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1 |  Introduction

Proteinopathies are diseases in which proteins self-assem-
ble abnormally into cytotoxic oligomers and aggregates. 
Examples of proteinopathies include Alzheimer’s disease, 
Parkinson’s Disease, Huntington’s Disease, and transthyre-
tin amyloidoses involving aggregation of amyloid β-protein 

(Aβ) and tau, α-synuclein, huntingtin, and transthyretin, 
respectively (1). There are currently no disease-modifying 
therapies for most proteinopathies (2). In each disease, the 
aberrant protein(s) oligomers and amyloid fibrils can lead to 
cellular dysfunction and death (3). Therefore, discovery of 
compounds that can prevent and/or reverse the formation of 
these toxic assemblies is an attractive strategy for developing 
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Abstract
Small-molecule inhibitors of abnormal protein self-assembly are promising candi-
dates for developing therapy against proteinopathies. Such compounds have been 
examined primarily as inhibitors of amyloid β-protein (Aβ), whereas testing of in-
hibitors of other amyloidogenic proteins has lagged behind. An important issue with 
screening compound libraries is that although an inhibitor suitable for therapy must 
be both effective and nontoxic, typical screening focuses on efficacy, whereas safety 
typically is tested at a later stage using cells and/or animals. In addition, typical 
thioflavin T (ThT)-fluorescence-based screens use the final fluorescence value as a 
readout, potentially missing important kinetic information. Here, we examined po-
tential inhibitors of superoxide dismutase 1 (SOD1) using ThT-fluorescence includ-
ing the different phases of fluorescence change and added a parallel screen of SOD1 
activity as a potential proxy for compound toxicity. Some compounds previously 
reported to inhibit other amyloidogenic proteins also inhibited SOD1 aggregation at 
low micromolar concentrations, whereas others were ineffective. Analysis of the lag 
phase and exponential slope added important information that could help exclude 
false-positive or false-negative results. SOD1 was highly resistant to inhibition of its 
activity, and therefore, did not have the necessary sensitivity to serve as a proxy for 
examining potential toxicity.

K E Y W O R D S

Proteinopathies, amyloid, enzyme activity, Thioflavin T, therapeutic index

www.wileyonlinelibrary.com/journal/fsb2
mailto:
mailto:gbitan@mednet.ucla.edu


11958 |   MALIK et AL.

therapies against proteinopathies (4). However, whereas 
this strategy has been explored extensively for Alzheimer’s 
disease, primarily focusing on inhibitors of Aβ aggregation 
and oligomerization (5), far fewer examples exist in the lit-
erature of testing small molecules as inhibitors of other amy-
loidogenic proteins. An important consideration in efforts to 
discover drug candidates based on this strategy is that such 
compounds must have a sufficient therapeutic index (TI), 
which typically means that the ratio of half-maximal lethal 
dose (LD50) or toxic dose (TD50) should be 100-1,000-times 
higher than the half-maximal efficacious dose (ED50).

Ideally, both the efficacy of aggregation inhibition and 
the compound’s potential toxicity would be tested in parallel 
during the initial screening. In practice, however, the capa-
bility of compounds to inhibit aggregation often is screened 
initially in vitro whereas toxicity is tested in later steps in cell 
culture and/or animal models. Due to the significant expense 
and time required for such screening efforts, particularly if 
compounds are found to be toxic at relatively late stages, 
we asked if a simpler in vitro system could be developed 
for parallel testing of aggregation inhibition and toxicity. In 
principle, such a system could be developed if an essential 
functional property of an aggregation-prone protein could be 
used, inhibition of which would serve as a proxy for cellu-
lar toxicity. Measuring a compound’s potential to inhibit the 
protein’s function in parallel to testing the ability of the same 
compound to inhibit its aggregation would provide a conve-
nient combined toxicity-efficacy screen in vitro. However, 
many amyloidogenic proteins, especially those involved in 
the major proteinopathies, such as, Aβ, tau, and α-synuclein, 
do not have an easily measurable function that can be tested 
in vitro. In contrast, the enzyme superoxide dismutase 1 

(SOD1) has an easily measured essential activity—elimina-
tion of superoxide radical anions. Therefore, we chose SOD1 
here as a potentially convenient system for testing this strat-
egy (Figure 1).

