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ABSTRACT: Protein thermal shift assays (TSAs) provide a
means for characterizing target engagement through ligand-
induced thermal stabilization. Although these assays are widely
utilized for screening libraries and validating hits in drug
discovery programs, they can impose encumbering operational
requirements, such as the availability of purified proteins or
selective antibodies. Appending the target protein with a small
luciferase (NanoLuc) allows coupling of thermal denaturation
with luminescent output, providing a rapid and sensitive means
for assessing target engagement in compositionally complex
environments such as permeabilized cells. The intrinsic thermal stability of NanoLuc is greater than mammalian proteins, and our
results indicate that the appended luciferase does not alter thermal denaturation of the target protein. We have successfully
applied the NanoLuc luciferase thermal shift assay (NaLTSA) to several clinically relevant protein families, including kinases,
bromodomains, and histone deacetylases. We have also demonstrated the suitability of this assay method for library screening
and compound profiling.

KEYWORDS: Thermal shift assay, target engagement, NanoLuc luciferase, NaLTSA, ligand binding assay

As the therapeutic effect of most drugs is mediated through
their binding interactions with target protein, character-

ization of target engagement is a standard experimental
objective in preclinical drug development. Of the several
approaches developed for this purpose (for reviews see refs 1
and 2), thermal shift assays (TSA)3,4 have become among the
most widely used. Conventional TSAs operate in a biochemical
format, where purified target proteins in the presence of
interacting ligands are subjected to a thermal challenge under
defined conditions. In addition to the inherently artificial nature
of this approach, it is also dependent on the ability to purify
relatively large amounts of the target protein. More recently, a
cell-based TSA (CETSA)5 has become popular, which arguably
provides a more native environment for ascertaining engage-
ment. However, it has a manually intensive workflow that can
be difficult to perform reproducibly and is reliant upon
antibodies necessary for selectively detecting the target protein.
To offer a more robust and efficient means for assessing target
engagement and to provide a method suitable for high
throughput screening, we explored coupling the thermal
denaturation to the luminescent output of a luciferase.
TSAs are based on the thermodynamic coupling of ligand

binding with the temperature dependent denaturation of a
target protein.4,6 At elevated temperatures, the loss of higher
order protein structure leads to an unfolded state, which

subsequently progresses toward protein aggregation and
precipitation. Ligand binding modifies the denaturation profile
by increasing resistance to unfolding. This results in a
measurable shift in the protein’s melting temperature (Tm),
which generally correlates with ligand concentration and
affinity. As such, TSAs have become one of the preferred
methods for verifying the hits from compound screening, and
for rank ordering compound affinity.
The most commonly employed TSA for analyzing purified

proteins is differential scanning fluorimetry (DSF), or
thermofluor, which utilizes specialized fluorogenic dyes. The
dyes are environmentally sensitive, exhibiting a significant
increase in quantum yield when they interact with hydrophobic
molecules.7 DSF takes advantage of this property to detect
changes in protein structure at elevated temperatures. Hydro-
phobic residues are disproportionately sequestered in the core
of soluble proteins and become exposed as the protein unfolds
due to thermal denaturation, allowing the dye to bind and
generate an increase in fluorescence. The method is relatively
simple and compatible with high-throughput screening (HTS).
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Nonetheless, DSF is limited by its demand for large amounts of
purified proteins, which can be difficult and expensive to obtain,
and is known to suffer from high background originating from
fluorescent compounds or hydrophobic proteins.3,7 To
compensate for problems associated with the purification of
full length proteins, DSF assays will frequently utilize protein
domains that may not accurately reflect the target engagement
attributes of the full length, native target.
The CETSA methodology was developed more recently to

expand TSAs into a more physiologically relevant cellular
environment.5 It employs the same thermodynamic principle of
ligand-induced target stabilization but is applied within complex
environments such as cell lysates, living cells, and tissues.5,8

Heat denaturation of proteins is measured through the
resultant aggregation and determined by quantifying the
remaining soluble fraction of the target protein using selective
immunodetection (e.g., Western blot or AlphaScreen).5,8

CETSA has proven to be a very useful tool to provide an
assessment of target engagement of endogenous proteins in
their appropriate biological context. The technology has also
been adapted to target identification using multiplexed
quantitative mass spectrometry.9,10

