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Abstract

Intrinsically disordered proteins play vital roles in biology, and their dysfunction contributes to 

many major disease states. These proteins remain challenging targets for rational ligand discovery 

or drug design because they are highly dynamic and fluctuate through a diverse set of 

conformations, frustrating structure-based approaches. To meet this challenge, we have developed 

protocols to efficiently identify active small molecule ligands of disordered proteins. Our approach 

utilizes enhanced sampling molecular dynamics and conformational analysis approaches 

optimized for disordered targets, coupled with computational docking and machine learning-based 

screens of compound libraries. By applying this protocol to an amyloid-forming segment of 

microtubule-associated protein tau, we successfully identified novel, chemically diverse tau 

ligands, including an inhibitor that delays the aggregation reaction in vitro without affecting the 

amount of aggregate formed at steady state. Our results indicate that we have expanded the toolkit 

of protein aggregation inhibitors into new areas of chemical space, and demonstrate the feasibility 

of our ligand discovery strategy.
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Introduction

Current approaches to rational drug design and discovery are frustrated by the highly 

dynamic nature of many protein targets relevant to major human diseases. Specifically, 

conventional approaches rely on the twin assumptions that a protein populates a single, well-

defined structure, and that a small molecule ligand compatible with that structure can bind 

specifically to the target so as to interrupt pathological activity or restore normal function. 

However, a significant fraction (estimated to be 30–50%) of human proteins are completely 

or partially unstructured.1 These intrinsically disordered proteins (IDPs) rapidly fluctuate 

between an ensemble of structures instead of adopting a single well-defined conformation, 

and cannot be characterized using classical structural biology methods such as X-ray 

crystallography.2–4 Consequently, it has been challenging to rationally develop new 

therapies for diseases linked to IDP function and dysfunction.

IDPs and intrinsically disordered regions (IDRs) are involved in many widespread and 

severe diseases for several reasons.5,6 First, IDPs tend to play important roles in cell 

signaling pathways. Due to their remarkable structural plasticity, IDPs can bind transiently 

yet specifically to a variety of different partners, serving as hubs for the flow of information 

in the cell. Aberrant signaling (due to mutation, toxins, or stress- or age-related post-

translational modification) can drastically impair cellular function, accounting for the fact 

that most cancers involve the dysfunction of particular IDPs, including the tumor 

suppressors p53 and BRCA1.7,8

Second, the unique physical and chemical properties of IDPs enable them to play vital roles 

as tunable structural components of subcellular macromolecular assemblies such as non-

membrane-bound organelles (NMBOs), the nuclear pore complex, and cytoskeletal 

architecture.9–11 For instance, NMBOs such as stress granules and P-bodies form by 

reversible co-aggregation or co-acervation of specific proteins and RNA resulting in liquid-
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liquid phase separation and droplet formation within the cytoplasm.9,12 These droplets 

appear to perform important metabolic and physiological functions, with their formation 

being switchable and regulated. Defects in particular IDPs can cause disorders such as 

amyotrophic lateral sclerosis (TDP-43, FUS etc.) and hypertrophic cardiomyopathy 

(troponin-C).13,14

Third, many IDPs are key players in degenerative amyloid disorders such as Alzheimer’s 

disease (AD), type II diabetes, and Parkinson’s disease.15,16 In these conditions, particular 

IDPs convert from soluble, monomeric native states into a heterogeneous and dynamic 

ensemble of toxic intermediates and then into highly ordered β-sheet-rich amyloid 

aggregates. Amyloid toxicity frequently involves the remodeling and disruption of 

membranes by partially structured monomeric or oligomeric species.

