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A principal challenge in the discovery of proteolysis
targeting chimeras (PROTACS) as oral medications is their
bioavailability. To facilitate drug design, it is therefore
essential to identify the chemical space where orally
bioavailable PROTACs are more likely to be situated. To
this aim, we extracted structure-bioavailability insights
from published data using traditional 2D descriptors,
thereby shedding light on their potential and limitations
as drug design tools. Subsequently, we describe cutting-
edge experimental, computational and hybrid design
strategies based on 3D descriptors, which show promise
for enhancing the probability of discovering PROTACs
with high oral bioavailability.
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Introduction

Induction or strengthening of complex formation between two
proteins has the potential to modulate a vast number of biolog-
ical processes, thereby providing a major increase of druggable
target space.”” Complex inducers or stabilizers include molecu-
lar glues that inhibit the function of one of the proteins in the
complex, as well as different heterobifunctional compounds that
mediate modulation of the post-translational modifications of
target proteins or induce their degradation by the proteasome
or in lysosomes. Proteolysis targeting chimeras (PROTACs) are
heterobifunctional compounds consisting of a ligand for a target
protein connected via a linker to another ligand that binds to an
E3 ubiquitin ligase.”” PROTAC-induced ternary complex forma-
tion results in ubiquitination and subsequent degradation of the
target protein by the proteasome. The majority of PROTACs are
based either on a cereblon (CRBN) or a Von Hippel-Lindau
(VHL) E3 ligase ligand."?

Although the guidelines of Lipinski’s rule of 5 (Ro5)"* and
Veber’s rule”™ were deduced by analysis of ‘traditional’ small
molecule drugs and drug candidates, these guidelines also provide
a first indication of the likelihood that other chemical modalities
display oral bioavailability. The heterobifunctional structure of
PROTAC: locates them in the beyond rule of 5 (bRoS5) chemical
space: that is, in a chemical space beyond that defined by the
Ro5 and Veber’s rule.”?*”) Specifically, most PROTACs are found
close to or beyond the outer borders of oral druggable space
derived from analysis of drugs, clinical candidates and compounds
in lead optimization, ?®"*” with CRBN-based PROTACs being clo-
ser to traditional drugs than VHL-based ones.”!?/P%®7 Conse-
quently, it is challenging to discover orally bioavailable
PROTACs, and parenteral administration might be the preferred
route of administration for some of them.®'"

Convenience, high patient adherence and cost-effectiveness
make oral administration the preferred method of drug
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delivery.”'? The oral bioavailability (F%) quantifies the fraction
of the orally administered dose that reaches the systemic circula-
tion after passing the liver, whereas the oral absorption defines
the fraction that reaches the liver. Solubility, cell permeability
and first-pass metabolism in the liver are the three most impor-
tant determinants of oral bioavailability. A high oral bioavailabil-
ity reduces the dose required to achieve the desired
pharmacological effect and reduces patient-to-patient variability,
both of which decrease the likelihood of side effects and toxic-
ity.*'® In clinical trials, low oral bioavailability frequently leads
to the failure of drug candidates to reach the market. Neverthe-
less, the experimental determination of bioavailability is costly
and time-consuming, allowing only a few compounds to be
investigated. Consequently, it is crucial to (i) extract insights
from existing bioavailability data and (ii) establish guidelines
from in silico and in vitro assays that increase the likelihood of dis-
covering compounds with a high bioavailability. This is of partic-
ular significance for PROTACs, where oral bioavailability is
anticipated to be the primary obstacle to their development as
oral medications.

