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ABSTRACT

Histone deacetylases (HDACs) remove acetyl groups from histone proteins and are implicated in
gene regulation. They have been recognized as drug targets for treatment of cancer and other
human diseases and several inhibitors are already clinically used. Here, we report the design,
synthesis, and cellular characterization of a proteolysis-targeting chimera (PROTAC) capable of
selectively degrading class | HDACs 1-3 in cells. These novel chemotypes are based on potent
and class I-selective macrocyclic tetrapeptide inhibitors, which were linked to thalidomide by
modular synthesis, employing copper-catalyzed azide—alkyne “click” chemistry. In HEK293T
cells, these conjugates lead to degradation of HDAC1-3 in a time- and concentration-dependent
manner. Concomitant histone hyperacetylation without leading to cytotoxic effects was observed
by western blot. These chemotypes enable the study of the biological roles of class I HDAC
enzymes by short-term temporal deletion. Our compounds represent the first examples of
degraders with demonstrated selectivity for class | HDACs 1-3. Importantly, this study highlights

the utility of cyclic peptides as target-binding elements for PROTAC design in general.
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INTRODUCTION

Posttranslational modification of histone proteins,' around which DNA is wrapped in eukaryotic
cells, has been recognized as a vital part of epigenetic regulation, which controls gene expression.
One important and highly dynamic posttranslational modification (PTM) is the acetylation of
lysine side chains, which is introduced by histone acetyl transferases (HATs) and removed by
histone deacetylases (HDACSs).2 Two fundamentally different groups of HDACs are known. The
sirtuins (SIRT1-7, class IIT) remove acyl groups via an NAD*-dependent mechanism,* while the
1 1-member family of histone deacetylases (HDAC1-11) are Zn*>*-dependent hydrolases.> * Based
on their sequence similarity, HDACs can be grouped into different classes: class I (HDACI, 2, 3,
and 8), class IIa (HDAC4, 5, 7, and 9), class IIb (HDAC6 and 10), and class IV (HDAC11).>7 The
HDACSs 1-3 primarily exhibit activity as members of multiprotein complexes, including CoREST,
Sin3, and NuRD for HDACs 1 and 2, while HDAC3 associates with proteins such as NCoR and
SMRT.#!? Dysregulation of histone deacetylation has been associated with the manifestation of

1-12 Therefore,

severe diseases, including cancer, neurological diseases, and immune disorders.
inhibition of HDACSs has been the subject of numerous drug discovery efforts in industry and
academia alike and several potent inhibitors have been reported to date.!* Three small molecule
inhibitors and one disulfide bridge-containing depsipeptide have received FDA approval and
numerous additional compounds are under clinical investigation, while one additional small
molecule (chidamide) has been approved for clinical use in China (Figure 1).!%15 All these
chemotypes generally follow a zinc-binding group—linker—cap group pharmacophore, where the
zinc-binding group (ZBG) coordinates to the conserved Zn?" ion present in active sites of all eleven

HDACs.!'* 16 The extended linker typically mimics the acetylated lysine side chain of a histone

substrate, protruding into the active site, while the cap group binds to the surface of the HDAC



protein. One distinct class of HDAC inhibitors are macrocyclic peptide inhibitors, such as apicidin,
trapoxin, and the family of azumamides,'”?! featuring zinc-binding groups like ethylketone,
epoxyketone, or carboxylic acid and carboxamide, respectively. These are generally believed to
be weaker zinc binders than the hydroxamic acid or o-aminobenzamide found in the clinically
approved small molecules (Figure 1).!'”> 2> However, the peptide macrocycles contribute
significantly to the binding affinity, to afford potent inhibitors of class I HDACs with inhibition

constants (K; values) in the low nanomolar range.
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Figure 1. Chemical structures of selected HDAC inhibitors. (A) Clinically approved HDAC inhibitors
vorinostat, panobinostat, belinostat, chidamide, and romidepsin. The zinc binding group—linker—cap group
pharmacophore is highlighted in color code for vorinostat. (B) Naturally occurring macrocyclic peptide
inhibitors apicidin, apicidin A, trapoxin A, and trapoxin B and their synthetic derivatives TpxB*°* and
TpxB***™ Amino acid numbering for the macrocycles is based on trapoxins (numbers shown in blue).

Recently, the new paradigm of developing “protein degraders” or so-called PROteolysis-
TArgeting Chimeras (PROTACs) has attracted significant attention in the field of medicinal

chemistry. These bifunctional compounds contain a binding motif for a protein of interest and,



connected via a linker moiety, a recognition motif for an E3 ubiquitin ligase. By bringing the
ubiquitin ligase and the protein of interest into close proximity, these molecules trigger
polyubiquitination of the protein of interest and subsequent degradation by the proteasome, the
inherent protein degradation machinery of the cell. Such protein degraders, if based on reversible
binders, are in principle catalytic and can lead to degradation of several copies of the target protein.
This, in theory, requires lower cellular concentrations of the compound, compared to traditional
drug substances, and reduces the risk of adverse off-target effects.”*> Moreover, potentially
“undruggable” proteins can also be targeted as long as a motif for transient binding to the protein
of interest is available, including binders of allosteric sites. Since its original description in 2001,%

