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SUMMARY 

 

 Chapter 1 is focused on the determination of the chemical features that are most relevant to producing small 

compound libraries with diverse biological activity. The current generation of compound libraries are assembled 

based on the maximization of a diverse set of chemical features. These libraries have overall low hit rates and a lot 

of synthesized chemical matter that may not have any biological activity. Utilizing diversity oriented synthesis 

(DOS) we created two libraries inspired by the flavonoid natural products and profiled these molecules using a 

target-agnostic technique called Cell Painting, which attempts to characterize the overall morphological change that 

occurs under compound treatment.  

 For the first library, which was based around the flavone and pyrone scaffolds, we found that maximizing 

the faction of sp3 carbons on the flavone scaffold did not produce a diverse set of molecules and instead lowered 

their activity relative to the flatter natural product flavone and novel pyrones. However, we found the second library, 

which was based around sp3-enriched benzofuran and benzopyran derivatives, to be highly active. Using this set of 

molecules, we were able to demonstrate that this activity was correlated with cLogP and topological polar surface 

area (tPSA). Additionally, we found that scaffold, stereochemistry and appendage variation had synergistic effects 

on the overall diversity of the observed biological profiles.  

 Chapter 2 is focused on the discovery of autophagy inhibitors by targeting protein-protein interactions 

(PPIs) found within the autophagy initiation pathway. Autophagy is a catabolic process responsible for the recycling 

of cellular cargo and it has been implicated in a variety of diseases, including cancer. We aimed to find new more 

autophagy-specific inhibitors to provide better probes and potential therapeutics. Two PPIs were chosen, the Beclin 

1-ATG14L interaction and the ATG5-ATG16L1 interaction, because they occur in two autophagy-specific initiation 

complexes.  

We designed a NanoBRET assay to target the Beclin 1-ATG14L interaction. After confirming the 

specificity of this assay, we screened 2,560 molecules, discovering 19 hits that were then evaluated for their ability 

to inhibit autophagy. One molecule was chosen as the priority hit based on potency in the NanoBRET assay and 

evidence of the disruption of autophagic flux due to the inhibition of LC3-II formation. This molecule was also 

confirmed to disrupt the overall formation of VPS34 Complex I and showed more specificity for the autophagy  
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SUMMARY (continued) 

 

pathway relative to the current generation of autophagy inhibitors which also inhibit vesicle trafficking. We used 

fluorescence polarization (FP) to target the ATG5-ATG16L1 interaction and successfully demonstrated that this 

method could be used to quantify this interaction in a robust, specific way compatible with high-throughput 

screening (HTS).  
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CHAPTER 1 

The Methodology, and Results and Discussion sections of this chapter were previously published in Gerlach, 

E. M.; Korkmaz, M. A.; Pavlinov, I.; Gao, Q.; Aldrich, L. N. Systematic Diversity-Oriented Synthesis of Reduced 

Flavones from γ-Pyrones to Probe Biological Performance Diversity. ACS Chem. Biol. 2019, 14 (7), 1536–1545 

with permission Copyright 2019 American Chemical Society and Hippman, R, S.; Pavlinov, I.; Gao, Q.; 

Mavlyanova, M. K.; Gerlach E. M.; Aldrich L. N.  Multiple chemical features impact biological performance 

diversity of a highly active flavonoid natural product-inspired library. ChemBioChem 2020 with permission 

Copyright 2020 Wiley.  

I. Introduction 

A. History, background, design strategies and current limitations of small molecule libraries 

In the last four decades, HTS has emerged as a universal part of the infrastructure driving small molecule 

drug discovery efforts.1,2 New technologies such DNA encoded libraries could allow for the routine screening of 

tens of millions of molecules,3 but despite such advances evidence suggests that the rate of the discovery of novel 

therapeutics is stagnating.4,5 This may be because even a library containing millions of compounds will only sample 

an infinitesimally small portion of the possible chemical space for molecules under 500 Da, which may be as large 

as 1060 molecules.6 Therefore, the success of future screening campaigns is likely to be more dependent on library 

composition, rather than library size, with an emerging emphasis on the inclusion of more structurally diverse 

compounds.  

There exist three broad types of small molecule libraries: natural product and natural product-inspired 

libraries, combinatorial libraries and DOS libraries (Figure 1). Natural product libraries are created from isolated and 

resynthesized natural products and their derivatives, as well as natural product extracts that are composed of 

fractionated mixtures of many molecules.7 Combinatorial libraries, on the other hand, are typically composed of 

molecules that are synthetically derived from high-throughput chemical techniques that involve the linear 

combination of a preset number of building blocks, with an early example of this being peptide chemistry.8 Lastly, 

DOS derived libraries typically have more structural complexity than combinatorial libraries, attempting to create 

molecules with more sp3 character in an effort to increase the coverage of novel chemical space.9  
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Historically, natural products and their derivatives have been the most often used class of compounds in 

small molecule screens.10 Prior to the development of automated screening and modern synthetic techniques, natural 

products were assessed as mixed extracts with isolation and fractionation efforts driven by assay activity. To date, 

natural products, their derivatives, and the synthetic pharmacophores based on them are the single largest source of 

new small molecule drugs, making up around 65% of all anti-cancer drugs approved by the FDA between 1981 and 

2019.11 Today, advances in screening technology and synthetic methodology allow for the direct screening of 

thousands of pure natural products as well as hundreds of thousands of novel natural product extracts.12 However, 

despite this past success, natural product libraries, especially those that contain extracts, suffer from severe 

drawbacks due to their incompatibility with many HTS assays and their high irreproducibility, along with the 

persistent problem that many “successful” screening campaigns result in the re-isolation of known natural products 

often with promiscuous activity.13,14 
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Figure 1 Sample structures of biologically active small molecules derived from each library: (A) natural product, 

(B) combinatorial and (C) DOS. 

 

 

 

 

Combinatorial libraries originally emerged out of developments in peptide chemistry that allowed for the 

rapid synthesis of peptides using standardized reaction conditions that were compatible with solid-phase bead 

supports, greatly simplifying both synthesis and purification.15,16 This method has evolved to encompass compound 

libraries that are encoded genetically, allowing for the rapid selection of wide variety of peptides with specific 

affinities through the use of directed evolution.17,18 While capable of creating highly specific ligands that are often 

useful as in vitro probes, peptide based combinatorial libraries struggle to generate true therapeutic lead molecules 

due their poor bioavailability and absorption properties.19 Therefore, this synthetic strategy has also been widely 

applied to the creation of libraries of non-peptide small molecules.20 Due to its ability to generate such a large 

quantity of molecules relatively rapidly this technique was extensively applied in industry to generate larger initial 

screening libraries in addition to seeing broad use in the lead optimization-step, where thousands of molecules 
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would be synthesized to establish a structure-activity relationship (SAR). In both cases this approach did not 

improve efficiency and instead lead to the generation of a large quantity of completely inactive chemical matter, 

though there was some success in producing new drugs based around heterocyclic scaffolds.21–23 A detailed analysis 

of commercial combinatorial libraries found the absence of some 1,300 scaffolds commonly found in many natural 

products, potentially explaining why the success of these libraries was so limited.24 

Diversity-oriented synthesis was a response to the realization that a major limitation of combinatorial 

libraries was that they often lacked the motifs and the structural complexity that was common in drug-like molecules 

and natural products. To address this, DOS methods increases the scaffold and stereochemical diversity of library 

molecules through several different approaches. Reagent-based methods utilize different reagents to transform or 

pair functional groups on the starting molecule in a branching manner to generate scaffold diversity (Figure 2). This 

can be done either though the presence of many such functional groups, each one capable of a specific 

transformation, or by using a more limited number of pluripotent functional groups that can transform into various 

products depending on the reagents used.25,26 Meanwhile, scaffold-based methods  use one standard set of conditions 

to transform a set of molecules into different scaffolds.27 Typically, a simple precursor is derivatized in a linear 

fashion to generate a set of molecules that vary the positionality of the functional group that carries the relevant 

reactivity for the final scaffold-forming reaction, thus the final scaffold is “pre-encoded” by these initial steps. 

Lastly, “build/couple/pair” can feature combinations of both of the previously mentioned strategies and involves the 

generation of building blocks that are capable of undergoing intermolecular coupling reactions that result in all 

possible stereochemical combinations, followed by intramolecular pairing reactions that result in diverse skeletal 

arrangements.28 While more complex and difficult to do than combinatorial synthesis, due to smaller set of 

compatible building blocks, DOS produces molecules with increased sp3 character, a property that has been 

demonstrated to improve library performance.29 Importantly, it has become apparent that DOS derived libraries are 

successful at modulating targets previously believed to be “undruggable” such as PPIs and transcription factors.27,30 

One limitation of DOS is that its larger, more complex molecules tend to be more specific, resulting in lower hit 

rates and potentially making hit-to-lead optimization more difficult.31  
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Figure 2. Impact of the method of selection on the activity of small molecule libraries. Composition of libraries 

based on diversity of biological activity or structural features with selected molecules shown in red within the two 

plots. Libraries selected for diversity of biological activity (gene expression, GE or multiplexed-cytological, MC) 

produce sets of compounds with higher performance-diversity than random selection (RND) or selection based on 

chemical features (CS). This figure is adapted from reference 32 with permission.   

 

 

 

 

 

Another universal limitation of current small molecule libraries is their low hit rates. The average high-

throughput screen has a hit rate around 1%.32,33 This may be due to the fact that though the source of small 

molecules is different for each library the current paradigm in screening library composition is built on the 

assumption that a set of molecules with diverse structural and chemical properties will have diverse bioactivity. This 

assumption may be untrue as most of the molecules contained in current structurally diverse commercial libraries 

are not active when screened for biological activity.34 Although it has emerged that this “dark chemical matter” can 

occasionally produce highly specific hits,35,36 it is unnecessary to include these molecule in untargeted libraries just 

in order to maximize structural diversity. In fact, a library selected based on structural diversity does not perform 

better than one selected randomly (Figure 2).37 Therefore, in order to compose better libraries, a paradigm shift is 

necessary from a selection strategy based on structural diversity alone to one based biological performance-
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diversity. This type of strategy necessitates the characterization of the types of chemical features that are likely to 

produce sets of molecules that have a high quantity of targets with little redundancy.  

B. The utility of natural products and natural product-inspired libraries in drug discovery 

The success of utilizing natural products and their derivatives in drug discovery is difficult to overstate. 

Along with currently being the largest source of drug-like molecules, natural products continue to be used in 

screening campaigns to discover molecules for intractable targets, such as PPIs and nucleic acid complexes.38 

Despite this, most commercial libraries are based around molecules, primarily synthesized through combinatorial 

chemistry, that often lack the larger range of chemical features accessed by natural products.39 This constrains their 

ability to modulate novel biological targets and it is estimated that only 10-14% of the human genome can be 

accessed by them.40 Thus, it is important to prioritize the creation of additional libraries that include natural products 

and their derivatives.   

One way to create libraries that are broadly bioactive is to utilize natural products as a synthetic starting 

point. One such strategy, biologically oriented synthesis (BIOS), attempts to do this by basing libraries around 

minimal natural product pharmacophores from which derivatives are produced (Figure 3A).41 Simplification of the 

original scaffold allows for broader derivatization while potentially maintaining the bioactivity of the original 

natural product. This approach has been successful in generating compounds that access novel targets such as 

autophagy and Hedgehog pathway inhibitors.42,43 Recently, this strategy has also yielded a novel class of molecules 

called pseudo-natural products by fusing multiple natural product scaffolds together. Importantly, these pseudo-

natural products have been shown to retain bioactivity while being distinct from their parent natural products, 

demonstrating that it is possible access new areas of bioactive chemical space utilizing this approach.44 

Another strategy, complexity-to-diversity (CtD), uses readily available complex natural products and then 

derivatizes them through concise synthetic routes using methods like ring distortion to introduce more structural 

diversity (Figure 3B). The resulting sets of molecules have greatly increased sp3 character and more stereogenic 

centers relative to both natural products and commercial libraries.45,46 Recent work has demonstrated that a series of 

180 diverse compounds synthesized in this way were used to establish physiochemical properties that contributed to 

compound penetration into gram-negative bacteria, allowing for the rapid and effective derivatization of 

deoxynybomycin into an antibiotic that was effective against gram-negative bacteria.47 This establishes the 
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possibility of using libraries that are diverse in structure and bioactivity to establish which chemical features are 

relevant for a particular target.  

Lastly, a large variety of natural products have also been accessed by the previously mentioned DOS 

strategies. For example, the scaffold-based approach was used to solid-phase synthesis to rapidly transform tert-

butylsulfinimine precursors into a series of enyne and diyne intermediates that were derivatized by a small set of 

final reactions into a library of 190 alkaloid/terpenoid-like small molecules, many of which had chemical properties 

that were similar to alkaloid/terpenoid natural products.48 Build-couple-pair has been particularly successful in 

generating natural product-like macrocycles (Figure 3C). For example, Beckmann et al. developed an advanced 

approach that incorporates a branched coupling reaction with different linkers allowing for structural diversity to be 

further expanded beyond that of the original building blocks employed.49 They applied this step-efficient approach 

to generate a library of 73 macrocyclic compounds of which 59 had unique scaffolds, a significant accomplishment. 

In addition, unlike traditional total synthesis, DOS generates unnatural product analogs in parallel with the original 

product, allowing for ready expansion of the unexplored chemical space around a particular target, as in the case of 

lycopodium alkaloids.50 In fact, due to the step-efficient nature of most DOS methods, a large number of such 

derivatives can be generated very rapidly, as demonstrated by the creation of a library of 30,000 DOS-derived small 

molecules, of which 14,400 were macrolactam derivatives.51   
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Figure 3. Examples of strategies used to generate natural product-like analog libraries. (A) BIOS reduces the 

complexity of the original Withanolide natural products to the core bioactive scaffold simplifying the synthesis and 

allowing for the generation of bioactive analogs.42 (B) CtD uses complex natural product scaffolds as a starting point 

from which diverse derivatives can be generated, most often through ring distortion reactions.46 (C) Build-couple-

pair derivatizes a simple building blocks by coupling them together through linker molecules to generate linear 

intermediates for which the final scaffold is set during the pair phase, in this case cyclization reactions.49 Adapted 

from references 42, 46, 49 with permission. 

 

 

 

 

C. Assessing library diversity – structure vs. performance. 

Assessing the overall structural, or shape, dissimilarity of molecules remains the central source of metrics 

used to measure overall library diversity (Figure 4A). 2D structural similarity methods are typically the most 

efficient because they simply breakdown the overall molecular structure into a binary bit string, or fingerprint, that 
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describes what substructures are contained in the original molecule and how they are connected. This fingerprint can 

then be compared to the fingerprints of other molecules using a variety of similarity coefficients.52 3D shape 

similarity methods can also utilize fingerprinting,53 but also include truly shape based methods such as principal 

moment of inertia (PMI),54 and rapid overlay of chemical structures.55 PMI is routinely used to assess natural 

product, combinatorial, and especially DOS libraries. All these methods, while effective in creating a set of 

molecules that are diverse in shape and structural features are not particularly effective at creating sets of that are 

bioactive, let alone diverse in their bioactivity. One study assessed how well several different types of structural 

diversity methods were able to assemble libraries that covered the 25 largest activity classes found in the 

ChEMBL.56 It was determined that only a couple methods were able to outperform random selection and that the 

popularly used PMI performed the worst out of all methods. Potentially, most of these methods, while effectively 

characterizing the geometric shape of small molecules, are limited by their neglect of the critical importance of 

specific functional groups and general physiochemical properties for bioactivity.   

Assessing compounds for the presence of specific chemical features and physiochemical properties is 

another way to create diverse libraries (Figure 4B). Examples of specific chemical features that can be measured are 

the fraction of sp3 carbons or hydrogen-bond donors found in each molecule, both have been correlated with 

bioactivity.29,57 Measures of hydrophobicity, such as clogP, or molecular rigidity are examples of the 

physiochemical properties and also influence the performance of small molecules.58,59 One benefit of using these 

metrics over shape-based diversity measurements is because for many of these characteristics a desirable range of 

properties is already known, thus potentially avoiding the inclusion of completely inactive molecules. Additionally, 

data analysis strategies can combine several measurements into overall composites that can conveniently illustrate 

the diversity of a library. Recently, it has demonstrated that these composite methods can effectively evaluate 

libraries of DOS derived macrocyclic peptides and peptidomimetics and show that they have different biologically 

relevant chemical and physical features when compared to known macrocyclic natural products.60,61  
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Figure 4. Different methods for assessing compound diversity. (A) Shape or structure-based assessment. PMI 

quantifies the overall shape of a given molecule with the plot illustrating how rod, disk or sphere-like a molecule is. 

Fingerprinting breaks a molecules structural features into a bit string, with a 0 or 1 denotating the presence or 

absence of a specific feature. (B) Physiochemical property-based assessment. clogP calculates the theoretical 

hydrophobicity of a molecule, with a higher clogP representing higher hydrophobicity. Fsp3 calculates the fraction 

of sp3 carbons found in a molecule. Rigidity measures the number of rotatable bonds, the more rotatable bonds a 

molecule has, the less rigid it is. (C) Biological-performance diversity based-assessment. Assess library performance 

in different assays. Rank libraries based on how evenly distributed hits were among all assays. The first library 

(green) is the most performance diverse because it contains hits from each of the four assays, while the third library 

(blue) is the least performance diverse, even though it has the most hits in Assay D.  

 

 

 

 

Because the use of chemical structure- and property-based methods alone has not been successful at 

creating libraries with diverse biological activity, it has become increasingly important to develop methods that can 

directly assess this property. Biologically performance-diverse libraries are those that maximize the possible number 

of targets perturbed while minimizing redundancy, thereby increasing the chance to produce hits across a panel of 

assays (Figure 4C). Several studies have now attempted to either assess biological performance-diversity or 

otherwise create libraries that are biologically performance-diverse. Performance-diversity has been assessed for 

compounds of different origins (commercial, natural product and DOS) using 100 parallel protein-binding assays in 
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addition to known results of functional assays found on ChemBank.62 Clemons et al. found that commercial libraries 

tend to contain molecules that are promiscuous (active in a large quantity of assays) while DOS libraries exhibit 

much more specificity towards single targets. This adds another important consideration for measuring performance-

diversity, as a set of molecules that is highly promiscuous would be performance diverse, but such molecules may 

not be particularly valuable as hits. Petrone et al. used a similar approach to generate HTS fingerprints based on the 

activity of compounds in 195 assays.63 These were then used for target-based hit expansion, typically such hit 

expansion is based on chemical structure alone, but in this case, it was based on similarity of biological activity 

allowing for the inclusion of chemically unrelated but biologically similar compounds. This greatly reduces the 

number of compounds that needed to be screened to discover all possible hits, with a follow up study showing that 

50-80% of all actives could be captured by screening only 19% of a library.64 This result confirms the effectiveness 

of using biological similarity, rather than structural similarity, to evaluate the diversity of a compound library.  

D. Quantifying biological performance-diversity through phenotype  

Previously described approaches to the characterization of biological performance-diversity have mainly 

focused on creating composite profiles from the screening of molecules in many assays. This cannot be routinely 

applied to all synthesized compounds because it is labor and material intensive. Several strategies exist that can 

characterize the aggregate biological performance of small molecule libraries through a smaller number of more 

target-agnostic assays. Additionally, due to the large quantity of targets (protein, DNA, RNA etc.) found in a single 

cell, methods that are target-agnostic should be able to better capture the diversity in biological activity, especially 

for molecules with unknown targets. Most target-agnostic methods attempt to capture the phenotype produced by 

small molecule treatment and can be broadly segmented into three groups: cytotoxicity, genetic, and phenotypic.  

The earliest significant use of cytotoxicity profiling of small molecules was the development of a panel of 

60 diverse cell lines by the National Cancer Institute in the 1990s. Patterns of cell proliferation caused by treatment 

with known and unknown molecules were used to establish bioactivity for the unknown molecules.65,66 Over 

100,000 molecules have been screened since then, providing a dataset of annotated biologically active molecules 

and identifying novel protein targets and mechanisms.67,68 These early efforts were further expanded in the Cancer 

Target Discovery and Development Initiative (CTD2), which attempts to repurpose molecules that are found to 

target particular types of cancer cells.69 Out of all the annotation methods presented, it is the fastest and potentially 
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the most approachable due to the large quantity of available cytotoxicity measurements, though not all of them are 

compatible with HTS.70 Additionally, this method necessitates the use of multiple, diverse cell lines to truly capture 

a diverse range of bioactivity for a single library and the selection of these cell lines may introduce bias. However, it 

is also possible to use a single cell line in multiple cytotoxicity assays that assess different cell death pathways or 

biomarkers. This approach has been used to generate an algorithm that can effectively predict cytotoxicity-based 

compound structure.71 Lastly, the use of just two cell lines has been shown to capture differences in bioactivity 

driven by multiple chemical features such as fps3 character and lipophilicity.72,73 

Genetic profiling aims to determine overall expression level of genes with the assumption that changes in 

expression, relative to a control, represent a unique molecular phenotype caused by the perturbation of a particular 

pathway. Initial methods utilized mixed cultures of genetically barcoded S. cerevisiae mutation and deletion strains 

to generate expression profiles based on the survivability of these reference strains after compound treatment. This 

allowed for the rapid screening of the sensitivity of thousands of genes and the full characterization of the diverse 

performance of molecules, including the identification of novel targets.74–78 In mammalian cells, a reference set of 

molecules with known bioactivity was used to generated The Connectivity Map, which established the whole 

genome mRNA expression changes induced by each treatment.79 This Connectivity Map allowed for the grouping of 

molecules by their specific mechanism of action (MOA) and thus could elucidate the molecular target for those 

molecules with unknown MOAs.80,81 However, extracting whole genome expression levels using mRNA 

microarrays remains laborious and expensive, limiting its application in HTS. Recently, the L1000 platform has 

been developed to address this limitation by measuring the expression level of approximately 1000 “landmark” 

genes using fluorescent beads conjugated to the transcripts during amplification.82 This original set of landmark 

genes can then be used to infer most of the remainder of the whole transcriptome (83%) through computational 

methods, making it relatively unbiased towards a specific molecular target and lower cost than traditional mRNA 

screens. It has even been used to identify the biological targets of “dark matter” molecules, which have shown no 

biological activity in hundreds of assays, but still make up the majority of molecules in commercial libraries.35 

While L1000 makes genetic profiling more cost effective, it hasn’t been broadly applied due to the necessity for 

specialized equipment.   
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While microscopy has a long been used to determine cellular morphology, early efforts in high-content 

screening (HCS) focused on extracting only a limited number of features from a small number of cells (< 103) due to 

technical and computational limitations.83 However, as the variety of organelle-specific dyes and fluorescent protein 

has grown, and image acquisition and processing has become more automated, this method has enabled the 

quantification of a much larger multitude of features.84 One early example of multiparameter HCS used 11 different 

fluorescent probes to generate a per-treatment profile of 93 parameters relating to the size, intensity, and shape of 

their aggregate cellular distribution.85 This assay successfully demonstrated that these per-treatment profiles could 

be distinct for each active compound treatment. A central limitation in this methods’ ability to quantify biological 

performance-diversity is the bias introduced into the measured morphological phenotype by the selection of 

fluorescent probes, due to the limitation in the number of probes caused by spectral overlap. One method addressed 

this by using machine learning to select an isogenic reporter cell that most effectively sorted known molecules into 

their correct compound class and was then used to annotate the biological performance-diversity of a set of 22,000 

molecules from commercial libraries.86 The application of machine learning in image processing has also enabled 

the use of completely dye-free methods like bright field microscopy to characterize morphological changes.87,88 

Lastly, Cell Painting addresses this by quantifying almost 2,000 features derived from just six dyes that stain large 

organelles within cells, such as the nucleus, ER and cytoskeleton, to most effectively capture a complete unbiased 

phenotype.89,90 This method has now been applied to the profiling of small molecule libraries,91 and has also been 

used to elucidate the link between biological performance-diversity and the inclusion of scaffold and stereochemical 

diversity in compound libraries.73,92,93  

 

II. Methodology 

A. Measuring phenotype through cellular morphology profiling using fluorescence microscopy 

It has been demonstrated that dynamic changes in cellular morphology are informative and often reflect the 

mechanism of action of a drug or genetic pertrubation.94 The creation of multiparametric profiles that capture the 

whole-cell morphology provides a wealth of data that can then be mined for specific information of interest or used 

as training datasets for machine learning techniques. Thus, the quantitative measurement of cellular morphology has 

been used extensively for the determination of the mechanism of action,94,95 and the identification of novel targets 
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that alter whole-cell phenotype in particular ways at single-cell resolution.96,97 As mentioned in the introduction, 

fluorescence microscopy has been extensively used for HCS. HCS typically combines one to three organelle or 

protein-specific fluorescent probes enabling the quantification of many features, typically selected for their 

relevance towards a particular biological target or pathway. The selection of fluorescent probes, as well as what 

features are quantified for each, introduces bias into most HCS assays preventing them from accurately capturing the 

whole cell morphology. Additionally, using traditional HCS necessitates the performance of a large number of such 

screens for the composition of the multiparametric profiles that represent whole-cell morphology which are 

necessary for the evaluation of biological performance-diversity of a library of molecules. 

