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Abstract

Drug Affinity Responsive Target Stability (DARTS) is a relatively quick and straightforward
approach to identify potential protein targets for small molecules. It relies on the protection against
proteolysis conferred on the target protein by interaction with a small molecule. The greatest
advantage of this method is being able to use the native small molecule without having to
immobilize or modify it (e.g. by incorporation of biotin, fluorescent, radioisotope, or photo-
affinity labels). Here we describe in detail the protocol for performing unbiased DARTS with
complex protein lysate to identify potential binding targets of small molecules and for using
DARTS-Western blotting to test, screen, or validate potential small molecule targets. Although the
ideas have mainly been developed from studying molecules in areas of biology that are currently
of interest to us and our collaborators, the general principles should be applicable to the analysis of
all molecules in nature.
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24The DARTS experiments in Figure 2 were done with both Jurkat and HEK293 cell lysates. Depending on the small molecule under
study, the exact cells used for DARTS may be unimportant, as many target proteins are expressed ubiquitously (22-24). For example,
DARTS with a generally cytotoxic drug that has effects in many diverse cell types could be performed with any cell line sensitive to
its effects. However, if the small molecule exhibits bioactivity in a specific cell type or under specifically induced conditions (e.g.
upon starvation or radiation), we recommend using those cells because the target protein may not be expressed or active in other cell
types.
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1. Introduction

Small molecule target identification is a critical aspect of chemical genetics, metabolomics,
and drug discovery (1-4). A variety of methods have been developed for small molecule
target identification, with affinity chromatography being the most commonly used approach
(5-7). However, affinity chromatography and related approaches are limited by the need to
derivatize each small molecule, and many compounds cannot be modified without loss of
binding specificity or affinity. On the other hand, genetic/genomic methods are limited to
particular classes of compounds (e.g. those that affect fitness, transcription, localization,
etc.) and, because they rely on downstream readouts, do not necessarily pinpoint the direct
targets (5, 8). These limitations have spurred the continual development of new and
improved methods. Drug Affinity Responsive Target Stability (DARTS) is a paradigm-
changing method developed to overcome these limitations. DARTS leverages the
thermodynamic stabilization of the target protein that occurs upon small molecule binding
by detecting the binding-induced increase in resistance to proteolysis (9). This is highly
advantageous because it uses the native, unmodified small molecules and relies solely on the
binding interaction but not downstream readouts to discover target proteins.

DARTS is a relatively simple technique that can easily be adopted by most labs. Unlike
affinity chromatography, DARTS is not limited by the chemistry of the small molecule of
interest and does not require derivatization or immobilization of the compound. Rather,
DARTS is performed by simply treating aliquots of cell lysate with the compound of interest
and either vehicle control or an inactive analog, followed by limited digestion of the proteins
in the cell lysate with proteases. Subsequently, the samples are separated by SDS-PAGE and
stained to identify protein bands that are protected from proteolysis by the small molecule.
Mass spectrometry (MS) is then used to identify the proteins present in each band. This
unbiased DARTS approach has been successfully utilized to identify novel protein targets
for natural products and other bioactive small molecules; see (10) for a recent example
identifying a novel protein target for disulfiram, an FDA-approved drug used to treat chronic
alcoholism. Although this gel-based approach is the easiest to implement, more efficient gel-
free proteomics approaches are also being used with DARTS to facilitate identification of
the protected proteins (5, 11).

While DARTS has been successfully performed in an unbiased fashion as a discovery tool
to identify unknown targets of natural products and drugs (see (9, 10, 12, 13) for some
examples), it is also powerful as a means to screen or validate binding of compounds to
proteins of interest. This targeted approach has been widely used, with recombinant and/or
purified proteins using gel staining, endogenous proteins in lysates using western blotting,
and epitope-tagged proteins expressed in cells or in vitro and detected with epitope-specific
antibodies (9, 10, 14-19). Moreover, the targeted approach could be used for high-
throughput screening for compounds that bind a specific protein. Here we describe examples
using DARTS to assay additional small molecule-protein interactions, including two model
drug-protein pairs, methotrexate-DHFR and olaparib-PARP (20), as well as omigapil
(CGP3466B)-GAPDH, which has been suggested to be protective against motor neuron
apoptosis (21).
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2.1 DARTS Materials

1
2.

