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ABSTRACT: Selective degradation of proteins by proteolysis
targeting chimeras (PROTACs) offers a promising potential
alternative to protein inhibition for therapeutic intervention.
Current PROTAC molecules incorporate a ligand for the target
protein, a linker, and an E3 ubiquitin ligase recruiting group, which
bring together target protein and ubiquitinating machinery. Such
hetero-bifunctional molecules require significant linker optimiza-
tion and possess high molecular weight, which can limit cellular
permeation, solubility, and other drug-like properties. We show

here that the hetero-bifunctional molecule can be

formed
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intracellularly by bio-orthogonal click combination of two smaller precursors. We designed a tetrazine tagged thalidomide
derivative which reacts rapidly with a trans-cyclo-octene tagged ligand of the target protein in cells to form a cereblon E3 ligase
recruiting PROTAC molecule. The in-cell click-formed proteolysis targeting chimeras (CLIPTACs) were successfully used to
degrade two key oncology targets, BRD4 and ERK1/2. ERK1/2 degradation was achieved using a CLIPTAC based on a covalent
inhibitor. We expect this approach to be readily extendable to other inhibitor-protein systems because the tagged E3 ligase
recruiter is capable of undergoing the click reaction with a suitably tagged ligand of any protein of interest to elicit its degradation.

B INTRODUCTION

Proteolysis targeting chimeras (PROTACsS) are hetero-bifunc-
tional molecules which incorporate a ligand for an intracellular
target protein and an E3 ubiquitin ligase recruiting group,
joined by a linker of a length appropriate to bring together
target protein and ubiquitinating machinery and thereby elicit
the ubiquitination of the protein of interest and its subsequent
degradation in the proteasome. The methodology may provide
a powerful alternative approach to classical protein inhibition
for therapeutic intervention for several reasons. Small molecule
inhibitors need to achieve sustained target occupancy, typically
requiring high systemic concentrations, while PROTAC: offer a
long lasting effect by suppressing the target until resynthesis,'
which can take hours or days. While a classical inhibitor
typically only blocks one function of a protein, the degradation
of the protein perturbs all functions including allosteric
regulatory sites and scaffolding/protein—protein interaction
sites, which may lead to a more pronounced phenotype. In
addition, since the PROTAC should be able to function when
binding to any part of the target protein, the approach may
provide additional opportunities to address less druggable
proteins by allowing allosteric or even nonfunctional binding
sites to be targeted.”’

The first PROTACs used natural peptide substrate sequences
as ligands to recruit the Skp1-Cullin-F box complex or the von-
Hippel-Lindau (VHL) E3 ubiquitin ligases,* ® with obvious
limitations in the cell permeability of the resulting bifunctional
molecules. Nonpeptidic VHL ligands were subsequently
identified with improved physicochemical properties,7 offering
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the possibility to design more drug-like PROTACs. In addition,
the phthalimide immunomodulatory drug (IMiD) thalidomide
was recently characterized as a ligand of the E3 ubiquitin ligase
cereblon (CRBN).® These discoveries have enabled several
groups to develop PROTACs targeting the efficient degrada-
tion of several biologically important proteins including
BRD4,”~'' BCR-ABL,'* ERRq, and RIPK2."? Of the reported
PROTAC: eliciting the degradation of BRD4, two (dBET1’
and ARV-825'%) incorporate the BRD4 ligand JQI1 and the
ligase recruiter thalidomide. These PROTACs differ only in the
nature and length of their linker, which affects the efficiency of
BRD4 degradation. The third, MZ1,"" also incorporates JQI as
the BRD4 ligand, but linked to VHL-1 as the ligase recruiter.

Although protein degradation is an attractive concept in drug
discovery, the properties of current PROTACs are likely to
limit their potential as therapeutics. The need to incorporate
both a target protein ligand and an E3 ligase recruiting element
leads to hetero-bifunctional molecules possessing high
molecular weight and polar surface area, typically in the range
800—1000 Da and ~200 A2 respectively (see Table 1)." This
combination of properties can limit cellular permeation and
solubility, and compromise bioavailability and pharmacoki-
netics, especially distribution to the CNS.'* In addition,
bespoke fine-tuning of the linker is required for each target
protein—E3 ligase pairing: an overly short linker may sterically
prevent the target protein and E3 ligase from simultaneously
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Table 1. Properties of PROTACs Targeting BRD4 for Degradation Compared with CLIPTAC Components