The research leading to the discovery of orally bioavailable
PROTAGCs, as well as medicinal chemistry approaches for the
optimization of the three components of PROTACs, has been
summarized in recent publications.P!® 1910 Herein we dis-
cuss how the chemical space of orally bioavailable PROTACs
can be defined in a more consistent way. We also propose that
the use of conformation-dependent 3D descriptors, chromato-
graphically determined physicochemical descriptors and in silico
predictions should contribute to the more effective discovery
and optimization of oral PROTACs. To meet these aims, we have
generated a data set of PROTACs that display oral bioavailability
in rodents and review recent structure—property reports for
selected PROTACs. We hope that the insight provided herein will
improve the design of oral PROTACs in the future.
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PROTAC s in clinical trials
In the first half of 2023, 20-25 PROTACs were reported to be in
clinical trials or approved for entering clinical trials.?""*'" The
chemical structures have been disclosed for eight of them: seven
are based on different types of CRBN E3-ligase ligands, and the
eighth is the VHL PROTAC DT-2216 (Figure S1 in the supple-
mentary material). All seven CRBN PROTACs are administered
orally in the clinical studies and the oral bioavailability in mice
has been reported for four of them (all have F >30%). By contrast,
DT-2216 has a very low bioavailability (F <0.03%, mouse) and is
administered by intravenous infusion. This difference in
bioavailability agrees well with expectations from the descriptors
of Lipinski’s Ro5%"* and Veber’s rule.”” The VHL PROTAC DT-
2216 is larger [higher molecular weight (MW)], more lipophilic
[higher calculated partition coefficient between water and octa-
nol (cLogP)], more polar [higher number of hydrogen bond
donors (HBDs) and hydrogen bond acceptors (HBAs), and larger
topological polar surface area (TPSA)] and more flexible [higher
number of rotatable bonds (NRotBs)] than the four CRBN PRO-
TACs. However, a data set of five PROTAC: is too small to provide
deeper insight into what properties allow oral bioavailability.
PROTAC:s often have high potency and have been found to
have a catalytic mode of action,”'” properties that might allow
oral administration at low oral bioavailabilities and/or the use of
low doses. Interestingly, these hypotheses are not supported by
the once-daily oral doses of the three CRBN PROTACs that have
advanced into phase II or III studies. They are all administered in
high doses: ARV-766 (phase II) at 100 and 300 mg,*'® ARV-110
(phase II) at a recommended dose of 420 mg"*'” and ARV-471
(phase III) at 200 mg,**” while the bioavailabilities are >30%
for ARV-110 and ARV-471 (data have not been reported for
ARV-766). However, data for additional PROTACs are required
before more general conclusions can be drawn.

Overview of orally bioavailable PROTACs
To provide a larger data set of orally bioavailable PROTACs with
disclosed chemical structures, we searched PubMed in August
2023 and then manually analyzed the retrieved articles. We found
that oral bioavailability had been determined for 55 PROTACs in
either mice or rats (Figure 1). These data originate from different
laboratories that might have used different peroral formulations
and are also subject to variation between the two species. How-
ever, keeping these uncertainties in mind, the 55 PROTACs pro-
vide a useful overview of the current oral PROTAC space and of
how the structure of PROTACs influences their oral bioavailability.
Most of the retrieved PROTACs (47 out of 55) are based on a
CRBN E3-ligase ligand, but seven rely on a VHL ligand and one
is based on X-linked inhibitor of apoptosis protein (XIAP) (Fig-
ure la,b). A large proportion of the 55 PROTACs (N = 20) display
a very low oral bioavailability in rodents (F <5%) and are not
likely to allow oral administration to patients (Figure 1a). This
bin comprises several CRBN PROTAC:, all but two of the VHLs
and the single XIAP PROTAC. However, other CRBN PROTACs
show bioavailabilities ranging up to 89%, and a large number fall
in the 20-40% bin, including one of the VHL PROTACs
(ACBI2).??) The dominance of CRBN over VHL PROTACs
among PROTACs that have satisfactory bioavailability has been

reported previously by AstraZeneca in an analysis of oncology
projects focused on undisclosed targets.””” The overwhelming
majority of our set of PROTACs are also directed towards oncol-
ogy targets, with more than half being aimed at the androgen
and estrogen receptors (Figure 1b). Different kinases constitute
another large group of targets for the current set of PROTACs.

