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ABSTRACT: Determining a molecule’s mechanism of action is paramount during chemical probe
development and drug discovery. The cellular thermal shift assay (CETSA) is a valuable tool to
confirm target engagement in cells for a small molecule that demonstrates a pharmacological effect.
CETSA directly detects biophysical interactions between ligands and protein targets, which can alter
a protein’s unfolding and aggregation properties in response to thermal challenge. In traditional
CETSA experiments, each temperature requires an individual sample, which restricts throughput and
requires substantial optimization. To capture the full aggregation profile of a protein from a single
sample, we developed a prototype real-time CETSA (RT-CETSA) platform by coupling a real-time
PCR instrument with a CCD camera to detect luminescence. A thermally stable Nanoluciferase
variant (ThermLuc) was bioengineered to withstand unfolding at temperatures greater than 90 °C
and was compatible with monitoring target engagement events when fused to diverse targets.
Utilizing well-characterized inhibitors of lactate dehydrogenase alpha, RT-CETSA showed significant
correlation with enzymatic, biophysical, and other cell-based assays. A data analysis pipeline was
developed to enhance the sensitivity of RT-CETSA to detect on-target binding. RT-CETSA technology advances capabilities of the
CETSA method and facilitates the identification of ligand-target engagement in cells, a critical step in assessing the mechanism of
action of a small molecule.

■ INTRODUCTION
The cell is a complex environment with numerous, tightly
controlled biochemical reactions and interactions between
cellular components.1 Proteins are central to many cellular
processes, and there is indispensable value in identifying small
molecules that target the proteome with high specificity and
affinity. Confirming the engagement between a protein target
and small molecule under physiologically relevant conditions
poses a substantial challenge in early-stage drug discovery and
probe development. Most strategies to study target engage-
ment are labor-intensive, low-throughput, or do not provide
evidence of ligand-target binding in a physiological, cellular
environment.2 The gold standard for target engagement
remains co-crystallization of target and ligand using X-ray
crystallography, but this methodology remains highly complex,
is not amenable to all target classes, and is not suitable for
testing large numbers of compounds. Sensor-based biophysical
methods like isothermal calorimetry and surface plasmon
resonance (SPR) detect direct target binding but implement
simplified acellular conditions and require significant amounts
of purified protein and assay optimization.3,4 Thermal shift-
based biochemical methods, such as differential scanning
fluorimetry (DSF), also use recombinant protein to detect
ligand-induced thermal shifts by measuring changes in
hydrophobic dyes or intrinsic protein fluorescence

(nanoDSF).5−7 None of these approaches account for
complexities found in cells, including membrane barriers and
the potential for off-target binding.
The cellular thermal shift assay (CETSA) allows for the

study of target engagement with a small molecule or
biomolecule in intact cellular environments, linking observed
phenotypic responses with a compound’s molecular target.8,9

CETSA can support direct target engagement by detecting a
thermodynamic (de)stabilization of a protein resulting from
ligand binding that alters discrete bond energy and shifts the
Gibbs free energy of the system. This shift in system energy
can be detected by measuring the aggregation properties of the
target protein when a thermal challenge is applied.10

Traditionally, the CETSA method is performed as a label-
free lytic end-point assay, requiring individual samples to be
prepared for each temperature or compound concentration.
After incubating cells with a compound of interest, samples are
heated to discrete temperatures and the unfolded aggregated
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protein and cellular debris are removed by centrifugation. The
remaining soluble protein is then measured using a protein
detection method, most commonly Western blot, though more
recent methods have utilized mass spectrometry.11−13 Label-
free high-throughput CETSA methods have also proved
valuable for target engagement studies where large compound
sets can be screened against endogenous proteins without
manipulation of the compound or protein; however, these
techniques require high affinity antibodies and often need
significant optimization for each target.8,14,15

Modernizing the CETSA approach for higher-throughput
drug discovery applications requires the development of
alternative CETSA-compatible detection methods, such as
fluorescent and bioluminescent reporters.16−18 One recent
example was the development of a homogeneous bio-
luminescent assay using a split Nano luciferase reporter
(SplitLuc CETSA). By appending a small HiBiT-based peptide
reporter tag to the target and adding the complementary
LgBiT protein with a furimazine substrate, SplitLuc CETSA
allows for measurements in 384- and 1536-well microplates,
providing an improvement in throughput.19 In a similar
approach, native Nano luciferase (NLuc) was fused to different
targets to measure ligand-induced thermal shifts by detecting
changes in the luminescent signal (NaLTSA).20 To date, all
CETSA methods perform end-point measurements, and so,

independent samples are needed at each discrete temper-
ature.21 Moreover, classical CETSA analysis relies on single
parameter methods using a sigmoidal fit of thermal response
curves to calculate either the midpoint aggregation temper-
ature (Tagg) or area-under-curve (AUC). Indeed, the
limitations of high-throughput CETSA methods like SplitLuc
and NaLTSA (NLuc CETSA) and the applied methodology to
analyze thermal profiles, stem from the requirement to choose
whether to examine either the dose−response of small
molecules at a single temperature or a single concentration
of drug over a range of temperatures.15,19−23

