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Abstract
Background: The Early drug discovery process was majorly phenotypic, lacking target specificity, 
and mechanism of action causing short and/or long-term toxicological impacts on the patients leading 
to several drug withdrawals from the market. Biochemical procedures and methods used in drug 
discovery and development make it lengthy in terms of time requiring approx. 15 years with the 
investment of billions of dollars for a new drug molecule. Technological advancement leading to the 
identification of protein structures through crystallography paved a new path toward targeted drug 
discovery.

Objective: This paper provides a brief overview of the use of the fluorescence thermal shift assay 
(FTSA) as a high throughput (HTS) screening technique in small molecule drug discovery.

Methods: The article discusses the principles of thermal denaturation techniques and how 
they are applied in drug discovery. It highlights the advantages of FTSA over other biophysical 
methods, including its label-free, cost-effective, and high HTS nature. The review also presents a 
comparative analysis of FTSA with techniques such as isothermal titration calorimetry (ITC), mass 
spectrometry (MS), nuclear magnetic resonance (NMR), surface plasmon resonance (SPR), X-ray 
crystallography(X-RD), circular dichroism (CD), and differential scanning calorimetry (DSC).

Results: The FTSA technique is described as a powerful tool that addresses the limitations of larger 
protein requirements, specific assay development, and low HTS associated with other thermal 
denaturation methods. Unlike biochemical and cellular assays that measure secondary effects, FTSA 
directly estimates the binding of small molecules to target proteins.

Conclusion: The review concludes that FTSA is the only biophysical method that satisfies the three 
key prerequisites of being label-free, cost-effective, and suitable for high HTS screening in small 
molecule drug discovery.
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1 INTRODUCTION
The Drug discovery process has been observed a long 

way since its inception in terms of procedural developments 
and methods involved. Early drug discovery approach was 
majorly phenotypic, lacking information regarding specific 
targets or mechanisms of action[1-3]. The limitation of such 
an approach posed unidentified short-term or long-term 
toxicological impacts on the patients. Selective binding with 
high affinity of the drug to the target is important to be both 
effective and safe. Insufficient target engagement and/or 
off-target interaction-induced toxicities are the main reasons 
for the high attrition rate in drug development. Side effects 
of drugs developed based on functional and phenotypic 
resulting from off-target pharmacology, identified with 
the advancements in biochemical pharmacology led to 
withdrawal from clinics. The technological development 
in identification of protein structures majorly through 
crystallography paved new avenues towards targeted 
drug discovery[4]. The structural biology combined with 
protein function discovery of various pathways emerged 
as a giant leap in drug development. This replaced the 
limited compounds evaluation in animal models with 
a targeted high throughput (HTS) screening of over a 
million compounds through biochemical assays. However, 
biochemical methods have their own limitations of 
reproducibility, requirement of expensive infrastructure 
and expertise and biochemicals. On the other hand, 
biophysical methods are instrument driven, thus reducing 
these limitations and providing quick reproducible results 
employing high through-put assay systems.

The role of biophysical methods in drug discovery is 
extensive, ranging from target identification to construct 
selection, ligand screening and optimization. These 
methods play a significant role in validation of hits obtained 
through biochemical and cell-based assays. Various 
biophysical techniques like fluorescence resonance energy 
transfer (FRET), thermal denaturation methods, mass 
spectrometry, nuclear magnetic resonance (NMR), surface 
plasmon resonance (SPR), X-ray crystallography(X-RD) 
and molecular imaging have become key components in 
the drug discovery process[5].

1.1 Thermal Denaturation Techniques in Drug Discovery
The thermal denaturation techniques are used for protein-

ligand interaction studies wherealtered thermal stability of 
a protein is estimated in presence of substrates, cofactors, 
small molecules, metal ions and even other proteins[6-9]. 
Thermal stability or denaturation of proteins can be 
monitored through environmental sensitive fluorescence 
dye that enables the fast and inexpensive determination of 
melting temperature Tm using real-time PCR machines. 

