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Abstract

To fight COVID-19, much effort has been directed toward in vitro drug repurposing. Here, we 

investigate the impact of colloidal aggregation, a common screening artifact, in these repurposing 

campaigns. We tested 56 drugs reported as active in biochemical assays for aggregation by 

dynamic light scattering and by detergent-based enzyme counter screening; 19 formed colloids at 
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concentrations similar to their literature IC50’s, and another 14 were problematic. From a common 

repurposing library, we further selected another 15 drugs that had physical properties resembling 

known aggregators, finding that six aggregated at micromolar concentrations. This study suggests 

not only that many of the drugs repurposed for SARS-CoV-2 in biochemical assays are artifacts 

but that, more generally, at screening-relevant concentrations, even drugs can act artifactually via 

colloidal aggregation. Rapid detection of these artifacts will allow the community to focus on 

those molecules that genuinely have potential for treating COVID-19.

Graphical Abstract

INTRODUCTION

Drug repurposing is an attractive idea in the face of a global pandemic, when rapid antiviral 

drug development is crucial. Although the historical pragmatism of this approach has drawn 

scrutiny,1,2 drug repurposing has the potential to dramatically cut both the time and cost 

needed to develop a new therapeutic.3 Repurposing campaigns typically screen curated 

libraries of thousands of approved drugs and investigational new drugs (INDs), and several 

assays have been developed to test these libraries for activity against SARS-CoV-2.4–6 Most 

high throughput, biochemical screens were developed to detect activity against two proteins 

that are used in viral infection and maturation: the human ACE-2 (angiotensin converting 

enzyme 2) and 3CL-Pro,7 the major polypeptide processing protease of SARS-2-CoV-2.

When testing molecules for biochemical activity at micromolar concentrations, it is 

important to control for artifacts8–12 including colloidal aggregation, which is perhaps 

the single most common artifact in early drug discovery.13,14 Drugs, though in many 

ways de-risked, are not immune to aggregation and artifactual behavior when screened 

at micromolar concentrations15,16 (though they are not expected to aggregate at on-target 

relevant concentrations). Knowing this, we wondered if colloidal aggregation was causing 

false positives in some COVID-19 drug repurposing studies, especially since several known 

aggregators, such as manidipine and methylene blue, were reported as apparently potent hits 

for COVID-19 targets.17,18
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Aggregation is a common source of false positives in early drug discovery,19 arising 

from spontaneous formation of colloidal particles when organic, drug-like molecules are 

introduced into aqueous media.15,16,19,20 The resulting liquid particles are densely packed 

spheres21 that promiscuously inhibit proteins by sequestering them on the colloid surface,22 

where they suffer partial unfolding.23 The resulting inhibition is reversible by disruption of 

the colloid and is characterized by an incubation effect on an order of several minutes due 

to enzyme crowding on the surface of the particle.24 Colloids often can be disrupted by the 

addition of small amounts, often sub-critical micelle concentrations, of non-ionic detergent 

such as Triton X-100.25 Accordingly, addition of detergent is a common perturbation 

to rapidly detect aggregates in counter screens against model enzymes such as AmpC 

β-lactamase or malate dehydrogenase (MDH). Aggregation can be physically detected by 

biophysical techniques such as nuclear magnetic resonance (NMR)26 and by dynamic light 

scattering (DLS), as the colloids typically form particles in the 50 to 500 nm radius size 

range, which is well suited to measurement by the latter technique.

Here, we investigate the role of colloidal aggregation as a source of false positives in drug 

repurposing studies for SARS-CoV-2 targets. We focused on in vitro ACE2 and 3CL-Pro 

screens since these are relevant for aggregation. We searched the literature and compiled hits 

from 12 sources18,27–37 where drug activities were in the micromolar and sub-micromolar 

range typical of colloidal aggregation. Drugs with cLogP values over 3.0 (most of those 

selected) or with conjugated ring systems conducive to stacking, such as methylene blue, 

chiniofon, and theaflavin (most of the remaining), were prioritized for testing. How the 

results of this study may impact the design of future repurposing screens both for SARS-2 

and for other indicators will be considered.

RESULTS

Colloidal Aggregators are Common Hits in Drug Repurposing Screens for SARS-CoV-2.