We reasoned that a real-time CETSA (RT-CETSA) assay,
one that captures full thermal melt profiles of a target within
living cells, would build upon previous CETSA iterations and
enable the high-throughput acquisition of information-rich
data across a temperature range from a single sample. We
further reasoned that NLuc would be a favorable reporter tag
for target proteins due to the low background luminescence,
bright signal, and avoiding interference from intrinsic
fluorescence of small molecules.24 However, previous studies
reported that purified NLuc has an aggregation temperature
(Tagg) that ranges between 55 and 60 °C, precluding its use as
a reporter for a portion of the proteome.24−26 We
hypothesized that a thermally stable NLuc variant would
reduce the reporter’s propensity to drive aggregation due to

Figure 1. Engineering a thermally stable NLuc variant (ThermLuc). (A) Nano-differential scanning fluorimetry (nanoDSF) analysis of the thermal
stability of reconstituted traditional NLuc (split into 156 and native peptide fragments), LgBiT, and LgBiT plus GS-HiBiT-GS peptide. (B,C)
LgBiT and GS-HiBiT-GS fragments were combined into a single fusion protein and transiently expressed in HEK293T cells. Different Gly−Ser
linker lengths to connect the fragments were examined. Graphs represent (B) raw luminescence values (mean ± SD, n = 4) and (C) luminescence
normalized to the 37 °C signal (mean ± SD, n = 4). (D) Thermal shift expected from the binding of an LDHA inhibitor (LDHAi) 1 is masked
when using a LDHA-NLuc fusion but detectable with a LDHA-ThermLuc fusion (mean ± SD, n = 4).
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thermal unfolding, and that the NLuc variant LgBiT (11S),
which was engineered to exhibit improved intracellular
stability,24 might exhibit the required higher thermal stability.
Herein, we describe the bioengineering of thermally stable
luciferase variants (ThermLuc) and the creation of a proof-of-
concept RT-CETSA detection device. To quantify thermal
unfolding in RT-CETSA, we also developed a novel approach
using baseline-corrected thermal unfolding curves from
MoltenProt, a recently developed analysis pipeline that
produces nonlinear fits of protein unfolding, and goodness-
of-fit tests between two models to determine thermal
stabilizing molecules.27 Herein, we describe the development
of the RT-CETSA technology platform and its validation using
lactate dehydrogenase alpha (LDHA)-ThermLuc fusions and a
diverse set of pyrazole-based LDHA inhibitors.28

■ RESULTS AND DISCUSSION
Bioengineering Thermally Stable Luciferase Fusions.

A critical component of a CETSA approach capable of
monitoring aggregation in real time would be the creation of a
thermally stable luminescent reporter that continuously
produces signal throughout a CETSA temperature ramp but
does not drive reporter-led aggregation due to its own thermal
unfolding. We hypothesized that an engineered NLuc using a
LgBiT-based protein would be more thermally stable than
traditional NLuc as well as have sufficient light emission to
perform RT-CETSA. First, we measured the stability of

purified LgBiT and HiBiT fragments against a thermal
challenge using nanoDSF (Figure 1A). The thermal shift
experiments revealed that combining LgBiT and HiBiT
resulted in a significant Tagg shift to 73.8 °C compared to
45.2 °C for NLuc (using the corresponding 156 and native
peptide fragments). This provided the rationale to generate
plasmids encoding LgBiT and HiBiT assembled into a single
fusion protein for heterologous expression in cells. Six
constructs containing varying lengths of Gly−Ser linkers
between LgBiT and HiBiT were transfected into HEK293T
cells and assessed for both luminescence (Figure 1B) and
thermal stability (Figure 1C). Although total luminescence was
lower for samples expressing the LgBiT/HiBiT fusion proteins,
they exhibited greater thermal stability, with an increase in Tagg
from 63 °C (NLuc) to >90 °C. The construct with a single
Gly−Ser peptide linker between luciferase fragments improved
thermal stability compared to NLuc but to a lesser degree than
the longer Gly−Ser linkers. We selected the fusion protein
containing six Gly−Ser repeats, hereafter referred to as
ThermLuc, for subsequent experiments measuring lumines-
cence and thermal stability (Supporting Information Table
S1).
To assess the utility of ThermLuc as a CETSA reporter, we

created a fusion with LDHA, a 35 kDa soluble protein that
aggregates in the low 60’s °C. Small molecule-induced
stabilization with 10 μM of LDHA inhibitor (LDHAi) 1 was
nearly undetectable under NaLTSA conditions, which is

Figure 2. Real-time CETSA (RT-CETSA). (A) Schematic overview of the RT-CETSA approach. (B) Depiction of aggregation of ThermLuc-
fusion protein at an elevated temperature, resulting in loss of luminescence. Target engagement is detected as a change in apparent Tagg, AUC, and
novel nonparametric curve analyses (NPARC).