25-32

the development of PROTACs has received wide attention and has been applied to several
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androgen 40-44

targets, including kinases, and estrogen receptors,?> 3 bromodomains,**-* a
G-protein coupled receptor,* signal transducers and activators of transcription,**#” and even self-
degradation of ubiquitin ligases.*® The utility of PROTACs in chemical biology investigations was
recently highlighted by elucidating the biological functions of a kinase, independent of its
enzymatic activity.* In a recent report, targeting of one protein in the polycomb repressor complex
for degradation led to concomitant degradation of other proteins in the complex, an observation
termed “collateral ubiquitination”.>

Although constituting a highly promising new strategy for drug discovery, the first examples of
resistance development against PROTACs have recently been documented, usually involving
cellular changes to the ubiquitin transfer machinery.>!->2
Development of degraders of PTM-erasing enzymes has so far been limited to sirtuin 23 and

HDACS6, with the latter being targeted both using an unselective HDAC inhibitor’* and the

HDAC6-selective inhibitor nexturastat A.>>>% During the preparation of this manuscript, another



group also reported degraders of class I HDACs derived from aminobenzamide-based inhibitors
(vide infra).>

Here, we report the design, synthesis, and biochemical characterization of selective degraders of
class I HDACs 1-3, suitable for the study of the effects of temporal HDAC deletion, without
overall cytotoxicity. These novel chemotypes are based on macrocyclic tetrapeptide HDAC
inhibitors, constituting the first examples of PROTACSs based on a macrocyclic peptide target-

binding scaffold.

RESULTS

Compound Design and Synthesis. For our degraders targeting class I HDACs, we envisioned
linking macrocyclic HDAC inhibitors to the E3 ligase recruiter thalidomide. This structure recruits
the E3 ligase cereblon (CRBN) and — together with the closely related phthalimide-based
immunomodulatory imide drugs (IMiDs) lenalidomide and pomalidomide — constitutes one of the
most commonly used recruiting elements in the PROTAC field.33-3% 41-42,45-48,53-57,59-60. Applying
a previously established clickable thalidomide-azide building block,>* we envisioned a facile
modular synthesis by incorporation of alkyne-bearing side chains into the macrocyclic
tetrapeptides, followed by “click” chemistry to assemble the bifunctional target molecules. We
chose a trapoxin-inspired scaffold for the backbone. Informed by previously established structure—
activity relationship (SAR) derived from macrocyclic HDAC inhibitors, where the amino acid in
position 1 carries the zinc-binding group, position 2 is D-proline or D-pipecolic acid, and where

position 4 should contain a (bulky) aromatic residue,!7-1%- 20

we chose the amino acid at position 3
as the attachment point for thalidomide, via Cu(I)-catalyzed Huisgen [3+2] azide—alkyne

cycloaddition®!-%? (see Figure 1 for numbering). Alkynes were incorporated by use of the non-



canonical amino acid L-propargylglycine (L-Prg) and propargylated tyrosine building blocks (S3
and S6, Scheme S1), providing extended distance from the macrocycle. For the zinc-binding
group, we incorporated both a strong zinc binder, hydroxamic acid, as well as a weaker zinc binder,
ethyl ketone. This small series of compounds would allow us to address both the effect of linker
length and zinc-binding strength simultaneously.

A protected form of (S)-2-amino-8-oxodecanoic acid (Boc-L-Aoda-OMe S12b, Scheme S1C)
was synthesized by adapting an established procedure.®® For the ethyl ketone derivatives, the linear
tetrapeptides were synthesized manually in solution by iterative Boc deprotection with TFA and
HATU-mediated peptide coupling. The individual intermediate peptides were purified by column
chromatography. While this is a somewhat tedious approach, it afforded the linear tetrapeptides in
high purity for subsequent deprotection and macrocyclization (Scheme S2A). The crude cyclic
peptides bearing an alkyne moiety were then subjected to the “click” conjugation of the
thalidomide-azide building block using established conditions (Scheme S3).>* Purification by
preparative HPLC afforded the ethyl ketone-containing PROTACS 1 and 2 in good yield and high
purity (Figure 2).

The hydroxamate-containing precursors were synthesized by applying an Fmoc protected,
O-tert-butyl-hydroxamic acid-containing building block (Fmoc-L-Asu™HOBY_OH S15, Scheme
S2B), which was available from a previous investigation.* Here, the syntheses of the linear
tetrapeptides were achieved by Fmoc solid-phase peptide synthesis (SPPS) on
2-chlorotritylchloride resin, using HATU as the coupling reagent. The final peptides were cleaved
from the resin using a mild cleavage cocktail (trifluoroethanol-acetic acid—dichloromethane,
1:1:8) to leave the side chain fert-butyl protecting group in place for the cyclization (Scheme S2B).

