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Abstract  
 
The identification of new drugs for novel therapeutic targets requires the screening of 
libraries containing tens of thousands of compounds. While experimental screenings are 
assisted by high-throughput technologies, in target-based biophysical assays, such as 
differential scanning fluorimetry (DFS), the analysis steps must be calculated manually, 
often combining several software packages. To simplify the determination of the melting 
temperature (Tm) of the target and the change induced by ligand binding (ΔTm), we 
developed the HTSDSF explorer, a versatile, all-in-one, user-friendly application suite. 
Implemented as a server-client application, in the primary screenings, HTSDSF explorer 
pre-analyzes and displays the Tm and ΔTm results interactively, thereby allowing the user 
to study hundreds of conditions and select the primary hits in minutes. This application 
also allows the determination of preliminary binding constants (KD) through a series of 
subsequent dose-response assays on the primary hits, thereby facilitating the ranking of 
validated hits and the advance of drug discovery efforts. 

Introduction 
In recent years, the discovery of novel molecules with pharmacological applications has 
been accelerated thanks to the use of high-throughput screening (HTS) assays that can 
scan libraries with thousands of molecules each day [1]. 

Some of these libraries are organized and distributed to users through actions such as the 
EU-OPENSCREEN [2]. Supported by HTS platforms throughout Europe, this initiative 
provides access to a rationally selected compound collection of up to 140,000 commercial 
and proprietary compounds. Among the strategies used to identify binders for therapeutic 
targets, differential scanning fluorimetry (DSF) has gained recognition as an affordable 
and efficient HTS technique to discover innovative candidates in drug discovery projects 
[3]. The screening is based on the identification of low molecular weight ligands through 
changes in protein thermal stability upon binding. It is performed using a real-time 
polymerase chain reaction (RT-PCR) system and fluorescent dyes, such as SYPRO 
Orange in the case of soluble proteins. The dye binds to hydrophobic patches of the 
protein that become exposed upon thermal denaturation [3-6]. The same DSF technique 
and equipment can be used to acquire a series of dose-response assays (DRAs), thus 
allowing the determination of preliminary binding constants (KD) with values often 
comparable to those obtained by isothermal titration calorimetry [7] and surface plasmon 
resonance (SPR) [8]. These apparent KD values help categorize the hits prior to 
performing other orthogonal validation strategies, thus contributing to the hit-to-lead 
optimization phase.  
In most laboratories, the first part of the screening process, which is related to compound 
and protein handling, is highly automated thanks to the use of 96- or 384-well plates and 
pipetting robots as well as well-established protocols for protein expression and 
purification in mg scale (Figure 1a). These automated steps facilitate the reproducibility 
of the screening and replicates, and the comparison of results between laboratories and 
users. However, the capacity to screen large libraries of compounds quickly generates 
huge amounts of data, with the analysis step being one of the main bottlenecks of drug 
screening. To speed data analysis, several tools have been developed in the last decade. 
Most tools focus on studying protein stability under different buffer conditions or in low 
to medium range screening assays [9-12]. However, they do not incorporate information 
of the molecules nor do they combine the results in a single file displaying the final 
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ranking of best compounds. In addition, hit validation is not included, and this process 
requires the use of additional general-purpose data analysis software like GraphPad Prism 
(www.graphpad.com) or OriginLab (originlab.com) to determine the apparent KD values. 
To simplify the analysis of large HTS datasets and DRAs in a systematic and user-friendly 
manner, we developed an open-source package named HTSDSF explorer (Figure 1b).   

Results 
 

1. Program description 
The HTSDSF explorer is designed as a server-client application that runs locally. The 
server is coded in python3 and implemented as a custom webserver, which can be 
downloaded at https://github.com/maciaslab/htsdsf_explorer. The software is compatible 
with DSF data acquired using different qPCR systems (LightCycler, BioRad and 
QuantStudio formats), and either 96- or 384-well plates. DSF data are stored as data 
points containing the fluorescence value and the associated temperature. A ready-to-use 
version for MS Windows that does not require the installation of python3 is also available. 

The client is a web app, coded in JavaScript, which is executed in the browser at the user 
end. This approach ensures high efficiency and compatibility, as most computing devices 
and operating systems have a python3 port available and a modern web browser. The 
server is responsible for loading and managing the DSF data acquired regardless of the 
qPCR system used, and for converting them into the internal data model that is sent to the 
client for displaying. The display is user-friendly and highly intuitive. Both the server and 
client communicate using standard HTTP requests, and data are interchanged using the 
JavaScript Object Notation (json) format. The server is also responsible for storing 
persistent data and generating the reports requested by the user, including hit ranking and 
KD calculation for hit compounds. A description of the software is included in the 
accompanying video and in the documentation provided with the package. 

