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ABSTRACT: Solute carriers (SLCs) are transmembrane
proteins that transport various nutrients, metabolites, and
drugs across cellular membranes. Despite the relevance of
SLCs to cell homeostasis, metabolism, and disease states, for
the majority of SLCs we lack experimental evidence regarding
the nature of the cognate ligands, whether endobiotic or
xenobiotic. Moreover, even for the roughly 20 SLCs for which
inhibitors have been characterized, engagement assays in cells
are limited to the accessibility of radiolabeled or fluorescent
probes. The cellular thermal shift assay (CETSA) has been
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introduced as a powerful method to assess target engagement
by monitoring ligand-induced changes in the thermal stability of cellular proteins. We addressed the question of whether CETSA
could be modified to become routinely applicable to membrane transporters such as SLCs. We used SLC16A1 (MCT1) and
SLC1A2 (EAAT2) as targets to establish robust conditions by which chemical engagement of SLCs can be detected. Using
immunoblotting, we demonstrate that treatment with the SLC16Al inhibitors AZD3965 and AR-C155858 stabilized
endogenous SLC16A1 in HEK293 cell lysates as well as intact cells. In addition, the high-affinity ligand of SLC16A1, L-lactate,
and the low-affinity ligand, formate, resulted in strong and weak stabilization of SLC16Al, respectively. Moreover, we observed
stabilization of SLC1A2 upon treatment with the selective inhibitor WAY-213613. We propose that the experimental approach
presented here should be generally and easily applicable for monitoring the engagement of chemical ligands by SLCs in cellular

settings and thus assisting in their deorphanization.

olute carriers (SLCs) are integral membrane proteins
localized on the cell surface and in organellar membranes,
where they mediate transport of a wide variety of small
molecules, such as amino acids, metal ions, nucleosides, and
vitamins." The SLC family comprises >400 distinct genes,
which are differentially expressed to orchestrate the supply of
essential metabolites and energy resources and regulate cell
growth, apoptosis, metabolism, and differentiation.” As several
drugs are thought to depend on SLC-mediated transport to
enter cells, distinct SLC expression profiles seem to influence
drug distribution in tissues and cells.” Inhibition of specific
SLCs can therefore influence multiple processes and be broadly
therapeutically relevant. Despite the evident importance of this
protein family, our knowledge of SLCs is still limited, as
exemplified by the large numbers of SLCs with unknown
function and unknown cargoes. Furthermore, only 26 SLCs are
currently targeted by drugs, or drugs in development, even
though several SLCs have been associated with disease states.””
To overcome this shortfall, there is strong demand for novel
methods for experimentally matching chemical compounds to
SLCs in an easy manner.
The thermal shift assay (TSA) is a method for detecting
target engagement by monitoring thermostability of purified
proteins.”” This method is based on the finding that ligand—
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target interactions change the thermodynamic parameters of
the target, affecting its stability vis-a-vis a temperature increase.
The recently developed cellular thermal shift assay (CETSA)
showed that target engagement can likewise be assessed in
whole cell lysates or intact cells based on altered protein
thermostability.”” A CETSA thus allows the investigation of
target engagement under physiological conditions.'’~"* Stabi-
lization can occur directly by ligand engagement of the target,
but also by more remote changes induced indirectly through
protein interactions or downstream effectors of drug treatment.
Furthermore, a CETSA can be aimed at a specific protein using
specific antibodies, or in an unbiased way employing mass
spectrometry, known as thermal proteome profiling.'’~"
Membrane proteins, including SLCs, have been among the
species detected in thermal proteome profiles.'’~"* Moreover, a
CETSA has been shown to work for monitoring thermal
stabilization of G-protein-coupled receptors and ATP binding
cassette proteins, upon treatment with their ligands.'"*
Given that solute carrier proteins make up one of the target
classes for which deorphanization is most needed, we set out to
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Figure 1. Scheme of CETSA for SLCs. Chemical structures of investigated compounds are shown: (a) AZD396S, (b) AR-C155858, (c) L-lactate,
and (d) formate. (e) Workflow of a CETSA for SLCs in cell lysates and intact cells.

adapt a CETSA to monitor engagement of these transporters
by known ligands. To test the feasibility of the CETSA
approach for detection of SLC binding events, two physiolog-
ically important SLCs (SLC1A2 and SLC16A1) were chosen,
which are also currently studied as drug targets for neuro-
degenerative diseases and cancer, respectively. ' We used
these two proteins for a proof-of-concept study and have been
able to develop and validate an approach that should be feasible
for all members of this large class of proteins.