There is therefore an urgent need for drug discovery strategies targeting IDPs, exemplified 

by the focus of this study: microtubule-associated protein tau. In its physiological role, tau 

stabilizes microtubules, regulates axonal trafficking in neurons, and is involved in neurite 

outgrowth.17 Tau remains predominantly disordered even when bound to microtubules or 

tubulin, outside of the residues that interact with these partners.11,18,19 Amyloid formation 

by tau (often accompanied by hyperphosphorylation and oxidative modifications) is a 

hallmark of a range of neurodegenerative disorders, including Alzheimer’s disease (AD) and 

chronic traumatic encephalopathy, that are collectively called tauopathies.20 AD is also 

characterized by the aggregation of the IDP amyloid-β into senile plaques; conversely, tau 

neurofibrillary tangles are frequently observed in synucleinopathies such as Parkinson’s 

disease (PD) and dementia with Lewy bodies. Membrane interactions are central to the 

pathological activity of tau: tau causes membrane leakage, disrupts vesicles, and forms lipid-

protein co-aggregates.21–23 Tau occurs in six different isoforms generated by alternative 

splicing, up to 441 residues long. The central microtubule binding region (MTBR) of tau, 

consisting of three or four repeats, is responsible both for interacting with tubulin, and for 

pathological self-association and cytotoxicity.21,24,25 Two hexapeptide repeats dubbed PHF6 

and PHF6* are important drivers of aggregation in vitro, and (along with surrounding 

portions of the MTBR) form the structured core of tau fibrils.26–28 We focus our studies on 

the tau4RD construct (residues 244–372, comprising all four repeats of the MTBR), which 

recapitulates tau amyloidogenesis and membrane interactions.23,29 Tau is a particularly 

intriguing model system because it displays the full gamut of IDP behavior: disorder is 

important to its native function, and it remains largely unstructured even when bound to 

microtubules;11,19 its conformational ensemble is very sensitive to environment and binding 

partners;30,31 it forms amyloid aggregates and causes membrane leakage;21,25 it forms lipid-

protein co-aggregates,22,23 and also undergoes liquid-liquid phase transitions.32

The discovery and design of drug-like small molecules capable of ameliorating aggregation 

by tau and similar IDPs has been a long-standing goal.3,33 Despite substantial effort, our 

toolkit of amyloid-modulating compounds had until recently been limited to relatively 

confined regions of chemical space: a handful of dyes and their analogs, polyphenols like 

tannic acid and epigallocatechin gallate (EGCG), and other natural products such as 

curcumin.34–41 This generation of active compounds has generally been discovered 
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serendipitously or by high-throughput screening, and has yielded valuable insight into the 

conformation and aggregation mechanisms of diverse IDPs.

Although IDPs are undeniably challenging targets, there has been exciting recent progress 

towards the goal of rationally discovering or designing active ligands. Advances in 

spectroscopic techniques including NMR, single-molecule Förster resonance energy transfer 

(FRET), time-resolved FRET, tryptophan triplet state quenching, and electron paramagnetic 

resonance have all provided invaluable insights into IDP conformation and dynamics.
4,30,42–45 Simultaneously, the development of enhanced sampling simulation techniques 

such as replica exchange molecular dynamics (REMD) and metadynamics, as well as 

optimized Monte Carlo methods, have generated unprecedented molecular insight into the 

conformational ensembles sampled by IDPs.30,46–50 Tau and tau4RD have been modeled 

using Monte Carlo and molecular dynamics approaches.51–53 Several groups have been able 

to leverage this conformational insight into monomeric, oligomeric and bound states of IDPs 

to generate new, biologically active ligands for a variety of disordered targets.3,54–59 For 

example, novel ligands have been discovered or designed for amyloid states of tau and other 

IDPs,58,59 for membrane-bound dimers of islet amyloid polypeptide (IAPP or amylin),56 and 

to disrupt p53/MDM binding.60 Broad-spectrum amyloid modulators have been developed 

based on oligothiophene,61 oligoquinolone,62,63 (D,L)-peptide64,65 and molecular tweezer66 

architectures. Moreover, monomeric disordered states of targets such as c-Myc, amyloid-β 
and α-synuclein have been successfully targeted by identifying transiently sampled, 

druggable structures.54,55,57 In these works, experimentally constrained or filtered 

simulations were used to define an ensemble of target states, which were then subjected to 

computational screening followed by experimental validation.

Here, we have been able to improve on these efforts using new enhanced sampling 

simulation protocols for IDPs, methods to identify preferentially sampled local structures 

within a larger disordered ensemble, and a combination of conventional computational 

docking and machine learning (ML)-based screening. Using this approach (schematized in 

Figure 1), examining thousands of compounds computationally and just ten in vitro, we have 

identified one novel compound that inhibits tau aggregation as well as a second that binds to 

fibrils without altering the extent of aggregation.

