Previous work has indicated that increasing the 

magnitude of the net negative charge of SOD1 (via lysine acylation) can diminish the 

aggregation propensity.25, 26 Fully understanding the aggregation of WT SOD1 (and the 

role charge plays in the aggregation process) is critical to understanding SOD1 

pathogenesis and eventually developing treatment options for ALS that target SOD1.  
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CHAPTER TWO 

Kinetic Variability in Seeded Formation of ALS-Linked SOD1 Fibrils Across Multiple 
Generations 

 
This chapter is published as: Baumer, K.M., Koone, J.C., Shaw, B.F., Kinetic Variability 
in Seeded Formation of ALS-Linked SOD1 Fibrils Across Multiple Generations. ACS 

Chem. Neurosci. 2020, 11 (3), 304-313.17 
 

Abstract 

The unseeded aggregation of superoxide dismutase-1 (SOD1) into amyloid-like 

fibrils occurs stochastically in vitro and in vivo, that is, isolated populations of SOD1 

proteins (within microplate wells or living cells) self-assemble into amyloid at rates that 

span a probability distribution. This stochasticity has been attributed to variable degrees of 

monomer depletion by competing pathways of amorphous and fibrillar aggregation (inter 

alia). Here, microplate-based thioflavin-T (ThT) fluorescence assays were performed at 

high iteration (~ 300) to establish whether this observed stochasticity persists when 

progenitor (“parent”) SOD1 fibrils are used to seed the formation of multiple generations 

of progeny fibrils (daughter, granddaughter and great-granddaughter fibrils). Populations 

of progenitor fibrils formed stochastically at different rates and fluorescence intensity, 

however, progeny fibrils formed at more similar rates regardless of the formation rate of 

the progenitor fibril. For example, populations of progenitor fibrils that formed with a lag 

time of ~ 30 hours or ~ 15 hours both produced progeny fibrils with lag times of ~ 8 hours. 

Likewise, populations of progenitor fibrils with high or low maximum fluorescence (e.g. 

~ 450 or ~ 75 A.U.) both produced progeny fibrils with more similar maximum 

fluorescence (~125 A.U.). The rate of propagation was found to be more dependent on 
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monomer concentration than seed concentration. These results can be rationalized by 

classical rate laws for primary nucleation and monomer-dependent secondary nucleation. 

We also find that the seeding propensity of some “families” of in vitro grown fibrils exhibit 

a finite lifetime (similar to that observed in the seeding of small molecule crystals and 

colloids).  The single biological takeaway of this study is that the concentration of native 

SOD1 in a cell can have a stronger effect on rates of seeded aggregation than the 

concentration of prion-like seed that infected the cell. 

Introduction 

Approximately 2 % of cases of amyotrophic lateral sclerosis (ALS) are caused by 

> 160 different mutations in the gene encoding Cu, Zn superoxide dismutase (SOD1), a

homodimeric enzyme.27-29 Most mutations have an autosomal dominant mode of 

inheritance, resulting in heterozygous individuals. The self-assembly of mutant and wild-

type (WT) forms of SOD1 into amyloid-like oligomers is hypothesized to trigger ALS 

pathogenesis via a prion-like mechanism.30-33 Measuring the rate of self-assembly of WT 

and ALS-mutant SOD1 into amyloid-like species—and doing so reliably and 

reproducibly—is important for: (i) understanding whether mutations induce toxicity by 

altering intrinsic rates of self-assembly34, 35 or interactions with other proteins36-38 or 

membrane surfaces39-42 and (ii) discovering agents that inhibit or detoxify SOD1 

aggregation.  

The aggregation of SOD1 into amyloid-like fibrils is stochastic when measured in 

vitro,16, 43-46 that is, rates of fibril nucleation and propagation span a distribution when 

measured repeatedly. The aggregation of SOD1 in transgenic ALS-SOD1 mice is also 

stochastic and follows “test tube” behavior.47 As an example, when a stock solution of 
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SOD1 is aliquoted into a 96-well microplate and fibrillization in each well is measured 

simultaneously (via thioflavin T fluorescence), observed rates of fibril nucleation and 

propagation of iterate wells will often span a bimodal Lorentzian and log-normal 

distribution, respectively.16 We previously found that iterate rates of fibril nucleation 

(expressed as lag time) of WT SOD1 varied by more than 15 hours (e.g. from 6-22 hr); 

inverse propagation rate constants varied 6-fold (from 1-6 hr).16 This stochasticity was 

attributed to well-to-well variations in the depletion of monomeric SOD1, caused by 

competing pathways of amorphous and fibrillar aggregation.16  

Previous studies have shown that seeded (templated) fibrillization of other proteins 

into amyloid is generally less stochastic than unseeded fibrillization.48-50 In seeded or 

templated fibrillization processes, a preformed fibril (i.e., a progenitor or parent fibril) is 

added to a solution of the native, non-fibrillar protein. This exogenously added seed allows 

the fibrillization process to partially or completely by-pass the nucleation step that occurs 

in unseeded fibrillization, thereby allowing the amyloid state to begin propagating with a 

shorter lag time. The stochastic nature of SOD1 fibrillization might be caused, in part, by 

stochastic nucleation. Studies also suggest that the sample headspace (i.e., air-water 

interface) can contribute to the stochasticity of unseeded amyloid fibrillization (under non-

quiescent conditions).51 

The current study was carried out to answer four questions. First, is the stochasticity 

of SOD1 fibrillization (observed in vitro) an artifact of the sample headspace in microplate 

wells? 51 Second, is seeded SOD1 fibrillization more, less, or equally stochastic compared 

to unseeded SOD1 fibrillization? Third, will the relative rate of fibrillization observed for 

one population of SOD1 molecules (i.e., a microplate well exhibiting slow fibrillization 
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versus one exhibiting faster fibrillization) be observed when fibrils from that sample are 

used to seed the fibrillization of native SOD1? Fourth, does the rate of seeded fibrillization 

vary across multiple generations of progeny fibrils or is the rate static? Answering these 

questions will: (i) establish practical guidelines for studying SOD1 fibrillization in vitro; 

(ii) shed light on whether the stochasticity associated with SOD1 fibrillization is caused by 

fibril polymorphism,52-57 and (iii) provide kinetic insight to the prion-like propagation of 

aggregated SOD1 in vivo.13, 58 Answering this last question is important for understanding 

mechanisms of one-hit neuronal cell death.59  For example, will aggregates that form 

rapidly in one neural cell seed aggregation in neighboring cells at a faster rate than slow 

forming aggregates? In this study, wild-type SOD1 is examined as it is a common 

denominator in most forms of  SOD1-linked ALS.7 

Results and Discussion 

Stochasticity Associated with Unseeded Fibrillization of SOD1 Persists in Absence of 

Sample Head Space  

The unseeded fibrillization of SOD1 into amyloid-like fibrils occurred 

stochastically, at a distribution of rates similar to that observed in previous reports.16 This 

observed stochasticity did not appear to be entirely caused by the headspace (air-water 

interface) of the microplate well,51 as minimizing the headspace did not abolish 

stochasticity (Figure 2.1).  
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Figure 2.1. Effect of sample headspace on stochasticity of unseeded fibrillization of apo-SOD1. Solutions of 
30 µM apo-SOD1 (per dimer) was incubated with 10 mM TCEP in 10 mM potassium phosphate/5 mM 
EDTA buffer pH 7.4 and ThT was added to a final concentration of 20 µM. Wells were filled with either (A) 
100 µL, (B) 200 µL, or (C) 330 µL of SOD1 aggregation solution. Each well volume was replicated at n = 
24 and aggregation was monitored via ThT fluorescence over five days. Kinetic parameters of aggregation 
were determined from sigmoidal curve fits. All assays were carried out in black polystyrene 96-well 
microplates. The collapse in fluorescence in panel A (at ~ 10 hr) is attributed to adhesion of visible aggregates 
to the side of microplate wells,25 proximal to the large air-water interface (this effect is minimized by 
decreasing headspace). 
 
 
 

For example, in the current study (and our previous studies), a standard 96-well 

microplate was used to perform ThT-fluorescence assays of fibrillization. The total 

capacity of each well is 360 µL; the volume of the sample solution typically added to the 

well is 200 µL and the Teflon bead occupies ~ 20.5 µL. Thus, the typical headspace consists 

of ~ 139.5 µL of air. This headspace can be effectively removed by filling the sample well 

to 350.5 µL leaving a marginal headspace of < 10 µL (i.e., solution = 330 µL, bead = 20.5 

µL). Decreasing the volume of the headspace from ~ 140 µL to < 10 µL altered the rate of 
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fibrillization of SOD1 but did not entirely abolish stochasticity (Figure 2.1). Additionally, 

a larger headspace volume (i.e., ~ 240 µL of headspace) resulted in more aggregates 

adhering to the edges of the well near the air-water interface. Because these aggregates 

have been effectively removed from the solution, a collapse in ThT fluorescence is 

observed (Figure 2.1A). This collapse is more drastic than decreases in ThT fluorescence 

that are typically observed in these types of assays, which are thought to be caused by 

quenching of ThT fluorescence upon completion of the elongation phase of aggregation.60   

SOD1 Progeny Fibrils Form with Shorter Lag Time and Narrower Distributions of Rates 

than Parent Fibrils 

We selected solutions of fibrillized SOD1 from individual microplate wells (formed 

with our standard headspace of 140 µL) and used these solutions as exogenous 

“progenitor” seeds to fibrillize second generation “progeny” fibrils (see Figure 2.2 for an 

illustration of this experiment).  
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Figure 2.2. Schematic representation of multigenerational seeded assays. First generation fibrils (i.e., 
progenitor or parent fibrils) were prepared from soluble SOD1 without the addition of exogenous seed fibril. 
Subsequent generations were prepared by addition of seed fibril from one well into seven iterate wells 
containing soluble SOD1. Subsequent daughter fibrils were then pooled from the seven iterate wells and used 
to seed granddaughter fibrils. Great-granddaughter fibrils were prepared in the same fashion from 
granddaughter fibrils. 
 
 
 

We wished to determine if fibril seeds from these wells would produce second 

generation fibrils at the same relative rates (qualitatively) at which the parent seeds formed, 

i.e., fast parents, fast daughters; slow parents, slow daughters. 
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Figure 2.3. Thioflavin-T fluorescence of 1st generation (parent), and 2-4th generation (daughter, 
granddaughter and great granddaughter) fibrils.  First generation ThT fluorescence plots are individual 
replicates from Figure 2.1B. Each color represents a “family” of fibrils, derived from the same parent seed. 
Dark grey reference lines in each plot represent the mean lag time and light grey reference lines represent the 
standard error of the mean. Sample volumes in all experiments were 200 µL, yielding a headspace volume 
of ~ 140 µL.  
 
 
 
To do so, we selected 8 different progenitor wells that exhibited the full range of 

fibrillization kinetics, spanning lag times of 11.50 hr to 25.44 hr and inverse propagation 

rate constants of 2.97 hr to 10.18 hr (Figure 2.3). These 8 populations of progenitor seeds 

were used to produce 8 sets of progeny fibrils (“daughters”) via a seeded aggregation 
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process (with a headspace of 140 µL). Each progeny generation was formed in replicates 

of at least seven (Figure 2.3). 

The fibrillization of second generation SOD1 fibrils exhibited four distinct 

differences compared to first generation fibrils. Formation of the second generation of 

fibrils exhibited less stochasticity than the formation of first generation unseeded fibrils 

(Figure 2.4A). The lag time of second generation fibrils was, as expected, shorter than first 

generation fibrils and the propagation rates of second generation fibrils were faster (Figure 

2.4B). For example, the lag time of second generation fibrillization in a given family varied 

from only ~ 7 hr (on average) compared to ~ 14 hr variation for progenitor fibrils. The 

inverse propagation rate constant varied by ~ 3 hr (on average) in a given family of second 

generation fibrils (the inverse propagation rate constant of first generation fibrils varied by 

~ 7 hr). This expected result likely occurs because the nucleation step is by-passed in 

seeded fibrillization.  

Second generation fibrils formed at approximately similar rates regardless of the 

rate of formation of the parent seed (Figure 2.4B). For example, the parent fibril of family 

A formed with a lag time of 12.31 hr and an inverse propagation rate constant of 2.96 hr, 

the daughter fibrils formed with a mean lag time of 8.61 ± 1.63 hr and a mean inverse 

propagation rate constant of 4.89 ± 0.62 hr (Figure 2.4B). The parent fibril of family C 

formed with a lag time of 18.80 hr and an inverse propagation rate constant of 5.01 hr, 

while the daughter fibrils, however, formed at rates statistically indistinguishable from that 

of family A (lag = 6.39 ± 0.58 hr, p = 0.22; inverse propagation = 4.58 ± 0.31 hr; p = 0.65) 

(Figure 2.4B). This result suggests to us that the types of amyloid fibrils that form in 
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unseeded assays are similar, and that only their rate of formation varies (is stochastic), 

possibly due to competing pathways of amorphous aggregation.   

 

 

Figure 2.4. Comparison of lag time, propagation rate, and maximum ThT fluorescence of fibrils formed 
across four generations (unseeded parent fibrils to great granddaughter fibrils). (A) Distributions of lag time, 
inverse propagation rate constant, and maximum ThT fluorescence for each generation of eight discrete 
families of aggregates. Generation 1 distributions include all 24 replicates. (B) Mean values of lag time, 
inverse propagation rate constant, and maximum ThT fluorescence for each generation of eight discrete 
families of aggregates (from Figure 3). Error bars represent standard error of the mean. P values comparing 
different generations were calculated using an unpaired Student’s T-test and include the averages of all 
replicates of each family in a given generation. 
 
 
 

The observed decrease in stochasticity is not only due to the exogenous seed but is 

also a direct result of the shorter lag time associated with seeded fibrillization. Fibrillization 

processes that occur rapidly during microplate assays will have less measurable variation 

than slower fibrillization processes. For example, in the case of SOD1, previous studies 
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used different types of 3.2 mm beads to decrease the lag time and variation of unseeded 

fibrillization of SOD1. In these experiments, heavier beads (e.g., steel) produced shorter 

lag times with less stochasticity than lighter beads (acrylic) with the distribution of lag 

times decreasing from 17.8 ± 1.4 hr. (acrylic) to 3.7 ± 0.1 hr (steel).43  

Generational Differences in ThT Fluorescence  

Previous studies have shown that the stochastic fibrillization of SOD1 not only 

manifests in variation in observed lag time and propagation rate, but also in the maximal 

ThT fluorescence reached during an iterate assay.16, 39 In this study, and previous studies,16, 

39 the maximum ThT fluorescence of iterate assays of unseeded WT fibrillization varied 

10-fold from well to well, typically ranging from 40-400 A.U. (Figure 2.1B, 2.3, 2.4). 

Understanding this variation in fluorescence is important because there is a weak 

correlation between ThT fluorescence of ALS-mutant SOD1 fibrils formed in vitro and 

clinical phenotype of the ALS-linked SOD1 mutation in ALS patients (in one study, lower 

fluorescence correlated with a more severe phenotype).34 The source of the variation in 

fluorescence is not understood and could reflect differences in: (i) binding stoichiometry 

of ThT to different types of fibrils; (ii) differences in fluorescence quantum yield; or (iii) 

differences in concentration of fibrils in each iterate well (caused by off pathway 

aggregation to non-fibrillar species). These three outcomes are not mutually exclusive.  

We found that although the fluorescence of the first-generation fibrils varied 10-

fold across families, the progeny fibrils produced at each generation were more similar in 

fluorescence across families (~ 100-150 A.U.), regardless of the fluorescence of the parent 

fibril (Figure 2.4B). This result suggests that the types of first generation progenitor fibrils 

formed in each population (microplate well) of SOD1 are similar, i.e., produce similar 
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progeny fibrils, and that the differences in lag time, propagation rate, and maximal ThT 

fluorescence of first generation parent fibrils might be caused by differences in the 

concentration of fibrils in each well.  

 

 

Figure 2.5. Morphology of aggregated SOD1 across multiple generations. Transmission electron micrographs 
of aggregates resulting from four families of generational aggregation assays (labels and colors correspond 
to plots in Figure 3). Scale bars represent 100 nm. The progenitor and progeny fibrils shown here represent 
the full range of lag time, inverse propagation rate, and maximum ThT fluorescence. 
 
 
 

The morphology of progenitor and progeny fibrils were grossly similar according 

to transmission electron microscopy (Figure 2.5). For example, all families exhibited 

structures with both amorphous and fibrillar morphology, however, family D (gen 1) 

exhibited more fibrillar morphology (and the highest maximum ThT Fluorescence) (Figure 
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2.5). As in previous studies, we hypothesize that iterate wells of identical solutions of 

SOD1 produce different concentrations of unseeded progenitor fibrils via competition 

between amorphous aggregation and fibrillization.16 Nevertheless, why do these variations 

in fibrillization cease or become less pronounced upon seeding for the second generation 

and beyond? The simplest explanation is that the initial formation of amorphous and 

fibrillar nuclei in the original parent solution might occur at rates that are similar in their 

order of magnitude such that these two pathways compete for native protein. Assuming 

that the propagation of amyloid fibrils is, however, much faster than the propagation of 

amorphous species under these conditions, then fibrils would be the consistent product 

when mixtures of pre-formed amorphous and fibrillar seeds (progenitor solutions) are 

added to native protein (regardless of differences in the initial concentration of amorphous 

or fibrillar species in the solution used as a seed).   

The apparent increase in the maximum ThT fluorescence of SOD1 fibrillization, 

after iterative seeding of SOD1 with low ThT-positive wells, is reminiscent of the general 

effect of iterative crystal seeding in protein crystallography, where the quality of protein 

crystals can be improved by iterative seeding.61 This is also the case for populations of 

fibrillar SOD1—albeit a 2D crystal instead of a 3D crystal—in which the lag time 

continues to decrease from one generation to the next. However, with amyloid seeding of 

SOD1, we note that the increase in ThT-positive fibrils halts after the third generation, 

whereby the fourth generation fibrils of some families (e.g. family D) have low ThT 

fluorescence. (Figure 2.3, 2.4B) Similarly, the amount of noise observed in ThT 

fluorescence assays increases between generations three and four (Figure 2.3), possibly 

resulting in artificially low lag times observed in generation four (this effect was greater 
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for some families than others). This diminished seeding ability of third generation fibrils 

suggests that there is a limit or lifetime to the number of seeding iterations that can be 

performed on pure SOD1 in a non-quiescent microplate assay. The cause of this finite 

lifetime is not known but could result from the buildup of amorphous aggregates across 

multiple generations, or some other polymorph of aggregated SOD1 that impairs (that 

“poisons”)62, 63 the formation of ThT-positive fibrils. We cannot exclude 

unidentified experimental artifacts as being the cause of this generational decay in 

seeding ability, however, we note that each iterative amyloid assay involved freshly 

thawed aliquots of SOD1 protein and fresh solutions of ThT and other reagents, which 

were filtered prior to use. We note that lifetimes for iterative seeding and “self-

poisoning” have been observed for 3D crystals of small molecules and colloids.62, 63 

Concentration Dependence of Fibrillization 

The propagation rate of seeded fibrillization of SOD1 was dependent on monomer 

concentration and weakly dependent on fibril (i.e. seed) concentration (Figure 2.6). 

Monomer concentration varied from 30-120 µM (monomeric) SOD1 and seed 

concentration varied from 2.5-20 % (v/v), resulting in propagation rates ranging from ~ 1 

hr -1 (at 30 µM SOD1, 2.5 % seed) to ~ 30 hr -1 (at 90 µM SOD1, 20 % seed and 120 µM 

SOD1, 10 % or 20 % seed) (Figure 2.6). A 10-fold increase in apparent propagation rate 

was observed when monomer concentration was increased 4-fold, whereas a 4-fold 

increase in seed concentration only increased the apparent propagation rate ~ 3-fold. Data 

could not be perfectly fit to any classical rate laws applied to amyloid fibrillization,64-67 in 

part because the exact relationship between ThT fluorescence intensity and SOD1 fibril 
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concentration is not known. However, our data most closely fit rate laws associated with 

monomer-dependent secondary nucleation and elongation, as expected.64, 67 In this case, 

vprop = kprop[f][SOD1]n (where [f] = concentration of fibril seed upon which a nucleus forms, 

and n = the number of SOD1 monomers in the critical nucleus). Interestingly, the lowest 

seed concentration (2.5 %) with high concentrations of SOD1 yielded fibrillization kinetics 

with faster propagation than those of identical SOD1 concentration but double the seed 

concentration (5 %). This effect was not observed when seed concentration was increased 

to 10 % or 20 %.  