dBET1 ARV-825 MZ1 Tz-thalidomide JQI1-TCO Probe 1
MW 785 924 1003 572 609 586
ClogP 2.5 48 49 12 59 6.5
PSA (A%) 194 205 211 173 111 130
ICs, (uM) BRD4-1 0.020 0.090 0.38 463 0.016
BRD4-2 0.028 0.12 62.3 0.063
Cycloaddition
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Figure 1. Representative scheme explaining the mode of action of click-formed PROTACs (CLIPTAC:). Cells are treated sequentially with the two
CLIPTAC precursors: the TCO-tagged ligand of the protein of interest (in this example, BRD4), followed by a tetrazine-tagged E3 ligase recruiting
ligand, in this case thalidomide (which recruits CRBN). Click reaction inside cells forms the heterobifunctional CLIPTAC molecule which brings the
E3 ligase in close proximity to the protein of interest for ubiquitination and subsequent proteasomal degradation.

binding to the PROTAC, while an overly long linker may fail to
bring ligase and target protein into sufficient proximity to elicit
ubiquitination.”"?

As an alternative to treating cells with a high molecular
weight PROTAC, we have evaluated the use of click chemistry
to generate the hetero-bifunctional PROTAC intracellularly
from two smaller precursors that are expected to be more
permeable (Figure 1 and Table 1). Among the reported bio-
orthogonal reactions, we elected to evaluate the inverse
electron demand Diels—Alder (IEDDA) cycloaddition between
tetrazine and trans-cyclo-octene (TCO).'® This reaction has
been shown to be fast and high yielding,'” does not require the
presence of a catalyst,'® and has found numerous biological
applications, especially in the optical imaging field."”~** We
designed and synthesized a tetrazine tagged thalidomide
derivative (Tz-thalidomide 1, Figure 1) that can self-assemble
with a TCO-tagged inhibitor of the protein of interest: the
resulting click-formed proteolysis targeting chimera (CLIP-
TAC) recruits the E3 ligase CRBN to the protein of interest
resulting in its ubiquitination and then degradation. This
approach was used for the degradation of BRD4 using JQI-
TCO (2), allowing comparison of the methodology with
previously described JQ1-PROTACs.”~"" A series of control
experiments were performed to validate the CLIPTAC
approach including disruption of binding to CRBN using
methylated Tz-thalidomide (4, Supplementary Figure 1);
disruption of the self-assembly of the CLIPTAC components
by using untagged equivalents; and the use of the inactive
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enantiomer of JQI1-TCO as a negative control. The method
was further extended to elicit degradation of ERK1/2 by
treating cells with the TCO-tagged covalent ERK1/2 inhibitor
Probe 1 (5, Figure 3a)*’ and Tz-thalidomide to form the
corresponding ERK-CLIPTAC. Together these results validate
the CLIPTAC approach and suggest that a Tz-tagged E3 ligase
recruiting ligand such as Tz-thalidomide could provide a
convenient way to exploit a wide range of TCO-tagged ligands
to elicit the degradation of their target proteins.

B RESULTS

Design and Synthesis of the CLIPTAC Precursors.
Design of the two click partners suitable for formation of
CLIPTAC hetero-bifunctional molecules required careful
consideration of the positions and lengths of the linking and
tagging groups. Comparison of the published data on the BRD4
degrading PROTACs dBET1” and ARV-825" suggests that the
linker length between the target protein ligand and the E3
ligase recruiting thalidomide plays a major role in determining
the efliciency of protein degradation: dBET1, which shows a
50% degradation concentration (DCg) of ~430 nM, contains
eight bonds separating the linking atoms from JQIl and
thalidomide, while ARV-825 contains 17 bonds in its linker and
shows exquisite potency with a DCg, of ~1 nM. Analysis of the
X-ray crystal structure of thalidomide in complex with CRBN**
suggested that a S-methylene chain linker appended to the
aromatic ring of thalidomide would be long enough to position
the clickable tetrazine moiety into the solvent without
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Figure 2. (a) Affinity of JQ1 (n = 1), JQ1-TCO (n = 2), JQ1-CLIPTAC (n = 2), and (—)JQ1-TCO (n = 2) for BRD4-1 bromdomain as determined
by AlphaScreen histone peptide displacement assays. (b) Selectivity of JQ1-TCO (10 uM, duplicate, thermal shift) across the bromodomain family.
(c¢) Immunoblot for BRD4 and actin showing JQ1-TCO concentration-dependent downregulation of BRD4 protein levels. HeLa cells were treated
with JQ1-TCO for 18 h followed by treatment with Tz-thalidomide (10 M) for 18 h. (d) Immunoblot for BRD4 and actin showing Tz-thalidomide
concentration-dependent downregulation of BRD4 protein levels. HeLa cells were treated with JQ1-TCO (10 uM) for 18 h followed by treatment
with Tz-thalidomide for 18 h. (e) Immunoblot for BRD4 and actin showing time-dependent downregulation of BRD4 protein levels. HeLa cells
were treated with JQ1-TCO (10 uM) for 18 h followed by treatment with Tz-thalidomide (10 M) for the indicated time. (f) Immunoblot for
BRD4 and actin showing no BRD4 degradation when the interaction between JQ1 and BRD4 is perturbed. HeLa cells were treated with (—)JQl-
TCO for 18 h followed by treatment with Tz-thalidomide for 18 h. (g) Immunoblot for BRD4 and actin showing no BRD4 degradation when the
interaction between thalidomide and CRBN is perturbed. HeLa cells were treated with JQI-TCO for 18 h followed by treatment with methyl-Tz-
thalidomide for 18 h. (h) Immunoblot for BRD4 and actin showing the effects of JQ1-TCO and Tz-thalidomide alone, the effects of preventing the
click reaction using JQI, and the effects of a 4-h pretreatment with carfilzomib (1 #M) on BRD4 protein levels. Experiments performed on HeLa
cells.

