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Abstract

Small molecule-induced protein degradation is an attractive strategy for the development of
chemical probes. One method for inducing targeted protein degradation involves the use of
PROTAC:S, heterobifunctional molecules that can recruit specific E3 ligases to a desired protein of
interest. PROTACSs have been successfully used to degrade numerous proteins in cells, but the
peptidic E3 ligase ligands used in previous PROTACSs have hindered their development into more
mature chemical probes or therapeutics. We report the design of a novel class of PROTACS that
incorporate small molecule VHL ligands to successfully degrade HaloTag7 fusion proteins. These
HaloPROTAC:s will inspire the development of future PROTACs with more drug-like properties.
Additionally, these HaloPROTACS are useful chemical genetic tools, due to their ability to
chemically knockdown widely used HaloTag7 fusion proteins in a general fashion.

Introduction

The use of small molecules to induce targeted protein degradation is an emerging strategy
for the development of novel therapeutics and biological probes.1™3 Current small molecule
therapeutics, such as enzyme inhibitors and receptor antagonists target specific protein
activities, while leaving other activities, (such as scaffolding functions or other enzymatic
functions in multidomain proteins) intact; on the other hand, protein degraders have the
power to abrogate all of the functions of a drug target at once, including scaffolding
functions which are difficult to target with small molecule inhibitors. As biological probes,
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chemical knockdown through the use of a protein degrader gives a greater degree of
temporal control than genetic knockdown strategies.

PROTAC:s are a class of heterobifunctional molecules that link a ligand for a protein of
interest (POI) to an E3 ligase ligand. This binding event recruits the E3 ligase to the POI,
inducing its ubiquitination and subsequent degradation by the proteasome.? > PROTACs
have been developed that successfully target a wide variety of proteins®11; however their
development as therapeutics and biological probes has been severely hindered by the use of
large, peptidic E3 ligase ligands. Previous attempts to design a small molecule PROTAC
using a small molecule ligand (based on nutlin)}2 led to degradation of the AR,13 but was
less effective than peptidic PROTACSs.® Recently, the Hashimoto lab has successfully used
bestatin to recruit cIAP1 to degrade CRABPs in cells. 1417 However, bestatin is commonly
used as an aminopeptidase inhibitor, which can lead to off-target effects.18 Furthermore,
ligands for IAPs often induce degradation of the E3 ligase itself,1% 20, (an effect observed
with some bestatin hybrids)1® that complicates their use in PROTACs. Furthermore, both
peptidic and small molecule PROTAC:S suffer from low potency, commonly requiring
concentrations in excess of 10 uM to achieve maximal knockdown.

In an attempt to resolve these issues, we sought to design small molecule ligands for VHL,
an E3 ligase which has previously been targeted in numerous PROTACs with peptidic
ligands.> 7+ 9 11 We recently described the synthesis of potent ligands for VHL based upon a
key hydroxyproline residue. Crystallographic evidence indicated that these ligands
contained numerous sites that were solvent exposed, suggesting possible linker
positions.?1-23

With these ligands in hand, we sought to develop PROTACS that were capable of effectively
degrading HaloTag7 fusion proteins (Figure 1). HaloTag is a modified bacterial
dehalogenase that covalently reacts with hexyl chloride tags; HaloTag fusion proteins have
seen wide use as a method to bioorthogonally label proteins in vivo.24 We have previously
developed an alternative degradation technology that uses hydrophobic tags to mimic
protein unfolding, leading to the degradation of HaloTag2 fusion proteins.2> However, these
molecules were far less capable of degrading proteins fused to HaloTag7,26 a variant
developed by Promega to increase the protein’s stability.2” Due to HaloTag7’s resistance
towards alternative methods of induced degradation and the existence of a potent small
molecule ligand capable of accommodating long linkers, we concluded that HaloTag7
fusion proteins would make an ideal model system to develop novel small molecule
HaloPROTAC:s. Furthermore, due to the wide availability of HaloTag7 fusion proteins, an
effective degrader of HaloTag7 could prove to be a powerful tool in chemical genetic

studies.