Experimental Procedures

Molecular Dynamics Simulations

Molecular dynamics simulations including ReSA-MD were done using GROMACS 4.6.567 

with the Amber99SB forcefield. Ten starting states for the MTBR were generated, one using 

a conformation from FRET-restrained Monte Carlo simulations,30 and the remaining nine 

using randomized Ramachandran accessible phi-psi angles and correcting for clashes. 

Systems were solvated using the tip4p-ew water model, with ten chlorine atoms were added 

to neutralize charge. Starting structures were energy minimized using a steepest-descent 

algorithm, then allowed to relax for 0.25 ps with a 0.05 fs timestep before starting ReSA 

simulations. ReSA was performed using PME electrostatic calculations, NVT ensemble with 

v-rescale thermostat, and a timestep of 5 fs. Simulations were stopped every 2 ns, then 

restarted, alternating the reference temperature between 300 and 500K each time.
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Clustering and Small Molecule Docking

Simulation data from the 300K simulations was taken and used for clustering analysis. 

Clusters were determined for all 25 segments of the peptide using all-atom RMSD values. 

Various clustering algorithms and criteria were examined, and the GROMOS algorithm68 

using an all-atom RMSD cutoff of 0.2 nm was determined to give the best representative 

structures based on structure homology and population of the clusters. Median structures 

from each of the 10 most populated clusters of each segment were converted to receptor 

models for docking in AutoDock Vina.69 Structures of the ChemBridge CNS collection 

were obtained from PubChem and parameters were calculated using OpenBabel.70 Ligand 

models were built using AutoDock’s ligand preparation utility. CACTVS fingerprints71 were 

obtained from PubChem. Ligand docking was done using AutoDock Vina, with a search 

area encompassing the space of a cube extending 2 nm beyond the receptor model in each 

dimension.

Protein Expression

Plasmids containing the His-tagged tau4RD or full-length tau2N4R genes with a TEV 

cleavage site were received as a gift from the Rhoades lab at the University of Pennsylvania. 

Plasmid was transfected into two E. coli lines: DH-5α for long-term stocks, and BL-21 for 

protein expression. To express protein, BL21 (DE3) cells were incubated in 1 L of Luria-

Bertani (LB) medium in baffled flasks. Cells were grown in at 37°C, 220 RPM in a New 

Brunswick Innova 44/44R incubator until the OD reached 0.6–0.7. IPTG was then added to 

a final concentration of 0.4 mM, the temperature was dropped to 16°C and the culture was 

allowed to grow overnight. The following day, cells were harvested by centrifugation and 

resuspended in lysis buffer: 50 mM Tris, 500 mM NaCl, and 10 mM imidazole, pH 8 @ 

4°C. Halt Protease inhibitor cocktail (Life Technologies; 300 μL), 0.1 mg/mL DNAse, 0.1 

mg/mL RNAse, and 300 μL of a saturated solution of PMSF in ethanol was added per 1 L of 

growth before lysis via French press. The lysate was then centrifuged at 2800 g for 45 

minutes. The supernatant was passed through 0.8 and 0.4 μm filters, before being loaded 

onto a 5 mL Ni-NTA agarose column. The protein was eluted by increasing the 

concentration of imidazole in the solvent from 10 to 250 mM. The eluent was buffer 

exchanged back into 10 μM imidazole buffer, while incubating with 1mM dithiothreitol and 

250 μL of TEV protease at 2.8 mg/mL overnight at 4°C. This solution was then run over the 

Ni-NTA column and the flowthrough was collected and concentrated to 1–2 mL using a 3 

kilodalton molecular weight cutoff centrifugal filter. The concentrate was fractionated using 

a 25 mL S200 extended gel-filtration column with buffer containing 20 mM Tris HCL, 50 

mM NaCl, 1 mM TCEP pH 7.4 as the mobile phase. Purity was confirmed by SDS-PAGE. 

Protein was concentrated, aliquoted and flash frozen before being stored at −80°C. 