perturbing binding to CRBN (Supplementary Figure 1), so we JQ1-TCO and JQ1-CLIPTAC Interaction with BRD4. To
designed and synthesized the tetrazine tagged Tz-thalidomide 1 confirm successful click formation of the JQI-thalidomide
(Figure 1). The design of the corresponding TCO-tagged JQ1 CLIPTAC (JQI-CLIPTAC 3), we investigated the bio-
2 used the JQI carboxy group as a growth point, as this is well orthogonal reaction between Tz-thalidomide 1 and JQ1-TCO
precedented to be tolerated without perturbing BRD4 binding, 2 in solution. By mixing the two reagents in a 1:1 ratio, the
with a short 3-methylene and carbamate linker to position the reaction was shown by liquid chromatography—mass spectrom-

TCO group in solvent (Supplementary Figure 2). Click etry (LC-MS) to. be complete afFer 15 min in DMSO
combination of the TCO and tetrazine tagged ligands generates (Sup'plem'entary Figure 4). zlglext, using AlphaScr.e.en histone
a JQI-thalidomide CLIPTAC (3) in which the linking atoms peptide displacement assays,” we evaluated the ability of JQ1-
TCO 2 and JQI1-CLIPTAC 3 to bind to BRD4-1 and BRD4-2
are separated by 25 bonds. Although somewhat longer than the b 3 ins (Fi 23 and Suool tarv i 5). Th
linker in the highly potent ARV-825, computational modeling romocomans Ltigure -a and suppiemenzary Tigure o). hese

of the CLIPTAC in the absence of protein indicated that the P70 Showel fow tanamelst s 1 Foth bromado-
nonlinear shape of the clicked linker would allow the two ’ ’

e - - the fully clicked linker and thalidomide, did not significantly
protein-interacting groups to occupy a similar range of

) Al ) affect the binding affinity to BRD4, thereby supporting the use
distances as the fully flexible linker in ARV-825 (Supplementary of JQI-TCO as a CLIPTAC precursor. In the same assay,

Figure 3). As negative control CLIPTAC precursors, we also (=)JQI-TCO showed ~1000 fold weaker binding, validating
synthesized the inactive enantiomer of JQ1-TCO (—)2 and the its use as a negative control (Figure 2a). To exclude any
N-methylated Tz-thalidomide 4 (Supplementary Figure 1) possibility of interference when interpreting the results of our
which should perturb binding to CRBN by disrupting the key experiments, the binding affinity of Tz-thalidomide to BRD4
hydrogen bond with His380 and causing a steric clash with the was also assessed and shown to be negligib]e (ICSO (BRD4_1) =
protein. The syntheses are outlined in Supplementary Scheme 46.25 + 191 uM and ICy, (BRD4-2) = 62.55 + 5.73 uM,
1 and the accompanying description. Supplementary Figure 6). Finally, the selectivity profile of JQ1-
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Figure 3. (a) Chemical structures of Probe 1 (5), ERK-CLIPTAC (6), and a covalent ERK1/2 inhibitor (7). (b) Immunoblot for ERK1/2 and actin
showing Probe 1 concentration-dependent downregulation of ERK1/2 protein levels. A375 cells were treated with Probe 1 for 4 h followed by Tz-
thalidomide (1 #M) for 18 h. (c) Immunoblot for ERK1/2 and actin showing time dependent downregulation of ERK1/2 protein levels. A375 cells
were treated with Probe 1 (10 uM) for 18 h followed by Tz-thalidomide (10 £M) for the indicated time. (d) Immunoblot for ERK1/2 and actin
showing reduced ERK1/2 degradation when the interaction between thalidomide and CRBN is perturbed. A375 cells were treated with Probe 1 for
4 h followed by methyl-Tz-thalidomide (10 zM) for 18 h. (e) Immunoblot for ERK1/2 andactin showing the effects of Probe 1 and Tz-thalidomide
alone, the effects of preventing the click reaction using a covalent ERK1/2 inhibtor, and the effects of a 4-h pretreatment with carfilzomib (1 4M) on
ERK1/2 protein levels. Experiments performed on A375 cells. (f) Immunoblot for phospho-ERK1/2, phospho-RSK, and actin showing Probe 1
concentration-dependent downregulation of phospho-ERK1/2 and phospho-RSK protein levels. A375 cells were treated with Probe 1 for 8 h