2D descriptors of chemical space and their limitations
A recent analysis of the oral absorption of 1,806 PROTACs, for
which structures were not disclosed, suggested upper limits for
the six 2D descriptors of Lipinski’s”* and Veber’s rules for PRO-
TAGs (e.g., MW <950 Da).”'® Calculation of the six descriptors
for commonly used CRBN and VHL ligands, as well as represen-
tative linkers, provided an estimate of the ‘budget’ remaining for
the target binding ligand. This exercise highlighted that discov-
ery of orally bioavailable VHL PROTAC:s constitutes a major chal-
lenge and that oral CRBN PROTAC:s are not trivial. The discovery
of the PROTAC ACBI2 (F: 22%), however, provides an example of
how controlling 2D physicochemical descriptors and iterative
structure-based design can be used in the discovery of orally
bioavailable VHL PROTACs."*" In ACBI2, the number of hydro-
gen bond donors in the ligand for the target, SMARCA2, was
reduced to a minimum, while the linker was kept short and its
composition tuned to combine optimal SMARCA2 degradation
and pharmacokinetic properties. Determination of several crystal
structures of SMARCA2-ligand complexes and ternary
SMARCA2-PROTAC-VHL complexes were instrumental for opti-
mization of the SMARCA2 ligand, the exit vector for the linker
on the VHL ligand, and the length and structure of the linker.
Ideally, one would like to identify the chemical space in which
orally bioavailable PROTACs are more likely to be found to enable
drug design efforts. Therefore, we performed a principal compo-
nent analysis (PCA) to investigate the chemical space populated
by the 55 orally bioavailable PROTACs, and to compare this space
to that of the orally bioavailable drugs in DrugBank'**?) and to all
PROTACs in the PROTAC-DB 2.0 database®®** (Figure 1c,d). The
PCA was based on the six descriptors of Lipinski’s RoS and Veber’s
rule, the number of carbon atoms (nC) and Kier’s flexibility index
(®).25(25 The chemical space of the three different sets of com-
pounds is described by descriptors of: (i) size (MW and nC) and
flexibility (NRotB and ®, all of which are highly correlated; (ii)
the three descriptors of polarity (HBD, HBA and TPSA), which
are also highly correlated; and (iii) the calculated lipophilicity
(cLogP). Unsurprisingly, the PROTACs in the PROTAC-DB were
in general larger and more flexible, and contained more polar
groups than the orally bioavailable drugs in DrugBank. *®"(*7-(®10)
CRBN PROTAC:s from the PROTAC-DB were found in the physic-
ochemical descriptor space adjacent to or slightly overlapping
with the oral drugs, whereas PROTACs with VHL ligands and E3-
ligase ligands of other types resided in the physicochemical space
further away from the orals. The orally bioavailable CRBN and
VHL PROTAC: in our data set are found towards the more drug-
like end of the physicochemical space of the CRBN and VHL PRO-
TACs of the PROTAC-DB (Figure 1d). Importantly, low to high
bioavailabilities can still be obtained for PROTACs far outside
the drug-like space defined by Lipinski’s Ro5 and Veber’s rule.
CRBN PROTAC:s that display bioavailabilities from 5% to 89%
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FIGURE 1

(a) Binned oral bioavailabilities (F%) for the members of the set of 55 PROTACs for which the oral bioavailability has been determined in mice or rats (data
retrieved on August 31, 2023). (b) Targets for the orally bioavailable PROTACs displayed by their E3 ligase ligand. (c) Score plot of the first two principal
components from a PCA, which describes 90% of the variance for the combined sets of orally bioavailable drugs in DrugBank, PROTACs in the PROTAC-DB
2.0%?% (divided into CRBN, VHL and Other) and the 55 orally bioavailable PROTACs (CRBN, VHL and XIAP). The PCA was based on the descriptors of Lipinski's
rule of 5° Veber's rule,”” plus the number of carbon atoms (nC) and the Kier flexibility index (@, Phi).”>* The contribution of the descriptors to the PCA is
indicated by arrows. The color coding of the compound sets in panels c and d is indicated in panel d. (d) Ellipses show the 95% confidence intervals for the
orally bioavailable drugs in DrugBank, the three classes of PROTACs in the PROTAC-DB 2.0 and the 47 orally bioavailable CRBN PROTACs. The seven orally
bioavailable VHL and the single XIAP PROTACs are indicated as filled circles. Abbreviations: AR: androgen receptor, ER: estrogen receptor.

have MWs ranging from just over 700 to close to 900 Da, whereas
the two VHL PROTACs (XL01126 and ACBI2) that have bioavail-
abilities of 15% and 22% have MWs above 1,000 Da. We note that
these MWs are close to or just beyond the guideline (MW
<1,000 Da) deduced from a comprehensive analysis of oral drugs
in the bRo5 chemical space.”®

In summary, among the orally bioavailable drugs from Drug-
Bank, the oral CRBN and the oral VHL PROTACs are found in
three different parts of chemical space defined by 2D descriptors,
instead of in one overlapping oral chemical space (Figure 1d).

