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Abstract: The traditional concept of drug discovery is based on the occupancy-
driven pharmacology model. It implies the development of inhibitors occupy-
ing binding sites that directly affect protein functions. Therefore, proteins that
do not have such binding sites are generally considered as pharmacologically
intractable. Furthermore, drugs that act in this way must be administered in
dosage regimens that often result in high systemic drug exposures in order to
maintain sufficient protein inhibition. Thus, there is a risk of the onset of off-
target binding and side effects. The landscape of drug discovery has been
markedly changed since proteolysis targeting chimera (PROTAC) molecules
emerged twenty years ago as a part of the event-driven pharmacology model.
These are bifunctional molecules that harness the ubiquitin-proteasome system,
and are composed of a ligand that binds the protein of interest (POI), a ligand
that recruits E3 ubiquitin ligase (E3UL) and a linker that connects these two
parts. Pharmacologically, PROTACs bring POI and E3UL into close prox-
imity, which triggers the formation of a functional ternary complex POI-
—PROTAC-E3UL. This event drives polyubiquitination and subsequent POI
degradation by the 26S proteasome. The development and exceptional pro-
perties of PROTAC molecules that brought them to clinical studies will be
discussed in this paper.
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INTRODUCTION

The fundamental concepts embedded in drug discovery science, named
medicinal chemistry, have remained mainly unchanged for the last century.!
Since Ehrlich and Langley, when receptor pharmacology began to appear,? drug
discovery was based on the following concepts: a) identification and optimization
of molecules with decent activities on corresponding biological targets and b)
finding safe and tolerable doses and dose regimens that could maintain sufficient
drug concentration at the site of action in order to trigger and sustain appropriate
pharmacologic effects.! Hence, two fundamental principles originating from
pharmacology — aplenty receptor occupancy and sustained drug exposure in the
target tissue — were the basis for drug discovery and optimization. Hereinafter,
only inhibitors will be disclosed since they are much more present in therapy
than agonists. Thus, the class of molecules that will be elucidated in the follow-
ing text actually agonizes certain processes by which the inhibitory function is
finally achieved.

The human proteome contains more than 30,000 proteins employed in differ-
ent biological functions.3 Taking into account that many of them are included in
the onset of many different diseases, scientists attempt to manipulate them in
order to achieve certain therapeutic effects. Currently, the United States Food and
Drug Administration (FDA) approved drugs against about 400 human proteins.*
More than 90 % of them are enzymes, transporters, G protein-coupled receptors
(GPCRs), cluster of differentiation (CD) markers, voltage-gated ion channels and
nuclear receptors.® These biological targets are attractive, but easily accessible to
agents originating from the traditional pharmacology concept. However, it has
been estimated that there are about 3,000 genes involved in disease onset. In
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summary, the current therapies can target only 13 % (400 out of 3,000 genes) of
the therapeutically relevant human proteome. Therefore, about 85 % of disease-
associated proteins remain without corresponding agents that could achieve ther-
apeutic effects.> To summarize, the genomic revolution found new connections
between certain proteins and diseases,®9 but traditional drug discovery strategies
are not sufficient to exploit all of these emerging chemical biology findings.
There are two reasons why so many therapeutically relevant proteins are still
considered as pharmacologically intractable, i.e., undruggable biological targets:
a) many of them do not have suitable binding sites that directly modulate their
function!? and b) some of them are intracellularly localized and as such unattain-
able for monoclonal antibodies (mAbs) either.!!

2. TRADITIONAL INHIBITORS PHARMACOLOGY

Traditional inhibitors cannot always attain desirable pharmacological effects
owing to their characteristics as well as attributes of the corresponding biological
targets described below:

a) Biological targets for traditional inhibitors are usually enzymes and
receptors containing suitable binding sites for the inhibitors, while about 75 % of
the human proteome lack such binding sites. Examples of such are transcription
factors, scaffolding proteins and other non-enzymatic proteins inside the cell that
are unattainable for traditional medicinal chemistry.!2 The challenge of targeting
such biological targets can be illustrated through the fact that very few approved
agents can exploit such proteins.!3:14

b) Medicinal chemistry strategies for the development traditional inhi-
bitors focused on targeting specific binding sites may imply high systemic drug
exposures in order to attain sufficient and sustained occupancy of biological
target in vivo.!> This potentially increases the risk for off-target pharmacological
actions and onset of side effects.

c) The potency of traditional inhibitors depends on their affinities
towards biological targets.!0

d) Inhibition of biological targets by traditional inhibitors mainly influ-
ences catalytic functions, but not the non-catalytic ones (e.g., scaffolding roles).16

e) Competition with overexpressed native ligand for the same biolog-
ical target can occur after usage of traditional inhibitors.16

f) Small-molecule drugs usually disrupt the activity of one domain of
multidomain scaffolding proteins, while functions of other domains and their
interactions with other proteins remain preserved.!”

g) Traditional inhibitors may induce compensatory overexpression of
corresponding biological targets as well as their accumulation,!8:19 resulting in
incomplete inhibition and, consequently, incomplete suppression of downstream
signaling pathways.
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h) Mutation of genes involved in pathogenesis may generate therapeut-
ically relevant proteins containing conformational changes, which is the reason
for the onset of drug resistance.!” Examples are genes for the epidermal growth
factor receptor as well as for the androgen receptor.20.21

All the described characteristics of traditional inhibitors and their biological
targets originate from the traditional occupancy-driven pharmacology concept,
which will be discussed below. Such characteristics severely impede further dis-
covery of drugs belonging to this concept as well as achieving significant and
long-term clinical benefits through their usage.!” On the basis of all the above, it
could be concluded that new modalities for targeting therapeutically relevant
human proteome are required.