We tested 56 drugs for colloidal aggregation that had been reported to be active 

in biochemical repurposing screens against SARS-CoV-218,27–30,32,38 (Table S1 and 

Experimental Section for a description of the literature search). In short, the 2D structures 

of compounds with reported activities in the micromolar range typical of colloidal 

aggregation were visually inspected for molecular features in known aggregators (e.g., 

multiple conjugated ring systems or calculated LogP (cLogP) >3). Five criteria were used 

to investigate whether reported hits formed colloidal aggregates: (a) particle formation 

indicated by scattering intensity, (b) clear autocorrelation curves, (c) an MDH IC50 value in 

the micromolar–high nanomolar range, (d) restoration of MDH activity with the addition of 

detergent, and less stringently (e) high Hill slopes in the inhibition concentration response 

curves (Figure 1).

Using the literature reported IC50 for the repurposed drugs as a starting point, we tested 

each drug for MDH inhibition and calculated the IC50 and Hill slope. We used IC50 values 

from the MDH concentration response curves and tested for detergent sensitivity at threefold 

the MDH IC50 (Figure 2). Next, we calculated the critical aggregation concentration (CAC) 

by measuring normalized scattering intensity on the DLS; any point above 1 × 106 was 

considered to be from the aggregated form. By plotting a best fit line for aggregating 
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concentrations and non-aggregating concentrations, the CAC was given by the point of 

intersection (Figure 3). We also measured the DLS autocorrelation curve as a criterion: if 

this was well formed, it gave further confidence (Figure S1).

Nineteen molecules formed well-behaved particles by DLS with clean autocorrelation 

curves and inhibited MDH in the absence of, but not the presence of, 0.01% Triton X-100; 

these seem to be clear colloidal aggregators (Table 1 and Figure 2 and 3). Both DLS-based 

critical aggregation concentrations and MDH IC50 values were in the range of the IC50’s 

reported in the literature against the two SARS-CoV-2 enzymes; indeed, molecules like 

gossypol, manidipine, and TTNPB inhibited MDH even more potently than they did either 

ACE2 or 3CL-Pro. For most of the 19 drugs, the Hill slopes were high, though for several 

clear aggregators, such as Hemin and Shikonin, they were only in the 1.3–1.4 range. The 

Hill slope depends on the ratio of enzyme concentration to true KD and can vary from assay 

to assay39 and from aggregator to aggregator;13 while many consider it as a harbinger of 

aggregation, we take it as a soft criterion.13 Finally, two molecules, Evans blue and TBB, 

did not show particles by DLS, perhaps for spectral reasons, but did pass the other four 

criteria. To investigate them further, we asked whether they could be precipitated by gentle 

centrifugation. We tested these molecules for MDH inhibition before and after centrifugation 

(Figure S2) and found that enzyme activity was restored after centrifugation. This suggests 

that these molecules are forming colloidal aggregates, which can be spun down unlike small 

molecules that are genuinely in solution.22,23

A characteristic example of a reported drug that is likely acting artifactually through 

colloidal aggregation is the calcium channel blocker lercanidipine, which has been reported 

to inhibit 3CL-Pro with an IC50 of 16.2 μM.18 Lercanidipine satisfies our five criteria for 

aggregation: in aqueous buffer, it forms particles that can be detected by a 10-fold increase 

in DLS scattering intensity (Cnts/sec), by a clearly defined autocorrelation curve in the DLS; 

it inhibits the counter-screening enzyme MDH with an IC50 of 2.2 μM, while MDH activity 

is restored upon addition of 0.01% Triton X-100 detergent (Figure 1). In the absence of 

detergent, lercanidipine inhibits MDH with a Hill slope of 2.9.

In addition to the 19 molecules that passed all five criteria for aggregation, another 14 

molecules were more ambiguous, either forming particles by DLS but not inhibiting MDH 

or inhibiting MDH in a detergent-dependent manner but not forming particles detectable 

by DLS (Table S1). These 14 drugs may also be acting artifactually; however, further 

investigation is needed to determine their exact mechanisms. For this study, we focused only 

on clear colloidal aggregators.

Molecules Repurposed for 3CL-Pro Show Little Activity against That Enzyme in the 
Presence of Detergent.