The crude side chain protected linear peptides were cyclized head-to-tail and coupled to the



thalidomide building block as above. Removal of the fert-butyl side chain protecting group,
however, required forcing conditions (62% trifluoroacetic acid for 24 h), resulting in highly
complex product mixtures, which complicated purification by preparative HPLC. Milder
deprotection conditions resulted in incomplete or no conversion as determined by LC/MS (data
not shown). Nonetheless, hydroxamate-containing candidates 3 and 4 (Figure 2) were obtained in

sufficient amounts and purities for biological evaluation.
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Figure 2. Chemical structures of the final PROTAC candidates 1-4. The two different HDAC inhibitor
parts shown in blue and purple, respectively. The common linker and thalidomide segments are shown in
gray and orange. Please consult Supporting Schemes S1-3 for synthetic details.

HDAC Inhibition In Vitro. To ensure that the final candidates targeted class | HDACs, we
subjected the compounds to biochemical characterization using recombinant enzymes in vitro. We
performed standard trypsin-coupled HDAC inhibition assays using a fluorogenic substrate’ with
all classI HDACs to confirm enzyme inhibition and thereby target binding. Representative
HDAC: of class IIa, IIb, and IV were selected to evaluate class selectivity.

We could confirm selectivity and high to medium potency of all four compounds for class I
HDAC:S. For the ethyl ketones 1 and 2, we obtained ICso values between 50 nM and 1000 nM

(Table 1 and Figure S1). Thus, the compounds were less potent than the parent HDAC inhibitor



TpxBA°44, which is characterized by ICso values in the low nanomolar range.?’ We assume that this
loss in potency is caused by steric effects in the active site due to the attached linker and
thalidomide molecule. Low-nanomolar ICso values of the hydroxamates 3,4 (Table 1 and
Figure S1) showed more potent class I HDAC inhibition compared to the ethyl ketones 1,2 and
similar potency compared to the parent inhibitor TpxBAs'"2 20 However, high selectivity for class
I HDACs 1-3 was demonstrated for the ethyl ketone compounds in particular. Not surprisingly,
the higher potency of the hydroxamate-containing compounds also went hand in hand with
decreased selectivity over other HDACs (Table 1 and Figure S1).

Generally, we observed a higher potency for compounds 2 and 4, containing the longer tyrosine-
based spacer. Presumably, the phenyl ring of the tyrosine spacer is accommodated more similarly

to the Phe residue of trapoxin B than the triazole group in the compounds with the shorter linker.

Table 1. ICso values + standard deviation in nM for the inhibition of HDACs by compounds 1—4 and their
parent macrocyclic inhibitors TpxB*°* and TpxB****,
1 2 3 4 TpxBAo® TpxBAsth

HDACI1 931+6.3 77.1+04 4.01+0.01 1.02+0.01 7.11+0.4 2.08+0.8¢
HDAC2 1250 £ 56 92.3+0.7 443 +£0.01 1.27+£0.01 590+1.1¢ 1.80+£0.01¢
HDAC3 498 £2.5 443 +£0.01 9.96 +£0.01 1.79 £ 0.04 1.58+0.3¢ 2.64+0.2¢

HDACA4 NA® NA® 31000 + 198 728 £ 1.6
HDAC6 NA® 37300 + 263 240 £9.2 30+£3.6
HDAC7 NA® NA® 20500 + 302 770 + 38
HDACS 7600 =141 38500 + 421 99.4+0.6 1.8+0.2
HDACI1 NA® 69000 + 1531 26000 + 1226 1300 + 53

“ ICso values are calculated from K; values previously reported.?’ ” NA = not active (characterized by less
than 15% inhibition at highest tested concentration of 50 uM). All values are based on at least two
individual assays performed in duplicate.

Inhibition Kinetics of Compounds towards Class I HDACs. Because the inhibition kinetics

may affect the formation of the ternary complex necessary for the targeted protein degradation, we



investigated the kinetics of the inhibition of class | HDACs (HDAC1-3). Rate inhibition assays
revealed a fast-on/fast-off binding mechanism for the ethyl ketones 1 and 2, demonstrated by
constant velocity rates (fluorophore release as a function of time; Figures S2—-S7). These results
prompted us to first uncover the mechanism of inhibition of the compounds 1 and 2. The data
obtained from rate inhibition assays were fitted to the Michaelis-Menten equation to provide Vimax
and Kwm values as well as the dissociation constants for competitive (Kis) and uncompetitive (Kii)
inhibition (Figure 3 and Table 2). Furthermore, the Michaelis-Menten parameters were fitted in
secondary plots to allow visual determination of the mechanism of inhibition (Figures S2—S7). The
secondary plots revealed mixed inhibition, categorizing the inhibitors as non-competitive.
However, the associated K; values indicate primarily competitive inhibition, because the Kjs values
(competitive inhibition) were significantly lower than the Kj; values (uncompetitive inhibition; see
Figure 3 for example showing compound 1).

In contrast, the velocity changed over time in the rate inhibition assay of the hydroxamates 3 and
4, which indicated a slow, tight-binding mechanism of these compounds (Figure S8). For
compounds 3 and 4, we performed dose-response assays to distinguish between mechanism A and
B of slow-binding inhibition. To this end, the apparent first-order rate constant kqps, describing the
change in velocity over time, was calculated, plotted as a function of time, and fitted to equations
for mechanism A and B (see the Supporting Information for additional information).®> We
determined inhibition according to mechanism B for both compounds and estimated the
mechanism B-based dissociation constants K; (Table 2 and Figure S8). As most of the values
approach zero, K; values could not be calculated in all cases, but were as a minimum smaller than

the lowest concentration used to perform the assay.
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Figure 3. Kinetic evaluation of fast-on/fast-off binding compound 1. Michaelis—Menten plots and data
fitting for inhibition of HDAC1-3 by compound 1.