This observation illustrates a limitation of 2D descriptors for
defining oral druggable space and points to the need for alterna-
tive strategies that allow the identification of PROTACs that are
likely to be orally available.

Transitioning from 2D to 3D descriptors to improve
the description of chemical space

As pointed out above, cell permeability is one of three crucial
properties for oral bioavailability. A retrospective analysis of
structure-permeability relationships for >35,000 compounds at
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Pfizer suggested that 3D descriptors calculated from the predicted
minimum energy conformations (MECs) of the compounds were
more relevant than 2D ones, in particular for compounds resid-
ing in the bRo5 space.”?”) This observation originates from the
structural complexity of compounds in the bRoS space, which
adopt distinct conformations that dictate their properties and
that allow some to behave as molecular chameleons. P?%" 29 (p30)
The radius of gyration (Rgy,) was concluded to be a better descrip-
tor of size than MW, and the 3D polar surface area (3D PSA)
described polarity better than the HBA and HBD counts for these
compounds.??”) It is also widely accepted that the 3D structure
and conformation dependent formation of intramolecular
hydrogen bonds (IMHBs) often has a role in the absorption, dis-
tribution, metabolism and excretion (ADME) properties of drug
candidates.P*"(P32)

Below, we discuss recent results suggesting that the use of 3D
descriptors provides advantages in the design of PROTACs. We
also point to the value of using experimental physicochemical
descriptors determined by high-throughput chromatography.
In addition, we highlight some recent studies demonstrating that
3D descriptors calculated in silico correlate to experimental data
and thereby have the potential to be used for the prediction of
the physicochemical properties of PROTACs:.

3D descriptors from NMR-derived conformations
Atazanavir, asunaprevir, daclatasvir, simeprevir, rifampicin, rox-
ithromycin, telithromycin and spiramycin are cell permeable
and orally bioavailable antiviral and antibacterial drugs that reside
in the bRo5 chemical space. The conformational ensembles of
these drugs that are likely to mediate cell permeability have been
investigated by nuclear magnetic resonance (NMR) spectroscopy
using chloroform (e = 4.8) as a mimic of the interior of a cell mem-
brane”*? (e = 3.0).3* 35 [t was found that the eight drugs popu-
late a chemical space for which the population weighted mean
values of the two 3D descriptors, Rgy, and solvent accessible 3D
PSA, varybyupto2.5 Aand 100 A2, respectively (Figure 2a). P**- 3%
We hypothesize that this set of eight conformational ensembles
describe a 3D chemical space in which it is also likely to find other
orally bioavailable bRo5 chemical modalities.

In agreement with the above hypothesis, recent studies have
revealed that conformational ensembles of cell-permeable CRBN
and VHL PROTACs might populate the same 3D chemical space
as the eight oral drugs (Figure 2a).*®"37) The oral bioavailabil-
ity of CRBN PROTACs 1-3 and VHL PROTAC 4 in Figure 2a have
not been determined, but PROTACS 1 and 4 have high cell per-
meability, whereas 2 is moderately permeable and 3 has low per-
meability.P*©»3?) NMR studies in chloroform revealed that the
highly permeable PROTACs 1 and 4 had population weighted
mean values of solvent accessible 3D PSA at the higher end of
the range of the eight aforementioned drugs, whereas their Rgy,
was at the low end (Figure 2a).*®*®3”) The moderately perme-
able PROTAC 2 had a higher solvent accessible 3D PSA than
PROTACs 1 and 4 and the eight drugs, but the conformations
of lowly permeable PROTAC 3 could not be determined by
NMR spectroscopy.*” However, the lack of long-range nuclear
Overhauser effects suggested that PROTAC 3 populates extended
conformations, having an even higher solvent accessible 3D PSA

and Rgy; than PROTAC 2. In addition, PROTACs 1 and 4 adopted
more polar and extended conformations in polar, protic environ-
ments than in chloroform: that is, they behaved as molecular
chameleons (Figure 2b). This chameleonicity was concluded to
contribute to the high cell permeability of PROTACs 1 and 4,
and was traced to their formation of intramolecular interactions,
such as hydrogen bonds, which minimized size and polarity in
non-polar environments. 3¢ #37)

In summary, these NMR studies suggest that 3D descriptors
allow a better definition of cell-permeable PROTACs and the oral
druggable space for PROTACs and bRoS drugs than do 2D
descriptors. However, the use of NMR spectroscopy for the deter-
mination of the solution ensembles, and thereby of 3D descrip-
tors, currently requires weeks to months per compound, which
prevents wider use in drug discovery projects.