Phosphate-buffered saline (PBS).

Protease inhibitor cocktail (20X): Dilute one tablet of protease inhibitor cocktail
(Roche) with 525 pL of ultrapure water to make 20X concentration. Mix to fully
dissolve tablet, and store at —20 °C. (Protease inhibitor cocktails from other
vendors may also work, but the concentrations for each inhibitor vary. Cocktail can
also be home assembled to customize specific concentrations if necessary.)

Lysis buffer: For 1 mL of mammalian protein extraction lysis buffer, mix 50 yL
20X protease inhibitor cocktail (Roche), 50 uL 1 M sodium fluoride, 100 uL 100
mM B-glycerophosphate, 100 pL 50 mM sodium pyrophosphate, and 10 uL 200
mM sodium orthovanadate with 690 uL M-PER reagent (M-PER, Thermo
Scientific) (see Note 1). Once lysis buffer is made, keep on ice. Make fresh lysis
buffer for every DARTS experiment.

TNC buffer (10X): For 1 mL of 10X TNC buffer, mix 500 uL 1 M Tris-HCI pH
8.0, 100 puL 5 M sodium chloride, and 100 uL 1 M calcium chloride with 300 pL
ultrapure water (see Note 2). Once 10X TNC buffer is made, keep on ice. Store

aliquots at —20 °C.

BCA protein concentration assay reagents (other protein concentration assays such
as Bradford can be used instead). Bovine Serum Albumin can be used for the
standard.

Small molecule: Dilute in appropriate solvent and store accordingly in glass vials
(see Note 3).

Pronase (Roche): Prepare a 10 mg/mL stock solution in ultrapure water, aliquot,
and store at —20 °C.

Thermolysin (Sigma): Prepare a 10 mg/mL stock solution in 1X TNC buffer,
aliquot, and store at =20 °C. (Proteases from other suppliers should also work, but
they may require different amounts than we describe herein.)

SDS-PAGE loading buffer (5X): For 50 mL of SDS-PAGE loading buffer, mix
12.5 mL 1 M Tris-HCI (pH 6.8), 25 mL 100% glycerol, 5 g sodium dodecyl sulfate,
0.25 g bromophenol blue, and 2.5 mL 14.3 M B-mercaptoethanol with 10 mL
ultrapure water. Aliquot and store at =20 °C.

2.2 SDS-PAGE, Visualization, and Mass Spectrometry Materials

1.

SDS-PAGE gel (see Note 4).

Iprotease inhibitor cocktails from other vendors may also work, but the concentrations for each inhibitor vary. The cocktail can also
be home assembled to customize specific concentrations if necessary.
20ther lysis buffers with various detergents (e.g. Triton X-100 or NP-40) can be used with DARTS as long as they are non-

denaturing.

If the lysis buffer used includes any type of buffering agent (e.g. Tris or HEPES) and sodium chloride or another salt (such as
potassium chloride), 10X TNC buffer is not necessary.
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2. Silver staining kit (must be MS compatible, such as from Sigma Aldrich),
SimplyBlue stain (Invitrogen), or SYPRO Ruby stain (Invitrogen) for visualization.

3. Mass spectrometry materials (see Note 5).
4. Western blotting materials.

5. Antibody for potential small molecule target and control protein.

3. Methods
3.1 DARTS with Complex Protein Lysate

1. Grow cells to approximately 80-85% confluence (see Note 6).

2. Aspirate media from plates. Wash the cells with ice-cold phosphate buffered saline
(see Note 7).

Lyse cells with appropriate amount of lysis buffer (see Note 8).
Scrape cells off with cell scraper and collect.
Allow lysis of cells to occur on ice for 10 min (see Note 9).