In addition to testing the repurposed molecules against a counter-screening enzyme like 

MDH, we also tested the 12 that had been repurposed against 3CL-Pro against that enzyme 

itself. Because 3CL-Pro is unstable in buffer without either the presence of detergent or 

substantial amounts of serum albumin—both of which disrupt colloids40–42—we could not 

investigate the impact of detergent with 3CL-Pro as we could do with MDH. Still, we 

could ask whether the drugs repurposed for 3CL-Pro inhibited the enzyme in the presence 
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of 0.05% Tween-20 used to keep the enzyme stable. Of the 12 drugs tested, only two had 

detectable potency below 200 μM in the presence of detergent, and for one of these two, 

4E1RCat, the inhibition was reduced fivefold over its literature values (18.28 to 100 μM) 

(Table 2 and Figure S3). Only hemin continued to inhibit 3CL-Pro substantially, with an 

IC50 of 25 μM (but even this was 2.6-fold less potent than its literature value). As hemin’s 

inhibition of MDH was disrupted by detergent (Table 3) and it formed clear particles by 

DLS (Figure 3 and Figure S1), we further tested it against the model counter-screening 

enzyme AmpC β-lactamase. Hemin inhibited AmpC with an IC50 of 23 μM; at 25 μM 

hemin, addition of 0.01% (v/v) Triton X-100 fully restored enzyme activity—inhibition was 

abolished. Taken together, these observations further support the aggregation-based activity 

of these 12 repurposed drugs.

Colloidal Aggregators in Repurposing Libraries.

Target-based drug repurposing screens are common not only for SARS-CoV-2 but 

for many other viruses and indeed other indications. We thought it interesting to 

explore, if only preliminarily, the occurrence of colloidal aggregators in drug repurposing 

libraries. We prioritized drugs in the widely used SelleckChem FDA-approved library as 

potential aggregators, using a simple chemoinformatics approach.43 Library molecules were 

compared to a database of known aggregators using the Aggregator Advisor43 command line 

tool, which calculates molecular similarity (Tanimoto coefficients; Tc) between the two sets 

of molecules (Table S2). Molecules similar to a known aggregator (1 > Tc’s > 0.65) that 

were also hydrophobic (cLogP > 4) were drawn, inspected for diversity from one another 

and for the presence of features in known aggregators such as conjugated ring systems, and 

were prioritized for testing. Of the 2336 unique drugs in the library, 73 are already known 

aggregators and another 356 (16%) closely resemble known aggregators. We selected 15 of 

the latter for aggregation: six of these drugs satisfied our five criteria for aggregation; they 

inhibited MDH in the absence of, but not in the presence of, 0.01% Triton X-100 (Figure 4) 

and formed well-behaved particles detectable by DLS (Figure 5) with clean autocorrelation 

curves (Figure S4), often with steep Hill slopes. Taken together, these data suggest that these 

six drugs are prone to colloidal aggregation at screening-relevant concentrations (Table 3).

DISCUSSION AND CONCLUSIONS

Two broad observations from this study merit emphasis. First, many drugs repurposed 

for COVID-19 aggregate and inhibit counter-screening enzymes promiscuously at 

concentrations relevant to their reported IC50’s against the COVID-19 targets (ACE2 and 

3CL-Pro). Of the 56 drugs tested, 19 fulfilled all five of our criteria for acting via colloidal 

aggregation: (i) they formed particles that were scattered strongly by DLS with (ii) well-

behaved autocorrelation curves, (iii) they inhibited the counter-screening enzyme malate 

dehydrogenase—unrelated to either ACE2 or 3CL-Pro—at relevant concentrations in the 

absence, but (iv) not the presence, of detergent, and (v) they typically inhibited with steep 

Hill slopes. Each of these criteria individually is a harbinger of colloidal aggregation; when 

combined, they strongly support its occurrence. The other 14 of the 56 drugs fulfilled only 

some of these criteria, for instance, forming particles at relevant concentrations but not 

inhibiting MDH in a detergent-dependent manner. Some of these 14 drugs may also be 
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aggregators, while others, like those that inhibit MDH but cannot be reversed by detergent, 

like tannic acid, may be acting as pan assay interference compounds (PAINS). A second 

observation from this study is that these artifacts are not so much a feature of SARS-CoV-2 

repurposing but rather reflect the behavior of drugs at screening relevant concentrations. 