3. INDUCED PROTEIN DEGRADATION: NEW APPROACH IN DRUG
DEVELOPMENT

Different pharmacological approaches to manipulate over therapeutically rel-
evant proteins have emerged. Some of them are antisense oligonucleotides
(ASOs), small interfering RNAs (siRNAs) and clustered regularly interspaced
short palindromic repeats-CRISPR associated protein 9 (CRISPR-Cas9) genetic
engineering technology (see Supplementary material to this paper, section S-1).
Despite the emergence of new methods for affecting biological targets inside the
cells, usage of small-molecule drugs will preserve their place in therapy because
they are able to: a) access many organs and sites of action; b) influence multiple
biological targets simultaneously; ¢) be produced without relatively large invest-
ments using well known development paths.! Hence, new medicinal chemistry
strategies relying on the stated advantages of small-molecule drugs could be able
to override the shortcomings of traditional pharmacology.

Protein degradation induced by small molecules is an emerging strategy
which, as well as nucleic acid-based agents, has the potential to target much more
proteins compared to the standard strategies focused on certain binding sites.
Furthermore, strategies based on small molecule degraders maintained the phar-
maceutical advantages over nucleic acid-based agents.!! The shift in pharmaco-
logical strategy — from protein inhibition to degradation — enables affecting the
proteins that have been perceived as pharmacologically intractable.22:23 Addi-
tionally, protein degradation could act synergistically with current therapeutic
regimens based on inhibitors. As mentioned above, inhibition of certain cellular
pathways could trigger target protein upregulation, which ultimately leads to
inhibitor insufficiency.24-25 Therefore, induced protein degradation (IPD) red-
uces the number of active proteins to be inhibited, but also resists their com-
pensatory overexpression. Furthermore, many biological targets, which are phar-
macologically tractable, have some scaffolding roles that are elusive for trad-
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itional pharmacological approaches, but that contribute to resistance mech-
anisms,26-32

In order to understand IPD, it is important to elucidate two main pharma-
cology concepts: Occupancy-driven pharmacology (ODP) and event-driven phar-
macology (EDP, Fig. 1).!! The onset of many diseases could be related to abnor-
mal protein functioning. This issue has traditionally been addressed using occu-
pancy-driven pharmacology. Namely, the applied inhibitor occupies the disease-
related protein, consequently blocking its function and finally achieving thera-
peutic effect. The longer the protein functions are blocked, the greater is the
achieved therapeutic effect. As mentioned above, sustained high local concen-
trations of an applied inhibitor are required for a therapeutic response and this
could lead to off-target binding and adverse effects.!> An emerging and alter-
native concept is presented as event-driven pharmacology. In this case the ligand
triggers an event that ultimately reduces the level of disease-causing protein.

In summary, the ODP model is based on the following postulates:!!

a) stoichiometric activity of the applied ligand;

b) a ligand must occupy a specific binding site that affects the protein
function;

¢) if non-covalent inhibitor, a ligand could dissociate from its binding site,
which ultimately leads to restoration of the protein functions;

d) ligand selectivity is defined only by its binding profile.

Cell containing
disease-related proteins

Disease
INHIBITION DEGRADATION
Controls protein function Controls protein abundance

No functional
proteins » Normal

Occupancy-driven pharmacology Event-driven pharmacology
Fig. 1. Occupancy- and event-driven pharmacology models.33

On the other hand, the EDP model is based on more advanced postulates:!!
a) sub-stoichiometric activity of the applied inhibitor;
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b) a ligand does not need to occupy a specific binding site that affects pro-
tein function;

c¢) a ligand induce protein degradation, hence restoration of protein func-
tions requires protein resynthesis;

d) ligand selectivity is not only defined by its binding profile.

Many modalities based on the concept of EDP have emerged, and the pro-
teolysis targeting chimera (PROTAC) technology will be further discussed.

4. PROTAC TECHNOLOGY

Proteolysis targeting chimera technology originated from the EDP concept.
This approach employs bifunctional molecules where one of their end binds the
protein of interest (POI), while the other one recruits cellular quality control
mechanisms, which afterwards induce protein degradation. A transient binding
only of a PROTAC molecule is sufficient for its activity. In contrast to the stoi-
chiometric occupancy of binding sites within the ODP model, PROTACs can
perform multiple cycles of action and thus remove sub-stoichiometric amounts of
proteins (i.e., they act catalytically). Furthermore, such molecules do not need to
occupy the specific binding site on the protein with high affinity in order to
perform as degraders — binding at any suitable region of a biological target could
potentially induce its degradation.!! This advantage could be exploited by using
different screens focused on the identification of ligands that simply bind to the
biological targets without affecting their function.34-38 Moreover, turning protein
ligands into protein degraders gives an opportunity for utilizing molecules iden-
tified by high-throughput screening that were initially rejected because they
simply bind to the corresponding biological targets without adequate inhibit-
ion.3941 As mentioned above, in comparison with the dissociation kinetics of
inhibitors originating from the ODP, within the EDP the degradation of the tar-
geted protein occurs, which ultimately requires its resynthesis. This fact gives
kinetic advantage to the molecules originating from the EDP. Finally, some stu-
dies revealed that PROTACs could undergo less off-target degradation than ini-
tially suggested by the POI ligand binding profile.#? Hence, PROTACS can pro-
vide an added layer of selectivity compared to the corresponding inhibitors.