Physicochemical descriptors based on
high-throughput chromatographic methods

A recent literature survey revealed that PROTACs are rarely char-
acterized with regards to their physiochemical properties, solu-
bility and cell permeability.”*® However, the determination of
physicochemical descriptors related to solubility and permeabil-
ity by chromatographic methods provides the opportunity to
assess such properties with high-throughput and low consump-
tion of material, thereby enhancing the efficiency of the PRO-
TAC drug discovery pipeline.”” For instance, BRlogD®*”
characterizes the lipophilicity of a compound, similar to the octa-
nol/water system; Alogkw*™®*! is an index of its polarity; and
Chamelogk™*? describes its chameleonicity. A compound with
BRlogD >5 is considered excessively lipophilic and thus poorly
soluble,”*? whereas one with Alogkw'*M >1.5 is overly polar;
both lead to an unsatisfactory solubility/permeability profile. A
chameleonic behavior could serve as a compensatory mecha-
nism for these undesirable properties. Thus, compounds with
Chamelogk >0.6 might exhibit oral bioavailability despite
exceeding the limits of BRlogD and Alogkw"™.

ARV-825 is a cell permeable and oral bioavailable CRBN-based
PROTAC designed to degrade the bromodomain-containing pro-
tein 4 (BRD4) (Figure 2¢).P*® It exhibits an intermediate BRlogD
and a reasonably low polarity. Additionally, it demonstrates an
intermediate chameleonicity. ARV-825 thus possesses a
lipophilicity/polarity profile that is suitable for oral administra-
tion, which can be further enhanced by its chameleonicity. This
profile is significantly different from that of CMP98,"** a non-
oral PROTAC. CMP98 has low lipophilicity, is highly polar and
has a very low passive permeability in the parallel artificial mem-
brane permeability assay (PAMPA, 2 x 10~ cm/s).?*> Although
it shows chameleonic properties, this is not sufficient to over-
come the high polarity and make CMP98 cell permeable and
orally bioavailable. Overall, we propose that the three physico-
chemical descriptors, BRlogD, Alogkw'*M and Chamelogk, can
provide a rapid experimental characterization that indicates the
likelihood of a PROTAC being orally bioavailable.

3D descriptors from in silico conformations
Ideally, 3D descriptors such as Rgy, and 3D PSA, calculated from
in silico conformational ensembles, should be used to select cell-
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(a) Solvent accessible 3D polar surface area (SA 3D PSA) versus the radius of gyration (Ry,,) for eight orally bioavailable antiviral and antibacterial drugs (in
gray) compared to those of PROTACs 1, 2 and 4 (in red). Population weighted mean values of the two descriptors, calculated from the solution ensembles
determined by '"H NMR spectroscopy in CDCl; using the NAMFIS approach, are displayed for each compound. Alongside are the chemical structures for
PROTACs 1-4. As indicated in orange, 1-3 differ only in the structure of their linkers. (b) Ry, versus SA 3D PSA for the conformations populated by the
chameleonic PROTACs 1 and 4 in chloroform (red) and DMSO-water (blue), as determined by NMR spectroscopy. The area of each circle is proportional to the
population of the corresponding conformation (in percentages). Population weighted mean values of the two descriptors are indicated by ‘+' signs in the
color of the solvent used to determine the ensemble. The black arrows highlight that PROTACs 1 and 4 adopt more folded and less polar conformational
ensembles in chloroform than in DMSO-water. (c) Structures and chromatographic descriptors of lipophilicity (BRlogD), polarity (AIong'AM) and molecular
chameleonicity (Chamelogk) for ARV-825 and CMP98. *According to Chamelogk definition.
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permeable and soluble PROTAC: for synthesis in the design pro-
cess. As summarized below, in silico studies of the six PROTACs
which have been studied experimentally by NMR spectroscopy
(PROTACs 1-4 in Figure 2a) or chromatography (ARV-825 and
CMP98 in Figure 2c) indeed indicate that this approach might
be feasible.