Concentrations of protein were obtained using Pierce BCA Protein Assay Kit (Thermo 

Fisher Scientific).

Preparation and Storage of Selected Compounds

Selected compounds were identified from the ChemBridge CNS small molecule collection, 

and dry samples were obtained through Hit2Lead (ChemBridge, San Diego, CA). Samples 

were dissolved in DMSO to 1 mM stock solutions and stored at −80°C. The identity of 
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active compounds was confirmed with Quantitative time of flight mass spectroscopy using 

an Agilent Technologies 6520 Q-TOF (Figure S6). Dynamic light scattering (DLS) was used 

to confirm that at experimental conditions, artifacts due to compound insolubility72 were 

unlikely to contribute to observed activity (Figure S7). DLS assays of compound 

aggregation were performed using a DynaPro NanoStar Laser Photometer and 

accompanying software. DMSO control and compound samples were incubated overnight at 

room temperature or at 37°C, and then immediately assayed.

Aggregation Assays

All fibrillization reactions were carried out at 37°C at pH 7.4, in buffer containing 20 mM 

Tris HCL, 50 mM NaCl, 1 mM TCEP, and 50 μM thioflavin T (ThT). 100 μL aliquots of 

tau4RD and ThT at twice the desired final concentration were prepared in black-walled 

polystyrene 96-well plates (Corning Life Sciences, Tewksbury, MA). Equal volumes of 

unfractionated ~3KDa heparin sodium (Acros Organics, Morris Plains, NJ) at twice the 

desired final concentration were added to the wells to initiate the reactions. Final 

concentrations of protein and heparin were 5 μM and 3 μM respectively. Reaction progress 

was monitored by increase in Thioflavin T fluorescence with λex = 440 nm and λem = 485 

nm in a BioTek Synergy HTX (BioTek, Winooski, VT) plate reader. Reads were taken every 

5 minutes after 1 minute of agitation (for tau4RD), or every 10 minutes with continuous 

agitation (for full-length tau). Intrinsic fluorescence from compounds was in all cases ≤ 5% 

of the background, which was corrected for by baseline subtraction. Experiments were 

performed with at least 3 technical replicates.

Tyrosine Fluorescence Assays

Tau4RD contains a single native tyrosine, which provides an intrinsic spectroscopic probe of 

concentration. Tyrosine fluorescence assays were performed to measure tau4RD 

concentration in solution using an Agilent Cary Eclipse spectrophotometer. Samples were 

excited at 276 nm, and fluorescence was measured from 300–310 nm. A standard curve was 

constructed using buffer-matched samples of tau4RD, and used to estimate soluble tau 

levels. Samples were incubated under the same condition as the aggregation assays listed 

above, save that duplicate samples were made without ThT. Initial concentrations were 

measured immediately after the addition of heparin. Additionally, after 3 hours of 

incubation, samples were centrifuged (30 minutes at 21,100 g) at 4°C, which was sufficient 

to separate large aggregates and bona fide fibrils from monomer and small, soluble 

oligomers. After centrifugation the intrinsic tyrosine fluorescence of tau in the supernatant 

was measured. Each experiment was run with 4 technical replicates, and the results 

averaged.

Gel Densitometry

Aggregation reactions were allowed to proceed for 3 hours and spun down as described 

above. 15 μL of the supernatant was boiled with 3 μL of loading dye and then run on an 

Invitrogen Bolt 12% Bis-Tris 15 well gel, along with T=0 controls and standard samples of 

1, 3 and 5 μM tau4RD. Gels were scanned with a Li-Cor Odyssey CLx gel-scanner, and 

band intensity was analyzed using Fiji.73
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Results

Our approach is depicted schematically in Figure 1. We began by performing enhanced 

sampling molecular dynamics on tau4RD to sample its native conformational ensemble. We 

then used clustering methods to identify preferentially sampled, locally structured states 

within this ensemble. These preferentially sampled structures were then used in 

computational screening procedures to identify promising compounds from a library of 

~5×104 small molecules. ML techniques were used to refine and guide molecular docking 

calculations. Finally, we assayed ten selected compounds in terms of their effects on tau4RD 

amyloid formation in vitro.