One way to overcome this limitation is to create an optimal reporter cell line that can accurately classify 

molecules in a known set.86 In this method a large number of fluorescent reporter cell lines are generated using 

random whole-genome labeling of full length protein with YFP,98 using a cell line expressing two other fluorescent 

proteins, mCherry and the fusion protein H2B-CFP, which are used for labeling the cytosol and nucleus, 

respectively. Under compound treatment, each cell line generates a unique profile of approximately 200 features that 

captures the overall distribution, shape, intensity and colocalization of the fluorescent protein. Though the original 

purpose of this paper was to accelerate drug discovery by providing a single cell line that can be used for large scale 

annotation of unknowns into known compound classes, its compound profiles may also be used to evaluate 

performance-diversity for a given library. This can be analyzed based on the number of compound classes the 

library is annotated for, with highly performance-diverse libraries being annotated for every compound class. One 

critical limitation for this method is that the reporter cell line may still be biased, since it was trained on a set of 

known molecules and evaluated using only compounds that were already known to be biologically active. Thus, 

novel compounds may exhibit phenotypes that this cell line does not accurately measure necessitating the creation of 

a new reporter cell line.   

 An alternative method involves the selection of several spectrum compatible dyes that can “paint” a broad 

range of cellular compartments and thus effectively capture the whole-cell phenotype. The Cell Painting method 

uses six dyes imaged across five channels to effectively stain eight cellular compartments (Table 1). In the original 

protocol, these images were segmented and analyzed using Cell Profiler 2.0 to generate a profile of about 800 

features for use in mechanism of action prediction.99 Improvements in software now allow the quantification of well 
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over 2,000 features per well using Cell Profiler 3.0.100 Using these expanded profiles, Cell Painting ability to 

effectively characterize whole-cell morphology has also been validated under chemical and genetic perturbation.90,91 

Additionally, using this method carries several advantages. The dyes it utilizes are commercially available and do 

not require specialized filter sets, allowing for easy, cost-effective scaling into a high-throughput format using an 

automated microscope. Downstream analysis of images and data is also fairly well characterized and available 

publicly.100,101 Data analysis and quality control strategies are also being widely adapted allowing for wide 

interpretability and transferability of generated profile data bases.102 Importantly, this assay has also been used to 

profile novel chemical matter with unknown mechanisms of action in order to interpret if the inclusion of 

stereochemical diverse molecules in libraries results in biological performance diversity.92,93 

 

 

 

 

Dye Excitation Filter(nm) Emission Filter(nm) Organelle 

Hoechst 33342 387/11 (DAPI) 417-477 (DAPI) Nucleus 

Concanavalin A Alexa 

Fluor 488 conjugate 

472/30 (TRITC) 503-538 (TRITC) Endoplasmic Reticulum 

SYTO 14 green 

fluorescent nuclear 

stain 

531/40 (FITC) 573-613 (FITC) Nucleoli, cytoplasmic RNA  

Phalloidin Alexa Fluor 

568 conjugate, WGA 

Alexa Fluor 555 

conjugate 

562/40 (Texas Red) 622-662 (Texas Red) F-actin cytoskeleton, Golgi, 

Plasma Membrane 

MitoTracker Deep Red 628/40 (Cy5) 672-712 (Cy5) Mitochondria 

Table 1. Stains and filters used in Cell Painting assay. 

 

 

 

 



 
 

16 
 

 Fluorescence involves the absorption of a photon by an indicator (dye) followed by the emission of a lower 

energy a few nanoseconds later. The emitted photon has less energy than the absorbed photon because some energy 

is lost in this process to other types of radiation.103 This is called the Stokes shift and is especially important for the 

selection of indicator molecules for multi-dye experiments as excitation and emission spectra should not  overlap as 

you cannot differentiate which fluorophore emitted light of the same emission wavelength. The separation of the 

excitation and emission light, as well as noise caused by autofluorescence at other wavelengths, can be achieved 

through the use of filter cubes and dichromatic mirrors. For widefield fluorescence microscopy a parallel beam of 

light passes through the entire sample (widefield of view) and then the emitted light can be readily captured either 

by eye or digitally using a camera. Though simple, scalable and fast, widefield microscopy does come with 

disadvantages. Widefield is diffraction-limited, thus it can’t differentiate between two fluorescent points less than 

200 nm apart, leading to loss of resolution, additionally the unavoidable projection of out-of-focus light onto the 

single image plane of the camera also results to further loss of image quality. Other methods exist that can overcome 

these limitations such as superresolution methods like PALM/STORM that overcome this limitation by multiple 

excitation of a photoswitchable fluorophore, allowing its localization through fitting emitted photons to a Gaussian 

distribution,104,105 and confocal microscopy, which reduces out-of-focus light by excitation and detection point 

across the specimen and sequentially compiling the entire image.103 However, PALM/STORM are too costly and 

slow to be adequately used for HTS and lower resolution is not required to adequately image the large organelles 

stained by its dyes and, while both widefield and confocal microscopy have been used successfully for Cell Painting, 

confocal microscopes often have more limited filter sets in addition to being more expensive.106 Thus, for our 

experiment we decided to use a widefield fluorescence microscope, the IXM-XLS.107 This is an automated 

microscope capable of rapidly imaging 384 well plates using a large field of view and laser-focusing to find well 

bottoms in addition to being able to fit the five filter cubes required to image all the dyes necessary for Cell Painting.  

B. Compound treatment, staining, image acquisition and processing  

The general workflow for Cell Painting involves compound treatment, staining, image acquisition and 

processing (Figure 5). At the end of a single experiment each tested condition generates hundreds of single-cell 

profiles of at least 1,500 features which can then be aggregated and analyzed further. Each step in the protocol has 

potential pitfalls that can alter any number of features for these treatment conditions and cause misattribution of 
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morphological differences to compound treatment rather than to other variables. Cell type, growth conditions, 

growth time, and image quality can all contribute to the overall quality of the extracted data. Because the published 

Cell Painting protocol was written to adequately address all these factors, it was adapted with as few changes as 

possible.89  

 

 

 

 

Figure 5. Cell Painting workflow. Cells are first treated with compounds in dose using an automated liquid handler. 

After 24 hours cells are fixed with formaldehyde and stained to visualize the nucleus, endoplasmic reticulum, 

nucleoli and cytoplasmic RNA, F-actin cytoskeleton, Golgi, and plasma membrane, and mitochondria. Next, 

CellProfiler is used to segment and analyze images and extract 1,700 features per each cell in every well. Per-cell 

profiles are then aggregated by calculating the median morphological profile in each well. These per-well 

morphological profiles are then used in downstream analysis. 
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 Cell Painting has been demonstrated to work in over a dozen adherent cell types, with the most used cell 

lines being those that have homogenous and geometrically simple morphology, which simplifies image analysis and 

ensures replicability. That is why for this experiment we used HeLa cells, as they meet these criteria and their 

organelles have been successfully stained using the original staining protocol. The protocol describes that use of two 

common incubation times for compound treatment, 24 and 48 hours, stating that at a longer time point the authors 

typically observe more active molecules as those that might induce subtle phenotypes take longer to perturb 

aggregate morphology37,99. However, we chose to use the shorter time point because many of our molecules are 

cytotoxic and thus might not have quantifiable phenotypes at a longer time point. Lastly, the protocol recommended 

culturing the cells at a lower fetal bovine serum (FBS) concentration (4% instead of the typical 8-10%) in order to 

prevent cells from becoming overconfluent and causing cells to overlap, but we found that this slowed cell division 

too much for HeLa cells so we cultured them using standard conditions (1,500 cells, 50 uL per well, Dulbecco's 

Modified Eagle Medium (DMEM), 3.6 mM L-Glutamine, 1x Penicillin-Streptomycin, 8.8% FBS, 37°C, 5% CO2).   

Plate effects describe the changes in cellular morphology that occur simply due to effects from temperature 

and humidity gradients present for a particular well position on a plate.108 Mitigation of all these effects is required 

in order to accurately measure the morphological profiles caused by chemical perturbation and not by other 

variables. This is mostly addressed through the use of four biological replicates, which are spread between four 

different plates, each measured on a different day in addition to the inclusion of at least 30 vehicle-only (DMSO) 

control wells that can be used to normalize features between different plates. Ideally replicates would be spread 

randomly throughout each plate, with no compound present in the same well in two separate replicates. However, 

this extensively complicates the compound treatment of cells, so instead we took a more moderate approach, 

spreading the DMSO wells evenly throughout each plate in addition to inverting plates for each replicate (Figure 6). 

Lastly, we chose to plate our cells in CellCarrier Ultra 384-well plates as they are designed to prevent evaporation 

and have well bottoms made with cyclic olefin which has high optical clarity and low within-plate height variation 

allowing us to get more clear images in every increasing the amount of cells from which we can gather data. 
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Figure 6. Example of the plate layout used for Cell Painting experiments. Each plate contains at least 34 controls 

distributed in a chevron pattern in order to account for plate effects. Each compound is present in six doses with the 

highest doses located toward the top of the plate. Outer columns (gray) are left empty to minimize edge effects. 

 

 

 

 

 

The staining protocol remained unchanged and was preformed using a Biotek Multiflo FX in order to 

reduce variability caused by user error. Additionally, plates were protected from light as much as possible as all the 

dyes were sensitive to photobleaching and were spun down for 1 minute at 500 g between each step in order to 

prevent bubbles from forming at the bottom of the plate. After 24 hours of compound treatment 40 uL of media was 

aspirated from each well and cells were treated with MitoTracker Deep Red (30 uL/well, pre-warmed media, 500 

nM final). Cells were incubated 30 min at 37 °C, aqueous paraformaldehyde was added to each well (10 µL/well, 1x 

PBS, 0.8% final) to fix the cells. After incubating for 20 min, cells were washed once with 1×  Hank’s Buffer Salt 

Solution (HBSS) (70 µL/well) and a solution of Triton X-100 was added to each well (30 µL/well, 1x HBSS, 

0.075% final) to permeabilize the cells. Cells were then incubated for 20 min at room temp, wells were washed 

twice and the staining solution was added to each well (30 µL/well, 1x HBSS, 1% Bovine Serum Albumin (BSA), 

1.5 µg/mL Wheat Germ Agglutinin, 100 µg/mL Concanavalin A, 5 µL/mL Phalloidin, 5 µg/mL Hoechst 33342, and 

3 µM SYTO 14). After 30 minutes of incubation at room temp, wells were washed three times with no final 

aspiration, and the plates were sealed with foil. Images were captured on an ImageXpress Micro XLS Widefield 

High-Content Analysis System using five filter cubes: DAPI, FITC, TRITC, Texas Red and Cy5 (Table 1). 

Photobleaching of low-intensity dyes was avoided by imaging in the order of Cy5, Texas Red, TRITC, FITC and 

DAPI. Nine sites were imaged per well in a 3 × 3 array, with laser-based autofocus on the first site per well.  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

A

B RH-01-12 RH-01-19
RH-01-

90D/104
RH-01-90F TRH-282

C TRH-275

D TRH-258

E RH-01-94G QG-01-115 QG-01-121 QG-02-51

F RH-01-79G RH-01-83B RH-01-83D RH-01-86E RH-01-86G RH-01-92B RH-01-94E

G RH-01-79E

H RH-01-87B

I RH-01-13 RH-01-20 RH-01-90E RH-01-90G TRH-292

J LX-114

K QG-01-123 TRH-273

L RH-01-92A RH-01-92C RH-01-94F QG-01-103 QG-01-119 QG-02-54

M RH-01-83A RH-01-83C RH-01-86D RH-01-86F

N RH-01-87C RH-01-79F

O RH-01-87A

P
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The image analysis pipeline from the original protocol also remained largely unchanged but was adapted to 

be compatible with the latest version of Cell Profiler (3.0). For each plate the image analysis involved three parts: 

illumination correction, quality control and feature extraction (Figure 7). Illumination correction corrects the uneven 

illumination in each image which can be introduced by the microscope optics. This was done because heterogenous 

illumination can bias intensity-based measurements as well as complicate cellular segmentation. Images were 

aggregated on a per-plate basis to produce an estimate of the overall 2D illumination distribution, one for each 

channel, per plate. The corresponding 2D matrix for each channel can then be applied to each individual image to 

adjust intensity values. It has been shown that illumination corrections increase the ability to detect borderline 

phenotypic differences between treatment conditions.109 Next, quality control annotates those images that can be 

determined to be overexposed or blurry based on two previously identified aggregate metrics, percent maximal and 

power log-log slope respectively. This is done to further improve data quality as fluorescent artifacts could contain 

their own detectable phenotypes which would be meaningless and affect the measurements of per-well aggregates. 

Finally, for feature extraction, cells are first segmented, and the nucleus, cell body, and cytoplasm are identified 

based on their corresponding fluorescent markers. Next measurements of morphology, intensity, texture, and 

adjacency are quantified for each compartment. These measurements are then exported to a MySQL or SQLite 

database and used for further analysis.  

C. Profile aggregation, normalization and feature selection  

The image analysis data are composed of several hundred thousand single-cell profiles made up of at least 

1700 features per plate. While these data could be used directly for all further analysis steps it is better to create 

aggregate per-well profiles to decrease computational load and also to allow for data transferability, as the data file 

for each plate can range from 2 -6 GBs. The aggregation of single-cell profiles into per-well profiles is done through 

the calculation of the median cellular profile in each well and every feature, excluding cell counts which were 

calculated by taking the sum of identified nuclei in each well. The median is the aggregate statistic of choice, 

because it is better at estimating the aggregate profile for non-normal distribution and is less sensitive to outliers 

found within a population (i.e. well). Additionally, it has been shown to out-perform other commonly used methods 

in a mechanism of action study.110  
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Figure 7. The three parts of image processing. (A) Illumination correction involves the calculation of the 

illumination correction function for each channel. This is done by averaging all the image for a specific channel to 

capture the overall heterogeneity of illumination in a matrix. During the later image analysis step each image for a 

specific channel can be normalized by dividing by this matrix.109 (B) Quality control involves the selection of the 

threshold value for a specific whole-image metric that will annotate images that are out of focus or overexposed. 

This is done by plotting a histogram for a chosen metric and images are then sampled from different areas of the plot 

to determine if a specific value corresponds to good or bad image. As an example, the PowerLogLogSlope metric 

can be used to exclude out-of-focus images.111 (C) Illumination corrected images are segmented into three 

compartments: cell, nuclei and cytoplasm, and then all features are calculated for each compartment to generate 

single-cell (Object) profiles.89 Adapted from references 109 and 111 with permission.  

 

 

 

 

 

Next, because the median profile for each plate will be affected by uncontrolled variables specific to the 

time the plate was processed (batch effects) and so they must be normalized. This is done by calculating robust z-

scores for each well using the formula below:   

𝑟𝑜𝑏𝑢𝑠𝑡 𝑧 − 𝑠𝑐𝑜𝑟𝑒 =  
𝑥 − 𝜇1/2

𝑀𝐴𝐷 ∗ 1.4826
 

𝑀𝐴𝐷 = 𝑚𝑒𝑑𝑖𝑎𝑛(|𝑋𝑖 − 𝑚𝑒𝑑𝑖𝑎𝑛(𝑋1…𝑛 )| 
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The median (µ1/2) and median absolute deviation (MAD) is calculated using the entire set of single-cell vehicle-

treated profiles. The MAD is then multiplied by 1.4826 to estimate the normal distribution of these values and allow 

z-score calculation.112 Robust z-scores are chosen for the same reason that median was chosen for profile 

aggregation, they are less sensitive to population-specific outliers. In addition to improving the reproducibility of 

profiles across replicates, normalization also scales the relative intensity of each feature which is useful for 

downstream analysis as each feature exists with its own scale which impedes direct comparison. The aggregation 

and normalization steps can be achieved either through the use of the R package cytominer or the python script 

published with the original protocol with some adjustment relating to metadata values .89,101 

 Lastly, we performed feature selection in order to retain only the most informative set for downstream 

analysis (Figure 8). First, those features for which variance is near zero are removed as they have the same value for 

every sample and thus do not contain any sample specific information that could be useful. Next, features with poor 

reproducibility between plates are removed by calculating the Pearson correlations between all treatment conditions 

and then using the median value for each to retain only those that have median correlation of 0.5 or above. Many of 

the remaining features will be highly correlated with one another, potentially affecting downstream analysis, so 

features are pruned based on this correlation. Pearson correlations are calculated between every feature and then 

highly correlated features are grouped together and only one feature in each of these groups is retained. This 

grouping procedure is done iteratively until no feature has a correlation coefficient higher than 0.95 with any other 

feature.  

D. Dimensionality reduction and activity determination 

After feature selection, we are still left with compound profiles that contain several hundred to a thousand 

features making it challenging to analyze the activity of compounds by directly comparing any two features between 

compound treated cells and controls, as it is hard to establish the criteria that would make any two (or more) features 

good points of comparison. Dimensionality reduction techniques offer a solution to this problem by attempting to 

reduce the overall number of features significantly while retaining the spatial relationships that exist between data 

points. Several techniques are commonly used for biological data sets, such as t-Distributed Stochastic Neighbor 

Embedding (t-SNE),113 uniform manifold approximation and projection (UMAP),114 and principal component 

analysis (PCA).115 Though nonlinear methods like t-SNE and UMAP are becoming more popular for modeling high 
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dimension data, PCA was chosen for our data set due to its linearity which allows for the preservation of the overall 

architecture of the data and easy interpretability of the new dimensions.  

 

 

 

 

Figure 8. Schematic of the feature selection procedure based on the maximal relevance and minimal redundancy 

algorithm. First, features with a MAD of zero are removed as they do not contain any treatment specific information. 

Next, features with poor replicate reproducibility are removed to minimize noise. Lastly, correlation coefficients are 

calculated between every feature across all treatments and highly correlated features are paired together in groups. 

Only a single feature from each group is retained to minimize the inclusion of features that contain redundant 

information.  

 

 

 

 

PCA is a technique that reduces the dimensionality of datasets by creating new uncorrelated dimensions. 

Finding such new dimensions, the principal components (PCs), is based around the calculation of eigenvalues and 

eigenvectors that generate linear combinations of the original dimensions that contain the majority of the original 
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variance (Figure 9). A huge advantage of PCA is that the new dimensions are defined by the data itself and thus it is 

adaptable to novel data for which a known metric of evaluation does not exist, such as the Cell Painting profiles 

induced by novel chemical matter. As mentioned previously, the linear nature of PCA allows for the preservation of 

the original relationship between all points, unlike with t-SNE and UMAP, which only preserve such a relationship 

for the nearest neighbors. This invalidates the interoperability of the Cell Painting profiles, as any new data 

generated by additional compounds graphed in dimensions derived from t-SNE and UMAP would have no 

relationship to the original data. Lastly, the PCs are combinations of the original dimensions and thus once they are 

calculated for a particular dataset they can be extracted, informing us of which features were most important in 

generating similar or dissimilar profiles. For our datasets, PCs for per-well aggregate profiles were calculated using 

the prcomp function found in the R package stats and used for further analysis.116 All PCAs were done using the 

prcomp command in the stats package of R version 3.6.2.  

 

 

 

 

 

Figure 9. Schematic of PCA. In the original data set the explained variance is spread fairly evenly between the two 

original dimensions. PCA attempts to reduce the amount of dimensionality by finding new dimensions (principal 

components, PCs, highlighted red and green) that maximally capture the variance in the data set. The dimension that 

explains the highest percentage of the total variance is the first principal component with the rest ranked in 

descending order. We can see that PC2 in this example explains almost none of the variance for this data set and 

thus can be dropped. Data can then be replotted using the new lower number of dimensions while losing a minimal 

amount of information. Adapted from Explained Visually (https://setosa.io/ev/). 

https://setosa.io/ev/
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Although PCA effectively reduces the number of dimensions and is capable of identifying groupings of 

similar profiles, it does not directly provide objective metrics by which to determine which treatments induced 

phenotypes that were significantly different from DMSO-treated cells. In a typical screen two treatments could be 

determined to be significantly different from each other through statistical methods such as t-tests, but the 

calculation of such parameters is difficult for multidimensional data even after PCA because it would need to be 

done for each component individually. To address this problem, the multidimensional perturbation value (mp-value) 

was created. 117 Mp-values describe the statistical significance of the dissimilarity of two treatment conditions in a 

multidimensional space and are similar in interpretation to standard p-values. These mp-values are calculated as part 

of the last step in activity determination (Figure 10). First, per-well profiles of all replicates for a specific treatment 

condition are grouped together with the profiles of all DMSO-treated replicates in a single matrix and 

dimensionality is reduced through PCA, retaining only those PC which capture 90% of the original variance. Next, a 

Mahalanobis distance (activity score) is calculated between the two groups.118 A Mahalanobis distance is the same 

as a Euclidian distance between two points, but for a multidimensional space, and is calculated based on the formula 

below:  

𝑀𝑎ℎ𝑎𝑙𝑎𝑛𝑜𝑏𝑖𝑠 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  √(𝑥 − 𝜇)𝑇 ∗ 𝑆−1 ∗ (𝑥 − 𝜇) 

Where x is a vector composed of the means of each PC for the treatment replicates, µ is a vector composed of the 

means of each PC for the control replicates and S is their covariance matrix. Next, the mp-value for this distance is 

generated by permutation of the replicate labels 1000 times. Each time the replicate labels are permuted, a new 

Mahalanobis distance is calculated between the new assignments. The mp-value represents the total fraction of the 

1000 permutation-derived Mahalanobis distances that are greater than the original distance. A maximum cut-off mp-

value of 0.05 was chosen for activity determination, as the significance of permutation derived p-values can be 

interpreted the same way as those that are generated by parametric methods.119  
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Figure 10. Activity determination through the calculation of treatment-specific Mahalanobis distances (activity 

scores) and mp-values.117 Replicates of the same treatment are paired with controls and each paired set is then 

processed individually. Dimensionality is reduced by PCA which is followed by the calculation of Mahalanobis 

distances using the new principal components. Lastly, treatment and control labels are permuted and then 

Mahalanobis distances are recalculated again. Mp-values are calculated based on the fraction of times the permuted 

distance was greater than the original distance. Adapted from reference 117 with permission.   

 

 

 

 

 

E. Chemical feature measurement and correlation with compound activity 

One of the goals of this project was to try and establish correlations between the activity of molecules in 

Cell Painting and chemical features in order to better inform what features are relevant to the creation of biologically 

diverse libraries. We selected features that were already commonly used to assess the structural and physiochemical 

diversity of a library and they were molecular weight (MW), topological polar surface area (tPSA), clogP, PMI and 

fsp3. MW and tPSA were estimated using ChemDraw. MW being calculated based on the average molecular mass of 

the structure, with atomic masses weighted based on the natural abundance of all isotopes of the element. tPSA 

estimates the total surface of a molecule that belongs to polar atoms by summing the contribution of individual polar 

fragments,120 and is biologically relevant because it has been shown to affect molecular absorbance in the body and 

is especially important for drugs that cross the blood-brain barrier.121 clogP is the calculated logP, where P is the 
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partition coefficient of a molecule between octanol and water, thus it represents the lipophilicity of a molecule and 

estimates the ability of a molecule to cross cellular membranes. While traditionally determined experimentally, it is 

now commonly calculated. We used the SwissADME tool to estimate this feature, which calculates a consensus 

clogP based on five different models. 122 PMI describes the overall shape of a molecule based on the calculation of 

three principal moments of inertia (I1, I2, I3), ranked in ascending magnitude and then the two lower moments are 

normalized by the moment of the highest magnitude (I3).54 The resulting coordinates (I1/I3, I2/I3) generate a plot in 

the shape of an isosceles triangle with each corner representing an archetype molecular shape, i.e. rod (0,0), sphere 

(1,1) and disc (0.5,0.5). Thus, the specific coordinates estimate the overall rod, sphere or disc-ness of a given 

molecule. Lastly, fsp3 is just the fraction of carbons in a molecule that are sp3 hybridized. Pearson correlations 

between the activity scores (Mahalanobis distances) or cell counts and each of these features were calculated using 

GraphPad Prims 8.0 and significant correlations were identified by a p-value less than 0.05.  

F. Assessing diversity through PCA and hierarchical clustering  

Previously applied methods used to determine compound activity relative the DMSO controls can also be 

used the measure the diversity of the entire compound set. Because PCA captures the variance of a data set, 

analyzing the entire library’s morphological profiles at once using this method will visualize the overall dissimilarity 

between compounds as those that are dissimilar will be located away from each other in one or several PCs. 

Mahalanobis distances and mp-values can then be used to measure the magnitude and statistical significance of this 

dissimilarity. Using this information, we can then analyze if the alteration of specific chemical features, such as a 

specific appendage or the overall stereochemistry, causes a significant change in the observed cellular morphology. 