Results and Discussion

Design of HaloPROTACs

Initially, we sought to develop chloroalkane-containing PROTACs (HaloPROTACsS)
building off of the acyl amine moiety (Degradation Inducing Moiety A), as this corresponds
to the N-terminal linkage position of previously synthesized peptidic PROTACsS targeting
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VHL (Scheme 1).5 We synthesized HaloPROTAC1 and HaloPROTAC?2, containing
different linker lengths. We then tested their ability to degrade GFP-HaloTag7, (stably
expressed in HEK 293 cells) by flow cytometry, measuring changes in mean fluorescence
intensity. This assay (previously developed to test hydrophobic tags)2® was chosen as our
primary assay rather than immunoblotting as it offered more sensitive and reliable
quantitation. Furthermore, the relatively high throughput nature of the assay allowed us to
rapidly test multiple treatment conditions and obtain more complete dose response curves.
While 24 hour treatment with HaloPROTACT led to less than 20% degradation, the longer
HaloPROTAC?2 led to nearly 70% degradation of GFP-Halotag7 at 2.5 uM (Figure 2A).
Furthermore, we observed reduced degradation at higher concentrations, a phenomenon
commonly observed with ternary complexes due to auto-inhibition of the ternary complex,
in favor of the two binary complexes.?8

We then synthesized HaloPROTAC3 and HaloPROTAC4 in order to test an alternative
linkage position off of the phenyl ring (Degradation Inducing Moiety B). Gratifyingly, we
observed that HaloPROTAC3 was able to induce 90 + 1 % degradation of GFP-Halotag at
625 nM. We then calculated the half maximal degradation concentration, or DCs, to be 19
+ 1 nM, making HaloPROTAC3 one of the most potent PROTACS described to date.
HaloPROTAC4 was modestly less effective, inducing over 70% degradation (Figure 2B).
As the PROTACS containing the phenol linkage proved to be more effective at inducing
degradation of GFP-HaloTag7, we chose to focus on them for the remainder of the study;
however, it is likely that efficacy of each linkage position will be target dependent and that
in some cases, PROTACs with the amide linkage may prove superior.

Effects of Linker Length and Affinity for VHL on HaloPROTAC Activity

Having identified HaloPROTACS3 as a highly potent and efficacious degrader of GFP-
HaloTag7, we sought to determine the system’s tolerances of variations in linker lengths and
affinity for VHL (Figure 3A). We found that HaloPROTACS, HaloPROTAC6 and
HaloPROTAC7 (which contained shorter linkers) had virtually no effect on levels of GFP-
HaloTag7 (< 20% degradation).The shorter linker lengths likely lead to negative
cooperativity in binding due to sterics, preventing the PROTACs from simultaneously
binding to GFP-HaloTag7 and VHL. HaloPROTAC4 and HaloPROTACS, which contained
longer linkers had significant knockdown (although less effective than HaloPROTAC3).
Furthermore, the HaloPROTACSs with longer linkers had significant auto-inhibition at higher
concentrations, whereas essentially no auto-inhibition was observed with HaloPROTAC3,
which had an intermediary linker length. One possible explanation is that at the intermediary
length, there could positive cooperativity for HaloPROTAC3 binding to GFP-HaloTag7 and
VHL; such cooperativity in ternary complexes has been predicted to lead to a “width
expansion” of the maximal effect.28 While the exact linker lengths of future PROTACsS are
expected to be highly target dependent, it seems likely that similar trends may be observed.
A possible strategy for the development of future PROTACs would therefore be to initially
synthesize and test compounds with slightly longer linkers, then to gradually reduce length
until a drop-off in activity is observed.
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We then sought to examine the effect of affinity for VHL on HaloPROTAC activity. Using
the fluorescence polarization assay previously reported in the development of VHL
ligands,2! we found HaloPROTAC3 to bind to VHL with an ICsq of 0.54 + 0.06 uM
(Supplemental Figure 1). Replacement of the valine-isoindolinone moiety with the
previously described isoxazole moiety (HaloPROTACDY) led to a significant decrease in
VHL binding (Figure 3B). This reduction in binding attenuated its activity in cells, leading
to only 45% degradation of GFP-HaloTag7 (Figure 3C). A more modest reduction in VHL
affinity was obtained with the alanine-isoindolinone moiety of HaloPROTAC10, which had
similar maximal degradation to HaloPROTAC3, but slightly decreased cellular potency
(DCs0 =36 + 4 nM). Finally, ent-HaloPROTAC (the enantiomer of HaloPROTACS3,
containing D-hydroxyproline and D-valine residues) was found to have no detectable
binding to VHL and led to no significant degradation of GFP-HaloTag7 in cells. These data
highlight the dependency of protein degradation on VHL binding, although it is likely that
other factors such as cell permeability may affect efficacy.