SOD1 exhibits a gain of toxic function when mutations in 
the gene cause destabilization of the protein structure lead-
ing to formation of neurotoxic oligomers and aggregates in 
familial amyotrophic lateral sclerosis (fALS) (6). SOD1 is 
found normally in mitochondria where it converts superoxide 
radical anions, formed as a byproduct of mitochondrial res-
piration, into less toxic hydrogen peroxide (7). Subsequently, 
hydrogen peroxide is converted into water and oxygen by 
catalase. If a potential aggregation inhibitor were to prevent 
the function of SOD1, it would lead to a buildup of highly 
cytotoxic superoxide radical anions. Thus, the absence of 
SOD1 in homozygous SOD1-null mice leads to accelerated 
muscle loss and weakness (8) and yeast cells lacking SOD1 
have disrupted metabolism, evidenced by a slower growth in 
early stages of culture followed by a complete halt of growth 
(9). Furthermore, a proposed mechanism for lead poisoning 
is through inhibition of SOD1 antioxidant activity leading to 
the accumulation of reactive oxygen species (10).

The enzymatic activity of SOD1 can be quantified indi-
rectly using a colorimetric assay that measures the reduction 
of the colorless tetrazolium salt sodium 3′-[1-[(phenylami-
no)-carbony]-3,4-tetrazolium]-bis(4,6nitro)benzene-sulfonic 
acid (XTT) to a colored formazan (11). In this assay, the sub-
strate for SOD1, the superoxide radical anion, is produced by 
the enzymatic reaction between xanthine oxidase and hypox-
anthine (12) (Figure 2). When SOD1 is active, it reacts with 
the superoxide radical anions to produce hydrogen peroxide, 
preventing the reaction of the superoxide radical anions with 

F I G U R E  1  Design of the parallel in vitro efficacy/toxicity screen. Safety testing examines the compounds for inhibition of SOD1 activity 
using the XTT assay. Compoundsthat inhibit the activity assay are rejected. Efficacy testing examines the compounds in parallel for inhibition of 
SOD1 aggregation using the ThT-fluorescence assay. Successful compounds are those that test negative for toxicity and positive for efficacy.
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XTT and leaving a colorless solution (Figure 2). If the ac-
tivity of SOD1 is inhibited, the superoxide radical anions 
reduce XTT to the orange formazan. The absorbance of the 
formazan is directly proportional to the fraction of inactive 
SOD1 in the reaction (11).

Wild-type (WT)-SOD1 has an unusually high thermal 
stability and is resistant to denaturation (13). However,  
mutations in the cognate SOD1 gene lead to amino acid 
substitutions yielding SOD1 variants that are prone to mis-
folding and aggregation (7), which can be easily monitored 
using the thioflavin T (ThT) fluorescence assay (14). ThT 
is an amyloid-binding dye that shows increased fluorescence 
upon binding to the cross-β structure of amyloid fibrils. The 
final fluorescence level is thought to correlate directly with 
the amount of amyloid fibrils formed, and therefore, has 
been used for screening of potential aggregation inhibitors, 
although this strategy is prone to artifacts. For example, com-
petition between ThT and a potential inhibitor for the same 
binding sites or quenching of ThT fluorescence by the test 
compound would lead to a false-positive result. Contrarily, 
interaction between the test compound and ThT that would 
force ThT into planarity, thereby increasing the measured 
fluorescence, can lead to a false-negative result. Another 
complication is the stochastic nature of the aggregation reac-
tion, which in the case of SOD1 has been shown by several 
studies to be an intrinsic feature causing the kinetics to vary 
substantially (15-18), which also may lead to false results in 
a screen if the majority of the replicates fail to yield a sub-
stantial increase in fluorescence during the time of the assay. 
Here, we tested several compounds previously reported to 
inhibit the aggregation of other proteins for their potential 
inhibition of SOD1 using the ThT assay. To account for the 
potential issues mentioned above, we analyzed separately the 
different phases of the sigmoidal curve. In addition, because 
simple in vitro assays exist for measuring both SOD1’s nor-
mal function and its abnormal aggregation, we tested whether 

side-by-side measurement of both could provide a system for 
parallel toxicity and efficacy screening of assembly inhibi-
tors and modulators.