Additionally, the overall PCA plot will also visualize if the library is performance diverse, as a performance-diverse 

library will have an even distribution of all compounds in the first two PCs, with none clustering closely together.  

Although the calculation of individual Mahalanobis distance and mp-values for every pair of compounds is 

computationally possible, it is not easily visualized even for libraries of moderate size. One possible way to visualize 

the similarity/dissimilarity of all library molecules is to calculate Pearson correlations between all molecules which 

can then be visualized as a heatmap. Additionally, these Pearson correlations can then be used as the distance 

measurements for an agglomerative hierarchical clustering algorithm which will attempt to create clusters of similar 

compounds.123 Like PCA, the unsupervised nature of hierarchical clustering is advantageous for our data set as we 
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do not necessarily know which compounds are likely to cluster together, especially because established assumptions 

about structural similarity and biological performance may be untrue.63 Agglomerative clustering starts from the 

division of the data set into single points, these points are then merged together into pairs based on proximity, pairs 

are then merged into groups step by step until all pairs have been merged together (Figure 11).124 Various clustering 

methods share this general procedure but differ in the way in which the measure of inter-cluster dissimilarity is 

updated after each step. For our data set, we chose to use the between-group average linkage method, which 

calculates dissimilarity based on the formula below:  

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑠 =
1

|𝐴||𝐵|
∑ ∑ 𝑑(𝑥, 𝑦)

𝑦∈𝐵𝑥∈𝐴

 

Where A and B are two clusters and the distance between them is taken to be the average of all distances between 

pairs of objects x in A and y in B. This method was chosen for its ability to form tight-knit clusters which can vary 

in size and shape. The final calculated distances between each point, pair and cluster can then be visualized as a 

dendrogram which can easily be paired with the original heatmap of the Pearson correlations in order to reorder the 

columns based on these new clusters. For our data set, hierarchical clustering analysis was accomplished by first 

calculating the correlation matrix using the cor function in the stats package of R version 3.6.2, followed by the 

calculation of pairwise distances using the dist function and finally clusters were determined using the hclust 

function using the average linkage setting.   
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Figure 11. Diagram of agglomerative hierarchical clustering. Single points are first connected to their nearest 

neighbor until all points are connected as pairs. Pairs are then associated together into clusters based on proximity 

until all pairs have been associated together. The distance measurements of these linkages can then be visualized as 

a dendrogram, where the distance of each stem of a particular fork represents the total dissimilarity between the 

other points that join at that fork.  

 

 

 

 

 

III. Results and Discussion 

A. Profiling flavone derivatives enriched in sp3 character 

The libraries we chose to profile using Cell Painting were all based around privileged natural product 

scaffolds to reduce the risk that our synthesized libraries would lack biological activity. The first library for which 

we systematically evaluated biological performance diversity using Cell Painting was based around the pyrone and 

flavone scaffolds.73 Pyrones and flavones are commonly occurring biologically active natural products with a broad 

range of activity.125 Because of the polypharmacology of the parent natural product, derivatives from γ-pyrones 

could poses unique and useful biological properties. The reduced flavone scaffold is of particular interest due to the 
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increase in the fraction of sp3 hybridized atoms and stereochemical complexity of the flavone core, features that are 

lacking in naturally occurring flavones (Figure 12A). Additionally, previous research shows that small molecules 

with more fsp3 character have increased selectivity for specific targets.29 Thus, we assembled a library of flavones 

that display polypharmacology, γ-pyrones, and reduced flavones to determine if increasing the ratios of fsp3 would 

generate a library with biological performance diversity. The reduced flavones were prepared using a DOS approach 

from γ-pyrones in an efficient manner to access a diverse array of scaffold, appendage, stereochemical, and 

physicochemical properties. Synthesis of these flavonoid analogues also enabled the direct comparison of the effect 

of increasing the fraction of sp3 hybridized atoms in a particular scaffold to the biological performance diversity of a 

class of compounds (Figure 12A).  

To determine the effects that the systemic variation of these features had on biological performance we 

used Cell Painting and cytotoxicity assays. Using two methods allowed us to compare the utility of each for the 

evaluation of performance diversity as well as providing additional data for this metric for our library. For this 

library, each compound was screened in six-point dose for the Cell Painting (2-fold dilution, 80 to 2.5 μM) and for 

the cytotoxicity assay (2-fold dilution, 40 to 1.25 µM). Additionally, the treatment time for the cytotoxicity assay 

was 72 hours and it utilized two cell lines, HeLa cells and OVCAR-8 cells, allowing for the evaluation of 

compound-specific differences in sensitivity. One of our major findings was that greater fsp3 character does not 

always lead to greater performance diversity for this scaffold as the γ-pyrones had the highest activity and the 

greatest amount of variance in both assays (Figure 12B,C). Because the esters were inactive in the Cell Painting 

assay, as determined by their mp-values (mp-value > 0.05), it was not possible to measure their performance 

diversity using this assay, however, there were significant differences in the toxicity of many esters which we 

established to be due to the variation of both stereochemistry and appendages.  
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Figure 12. Structure of natural and reduced flavones. (A) The fsp3 was considerably increased in the alcohol and 

ester reduced flavones compared to the natural flavones. (B) Pyrones and flavones had a broad range of activity in 

the toxicity assay. (C) Pyrones displayed the largest amount of range in activity in the Cell Painting assay. 

 

 

 

 

 

 



 
 

32 
 

B. Effects of appendages on performance diversity of the pyrone scaffold 

In contrast, 11 out of 14 pyrones were active and one of the natural products, apigenin, was active in the 

Cell Painting assay and the pyrones displayed a variety of biological profiles as visualized by PCA (Figure 13A,B). 

For the active pyrones, it was clear that appendages greatly contributed to the observed diversity of activity as 

determined by the pairwise calculation of mp-values between every pyrone (Figure 13C). We found that two 

pyrones (3d, 3e) induced a significantly different profile from every other pyrones in the library (mp-value < 0.05), 

while others were only significantly different from some pyrones and not others (3m). Additionally, a comparison of 

the lipophilicity of the pyrones using clogP reveals a correlation between calculated clogP and toxicity as measured 

by the area under the dose curve (AUC) (Figure 14A,B). Pearson correlation values were calculated for each library 

to compare activity score, AUC values, and clogP (Figure 14C). While the toxicity of the pyrones significantly 

correlated with clogP, the activity score of the pyrones did not, thus demonstrating the utility of using multiple 

assays to reveal features that drive biological performance diversity. For this library, further enhancement of 

biological performance diversity could be accomplished through the inclusion of compounds with diverse 

physicochemical properties, specifically lipophilicity. 
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Figure 13. Comparison of biological performance diversity using the Cell Painting assay. (A) Scatter plot 

visualizing the variance of each compound class based on the first two principal components from the PCA. Each 

point represents the average of four replicates at 80 μM, and points shown in gray are inactive as determined by their 

mp-values (>0.05). (B) Dot plot on the left shows the overall variation in activity scores for the entire library in 

comparison to DMSO with the activity score at which a compound typically become active (mp-value < 0.05) 

represented as a dotted line. The box and whisker plot on the right displays the distribution of the average activity 

scores for each compound class. Each point is the average of the activity scores for one compound across all doses. 

(C) Heat map represents the effect of appendages on driving performance diversity for the pyrones. Mp-values were 

calculated based on the Mahalanobis distance between a pair of pyrones.  
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Figure 14. Correlation between biological activity and clogP. (A) Scatter plots reveal the correlation between AUC 

of pyrones (left) and reduced flavone esters (right) with clogP in HeLa cells. (B) Scatter plots reveal the correlation 

between average activity scores of pyrones (left) and esters (right) with clogP in HeLa cells. In panels A and B, 

clogP values were calculated using SwissADME.(13) (C) Dot plot of the Pearson’s correlation between clogP and 

AUC or average activity scores for each class of compounds with grayed out points showing insignificant 

correlations (p-value > 0.05). The pyrones show a significant correlation between biological activity and clogP in 

the cytotoxicity assays. 

 

 

 

 

 

C. Profiling a stereochemically and strucrually diverse library of benzofurans and benzopyrans 

For our next library we focused on the benzofuran and benzopyran flavonoid scaffolds to generate a 

structurally diverse library of molecules. Like the flavone and pyrone scaffolds these have also been found to have a 

variety of biological activities.126–128 However, their current physiochemical properties limit their membrane 

permeability and thus their activity within the cell.129 We addressed this through the inclusion of  nitrogen-

containing groups to the scaffold to increase the variance in chemical properties and potentially enhance the 

efficacy, as well as further improve the biological performance diversity, of these molecules.130,131 Our previously 

published DOS oriented synthetic strategy allowed us to systematically generate a library that was diverse in 

scaffold, appendage, and stereochemistry (Figure 15A).72,132 These molecules sampled a broad range of the 3D 

chemical space as measured by PMI (Figure 15B). In addition, they also exhibited a diverse array of physiochemical 
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properties such as MW, clogP and tPSA (Figure 15C). As with the previous library, we also wanted to generate 

molecules that were more enriched in sp3 character to further drive biological performance diversity (Figure 15D). 

For this Cell Painting assay we again used HeLa cells which were treated in six-point dose (2-fold dilution, 100 to 

3.125 μM in DMSO). In contrast to our first profiling experiment, which used the entire feature set (around 1,700 

features) for the calculation of activity scores, mp-values and other analysis, this time we decided to reduce the 

number of features by using the previously describe selection method which could potentially improve the predictive 

power of our PCA. This reduced set of 434 normalized, maximally informative and minimally redundant features 

which composed the profiles that were used in all downstream analysis.  

Through the calculation of activity scores and mp-values for all doses and compounds we determined that, 

in contrast the previous pyrone and flavone library, our new library of sp3-enriched benzofurans and benzopyrans 

was highly bioactive, with 72 out of 82 molecules active at the highest dose (Figure 16A). Overall, the series based 

on the benzofuran scaffold (Series 1 and 2) contain the most active molecules and the largest range of activity at all 

doses (Figure 16A). Because the activity scores are highly negatively correlated with cell count (Figure 16B), and 

cytotoxicity induces large changes in cellular morphology regardless of the actual molecular target, compounds with 

moderate activity scores are also of interest as they could contribute meaningfully to the performance diversity of 

the library. However, the most active molecules contained in Series 1 and 2 tended to display more variable 

phenotypes as visualized by the PCA of their profiles at 100 µM (Figure 16C). 
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Figure 15. Chemical features of the benzofuran and benzopyran library (A) Composition of the library. (B) PMI 

plot of the lowest energy conformer for each enantiomeric pair of flavonoid derivatives. (C) 3D plot of the MW, 

tPSA and clogP of flavonoids. (D) Histogram of the fraction of sp3 carbons. 
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Figure 16. Overall activity of the benzofuran and benzopyran library. (A) Dot plot showing the activity score 

(Mahalanobis distance) for each dose for every compound and the DMSO controls. Dashed line represents the 

distance at which a treatment was typically observed to be statistically active (mp-value < 0.05). (B) Scatter plot of 

the mean activity score and cell count for each compound averaged across all doses. The mean of all DMSO wells 

used in normalization is represented as an open circle. (C) PCA plot of the profiles of all active compounds at 100 

µM. Each point represents the mean of 4 replicates. The mean of all DMSO wells used in normalization is 

represented as an open circle. 
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D. Establishing correlations between chemical features and bioactivity  

Discovering the correlations that may exist between chemical features, that can be quantified in silico, and 

biological activity is important for informing the construction of performance-diverse libraries. Because we built our 

library from molecules that included moieties with variable polarity, we expected two physiochemical properties, 

clogP and tPSA, to be predominant in driving biological performance diversity. As discussed previously, these 

features also correlate remarkably well with the permeability of organic compounds, which may be the underlying 

mechanism in the variance of activity.130,131 For our library, we found a strong correlation between activity score and 

cell count with clogP for molecules in Series 1 and 2, indicating that increasing clogP increases the bioactivity of 

this set of compounds (Figure 17A). Interestingly, the reverse was true for Series 3 and 4, where increasing clogP 

decreased cytotoxicity and where activity score does not seem to be significantly correlated with clogP (Figure 

17A). This dependence was generally inverted for tPSA and this dependence was much weaker for Series 1 and 

Series 2 than for Series 3 and 4 (Figure 17B). We also found that the variation of MW and fsp3 had no impact on the 

given activity of for any of the scaffolds (Figure 18). Taken together, these observations illustrate the need to 

determine which chemical features are important for driving performance diversity for a particular scaffold and that 

having molecules with diverse set of these critical properties is likely to enhance the biological performance 

diversity of a library. 
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Figure 17. Correlation plots for the mean activity score and mean cell count and (A) clogP and (B) tPSA. 

 

 



 
 

40 
 

Figure 18. Correlation plots for the average activity score and average cell count and (A) MW and (B) fsp3. 
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E. Determining the structure activity relationship driving similarity using hierarchical clustering 

analysis 

It is possible that a library of highly biologically active molecules is not performance diverse, as all 

molecules may still generate morphological profiles that are very similar. To determine if our library induced a 

range of unique morphological profiles and which molecules were most dissimilar, we decided to analyze how 

correlated the profiles of different molecules were to each other. We used the 100 µM dose profile as the 

representative profile for each compound on the assumption that any induced differences are dose dependent and 

thus would be greatest at the highest dose. Using these profiles, we calculated the Pearson correlations between all 

compounds. These Pearson correlations were then used as the distance measurements for the hierarchical clustering 

of the entire library, which would allow us to determine the dissimilarity (Figure 19A). From this analysis, we 

observed that clustering was driven primarily by scaffold, with the most structurally similar molecules, including 

some stereoisomers, having the highest correlations. Critically, almost half of all the active molecules (35) induced 

profiles which were not highly correlated with any other molecule (Pearson R2 < 0.9), indicating that there is some 

dissimilarity induced through scaffold or stereochemical variation within each series.   

Looking closely at the structures found within highly correlated clusters allowed us to establish the SAR 

responsible for morphological profile similarities (Figure 19B). The largest highly correlated cluster mostly contains 

molecules from Series 1 and 2, featuring three matched stereoisomeric pairs (1d, 2d, 1h, 2h, 1k, 2k) each containing 

methoxy substituents and a non-polar tert-butyl group or phenyl ring. Interestingly, this cluster contains a molecule 

from Series 3 which also contains a methoxy group and a polar hydroxyl group (3j). This observation reveals that 

differences in substituent polarity may not guarantee diverse performance, but that molecules with the most similar 

substituents and scaffolds tend to produce redundant biological profiles, which highlights that it is still worthwhile to 

vary these features in order to create performance-diverse libraries. Other clusters (1a, 2a, 1b, 2b, 3r) and (1f, 2f, 1c, 

3e) also contain matched stereoisomer pairs from series 1 and 2, which indicates that diversity of stereochemistry 

may be less impactful for diverse performance, at least for this scaffold. 
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Figure 19. Heatmap of benzofuran and benzopyran library. (A) Heatmap showing Pearson correlation between 

compounds with a dendrogram showing the results of hierarchical clustering. Column and row colors indicate which 

series compounds belong to (Series 1 – Green, Series 2 – Magenta, Series 3 – Teal, Series 4 – Navy). (B) Structures 

of compounds found in the most tightly correlated clusters (R2 > 0.9), separated by blue lines, and structures of the 

most dissimilar molecules, separated by a red line. 
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The four molecules that contain alkyl-substituted tertiary amines form the highest correlated cluster (1u, 

1v, 2u, 2v). These molecules are also the most potent out of all the clustered molecules as well as the entire library 

(Table 2). The least potent of the active molecules are also the most dissimilar from the rest of the library (2g, 2o, 2t, 

2e, 1e, 3i). These compounds are mostly from Series 1 and 2 and tend to contain sulfonamides and nitrogen-

containing aromatic heterocycles, except for 3i, 3d, 4k. This result may suggest that the inclusion of further such 

substituents in future libraries could further expand the performance diversity exhibited by these scaffolds. 

Additionally, though they are less potent, they exhibit much more specific morphological profiles than the molecules 

found in highly correlated clusters, with only a couple key features changing relative to the DMSO control (Figure 

20). Looking directly at representative images, the highly active molecules from each cluster induce unique 

phenotypes that are readily visible by eye (Figure 21), while the phenotypes of each dissimilar molecule are not 

readily distinguishable from DMSO (Figure 22). This highlights the utility of Cell Painting in detecting subtle 

phenotypes and the importance of avoiding the selection of too many highly cytotoxic molecules as they may have 

promiscuous activity as indicated by the shift of a large range of features. 
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Compound Mean Activity Score Mean Cell Count 

2v 16.6 270.5 

2u 14.8 305.6 

1v 13.9 364.0 

2k 13.7 514.2 

1k 12.8 480.2 

2d 12.4 543.6 

1d 12.0 541.6 

2i 11.8 628.0 

3c 11.6 623.1 

1i 11.4 555.9 

3j 10.8 653.2 

1u 10.7 491.1 

1h 10.7 588.3 

2h 10.6 633.0 

1f 9.8 785.4 

2f 9.3 767.3 

2b 9.3 725.1 

2a 9.1 802.2 

3e 9.1 789.8 

1b 8.1 764.5 

1a 8.1 767.3 

3r 7.4 796.5 

1e 6.8 868.0 

2e 6.2 885.7 

2g 5.9 904.0 

3i 5.7 915.6 

2t 5.3 939.1 

2o 5.1 891.9 

DMSO 3.3 921.3 

Table 2. Mean cell counts and activity scores for highly correlated and highly dissimilar compounds. 
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Figure 20. The feature profiles generated for each of the clustered compounds at 100 µM. Red indicates an increase 

and blue a decrease in the relevant feature as compared to DMSO control. Compounds are grouped by cluster. 
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Figure 21. Representative images showcasing the different phenotypes induced by a representative compound in 

each highly correlated cluster in comparison to DMSO control wells. 
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Figure 22. Representative images showcasing the phenotypes induced by three molecules that were uncorrelated 

with the rest of the library.   
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F. The synergistic effects of scaffold, stereochemistry and appendage variation on biological 

performance diversity  

Previously Cell Painting has been used to demonstrate that variation of just stereochemistry can produce 

sets of performance diverse molecules.93 Our hierarchical clustering analysis already established that each scaffold 

tended to sample distinct areas of biological space as indicated by their tendency to not cluster together, while 

stereoisomers and structurally similar molecules tended to exhibit much more similarity in their biological profiles 

(Figure 19). To estimate this effect in a more quantitative way, we calculated pairwise activity scores for all the 

active molecules in our library using the profiles from the 100 µM dose. This allowed us to determine which 

analogswere significantly different from each other when only the stereochemistry or scaffold were changed (mp-

value < 0.05). In total we compared 26 scaffold pairs and 31 stereoisomeric pairs. Only one instance was observed 

in which pairs were dissimilar for both scaffolds and stereoisomers (Figure 23A). More frequently stereoisomeric 

pairs were dissimilar only for one scaffold and not the other (Figure 23B) or stereoisomeric pairs were not dissimilar 

for both (Figure 23C). We also confirmed that this dissimilarity was dose dependent with the greatest distance often 

observed at 100 µM (Figure 24). Additionally, we showed that scaffold pairs were more distant, and thus dissimilar, 

from each other on average with a mean activity score of 29.7 (Table 3, right), while stereoisomeric pairs had a 

mean activity score of 16.4 (Table 3, left). 

While all scaffold pairs were significantly dissimilar from one another and at least some of this 

dissimilarity was due to the protecting group on the alcohol of the benzopyran as 3q and 3r are significantly 

different from each other (Figure 23D). This is important, because all the molecules in Series 3 and 4 were benzyl 

protected, except for 3q. In comparison, only 12 out of 31 stereoisomeric pairs were significantly dissimilar. From 

this analysis, we can conclude that variation in the scaffold is more important for driving biological performance 

diversity than the variation of the stereochemistry. Although it is hard to draw conclusions about which specific 

appendages are more likely to make stereoisomers dissimilar, the dissimilarity does seem to be scaffold- and 

appendage-dependent, as only one pair (1m, 2m, 3m, 4m) is dissimilar in both scaffolds. Additionally, the only 

structural difference between the m analogues, that are all dissimilar, and the f analogues (1f, 2f, 3f, 4f), for which 

stereochemistry has no impact on dissimilarity, is the substitution of a piperidine with a morpholine. These results 

support the conclusion that there is synergy in the joint variation of scaffold, appendage, and stereochemistry in 
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producing unique biological profiles as specific combinations of each are necessary for compound pairs to exhibit 

profiles that are significantly distinct from each other. 

 

 

 

 

 

Figure 23. PCA plots of compound pairs and their structures. Points represent individual replicates of each 

compound at 100 µM and encircled by ellipses representing the 95% confidence intervals. An mp-value < 0.05 

signifies a statistically significant separation of clusters.  (A) Compounds 1m, 2m, 3m, 4m. (B) Compounds 1e, 2e, 

3e, 4e. (C) Compounds 1f, 2f 3f, 4f. (D) Compounds 3q and 3r. 
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Figure 24. PCA plots of compound pairs in dose. Points represent individual replicates of each compound at 100 

µM. (A) Compounds 1m, 2m, 3m, 4m. (B) Compounds 1e, 2e, 3e, 4e. (C) Compounds 1f, 2f 3f, 4f. (D) Compounds 

3q and 3r. 
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RSS SRR Activity Score mp-value Benzopyran Benzofuran Activity Score mp-value 

1w 2w 19.8 0.01 3g 1g 13.4 0.005 

1m 2m 22.9 0.011 3i 1i 32.7 0.008 

1j 2j 136.9 0.014 4d 2d 21.3 0.008 

1x 2x 32.3 0.014 3d 1d 28.1 0.009 

3l 4l 61.1 0.014 4c 2c 32.1 0.01 

3m 4m 18.6 0.015 4h 2h 8.9 0.01 

1b 2b 13.5 0.016 4k 2k 28.0 0.01 

1v 2v 10.0 0.016 4m 2m 10.4 0.01 

3e 4e 25.5 0.017 4a 2a 36.9 0.011 

3g 4g 13.9 0.036 4f 2f 29.0 0.012 

3j 4j 6.4 0.041 3c 1c 28.7 0.013 

1c 2c 6.4 0.048 3n 1n 25.8 0.013 

3d 4d 19.5 0.059 4b 2b 30.1 0.013 

1g 2g 11.4 0.06 4e 2e 28.7 0.014 

1l 2l 13.7 0.072 3b 1b 23.6 0.015 

1n 2n 14.3 0.075 3j 1j 12.9 0.015 

3a 4a 11.0 0.084 4g 2g 111.6 0.015 

1a 2a 6.8 0.107 3f 1f 22.2 0.016 

3c 4c 7.8 0.125 4l 2l 23.0 0.016 

1h 2h 6.6 0.137 3e 1e 55.4 0.017 

1e 2e 6.7 0.14 3l 1l 35.3 0.019 

1u 2u 4.9 0.144 4j 2j 39.9 0.019 

1q 2q 6.1 0.18 4n 2n 16.6 0.019 

3i 4i 5.2 0.202 4i 2i 19.4 0.021 

2k 1k 5.5 0.249 3m 1m 22.6 0.024 

3f 4f 2.5 0.301 3a 1a 35.1 0.025 

1f 2f 4.3 0.308  Mean 29.7  

3b 4b 3.8 0.333     

1i 2i 2.4 0.334     

3n 4n 4.1 0.336     

1d 2d 3.2 0.4     

 
Mean 16.4 

 
    

Table 3. Mahalanobis distances for each stereoisomer (left) and scaffold (right) pair at 100 µM 
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IV. Conclusion 

Traditional approaches to composing a library with diverse biological activity emphasized the inclusion of 

molecules with varied chemical structures and properties. However, a majority of molecules in such libraries have 

been found to be biologically inactive and are thus outperformed by libraries selected for biological performance 

diversity.37,64 This necessitates the creation of a new paradigm focused on identifying the types of  chemical features 

that are most predictive of diverse biological activity. To this end we utilized scaffolds found in broadly bioactive of 

flavonoid natural products to assemble two libraries containing novel moieties, increased sp3 character and diverse 

stereochemistry using DOS. Along with structural diversity these libraries also accessed a diverse range of 

physiochemical properties. Using a target-agnostic method called Cell Painting we profiled these libraries to 

determine which of these chemical features were most important for driving biological performance diversity. 