The applications of thermal denaturation techniques in 
small molecule drug discovery are based on the fact that 
thermal stability of target proteins could be enhanced or 
reduced when a small molecule comes in close proximity 
that depends on small molecule binding affinity[10-12]. In the 
drug discovery process circular dichroism (CD), isothermal 
titration calorimetry (ITC) and differential scanning 
calorimetry (DSC) has been implemented to explore the 
thermal stability of target protein[13-15]

. ITC is a label free 
technique that provides rich information on reactions and is 
considered as a “gold-standard” in pharmacology. However, 
instrumentation with automation set-up is expensive and at 
the best it is a low-to-medium through-put method. DSC is 
used for determination of energy required for phase transition 
of protein or melting. It is an excellent label-free technique 
but is time-consuming, requiring a dedicated expensive 
instrument that offers low through-put thus not suitable 
for screening applications. However, the high through-put 
automated application of thermal stability measurement of 
target proteins is achieved through fluorescence thermal shift 
assay (FTSA)[11,12]. FTSA is also known as ThermoFluor, 
differential scanning fluorimetry (DSF) or temperature 
dependent fluorescence[15]. This method is being adopted 
by drug discoverers that addresses the limitations of large 
amounts of protein requirement, specific assay development 
and low through-put as encountered in other thermal 
denaturation techniques[16-18]. Unlike biochemical and 
cellular assays where readout represents secondary effects 
like enzyme inhibition or second messenger production, 
direct binding is estimated in at scale using FTSA (Figure 1). 
A ready reference comparison of FTSA with different 
biophysical techniques has been drawn considering HTS, 
sensitivity and cost (Table 1).

1.2 Why FTSA?
Numerous approaches exist in drug discovery process 

for studying the interactions between target and ligands 
based on fluorescence or enzyme assays. However, labelled 
probes not only raises costs but limits conditions and the 
tested compounds might interfere with label, leading to false 
positive screening candidates. A major advantage of FTSA, 
utilize the thermodynamic coupling between ligand and bio-
molecule, unfolding applying established thermodynamic 
relationships to describe the binding properties[11,12]

. FTSA 
quantifies the shift in the melting temperature of the target 
in real-time upon binding of ligands and compounds that 
significantly shift in thermal melting of protein are identified 
as true binders. Assay has several advantages over other 
biophysical methods being cost effective and simplest to 
perform high through-put ligand screening (Figure 2). This 
assay does not require a huge capital instrument, expensive 
biochemicals and accomplished through much simpler 
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Figure 1. The Venn diagram of the interface of the three 
prerequisites used in drug discovery and development. The 
Venn diagram depicting the interface of the three prerequisites 
of label free, cost-effective and high through-put biophysical 
techniques used in drug discovery and development. The 
techniques considered are SPR, X-RD, NMR, CD, DSC, FRET, 
fluorescent protein, ITC, affinity selection mass spectrometry , 
and FTSA. The only method compliant with all three properties 
is FTSA.

procedure. Application of assay is not only limited to hit 
confirmation but also used as primary screening assay in 
fragment-based drug discovery (FBDD)[16,17]. The inhibitor 
screening through FTSA is characterized by change 
in midpoint for melting curves ∆Tm of ligand-protein 
complex relative to un-complexed protein due to energy 
linkage between ligand and protein. Ligand-protein binding 
is determined via shift of protein unfolding temperature; 
however, this assay is unable to provide direct information 
regarding location of the interaction and structure[19].