While replica exchange molecular dynamics (REMD) simulations are physically rigorous 

and are useful for smaller IDPs, they are impractical for an IDP as large as tau4RD. (For 

example, using explicit solvent, approximately 200 replicas would be required to ensure an 

exchange probability of 0.01.74) To overcome this limitation, we developed and 

implemented an alternative technique we term Repeated Simulated Annealing (ReSA). In 

ReSA, a single MD trajectory is periodically (every 2 ns) exchanged from a low temperature 

(300 K) to a high temperature (500 K) and then returned to 300K. Upon raising the 

temperature, the target protein rapidly samples conformational space. When the temperature 

is lowered, the protein dynamics slow down and the simulation samples the local 

conformational space of the protein (Figure S1A). We ran ten 100ns simulations from 10 

distinct starting positions, then sampled the 300 K portions of the ReSA trajectory every 50 

ps (thereby omitting most structures sampled as tau4RD relaxed from 500 K to 300 K), 

resulting in 500 ns of usable conformational data. As expected, ReSA samples a broader 

conformational space in a given time period than conventional MD (Figure S1B). Moreover, 

ReSA more closely recapitulates the radius of gyration (Rg) derived from SM-FRET30 and 

small-angle X-ray scattering75 than conventional MD does (Figure S2D). NMR chemical 

shifts calculated from the ReSA ensemble are also in good agreement with experimental 

measurements (Figure S2). Both the predicted chemical shifts and the contact map (Figure 

S3A) are very similar to those obtained by extensive (4.8 μs) REMD simulations.53

After generating a library of conformations using ReSA, we used a local clustering approach 

to identify potential docking targets. One of the challenges in identifying targets from an 

IDP conformational ensemble is determining which conformations are the most frequently 

sampled in solution. More popular conformations are desirable as targets: the more 

frequently sampled a conformation is, the greater the chance it encounters a ligand. 

However, identifying well-sampled conformations for dynamic protein targets is not 

straightforward. Conformational fluctuations in distant, unrelated parts of the protein can 

cause the clustering algorithm to classify two conformations as distinct and relatively 

uninteresting even if they both displayed the same local structural motif. Because our 

conformational library displayed few long-range contacts, we expect local structures to be 

relevant targets (Figure S3). Attempts to generate clusters based on global conformational 

similarity (e.g., Cα RMSD for the entire tau4RD sequence) would overlook bona fide, 

preferentially sampled local structures. Instead, we performed clustering on overlapping 

segments of tau4RD extracted from the larger ReSA ensemble. We tested segment lengths of 

5, 10 and 20 residues, and found that ten-residue segments (Figure 2) provided the best 
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compromise between cluster resolution and cluster population. This approach allowed us to 

model the conformations of tau4RD in the context of the complete molecule, yet also 

identify relevant local structures. After experimentation with different clustering methods 

and all-atom RMSD cutoff values, we clustered our structures using the GROMOS 

geometric clustering method68 using a RMSD cutoff of 0.2 nm. This allowed for the 

identification of well-resolved preferentially sampled structures for each of the 10-residue 

segments (Figure S4).

We used these structures as docking targets for virtual screening of small molecules. Each of 

the 10 most populated clusters for each of the 25 segments was used as a target for 

computational docking. Each cluster was representative of 0.5% to 4% of the conformational 

library. A pilot set of 1000 compounds of the ChemBridge CNS collection was docked 

against the 250 targets using AutoDock Vina. These results showed that compounds 

preferentially bound to particular regions of the tau4RD (Figure 3A), suggesting that these 

segments are essentially the most “druggable” portions of the protein. We also found that 

similar docking results are obtained when targets were generated from either half of the 

ReSA 300K dataset (Figure S4C), which suggests that the ReSA conformational ensemble 

has converged sufficiently for our purpose of ligand discovery.