For our first library, which was focused on the pyrone and flavone scaffolds, we found that increased fsp3 

of the reduced flavones does not significantly improve biological performance diversity of these scaffolds compared 

to the natural flavones and pyrones within the limits of the detectable phenotypes for this morphological profiling 

assay. We discovered that lipophilicity, through the incorporation of different appendages, predicted scaffold 

activity and resulted in performance diversity among the pyrone analogues in the cytotoxicity assay but not in Cell 

Painting. By comparison of the pyrones, natural flavones, and reduced flavone esters, it is clear that the scaffold 

makes a significant contribution to performance diversity. Cell Painting also allowed us to determine the effects that 

appendage variation had on the variance in bioactivity. Although the ester class was not active in the Cell Painting 

assay it was still possible to determine the effects that the variation of appendages and stereochemistry had using the 

cytotoxicity assay. This project revealed the importance of including various assays for the measurement of 

performance diversity to evaluate diversity early in the library construction phase to decrease performance-

redundant scaffolds. It also revealed the significance of chemical properties such as lipophilicity for performance 

diversity and the observation that compounds with lower fsp3 can also possess diverse biological activities. In 

conclusion, our first profiling experiment established that a diverse combination of several factors, including 

scaffold, appendages, stereochemistry, fsp3, and physicochemical properties, combined with early assessment of 

performance diversity of pilot libraries, will contribute to the development of performance-diverse, small-molecule 

libraries.  
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Our second profiled library, which was based around the benzofuran and benzopyran scaffolds, further 

confirmed and built on these previous results. We found that our library was active across both scaffolds and 

stereoisomers and this activity correlated with clogP or tPSA in a scaffold-dependent manner. This dependence 

illustrates the relevance of using such a metric for the selection of molecules with diverse activity, as previously 

shown for the pyrone scaffold. Lastly, using hierarchical clustering analysis and PCA, we managed to determine the 

relative contribution of each feature (scaffold, appendage, stereochemistry) to the generation of performance 

diversity for these flavonoid scaffolds. Our previous work showed that a library of sp3-enriched flavonoid 

derivatives had limited cytotoxicity and activity in Cell Painting. Other studies utilizing DOS also produced libraries 

where the majority of molecules were inactive.92,93 This stresses the importance of discovering which chemical 

features can be accessed through a systematic DOS approach to library creation in order to generate a large number 

of molecules that are diversely bioactive, as structural similarity alone has been shown to be a poor predictor for this 

task.63,133 We confirmed that scaffold variation had the biggest impact on how different the generated morphological 

profiles were for pairs of molecules with matching appendages, as was also the case for the previous library. 

Additionally, we saw that certain appendages and almost half of the stereoisomers exhibited significant differences 

in the profiles they generated. Importantly, this variance in biological activity was also synergistic with the type of 

scaffold since some stereoisomers and appendage pairs were only different from each other for one scaffold and not 

the other. A previous study from the Schreiber group also noted this effect,93 further confirming the validity of 

including stereoisomers to improve the performance diversity of a library. Additionally, we found that even subtle 

differences in appendage structure could make stereochemistry impact the biological profile that is generated.  

The evolution of target-agnostic, high-content screening technology has enabled the direct evaluation of the 

biological performance of novel chemical matter. It is becoming increasingly important that new compounds are 

tested for performance as they are synthesized, thus helping guide further synthetic efforts. Additionally, access to 

the morphological profiles generated by compounds will assist in building better libraries, as we can establish which 

chemical features are relevant for a target or assay. Ultimately, we demonstrate that a systematic, diversity-oriented 

approach based around a biologically active scaffold can be an effective synthetic strategy for accessing a focused 

library that is highly bioactive and performance diverse. Performance-diverse libraries can be used in the future in a 

multitude of target-based assays and potentially yield improved hit rates as compared to larger compound libraries, 

greatly improving the efficiency of probe discovery efforts. Additional scaffolds will need to be explored to 
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determine if the observed trends are general and to obtain a better understanding of the generality of the structural 

and physical properties of small molecules that are most predictive of biological performance diversity to create 

efficient, diverse compound libraries for probe and drug discovery programs. It will also be critical to follow this 

research with the screening of these two libraries, which have differing activities in Cell Painting, in other assays to 

demonstrate that library construction based on biological performance diversity could help improve hit rates against 

a diverse array of targets.  
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CHAPTER 2 

The Methodology, and Results and Discussion sections of this chapter were previously published in 

Pavlinov, I.; Salkovski, M.; Aldrich, L. N. Beclin1-ATG14L Protein-Protein Interaction Inhibitor Selectively 

Inhibits Autophagy through Disruption of VPS34 Complex I. J. Am. Chem. Soc. 2020, 142 (18), 8174-8182 with 

permission from Copyright 2020 American Chemical Society. 

I. Introduction 

A. The history and molecular biology of autophagy  

Autophagy is a broad term used to describe the collection of evolutionarily conserved catabolic pathways 

found in all eukaryotes responsible for maintaining homeostasis. Though there are several distinct pathways for 

autophagy, they utilize the same cellular machinery, and all involve the sequestration, engulfment and degradation 

of cytosolic contents inside autophagosomes.134 This process is characterized by the unique double-membrane 

structure of the autophagosomes, which were originally discovered over 50 years ago using electron microscopy. 

The characterization of the molecular mechanism of autophagy started in the 1990s using yeast mutational 

studies.135 These early efforts elucidated the numerous genes involved in autophagy, as well as their relative 

importance and overall role in the proper functioning of this process and have thus been recently recognized with the 

2016 Nobel Prize in Medicine.136 Similar studies have been repeated in plants, worms, fruit flies, mice, and humans, 

and have shown that many autophagy genes are highly conserved between disparate species in their overall structure 

and function, thus demonstrating the vital role autophagy plays in the physiology of multicellular organisms.137  

The autophagy process can be split into three pathways: chaperone-mediated autophagy (CMA), 

microautophagy, and macroautophagy. CMA is a target specific process that involves the targeting of proteins to the 

lysosome for degradation based on the presence of the sequence KFERQ which is recognized by specific 

chaperones. Microautophagy, is more nonspecific and involves the engulfment of cytosolic content by the lysosomal 

membrane. The exact molecular mechanism underlying this pathway remains largely unknown, but has now been 

observed degrading various types of cellular cargo in several different species including endosomes in mammals.138 

In contrast to CMA and microautophagy, macroautophagy (hereafter referred to as autophagy) entails the formation 

of brand new autophagosome. It is this form of autophagy that is most critical to the proper functioning of cellular 
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homeostasis as it is capable delivering a much larger quantity of cargo for recycling in the lysosome.139 The 

trafficking of cellular cargo via autophagosomes involves several steps: induction, elongation, fusion and 

degradation. Under nutrient-rich conditions, autophagy occurs at a low basal level during which it plays a general 

“house-keeping” role, but nutrient deprivation, energy depletion, or cellular stress induce autophagy, leading to the 

biogenesis of a larger quantity of new autophagosomes.140 Upon induction, new autophagosomes are generated to 

sequester cellular cargo (damaged organelles and proteins, engulfed pathogens, etc.) within a double membrane 

vesicle which are then trafficked to the lysosome (Figure 25).141 At the lysosome the outer membrane fuses with the 

lysosomal membrane after which the inner membrane along with the cargo it contained is degraded.  

In mammals, the early autophagy pathway involves several distinct complexes among which the majority 

of autophagy genes can be divided. These are the pre-initiation ULK complex, the initiation VPS34 Complex I, and 

the two ubiquitin-like conjugation systems (Figure 25). The ULK complex consists of ULK1/2, Atg13, FIP200 and 

Atg101 in mammals, and is required for the biogenesis of new autophagosomes.142–145 Being the most upstream 

complex in the autophagy pathway, it is the main target of most autophagy regulating pathways, particularly the 

mTOR pathway.146 The proteins, often other kinases, found in these pathways are responsible for the extensive 

network of post-translational modifications, specifically phosphorylation, that the ULK complex undergoes upon 

autophagy induction.143,144,147 ULK1, for which the complex is named, is a serine kinase and its activity is critical for 

the regulation and recruitment of the other complexes to the endoplasmic reticulum (ER), where new 

autophagosomes form in mammals.147 The autophagy-specific VPS34 Complex I is composed of four core 

members: VPS34, VPS15, Beclin 1 and ATG14L and its main role is the elongation of the autophagosomal 

membrane through the phosphorylation of phosphatidylinositol (PI) to produce phosphatidylinositol-3-phosphate 

(PI3P).148 The protein involved in this complex are typically disbursed throughout the cytoplasm or localized at 

other organelles and are only recruited to the ER in an ULK1- dependent way during autophagy induction. Lastly, 

there are the two ubiquitin-like autophagy proteins, ATG5 and MAP1LC3B (hereafter referred to as LC3), and their 

respective overlapping conjugation systems. Under basal conditions, ATG5 is conjugated to ATG12 through the 

ubiquitin-like activity of ATG7 and ATG10.149 This conjugate is then recruited to the autophagosome by ATG16L1 

where it forms a multimeric complex critical to the formation of the autophagosome-specific biomarker LC3-II.150 

LC3-II is a form of LC3 that has undergone proteolytic cleavage by ATG4, forming LC3-I, followed by ATG7 and 

ATG3-mediated conjugation to phosphatidylethanolamine (PE). Recruitment and integration of LC3-II into the 
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growing phagophore is dependent on Atg5–Atg12,151,152 where it plays a role in inducing membrane curvature, 

controlling hemifusion, and acting as a biomarker for the recruitment of specific cargo and other autophagy 

proteins.153 
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Figure 25. The autophagy pathway and the proteins involved in autophagy activation. Autophagy starts with the 

ULK1 mediated activation of the initiation complex (VPS34 Complex I), which begins to generate the PI3P 

necessary for the formation of the autophagosome. Concurrently the two ubiquitin-like conjugation systems (ATG4-

ATG3-ATG7 and ATG5-ATG12-ATG16L1) cooperate to generate LC3-II, an autophagy-specific biomarker critical 

to the formation of the autophagosome and the recruitment of cargo for sequestration.   
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B. Dual role of autophagy in cancer 

Autophagy has long been suspected to play an important role in cancer biology, as the allelic deletion of 

essential autophagy genes like BECN1 (Beclin 1) was found frequently in breast, ovarian and prostate cancer.154 One 

potential mechanism behind this link could be accumulation of autophagy-specific substrate p62 in autophagy-

deficient cells.155 This protein has been shown to regulate Ras-driven NF-κB activation which is a family of 

transcription factors that act as master regulators for prosurvival and proinflammatory response genes.156,157 

Overactivation of NF-κB can lead to chronic inflammation through the accumulation of pro-inflammatory cytokines 

that support the tumor micro-environment by helping it escape immune surveillance and accelerating cell 

proliferation and oncogenic mutation.158,159 p62 is also known to bind to and inhibit Keap1, which promotes the 

degradation of Nrf2, a transcription factor that regulates the expression of genes critical for the management of 

reactive oxygen species (ROS) and stress response.160,161 Thus, the p62-dependent inhibition of Keap1 leads to the 

accumulation of Nrf2, which promotes tumorigenesis through the overexpression of cytoprotective ROS 

scavengers.162,163 In addition to the accumulation of oncogenic and damaged protein,164 autophagy-deficient cells 

also exhibit more chromosomal instability as indicated by upregulated DNA damage response, evidence of DNA 

double-strand breaks, and aneuploidy.165,166 Thus, the impairment of survival due to deficiency in autophagy may be 

somewhat mitigated by the enhanced mutation rate thereby promoting tumorigenesis.167 This is also important for 

the emergence of aggressive and resistant forms of cancer, especially after chemotherapy, as the increased mutation 

rate of autophagy-deficient cancer cells may allow for the selection of more favorable phenotypes. While the origin 

of the increased DNA damage in autophagy-defective cells is not yet known, its inhibition is linked to the 

accumulation of many toxic macromolecules and ROS which are known to induce genome damage.168 In sum, 

autophagy inhibition limits the ability of individual cells and the immune system more generally to respond to the 

development of mutations critical to further tumorigenesis.  

Paradoxically, autophagy induction has also been linked to cancer cell survival and tumorigenesis.166,169 It 

has been established that the low basal level of autophagy in normal tissues serves an important homeostatic role, as 

the deletion of ATG5 or ATG7 in neurons leads to the accumulation of poly-ubiquitinated protein aggregates and has 

been linked to neuronal degeneration.164,170 Autophagy induction in response to external stress signals and nutrient 

deprivation has a crucial role in cell survival through the recycling of existing macromolecules, providing cells 
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under metabolic stress with needed nutrients and energy.171,172 Early tumors undergo rapid proliferation while 

lacking blood flow, and thus experience metabolic stress even more acutely, making them even more reliant on 

autophagy for survival. Long-term autophagy activation typically triggers apoptosis, but in many tumors this process 

is already blocked, due to oncogenic mutations that cause BCL-2/BCL-XL activation or BAX/BAK inhibition, 

leading to sustained autophagy activation, necrosis and tumor maturation.166,173 Sustained autophagy activation has 

been shown to be essential to the continued survival of these apoptosis-defective necrotic tumors, and its inhibition 

during metabolic stress leads to rapid cell death.174,175 In addition, because autophagy plays such a broad 

cryoprotective role its activation is often a factor in tumor resistance to chemotherapy. Many small-molecule 

chemotherapies, such as 5-fluorouracil or cisplatin, which attempt to inhibit tumor progression by targeting the cell 

division process are ineffective against tumors which overexpress essential autophagy protein like Beclin 1.176,177 

This process may be mediated by the ability of autophagy to degrade internalized chemotherapeutics or through 

providing tumors enough energy and nutrients to survive increased metabolic stress due to the inhibition of cell 

division. Taken together, autophagy induction protects rapidly dividing tumors from their increased stress load, 

helping them avoid metabolic catastrophe even under treatment with chemotherapeutics.   

Autophagy also plays a role in tumor dormancy and metastasis because, as described in the previous 

paragraph, autophagy can support the nutrient and energy needs of the hypoxic, metabolically stressed tumor cells 

even as they disseminate throughout the body and are deprived of key growth factors.174,175 The ability of tumor cells 

to become dormant is closely linked to their ability to maintain quiescence, or reversible growth-cycle arrest, during 

which they are particularly resistant to cellular stress and capable of evading immune detection.178,179 Autophagy 

may facilitate this process as its impairment has been linked to senescence in adult stem cells,180 and the induction of 

autophagy leads to G1 arrest and cell survival.181 It has also been shown that inhibition of autophagy in dormant 

cancer cells through knockdown of essential autophagy genes or treatment with lysosomotropic agents caused rapid 

cell death.182. Though the quantification of autophagy activation directly in primary cell cultures remains a 

challenge, increased staining for LC3 has been associated with lymph node and melanoma metastasis and reduced 

survival in human breast cancer.183,184 In addition, LC3 expression has been correlated with metastasis in 

hepatocellular carcinoma and more aggressive and invasive forms of glioblastoma.185,186 The strong correlation 

between autophagy activation and tumor metastasis has since been well characterized and autophagy has been 

shown to play some role in every step of the metastatic cascade.187  
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C. The dual role of autophagy in other diseases 

Autophagy’s role as the “housekeeper” of the cell makes it an indispensable part of the many mechanisms 

underlying other human diseases including infectious, immune and neurodegenerative.188 Autophagy plays a direct 

role in mediating infection through elimination of invading microbes. Upon invasion of the cytosol by bacteria, 

sequestosome 1/p62-like receptors recognize and bind to microbe-specific molecular tags and physically recruit 

autophagic machinery leading to the sequestration of these microbes and their eventual degradation in lysosomes.189 

The Toll-like receptor pathway is responsible for activating the innate immune response through recognition of 

classes of molecules shared by many different pathogens allowing for their engulfment and clearance by 

macrophages. This process is called phagocytosis and the activation of Toll-like receptors has been shown to induce 

autophagy, which assists the maturation of phagosomes into autolysosomes through LC3-associated phagocytosis 

(LAP).190 However, because autophagy can promote the uptake of extracellular material, it also serves as a potential 

route of infection by both bacteria and viruses. This can occur when autophagic flux, the normal maturation process 

where autophagosomes becoming autolysosomes, is interrupted by the invading pathogens, allowing for their uptake 

through vesicles and escape into the cytosol.191 There is also evidence that individual pieces of the autophagy 

machinery are co-opted by viruses and used for early RNA replication, concealment and nonlytic release of virus 

from cells.192,193  

Genome-wide association studies have exposed a link between autophagy and several autoimmune and 

inflammation disorders, such as ATG16L1’s role in Crohn’s disease,194 or ATG5’s link to systemic lupus 

erythematosus.195 Further investigation of this link has begun to illuminate the regulatory role autophagy has in 

managing innate immunity and regulating the inflammasome.196 While autophagy is important for the elimination of 

invading pathogens in a single cell and it is also crucial to modulating the innate immune response through the 

reprocessing of viruses and bacteria into major histocompatibility complex class II molecules that can trafficked to 

the cell surface for presentation to CD-4+ T cells as antigens. Inhibition of autophagy has been shown to suppress 

immune response to Epstein-Barr virus with notable buildup of the Epstein-Barr virus nuclear antigen 1 in 

autophagosomes.197 A similar effect was noted for the presentation of immunodominant mycobacterial antigen 

Ag85B in cells infected with wild-type or attenuated mycobacterium tuberculosis H37Rv where autophagy 

activation after vaccination improved immune response during reinfection.198 Though basal autophagy is generally 
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required for the survival of many cell types it seems to be especially important for the survival and proper function 

of naïve T cells,199 and the survival and renewal of B1 cells, which cannot be replenished from adult bone 

marrow.200 Inflammation is triggered when the recognition of an agonist (endogenous or pathogenic) triggers the 

secretion of mature IL-1β and other interleukin protein.201 This process is upregulated in autophagy-deficient 

cells,194,202 and basal autophagy has been shown to be important for overall control of inflammasome response 

through the clearance of damage organelles, specifically mitochondria.203 Autophagy inhibition leads to the 

accumulation of depolarized mitochondria which release mitochondrial DNA and ROS into the cytosol triggering 

NALP3- and RIG-I-like receptors-dependent production of IL-1β and IL-18.203,204 Additionally, Rubicon, an 

autophagy protein involved in VPS34 Complex I,  has been shown to suppress RIG-I-like receptor-dependent 

inflammation through its interaction with CADR9, a crucial component of the CMB signaling complex that 

regulates cytokine production.205 In sum autophagy contributes to the regulation of innate immunity and 

inflammation through involvement in secretory pathways of antigens and interleukins, and the general maintenance 

of homeostasis in immune cells. 

The expression and function of autophagy proteins, like Beclin 1, has been linked to the prevention of 

neurodegeneration and lifetime extension.206 It has also been observed that there is significant buildup of 

autophagosomes in patients suffering from Alzheimer’s, Parkinson’s, and Huntington’s disease though it is not clear 

if this due to autophagy activation or the disruption of autophagic flux.207–209 Neuronal soma exhibit a basal levels of 

autophagy as synapses require a large amount of energy in addition to extensive protein remodeling in order to 

function correctly, and it has been shown that autophagy disruption leads to the accumulation of toxic protein 

aggregates.170 Alzheimer’s disease is characterized by progressive loss of neurons caused by formation of 

extracellular plaques made of amyloid-precursor protein and intracellular filaments made of tau-protein.210 The 

inhibition of autophagic flux through the disruption of autophagosome-lysosome fusion has been linked to the 

formation of these protein aggregates and would explain the accumulation of autophagosome in AD cells.211,212 In 

contrast, constitutive autophagy activation through the inhibition of mTOR in AD mouse models leads to the 

turnover of amyloid aggregates and the restoration of cognitive decline.213 Parkinson’s disease presents itself 

through motor dysfunction and bradykinesia caused by progressive loss of dopaminergic neurons and accumulation 

of Lewy bodies.214 Mutant α-synuclein aggregates are found within these Lewy bodies and thus this protein is 

implicated in the pathogenesis of this disease.215 Wild-type α-synuclein is typically degraded through CMA, while 
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the mutant acts as a uptake inhibitor for itself and other cargo leading to the accumulation and aggregation of 

damaged protein and compensatory activation of bulk autophagy.207 Similarly to Alzheimer’s disease, autophagy 

activation has led to clearance of synuclein aggregates,216 but has also been found to lead to cell death.217 

Huntington’s disease is an inherited autosomal dominant disease characterize by the accumulation of aggregates 

formed from abnormally long huntingtin protein containing a repeating polyQ domain due to an insertion mutation 

within the gene.218 Mouse models have demonstrated that autophagy seems to be activated in mice with 

accumulating huntingtin, potentially as a compensatory response to the inability of the proteasomal system to 

properly clear these aggregates.219,220 Additionally, the disruption of autophagy due to continued accumulation of 

huntingtin plays a role in disease progression and its reactivation can lead to the reversal of cognitive decline.220 

Recently, it has been found that the polyQ of wild-type huntingtin plays a role in protecting Beclin 1 from 

proteasomal degradation and the longer polyQ region of mutant huntingtin inhibits this interaction and suppresses 

starvation-activated autophagy.221 In conclusion, basal and induced autophagy play a role in preventing the 

accumulation of toxic protein aggregates common in many neurological diseases, but due to its role in activating cell 

death sustained autophagy induction may also contribute to neurodegeneration.  

D. Autophagy modulators as cancer therapeutics   

 As previously discussed, autophagy plays a role in tumor development, progression, drug resistance and 

metastasis. It remains unclear whether autophagy activation or autophagy inhibition is the most viable therapeutic 

strategy for cancer treatment and so significant development has been directed towards the discovery of both 

autophagy inhibitors and autophagy activators for use as probes and treatments. There now exist dozens of 

molecules that are known to perturb the autophagy pathway at multiple points (Figure 26).222 Autophagy activators 

include a broad range of molecules with many of them having targets outside of the actual autophagy pathway 

because many pathways interlink with autophagy and because it serves a broad role in responding to stress or energy 

deprivation. Specific autophagy activators include molecules that inhibit the mTOR kinase, which negatively 

regulates autophagy, such as Rapamycin and Torin 1/2,223,224 or activate the kinase AMPK, which negatively 

regulates mTOR, such as A-769662.225 Other target downstream protein, such as the Beclin 1 targeting peptide Tat-

Beclin, activates Beclin 1 and induces autophagic flux.226 Meanwhile, autophagy inhibitors can be grouped into 

three broad categories. These include kinase inhibitors, protease inhibitors and lysosomotropic compounds. The  
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Figure 26. The various molecules that activate or inhibit autophagy and the relative position of their targets within 

the pathway.222 Adapted from reference 222 with permission.  

 

 

 

 

 

kinase inhibitors constitute possibly the largest class, as much of autophagy is regulated through the activity of 

various kinases. These include molecules that inhibit the kinase AMPK, such as compound C,227 molecules that 

inhibit the kinase ULK1, such as SBI-0206965,228 and molecules that target the various PI3 kinases, such as 3-

methyladenine, wortmannin and PIK-III.229–231 Autophagy also relies on proteases to process autophagy-specific 

protein into their mature form, such as LC3. Molecules in this class include the ATG4B inhibitor S130,232 and 

lysosomal protease inhibitors Pepstatin A and E64d.233 The last step in autophagy is the fusion of the 

autophagosome to the lysosome and the degradation of the autophagosomal cargo. This requires the proper 

functioning of the various protein involved in the fusion process along with maintenance of the acidic environment 

in the lysosome. Several molecules are known to perturb this step, including chloroquine (CQ), which localizes to 
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the lysosome and acts as a proton sponge,234 Bafilomycin A1 (BafA1), which inhibits proton pump V-ATPase,235 

and EACC, which prevents the loading of Stx17,236 a protein critical for fusion, onto the autophagosome.  

 Systemic inhibition of autophagy as a therapeutic strategy could have short-term and long-term side-effects 

that are detrimental to patients for several reasons. First, because autophagy is important for the survival, 

development and proper function of immune cells that are critical for tumor suppression, inhibition may lead to 

tumorigenesis and progression.237,238 Second, inhibiting autophagy may hypothetically increase the risk of healthy 

tissues undergoing malignant transformation as well as increasing the rate of premature ageing.239 Thus, autophagy 

activators have been viewed as the safer alternative for autophagy-based cancer therapies. However, clinical trials 

aimed at using autophagy inhibitors to treat cancer have been limited by their reliance on using molecules like CQ, 

which inhibits autophagy by increasing lysosomal pH and inhibiting late stage autophagy, and previous results have 

been mixed.240 More recent studies have demonstrated that autophagy inhibition with CQ can improve the 

chemosensitivity of resistant cancers to MAPK pathway inhibitors, leading to a successful clinical outcome for this 

combination therapy and demonstrating that autophagy inhibition is viable if susceptible cancer types are 

identified.241,242 However, any observed effect from CQ treatment may not be specific for autophagy and resultant 

cell death may be the outcome of off-target effects.243,244 The lack of more specific autophagy inhibitors has made it 

difficult to discern which cell types are susceptible to autophagy inhibition and so it has remained a controversial 

target for therapy.245 Therefore future progress in this area of research relies on the discovery of more specific 

autophagy inhibitors. These molecules will have fewer off-target effects and enable the selective evaluation of 

autophagy inhibition in human disease and establish the therapeutic potential of autophagy modulation in cancer. 