Thus, 6 of 15 drugs investigated from a general repurposing library were also aggregators 

at micromolar concentrations. An attraction of drug repurposing is that the molecules are 

thought to be de-risked from the pathologies of early discovery. However, at micromolar 

concentrations, drugs, which are often larger and more hydrophobic than the lead-like 

molecules found in most high-throughput screening and virtual libraries, are if anything 

more likely to aggregate, something that earlier studies also support.15,16

For 4 of the 19 aggregators found in this study, Triton X-100 detergent was already 

present in the reaction buffer used in the original publication (Table S1), reflecting the 

care of those studies. However, while it is commonly thought that detergent addition 

protects against aggregation from the outset, in fact, detergent often only right-shifts the 

onset of aggregation-based inhibition. Thus, even screens that control for aggregation by 

including detergent in the reaction buffer may consider +/− detergent controls during hit 

confirmation. On the other hand, several of the aggregators, including emodin, hemin, and 

hypericin (Table 1), notwithstanding their provenance from a drug repurposing library, have 

features that would ordinarily give medicinal chemists pause. Sometimes the “drugs” in 

drug repurposing libraries are not actually drugs, and despite their origins as phytochemical 

natural products, as with these molecules, they can have features, e.g., multiple phenolic 

groups in conjugated ring systems, that might prejudice them against further study.

Certain caveats should be mentioned. We do not pretend to have undertaken a 

comprehensive study of the increasingly large literature around drug repurposing for 

COVID-19. The molecules tested here represent only a subset of those investigated, drawn 

from an analysis of some of the literature then available. Also, we have not demonstrated 

that aggregation is actually occurring in the ACE-2 assay itself, though the lack of inhibition 

of 3CL-Pro in the presence of detergent fortifies our conclusions for the 12 molecules that 

inhibited this enzyme. Finally, it is important to note that just because some repurposed 

drugs aggregate at micromolar concentrations, the repurposing enterprise is not sunk. There 

are, after all, examples of drugs successfully repurposed, even for COVID-19, and some 

have even begun from screening hits (though typically they are subsequently modified 

chemically44).

These caveats should not obscure the main observations from this study. Many drugs 

repurposed for COVID-19 in biochemical assays are aggregators—still, others may be 

inhibiting through other artifactual mechanisms—and their promise as leads for treating 

the disease merits reconsideration. Indeed, while some repurposed drugs have advanced 

further into development,44 the aggregators described here do not seem have been further 

progressed. More broadly, drugs in repurposing libraries, though de-risked for whole body 

toxicity, pharmacokinetic exposure, and metabolism, are not de-risked for artifactual activity 

at screening relevant concentrations. More encouragingly, what this study illuminates is a 

series of facile assays that can rapidly distinguish drugs acting artifactually via colloidal 
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aggregation from those drugs with true promise for treating SARS-CoV-2, and from 

pandemics yet to be faced.

EXPERIMENTAL SECTION

Literature Search and Chemoinformatic Selection of Potential Aggregators.

We used two approaches to identify drugs with the potential to form colloidal aggregates 

from repurposing screens: (1) literature searches of published SARS-CoV-2 biochemical 

drug screening papers including chemoinformatic analysis of the NCATS COVID-19 

OpenData Portal37 3CL-Pro and ACE2 biochemical drug screens and (2) chemoinformatic 

predictions of potential aggregators found in the SelleckChem FDA-approved drug library 

using the Aggregation Advisor tool.43 Literature-based keyword searches were performed 

using variations of the keywords “SARS-CoV-2” and “drug repurposing” or “drug 

screen”. Inhibitors from biochemical drug-repurposing screens were visually inspected and 

prioritized for testing if they had cLogP values >3 or were highly conjugated. Next, data 

from the NCATS COVID-19 OpenData Portal37 drug-repurposing screens for modulators 

of 3CL-Pro and ACE2 activities were retrieved (accessed on September 28, 2020). In total, 

12,262 and 3405 annotations were found for compounds screened against 3CL-Pro and 