Centrifuge for 10 min at 18,000 X g at 4 °C to pellet cellular debris and DNA.

N o 0 &~ »

Remove supernatant (cell lysate) and transfer to a new 1.5 mL tube. Keep on ice. 8.
Add appropriate volume of 10X TNC buffer to make a final concentration of 1X
TNC buffer in the lysate (see Note 10).

8. Perform BCA protein concentration assay to determine protein concentration of
cell lysate (see Note 11).

9. Create 100X stock solutions of small molecule via serial dilutions (see Note 12).

10. Split cell lysate into identical aliquots of 99 pL (see Note 13).

4small molecules should be stored in glass vials to avoid loss due to potential absorption by plastic tubes. This may result in a
drastically lower concentration of certain compounds than intended.

SWhen performing unbiased DARTS, a 4-12% Bis-Tris gradient gel can first be used to separate the protein samples. Once potential
protein targets are identified, depending on the molecular weight of those targets, a gel that best separates either small or large
molecular weight proteins can be used if necessary.

For new users, it is highly advised to collaborate with researchers who have expertise in mass spectrometry and MS-based

roteomics.

The number of cells needed for each DARTS experiment will vary based on how much protein can be extracted from various cell
lines. In general, the protein concentration of the lysate used is between 2.5-5 pug/uL. In one DARTS experiment with DB where we
tested Jurkat lysates at 1 ug/uL and at 5 pug/uL, the protection was more apparent in the 5 pg/uL DB-treated lysate. However, plenty of
experiments by others have used lower concentrations, around 2-4 pg/uL, that work just as well for other compounds. We have not
tested using substantially higher protein concentrations.
8Make sure to remove all media, especially those that contain fetal bovine serum (FBS) as proteins in FBS may interfere with the
8r0tein concentration assay and downstream protease concentration calculations.

Use less lysis buffer for a more concentrated protein lysate. One 10 cm plate of HEK293 cells at 85-90% confluency lysed with 600
EL of lysis buffer typically results in a protein lysate of ~2.5 pg/uL.

OBe sure not to vortex the protein lysate as this may disrupt the native conformation of some proteins and alter or abolish their
Iigand—binding activity.

Tinour experience, when the 10X TNC buffer is added to M-PER lysis buffer, the lysate will become slightly cloudy. Again, if an
alternate lysis buffer that includes a buffer and salt is used, 10X TNC buffer is not needed (see Note 2).

Any sufficiently sensitive protein concentration assay (e.g. Bradford) can be used to determine the protein concentration of the
lysate.
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11. Add 1 pL of vehicle control (solvent that the small molecule is dissolved in) and
various 100X small molecule stock solutions to each aliquot of lysate. Incubate cell
lysate with small molecule for 15-30 min at room temperature with shaking with a
thermomixer (see Note 14 for information about the concentration, volume,
solvent, etc. for the small molecule). Alternatively, samples can be rotated on a
rotator.

12. Make protease dilutions in 1X TNC buffer (see Note 15 for protease choice and
solution preparation). Be sure to use a fresh aliquot of protease in every
experiment.

13. After incubation with the small molecule is complete, split each sample into 20 uL
samples (see Note 16).

14. Add 2 pL of the range of protease solutions (see Note 15 for protease choice)
prepared in Section 3.1 Step 13 to achieve the appropriate final ratio of total
enzyme to total substrate in each sample. Add the protease solutions at specific
intervals (e.g. every 30 seconds) to ensure that each sample is digested for the same
amount of time. Be sure to include a sample that is not digested. For the non-
digested sample, add 2 pL of 1X TNC buffer instead of protease.

15. Incubate at room temperature with protease of choice for appropriate time (see
Note 17).

16. Stop each digestion reaction by adding 2 pL of 20X protease inhibitor cocktail (at
the same specific intervals as used above) and incubate on ice for 10 min.