4.1. Mechanistic representation of protein degradation induced by PROTACs

Pharmacologically speaking, PROTACs perform their biological effect (i.e.,
protein degradation) through the active recruitment of the ubiquitin—proteasome
system (UPS, see Supplementary material, Section S-2) that ultimately leads to
the POI polyubiquitination and degradation by the 26S proteasome. In summary,
PROTAC:s are bifunctional molecules consisted of a ligand for POI, a ligand for
E3 ubiquitin ligase and a linker that connects the two ligands (in the following
sections, ligands for POI will be in red, linkers in green and ligands for E3 ubi-
quitin ligases in blue, Fig. 2).43
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Fig. 2. General structure of PROTAC molecules and their mechanism of action.*¢

Hence, they bind POI and E3 ubiquitin ligase simultaneously which leads to
proximity-induced PPIs between these two in the form of ternary complex (TC):
POI-PROTAC-E3 ubiquitin ligase** (see Supplementary material, section S-3).
The recruited E3 ubiquitin ligase mediates multiple runs of ubiquitin transfer
from E2 to the POI, the TC dissociates afterwards and finally the polyubiquit-
inated POI is degraded in the 26S proteasome. Given that PROTAC is not deg-
raded in this process, its destiny can be different depending on its chemical pro-
perties:#> a) non-covalent PROTACs are able to dissociate from the TC and
induce multiple cycles of degradation (catalytic mode of action (MOA)); b) if
PROTAC is covalently bound to the E3 ubiquitin ligase, but non-covalently to
the POI, it is still able to act catalytically (i.e., undergo multiple rounds of deg-
radation); ¢) PROTAC that is covalently bound to the POI cannot participate in
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the next round of POI degradation; d) PROTACs bound in a covalent, but rever-
sible manner to either POI or E3 ubiquitin ligase would act catalytically.

Therefore, in contrast to traditional inhibitors where continual drug binding
to the biological target is necessary, PROTACs act sub-stoichiometrically and
catalytically.47

4.2. The development of PROTACs throughout history

The first PROTACs discovered were peptide-based (Fig. 3). Although they
could induce POIs degradation, their activities were in the low-micromolar
range.43
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Fig. 3. Chemical structures of the first generation of peptide-based PROTACs
(phosphorylated serine is denoted as “SP”” and hydroxyproline is denoted as “POH”),

Additionally, the peptide character made these PROTACs low-permeable,
which was their main shortcoming and obstruction toward further development.
Ultimately, because of large molecular size, peptide-based PROTACs could pot-
entially be recognized as antigens in vivo.48

The first PROTAC molecule (1, Fig. 3) was reported in 2001 by Crews and
Deshaies.49 It is a peptidic PROTAC containing a peptide ligand for the E3 ubi-
quitin ligase. This molecule proved the concept of selective protein degradation
after their polyubiquitination. On the one hand, it consisted of IkBa phospho-
peptide (IPP) as the ligand for SCFB-TRCP E3 ybiquitin ligase, while on the other
hand, ovalicin as the ligand for methionine aminopeptidase-2 (MetAP-2) was
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connected by a hydrocarbon linker. In 2003, new peptidic PROTACs were rep-
orted based on the same IxBa phosphopeptide linked to estradiol (2, Fig. 3) or
dihydrotestosterone (3, Fig. 3). These PROTACs induced the degradation of
estrogen receptor-a (ERa) and androgen receptor (AR), which expanded the
number of degradable biological targets.> Degradation of AR in 293AR-GFP
cells was achieved after microinjection of 3, because the phosphate groups on the
IxBa phosphopeptide impeded its efficient uptake into cells. Hence, this micro-
injection demonstrated that PROTACs can function in intact cells.*3 The first
cell-permeable peptide-based PROTAC (4, Fig. 3) was reported in 2003.51 It
consisted of hypoxia-inducible factor-1a (HIF-1a) octapeptide as the ligand for
VHL (von Hippel-Lindau tumor suppressor) E3 ubiquitin ligase connected via
the linker with fumagillol as the ligand for MetAP-2. One more cell-permeable
PROTAC molecule was reported one year later (5, Fig. 3).52 It consisted of
peptide sequence for HIF-1a connected over a linker for the FKBP12 ligand. In
2007, PROTAC molecule was reported for induced degradation of the aryl hyd-
rocarbon receptor (AHR, 6, Fig. 3).53 Chemically, it has apigenin as a ligand for
AHR connected through the linker for HIF-1a peptide. Finally, in 2008 cell-per-
meable PROTACSs were reported that induced the degradation of AR (7, Fig. 3)
and ERa (8, Fig. 3).54 These molecules were composed of estradiol or dihydro-
testosterone coupled through the linker with HIF-1a pentapeptide.

As research progressed, small-molecule PROTACs emerged in order to over
overcome the above mentioned shortcomings of the peptide-based ones.22:47.55
Significant progress in PROTAC technology was achieved by invention of small-
molecule ligands for E3 ubiquitin ligases. The first PROTAC molecule based on
them was synthesized in 2008 (9, Fig. 4).5¢ The mouse double minute 2 homolog
(MDM2) E3 ubiquitin ligase was recruited by nutlin, an MDM2-p53 PPI inhi-
bitor,>7 while the other structural element was selective androgen receptor
modulator (SARM). The obtained molecule was the first small molecule-based
PROTAC that was able to induce the degradation of AR in the HeLa cell line
after 7 h. Hence, it was proved that it is possible to make cell-permeable
PROTAGC:S, although micromolar concentrations were required to induce AR
degradation.>6