Table 2. Binding kinetics of fast-on/fast-off ethyl ketone-based compounds 1,2 and tight binding
hydroxamate-based compounds 3,4 investigated against HDAC1-3. ¢

1 2 3 4
Kis Kii Kis Kii estimated K ? estimated K ?
HDACI1 54+3.9 1600 + 370 34+33 1000 + 770 <<0.98 ~0.02
HDAC2 79+5.8 1700 + 370 16 +£3.2 75+ 19 <<0.98 <<0.98
HDAC3 133+12 1700 + 450 22 £8.8 130 £ 55 <<0.98 ~0.10

“ Kis and K;; values are reported in nM. ? K; values could not be calculated as they depend on k., values, which
approached 0 with uncertainties exceeding the determined values. Therefore, estimated maximum values are
given in nM.

Evaluation of Cytotoxic Effects. In order to evaluate the suitability of our compounds for
protein degradation studies in cells, we examined their effect on cell viability as judged by MTT
assays. To this end, human embryonic kidney cells (HEK293T) were treated with the compounds

for 72 h. All compounds 14 exhibited only limited to no cellular toxicity, up to the highest tested

concentration of 100 uM (Figure S9). This is in contrast to other potent HDAC inhibitors like the
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natural compound trichostatin A (TSA), used as control in the assay, and to the parental
macrocyclic inhibitors, which the degraders are based on (6.2 uM for TpxBA°% and 0.3 uM for
TpxBAstha, respectively).?’ This might reflect limited cell permeability or enhanced efflux of the
bifunctional molecules, but also their fundamentally different mode of action. Nevertheless, we
welcomed the lack of general cytotoxicity of these compounds, because it enables cellular protein

degradation studies without interference from apoptosis or other cell death mechanisms.

Characterization of HDAC Degradation. To test the ability of our compounds to induce
HDAC protein degradation, we incubated HEK293T cells with the compounds, lysed the cells,
prepared nuclear extracts, and assessed protein content by Western blot analyses. We initially
picked HDAC?2 as a representative for class I HDACs, because the commercial primary antibody
performed very well in our immunoblots. Loading was controlled by the level of total histone H3
in the nuclear extracts. Decrease in HDAC?2 levels was only observed for the compounds with the
longer tyrosine-based linker 2 and 4 (Figure 4A). Protein degradation was more pronounced for
the ethyl ketone-bearing compound 2 than for hydroxamate 4, even though compound 4 is a more
potent HDAC inhibitor (Table 1). This may be rationalized by the observed binding kinetics (vide
supra) combined with the principle of how PROTACs exert their catalytic effect. The slow off-
rate and effectively irreversible binding of hydroxamate 4 leads to potent inhibition but is not
compatible with fast catalytic turnover in the ubiquitination that leads to HDAC degradation. Slow,
tight-binding kinetics can be beneficial for occupancy-driven pharmacology (classical enzyme
inhibitors),%%7 but might be unfavorable for event-driven pharmacology (PROTACsS).

Based on the initial screen, we focused our attention on the ethyl ketone 2, which appeared to be

the most potent HDAC degrader. When treating HEK293T cells with 2 (300 nM) in varying time

12



intervals, it was found that efficient degradation was achieved after as little as two to four hours
(Figure 4B—C). On the other hand, longer exposure (eight hours or more) resulted in HDAC?2 levels
similar to or stronger than the negative control. While the reason for this is not clear based on our
current level of insight, it points to activation of protein re-expression upon induced degradation.
Therefore, cells were co-treated with an inhibitor of ribosomal protein biosynthesis, cycloheximide
(CHX),>* %8 as performed previously in the investigation of PROTACs.>3 7! A similar trend was
observed for the closely related enzyme HDACI (Figure 4B) and co-treatment with cycloheximide

led to Western blots showing markedly enhanced degradation (Figure 4D).
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Figure 4. Characterization of protein degradation capabilities of compounds 1-4. (A) Screening of the
series of test compounds for degradation of HDAC2 upon treatment of HEK293T cells for 4 hours at the
indicated concentrations and co-treatment with cycloheximide (CHX). (B) Time course of degradation of
HDAC2 and HDACI upon treatment of HEK293T cells with 0.3 uM 2 or 0.3 uM reference inhibitor
TpxB*°* for the indicated times. (C) Quantification of HDAC2 levels after treatment of HEK293T cells
with 300 nM 2 or reference inhibitor TpxB*°* for different times. * — p < 0.05, ** — p <0.01 (n = 3) using
t-test. (D) Mechanistic studies reveal proteasome-dependent HDAC1 degradation by 2 as co-treatment with
proteasome inhibitor MG132 does not lead to degradation and reveal enhanced degradation by co-treatment
with cycloheximide (CHX); representative blot from two replicates. For full blot images, please consult the
Supporting Information.
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Importantly, treatment with the parent HDAC inhibitor (TpxB~°4) did not lead to degradation
of HDAC1 or HDAC2 (Figure 4B). The observation that compound 2 leads to short term
intervention and temporal degradation of HDACs may also provide an explanation for the lack of
general cytotoxicity measured by MTT assay after 72 h treatment.