followed by Tz-thalidomide (10 M) for 18 h.

TCO against the BET family was determined by thermal shift
assay. As expected, JQ1-TCO was found to bind selectively to
subfamily II demonstrating that the addition of the TCO tag
did not compromise the selectivity of the compound (Figure 2b
and Supplementary Figure 7).2¢

BRD4 Degradation by CLIPTAC. To evaluate the
CLIPTAC approach for protein degradation, we first treated
HeLa cells with JQ1-TCO for 18 h followed by Tz-thalidomide
for a further 18 h. BRD4 protein levels were assessed by SDS-
PAGE followed by Western Blot using a specific BRD4
antibody. At a fixed concentration of 10 uM Tz-thalidomide,
JQI-TCO elicited concentration-dependent degradation of
BRD4, with complete degradation at 10 and 3 yM and partial
degradation at 1 and 0.3 uM (Figure 2c). We then repeated the
experiment varying the concentration of Tz-thalidomide, while
the concentration of JQ1-TCO remained fixed (10 M). Again,
BRD4 was completely degraded at high concentrations of Tz-
thalidomide (10 and 3 uM) and partially at lower
concentrations (Figure 2d). These two experiments demon-
strate that BRD4 degradation is dependent on the concen-
tration of each CLIPTAC precursor, JQ1-TCO and Tz-
thalidomide.

Next, we performed a time-course experiment in which HeLa
cells were treated with JQ1-TCO (10 uM) for 18 h followed by
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Tz-thalidomide (10 M) for a range of 1-24 h (Figure 2e).
The immunodetection signal indicated no change to BRD4
levels up to 8 h following the addition of Tz-thalidomide. After
16 h, BRD4 was still detected, but the abundance of protein
had clearly dropped compared to untreated cells. After 24 h,
BRD4 levels were undetectable consistent with 100%
degradation. This time course experiment shows that the effect
of CLIPTACs on BRD4 levels is visible after 16 h.

To confirm that degradation of BRD4 occurs according to
the proposed mechanism, we tested whether perturbing the
interaction with either BRD4 or CRBN would ablate protein
degradation. HeLa cells were treated with the inactive
enantiomer (—)JQ1-TCO followed by Tz-thalidomide (10
uM). No BRD4 degradation was observed at any of the
concentrations of (—)JQ1-TCO tested (Figure 2f), confirming
that binding of the CLIPTAC to BRD4 is required for protein
degradation.

We then treated HeLa cells with JQI-TCO (10 uM)
followed by Tz-thalidomide-Me 4 (10 yM). The level of BRD4
remained unchanged across the experiment (Figure 2g),
indicating that interfering with the binding to CRBN blocks
BRD4 degradation. With these two experiments, we showed
that degradation of BRD4 is dependent on the CLIPTAC
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binding to both BRD4 and CRBN in order to promote spatial
proximity between the two proteins.

In additional control experiments, we showed that the level
of BRD4 was unaffected by treatment with either JQ1-TCO or
Tz-thalidomide alone (Figure 2h). We also observed no BRD4
degradation when HeLa cells were treated with untagged JQI
(10 uM) followed by Tz-thalidomide (10 4uM) (Figure 2h). In
this situation, JQ1 binds to BRD4 but is unable to “click” with
Tz-thalidomide, preventing spatial proximity between BRD4
and CRBN.