ACS Chemical Biology pubs.acs.org/acschemicalbiology Articles

https://doi.org/10.1021/acschembio.2c00334
ACS Chem. Biol. 2022, 17, 2471−2482

2473

https://pubs.acs.org/doi/suppl/10.1021/acschembio.2c00334/suppl_file/cb2c00334_si_002.xlsx
https://pubs.acs.org/doi/10.1021/acschembio.2c00334?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00334?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00334?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.2c00334?fig=fig2&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.2c00334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


consistent with the unfolding of NLuc driving aggregation and
masking the thermal stabilization effect of target engagement
(Figure 1D). Swapping NLuc with the ThermLuc reporter
slightly increased the apparent Tagg by 3.0 °C but showed a
significant increase in thermal stability of the LDHA fusion
with compound 1 (ΔTagg = 12.5 °C). These data support the
hypothesis that improved thermal stability of the luminescent
reporter can unmask ligand-induced thermal stabilization of
the target of interest, as the reporter no longer drives
aggregation of the fusion protein due to its own thermal
unfolding.
Real-Time CETSA Overview. To explore whether the

entire aggregation profile of a target protein within its natural
cellular environment could be monitored during heating, we
pursued an RT-CETSA procedure utilizing the bioengineered
ThermLuc protein (Figure 2). The method proceeds with the
following steps: (1) cells are transfected with a plasmid
encoding the target of interest (TOI) fused to ThermLuc, (2)
cells expressing the ThermLuc fusion protein are dispensed
into PCR plates and ligands are added, and (3) the luciferase
substrate furimazine is added and luminescence is recorded
kinetically as temperature is increased stepwise (e.g., 1 °C
increments from 37 to 90 °C) to define the melt profile. The
RT-CETSA method inherently requires a detection device that
couples precise temperature control with a sensitive
luminescence detection system (Supporting Information
Figure S1). There is currently no instrument on the market
that pairs these two components together. Modern qPCR
machines are well suited for temperature control as they use
thermal blocks with sub-centigrade precision and uniform
heating across samples, but these machines are exclusively
paired with detection systems optimized for fluorescence
quantitation and not suitable for sensitive luminescence
detection. Preliminary testing showed that an OEM qPCR
instrument (LightCycler 480 II, Roche) was insensitive to
luminescence signals that are in the working range of
commonly used microplate readers (ViewLux, Pherastar).
Therefore, we adapted the LightCycler 480 II to serve as the
heating platform by removing the xenon bulb and emission
filters from the light path and swapping the stock fluorescence
camera with an Orca R2 CCD, which enabled detection of
ThermLuc luminescence while heating (Supporting Informa-
tion Figure S1). After performing an RT-CETSA experiment,
analysis of the thermal unfolding profiles of ThermLuc-targets
begins with automated pixel intensity analysis in MATLAB to
extract raw luminescence values, followed by analysis of the
melting curves using Tagg, AUC, and a novel nonparametric
thermal curve analysis method to detect ligand-induced
stabilization in RT-CETSA.
Real-Time Monitoring of NLuc Variant Fusions. The

melting behavior of NLuc and ThermLuc luciferase fusion
constructs was compared using a real-time detection approach.
ThermLuc fusion proteins with three to fifteen Gly−Ser linker
repeats between the HiBiT and LgBiT fragments showed
significantly higher aggregation temperature (Tagg) compared
to native NLuc when captured in real time (Supporting
Information Figure S2A). Moreover, the reporter with a single
Gly−Ser linker had a Tagg in between native NLuc and the
ThermLuc constructs with longer linkers (Supporting
Information Figure S2A), consistent with the behavior in the
end-point luminescence lytic CETSA experiment (Figure 1C).
Notably, the apparent Tagg in the RT-CETSA system may not
align with Tagg values calculated using traditional luminescence

or immunoblotting detection. Traditional CETSA utilizes a 3
min hold at a single temperature to calculate Tagg, as opposed
to a rapid ramping and recording over a temperature range as
in the real-time protocol. Additionally, the apparent Tagg in
RT-CETSA is impacted by extrinsic factors that also contribute
to luminescent signal, such as heat-induced substrate
decomposition, which occurs at temperatures greater than 60
°C (Supporting Information Figure S2B). The decay rate of
luminescence is largely attributable to temperature effects,
where maintaining 37 °C throughout the RT-CETSA experi-
ment shows minimal signal loss (Supporting Information
Figure S2C). In our RT-CETSA experiments, the entire
thermal melt profile of a target inside a live cell was recorded in
less than 4 min, where 55 readings at discrete temperatures
were captured from each well in 4 s intervals corresponding to
Δ1 °C temperature increments.
Previous work on standardizing DSF protocols noted a