In 2008, it was found that bestatin methyl esters after binding to cellular
inhibitor of apoptosis protein 1 (cIAP1) promote its autoubiquitination and deg-
radation.58 Hence, the Hashimoto laboratory in 2010 utilized bestatin methyl
esters for synthesizing the PROTAC molecule denoted as SNIPER-2 (10, Fig. 5).
It recruited cIAP1 as an E3 ubiquitin ligase to induce the degradation of cellular
retionoic acid-binding protein (CRABP-I and CRABP-II) proteins using all-trans
retinoic acid (ATRA) as the ligand for the mentioned POIs.5® However, the syn-
thesized PROTAC had two main shortcomings that could impede the degrad-
ation: a) SNIPER-2 induces simultaneous degradation of cIAP1 together with
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CRABP-II, which could make POI degradation unsustainable; b) SNIPER-2 has
an ester functionality prone to hydrolysis.®0 In order to overcome these draw-
backs, in 2011 SNIPER-4 was invented (11, Fig. 5) in which the ester was rep-
laced with an amide functionality.®0 It was found that this PROTAC induces
sustained CRABP-II degradation without inducing cIAP1 degradation.

N2

Fig. 4. Chemical structure of AR-targeting PROTAC.
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Fig. 5. Chemical structures of CRABP-targeting PROTACS.

Despite great progress being made in the development of peptide-based
PROTAC: that recruit VHL E3 ubiquitin ligase, the road towards small-molecule
PROTAC:s that recruit the same complex was uncertain. However, in 2012,
Crews and Ciulli found the first small-molecule ligands for VHL that possessed
better physicochemical properties compared to the peptide-based ones as well as
adequate affinities for this E3 ubiquitin ligase.6!

To date, none of the reported PROTACs had been characterized in vivo. In
2013, the PhosphoPROTAC molecules emerged. They provided the first evi-
dence that PROTAC:s could perform biological effects in vivo since phosphatidyl-
inositol 3-kinase (PI3K)-targeting PhosphoPROTAC designated as EPB2PPpi3x
(12, Fig. 6) inhibited tumor growth in murine models.%2 At the C-terminus, the
mentioned PhosphoPROTAC was composed of the peptide sequence (marked in
blue) derived from the transcription factor HIF-1a, which enables binding to the
VHL E3 ubiquitin ligase. The sequence downwards (marked in brown) is the
octa-D-arginine motif that enabled cell permeability of the peptide via the same
mechanism used by the structurally related HIV transactivator of transcription
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(Tat) protein. The N-terminus contains a 24-amino acid sequence (marked in red)
taken from a PI3K-binding domain on the intracellular region of ErbB3. After
phosphorylation of dual tyrosine residues (underlined) in this motif by ErbB2, the
24-amino acid sequence binds to PI3K and ultimately directs it towards polyubi-
quitination and degradation.

H;N-GPGGDYAAMGACPASEQGYEEMRA -(D-R)g-CONH,

12
Fig. 6. Chemical structure of PI3K-targeting PhosphoPROTAC.

The applicability of the above-mentioned small-molecule-based VHL ligand
was first demonstrated in 2015 in the making of HaloPROTAC molecules.%3
Namely, these ones are composed of the small-molecule VHL ligand and a
chloroalkane linker, which enables covalent bonding between HaloPROTAC and
HaloTag7 (HT7). The latter was a modified bacterial dehalogenase that coval-
ently binds to hexyl chloride moieties.®* The synthesized HaloPROTACs suc-
cessfully recruited VHL E3 ubiquitin ligase and induced the degradation of green
fluorescent protein (GFP)-HT7 fusion protein. The most potent HaloPROTAC
molecule and one of the most potent PROTACs of all the designated as
HaloPROTAC 3 (13, Fig. 7) performed Dy ax (maximum percentage of target
protein degraded) of 90 % and DCsq (concentration at which the target protein is
degraded by 50 %) of 19 nM toward GFP-HT?7 fusion protein.63

is

Fig. 7. Chemical structure of GFP-HT7-targeting HaloPROTAC.

Another example of a PROTAC based on a similar small-molecule VHL lig-
and, marked as VHO032, is MZ1 (14, Fig. 8), which was discovered in 2015. It
performed selective removal of BRomoDomain-containing protein (BRD) 4 over
BRD2 and BRD3,40 all of which belong to a family of BET (Bromodomain and
Extra-Terminal domain) proteins. During the same year, Bradner and col-
leagues® synthesized dBET1 (15, Fig. 8) that contains a thalidomide derivative
as a CRL4CRBN (cereblon) E3 ubiquitin ligase recruiter. It induced the degrad-
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796 KORAVOVIC et al.

ation of BRD4 with a DCsq of 430 nM, which is important for the growth and
survival of cancer cells.
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Fig. 8. Chemical structures of (+)-JQ1-based BRD4-targeting PROTACsS.

Hence, the discovery of small-molecule PROTACs with drug-like properties
enabled the emergence of potent and cell-permeable PROTACs. The third small-
-molecule-based PROTAC molecule (16, Fig. 9) reported in 2015 was developed
in the laboratory of Crews with the collaboration of GlaxoSmithKline. It induced
the selective degradation of receptor-interacting serine/threonine-protein kinase 2
(RIPK?2) protein with low nanomolar DCjsq of 1.4 nM.47

S0,

()

N __-NH t-Bu

—~— N
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{10
16
Fig. 9. Chemical structure of RIPK2-targeting PROTAC.

Additionally, mechanistic characterization using an in vitro ubiquitination
assay confirmed that this PROTAC performs a catalytic MOA. Furthermore, the
analogous PROTAC, which contains a stereoisomer of the VHL ligand unable to
recruit the VHL E3 ubiquitin ligase, was used as a negative control. Since the
PROTAC modified in this way was unable to induce RIPK2 degradation, it was
confirmed that behind this biological effect stands a mechanism dependent on the
E3 ubiquitin ligase.