However, CETSA relies on the availability of high quality
antibodies, which limits the number of proteins that can be
analyzed in this assay format. Other limitations include ligand-
induced suppression of antibody recognition, a manually
intensive workflow, and low throughput in the absence of
homogeneous immunoassays. Recent reports also indicate that
CETSA frequently fails when applied to large multidomain
proteins.8,11 In addition, CETSA potentially suffers from
reproducibility and sensitivity issues, particularly with low
abundance proteins or when ligand stabilization results in
relatively small shifts in Tm measurements.11,12 Lastly,
separation methods for removing the aggregated proteins are
biased against membrane and nuclear proteins.
Coupling the folded state of the target protein to a

luminescent signal could avoid the need for specific antibodies
or a separation step, as well as protein purification. We
investigated this possibility by genetically fusing the small (19
kDa) NanoLuc (Nluc) luciferase to the target protein (Figure
1). Nluc was selected owing to its high thermostability and
extremely bright luminescence providing the assay with a large
dynamic range and assay sensitivity.13 Tagging the target

protein with Nluc provides assay specificity in complex
environments such as cellular lysates. In addition to removing
the need for selective immune-detection, analysis of full-length
proteins can be done without protein purification. These
procedural simplifications aid in providing the assay with
robustness and reproducibility, as well as improve suitability for
high-throughput screening. We are referring to this method as
the NanoLuc luciferase TSA, or NaLTSA.
In the simplest iteration of NaLTSA, we introduced the

protein of interest (POI) tagged with Nluc into cells by bulk
transfection of the genetic fusion. After 24 h, the cells were
harvested and dispensed into PCR plates preloaded with
compounds in the presence of protease inhibitors and digitonin
to permeabilize the cells (Figure 1). Following a short
incubation, samples were subjected to a 3 min heat treatment
using a thermal cycler. Luminescence was subsequently
measured by adding substrate and transferring samples into a
white 96-well plate for analysis on a luminometer. We found in
general that the POI-Nluc fusion is sensitive to the heat
treatment revealing reduced luminescent intensity as a function
of temperature. Importantly, in the presence of a compound
that specifically binds to the POI-Nluc fusion, stabilization is
observed, which manifests as the loss of luminescence shifting
toward higher temperatures (Figure 1).
We first assessed the validity of this approach using the target

protein mitogen-activated protein kinase 14 (MAPK14 or
p38α). MAPK14 is a small (41 kDa), cytoplasmic stress-
activated serine/threonine-specific kinase involved in auto-
immunity and other inflammatory diseases, as well as
cancers.14,15 Digitonin permeabilized HeLa cells transiently
expressing Nluc-MAPK14 were treated with either vehicle
(DMSO) or kinase inhibitors AMG-548, SB 203580, and AZD
5438 for 1 h at 37 °C. The samples were then exposed to a
thermal gradient followed by measurement of bioluminescence.
The RLU values obtained at each temperature within the
temperature gradient were used to calculate apparent thermal
melting curves. The apparent Tm for Nluc-MAPK14 was 50.7
°C in the presence of vehicle but increased to 59.0 and 56.8 °C
in the presence of known MAPK14 inhibitors AMG-548 and
SB 203580, respectively (Figure 2a). In contrast, AZD 5438, an
inhibitor selective to the kinase CDK2 and presumed not to
bind to MAPK14, did not produce a significant shift in Tm
(ΔTm) (Figure 2a). We found the assay to be robust, producing
excellent curve fitting (R2 values ≥ 0.98, Figure 2a) and
reproducibility across independent experiments (CVs < 15%,
Figure 2b).
For the assay to perform properly, the derived apparent Tm

must be driven by the POI and not the reporter Nluc. Under
these assay conditions, unfused Nluc expressed in HeLa cells
had a Tm of 69.6 °C (Supporting Figure S1), indicating that the
Tm of the fusion protein was determined by the fusion partner.
Moreover, the Tm of unfused Nluc assayed was not altered by
the test compounds, confirming that the ΔTm of Nluc-
MAPK14 resulted from ligand stabilization specific to the
POI (Supporting Figure S2). Considering that most mamma-
lian proteins (>90%) have a reported melting point within the
37−67 °C range,9,10,16 the NaLTSA is expected to be broadly
applicable across diverse target classes.
Results are displayed as percent stability to control

confounding influences on light emission. This was done by
normalizing the luminescence data for each compound against
data obtained at the lowest temperature (i.e., RLU at X°C for
compound A/RLU at 40 °C for compound A). For instance,