It would be computationally prohibitive to dock larger (> 104 compound) libraries to all 250 

targets. Therefore, we used ML to mine large compound collections and prioritize small 

molecules for more detailed computational screening. ML techniques can robustly and 

efficiently predict diverse aspects of chemical function from simplified descriptions of a 

compound’s structure.56,76–79 We used CACTVS chemical fingerprints80 to quantify the 

presence of chemical features of the compounds in the CNS collection, then used partial 

least squares regression (PLSR) analysis to correlate the presence and absence of chemical 

features with docking scores. A CACTVS fingerprint is an 882-bit binary string, with a 0 or 

1 at each position corresponding to the absence or presence of a particular chemical feature 

in a compound of interest. PLSR is a versatile technique capable of identifying the 

relationships between two matrices, one of which is dependent in some way on the other.76 

PLSR simultaneously decomposes those matrices to identify patterns of covariance to build 

a regression matrix that, when multiplied by the independent matrix, approximates the 

dependent matrix. In our case, the independent matrix F consists of the CACTVS 

fingerprints for each compound in a training set, while the dependent matrix S consists of 

docking scores for each compound in that training set to each target in a panel of ReSA-

derived clusters. PLSR yields a prediction matrix P such that F⋅P≈S. If a vector f consists of 

the fingerprint of a new compound not in the training set, then the vector s=f⋅P will contain 

the predicted docking score of that compound for each target in the panel. PLSR thus 

approximates the results of multiple, computationally intensive docking calculations with a 

single matrix multiplication step.

We validated our PLSR predictions using a subsampling approach. Briefly, 10 randomly 

selected molecules were withheld from the training set, and the model was trained with the 

remaining 990 (Figure 3B). We then compared the predicted scores of the 10 test 

compounds with docking scores generated by Autodock Vina. We repeated this subsampling 

ten times, each with a different set of 10 test compounds. The Pearson (Spearman rank-
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order) correlations between PLSR predictions and docking scores were 0.60 ± 0.29 (0.58 

± 0.20), as compared to 0.64 (0.67) for the training sets. This indicated that PLSR was able 

to predict the docking scores of unknown compounds with reasonable accuracy.

We then applied our validated PLSR protocol to predict docking scores for all 50,000 

compounds in the ChemBridge CNS library, and selected the top 1000 molecules for another 

round of docking. For computational efficiency, all subsequent docking calculations were 

performed only with the segments of tau4RD identified to be druggable (Figure 3A). The 

docking results of these 1000 compounds were used to update the PLSR training set, and the 

PLSR predictions were repeated. The 1000 compounds predicted to have the best docking 

scores were again selected for docking, and this process was repeated, at which point the 

proportion of new compounds (i.e., not identified in previous rounds) dropped to ~40% and 

the docking scores of the best compounds stayed approximately constant. At this stage, we 

considered the ML screen to have converged, and ranked all compounds in terms of their 

docking score for any segment of tau4RD (Figure 3C). High-scoring compounds tended to 

be hydrophobic (mean clogP of the top 1% of compounds was 3.8, as compared to 3.1 for 

the entire compound library), and to feature heteroatomic conjugated systems. Selected 

docked poses are shown in Figure S5.

We selected 10 compounds (see Table S1) for experimental testing based on docking score, 

targeted segment, and chemical structure, so as to prioritize high-affinity ligands that bound 

different regions of tau4RD and sampled diverse regions of chemical space. These 10 

compounds were tested for their effects on the pathological aggregation of tau4RD using a 

kinetic assay that relies on the enhancement of ThT fluorescence when bound to amyloid 

structure. We compared the aggregation of tau4RD in the presence and absence of each 

compound and found that 1 and 6 markedly altered the observed trajectory (Figure 4). 

Compound 1 delayed and decreased the ThT fluorescence in a dose-dependent manner, and 

compound 6 increased the magnitude of ThT fluorescence in a dose dependent manner (In 

contrast, 0 of 10 compounds randomly selected from the ChemBridge CNS library showed 

any activity). To corroborate the results of the ThT assay, we centrifuged aggregation 

reactions after 3 hours and measured the amount of soluble tau4RD remaining in the 

supernatant using intrinsic tyrosine fluorescence. Compound 1 consistently decreased the 

amount of aggregated protein (confirmed by gel densitometry, Figure S8), while 6 had no 

effect. These results suggest that 1 is a bona fide aggregation inhibitor, while 6’s effects on 

the ThT fluorescence are likely photophysical in origin. Since this signal results from fibril-

bound ThT, the enhancement of fluorescence suggests that 6 does interact with tau4RD 

fibrils without affecting the rate or extent of aggregation. In contrast, 1 is a fairly potent 

aggregation inhibitor, capable of delaying aggregation substoichiometrically. However, 

despite this effect on kinetics, neither 1 nor 6 appears to affects the total amount of aggregate 

formed once the reaction has plateaued (see 96 h data in Figure S9).