Mechanistic Studies

We next sought to confirm that our HaloPROTACSs worked through the expected
mechanism; that is, their ability to recruit VHL to GFP-HaloTag7 led to their degradation by
the proteasome and that they did not share the VHL-independent mechanism of our previous
reported hydrophobic tags.2> 26 An ideal control compound was therefore the enantiomers
of the specific HaloPROTACS as they would have identical physical properties (such as
hydrophobicity, solubility and passive membrane permeability) but would lack the ability to
bind to VHL. We synthesized five key ent-HaloPROTACSs with both amide and phenol
linkers of various lengths and found that none resulted in any significant degradation of
GFP-HaloTag7, providing strong evidence that the HaloPROTACs work through a VHL
dependent mechanism (Figure 4A). This is further supported by the finding that pretreatment
with excess ent-HaloPROTAC3 could prevent HaloPROTAC3-mediated degradation,
indicating that ent-HaloPROTACS3 binds to GFP-HaloTag7, but does not induce its
degradation (Figure 4B).

To confirm that the degradation of GFP-HaloTag7 was proteasome dependent we used the
specific proteasome inhibitor epoxomicin.? 30 Treatment with 300 nM epoxomicin
completely prevented HaloPROTAC mediated degradation of GFP-HaloTag7 (Figure 4C).
Finally, cotreatment with excess VL2835, the core VHL ligand from which HaloPROTAC3
is derived, was able to significantly reduce HaloPROTAC3 mediated activity to 50%
degradation, further implicating VHL in the observed degradation (Figure 4D, E).

Use of HaloPROTAC3 to Degrade GFP-HaloTag7

Having developed HaloPROTAC3 and established that it functions through a VHL and
proteasome dependent mechanism, we sought to further characterize its ability to degrade
GFP-HaloTag7. We compared HaloPROTAC3 to HyT36, the most efficacious hydrophobic
tag for the degradation of HaloTag7 fusion proteins. We compared the two compounds and
found HaloPROTACS3 to be dramatically more potent and efficacious (DCsy =19 = 1 nM,
max degradation = 90 = 1 %) than HyT36 (DCsg = 134 + 7 nM, max degradation = 56 + 1
%) (Figure SA). We then studied the kinetics of HaloPROTAC3 mediated degradation and
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found that 50% of GFP-HaloTag7 was degraded between 4 and 8 hours (Figure 5B).
Treatment of HaloPROTACS3 for 24 hours, followed by a 24 hour washout led to significant
recovery of GFP-HaloTag7 (Figure 5C). To confirm the flow cytometry results, we
examined the ability of HaloPROTACS3 to knockdown GFP-HaloTag7 with fluorescence
microscopy. Treatment with 625 nM HaloPROTACS3 led to a striking decrease in
fluorescence compared to DMSO alone or the control, ent-HaloPROTAC3 (Figure 6). No
significant differences in cell density or morphology were observed between different
treatment conditions under phase contrast (Supplemental Figure 2).

Future Uses of HaloPROTAC as a Probe in Chemical Genetics Studies

While GFP-HaloTag7 was chosen as a model system, due to the ease of analysis of GFP
degradation, HaloPROTAC3 can lead to the degradation of other HaloTag7 fusion proteins,
allowing for its possible use as a chemical probe. HaloPROTAC3 is well suited for this as it
has low toxicity (Supplemental Figure 3) and does not affect HIF (an endogenous target of
VHL) stability (Supplemental Figure 4). This system could therefore function as an
alternative to the widely used Shieldl system, developed by Wandless and coworkers.31: 32
Shield1 binds to and stabilizes mutant FKBP12 (and mutant FKBP12 fusion proteins),
which rapidly subjected to proteasome mediated degradation in the absence of Shield1.3L: 32
This system has proved quite general and has been widely used and modified33-3% in
numerous chemical genetics studies. The HaloPROTAC3 system would induce degradation
of fusion proteins, rather than stabilizing them like Shield (although one report describes a
system where Shield1 does lead to the destabilization of a modified FKBP12 protein),3®
allowing for an orthogonal approach. Additionally, while use of the Shield system generally
requires cloning steps to generate the fusion protein of interest, plasmids containing
HaloTag7 fused with 20,000 human genes proteins are commercially available3’ allowing

for degradation of numerous proteins in a screen.

To test the generality of HaloTag7 protein degradation, we first confirmed by
immunoblotting the flow cytometry data for the degradation of GFP-HaloTag7 by
HaloPROTACS3. Once again, we observed significant degradation by 50 nM and virtually
complete degradation by 500 nM. Next, we sought to broaden the scope for HaloPROTACS
to other cytosolic proteins fused with HaloTag7. For this purpose, we chose ERK-1 and
MEK-1, which are key kinases involved in the Mitogen-Activated Protein Kinase (MAPK)
pathway. Dysregulation of the MAPK pathway is implicated in a wide variety of cancers,
and several of its components are validated therapeutic targets in various forms of the
disease.3 39, Treatment with 500 nM HaloPROTAC3 was able to induce nearly complete
knockdown of both HaloTag7-ERK1 and HaloTag7-MEKI, suggesting that HaloPROTAC3
induced degradation of HaloTag7 fusion proteins is general for HaloTag7 fused proteins
located in the cytosol (Figure 7). These results suggest the possibility of using
HaloPROTACS3 to study the chemical knockdown of HaloTag fusion proteins. However,
such studies would require either the use of gain-of-function mutant, or would require the
additional step of genetic knockdown of the endogenous fusion proteins.
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Conclusion