For the CRBN PROTACs 1-3 (Figure 2a), which differ in per-
meability, molecular dynamics (MD) simulations were per-
formed in explicit chloroform and were found to agree well
with the NMR studies of these PROTACs."”*”) The simulations
revealed that the propensity of the PROTACs to adopt folded
and semi-folded conformations with low solvent accessible 3D
PSA correlated to higher cell permeability, and that the shapes
of the more frequently sampled conformations resembled those
determined by NMR spectroscopy. The length, chemical nature
and flexibility of the linker was concluded to be essential for
allowing intramolecular interactions to stabilize folded confor-
mations, having low solvent accessible 3D PSA for highly perme-
able PROTAC 1 in a non-polar environment. By contrast, the
lowly permeable PROTAC 3 predominantly populated more
extended and polar conformations. Conformational sampling
for VHL PROTAC 4 was investigated using two different algo-
rithms and the OPLS3e force field in implicit chloroform and
water.”*® Use of the Monte Carlo torsional sampling algorithm,
followed by clustering and Boltzmann energy weighting of the
conformations, provided in silico ensembles that overlapped well
with those determined by NMR spectroscopy (Figure 3a). Thus,
the sampled ensemble reproduced the chameleonic behavior of
PROTAC 4, which was found to adopt conformations with lower
solvent accessible 3D PSA in chloroform than in dimethyl sulfox-
ide (DMSO)-water by NMR spectroscopy. The difference between
the sampled and experimental ensembles in a polar environment
was assumed to originate from the fact that the sampled ensem-
ble was generated in water, whereas the experimental one was
determined in a mixture of DMSO and water (10:1) because of
the low aqueous solubility of PROTAC 4.

In a recent article, three different computational approaches
were used to compare the conformational spaces of the non-
cell-permeable PROTAC CMP98%*> and saquinavir, an oral
HIV protease inhibitor."”*”) In silico ensembles were generated
by (i) conformational sampling with implicit solvation, (ii) unbi-
ased molecular dynamics and (iii) steered molecular dynamics
(SMD); the latter two of which employed explicit solvation in a
non-polar (toluene) and a polar (water) environment.**” All
three methods found CMP98 to have a high molecular 3D PSA
even in a nonpolar environment (Figure 3b, top), in agreement
with the high polarity and low lipophilicity determined by chro-
matography (cf. Figure 2c). CMP98 was predicted to be chame-
leonic, which also agrees with its Chamelogk value (Figure 2c).
However, as stated above, this chameleonicity is not sufficient
to overcome the high polarity and make CMP98 cell permeable
and orally bioavailable.

To allow a comparison between PROTACs, the SMD proce-
dure used for the non-cell-permeable CMP98 was applied here
to the orally bioavailable ARV-825%*% (Figure 3b, bottom; meth-
ods in the supplementary material). As revealed by the molecular
3D PSA of in silico ensembles, ARV-825 was predicted to be signif-
icantly less polar than CMP98, just as observed by chromatogra-

phy (Figure 2¢). Furthermore, SMD found that ARV-825 adopted
a less polar conformational ensemble in toluene than in water:
that is, it behaved as a molecular chameleon in agreement its
Chamelogk value (Figure 2c). The solvent accessible 3D PSA,
which has been reported to correlate well to cell permeabil-
ity,?*? placed the toluene ensemble of ARV-825 within the
chemical space populated by oral drugs, whereas that of
CMP98 was located outside the oral space (Figure S2 in the sup-
plementary material; Figure 2a). Altogether these predictions
agree well with ARV-825 being cell permeable and orally
bioavailable, CMP98 displays neither property.

For oral bRoS drugs and cell-permeable PROTACs, permeabil-
ity has been found to be favored for compounds that are able to
adopt ensembles of well-defined, folded conformations with low
surface accessible 3D PSA in a non-polar environment.®>?-®37)
Notably, there are striking differences in the shape (Rqy,) of the
conformational ensemble of the two PROTACs (Figure 3b).
ARV-825 displays a large variety of folded and extended polar
conformations in water, whereas in a non-polar environment it
only exists in folded conformations. On the contrary, CMP98
displays the inverse pattern and populates a large diversity of
conformations in a non-polar environment, whereas conforma-
tions in water are highly folded. Consequently, the differences
in folding in a non-polar environment predicted by SMD also
indicate that ARV-825 is the more permeable of the two
PROTAC:.