2 |  Materials  and methods

2.1 | Expression of SOD1 in yeast

Human WT SOD1 was expressed in yeast and purified as 
described previously (19). Briefly, a recombinant SOD1 
plasmid was used to transform EG118 Saccharomyces cer-
evisiae cells, in which the endogenous yeast sod1 gene is 
ablated. The expression vectors were cloned previously 
by the Valentine group, Department of Chemistry and 
Biochemistry, UCLA, in a YEp-351 plasmid with a LEU2 
marker. The cells were transformed using the lithium-
acetate method (20) and grown on synthetic defined leu-
cine (SD-Leu) agar media first, and then in liquid media at 
30°C. The culture was scaled up in Yeast-Extract Peptone 
Dextrose (YPD) media (Becton Dickinson) and cells were 
collected by centrifugation at 4,600 g for 10-20 min at 4 ºC.

The cell pellet was resuspended in a lysis buffer and 
SOD1 was purified by sequential chromatography as de-
scribed previously (19). The collected pure fractions were 
pooled after measuring SOD1 activity and purity using the 
XTT assay and SDS-PAGE/Coomassie Blue staining, re-
spectively. One part of pure SOD1 preparation was kept 
in the metallated form for the enzyme activity assay and 
the other part was de-metallated for the aggregation assay 
by stepwise dialysis against: 1) 10 mM EDTA, 100 mM 
sodium acetate, pH 3.8; 2) 100 mM NaCl, 100 mM sodium 
acetate, pH 3.8; and 3) 10 mM potassium phosphate, pH 
7.0. De-metallated and metallated forms of purified SOD1 
were aliquoted and flash frozen for storage at -80°C until 
further use.

F I G U R E  2  A schematic representation of the safety assay. Hypoxanthine is converted by xanthine oxidase into a superoxide radical anion, 
which serves as a substrate for SOD1. Active SOD1 converts the superoxide radical anion into hydrogen peroxide, which in the cell is further 
reduced into water and oxygen by catalase. In the in vitro assay, inhibition of SOD1 allows the superoxide radical anion to react with XTT and 
convert it into an orange formazan dye, which can be quantified in typical multi-well plates.
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2.2 | Compounds

Fifteen compounds were chosen for testing (Figure 3). Ten 
compounds were chosen because they were reported pre-
viously to inhibit the aggregation of other amyloidogenic 

proteins and to our knowledge, their inhibition of SOD1 ag-
gregation or activity has not been studied previously. Five 
additional compounds were chosen due to their reported or 
proposed inhibition of SOD1 activity and their impact on 
SOD1 aggregation has not been studied previously. All the 

F I G U R E  3  Compounds selected for screening as inhibitors of SOD1 aggregation and enzymatic activity.
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compounds (Figure 3) were obtained from Sigma-Aldrich 
except for CLR01, which was prepared as described previ-
ously (21).

2.3 | Thioflavin T (ThT) Fluorescence Assay

De-metallated SOD1 was used for the aggregation assay as 
in this form SOD1 can easily be induced to aggregate by 

reducing its disulfide bonds (22-24). SOD1 was incubated 
at a concentration of 40 µM in the absence or presence of 
0.3, 1, 3, or 10 molar equivalents of each compound in  
10 mM potassium phosphate, pH 7.4, containing 40 µM ThT 
and 50 mM Tris(2-carboxyethyl)phosphine (TCEP) in a final 
volume of 100 µL (19). The aggregation assay was carried 
out in 96-well, opaque-walls, clear flat-bottom wells, each 
containing a Teflon ball to assist with agitation. Triplicate 
samples were incubated at 37°C with agitation at 300 rpm in 

F I G U R E  3  Continued
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a Synergy HTX plate reader (BioTek Instruments) in three 
independent experiments. ThT fluorescence was measured 
every 15 minutes using λex = 420 nm and λem = 485 nm for 

48 h. Positive controls excluded the compounds and nega-
tive controls excluded SOD1 at each concentration. SOD1 
aggregation was normalized to the positive control where no 