ACE2, respectively. Molecules annotated with PubChem45 substance identifiers that had 

activities (AC50s) less than 50 μM but typically greater than 5 μM were selected. Simplified 

molecular input line entry system (SMILES) data for each compound were retrieved using 

the PubChemPy API (https://pubchempy.readthedocs.io) and used to calculate cLogP values 

using RDkit-2019.09.3.0 (http://www.rdkit.org). Molecules with cLogP > 3 were drawn, 

visually inspected for the presence of molecular features seen in known aggregators (e.g., 

multiple conjugated ring systems, overall hydrophobicity, and no covalent warheads or 

PAINs), and prioritized for testing. Finally, the SMILES of 2336 unique desalted molecules 

were selected from the SelleckChem library and were analyzed with Aggregation Advisor,43 

a command line tool that calculates molecular similarity (Tanimoto coefficients; Tc) 

between a list of molecules and a database of known aggregators (Table S2). Molecules with 

1 > Tc’s > 0.65 to a known aggregator and cLogP > 4 were drawn, inspected for structural 

diversity from one another and for the presence of molecular features seen in known 

aggregators (e.g., multiple conjugated ring systems), and prioritized for testing. Percentages 

were calculated relative to the 2336 unique molecules in the library with identified SMILES.

Compounds.

All compounds are >95% pure by HPLC, as reported by the vendors. Compounds were 

ordered from Sigma-Aldrich, SelleckChem, Cayman Chemical, or Medchem Express.

Dynamic Light Scattering.

To detect and quantify colloids, a DynaPro Plate Reader II (Wyatt Technologies) with a 60 

mW laser at 830 nm wavelength and a detector angle of 158° was used; the beam size of 

the instrument was increased by the manufacturer to better enable detection of the colloids, 

which are larger than protein aggregates for which the instrument was designed. Samples 

were measured in 384-well plates with 30 μL loading and 10 acquisitions per sample. 

Compounds were dissolved in DMSO at 100 times their final concentration and were diluted 
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into filtered 50 mM KPi, pH 7.0, to obtain a final 1% DMSO concentration. Compounds 

were first tested at 3 times the IC50 reported in the literature, and if active, they were further 

investigated in concentration–response tests. If no IC50 was available, compounds were 

tested at 100 μM. To calculate a CAC, each compound was serially diluted until substantial 

scattering disappeared; aggregating (>106 scattering intensity) and non-aggregating (<106 

scattering intensity) portions of the data were fitted with separate nonlinear regression 

curves, and the point of intersection was determined using GraphPad Prism software version 

9.1.1 (San Diego, CA).

Enzyme Inhibition.

MDH inhibition assays were performed at room temperature on a HP8453a 

spectrophotometer in kinetic mode using UV–vis Chemstation software (Agilent 

Technologies) in methacrylate cuvettes (Fisher Scientific, 14955128) with a final volume 

of 1 mL for both control and test reactions. MDH (from porcine heart, 901643, Sigma-

Millipore) was added to a 50 mM KPi pH 7 buffer for a final concentration of 2 nM. 

Compounds were dissolved in DMSO at 100 times concentration; 10 μL of compound was 

used for a final DMSO concentration of 1%. After compound addition, the cuvette was 

mixed by pipetting up and down 5 times with a p1000, and the cuvette was then incubated 

for 5 min at room temperature. The reaction was initiated by the addition of 200 μM 

nicotinamide adenine dinucleotide (54839, Sigma-Aldrich) and 200 μM oxaloacetic acid 

(324427, Sigma-Aldrich), and the rate was monitored at 340 nm. A negative control was 

included in each run, in which 10 μL of DMSO without the compound was added. The 

reactions were monitored for 90 s, and the initial rates were divided by the initial rate of 

the negative control to obtain the % inhibition and % enzyme activity. For dose–response 

curves, three replicates were done for each concentration, the graphs were generated using 

GraphPad Prism version 9.1.1 (San Diego, CA).

3CL-Pro Kinetics Inhibition Assay.

