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Dysregulation of the mechanistic target of rapamycin (mTOR)
pathway is implicated in cancer and neurological disorder,
which identifies mTOR inhibition as promising strategy for the
treatment of a variety of human disorders. First-generation
mTOR inhibitors include rapamycin and its analogues (rapalogs)
which act as allosteric inhibitors of TORC1. Structurally
unrelated, ATP-competitive inhibitors that directly target the
mTOR catalytic site inhibit both TORC1 and TORC2. Here, we
review investigations of chemical scaffolds explored for the
development of highly selective ATP-competitive mTOR kinase

inhibitors (TORKi). Extensive medicinal chemistry campaigns
allowed to overcome challenges related to structural similarity
between mTOR and the phosphoinositide 3-kinase (PI3K) family.
A broad region of chemical space is covered by TORKi. Here, the
investigation of chemical substitutions and physicochemical
properties has shed light on the compounds’ ability to cross the
blood brain barrier (BBB). This work provides insights support-
ing the optimization of TORKi for the treatment of cancer and
central nervous system disorders.

1. Introduction

Mechanistic target of rapamycin (mTOR) is an evolutionary
highly conserved Serine/Threonine (Ser/Thr) protein kinase and
belongs to the phosphatidylinositol 3-kinase-related kinase
(PIKK) family. The mTOR kinase catalytic subunit forms two
functionally distinct multi-protein complexes, mTOR complex 1
(TORC1) and mTOR complex 2 (TORC2), which are distinguished
by unique accessory proteins, Raptor and Rictor, respectively.[1]

TORC1 relays upstream signal input from cellular energy and
stress, oxygen, amino acids, nutrients and growth factors.
Activation of phosphoinositide 3-kinase (PI3K) through cell
surface receptors stimulates the production of phosphatidylino-
sitol(3,4,5)-trisphosphate [PtdIns(3,4,5)P3 or PIP3] production,
which recruits protein kinase B (PKB/Akt) via its pleckstrin
homology (PH) domain to the plasma membrane. Activated
PKB/Akt phosphorylates Tuberin protein (TSC2), thus impairing
TSC2-GAP activity and promoting TORC1 activation.[2] TORC1
regulates lipid and protein synthesis through phosphorylation
of S6 kinase (S6K).[3] Moreover, TORC1 modulates lysosome
function and inhibits autophagy. Less is known regarding the
regulation of TORC2 activity, as compared to TORC1. It has
been suggested that SIN1, a component of mTOR complex 2,
plays a key role in the regulation of TORC2. PIP3 is recognized

by SIN1’s PH domain, which relieves the SIN1-mediated
inhibition of TORC2. Activated, the TORC2 Rictor-mTORK
complex phosphorylates PKB/Akt on Ser473, which facilitates
Thr308 phosphorylation by PDK1.[4] TORC2 controls cytoskeletal
rearrangements, cell cycle progression, and survival.[2a]

Aberrant mTOR signaling is involved in cancer,[5] metabolic
disease such as type 2 diabetes and obesity,[6] autoimmune
disease,[7] rare diseases including lymphangioleiomyomatosis
(LAM) and tuberous sclerosis (TSC),[8] and during aging.[9]

Considering its central role in autophagy, mTOR is implicated in
neurodegenerative disorders, namely Huntington’s,[10]

Alzheimer’s,[11] and Parkinson’s diseases.[12] mTOR kinase con-
tains a number of distinct functional domains including
(i) multiple Huntingtin Elongation factor 3A subunit of PP2A
and TOR1 (HEAT) motifs in the N-terminal region, (ii) FRAP/TOR,
ATM, TRRAP (FAT) domain, (iii) FKBP12/FPR1-rapamycin binding
(FRB) domain, (iv) kinase domain and (v) a C-terminal small FAT
domain (FATC) domain (Figure 1a and 1b).[13] First generation
mTOR inhibitors include rapamycin and its analogues, so-called
rapalogs, which are allosteric inhibitors of mTORC1: they
interact simultaneously with the FRB domain of TORC1 (green
in Figure 1a) and the FK506-binding protein 12 (FKBP12).[14]

Since suppression of TORC1 signaling by rapamycin/rapalogs
often leads to upregulation of upstream signaling limiting
clinical success,[15] ATP-competitive mTOR kinase inhibitors
(TORKi), targeting the function of both TORC1 and TORC2, have
been developed. The development of highly selective TORKi is,
however, an ongoing challenge due to the structural similarity
between the catalytic sites of mTOR and phosphoinositide 3-
kinases (PI3Ks, Figure 1c and 1d). The chemical structures of
PI3K and mTOR inhibitors have been recently reviewed.[16]