F I G U R E  4  Dose-response analysis of strong inhibitors. ThT fluorescence curves in the presence of increasing concentrations of A) eosin Y, 
C) tranilast, E) lacmoid, and G) myricetin are shown as mean ± SEM of 3 independent experiment each done in 3 technical replicates. Curve fitting 
using nonlinear regression is shown in panels, B, D, F, and H, respectively.
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compound was added and considered 100%. Lag times were 
determined quantitatively using R. We devised an algorithm 
that measures the slope using 5 consecutive data points at a 
time. If the slope using the first 5 points did not diverge from 
0 (p > 0.05), the next set of 5 points (ie, 2 to 6) were used 
and so on. The last point in which the slope did not diverge 
from 0 was determined as the lag time and the next point as 
the beginning of the slope. Plateau values were calculated by 
averaging the final ten fluorescence values. Maximum ve-
locity was determined by calculating the first derivative of 
the graph and extracting the maximum value. Data were ana-
lyzed in Prism 8.3.0 (GraphPad) by using nonlinear regres-
sion and four-parameter curve fitting.

2.4 | SOD1 Enzymatic Activity Assay

We used purified, fully metallated SOD1 as the metal co-
factors are required for the enzymatic activity of the protein 
(25,26). The enzymatic activity of SOD1 was analyzed using 
7.5 nM of the enzyme. The reaction mixture consisted of 
4.92 mM hypoxanthine, 7.5 nM xanthine oxidase, 2.28 nM 
catalase, 2.42 mM XTT and increasing concentrations of all 
compounds up to 10,000-fold excess in phosphate-buffered 
saline, pH 7.2, in a final volume of 325 µL except, lung can-
cer screen 1 (LCS-1) and triethylenetetramine tetrahydro-
chloride (TETC), which were tested up to 1,000,000-fold 
excess. Samples were incubated in clear-walled, flat-bottom, 

F I G U R E  5  Dose-response analysis of the second group of strong inhibitors. ThT fluorescence curves in the presence of increasing 
concentrations of A) methylene blue, C) EGCG, and E) LCS-1 are shown as mean ± SEM of 3 independent experiment each done in 3 technical 
replicates. Curve fitting using nonlinear regression is shown in panels, B, D, and F, respectively.
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96-well plates for 2 hours at 25°C. The absorbance of the 
formazan dye was monitored at λ = 490 nm every 30 s in 
a VERSAmax microplate reader (Molecular Devices). Each 
reaction was monitored in three independent biological rep-
licates, each done in triplicate. Enzymatic activity was de-
termined by analyzing the initial rate of enzyme reaction in 
each condition by conversion of absorbance values per time 
to initial enzymatic-activity rate using R (27). The initial rate 
was calculated by fitting a linear regression through the first 
50 data points, corresponding to the first 25 minutes of the 
reaction. The slope was taken as the initial rate, normalized to 
the positive control, in which no SOD1 was included (0% of 
original enzymatic activity) and the negative control contain-
ing no inhibitor (100% of original enzymatic activity). Plots 
were generated in Prism 8.3.0 (GraphPad).

2.4.1 | Results

Inhibition of SOD1 aggregation
ThT fluorescence increases substantially when the com-
pound becomes quasi-planar upon binding to the cross-β 
structure of amyloid fibrils (28). Therefore, an increase in 
fibril formation often correlates with an increase in ThT fluo-
rescence. The rate of this increase can be described by a sig-
moidal curve characterized by an initial lag phase, followed 

by a sharp increase in fluorescence, and a final plateau phase. 
The initial lag phase typically is interpreted as the time in 
which aggregation nuclei form. Within the sharp increase, 
which signifies fibril elongation and/or secondary nucleation 
(29), the maximum velocity is a convenient way for com-
paring rates. The final plateau represents the highest value 
reached where the maximum amount of β-sheet conversion 
occurred (in some cases, after the fluorescence has reached 
a plateau, a decrease in ThT fluorescence is observed when 
fibrils associate laterally, excluding some ThT binding sites). 
We extracted these three parameters to gain insight into the 
effect of each compound on SOD1 aggregation and allow 
a detailed comparison among the compounds. Because un-
seeded SOD1 aggregation is known to be a stochastic process 
(15,16,18), we used SOD1 alone as a positive control in every 
plate for comparison with the reactions in the presence of the 
different compounds. The IC50 values were calculated using 
the specific positive control reaction for each compound.