Finally, we tested the effect of the proteasome inhibitor
carfilzomib on the ability of JQI-TCO and Tz-thalidomide
treatment to elicit BRD4 degradation. In this experiment BRD4
levels were rescued, confirming that the CLIPTAC effects on
BRD4 levels proceed via proteasomal degradation (Figure 2h).

ERK1/2 Degradation by CLIPTAC. Having validated the
CLIPTAC approach for BRD4 degradation, we explored the
broader application of this new methodology by studying a
TCO-tagged inhibitor of a target from different protein family.
ERK1/2 are closely related serine/threonine kinases and are
part of the RAS/RAF/MEK/ERK signaling cascade which is
implicated in numerous cancers.”””® Although this signaling
pathway is currently the subject of intense efforts in cancer
research, exemplified bzr the number of ERK1/2 inhibitors
under development,29_3 to the best of our knowledge ERK1/2
degradation has not been explored as a potential therapeutic
strategy. Modulation of ERK1/2 levels could be a particularly
advantageous approach in comparison with pharmacological
inhibition, since it has been demonstrated that a significant
proportion of signaling by ERK1 and 2 arises from protein—
protein interactions of their phosphorylated forms, in addition
to their catalytic activity.*®

We recently published the design and synthesis of a covalent
TCO-tagged inhibitor of ERK1/2 kinases™® (Probe 1, Figure
3a), which we used in click experiments for in-gel fluorescence
affinity-based protein profiling experiments. Since Probe 1
shows sub-micromolar activity in cells (A375 Gly, = 047 +
0.16 uM), we decided to use this compound to study the
CLIPTAC-mediated degradation of ERK1/2. We first evaluated
the bio-orthogonal click reaction between Probe 1 and Tz-
thalidomide in buffer by LC-MS, which indicated complete
reaction after 1S min to form the CLIPTAC 6 (Figure 3a and
Supplementary Figure 8). Next, we evaluated the inhibition of
ERK2 by Tz-thalidomide in a bioassay, in order to rule out
potentially confounding effects in the cellular studies. As
expected, the inhibition of ERK2 by Tz-thalidomide was found
to be negligible (46 + 4% inhibition @ 30 uM, Supplementary
Figure 9).

Having established suitable pharmacology for Probe 1 and
Tz-thalidomide, we explored their potential to form a
CLIPTAC and degrade ERK1/2 in two cell lines in which
RAS/RAF/MEK/ERK cascade activation leads to upregulation
of ERK1/2 signaling. We first treated BRAFYE  mutant
melanoma A37S cells with Probe 1 for 24 h followed by Tz-
thalidomide (10 uM) for a further 18 h. ERK1 and 2 levels
were assessed by SDS-PAGE followed by Western Blot using a
total ERK1/2 antibody. The immunodetection signal revealed
that ERK1/2 abundance was dependent on Probe 1
concentration (Supplementary Figure 10). This experiment
was also performed in KRAS mutant colorectal HCT116 cells,
where complete degradation of ERK1/2 was also observed at
higher concentrations of Probe 1 (Supplementary Figure 11).
We then studied ERK1/2 degradation in time-course experi-
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ments. A375 cells were treated with Probe 1 (10 uM) for 18 h
followed by Tz-thalidomide (10 M) for a range of 1—24 h.
From the immunodetection signal, ERK1/2 degradation is
observed partially after 4 h and is complete after 16 h (Figure
3b). A similar degradation profile was obtained when the cells
were pretreated with Probe 1 for a shorter period of 8 or 4 h
followed by treatment with Tz-thalidomide (Supplementary
Figure 10). We then investigated the impact of Tz-thalidomide
concentration on ERK1/2 degradation (Supplementary Figure
12). Degradation was retained with lower concentrations of Tz-
thalidomide, and treating A375 cells with 1 yM Probe 1 for 4 h
followed by Tz-thalidomide (1 uM) for 18 h led to the best
degradation profile (Figure 3c). At lower concentrations of Tz-
thalidomide (0.1 and 0.3 M), ERK1/2 degradation was not
observed. We also studied the influence of a washout step on
ERK1/2 degradation. Before the addition of Tz-thalidomide,
A375 cells were washed with media to remove excess of
unreacted Probe 1 (Supplementary Figure 13). Surprisingly,
washing the cells partially ablated the ERK1/2 degradation,
suggesting that at least part of the degradation observed with
Probe 1 and Tz-thalidomide arises from noncovalent binding of
Probe 1 to ERK1/2.