The degradation of HDACs could be counteracted by co-treatment of cells with the proteasome
inhibitor MG13272 (Figure 4D) or by co-treatment with a competing HDAC inhibitor (Figure 5C),
which highlights the requirement for both binding to the enzyme and a functional ubiquitin—

proteasome pathway for efficient degradation.
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Figure 5. Characterization of protein degradation capabilities of compound 2. (A) Titration series testing
for degradation of HDACI-3 upon treatment of HEK293T cells with 2 for 4 hours at the indicated
concentrations. (B) Quantification of HDAC2 levels after treatment of HEK293T cells with different
concentrations of 2 for 4 hours to determine optimal conditions. * —p < 0.05, ** —p < 0.01 (n = 2) using t-
test. (C) Degradation of HDAC2 by 2 can be overcome by co-treatment with HDAC inhibitors competing
for the same binding site (used at 1 pM); representative blot from two replicates. For full blot images, please
consult the Supporting Information.
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In a dose-response experiment, we observed optimal degradation of HDACs1-3 after treatment
with concentrations of 2 at 100-300 nM for 4 hours (Figure SA,B). Notably, at elevated
concentrations (equal to or above 1 pM), degradation was less efficient than at lower
concentrations, an effect commonly observed as the “hook effect”,?? 37-40.49. 33,55 which results
from incomplete formation of the ternary ligase:PROTAC:POI (protein of interest) complex at

high concentrations, when formation of two separate binary complexes (ligase:PROTAC and

PROTAC:POI) becomes more likely due to saturation of the targets.

Degradation of Proteins Associated with Class | HDACs and Effect on Histone Acetylation.
Next, we extended our analyses to other proteins that might be affected by degradation induced by
compound 2, because of their known association with class I HDACs in the nucleus.’"!° Based on
antibody availability, we focused our analyses on REST corepressor 1 (CoREST), metastasis-
associated protein 3 (MTA3), lysine-specific demethylase 1 (LSD1), and TBL1XR1. Of these, a
significant reduction in protein level was only observed for TBL1XR1 (by ca. 40%, Figure 6A,B).
Degradation of proteins, which themselves do not bind to the PROTAC molecule, but are
associated with and thus in proximity to another protein that does, has been termed “collateral” or
“bystander” ubiquitination. This effect has recently also been observed for degradation of proteins
in the polycomb repressive complex 2 (PRC2).36-30

To investigate downstream effects of HDAC degradation, we determined histone acetylation
levels in HEK293T cells after 4 hours of treatment. For the H3K9ac and H3K27ac marks,
increased acetylation levels upon treatment with 2 were observed, comparable to levels upon

treatment with parent inhibitor TpxBA°% (Figure 6C). Importantly, cells that were also co-treated
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with proteasome inhibitor MG132 did not show the same increase, indicating that the elevated

acetylation levels upon treatment with 2 (300 nM) stem from its function as an HDAC degrader.
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Figure 6. Characterization of further effects caused by compound 2 induced protein degradation. (A)
The protein TBL1XR1, one of the proteins in the NCoR complex associated with class I HDAC:s, is also
degraded after 4 h treatment with 300 nM 2. (B) Quantification of TBL1XR1 levels after 4 h treatment with
300 nM 2. *** — p < 0.001 (n = 4) using #-test. (C) Effects of HDAC degradation by 300 nM 2 or by
treatment with 300 nM TpxB“°* on acetylation of histone lysine marks H3K27ac and H3K9ac after
4 hours; representative blot from two replicates. For full blot images, please consult the Supporting
Information.

Lastly, we investigated whether compound 2 exhibited selective degradation of certain histone
deacetylases. To this end, HEK293T cells were treated with 2 (300 nM) for 4 hours and nuclear
extracts as well as cytosolic fractions were isolated. The levels of the respective HDAC proteins
in both fractions were then analyzed by Western blotting. For the cytosolic fractions, we used the
constitutively expressed metabolic enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
as loading control. Significant degradation was not observed for any of the other tested HDAC
proteins (HDAC4-9 and 11, Figure S10). Importantly, we observed no degradation of HDACS6,

the main target of all previously reported HDAC degraders.>*>8
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To the best of our knowledge, compound 2 is the first example, where such a high selectivity for
class I HDACs without degrading other HDAC enzymes has been demonstrated. However, during
the preparation of this manuscript, Smalley et al. also reported compounds capable of degrading
classI HDACs.> Their chemotypes were based on a different HDAC-targeting scaffold
(0o-aminobenzamide as zinc-binding group) and a different ligase-recruiting element for the most
potent example. Notable differences in the cellular effects of those compounds were reported. They
exhibited HDAC degradation after 24 h treatment, a time point where our compounds no longer
show efficacy. Presumably, due to this prolonged effect, the compounds in that study also
exhibited toxicity towards cultured HCT116 cells (colon cancer). Moreover, while efficient
degradation was demonstrated for HDAC1-3, the potential effect on other HDACs or protein
complex partners was not reported and selectivity was therefore not addressed.*

The degraders presented in the present study therefore provide a valuable complementary
strategy, which allows for probing the biological effects of short term deletion of class I HDACs

and, potentially, associated complex partners without exhibiting detrimental general cytotoxicity.