Methods

Using ligands for the E3 ligase VHL, we have successfully developed two new degradation-
inducing moieties for use in small molecule PROTACSs. Both Degradation Inducing Moiety
A (in HaloPROTAC?2) and Degradation Inducing Moiety B (in HaloPROTACS3) are capable
of inducing the degradation of GFP-HaloTag7 in cell-based assays. Furthermore, we have
shown that both act through a VHL dependent mechanism. The activity of these
degradation-inducing moieties, (along with the accompanying studies on linker length) will
prove indispensable in the development of future PROTACS against additional targets. As
these new PROTAC S lack long peptidic chains, they possess improved drug-like properties,
helping to advance the field from a “parlor trick” into the realm of useful chemical probes

and possibly therapeutics.

The most active compound, HaloPROTACS3 is capable of inducing 90% degradation of
GFP-HaloTag7 proteins, with a DCsg of 19 nM, making this compound one of the most
potent PROTAC:s described to date. We have shown that this degradation is not limited to
GFP-HaloTag7, but appears to be general for cytosolic HaloTag7 fusion proteins. While
HaloTag7 fusion proteins are not endogenous proteins, they are widely used in biological
studies (although not all fusions with HaloTag retain the same activity as their endogenous
counterparts) and are readily available reagents. Therefore, we expect HaloPROTACS3 to
have wide use in chemical genetics studies.

A. Cell culture

All cells were cultured at 37°C and 5% CO, in DMEM and supplemented with 10% FBS,
100 U mlI~! penicillin and 100 pg ml~! streptomycin. HEK 293 Flp-In cells stably
expressing GFP-HaloTag7 were obtained as described in the literature.?® To generate
HEK?293T cells stably expressing HT7-ERK1 or HT7-MEKI1, each of the HT7 fusion
constructs was cloned into the retroviral pBabe-puro vector. The pHTN vector was used as
HT?7 template, and the Proquest human spleen cDNA library was used as a source of ERK-1
and MEK-1 cDNA. Viral particles were generated in GP2-293 cells, with a pVSV-G
vesicular stomatitis virus retroviral vector and the corresponding pBabe-puro plasmid. After
48 hr, viral supernatants were harvested, passed through a 0.45 pm filter, and added directly
to the growth media of target 293T cells that had been supplemented with polybrene (8 pg/
mL). HaloPROTACSs were dissolved in DMSO as 1,000x stock solutions and added to cells
at final DMSO concentration 0.1%. Competition experiments (HaloPROTAC3 with ent-
HaloPROTAC3, epoxomicin or VL285) had a final concentration of 0.2% DMSO. All
HaloPROTAC treatments were for 24 hours, unless otherwise noted.

B. Flow Cytometry

Flow cytometry experiments were done in an analogous method to that used in the study of
the degradation of HaloTag7-GFP using hydrophobic tags.26 HEK 293 Flpln cells
expressing GFP-HaloTag7 were treated with HaloPROTACs for 24 hr. The cells were then
detached from the plate with trypsin (0.15 mL) and suspended in DMEM (0.85 mL).
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Intracellular EGFP fluorescence was then measured on the FL1 channel of a FACSCalibur
(BD Biosciences). The resulting data was quantified in terms of mean fluorescence intensity
using CellQuestTM (BD Biosciences). The fluorescence was then normalized by dividing
by the average fluorescence of the vehicle (0.1% DMSO) alone control, which was set to 1.
The normalized data were then plotted in Prism 5.0, allowing the DCs( to be determined.
Error bars indicate standard error of the mean (SEM), with all data being repeated 3 to 5
times. For washout experiments, after treatment, media was removed, then replaced with
fresh media (without any compounds) and incubated for 30 min. After 30 min, the media
was again replaced to remove any residual compound remaining.