 

Figure 2.6. Concentration dependence of apparent propagation rate of SOD1 fibrillization. (A) Fibrillization 
of 30, 60, 90 or 120 µM SOD1 (monomer) initiated by the addition of a 2.5, 5, 10, or 20 % (v/v) seed was 
monitored via ThT fluorescence. Traces of ThT fluorescence are representative of the average of seven 
replicates. (B) Change in apparent propagation rate with respect to increasing concentration of SOD1 and 
(C) increasing concentration of seed. The apparent propagation rate was determined from the first derivative 
of each replicate individually and then averaged, rather than determining the apparent propagation rate from 
the average curve. Error bars represent the standard error of the mean. 
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Conclusion 

The results of this study provide some practical guidelines for carrying out in vitro 

seeding assays of SOD1 fibrillization. For example, because progenitor fibrils of SOD1 

form stochastically in microplate assays, multiple replicates (ideally n = 100) would 

normally be required in any type of experiment that sought to obtain average rates of 

aggregation that are statistically significant.16 However, daughter (progeny) fibrils form at 

similar rates (with a narrower distribution of rates than progenitor fibrils), regardless of the 

rate at which parent fibrils formed. Therefore, solutions of amyloid seeds that might be 

used for seeding experiments are not required to be pooled from kinetically representative 

solutions of first generation parent fibrils. In addition, whereas the ThT-fluorescence of 

parent fibrils can vary by an order of magnitude, the ThT fluorescence of daughter fibrils 

are more similar, regardless of the ThT-fluorescence of the parent fibril that was used as a 

seed.  

 These results suggest that the disparate fluorescence and lag times of different 

populations (wells) of SOD1 are not caused by inherently different types or “strains” of 

fibrils, but rather by different concentrations of fibrillar versus amorphous aggregates (note 

that some studies suggest that SOD1-linked ALS is a non-amyloid disease caused 

principally by amorphous aggregates).68 What can the results of microplate amyloid assays 

for SOD1 tell us about the fibrillization of SOD1 in discrete populations of SOD1 in vivo, 

that is, in neural cells? First and foremost, the stochastic aggregation of SOD1 in a 

population of cells would result in variable concentrations of different types of aggregates, 

e.g., mixtures of different amorphous and fibrillar species with cell to cell variation in

concentration of each species. The results of this study suggest that the formation rate and 
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concentration of progenitor fibrils in one cell will not be the only factor determining the 

seeding rate or seeding propensity of those fibrils in neighboring cells or in extracellular 

space. That rate will also be dependent upon the concentration of native SOD1 or 

monomers of SOD1 in neighboring cells or extracellular environments.  

The over-arching question of nearly every result described in this paper is why? 

Why is the aggregation of SOD1 (into amorphous or fibrillar species) stochastic? Why do 

slow and fast forming progenitor fibrils both produce daughter fibrils at similar rates? 

Answering these questions with certainty will likely require a detailed atomic or 

morphological characterization and quantitation of assemblies present in the iterate 

solutions of progenitor and progeny fibrils (and amorphous aggregates) and determination 

of their respective rates of formation. For now, these data can be rationalized by 

comparison to classical rate laws for amyloid fibrillization.64, 67 Our data suggested that 

monomer-dependent secondary nucleation is the dominant mechanism under our 

conditions and propagation rate is more dependent upon monomer concentration than fibril 

concentration (at the concentrations studied) (Figure 2.6).64, 67 Such rate laws, assuming n 

>> 1 for SOD1 (n = nucleus stoichiometry), can begin to explain why two wells (or cells) 

with differences in the concentration of fibrillar SOD1 will seed the fibrillization of native 

SOD1 at roughly similar rates.  
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Materials and Methods 

Purification and Demetallation of SOD1 

Wild-type SOD1 was recombinantly overexpressed in S. cerevisiae and purified 

using successive ammonium sulfate precipitation, hydrophobic interaction 

chromatography, ion exchange chromatography, and size exclusion chromatography, as 

previously described.18 Resulting protein solution was verified to contain SOD1 via SDS-

PAGE following each chromatographic step of purification.  Purity was verified via mass 

spectrometry (Synapt G2, Waters). Once purified, SOD1 was demetallated via sequential 

dialysis in i) 0.1 M sodium acetate, 10mM EDTA pH 3.8, ii) 0.1 M sodium acetate, 10 mM 

NaCl pH 3.8, and iii) 0.1 M sodium acetate pH 5.5.  Full demetallation of SOD1 was 

verified with inductively coupled plasma- mass spectrometry (7900 ICP-MS, Agilent 

Technologies). Fully demetallated SOD1 was aliquoted into cryogenic microcentrifuge 

tubes, flash frozen, and stored at -80 °C until use. 

ThT Fluorescence Aggregation Assays 

Thioflavin-T fluorescence aggregation assays were carried out in a black non-

binding surface polystyrene 96-well microplate (Corning) and were monitored using a 

Fluoroskan Ascent FL microplate fluorometer (Thermo Scientific). Briefly, apo-WT 

SOD1, Tris(2-carboxyethyl)phosphine (TCEP), and ThT were combined in aggregation 

buffer (10 mM potassium phosphate, 5 mM EDTA, pH 7.4) to the following final 

concentrations (for typical assays): [SOD1]dimer = 30 µM; [TCEP] = 10 mM; [ThT] = 20 

µM. All components except for ThT were mixed and allowed to incubate at room 

temperature for 30 minutes. Following the incubation period, ThT was added to the 
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solution and the entire solution was filtered using a 0.2 µm syringe filter. For unseeded 

assays, 100 µL, 200 µL, or 330 µL of this solution was administered to each well 

(depending on the desired headspace volume); for seeded assays, 180 µL of this solution 

was administered to each well, followed by 20 µL of fibril seed solution. For assays to 

determine the concentration dependence of the propagation rate, final SOD1 concentration 

was 30, 60, 90, or 120 µM (monomer); seed concentration was 2.5, 5, 10, or 20 % (by 

volume) (see preparation of fibril seeds). Each of these reactions (in a single microplate 

well) had a final volume of 200 µL and contained a Teflon bead (white, d = 3.13 mm). An 

adhesive seal was gently heated and immediately placed on top of the microplate. During 

analysis, the microplate was incubated at 37 ºC and was subjected to intermittent gyration 

(15 s on, 15 s off) at 360 rpm. A fluorescence measurement was recorded every 15 minutes 

for at least 60 hours.  

Preparation of Fibril Seeds 

Upon completion of a ThT fluorescence aggregation assay (at 30 µM SOD1 dimer, 

200µL total volume) well contents were removed from the 96-well microplate and 

transferred to a 1.5 mL microcentrifuge tube. Aggregates which were attached to the edges 

of their microplate well were carefully removed by gently pipetting the well contents and 

lightly scratching the sides of the well with the pipette tip. For first generation assays, each 

well was kept separate from one another; for generations 2-4, each of the 7 replicates in a 

given family were pooled to create a single seed solution to be used in the next generation. 

The resulting seeds were washed immediately prior to use as to remove excess ThT. This 

was accomplished by centrifugation at 17,000 x g for 20 minutes at 4 ºC followed by 

removal of the supernatant. The volume removed was then replaced with fresh 10 mM 
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phosphate, 5 mM EDTA buffer pH 7.4 and the pellet was resuspended. Centrifugation was 

repeated until pellet was mostly white in color (rather than yellow, indicating the presence 

of ThT). Upon completion, the pellets were resuspended, flash frozen, and stored at -80 ºC 

until use. For assays in which seed concentration was varied intentionally, the seed fibrils 

were grown for five days as described above, except that there was no ThT. At the end of 

five days, aggregates from 18 replicate wells were pooled into a single seed solution and 

represent the full kinetic spectra of progenitor fibrils. 

Curve Fitting and Analysis of Aggregation Assay Data 

All aggregation assay data were plotted and analyzed using SigmaPlot 14.0 

(Systat). Briefly, data was plotted as ThT fluorescence vs time and the resulting curve was 

fit to a 4-parameter sigmoid using the equation below with weight given to reciprocal y. 

Lag time and inverse propagation rate were calculated from the resulting sigmoid where 

lag time = x0 – 2b and inverse propagation rate constant = b, Statistical significance of 

comparisons was determined with an unpaired Student’s t-test.  

! = #! +
%

(1 + ("
#"#!
$ )

Data resulting from assays in which monomer and seed concentration were deliberately 

varied were not curve fit because many replicates (including those at very high seed 

concentration) could not be adequately fit to the 4-parameter sigmoid we typically use to 

curve fit. Instead, the apparent propagation rate was determined from the value of the first 

derivative at the inflection point of the curve. 
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Transmission Electron Microscopy  

Aggregates of SOD1 were imaged and their morphology analyzed using a JEOL 

JEM-1010 high contrast transmission electron microscope operating at 60 kV. Images were 

captured with an XR16 CCD camera attached to the microscope. Sample preparation was 

performed by incubating a copper grid on ~ 10 µL of each the following solutions: i) SOD1 

fibril solution (150 s), ii) 10mM phosphate buffer, pH 7.4 (twice, 150 s each), iii) 3 % 

uranyl acetate (5 s). After staining with uranyl acetate, excess liquid was wicked away with 

filter paper and the grid was returned to a dust-free chamber to dry overnight prior to 

imaging. 
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CHAPTER THREE 

Supercharging Prions via Amyloid-Selective Lysine Acetylation 

This chapter is published as: Baumer, K.M., Cook, C.D., Zahler, C.T. Beard, A.A., Chen, 
Z., Koone, J.C., Dashnaw, C.M., Villacob, R.A., Solouki, T., Wood, J.L., Borchelt, D.R., 
Shaw, B.F. Supercharging Prions via Amyloid-Selective Lysine Acetylation. Angew. 

Chem. Int. Ed. 2021. 10.1002/anie.20210354869

Abstract 

Repulsive electrostatic forces between prion-like proteins are a barrier against aggregation. 

In neuropharmacology, however, a prion’s net charge (Z) is not a targeted parameter. 

Compounds that selectively boost prion Z remain unreported. Here, we synthesized 

compounds that amplified the negative charge of misfolded superoxide dismutase-1 

(SOD1) by acetylating lysine-NH3+ in amyloid-SOD1, without acetylating native-SOD1. 

Compounds resembled a “ball and chain” mace: a rigid amyloid-binding “handle” 

(benzothiazole, stilbene, or styrylpyridine); an aryl ester “ball”; and a triethylene glycol 

chain connecting ball to handle. At stoichiometric excess, compounds acetylated up to 9 of 

11 lysine per misfolded subunit (DZfibril = -8,100 per 103 subunits). Acetylated amyloid-

SOD1 seeded aggregation more slowly than unacetylated amyloid-SOD1 in vitro and 

organotypic spinal cord (these effects were partially due to compound binding). 

Compounds exhibited reactivity with other amyloid and non-amyloid proteins (e.g., 

fibrillar α-synuclein was peracetylated; serum albumin was partially acetylated; carbonic 

anhydrase was largely unacetylated). 
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Introduction 

Because most proteins carry an intrinsic net electrostatic charge (Z) between Z = 

+10 and -10 (at cytosolic pH), they exert Coulombic forces upon each other.70 Debye-

Hückel theory predicts that these intermolecular forces—attractive or repulsive per each 

protein’s sign of net charge—reach 10 Å through solvent.71 In the case of a partially 

desolvated protein undergoing self-assembly, the Debye length could reach ~ 20-50 Å 

through its hydrophobic interior, assuming an interior ionic strength of I = 0.001 and a 

dielectric constant (e) between 4 and 20.  

Despite the central importance of Z in molecular recognition, protein aggregation72 

and catalysis,73 the net charge of a protein is not typically targeted as a druggable parameter 

in pharmacology—at least not intentionally. Typically, pharmacons are not designed to 

function Coulombically, by adjusting long-range electrostatic forces.74 Rather, most 

pharmacons are thought to function sterically by inserting hydrophobic or dipole-dipole 

interactions that alter other classical parameters, including the Km or Vmax of an enzyme; 

ΔGfold; or the Kd of a protein-protein interaction. There are, however, some drugs that have 

high values of net charge and unclear mechanisms of action (e.g., the century-old drug, 

suramin75). These drugs might function by altering electrostatic interactions. 
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Figure 3.1. Amplifying the net charge (Z) of misfolded SOD1 by amyloid-selective lysine acetylation. (A) 
Structures of the three “ball and chain” molecular mace compounds synthesized in this paper. (B) Acetylation 
(neutralization) of Lys-e-NH3+ will increase the magnitude of net negative charge of amyloid-like assemblies. 
In this illustration, the rate of acylation (kAc) is slower than the rate of binding (kb).  

The central hypothesis of this study is that small molecules can be designed and 

synthesized to selectively increase the net charge of prion-like amyloid assemblies76 by 

magnitudes that inhibit their propagation. The rationale for this hypothesis is based upon: 

(i) the general negative correlation between the rate of aggregation of proteins and their
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magnitude of net charge;77, 78 (ii) the occurrence of pathogenic missense mutations that 

accelerate aggregation of the gene product by diminishing its net charge;21, 72, 77 and (iii) 

the use of anhydrides or aryl esters to post-translationally “supercharge”78 anionic proteins 

by non-selective hyperacylation of lysine-NH3+.79, 80 

 

 
Scheme 3.1. Synthesis of BT, SB, and Py molecular maces. Reagents and conditions: (i) K2CO3, DMF, 180 
°C, 16 hours (ii) 2-nitroresorcinol, PPh3, DIAD, THF, 24 hours (iii) Et3N, AcCl, DCM, ~ 12 hours. See 
supplementary note for 1H and 13C NMR spectra. 

 

To this end, we designed and synthesized compounds to selectively amplify the net 

negative charge of amyloid fibrils of Cu, Zn superoxide dismutase-1 (SOD1)81 by amyloid-

selective acetylation of lysine-ε-NH3+. Misfolded forms of SOD1 (a negatively charged 
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protein18) cause amyotrophic lateral sclerosis (ALS) by a prion-like mechanism.82 Previous 

studies using “protein charge ladders” and capillary electrophoresis—one of the few 

methods for measuring the net charge of folded proteins at pH ¹ pI—found that native 

wild-type (WT) SOD1 retains a small negative charge across subcellular pH and Cu/Zn 

stoichiometry.18 For example, the net charge of SOD1 varies from Z = -3.69 to -6.06 per 

subunit (pH 7.4), depending upon the number of bound Cu2+ and Zn2+.18 The holo-enzyme 

(with 2 Cu2+ and 2 Zn2+ per dimer) remains anionic from pH 5 to 8, bearing a minimal net 

charge of Z = -1.9 per subunit at lysosomal pH.18 Several ALS-linked mutations in SOD1 

located at the protein’s surface (e.g., D90A, E100K, N139K, D101N) are thought to 

promote SOD1 aggregation by reducing the net charge of SOD1.21, 83, 84  

Compounds were designed to accomplish amyloid-selective acylation by linking 

an aspirin-like aryl ester (that is weakly reactive with lysine) to one of three different 

hetero- or homocyclic scaffolds that bind amyloid85-87 (Figure 3.1). We hypothesized that 

these amyloidophilic, aspirin-like compounds would bind amyloid fibrils of SOD1 and 

selectively acetylate its lysine, while being too unreactive to acylate residues in native 

SOD1 (Figure 3.1). We chose lysine acylation to supercharge amyloid SOD1 because 

lysine acylation with non-selective anhydrides or free aspirin inhibits the prion-like 

propagation of aggregated SOD1 in vitro and in organotypic spinal cord.25, 26 Lysine-e-

NH3+ groups are also involved in specific short-range interactions between misfolded 

proteins.88 
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Results and Discussion 

Design and Synthesis of “Ball and Chain” Molecular Maces  

Three different compounds were synthesized to contain a nitrated aryl ester tethered 

to a benzothiazole (BT), stilbene (SB), or styrylpyridine (Py) group via a triethylene glycol 

linker (Scheme 3.1). Benzothiazole, stilbene, and styrylpyridine motifs were used as 

“handles” because derivatives of these species exhibit general binding affinity for amyloid-

like fibrils.85-87 The chemical anatomy and putative function of these amyloidophilic aryl 

esters is analogous to a medieval “ball and chain” mace: an amyloidophilic “handle”; a 

reactive aryl ester “ball” that acetylates lysine-e-NH3+; and a flexible triethylene glycol 

“chain” that permits acetylation of lysine-e-NH3+ within ~12 Å of the handle’s binding site 

(Figure 3.1). Synthesis of “ball and chain” maces is outlined in Scheme 3.1. Synthesis of 

the BT, SB, or Py handles and chain utilized previously published procedures.86, 87, 89 The 

full synthesis is described in Supporting Information.  

The “handles” for all three compounds (and “chains” for stilbene and styrylpyridine 

derivatives) are similar to three FDA-approved 18F Positron Emission Tomography (PET) 

agents for imaging amyloid plaques in Alzheimer’s disease.85-87 The length of the glycol 

chain was chosen to be identical to the glycol chains present in two of these PET agents. A 

weakly reactive nitrated aryl ester—a derivative of aspirin25 —was used as the reactive 

“ball.” The mild reactivity of the aryl ester was empirically tuned by conjugation to the 

glycol and addition of the nitro group (which we found to be required for acetylation of 

lysine in water). The weak reactivity of the ester is intended to minimize off-target 

acylation of non-amyloid proteins that do not bind the compound (i.e., increased collision 

frequency between aryl ester and Lys-e-NH3+ in the amyloid-mace complex will promote 
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acylation, while the free compound will be too unreactive to acylate non-amyloid proteins). 

The long half-life of amyloid-like complexes in vivo will allow, we hypothesize, for 

successive binding and acetylation, leading to cumulative acetylation and supercharging of 

amyloid-like assemblies (Figure 3.1B). 

In this study, metal-free (apo) wild-type SOD1 was generated by demetallation in 

EDTA, with a final metal content of ≤ 0.08 molar equivalents of Cu2+ or Zn2+ per dimer 

(according to ICP-MS). This study targeted wild-type SOD1 because: (i) WT SOD1 

promotes the toxicity of ALS-linked mutant SOD1 and is required for pathogenesis in some 

ALS models (and most ALS-SOD1 mutations are heterozygous);90, 91 and (ii) WT apo-

SOD1 forms amyloid fibrils in vitro at rates identical to several ALS mutant apo-SOD1 

proteins.92  

Ball and Chain Molecular Maces Acetylate Fibrillar Apo-SOD1 but not Native Holo-

SOD1 

Reactivity of the molecular mace compounds with fibrillar apo-SOD1 or native 

holo-SOD1 was tested by incubating 30 µM SOD1 (60 µM SOD1 monomer) with 3 mM 

compound in a gyrating microplate for 5 days (37 °C, 3 % DMSO). The effective molar 

excess of mace per SOD1 monomer is likely lower than 50:1, as compounds are minimally 

soluble in pure water (similar to their PET analogs) with precipitation observed upon 

dilution into protein solution. The predicted solubility of mace compounds in pure water 

(25 ℃) ranged from 0.20-0.93 µg/mL; 0.24 to 1.69 µM. Experimentally measured 

solubility in 97 % H2O/ 3 % DMSO (37 ℃) ranged from 0.18 to 4.6 µM (Figure 5.1). 
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Figure 3.2. Reactivity grid for acetylation of native or fibrillar WT SOD1 (vertical axis) by BT, SB, or Py 
molecular maces (horizontal axis). Mass spectra of native WT SOD1 (top) and (defibrillized) amyloid WT 
SOD1 (bottom) following 5-day incubation with BT, SB, or Py molecular maces. Solutions of fibrillar and 
native SOD1 were solubilized with HFIP prior to mass spectrometric analysis. The number of acetyl groups 
per monomer corresponding to each peak is shown as Ac(n) (weighted average (WAVG) number of acetyl 
modifications per monomer). The amount of protein remaining unacetylated (% Ac(0)) is noted in the bottom 
right of each panel. In cases where acetylation was not observed (i.e., native WT SOD1 incubated with any 
of the three molecular maces), the mass at which acetylated SOD1 would have appeared is indicated by “+42 
Da”. The measured net charge of an SOD1 monomer with the respective number of acetyl modifications is 
shown in red (determined via capillary electrophoresis). Transmission electron micrographs of fibrillar or 
native WT SOD1 after reaction with each molecular mace are shown below mass spectra. Scale bars = 100 
nm. The SOD1 sequence illustrates residues that were acetylated by molecular maces (•). 