Figure 1. NaLTSA principle and workflow. (a) Compounds that bind
Nluc-POI fusion will lead to stabilization compared to controls
resulting in differences in Tm as detected by luminescence. (b) Assay
workflow.
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compound SB 203580 was found to cause a 2-fold decrease in
luminescence at low temperatures (Supporting Figures S2 and
S3). Calculating relative stabilization in this manner rectifies
unspecified signal changes caused by compound effects
unrelated to target engagement without altering the relative
Tm. Analogous normalization procedures are used in other TSA
methods.8,12,17 Additionally, including an unfused Nluc control
aids in revealing the presence of nonspecific effects on the
luminescence.
To determine whether target engagement is influenced by

the Nluc tag, we compared the thermal shift profiles of Nluc-
MAPK14 to the endogenous MAPK14. Identical assay

conditions for both configurations were ensured by applying
CETSA (via Western blotting) to HeLa cells expressing Nluc-
MAPK14 at a level comparable to the endogenous kinase. Prior
to analysis, the cells were permeabilized using digitonin and
treated with inhibitor (AMG-548). Apparent Tms for Nluc-
MAPK14 and endogenous MAPK14 were found to be 49.7 and
50.3 °C, respectively, with similar Tm shifts induced by the
presence of inhibitor (Supporting Figure S4). These data are in
agreement with CETSA results previously reported for this
target8 and demonstrate that target engagement as revealed by
ΔTm does not appear altered by the Nluc tag.
To extend our evaluation to other clinically relevant protein

classes, we applied the method to representative histone
deacetylases (HDACs) and full-length bromodomain proteins
of the BET family (Supporting Figure S5). These targets,
tagged with Nluc and incubated in digitonin permeabilized cells
with their corresponding high affinity inhibitors, produced
ΔTms ranging between 2.2 to 6.3 °C (R2 ≥ 0.98 for each
target). These results also indicate that NaLTSA is suitable to
proteins located in the cytosol or nucleus.
TSA in living cells implies a physiological relevant cellular

context for the target, including an intact cellular membrane
and metabolism. When we applied NaLTSA to living cells, we
found occurrences of false positives for direct target engage-
ment, possibly explained as pathway effects, which are known
to occur in live cell CETSA, but also difficulties in achieving
assay reproducibility as demonstrated with Nluc-MAPK14
(Supporting Figure S6a,b). As expected from previously
published reports,5,8 we found cellular membranes appeared
largely intact following thermal challenge as determined by
using standard dye exclusion assays (Supporting Figure S6c).
However, similar experiments utilizing a cell impermeable Nluc
inhibitor18 indicates that selective loss of membrane integrity
might occur at temperatures as low as 58 °C (Supporting
Figure S6d). Furthermore, a precipitous drop in cellular
adenosine triphosphate (ATP) indicated a substantial metabolic
impairment at temperatures above 56 °C, which overlaps with
the Tm range for many proteins9,10,16 (Supporting Figure S6c).

Figure 2. NaLTSA validation in permeabilized HeLa cells transiently
expressing Nluc-MAPK14. (a) Samples were exposed to compounds
[50 μM] and subjected to NaLTSA. (b) ΔTm results obtained from n
= 10 independent NaLTSAs to demonstrate reproducibility. (c)
Melting curves for each [AMG 548]. (d) Isothermal dose response
curves were generated by exposing duplicate sample plates to
increasing [compound] at isothermal temperatures of 40 or 54 °C.
(a,c,d) Shown are mean ± SEM, n = 4 independent experiments.