To ensure that the ERK1/2 degradation observed in these
experiments is due to the action of CRBN, we undertook
comparative experiments using the inactive CLIPTAC
precursor Tz-thalidomide-Me 4. A375 cells were treated with
Probe 1 followed by Tz-thalidomide-Me (10 M). Under these
conditions, insignificant degradation of ERK1/2 was observed
(Figure 3d). In addition, we conducted a competition
experiment in which A375 cells were first treated with Probe
1 followed by untagged thalidomide (10 M) and Tz-
thalidomide (1 puM). As expected, degradation of ERK1/2
was suppressed (Supplementary Figure 14), confirming that
binding to CRBN is key to induce spatial proximity and
therefore degradation.

Next, we performed a similar set of control experiments as
for the studies on BRD4 degradation. We showed that the level
of ERK1/2 was unchanged when A375 cells were treated with
Probe 1 or Tz-thalidomide alone (Figure 3e). Treatment with
Tz-thalidomide and the untagged covalent ERK1/2 inhibitor 7
did not elicit protein degradation (Figure 3e), confirming the
requirement for the two binding groups to be covalently
attached in the same molecule for degradation efficacy. We also
observed that ERK1/2 degradation was prevented when
carfilzomib was added in the experiment, confirming that the
degradation is proteasome dependent (Figure 3e).

Finally, we evaluated cellular levels of phosphorylated ERK1/
2 and phosphorylated RSK (ribosomal s6 kinase) after
sequential treatment with Probe 1 and Tz-thalidomide.
Downregulation of phospho-ERK1/2 was observed (Figure
3f) demonstrating target engagement of Probe 1 with ERK1/2
and the ability of the ERK-CLIPTAC 6 to degrade ERK1/2 and
elicit downregulation of phospho-ERK1/2 signal. RSK is a
direct substrate of ERK1/2: consistent with the degradation of
ERK1/2 by ERK-CLIPTAC 6, phospho-RSK downregulation
was observed to be dependent on Probe 1 concentration, with
no phospho-RSK detected at high concentrations (Figure 3f).

Formation of CLIPTACs in Cells Drives Targeted
Protein Degradation. To confirm that the observed protein
degradation arises from in-cell click formation of the
heterobifunctional molecule, we performed analogous experi-
ments in which each CLIPTAC was preformed by reaction of
the two click precursors prior to addition to cells. We combined
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Figure 4. (a) Immunoblot for BRD4 and actin showing no BRD4 degradation when preclicked JQ1-CLIPTAC 3 was used. HeLa cells were treated
with JQ1-CLIPTAC for 18 h. (b) Immunoblot for ERK1/2 and actin showing no ERK1/2 degradation when preclicked ERK-CLIPTAC 6 was used.

A37S cells were treated with ERK-CLIPTAC for 18 h.

Tz-thalidomide with JQ1-TCO or Probe 1 in a 1:1 ratio to
form the clicked molecules JQI1-CLIPTAC 3 or ERK-
CLIPTAC 6, respectively. HeLa or A375 cells were then
treated with JQ1-CLIPTAC 3 or ERK-CLIPTAC 6,
respectively, for 18 h (Figure 4). The immunodetection signals
were identical across the experiments, indicating no degrada-
tion of BRD4 or ERK1/2, respectively. These results are
consistent with a lack of cell permeability of the preclicked
heterobifunctional CLIPTAC and confirm that the observed
protein degradation results from click formation of the
CLIPTAC from its two precursor molecules subsequent to
their entry into cells.

B DISCUSSION

Recent successes in the design of PROTAC molecules have
raised the possibility that, with further refinement, the
methodology could be used to downregulate protein function
in a therapeutic setting. The need for PROTAC:S to enter cells
in order to elicit protein degradation means that their
physicochemical properties are of paramount importance.
Current PROTACs show molecular weights in a significantly
higher range than Lipinski guidelines—for example, the three
recently published BRD4-targeting PROTACs range from 785
to 1002 (Table 1). In addition, these molecules possess a high
polar surface area (PSA range 194—211 A?) that is normally
associated with poor cellular penetration. With these short-
comings in mind, we conceived the idea of CLIPTACs in which
two small precursor molecules with the ability to click in cells
will pass through cellular membranes more easily than one large
compound. A comparison of physicochemical properties of the
published BRD4 PROTACs with the CLIPTAC precursors in
this paper indicates that MW and PSA have indeed been
significantly reduced (Table 1). The successful degradation of
BRD4 and ERK1/2 in three different cell lines and the
accompanying control experiments confirm the hypothesis that
CLIPTACs can be formed in cells from the click reaction
between Tz-thalidomide and TCO-ligand, and that the
observed degradation occurs through proteasomal action
following the binding of the CLIPTAC to CRBN and the
protein of interest.