DISCUSSION

Here, we report the development of a selective and non-toxic protein degrader of class | HDACs.
Based on highly potent and class I-selective macrocyclic tetrapeptide inhibitors, we employed a
modular click chemistry approach to synthesize a small series of candidates, of which the most
efficient compound (2) is capable of chemically inducing degradation of class I histone
deacetylases (HDACI1-3). Degradation by compound 2 is dependent on active site binding as well
as on a functional proteasome and is dose- and time-dependent, with optimal degradation at sub-

micromolar concentrations after 4 hours. While degradation of HDAC1-3 leads to concomitant
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histone hyperacetylation and partial degradation of one protein complex partner, it does not lead
to general cytotoxicity as sustained treatments with traditional HDAC inhibitors do. Since the
PROTAC concept has several advantages over genetic protein knockdown approaches and
occupancy-driven inhibitors, we expect this probe to enable novel types of investigations of the
biological effects of short-term perturbation of these enzymes.

Finally, compound 2 is the first example of a protein degrader employing a macrocyclic peptide
as its target-recruiting motif. Cyclic peptides have been recognized as a privileged structure for
chemical tools, recognizing protein surfaces and for studying protein—protein interactions’® and
efficient methods exist for generating large libraries and identifying potent binders, e. g. by phage-
display.’*7¢ or mRNA-display.”’-** We provide here a first proof-of-concept that cyclic peptides
can be elaborated into cell-permeable protein degraders, which opens up new avenues for the field

of PROTAC design against “difficult to target” proteins of interest.

MATERIALS AND METHODS

Synthesis. All compounds were synthesized in-house (see Supporting Information) and were of
at least 95% purity for in vitro and in cellulo testing. All compounds 1-4 were tested for known
classes of assay interference compounds using the publicly available online tool “False Positive
Remover” (www.cbligand.org/PAINS). None of the tested compounds were flagged as PAINS.
Reference HDAC inhibitors TpxBA°%® and TpxBA" were available from an earlier
investigation.?? Concentrations of test compound stock solutions were determined by quantitative
'"H-NMR using maleic acid as internal standard. Reagents for cell co-treatment such as

cycloheximide (CHX) and MG132 were purchased from Sigma-Aldrich.
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Trypsin-Based Fluorogenic Enzyme Activity Assays. All assays were performed in black
half-area 96-well plates (Corning) with duplicate series and at least two repetitions of each assay.
HDAC buffer (50 mM Tris, 137 mM NacCl, 2.7 mM KCI, 1 mM MgCl, 0.5 mg/mL BSA) was
used for all reactions except for HDAC11 where HEPES buffer (50 mM HEPES/Na, 100 mM KCl,
2.7 mM KCI, 1 mM MgCl, 0.5 mg/mL BSA) was used instead. Different substrates were selected
depending on the enzyme: Ac-LGK(ac)-AMC was used as substrate for HDACI, 2, 3, and 6, Ac-
LGK(tfa)-AMC for HDAC4, 7, and 8, and Ac-ETDK(myr)-AMC for assays performed with
HDACI11. All assays were performed under steady-state conditions ensured by 5% to 20% of
substrate conversion. All assays were analyzed using the plate reader FLUOstar Omega (BMG
Labtech) at Aex = 360 nm and Aem = 460 nm at room temperature. The AMC concentration was
calculated based on a fluorescence standard curve and all data were analyzed by nonlinear
regression using GraphPad Prism.

Endpoint HDAC Inhibition Assays. Substrate and different inhibitor concentrations (3-fold
dilutions) were added to the wells and the reaction was started by adding a freshly prepared HDAC
solution. (HDACI1: 0.2 ng/uL, HDAC2: 0.1 ng/uL, HDAC3: 0.11 ng/uL, HDAC4: 4.0 pg/uL,
HDAC®6: 0.3 ng/uL, HDAC7: 5.5 pg/uL, HDACS: 0.05 ng/uL, HDACI11: 0.05 nM; all enzymes
were purchased from BPS Bioscience). The plate was incubated for 30 min at 37 °C. After the
addition of a freshly prepared solution of 0.4 mg/mL trypsin, the assay was developed for 15 min
at 37 °C and then measured in the plate reader. Each plate contained wells without inhibitor
(positive control, 100% conversion) and control wells without enzyme and inhibitor (negative
control, blank). Apicidin, a potent class I HDAC inhibitor, was used as control for assays with
HDACI, 2 and 3. The pan-HDAC inhibitor Trichostatin A (TSA) served as control for all assays

performed with HDAC4, 6, 7, 8, and 11.
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Rate Inhibition Assay with one Inhibitor. Rate inhibition assays were performed for HDACI, 2
and 3 and analyzed as previously described.?’ Different substrate concentrations (2-fold dilutions),
different inhibitor concentrations (2-fold dilutions) and trypsin (10 ng/uL) were added to the wells
and the reaction was started by adding a freshly prepared HDAC solution. Fluorescence was
recorded every 30 sec for 60 minutes. Resulting data was analyzed using GraphPad Prism.