B RESULTS AND DISCUSSION

To test the applicability of a CETSA for identification of SLC
binders, we searched for SLCs of known biological relevance,
for which inhibitors and naturally transported cargo molecules
have already been established. One such SLC is SLC16Al, also
known as MCT1 (monocarboxylate transporter 1). SLC16A1 is
a 12-transmembrane domain cotransporter of monocarbox-
ylates and protons, which is expressed on the plasma membrane
of various cells and tissues.'” Importantly, SLC16A1 has a
primary role in lactate transport, and inhibition of SLC16A1
has been proposed to selectively target highly glycolytic cancer
cells."” AR-C155858 is a specific and potent inhibitor of
SLC16A1, with K; values in the low nanomolar range.””*" AR-
C155858, whose structure is depicted in Figure 1a and does not
relate to the structure of endogenous SLC16A1 cargoes (Figure
1c,d), binds to an intracellular site involving transmembrane
helices 7—10.”° The recently developed AZD3965 is derived
from AR-C155858 (Figure lab), displays a high affinity for
SLC16Al (K; = 1.6 nM), as well,"” and is currently undergoing
clinical trials for application in advanced solid tumors and
lymphoma.****

To test the binding between SLC16A1 and its inhibitors in
HEK293 cell lysates using a CETSA, we optimized the cell lysis
method. We used a lysis solution [100 mM ammonium sulfate,
400 mM NaCl, and 10% (v/v) glycerol] containing n-dodecyl
p-pD-maltoside [DDM, final concentration of 0.5% (w/v)],
which was the detergent previously used in a TSA for
membrane proteins to increase solubility and stability.® Figure
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le depicts the overall experimental strategy, for a CETSA in
both cell lysates and intact cells. We first focused on cell lysates,
which were incubated with the inhibitors or vehicle for 30 min
on ice and subsequently exposed to different temperatures
before immunoblotting. In Figure 2a, the results of the
immunoblot showed that the abundance of SLC16Al in the
cell lysate decreased with increasing temperatures (45—8S °C),
showing that the thermostability of endogenous SLC16Al
could be monitored by this method. Importantly, in the range
from 65 to 85 °C, the lysates treated with AZD3965 (50 nM)
or AR-C155858 (50 nM) showed abundances of SLC16Al
protein higher than the abundances of those treated with
dimethyl sulfoxide (DMSO), suggesting ligand-dependent
stabilization. In contrast, the protein levels of SLCOI1A2
(organic anion-transporting polypeptide 1A2) and tubulin,
which were chosen as controls, failed to show any differences
(Figure 2a,b). In addition, the increase in the thermostability of
SLC16A1 caused by AZD396S treatment was found to be
concentration-dependent (5—1000 nM) in the cell lysates
heated to 65 and 75 °C (Figure 2c). These results indicated
that, using the modified CETSA protocol, we could observe
engagement of SLC16A1 by both inhibitors leading to its
stabilization in whole cell Iysates.

Next, to test if a CETSA also allows detection of SLC—
inhibitor interactions in intact cells, we performed cell-based
drug treatment before analysis by temperature shift. To this
end, HEK293 cells were treated with 20 nM AZD396S5 or
vehicle in culture plates and only subsequently lysed in lysis
buffer containing 0.5% DDM. Immunoblotting of the lysates
revealed the increased thermostability of SLC16Al in cells
treated with AZD3965 as compared to those treated with
DMSO at 60, 65, and 70 °C, whereas the protein levels of
tubulin and SLCO1A2 remained unchanged (Figure 2d).
Furthermore, an isothermal drug-response fingerprinting
(ITDRF) assay was performed using AZD396S and AR-
C155858 in intact cells, which exhibited ICg, values of 49.44 +
1.65 and 47.80 + 1.26 nM, respectively (Supplementary Figure
1). To examine detergent effects, we also tested a cell-based
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Figure 2. CETSA for SLC16A1 inhibitors in HEK293 cell lysates and intact cells. The results of immunoblotting show the thermostability of
SLC16A1 and SLCO1A2 following heat treatment at the indicated temperatures in the presence (+) or absence (—) of (a) AZD3965 (50 nM) and
(b) AR-C155858 (50 nM). (c) For analysis of dose responses, levels of thermostable SLC16A1 and SLCO1A2 were analyzed in lysates heated to 65
or 75 °C, at 0, S, 10, 20, 50, 100, and 1000 nM AZD3965. (d) For a cell-based CETSA, cells were incubated with AZD3965 (20 nM). The results of
the immunoblot show the increased thermostability of SLC16A1 and SLCO1A2 following the indicated heat treatment. The expression of tubulin
was analyzed as a loading control. For quantification of thermostable proteins, the signal intensity was normalized to the respective intensity at 45
°C. In the isothermal dose—response fingerprint (c), the blot intensity was normalized to samples treated with 1000 nM AZD3965. Data are means
+ the standard deviation of biological triplicate measurements. The immunoblots are representative of three biological replicates. Legend: AR-C, AR-

C155858; L.E., long exposure; Temp., temperature.