1.3 FTSA Principle
An environment sensitive fluorescent probe molecule, 

most commonly SYPRO Orange, is used for thermal shift 
quantification. When a protein in an aqueous medium is 
subjected to increasing temperatures there is break in non-
covalent bonds that are responsible for protein folding. 
This results in hydrophobic amino acids of soluble proteins 
being disproportionately sequestered and exposed upon 
unfolding. The probe binds with the exposed hydrophobic 
core of the protein thus generating a fluorescence signal that 
increases with increasing non-polar environment. However, 
with further heating the protein is completely denatured and 
begins to aggregate and the fluorescence signal drops due 
to precipitation of protein-dye complex. The temperature 
at which the unfolding of half of the protein is attained is 
termed as ‘melting point temperature’ or Tm. In presence of 
a ligand the protein-ligand complex is formed which might 
increase or decrease the stability of protein and when this 
complex is subjected to heat a shift in Tm is observed[19,20] 
(Figure 3).

In standard FTSA, in absence of a ligand the protein 
melting takes place with increase in temperature resulting in 
binding of the environment sensitive fluorescent dye with 
the hydrophobic patches of the unfolded protein. Heating 
leads to protein aggregation causing reduced fluorescence 
in the later stage (blue sigmoid curve). The temperature at 
which the protein is at equilibrium of folded and unfolded 
state is termed as Tm. In presence of a ligand the shift in 
Tm observed where the protein-ligand complex can be 
stabilized (green sigmoid curve, ∆Tm2) or destabilized (red 
sigmoid curve, ∆Tm1) which can be quantified through the 
melt curve.

The protein stability is reflected by ∆Gu i.e., difference 
in Gibbs free energy of the folded (Gf) and the unfolded 
states (Gu). The quantification of protein stability is 
performed through temperature dependent change in Gibbs 
free energy of unfolding (∆Gu). Consequently, when the 
protein stability is reduced with increase in temperature 
∆Gu decreases, until it becomes zero at equilibrium 
position when equal concentrations of folded and unfolded 
protein are present[19-22]. Proteins are higher-order structures 
consisting of enthalpic (hydrogen bonds, hydrophobic 
interactions, salt bridges, etc. and entropic (rotation of side 
chains, loops flexibility, etc.) components. Denaturation of 
protein in presence of ligand is generally entropy driven 
phenomenon depending on their ability to reduce one or 
more entropic components. However, the binding enthalpy 
is comparatively smaller than melting enthalpy, hence may 
not be the main force behind thermal shift[21,22]

.

2 EXPERIMENTAL SETUP
The experimental setup for conducting FTSA as 

mentioned earlier is rather simple that comprises 5 basic 
components: (1) buffer, (2) protein, (3) fluorescent dye, (4) 
ligand, (5) real time PCR (RT-PCR) instrument[20].

2.1 Buffer Optimization
The buffer used for FTSA is relatively standard where 

any common near neutral buffer with minimal salts and 
additives could be used. The major concern is to minimize 
hindrance in the fluorescent signal and protein stabilization. 
Common buffers such as HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid), phosphate and acetate 
are generally used for the process[20]. These buffers 
are characterized by high pH stability with increase in 
temperature thus generating clear melting transitions. 
Buffers of low or high PH with high salt content may 
provide erroneous results.

2.2 Protein Optimization
The amount of protein required for assay depends 

on its size, which may be optimized using 1.0 to 20µM 
concentrations and should not be unfolded or aggregated[20]. 
Usually, 1.0µM concentration can be used for most of the 
proteins and optimized up to 100nM for larger proteins. 



Innovation Forever Publishing Group Limited 4/10 J Mod Biol Drug Discov 2024; 3: 3

https://doi.org/10.53964/jmbdd.2024003

Table 1. Comparison of FTSA with Other Biophysical Methods with Respect to Sensitivity, HTS and Cost

Technique Pros Cons

ICT Label free Not suitable for HTS, large amount of sample needed

MS Label free, sensitive High cost, require expertise

NMR Label free Low sensitivity, high cost, require expertise, not suitable 
for HTS

SPR Label free, highly sensitive Expensive, long calibration process

X-RD Label free, Not used for HTS, low sensitivity

DSC Cost effective, high sensitive Not suitable for HTS

CD Cost effective Not suitable for HTS

FRET Suitable for high through put, highly sensitive High cost

FP Suitable for high through put High cost

FTSA Label free, Cost effective, suitable for HTS, highly 
sensitive

Required simple buffer not compatible with biological 
fluids

Figure 2. Schematic representation of FTSA workflow.