The tau4RD construct has been extensively studied in vitro, in part because it forms fibrils 

much more readily than full-length tau. In order to determine whether 1 and 6 retain their 

activity towards biologically relevant forms of tau, we studied the aggregation of full-length 

(2N4R) tau in the presence and absence of each compound. The response of full-length tau 

to these modulators mirrored that of tau4RD, albeit on much slower timescales: 1 delayed 

Baggett and Nath Page 9

Biochemistry. Author manuscript; available in PMC 2020 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the onset of aggregation, while 6 increased ThT fluorescence intensity without seeming to 

affect the kinetics of aggregation in any systematic way. This suggests that 1 and 6 could be 

useful reagents in cellular and animal models of tau pathology, whether studying full-length 

tau or more experimentally tractable constructs.

Importantly, both 1 and 6 are chemically quite distinct from any other compound known to 

affect amyloid formation by tau or any other protein. This suggests that our approach has 

indeed enabled us to explore new regions of chemical space for tau aggregation inhibitors.

Discussion

The role of computation in ligand discovery is to reduce the amount of in vitro testing 

needed to identify active compounds. High throughput screening for IDP ligands is often 

challenging because binding or other functional outcomes can be difficult to detect. Rates of 

success for these undirected screening are as low as 0.04%.81 As such, computational 

approaches are appealing in that much of the selection process can be shifted to the 

relatively cheap and quick in silico methods. Recent attempts have aimed to identify targets 

(often using computational methods guided by in vitro measurements), and then use 

computational docking approaches to identify a limited number of promising compounds. 

For example, Yu et al. targeted the IDP c-Myc based on models built from molecular 

dynamics biased with a known inhibitor. Their computational screening identified 273 

compounds from which they identified 7 novel ligands.57 Vendruscolo et al. used clustering 

methods to identify the most populated global conformations in REMD simulations of α-

synuclein, and then used fragment mapping to identify binding hotspots. From 

computational docking to these hotspots, the authors identified 89 compounds for in vitro 
characterization, and reported one biologically active compound capable of rescuing 

dopaminergic cells in a Parkinson’s cell model.55

The process we described here distinguishes itself in three major ways. Firstly, appropriate 

and efficient enhanced sampling molecular dynamics methods explored conformational 

space and generated a valuable conformational library. Secondly, the segmented clustering 

approach allowed the identification of well-populated local conformations that serve as 

appealing ligand targets. Thirdly, machine learning techniques identified and utilized 

chemical characteristics that focused screening attempts and drastically increased the 

efficiency of computational screening. Our approach identified two novel tau ligands with 

promising activity – 1 as an aggregation inhibitor, and 6 as a fibril-binding ligand – out of 

just ten compounds characterized in vitro. This suggests that our methodology successfully 

identified promising targets within a dynamic conformational ensemble and used this 

information to select compounds likely to interact with an IDP target. Future studies will 

examine the biological activities of 1, 6 and related compounds in cellular and in vivo assays 

of tau pathology. Importantly, while the compounds identified here are novel and interesting, 

they will require substantial further development to become lead compounds in drug 

development efforts. Bioavailability and other pharmacokinetic/pharmacodynamic 

parameters will need to be optimized, and so will selectivity for tau over other amyloid-

forming proteins. Nevertheless, we believe that the development of 1 and 6 represents an 

exciting advance in the collective effort to improve diagnosis and treatment of AD and other 
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tauopathies. We anticipate that screening larger compound collections using the methods 

described here will yield multiple, distinct modulators and probes of tau aggregation.