An increase in the lag time and a decrease in the plateau 
and slope values would signify effective inhibition (19,30). 
Thus, we calculated the half-maximal inhibitory concentra-
tion (IC50) for each compound’s effect on these three param-
eters. Because the plateau value is the one typically used in 
compound screening, we used this value for an initial com-
parison of the effects of the different compounds, divided 
them into groups based on the observed IC50-Plateau values, 

F I G U R E  6  Dose-response analysis of moderate inhibitors. ThT fluorescence curves in the presence of increasing concentrations of A) 
CLR01 and C) neocuproine are shown as mean ± SEM of 3 independent experiment each done in 3 technical replicates. Curve fitting using 
nonlinear regression is shown in panels, B and D, respectively.
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and then, asked how the other two parameters, IC50-Lag time 
and IC50-Slope compared with the IC50-Plateau. Compounds for 
which the IC50-Plateau values were below the concentration 
of SOD1 used in the experiments, 40 µM, were considered 
strong inhibitors (Figures 3,4). Those with IC50-Plateau values 
between 40 and 80 µM were considered moderate (Figure 6), 
and compounds with higher IC50-Plateau were defined as weak 
inhibitors (Supplementary Figure S1). Dose-response curves 

are shown only for the IC50-Plateau, whereas the values of the 
three parameters for all the compounds are summarized in 
Table 1.

The strongest inhibitors based on the plateau values were 
eosin Y (Figure 4A), IC50-Plateau = 3.1 ± 1.3 µM (Figure 4B),  
tranilast (Figure 4C)—3.6 ± 1.8 µM (Figure 4D), lacmoid 
(Figure 4E)—4.8 ± 1.5 µM (Figure 4F), and myricetin  
(Figure 4G)—7.0 ± 0.9 µM (Figure 4H). However, although the 

F I G U R E  7  LCS-1 and TETC inhibit xanthine oxidase. A) LCS-1 or B) TETC were added to the XTT assay system in the absence of SOD1 
in three independent experiments, each done in three technical replicates. The data are presented as mean ± SEM.

T A B L E  1  Inhibition of SOD1 aggregation and activity. IC50 values were calculated for each parameter separately by non-linear regression 
using four parameter curves.

Compound

SOD1 aggregation kinetic parameters Enzyme activity In-vitro 
“therapeutic 
index” (ratio 
of normalized 
IC50 values)

IC50 lag 
time (µM)

IC50 slope 
(µM) IC50 plateau (µM)

IC50 xanthine 
oxidase (µM)

IC50 SOD1 
(µM)

CLR01 41 ± 29 8 ± 4 40 ± 26 >75,000 >75,000 >46

Curcumin 62 ± 56 21 ± 14 NE >75,000 >75,000 >30

Eosin Y 15.2 ± 0.0 2.3 ± 0.9 3.1 ± 1.3 >75,000 >75,000 >123

Epigallocatechin gallate (EGCG) 23 ± 9 3 ± 2 20 ± 10 >75,000 >75,000 >82

Hesperidin 100 ± 26 414 ± 313 NE >75,000 >75,000 >5

Indapamide NE 186 ± 113 422 ± 347 >75,000 >75,000 >4

Lacmoid 13 ± 2 4.4 ± 0.8 4.8 ± 1.5 >75,000 >75,000 >144

Lung cancer screen 1 (LCS-1) 92 ± 17 55 ± 48 35 ± 2 229 ± 250 NA NA

Methylene blue 271 ± 177 26 ± 9 18 ± 11 >75,000 >75,000 >7

Myricetin 7 ± 2 5.4 ± 0.9 7.0 ± 0.9 >75,000 >75,000 >268

Neocuproine 52 ± 44 398 ± 23 51 ± 47 >75,000 >75,000 >5

Potassium cyanide (KCN) NE NE NE >75,000 39 ± 7 NA

Sodium diethyldithiocarbamate 
(DDC)

45 ± 26 63 ± 29 NE >75,000 5.6 ± 0.5 0.002

Triethylenetetramine 
tetrahydrochloride (TETC)