C. Immunoblotting

Compounds were dissolved in DMSO and added to cells at a final DMSO concentration of
0.1%. Cells were lysed in Radioimmunoprecipitation buffer (1%Tx-100, 0.1% SDS, 0.5%
Sodium deoxycholate, 150mM NaCl, 25mM Tris pH 8) supplemented with a protease
inhibitor cocktail (Roche). Lysates were normalized with a BCA assay and 20ug of each
sample was loaded on a 10% Bis-Tris gel for SDS-PAGE. Proteins were transferred on to
nitrocellulose membrane, which was blocked with 5% milk/TBST and probed with either
anti-ERK1 (1:2000), MEK-1 (1:1000), or HA (1:5000) antibodies.
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demonstrated with POl = GFP, ERK1, MEK1

Figure 1.
Schematic depiction of a bifunctional HaloPROTAC containing chloroalkane (which binds

HaloTag7 fusion proteins) and a hydroxyproline derivative which binds VHL. These two
motifs would serve to bring the HaloTag7 fusion protein into proximity with the E3 ligase,
VHL, leading to the degradation of the HaloTag7 fusion protein by the proteasome.
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Figure 2.

The average fluorescence per cell compared to vehicle control was measured by flow
cytometry after 24 hour treatment with the indicated compounds and concentrations. All
compounds were tested in triplicate unless otherwise noted. A) HaloPROTACs containing
Degradation Inducing Moiety A lead to nearly 70% degradation of GFP-HaloTag7, when
sufficiently long linkers are used. B) HaloPROTACS3 (tested in quintuplicate), which
contains Degradation Inducing Moiety B, leads to 90% degradation of GFP-HaloTag7 at
625 nM. GFP-HaloTag7 degradation was measured by flow cytometry after 24 hour
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treatment with HaloPROTAC and normalized to 24 hour treatment with DMSO. Error bars
depict the Standard Error of the Mean (SEM).
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Figure 3.
A) A study of linker length with Degradation Inducing Moiety B shows that three ethylene

glycol units are optimal for the degradation of GFP-HaloTag7. B) Structures of
HaloPROTAC S that have weaker affinity for VHL. C) Reducing the affinity for VHL
attenuates their ability to induce degradation of GFP-HaloTag7, although the effect is not
necessarily linear. GFP-HaloTag7 degradation was measured by flow cytometry after 24
hour treatment with HaloPROTAC and normalized to 24 hour treatment with DMSO. All
compounds were tested in triplicate except for HaloPROTAC3 (quintuplicate) and
HaloPROTAC9 and HaloPROTAC10 (quadruplicate). Error bars depict the SEM.
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Figure 4.
A) The enantiomers of HaloPROTAC:s (containing D-amino acid residues) which do not

bind VHL do not induce degradation of GFP-HaloTag7, supporting the necessity of VHL
binding for activity. B) Pre-treatment with excess ent-HaloPROTAC3 (1 hour) prevents
degradation of GFP-HaloTag7 by HaloPROTACS3 after 24 hours. C) Pre-treatment with
epoxomicin (4 hours) prevents degradation of GFP-HaloTag7 by HaloPROTAC3 after 20
hours. D)Treatment with VL2835 attenuates the ability of HalloPROTAC3 to induce the
degradation of GFP-HaloTag7. E) Structure of VL285. All error bars depict SEM. All

compounds were tested in triplicate.
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Figure5.
A) Comparison of HaloPROTACS3 (quintuplicate) to Hyt36 (triplicate) shows that

HaloPROTACS3 is significantly more potent and efficacious. B) HaloPROTACS3 leads to
50% degradation of GFP-HaloTag7 within 4 to 8 hours. C) Significant recovery from 24
hour treatment with HaloPROTACS3 is observed after a 24 hour washout. All data was
repeated in triplicate. Error bars depict the SEM.

ACS Chem Biol. Author manuscript; available in PMC 2015 November 02.



1duiosnuey Joyiny 1duosnuepy Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Buckley et al. Page 16

HaloPROTAC3 ent-HaloPROTAC3
(625 nM) {625 nM)

Figure6.
Fluorescent microscopy shows drastic loss of fluorescence upon 24 hour treatment with

HaloPROTACS3 but not the inactive ent-HaloPROTAC3. Comparison of fluorescence
images to phase contrast view is shown in Supplemental Figure 2.
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Figure7.
Immunoblotting confirms that nearly complete degradation of A) GFP-HaloTag7 is

observed after 24 hour treatment with 500 nM HaloPROTAC3, with significant degradation
at 50 nM HaloPROTAC3. HaloPROTAC3 can lead to degradation of other HaloTag7 fusion
proteins such as B) HaloTag7-ERK1 and HaloTag7-MEK1. As expected, endogenous ERK

and MEK are not degraded.
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Scheme 1.
Synthesis of HaloPROTACS containing Degradation Inducing Moiety A and Degradation

Inducing Moiety B. Full synthetic details are found in the Supporting Information.
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