Purity of protein is paramount and the minimum purity 
required for FTSA is 75%, as impurities may give rise to 
broad or several fluorescence peaks. In general, the peak 
that shifts after ligand binding compared to peak observed 
without ligand is to be considered for estimation of Tm 
in such cases. The protein can be dialyzed or diluted in 
the reaction buffer to reduce the signal hindrance from 
any stabilizing additives. The Tm of protein too plays a 
significant role in obtaining the melting curve and should be 
between 30-90℃.

2.3 Fluorescent Dyes
Environment sensitive fluorescent dyes used in FTSA 

are characterized by low fluorescence in high dielectric 
constant medium and high fluorescence in low dielectric 
constant medium such as hydrophobic patches of unfolded 

proteins[23,24]. In early FTSA experimental setups the 
most commonly used dyes were 1-anilinonaphthalene-
8-sulphonic acid (1,8-ANS), 2-anilinonaphthalene-6-
sulphonic acid (2,6-ANS) and 2-(p-toluidinyl)-napthalene-
6-sulphonic acid (2,6-TNS)[25-27]. These dyes however 
require UV excitation and quartz cuvettes, as the excitation 
and emission maxima are not easily reachable through 
commercial filters of RT-PCR machines. Presently, 
SYPRO Orange is the most frequently used dye having 
the excitation and emission maxima at 480 and 569nM, 
respectively. The range of concentrations from 0.5 to 10X is 
sufficient for optimization[20]. This dye typically undergoes 
large intensity change when it interacts with unfolded 
proteins and this wavelength range is easily obtained in 
RT-PCR instruments of different make[27]. Development 
of FTSA using these dyes for membrane proteins is rather 
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Figure 3. The melt curve of changes in Tm with 
temperature in the presence of the ligand.

challenging due to their high hydrophobicity with limited 
hydrophilic region and presence of detergents resulting 
in high fluorescence background. Thiol-specific dyes 
N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]
maleimide (CPM), (CPM; λex398/λem482nM) or boron-
dipyrromethene (BODIPY), (BODIPY FL-L-cysteine; 
λex505/λem512nM) are being used to study stability of 
membrane proteins in different solutions including ligand 
binding. BODIPY FL-l-cysteine has advantages over CPM 
dye due to its ability to minimize autofluorescence thus the 
false positive or negative results[24].

2.4 Ligand Optimization
The compound concentration is preferred within the 

kinetic solubility limits but excess with respect to protein 
concentration. The high ligand concentration is kept to 
ensure saturation of the entire binding sites. The standard 
ratio of ligand to protein concentration is 10:1 or higher. 
The ∆Tm is driven by free ligand rather than ligand bound 
to protein and hence higher concentration of ligand in 
the reaction mixture maintains the accuracy of ∆Tm 
measurements. Increasing solvents concentrations, such 
as DMSO dissociates disulfide bonds and destabilizes 
proteins resulting in hindrance in melting transition that 
requires either solvent exchange or dilution up to 2-5% v/
v in the final reaction mixtures[10]. Also, DMSO at higher 
concentrations could lead to negative shifts in ∆Tm 
depending on the nature of the protein as reported by 
Andreotti et al[25].

