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Biologists have traditionally relied on temperature-sensitive mutants, transcriptional
switches or degradation of coding transcripts by RNAI to regulate the function of a protein-
of-interest (POI) in complex biological systems.[1: 2] Despite their utility, these systems
offer less conditional control than small molecule inhibitors, a limitation that is exaggerated
for long-lived and/or highly abundant proteins, and can be difficult to use in live animals.
Unfortunately, although chemical genetic screening has successfully identified useful
“probe” compounds with novel targets, many biologically interesting proteins (e.g.,
scaffolding proteins and transcription factors) lack specific, high-affinity small molecule
ligands.[3. 4]

Alternatively, several groups have developed general methods to regulate protein abundance
using cell-permeable small molecule ligands for a receptor genetically fused to a POI.3I A
set of interactions commonly used for this purpose is binding of the prolyl isomerase FKB12
or the FKB12-binding domain of mammalian target of rapamycin (FRB) by rapamycin,
FK506 or derivatives of these natural products. For instance, this approach has been used to
recruit a POI to the proteasome or mitochondrial outer membrane, thereby leading to its
degradation or mislocalization, respectively.[®: 71 However, these methods require the
introduction of two fusion proteins into cells. To address this issue, several labs have
developed methods in which a POl is fused to an unstable protein fragment, termed a
degradation domain (DD), that is rapidly degraded in the absence of bio-orthogonal
“stabilizing” ligands.[8-11] Although DD-based systems have been used for 7 vivo studies,
their utility for long-term experiments is compromised by the potential for fluctuations in
POI abundance between injections of the stabilizing ligand.[*2: 131 More recently, exposure
of a cryptic DD has been used to degrade FKBP12-POI fusions in response to binding of a
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FK506 derivative.[14] However, preparation of the bio-orthogonal ligands for FKBP12 or
FRB is synthetically challenging, making these systems prohibitively expensive for animal
studies.

To develop a more accessible bio-orthogonal method to degrade any POI in response to a
cell permeable small molecule we sought to co-opt the cellular quality control machinery.
Specifically, we envisioned that labeling proteins with low molecular weight Aydrophobic
Iags (HyTs) might promote their degradation because exposed hydrophobic regions are a
hallmark of unfolded proteins leading to their elimination by the ubiquitin-proteasome
system and/or autophagy.[*5-17] As a proof-of-concept, we covalently labeled an early
version of the HaloTag (HaloTag?2) bacterial dehalogenase mutant with HyTs comprised of
its cognate chloroalkane-reactive linker linked to a hydrophobic moiety, which promotes
rapid, proteasome-dependent degradation of HaloTag2-fusion proteins (Figure 1a).[!8] In
particular, the adamantane-based HyT13 (1; Figure 1b) degraded a variety of fusion proteins
in cell culture and zebrafish embryos in addition to inhibiting tumor progression driven by a
HaloTag2-HRas1G12V fusion protein in mice. Of note, HyT13 (1) can be prepared using
standard synthetic methods in four steps from commercially available starting materials with
63% overall yield.[18]

In the interim, HaloTag7, an improved HaloTag dehalogenase variant engineered to enhance
stability for protein purification applications, has been developed.[1] Because of the
burgeoning popularity of HaloTag7 and the commercial availability of expression constructs
in which HaloTag?7 is fused to nearly every mouse and human protein, we sought to
determine whether HyT13 could efficiently de grade HaloTag7. Treating HEK 293 cells
stably expressing a single copy of GFP-HaloTag?2 or -HaloTag7 with HyT13 degraded the
HaloTag2 fusion protein, but, unfortunately, had little effect on HaloTag7 as quantified by
flow cytometry or immunoblot (Figure 2a and 2b; see Supporting Information for full
experimental details).

To extend our hydrophobic tagging methodology to highly stabilized proteins like
HaloTag7, we employed a chemical approach by conjugating a variety of hydrophobic
moieties to the chloroalkane reactive linker (see Figure 1 in the Supporting Information).
Hydrophobic moieties were selected in order to maximize hydrophobicity, minimize
molecular weight and incorporate chemically diverse, commercially available scaffolds.
Based on these parameters, 22 structurally distinct scaffolds were incorporated into
approximately 40 HyTs by peptide coupling carboxylic acid derivatives of the hydrophobic
moieties with the HaloTag chloroalkane reactive linker as described previously.[18]

We first evaluated the HyT library by treating HEK 293 cells expressing GFP-HaloTag?2
since the greater dynamic range for degradation of HaloTag2 fusion protein better enables
discrimination between small differences in activity. After 24 hr, GFP-HaloTag2 levels were
assessed by flow cytometry followed by determination of the half-maximum inhibitory
concentration (ICsq) values by least-squares regression of the resulting concentration-
response curves (see Table 1 in the Supporting Information). Consistent with our previous
observations, HyT4 (30) and HyT5 (31), which lack large, hydrophobic moieties (CLogP
<2) were completely inactive at all concentrations tested, indicating that covalent binding of
chloroalkane linkers is insufficient to degrade HaloTag proteins. In contrast, appreciable
reductions in GFP-HaloTag?2 levels were detected with the remaining HyTs, which all have
CLogP =2, indicating that a variety of hydrophobic moieties can degrade HaloTag proteins.