17. Add 6 pL of 5X SDS-PAGE loading buffer to the samples to achieve a final 1X
SDS-PAGE loading buffer concentration.

18. Heat at 70 °C for 10 min.

131f the small molecule is stored at 4 °C or —20 °C, make sure to allow the vials to warm up to room temperature before opening to
avoid condensation and ensure that the weighing of the compound is accurate. Weigh enough of the small molecule to make a
beginning stock concentration of 200 mM (or lower depending on maximum solubility). From there, make serial dilutions from the
beginning stock to create 100X stock solutions. When performing unbiased DARTS, one may begin with a higher concentration of the
small molecule (5-10X the ICgq value) to ensure optimal binding, although this could also potentially increase the number of non-
specific binders identified. Additionally, one may begin testing concentrations near the 1C5q of the compound to minimize
identification of off-targets, and only subsequently testing higher doses if necessary.

The number of aliquots of protein lysate needed depends on the number of small molecule concentrations that are going to be
tested. When performing unbiased DARTS, begin with one or two concentrations of the small molecule (refer to Note 12 for choosing
concentrations). Once a candidate target protein is determined, additional concentrations of the small molecule can be used to
determine relative binding affinity. Remember to include a sample for vehicle control or inactive analog control.

The time required for small molecule-lysate incubation can vary. While most binding equilibria are reached in seconds, we
%enerally incubate for at least 15 to 30 min to ensure optimal binding.

6For DARTS, we recommend the proteases thermolysin and Pronase because they have been used successfully by us and others for
numerous different compounds. See (5, 9, 11) for more information on choosing a protease to use. While other proteases may work
equally well, we have not substantially explored alternatives as it has not been necessary. To begin, test a range of protease
concentrations (e.g. from 1:100 to 1:1000 Pronase:protein ratio) to ensure the potential small molecule target is neither completely
digested or not digested enough. Protease concentrations can be adjusted if the proteome is over- or under-digested. To calculate
protease concentrations (example): 2.5 pg/uL protein concentration X 20 pL sample = 50 pug protein For a protease concentration of
1:100 protease:protein — 50 ug + 100 + 2uL = 0.25 pg/uL protease concentration needed 2.5 pL 10 pg/uL stock protease in 97.5 L 1X
TNC buffer
173ust prior to this, if the salt from the TNC buffer has settled to the bottom of the tube, mix by tapping the tube to ensure the solution
is homogenous.
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19. Spin samples down briefly with a microfuge and proceed to analysis via SDS-

PAGE in Section 3.2. At this point, samples may be stored at —20 °C for at least
several weeks if SDS-PAGE will not be performed immediately.

3.2 Identification and Validation of Potential Small Molecule Targets

1

If samples were frozen, thaw the samples prepared in section 3.1 to room
temperature.

For each sample, load 10-20 pg protein into each lane of a 10-well or 12-well
minigel (1.0 mm thickness).

Perform electrophoresis at room temperature using a constant voltage of 100V until
the dye front has reached the bottom of the gel (typically 1.5 - 2 hours).

Carefully remove the gel from the plastic or glass plates using clean gloves and
transfer it into a clean staining tray containing distilled water.

Wash the gel for 5 minutes 3 times with distilled water by shaking on a flat rotator.

Stain the gel to visualize protein samples using a mass spectrometry-compatible
silver staining kit, SimplyBlue stain, or SYPRO Ruby stain (see Note 18). Follow
the manufacturer's instructions for staining.

Look for bands that appear to be protected by incubation with the small molecule
over vehicle control (see Note 19 and 20). For example, in Figure 1, incubation
with the small molecule confers protection against proteolysis:

Excise gel bands corresponding to the protected proteins with a small, clean scalpel
or razor blade and analyze via mass spectrometry using standard protein
identification approaches. It is important to include the corresponding region from
the vehicle control lane in the analysis because multiple proteins may be identified
in the gel band. Quantitative mass spectrometry analysis (e.g. using spectral
counting or extracted ion chromatography) is an appropriate approach to determine
which protein is enriched in the drug-treated versus control sample. Once the
protein(s) present in the protected band is identified, however, whether or not each
is protected can be verified by immunoblotting.