NE 1767 ± 1551 NE 1036 ± 827 NA NA

Tranilast 206 ± 141 187 ± 182 3.6 ±1.8 >75,000 >75,000 >9

The values are shown as mean ± SEM. NA = not applicable, NE = no effect. For calculation of the in-vitro “therapeutic index” (TI) the half-maximal inhibitory 
concentration of enzyme activity normalized to the concentration of active SOD1 in the XTT assay was divided by the largest of the three IC50 values for SOD1 
aggregation normalized to the concentration of de-metallated SOD1 in the ThT-fluorescence assay. 
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IC50 values of these compounds were close, examination of the 
dose-response curves showed that they displayed distinct behav-
iors. Eosin Y and lacmoid decreased the plateau values sharply 
already at the lowest concentration used, 12 μM (corresponding 
to a compound:SOD1 molar ratio = 0.3) followed by a more 
gradual decrease (Figure 4B,F), whereas the effect of myricetin 
was gradual throughout the concentration range used (Figure 
4H). Peculiarly, tranilast decreased the plateau value sharply at 
a tranilast:SOD1 concentration ratio = 0.3 to ~50% the control 
value but no further decreased was observed at higher concen-
trations (Figure 4D). Myricetin had the strongest impact on the 
lag time, IC50-Lag time, 5.4 ±0.9 µM, suggesting that it inhibited 
strongly the nucleation step in SOD1 aggregation. Lacmoid 
and Eosin Y also were relatively strong inhibitors of the nu-
cleation step, with IC50-Lag time = 13 ± 2 and 15.2 ± 0, respec-
tively, whereas tranilast was a weak inhibitor of the lag phase, 
IC50-Lag time = 206 ± 141 µM. Tranilast also had a weak effect 
on the exponential increase phase, IC50-Slope = 187 ± 182 µM,  
whereas the three other compounds were strong inhibitors 
(Table 1). These results demonstrated that adding the lag-time 
and slope analysis of the inhibitors’ effect on SOD1 aggrega-
tion yields a different picture than analysis of the plateau alone. 
When all three parameters are considered, myricetin emerges 
as the strongest inhibitor whereas tranilast appears to be a weak 
inhibitor, suggesting that its effect on the plateau value would 
lead to a false-positive result in a typical screen.

In the next group of strong inhibitors, methylene blue 
(Figure 5A) reduced the plateau value with IC50-Plateau = 18 ± 
11 µM (Figure 5B), epigallocatechin gallate (EGCG, Figure 5C)  
with IC50-Plateau = 20 ± 10 µM (Figure 5D), and LCS-1 (Figure 
5E) with IC50-Plateau = 35 ± 2 µM (Figure 5F). All three com-
pounds showed a gradual decrease in the ThT-fluorescence 
plateau value across the concentration range used (Figure 5). 
EGCG also showed strong effects on the lag time (IC50-Lag time =  
23 ± 9 μM) and particularly on the slope (IC50-Slope = 3 ± 2 μM),  
whereas methylene blue inhibited the slope with IC50-Slope = 
26 ± 9 μM but had a weak impact on the lag time (IC50-Lag 

time = 271 ± 177), suggesting that it affected primarily the 

elongation of SOD1 fibrils but not the nucleation step. LCS-1 
was a moderate inhibitor of the slope (IC50-Slope = 55 ± 48 μM) 
and a weak inhibitor of SOD1 nucleation (IC50-Lag time = 92 ± 
17 µM). Considering all three parameters, EGCG appeared to 
be the strongest inhibitor in this group, despite having a higher 
IC50-Plateau value than methylene blue.

The moderate-inhibitor group included CLR01 (Figure 6A)  
and neocuproine (Figure 6C), which showed IC50-Plateau  
values of 40 ± 26 µM and 51 ± 47 µM, respectively  
(Figure 5B,D). Both compounds also had moderate effects 
on the lag time, IC50-Lag time = 41 ± 29 µM and 52 ± 44 µM, 
respectively. However, unlike neocuproine, which had a 
weak effect on the slope (IC50-slope = 398 ± 23 µM), CLR01 
showed strong inhibition of the slope (IC50-slope =8.3 ±4.3 
µM), suggesting that its main effect was on SOD1 elongation 
and/or secondary nucleation.

In the weak-inhibitors group, curcumin, sodium dieth-
yldithiocarbamate (DDC), hesperidin, indapamide, KCN, 
and TETC did not affect the ThT fluorescence plateau mean-
ingfully up to 10-fold excess (Supplementary Figure S1). 
However, two of these compounds, curcumin (IC50-Lag time = 
62 ± 56 µM, IC50-Slope = 21 ±14 µM) and DDC (IC50-Lag time =  
45 ± 26 µM, IC50-Slope = 63 ±29 µM), had moderate effects 
on the lag time and slope, demonstrating that these com-
pounds would yield false-negative results in a screen based 
only on the plateau values.