 

The extent of acetylation after incubation was quantified with mass spectrometry 

(Figure 3.2) and capillary electrophoresis using UV absorbance at 214 nm (Figures 3.3, 

5.2). See Chapter 5 for a discussion of the use of mass spectrometry and capillary 



36 

electrophoresis to quantify lysine acetylation. After a five-day incubation, fibrillar SOD1 

and native holo-SOD1 were both treated with 1,1,1,3,3,3-hexafluoro-isopropanol (HFIP) 

(Figure 5.3). Hexafluoroisopropanol was used to defibrillize SOD1 (Figure 5.3) prior to 

analysis via mass spectrometry or capillary electrophoresis because it effectively quenches 

acetylation by lowering solvent pH to ~ 3.  

Figure 3.3. Quantifying effect of lysine acetylation on net charge (Z) of fibrillar SOD1 with capillary zone 
electrophoresis. Capillary electropherograms of defibrillized apo-SOD1 following incubation with (A) 
DMSO and (B-D) “ball and chain” molecular maces. Linear plots of electrophoretic mobility of SOD1 chain 
vs. number of acetyl modifications (n) are shown to right of each electropherogram (DZAc = 0.88-0.95 units 
per lysine acetylation). The value Zmono refers to the net charge of each SOD1 polypeptide containing the 
weighted average number of acetylations (inferred from MS). The value DZfib refers to the corresponding 
increase in Z for an aggregate composed of 103 SOD1 chains. Capillary electrophoresis was performed in 
triplicate. Note that the satellite peak in A (at 7.5 mobility units) has been previously assigned as deamidation 
of N26 to aspartate.45 
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Native holo-SOD1 remained unacetylated after incubation with all three molecular 

maces (Figure 3.2), however, fibrillar SOD1 was acetylated by each mace. The weighted 

average number of acetylated lysine residues in fibrillar apo-SOD1 (per subunit) following 

incubation with BT, SB, or Py is as follows: BT, 2.27 acetylated lysine (20.17 % of SOD1 

proteins unacetylated); SB, 1.66 (10.52 % unacetylated); Py, 3.98 (0.00 % unacetylated) 

(Figure 3.2). These differences in reactivity between compounds might be caused in part 

by differences in solubility and/or unique binding sites on fibrils. No clear correlation was 

found between solubility and reactivity (Figures 5.1, 5.4). Note the concentration of 

acetylated lysine in SOD1 (e.g., [3.98 Lys-Ac] ´ [60 μM SOD1 monomer], in the Py-

treated sample) is much larger than the maximum solubility of the Py compound. Thus, the 

compound must be partitioning from the colloidal phase to fibrillar SOD1 over the reaction 

period.  

Capillary electrophoresis of acetylated monomers recovered from fibrils 

demonstrated that lysine acetylation increased net negative charge by ~ -0.9 units, rather 

than -1 because of charge regulation (Figure 3.3).71 Charge regulation refers to the 

adjustment in pKa of ionizable residues, in response to the new electrostatic environment 

caused by acetylation.  

Note that the BT-treated fibrils have, relative to SB-treated fibrils, both a higher 

weighted average number of acetyl modifications and a higher percentage of unmodified 

protein (Figure 3.2). This paradox is caused by a greater degree of positive skewness in the 

distribution of acetyl peaks for the BT sample (reaching 8 acetyl modifications) than the 

SB sample (reaching only 4 acetyl modifications). This positive skewness might suggest 
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cooperativity in acetylation of fibrils by BT (e.g., perhaps acetylation promotes partitioning 

of compound to fibril).  

To determine if maces exhibited high reactivity with other fibrillar proteins, we 

incubated each mace with fibrillar α-synuclein. Alpha-synuclein has 14 lysine and a formal 

net charge of Z = -9.0 (the form we used lacked N-terminal acetylation). After a five day 

incubation with each compound at a ratio of ~ 43:1 (compound:protein), the weighted 

average number of acetylations is as follows; BT, 10.22; SB, 7.83; Py, 7.11 with no 

unacetylated protein remaining (Figure 5.5). Thus, as far as the percent of lysine that were 

acetylated, maces were most reactive with fibrillar α-synuclein compared to fibrillar SOD1 

(or any native protein in this study), doubling the formal net charge up to Z = -18. We did 

not perform a five day control experiment with native α-synuclein (an intrinsically 

disordered protein93) as it readily fibrillizes. 

The exact residues acetylated by the molecular mace compounds were identified 

via sequential trypsin and pepsin proteolysis and liquid chromatography tandem mass 

spectrometry (LC-MSE) (Figure 3.2, 5.6, 5.7). The sequence coverage for each solution of 

mace-acetylated SOD1 fibrils was 100 % and the identity of acetylated residues was based 

upon manual inspection of mass spectra and the following threshold criteria: a peptide mass 

error < 6 ppm; fragment root mean square mass error < 30 ppm; signal to noise ratio > 3.  

Tandem mass spectrometry suggested that lysine residues were selectively 

acetylated over other nucleophilic residues in amyloid-SOD1 (Figure 3.2, 5.6). The N-

terminus of human SOD1 protein in this study is properly acetylated by the eukaryotic host 

expression system. A comparison of the MS/MS and MS spectra suggests that each 

molecular mace does not exhibit selectivity to a single lysine residue in fibrillar SOD1 
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(Figure 3.2, 5.6, 5.7). All lysine residues were acetylated by each molecular mace with the 

exception of: (i) Lys 128 when reacted with BT, and (ii) Lys 3 when reacted with SB 

(Figure 3.2, 5.6). Acetylation of multiple lysine in fibrillar SOD1 is presumably permitted 

by the flexible glycol linker in combination with the multiple binding sites on each fibril.94-

96 Although we present mass reconstructs of acetylated and unacetylated fragments 

including each lysine (Figure 5.6), we reiterate that the intensity of mass spectral signals 

cannot be used to quantify acetylation because: (i) acetylation of lysine can lower 

ionization efficiency of small peptides, and (ii) alter proteolysis sites of trypsin or pepsin. 

Capillary electrophoresis was used to estimate the electrostatic effects of each 

compound on fibrillar SOD1 (Figure 3.3). The capillary electropherograms of defibrillized 

SOD1 are generally superimposable with the mass spectra in Figure 3.2. According to the 

increased mobility of acetylated SOD1, acetylation increased the magnitude of Z of each 

SOD1 polypeptide from Z = -6.92 for unacetylated apo-SOD1 (previously determined)18 

to between Z = -7.80 and -13.96 for BT (weighted average: Z = -8.92); between Z = -7.86 

and -10.68 for SB (weighted average: Z = -8.48); and between Z = -7.87 and -15.47 for Py 

(weighted average: Z = -10.70) (Figure 3.3). In a fibril consisting of 103 peptides, this 

amplification of Z is equivalent to DZave = - 2,400 units/fibril and DZmax = -8,100 units/fibril.  

Molecular maces were tested for reactivity against other abundant, natively folded 

proteins including holo-myoglobin (equine heart, 19 lysine), holo-α-hemoglobin (bovine 

blood, 13 lysine), holo-cytochrome c (equine heart, 19 lysine), α-lactalbumin (bovine, 12 

lysine), carbonic anhydrase II (bovine, 18 lysine), ubiquitin (bovine, 6 lysine), and serum 

albumin (human, 60 lysine). These proteins were chosen because: (i) each does not form 

amyloid or aggregate under conditions used for fibrillization of apo-SOD1 (Figure 5.8); 
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(ii) each contains an unacetylated N-terminal a-NH3+ (which is generally more reactive

with aryl esters than lysine-e-NH3+); (iii) each (except for ubiquitin) contains more lysine 

than SOD1; and (iv) the net charge of some of these proteins are either net positive or less 

negative than SOD1, suggesting that their lysine residues have lower pKa (and are thus 

more reactive with aryl esters). Thus, these proteins are good controls for off-target 

acetylation. 

Following incubation in a gyrating microplate (360 rpm; 37 °C) for five days, 

acetylation of each protein was determined via LC-MS (Figure 5.9) and verified with 

capillary electrophoresis (see Supporting Information). The weighted average acetylation 

of each protein varied between 0.10 acetyl groups for carbonic anhydrase II and 0.14 acetyl 

groups for cytochrome c and myoglobin, up to 2.69 acetyl groups for hemoglobin (Figure 

5.9).  

Serum albumin was the most acetylated native protein that we studied and is a 

special case. We could not integrate all ions to determine accurate weighted averages of 

numbers of acetylated lysines because the mass spectra of HSA are reportedly difficult to 

deconvolute due to persistent impurities.97 We could, however, calculate the number of 

acetylated lysine on the most abundant ions. Of the 60 lysine in HSA, we estimate that BT 

acetylated between 3-34 Lys (median ~ 15 Lys), SB acetylated 1-43 Lys (median ~ 15 

Lys), and Py acetylated 12-45 Lys (median ~25 Lys). Unacetylated HSA was not detected. 

This high degree of acetylation is not particularly surprising considering its high affinity 

for drug-like molecules including stilbenes and benzthiazoles.98, 99 This result offers more 

evidence to support the hypothesis that binding of the mace promotes acylation of lysine. 
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The identity of acetylated residues was determined by tandem mass spectrometry (Figure 

5.10, Tables 5.1-5.7), with sequence coverage ranging from 86 to 100 %.  

Tandem mass spectrometry suggested that maces react with N-terminal a-NH3+ in 

Mb, CAII, Ubq, and α-Lac however, we did not detect N-terminal acetylation in Cyt c or 

Hb (detecting N-terminal fragments with LC-MS and MS/MS can be challenging due to 

their small size). Acetylated lysine residues were detected in all control proteins (Figure 

5.10, Tables 5.1-5.7). We cannot entirely rule out that maces are binding these heme 

proteins specifically, however, we suspect that these proteins are more reactive than native 

holo-SOD1 because each contains an N-terminal a-NH3+, more lysine residues than SOD1, 

and are less anionic/more cationic than SOD1. 

In vitro Seeding Activity of SOD1 Parent Fibrils Acetylated by Molecular Mace 

Compounds 

To determine how maces might affect seeding activity of fibrillar SOD1, 

independent of lysine acetylation, “whip” compounds were synthesized that contained the 

handle and glycol chain but lacked the reactive nitrated aryl ester (Figure 3.4). Fibrils that 

were treated with unreactive “whips” (denoted BTOH, SBOH, PyOH) did not produce 

increased lag times of fibrillization in assays of seeded fibrillization (Figure 3.4D). The 

BTOH and SBOH whips were slightly more effective at inhibiting fibril elongation than 

their corresponding maces. This effect might be due to the intrinsic inhibitory effects of 

the handle on elongation, combined with the higher solubility of whips compared to maces 

(whips are predicted to be 100-fold more soluble in water than maces). It has been shown 

that high concentrations of amyloid-binding compounds, such as Thioflavin-T, can slow 

the fibrillization of certain proteins, however, the effects on SOD1 are unknown.100 
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Figure 3.4. Effect of “ball and chain” maces (BT, SB, Py) and corresponding “whips” (BTOH, SBOH, PyOH) 
on seeding activity of fibrillar SOD1 in vitro. (A) Average, normalized ThT fluorescence of apo WT-SOD1 
aggregation seeded by fibrils grown in the presence of “ball and chain” maces, “whips” (lacking aryl ester 
“ball”), “ball” (lacking handle and chain) and a 3% DMSO control (n = 7 per trace). P values represent 
comparison of lag time for ball and chain mace and corresponding whip. (B) Raw ThT fluorescence data 
used to produce (A). Black trace represents the average ThT fluorescence of seven replicate measurements. 
(C)Transmission electron micrographs of aggregates formed during ThT fluorescence assays; scale bar = 100
nm. (D), Mean lag time, (E) propagation rate, and (F) maximum ThT fluorescence of aggregation assays
shown in (A-B). Lag times for DMSO, BTOH, SBOH, and PyOH = 0 as aggregation curve is best fit to an
exponential function. Error bars represent the standard error of the mean; p values were calculated using an
unpaired Student’s t-test.

Is acetylation—or more generally, the molecular mace—inhibiting fibrillization by 

a purely electrostatic mechanism? According to our data, probably not. Previous studies 

examined how SOD1 fibrillization is affected by acylation with different non-specific 
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anhydrides that attach groups of variable charge, flexibility, and hydrophobicity.25, 26 These 

studies suggest that the inhibitory effect of lysine acylation on SOD1 fibrillization is largely 

electrostatic in nature.25, 26 Previous reports analyzed how the acetylation of soluble SOD1 

with aspirin affected the nucleation and elongation of amyloid-like fibrils.25 These prior 

experiments involved the free aryl methyl ester (aspirin), unattached to an amyloid-binding 

moiety, and found that acetylation of ~ 3 lysine per SOD1 subunit increased lag time by 

2.6 hours (in unseeded assays); acetylation of ~ 6 lysine increased lag time by 11 hours.25 

Despite these results, we cannot rule out inhibitory effects from increased polydispersity, 

caused by myriad regioisomeric forms of acetylated SOD1 and from the binding of the 

compound itself (as demonstrated by control studies with whips).  

Control experiments were performed to determine how acetylation of lysine by the 

free aryl ester “ball” affected the seeding properties of fibrillar SOD1. The free aryl ester 

acetylated lysine in holo-SOD1, fibrillar apo-SOD1, and in native control proteins (Figure 

5.11). Addition of the free aryl ester to SOD1 produced a weighted average of 6.51 acetyl 

groups per subunit for fibrillar apo-SOD1 and 7.28 acetyl groups per subunit of native 

holo-SOD1 (unacetylated protein = 0 % for native and fibrillar SOD1; Figure 5.11). The 

increased reactivity of the free “ball” compared to the mace is attributed to the greater 

intrinsic reactivity of the untethered aryl ester (fewer steric constraints during nucleophilic 

attack by lysine side chain). The SOD1 fibrils that were acetylated by the free aryl ester 

exhibited weak seeding activity, with a lag time of 21.9 ± 1.4 hours and a propagation rate 

of 3.7 ± 0.1 hr -1 (Figure 3.4). These rates are slower than those of seeded fibrillization 

with unacetylated or mace-acetylated amyloid seeds (Figure 3.4) and are comparable to 
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rates of unseeded fibrillization.101 This long lag time suggests that the extensive acetylation 

by the free ester inhibited the formation of a competent amyloid seed.  

Seeding of ALS-linked G85R SOD1 by Supercharged SOD1 Fibrils in Organotypic 

Spinal Cord 

We compared the prion-like activity of supercharged SOD1 fibrils and unacetylated 

SOD1 fibrils in organotypic murine spinal cord. The spinal cord cultures were derived from 

transgenic mice expressing human ALS-variant SOD1 fused to yellow fluorescent protein 

(G85R-SOD1:YFP). This transgenic line has been shown to be a valid ex vivo assay for 

prion-like seeding activity of SOD1 amyloid fibrils that are produced exogenously.102 The 

expression level of mutant SOD1:YFP in these transgenic animals is too low to produce 

disease or SOD1:YFP inclusion pathology.103 Rather, large inclusions of endogenously 

expressed ALS-mutant SOD1:YFP (micron-scale) are only observed when exogenous 

SOD1 fibrils are injected into culture media (or when spinal cord extract from a 

symptomatic ALS-SOD1 Tg mouse is added).103 Currently, we do not know the 

mechanism(s) by which exogenously added SOD1 fibrils interact with (and seed 

aggregation of) endogenously expressed G85R SOD1:YFP in organotypic spinal cord. A 

prion-like mechanism involving endocytosis of misfolded WT SOD1 is possible.82  
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Figure 3.5. Effect of BT, SB, and Py molecular maces on ability of SOD1 fibrils to induce SOD1 inclusion 
pathology in organotypic murine spinal cord. Confocal micrographs of cultured G85R-SOD1:YFP spinal 
cord slab after: (A) addition of spinal cord homogenate of symptomatic G93A-SOD1 mice, (B) no added 
sample (denoted Neg Ctrl) or (C-F) addition of SOD1 fibrils (formed in vitro) that were treated with either 
DMSO (blank), or BT, SB, Py molecular mace molecules. Scale bars represent 40 µm. Four of 15 biological 
replicates are shown for each experiment. (G) Average number of inclusions per tissue slab. P values were 
calculated from an unpaired Student’s t-test. (H) Comparison of seeding propensity as measured by in vitro 
propagation rate and ex vivo inclusions count. All error bars represent the standard error of the mean. See 
Supporting Information for additional replicates of each experiment and images of tissue treated with whip 
analogues. Spinal cords were harvested from non-symptomatic G85R-SOD1:YFP transgenic mice. 
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The prion-like seeding activity of acetylated SOD1 fibrils (produced in vitro and 

treated with molecular mace compounds) was monitored by adding fibrils directly to 

cultured cross-sectional slabs of G85R-SOD1:YFP spinal cord (Figure 3.5A-F). As a 

positive control, seeds from spinal cord homogenate (of an ALS- symptomatic G93A 

SOD1 mouse) were added to G85R-SOD1:YFP slabs, resulting in extensive inclusion 

pathology (Figure 3.5A). Experiments involving mice were approved by the University of 

Florida Institutional Animal Care and Use Committee (IACUC). 

The addition of unacetylated SOD1 fibrils from in vitro preparations also produced 

multiple inclusions (Figure 3.5C), as previously observed26 for unacetylated fibrils of WT 

SOD1. The addition of SOD1 fibrils treated with BT, SB, or Py (identical to those fibrils 

used to measure in vitro seeding activity) had variable effects on ex vivo seeding activity 

in spinal cord (Figures 3.5D-F, 5.12A-C). Consistent with in vitro seeding data (i.e., effect 

of compounds on lag time or fibril propagation rate), the most pronounced inhibitory 

effects on ex vivo seeding activity were observed for fibrils treated with the Py molecular 

mace, and with BTOH and SBOH whips (Figures 3.5G-H). Additional replicates and 

images of spinal cord slices incubated with SOD1 seeds treated with whip compounds can 

be found in the supporting information (Figure 5.12).  

The addition of spinal cord homogenate from ALS G93A mice (i.e., “control” 

seeds) produced 285 ± 172 inclusions per cultured spinal cord slab (Figure 3.5G). Addition 

of unacetylated fibrillar SOD1 to 12 slabs (labelled “DMSO” in Figure 3.5) produced 90 ± 

48 inclusions. The addition of mace-treated acetylated fibrils resulted in < 50 inclusions 

per slab (12 slabs), with the Py-treated fibrils producing the lowest value of 23 ± 14 

inclusions per slab. The effect of mace-treated fibrils on the formation of inclusions in 
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spinal cord slabs correlated with seeding activity of in vitro fibrillization assays (Figure 

3.5H). In both experiments, the Py molecular mace was the most effective at inhibiting 

aggregation. Note that the Py mace was more effective than the Py whip at inhibiting 

inclusion formation, whereas the inhibitory effects of other maces were statistically similar 

to their corresponding whip (Figure 3.5H, Figure 5.12). Moreover, the BTOH and SBOH 

whips were as effective as the Py mace at inhibiting inclusion formation (Figure 3.5H). 

These results mirror the comparative effects of whips and maces on fibril elongation rates 

in vitro (Figure 3.4E, Figure 3.5H). We hypothesize that BTOH and SBOH whips inhibited 

inclusion formation (as equally well as the Py compound) due to their possible inhibitory 

effects on fibril elongation100 and 100-fold greater solubility (predicted) compared to mace 

compounds. 