2.5 Instrumentation
The most common instrument adapted for use in FTSA 

is real-time PCR machine consisting of the optical system 
compatible with fluorescent dyes. Most commonly used 
instruments are LightCycler480 from Roche[26], iCycler/
iQ from BioRad[27], Mx3005P of Stratagene[28], Rotorgene 
from Corbet Research[29], FluoDia T70 from PTI and 
various real-time PCR machines of Applied Biosystems[30]. 
Most of these instruments are equipped with FTSA analysis 
software. The CFX96 a real-time PCR instrument from 

Bio-Rad Laboratories used curve-fitting software XLfit5 (ID 
Business Solutions Ltd.) for FTSA. Another instrument that 
can be used is a fluorescent plate reader with a heated stage.

2.6 Data Analysis
To avoid high fluorescence in no protein control 

and ligand only control due to contaminated protein, 
optimization wrt to dye and proteins is required. Each 
protein will require different optimal conditions. However, 
most proteins are successful with the first set of screens. 
Protein does not have enough hydrophobic residues to 
provide a strong fluorescent signal (i.e., small proteins), or 
has too many exposed hydrophobic residues, may result in 
high background fluorescence and experiment may fail if 
detergents are present in the buffer.

Generic tools for protocols and data analysis are available 
with the instrument for initial screening. In general, a 
positive ∆Tm is a result of stronger binding of ligand to 
the native folded protein than unfolded state (protein is 
stabilized) and the binding of ligand to the unfolded form 
is stronger than that of native state produces negative ∆Tm 
(protein is destabilized). Careful examination is required 
of raw data as the fit of this will provide Tm and the fit of 
Tm data will determine the Kd (dissociation constant or 
binding affinities). Despite the several applications of FTSA 
for studying protein-small molecule interactions, only 
limited studies have described determination of dissociation 
constants. Ligand-binding affinities Kd can be determined 
using assay, as an increase in Tm of the protein after ligand 
binding depends on the ligand concentration and binding 
affinity[31-35]. Intensity of fluorescence is plotted as a function 
of the temperature generating regular sigmoidal unfolding 
curve. In some cases, unusually shaped curves may result 
due to low temperature shifts, multiple transitions, high 
background fluorescence, and if ligand binding affects 
unfolding modes of the protein. Thermal unfolding may be 
modeled using Boltzmann or Derivatives models. Protein 
thermal shift software 1.3 calculates Tm-Boltzmann or 
Tm-Derivative to select the “positive hits”. The Tm is the 
inflection point of the sigmoid which is calculated using a 
Boltzmann equation which is used for identifying Tm and 
to report the presence/absence of binding (Equation (1)).

where, F is fluorescence intensity at temperature T. Fmax and 
Fmin are the fluorescence intensity values at upper and lower 
limits of the curve, respectively and a is the slope of the 
curve at Tm in a typical FTSA graph.

Most proteins provide consistent results using one or 
other method and are related to the shape of the unfolding 
curve. For determination of quantitative binding constants 
‘thermodynamic models’ or ‘derivatives models’ have 
been used[33-35]. In the derivative method, it is important 
that multiple melting events are modeled. The derivative 
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method takes the first derivative of the experimental data 
at each point and considers the melting temperature to be 
the point of highest first derivative. Matulis et al[31] included 
free ligand depletion consideration respective to the 
protein binding and equations for protein-ligand complex 
interaction have been modified. The ligand binding shifts 
the equilibrium towards native form. Equation (2):

U = unfolded protein, N = native protein, Lf =free ligand, 
and NLb = native protein and ligand complex.

The Boltzmann equation was modified in the study as 
follows:

The equation for determination of Kb has been modified 
for ligand binding which was further employed for Kd 
determination.