Figure 3. Primary hit screening, hit validation, and relative rank affinity for inhibitors of MAPK14. (a,b) Primary hit screening using HeLa cells
transfected with Nluc-MAPK14 or unfused Nluc control using the ScreenWell Kinase Inhibitor library at [10 μM] in isothermal NaLTSA of 40 or 54
°C. Red lines denotes >40% stability hit identification. Dots: red, DMSO control; blue, AMG 548; green, hits >40% stabilization. Representative data
shown. (c,d) Hit validation using NaLTSA in temperature gradient or isothermal dose response mode. Shown are mean ± SEM, n = 3 independent
experiments. (e) Biochemical MAPK14 ADP-Glo kinase activity assay. Shown are mean RLU values, n = 3, of a representative experiment, with
variability expressed as SD.
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These data suggest that variability in membrane integrity and
cell metabolism when cells are stressed by the thermal
challenge may impact assay reliability in the live cell format.
We have found that permeabilizing cells with digitonin
substantially improves assay reproducibility and robustness,
possibly by neutralizing these confounding cellular effects, and
is consistent with previous studies that have shown mild
detergents are compatible in CETSA applications.10

One of the draws to using TSAs is that relative binding
affinity can be estimated by the dependence of ΔTm on
compound concentration. As demonstrated using Nluc-
MAPK14, while full thermal profiles may be determined over
a range of compound concentrations (Figure 2c), it may be
sufficient to determine relative compound EC50 for apparent
stability at a single temperature (Figure 2d). For this isothermal
mode, the optimal temperature may be determined from the
thermal profile of the unbound target. Increasing ligand
concentrations are known to be required for protein
stabilization as the temperature is progressively raised above
Tm

5,8,12,17 (Supporting Figure S7). Accordingly, EC50 values
evident in the isothermal NaLTSA for inhibitors AMG-548 and
SB 203580 are considerably higher than the reported IC50
values of 0.5 and 50−300 nM,19,20 which were generated using
kinase activity assays as expected (Figure 2d). Nonetheless, the
affinity rank ordering of these inhibitors is preserved in
NaLTSA.
The simplicity of NaLTSA is compatible with workflow

requirements typical for the high-throughput automation
employed in compound screening and hit validation. We
confirmed the suitability of isothermal NaLTSA for hit
discovery by screening a small library comprising 80 kinase
inhibitors for compounds selective to Nluc-MAPK14 (Figure
3). TSAs are orthogonal to kinase activity assays by having the
ability to detect type I, type II, and allosteric inhibitors with
equal proficiency5 (Supporting Figure S8). The library was
screened at 10 μM concentration, and hits were scored by
having relative stability greater than 3× the SD of the DMSO
control.21 Unfused Nluc was also included as a control of
nonspecific compound effects (Figure 3a,b).
Considering that the ΔTm from compound binding may

result in relatively small changes (1−2 °C),9,10,22 the high assay
reproducibility of NaLTSA is critical for discriminating true hits
within a relatively narrow screening window (Z′ = 0.80 as
determined with positive and negative controls, Figure 3a). The
relative stability of Nluc-MAPK14 was 32 ± 2.1% (DMSO
control; 54 °C), allowing hits to be specified as >40% stability
(absent anomalous effect on the unfused Nluc control) (Figure
3a,b). Lavendustin, an EGFR specific inhibitor, showed an
apparent stabilization of both the Nluc-MAPK14 and the
unfused Nluc control in the primary screen and was thus
eliminated from the hit list. The positive control compound,
AMG 548, produced the greatest stabilization of 90%. Seven
additional hits were identified by the specified criteria, including
two MAPK14-specific inhibitors SB 203580 and SB 202190
with 75% and 79% stability, respectively. Other hits included
PP 1, PP 2, ZM 336372, LFM-A13, and Tyrphostin 9,
exhibiting stabilization values ranging from 41−51%, indicating
possibly lower affinity to MAPK14.
Hits from this primary screen were further qualified by

determining their thermal profiles against the unfused Nluc
control.
We found that the inhibitor Tyrphostin 9 had significant

effects on the unfused Nluc bioluminescence and apparent Tm;

consequently, this compound was eliminated from further
consideration (Supporting Figure S9). The remaining hits had
no effect on the Tm of the Nluc control. These were analyzed
for rank order binding affinity to Nluc-MAPK14.
As expected, the three MAPK14-specific inhibitors, AMG-

548, SB 203580, and SB 202190, produced the largest ΔTms
(mean ± SEM) of 9.1 °C ± 0.35, 6.8 °C ± 0.24, and 7.8 °C ±
0.20, respectively. ZM 336372 produced a ΔTm of 4.9 °C ±
0.20 and appeared as the next ranked binder by isothermal dose
response (Figure 3c). ZM 336372 has been shown to weakly
inhibit SAPK2/p38α with an IC50 of 2 μM, indicating that the
NaLTSA screen properly identified this low affinity inhibitor.23