E. Targeting the VPS34 complex for the development of autophagy inhibitors 

As mentioned previously, the PI3 kinases have been an important target for the inhibition of autophagy as 

these kinases generate several lipids that serve as regulatory molecules within the pathway.246 This class of enzymes 

all phosphorylate the 3-OH of inositol lipids and can be grouped into three classes based on their architecture and 

their substrates. While there are four class I and three class II PI3 kinases in mammalian cells, there is only one class 

III kinase, VPS34, which is evolutionarily conserved across all eukaryotes. VPS34 has one specific substrate, PI, 

which it phosphorylates to generate PI3P. The generation of PI3P is especially important during the biogenesis of 

new autophagosomes, as it has been observed to be necessary for the formation of the highly curved dual 
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membranes that characterize autophagosomes.247,248 In addition, PI3P serves as an autophagy-specific biomarker and 

it is responsible for the recruitment of many protein critical to the formation of the phagophore that contain PI3P-

binding domains.249 Thus, VPS34 emerged as a particularly enticing target in inhibiting autophagy, due to its 

conserved role and because molecules like chloroquine or pan-PI3 kinase inhibitors lacked specificity. In the last 

five years several molecules that target this kinase with high potency and selectivity over other kinases have been 

identified such as SAR405, PIK-III, and VPS34-IN1.231,250,251  

Mammalian VPS34 is characterized by three domains: a N-terminal C2 domain, a helical domain, and a C-

terminal kinase domain which also fulfills a self-regulating role.252 It forms two distinct hetero-tetrameric 

complexes: the autophagy initiation complex (Complex I) which is made up of VPS15, VPS34, ATG14L and Beclin 

1, and the endosomal trafficking complex (Complex II) which is made up of VSP15, VPS34, UVRAG and Beclin 1. 

X-ray crystallography along with Cryo-EM of both the mammalian and the yeast complexes have established that 

they both adopt a similar Y-shaped architecture with the C-termini of each subunit being important for membrane 

binding (Figure 27A,B).253,254 The difference in only one subunit between the two complexes controls the overall 

localization and thus the activity of the VPS34 kinase. Though the direct mechanism that controls the activity of the 

two complexes in different compartments has not been established in mammals research has demonstrated that yeast 

Complex I had preferential activity on highly curved membranes such as those present at the phagophore.253 Under 

normal conditions free cytosolic VPS34 has been shown to be inactive and gains moderate activity upon forming a 

dimer with VPS15 through the association of their helical domains.255 Beclin 1 serves as the critical regulatory 

component of both complexes as it can competitively associate with multiple targets including itself, Bcl-2, UVRAG 

or ATG14L.256,257 It has been established that it has a stronger affinity for Bcl-2 and UVRAG over ATG14L, making 

Beclin 1-Bcl-2 and Complex II the dominant Beclin 1 complexes, which helps maintain the low levels of autophagy 

observed under basal conditions.257 Knocking down either VPS34 or Beclin 1 in model organisms has been shown 

to abolish the formation of autophagosomes under starvation, demonstrating the viability of targeting this kinase for 

autophagy inhibition.258 However, because VPS34 is present into both Complex I and Complex II, direct kinase 

inhibition results in undesirable side effects within the endolysosomal pathway.250,259  

During autophagy activation, the recruitment of the VPS34-VPS15 dimer to the ER, where the phagophore 

is thought to form, is mediated by the C-terminal domain of ATG14L.260 Deletion studies have also established that  
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Figure 27. Structural characterization of the VPS34 complexes. (A) Crystal structure of VPS34 Complex II in yeast, 

establishes the association of Vps38 (UVRAG yeast ortholog) and Vps30 (Beclin 1 yeast ortholog) through a 

CCD.253 (B) Cryo-EM of the mammalian VPS34 Complexes establishes that they have similar architecture allowing 

for inferences to be made about the structure of VPS34 Complex I from the crystal structure of Complex II.261 (C) 

Crystal structure of the interacting CCD of Beclin 1 and ATG14L and the residues that were identified to be critical 

for starvation induced autophagy.262 Adapted from references 253, 261 and 262 with permission.  

 

 

 

 

 

this recruitment is dependent on the ability of ATG14L to bind associate with Beclin 1 through the parallel 

interaction of their a coiled-coil domains (CCD) (Figure 27C).260,263 ATG14L has three distinct regions within its 

CCD that are responsible for the association and stabilization of Complex I as demonstrated through pull-down 

experiments.260 Furthermore, research has shown that mutation of critical leucine and isoleucine residues within this 

region in either Beclin 1 or ATG14L inhibits starvation induced autophagy.262 Beclin 1 associates with UVRAG in a 

similar way and direct comparison between the two dimers using X-ray crystallography and isothermal calorimetry 

has demonstrated that UVRAG has an almost ten-fold higher affinity for Beclin 1 over ATG14L.264,265 Therefore, 

we hypothesized that small molecules that disrupt the PPI between Complex I members Beclin 1 and ATG14L, but 

not the interaction between Beclin 1 and UVRAG, will inhibit autophagy without impacting the vesicle trafficking 
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role of VPS34 (Figure 28). These molecules will be critical for understanding if autophagy inhibition is 

therapeutically valuable in the treatment of cancer. In addition, these molecules can be used as probes in the further 

elucidation of poorly understood mechanisms related to VPS34. For instance, they will allow for the spatiotemporal 

control of Complex I activity and serve as useful tools for the study of PI3P signaling.266 Alternatively, because the 

disruption of this PPI will maintain both Beclin 1 and ATG14L in their endogenous state, it will also be possible to 

understand the activity of these proteins outside of autophagy as well as better understand how Beclin 1-independent 

autophagy occurs.267,268 
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Figure 28. Lack of specificity limits the utility of the current generation of autophagy probes. VPS34 is involved in 

two distinct complexes, the autophagy initiation complex (VPS15-VPS34-ATG14L-Beclin 1) and the endosomal 

trafficking complex (VPS15-VPS34-UVRAG-Beclin 1). Both complexes direct the localization of VPS34, which is 

responsible for the phosphorylation of PI into PI3P. PI3P is required for the formation of the both the early 

autophagosome and the early endosome and so direct VPS34 inhibitors inhibit both autophagy and endocytotic 

trafficking.231,250,251 Lysosomotropic agents, CQ, and BafA1, also inhibit both pathways as they disrupt vesicle 

fusion between the lysosome and other vesicles.234,235 
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F. Targeting the ATG5-ATG12-ATG16L1 complex for the development of autophagy inhibitors 

A key step in autophagy initiation is the lipidation of LC3-I with PE, transforming it into LC3-II and 

allowing it to localize to the growing phagophore where it can recruit cargo and promote the elongation of the 

isolation membrane.153 The lipidation cascade relies on the activity of several autophagy proteins and culminates 

with the transfer of LC3-I from ATG3 to the PE found on the membrane of the autophagosome.149 The ATG12–

ATG5-ATG16L1 complex is thought to mediate the lipidation reaction by recruiting the ATG3-LC3-I conjugate to 

the phagophore and through the facilitation of the transfer reaction to PE.151 Though the underlying mechanisms of 

the function of this complex in autophagy is unclear, this transfer reaction is thought to occur through a ubiquitin-

like conjugation mechanism.269 It has also been observed that the membrane association of ATG5-ATG16L1 

induces the formation of giant vesicles and that the disruption of the formation of this complex inhibits the 

biogenesis of autophagosomes more than blocking the lipidation of LC3.270 Through these two functions, the ATG5-

ATG12-ATG16L1 complex regulates the location at which new autophagosomes are formed.151 In addition, this 

complex also plays a role in autophagosome maturation, which is mediated by the binding of ATG5-ATG12 to the 

AIR domain of the lysosomal protein TECPR1,271 freeing its PH domain and allowing it to bind PI3P and facilitate 

the fusion of the late autophagosome and lysosome. Lastly, the absence of ATG5 has been shown to be lethal in 

mice embryos undergoing starvation as well as leading to toxic protein aggregates in models of neural disease,272 

and the reduction of ATG5 protein level impairs the formation of autophagosomes,273 indicating its overall 

importance for the proper functioning of autophagy. 

While free ATG5 has been shown to have membrane binding properties, it is thought to undergo immediate 

conjugation to ATG12 in the cytosol, which inhibits its membrane binding activity.270 Under autophagy activation, 

the N-terminal helical domain of ATG16L1 binds to ATG5 restoring its membrane binding ability which then 

allows the entire complex to translocate to the growing phagophore.270 Though purifying the functional and 

endogenous hexameric complex has been challenging, the crystal structure of the trimeric ATG5-ATG12-ATG16L1 

complex has been characterized by X-Ray crystallography.274 These structures along with other studies have helped 

identify the critical minimal interface of ATG16L1 that is required for binding to ATG5, which is 33 amino acids in 

length (Figure 29).152,275 Binding hotspots have also been identified within this region and at least one virtual screen 

has identified small molecules that disrupt this interaction and potentially inhibit autophagy, though with moderate 



 
 

71 
 

potency.276 This established this interaction as a feasible target for the discovery of a PPI-based autophagy inhibitor. 

Molecules that can disrupt this interaction without altering the endogenous state of these protein will allow for the 

further characterization of the membrane protein during autophagy and other cellular processes and diseases. As 

mentioned previously, ATG5 particularly has been shown to have various other autophagy-dependent and 

independent activities within adaptive and innate immunity.277 The specific disruption of the interaction between 

ATG5-ATG16L1 will allow for the more accurate annotation of these functions as truly autophagy-independent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. The crystal structure of the ATG5-ATG12 conjugate associated with the N-terminal domain of 

ATG16L1 (ATG16N).152 Adapted from reference 152 with permission.  
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G. Feasibility of targeting PPIs for small molecule probe development 

PPIs represent a vast set of untapped therapeutic targets that have several advantages over traditional 

substrate-based enzyme inhibitors which suffer from the lack of selectivity.278 As demonstrated in the previous 

sections, the development of autophagy-specific inhibitors has been limited by the over reliance on perturbing 

traditional targets, such as kinases. Traditionally, PPIs have been viewed as undruggable targets because high-

resolution structures of PPI interfaces showed them to be flat and large, in contrast to the typically cave-like targets 

of most small molecules.278 Additionally, stereochemically and structurally complex molecules that could effectively 

bind to these interfaces often possessed poor pharmacokinetic properties for development into lead molecules.278 

However, in recent years, more drug-like molecules have emerged that can effectively disrupt PPIs, allowing for the 

elucidation of the types of interfaces that are most susceptible to inhibition. In particular, structural studies have 

shown that targeting interfaces that involve key secondary structural features, such as an α-helix or CCD, has been 

successful for the development of BCL-2 and MDM2 inhibitors.279,280 Computational studies of these types of 

interfaces have also revealed that many may be particularly tractable for small molecules, as their “hot spot” 

residues, which are the residues most critical to their interaction, tend to be clustered together on a single helical face 

(Figure 30).281,282 Therefore inhibiting autophagy by targeting PPIs is theoretically feasible as two critical 

interactions within the autophagy pathway, the Beclin 1-ATG14L interaction and the ATG5-ATG16L1 interaction, 

occur through a CCD and an α-helical domain, respectively. In addition, it may be unnecessary to target PPI 

interfaces directly, as small molecules that bind to a protein at a cryptic allosteric site can significantly deform its 

overall structure, preventing it from associating with some or all of the protein in its interactome as is the case with 

the molecules developed to target p97.283,284 Finally, previously successful molecules can serve as templates, 

allowing the design of small molecule libraries that contain the chemical features most likely to produce hits.285  

 Many methods have been utilized for the discovery of PPI modulators, including computational, fragment-

based, and peptidomimetic.286 Computational methods have seen extensive use in the prediction of “hot-spot” 

residues that can inform structure-based approaches such as those used in fragment-based screens or in the design of 

potent synthetic peptides that mimic the binding interface.287 Fragment-based screening usually involves the use of 

NRM or X-ray crystallography in order to detect where small molecule fragments, which are less than 300 Å in size, 

bind to an isolated protein target.288 Because fragments usually lack the structural complexity that may  
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Figure 30. Energetic contributions of residues on different faces of interfacial helices. (A) Positioning of side chain 

residues on a canonical α-helix, (B) percent occurrence of hot spot residues on one, two or three helical faces (total 

number helices in each category shown in parentheses), (C) percent occurrence of hot spot residues as a function of 

helix position, (D-F) examples of protein complexes with hot spot residues on one face, two faces and three faces 

(PDB codes: 1xl3, 1xiu, and 1or7).281 Reprinted with permission from Bullock, B. N.; Jochim, A. L.; Arora, P. S. 

Assessing Helical Protein Interfaces for Inhibitor Design. J. Am. Chem. Soc. 2011, 133 (36), 14220–14223. 

Copyright 2011 American Chemical Society. 

 

 

 

 

 

prohibit their interaction, they are useful in detecting electrostatic interactions that can drive binding. Multiple 

fragments that bind near each other can then be linked using synthetic methods to produce a complex potent binder 

that maximizes these electrostatic interactions while minimizing entropy and steric hindrance.289 Several PPI 

modulators produced in this way have made it into the clinic, such as the previously mentioned Bcl-2 inhibitors.30 

Alternatively, structural data can be used to design synthetic peptides or peptidomimetics that effectively mimic the 

interface most critical to the PPI of interest.290 Though such molecules are often plagued by stability issues, inability 

to penetrate cells and poor selectivity, recent developments using stapling have begun to produce high affinity 

probes that are stable and inherently cell penetrating.291,292 However, all these approaches rely on access to high-
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resolution structural information to guide screening efforts. In the absence of such information, identification of 

small-molecule hits can be achieved through a HTS based on the detection of PPI disruption.293  

 Multiple methods exist for the detection of PPIs in high throughput. Methods like ELISA, FP, Forster 

resonance energy transfer (FRET) and Alpha Screen work against isolated protein targets which can be purified 

directly from mammalian cell lysates or through large-scale protein expression using bacteria, yeast, or insect 

cells.294 FP, which detects the change in the polarization of light that can occur when a small ligand binds to its 

larger substrate, works especially well against targets that interact through a relatively small and well characterized 

secondary structure, such as an α-helix.295,296 Thus, it is the ideal basis for the design of an HTS targeting the ATG5-

ATG16L1 interaction, as this occurs through the association of the N-terminal domain of ATG16L1.152 This 

interaction, which has been characterized to be about 33 amino acids in length,152 is theoretically small enough that 

there will be a noticeable change in FP upon its binding to ATG5. Alternatively, molecules can be screened for 

activity against PPIs directly in cells, which can be especially useful when isolated targets are not stable. Methods 

that can effectively measure PPI dynamics in live cells rely on the energy transfer that can occur between molecules 

in close proximity, such as FRET or bioluminescence resonance energy transfer (BRET),297 or on complementation 

assays that generate active fluorescent or bioluminescent proteins, such as GFP.298,299 Both BRET and FRET allow 

for the effective measurement of molecular proximity within live cells, because energy transfer between an acceptor 

and donor fluorophore only occurs over a very short distance (<10 nm).300 Meanwhile, complementation assays rely 

on the reconstitution of a split reporter protein, such as GFP, which will only become active when the two protein 

targets that are fused with its fragments interact. However, because the association of many reporter proteins is 

irreversible, this assay can increase the potency of the interaction of interest, greatly limiting its application in 

screens for inhibitors.299 Lastly, in contrast to FRET, BRET utilizes a luminescent donor to excite the acceptor 

fluorophore. This bypasses one of the biggest limitations of FRET: high background noise due to autofluorescence 

from laser-based excitation, which limits its application in the characterization of PPIs within cellular systems and 

makes it the ideal assay for the perturbation of the Beclin 1-ATG14L interaction.301 
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II. Methodology  

A. Design and development of NanoBRET assays targeting the Beclin 1-ATG14L and the Beclin 1-

UVRAG interactions 

Since its first development almost 20 years ago, the BRET technique has grown to encompass several 

methods, each with its own combination of bioluminescent donor and acceptor fluorophore. The original version is 

now called BRET1 and uses Renila luciferase (Rluc), which has a maximal emission at 480 nm, as the donor and 

yellow fluorescent protein (YFP), which has a maximal emission at 530 nm, as the acceptor.302 Further refinement of 

this original method has led to the development of BRET2 and BRET3, which attempt to overcome one of the major 

limitation of the original method, the small spectral separation, through the use of other bioluminescent protein or 

substrates.303,304 However, these methods have their own limitation in the form of very low signal from the donor, 

necessitating its overexpression relative to the acceptor impairing the specificity of the observed signal as well as 

reducing the overall dynamic range of the assay. Thus, out of the available BRET methods, the NanoBRET assay is 

particularly robust because it utilizes an extremely bright narrow-spectrum luciferase (NanoLuc) as a donor for an 

efficient long-wavelength fluorophore (HaloTag 618 ligand), providing it a larger spectral separation (158 nm) than 

any other BRET assay while maintaining overall signal strength (Figure 31). This makes it an ideal choice for an 

HTS because it is sensitive enough to evaluate the modulation of PPIs by compound treatment.305   

The efficiency of resonance energy transfer depends on the alignment of the dipoles of the donor and 

acceptor tags. Because the optimal orientation for both tags is not already known from previous research, it must be 

determined by altering the position and type of donor our two protein of interest, Beclin 1 and ATG14L, are fused 

to. To accomplish this, eight pairs of fusion proteins were evaluated by cloning each gene into four vectors that 

would produce either N- or C-terminally labeled fusion proteins (Figure 32). The creation of these eight vectors was 

accomplished using Promega’s Flexi Vector system.306 This system is able to rapidly transfer cloned and sequence-

verified genes between different vectors. It is a ligation-dependent method that is facilitated by the replacement of a 

toxic insert, which expresses the barnase protein, in each acceptor vector with the gene of interest. This effectively 

eliminates the background of colonies produced from undigested acceptor vectors, as those that remain intact, but do 

not contain the gene of interest, will kill the E. coli cells they are transformed into. In addition, the AsiSI and PmeI 

restriction sites used for cloning were selected due to the rarity with which their sequence was observed within the 
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human genome and their combination in the Flexi Vector system allows cloning of 98.9% of all human genes, 

including Beclin 1 and ATG14L.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31. The NanoBRET method and its advantages. (A) NanoBRET relies on the energy transfer that occurs 

between the bioluminescent NanoLuc donor and the acceptor ligand bound the HaloTag, for instance when two 

proteins interact, this leads to a high BRET ratio, which is the ratio of the observed acceptor to donor signal. (B) 

NanoBRET has a larger spectra separation than other alternatives such as BRET1, leading to enhanced dynamic 

range and higher signal-to-noise due to the reduced amount of bleed-through signal from the donor.305 (B) was 

reprinted with permission from Machleidt, T.; Woodroofe, C. C.; Schwinn, M. K.; Méndez, J.; Robers, M. B.; 

Zimmerman, K.; Otto, P.; Daniels, D. L.; Kirkland, T. A.; Wood, K. V. NanoBRET—A Novel BRET Platform for 

the Analysis of Protein–Protein Interactions. ACS Chem. Biol. 2015, 10 (8), 1797–1804. Copyright 2015 American 

Chemical Society.  
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Figure 32. Creation of the NanoBRET vectors. (A) Plasmid map for the N-terminal HaloTag vector used as the 

vector for initial cloning. (B) The eight pairs generated to optimize tag placement.  

 

 

 

 

 

All genes (ATG14L, Beclin 1 and UVRAG) were first cloned into the N-terminal HaloTag vector 

(pFN21A) using standard cloning techniques. Table 4 and Table 5 contain the information related to the Flexi 

vectors used, their names, and the sequence of the primers used for each gene. In brief, each gene was first amplified 

by polymerase chain reaction (PCR) to add restriction digestion sites for AsiSI and PmeI, gel purified and then 

restriction digested alongside the acceptor vector. For each gene the PCR reaction was performed using Phusion 

polymerase and the following general protocol: 98°C for 30 sec, (98°C for 10 sec, 67-72°C for 30 sec, 72°C for 1 

min) x 35, 72°C for 5 minutes using the Biorad T100 thermal cycler, and gel purified. Inserts and vector were then 

annealed and ligated using T4 DNA ligase. E. coli (DH5α) were then transformed with ligated vector and plated on 

plates containing 100 µg/mL ampicillin and grown overnight at 37 °C. Single colonies were picked, grown 

overnight and plasmids were isolated using a PureLink Quick Plasmid Miniprep Kit (Thermo, #K210011). Cloning 

was confirmed by sequencing using the HT7F and Flexi R primers. Generation of the remaining vectors was 

achieved by transferring the inserted gene from the pFN21A plasmid using restriction digestion. In brief, the donor 

vector (pFN21A) containing each gene was digested with PmeI and AsiSI alongside an acceptor vector. PmeI and 

AsiSI were used for N-terminally tagged acceptor vectors and AsiSI and Eco53kI were used for C-terminally tagged 

acceptor vectors. The digestion reactions were then heat inactivated, mixed, and ligated with DNA ligase. E. coli 

(DH5α) cells were then transformed with ligated vector and plated on plates containing 25 µg/mL of kanamycin. 

Single colonies were picked, grown overnight and plasmids were isolated using a DNA purification kit.  
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Vector Name Acceptor Vector Expressed Protein  

ANL pFN31K NanoLuc-ATG14L 

ACL pFC32K  ATG14L-NanoLuc 

ANH pFN21A HaloTag-ATG14L 

ACH pFC14K ATG14L-HaloTag 

BNL pFN31K NanoLuc-Beclin1 

BCL pFC32K Beclin1-NanoLuc 

BNH pFN21A HaloTag-Beclin1 

BCH pFC14K Beclin1-HaloTag 

UNL pFN31K NanoLuc-UVRAG 

UCL pFC32K UVRAG-NanoLuc 

UNH pFN21A  HaloTag-UVRAG 

UCH pFC14K  UVRAG-HaloTag 

ACLΔCC ACL ATG14L-NanoLuc w/ no CCD 

BCHΔCC BCH Beclin1-HaloTag w/ no CCD  

Table 4. Vectors generated for NanoBRET experiments. 

 

Primer Name Sequence  

ATG14L F 5'-TTACGCGATCGCCATGGCGTCTCCCAGTGGGAAG-3' 

ATG14L R 5'-CGAGGTTTAAACACGGTGTCCAGTGTAAGCTTTAAACCA-3' 

Beclin1 F 

5'-

TCAGGCGATCGCCATGGAAGGGTCTAAGACGTCCAACAACAG-

3' 

Beclin1 R 

5'- 

CGCGGTTTAAACTTTGTTATAAAATTGTGAGGACACCCAAGCA-

3' 

UVRAG F 5'-ATTGGCGATCGCCATGAGCGCCTCCGCGTCGGT-3' 

UVRAG R 5'-GATTGTTTAAACCTTATCGGAACTCCTGCGCGGC-3' 

ATG14LΔCC F 5'-GACTTAAGAAGTCATTATGAGCGTCTG-3' 

ATG14LΔCC R 5'-GCGGCCGTCGAAGTAGAC-3' 

Beclin1ΔCC F 5'-AATGCAACCTTCCACATC-3' 

Beclin2ΔCC R 5'-TGTGCATTCCTCACAGAG-3' 

HT7 F 5'-ACATCGGCCCGGGTCTGAATC-3' 

Flexi R 5'-CTTCCTTTCGGGCTTTGTTAG-3' 

Chime F 5'-CTTACTGACATCCACTTTGCCTTTCTCT-3' 

Table 5. Primers and their sequences. 

 

 

 



 
 

79 
 

Beclin 1 and ATG14L pairs were then evaluated based on the BRET ratio they were able to produce. The 

BRET ratio is calculated based on the formula below:  

  𝐵𝑅𝐸𝑇 𝑅𝑎𝑡𝑖𝑜 =
𝑃𝐶 𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑆𝑖𝑔𝑛𝑎𝑙 

𝑃𝐶 𝐷𝑜𝑛𝑜𝑟 𝑆𝑖𝑔𝑛𝑎𝑙 
−  

𝑁𝐶 𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑆𝑖𝑔𝑛𝑎𝑙

𝑁𝐶 𝐷𝑜𝑛𝑜𝑟 𝑆𝑖𝑔𝑛𝑎𝑙 
 

For the evaluation, Hek293T cells were plated at a density of 1.2 x 106 cells/well in 6 well plates in DMEM, 

incubated for 4 h and then transfected with 1:10 ratio of NanoLuc donor and HaloTag acceptor vectors (2.2 µg total) 

using a 1:2.5 ratio of Lipofectamine 2000. Cells were grown for an additional 20 h and then replated into 96 well 

white plates at a density of 2.2 x 104 cells/well in Opti-MEM with addition of HaloTag 618 ligand to all wells (PC) 

except for negative controls (NC). Hek293T cells were grown for an additional 24 h after which NanoLuc substrate 

was added and plates were incubated for 5 minutes at room temperature. Plates were then measured with a 

Spectramax i3x plate reader (Molecular Devices) using the monochromator set to measure at 450 nm (acceptor 

signal) and 625 nm (donor signal) for 1000 ms. BRET ratios were then calculated based on raw data using Microsoft 

Excel.  