phenomenon where Tm (melting profile) readouts are highly
dependent on experimental parameters like ramp speed and
temperature holds, but the ΔTm induced by ligand binding
remained constant.29 In RT-CETSA, increasing the hold time
of each temperature to 20 s reduced the Tagg of LDHA by
Δ−16 °C, but the increased hold time did not significantly
impact the compound-induced thermal shift (Supporting
Information Figure S2D). RT-CETSA melt profiles therefore
are not expected to align with absolute Tagg values calculated
using traditional CETSA; rather, the primary goal of RT-
CETSA is to identify thermal shifts due to ligand-induced
stabilization. A 4 s hold at each temperature was sufficient to
capture enough signal using the prototype detection system,
while also limiting the decay rate of the furimazine substrate
that would occur with longer holds. We expect that these hold
times could be reduced further with a more sensitive camera,
which would allow for faster ramping through a range of
temperatures.
The nature of real-time measurements using a luciferase

reporter requires the presence of a reporter substrate
(furimazine) from the beginning time point, which presents
additional experimental design considerations. The commer-
cially available furimazine substrate typically used in NaLTSA
experiments (Promega NanoGlo Substrate) is formulated in
undisclosed chemical matter, and so, we examined whether
using an alternative common solvent such as DMSO would be
compatible with RT-CETSA. The melting profile of the
ThermLuc fusion proteins and NLuc was very similar to that
observed with the commercially available furimazine (Support-
ing Information Figure S2A,C). An additional consideration of
including furimazine during heating is the potential for
negative effects from the substrate on cell physiology. We
performed a viability assay and found that cell growth was
impaired with a 48 h treatment of the commercially available
furimazine when used at concentrations 0.5× and higher, but
not the DMSO-formulated furimazine up to 50 μM
(Supporting Information Figure S2E). To further explore
effects of furimazine on live cells, we performed a cell health
screen using 0.005−100 μM of the DMSO-formulated
furimazine in a SYSTEMETRIC cell health screening platform
(AsedaSciences). The overall score in this assay placed
furimazine in the “low cell stress” category, but effects on
reactive oxygen species, membrane permeability, and nuclear
membrane permeability were detected (Supporting Informa-
tion Figure S2F). Importantly, the presence of furimazine
during the heating step did not significantly alter target
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Figure 3. RT-CETSA thermal unfolding curves for LDHA-ThermLuc processed with MoltenProt. (A) Three biological replicate plates with N =
192 for each group per plate with standard deviation error bars. (B) Distribution of vehicle (lighter shade) and LDHAi 1 (darker shade) baseline-
corrected fraction unfolded values at the first temperature point against Tagg (pink) and AUC (green) parameters from three biological replicate
plates with N = 576 for each group. (C) Distributions of positive and negative controls using LDHA-ThermLuc are used to determine the Z′
statistic and signal window using Tagg, AUC, and NPARC methods of analysis. Solid lines represent the means of each group, and dashed lines
represent the ±3 × SD for each control group. (D) Thermal dose−response curves of LDHAi 1 used for processing with MoltenProt and RT-
CETSA scripts from the LDHAi experiment (vehicle control is green circles). (E) Goodness-of-fit tests for dose−response values at each
temperature (green circles) are performed with a null (linear fit with a slope constrained to 0, orange) and alternative model (four-parameter log
logistic fit, blue), from which the residual sum of squares (RSS) is calculated. Predicted vs actual Y values for each model are shown in the graph
inset, showing the high degree of fit with the alternate model (blue circles) and the higher residuals for the poorly fit linear model (orange circles).
(F) RSS values for the null (orange) and alternate (blue) models are plotted, and the difference in RSS between models is calculated. The point of
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engagement and thermal stabilization of LDHA (Supporting
Information Figure S2G).
We next considered the rate of temperature increase that

would bring the RT-CETSA system toward thermal equili-
brium and properly capture aggregation profiles. Traditional
CETSA protocols heat samples for 3−3.5 min, but there are a
limited number of experiments that address whether this long
incubation period is required. We performed end-point lytic
CETSA with LDHA-ThermLuc and found that the melting
profiles were similar after 30 s and 3.5 min of heating
(Supporting Information Figure S2H). Next, we examined the
rate of unfolding using RT-CETSA. RT-CETSA showed that
thermal unfolding rapidly occurs upon the application of heat,
as stable equilibrium of fraction unfolded is reached within 30 s
of applying a 72 °C hold (Supporting Information Figure S2I).
These results suggest that long incubation times, like those
described in the original CETSA protocols,8,9,16 are not
required to detect compound-induced thermal shifts for all
targets.
Target Engagement of LDHA-ThermLuc in RT-CETSA.

Tangential work on thermal proteome profiling, a version of
CETSA relying on mass-spectrometry as the method of
readout, has used nonparametric analysis of response curves
(NPARC) to integrate goodness of fits of the entire thermal
response curve as an alternative to summary statistics like
Tagg.