PP 1 had a ΔTm of 3.05 °C ± 0.14, followed by LFM-A13 with
a ΔTm of 3.43 °C ± 0.5, and lastly, PP 2 with a small ΔTm of
1.17 °C ± 0.34 (Figure 3c). PP 2 did not show any
concentration-dependent increase in stability under isothermal
dose−response conditions indicating that this compound either
does not bind to MAPK14 or has extremely low affinity in the
isothermal dose−response conditions (Figure 3d; Supporting
Table S1). Interestingly, neither PP 1 nor LFM-A13 have
previously been reported to bind MAPK14, indicating that
MAPK14 may be a low affinity off-target for these inhibitors.
The hits identified by NaLTSA were validated as inhibitors of

MAPK14 using a biochemical kinase activity assay. The results
are largely consistent with the binding interactions and affinity
ranking obtained by NaLTSA (Figure 3c,d; Supporting Table
S1). Nonetheless, because the TSA assay relies on irreversible
denaturation occurring at elevated temperatures, the results
cannot be directly equated to a thermodynamic Kd obtained
through enzymological analysis. Although Tm shifts generally
correlate with ligand concentration and affinity, one should be
aware that results are not always straightforward given the
mechanistic complexity of structural disruption. The ΔTm may
be influenced by a number of thermodynamic and ligand
binding parameters, such as enthalpy, entropy, heat capacity,
hydrogen bonds, ionic bonds, hydrophobic interactions, and
binding kinetics.4,6

In contrast to interrogating a selected target with multiple
compounds, NaLTSA may also be configured for evaluating a
particular compound against a collection of targets. This
provides a means for profiling compound binding without
requiring functional assays of target activity. To investigate the
utility of NaLTSA for compound profiling, we tested the effect
of ponatinib, a clinically used type II kinase inhibitor,24 on a
representative panel of kinases. A total of 38 Nluc kinase
fusions were individually expressed in HeLa cells and assayed
for increased protein stability upon treatment with ponatinib.
The results show that NaLTSA accurately detected 19 of 20
known targets for ponatinib, with ΔTm values ranging from
2.05 to 9.06 °C (full melt curves for each kinase are shown in
Supporting Figure S10). Notably, many of the biologically
relevant targets are membrane proteins (PDGFRα, EPHA1,
FGR1, FLT1, DDR1, IGF1R, and LTK) (Table 1).
Full-length JAK2 reported as a false negative with a ΔTm of

−0.98 °C, whereas reported biochemical data using isolated
JAK2 domains revealed ponatinib binding with an IC50 = 169
nM.24 We considered the possibility that ligand binding to one
domain of JAK2 may not protect the full-length protein from
thermal denaturation resulting in a false negative for compound
binding.9,25 To test this hypothesis, we fused Nluc to the
segregated JH1 and JH2 domain of JAK2. Results showed that
ponatinib stabilized the JH2 domain of JAK2 (ΔTm = 2.82 °C).
This is consistent with a report showing thermal stabilization of
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the JH2 domain through binding ATP.26 Our results suggest
that the JH2 domain is similarly stabilized through binding of
ponatinib but that this binding event does not confer stability
to the full-length protein (Table 1, Supporting Figure S10).
In addition to the known ponatinib targets, our results

showed ponatinib induced thermal stabilization for several
kinases not previously shown to bind this inhibitor (Table 1).
Like many promiscuous drugs, ponatinib is associated with
numerous and serious adverse side effects including cardiovas-
cular, peripheral vascular, and cerebrovascular events.26