For the active HyTs, the maximum observed degradation did not correlate with CLogP (see
Figure 2 in the Supporting Information) indicating that other factors such as cell
permeability and/or stability contribute to observed activity. However, two trends did
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emerge from this data set. First, HyT activity decreases as the number of atoms between a
particular hydrophobic moiety and the chloroalkane reactive linker increases. For example,
HyT8 (9), HyT9 (25), HyT10 (26) and HyT7 (27) contain a triphenylmethyl group
positioned 16, 22, 28 or 46 atoms from the reactive haloalkane, respectively, which
correlates with a reduction in the maximum degradation from 76% for the shortest HyT to
28% for the longest. Similarly, increasing the distance of the adamantyl group from reactive
haloalkane in HyT40 (23) is associated with a smaller maximum degradation (58%)
compared to the 70% decrease observed with the shorter HyT13 (1). However, as observed
for 38—44 reducing the distance between the chloroalkane linker and the hydrophobic
moieties did not significantly decrease I1Csg or maximum degradation beyond that observed
with the corresponding longer linker (see Table 2 in the Supporting Information).

The more significant second trend is that incorporating branching hydrophobic groups at the
a-carbon adjacent the peptide bond carbonyl increased potency as evidenced by greater
maximum degradation observed for HyT36 (2; Figure 1b) and HyT39 (3), which bear a
methyl or a phenyl methyl substituent at this position (see Figure 1 in the Supporting
Information). Of these compounds, HyT36 (2) was selected for further evaluation because it
displayed a reduced ICsg and greater maximum degradation of GFP-HaloTag?2 relative to
HyT13 (1). Flow cytometry and immunoblotting reconfirmed that treating HEK 293 cells
with HyT36 (2) reduced GFP-HaloTag?2 levels by ~90% compared to the ~75% decrease
observed with HyT13 (1) (Figure 3a and 3b).

Regulating transmembrane proteins is a challenge for existing technologies for small
molecule control of protein function, which limits their applicability to many important
classes of drug targets like G-protein coupled receptors (GPCRs).[20] Although HyT13 can
efficiently degrade single-and 4-pass transmembrane proteins fused to HaloTag2, its effects
on 7-pass transmembrane receptors, like GPCRs, is somewhat limited.[28] To determine
whether HyT36 (2) can be used to degrade this class of proteins to a greater degree than
HyT13 (1), we treated HEK 293T cells that had been infected with a retrovirus encoding the
7-pass transmembrane receptor Frizzled4 (Fz4) fused to the N-terminus of HaloTag2 with
either compound. Similar to our results with GFP-HaloTag2, HyT36 (2) treatment decreased
Fz4-HaloTag?2 levels by ~70%, relative to the ~50% reduction observed with HyT13 (1)
(Figure 3c). Hence, HyT36 (2) affords enhanced regulation of 7-pass transmembrane
receptors.

Next, we sought to determine whether HyT36 (2) could be used to degrade the more
stabilized HaloTag7 protein. For this experiment, HEK 293 cells expressing GFP-HaloTag7
were treated with HyT13 or HyT36 (10 M, 24 hr) followed by evaluation of protein
abundance by flow cytometry and immunoblotting. Both detection methods demonstrated a
modest (ca. 30%) HyT13 (1)-induced degradation of GFP-HaloTag7, whereas HyT36 (2)
was more than twice as effective, decreasing fusion protein abundance by ~65% (Figure 4a
and 4b). Significantly, concentrations of HyT36 used in this study were non-toxic in cell
culture and did not degrade GFP when it was conjugated to a HaloTag protein (see Figures 3
and 4 in the Supporting Information). These results, along with our data for hydrophobic
tagging-induced degradation of the 7-pass transmembrane receptor Fz4, indicate that HyT36
is better able to degrade stable proteins than HyT13.