23,30 NPARC is more sensitive and specific to ligand-
induced thermal stabilization than the melting point and other
single-parameter values, and so, we sought to modify and
integrate this method to analyze RT-CETSA data. Using
MoltenProt analysis of the unfolded protein, we measured
ligand-induced stabilization of LDHA across a temperature
gradient (Figure 3A). To assess reproducibility of the RT-
CETSA method, we examined 192 replicate wells of either
DMSO or LDHAi 1 scattered across a 384-well plate. We
observed a range of the fraction-unfolded values across the
plate (DMSO: 0.063 ± 0.006 [9.45% CV], LDHAi 1: 0.051 ±
0.005 [9.51% CV]), which may be attributable to experimental
variability in cell number across wells (Figure 3B). Despite this
variability, the starting luminescence did not affect the percent
melt of LDHA-ThermLuc, and LDHAi 1 stabilization
remained consistent, highlighting an advantage to capturing
kinetic RT-CETSA data for every sample, where each sample
can be normalized to its starting signal before heating (Figure
3B). Next, we compared each analysis method applicable to
RT-CETSA data (Tagg, AUC, and NPARC) using the Z′ assay
reproducibility statistic. Using DMSO vehicle as a negative
control (N = 192) compared to LDHAi 1 treated wells as a
positive control (N = 192), we found the best-performing Z′ to
be NPARC [0.72] ≫ AUC [0.55] ≫ Tagg [0.52] (Figure 3C).
The RT-CETSA thermal unfolding curve fitting approach also
had acceptable signal windows with these controls (Tagg: 6.23,
AUC: 7.57, and NPARC: 20.40) and a repeatable Δ4 °C
compound-induced thermal shift across all wells (Figure 3C).
To assess real-time thermal shifts when compounds are

tested across a concentration range, we modified the previous
NPARC methods to create goodness-of-fit models for dose−
response thermal melting curves, like the LDHAi 1 dose−
response shown in Figure 3D, by fitting every concentration at

every temperature with a null (linear fit with a slope of 0) and
alternate (four-parameter log-logistic fit) model and then
calculating the residual sum of squares (RSS) for each model
fit (Figure 3E). The null fit is the theoretical model for when
there is no dose-dependent stabilization of a target, in other
words, no significant change to the melting profile of the target
with ligand compared to a vehicle control. Thus, we expect to
see a poorer fit of the null model, as compared to the alternate
model, when dose-dependent stabilization of the target occurs,
as illustrated by the actual versus predicted Y values for an
LDHAi at a temperature near the aggregation temperature for
LDHA (Figure 3E inset). A goodness-of-fit test of these
residuals is performed with the nonparametric Mann Whitney
U test against the model RSS values to detect significant
binders (thermal shift/stabilization), and an EC50 is calculated
for binders by analyzing dose−response curves at the point of
maximal RSS difference using a four-parameter log-logistic fit
(Figure 3F). We note that the point of maximal difference
between null and alternate models is often at or near the Tagg
for the target (Figure 3F).
RT-CETSA of LDHA Shows Compatibility Across

Platforms. We benchmarked the RT-CETSA platform for
its ability to guide structure−activity-relationship (SAR)
studies on a set of 29 previously identified LDHA inhibitors,
including 26 analogues of a class of pyrazole-based
compounds, by comparing activity in complementary bio-
chemical, biophysical, and phenotypic assays (Supporting
Information Table S2). RT-CETSA experiments were
performed by pre-incubating LDHA-ThermLuc transfected
cells with compounds for 1 h in a dose-response ranging from
micromolar to sub-nanomolar concentrations to determine
EC50 values (Supporting Information Movie S1). A 1 h pre-
incubation was chosen because a time course examination of
LDHAi 1 showed diminished target engagement when
compound pre-incubation was reduced to 15 min (Supporting
Information Figure S2J). Tagg, AUC, and the modified NPARC
analysis developed for RT-CETSA were compared to SplitLuc
CETSA (isothermal heating performed at 61, 65, and 69 °C)
and other biophysical and biochemical assays (Figure 4A,
Supporting Information Figure S3A−C). We found that longer
heating times in RT-CETSA (Figure S2D) or higher
temperatures decreased the apparent potency for stabilization,
as demonstrated by the SplitLuc CETSA where heating at 69
°C uniformly diminished potency compared to heating at 65 or
61 °C (Figure 4A, Supporting Information Table S2). These
results further highlight the significant risk of missing target
engagement events when using single end-point recordings if a
non-optimal temperature is selected.
The RT-CETSA modified NPARC method derived a range

of baseline-corrected fraction unfolded values from ∼0.5 to
∼0.8 for all LDHA inhibitors analyzed (Figure 4B). For each
compound, EC50 values were calculated using the point of
maximal difference between null and alternate models as
previously shown in Figure 3F. In addition to a superior Z′
median for assay reproducibility, NPARC analysis was more
sensitive and specific to ligand-induced thermal stabilization
than Tagg or AUC (Figure 4A), highlighting the importance of
the analysis methods. For example, compound 19 had an EC50