Dose—response assay. Rate inhibition assays were performed for HDACI, 2, and 3 and analyzed
as previously decribed.?® Substrate, different inhibitor concentrations (2-fold dilutions) and trypsin
(10 ng/puL) were added to the wells and the reaction was started by adding a freshly prepared
HDAC solution. Fluorescence was recorded every 30 sec for 60 minutes. The resulting data were
analyzed using GraphPad Prism.

Cell viability assay. An MTT assay was performed to assess effects on cell viability using an
MTT assay kit from Merck Millipore (CT02). At 70-80% confluency, cells were seeded into
sterile 96-well plates. After incubation at 37 °C and 5% CO> atmosphere overnight, cells were
treated with 10 pL of medium containing dilution series of test compounds and incubated at 37 °C
and 5% CO> atmosphere for 72 h. Trichostatin A (TSA) was used as positive and DMSO as
negative control. After 72 h, 10 pL of freshly prepared 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) solution were added to the wells and the plates incubated for another
4 h at 37 °C and 5% CO; atmosphere. 0.04 M Hydrochloric acid was added to the wells and
absorbance was measured at 560 nm with background subtraction at 630 nm using the FLUOstar
Omega plate reader (BMG Labtech). Assays were performed in triplicate and data were analyzed
using GraphPad Prism.

Cellular Protein Degradation. Cel/ culture. Human embryonic kidney HEK293T cells (ATCC)

were cultured in T175 flasks in Dulbecco’s modified eagle medium (DMEM, ThermoFisher),

20



supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37 °C and
5% CO; atmosphere. Cells were grown to 70—-80% confluency as determined visually by a light
microscope, washed once with phosphate buffered saline (PBS) to remove dead and floating cells.
Cells were treated with 2 mL trypsin-EDTA solution (Sigma-Aldrich) at 37 °C for some minutes.
After complete detachment, the cell suspension was diluted with medium and cells were counted
using trypan blue stain on an Eve automated cell counter (NanoEnTek). Before treatment, cells
were seeded at 1,000,000 cells per well in 2 mL medium on sterile 6-well plates and grown at
37 °C and 5% CO2 atmosphere overnight.

Cell treatment. Compounds and co-treatment reagents were dissolved in cell culture medium as
11-fold stocks and 200 pL per well were added to the cells. Unless otherwise noted, cells were
treated for 4 hours at 37 °C and 5% CO; atmosphere. In case of co-treatment, 100 pg/mL CHX or
10 uM MG132 (final concentrations) were added. Cells were harvested by scraping and transferred
into 15 mL falcon tubes. After centrifugation at 1.5 rpm for 2.5 min at rt, medium was removed
by suction and the cell pellet was washed twice with PBS before nuclear extract preparation. All
treatments and following analyses were performed at least in duplicate.

Nuclear extract preparation. Cell pellets were resuspended in 250 uL hypotonic buffer (20 mM
Tris, 10 mM NaCl, 3 mM MgCl,, pH 7.4). The suspensions were transferred into 1.5 mL
Eppendorf tubes and incubated on ice for 15 min to lyse the cells. 10 uL of 10% NP-40 surfactant
solution (ThermoFisher, Surfactant Amps) were added and the lysates were vortexed at the highest
setting for 10 sec. After centrifugation at 4 °C and 500 rcf for 10 min (Eppendorf Centrifuge
5417R), the supernatant was collected as the cytosolic fraction. The pellet was washed twice with
125 pL ice-cold PBS followed by centrifugation at 4 °C and 500 rcf for 10 min. After the last

washing step, the nuclear pellet was resuspended in 55 pL cell extraction buffer (ThermoFisher)
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supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich) and 10 pL
protease inhibitor solution (Roche, Complete EDTA-free) and stored on ice for 45 min, while
vortexing at the highest setting for several seconds every 15 min. The samples were sonicated on
ice for 1 min with a pulsed program (2 sec sonication pulse, 2 sec pause, total ca. 1.5 kJ/sample)
and finally centrifuged at 4 °C and 14,000 rcf for 30 min. The supernatant (nuclear extract) was
transferred to a fresh Eppendorf tube, frozen, and stored at —80 °C.

Determination of protein concentration. The total protein concentration of the nuclear extracts
was determined by BCA assay. To this end, 2 uL extract sample was diluted with 18 pL water and
reacted with 160 pL freshly prepared BCA reagent solution containing bicinchoninic acid and
CuSOy4 on transparent 96-well plates at 37 °C for approx. 30 min under shaking. After complete
color development, absorbance was measured on a FLUOStar Omega plate reader at A = 562 nm
and compared to a standard curve of absorbance values obtained for samples containing 0.016 —
1.000 mg/mL BSA (Protein Micro Standard, Sigma-Aldrich) on the same plate.