2. Experimental design for HTS binding assays 
As an example of a HTS experiment, the screening of 100,000 compounds generates 
about 300 x 384-well plates and 120,000 experiments to examine, including references. 
The analysis requires the definition of a threshold for the assay response, which might 
need to be modified, along with the number of conditions analyzed and the observed 
melting temperature (Tm) of the target protein without the compound (reference wells or 
DMSO controls) and with compound, as well as the ΔTm (Tm with compound ‒ averaged 
Tm in reference wells. For instance, after analyzing 25,000 compounds and the hits 
observed, the user might need to increase or decrease the threshold and re-score all the 
compounds. Also, the user has to go through each of the 120,000 experiments, define 
proper and unique signals, thereby excluding experimental artifacts, and finally, select 
the list of preliminary hits. In our case, after studying approximately 60,000 compounds 
provided by EU-OPENSCREEN, we obtained a list of more than 500 promising hits that 
perturb the target Tm by ± 1oC in the HTS assay. The cutoff value depends on the SD 
determined in the DMSO control (± 1oC ≥ 3-fold SD). The molecules that destabilize or 
stabilize the target (the latter also known as pharmacological chaperones in our case 
study) then need further verification at lower concentrations. This process is typically 
performed as a dilution series, with the aim to obtain an indicator to rank the hits on the 
basis of affinity. The results are collected in the form of a KD score [12]. In our case, this 
represented 30 additional 384-well plates and 11,000 conditions and the determination of 
the corresponding 500 KDs.  



6 
 

 

 
Figure 1. Experimental workflow. A. Schematic representation of HTS assays. B. 
Interface and outputs generated by HTSDSF explorer.  
 

3. Data analysis 
 3.1 Tm screening 

 
The program starts by displaying a list of files associated with the experimental plates. 

These files contain the raw experimental data (melting curves of Fluorescence (F) vs. 
temperature (T) for each well). If the plates belong to a defined library, each file can be 
correlated to a "plate name" containing information about the compounds dispensed per 
well. Once a plate is selected from the list (Figure 2a), the browser starts showing the 
results as a table, including the Tm and the ΔTm (dTm in Figure 2b) for each well, and as 
an interactive representation of the plate. Both representations simultaneously allow the 
selection of a given condition. In both, the conditions with an effect on the Tm are 
highlighted in green (ΔTm higher than the threshold) or orange (lower) (Figure 2b,c). By 
default, the threshold is set at ±1oC with respect to the reference target, but the cutoff 
value can be modified by the user to better fit the temperature changes observed for each 
specific protein target. Typically, we selected the cutoff at ΔTm = 5-fold the SD of the Tm 
of the reference wells. The software supports any number of arbitrarily defined reference 
wells. In the example, 64 wells were used (shown as two gray columns in Figure 2b). 
When a well or row is selected, the corresponding melting curve and the first derivative 
are displayed as an additional panel for visual inspection (Figure 2d). The determination 
of the Tm is robust, and works even at signal-to-noise ratios as low as 3:1 (Figure 2e). The 
user can either validate the Tm-value or flag it as poor or uncertain data. Once this has 
been done, the next well is automatically loaded and the user repeats the validation 
procedure until all preselected wells have been evaluated. The validation takes less than 
five seconds and requires only one mouse-click per well. After validation, the program 
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generates an Excel report ranking all molecules from all selected plates on the basis of 
Tm changes. The Excel report contains values and the curves for all wells, allowing the 
user to visualize the curves in the file without the need to go back and forth to the program. 
For the best conditions, the user can prepare high quality plots from the DSF data.  
 

 
Figure 2. Plate and well browser, with the different components highlighted. A. File 
browser, B. Well table, C. Plate representation, D. Fluorescence vs. Temperature with 
calculation of Tm-values. A video showing these features is included. E. Robust Tm 
estimation in unfavorable experimental cases with poor signal-to-noise ratios (S:N), S:N 
is calculated as the mean of the data divided by the standard deviation (SD). 
 

3.2 Hit validation and KD determination 
Once some compounds have been identified as potential hits, it is advisable to prepare 
DRA plates to estimate apparent KD values, since the primary screenings are normally 
performed at high ligand excess (e.g., 250 µM). DRA plates are normally designed with 
the concentrations of the compounds varying along a given row and with an arbitrary 
number of experimental replicates (Figure 3). The software includes a dose-response 
plate editor. 
The DR plate-designs stored in the editor can be loaded into the KD module for KD 
calculation. The program will fit the Tm-values for each concentration to the equation 
described in the methods section [6, 13]. In the KD module, the user can easily disable 
outliers by clicking on the graph points, and the KD and ∆H0 estimations are automatically 
recalculated after each modification. 
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Figure 3. A. Experimental design for an 8-molecule dose-response assay (DRA) with 
duplicates. B. Outputs of the KD module. Stabilizer hit compound. C. Destabilizer hit 
compound. D. Low affinity destabilizer compound, where the maximum concentration 
is far from saturation. 