CETSA on cells that were lysed in buffer containing NP-40
[final concentration of 0.2% (v/v)]. However, this detergent
did not allow detection of a proper “melting curve” or
thermostabilization of SLC16A1 upon AZD396S treatment
(Supplementary Figure 2), suggesting that the use of DDM as a
detergent is critical for monitoring SLC thermostabilization.
Taken together, binding of the inhibitor to SLC16A1 could
be detected by using a CETSA in both cell lysates and intact
cells. The ITDRF assay also confirmed that the IC;, values of
SLC16A1 inhibitors are still in the lower nanomolar range, thus
correlating with the K; values described in previous

15,20,21

reports. These results suggested that the method may
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be applicable also for other SLCs and perhaps also using
naturally transported metabolites.

As natural ligands are known to be transported efficiently in
intact cells and thus have only a very transient engagement with
the transporter, it may be not amenable to the CETSA
experimental setup. However, engagement of transported
metabolites by SLCs should stabilize specific conformations
of the transporter, when lysates are incubated with enough
ligand. To test this hypothesis, HEK293 cell lysates were
treated with vehicle or L-lactate, the major cargo of SLC16Al
(K = 4.5 mM in tumor cells), and subjected to the CETSA

procedure.24 As shown in Figure 3a, the presence of 10 mM L-
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lactate in HEK293 cell lysate significantly increased the stability
of SLC16A1 at S5, 60, 65, and 70 °C.
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Figure 3. CETSA for SLC16A1 and L-lactate in HEK293 cell lysates.
The results of immunoblotting show the thermostability of SLC16A1
following heating in the presence (+) or absence (—) of (a) 10 mM -
lactate or (b) 10 mM formate. Quantification of thermostable
SLC16A1 is shown at the left of the immunoblots. The signal
intensity was normalized to the intensity of the 45 °C sample. Data are
means =+ the standard deviation of biological triplicate measurements.
The immunoblots are representative of three biological replicates.
Legend: L.E., long exposure; Temp., temperature.

To rule out possible pH-dependent effects resulting from L-
lactate-induced acidification, we tested the stability of SLC16A1
upon formate treatment. Both lactate and formate are short
monocarboxylates showing similar pK, values (3.86 and 3.74,
respectively) (Figure 1c,d). In line with these pK, values, the
pH values in the cell lysates treated with r-lactate (10 mM) and
formate (10 mM) were 3.18 and 3.12, respectively, whereas the
pH in vehicle (water)-treated control samples was 6.82.
Notably, formate also engages SLC16A1, albeit with an affinity
much lower than that of L-lactate (the K, value for formate is
>100 mM).”* Indeed, formate treatment increased the stability
of SLC16ALl only slightly in the cell lysates heated to 60, 65,

and 70 °C (Figure 3b). We concluded that the stabilization of
SLC16A1 observed upon L-lactate treatment was a pH-
independent effect. Moreover, treatment of L-lactate and
formate showed strong and weak thermostabilization of
SLC16Al1 in CETSA, respectively, implying a correlation
between thermostabilization and transport affinity. Taken
together, these findings suggest that a CETSA may be useful
not only for screening for potent inhibitors but also for
validating and perhaps even identifying relationships between
SLC transporters and their naturally transported metabolites
(or xenobiotics).