A potentially significant pitfall for the CLIPTAC approach is
that the two click partners may undergo their bio-orthogonal
combination reaction outside cells, leading to a hetero-
bifunctional with high molecular weight and PSA that is unable
to enter cells. Indeed, we showed that prior combination
reaction of the precursors to form CLIPTACs outside cells did
not result in protein degradation in cells. The observation that
sequential treatment of cells with one partner followed by the
other is effective suggests that a proportion of the second
partner is able to enter cells before the click reaction takes
place. This raises the possibility that tuning the click reaction to
proceed at a slower rate, or indeed use of an alternative bio-
orthogonal chemistry with slower kinetics, might result in a
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greater proportion of the two partners reacting inside cells, with
a concomitant improvement in the DCjy,.

In the time course experiments, we observed that BRD4
levels were completely downregulated after 24 h, whereas
ERK1/2 abundance was shown to be suppressed after 16 h. We
speculate that this difference in the kinetics of protein
degradation might result from the more facile access of the
CLIPTAC ligand to ERK1/2 compared with BRD4 due to the
latter protein’s complexation to chromatin. By contrast, BRD4
degradation by PROTACs has been described to be complete
within a few hours.”"’

The observation that the CLIPTAC 6 derived from a
covalent ERK1/2 inhibitor is capable of eliciting ERK
degradation is interesting because until now the vast majority
of PROTACs have been based on noncovalent reversible
ligands for their target proteins. Indeed, this is likely to have
been motivated by the proposed potential for catalytic
degradation of proteins by reversible PROTACs."® Clearly,
with a PROTAC based on a covalent warhead, one would
expect a stoichiometric amount of PROTAC to be required to
elicit protein degradation, which might link the achievable
potency to the cellular concentration of the protein in question.

An important feature in the design of PROTACsS, in addition
to selection of appropriate target protein and E3 ligase
recruiting ligands, is the length and chemical nature of the
linker.”'” A comprehensive exploration of linkers is beyond the
scope of this work; however, we believe it is reasonable to
expect that such a study might uncover linkers eliciting more
efficient degradation, leading to improved DCg, values and,
potentially, to catalytic degradation as reported recently."’
However, the successful use of Tz-thalidomide for the
degradation of both BRD4 and ERK1/2 highlights its potential
as a general tool compound to study protein degradation using
the CLIPTAC methodology. Clearly, Tz-thalidomide is capable
of undergoing the click reaction with any TCO-tagged ligand
and could be used to induce degradation of that ligand’s target
protein. Mindful that control experiments are strongly
recommended in this field, we also designed an inactive
CLIPTAC precursor, Tz-thalidomide-Me, whose binding
affinity to CRBN was considerably reduced.

Finally, a not insignificant additional benefit of these results is
that having developed a target protein ligand tagged with a
clickable group such as TCO, the same chemical probe may be
exploited for a suite of chemical biology experiments including
cell imaging, ABPP, pulldown and protein degradation, simply
by in-cell click reaction with an appropriate partner, containing
a fluorescent, aflinity or E3 ligase recruiting group, respectively.
It is worth mentioning that a ligand with moderate affinity for
its target is sufficient enough to induce degradation as
illustrated with Probe 1 which showed low micromolar affinity
for ERK2. We hope that these findings will enhance chemical
biologists” ability to extract maximum understanding from their
hard-won chemical probes.
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B METHODS

LC-MS Method. The compounds were solubilized in
DMSO to generate a 10 mM solution. Pure and mixed samples
(TCO ligand/Tz thalidomide 1:1) were then analyzed by LC-
MS on a Shimadzu Nexera UPLC coupled with a Shimadzu
LCMS-2020 single-quadrupole MS using a YMC-Triart C18
column (50 X 2.0 mm, 1.9 um) at 45 °C. Gradient elution was
performed from 3% acetonitrile to 99% acetonitrile in 10 mM
ammonium bicarbonate pH 9.4 over 0.7 min.