Cytotoxicity of Molecular Maces 

The intrinsic cytotoxicity of each molecular mace and the free aryl ester “ball” were 

estimated via an MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide) 

viability assay using CHO-K1 cells (ATCC CCL-61). Cells were incubated with each 

compound at concentrations ranging from 0.1 to 100 µM in 5% DMSO. No decrease in 

cell viability was observed. (Figure 5.13). A caveat of this result is that compounds are 

only immediately soluble up to ~ 4 µM (Figure 5.13). The free aryl ester “ball” is, however, 

highly soluble and did not lead to a decrease in cell viability up to 100 µM. 

“Drugging Z” 

The “ball and chain” molecular maces described in this study represent, to our 

knowledge, the first example of compounds that selectively modify a protein (covalently) 
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in its amyloid-like state, without reacting with lysine in the native state of the same protein. 

The potential utility of molecular maces as lead compounds, and their shortcomings, are 

discussed in Supporting Information. While this proof of concept study designed molecular 

maces to transfer one of the simplest and least potent (in terms of DZ) types of acyl groups 

(R-C=OCH3), this strategy is not limited to acetylation. Future ball and chain maces can 

include non-biological acyl groups that impart more than a single unit of charge (and are 

not substrates for de-acylation104). This study suggests that any useful “supercharging” 

compound would require a more electrostatically potent group than acetyl, as acetylation 

did not greatly reduce aggregation in all cases, compared to the corresponding whip. The 

molecular mace compounds described in this study also provide a means of covalently 

attaching probes (including 13C and 18O) to lysine residues in amyloid-like species for in 

vivo tracking, imaging105 or proteomic analysis. The structural similarity between “ball and 

chain” molecular maces and FDA approved PET agents for amyloid plaques of Aβ1-42 

also suggests that molecular maces will be capable of supercharging other misfolded prion-

like proteins besides SOD1 and α-synuclein.106 
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CHAPTER FOUR 

Visualizing 3D Imagery by Mouth Using Candy-Like Models 

This chapter published as: Baumer, K.M., Lopez, J.J., Naidu, S.V., Rajendran, S., 
Iglesias, M.A., Carleton, K.M., Eisenmann, C.J., Carter, L.R., Shaw, B.F. Visualizing 3D 

Imagery by Mouth Using Candy-Like Models. Sci. Adv. 2021. 
 

Abstract 

Handheld models help students visualize 3D objects, especially students with 

blindness who use large 3D models to visualize imagery by hand. The mouth has finer 

tactile sensors than hand, which could improve visualization using microscopic models that 

are portable, inexpensive, and disposable. The mouth remains unused in tactile learning. 

Here, we created bite-size 3D models of protein molecules from “gummy bear” gelatin or 

non-toxic resin. Models were made as small as rice grain and could be coded with flavor 

and packaged like candy. Mouth, hands, and eyesight were tested at identifying specific 

structures. Students recognized structures by mouth at 85.59% accuracy, similar to 

recognition by eyesight using computer animation. Recall accuracy of structures was 

higher by mouth than hand for 40.91% of students, equal for 31.82%, and lower for 

27.27%. The convenient use of entire packs of tiny, cheap, portable models can make 3D 

imagery more accessible to students. 

Introduction 

Approximately 36 million people have blindness, including one million 

children.107, 108 An additional 216 million people experience moderate to severe visual 

impairment.107 Students with blindness or low vision (BLV) face challenges in science, 
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technology, engineering, and math (STEM).109-111 Besides barriers imposed by limited 

assistive technology, 112 students with blindness face bias by educators and peers.113, 114 

This bias can erode a student’s sense of belonging, 115, 116 make science appear too 

challenging to pursue,117 and inhibit social groups that promote interest.118 New assistive 

technology might increase inclusion and decrease bias.119 

The importance of visual stimuli in early conceptual development requires a 

multisensory approach to teaching students with BLV.120, 121 Braille, tactile graphics, tactile 

models, text-to-audio, and other assistive technologies have improved learning in the 

classroom and laboratory.122-125 However, the growing use of 3D imagery in STEM 

education—especially online learning—is requiring visualization of greater numbers of 3D 

graphics.126-128 Even an “old” introductory textbook of biochemistry contains ~ 1,100 

illustrations, including 3D depictions of proteins with thousands of atoms (e.g., 

hemoglobin: C2952H4664O832N812Fe4).129  

 For students with blindness to accurately visualize a 3D image or system—for 

example, an atomic structure of a folded protein—each image must be converted into a 3D 

model for tactile visualization by fingertip, i.e., visualization by manual stereognosis.121,

130 Conventional models are inconvenient to possess in large pedagogical sets because they 

are typically large (centimeter to meter in scale) and can be expensive.122 Consequently, 

students do not receive one model for each image in a textbook. Much of the imagery in 

STEM—the spectacular imagery that sparks early interest—is inaccessible to students with 

blindness. Methods are needed to enable inexpensive, convenient visualization of 102 

models (images) per student, per course.  
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We hypothesize that tactile visualization can be improved by using millimeter-scale 

models that are visualized by the tongue and lips, i.e., oral stereognosis,131-135 as well as 

hands. The tactile sensitivity of the mouth is greater than fingertip.136-138 For example, the 

tactile resolution of fingers, lips, and tongue have been measured to be 0.94 mm (fingers), 

0.51 mm (lips), and 0.58 mm (tongue).137 The tongue can also distinguish sub-micrometer 

differences in surface roughness136, 139 and its taste buds could be used to read information 

encoded by flavor. Despite these advantages, the use of oral stereognosis in education is 

unreported.140 

Brain imaging suggests that feelings of touch (somatosensory input)  from our 

tongue, lips, and teeth converge across the primary somatosensory cortex141, 142 to produce 

a “conscious mouth image.” 134 The utility of the tongue in painting this mental picture of 

the oral cavity—and objects in it—is based on its high innervation density and octopus-

like rheology.143 Our tongue is a muscular hydrostat (similar to an octopus arm) with 

muscle fibers parallel and transverse to the long axis, which allows elongation, shortening, 

and bending.144, 145 The tongue can conform to surface features that would be untouched 

by a fingertip.146, 147 This pliability can explain oral-haptic illusions, where surface features 

are perceived to be larger when sensed by the tongue compared to fingertips.146, 147 

We do not hypothesize (or expect) that persons with blindness will have enhanced 

oral tactile acuity. Oral tactile spatial acuity is unaffected by blindness.135, 148 Tactile spatial 

acuity of fingertips is reportedly enhanced by blindness.149, 150 However, a statistical 

analysis of previous measurements148-158 of tactile acuity of fingertips in persons with and 

without blindness (M) yields a value of DMsight-blind = 0.100 ± 0.820 mm (n = 582, p = 

0.0007; Table 5.8). While enhancement in tactile spatial acuity per blindness is statistically 
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The models have micrometer-scale surface features depicting electron clouds (i.e., 

van der Waals surfaces). Folded proteins were chosen because their structures are some of 

the most numerous, complex, high resolution 3D images presented throughout STEM. 

Moreover, the study of protein function requires perception of subtle changes in their 3D 

structure and shape. Structure equals function is a central dogma in biochemistry.  

Converting Molecular Graphics into Tiny 3D Models 

Space-filling models of globular proteins were fabricated to be exact replicas of X-

ray crystal structures deposited by structural biologists into the Protein Data Bank (PDB). 

Models were made of either non-edible (but biocompatible) surgical resin (Figure 4.1A-B) 

or firm edible gelatin, i.e., “gummy bear” material (Figure 4.1C). Nine different protein 

structures were modeled (Figure 4.1B-C): Cu, Zn superoxide dismutase-1 (SOD1), 

myoglobin (Mb), carbonic anhydrase II (CAII), apo-hexokinase (Apo-HK), holo-

hexokinase (holo-HK), apo-calmodulin (apo-CaM), holo-calmodulin (holo-CaM), apo-

maltose binding protein (apo-MBP) and holo-maltose binding protein (holo-MBP). Note 

that six of the nine proteins include pairs of allosteric conformers, that is, two different 

shapes of the same molecule (“apo” or “holo” shapes of either CaM, MBP, or HK). The 

apo and holo conformers of CaM, MBP or HK differ in structure due to the binding of a 

metal ion or carbohydrate (Figure 4.1A-C). 

We fabricated models in two sizes, denoted “small” and “smaller.” Small models 

(Figure 1B, top; Figure 4.1C) are the size of a peanut (~ 5 to 20 mm in diameter). Smaller 

models (Figure 4.1A, B, bottom) are the size of rice grain (~ 2 to 10 mm in diameter) and 

both easily fit into the mouth. Non-edible models were printed with an eyelet for the 

attachment of a safety loop (e.g., dental floss, Figure 4.1D). This lanyard can be held by 
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Gelatin models (Figure 4.1C) were fabricated by injecting hot gelatin into a food 

grade silicone mold of each protein structure (Figure 4.2). The preparation of the silicone 

mold (Figure 4.2)—bearing the debossed protein structure—is simple and inexpensive. 

Non-edible models were 3D printed in a food safe environment using a biocompatible, 

autoclavable surgical resin, followed by sterilization in a food grade autoclave. 

 

 

Figure 4.3. Atomic accuracy and safety of edible and non-edible miniature models. (A) Comparison of small 
gelatin model (left) and X-ray crystal structure (right) of holo-calmodulin (PDB: 3CLN). Note the single a-
helical neck is maintained in the gelatin model. (B) X-ray crystal structures of apo-CaM highlighting salt 
bridge between arginine-74 and glutamate-54. (C) Comparison of gummy models of holo-calmodulin and 
apo-calmodulin (left) and computer renderings (right); PDB codes: 3CLN, 1CFD. (D) This salt bridge is 
accurately rendered in the small gelatin model (red, right) and in the 3D printed model (clear, left). The small 
3D printed model contains an eyelet to attach a safety lanyard. Photo credit: Bryan F. Shaw, Baylor 
University. 

 

Each edible or non-edible model accurately depicted the atomic structure of the 

protein, with micrometer-scale contours depicting van der Waals surfaces (Figure 4.3). The 

bulbar topology of the van der Waals surfaces ranged from approximately 700 µm – 3000 
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µm (peak to peak) for small models, and 200 µm – 1000 µm for smaller models. 

Intramolecular contacts could be accurately modeled in the gelatin model. For example, a 

salt bridge between the guanidinium and carboxylic functional groups in calmodulin is 

accurately modeled (Figure 4.3B, D).  

Non-edible biocompatible models differ from the gelatin models in one structural 

respect: they contain an eyelet for the attachment of a safety lanyard (e.g., a loop of thread 

or dental floss) (Figure  4.3D).  

Recognizing Tiny Molecular Models by Hand or Mouth 

In this study, identical testing was carried out on edible gelatin models and non-

edible 3D printed models. To prevent students from seeing models during tactile testing, 

each student was blindfolded regardless of visual acuity. At this proof of concept stage, we 

chose to not experiment upon or test children or students with BLV because they may 

represent a vulnerable population continually sought for research.159 Rather, we experiment 

on non-vulnerable model subjects (i.e., sighted students). Sighted students are adequate 

model subjects for testing because: (i) oral tactile spatial acuity is not generally affected by 

blindness;135 (ii) effects of blindness on manual tactile spatial acuity are below the 

resolution limit of micromodels (i.e., DMsight-blind = 0.100 ± 0.820 mm, Table 5.8); (iii) 

short-term visual deprivation (blindfolding) does not enhance tactile spatial acuity;160 and 

(iv) tactile micromodels are intended for sighted students too. This study did include a

single survivor of bilateral retinoblastoma who has significant blindness. This technology 

was designed specifically for this survivor, and they were consulted during its 

development.  
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Table 4.1. Recall accuracy of protein structures by oral tactile sensing (O), manual tactile sensing (M), and 
eyesight.  
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All 
Models                                                
(College)a 

Manual 
281 4496 

84.83 ± 
15.14% 0.5477 

68.25% 
79 90 112 0.0491 

Oral 85.59 ± 
14.65% 71.53% 

Eyesightb 84 672 87.50 ± 
13.58% 0.5843e 64.88% N/A N/A N/A N/A 

Small 
Edible 
Models                                                     
(College) 

Manual 
32 512 

81.25 ± 
11.88% 0.7083 

48.39% 
11 12 9 0.8035 

Oral 80.08 ± 
13.04% 51.61% 

Small     
Non-
Edible                                                       
Models                                           
(College) 

Manual 

117 1872 

91.03 ± 
11.93% 

0.5433 

82.43% 

32 24 61 <0.0001 
Oral 90.06 ± 

12.23% 81.53% 

Smaller                                                    
Non-
edible  
Models                                            
(College) 

Manual 

132 2112 

80.21 
±16.49% 

0.1699 

60.98% 

36 54 42 0.1482 
Oral 82.95 

±15.9 % 67.80% 

Small                               
Non-
edible  
Models                                            
(Grade 
School)c 

Manual 

31 186 

79.57 
±26.77% 

0.7252 

90.32% 

5 4 22 <0.0001 
Oral 81.72 ± 

20.80% 83.87% 

All 
Models 
(College 
& Grade 
School) 

Manual 

312 4682 

84.31 ± 
16.68% 

0.4826 

69.43% 

84 94 134 0.0012 
Oral 85.21 ± 

15.37% 72.19% 

aThis entry includes all tests carried out on college students (i.e., tactile tests with small and smaller models, 
edible/non-edible; and tests with eyesight).  
bA physical model was not used for recognition tests by eyesight, rather a large video image of the structure 
was used in each test. 
cShort (“truncated”) tests using fewer models were carried out on grade school/primary school students. 
dThe number of students who scored highest in manual (M) or oral (O) stereognosis, or who scored equally 
in manual and oral stereognosis (M = O). 
eComparison of recognition by oral stereognosis and eyesight. 
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Each college-age student who participated in tests of oral and manual stereognosis 

(n = 281 students) was first given one small or smaller model of an allosteric protein to 

tactilely sense with their hands. This model is referred to as the “study” model (Figure 4.4). 

Each student was then given a series of eight protein models (including two examples of 

the study model), to tactilely sense by hand. After each model was handled, the student 

was asked to answer “yes” or “no” to the question: “is this model identical to the first 

(study) model that we gave you?” Tests scores were calculated from the quotient of correct 

answers and total questions. For assessments of oral stereognosis, the same test format was 

used on the same student, using the same models. Here, students had the same “study” 

model placed into their oral cavity (while blindfolded). The same series of different models 

was then placed in their mouth (as in the manual test) and they were asked to answer “yes” 

or “no” to the question: “is this model identical to the first (study) model that we gave 

you?” In total, 16 tests of oral and manual stereognosis were performed on each college-

aged student (ntotal = 4496 tests).  

Comparative Accuracy of Structure Recall by Hand and Mouth 

Prior to testing oral and manual stereognosis on college-aged students, we first 

performed pilot tests of oral and manual stereognosis on a survivor of bilateral 

retinoblastoma (Figure 4.5). This student (age 10 years) has partial vision in one eye, but 

his other eye was removed during infancy. He is the first person on whom we tested this 

technology, and for whom it was initially developed (he is the son of the corresponding 

author of this study). Each answer given by this student is shown (Figure 4.5A-B). We do 

not group his scores in the aggregate data with other students, but report his results as an 
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Comparisons of college-age students’ abilities to use oral or manual stereognosis 

to recall small and smaller models revealed that oral and manual tactile recall were 

equivalent for many students (Figure 4.4A-B). For example, 39.86 % of college students 

earned identical scores on oral and manual tests involving small and smaller models (Table 

4.1, Figure 4.4C). Raw test scores for each participant can be found in Table 5.2. Recall 

accuracy varied per size of model (Figure 4.4D, Table 4.1), as discussed below. In total, 

for 28.11 % of students tested, manual stereognosis was superior to oral stereognosis. For 

32.03 % of students tested, oral stereognosis was superior to manual stereognosis (Figure 

4.4C, Table 4.1). Scores of superior performance by either manual or oral stereognosis 

were, on average, 18.71 % higher than the inferior score by that student (Supplemental 

excel file). Accuracy ranged from 25.0% to 100.0 % for both manual and oral stereognosis 

(supplemental excel file). There were no observable differences in recall between 

biological sex (p =0.0523, manual; 0.6375 oral) (Supplemental excel file).  

In total, small and smaller structures were recalled at 85.59 ± 14.65 % accuracy by 

oral stereognosis and at 84.83 ± 15.14 % accuracy by manual stereognosis (p = 0.5477) 

(Table 4.1).  We did not investigate why some students used oral stereognosis more 

effectively than others. However, previous studies suggest that pure lingual tactile 

sensitivity correlates with fungiform papillae (taste bud) density.161  

We hypothesized that the recall accuracy of oral stereognosis might increase further 

over manual stereognosis as models decrease in size. A larger percentage of students (40.91 

% of students) given smaller models had superior performance with oral than manual 

stereognosis, compared to only 20.51 % of students having superior oral recall of small 

models (p = 0.0046) (Figure 4.4C, Table 4.1).  On average, however, smaller models were 
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identified (by college-aged students) with statistically similar accuracy to small models 

(Figure 4.4D, Table 4.1).  

Ninety percent of tests of college-aged students in this study were carried out with 

non-edible models: 249 students were tested with non-edible models (3,984 non-edible 

tests in total). Only 32 students were tested with edible models (8 oral tests; 8 manual tests; 

512 tests in total). Fabricating edible models is more labor intensive. The structural 

accuracy of edible models was comparable to the X-ray crystal structure (Figure 4.3). 

Gelatin models were correctly recalled at rates comparable to recall of non-edible models 

of similar size (Figure 4.4D) (p = 0.1558, manual; p = 0.0235, oral). This similarity is due, 

we presume, to the maintaining of shape of the gelatin models after being inside a student’s 

mouth for five minutes (Figure 4.5C). 

To test how adaptable primary school students are to oral tactile testing, we tested 

small non-edible models on children in the 4th and 5th grades. For these tests, all models 

contained a safety lanyard (Figure 4.3D). Here, 186 manual and oral tests of stereognosis 

were carried out on 31 grade school students.  We keep scores of grade-school students 

separate from the college-age students because the size of the test was truncated from 8 to 

3 models but was otherwise carried out in identical format. The relative recall accuracy of 

oral and manual stereognosis were similar to college-aged students (Figure 4.4D, Table 

4.1). However, a larger percentage of 4th and 5th graders showed equal accuracy in oral and 

manual stereognosis, compared to college-aged students (Figure 4.4C, Table 4.1). 
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Quantifying Limits of Shape Discrimination by Hand and Mouth 

The geometric dissimilarity of two model protein structures was quantified using 

Equation 4.1.  Briefly we calculated the product of the ratio of each model’s surface area, 

volume, and cubicity (i.e., 1,000,000 x, y, and z coordinates on each surface). Dissimilarity 

scores ranged from 4.380 to 36.307, where a score of zero corresponded to two identical 

structures (Figure 4.6A). The structures that were most often confused by students (orally 

or manually) were those with the most similar geometry/topology (lowest score), i.e., 

allosteric conformers (Figure 4.6B-D). For example, holo-MBP and apo-MBP were the 

two structures having the most similar shape (score = 4.380). Apo-MBP was misidentified 

by mouth as being holo-MBP protein in 18.82 % of tests (involving small and smaller 

models) (Figure 4.6B-D). Apo-MBP was misidentified by hands in 24.19 % of tests. The 

relationship between geometric similarity and recall accuracy reveals two points: (i) 

structures with very high dissimilarity were never incorrectly recalled by mouth or hand; 

and (ii) structures with identical shapes were not always correctly recalled by mouth or 

hand. Identical structures were correctly recalled in only 72 % of tests by mouth, and 68 % 

by hand (Figure 4.6C-D).  

Comparing Recall by Eyesight to Recall by Hand or Mouth 

We assessed the ability of a separate set of college-aged students (n = 84 students) 

to visually identify and recall large images of protein structures on their computer screen, 

without the assistance of physical models. These recall tests by eyesight were performed 

on students who had not participated in tactile tests with models, and who did not have 

visual impairments. The same protein structures were used as in oral and manual tests (i.e., 

8 tests per student).  We did not reduce the size of the molecular images to the millimeter 
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scale of the small or smaller models. Rather, we allowed the students to use eyesight to 

visualize graphics at the conventional sizes used by biochemistry students or structural 

biologists (i.e., centimeter scale). In total, 672 tests of recall by eyesight were performed.   