Where, 
where yF,Tm and yU,Tm are fluorescence intensities in the 
presence of folded and unfolded protein at the melting 
temperature Tm, and mF and mU are the linear temperature 
dependences of fluorescence intensity plus folded and 
unfolded protein, respectively. The Gibbs free energy as a 
function of temperature (∆UG(T)) can be expressed in terms 
of the enthalpy (∆UHTr), entropy (∆USTr), and heat capacity 
(∆UCp) of protein unfolding at a reference temperature Tr, 
chosen to be Tm in the absence of ligand. The stoichiometry 
of the reaction can as well be determined using this equation 
with varying concentration of the ligand. These methods 
generally give a higher Tm of ~2-3℃. The ∆UHTr and ∆USTr 
are the Gibbs free energy and temperature dependent. 
Hence, it is expected that the Kd determined by FTSA is 
higher than that estimated at physiological temperature by 
other methods. Vivoli et al[36]. described detailed equations 
for determination of kinetic data of unfolding of the protein 
using many parameters.

The manual Tm analysis in case of high through-put 
screening is time-taking and excessive. There have been 
various free and commercial tools developed for data 
analysis including ThermoQ, LTSA, DMAN, Meltdown 
and MTSA[37-40]. TSA-CRAFT has been recently 
developed which provides a free, robust and cross-platform 
data analysis. This tool provides hassle free input file 
preparation, easy modifications and comprehensive Tm 
result display[41].

Principally in FTSA, Kd that is lower than 50% of the 
protein concentration is not possible to measure and at the 
upper end the sensitivity is determined by the solubility of 
the ligand. For the mathematically robust estimate of Kd, 

data have to be obtained with a 90% ligand-bound state 
of protein that requires ligand concentrations ~ 10X of Kd 
(considering no cooperativity). Hence, the limit of detection 
will be 1/10 of the solubility of the ligand[36].

3 FTSA IN HIGH THROUGH-PUT SMALL 
MOLECULE SCREENING

Therapeutic effect of small molecule-based drugs mostly 
mediated through their interactions with protein target and 
analysis of target engagement is a prerequisite objective in 
modern drug discovery methods. Development of screening 
method is a major challenge and resource intensive 
procedure for rapid identification of small molecule 
inhibitors of target proteins from compound libraries. 
Genomic projects lead in identification of potential new 
target proteins and is difficult to develop suitable functional 
assays to identify inhibitors for such uncharacterized targets. 
FTSA is one of the several approaches, that can be used for 
studying most types of protein receptor and small molecular 
weight ligand interactions. The assay has been reported to 
study interactions between different molecules ie, DNA, 
RNA, proteins, lipids, drugs, ions and other chemical 
entities. It is also reported in the identification of stabilizing 
buffers, osmolytes and additives that reduces unfolding 
or aggregation during purification and storage of proteins. 
FTSA can be used in sample preparation optimization 
for NMR and crystallization where high concentration 
of proteins is required for analysis[42]. FTSA being a time 
efficient, low cost, robust and versatile high through-put 
technique which is gaining popularity in the early stage of 
drug development. The major application of this assay is 
in high through-put screening of small molecule inhibitors 
against selected target proteins. This technique can also 
be used for validation of results obtained through other 
biochemical and biophysical assays. The considerations 
to obtain a visible melting curve, as discussed earlier, the 
temperature for the reaction is taken in the range of 25-
99℃ with temperature ramp rate of 1℃ per minute. One 
can screen thousands of compounds for target specificity 
and affinity within an hour[21]. In general, addition of 
compounds shows dose-dependent increase in melting 
temperature of proteins and a temperature shift ∆Tm of over 
2℃ is considered significant in screening of the compound 
libraries; however, less than 0.2℃ shift can be observed 
using advanced monitors[31].