In summary, in silico techniques, including Monte Carlo con-
formational sampling, unbiased MD and steered MD simula-
tions, provide conformational ensembles from which 3D
descriptors can be calculated that agree reasonably well with
the experimentally determined ones. Generating conformational
ensembles for predicting 3D descriptors is a more time-
consuming process than calculating 2D descriptors, but because
of their enhanced informativeness, 3D descriptors are more
appealing for application in the quest to discover orally bioavail-
able PROTAC:s. Because only a few PROTACs have been studied
by in silico techniques, studies of larger compound sets are
required to determine their scope and limitations. It also remains
to be established whether certain combinations of algorithms
and forcefields are more applicable to PROTACs than others,
along with determining the best approach for identifying the
biologically relevant conformations. The development of algo-
rithms and forcefields that allow fast and accurate prediction of
intramolecular interactions formed upon transitioning from an
aqueous to a membrane-like environment should improve the
reliability of cell permeability predictions in the future.

Considerations for design

Current strategies for delivery of orally bioavailable PROTACs
often involve the optimization of the molecular descriptors of
Lipinski’s and Veber’s rule of the three parts of the PROTAC:,
and thereby also of the overall compound®!®-P13:®10): that is,
the strategy used for Ro5-compliant small molecule drugs. To
aid PROTAC drug discovery, outer descriptor limits for the oral
druggable space of PROTACs have been derived by analysis of
more than 1,800 proprietary PROTACs,”'® and from a survey
of 18 pharmaceutical companies (Figure 4a).”*® The majority
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(a) Density plot of Ry, versus solvent accessible 3D PSA of the in silico ensembles from conformational sampling (CS) of PROTAC 4 compared to those
determined experimentally by NMR spectroscopy. (b) Density plot of Ry, versus molecular 3D PSA for the conformational ensembles of CMP98 and ARV-825
obtained from steered moleculur dynamics (SMD) simulations.

of the PROTAC:s that have an oral bioavailability >5% in the data supplementary material). As might have been expected, these
set reported herein are located within these limits, with the two guidelines agree fairly well with those of the bRoS space estab-
VHL-based PROTACs being outliers (cf. the data set in the lished by studies of oral drugs, clinical candidates and
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a)

Descriptor bRo5, outer

PROTAC, outer PROTAC, preferred

MW (Da) 1000
cLogP 10
cLogD -

HBA 15
HBD 6

TPSA (A2) 250
NRotB 20

950 <900
7 -
6 3-5
15 <15
4 <5
200 100-200
14 -

b)

PROTAC
property

beyond 2D
descriptors

3D
in silico only

3D dependent by
space chromatography Lipophilicity: BRlogD

Size: Ry,
Polarity: 3D PSA

Chamaleonicity: AR;,, A3D PSA

Polarity: Alogk,,'A"
Chamaleonicity: ChamelogK

Size: Ry,
Polarity: 3D PSA
Chamaleonicity: ARy, A3D PSA,
IMHB

Drug Discovery Today

(a) Comparison of the outer limits of oral druggable space for drugs and clinical candidates in the bRo5 space® and those derived from PROTACs.P'®"P4®
The upper limits of the 2D descriptor ranges for oral PROTACs were obtained by analysis of more than 1,800 proprietary PROTACs at Arvinas (PROTAC,

outer),P'®

) and from a survey of 18 pharmaceutical companies (PROTAC, preferred).

P48 (b) Overview of the toolbox of techniques and the experimental and

in silico 3D descriptors that can be used for the identification and optimization of orally bioavailable PROTACs.

compounds in advanced stages of lead optimization.”® " Dis-
covery of cell-permeable and orally bioavailable PROTACs close
to, or beyond, the limits of this chemical space is very challeng-
ing and will most likely require judicious optimization, for exam-
ple by 3D approaches that include the design of molecular
chameleons.