ERK2 Bioassay. Activity of ERK2 enzyme (Life Tech-
nologies) was determined using a time-resolved fluorescence
format measuring the phosphorylation of a truncated version of
Activating transcription factor 2 labeled with green fluorescent
protein (ATF2-GFP) (Life Technologies). Assay reactions
containing 50 mM Tris pH 7.5, 10 mM MgCl,, 1 mM EGTA,
0.01% Triton X-100, 1 mM DTT, 2.5% DMSO, 0.4 uM ATF2-
GFP, 20 uM ATP, and 0.25 nM ERK2 were set up in the
presence of Tz-thalidomide and allowed to proceed for 30 min
at room temperature. Reactions were then stopped using TR-
FRET dilution buffer (Life Technologies), 25 mM EDTA, and
2 nM Tb-Anti-pATF2 (Thr71) (Life Technologies). After a
further incubation period of at least 30 min, fluorescence was
read on a Pherastar reader (Lanthascreen optic module;
excitation 340 nm, emission 520 nm (channel A), 495 nm
(channel B)). The ratio between A and B counts was used to
calculate signal. ICy, values were calculated using a sigmoidal
dose response equation (Prism GraphPad software, La Jolla,
CA, USA).

Bromodomain Bioassays. The AlphaScreen binding
assays (E,/E, = 680/520—620 nm, in Envision) were
performed at Reaction Biology Corp. The compounds were
tested in 10-dose ICyy mode with 3-fold serial dilution starting
at 10, 30, or 100 M in duplicate against BRD4-1 and BRD4-2,
using a histone H4 peptide (1—21) K5/8/12/16Ac-Biotin.

Cell Culture. HeLa cells (purchased from ATCC) were
cultured in Eagle’s minimum essential medium (EMEM)
supplemented with 10% FBS (Gibco, Life Technologies),
0.1% NEAA (non-essential amino acid, Gibco, Life Tech-
nologies), and 2 mM glutamine and were grown at 37 °C with
5% CO,. A375 and HCT116 cells (purchased from ATCC)
were cultured in Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% FBS (Gibco, Life Technologies) and
were grown at 37 °C with 5% CO,.

Immunoblotting. The medium was removed and the cells
were washed with PBS (2X). A375 and HCT116 cells were
lysed with TG Lysis buffer (150 uL per well) and kept on ice
for 20 min. The cell lysates were centrifuged at 14 000 rpm for
10 min at 4 °C, and the protein concentration was determined
by a Pierce BCA Protein Assay kit. Samples were normalized,
separated on 4—12% NuPAGE gels (Life Technologies), and
transferred onto a nitrocellulose membrane (Novex). The
membrane was blocked in blocking buffer (Odyssey) at r.t. for
1 h and subjected to immunodetection using a total ERK1/2
primary antibody (p44/42 MAPK ERK1/2, Cell Signaling
Technologies, 1:1000) and antiactin antibody (Abcam ab6276,
1:10000) in blocking buffer, at r.t. for 1 h. After being washed
3X with a Tris-buffered saline (TBS) with 0.1% Tween-20
solution (TBST), the membrane was incubated with
fluorescently labeled secondary antibody (IRDye800CW
Donkey Anti-Rabbit, 1:10000 and IRDye680RD Donkey
Anti-Mouse, 1:10 000) for 1 h at r.t. in the dark. After being
washed 2X with a TBS solution, the membrane was imaged on
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an Li-Cor Biosciences Odyssey system in the 800 and 700 nm
channels.

The same procedure was followed with HelLa cells using
RIPA Lysis buffer (150 uL per well) and 5% nonfat milk in
TBST as blocking buffer. Immunodetection was performed
using an anti-BRD4 antibody (Bethyl Laboratories, A301/
985A100, 1:1000) and antiactin antibody (Abcam ab6276,
1:10000) in 5% nonfat milk in TBST, at 4 °C for 48 h.

Cell Treatment with CLIPTACs. Hela, A37S, and
HCT116 cells were seeded in six-well plates at 1.5 X 10°
cells/mL with 2 mL/well and allowed to attach overnight
before being incubated with the appropriate compounds. TCO-
ligand was added from a 1000 stock in DMSO-dg (2 uL) to
the plates. The cells were incubated at 37 °C in an atmosphere
of 5% CO, and air for the indicated time. Tz-Thalidomide was
added from a 1000X stock in DMSO-dg (2 pL) to the plates.
The cells were incubated at 37 °C in an atmosphere of 5% CO,
and air for 18 h. When carfilzomib was used, the compound was
added from a 1000X stock in DMSO-dg (2 uL) 4 h before the
addition of Tz-thalidomide. For control experiments, untagged
ligands were added instead of the TCO-compound, and
methyl-Tz-thalidomide was used instead of Tz-thalidomide.
For the time course experiments, the cells were incubated for
the indicated time after the addition of Tz-thalidomide and
consequently lysed.
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