B. Validation of NanoBRET assay targeting the Beclin 1-ATG14L interaction 

The first experiment we used to validate the specificity of the observed BRET ratio is called a donor 

saturation assay (DSA) and is typically used to validate BRET assays.307  In this assay a fixed amount of donor 

vector (ACL) is transfected with increasing amounts of acceptor vector (BCH). It is possible that BRET may occur 

nonspecifically due to the random proximity of donor and acceptor which might occur at high concentrations. Such 

nonspecific BRET would increase linearly with increasing amounts of acceptor molecule. In contrast, a specific 

interaction would reach a signal plateau beyond which increasing amounts of acceptor protein would not increase 

the signal because all binding sites on the donor were saturated (Figure 33).308 For the DSA, Hek293T cells were 

plated at a density of 1.2 x 106 cells/well in 6 well plates in DMEM, incubated for 4 h and then each well was 

transfected with a fixed amount of NanoLuc donor vector (1 µg, ACL) and increasing amounts of HaloTag acceptor 

vector (0.01, 0.02, 0.1, 0.3, 1 µg, BCH) using a 1:2.5 ratio of Lipofectamine 2000. Cells were grown for an 

additional 20 h and then replated into 96 well white plates at a density of 22,000 cells/well in Opti-MEM with 

addition of HaloTag ligand to all wells except for negative controls. Hek293T cells were grown for 24 h after which 

NanoLuc substrate was added and plates we incubated for 5 minutes at room temperature. Plates were then 
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measured with a Spectramax i3x plate reader using the monochromator set to measure at 450 nm and 625 nm for 

1000 ms. 

 

 

 

 

Figure 33. The donor saturation assay (DSA). This assay is used to confirm the specificity of the BRET signal. At 

high concentration of acceptor fluorophore nonspecific BRET signal is possible and would increase linearly with the 

acceptor concentration. If the BRET signal is specific, then the donor would quickly become saturated with the 

acceptor fluorophore and thus the signal would plateau, exhibiting a hyperbolic dependence. Reprinted with 

permission from E. Lilly, Assay Guidance Manual. 1338.  
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Previous studies have shown that ATG14L associates with Beclin 1 through the binding of their CCDs and 

that deletion of this domain abolished this interaction;262 therefore, for our second validation experiment, we 

produced coiled-coil deletion mutant (ΔCC) versions of both proteins in our original pair. ΔCC mutants were 

generated using PCR-mediated deletion.309 This method reproduces the entire plasmid of interest with PCR using a 

set of two primers that flank the region that is to be deleted. After the reaction is finished the template plasmid is 

digested using DpnI. DpnI is a restriction digestion enzyme that cleaves the sequence GA|TC, but only if the 

adenosine has been methylated.310 This methylation only occurs to a plasmid directly isolated from E. coli, thus 

selectively digesting only the template plasmid and not the PCR product. The ACL and BCH vectors (Table 4) were 

PCR amplified using primers (Table 5) that would remove the CCD of ATG14L (residues 71-180) and Beclin 1 

(residues 142- 270). Reactions were then digested with DpnI overnight, treated with T4 DNA kinase, ligated with 

DNA ligase and transformed into E. coli (D5Hα) cells. Single colonies were picked, grown overnight and plasmids 

were isolated using a DNA purification kit. Deletions were confirmed by sequencing with Chime F. 

To test the effect of CCD deletion, Hek293T cells were plated at a density of 1.2 x 106 cells/well in 6 well 

plates in DMEM, incubated for 4 h and then each well was transfected with a 1:1 ratio of NanoLuc donor 

(ACLΔCC) and HaloTag acceptor (BCHΔCC) vectors (2 µg total) using a 1:2.5 ratio of Lipofectamine 2000. Cells 

were grown for an additional 20 h and then replated into 96 well white plates at a density of 22,000 cells/well in 

Opti-MEM with addition of HaloTag ligand to all wells with the exception of negative controls. Hek293T cells were 

grown for 24 h after which NanoLuc substrate was added and plates were incubated for 5 minutes at room 

temperature. Plates were then measured with a Spectramax i3x plate reader using the monochromator set to measure 

at 450 nm and 625 nm for 1000 ms. 

C. Optimization of NanoBRET for HTS  

Once the specificity of the NanoBRET assay was confirmed, we proceeded to optimize parameters in order 

to increase the overall robustness of the assay and make it applicable in high throughput. To do this in a quantitative 

manner we used a statistical metric called the Z’-factor. This metric is based on the formula below:   

𝑍′ = 1 −  
(3 ∗ 𝑆𝐷 𝑜𝑓 𝑃𝐶 𝐵𝑅𝐸𝑇 𝑟𝑎𝑡𝑖𝑜 + 3 ∗ 𝑆𝐷 𝑜𝑓 𝑁𝐶 𝐵𝑅𝐸𝑇 𝑟𝑎𝑡𝑖𝑜)

(𝑚𝑒𝑎𝑛 𝑜𝑓 𝑃𝐶 𝐵𝑅𝐸𝑇 𝑟𝑎𝑡𝑖𝑜 − 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑁𝐶 𝐵𝑅𝐸𝑇 𝑟𝑎𝑡𝑖𝑜)
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This is based off the in-plate positive controls (PC), which contain the HaloTag ligand and the in-plate negative 

controls (NC), which do not have the HaloTag ligand. The Z’-factor attempts to quantify the separation band 

between the mean of the positive and negative controls as an estimation of the overall quality of the assay (Figure 

34).311 For any given assay, the Z’ can range from negative infinity to 1, with any value above zero indicating the 

existence of some separation between the distribution of negative and positive control values. Though any assay 

with a Z’ over zero is technically usable, a value above 0.5 is ideal because it indicates that there is at least 12 SDs 

of separation between the negative and positive controls.312 Using this metric we optimized the donor/acceptor ratio, 

the cell line (Hek239T vs HeLa), and the instrument used in the screen using the protocol based on the protocol 

described in the previous section and used for the pair selection.   

 

 

 

 

Figure 34. Plot illustrating the Z’-factor.311 For the NanoBRET assay, the mean BRET ratio and SD of the no-ligand 

negative controls is represented by µc- and σc- and the mean BRET ratio and SD of the ligand positive controls is 

represented by µc+ and σc+. Reprinted with permission from Zhang, J. H.; Chung, T, D.; Oldenburg, K, R. A Simple 

Statistical Parameter for Use in Evaluation and Validation of High Throughput Screening Assays. J. Biomol. Screen. 

1999, 4 (2), 67–73. Copyright 1991 The Society for Biomolecular Screening.  
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D. Performance of NanoBRET screen using PPI inhibitor library  

After the optimizing the NanoBRET assay targeting the Beclin 1-ATG14L interaction we proceeded to 

screen 2,560 molecules in an HTS using this assay. These molecules were selected for properties that were common 

in other PPI modulators. Considerations for inclusion in the curated library included number of hydrogen bond 

acceptors > 3, molecular weight > 350, LogP = 3-7, and fraction of sp3 centers > 0.3.285 For the HTS and dose 

experiments, cells were plated in 10 cm dishes at a density of 8.0 x 106 cells and then transfected with a 1:1 ratio of 

NanoLuc donor (ACL) and HaloTag acceptor (BCH) vectors (12 µg of plasmid total) using a 1:2.5 ratio of 

Lipofectamine 2000. After 20 h cells were replated into 384 well white plates at a density of 1.1 x 104 cells/well, 

HaloTag ligand was added to all wells except for negative controls, and plates were incubated for 1 h at room 

temperature. 320 compounds were pin transferred using 96-well pin tool and a liquid handler, Biomek NXP Lab 

Automation Workstation. Cells were incubated for 24 h after which NanoLuc substrate was added and plates were 

incubated for 5 minutes. Plates were measured with a Victor 3V plate reader using the F460 and the 632/45 nm filter 

for 1 s. Hits were identified as compounds that significantly reduced the BRET ratio (< -2.5 z-score from positive 

control) in duplicate. Z-score was calculated based on the formula below:  

𝑧 − 𝑠𝑐𝑜𝑟𝑒 =  
𝑥 −  𝜇

𝑆𝐷
 

Where x is the uncorrected BRET ratio of the sample, µ is the uncorrected mean BRET ratio of each plate excluding 

the negative controls and SD is the standard deviation of the uncorrected BRET ratio of each plate. 

E. Prioritization of hit molecules based on the inhibition of autophagy 

Hits were first excluded based on observed cytotoxicity from a previously conducted HTS, as highly 

cytotoxic molecules were likely to produce false positives. For this experiment, HeLa cells stably expressing eGFP-

LC3 were plated at a density of 2,500 cells/well in 384 well black plates in DMEM and then grown for 24 h. Cells 

were treated with molecules from the PPI library (20 µM) for 4 h. Cells were fixed with 4% paraformaldehyde, 

nuclei were stained using Hoescht33342, and plates were sealed and imaged using the ImageXpress Micro (IXM) 

XLS automated fluorescence microscope. MetaXpress software was used to quantify cell count. Compounds that 

decreased the nuclei count more than a z-score of -2.0 in duplicate were excluded from further testing. The formula 

used for the calculation of the nuclei z-score was as follows:  
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𝑧 − 𝑠𝑐𝑜𝑟𝑒 =  
𝑥 −  𝜇

𝑆𝐷
 

Where x is the nuclear count of the sample, µ is the nuclear count in the DMSO-treated wells of each plate and SD is 

the standard deviation of the nuclear count for these wells. The remaining molecules were then evaluated for the 

dose-dependence of their activity in the NanoBRET assay in six-point dose mode in duplicate of duplicates, 

following the protocol used the for the HTS, and only retained if this dependence was observed.  

Concurrently with the dose experiments, the noncytotoxic molecules were tested for their inhibition of 

autophagy using assays that measure the autophagy-specific biomarker LC3. During autophagy, LC3-I is conjugated 

to PE to generate LC3-II, which then translocates from the cytosol to the membrane of autophagosomes.141 As the 

autophagosome and its cargo are degraded in the lysosome the overall level of LC3-I and LC3-II can be used as a 

measure of autophagic flux.313 One common experiment relies on the labeling of LC3 using eGFP, which allows the 

direct quantification of mature autophagosomes, which can be visualized as green puncta using fluorescence 

microscopy (Figure 35A).313 Another experiment quantifies the overall levels of soluble LC3-I and LC3-II present in 

the cell using western blot. Late-stage autophagy inhibition caused by treatment with molecules like CQ will lead to 

an accumulation of LC3-II, which can be detected by both of these experiments (Figure 35B).313,314 Co-treatment 

with molecules, like PIK-III or SAR405, that inhibit autophagy further upstream will lead to a decrease in this 

lipidation, and have been observed to lower the quantity of LC3-II and lead to a buildup of LC3-I.231,250 Any 

molecule that disrupts the Beclin1-ATG14L interaction should produce a similar phenotype and thus were 

prioritized based on activity in both of these assays.  
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Figure 35. Methods used to estimate autophagic flux through quantification of LC3. During autophagy initiation the 

autophagy-specific biomarker LC3 undergoes lipidation which is mediated by the ATG5-ATG12-ATG16L1 

complex, thus the normal functioning of autophagic flux can be determined by analyzing this protein. (A) Using 

eGFP-LC3 it is possible to visualize eGFP-LC3-labeled autophagosomes using fluorescence microscopy, under 

treatment with late-stage inhibitors, like CQ, a buildup of puncta can be detected. (B) The lipidation of LC3 can also 

be analyzed by western blot as the lipidated LC3-II travels faster through an SDS-PAGE gel than the unlipidated 

LC3-I. Under treatment with the late-stage inhibitor CQ, a buildup of LC3-II should be observed. Under co-

treatment with a late-stage inhibitor (CQ) and an early stage inhibitor (PIK-III), LC3-I should accumulate instead.    

 

 

 

 

 

For the eGFP assay, HeLa cells stably expressing eGFP-LC3 were plated at a density of 1,250 cells/well in 

384 well black plates in DMEM and then grown for 24 h. Cells were treated with hits (25 µM), PIK-III (Selleck 

Chemical, #S76835MG, 25 µM) or DMSO for 20 h and then CQ (Sigma Aldrich, #C6628, 20 µM) was added for 4 

h. Cells were fixed with 4% paraformaldehyde, nuclei were stained using Hoechst 33342, plates were sealed and 

imaged using an IXM XLS. MetaXpress software was used to quantify cell and puncta count. This experiment was 
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performed in duplicate of duplicates. For the Western blot measurement of LC3, HeLa cells were plated at a density 

of 5.0 x 104 cells/well in a 24 well plate in DMEM and then grown for 24 h. Cells were treated with compound hits, 

PIK-III (10 µM) or DMSO for 20 h and then CQ (10 µM) for 4 h. Cells were then lysed using Pierce IP Lysis 

supplemented with a Pierce protease and phosphatase inhibitor tablet. Lysate was centrifuged at 18,000 g for 30 

minutes at 4 °C to remove debris, supernatant was separated by SDS-PAGE and protein was transferred onto PVDF 

membrane. The membrane was blocked with 5% Blotting-grade Blocker in TBS-T (Tris Buffer, 0.1% Tween-20) for 

1 h at room temperature and then incubated overnight with primary antibody (LC3 and β-actin) in 5% Blotting-grade 

Blocker in TBS-T. The blots were washed with TBS-T and incubated with HRP-conjugated secondary antibody in 

5% blotting-grade blocker in TBS-T for 1 h at room temperature. Membranes were washed with TBS-T and visualized 

with SuperSignal West Pico Chemiluminescent Substrate. Images were then analyzed using ImageJ to quantify the 

amount of LC3 (1:1000) and β-actin (1:2000). Levels of LC3-I and LC3-II were normalized to β-actin for each sample 

and all samples were then normalized the CQ control. This experiment was performed in singlicate. Data from both 

experiments was then analyzed for statistical significance using ANOVA with post-hoc Dunnett’s multiple 

comparison test using GraphPad Prism 8.2.0. 

F. Confirmation of the potency and activity of prioritized hit  

The final prioritized molecule was reordered (ChemDiv, #L309-1226) and was reevaluated for overall 

potency. Another dose experiment in the NanoBRET assay was conducted in triplicate of duplicates based on the 

protocol described in the previous section. This allowed for the robust estimation of the IC50 for this molecule using 

log(inhibitor) vs response–variable slope (four parameters) analysis in GraphPad Prism 8.2.0. In addition, we also 

confirmed the activity of this molecule for autophagy inhibition in A549 and HeLa cells at an earlier time point under 

late-stage inhibition (CQ co-treatment) and autophagy induction (Torin 1 co-treatment). Torin 1 was selected because 

it is a very selective mTORC1 inhibitor,224 which is a protein that negatively regulates autophagy, and this allowed us 

to test whether the prioritized molecule was more potent under conditions that induce autophagy. We used the two 

assays described in a previous section to confirm autophagy inhibition, with the A549 cells used for the 

immunoblotting experiments. The only change in either protocol was the compound treatment conditions. A549 cells 

were treated with the prioritized molecule (100 µM), PIK-III (12.5 µM), SAR405 (Selleck Chemical, #S76825MG, 
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12.5 µM) or DMSO for 4 h or 7 h and then either CQ (10 µM) or Torin 1 (LC Laboratories, #T-7887, 250 nM) was 

added for 4 h or 1 h, respectively.   

G. Elucidation of compound mechanism using Complex I pull-down and cellular thermal shift assay  

To confirm that the observed inhibition of autophagy by the prioritized molecule was due to the disruption 

of Complex I, the next assay we designed was a pull-down assay targeting this complex. For this assay, we used the 

previously generated HaloTag fusions of ATG14L as the bait protein and magnetic beads that were labeled with the 

HaloTag ligand (Figure 36). Because the HaloTag does not bind its ligand reversibility, and instead forms a covalent 

bond, it can be used to pull out any protein that is fused to it, along with any proteins that are able to interact with 

the fused protein.315 After washing away protein that are non-specifically bound to the bead, the bound complex 

members can be eluted using SDS and then quantified by Western blot. Under treatment with a hit from the 

NanoBRET assay we would expect to see less of each complex member in the final western blot as the disruption of 

the Beclin 1-ATG14L interaction should also disrupt the formation of Complex I. Because the formed bond is 

covalent, the pull-down is more rapid than co-immunoprecipitation, and the use of a fusion protein instead of an 

antibody ensures that more of the complex members can bind.  

Initial optimization involved determining the concentration of plasmid necessary for robust pull-down of 

the complex. The final protocol is as follows. First, Hek293T cells were plated at a density of 8.0 x 106 cells in a 10 

cm dish in DMEM, incubated for 4 h and then transfected an ATG14L-HaloTag fusion vector (ACH, 6 µg) using a 

1:2.5 ratio of Lipofectamine 2000. After 20 h cells were replated at a density of 3.0 x 106 cells in 6 cm dishes in 

DMEM and grown for 24 h. Cell were treated with the prioritized hit (100 µM), PIK-III (12.5 µM), SAR405 (12.5 

µM) or DMSO for 8 h. Cells were then lysed using lysis buffer supplemented with protease inhibitor and 

centrifuged at 18,000 g for 30 min at 4 °C to remove debris. Protein concentration was checked by Bradford, 

supernatant was diluted in Tris buffer and then incubated with 25 µL of Magne HaloTag Beads for 4 h on a rotator 

at room temperature. Supernatant was removed and beads were washed with washing buffer (Tris Buffer, 0.05% 

IGEPAL CA-630). Bound protein was eluted with elution buffer (Tris Buffer, 1% SDS) for 30 min with vigorous 

shaking at room temperature. Supernatant and eluent were then probed by immunoblot as described above for 

presence of VPS34 (1:1000), VPS15 (1:1000), Beclin 1 (1:1000) and β-actin (1:2000).  
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Figure 36. Schematic of HaloTag pull-down of VPS34 Complex I. VPS34 Complex I (VPS34-VPS15-ATG14L-

Beclin 1) can be pulled out of a cell lysate using magnetic beads labeled with the HaloTag ligand, here represented 

as a black triangle. The ATG14L-HaloTag fusion protein will form a covalent bond with this ligand and pull out the 

rest of the complex from solution. The complex members can then be eluted off the bead with SDS and analyzed by 

immunoblot.     

 

 

 

 

 

Next, we wanted to determine if our hit molecules disrupted the Beclin 1-ATG14L interaction through direct 

binding to either protein. For this we used cellular thermal shift assay (CETSA), which is an evolution of the original 

thermal shift assay (TSA) that relies on the thermodynamic stabilization of a protein upon the binding of a ligand.316 

Traditional TSA screens involve an isolate target protein which undergoes denaturation in real-time upon the 

application of a temperature gradient. This denaturation can be monitored using dyes that fluoresce upon binding to 

the exposed nonpolar surfaces of the denatured protein, such as SYPRO Orange.317 In this way a melting curve for the 

target is generated and the initial melting temperature (Tm), which represents the temperature at which half of all 

protein are denatured, is determined, This process can then be repeated in the presence of a ligand that binds to the 

protein, because ligand binding stabilizes the protein, a shift in the Tm is observed.317 CETSA grew out of the 

observation that cell membranes remain intact when heat is applied for a brief period of time, allowing the application 

of the TSA protocol to live cells (Figure 37). In a typical experiment, cells are treated with the ligand of interest, heat-

shocked for brief period of time and then lysed.318 Aggregated protein and cell debris are removed, and the protein of 

interest is quantified with a variety of detection methods such as western blot or AlphaScreen.319 As with TSA the 

melting curve for the protein of interest must be determined in the absence of the ligand before a shift in the melting 
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temperature can be quantified. Encouragingly, this method has been successfully used to measure target engagement 

for a diversity of proteins and ligands, including PPI inhibitors and membrane proteins.320–322 

Three cell lines (A549, HeLa, Hek293T) were first screened by western blot to identify which had the highest 

expression of ATG14L. The A549 cell line was identified as having the highest ATG14L expression levels and was 

used in all following experiments. First, the temperatures necessary to generate the initial melting curve for both 

ATG14L and Beclin 1 were identified and were then used in subsequent experiments using the prioritized molecule. 

Because the melting curves for both proteins were determined to be similar, the following protocol was used. A548 

cells were plated at a density of 2.5 x 106 cells in a 10 cm dish in DMEM and grown overnight. Cells were then treated 

with the prioritized hit (50 µM) or DMSO and incubated for 24 h, this time to mirror the NanoBRET experiment. 

Media was removed and cells were suspended by trypsinization, pelleted and washed with PBS and then resuspended 

to a density of 1.0 x 107 cells/mL in PBS supplemented with Pierce protease inhibitor tablet. 50 µL of each cell 

suspension was then dispensed into PCR tubes and heated at 48 – 56 °C using a Biorad T100 thermal cycler for 3 

minutes and immediately lysed by freeze-thaw. Debris was then removed by centrifugation at 18,000 g for 30 minutes 

at 4 °C and then supernatant was probed by immunoblot as described in a previous section for the presence of ATG14L 

(1:1000) and β-actin (1:2000). Blots were quantified using ImageJ, the quantity of ATG14L was normalized to the 

DMSO treated room temperature controls, and melting curves were fitted using sigmoidal least squares fit using 

GraphPad Prism 8.2.0.  
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Figure 37. Principle of the use of CETSA to determine ligand binding. In this figure native protein (N) aggregates at 

a lower temperature than the native protein bound to a ligand or drug (NL). As the temperature rises more and more 

of the protein of interest is denatured and forms aggregates, thus it is no longer present in solution, so the relative 

intensity of the band corresponding to this protein is decreased.322 Adapted from reference 322 with permission.  

 

 

 

 

 

H. Performance of NanoBRET assay targeting the Beclin 1-UVRAG interaction  

For any inhibitor of the Beclin 1-ATG14L interaction to be autophagy specific it must not disrupt the 

interaction that occurs between Beclin 1 and UVRAG. The Beclin 1-UVRAG PPI is critical to the formation of VPS34 



 
 

91 
 

Complex II, the endocytic complex (Figure 27, Figure 28) and so its disruption may impact vesicle trafficking.259 For 

the development of this assay, four new vectors were generated to express the UVRAG gene fused with either 

NanoLuc and HaloTag at either the N or C-terminus as described above using PCR and restriction digestion cloning. 

The eight Beclin 1-UVRAG pairs were then tested for BRET signal following the protocol established for the selection 

of the Beclin 1-ATG14L pairs. The best pair was determined to be the BNH-UNL pair (Table 4) and was used for the 

dose experiments with the prioritized molecule from the original NanoBRET HTS. Hek293T cells were plated at a 

density of 1.2 x 106 cells/well in 6 well plates in DMEM, incubated for 4 h and then transfected a 1:1 ratio of NanoLuc 

donor (UNL) to HaloTag acceptor (BNH) vectors (2 µg total) using a 1:2.5 ratio of Lipofectamine 2000. After 20 h 

cells were replated into 384 well white plates at a density of 1.1 x 104 cells/well, HaloTag ligand was added to all 

wells except for negative controls, and plates were incubated for 1 h at room temperature. Compounds were pin 

transferred using 96-well pin tool and liquid handler. Cells were incubated for 24 h after which NanoLuc substrate 

was added and plates were incubated for 5 minutes. Plates were measured with a Victor 3V plate reader using the 

F460 and the 632/45 nm filter for 1 s.  

I. Experiments confirming specificity for autophagy inhibition over disruption of vesicle trafficking  

The selective disruption of Complex I should inhibit autophagy without disrupting vesicle trafficking, in 

contrast to direct VPS34 kinase inhibitors such as PIK-III and SAR405, which inhibit both. To confirm this 

phenotype, we used several experiments, each time directly comparing the activity of the prioritized hit to the direct 

VPS34 inhibitors. The first experiment involved the maturation of the lysosomal aspartyl protease Cathepsin D. This 

protease is originally synthesized as an inactive preprocathepsin D in the ER that undergoes further processing to 

form procathepsin D in the trans-Golgi network and is then cleaved in the lysosome to produce the active 

subunits.323 Thus, if vesicle trafficking is disrupted we will observe the buildup of the preprocathepsin D and 

procathesin D isoforms. For this experiment, A549 cells were treated with the prioritized molecule (100 µM), PIK-

III (12.5 µM), SAR405 (12.5 µM) or DMSO for 8 h and then evaluated by western blot for the presence of 

Cathepsin D (1:500) and β-actin (1:2000) as described in a previous section.  

Because direct VPS34 inhibitors have been shown to not only disrupt intracellular vesicle trafficking but 

also the up-take of external cargo, we further analyzed our prioritized hit using the DQ-BSA assay. DQ-BSA is a 

fluorescent probe that is bovine serum albumin (BSA) extensively labeled with BOPIDY dyes. Under excitation of 
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the fully constituted probe, the BODIPY dyes self-quench due to proximity allowing for this probe to be used to 

track the endocytic process because as the DQ-BSA is internalized and degraded in the lysosome individual pieces 

become fluorescent (Figure 38).324 Thus, any molecule that inhibits either the acidification of the lysosome or the 

formation and fusion of endosomes will lead to a reduction in DQ-BSA degradation and fluorescence. A549 cells 

were plated at a density of 2,500 cells/well in 384 well black plates in DMEM and then grown for 24h. DQ-Red 

BSA (Thermo, #D12051) was added to a final concentration of 10 µg/mL and plates were incubated for 1 h. Media 

was then removed, cells were washed with 1x PBS and fresh media was added. Cells were then treated with 

prioritized hit (100 µM), PIK-III (12.5 µM), SAR405 (12.5 µM), Bafilomycin A1 (LC Laboratories, #B-1080, 100 

nM), or DMSO for 8 h. Nuclei were stained using Hoechst 33342, plates were sealed and imaged using IXM XLS. 