The approach described so far depends on the availability of
high-affinity antibody reagents to detect endogenous trans-
porter proteins, displaying different levels of natural expression.
Notoriously, however, there are not many good antibodies
directed against members of this large class of transporters.” We
therefore used a tagged form of SLC1A2 (also known as
EAAT? or glutamate transporter 1) to overcome the limitations
resulting from antibody dependence and differential endoge-
nous expression levels. SLCIA2 is a Na*-dependent glutamate
transporter, which is expressed in the plasma membrane of
astrocytes and glia, where it is responsible for glutamate
influx.'” WAY-213613, the structure of which is depicted in
Figure 4a, was found to be a potent and selective inhibitor of
human SLC1A2 (ICy, = 85 + 5 nM).”*

To validate the WAY-213613—SLC1A2 interaction with a
CETSA, we transiently expressed C-terminally FLAG-tagged
SLC1A2 (SLC1A2-FLAG) in HEK293 cells. The three
identified bands via immunoblotting (around 70, 90, and
>180 kDa) could possibly result from both glycosylation and
oligomerization of SLC1A2 (Supplementary Figure 3a).*®*’
Because the fragments at 90 and >180 kDa disappeared in the
cell lysates treated with peptide-N-glycosidase F, we inferred
that these two upper bands corresponded to glycosylated
monomers and possibly trimers of SLC1A2, respectively
(Supplementary Figure 3b). Imnmunocytochemistry additionally
confirmed that transfected SLC1A2-FLAG was localized at the
plasma membrane (Supplementary Figure 3c). We then
examined the effect of WAY-213613 treatment on the stability
of SLC1A2-FLAG using a CETSA. As depicted in Figure 4b, a
lysate-based temperature shift showed that SLC1A2-FLAG was
destabilized in a temperature-dependent manner. Addition of
100 uM WAY-213613 increased the thermostability of
SLC1A2-FLAG in the cell lysates heated to 60, 65, and 70
°C, thus confirming binding of WAY-213613 to SLCI1A2.
Taken together, these results suggest that the modified CETSA
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Figure 4. Lysate-based CETSA for SLC1A2 transiently expressed in HEK293 cells. (a) Chemical structure of WAY-213613. (b) The results of
immunoblotting show the thermostability of FLAG-SLC1A2 following heating in the presence (+) or absence (—) of WAY-213613 (100 #M). For
melting curve analysis, the signal intensity of the thermostable protein was normalized to the intensity of the 45 °C sample. Data are means =+ the
standard deviation of biological triplicate measurements. The immunoblots are representative results of three biological replicates. Tubulin was

analyzed as a control. Legend: L.E., long exposure; WAY, WAY-213613.
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method described here is also applicable in the context of
exogenously expressed tagged SLCs, which significantly extends
its value for transporter research.

Tedious transport assays using cells and vesicles have so far
been the main methods for studying engagement of SLC
transporters by their ligands, drugs, or metabolites. However,
the practicality of such approaches is seriously limited by the
availability of radiolabeled or fluorescent compounds or by the
laborious employment of mass spectrometry-based methods to
detect ligands. On the other hand, as a biophysical approach, a
cell-free TSA using purified proteins has been developed to
assess en§agement of the target to both soluble and membrane
proteins.”” While a TSA in principle would provide for a
straightforward binding assessment, it is limited by the difficulty
of purifying sufficient amounts of SLC protein as well as by the
inevitable loss of the physiological environment provided by
modification, interacting protein partners, and the context of
natural membranes. Compared to these approaches, a CETSA
allows one to probe for engagement by ligands in the natural
environment of the target protein. Moreover, it is exceedingly
simple, inexpensive, and amenable to high-throughput config-
urations. The evidence provided in our study should motivate
the community of scientists working at the deorphanization of
the hundreds of still poorly characterized transporters to adopt
it and further develop it. However, it should be considered that
a cell-based CETSA is likely to be applicable with only relatively
high-aflinity ligands. The dilution of drug concentration upon
cell lysis limits the sensitivity for the effects of low-affinity
ligands, for which the lysate-based CETSA is rather the method
of choice. Another clear limitation of this approach lies in the
fact that stabilization per se does not necessarily reflect
transport or binding as it may be an indirect consequence of
a biological process caused by ligand addition. However, the
rather short chemical treatments would most of the time argue
against effects mediated by differential transcription, translation,
or relocalization. Indirect effects by a chain of differential
protein binding in a protein “mikado” situation are to be
considered more likely. However, stabilization by direct
engagement of the ligand is probably the most common
cause in the majority of cases. The use of several structurally
related compounds may allow assessment of structure—activity
relationships that should be helpful to distinguish direct from
indirect engagement.

In this study, we investigated the properties of thermo-
stability as read-out for target engagement. However, differ-
ential sensitivity to proteases may also be used to assess
changes in the thermodynamic and conformational status of
proteins upon ligand engagement. Indeed, limited proteolysis
has recently been successfully used to assess engagement of
metabolites at a large-scale, unbiased level.”® We have started to
use limited proteolysis to monitor ligand engagement of SLCs
in preliminary studies and found it to be applicable both alone
and in combination with a CETSA, however requiring further
optimization (unpublished data).