FTSA has been used by Fedorov et al[33] to determine 
specificity of 156 validated kinase inhibitors against active 
and inactive human Ser/Thr kinases. The target specificity 
has also been evaluated by using off-targets such as post-
translationally modified variants, mutants or truncated 
proteins for ligand interaction[43]. The major application of 
FTSA till date has been observed in the identification and 
validation of pharmacological chaperones[25]. The potential 
use of chaperones in identification and stabilization of 
protein mutants leading to proper cellular functioning has 



Innovation Forever Publishing Group Limited 7/10 J Mod Biol Drug Discov 2024; 3: 3

https://doi.org/10.53964/jmbdd.2024003

also been explored. The target protein used in the small 
molecule binding and activity assays should be as identical 
as possible. The influence of expression constructs and 
purification procedures has been explored by Rudolf et 
al[44]. They purified 15 kinases from E. coli and screened 
them against 244 known kinases. This screening displayed 
a significant increase in specificity of the compounds where 
71% compounds showed IC50 value less than 0.5mM 
compared to previous study where 49% compounds 
were showing such inhibitory potential[45]. This signifies 
the importance of close identity of the kinases that were 
obtained through similar procedure. The method has been 
used for target identification and inhibition mechanisms of 
four reported antiviral drugs against Ebola virus infection 
and it was observed that the FTSA findings correlate well 
with protein-inhibitor interaction and antiviral activities[46]. 
FTSA has been employed for high through-put screening of 
small molecules against Shiga toxin and amide based small 
molecules were identified[30,40]. Recently, assay has been 
used for identifying small molecule inhibitors of botulinum 
neurotoxins and ribosome inactivating proteins[7,9].

This method can be also be used for discrimination of 
the molecules with undesired non-specific inhibitors such 
as fluorescence quenchers, promiscuous aggregators and 
redox cyclers known as PAINS (pan assay interfering 
compounds) during drug discovery and development[47]. 
FTSA may help in studying industrial enzymes that need 
sufficient stability towards the required reaction conditions 
such as low-high pH, high reactants concentration, and non-
ambient temperatures. The method is also being used in 
monitoring the purification of native/recombinant proteins.

4 RECENT ADVANCEMENTS
Analyzing engagements between a drug and target 

protein in a physiologically relevant environment is a 
major challenge in the drug discovery process. FTSA is 
being performed using purified proteins and environment-
sensitive dyes in a non-complex medium. Nanoscale DSF 
has been developed to estimate the intrinsic fluorescence of 
tryptophan (TRP)/tyrosine (TYR) residues which is strongly 
dependent on their local surroundings in 3D-structure of 
the proteins[48]. Unfolding of the proteins leads to change 
in intrinsic TRP/TYR fluorescence that translates into 
a shift in emission peak and intensity. The changes in 
fluorescence can reveal multiple unfolding transitions with 
high time resolution using NanoDSF monitors that are 
able to measure fluorescence intensity of tryptophan at two 
wavelengths i.e., 330 and 350nM. The cellular thermal shift 
assay (CETSA), is an advancement in thermal shift assay 
that enables to quantify the changes in the thermal stability 
of proteins in intact cultured cells and tissue explants for 
in situ assessment of drug target engagement. CETSA can 
be used for monitoring drug efficacy and safety as well 
as drug resistance at the target engagement, for instance 
during cancer therapy[49]. Dart et al.[50] reported NanoLuc 

luciferase thermal shift assay (NaLTSA) where protein 
targets appended with small luciferase (NanLuc) were used 
for small molecule screening and profiling. The assay can 
be performed in a complex environment with specificity 
rendered by tagging the folded state of the target protein to 
NanLuc without requiring specific antibodies or purified 
protein. These modified versions have several of advantages 
that include the ability to detect binding in cellular models 
without requiring purification or tagged target proteins, or 
probe compounds (Figure 4). All of these TSA variants may 
be applicable to determine thermal stability of both soluble 
and membrane proteins.

5 ADVANTAGES AND LIMITATIONS
FTSA displays significant advantages in small 

molecule drug discovery by being high HTS, inexpensive, 
reproducible and robust technique. This method utilizes a 
very small amount of receptor protein and has the minimal 
requirement of fluorescent dyes that can be obtained 
very easily. It is a biophysical assay that eliminates the 
requirement of designing and setting up of new assay 
protocols for novel target proteins or functional assay 
of reported protein drug targets. Another benefit of this 
technique is, it doesn’t require any prior knowledge of the 
protein function or protein-ligand interaction in order to 
determine the binding affinity.