Profiling based on thermal shifts may indicate ponatinib
binding to previously unknown targets, providing an alternative
approach for identifying off-target influences. The relevance of
these putative ponatinib off targets identified in this NaLTSA
profiling experiment may warrant additional investigation.
While performing a similar profiling experiment using the

type I kinase inhibitor staurosporine, we found that some
known staurosporine targets showed no apparent shift in Tm
(Supporting Table S2 and Figure S11). Similar results were

reported for CETSA profiling of staurosporine in K562 cell
extracts, where several kinases identified to bind to
staurosporine by Kinobeads did not produce a Tm shift in
CETSA.9 While false positives are considered rare for
biochemical ligand-binding assays based on thermostability,11,28

false negatives are known to occur.9,11,25 Nonetheless, to
ensure that these false negatives were not a result of the Nluc
tag interfering with the ability for staurosporine to bind and
stabilize the protein target, we performed standard DSF with
purified, untagged, full-length kinases for comparison. The
results obtained by DSF corroborated the NaLTSA results both
for the positive control compounds and the false negatives
produced by staurosporine, indicating that the observed false
negative is not due to the fusion to Nluc but rather an inherent
limitation of TSA (Supporting Table S2 and Figure S11).
It is not uncommon to find discrepancies in reported

affinities between methods of analysis, particularly where
experimental conditions vary. For example, substantial differ-
ences may result from choosing a catalytic domain over full-
length protein or when incorporating differing post-transla-
tional modifications. It may also be possible that staurosporine
engages some kinases with predominantly enthalpic contribu-
tions. This is a weakness of TSAs in general, as there is a bias
toward recording entropically driven interactions, as these
become more dominant with increasing temperatures, while
enthalpically driven interactions move in the opposite
direction.12,17 Ultimately, it is important to be aware that not
every protein−ligand pairing will be suitable to study using
TSAs. Interestingly, BTK produced high background in the
DSF making full-length BTK incompatible with DSF analysis in
general, whereas NaLTSA was able to report on ligand
stabilization for this protein (Supporting Table S2 and Figure
S11). It is estimated that up to 25% of recombinant proteins
give nonideal denaturation curves that include high fluores-
cence at baseline or lack a clear transition to the unfolded state
in DSF, highlighting the need for multiple, orthogonal
approaches to studying small molecule−protein interactions.29

NaLTSA provides a homogeneous assay method that
presents broad suitability for full-length proteins spanning
various sizes and subcellular locations, including nuclear and
membrane proteins. We have demonstrated its versatility using
diverse clinical target classes, including kinases, bromodomains,
and histone deacetylases. NaLTSA may be preferred under
circumstances where suitable antibodies or functional assays are
not available, where purification of the target protein is difficult
in adequate quantities and proper configuration, or where
simplified workflows are desired for increased throughput.
Future applications include miniaturization into 384- and 1536-
well plates to allow for automated HTS applications as well as
the use of CRISPR to tag endogenous proteins with Nluc for
analysis of ligand binding in lysates of disease-relevant cell
types.
In conclusion, NaLTSA provides a simple and robust

approach to verification of direct target engagement that
should prove to be useful in addressing drug discovery
challenges and bottlenecks found with similar assays.
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Table 1. Ponatinib Kinase Profiling Using NaLTSA

tyrosine kinase MW (kDa) reported IC50 (nM)24,27 NaLTSA ΔTm

PDGFRa 124 1.1 6.31
EPHA1 108 143 4.71
FGFR1 92 2.2 4.24
FLT1 151 3.7 2.35
DDR1 101 9.4 5.60
IGF1R 155 >1uM 2.05
LTK 92 >1uM 2.59
ABL1 123 0.37 3.11
FYN 61 0.36 6.04
JAK1 133 32.2 4.90
FRK 58 1.3 4.07
LYN 59 0.16 5.25
YES 61 0.89 3.65
HCK 60 0.11 7.43
SRC 60 5.4 4.10
LCK 58 0.28 8.23
CSK 51 12.7 3.45
JAK2 131 169 −0.98
JAK2−JH1 0.25
JAK2−JH2 2.82
serine/threonine

kinase
MW
(kDa)

reported IC50
(nM)24,27

NaLTSA
ΔTm

MAPK14 41 <10 9.06
PRKACA 40 613 3.06
MAP3K5 155 2.90
MAP4K1 91 2.40
MAP4K5 95 2.51
STK4 56 2.45
STK16 35 2.45
CAMK2G 63 2.60
PIM1 45 2.57
AAK1 95 2.43
YSK4 151 2.34
PKN1 104 1.96
SIK1 85 1.36
SLK 95 1.23
IRAK4 52 1.20
RIPK2 61 0.91
MEK5 49 0.80
GRK1 64 −0.02
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