Figure 3. continued

maximal RSS difference (orange bar) is used to determine EC50 of the compound, shown as the blue bar in the graph inset of concentration−
response values.
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Figure 4. Correlative analysis of LDHA inhibitors. (A) EC50 values (log M) for plate containing 29 LDHA inhibitors (N = 3 replicates) analyzed
using the following methods: RT-CETSA (4 s at each temperature), endogenous CETSA (71 °C × 3.5 min), SplitLuc CETSA (various
temperatures, 3.5 min), lactate assay, biochemical assay, and surface plasmon resonance (SPR). Compounds with no detectable binding are
annotated as “0”, and compounds with no data are annotated with a blank square. (B) Dose−response curves for all LDHA inhibitors when using
nonparametric curve (NPARC) analysis. NPARC derives fraction unfolded values for EC50 at the point of maximal difference between null and
alternate models, presenting a range of fraction unfolded values from ∼0.8 for low concentrations of stabilizing small molecule to ∼0.5 for higher
concentrations. (C) Spearman correlations of the compound rank order shows significant correlation among the methods tested. All correlations
were statistically significant (p < 0.005, two-tail). (D) Testing of the minimum significant ratio (MSR) and related parameters further characterizes
the high reproducibility of potency estimates from the RT-CETSA method. The mean ratio (MR) is shown as a solid blue line, limits of agreement
(LsA) in dashed red lines, and ratio limits (RL) in dashed green lines. (E) Examination of NPARC EC50 values for compounds when tested in RT-
CETSA versus acoustic endogenous CETSA. The color of the points indicates residence time, as calculated by SPR.
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value of 15 nM in RT-CETSA using NPARC but was inactive
at 50 μM using conventional Tagg and AUC analysis. When
comparing across different assays, most of the inhibitors with
low nanomolar EC50 values in the biochemical assay using
recombinant LDHA also had nanomolar EC50 values in the
cellular-based SplitLuc CETSA and RT-CETSA target engage-
ment assays using NPARC analysis. The rank order of the
compounds was significantly correlated in the RT-CETSA
assays using all three analysis methods when compared to
SplitLuc and other biophysical/biochemical data (Figure 4C).
RT-CETSA however, showed more potent response profiles
compared to the SplitLuc CETSA approach that uses a 3.5 min
heating step as an end point (Supporting Information Figure
S3D). Absolute potencies were not identical across the assays.
This is not surprising, as several studies have demonstrated
that potency in isothermal CETSA is highly dependent on
experimental conditions including duration of the heating
step.31,32

Demonstrating on-target activity in cell-based models is a
critical step in the development of small molecule probes and
therapeutic candidates. Downstream validation of target
engagement can be especially challenging when switching
from biochemical assays to physiologically relevant cellular
models. Many preclinical candidates fail because of off-target
effects or poor physicochemical and pharmacokinetic proper-
ties.33−35 This is exemplified within the set of LDHA
inhibitors, where potency and the number of active analogues
decreased as the complexity of the target’s microenvironment
increased from purified protein to cellular models (biochemical
enzymatic assay vs cell-based lactate assay; SPR and DSF vs
CETSA). For example, compound 15 had a biochemical
enzymatic assay IC50 value of 30 nM, but its potency
diminished in a cell-based lactate assay with an IC50 value of
6.5 μM and an RT-CETSA value of 2.5 μM by NPARC
analysis. A common explanation is that biochemical, SPR, and
DSF binding assays use recombinant protein and may
overestimate the capacity of a molecule to engage a target
within cells.
Correlative studies revealed that NPARC showed >95%

overlap in identified “hits” compared to classical methods of
CETSA analysis using AUC and Tagg. All three methods for
analysis were tested for minimum significance ratio (MSR) and
Z′ assay reproducibility calculations, two widely used measures
of assay quality that describe separation between positive and
negative controls.36 Only NPARC (MSR: 2.32) and AUC
(MSR: 2.67) methods were shown to reach acceptable
reproducibility (Figure 4D, Supporting Information Figure
S3E). By comparing goodness-of-fit tests for dose−response
data across the entire melting curve, we captured treatment
stabilization effects that were not detected by single summary
statistics commonly used to describe thermal unfolding data.
Moreover, SAR analysis of a set of LDHA inhibitors using the
NPARC method supported previous studies that defined the
importance of an ethyne linker between phenyl pyrazole and
thiophene, or bioisosteric rings, as important for elevated
intracellular and in vivo inhibitory activity.28,37 This highlights
the reliability of RT-CETSA to quantitatively determine SAR
between sets of active and inactive analogues. We observed
good correlation between potency of target engagement for
RT-CETSA using NPARC and traditional CETSA using
endogenous protein;14 however, compounds 4,5 (different
batches of the same compound) showed more potent
stabilization in the RT-CETSA (Figure 4E). Compound 6 is