It is noteworthy that PROTACs are beyond the rule-of-five (bRo5) com-
pounds,®® meaning that the molar masses of PROTACs are in a significantly
higher range than the guidelines of Lipinski. Additionally, such molecules pos-
sess high polar surface area (PSA) and all these issues are associated with poor
cell permeability, poor solubility and limitation of other drug-like properties.
Hence, in 2016 Heightman and colleagues®” conceived the idea about PROTACSs
that could be formed intracellularly from two small precursors able to pass
through cellular membranes easier than one large compound (i.e., PROTAC).
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PROXIMITY-INDUCED PROTEIN DEGRADATION 797

The molecules arising from this concept were called in-cell CLIck-formed pro-
teolysis targeting chimeras (CLIPTACs). This means that these ones were
formed via bioorthogonal “click” reaction between the corresponding smaller
precursors inside living cells, which overcomes unfavourable physicochemical
properties often seen with conventional PROTACS. The reported CLIPTACs suc-
cessfully degraded two key oncology targets, BRD4 (17, Fig. 10) and extracel-
lular signal-regulated kinases (ERK1/2, 18, Fig. 10). The CLIPTACs were
formed after the “click” reaction between the tetrazine-tagged thalidomide deri-
vative and the corresponding trans-cyclooctene-tagged POI ligands: (+)-JQ1 for
BRD4 and covalent ERK1/2 inhibitor for ERK1/2 (Fig. 10).
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Fig. 10. Formation and chemical structures of CLIPTACs targeting BRD4 and ERK1/2.

Beside (+)-JQI1, additional BET inhibitors were used for making potent
degraders. One of them, marked as HIB97, was utilized for making BETd-260
degrader (19, Fig. 11) reported in 2018, which was capable of inducing the deg-
radation of BRD4 at concentrations as low as 30 pM in the RS4;11 cell line
within a 24 h treatment.68

19

Fig. 11. Chemical structure of HIB97-based BRD4-targeting PROTAC.
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Ultimately, some PROTACs could potentially hit the clinic as some clinical
trials are currently underway. For example, ARV-110 (20, Fig. 12), an orally
bioavailable, small-molecule PROTAC entered clinical trials in March 2019 for
the treatment of patients with metastatic castration resistant prostate cancer
(mCRPC) and currently is in phase 11.%9 This molecule potently degrades AR
with a DCs0 of 1 nM in VCaP cells.”9 Another PROTAC, ARV-471 (21, Fig.
12), an orally bioavailable, small-molecule PROTAC, also entered clinical trials
in August 2019 to be examined alone and in combination with palbociclib in
patients with ER+/HER2-locally advanced or metastatic breast cancer (mBC).
This molecule, as well as ARV-110, is currently in phase 117! and it induces ER
degradation in multiple ER+ breast cancer cell lines, including MCF-7 cells and
ESR1-mutant lines with a DCsq of 1.8 nM in MCF-7 cells.”0

Fig. 12. Chemical structures of AR- and ER-targeting PROTAC:S that have entered clinical
trials.

4.3. Consideration of the physicochemical properties of PROTACs

The design of PROTAC molecules is challenging since linker-mediated
chemical bonding of two molecules with drug-like properties ultimately gives a
hybrid molecule with physicochemical properties beyond the Lipinski rule of
five.72.73 It potentially can interfere with cell permeability and oral bioavailabil-
ity.74 Despite this, there are numerous examples of PROTACs achieving passive
membrane permeability and oral bioavailability.”> Additionally, the Arvinas
company reported that in a preclinical tauopathy model, the PROTAC directed
toward the tau protein crosses the blood-brain barrier.”¢ Thus, strict adherence to
the Lipinski rule of five is not always a good strategy in medicinal chemistry.

A paper published by Maple and colleagues’4 presents a comprehensive
database of degrader structures from the peer reviewed literature. More precisely,
the aim of this publication was to present physicochemical properties of num-
erous reported PROTACSs and to connected them with biological activities. Phys-
icochemical properties were presented through molecular descriptors and biolog-
ical activities through degrader scores (Deg S). Five parameters were considered
for calculating Deg S: DCsg, Dmax, observed degradation, degrader concen-
tration and incubation time. In order to generate the Deg S values, all scores
were summed and normalized against the total number of parameters included
for each degrader. The degraders included in the present study could be char-
acterized by a range of high interval molecular descriptors: molecular weight
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(MW) 614-1,413, calculated log P (clog P) —2.7-9, number of hydrogen bond
donors (HBD) 1-10, number of hydrogen bond acceptors (HBA) 823, number of
rotatable bonds (NRB) 6—49, number of aromatic rings (NAR) 1-7 and topolog-
ical polar surface area (7PSA) 124-389. However, despite relatively high MW,
the mean HBD was < 5, which is within the Lipinski rule of five. The only con-
clusion that could be drawn by observing the mean vales of the molecular des-
criptors and Deg S values was that clog P increases with increasing Deg S. Cor-
relations between Deg S and other molecular descriptors (i.e., physicochemical
properties) were not found. This was expected since the used dataset incorporated
a wide range of degraders containing diverse POI ligands, E3 ubiquitin ligase
ligands and linkers. Furthermore, PROTAC:S efficacy depends on their pharma-
cological properties, such as the kinetics of TC formation as well as POI deg-
radation and resynthesis rate.””