Inhibition of SOD1 enzymatic activity
The assay system we used for measuring SOD1 activity de-
pends on generation of superoxide radical anions from hy-
poxanthine by xanthine oxidase. Therefore, if a compound 
included in the screen inhibits xanthine oxidase, it would 
lead to a false-positive readout because no formazan would 
be formed. To address this potential issue, we tested each 
compound first as a pre-screen in the absence of SOD1 to 
determine if it inhibited xanthine oxidase. Interestingly, we 
found that two compounds reported previously to inhibit 
SOD1 activity, LCS-1 (31) and TETC (32), actually inhibited 

F I G U R E  8  Inhibition of SOD1 enzymatic activity by DDC and KCN. A) DDC or B) KCN were added to the XTT assay system in three 
independent experiments, each done in three technical replicates. The data are presented as mean ± SEM.
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xanthine oxidase. LCS-1 inhibited xanthine oxidase, IC50 
= 229 ± 144 µM whereas TETC was a weaker inhibitor,  
IC50 = 1036 ± 477 µM (Figure 7). No other compound was 
found to affect xanthine oxidase when tested at concentra-
tions up to 104-fold excess relative to the enzyme (data not 
shown). Thus, our pre-screen results suggest that the previ-
ous reports likely were incorrect, reflecting inhibition of xan-
thine oxidase rather than of SOD1. In light of these findings, 
LCS-1 and TETC were excluded from subsequent experi-
ments testing inhibition of SOD1 activity.

Testing all the other compounds for inhibition of SOD1 
enzymatic activity, we found that DDC and KCN inhibited 
the enzymatic activity of SOD1 with IC50 values of 5.6 ± 
0.5 and 38.6 ± 7.3 µM, respectively (Figure 8), consistent 
with previous reports (33,34). No other compound affected 
the activity of SOD1 up to the highest concentration, sug-
gesting that if these compounds inhibited SOD1 aggregation 
efficiently they would be safe based on the in vitro screen. At 
the same time, the inability of any aggregation inhibitor to re-
duce SOD1 activity at all suggests that SOD1 is not suitable 
for assessment of safety in vitro due to a very high resistance 
to inhibition by diverse compounds.

2.4.2 | Discussion

Aberrant protein aggregation is involved in over 50 pro-
teinopathies affecting millions of people worldwide yet 
very few disease-modifying therapies exist to target them 
(2). Most drug candidates fail due to low efficacy or side 
effects. Therefore, improved methods for drug discovery 
and development are needed. Here, we tested a strategy for 
directly assessing aggregation inhibition and potential tox-
icity of compounds in vitro utilizing the readily available, 
simple assays for measuring SOD1 aggregation and activ-
ity. We aimed to calculate an in vitro equivalent of a “thera-
peutic index” for the screened compounds that could serve 
as a basis for comparison later in cell culture and/or animal 
experiments. Because the concentrations of SOD1 used for 
the aggregation and enzymatic activity assays differed by >3 
orders of magnitude, which was based on the sensitivity of 
the assays, for the calculation of the “therapeutic index”, the 
IC50 values were normalized to the SOD1 concentration in 
each assay.

Few aggregation inhibitors have been tested against SOD1 
to date (19). FDA-approved drugs were screened in vitro using 
turbidity and electrophoresis, which identified a few classes 
of inhibitors (35), yet, mechanistic details are not available. In 
our study, we used the ThT-fluorescence assay to test aggre-
gation inhibitors reported previously for other amyloidogenic 
proteins but not for SOD1. We found that many of them in-
deed inhibited SOD1 aggregation (Figures 3-5), supporting 
the notion that such compounds are not specific to one protein 

(36,37). Our data also revealed that different compounds affect 
different stages of the aggregation reaction (38).

The maximal ThT fluorescence is used commonly for 
screening of aggregation inhibitors, whereas the kinetics of 
the reaction often is neglected in such screens. However, our 
data demonstrate that using only the maximal fluorescence 
can be misleading, yielding both false-positive and false- 
negative results (Table 1). For example, based on our results, 
tranilast (Figure 4C,D) would yield a false-positive hit, whereas 
curcumin would give a false-negative result (Table 1).