Protein separation by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE).
SDS-PAGE was performed on an XCell SureLock mini-cell electrophoresis system (Thermo-
Fisher). Samples were prepared from an appropriate volume of nuclear extract to contain 7 pg total
protein, diluted with MilliQ water to 13 pL and supplemented with 5 uL 4X NuPAGE LDS sample
buffer (ThermoFisher) and 2 uL. 10X NuPAGE sample reducing agent (ThermoFisher). Samples
were heated to 85 °C for 10 min, cooled on ice, and spun down. 18 pL of this sample were loaded
on ready-made NuPAGE 4-12% Bis-Tris gels (ThermoFisher) together with Precision Plus
Protein WesternC Standard (Bio-Rad) as ladder in one lane. Gels were typically run for 40 min at

200 V in NuPAGE MES SDS running buffer (ThermoFisher).
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Western Blotting using HRP detection. The XCell SureLock MiniCell electrophoresis system
(ThermoFisher) was used to transfer proteins from the gels onto polyvinylidene difluoride (PVDF)
membranes. Membranes were cut to size and activated by soaking in methanol for 30 sec, followed
by 2 min in water, and several minutes in NuPAGE transfer buffer (ThermoFisher). Sponges, filter
paper, and the gel were also soaked in transfer buffer and assembled according to the
manufacturer’s instructions together with the activated membrane. Transfers were performed at
30 V for 1 hour at room temperature. After completion, the membrane was rinsed in TBST, cut,
and blocked in 5% skim milk powder (w/v, Sigma-Aldrich) in TBST for 1 hour under constant
rocking. After blocking, the membrane was washed with TBST for 3x5 min and subsequently
incubated with primary antibody (typically 1:1,000) in 2% skim milk (w/v) at 4 °C overnight. The
next day, the membrane was washed with TBST for 3x5 min and subsequently incubated with
secondary antibody (typically 1:10,000) and Precision Protein StrepTactin-HRP conjugate
(BioRad, typically 1:20,000) in 2% skim milk (w/v) at room temperature for 1 hour. The
membrane was washed with TBST for 2x5 min and once with TBS. Blots were developed using
ECL Western Blotting Substrate set (ThermoFisher) mixing the two solutions 1:1. Images were
recorded on a Syngene PXi imaging station. Protein levels were quantified after western blotting
using the software ImageJ (US National Institutes of Health). All degradation experiments were
performed in at least two independent biological replicates (duplicates). For statistical analysis,
represents the total number of quantified Western blots used for the analysis (technical replicates),
while both biological replicates were used.

Western Blotting using fluorescence detection. These visualizations were performed essentially
as for HRP detection, except that membranes were blocked in Licor buffer (TBS supplemented

with 4.5 g/L gelatin from cold water fish skin (Sigma-Aldrich), 1 g/L casein (Sigma-Aldrich), and
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0.2 g/L sodium azide). Antibody dilutions were prepared in Licor buffer supplemented with 0.1%
(v/v) Tween-20. After blocking, membranes were not washed, but treated directly with a solution
of the primary antibody. Membranes were handled in black boxes or otherwise protected from
light to avoid the fluorescently labeled secondary antibodies from bleaching. After incubation with
the secondary antibodies (typically 1:15,000), membranes were washed with TBST for 3x5 min
and dried between filter paper for at least 15 min before recording the images.

Antibodies. The following primary antibodies were used: HDACI1 (Santa Cruz Biotechnology,
sc-7872, rabbit pAb), HDAC2 (Santa Cruz, sc-7899, rabbit pAb), HDAC3 (Santa Cruz, sc-11417,
rabbit pAb and Cell Signaling Technology, CST-3949T, mouse mAb), HDAC4 (Cell Signaling,
CST-7628T, rabbit mAb), HDACS5 (Santa Cruz, sc-133106, mouse mAb), HDAC6 (Santa Cruz,
sc-11420, rabbit pAb), HDAC7 (Santa Cruz, sc-74563, mouse mAb), HDACS (Santa Cruz, sc-
11405, rabbit pAb), HDAC9 (Santa Cruz, sc-398003, mouse mAb), HDACI11 (RayBiotech, 101-
10701, mouse mAb), CoREST (Santa Cruz, sc-135873, mouse mAb), MTA3 (Santa Cruz, sc-
81325, mouse mAb), LSD1 (Santa Cruz, sc-27120, mouse mAb), TBLIXR1 (Santa Cruz, sc-
100908, mouse mAb), GAPDH (abcam, ab8245, mouse mAb), histone H3 (Cell Signaling, CST-
3638S, mouse mAb), H3K9ac (Merck Millipore, 07-352, rabbit pAb), H3K27ac (Cell Signaling,
CST-43538S, rabbit pAb). The following secondary antibodies were used for HRP detection: anti-
mouse-IgG HRP-conjugate (Santa Cruz, sc-2005 and Cell Signaling, CST-7076S), anti-rabbit-IgG
HRP-conjugate (Santa Cruz, sc-2004 and Cell Signaling, CST-7074S). The following secondary
antibodies were used for fluorescence detection: anti-mouse-IgG DyLight-800 conjugate (Cell

Signaling, CST-52578S), anti-rabbit-IgG DyLight-680 conjugate (Cell Signaling, CST-5366S).
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