another notable outlier; this compound showed poor activity
in endogenous CETSA, SplitLuc, RT-CETSA, and the cellular
lactate assay, suggesting that the potent activity that this
compound showed against recombinant LDHA is lost in a
cellular environment. As the RT-CETSA transitions through
temperatures more rapidly (seconds) than traditional CETSA
(minutes), the RT-CETSA method may provide an increased
ability to detect engagement of compounds with faster off rates
(as measured by SPR), such as compounds 4,5. Moreover, the
short duration at each temperature in RT-CETSA allows for
the measurement of target engagement at higher temperatures
before membrane integrity collapses. Using the same
experimental conditions as for RT-CETSA, we measured
HEK293T membrane integrity under rapid heating with
propidium iodide, a dye that can only enter the cell and
fluoresce when the cellular membrane is damaged (Figure S5).
At 4 s holds for each temperature, permeability to propidium
iodide was detected as an increase in fluorescence occurring at
68.5 °C.
Expanding the Utility of RT-CETSA for Multiple

Targets. We hypothesized that we could leverage RT-
CETSA to monitor the real-time melt profile of different
targets simultaneously within a single plate. This would enable
multiplexing of multiple targets, compounds, and concen-
trations within a single experimental plate, circumventing
optimization for a discrete melting temperature and removing
the risk of selecting a temperature where the thermal shift
window would be missed. As a proof of concept, we used RT-
CETSA to measure the thermal melt profile of eight different
target-ThermLuc fusion proteins (Supporting Information
Figure S4A). This set included immunotherapeutic targets
currently marketed or in clinical trials (NGF, PCSK9, CD19,
CD20, and PD1) and a set of in-house targets of interest
(LDHA, cAbl, and DHFR) with known small molecule
inhibitors.19,37,38

The entire melting profiles of these targets were visualized
and recorded from the same plate, despite the narrow signal
window afforded from our crudely assembled prototype
detection device. Target engagement was observed for the
cAbl-ThermLuc fusion using both dasatinib, a well-charac-
terized cAbl orthosteric inhibitor, and GNF-2, a cAbl allosteric
inhibitor (Supporting Information Figure S4B). We also
explored DHFR thermal melt and target engagement using
the RT-CETSA system because it had a known low melting
temperature.9,19 For DHFR, we observed a thermal stabiliza-
tion conferred by the ThermLuc fusion, where only a partial
aggregation profile was observed (Supporting Information
Figure S4C). The thermal shift induced by the ligand
methotrexate was detectable for DHFR-ThermLuc but smaller
in magnitude when compared to DHFR-SplitLuc. Therefore,
we hypothesized that the ThermLuc effects on DHFR thermal
stability could be altered by varying the peptide linker between
the two proteins. A set of 17 linkers with a range of predicted
rigidity were constructed. Rigid polyproline-containing linkers
further increased thermal stability of the DHFR-ThermLuc
fusion protein. Some linkers reduced the overall thermal
stability of the fusion protein; however, none fully recapitu-
lated the melting behavior or thermal shift observed for DHFR
with the small SplitLuc peptide tag (Supporting Information
Figure S4D,E). Additional research is needed to define the
intermolecular effects of ThermLuc on targets and its
propensity to alter the inherent stability of its fusion partner.
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Our proof-of-concept studies indicate that RT-CETSA has
the potential to serve as a multi-target platform that can rapidly
assess EC50 values across a variety of different targets in parallel
and can be used for SAR studies in medicinal chemistry
campaigns. While these studies reveal promise in the approach,
there are still hurdles related to the limited availability of
commercial instrumentation that can couple precise temper-
ature control and sensitive luminescence detection. If this
obstacle can be resolved, the workflow and minimal hands-on
requirements of the RT-CETSA method lend to a quick
adaptation into a variety of applications, including character-
izing chemical probes, lead optimization, identification of
allosteric binders or starting points for PROTAC develop-
ment,39,40 and/or probing against multiple targets (e.g., family
of proteins, anti-targets). The RT-CETSA prototype instru-
ment enabled us to assess the melt profile of nine different
protein targets simultaneously despite differences in starting
luminescence, functional activity, and subcellular localization.
We also demonstrated the compatibility of RT-CETSA to
detect the melting profiles of secreted PCSK9 and NGF1
protein targets with no prior purification or enrichment of
target needed. We anticipate that entire families of protein
could be rapidly assessed for ligand binding under identical
cellular conditions and provide valuable insights into off-target
binding for sets of compounds. RT-CETSA may be particularly
valuable for cellular proteins that are hard to “extract”, such as
nuclear proteins, using CETSA-compatible methods under
non-denaturing conditions.41 The RT-CETSA method has
potential to capture the melting behavior of proteins in various
subcellular compartments, provided that furimazine can access
the target-ThermLuc fusion.
In the last decade, CETSA has become a valuable and widely

implemented method for assessing target engagement in a
cellular environment. All known CETSA methods involve end-
point lytic detection (Supporting Information Table S3) and
either require high affinity antibodies or have a reliance on
luciferase reporters like NLuc that can alter target biology and
drive aggregation at temperatures lower than a target’s inherent
thermal properties.13,14,24,25,42,43 While NLuc may be a suitable
reporter in real-time target engagement studies for a majority
of the proteome, the thermal and mechanical instability of the
small and highly luminescent NLuc protein could impede the
high-throughput transformation of CETSA for some targets
with a high Tagg.