The enhanced degradative activity of HyT36 (2) relative to HyT13 (1) could result from
increased stability and/or cell permeability. Alternatively, HyT36 (2) might directly
destabilize HaloTag proteins to a greater extent than HyT13 (1). We addressed the latter
possibility using a fluorescence thermal shift assay in which a protein and analyte ligand are
combined in the presence of SYPRO Orange, a dye that displays sharply increased
fluorescence when bound to the hydrophobic interior of proteins.[21] Heating samples in a
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fluorimeter allows for protein unfolding to be measured in terms of increased fluorescence
with the melting temperature (T,,) corresponding to the midpoint between the upper and
lower limits of the fluorescence signal. In this assay, addition of an equimolar concentration
of HyT13 (1) moderately reduced the T, of purified HaloTag7 from 57.4 + 0.4 t0 56.4 + 0.1
°C (p<0.01) indicating a very modest degree of destabilization (Figure 4c). By contrast,
HaloTag7 was destabilized to a three-fold greater extent by equimolar HyT36 (2) as
evidenced by a decrease in the T, to 54.3 £ 0.2 °C (p <0.001) (Figure 4d). Significantly,
incubation of HaloTag7 with a four-fold excess of HyT36 (2) did not significantly reduce
the T\, further making it unlikely that the destabilization results from non-specific effects on
protein stability (Figure 3d). While we cannot rule out a contribution of differences in
stability and/or cell permeability, these /in vitro data strongly suggest that the increased
degradation of stabilized HaloTag fusion proteins observed with HyT36 in cells results from
a greater, direct destabilizing effect on the HaloTag protein itself.

In summary, we synthesized and functionally evaluated a library of HyTs to identify
members capable of more efficiently degrading stable proteins including HaloTag7, which is
in wide use today.[22-24] The most active HyTs in this screen contained hydrophobic
moieties with branching substituents at the a-carbon adjacent the peptide bond carbonyl. In
particular, HyT36 (2), which bears a methyl substituent at this position, more robustly
degraded both HaloTag2 and HaloTag7 fusion proteins, including the 7-pass transmembrane
receptor Fz4, than the previously reported HyT13 (1). Although more structurally complex,
HyT36 (2) can be prepared using standard synthetic methods in seven steps from
commercially available starting materials with an overall 55% yield, making it amenable for
general use as a hydrophobic tag. Finally, we have demonstrated a large destabilizing effect
of HyT36 (2) on HaloTag7 in thermal shift assays, which suggests a mechanism whereby
HyT binding directly destabilizes HaloTag proteins rather than the hydrophobic moieties
serving as recognition elements for the cellular quality control machinery. As such,
promoting protein unfolding by covalent linkage of destabilizing hydrophobic tags may
represent a general strategy to induce targeted degradation of endogenous proteins including
those often classified as “undruggable” using traditional methodologies.
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Figure 1.

Hydrophobic tagging-induced protein degradation. a) Fusion proteins composed of a
protein-of-interest and HaloTag can be specifically targeted for proteasomal degradation
with low molecular weight hydrophobic tags (HyTs). b) Chemical structures of HyT13 (1)
and the more active HyT36 (2).
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Figure 2.

HyT13 does not significantly degrade the stabilized HaloTag7. a) and b) HEK 293 cells
expressing GFP-HaloTag2 or GFP-HaloTag7 were treated with vehicle or HyT13 (1) (10
M) for 24 hr followed by analysis of fusion protein levels by flow cytometry or
immunoblot with specific antibodies as indicated. Images are representative of at least three
independent experiments; band intensities were quantified and data presented as mean %
degradation + s.d.
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HyT36 degrades HaloTag?2 fusion proteins to a greater extent than HyT13. a) and b) HEK
293 cells expressing GFP-HaloTag2 were treated with vehicle, HyT13 (1) or HyT36 (2) for
24 hr followed by analysis of fusion protein levels by immunoblot or flow cytometry. ¢)
HEK 293T cells expressing Fz4-HaloTag2 were treated with vehicle, HyT13 (1) or HyT36

(2) for 24 hr followed by detection of this fusion protein by immunoblot. Images are

representative of at least three independent experiments; band intensities were quantified
and data presented as mean degredation * s.d.
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Figure4.

Effect of HyT36 on HaloTag7 fusion proteins. a) and b) HEK 293 cells expressing GFP-
HaloTag7 were treated with vehicle, HyT13 (1) (10 wM) or HyT36 (2) (10 M) for 24 hr
followed by analysis of fusion protein levels by immunoblot or flow cytometry. c) Melting
curves for HaloTag?7 in the presence of vehicle (closed circles, solid line) or HyT13 (1) (10
KM, gpen circles, dashed line). d) Melting curves for HaloTag7 in the presence of vehicle
(closed circles, solid line) or HyT36 (2) (10 wM, open circles, dashed line) or HyT36 (2) (40
KM, closed triangles, dotted line). Images are representative of at least three independent
experiments; band intensities were quantified and data presented as mean % degredation +
s.d. Errors bars on thermal shift plots represent the mean + s.d for each temperature.
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