Structures were recalled by eyesight with similar accuracy to tactile tests, i.e., 87.50 

± 13.58 % accuracy by eyesight, compared to 84.83 ± 15.14 % and 85.59 ± 14.65 % for 

manual and oral stereognosis (Figure 4.4B, Table 4.1) (p = 0.5843, for eyesight and mouth; 

p = 0.3515, for eyesight and fingers). Note that a similar correlation existed between 

geometric dissimilarity and recall accuracy by eyesight (Figure 4.6B). Surprisingly, the 

recall accuracy of identical structures by eyesight was just 64.88 % (Figure 4.6B, Table 

4.1), which is similar to accuracy values from oral and manual stereognosis. That is, 

eyesight seems to be no better than hand or mouth at identifying esoteric shapes. 

Tiny Tactile Models 

To our knowledge, the models tested here are the smallest molecular models ever 

fabricated and used by students. They can be visualized by hand, or mouth. The millimeter-

scale models we present are less expensive to make and easier to store and transport than 

conventional centimeter-scale models. The cost of 3D printer resin required to make the 

smaller microscale models is approximately $0.10 per model. In comparison, the cost of 

resin to produce a plum-sized model using our 3D printer is ~ $5.00 per model.  The high 

portability and low cost of microscale models can transform the way models are 

manufactured, presented and studied by sighted or unsighted students. For example, ~ 100 

smaller models can easily fit on a textbook-size page of cardboard paper, fixed with shrink-

wrapping, and labelled with print or Braille. Identification of models with a smartphone-

based machine learning application is also feasible, as each structure represents its own 
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Gelatin models were the only type of edible models that we tested. However, we 

were able to use silicone molds to produce high resolution models from other edible 

materials, e.g., taffy and chocolate. Sticks could be grafted into edible models during 

fabrication (Figure 4.7A). Information about the surface features of a model, for example 

a protein’s pattern of positive and negative surface charge, could be represented by painting 

patterns of flavor onto the model (Figure 4.7B). Small non-edible models could be threaded 

with string or chain, to form a necklace or bracelet for convenient handling and 

visualization (Figure 4.7C). 

Tiny tactile models will enable the serial visualization—by hand or mouth—of 

libraries of hundreds of different disposable models, by a single student (sighted or 

unsighted). Tiny models can make imagery more accessible to students throughout the 

course of their education. The appropriate age group for these models is the same age group 

to whom a picture would be shown. Indeed, our general goal at this point is simply to make 

the imagery of STEM accessible to students—to spark interest—whether or not the student 

understands the exact thing they are visualizing. The results of this study demonstrate that 

oral tactile visualization of non-cognitive (esoteric) structures, such as molecular models, 

does not require prior training. Oral tactile sensing is certainly natural, per se, beginning 

as “rooting reflex” in neonates162 and continuing in early childhood, possibly to assist in 

speech development.163 

The similar accuracies of eyesight and oral or manual sensing of models suggest 

that tiny models will be useful to students without visual impairments, as these students 

benefit from active learning with 3D models.164 The perception of ambiguous shapes (and 
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confidence in perception) can be greater by manual tactile sensing than by eyesight.165 This 

effect might extend to oral tactile perception of ambiguous shapes.  

Oral somatosensory perception of tiny models should be a useful addition to the 

repertoire of multisensory learning tools for students with extraordinary visual needs. Oral 

tactile sensors provide a new conduit for multisensory visualization of 3D systems. The 

tongue and lips should certainly not remain un-utilized by students with BLV, in our 

opinion.  

Science and Blindness 

Making science accessible to students with blindness is a grand challenge. We can 

be encouraged by remembering that the business of science is dealing with blindness. A 

synthetic chemist will never see their prized molecule. The size of an atom or molecule is 

below the diffraction limit of visible light. An astrophysicist cannot gaze upon a black hole.  

Light cannot escape their gravity. Scientists work around their blindness by creating new 

assistive technology: X-ray diffractometers, atomic force microscopes, or giant radio 

telescopes. This science, our heritage, is as grand as any challenge we face with students 

with blindness. This heritage dares us to create classrooms and labs and courses and 

research for anyone with a curious mind, regardless of their visual acuity. It promises us 

that blindness is not a great disqualifier in becoming a scientist but is a normal part of being 

one.   
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Materials and Methods 

3D Printing of Non-edible Models 

3D printing occurred in a food safe environment, using biocompatible, food grade 

materials. Prior to use on human subjects, 3D printed models were also autoclaved in a 

food safe autoclave and stored in food safe containers.  

The 3D printing software PreForm (Formlabs), was used to create the layout of the 

printed proteins. The .STL file of each protein structure used was converted from the 

atomic coordinates of the following entries in the Protein Data Bank: 1CFD (apo 

calmodulin); 1OMP (maltose binding protein); 1V4T (apo hexokinase); 2C9V (superoxide 

dismutase 1); 3CLN (holo calmodulin); 3IDH (substrate-bound hexokinase); 3RGK 

(myoglobin); 4MBP (substrate-bound maltose binding protein); 5A6H (carbonic 

anhydrase). 

Protein models were fabricated with a Formlabs printer, using surgical guide resin 

(an autoclavable, non-toxic, biocompatible resin). Small models were fabricated at a 

resolution of 100 micrometers, with a layer thickness of 0.1 mm. Smaller models were 

fabricated at a resolution of 50 microns, with a layer thickness of 0.05 mm. After models 

were printed, and individually taken off the build platform, they were hand-washed for five 

minutes in a bath of food grade isopropyl alcohol. After washing, models were placed into 

the Form Wash, and further rinsed with isopropyl alcohol for 20 minutes. After being 

washed, proteins were air dried, and printing supports attached to the proteins were snapped 

off by gloved hand. The proteins were cured with UV light using the Form Cure apparatus 

(60°C for 30 minutes). After curing, the proteins were sterilized by autoclaving and stored 

in food safe containers.  
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Fabrication of Master Silicone Molds for Edible Models 

Model templates, from which molds were made, were 3D printed from .STL files 

of each protein structure. 3D printed model templates were embedded in self-hardening 

clay (Amaco Marblex) along their longest axis, leaving approximately half of the model 

exposed. The clay was surrounded by an open-top box made of foam board and then 

covered with food-grade mold release spray. Food grade silicone (Smooth-Sil 940) was 

prepared by mixing 600 mL part A with at least 60 mL part B. Silicone was then de-gassed 

(with a GoPlus New 2 Gallon Vacuum Changer and 3 CFM Single Stage Degassing Pump) 

and poured over the clay-embedded models approximately 30 minutes after spraying with 

mold release spray.  

Immediately after the silicone was poured, any air bubbles that formed were 

removed with a toothpick. The silicone was allowed to cure at room temperature for 24 

hrs. This resulted in a compact block inside the foam board box composed of a clay half, a 

cured silicone half, and the 3D-printed models in-between the halves. The box was 

disassembled, and the clay was fully removed, leaving the 3D-printed models attached to 

the silicone half. The silicone mold containing 3D printed models was encased in the same 

open box (with the 3D printed models facing upwards) and sprayed with the same food-

grade mold release. Degassed silicone was then poured over the cured silicone and models 

and allowed to cure. Once curing was complete, the two halves of the silicone mold were 

separated, and the 3D printed models were removed from the molds. This process is 

illustrated in Figure 4.2. 
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Preparation of Gelatin 

All edible models were prepared in a food safe kitchen at the Mary Gibbs Jones 

Consumer Science Building at Baylor University. The gelatin “gummy bear”-like material 

that was injected into silicone molds was prepared from a combination of water, light corn 

syrup, unflavored gelatin powder (Knox Original Gelatin), and flavored “Jell-O” powder. 

Two tablespoons of light corn syrup were added to 2 fluid ounces of cold water and the 

mixture was transferred to a large cooking pot. A full envelope (0.25 oz) of unflavored 

gelatin was evenly spread across the liquid and allowed to swell until no powdered gelatin 

remained visible. Approximately ½ tablespoon of flavored “Jell-O” powder was added to 

the mixture and stirred until homogenous and then placed on an induction cook top and 

heated at a setting of 100 W (Mr. Induction SR964T Micro-Computer Induction Cooktop) 

for 2 minutes with continuous gentle stirring. After two minutes of cook time, the gelatin 

mixture was transferred to a wide-mouthed container (such as a measuring cup or drinking 

glass) so that any bubbles could rise to the top of the mixture and be removed easily. Once 

all air bubbles were removed, the mixture was promptly transferred to a fine-tipped 

confectioner’s (decorating) bottle. 

Injection of Gelatin into Silicone Mold 

Warm gelatin was injected into the silicone molds using the decorating bottle. Each 

half of the mold was filled with the liquid gelatin mixture and promptly pressed together 

into a single unit. Filled molds were placed in a refrigerator for 4-5 days to allow the gelatin 

mixture to harden. After refrigeration, the molds were separated, and excess gelatin 

trimmed from around the filled cavities. The resulting edible models were left in one half 

of the mold and allowed to dry at room temperature for another 2 days. This drying step is 
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critical to preserve the shape of the model, as transferring the model to a flat surface before 

complete hardening can result in loss of shape during storage. After drying, models were 

carefully removed from mold and placed on parchment paper with the half of the model 

previously exposed to air (i.e., the hardened side) facing downward. Models were left 

exposed for approximately one week to fully harden and were then stored in small plastic 

containers until use. Although edible models could be prepared with different flavors, we 

only tested subjects using a single flavor (typically, orange).  

The production of edible gelatin models, from conversion of PDB file to creation 

of mold and finished model was carried out by sighted students at Baylor University with 

no prior knowledge of 3D printing or silicone injection molding.  Therefore, this 

methodology should be useable by any educator in any type of food safe setting (classroom 

or kitchen). The food grade materials required to fabricate molds, and gelatin models, are 

readily available from a grocery store, craft store, or online retailer. Although access to a 

3D printer is required to produce the initial master model (from which the re-useable 

silicone molds are fabricated), such printing can be performed by a third party for low cost. 

The number of edible models that can be made depends upon the number of master silicone 

injection molds that were prepared.  

Selection of Study Participant 

This study was approved by an Institutional Review Board at Baylor University. A 

total of 396 participants were tested. College-aged students at Baylor University who, at 

the time of participation, were currently enrolled in organic chemistry or introductory 

biochemistry were given the opportunity to participate in this study. No students were 

excluded on any criteria, except for those wishing to participate with edible models who 
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had dietary restrictions preventing them from consuming any ingredient of the gelatin 

mixture. Data from all students who participated in the study to completion are included. 

Elementary school-aged students (4th and 5th grade students) from a local grade school in 

Waco, Texas were also given the opportunity to participate with the same exclusion criteria 

(in addition to an age requirement of ≥ 7 years old). Informed consent, ascent or parental 

consent was received from all participants. Of the 396 participants, 31 were 4th and 5th 

grade students and 365 participants were college students. Of the 365 college students, 

59.5% of participants were female and 40.5% male.  

The visual acuity of students in this study was on the spectrum of normal, with a 

fraction wearing corrective lenses, but none needing accommodations. The only exception 

was a 10-year- old survivor of bilateral retinoblastoma (Figure 4.5) who is visually 

impaired. This student underwent eye enucleation at 9 months old and has partial vision in 

his remaining eye (but was blindfolded during all tests). This student’s test results 

(summarized in Figure 4.5) are excluded from the aggregate data set (but are included as 

an internal case study) because they were tested on a more extensive test format. However, 

we chose to include the results of their test because they were the first individual that this 

technology was tested upon, and for whom it was initially developed. 

Testing Protocols 

All students (test subjects) in this study were blindfolded during testing of oral and 

manual tactile models, regardless of their visual acuity. Blindfolds were used to not 

necessarily model complete vision loss, but to prevent students from seeing the models. 

Students who participated in the visual component of the research were not blindfolded. 

Individually wrapped “sleeping masks” were used as blindfolds. All test subjects (students) 
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in this study (which ranged from 4th grade through college-aged students) underwent 

similar testing procedures.  

College-aged participants were given a series of nine protein models, the first being 

the “study” protein and the remaining eight being the “test” proteins. Each student received 

either holo-calmodulin, apo-hexokinase, or apo-maltose binding protein as their “study” 

protein. “Apo” and “holo” designations denoted different shapes and structures of the same 

molecule, induced by the binding of a metal ion or small organic molecule (i.e., 

carbohydrate). The remaining eight proteins included two instances of the study protein, 

two instances of the “opposite” conformation of their respective study protein (i.e., the apo- 

or holo-conformer), and four other structures including myoglobin, carbonic anhydrase, 

superoxide dismutase, and either apo-calmodulin, holo-hexokinase, or holo-maltose 

binding protein. Test scores were calculated for each subject by dividing the number of 

correct answers by the total number of questions that were asked during tests.  Elementary 

school age participants were given a series of only 4 proteins, one study protein (holo-

calmodulin, apo-hexokinase, or apo-maltose binding protein) followed by myoglobin, the 

study protein, and the opposite conformer of their study protein.  

Regardless of age, each participant was given three minutes to 

assess/perceive/visualize the structure of their study protein with their fingertips followed 

by one minute with each of the test proteins. After assessing each test protein, students 

were prompted to answer whether the protein was the same model or a different model than 

the initial study protein. The entire process was repeated using the oral cavity to discern 

shape instead of fingers. Here, students engaging in oral stereognosis were not allowed to 

touch the models with their hands. Instead, the model was placed in their mouth, or they 
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were directed to pick up a lanyard attached to the model. Students who were asked to 

distinguish protein shapes with their eyesight were shown animations of each protein 

structure slowly spinning (so that they had a full 360º view of the structure). The size of 

the rotating molecular graphic was not reduced to the millimeter-scale of the physical 

models, but was kept at the standard centimeter-scale of a computer screen. The same test 

format (as the tactile tests) were used. Students were given three minutes to observe the 

study protein, followed by one minute to assess each image of test proteins.  

Students did not insert the models into their mouth by touching them, but either had 

them placed in their mouth by a researcher, picked up the model by the attached lanyard 

(without touching the actual model), or transferred them to their mouth via a pill box 

(without touching the model). Students were not instructed or advised on how to use their 

hands or mouth to tactilely sense the study model, but simply asked to attempt to discern 

the shape with either oral or manual tactile sensing. Tests completed with eyesight were 

identical in format to the manual and oral tests. Rather than being given a 3D printed model 

to visualize, the students were shown a presentation of animations of each protein structure 

spinning along the x and y axes. 

Quantifying Differences in Shape of Models 

The geometric similarity of protein structures (i.e., topology) were quantified using 

CloudCompare (v2.10.2). Models were converted from .STL files to a surface mesh 

containing 1,000,000 points. From these points, the surface area, volume, and x, y, and z 

dimensions of the model were computed. Models were aligned and the mesh-to-mesh 

distance calculated on the registered pair. The maximum distance between two points was 

calculated. The similarity score is computed using Equation 4.1. This score is expressed as 
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the product of the maximum distance (D) between two points on the models, ratio of 

surface area (SA) of each model, ratio of volume of each model (V), ratio of cubicity of 

each model (x/y/z) (C) (Eq. 1).  Each contributing ratio was expressed to be ≥ 1, i.e., the 

larger value of each metric was placed in the numerator.  

Eq (4.1):  *+,+-./+01 = 2∙ 	56 ∙ 7 ∙ 8 
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CHAPTER FIVE 

Supporting Information 

Supercharging Prions via Amyloid Selective Lysine Acetylation 

Methods 

Overexpression and purification of human WT SOD1.  Human WT SOD1 was 

recombinantly expressed in S. cerevisiae and purified as previously described.18 Briefly, 

Yep351-hSOD1 WT plasmids were transfected into EG118Δsod1 yeast and purified from 

cell pellets using ammonium sulfate precipitation, followed by three successive 

chromatographic separations (hydrophobic interaction, ion-exchange, and size exclusion). 

Purity of SOD1 was confirmed via SDS-PAGE and electrospray ionization mass 

spectrometry. Purified SOD1 was demetallated to apo-SOD1 via sequential dialysis in 

three buffers, (i) 100 mM sodium acetate, 25 mM ethylenediaminetetraacetic acid (EDTA), 

pH 3.8; (ii) 100 mM sodium acetate, 100 mM sodium chloride, pH 3.8; (iii) 100 mM 

sodium acetate, pH 5.5. The demetallation of WT SOD1 was confirmed with inductively 

coupled plasma-mass spectrometry (ICP-MS). Fully metallated holo-SOD1 was purchased 

from Sigma Aldrich (isolated from human erythrocytes). 

Unseeded formation of apo-SOD1 parent fibrils and reaction with molecular 

maces.  The initial formation of “parent” fibrils of apo-SOD1—for eventual reaction with 

molecular mace compounds and amyloid seeding experiments—was carried out in a 

gyrating 96 well polystyrene microplate at 37 ºC, using a metal-free, reducing buffer (pH 

7.4) that consisted of 10 mM potassium phosphate, 5 mM EDTA, and 10 mM tris(2-
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carboxyethyl)phosphine (TCEP). Prior to gyration in the microplate, this buffered solution 

of SOD1/EDTA/TCEP was incubated at room temperature for 30 min and filtered through 

a syringe filter (Acrodisc®, 200 nm, low protein binding). An aliquot of 194 µL of the 

SOD1/EDTA/TCEP solution was administered to each well of the microplate from a single 

mother stock, the final concentration of SOD1 in each well was 30 µM (dimer). Each well 

of the microplate contained a Teflon bead (d = 3.13 mm). The microplate was sealed with 

a warmed adhesive seal. Wells along the perimeter of the microplate were left empty to 

avoid evaporation. Fibrillization was initiated by intermittent gyration (15 s gyration 

followed by 15 s pause at 360 rpm) using a Fluoroskan Ascent FL® microplate reader 

(ThermoFisher, Waltham, MA). Note that thioflavin-T (ThT) is not present in these 

solutions as ThT might compete with molecular maces for binding interactions with 

fibrillar SOD1. 

Four hours after initiating the fibrillization of SOD1 by gyration (described above), 

the microplate was removed and 6 µL of each stock compound (100 mM in neat dimethyl 

sulfoxide (DMSO)) was added to seven replicate wells. Thus, the reaction conditions were 

30 µM SOD1 (60 µM SOD1 monomer) and a total of 3 mM compound, 3 % DMSO 

(however, molecular mace compounds were sparingly soluble in 3 % DMSO/97 % water). 

Compounds were either BT, SB, Py; BT-OH, SB-OH, Py-OH (i.e., the corresponding whip 

analogues); or the free aryl-ester “ball.” An aliquot of 6 µL of neat DMSO (without any 

compound) was added to control wells containing proteins. Microplates were then re-

sealed and fibrillization continued for five days (~ 120 hours). Five days was chosen for 

multiple reasons. First, this time period allows insoluble compounds to continually dissolve 

and react, which we feel is important to thoroughly assay reactivity with non-fibrillar 
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control proteins. Second, five days ensures that all protein has fibrillized (lag times of 

unseeded SOD1 fibrillization typically vary from ~ 5-20 hr without outliers aggregating at 

> 60 hr).16 Thirdly, this time period is physiologically relevant considering the long lifetime 

of amyloid166, 167 in vivo and the five day reaction period is a model of continuous dosing 

of long-lived proteins such as amyloid.  Upon completion, replicate solutions from 

microplate wells were combined into a single solution, which was then flash frozen in 

liquid nitrogen and stored at -80 ºC until further analysis via mass spectrometry or use in a 

seeding assay.  