Maple and colleagues compared physicochemical properties of the most
active PROTACs with other molecules belonging to bRo5 space. Those ones
were drugs and clinical candidates with molecular weight greater than 500 Da,”8
orally available preclinical compounds breaking more than one of the Lipinski
rules’® and orally available macrocyclic drugs.830 It was concluded that
PROTAC: belong to the physicochemical space which is different from the one
to which all of the before mentioned classes of drugs belong. Furthermore, the
mean HBD matches with the Lipinski rules and the TPSA values were lower than
those for all other bRo5 molecules, which may lead to the conclusion that this
molecular descriptor be monitored during PROTACSs development. Since highly
flexible linkers are usually incorporated into PROTAC molecules, their NRB is
greater when compared to the one present within other bRo5 compounds. Notice-
able flexibility of PROTACSs achieved by great NRB along linkers is potentially
significant for cell permeability since recent analysis suggests that dynamically
exposed polarity is important for cell permeability and solubility of bRo5 com-
pounds.31.82

4.4. The influence of linkers on the physicochemical and pharmacological
properties of PROTACs

It is important to note that linkers are not just “ropes” connecting ligands for
POI and E3 ubiquitin ligases, their roles are much more complex (see Sup-
plementary material to this paper, Section S-4). Currently there are no general
rules regarding the design of the linker the application of which would certainly
lead to potent degraders containing any pair of POI/E3 ubiquitin ligase ligands —
the whole process is mainly based on the trial and error method. However, when
analyzing reported PROTACs some combinations of main structural motifs could
be noticed. More precisely, the most common types of linkers are PEG-, alkyl- or
modified glycol-based as well as linkers containing more rigid motifs, such as
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alkyne, piperazine, piperidine and triazole. A summary of different types of link-
ers is outlined in Table 1.83

TABLE I. Common structural motifs of linkers and their key features

Linker structure Structural motif Key features
‘LSH efj PEG sequence
- Synthetic feasibility and commercial availability
afé _SILL Alkyl sequence - Linker length can be precisely tuned
- - Flexibility
771& Jef Modified glycol
sequence
% % Alkyne
- Possible PROTAC:S potency increase
. . - Possible improvement in PROTACs
Piperazine . . .
physicochemical properties
- Restricted PROTACSs conformation
g % Piperidine
- Facilitation in PROTACS syntheses
; Triazole - Possible high-yielding PROTACs syntheses
% - Possibility to establish additional hydrogen bonds
within TC

Linkers containing PEG, alkyl or modified glycol sequences are the most
common within PROTAC: since they are feasible and flexible. In addition, their
length and chemical composition could be modified using common synthetic
methods. Combination of PEG and alkyl motifs for making linkers enable tuning
of some important physicochemical properties which could be precisely des-
cribed through clog P and TPSA. Values of those ones are in a direct connection
with both solubility and cell permeability.

Linkers containing flexible structural motifs were in some PROTACs rep-
laced with those ones containing more rigid elements, such as alkyne or various
heterocyclic compounds, in order to increase the rigidity of the final molecule.
Improvement in the biological activity of PROTACSs by introducing groups that
increase the rigidity can be illustrated on BET-targeting PROTACs.34 Namely,
the PROTAC containing an alkyl moiety connected to lenalidomide (CRBN lig-
and, 22, Table II) displayed picomolar activity in three leukemia cell lines
(MV4;11, MOLM13 and RS4;11). By replacing the amine with an alkyne link-
age within thalidomide derivative, a very potent PROTAC denoted as QCAS570
(23, Table II) was obtained. The resulting molecule showed 6- and 3-fold inc-
reased cell activity toward MV4;11 and MOLM13 cells.
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TABLE II. Comparative presentation of ICs, for two PROTACs containing a flexible and a

rigidified linker, respectively

22

W
W
™,

23

MV4;11: 51 pM (MV4;11)
MOLM13: 180 pM (MOLM!13)
RS4;11: 1.2 pM (RS4;11)

MV4;11: 8.3 pM
MOLM13: 62 pM
RS4;11: 32 pM

Using the rigidification strategy, a potent AR degrader denoted as ARD-69
(24, Table I1I) was discovered.35 Namely, introducing of an ionisable linker con-
taining two adjacent piperidines in the vicinity of an alkyne makes the resultant
PROTAC more water soluble compared to the analogous PROTACs containing
hydrocarbon-based linkers.

TABLE III. The chemical structure of ARD-69 and its degradation activity represented
through DC50

24
LNCaP: 0.86 nM
VCaP: 0.76 nM

The before-mentioned PROTAC containing a very rigid linker displayed
subnanomolar biological activity at degrading AR in LNCaP and VCaP prostate
cancer cell lines. Furthermore, downregulation of AR-mediated transcription in
the same cell lines was achieved. This highlights the advantages of rigid and
polar linkers containing alkynes and heterocyclic motifs with regard to those con-
taining PEG, alkyl or modified glycol sequences. The advantages of the former
ones could be explained through their ability to improve the pharmacokinetic
properties as well as to rigidify the conformation of PROTACs, which lead to the
formation of functional TCs.
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Triazole-containing linkers are common in reported PROTACs.4® The
reason for this could be found both in the straightforward triazole synthesis using
“click” reaction as well as in chemical robustness of this heterocycle to meta-
bolism.8¢ The copper-catalysed Huisgen 1,3-dipolar cycloaddition, often referred
as “click” reaction, between an alkyne and an azide has been widely used in the
synthesis of triazole derivatives. This is generally a high yielding reaction that
shows great regioselectivity toward 1,4-disubstituted 1,2,3-triazoles.87 Hence,
this reaction could be employed for the straightforward synthesis of PROTACs
using an alkyne functionality connected to one ligand and an azide functionality
connected to the other. Triazole-containing linkers, in addition to be used for
feasible PROTAC:s synthesis, could also be used to modify their physicochemical
properties as well as for establishing additional interactions within TC that could
stabilize it. More precisely, Schiedel and colleagues88 developed a triazole-con-
taining SirReal (Sirtuin Rearranging ligand) (25, Table IV) that showed imp-
roved aqueous solubility compared to the parent compound (26, Table IV). Fur-
thermore, the cocrystal structure of Sirtuin 2 (Sirt2) complexed with 25 (PDB
code: 5DYS5) unveiled that triazole moiety protrudes into the binding channel for
acetyllysine where it forms a hydrogen bond with R97 of Sirt2. This resulted in a
more efficient blockage of the substrate binding site.