A fluorescence-quenched substrate with the sequence rr-K(MCA)-ATLQAIAS-K(DNP)-

COOH was synthesized via the Fmoc solid-phase peptide synthesis as described.46 

Recombinant, active 3CL-Pro was expressed and purified as described.47 Kinetic 

measurements were carried out in Corning black 384-well flat-bottom plates and read 

on a BioTek H4 multimode plate reader. The quenched fluorogenic peptide had a final 

concentration of KM = 10 μM, and 3CL-Pro had a final concentration of 50 nM. The 

reaction buffer was 20 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.05% Tween-20 (v/v), and 

1 mM DTT, pH 7.4. Drugs were incubated with protease prior to substrate addition at 37 °C 

for 1 h. After incubation, the substrate was added, and kinetic activity was monitored for 1 h 

at 37 °C. Initial velocities were calculated at 1 to 45 min in RFU/s. Velocities were corrected 

by subtracting the relative fluorescence of a substrate-only control, and fraction activity was 

calculated using a substrate-corrected no-inhibitor control where DMSO was added instead 

of a drug. Kinetics measurements were carried out in triplicate.

Colloid Centrifugation.

DMSO stocks of drugs were prepared and diluted to 100:1 into 1 mL of 50 mM KPi buffer, 

pH 7, in a 1.5 mL Eppendorf tube. This was mixed by pipetting and centrifuging at 14,000 
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rpm for 1 h at 4 °C in a benchtop microfuge. The supernatant (900 μL of 1 mL) was then 

tested for MDH inhibition as previously described.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

ACE2 angiotensin-converting enzyme 2

CAC critical aggregation concentration

DLS dynamic light scattering

INDs investigational new drugs

NMR nuclear magnetic resonance

MDH malate dehydrogenase

PAINS pan assay interference compounds

Tc Tanimoto coefficients
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Figure 1. 
Lercanidipine’s behavior as an aggregator. (A) Critical aggregation concentration 

determined using scattering intensity measured on DLS. (B) Autocorrelation curve from 

DLS at 100 μM. (C) Dose response measured against MDH and showing the Hill slope. (D) 

MDH inhibition measured with or without 0.01% Triton X-100 at 7.5 μM.
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Figure 2. 
MDH inhibition concentration–response curves for literature active drugs. IC50 and Hill 

slopes are shown. Purple triangles indicate single-point MDH inhibition with the addition of 

0.01% Triton X-100, tested at 3 times IC50. All measurements are in triplicate.

O’Donnell et al. Page 14

J Med Chem. Author manuscript; available in PMC 2022 December 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Critical aggregation concentrations for literature active drugs. The CAC is determined by 

finding the intersection of two best-fit lines for points with scattering intensity above or 

below 1 × 106. All measurements are in triplicate.
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Figure 4. 
MDH inhibition dose–response curves for drugs drawn from a repurposing library. All 

measurements were in triplicate.
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Figure 5. 
Critical aggregation concentrations for drugs drawn from a repurposing library. The CAC is 

determined by the intersection of two best-fit lines, for points with scattering intensity above 

or below 1 × 106. All measurements were in triplicate.
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Table 2.

Literature Repurposing Hits Do Not Potently Inhibit 3CL-Pro in the Presence of Detergent

compound literature IC50
a
 (μM) 3CL-Pro IC50 with 0.05% Tween-20 IC50 (μM)

4E1RCat 18.3 ~100

anthralin Z ≤ 2 >200

clotrimazole 39.8 >200

gossypol 39.8 >200

lercanidipine 16.2 >200

manidipine 4.8 >100
a

shikonin 15.8 ~200

TTNPB 35.5 >200

YLF-466D 35.5 >200

hemin 9.7 25

hematein 10
a >200

emodin 51.2 >200

a
100 μM was the highest concentration used for manidipine, instead of 200 μM.
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Table 3.

Six Drugs from a Repurposing Library Aggregate at Screening-Relevant Concentrations
b

Compound
MDH IC50 

(μM)

% Change in MDH 
Inhibition in presence of 

Triton-X
a CAC

c
 (μM) Colloid Radius ± SD (nm) Structures

Adapalene 14 77% 9.2 422 ± 65

Buparvaquone 8.2 90% 32 186 ± 15

Bifonazole 17 87% 25 184 ± 80

Alpha-Tochopherol 0.079 69% 1.5 466 ± 5.6

Bazedoxifene 18 70% 26 2822 ± 814

Dracorhodin 7.7 86% 22 101 ± 22

a
Single-point Triton X 0.01% reversal assay performed at approximately 3 times MDH IC50.

b
Indicates the drug concentration at which colloid radius measurements were made.

c
Critical aggregation concentration.
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