The work presented here provides a framework that can easily be applied to other disordered 

protein targets. ReSA is easily adaptable to work on other systems, and does not have 

extensive computational requirements beyond those of canonical molecular dynamics. We 

stress that ReSA is not likely to generate a complete, physically rigorous landscape of an 

IDP conformational ensemble, but nevertheless is evidently able to model an IDP at 

sufficient resolution and accuracy for rational ligand discovery. The segmentation and 

clustering approach is also well suited for other larger IDPs, although the parameters for 

clustering will need to be adjusted to accommodate for the flexibility and local structural 

diversity of the system being examined. Our hope is that this work provides valuable tools to 

the research community that aid in the development of ligands capable of modulating IDP 

function or dysfunction, so as to gain insight into the mechanisms of toxicity, and to advance 

the eventual development of therapeutics and diagnostics for IDP-mediated pathologies.
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Figure 1: 
Schematic of our combined computational and experimental strategy to discover novel 

ligands for IDPs (see text for details).
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Figure 2: 
Sequence of tau4RD and segments used for local clustering. Tau4RD spans the 4-repeat 

microtubule-binding domain of the IDP tau, and models the full length protein’s capacity for 

aggregation and membrane interaction. To identify well-populated local structures within the 

conformational ensemble of tau4RD, the sequence was divided into 25 overlapping 

segments (denoted S-1 through S-25) and each segment was clustered independently.
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Figure 3: 
Discovery of potentially active compounds through iterative machine learning. a) A pilot set 

of 1000 compounds randomly chosen from the CNS library was docked against the 10 most 

populated clusters from each of the 25 segments. The histogram of each compound’s most 

favored target illustrates that some segments of tau4RD are better able to accommodate 

small molecule binding. b) PLSR trained on 990 compounds from the pilot set was able to 

predict the docking scores of the remaining 10 compounds with reasonable accuracy. 

Pearson correlation coefficients are shown at the bottom of the panel. c) PLSR was used to 

select compounds from the diverse set of small molecules in the CNS library. Iteration 1 

yielded 1000 compounds based on the results and fingerprints of the pilot set. Iteration 2, 

based on the docking scores and fingerprints of the 2000 compounds from the pilot set and 

Iteration 1, yielded primarily compounds that had already been examined and docked in 

Iteration 1. When these were excluded from the library, the next 1000 compounds (“Iter. 2 – 
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new”) displayed worse docking scores on average. This indicated that the PLSR search had 

largely converged.

Baggett and Nath Page 20

Biochemistry. Author manuscript; available in PMC 2020 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: 
Experimental validation of selected compounds. a) ThT-monitored tau4RD fibril formation 

kinetics in the presence of 10 compounds selected based on computational screening. 

Compounds 1 and 6 consistently altered the observed fluorescence kinetics relative to 

vehicle control. Traces show mean ± SEM of 3 technical replicates, and are representative of 

three independent experiments. b) Compound 1 extends the lag phase and decreases ThT 

fluorescence intensity in a dose-dependent manner. c) Compound 6 increases ThT 

fluorescence in a dose-dependent manner, but does not dramatically affect the lag phase. For 

B and C, traces show mean ± SEM of 4 technical replicates, and are representative of three 

independent experiments. d) Measurement of soluble tau content after 3 hours of 
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aggregation indicates that 1 but not 6 affects the extent of aggregation. The main panel 

shows ThT-monitored aggregation, while the panels on the right show the amount of tau 

remaining in solution after centrifugation, measured by intrinsic tyrosine fluorescence. 

Treatment with Compound 1 (blue) shows that soluble tau4RD content is unchanged over 

the course of the experiment. In contrast, treatments with either Compound 6 (red) or vehicle 

(black) show a similar loss of fluorescence intensity. e) Compounds 1 and 6 exhibit similar 

effects on ThT-monitored aggregation of full-length tau, with 1 delaying aggregation and 6 
appearing to raise the final level of fluorescence. For D and E, traces show mean ± SEM of 4 

or 5 technical replicates respectively, and are representative of at least three independent 

experiments. Concentration of compounds was set at 10 μM unless otherwise indicated and 

the concentration of DMSO for all samples was 1%.
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