Conclusion 
 
HTSDSF explorer is an all-in-one open-source application suite able to analyze HTS DSF 
data in a highly intuitive and rapid manner. This software reads input files acquired in the 
most common qPCR systems, and the data are visualized through a user-friendly interface 
that allows the user to customize conditions for the analysis and validate the results. 
HTSDSF explorer has a web interface, but it is run locally, ensuring its reliability and 
quick access to large amounts of data. The output is a report containing the main features 
of the experiments (Excel tables and graphs) and it can include either single plate or 
multiple plate analyses. The same software is also able to design and analyze dose-
response assays rapidly and easily and determine apparent KD constants to consistently 
categorize hits, allowing to start defining potential pharmacophores. The comparison of 
chemical properties of hits with other tested molecules belonging to the library is also 
advantageous in the preparation of the pharmacophores and clustering of compounds. 
This comparison aids to reduce the number of compounds to be validated and optimized 
in other expensive and time-consuming orthogonal in vitro assays.  
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Methods 
  
Expression and purification of the protein 

Human SMAD4 MH2 domain (272-552) was cloned using an ‘In‑Fusion Cloning 
strategy’. The insert was synthesized by Thermo Fisher Scientific. Codons were 
optimized for expression in E. coli using LB medium at 37 oC. Protein expression was 
induced with IPTG (0.5 mM) and after induction, the bacteria cultures were incubated 
O/N at 20 oC. Cultures were centrifuged at 3500g for 15 min at 4 oC and the pellet was 
resuspended in a “lysis buffer” containing 50 mM Tris pH8.0, 400 mM NaCl, 400 mM 
Imidazole, 0.1%Tween, and 1 mM TCEP. Protein was purified following standard 
procedures essentially as described [15,16]. The MH2 domain was further purified by 
size exclusion chromatography using a preparative grade HiLoad™ 16/60 superdex75 
from GE healthcare and then concentrated at 7-10 mg/mL, in 20 mM pH 7.5, 100 mM 
NaCl, 2 mM TECP buffer. We purified ~150 mg of protein for the screening. Protein 
preparations were verified by Mass Spectrometry and characterized by NMR and SAXS 
(BMRB: 50737; SASBDB: SASDKG9) [16].  
	

High-throughput screening 

The initial HTS step by DSF was performed essentially as described in [6]. Briefly, the 
experiments were performed with the purified SMAD4 MH2 domain with and without 
compounds, in a LightCycler 480 Real-Time PCR System (Roche Applied Science), 
using a total volume of 10 µL in 384-well microplates (Roche Applied Science). Protein 
was diluted to 50 µM in 20 mM Tris pH 7.5, 100 mM NaCl, and 2 mM TCEP, with 5X 
SYPRO Orange. Binding results were exported to txt format for analysis with HTSDSF 
Explorer. Compounds were dissolved in DMSO and then added to the protein and 
SYPRO Orange solution to a final concentration of 80 µg/mL (corresponding to an 
averaged compound concentration of 200 µM) and 4% DMSO. Samples were incubated 
at room temperature for at least 10 min before loading into the PCR-instrument. Controls 
with 4% DMSO were performed on each plate. Unfolding curves were registered from 
20 °C to 95 oC at a scan rate of 2 oC/min. 	

Accepted data formats 
The software has a user-definable data directory to collect the DSF files. HTSDSF 
Explorer accepts data exported from Bio-Rad (.xlsx), Roche LightCycler (.txt), Applied 
Biosystems QuantStudio and StepOnePlus (.txt). 
In addition, a generic dsf file format (.gdsf) has been defined to allow the use of data 
acquired in different instruments. This format is a simple text file, with three columns 
separated by spaces containing, in order, the well, temperature and fluorescence. Details 
about the file formats can be found at the project web-page. 
As the software is open-source, additional formats can be implemented by the user or by 
us upon request. 

Data processing 
Melting curves are used to obtain the Tm by calculating the gradient using the numpy 
gradient function and smoothed using a Savitzky-Golay filter [16]. This curve is used to 
find local maxima (peak picking), which correspond to the protein Tm. This procedure 
generates curves that are easier to understand than the row data, without altering the Tm 
[10]. Peak picking is performed using the scipy find_peaks function, with 
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prominence=30% of the vertical curve range. In cases where the compound induces 
multiple observable transitions, we select the temperature that is closest to the reference 
Tm value.	

Data export and storage 
All user-validated Tm data are locally stored in a human-readable format that can be 
exported to Excel. Reports can either be generated for each plate or for various plates 
combined as a final report file. 
The software allows the user to correlate each well in each plate with a ligand using plate-
template information. For this feature, the user needs to fill in a text file with information 
about the plate ID, the well, the molecule ID and a smiles/InChl string. This information, 
if available, is added to the report. 

KD calculation 
KD calculation is performed by fitting the data points (ligand concentration and the 
corresponding Tm) to the equation described in [6].   
 

 
 
Where Tm,l is the melting temperature at a concentration of a given ligand ([L]), KD is the 
dissociation constant, Tm,0 is the melting temperature in the absence of ligand, ∆H0 is the 
enthalpy of the unfolding of the protein at Tm,0, n is the number of binding sites, and R is 
the gas constant. Tm,0, ∆H0 and KD are obtained after the curve fitting and n is assumed to 
be 1. Starting values for the fitting are obtained by differential evolution [17] as 
implemented in scipy, and then using these values as initial conditions for a least-squares 
fitting [18]. 
 

Video link: 

https://drive.google.com/file/d/1iWsyEVmHgLFSnRmoXaooOduw1KQ4enpj/view?usp=
sharing 
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