One of the attractive features of the approach described here
is that it allows assessment of SLC engagement even in the
absence of high-affinity antibodies recognizing the endogenous
protein. Through the systematic exogenous or endogenous
tagging of SLC proteins, multiplexing or multiwell approaches
become feasible, enabling parallel testing of specificity across
the entire SLC superfamily. Potentially, fusion of SLCs to
fluorescent proteins may lead to further simplification and
automation of the approach. Finally, we predict that this
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method will also find use in those drug discovery campaigns in
which evidence of SLC—target engagement in intact cells is
strategically important.

B METHODS

Chemicals. AZD3965, WAY-213613, and AR-C155858 were
obtained from MedChem Express, Sigma, and Tocris, respectively.
These chemicals were dissolved in DMSO. Sodium L-lactate and
sodium formate were purchased from Sigma and dissolved in distilled
water. The chemical structures of the mentioned compounds are
shown in Figures 1a—d and 4a. Tris-buffered saline with Tween (TBS-
T) buffer [150 mM NaCl, 0.05% (v/v) Tween 20, SO mM Tris-HCI
buffer (pH 7.6)] was prepared by diluting 10X TBS-T buffer in doubly
distilled H,O. The blocking buffer was 5% bovine serum albumin
(Sigma) diluted in TBS-T. DDM and complete (EDTA-free) protease
inhibitor cocktail were obtained from Cayman and Roche, respectively.

Cell Culture. All cells were maintained in a humidified atmosphere
at 37 °C with 5% CO,. HEK293 cells were obtained from ATCC and
grown in Dulbecco’s modified Eagle’s medium, supplemented with
10% (v/v) fetal bovine serum, 100 units mL™" penicillin, and 100 units
mL™!' streptomycin. The medium and supplements for cell culture
were purchased from Thermo Fisher Scientific.

Cellular Thermal Shift Assay. For a CETSA in HEK293 cell
lysates, 1.0 X 10° cells were cultured in 10 cm dishes for 24 h. The cells
were washed with PBS and harvested in 3 mL of a lysis solution [100
mM ammonium sulfate, 400 mM NaCl, 10% glycerol, 0.5% DDM, and
0.1% proteinase inhibitor cocktail (Roche)]. After incubation on ice
for 20 min, the lysates were centrifuged at 14000g for 20 min at 4 °C,
supernatants were transferred to new tubes, and the protein
concentration was measured using the Pierce BCA protein assay Kkit.
For a CETSA, the cell lysates (0.8 mg mL™", 30 uL) were incubated
with the respective drugs or substrates at different concentrations for
30 min on ice.

For a CETSA in living HEK293 cells, cells were seeded in 12-well
cell culture plates (3.0 X 10° cells/well) and exposed to compounds at
the indicated concentrations for 30 min in the incubator. Control cells
were incubated with an equal volume of a vehicle. Following
incubation, the cells were washed with PBS to remove excess drug
and directly lysed in 500 uL of a lysis solution in the culture plate.
After the cell lysates were centrifuged at 14000g for 20 min at 4 °C,
supernatants were transferred to 1.5 mL Eppendorf tubes.

After preparation of lysates, 30 uL aliquots of the supernatants were
heated individually on a Thermomixer compact (Eppendorf) at
different temperatures for 6 min and then cooled at room temperature
for 3 min. Following centrifugation at 14000g for 40 min at 4 °C,
supernatants were transferred to new tubes and stored at —80 °C until
immunoblotting was performed.

Immunoblotting. CETSA samples were separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis, and immunoblot-
ting was performed as described previously” using a rabbit polyclonal
anti-MCT1 antibody (Sigma, HPA003324, 1:1000 dilution), a rabbit
polyclonal anti-SLCO1A2 antibody (Sigma, SAB4502814, 1:1000
dilution), a mouse monoclonal anti-FLAG M2 antibody (Sigma,
F1804, 1:1000 dilution), and a mouse monoclonal anti-a-tubulin
antibody (Abcam, ab7291, 1:5000 dilution).

Data Analysis. The band intensity of immunoblot films was
quantified using Image] (version 1.51t).** For analysis of melting shift
and isothermal dose—response fingerprint, quantified protein levels
were analyzed in GraphPad Prism 7 (version 7.02, GraphPad
Software) using the Boltzmann sigmoid equation and the four-
parameter logistic curve.”

Information about the vectors, transient expression system, PNGase
treatment, and immunocytochemistry is described in the Supple-
mentary methods.
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