Herein, we outline a structural comparison of dual PI3K/mTOR
and selective mTOR inhibitors, and we pinpoint the structural
activity relationship (SAR) studies and chemical features leading
to selective mTOR inhibition. Moreover, we analyze the
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Figure 1. a) X-ray crystallographic structure of mTOR derived from the mTORΔN-mLST8-ATPγS-Mg complex (PDB ID: 4JSP).[1b] mTOR is colored as follows: LBE
(cyan), located at the C lobe, forms the binding site for mLST8 (pink). ATPγS is displayed as sticks and Mg2+ ions as spheres. KD (blue): kinase domain.
b) Schematic representation of the domain organization of TOR. (c,d) Comparison of ATP-binding site of mTOR (c) and PI3Kγ (d). PI3Kγ (yellow) – ATP complex
from PDB ID: 1E8X.[17] While the protein used in mTORΔN-mLST8-ATPγS-Mg complex is from Homo sapiens, the PI3Kγ-ATP complex is from Sus scrofa. There
are, however, no expected structural and functional differences between human and pig enzymes, as the two species show complete amino acid sequence
identity in the ATP site (overall sequence identity 95.3%).
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physicochemical properties of the discussed compounds and
their effects on blood-brain-barrier (BBB) permeability.

2. Structural Analysis of TORKi

The mTOR catalytic site is formed by three key regions: (i) the
hinge region (Val2240); (ii) the affinity pocket (Lys2187,
Glu2190, Asp2195, Try2225, Asp2357) and (iii) the solvent
exposed area (Figure 2a). A N-lobe pocket delimited by Ile2163,
Pro2169 and Leu2185 (purple in Figure 2a) was also classified as
an important region of the ATP-binding pocket of mTOR kinase,
and it is involved in inhibitor-protein interactions for a limited
number of ligands (see compounds 51–54 and 58–59; Figure 7
below). The first molecules targeting the catalytic pockets of
PI3Ks and both mTOR complexes were wortmannin,[18] and
LY294002.[19] Following these two available pharmacological
tools, the synthetic molecule PI-103 (1) was discovered.[20] PI-
103 is a TORK/PI3K dual inhibitor synthesized following a high-
throughput screening (HTS) aimed at identifying PI3K
inhibitors.[21] The ATP-competitive inhibitor PI-103 (1) was

demonstrated to uniquely and potently inhibit both complexes
of mTOR.[22] The co-crystal structure of mTOR kinase in complex
with PI-103 (1)[1b] guided the structure-based drug design for
different compound classes and helped to rationalize the
binding mode of morpholine-containing TORKi.

2.1. Morpholine as Hinge Region Binder

The binding affinity pocket has been recognized as a key region
in determining selectivity profiles in protein and lipid kinases.[23]

Recently, also the hinge region binding has been pinpointed to
play an important role in selectivity for mTOR kinase over lipid
kinases. Computational studies pointed out that a leucine-
phenylalanine (Leu2354 mTOR vs. Phe961 PI3Kγ) replacement
leads to a deeper pocket in mTOR compared to PI3Ks.[24]

Bridged morpholines are well accommodated in mTOR, but
cause steric clashes in PI3K. These unfavorable steric contacts
can only be minimized moving the morpholine moiety away
from Val882/Val851 (in PI3Kγ/PI3Kα) impairing the pivotal H-
bond to the PI3K hinge region. For a variety of chemical
scaffolds, mTOR selectivity could be reached merely by the
introduction of sterically hindered or methyl-substituted mor-
pholines targeted to the hinge region of mTOR kinase. These
scaffolds include (i) triazines,[25] (ii) thieno[3,2-d]pyrimidines,[26]

(iii) thiazolo[5,4-d]pyrimidines,[27] (iv) purine,[27] and (v) tricyclic
pyrimido-pyrrolo-oxazines[28] (Figure 2b). Bicyclic aromatic mole-
cules such as (vi) pyrido[2,3-d]pyrimidines[29] and (vii) pyrazolo
[3,4-d]pyrimidines[24,30] achieved high mTOR selectivity also with
an unsubstituted morpholine interacting with the hinge Valine
backbone amide (Figure 2c). In the latter case (vi and vii), the
selectivity is only driven by the core and the chemical features
interacting with the binding affinity region. Examples for each
chemical class are described in the following sections.