TABLE IV. SirReals’ ICs, data regarding Sirt2

o J
|

i /! s
. s Y Yov I
e =" % 7
;=N\;___;_; % =N

25 h
0.16 uM 3.75 uM

More important, based on the previous study of SirReal-based affinity
probe,89 Schiedel and colleagues®® had reliable information that placing a linker
at N1 of the triazole of SirReal does not diminish the affinity of the resulting
PROTAC toward Sirt2. Therefore, the alkyne-functionalized SirReal 27 was
“clicked” with the azide-functionalized thalidomide derivative 28 to obtain the
corresponding PROTAC 29 (Fig. 13).

It is important to emphasize that docking analysis of 29 in the TC with Sirt2
and CRBN confirmed that the before-mentioned hydrogen bonding originating
from the triazole ring remains conserved. More important, the resulting PROTAC
29 inhibited Sirt2 almost 10-fold more potent than the starting alkyne 27, which
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confirms the contribution of the hydrogen bond originating from the triazole of
PROTAC to the overall inhibitory potential.
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Fig. 13. Synthesis of a Sirt2-targeting PROTAC using a “click” reaction.

4.5. Advantages of the PROTAC -induced POI degradation over the current
therapeutic modalities

In the past few decades, several advanced pharmacological approaches have
emerged in order to target diseases more efficiently. The traditional inhibitor-
based paradigm was modernized by the emergence of methods to block extra-
cellular signaling using mAbs as well as by degrading target mRNA using RNAi
approaches.’

The crucial advantage of mAbs-based therapies comes from their high bind-
ing affinity toward corresponding biological targets as well as a prolonged phar-
macokinetic profile due to their endosomal recycling. The main therapeutic
application of mAbs isthe blocking of extracellular protein-protein or protein-lig-
and interactions. However, the main disadvantages of mAbs are their inability to
cross cell membanes, the need for parenteral administration and expensive pro-
duction.’

As opposed to mAbs, RNAi molecules (e.g., siRNAs) can pass through cell
membranes. Additionally, these molecules can have great pharmacological
effects toward mRNAs. Due to their catalytic MOA, siRNAs perform prolonged
degradation of mRNAs and display efficacy even at low concentrations, because
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each siRNA can induce the degradation of multiple mRNA transcripts. However,
RNAIi molecules have certain shortcomings, such as poor oral bioavailability,
poor pharmacokinetics and limited tissue distribution. However, both mAbs and
RNAIi molecules can affect therapeutically relevant targets more efficiently than
ligands belonging to the ODP concept.>

Genetic engineering techniques, such as CRISPR-Cas9, usually have a long
cycle, irreversible MOA and high cost of goods. All this makes them unsuitable
for use in research. Unlike such genetic engineering techniques, PROTACs deg-
rade POIs directly without acting on the genome level. Furthermore, PROTACs
provide elegant temporal control over POI degradation. More precisely, such
molecules have biological effects over a specific time frame, which enables the
recovery of degraded POI (i.e., resynthesis) after discontinuation of the treat-
ment. Thus, as a new method for expeditious POI degradation that via influen-
cing the PROTAC concentration can be temporally controlled, PROTAC techno-
logy could be perceived as a strategy for reversible and controlled POI degrad-
ation, which is an additional and complementary technique to the existing genetic
engineering techniques.%0

On the basis of all the above, it can be concluded that combining the features
of traditional inhibitors, mAbs, siRNAs and CRISPR-Cas9 would provide almost
ideal molecules. Briefly, such molecules would have the ability to target intracel-
lular proteins and proteins considered pharmacologically intractable, possess
high selectivity, oral bioavailability as well as adequate distribution into diverse
tissues (including CNS) and perform catalytic MOA which would enable ade-
quate biological effects at low concentrations.22 The novel pharmacological
approach that possess many advantages over the other ones and that could
address all previously mentioned features is PROTAC-mediated IPD?! (see Sup-
plementary material, Section S-5). The summary of the before-mentioned phar-
macological modalities is given in Table V.5-92.93

TABLE V. The properties of five different pharmacological modalities; PO — oral; IV —
intravenous; SC — subcutaneous; IM — intramuscular; [P — intraperitoneal

Property Traditional * ' GRNAs CRISPR-Cas9  IPD
inhibitors

Effect on intracellular targets Yes No Yes Yes Yes
Systemic delivery Yes Yes No Yes Yes
Tissue penetration Yes Poor Poor Yes Yes
Effect on scaffold proteins No Yes Yes Yes Yes
Elimination of pathogenic proteins No No Yes Yes Yes
Oral bioavailability Yes No No No Yes
The ability to achieve high potency Poor Yes Yes Yes Yes
and selectivity

Catalytic MOA No No Yes Yes Yes
Route of administration PO/IV/SC TIV/SC 1V/SC IV/IM/IP  PO/IV/SC
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5. CONCLUSIONS AND PERSPECTIVES

Many questions could be asked by observing the PROTAC molecule:! a)
whether the molecule will enter the cell?; b) whether it will be metabolically
stable?; ¢) whether a rational structure—activity relationship (SAR) study could be
performed?; d) whether the molecule will be soluble in water?; e) will it be sel-
ective in protein degradation?; f) will it be safe?; g) will it follow the Lipinski
rule of five?; h) will chemical synthesis be feasible and cost-effective?; 1) can
PROTAC technology be applied on a wide range of POIs?