Models built for prediction of the aqueous solubility and cell
permeability of PROTACs also provide some guidance for the
design of oral PROTACs. A random tree model for the thermody-
namic aqueous solubility was recently built using a small set of
15 CRBN and VHL PROTACs as training set.”** According to
the model, PROTACs that have a TPSA >289 AZ have a high prob-
ability of being highly soluble (>200 uM). Less polar PROTACs
can be classified into low (<30 uM) and intermediate (30—
200 puM) solubility groups by determination of the chromato-
graphic lipophilicity descriptor BRlogD. By contrast, random for-
est classification models built for the identification of VHL
PROTACs with high or low cell permeability using a training
set of 253 VHL PROTACs revealed a more complex correlation
to individual descriptors.”*?’ All 17 descriptors, which included

those of the Ro5 and Veber’s rule, were important for the models,
with those of lipophilicity and molecular size having only two-
to threefold higher weight. It is possible that a high degree of
chameleonicity in this VHL PROTAC data set explains the high
dependency of the models on all descriptors.

The linker is the moiety, which has the largest potential for
variation in the design of PROTACs with optimized pharmacoki-
netic properties. All but one of the 33 CRBN PROTACs in our
data set that have a bioavailability >5% have linkers that contain
at least one heterocyclic moiety, mainly piperidines and/or
piperazines (Figure S3 in the supplementary material). By con-
trast, three of the four bioavailable (F >4%) VHL PROTACs have
linkers based on alkyl chains (Figure S4 in the supplementary
material). This gives the impression that orally bioavailable
CRBN PROTACs are much more rigid than the VHL PROTACs,
and potentially less able to behave as molecular chameleons.
To the best of our knowledge, the flexibility and chameleonicity
of PROTACs containing heterocyclic linkers has not yet been
investigated. However, piperidine and piperazine moieties retain
significant conformational flexibility, as revealed by the Kier flex-
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ibility index (@)*?>°?% of the CRBN PROTACs (median ® of 11,
Figure S5 in the supplementary material). Three of the four VHL
PROTACSs have ® 14-15, while the fourth has ® 17 (Figure S5 in
the supplementary material). In comparison, four bRoS drugs
found to behave as molecular chameleons using NMR spec-
troscopy, **> by determination of Chamelogk”**’ or by analysis
of crystal structures'”*? have similar flexibilities, with ® ranging
from 11 to 13. PROTACs 1 and 4 in Figure 2a have ® 16 and 19,
respectively. In conclusion, CRBN PROTACs based on hetero-
cyclic linkers, just like VHL PROTACs with linkers based on alkyl
or ethylene glycol chains, have a flexibility sufficient for allowing
them to behave as molecular chameleons. We therefore propose
that prediction of in silico conformations and chromatographic
determination of Chamelogk are approaches that should be con-
sidered in the design of PROTACs with optimal pharmacokinetic
properties.

Concluding remarks

Large and flexible compounds, such as PROTAC:S, reside far into
the bRo5 chemical space, revealing that they are at high risk of
not becoming oral drugs. Recent studies, however, show that
for some, but not all, this risk can be overcome. Unsurprisingly,
CRBN PROTAGC:s, which are found closer to the chemical space
defined by the 2D descriptors of Lipinski’s and Veber’s rules, carry
less risk than PROTACs based on VHL and other complex E3
ligase ligands. This is well illustrated by the clinical pipeline of
PROTACs and the data set of PROTACs that show oral bioavail-
ability in rodents discussed herein (Figure 1a). %" ®48.(50)

Some orally bioavailable VHL and high-molecular-weight
CRBN PROTAC:s have already been discovered, and new design
strategies that release the potential of such PROTAC:s are in high
demand. In this minireview, we propose that 3D descriptors,
such as those of size (Rgy;) and polarity (surface accessible 3D
PSA), provide a better definition of the cell-permeable and orally
druggable space of PROTACs (Figure 4b). This is because, in con-
trast to 2D descriptors, 3D descriptors describe the properties of
large and stereochemically complex compounds, such as PRO-
TACs and bRoS5 drugs, in a uniform way. 3D descriptors also cap-
ture the compounds’ ability to behave as molecular chameleons
by adapting their structure and properties to the environment.
We also highlight recent results that suggest that physicochemi-
cal properties determined by chromatographic methods, includ-
ing the determination of chameleonicity, show potential for the
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