Reaction of molecular maces with native proteins.  Solutions of native myoglobin 

(equine heart), hemoglobin (bovine blood), cytochrome c (equine heart), α-lactalbumin 

(bovine), carbonic anhydrase II (bovine), ubiquitin (bovine), serum albumin (human), and 

holo-WT SOD1 (human) were prepared in 10 mM potassium phosphate buffer, pH 7.4 

(final concentration protein = 1 mg/mL). Solutions of native proteins were incubated and 

gyrated in the microplate well in the exact same fashion as solutions of apo-SOD1, i.e., at 

37 ºC with intermittent gyration (15 s gyration, 15 s pause, 360 rpm) using a Fluoroskan 

Ascent FL® microplate reader. After four hours of gyration, 6 µL of each molecular mace 

(or “ball”) solution (100 mM, dissolved in neat DMSO) was added to three replicate wells 

of protein solution, for a final reaction volume of 200 µL. After the addition of compound, 

incubation continued for five days (~ 120 hr). Once complete, replicate wells were removed 

from the microplate and combined into a single solution. Each solution was flash frozen in 

liquid nitrogen and stored at -80 ºC until further analysis. 
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Reaction of mace compounds with a-Synuclein.  A solution of human a-synuclein 

(1 mg/mL, i.e., ~ 70 µM) was prepared in 10 mM potassium phosphate, pH 7.4 and added 

to wells of a 96 well microplate containing a 3.13 mm Teflon bead. Recombinantly 

expressed a-Synuclein (from E. coli) was purchased from Sigma Aldrich as a lyophilized 

powder and did not contain N-terminal acetylation. The microplate was incubated in a 

Fluoroskan Ascent FL® microplate reader at 37 ºC with intermittent gyration (15 s 

gyration, 15 s pause 360 rpm). Each molecular mace was added to three replicate wells 

after four hours and the microplate was re-sealed and incubated for five days. After the 

five-day fibrillization and reaction period, the protein solutions were removed from the 

wells and replicate solutions were combined and stored at -80 ºC until further analysis. 

Determining solubility of molecular maces with UV-Vis spectroscopy. The 

maximum absorbance wavelength (λmax) and molar extinction coefficient (ε) was 

determined for each molecular mace (BT, SB, Py) and whip (BTOH, SBOH, PyOH) via 

UV-Vis spectroscopy. Each compound was dissolved in neat DMSO at a concentration of 

100 mM and serially diluted to the following concentrations: 10 µM, 5 µM, 1 µM, 0.5 µM, 

and 0.1 µM. Absorbance was measured from 260 to 500 nm. Spectra were collected in at 

least triplicate and the average λmax was determined. The molar extinction coefficient was 

calculated according to Beer’s Law. Solubility in 3 % DMSO/97 % water was determined 

by adding 6 µL of each 100 mM stock solution (in neat DMSO) to 194 µL of aqueous 

buffer (10 mM potassium phosphate, pH 7.4, as was used for all acetylation reactions) in a 

96 well microplate. A precipitate immediately formed in each solution. The solutions were 

incubated at 37 ºC with gyration for 1 day (a Teflon bead was present in each microplate 

well). The mixtures were removed from microplate wells and centrifuged at 17,000 x g for 
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20 min to separate the precipitate from the saturated solution. The supernatant was removed 

and absorbance at λmax was measured. Concentration of each saturated solution (i.e., 

supernatant) was determined using Beer’s Law.  

Turbidity measurements of fibrillar SOD1 with UV-Vis spectroscopy.  To ensure 

that HFIP was dissociating fibrillar SOD1, we measured the turbidity of solutions before 

and after treatment with HFIP. The turbidity of solutions of parent fibrils of SOD1 

(incubated with molecular maces in gyrating microplates) was measured with UV-Vis 

spectroscopy (450-650 nm) at the end of the 5-day period of gyration. The absence of 

turbidity for HFIP-treated SOD1 fibrils was also confirmed with UV-Vis after pelleting of 

a fibril solution (200 µL) via microcentrifuge (17,000 ́  g, 15 min), and dissolution of pellet 

in neat HFIP (dissolution of fibril pellet occurred over a period of 30 min, at room 

temperature). The turbidity of the discarded supernatant was also measured, without the 

addition of HFIP. Each solution (raw fibril solution, supernatant solution, or HFIP-treated 

fibril pellet) was diluted ten-fold into ultra-pure water prior to spectroscopic analysis. 

Quantifying amyloid seeding activity (in vitro) with ThT fluorescence.   Seeded 

fibrillization experiments were carried out by diluting solutions of fibrillar SOD1 (“parent” 

fibrils) 1:10 v/v into solutions of native apo-SOD1 (in the presence of fresh TCEP and 

EDTA). Solutions of native apo-SOD1 were prepared for seeded fibrillization experiments 

in the same fashion as in unseeded fibrillization experiments, except that Thioflavin-T 

(ThT) was added to SOD1 following the 30 min incubation in TCEP/EDTA buffer (recall 

that ThT was not present when fibril seeds were made and reacted with molecular maces, 

as ThT binding might interfere with the binding of molecular maces). Each well of the 
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microplate was administered 180 µL of native apo-SOD1 solution followed by 20 µL of 

seed solution (and a Teflon bead). Final concentrations were as follows: [soluble apo-

SOD1] = 30 µM (dimer); [TCEP] = 10 mM; [ThT] = 20 µM; [fibrillar SOD1 seed solution] 

= 10 % (v/v). The microplate was sealed and inserted into a Fluoroskan Ascent FL® 

microplate reader. The plate was submitted to intermittent gyration (15 s gyration followed 

by 15 s pause) at 360 rpm, 37 ºC for five days (~ 120 hr).  

Each amyloid assay was allowed to proceed for 5 days. This duration has become 

standard for our analysis of SOD1 fibrillization, as previous studies show that SOD1 

fibrillization proceeds stochastically in unseeded microplate assays, with lag times 

exceeding 1 day for a fraction of wells.16 Therefore, as a rule of thumb, we allow amyloid 

assays to proceed for 5 days to ensure that no outlier wells fail to aggregate. Despite these 

long nucleation phases, the majority of SOD1 will leave the monomeric state by 4 hr.16 

While aggregation occurs faster and more reproducibly in the seeded assays, we allow 

seeded assays to proceed for 5 days on the basis of consistency.  

Longitudinal fluorescence data were analyzed using SigmaPlot 14.0. Briefly, data 

was cut to the time point at which quenching of ThT fluorescence began to occur and then 

fit to a four-parameter sigmoid using Equation 1 or a three-parameter exponential growth 

curve using Equation 2.  

Equation 1: ! = 	#! + %

&'()"#
$"$!
% &*

Equation 2: ! = #!	 + %(1 − :#) 

The lag time for fibrillization processes that followed sigmoidal kinetics was calculated as 

x0 – 2b, where x0 is the inflection point (as calculated by the fit), and b is the slope at the 

inflection point. In cases where lag time was calculated to be a negative value, it is reported 
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as 0 hours. For reactions fit to an exponential kinetic profile, the lag time is reported as 0 

hours. Maximum propagation rate was determined by the maximum value of the first 

derivative (which occurs at x = 0 for exponential fits and at the inflection point of sigmoidal 

fits). Kinetic parameters were determined for each reaction well individually and then 

averaged, rather than averaging all replicate data for a given condition and then calculating 

kinetic parameters from an averaged curve.  

Liquid chromatography electrospray ionization mass spectrometry of intact 

proteins.  The presence of acetyl modifications was quantified with LC-ESI-MS. For 

solutions of fibrillar SOD1, a fibril solution (taken from the microplate) was centrifuged in 

a microcentrifuge (17,000 ´ g, 15 min) and the supernatant was removed. The pellet was 

incubated with 100 % 1,1,1,3,3,3-hexafluoroisopropanol (HFIP, Sigma Aldrich) for 30 min 

at room temperature. For the solutions of native proteins (which do not form a pellet upon 

centrifugation, i.e., holo-SOD1, myoglobin, cytochrome c, hemoglobin, etc.), solutions 

were centrifuged for 15 min at 17,000 x g, 4 ℃. The supernatant was incubated with neat 

HFIP (to mimic the conditions used in fibril analysis) to final concentration of 50 % HFIP. 

All protein solutions were diluted (1:10 v/v) into 0.1 % formic acid in Milli-Q 

water. Solutions were injected onto a reversed phase column (C4) and eluted using an 

acetonitrile/water gradient (0.1 % formic acid). Mass spectra were obtained with an 

Orbitrap Discovery (Thermo Scientific) operating in positive ion mode. Mass spectral data 

were analyzed and deconvoluted using the MaxEnt1 deconvolution module in the 

MassLynx software (Waters). All observable charge states of each protein were included 

in the envelope used to create the mass reconstruct (e.g., the SOD1 protein populated 

charge states between + 8 and + 23, all of which were included in analysis). The number 
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of acetyl modifications were determined from the reconstructed mass spectra and 

quantified via integration of each mass spectral peak. The number of acetyl modifications 

was expressed as a weighted average number of acetyl groups per subunit. Capillary 

electropherograms of acetylated proteins were used to verify MS-based quantitation of 

lysine acetylation. 

Liquid chromatography tandem mass spectrometry of trypsinized proteins. 

Aliquots of solutions of SOD1 or α-synuclein fibrils (treated with BT, SB or Py molecular 

maces or DMSO control) were centrifuged at 17,000 ´ g for 15 min (4 ℃) and the 

supernatant was removed. The resulting pellet was dissolved in 20 μL of neat HFIP, which 

evaporated over 4 hours at room temperature. The resulting residue was resuspended in 20 

μL dithiothreitol (DTT, 40 mM in neat DMSO) and diluted into 50 mM Tris-HCl, pH 8.8. 

Trypsin (Trypsin Gold Mass Spectrometry Grade, Promega) was dissolved into 50 mM 

acetic acid in water and added to the solution of defibrillized SOD1 at a molar ratio of 1:20 

(trypsin:SOD1) to achieve final concentrations of 30 μM SOD1, 1.5 μM trypsin, 2 mM 

DTT, 50 mM Tris-HCl, 10 % DMSO, pH 8.0. The digest was incubated for 1 hour at 60 

°C immediately followed by incubation at 37 ºC for 24 hours. After 24 hours, the solution 

was titrated to pH 2.7 for proteolysis with pepsin. Pepsin (porcine, Sigma Aldrich) was 

dissolved in 20 mM potassium phosphate, pH 2.7 and added to achieve a molar ratio of 

1:20 (pepsin:SOD1) and incubated for an additional 24 hours at 37 °C. For myoglobin, 

cytochrome c, hemoglobin, α-lactalbumin, ubiquitin, carbonic anhydrase II, and serum 

albumin, aliquots of post-assay solutions were centrifuged at 17,000 x g for 15 min at 4 ℃ 

and the resulting supernatant was incubated with 100 % HFIP for 2 hours. This solution 

was diluted into 50 mM Tris-HCl, pH 8.8, and trypsin was added at a 1:20 ratio. The digest 
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was incubated for 1 hour at 60 ℃ followed by incubation at 37 ℃ for 24 hours. For 

ubiquitin, the digest was carried out in 6 M urea. The final digest solutions were diluted 

ten-fold with 0.1 % formic acid in water for analysis via mass spectrometry. For LC-MS 

analysis, peptide fragments were separated on a C-18 column using a gradient of 0.1 % 

formic acid and acetonitrile and analyzed with MSE (Waters Synapt G2S) or MSn (Thermo 

Scientific Orbitrap Q Exactive). Proteomic analysis was accomplished using the 

ProteinLynx Global Server (Waters) or Proteome Discoverer (Thermo Scientific) software 

and compared to each protein sequence.  

Synthesis of protein charge ladders and analysis with capillary electrophoresis.  To 

determine the effect of lysine acetylation on the ionization efficiency of proteins during 

ESI-MS, lysine-acetyl “protein charge ladders” were prepared and analyzed with capillary 

electrophoresis and mass spectrometry as previously described. 168 Briefly, solutions of 

myoglobin, holo-SOD1, and cytochrome c were prepared in 100 mM HEPBS, pH 9.0 and 

the concentration was determined via UV-Vis spectroscopy. Acetic anhydride was 

dissolved in 1,4-dioxane to a final concentration of 0.1 M and was added to protein 

solutions (20 molar equivalents for SOD1, 8 molar equivalents for myoglobin and 

cytochrome c). The resulting solution was incubated at room temperature on an orbital 

shaker for 30 min and was transferred to 10 mM potassium phosphate, pH 7.4 via 

centrifugal filtration. The resulting protein charge ladder was analyzed with capillary 

electrophoresis by absorbance at 214 nm as previously described.168, 169 

Capillary zone electrophoresis of de-fibrillized SOD1.  Aliquots (~ 400 μL) of fibril 

solutions treated with BT, SB or Py molecular maces (or DMSO control) were centrifuged 
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at 17, 000 ́  g for 15 min at 4 °C and the resulting supernatant was removed. The remaining 

pellet was incubated with 10 μL of 1 M DTT in HFIP for 30 min. This solution was 

combined with 40 μL of 10 mM potassium phosphate, pH 7.4 and analyzed with capillary 

electrophoresis. All capillary electrophoresis experiments were performed using a 

Beckman P/ACE MDQ equipped with a bare fused silica capillary in a liquid cooled jacket 

(to prevent Joule heating). Migration time was converted to units of mobility (cm2·kV-

1·min-1) by comparison to the elution time of 1 mM dimethylformamide (a neutral marker 

of electroosmotic flow). Electrophoresis was performed at 29 kV for 15 min at 22 °C in 10 

mM potassium phosphate, pH 7.4. Following each run, the capillary was reconditioned 

with successive washes of 100 mM HCl, methanol, ultra-pure water, and 100 mM KOH 

and then re-equilibrated with 10 mM potassium phosphate, pH 7.4. 

Transmission electron microscopy.  The morphology of aggregated SOD1 and a-

synuclein (or lack of aggregated structures in solutions of native holo-SOD1) was 

examined using a JEOL JEM-1010 high contrast transmission electron microscope 

operating at 60 kV and equipped with an XR16 CCD camera. Samples were prepared by 

incubating a copper grid on ~ 10 µL of fibril sample solution for 150 seconds, washing the 

grid with phosphate buffer twice (150 seconds each), and staining with 3 % uranyl acetate 

for 5 seconds. Excess stain was wicked away from the grid with filter paper. The grid was 

stored in a dust-free chamber to dry for at least 2 hours prior to imaging.  

Measuring cytotoxicity of molecular maces in mammalian cells.  Chinese Hamster 

Ovary cells (CHO-K1, ATCC CCL-61) were cultured according to supplier protocols. 

Briefly, cells were cultured in F12K media supplemented with 10 % fetal bovine serum 
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(FBS) and incubated at 37 ℃ in a 5 % CO2 humidified atmosphere. Cells were passaged 

at approximately 80 % confluence and seeded into a cell-culture treated microplate and 

allowed to reattach to the microplate for 12 hr. Molecular maces or the free aryl ester “ball” 

(dissolved in neat DMSO, final [DMSO] = 5 % v/v) were each added to the cells at 

concentrations ranging from 0.1- 100 µM (in triplicate) and incubated for 24 hr. An MTT 

(3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide) cell viability assay was 

then carried out according to manufacturer protocols. Briefly, F12K media was removed 

from the wells and replaced with 100 µL phenol red-free DMEM/F12K media with 10 % 

FBS and 10 µL of 12 mM MTT was added to each well. The microplate was incubated at 

37 ℃ in a 5 % CO2 humidified atmosphere for 4 hr. After 4 hr, all but 25 µL of the media 

was removed and 50 µL DMSO was added to each well and the microplate was incubated 

for an additional 10 min to solubilize the formazan crystals. Well contents were 

homogenized via pipette mixing and absorbance at 540 nm was measured in triplicate. 

Quantifying SOD1 inclusion pathology in organotypic mouse spinal cord.  

Organotypic spinal cord slices were prepared as previously described.26 Briefly, G85R-

SOD1:YFP mice (that under-express G85R SOD1 to a level that does not produce inclusion 

pathology) were euthanized by CO2 asphyxiation, followed by instant decapitation at 7 

days old. The dissected spinal cords were cut to a thickness of 350 μm using a McIlwain 

Tissue Chopper. The slices were placed on 0.4 μm Millipore Millicell-CM membrane 

inserts, transferred to the wells of cell culture plates, and incubated in 50 % (v/v) minimal 

essential medium, 25 % (v/v) heat-inactivated horse serum, 25 % (v/v) Hank’s Balanced 

Salt Solution (HBSS), and supplemented with 6.4 mg/mL glucose and 2 mM glutamine. 

Cultures were incubated at 37 °C in a 5 % CO2 / 95 % air humidified environment. After 
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seven days in culture, 2 µL of each fibril solution was added directly to the top of each 

spinal cord section and was then incubated for four weeks. To assay the fluorescence of 

spinal cord sections, incubation medium was removed from the samples and 4 % of 

paraformaldehyde was added followed by 4-hour incubation at room temperature. Samples 

were rinsed in phosphate buffered saline (PBS), and put directly onto microscope slides. 

The slides were then cover-slipped in Vectastain mounting media containing 4ʹ,6-

diamidino-2-phenylindole (DAPI). Images were collected with a Keyence BZ-X700 

fluorescence microscope. The number of visible inclusions were manually counted by a 

researcher blinded to treatment conditions. Here, a fluorescence micrograph of the entire 

spinal cord slab was examined. Inclusions were counted if they appeared visible in this 4X 

image after correction for autofluorescence (these inclusions are also visible in 20X and 

40X images). 

Synthetic Procedures 

General Chemical Methods.  All reactions were performed under a nitrogen 

atmosphere using flame-dried glassware. N,N-Dimethylformamide (DMF), 

tetrahydrofuran (THF), and dichloromethane (DCM) were dried using a solvent 

purification system manufactured by SG Water U.S.A., LLC. All other commercially 

available reagents were used as received. 

Unless otherwise stated, all reactions were monitored by thin-layer chromatography 

(TLC) using Millipore glass-backed 60Å plates (indicator F-254s, 150-180 μm thickness) 

(Millipore, catalogue #1164850001). MPLC purifications were performed on a Telodyne 

Isco CombiFlash® Rf+ (Model: RF + UV-Vis MS COMP), used with standard Telodyne 
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Isco normal phase disposable columns for flash chromatography and monitored at 

wavelengths of 254 and 280 nm. All melting points were obtained on a Gallenkamp 

variable temperature melting point apparatus. 1H and 13C NMR spectra were recorded on 

a Bruker 400 MHz, Agilent 500 MHz, or Bruker 600 MHz NMR. NMR spectra for each 

compound (and their components) are included below, with with compound numbers in 

bold. Chemical shifts (δ) are reported in parts per million (ppm) relative to internal residual 

solvent peaks from the indicated deuterated solvents (1H: CDCl3 7.26 | 13C: CDCl3 77.16). 

Coupling constants (J) are reported in Hertz (Hz). Multiplicity abbreviations are as follows: 

s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), dt (doublet of 

triplets), m (multiplet) and br (broad signal). High resolution mass spectra were performed 

on a Thermo LTQ Orbitrap Discovery with direct injection followed by electrospray 

ionization (ESI). 

Preparation of Ball-and-Chain Acyl Mace Compounds.  The synthesis of the 

benzothiazole (BT), stilbene (SB), and styrylpyridine (Py) ball-and-chain acyl mace 

compounds are outlined in Scheme 1 (main text). The three binding handle scaffolds 1, 5, 

and 8 were synthesized according to previously published literature.86, 87, 89, 170 Using 

K2CO3 and KI in DMF, the 2-[2-(2-chloroethoxy)-ethoxy]ethanol chain or “linker” was 

conjugated to the binding handle to yield the “whip” compounds 2 and 6.171 For compound 

9, K2CO3 in DMF was used to link triethylene glycol to the binding handle. For 

incorporation of the “reactive ball”, a Mitsunobu reaction was utilized to couple 2-

nitroresorcinol onto the “whip” compounds. The resulting phenol was converted to the 

molecular mace compounds 4, 7, and 10 (BT, SB, Py) by treating the crude product with 

triethylamine and acetyl chloride directly after an aqueous workup of the Mitsunobu 
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reaction. This allowed for an expedited synthesis with an acceptable overall yield (~ 34 %) 

in the two-step process. 

Experimental Procedures. 