However, the PROTAC technology could have its greatest impact by dev-
eloping molecules that act on the proteome currently considered as pharmaco-
logically intractable. Examples of PROTAC-mediated degradations so far have
been applied to diverse POIs, such as proteases, nuclear hormone receptors, epi-
genetic factors and kinases. Thus, the PROTAC technology has the potential to
target about 80 % of the proteome.”* However, PROTACs suffer from many
shortcomings, such as long synthetic sequences, possible presence of multiple
stereocenters, demanding physicochemical characterization and potential for non-
crystallinity. Hence, each of those drawbacks has the potential to obstruct the
development of PROTAC. Despite this, all the stated results confirm that mole-
cules originating from the EDP concept could have great impact on further drug
development and that PROTAC technology could become an important tool in
medicinal chemistry thereby making the pharmacologically undruggable prote-
ome pharmacologically vulnerable.!!
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U3BOJ
HOETPAOALIUJA TTIPOTEMHA MHIYKOBAHA PROTAC MOJIEKYJIMMA KAO HOBA
CTPATEIMJA'Y PA3BOJY JIEKOBA

MJIAIEH KOPABOBUR', FOJAH MAPKOBUR’, MUWJIEHA KOBAYEBUR’, MUWJIEHA PMAHIIUR
v TOPJAHA TACUR'

’Ynueep3uu76u7 y Beoipagy — ®apmaueyiicku paxyniteii, Katiegpa 3a opiancky xemujy, Bojeoge Ciueiie 450,
11221 Beoipag, *Yuusepsuiein y Beoipagy — dapmaeyiicku Gaxyninei, Kaiegpa 3a Gpapmaueyiicky
xemujy, Bojeoge Cinesie 450, 11221 Beoipag, 3YHueep3umeL_u y Beoipagy — ®apmauveyiicku paxyniteid,

Katiegpa 3a ¢papmakoxunemmiuky u knunuuxy papmayujy, Bojeoge Cieiie 450, 11221 Beoipag u
4YHueep3uu7€m y Beoipagy — ®apmaueywicku paxynitedi, Kaliegpa 3a aHanuiiuky sexosd,
Bojeoge Cuietie 450, 11221 Beoipag
TpaguuvoHanHU KOHLENT oTkpuha snexoBa Oa3upaH je Ha (apMaKOJIOIIKOM MOJENy
3aCHOBAaHOM Ha OKYNHMPAHOCTH LIWBHUX NMPOTEHHA. TO MofpasymeBa pa3Boj HHXUOUTOPA KOjU

OKynHpajy Besyjyha mecra JUPEKTHO IoBe3aHa ca dyHKUWjama nporerHa. Crora, MpOTEHHU

KOjU HeMajy TakBa Be3yjyha mMecTa ce TeHepaJlHO CMaTpajy hapMaKoOIIKA HeJOJUP/BUBUM.

Ocum Tora, JeKOBH KOjU Aeyjy Ha OBakaB HAaUMH MOpajy Ce NMPUMEHUBATH y pexumMuma
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Iosupama KOju YecTo NOBOAEe [0 NMpeTepaHe CUCTEMCKE H3JI0KEeHOCTH JIeKy paiy ofp)Kama
IOBOJbHE MHXUOHWIMje mpoTerHa. [laksie, MOCTOjH PU3UK O TOjaBe Be3uBama JieKa BaH CBOT
NpUMapHOTI MeCTa [IejCcTBa M HexebeHUX edexara. OxocHMLA pa3Boja JIEKOBa j€ 3HAuajHO
HU3MemeHa 0TKako cy ce nojaBuia PROTAC (eHr. proteolysis targeting chimera) Monexynu npe
IBafeceT rofdvHa kao eo (papMaKoIOIIKOT MOJieNla 3aCHOBAHOT Ha NOKpeTamy forahaja Koju
TOBOJIE IO pasrpafme UUWBHUX NpoTerHa. OBo cy OMdyHKIMOHATHU MOJIEKYIN KOjU KOPUCTE
yOUKBUTHH-TIPOTEA30M CHCTEM, a CacToje ce Of JINraHza KOjUu ce Be3yje 3a MPOTeuH Of WHTe-
peca (POI), nuranzga xoju perpytyje E3 yduksutun nurasy (E3UL) u nuHKepa Koju mosesyje
oBa fBa fena. Papmakonomku, PROTAC monexynu nosoge POI u E3UL y dnusuny, mwto Bogu
(opmupamy (yHKUHOHaNHOr TepHapHor kommiekca POI-PROTAC-E3UL. Osaj porabaj
BOJM NOIHYyOMKBUTHHALIMjU U CIIEACTBEHOj Aerpagauuju POI 26S nporeasomom. Pa3Boj u usy-
setHa cBojcTBa PROTAC Monekyna Koja Cy HX JOBeJa 10 KIMHHYKUX CTy[Hja JUCKYTOBAHH CY
OBOM pafy.

(TTpumisero 9. neuembpa 2021, peBuaupano 9. Mapra, npuxsaheno 14. mapra 2022)
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