Once potential small molecule targets are identified via mass spectrometry, the
binding of the small molecule to candidate targets can be immediately validated by
Western blotting of samples from the unbiased DARTS experiment as well as an
independent DARTS experiment using antibodies specific to the candidate target

18General|y, begin with 20 min digestion times. This can be eventually tailored, if necessary, once potential small molecule targets
are identified. In fact, we have found that some small molecules may provide better protection with shorter digestion times (e.g. 5-10

min).

19Many staining methods are available for gels. Silver, SimplyBlue, or SYPRO Ruby stainings have all been used successfully with
DARTS and LC-MS/MS analysis, although other methods may also work. When performing staining, be sure that gloves and
containers used are clean to prevent contamination by keratin and other environmental proteins in downstream mass spectrometry

analysis.

If after visualization the entire lane of sample treated with the small molecule seems to be darker than the entire lane of sample
treated with vehicle control, either loading is inconsistent between lanes or the small molecule has an effect on the protease used. If
the latter is the case, another protease can be used.
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proteins (see Note 21). If no antibodies are available, then candidate proteins can
be produced by in vitro translation or by expression of epitope-tagged proteins in
transfected cells (see (9, 10, 14) for examples). This DARTS-Western analysis is
also extremely useful for validating any potential target proteins identified using

other methods, such as omics profiling (14), pathway screening, in silico docking
(19), or other computational predictions.

10. After DARTS, perform SDS-PAGE, transfer the proteins to a membrane suitable
for immunoblotting, and blot the membrane with an antibody against the putative
protein target as well as at least one control protein (see Note 22). For example, in
Figure 2, we used three familiar small molecule-protein target pairs to illustrate the
use of DARTS for candidate target validation:
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Figure 1.
Example of SimplyBlue staining visualization of unbiased DARTS with the small molecule

didemnin B (DB). Red dots flank the protected band; T, thermolysin. Reprinted from (9).
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Figure 2.
(A) DARTS with methotrexate (Mtx) shows interaction with its known target dihydrofolate

reductase (DHFR) but not eukaryotic elongation factor 1 alpha (eEF1A), which serves as a
control protein. Jurkat lysates were incubated with varying concentrations of methotrexate
or vehicle (in equal volume, with final 1% DMSO), followed by digestion with 1:900
Pronase:protein ratios for 15 min. The dissociation constant for purified recombinant DHFR
is ~10 nM. Its I1Csq for cell lines varies greatly, and some cells have nM 1Csq values
corresponding to its binding affinity. We found that with ~30 nM of Mtx, there is the same
level of protection of DHFR against proteolysis as with ~100 uM of Mtx. (B) DARTS with
olaparib (O) (IC59 ~1 nM) confirms its interaction with its known target poly(ADP-ribose)
polymerase (PARP), but not DHFR, which is instead the target of Mtx. Performed as in A
using varying concentrations of olaparib or vehicle (in equal volume, with final 1% DMSO).
(C) DARTS with CGP 3466B confirms its interaction with GAPDH while eEF1A serves as
a control protein. HEK293 cell lysates were incubated with 100 uM CGP 3466B or 1%
DMSO, followed by digestion with 1:1600, 1:800, 1:400, and 1:200 Pronase:protein ratios
for 15 min (see Note 23). Although CGP was reported to show strong neuroprotective
effects at 1 nM (21), it is not clear that this is mediated by GAPDH.

23Probing for a control protein is required to show that binding is specific and that the small molecule does not have an inhibitory
effect on the protease used. GAPDH, actin, and tubulin are often used as control proteins, although any protein with a similar
sensitivity to proteolysis may be used. In addition, to further show that the interaction between the potential protein target and the
small molecule is specific, other unrelated small molecules or inactive analogs can be used alongside the small molecule of interest
when performing DARTS. If the small molecule interaction with the protein target is truly specific to the pair, then most other small
molecules should not result in protection of the protein target from proteolysis.
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