The data also point to different mechanisms by which 
compounds might inhibit SOD1 aggregation. For example, 
myricetin, lacmoid, eosin Y and EGCG extended the lag 
time substantially at substoichiometric concentrations rel-
ative to SOD1 and reduced the slope, suggesting that they 
can both attenuate the nucleation step and suppress fibril 
elongation, whereas CLR01, curcumin, and methylene blue 
affected predominantly the elongation/secondary nucleation 
phase (Table 1). We note that CLR01 likely acts by a distinct 
mechanism from the polyphenols and similar compounds 
studied here. CLR01 binds specifically to Lys residues with 
low micromolar affinity and with 5-10-fold lower affinity to 
Arg residues. The binding is highly labile and disrupts the 
self-assembly process by perturbing both hydrophobic and 
electrostatic interactions (39). Previously, we have shown 
that the compound inhibits effectively the aggregation of WT 
and variant SOD1 both in vitro and in a mouse model (19). 
In contrast, the binding sites of polyphenols and other aggre-
gation inhibitors are not well defined and some may actually 
bind covalently to primary amino groups, such as those of 
Lys residues and/or the amino terminus (40,41). In view of 
these different mechanisms, it is not clear to what extent the 
simple comparison of the inhibitory activity in the ThT assay 
can be used to compare CLR01 with the other compounds.

Of the compounds selected for their reported or 
predicted ability to inhibit SOD1 enzymatic activity, 
both DDC and LCS-1 were found to have aggregation- 
inhibition activity. In the case of LCS-1 this activity likely 
is mediated by the aromatic groups, whereas the mecha-
nism by which DDC inhibits aggregation is not known. 
Because LCS-1 was found to be an inhibitor of xanthine 
oxidase, it could not be evaluated for inhibition of SOD1 
in our system, and thus, we could not estimate its in vitro 
therapeutic index. The in vitro therapeutic index for DDC 
was found to be 0.002, which means that the compound is 
too toxic to be used as an aggregation inhibitor.

None of the aggregation inhibitors affected enzymatic 
activity of SOD1. Therefore, we listed relatively high in 
vitro therapeutic indexes for these compounds in Table 1, 
though these values should be taken with a grain of salt 
because inhibitor activity was quantified by means of IC50 
values in both assays for only one compound, DDC, which 
is a copper chelator and a known inhibitor of SOD1 activity. 
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The only other inhibitor of SOD1 activity, KCN, which is 
a potent poison, was inactive as an aggregation inhibitor.

The inhibition of SOD1 activity by DDC was in agree-
ment with previous reports (42) and computational mod-
eling (43). DDC and CN- are negatively charged, and 
therefore, are more likely to bind to the active site of SOD1 
than neutral molecules, for example, hesperidin (44). A 
three-dimensional electrostatic vector field analysis of 
SOD1 showed that the highly positively charged active site 
attracts negatively charged molecules for catalysis (44), 
providing insight into the mechanism of action of nega-
tively charged inhibitors.

When attempting to reproduce previously reported re-
sults with LCS-1 (31) and TETC (32), we found that both 
compounds actually inhibited xanthine oxidase leading to a 
false-positive result for inhibition of SOD1. As neither pre-
vious study reported tested these compounds in control re-
actions excluding SOD1, we suspect that their observations 
likely were a misinterpretation of the inhibition of xanthine 
oxidase as inhibition of SOD1, highlighting the importance 
of testing compounds for inhibition of both enzymes in the 
assay.

In summary, our results suggest that conducting screens 
for aggregation inhibitors using the maximal fluorescence 
values in ThT-fluorescence assays is likely to produce 
false-positive and false-negative results that can be avoided 
if the kinetic curves are monitored and the lag time and slope 
are also analyzed. Using this approach, we found that eosin 
Y, EGCG, lacmoid, and myricetin are potent inhibitors of 
SOD1 aggregation and identified several other compounds 
with somewhat lower activity. We observed that different 
compounds have distinct impacts on the lag phase, slope, and 
plateau of the ThT fluorescence. However, though we hoped 
that parallel assays of SOD1 activity and aggregation could 
generate an informative therapeutic index estimation in vitro, 
the results show that the system cannot fulfill this premise 
because SOD1 is resistant to inhibition by most compounds.
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