2-(2-(2-((2-(4-(dimethylamino)phenyl)benzo[d]thiazol-6-yl)oxy)ethoxy)ethoxy)ethan-

1-ol (2): To a high-pressure reaction flask, 1 (0.507 g, 1.9 mmol, 1 equiv), potassium

carbonate (0.780 g, 5.6 mmol, 3 equiv), 2-[2-(2-Chloroethoxy)ethoxy]ethanol (1.564 g, 9.3 

mmol, 5 equiv), potassium iodide (0.158 g, 0.9 mmol, 0.5 equiv), and DMF (0.1 M, 19 

mL) were added. The solution was heated to 180 °C and stirred for 16 hr. Upon completion, 

the mixture was diluted with water (100 mL) and extracted with EtOAc (3 x 50 mL). The 

organic layer was washed with water (3 x 50 mL) and brine (1 x 50 mL), dried over sodium 

sulfate, filtered, and the solvent was removed under reduced pressure. The crude product 

was purified by flash chromatography (90 % EtOAc/Hexanes). Compound 2 (0.60 g, 81 % 

Yield) was isolated as a yellow solid: mp: >300 °C; TLC (90 % EtOAc/Hexanes): Rf  = 

0.55; 1H NMR (500 MHz, CDCl3): δ = 7.92 (d, J = 9.0 Hz, 2H), 7.88 (d, J = 8.9 Hz, 1H), 

7.34 (d, J = 2.5 Hz, 1H), 7.06 (dd, J = 8.9, 2.5 Hz, 1H), 6.74 (d, J = 9.0 Hz, 2H), 4.20 (m, 

2H), 3.90 (m, 2H), 3.76-7.70 (m, 6H), 3.63 (m, 2H), 3.05 (s, 6H); 13C NMR (150 MHz, 

CDCl3): δ 166.7, 156.3, 152.0, 148.8, 128.7, 122.6, 115.6, 111.8, 105.5, 72.5, 70.9, 70.4, 

69.7, 68.1, 61.8, 40.2; IR (thin film): 2868, 1604, 1490, 1448, 1362, 1285, 1261, 1222, 

S
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OH S

N

O
O

O
OHO

O
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OH

K2CO3, KI, DMF
180 °C1 2
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1187, 1124, 1052, 942, 818 cm-1; HRMS (ESI+): Calcd for C21H27N2O4S [M+H]+: 

403.1692, Found: 403.1686. 

 

(E)-2-(2-(2-(4-(4-dimethylamino)styryl)phenoxy)ethoxy)ethoxy)ethan-1-ol (6): 

Prepared according to the procedure for benzothiazole 2 using potassium carbonate 

(0.276 g, 2.0 mmol, 3 equiv), 2-[2-(2-Chloroethoxy)ethoxy]ethanol (0.336 g, 2.0 mmol, 3 

equiv), potassium iodide (0.055 g, 0.3 mmol, 0.5 equiv), stilbene 4 (0.159 g, 0.7 mmol) 

and DMF (0.1 M, 6.6 mL). The alkylated stilbene 5 was obtained as a yellow solid (0.247 

g, 64 % yield) by flash chromatography (70 % EtOAc/Hexanes). mp: >300 °C; TLC (70% 

EtOAc/Hexanes): Rf = 0.53; 1H NMR (600 MHz, CDCl3): δ = 7.41-7.37 (m, 4H), 6.93-

6.84 (m, 4H), 6.71 (d, J = 8.4 Hz, 2H), 4.15 (t, J= 4.8 Hz, 2H), 3.87 (t, J = 4.8 Hz, 2H), 

3.75-3.70 (m, 6H), 3.63 (m, 2H), 2.97 (s, 6H); 13C NMR (150 MHz, CDCl3): δ 157.8, 

149.9, 131.3, 127.3, 127.2, 127.1, 126.9, 126.2, 124.0, 114.8, 112.5, 72.5, 70.9, 70.4, 

69.8, 67.4, 61.8, 40.5; IR (thin film): 3345, 2872, 1605, 1519, 1447, 1351, 1244, 1179, 

1103, 1058, 968, 945, 829, 806, 533 cm-1; HRMS (ESI+): Calcd for C22H30NO4 [M+H]+: 

372.2175; Found: 372.2174. 

 

(E)-2-(2-(2-((5(-(4-(dimethylamino)styryl)pyridine-2-

yl)oxy)ethoxy)ethoxy)ethanol-1-ol (9): Compound 9 was synthesized according to 

previously published procedure,6 NMR and HRMS are consistent with literature values. 
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mp: >300 °C; TLC (1% MeOH/DCM): Rf = 0.46; 1H NMR (600 MHz, CDCl3): δ = 8.14 

(d, J = 2.4 Hz, 1H), 7.77 (dd, J = 8.6, 2.5 Hz, 1H), 7.39 (d, J = 8.8 Hz, 2H), 6.90-6.80 (m, 

2H), 6.76 (d, J = 8.6 Hz, 1H), 6.68 (d, J = 8.8 Hz, 2H), 4.50 (t, J = 4.8 Hz, 2H), 3.87 (t, J 

= 4.8 Hz, 2H), 3.72-3.66 (m, 6H), 3.61-3.59 (m, 2H), 2.98 (s, 6H); 13C NMR (150 MHz, 

CDCl3): δ 160.6, 150.2, 145.0, 135.2, 128.3, 127.8, 127.5, 125.6, 120.4, 112.5, 111.4, 

72.6, 70.83, 69.9, 65.2, 61.9, 40.6; HRMS (ESI+): Calcd for C21H28N2O4 [M+H]+: 

373.2127; Found: 373.2125. 

3-(2-(2-(2-((2-(4-(dimethylamino)phenyl)benzo[d]thiazol-6-

yl)oxy)ethoxy)ethoxy)ethoxy)-2-nitrophenyl acetate (4): A solution of 2 (0.387 g, 1.0 

mmol, 1 equiv), 2-nitroresorcinol (3) (0.298 g, 1.9 mmol, 2 equiv), triphenylphosphine 

(0.504 g, 1.9 mmol, 2 equiv) in THF (0.1 M, 10 mL) was stirred for 10 min at room 

temperature under an atmosphere of nitrogen. After which diisopropyl azodicarboxylate 

(DIAD) (0.389 g, 1.9 mmol, 2 equiv) was added in one portion. After stirring for 24 hr at 

room temperature, the reaction was extracted into EtOAc (3 x 50 mL) and washed with 

H2O (3 x 50 mL). The layers were separated, and the solvent was removed under reduced 

pressure. The crude phenol product was dissolved in dry DCM (0.1 M, 10 mL), cooled to 

0 °C and treated with Et3N (0.292 g, 2.9 mmol, 3 equiv). Acetyl chloride was added 

dropwise (0.151 g, 1.9 mmol, 2 equiv) and the reaction mixture was warmed to room 

temperature and stirred overnight. After completion, the reaction was diluted with DCM 

and quenched with saturated aqueous NaHCO3. The organic layer was separated, dried 

over sodium sulfate, filtered, and the solvent was removed under reduced pressure. The 
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crude product was purified by flash chromatography (80 % EtOAc/Hexanes) to obtain the 

product as a yellow oil (0.221 g, 40 % yield); mp: >300 °C; TLC (80 % EtOAc/Hexanes): 

Rf = 0.49; 1H NMR (500 MHz, CDCl3): δ = 7.90 (d, J = 8.9 Hz, 2H), 7.84 (d, J = 8.9 Hz, 

1H), 7.36 (t, J = 8.5 Hz, 1H), 7.33 (d, J = 2.4 Hz, 1H), 7.05 (dd, J = 8.9, 2.5 Hz, 1H), 6.91 

(d, J = 8.5 Hz, 1H), 6.83 (d, J = 8.8 Hz, 1H), 6.74 (d, J = 8.9 Hz, 2H), 4.20 (dt, J = 14.1, 

4.7 Hz, 4H ), 3.86 (dt, J = 18.5, 4.7 Hz, 4H), 3.73 (s, 4H), 3.05 (s, 6H), 2.28 (s, 3H); 13C 

NMR (100 MHz, CDCl3): δ 168.0, 166.6, 156.3, 151.9, 151.6, 149.0, 143.2, 135.7, 

131.2, 128.5, 122.7, 121.6, 115.8, 115.5, 111.7, 111.4, 105.5, 71.1, 70.9, 69.8, 69.2, 

68.1, 40.2, 20.6; IR (thin film): 1437, 1188, 1115, 749, 718, 695, 537, 449 cm-1; HRMS 

(ESI+): Calcd for C29H32N3O8S [M+H]+, 582.1910; Found: 582.1905. 

 
(E)-3-(2-(2-(2-(4-(4-(dimethylamino)styryl(phenoxy)ethoxy)ethoxy)ethoxy)-2-

nitrophenyl acetate (7): Prepared according to the procedure for benzothiazole mace 3 

using stilbene 5 (0.154 g, 0.4 mmol), 2-nitroresorcinol (0.129 g, 0.8 mmol, 2 equiv), 

triphenylphosphine (0.218 g, 0.8 mmol, 2 equiv), and DIAD (0.168 g, 0.8 mmol, 2 equiv) 

in THF (0.1 M, 4.0 mL). After standard work up, the crude product was dissolved in DCM 

(0.1 M, 4.1 mL, 1 equiv) and treated with triethylamine (0.125 g, 1.2 mmol, 3 equiv) and 

acetyl chloride (0.065 g, 0.8 mmol, 2 equiv). Yellow solid (0.051 g, 22 % yield); mp: 

>300 °C; TLC (70 % EtOAc/Hexanes): Rf = 0.75; 1H NMR (600 MHz, CDCl3): δ = 7.39-

7.37 (m, 5H), 6.94-6.84 (m, 6H), 6.71 (d, J = 8.8 Hz, 2H), 4.22 (t, J = 4.8 Hz, 2H), 4.14 (t, 

J = 4.8 Hz, 2H), 3.85 (q, J = 5.1 Hz, 4H), 3.72 (s, 4H), 2.97 (s, 6H), 2.29 (s, 3H); 13C NMR 

(150 MHz, CDCl3): δ 168.2, 157.8, 151.6, 149.9, 143.2, 131.4, 131.1, 127.3, 127.11, 

HO
NO2

OH

1. PPh3, DIAD, THF

2. NEt3, AcCl, CH2Cl2

3

N

O
O

O
OH

6

N

O
O

O
O

7

NO2

O

O



94 

127.09, 126.8, 126.1, 124.0, 115.8, 114.8, 112.5, 111.4, 71.1, 70.9, 69.80, 69.75, 69.2, 

67.4, 40.6, 20.7; IR (thin film): 2870, 1771, 1605, 1522, 1364, 1188, 1082, 944, 825, 

688, 535 cm-1; HRMS (ESI+): Calcd for C30H35N2O8 [M+H]+: 551.2393; Found: 

551.2388. 

(E)-3-(2-(2-(2-((5-(4-(dimethylamino)styryl)pyridine-2-

yl)oxy)ethoxy)ethoxy)ethoxy)-2-nitrophenyl acetate (10): Prepared according to the 

procedure for benzothiazole mace 3 using styrylpyridine 8 (0.132 g, 0.35 mmol, 1 equiv), 

2-nitroresorcinol (3) (0.109 g, 0.7 mmol, 2 equiv), triphenylphosphine (0.185 g, 0.7 mmol,

2 equiv), DIAD (0.143 g, 0.7 mmol, 2 equiv) in THF (0.1M, 3.5 mL). After standard work 

up, the crude product was dissolved in DCM (0.1 M, 3.5 mL) and treated with triethylamine 

(0.107 g, 1.1 mmol, 3 equiv) and acetyl chloride (0.055 g, 0.35 mmol, 2 equiv). Yellow 

solid (0.076 g, 39% yield); mp: >300 °C; TLC (30% Acetone/Hexanes): Rf = 0.27; 1H 

NMR (500 MHz, CDCl3): δ 8.14 (d, J = 2.2 Hz, 1H), 7.75 (dd, J = 8.6, 2.4 Hz, 1H), 7.39-

7.37 (m, 3H), 6.95 (dd, J = 8.6, 0.8 Hz, 1H), 6.91 (d, J = 16.3 Hz, 1H), 6.85 (dd, J = 8.3, 

0.9 Hz, 1H), 6.82 (d, J = 16.3 Hz, 1H), 6.76 (d, J = 8.6 Hz, 1H), 6.71 (d, J = 8.8 Hz, 2H), 

4.48 (m, 2H), 4.23 (m, 2H), 3.86-3.83 (m, 4H), 3.71 (s, 4H), 2.98 (s, 6H), 2.28 (s, 3H);  13C 

NMR (150 MHz, CDCl3): δ 168.0, 162.5, 151.6, 150.1, 144.9, 143.2, 135.0, 131.2, 

128.1, 127.5, 127.4, 125.5, 120.3, 115.8, 112.4, 111.5, 111.2, 71.1, 70.7, 69.80, 69.78, 

69.2, 65.2, 40.4, 20.6; IR (thin film): 2888, 1778, 1608, 1565, 1531, 1480, 1368, 1290, 
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1219, 1189, 1127, 1087, 959, 850, 827, 735 cm-1; HRMS (ESI+): Calcd for C29H34N3O8 

[M+H]+: 552.2346; Found: 552.2342.  

 
3-hydroxy-2-nitrophenyl acetate (11): To a flame dried 100 mL flask was added 2-

nitroresorcinol (3) (2.01 g, 13.0 mmol, 1 equiv) and dissolved in dry pyridine (0.9 M, 15 

mL). The solution was cooled to 0 °C and acetic anhydride (1.4 g, 13.6 mmol, 1.05 equiv) 

was added dropwise.  The resulting mixture was allowed to warm to room temperature. 

After stirring for 1 hr, the solvent was removed under reduced pressure. The crude material 

was dissolved in EtOAc (20 mL), washed with water (20 mL), then washed with 1 M HCl 

(20 mL), and washed with water (20 mL) again. The organic layer was dried over MgSO4, 

filtered, and concentrated under reduced pressure. The crude product was purified by 

column chromatography (0 % EtOAc/Hexanes to 40% EtOAc/Hexanes) to obtain the 

product as a greenish/white solid (1.4 g, 54% yield); mp: 73-74 °C; TLC (40% 

EtOAc/Hexanes): Rf = 0.45; 1H NMR (400 MHz, CDCl3): δ = 10.36 (s, 1H), 7.50 (dd, J = 

8.7, 8.0 Hz, 1H), 7.06 (dd, J = 8.7, 1.4 Hz, 1H), 6.71 (dd, J = 8.0, 1.4 Hz, 1H), 2.37 (s, 3H); 

13C NMR (100 MHz, CDCl3): δ = 168.8, 156.0, 145.7, 135.9, 129.1, 117.7, 116.0, 20.9;  

HRMS (ESI+):  Calcd for  C8H7NNaO5 [M+Na]+: 220.0216; Found: 220.0215.

HO
NO2

O

O

HO
NO2

OH
O

O O

pyridine
0 °C to 24 °C

3 11
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1H NMR (600 MHz, Chloroform-d) for BT whip (2) 
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13C NMR (150 MHz, Chloroform-d) for BT whip (2) 
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FT-IR for BT whip (2) 
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1H NMR (600 MHz, Chloroform-d) for SB whip (6) 
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13C NMR (150 MHz, Chloroform-d) for SB whip (6) 
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FT-IR for SB whip (6)  
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1H NMR (600 MHz, Chloroform-d) for BT mace (4) 
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13C NMR (150 MHz, Chloroform-d) for BT mace (4) 
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FT-IR for BT mace (4) 
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1H NMR (600 MHz, Chloroform-d) for SB mace (7) 
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13C NMR (150 MHz, Chloroform-d) for SB mace (7) 
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FT-IR for SB mace (7) 
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1H NMR (600 MHz, Chloroform-d with 1% TMS) for Py mace (10) 
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13C NMR (150 MHz, Chloroform-d with 1% TMS) for Py mace (10) 
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FT-IR for Py mace (10) 



111 

1H NMR (400 MHz, Chloroform-d) for Mono-acylated nitroresorcinol (11) 

HO
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13C NMR (100 MHz, Chloroform-d) for Mono-acylated nitroresorcinol (11) 
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Supporting Results and Discussion 

Quantification of lysine acetylation via ESI-MS.  The number of acetylated lysine 

residues in SOD1, α-Syn, Cyt c, Mb, Hb, α-Lac, Ubq, CAII, and HSA following reaction 

with molecular maces was determined via (+) ESI-MS. We point out that acetylation did 

not significantly diminish the ionization of the intact SOD1 polypeptide or inhibit our 

ability to quantify acetylation with ESI-MS (this point is demonstrated by the similarity in 

capillary electropherograms and mass spectra of acetylated proteins in Figures 2 and 3). 

Using ESI-MS (in positive ion mode) to quantify lysine acetylation can be problematic if 

acetylation of lysine diminishes net ionization.172 Ion quenching can be especially 

pronounced for small peptides with few cationic residues (e.g., the tryptic fragments 

depicted in Figures S6, S7), but is less relevant for larger intact proteins where protonation 

of remaining basic residues compensates for fractional neutralization of Lys-e-NH3+ to 

Lys-e-NHCOCH3.79 For example, the weighted average charge state of SOD1-Ac (0) was 

+17.8, compared to +17.4 for SOD1-Ac (4). As an additional control to demonstrate that 

ESI-MS is a valid tool for quantifying the weighted average number of acetylated lysine in 

SOD1 and control proteins, we compared electropherograms and mass spectra of freshly 

prepared lysine-acetyl “protein charge ladders” of SOD1, myoglobin and cytochrome c 

(Figure 5.2). We also note that previous studies compared capillary electropherograms and 

ESI mass spectra of “protein charge ladders” of SOD1,18, 26, 173 myoglobin,168 cytochrome 

c,168 azurin, 168 and carbonic anhydrase II 79 to establish the validity of ESI-MS (operating 

in positive ion mode) to quantify the relative abundance of acetylated lysine in large intact 

proteins with multiply charged ions.  
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The non-specific nature of lysine acetylation suggests that each peak in the mass 

spectra of intact acetylated SOD1 (Figure 3.2) represents multiple regioisomers with 

unique combinations of acetylated lysine residues. The theoretical maximum number of 

unique regioisomers (m) comprising each peak is factorially related to the total number of 

lysine in SOD1 (N = 11) and the number of acetylated lysine (n) according to the function: 

m = N!/((N-n)!n!). Thus, the population of SOD1 proteins bearing only three acetylated 

lysine residues contain a maximum of 165 unique regioisomers; a population containing 

nine acetylated lysine would contain a maximum of 55 regioisomers. The actual number of 

regioisomers in any population is undoubtedly lower than these maxima because of the 

residue-specific reactivity of each lysine (i.e., the unique pKa of each e-NH3+ group and/or 

its accessibility to reactant). The effects of this polydispersity on fibrillization rates are 

unclear. 

Reactivity of maces with pre-fibrillar SOD1 is likely low.  During the initial reaction 

between molecular maces and fibrillizing SOD1 to create the acetylated seed, we expect 

reactions between molecular maces and apo-SOD1 monomers or dimers to be minimal. 

Maces were added at 4 hours into the unseeded fibrillization process (which was occurring 

in a gyrating microplate). Previous studies, using dynamic light scattering, have shown that 

discrete populations of SOD1 oligomers (r = 102 and 103 nm) form after 3 hours in the 

gyrating microplate, under identical conditions.10 Under these conditions, the decay of the 

SOD1 monomer (into an oligomeric form) proceeds exponentially with a half-life of ~ 2 

hrs. Therefore, the majority of the SOD1 protein should exist in an oligomeric state by 4 

hours.10 
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Insights into intrinsic lysine reactivity.  Control experiments involving the free aryl 

ester demonstrate two points; first, the intrinsic reactivity of lysine-e-NH3+ (nucleophilicity 

and/or accessibility) is similar in fibrillar apo-SOD1 and native holo-SOD1. This 

observation that the free ester acetylates a similar number of lysine in fibrillar apo-SOD1 

as in native holo-SOD1 (Figure 5.11)—whereas the full ball and chain mace acetylates 

only fibrillar SOD1—suggests that amyloid-selective acylation by the mace is caused by 

binding of the mace to the fibril, not increased reactivity of lysine in fibrillar apo-SOD1 

compared to native holo-SOD1. Second, the free aryl ester acetylated more lysine in Hb, 

Mb, Cyt c, and Ubq, than in holo-SOD1 or fibrillar SOD1, e.g., 14.9 acetylated lysine in 

Cyt c versus 7.3 acetylated lysine in holo-SOD1 (Figure 5.11). These results suggest that 

lysine in Cyt c, Hb, Ubq, and Mb are more intrinsically reactive than lysine in SOD1.  