Major limitations of FTSA that have been observed 
are the higher cases of false positive and negative results. 
The false positives are resulted from the non-specific 
interaction of the ligands or by the ligands interaction at 
multiple sites of the protein thus displaying higher ∆Tm. 
The cases of false negatives are observed when the protein 
is unstable or the compound has relative affinity with native 
and unbound states of the protein. A compound having 
a relatively low solubility or requirement of additional 
cofactor or metal ion cannot display the standard shift in 
Tm as well[51]. The requirement of fluorescent labels unlike 
ITC is another caveat where hydrophobic SYPRO Orange 
dye can compete with the hydrophobic ligands that may 
raise dissociation constant due to competition. Thermal 
stability studies of membrane proteins, encoded by 30% 
of the human genome and known drug targets using FTSA 
is still a challenge due to their high hydrophobicity and 
presence of detergents used for solubilization that increases 
considerable fluorescence background resulting in low 
signal-to-noise ratios.

6 FUTURE PERSPECTIVE
FTSA as a biophysical technique has an edge over its 

relatively expensive and low HTS counterparts (Table 1). 
Fragment-based ligand designing is hugely affected by 
advancements in biophysical techniques that can be used 
for primary and secondary screening of small molecules. 
With improved speed and sensitivity, the use of this method 
has gradually advanced in initial screening to identify new 
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Figure 4. Modified versions of TSA. A. NanoDSF, B. CETSA, C. NaLTSA has a number of advantages including the ability to 
detect binding in cellular models without requiring purification or tagged target proteins, or probe compounds.

ligands in the drug discovery process by capitalizing on an 
increase in protein stability upon protein-ligand interaction. 
The fragment-based screening coupled with X-RD can 
provide detailed knowledge of fragments binding to the 
specific target that will facilitate the designing of molecules, 
by growing off or by combining different fragments, 
of required functionality. Its application in high HTS 
screening is quite distinguished despite minor drawbacks 
of false positives and negatives. The limitation can be 
overcome by performing other validation experiments 
in tandem/simultaneously with FTSA with a lesser 
number of selected molecules. CETSA has the potential 
to determine appropriate drug usage and dosage and to 
generate real-world data or Smart Data for the development 
of individualized drug treatment in the future. FTSA can 
also be used to analyze protein-protein interactions for 
studying disease -related misfolded proteins, and human 
protein interactome and will find applications for difficult 
multi-domain proteins. The assay can be integrated with 
computational inventions like artificial intelligence, 
machine learning, deep mining etc in predicting thermal 
shift upon interaction. Also, there is a scope to design 
highly sensitive new probes to make it experimentally 
robust to minimize pitfalls. In our opinion, FTSA has many 
advantages over the most biophysical techniques to be used 
in protein characterization and protein-ligand interaction in 
the near and far future.
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Abbreviation List

1,8-ANS, 1-anilinonaphthalene-8-sulphonic acid
2,6-ANS, 2-anilinonaphthalene-6-sulphonic acid
2,6-TNS, 2-(p-toluidinyl)-napthalene-6-sulphonic acid
CETSA, Cellular thermal shift assay
CD, Circular dichroism
DSC, Differential scanning calorimetry
DSF, differential scanning fluorimetry
FBDD, fragment-based drug discovery
FRET, Fluorescence resonance energy transfer
FTSA, Fluorescence thermal shift assay
HTS, Throughput
ITC, Isothermal titration calorimetry
MS, Mass spectrometry
NaLTSA, NanoLuc luciferase thermal shift assay
NMR, Nuclear magnetic resonance
NanLuc, Small luciferase
SPR, Surface plasmon resonance
Tm, melting temperature
TRP, tryptophan
TYR, tyrosine
X-RD, X-ray crystallography
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