MetaXpress software was used to quantify cell and puncta count. Data was then analyzed for statistical significance 

using ANOVA with post-hoc Dunnett’s multiple comparison test using GraphPad Prism 8.2.0. 

 

 

 

 

 

Figure 38. Principle of the use of DQ-BSA to monitor endocytic trafficking. DQ-BSA is heavily labeled with 

BODIPY dyes, which self-quench and thus do not fluoresce. When DQ-BSA is successfully internalized and 

trafficked to the lysosome it is degraded, and the individual pieces are too distant to self-quench and can be 

visualized using fluorescence microscopy.324 Adapted from reference 324 with permission.  
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Lastly, we used phase contrast microscopy to directly visualize the formation of large vacuole-like vesicles 

that have been observed to form under treatment with compounds that inhibit vesicle trafficking. This is believed to 

occur due to the depletion of lipids necessary for proper vesicle formation and fusion and has been previously 

observed in cells treated with SAR 405 and in cells where the PIKfyve kinase, which generates PI3,5P2 and PI5P, 

has been knocked out.250,325 A549 cells were plated at a density of 2,500 cells/well in 384 well black plates in 

DMEM and then grown for 24h. Cells were then treated with prioritized hit (100 µM), PIK-III (12.5 µM), SAR405 

(12.5 µM) or DMSO for 8 h. Nuclei were stained using Hoechst 33342 and plates were imaged using IXM XLS 

phase-contrast addition. 

J. Design of ATG5-ATG16L1 FP assay 

As described in the introduction the ATG5-ATG16L1 interaction is ideal for the development of an FP 

assay, due to it being mediated by a relatively small region of the ATG16L1 N-terminal α-helical domain. FP is 

based on the principle that the polarization of light emitted by a fluorophore is inversely proportional to the rate of 

molecular rotation. Because larger molecules rotate slower, it is possible to quantify the interaction of a small 

fluorescent ligand, such as a peptide or an enzyme substrate, with a larger substrate, such as a protein295,326,327 

Though theoretically any binding event can be evaluated in this way, there needs to be around a ten-fold difference 

in the size of the ligand and substrate. In our case the peptide of ATG16L1 that corresponds to the binding interface 

is around 4.3 kDa in size, while the size of ATG5 is around 35 kDa, which should make it tractable for this 

approach. In our case the N-terminal domain of ATG16L1 can be resynthesized as a peptide labelled with a 

fluorescent molecule, rhodamine, which would rotate rapidly in solution due to its smaller size. In the presence of 

ATG5, ATG16L1 should bind, and the rate of its rotation should slow down due to its association with ATG5 and 

increase the polarization of the emitted light (Figure 39). Quantitatively, FP is derived from the difference of the 

emission light intensity parallel and perpendicular to the excitation light plane normalized by the total fluorescence 

emission intensity.328 Because fluorescence from small molecules can lead to false positives in an FP assay, we 

chose rhodamine as the fluorophore as fewer library compounds are fluorescent within the red region of the light 

spectrum.  
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Figure 39. Targeting the ATG5-ATG16L1 interaction using and FP assay. The rhodamine-labeled N-terminal α-

helix of ATG16L1 (ATG16N) would rotate slowly when bound to ATG5 and if excited with polarized light will 

emit light that remains polarized. When treated with a compound that disrupts the interaction of ATG5 with 

rhodamine-labeled ATG16N, the peptide would tumble more rapidly in solution and thus the light emitted would be 

depolarized. The overall polarization of the light can be quantified through the formula displayed, where I∥ is the 

intensity of the polarized light (light emitted parallel to the plane of excitation) that is emitted and I⊥ is the intensity 

of the depolarized light (light emitted that is perpendicular to the plane of excitation).  

 

 

 

 

 

K. Preparation of reagents for the ATG5-ATG16L1 FP assay 

Initial attempts to isolate ATG5 were made using Hek293T cells, but overall yield of pure ATG5 was too 

low to make it viable for use in an HTS, therefore we proceeded to create a vector that would express ATG5 in E. 

coli. First, the ATG5 gene was cloned from the pCMV-myc-Atg5 plasmid into the pET His6 MBP TEV LIC cloning 

vector (1M), using ligation-independent cloning (Figure 40). This vector was chosen because the His6 and MBP tag 

would allow for a two-step purification as both the His6 and MBP have ligands, Nickel for the His6 and maltose for 

MBP, that can be used for affinity-based purification. In addition, the MBP tag is a commonly used solubility tag, 
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which would allow for the ATG5 to remain soluble during expression. The ATG5 gene was amplified by PCR using 

forward (5’-TACTTCCAATCCAATGCAATGACAGATGACAAAGAT-GTGCTT-3’) and reverse (5’-

TTATCCACTTCCAATGTTATTATCAATCTGTTGGCTGTGGG-3’) primers using the following protocol: 98°C 

for 30 sec, (98°C for 10 sec, 67-72°C for 30 sec, 72°C for 1 min) x 35, 72°C for 5 minutes using the Biorad T100 

thermal cycler, and gel purified. The vector was linearized by digestion with SspI-HF, and gel purified. Next, the 

digested vector and the PCR product were treated with T4 DNA Polymerase in the presence of dGTP for the vector 

and dCTP for the PCR product for two hours at room temperature. The treated vector and PCR products were then 

mixed and incubated at room temperature for 30 minutes, transformed into competent DH5α E. coli cells which 

were plated on agar plates containing kanamycin at 50 µg/mL and grown overnight night at 37 °C. Single colonies 

were picked and sequenced to confirm cloning.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. Plasmid map for the vector used for the expression of MBP-ATG5. 
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The plasmid was then transformed into BL21(DE3)pLysS E. coli cells for expression. Though previous 

protocols were available for the purification of ATG5, the parameters for optimal expression including incubation 

time, temperature, and amount of IPTG were optimized using small scale cultures. The final protocol is as follows. 

Cells were expanded at 37°C with 50 µg/mL Kanamycin and 25 µg/mL Chloramphenicol antibiotics at 250 RPM 

until OD600 of 0.6, and expression induced using 1mM IPTG at 16°C overnight for ~15 hours. The cultures were 

then centrifuged for 10 minutes at 4,000 g, and the supernatant was removed. The cell pellet was suspended in lysis 

buffer (20 mM Na2PO4, 500 mM NaCl, 5 mM Imidazole, 5 mM 2-Mercaptoethanol, 1 mM PMSF, 0.5% Triton X-

100, ~pH 7.4). BME & PMSF were added last right before lysis in order to ensure their stability. The cells were then 

lysed using a Branson 150 sonicator (6 cycles: 10 seconds on, 50 seconds off). This lysate was clarified by 

centrifugation at 26,000 g at 4 °C for 30 minutes and MBP-ATG5 was purified using ÄKTA start in a cold room, 

where the clear lysate was loaded onto the HisTrap HP column and washed with wash buffer (20 mM Na2PO4, 20 

mM Imidazole, 500 mM NaCl, ~pH 7.4). MBP-ATG5 was then eluted with elution Buffer (20 mM Na2PO4, 500 

mM Imidazole, 500 mM NaCl, ~pH 7.4). The eluate was desalted using a HiTrap Desalting column.  

We attempted further purification of the MBP-ATG5 using the MBPTrap HP column, but our fusion 

protein bound very weakly to this column either due to the overall age of the column or occlusion of the binding 

epitope. Additionally, because we wanted to isolate pure ATG5, we also tried to optimize the cleavage of the MBP 

tag from the ATG5 using TEV protease, as this fusion is produced with a TEV-cleavable linker between the two 

protein. However, this was also unsuccessful as upon cleavage of the MBP tag, the ATG5 protein would precipitate 

at high concentration, an effect also noted in previous research that may be caused by the absence of its endogenous 

conjugate ATG12.275 Therefore, the MBP tag was left on the protein and the eluate was stored in storage buffer (20 

mM Na2PO4, 250 mM NaCl, 0.05% Tween 20, pH 7.4). The protein concentration was then determined using 

Bradford Assay, after which DTT (2 mM) was added, and then the protein was flash frozen using methanol and dry 

ice. Protein production and overall purity was confirmed via SDS-PAGE. Lastly, the labeled and unlabeled alpha 

helical segment of ATG16L1 (PRWKRHISEQLRRRDRLQRQAFEEIILQYNKLL), which corresponds to the 

minimal binding interface between ATG5 and ATG16L1,152 was purchased through the UIC Research Resources 

Center, where the ATG16L1 was tagged with 5,6 carboxytetramethylrhodamine on the N-terminus of the α-helix. 
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L. Development and confirmation of specificity for the ATG5-ATG16L1 FP assay  

As with the NanoBRET assay the next step was to demonstrate that a robust signal could be produced from 

the association of the MBP-ATG5 protein with the rhodamine-tagged N-terminal domain of ATG16L1 (Rho-

ATG16N). Purified MBP-ATG5 was diluted in assay buffer (1x PBS, 0.05% Tween-20) to generate a 12-point dose 

(7.3 nM to 15 µM). Then Rho-ATG16N (10 nM) was added to each well, and the plate was covered with foil and 

incubated in the dark at room temperature for two hours. A Spectramax i3x with the FP-Rhodamine module at 500 

ms integration time and 9 mm read height was then used to determine the mP, which is based on the following 

equation:  

𝑚𝑃 =  
𝐼 ∥ −𝐼 ⊥ 

𝐼 ∥ +𝐼 ⊥
∗ 1000 

where I∥ is the fluorescence intensity parallel to excitation plane, and I⊥ is the fluorescence intensity perpendicular to 

excitation plane. This assay was performed in duplicate.  

Specificity of this interaction was then confirmed using two follow up assays. First, we conducted a 

competition assay using an unlabeled ATG16L1 N-terminal α-helical peptide (ATG16N). Because their amino acid 

sequence is the same, they should compete for the same binding interface, thus increasing quantity of ATG16N 

should displace the Rho-ATG16N, causing a decrease in the observed polarization. ATG16N was diluted in assay 

buffer to generate a 12-point dose curve (2.4 nM to 5 µM). Next, MBP-ATG5 (6 µM) and Rho-ATG16N (10 nM) 

were added, and wells with no ATG5 added served as a control to account for the possible interaction of the two 

peptides with each other. Then the plate was covered in foil, placed in the dark, and incubated for two hours. Lastly, 

because the MBP tag was still fused to the ATG5 protein, it was possible that any increase in polarization observed 

could be caused by the binding of Rho-ATG16N to the MBP tag. Thus, we purified the MBP tag following the 

expression and purification protocol described above with adjustments to the temperature (from 16°C to 37°C), 

incubation time (from 15 hours to 3 hours) and IPTG (from 1 mM to 250 µM). This isolate MBP was then used as 

the titrant of Rho-ATG16N. The MBP was diluted in assay buffer in 12-point dose (7.8 nM to 16 µM) and Rho-

ATG16N (10 nM) was added to each well, and then the plate was covered with foil and incubated in the dark at 

room temperature for two hours. Wells that contained no ATG5 served as the negative control and wells that 

contained ATG5 (6 µM) served as the positive control. Both experiments were performed in duplicate and mP was 
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quantified as described above. Dose curves were fitted using log(agonist) vs response–variable slope (four 

parameters) analysis in GraphPad Prism 8.2.0. 

 

III. Results and Discussion  

A. Development and validation of NanoBRET assay targeting the Beclin 1-ATG14L interaction 

The first step in our assay development was the determination of the optimal placement of the HaloTag and 

NanoLuc tags for our protein pair of interest, Beclin 1 and ATG14L. As described in the methodology section, eight 

pairs of fusion proteins were created by cloning each gene into four vectors that would produce either N- or C-

terminally labeled fusion proteins (Table 4). These vector pairs were then transiently transfected in Hek293T cells 

and evaluated based on the BRET ratio they produced (Figure 41A). Pairs in which both tags were on matching 

terminal ends produced higher signal, which matches previous research that established that Beclin 1 and ATG14L 

interact as a parallel dimer. We selected the Beclin 1 C-terminal HaloTag (BCH) and ATG14L C-terminal NanoLuc 

(ACL) as the best pair out of the set and proceeded to further validate the specificity of this signal. Although the 

Beclin 1 C-terminal Luciferase (BCL) and ATG14L C-terminal HaloTag (ACH) also produced a robust signal, it is 

more optimal to use the protein that is endogenously expressed at lower amounts for the bioluminescent donor as it 

potentially maximizes the amount of interactions that would occur between the donor and acceptor fusions.  

To confirm that this signal occurred due to the specific interaction of the two proteins and not from non-

specific binding or random proximity, we conducted two experiments as described in the methodology section. The 

first was DSA,307 in which we transfected a fixed amount of donor vector (ACL) with increasing amounts of 

acceptor vector (BCH). For our chosen pair, we observed the plateau in signal that is characteristic for a specific 

interaction (Figure 41B). Previous research had established that the CCD of ATG14L with Beclin 1 are critical for 

their interaction;262 therefore, for our second validation experiment, we produced coiled-coil deletion mutant (ΔCC) 

versions of both proteins in our original pair. As expected, deletion of the CCD from one protein of the pair or both 

proteins produced a BRET signal comparable to that of the background (Figure 41C), confirming the requirement of 

the CCD for this interaction. Though both of these experiments did establish that our assay measures the specific 

interaction of Beclin 1 and ATG14L, one possible limitation is that it does not measure this interaction in an 

endogenous state. These proteins were both tagged at the C-terminus and it has been shown that the deletion of C-
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terminal end of ATG14L abolishes its localization to the ER.260,329 However, many of the functions of the ATG14L 

and Beclin 1 protein have been determined using C-terminal protein fusions. For example, C-terminal fusions have 

been used to show the co-localization of Beclin1 and ATG14L in puncta by fluorescence microscopy and double-

membrane vesicles by electron microscopy, in addition to being used to pull-down the two VPS34 complexes.247,330 

A further study confirmed that the placement of the GFP at either the N- or C-terminus of ATG14L did not affect its 

distribution in the cell.331 Thus, the modification of the C-termini of both Beclin 1 and ATG14L with the HaloTag 

and NanoLuc should not adversely affect their function or localization.  

 

 

 

 

Figure 41. Development of NanoBRET assay targeting the PPI of Beclin 1 and Atg14L in Hek293T cells. All data 

are presented as mean ± SEM. (A) Cells were transfected with a 1:10 ratio of each donor and acceptor vector pair. 

Matched C-terminally tagged pairs generated the highest BRET ratio, with the ACL (Atg14L-NanoLuciferase): 

BCH (Beclin 1-HaloTag) pair being chosen for further validation. (B) Cells were transfected with 1 µg of the ACL 

vector and titrated with increasing amounts of the BCH vector, the non-linear increase in the BRET ratio indicates 

saturation of the ACL donor. (C) Hek293T cells were transfected with a 1:1 ratio of the original full length (FL) pair 

or pairs where the coiled coil (CC) domains of either protein were deleted. Deletion of either CC domain reduced 

signal to background levels. 

 

 

 

 

B. Optimization of NanoBRET assay targeting the Beclin 1-ATG14L interaction for HTS 

After confirming the specificity of the NanoBRET signal generated by our chosen fusion protein, we next 

attempted to optimize some parameters to maximize the dynamic range of this assay and make it more viable for use 
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in an HTS. Towards this goal, our first experiment involved the selection of the ratio of donor and acceptor. 

Theoretically, a lower amount of the donor plasmid should lead to a larger BRET ratio as it would reduce the 

amount of donor signal that bleads through into the acceptor channel; however, this may also increase the variability 

in the observed ratios as the signal for both donor and acceptor approach the limit of detection for the plate reader. 

As with pair selection, we transfected Hek293T cells with four ratios (1:1, 1:10, 1:100, 1:1000) of the ACL:BCH 

plasmid. Cells were then incubated for 20 h, replated in 96 well plates and the HaloTag ligand was added to the PC 

wells and cells were incubated for a further 24 h. We observed that while the BRET signal did increase with lower 

amounts of donor plasmid there was also a corresponding increase in variability, thus the 1:1 ratio was chosen to be 

the best for having the highest Z’-factor (Z’ = 0.52, Figure 42A).  

Because our aim was to discover an autophagy-specific PPI inhibitor for the inhibition of autophagy in 

cancer we decided to see if we could get a robust BRET signal and Z’-factor by using HeLa cells, which are a 

typical cell line used for the study of cancer biology. For this experiment, we transfected HeLa cells with a 1:1 ratio 

of the ACL:BCH plasmid pair using the exact protocol used of Hek293T cells. Although we observed BRET signal 

in HeLa cells, it was too low and too variable for us to use this cell type in an HTS (Figure 42B, Z’ = 0.29). We also 

transitioned our assay into 384 well format from a 96 well format to increase the throughput of our HTS, though this 

did lead to a reduction in assay robustness as measured by Z’-factor (Z’ = 0.42). We proceeded to screen compounds 

using Hek293T cells in 384 well plates; however, hit selection was somewhat unreliable and assay did not have 

good reproducibility (Figure 43A). This was largely due to the low quantity of signal detected in the acceptor 

channel by the Spectramax i3x (Figure 43B). Therefore, we switched to another instrument, the Victor 3V, which 

had a much more sensitive photon counter and detected much higher signals in both the acceptor and donor 

channels, (Figure 43C) and thus also had a better Z’-factor (Z’ = 0.68). 
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Figure 42. Optimization of NanoBRET assay. (A) Hek293T cells were transfected with different ratios of 

ACL:BCH plasmid (2 µg of plasmid total) and evaluated for their BRET ratio and Z’-factor. Data is presented as 

mean ± SD for 4 technical replicates. (B) Comparison of the acceptor signal recorded by the Spectramax i3x (light 

gray) and Victor 3V (dark gray), no ligand represents those wells where no HaloTag ligand was added and are used 

to establish background signal for both instruments and for the calculation of the Z’-factors. All data are presented 

as mean ± SD generated from 16 technical replicates.  

 

 

Figure 43. Comparison of NanoBRET performance between the Spectramax i3x and the Victor 3V. (A) Z-scores 

for 640 compounds screened in duplicate using the Spectramax i3x. (B) Comparison of the acceptor signal recorded 

by the Spectramax i3x (light gray) and Victor 3V (dark gray), no ligand represents those wells where no HaloTag 

ligand was added and are used to establish background signal. (C) Comparison of the uncorrected BRET ratio 

generated by the Spectramax i3x and Victor 3V. All data are presented as mean ± SD generated from 16 technical 

replicates. 

 

 

 

 

C. Pilot screen for small molecules targeting the Beclin1-ATG14L interaction 

Once the we had validated and optimized the NanoBRET assay for HTS we wanted to establish the 

feasibility of employing this assay to identify potential inhibitors of the Beclin 1-ATG14L PPI. Towards this goal 

we screened 2,560 molecules from our curated library enriched for molecules with properties favorable for PPI 
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inhibition.285 To ensure accurate hit selection and allow for the determination of reproducibility for the assay, all 

molecules were screened in duplicate. As described in a previous section, Hek293T cells were transiently transfected 

with a 1:1 ratio of BCH:ACL vectors and then grown for 20 h, after which they were re-plated into 384-well white 

plates with the addition of HaloTag ligand across the plate excluding no-ligand background controls. Compounds 

were transferred by pin tool, and cells were treated for 24 h, after which NanoLuc substrate was added and donor 

and acceptor signal was measured by plate reader. The assay proved to be robust with an average Z’ = 0.64, little 

variability between plates and days, and high reproducibility between replicates (R2 = 0.55) (Figure 44).311 Hits were 

identified as compounds that significantly reduced the BRET signal (< -2.5 z-score from positive control) in 

duplicate.332 In total, 29 molecules met these criteria, giving an overall hit rate of 1.1%, of which 10 molecules were 

excluded because of cytotoxicity at 4 h in HeLa cells (Figure 45). 
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Figure 44. Assay metrics from the NanoBRET-based HTS targeting the Beclin 1-ATG14L interaction in Hek293T 

cells. (A) Dot plot showing the BRET ratios for each column in each 384 well plate. Values are presented as 

uncorrected NanoBRET so negative controls (light gray) could be visualized on the graph. These controls 

(represented in dark and light gray) showed little plate-to-plate and day-to-day variability. And the assay had a good 

separation between the negative (no HaloTag ligand, light gray) and positive (HaloTag ligand, dark gray) controls as 

represented by a Z’ above 0.5.312 (B) The correlation of the z-scores from each duplicate compound treatment 

establish assay reproducibility. Hits are highlighted in red. Each z-score was generated based on the average and 

standard deviation of each 384 well plate’s positive and negative controls. 
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Figure 45. Exclusion of hits based on cytotoxicity. eGFP-LC3 expressing HeLa cells were treated with hits (20 µM) 

for 4 h. Compounds that decreased the cell count (z-score < -2.0) are shown in dark gray and were deemed cytotoxic 

and excluded from further experiments. Data are presented as the mean z-score ± SEM from two independent 

experiments. 

 

 

 

 

 

D. Prioritization of hits based on autophagy inhibition  

The 19 hits that were not cytotoxic were cherry-picked and re-screened in the NanoBRET assay using six 

doses. A known VPS34 inhibitor, PIK-III, was chosen as a negative control, due to its known binding to VPS34, but 

no known inhibition of the Beclin 1-ATG14L interaction.231 Sixteen of the 19 molecules showed a dose dependent 

reduction in NanoBRET signal, while the negative control, PIK-III, did not (Figure 46). In addition to quantifying 

the false positive rate for our assay (15%) this result also further demonstrated the specificity of the signal produced 

by our fusion pair, as PIK-III induced cytotoxicity without decreasing the BRET signal. Next, we tested if any hits 

exhibited autophagy inhibition in HeLa cells. We did this by tracking the quantity and lipidation state of the 

autophagy-specific biomarker LC3 using fluorescence microscopy and immunoblotting.313 Under treatment with 



 
 

105 
 

late-state inhibitors like CQ, which will lead to accumulation of LC3-II, molecules, like PIK-III or SAR405 or an 

inhibitor of the Beclin 1-ATG14L interaction, which inhibit autophagy further upstream should lead to a decrease in 

LC3-II.231,231,250 Fifteen hits showed a reduction in eGFP-LC3 puncta relative to the CQ control (Figure 47A), 

though none as strongly as PIK-III, after 24 h of treatment at 25 µM in duplicate. Additionally, though we did not 

see a decrease of LC3-II by western blot for the PIK-III treated sample, we did see an increase in LC3-I, which 

indicates early autophagy inhibition (Figure 47B,C). Three hits showed a similar increase in LC3-I after 24 h at 20 

µM and two led to a decrease in both LC3-I and LC3-II. Compound 19 was selected as a high priority hit due to the 

combination of its potency in all three assays. In addition, several analogs of 19 were included in the HTS and we 

were able to determine the presence of preliminary SAR (Figure 48A,B). 19 was repurchased from ChemDiv and re-

screened in dose in the NanoBRET assay to confirm potency (IC50 = 33.9 µM) (Figure 48C). 
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Figure 46. Dose curves of the 19 hits from pilot NanoBRET HTS. Hek293T cells were treated with 19 hit molecules 

in 6-point dose-response mode (100 µM to 3.125 µM) for 24 h. 16 out of the 19 hit molecules show a dose 

dependent reduction in NanoBRET ratio. 19 is shown in red and the negative control PIK-III is shown in blue and 

other hits are shown in multiple colors. DMSO is represented as an empty circle. Data are presented as the mean ± 

SEM from two independent experiments in duplicate. 
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Figure 47. Prioritization of the 19 hits from pilot NanoBRET HTS through assessment of autophagy inhibition. (A) 

eGFP-LC3-expressing HeLa cells were treated with hits (25 µM) or PIK-III for 20 h followed with 4 h of CQ 

treatment. Several compounds showed a decrease in eGFP-LC3 puncta relative to CQ control, indicating an 

inhibition of autophagy. Data are presented as mean ± SEM from two independent experiments in duplicate. (B) 

LC3-I and LC3-II levels were determined by immunoblot following treatment of HeLa cells with either PIK-III or 

hits (20 µM) for 20 h followed by 4 h of CQ treatment. β-actin is shown as a loading control. (C) Quantification of 

LC3-I and LC3-II normalized to β-actin. PIK-III caused an accumulation of LC3-I, indicating that LC3 lipidation 

was blocked, with several hits showing a similar increase (7,8,9). Others (18, 19) showed a decrease in both LC3-I 

and LC3-II levels, also indicating autophagy inhibition. Data were generated from one independent experiment with 

cherry-picked compounds. (*p<0.05, **p<0.01). 
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Figure 48. Limited SAR and potency of 19. (A) The BRET ratios generated by derivatives of 19 that that were 

present in the screened library. (B) Highlighted structural differences of the derivatives. Varying the position of 

sulfonamide appendage and position of aromatic ring substituents abolished the decrease in NanoBRET ratio. Data 

are presented as the mean ± SEM of two independent experiments. (C) 6-point dose-response curve (100 µM to 

3.125 µM) of and chemical structure of 19. This curve shows a dose-dependent reduction of the NanoBRET ratio, 

indicating disruption of the Beclin 1-ATG14L PPI. DMSO is represented as an empty circle. Data are presented as 

mean ± SEM of three independent experiments carried out in duplicate. (*p<0.05, **p<0.01). 