Molecular maces as lead compounds?   Molecular maces have similar structure 

(and similarly poor solubility) to FDA-approved PET agents for amyloid plaques in brain 

and might represent lead compounds for supercharging misfolded proteins. However, the 

physico-chemical properties of maces are—like lead compounds for many successful 

drugs—not optimal for use as an orally administered drug. Each mace breaks at least one 

of “Lipinski’s rule of five” (as do many successful injectable drugs).174 For example, the 

molecular weight of each of the three maces is > 500 Da (i.e., 550-580 Da). The molecular 

maces have low solubility (from 175 nM to 4.6 µM). The multiple rotatable bonds in the 

PEG chain also violate Veber’s rule for an orally active drug. Nevertheless, two molecular 

maces (SB and Py) are nearly identical to the unreactive FDA-approved 18F PET agents 

for amyloid fibrils of Ab (Florbetapir and Florbetaben), with the only difference being the 

addition of the aryl ester and one methyl group, and the absence of 18F atom (the BT mace 
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contains a glycol linker that is not present in its PET derivative, Flutemetamol).  Florbetapir 

and Florebetaben also violate Veber’s rule, which is inconsequential as these PET agents 

are administered intravenously. Florebetaben and Florbetapir also have low solubility in 

water (log P = 3.6 - 4.2; aqueous solubility = 5.8 µg/mL and 1.03 µg/mL)175 and are 

administered to humans in an ethanol/polypropylene or polyethylene glycol/saline 

formulation.  

Furthermore, we expect these types of molecular maces to be chemically modular, 

that is, the substitution of different handles (that might recognize different types of 

oligomers) should not affect the intrinsic reactivity of the aryl ester (i.e., the electrophilicity 

of the carbonyl group).  For example, the glycol chain separates handle and ball at distances 

that minimize through-bond inductive effects between handle and ball. Exceptions to this 

modularity would involve field effects upon hydrophobic collapse of the molecular mace. 

Modularity is important for developing and testing these types of compounds because the 

size and structure of SOD1 complexes that are principally responsible for onset and 

progression of ALS have not been identified with certainty.176 Although the molecular 

mace compounds described in this study were designed and synthesized to bind mature 

amyloid fibrils, the binding handle could be replaced with different scaffolds that recognize 

other misfolded states besides amyloid. 

The low selectivity of molecular maces to acylate native (non-amyloid) proteins 

such as serum albumin, and the long reaction periods that we use (five days) must be 

viewed in the context of the long lifetime of amyloid-like complexes166, 167 relative to 

properly folded proteins (e.g., t1/2 cytochrome c = 10-12 days in neuronal cells177). The 

long half-life of amyloid-like aggregates (i.e., months) would allow the fibril to accumulate 
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numerous acetyl modifications after repeated dosing. In contrast, the average half-life of 

the most abundant proteins in rat neuron and glia enriched cultures is ~ 6 days (for n » 

3000 proteins).177 Although the lifetime or clearance rate of SOD1 inclusions in mice has 

not been measured, the lifetime of Ab inclusions has been estimated to be > 6 months in 

mice and persist at time of sacrifice.166, 178  

While future optimization of these compounds might improve selectivity for 

amyloid, it must be remembered that off-target acetylation in native proteins might be 

tolerable (similar to off-target acetylation by aspirin). The aryl ester “ball” is a derivate of 

aspirin. Aspirin acetylates lysine in hemoglobin and many other proteins, in addition to 

acetylating serine in its primary target, cyclooxygenase.179-181 Reports estimate that the 

aspirin “acetylome” includes  ~ 12,000 sites of acetylation in ~ 4,000 proteins.182 We 

expect that molecular maces will generate their own acetylome in vivo.  

Although this in vitro study did not examine the pharmacokinetic properties of 

molecular maces, the analogs Florbetapir and Florbetaben (and the BT analog 

Flutemetamol) exhibit nanomolar dissociation constants to fibrillar Ab.86, 87, 183 These PET 

agents also cross the blood-brain barrier (in minutes) when administered intravenously.175 

Possible lifetimes of mace-fibril complexes. An educated guess can be made 

regarding reasonable ranges of lifetimes for the mace-amyloid complex. These estimates 

are based upon Kd values of similar compounds (PET agents), and assumptions about 

reasonable values of “on” rates (kon). These zeroth order approximations suggest that the 

lifetime of the mace-amyloid complex is on the order of minutes-hours. For example, 

previous reports of PET agents with similar stilbene-glycol, styrylpyridine-glycol groups, 

have determined nanomolar dissociation constants for interactions with amyloid fibrils of 
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Ab.184, 185 If we assume a 10 nM Kd for molecular maces binding to fibrillar SOD1, and a 

range of possible kon values of 101, 104, or 106 M-1 s-1, then the range of koff values would 

produce half-lives of the amyloid-handle complex of 80 days, 19 hr, and 0.2 hr, 

respectively. If we assume a larger Kd of 10 µM, and kon values of 101, 104, or 106 M-1 s-1, 

the range of half-lives would be 2 hr, 1 min, and 0.7 s, respectively. 

Supplemental Figures and Tables 

 
Figure 5.1. Aqueous solubility of molecular maces. (A) Top: standard solutions were prepared by serial 
dilution of each molecular mace compound into neat DMSO and absorbance from 260-500 nm was measured. 
Bottom: Aqueous solutions of each compound were prepared by adding 6µL of a 100 mM stock solution (in 
DMSO) to 194µL of aqueous buffer (after 1 day incubation in gyrating microplate with Teflon bead, 37 °C, 
pH 7.4). The aqueous solutions were centrifuged to remove any insoluble compound prior to analysis. (B) 
Solubility of each compound in aqueous buffer after 1 day incubation/gyration, pH 7.4, 37 °C. 
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Figure 5.2. Comparison of signal intensity of acetylated protein from (+) ESI-MS and CE. Overlaid capillary 
electropherograms and mass spectra (left) of acetyl charge ladders of (A) SOD1, (B) myoglobin, and (C) 
cytochrome c and comparison of relative quantification of each “rung” of the ladder determined via capillary 
electrophoresis and mass spectrometry.  Actual acetylation numbers are shown in (B) and (C), “n,” “n+1,” 
etc., is shown in (A) because the mass spectra are of monomeric SOD1 rather than of dimeric SOD1 observed 
in capillary electrophoresis.   
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Figure 5.3. Effect of 1,1,1,3,3,3-hexafluoroisopropanol on turbidity of SOD1 fibril solution. The turbidity 
of fibrillar SOD1 (green trace) and de-fibrillized SOD1 (purple trace, treated with 1,1,1,3,3,3-
hexafluoroisopropanol) measured via UV-Vis absorbance (450-650 nm). De-fibrillization was carried out 
by pelleting a fibril solution and resuspending pellet in neat 1,1,1,3,3,3-hexafluoroisopropanol. The 
turbidity of the fibril supernatant was also measured (blue trace). Each sample was diluted ten-fold into 
water prior to spectroscopic analysis.  

Figure 5.4. Effect of compound solubility on reactivity and fibrillization kinetics. (A) The measured solubility 
of each molecular mace compared to the weighted average number of lysine acetylations for fibrillar proteins 
(apo-SOD1, a-synuclein) and native proteins as determined via mass spectrometry. The weighted average 
number of acetylations is also compared to the (B) lag time and (C) propagation rate of seeded SOD1 
aggregation following reaction of the seed with each molecular mace. Human serum albumin was excluded 
from this plot due to difficulty in determining weighted average number of acetylated lysine. 
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Figure 5.5. Reactivity of BT, SB, and Py molecular maces with fibrillar a-Synuclein. Mass spectra of 
recombinant human a-synuclein following 5-day incubation with molecular mace compounds. Each 
acetylation is indicated with Ac(n). The weighted average number of acetylations and amount of unacetylated 
protein remaining (% Ac (0)) are indicated below each mass spectra. Transmission electron micrographs of 
the fibrils at the end of the 5-day incubation period are shown. Scale bars = 100 nm. The residues acetylated 
by each molecular mace in α-synuclein are denoted (•). 
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Figure 5.6. Mass spectra of trypsin/pepsin digest of fibrillar SOD1 after reaction with “ball and chain” 
molecular maces: (A) BT, (B) SB, (C) Py. Mass reconstructs for each peptide include all observed charge 
states. These spectra are only shown for qualitative purposes as the relative abundance of acetylated and 
unacetylated peptides cannot be inferred from intensity of mass spectra due to potential differences in 
ionization efficiency (or the effect of acetylation on the site of proteolysis). Exact m/z values of ions included 
are listed in the upper right of each reconstructed spectrum. Generally, molecular maces acetylated multiple 
lysine residues in fibrillar SOD1, without complete acetylation of any one particular lysine residue. The 
exception is Lys 3, which was not observed in the unacetylated state after incubation with the BT mace. 
Acetylation was observed at each lysine residue, with the exception of Lys 3 following incubation with SB 
and Lys 128 following incubation with BT.  
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Figure 5.7. Tandem mass spectra of peptic and tryptic peptides derived from fibrillar SOD1 after incubation 
with each molecular mace: (A) BT, (B) SB, (C) Py. The spectra shown are examples and do not represent 
all acetylated lysine residues observed. Residue numbers of the N- and C- termini of each peptide are shown, 
acetylated lysine residues are indicated in red.  
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Figure 5.8. Thioflavin-T fluorescence assay of native proteins incubated with molecular maces under non-
reducing conditions. (A) Average ThT-fluorescence over 5 days (~ 120 hr) for holo-SOD1, cytochrome c, 
hemoglobin, myoglobin, ubiquitin, α-lactalbumin, serum albumin, and carbonic anhydrase II in 3 % 
DMSO/97 % H2O (holo-SOD1 n = 3; Cyt c, Hb, Mb, Ubq, α-Lac, SA, CAII n = 6). (B) SDS-PAGE of protein 
solutions before assay (denoted 0 d) and of supernatant at completion of five-day assay (denoted 5 d).  
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Figure 5.9. Reactivity of BT, SB, and Py molecular maces with non-fibrillar metalloproteins. Mass spectra 
of cytochrome c (Cyt c), myoglobin (Mb), hemoglobin (Hb), ubiquitin (ubq), α-lactalbumin (α-Lac), carbonic 
anhydrase (CAII), and human serum albumin (HSA) after incubation with each molecular mace in a gyrating 
microplate (360 rpm, 37 ⁰C) for five days. Each acetylation is indicated with “Ac(n).”  The percent of protein 
remaining fully unacetylated (Ac(0)) and the weighted average number of acetyl modifications (WAVG) are 
noted in the top right corner of each spectrum. Values of Z are from aZahler et al., 2018168, bGary-Bobo and 
Solomon, 1968186, cColton 1997187, or dcalculated from the protein sequence. Gel images show SDS-PAGE 
of the supernatant of centrifuged (13,300 rpm at room temperature) aggregation solutions before (0 days) and 
after (5 days) incubation with molecular maces. 
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Figure 5.10. Tandem mass spectra of peptic and tryptic peptides of (A) myoglobin, (B) cytochrome c, and 
(C) hemoglobin. The spectra shown are examples and do not represent all acetylated lysine residues observed.
The compound identify is listed on left of y axis. Residue numbers of the N- and C- termini of each peptide
are shown, acetylated lysine residues are indicated in red (orange indicates that the location of an acetylated
lysine is ambiguous due to X-K-K-X sequences).
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Table 5.1. Lysine acetylation of myoglobin by BT, SB, and Py “ball and chain” maces. Acetylated residues 
indicated with (●). Acetylation was observed at either lysine 78 and/or 79, but could not be resolved and is 
indicated with (*). 
 

 BT SB Py 

K16    
K42 ●   
K45 ●   
K47 ●   
K50    
K56 ●  ● 
K62  ● ● 
K63    
K77    
K78   * 
K79   * 
K87    
K96    
K98    
K102    
K118    
K133 ●   
K145    
K147    

 
 
 
Table 5.2. Lysine acetylation of cytochrome c by BT, SB, and Py “ball and chain” maces. Acetylated residues 
indicated with (●). Acetylation was observed at either lysine 99 and/or 100, but could not be resolved and is 
indicated with (*). 
 

 BT SB Py 

K5    
K7    
K8    
K13    
K22    
K25  ● ● 
K27    
K39  ● ● 
K53    
K55    
K60    
K72    
K73    
K79   ● 
K86    
K87    
K88    
K99 *   
K100 *   
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Table 5.3. Lysine acetylation of hemoglobin by BT, SB, and Py “ball and chain” maces. Acetylated residues 
indicated with (●). 

BT SB Py 

K7 ● 
K11 ● 
K16 ● ● ● 
K40 ● 
K56 
K61 
K68 ● ● 
K90 
K99 
K127 
K139 ● 

Table 5.4. Lysine acetylation of ubiquitin by BT, SB, and Py “ball and chain” maces. Acetylated residues 
indicated with (●). 

BT SB Py 

K5 ● ● 
K10 ● ● ● 
K26 ● ● ● 
K28 ● ● ● 
K32 ● ● ● 
K47 ● ● ● 
K62 ● ● ● 

Table 5.5. Lysine acetylation of α-lactalbumin by BT, SB, and Py “ball and chain” maces. Acetylated residues 
indicated with (●). 

BT SB Py 

K5 ● ● ● 
K13 ● ● ● 
K16 ● ● 
K58 ● ● 
K62 ● ● ● 
K79 ● ● ● 
K93 ● ● ● 
K94 ● ● ● 
K98 ● ● ● 
K108 ● ● ● 

K114 ● ● ● 
K122 ● ● ●
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Table 5.6. Lysine acetylation of carbonic anhydrase II by BT, SB, and Py “ball and chain” maces. Acetylated 
residues indicated with (●). 

BT SB Py 

K8 ● ● ● 
K17 ● ● ● 
K35 ● ● ● 
K44 ● ● ● 
K75 ● ● ● 
K79 ● ● ● 
K111 ● ● ● 
K112 ● ● ● 
K125 ● ● ● 
K147 ● ● ● 
K157 ● ● ● 
K166 ● ● ● 
K168 ● ● ● 
K170 ● ● ● 
K211 ● ● ● 
K223 ● ● ● 
K250 ● ● ● 
K259 ● ● 
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Table 5.7. Lysine acetylation of human serum albumin by BT, SB, and Py “ball and chain” maces. Acetylated 
residues indicated with (●). 

BT SB Py BT SB Py 

K1 ● ● K340 ● ● ● 
K27 ● ● ● K346 ● ● ● 
K35 ● ● ● K374 ● ● ● 
K43 ● ● ● K382 ● ● ● 
K64 ● ● ● K395 ● ● ● 
K74 ● ● ● K401 ● ● ● 
K87 ● ● ● K412 ● ● ● 
K96 ● ● ● K425 ● ● ● 
K116 ● ● ● K436 ● ● ● 
K129 ● ● ● K437 ● ● ● 
K159 ● ● ● K455 ● ● ● 
K160 ● ● ● K459 ● ● ● 
K182 ● ● ● K462 ● ● ● 
K185 ● ● ● K467 ● ● ● 
K197 ● ● ● K489 ● ● ● 
K204 ● ● ● K498 ● ● ● 
K213 ● ● ● K523 ● ● ● 
K218 ● ● ● K542 ● ● ● 
K222 ● ● ● K547 ● ● ● 
K228 ● ● ● K548 ● ● ● 
K235 ● ● ● K557 ● ● ● 
K248 ● ● ● K559 ● ● ● 
K256 ● ● ● K561 ● ● ● 
K263 ● ● ● K564 ● ● ● 
K285 ● ● ● K568 ● ● ● 
K297 ● ● ● K580 ● ● ● 
K299 ● ● ● K583 ● ● ● 
K304 ● ● ● K587 ● ● ● 
K309 ● ● ● K596 ● ● ● 
K336 ● ● ● K597 ● ● ● 
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Figure 5.11. Reactivity of apo- and holo-SOD1 and control proteins with reactive “ball.” Mass spectra of 
each protein following five-day incubation (in a gyrating microplate, 37 °C) with the free aryl-ester “ball.” 
The weighted average number of lysine acetylations (WAVG) is shown in red. No unacetylated protein 
remained after reaction with the “ball” for any protein studied, except for CA II. Non-native apo-SOD1 refers 
to apo-WT SOD1 which was subjected to aggregation conditions, however minimal aggregates were formed 
during the five-day reaction. 
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Figure 5.12. Effects of molecular maces and whip analogues on the ex vivo seeding activity of SOD1 fibrils 
in organotypic murine spinal cord. Inclusion pathology as produced by the addition of (A-C) SOD1 fibrils 
acetylated with BT, SB, or Py molecular maces (images in A-C represent further replicates of images in 
main text, Figure 5), (D-F) SOD1 fibrils treated with BTOH, SBOH, or PyOH whip analogues. Scale bars 
represent 40 µm. 
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Figure 5.13. Viability of CHO-K1 cells after incubation with molecular maces. Cell viability assessed using 
an MTT assay. Following 24 hr incubation with each compound, cells were treated with MTT and incubated 
for 4 hours. The resulting formazan crystals were solubilized with DMSO and absorbance at 540 nm was 
measured. Shaded gray region indicates range of aqueous saturation of each compound (solubility limit).  
The 0 µM value shown in each plot represents the absorbance of cells grown in 5% DMSO alone (gray dot). 
Statistical analysis was performed with unpaired Student’s T-test, p values shown represent the comparison 
between 0.1 µM and 100 µM.  
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Visualizing 3D Imagery by Mouth Using Candy-Like Models 

Table 5.8: Retrospective analysis of prior studies of tactile spatial acuity of fingertips in blind and sighted 
individuals. Adapted by permission from Springer Nature Customer Service Centre GmbH: Springer 
Perception & psychophysics, Retention of high tactile acuity throughout the life span in blindness. Legge et 
al., 2008. (44) with additional data from previous studies (42, 45, 48).   Standard deviations were not reported 
in any study and were calculated from the reported standard error of the mean and sample size. Italicized 
values were derived from graphical data because exact values were not reported in the original work.  The p-
value was calculated by an unpaired Student’s t-test. 

Study Method Subject Group n mean SE SD 

Norman & 
Bartholomew 

2011 
(45) 

grating 
orientation 
threshold 

sighted 16 2.3 N/A N/A 

blind 16 1.62 N/A N/A 
Van Boven et al. 

2000 
(43) 

grating 
orientation 
threshold 

sighted 15 1.46 0.12 0.465 

blind 15 1.04 0.05 0.194 
Stevens et al. 

1996 
(46) 

gap detection 
threshold 

sighted all 36 1.74 N/A N/A 

blind all 36 1.35 N/A N/A 
Goldreich & Kanics 

2003 
(47) 

grating 
orientation 
threshold 

sighted (all) 47 2.16 0.07 0.480 

blind (all) 43 1.84 0.085 0.557 
Wong et al. 
2011 
(42) 

grating 
orientation 
threshold 

sighted 55 1.95 0.05 0.371 

blind 28 1.7 0.08 0.423 
Alary et al. 
2009 
(48) 

grating 
orientation 
threshold 

sighted (1) 17 0.99 0.045 0.186 
sighted (2) 30 1.12 0.08 0.438 
blind 16 0.97 0.031 0.124 

Grant et al. 
2000 
(49) 

grating 
orientation 
threshold 

sighted 39 1.35 0.13 0.812 

blind 24 1.28 0.11 0.539 
Dinse et al. 
2006 
(50) 

1 or 2 point 
discrimination 

young sighted 79 1.58 0.02 0.170 

old sighted 13 3.4 0.09 0.500 
Vega-Bermudez & 

Johnson 
2004 
(51) 

grating 
orientation 
threshold 

young sighted 18 1.21 0.08 0.330 

old sighted 9 1.97 0.12 0.430 
Ragert et al. 
2004 
(52) 

1 or 2 point 
discrimination 

young sighted, pianists 14 1.11 0.12 0.449 
young sighted, non- 

musicians 16 1.61 0.04 0.160 
n mean error p 

Overall 
Sighted 404 1.58 0.390 

0.0007 
Blind 178 1.48 0.430 
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