25,44 These issues led to the conceptual design
and bioengineering of more thermally stable ThermLuc fusions
as a reporter for RT-CETSA. We observed that the RT-
CETSA method provided a robust approach to quantify ligand-
induced stabilization of a well-characterized set of LDHAi
analogues, supporting further development and implementa-
tion of this method as a high-throughput platform for SAR
studies or screening applications. Importantly, RT-CETSA is
prone to its own limitations and caveats, some of which are
shared with traditional CETSA. For instance, some com-
pounds that engage with a target do not affect its thermal
stability, leading to false-negative results. Additionally, cellular
membrane permeability was disrupted at temperatures greater
than 68.5 °C, which can confound interpretations at high
melting temperatures, which is also a caveat of traditional
CETSA performed above 60 °C.19,45,46 Similarly, higher
temperatures are expected to alter the permeability of the
furimazine substrate and enzymatic activity of the ThermLuc
luciferase. We believe the impact of these factors can be
minimized with proper controls and orthogonal screening

methods. In summary, RT-CETSA provides an adaptable
method that is broadly applicable for target engagement and
screening campaigns, while offering sensitivity and ease of use
that are unparalleled by current CETSA methods.

■ METHODS
Real-Time CETSA Assay. In the RT-CETSA procedure, we

transiently and reverse transfected 7.5 million HEK293T cells using
7.5 μg of DNA and 15 μL of Lipofectamine 2000 (ThermoFisher) in
a 25 cm2 culture vessel. After 24 h, 5000 cells expressing the TOI-
ThermLuc fusions were dispensed into 384-well PCR plates (10 μL
per well) in CETSA buffer (phenol-free high glucose DMEM with
sodium pyruvate and 1× Glutamax without FBS). 20 nL of
compounds or DMSO vehicle controls was acoustically dispensed
(Labcyte Echo) into the cells, and the plates were incubated for 1 h at
37 °C. 10 μL of 2× furimazine (diluted from Promega 50X stock into
CETSA buffer) solution was added to each well. The plate was sealed
and then run on a modified Roche LightCycler 480 II with a CCD
camera to record luminescence kinetically as temperature increased
stepwise (e.g., 1 °C increments from 37 to 90 °C). An optimal density
was determined to ensure that the signal during heating would remain
in the camera’s linear detection range. The images taken were
processed with a customized MATLAB script to extract the raw
luminescence values from each well at each temperature.
Prototype RT-CETSA Hardware. All emission filters were

removed from the light path in the Roche LightCycler 480 II, and
the stock camera was swapped with an Orca II camera equipped with
a Navitar 35 mm lens. Exposures were captured at user-defined
intervals using LabView Software during the heating cycle, allowing
for time to ramp and the time held at each step/°C; the thermal ramp
was equal to the shutter speed of the camera (e.g., 2, 4, or 8 s). See
the Supporting Information for additional details.
Melting Curve Analysis. Digital raw luminescence images from

the RT-CETSA platform were analyzed using a customized MATLAB
(The Mathworks, Inc.) script (public source file available at https://
github.com/ncats/RT-CETSA-Analysis). See Supporting Information
Methods for additional details on calibration, script parameters,
thresholding, and corrections. Numerical values for mean signal
intensity per signal region, mean local background intensity, and mean
pixel intensity region minus local background were reported for each
analyzed grid region, which were then processed using MoltenProt
(CSSB, Hamburg Germany) software using the standard two-state
unfolding model with 15 °C of the beginning and ending of curves
used as initial values for baseline fit estimates. Tagg values were derived
as the midpoint of the four-parameter sigmoidal curve fit of a baseline-
corrected thermal unfolding curve. AUC values were calculated by
processing the baseline-corrected curve fits using the auc function in
the R package “MESS”. All dose−response fits were calculated using a
four-parameter log-logistic fit using the R package “drc” with 10,000
iterations to convergence. Nonparametric analysis of the thermal
curves was performed by fitting two models to each dose−response at
each data collection temperature point: (1) null model, which is a
linear fit with a slope of 0, and (2) alternate model, which is a four-
parameter log-logistic fit. The residual sum of squares was then
calculated for each model across every temperature point, and a
nonparametric Mann Whitney U test against model RSS values was
performed to determine significant stabilization. EC50 values were
then derived from curves that have significant stabilizers by fitting a
four-parameter log-logistic fit using the curve values at the point of
maximal RSS difference between null and alternate models9,22,27,44

(public source file available at https://github.com/ncats/RT-CETSA-
Analysis).
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