 

 

 

 

 

E. Confirmation of the disruption of VPS34 Complex I formation by compound 19 

Previous studies have shown that disruption of the Beclin 1-ATG14L interaction leads to the inhibition of 

VPS34 Complex I formation.260,263,331 These studies, however, utilized genetic knockdown of ATG14L or the 

deletion of entire domains, not inhibition with small molecules, so we wanted to confirm that treatment with 19 

would also disrupt the formation of Complex I. Additionally, using the NanoBRET assay we established that direct 
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VPS34 binders (SAR405, PIK-III) do not disrupt the Beclin 1-ATG14L interaction (Figure 49A); however, it was 

possible that upon binding these molecules disrupt the VPS34 Complex I through other conformational changes, and 

so we also wanted to check if this was true as well. To test this hypothesis, we used a previously generated 

NanoBRET vector which expressed ATG14L C-terminal HaloTag (ACH). As described in the methodology section, 

this fusion protein can react to form a covalent bond with the HaloTag ligand, thus allowing us to perform a pull-

down for Complex I utilizing magnetic beads labeled with this ligand.315 Hek293T cells were transfected with ACH 

vector in bulk and then treated with either 19, PIK-III, or SAR405. After 8 h, cells were lysed and then incubated 

with the HaloTag magnetic beads for 4 hours, washed, and bound protein was eluted with buffer containing SDS. 

The lysate supernatant (S) and the SDS eluent (E) were then probed by western blot for the presence of each 

Complex I member (VPS34, VPS15, Beclin 1) and β-actin, but not ATG14L itself, because it would remain bound 

to the beads. Our results for this experiment demonstrated that treatment with 19 did effectively lead to Complex I 

disruption, as indicated by the lower quantities of each Complex I member protein relative to the DMSO control, 

while treatment with direct VPS34 inhibitors did not (Figure 50A). 

These promising results led us to further investigate the specific mechanism of action behind the disruption 

of the Beclin 1-ATG14L interaction and whether it happened due to the direct binding of 19 to ATG14L. Because 

19 proved to be insoluble in aqueous conditions above 100 µM, we were limited in our ability to utilize direct 

biophysical methods such as isothermal calorimetry or surface plasmon resonance. To overcome these barriers, we 

performed a CETSA which involves determining the quantity of a target protein that remains soluble after the 

heating of intact cells, which allows for the generation of a melting curve and the determination of a Tm for 

ATG14L. Ligands that interact through direct binding should stabilize ATG14L and cause a rightward shift in the 

binding curve and Tm. For this assay, we utilized A549 cells due to their higher observed expression levels of 

ATG14L. Cells were treated with 19 for 24 h, to mirror the treatment time for the NanoBRET experiment, heat 

shocked for 3 min over a temperature range between 48 – 56 °C, and then lysed by freeze thaw. Debris and 

aggregated protein were removed by centrifugation, and the supernatant was probed by western blot for the quantity 

of ATG14L. We saw an increase in ATG14L quantity at elevated temperatures as compared to the DMSO-treated 

control, which may indicate that 19 potentially stabilized ATG14L by directly binding to it (Figure 50B,C). 

However, the produced Tm shift of 0.34°C was not great enough to confirm that this stabilization was significant, so 

further experiments with more potent and soluble derivatives will be necessary to confirm binding. 
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Figure 49. Effect of VPS34 inhibitors on the protein-protein interactions of Beclin1 in Hek293T cells. (A) & (B) 6-

point dose curves (100 µM to 3.125 µM) of PIK-III and SAR405 do not show a disruption of either the Beclin1 and 

ATG14L interaction (A) or the Beclin1 and UVRAG interaction (B). DMSO is represented as an open circle. Data 

are presented as the mean ± SEM of three independent experiments. 

 

Figure 50. Compound 19 inhibits autophagy through disruption of VPS34 Complex I by potential binding to 

ATG14L. (A) Representative blot from three independent pull-down experiments in Hek239T cells treated with 19, 

PIK-III, SAR405 for 8 h. Supernatant (S) and eluent (E) for each treatment were analyzed by immunoblot for the 

presence of each protein found in Complex I. VPS34 inhibitors, PIK-III and SAR405, did not lower the amount of 

each protein found in the eluent while 19 did, indicating Complex 1 disruption. (B) Representative blots from three 

independent CETSA experiments targeting ATG14L in A549 cells treated with 19 (50 µM) for 24 h. (C) ATG14L 

levels were normalized to room temperature DMSO controls for each replicate and the mean ±SEM of three 

independent experiments is reported.  
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F. Evaluation of autophagy inhibition caused by Complex I disruption 

During hit selection and prioritization, we were not able to extensively replicate the experiments used in 

selection due to the limited quantity of each compound available. Therefore, we wanted to replicate and further 

characterize the ability of 19 to disrupt autophagy at a shorter time point. To do this, we used LC3 immunoblotting, 

where cells were first treated with 19, PIK-III, or SAR405, and then LC3-II accumulation was induced by treatment 

with CQ (late-stage autophagy inhibition) for 4 h or Torin 1 (autophagy activation) for 1 h.224 For both conditions, 

19 showed a significant decrease in LC3-II formation, though it had a lower potency than PIK-III or SAR405 

(Figure 51A-D). Interestingly, unlike PIK-III and SAR405, which led to an accumulation of LC3-I, 19 led to a 

decrease in LC3-I. A similar effect has been noted in cells treated with Spautin-1, a small molecule that induces the 

degradation of Beclin 1 by blocking its deubiquitination by USP10 and USP13.333 Lastly, we confirmed that 

treatment with 19 decreased CQ-induced eGFP-LC3 puncta accumulation even at this shorter time point (Figure 

51E). Overall, these results paired with the data from the initial hit selection indicate that 19 can inhibit autophagy at 

two time points and in two different cell lines, although to a lesser extent as compared to direct VPS34 inhibitors.  

Although the lack of relative potency could be due to the unoptimized nature of 19, these results also 

highlight the importance of developing small molecule inhibitors of PPIs in order to better understand the effect of 

their disruption on cellular phenotypes. Previous studies have shown that ATG14L knockdown or mutation inhibited 

LC3-II build-up under both basal and induced conditions, and in some cases inhibited LC3-II formation 

completely.263,331,334 But, this phenotype is not without controversy, as it has also been demonstrated that knockdown 

of ATG14L or its partner Beclin 1 led instead to no change in LC3-II levels or, in some cases, accumulation, even 

though autophagy was dysregulated.247,335,336 
Other research has also demonstrated that autophagy-deficient cells can 

still accumulate LC3-labeled puncta, even when LC3-II formation is abrogated, calling into question the reliability 

of this biomarker for the quantification of autophagic flux for early autophagy inhibition.337 Finally, because most 

autophagy proteins exhibit a multitude of roles even within autophagy, small-molecule targeting of specific 

autophagy-related PPIs, instead of whole protein deletion, will likely clarify the true importance of each interaction 

in autophagy function. In the future, it will be important to confirm that more potent derivatives of 19 show other 

signs of autophagy inhibition, such as the generation of malformed and non-functional autophagosomes.335 
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Figure 51. Evaluation of compound treatment on autophagy in A549 and HeLa cells. A549 cells were treated with 

19, PIK-III, SAR405 for 4 h or 7 h and then either CQ or Torin 1 was added and cells were incubated for an addition 

4 h or 1 h, respectively, and the amount of LC3 and β-actin was quantified by immunoblot. (A) & (C) 

Representative blots showing the effect on LC3 levels of compounds co-treated with either CQ or Torin-1 (B) & (D) 

LC3-I and LC3-II levels were normalized to the CQ or Torin 1 control. While all compounds show a decrease in 

LC3-II, which is consistent with the inhibition of autophagy earlier in the pathway, 19 is the only one that also 

shows a corresponding decrease in LC3-I levels. Data are presented as mean ±SEM of three independent 

experiments (*p<0.05, **p<0.01). (E) eGFP-LC3 expressing HeLa cells were treated with 19, PIK-III, or SAR405 

for 4 h and then CQ was added for 4 h. CQ inhibits the turnover of autophagosomes, causing an accumulation of 

eGFP-LC3 puncta. Data are presented as mean ±SEM with three independent experiments in duplicate.  (*p<0.05, 

**p<0.01).  

 

 

 

 

 

G. Insights into the impact of selective Complex I disruption on vesicle trafficking 

Our previous experiments established that 19 was able to inhibit autophagy through the disruption of the 

Beclin 1-ATG14L interaction, but this inhibition may not be specific if 19 also disrupts the interaction of Beclin 1 

with its other protein partners, such as UVRAG, that is critical for the formation of VPS34 Complex II. A specific 

PPI inhibitor should only inhibit the formation of the autophagy initiation complex (Complex I), leaving the 
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endosomal trafficking complex (Complex II) intact. Within Complex II, ATG14L is replaced with UVRAG, which 

interacts with Beclin 1 through a CCD with greater affinity than ATG14L.264 In order to confirm the selectivity of 19 

for the Beclin 1-ATG14L interaction, we used the NanoBRET assay. We followed the same developmental 

procedure as for our HTS, generating pairs of vectors coding for fusions of UVRAG and Beclin 1 (Table 4) and 

testing them to see which produced the most robust BRET signal (Figure 52). The chosen vector pair expressed 

UVRAG N-terminal NanoLuciferase (UNL) and Beclin 1 N-terminal HaloTag (BNH) and was then used to test the 

dose-dependent disruption of this interaction under treatment with 19, PIK-III, or SAR405. As with our HTS, 

Hek293T cells were transfected first with the UNL:BNH pair at a 1:1 ratio and then treated with compounds for 24 

h. Importantly, 19 did not show a dose-dependent change in BRET signal, indicating that it did not disrupt this 

interaction (Figure 53A). As with the Beclin 1-ATG14L, PIK-III and SAR405 also did not induce disruption of this 

interaction (Figure 49B).   

Next, we wanted to demonstrate that this selectivity also meant that 19 would not inhibit vesicle trafficking 

in the same way as PIK-III and SAR405. We conducted three experiments to characterize its overall effects on 

vesicle trafficking. To analyze its impact on intracellular transport we evaluated the maturation of Cathepsin D by 

immunoblot. A549 cells were treated with 19, PIK-III, SAR405, or CQ for 8 h and then lysed. The quantities of 

Cathepsin D and β-actin were determined by western blot. As expected, treatment with CQ, PIK-III, or SAR405 

caused an accumulation of procathepsin D due to their inhibition of either lysosome function or vesicle trafficking, 

but 19 did not cause accumulation (Figure 53B). Additional characterization of the effects of compound 19 on 

intracellular vesicle trafficking was accomplished by monitoring A549 cells treated with 19, PIK-III and SAR405 

for 8 h using phase contrast microscopy. We observed the formation of large vacuole-like vesicles by phase-contrast 

microscopy in cells treated with PIK-III and SAR405.In contrast, cells treated with the Beclin 1-ATG14L PPI 

inhibitor, 19, did not exhibit this phenotype (Figure 53C). The formation of such large vesicles was previously 

shown to be caused by direct VPS34 inhibition.250  

Lastly, using an assay based on the uptake and degradation of DQ-BSA, we tested the effect of 19 on 

endosomal uptake and processing. DQ-BSA is heavily labeled with BODIPY dyes that self-quench. Following 

endosomal uptake and lysosomal fusion, the protein is degraded and produces a robust fluorescent signal that can be 

measured by fluorescence microscopy. A549 cells were pulsed with DQ-BSA for 1 h and treated with 19, PIK-III, 
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SAR405 or BafA1 for 8 h, after which cells were imaged. Whereas treatment with PIK-III, SAR405 and BafA1 

caused a significant decrease in lysosomal processing of DQ-BSA, as indicated by the reduced puncta count, 

compound 19 caused an increase in DQ-BSA puncta (Figure 53D). Beclin 1 is known to exist in equilibrium 

between three binding complexes: a Beclin 1 homodimer and two heterodimers (Beclin 1-ATG14L and Beclin 1-

UVRAG).264Recent work has demonstrated that the inhibition of homodimer formation through treatment with a 

peptide that mimics this binding interface activated both autophagy and endocytic trafficking. This may be due to 

the increase in free Beclin 1 that can readily associate with both ATG14L and UVRAG.265 This study also 

demonstrated that the Beclin 1-UVRAG interaction was more potent than the Beclin 1-ATG14L interaction; 

therefore, it is possible that a small molecule could selectively inhibit the association of Beclin 1-ATG14L and cause 

Beclin 1 to redistribute into Beclin 1-UVRAG complex upregulating DQ-BSA uptake and degradation. Taken 

together, these results show that specific disruption of Beclin 1-ATG14L over the Beclin 1-UVRAG interaction 

conferred selectivity towards autophagy inhibition over vesicle trafficking. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52. Development of NanoBRET assay targeting the PPI of Beclin 1 and UVRAG in Hek293T cells. All data 

are presented as mean ± SEM generated from eight technical replicates. Cells were transfected with a 1:1 ratio of 

each donor and acceptor vector pair. UVRAG-NanoLuc pairs were excluded for lack of donor signal and 

BNH:UNL was chosen as the best pair.  
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Figure 53. Determination of specificity of 19 for the autophagic pathway as compared to VPS34 inhibitors. (A) 6-

point dose-response curve (100 µM to 3.125 µM) of compound 19 did not show a dose-dependent decrease in the 

NanoBRET ratio, indicating that the Beclin 1 and UVRAG interaction was not disrupted in Hek293T cells. DMSO 

is represented as an open circle. (B) A549 cells were treated with 19, PIK-III, SAR405, or CQ for 8 h, and the 

quantities of Cathepsin D and β-actin were determined by immunoblot. Under normal conditions, pro-Cathepsin D 

is rapidly transported to the lysosome in order to be processed into Cathepsin D. Blot is representative of three 

independent experiments. (C) A549 cells were treated with 19 (100 μM), PIK-III (12.5 μM) or SAR405 (12.5 μM) 

for 8 h. Images shown are representative of three independent experiments. (D) A549 cells were treated with DQ-

BSA for 1 h and then treated with 19, PIK-III, SAR405, or BafA1 for 8 h. BafA1 (lysosomotropic V-ATPase 

inhibitor). Data are presented as mean ±SEM of three independent experiments (**p<0.01). 
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H. Development and validation of FP assay targeting the ATG5-ATG16L1 interaction 

The other autophagy-specific PPI of interest was the ATG5-ATG16L1 interaction that is critical for the 

formation and proper localization of the ATG5-ATG12-ATG16L1 complex, that mediates the lipidation of LC3. As 

described in the methodology section the first step in the development of the assay targeting this interaction was the 

preparation of reagents. This included the peptide synthesis of rhodamine labeled (Rho-ATG16N) and unlabeled 

(ATG16N) peptides that correspond to N-terminal α-helix of ATG16L1 along with the purification of ATG5 as 

described in a previous section. Using these reagents, we conducted several experiments that would confirm that FP 

was a viable method to use to quantify the interaction between ATG5 and ATG16L1 and to enable small–molecule 

screening in order to find autophagy-specific PPI inhibitors. The first experiment was conducted by titrating Rho-

ATG16N with increasing amounts of MBP-ATG5. Upon excitation with a plane of polarized light free Rho-

ATG16N should emit depolarized light due to its rapid rotation in solution, while bound Rho-ATG16N would 

continue to emit polarized light as it would rotate more slowly. We saw a dose-dependent increase in the 

polarization (mP) of the emitted light (Figure 54A). Because we had to retain the MBP tag due to the insolubility of 

ATG5 at high concentrations, the next experiment we conducted tested whether the isolated MBP tag could also 

potentially bind Rho-ATG16N as indicated by an increase in the polarization of the light. Thus, Rho-ATG16N was 

titrated with MBP in the same manner as with the MBP-ATG5 and it was established that there is no significant 

binding occurring, although there is a slight increase in the observed mP at the highest doses of MBP (Figure 54B). 

Lastly, to confirm the overall specificity of the interaction between the Rho-ATG16N and the MBP-ATG5 we 

conducted a final experiment involving the unlabeled peptide ATG16N. Because their sequence is exactly the same, 

they should compete for the same binding interface on ATG5. We titrated a solution of Rho-ATG16N and ATG5 

with an increasing amount of ATG16N and observed a dose-dependent reduction in the mP (Figure 54C). This 

demonstrates that the interaction of Rho-ATG16N is specific because it is being displaced by the ATG16N causing 

an increase of free Rho-ATG16N in solution which emits depolarized light. Additionally, we demonstrated that 

there is no significant self-association happening between the peptides themselves by titrating Rho-ATG16N with 

ATG16N. In conclusion, these results demonstrate that FP can quantify this interaction and that this assay can be 

used as the basis for an HTS campaign to find autophagy inhibitors targeting ATG5-ATG16L1. Recent work has 

focused on using this assay to screen small molecules. Promising hits are being optimized in order to increase their 
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potency to further investigate the effects that the selective disruption of the ATG5-ATG16L1 interaction will have 

on autophagy.  
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Figure 54. Development of the ATG5-ATG16L1 FP assay. (A) A 12-point dose curve of MBP-ATG5 (15 µM to 

7.3 nM) and Rho-ATG16N (10 nM) shows an increase in mP. (B) A 12-point dose curve of MBP (16 µM to 7.8 

nM) and Rho-ATG16N (10 nM) shows little increase in mP. (C) A competition assay between labeled and unlabeled 

ATG16N peptides. A 12-point dose curve of ATG16N (5 µM to 2.4 nM), MBP-ATG5 (6.6 µM) and Rho-ATG16N 

(10 nM) shows a decrease in mP.  
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IV. Conclusion 

This chapter aimed to establish the importance of developing more useful and autophagy-specific probes in 

order to provide tools to understand the role of autophagy in human disease. Due to its broad homeostatic role, 

autophagy is implicated in a diverse array of malignancies from cancer to immune diseases and even aging. The 

current generation of autophagy probes lack specificity for the autophagy pathways and are thus insufficient for a 

more thorough understanding of autophagic processes underlying these diseases.222 Because autophagy is interlinked 

with a multitude of cellular processes and because the essential autophagy proteins also play roles in different 

pathways, it has been difficult to find specific and potent modulators. We aimed to remedy this by targeting 

autophagy-specific PPIs with small molecules. Although PPIs were notorious for being “undruggable targets” for 

many decades, in the last ten years several dozen molecules have emerged as PPI modulators with many even 

making it into the clinic. This development has all allowed for the characterization of the types of chemical 

structures that are likely to inhibit protein binding along with the generation of novel methods that can effectively 

measure protein interactions both within cells and in vitro. However, despite these advancements, no significant 

efforts have yet emerged showing autophagy-specific PPI modulators outside of well-known probes such as 

rapamycin. We aimed to remedy this by targeting two PPIs found within the autophagy initiation pathway, the 

interaction between Beclin 1-ATG14L, which is critical to the formation of VPS34 Complex I,259 and the interaction 

between ATG5-ATG16L1, which is critical to the formation of ATG5-ATG12-ATG16L1 complex.150 

Herein, we described the development of a NanoBRET-based HTS targeting the Beclin 1-ATG14L 

interaction, which was then successfully used to identify inhibitors of this interaction by screening a curated set of 

2,560 molecules enriched for properties found in PPI binders. This interaction has been established as critical for the 

formation of the autophagy initiation complex, VPS34 Complex I, which is responsible for the generation of the 

PI3P that forms the highly curved double membrane of the autophagosome. After confirmation that disruption was 

dose-dependent, hits were prioritized by their ability to inhibit LC3 lipidation, which was measured by quantifying 

eGFP-LC3 puncta with fluorescence microscopy and immunoblotting targeted towards LC3. One molecule, 19, was 

capable of inhibiting LC3-II accumulation both under late-stage inhibition (CQ treatment) and autophagy induction 

(Torin 1 treatment). We also showed that treatment with 19 disrupted the formation of the autophagy initiation 

complex, VPS34 Complex I, and used CETSA to evaluate its potential direct binding to ATG14L. Lastly, we 
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obtained evidence for our original hypothesis, by demonstrating that 19 did not disrupt the Beclin 1-UVRAG 

interaction, using the NanoBRET assay, and therefore should have a limited impact on vesicle trafficking. We 

confirmed this impact through a combination of experiments that measured cathepsin D maturation, DQ-BSA 

uptake and degradation, and large vesicle formation. In each case, 19 showed no change in phenotype or caused 

upregulation relative to the DMSO control, in contrast to the inhibitory effects of direct VPS34 inhibitors, PIK-III 

and SAR405. Future work for this project will be directed towards the synthesis of more potent analogues of 19 in 

order to characterize its molecular target in detail and further confirm the phenotype generated by the selective 

disruption of VPS34 Complex I in vitro and in vivo with endogenous proteins. Critically, we effectively demonstrate 

the viability of targeting PPIs found within the autophagy pathway as a strategy for developing more specific 

molecules that can potentially become therapeutic leads. We have also highlighted the importance of the 

development of small-molecule probes that can more thoroughly characterize each key PPI within this important 

cellular pathway.  

Outside of the Beclin 1 interactome there are several other PPIs in the autophagy pathway that occur 

through the association of defined secondary structures. One such interaction is between ATG5 and the N-terminal 

α-helical domain of ATG16L1. This interaction has been demonstrated to be critical for the activation and 

localization of the endogenous ATG5-ATG12 conjugate to the early phagophore. We chose to target this interaction 

because the ATG5-ATG12-ATG16L1 complex is part of the ubiquitin-like conjugation system that is responsible 

for the lipidation of LC3-I into LC3-II.150 Autophagy is dysfunctional in cells in which the generation of LC3-II is 

inhibited, due to its role in mediating the formation of the autophagosome and directing cargo for internalization. 

We hypothesize that a small molecule that disrupts formation of the ATG5-ATG16L1 complex will inhibit 

autophagic flux in cells. Towards this goal, we designed another HTS compatible assay based around the FP 

method, in which the polarization of light emitted by a fluorescent peptide representing ATG16L1 could be used to 

monitor its binding to MBP-ATG5. We effectively demonstrated that our assay specifically measured this 

interaction through a series of three experiments. These were the titration of free Rho-ATG16N with MBP-ATG5, 

the titration of Rho-ATG16N with MBP, and a competition assay in which Rho-ATG16N and MBP-ATG5 were 

titrated with increasing amounts of the unlabeled peptide ATG16N. Small molecules discovered by this assay will 

serve as the starting point for the generation of potent and specific PPI inhibitors that target the autophagy initiation 

pathway. Such molecules that selectively inhibit autophagy will allow for the evaluation of autophagy inhibition in 
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various disease states. Additionally, the proteins of this complex also have roles outside of canonical autophagy, and 

the specific, spatiotemporal disruption of this complex would aid in elucidating the purpose of these protein in other 

cellular functions. For example, ATG16L1 and ATG5 are involved in LAP,338 and ATG5 is also involved in 

lymphocyte development and proliferation, MHC II antigen presentation, and apoptosis, among other roles.268  

In conclusion, we developed two effective assays that target PPIs found in the autophagy pathway and 

demonstrated the viability of using small molecules to perturb these interactions. Molecules that are discovered by 

these assays will be the basis for novel therapeutics, especially for the inhibition of autophagy in cancer. 

Additionally, in contrast to genetic perturbation, a PPI inhibitor retains the endogenous state of its target protein 

allowing for the confirmation of the phenotype generated when only that specific PPI is disrupted. Therefore, the 

discovery of selective and potent PPI inhibitors could potentially limit off-target effects, providing a promising 

strategy to enable clarification of the role of autophagy in cancer and other diseases that rely on homeostasis as well 

elucidate the other roles of autophagic genes within the cell. The autophagy pathway is heavily regulated by protein-

protein interactions, but reliable structural and biochemical data for many of them remains unavailable and is a 

limiting factor for the design of further assays. Other targets outside of protein-protein interactions, for instance 

protein-lipid interactions and the post-translational modifications on autophagy protein are also promising. As an 

example, it has recently been demonstrated that ATG14L localizes to the autophagosome by recognizing PI3,5P2  

and that the knockdown of PIPKIγi5, which binds to ATG14L and is responsible for generating this lipid, leads to 

autophagy inhibition and ATG14L and Beclin 1 instability.334 Therefore, exciting opportunities for further 

autophagy-specific probe development remain and must be explored not only to develop new drugs, but to further 

our understanding of the one of the most important and primordial parts of cell biology.  
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