2.1.1. Hinge Region Substituents as Selectivity Drivers

The morpholino- pyrimidine and triazine scaffolds have been
widely investigated to modulate the PI3K/Akt/mTOR signaling
pathway.[31] Dimorpholine-substituted triazines, PQR309 (Bimir-
alisib, 2),[32] compound 3[33] and PQR514 (4),[33] are pan-PI3K
inhibitors with moderate to good mTOR affinity (Figure 3a and
3c). Starting from compound 3, replacement of one unsubsti-
tuted morpholine with a (S)-methyl substituted morpholine
(PQR530, 5)[34] or an ethylene bridged-morpholine (6)[25b] did not
increase mTOR selectivity. The unsubstituted morpholine of 5
and 6 is accommodated in the pocket pointing towards the
hinge region Valine of mTOR and PI3K, while the sterically
hindered morpholine is binding in the solvent exposed region.
Introduction of two bulky morpholines on the triazine scaffold
generated a highly potent and selective TORKi (PQR620, 7;
Figure 3a and 3c). Compound 7 displayed a >1000-fold
selectivity towards mTOR over PI3Kα in binding assays.[25b] An
extensive investigation of the morpholine moiety engaging the
solvent exposed region of mTOR enabled to discover PQR626
(8, Figure 3a)[25a] which maintained a good mTOR selectivity and

Figure 2. a) Key regions of the mTOR catalytic site illustrated with the PI-103-
bound mTOR~

N-mLST8 complex (from PDB ID: 4JT6).[1b] b, c) Selective mTOR
morpholine-substituted scaffolds showing (b) a sterically hindered/substi-
tuted morpholine or (c) an unsubstituted morpholine pointing toward the
hinge region Val2240. The morpholine positioning on each scaffold is
reported as a blue dotted line.
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Figure 3. Chemical investigations to develop mTOR-selective inhibitors. a) Dimorpholine-substituted triazines. b) Bis(morpholinotriazine) compounds bearing
bisarylureas. c, e) Compounds potency for mTOR and PI3Kα [reported as Ki (for c) or IC50 (for e)] and selectivity for mTOR over PI3Kα.

aKi(PI3Kα)/Ki(mTOR).
bIC50(PI3Kα)/IC50(mTOR). *For compounds 9, 10 and 11 IC50 towards mTOR is reported instead of Ki. d) The thieno[3,2-d]pyrimidine derivatives. **14 and
15 Ki towards mTOR is reported instead of IC50.
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overcome the metabolic liabilities related to the ethylene
bridged morpholines. Bis(morpholinotriazine) compounds bear-
ing bisarylureas have been also reported as potent dual PI3K/
mTOR inhibitors. PKI-587 (PF-05212384, Gedatolisib, 9)[35] is the
clinically most advanced compound from this chemical class
[ongoing clinical trials: NCT03698383, NCT03911973,
NCT03065062, NCT02626507]. As expected, installation of only
one sterically demanding 3,5-ethylene bridged morpholine on
the triazine core (PKI-179, 10) did not lead to mTOR-selective
inhibition (Figure 3b).[36] The combination of a (R)-methyl
substituted morpholine and a tetrahydropyran (THP, com-
pound 11) resulted in a potent and selective mTOR inhibitor
[selectivity IC50(PI3Kα)/IC50(mTOR)=591, Figure 3c].

[25c] The THP
of compound 11 binds in the solvent exposed region, while the
substituted morpholine is accommodated into the hinge pocket
of mTOR. The ability of the THP and 3,6-dihydro-2H-pyran (DHP)
to function as morpholine surrogates has been explored on
different scaffolds [thienopyrimidine (ii) and pyrazolopyrimidine
(vii)]. Only DHP has been pinpointed as a morpholine
bioisostere. Computational studies revealed that DHP and
morpholine moieties establish the same essential H-bond to
Val2240 in mTOR, while the out of plane conformation of the
THP residue cannot interact with the backbone amide of the
hinge region Valine.[37] The thieno[3,2-d]pyrimidine scaffold has
been extensively explored for the development of dual PI3K/
mTOR inhibitors. Starting from GDC-0941 (Pictilisib, 12),[38] a
class I PI3K inhibitor, chemical modifications were introduced to
increase potency for mTOR and develop dual PI3K/mTOR
inhibitors. GNE-493 (13),[39] GNE-477 (14),[40] and GDC-0980
(Apitolisib, 15)[41] have been developed as inhibitors targeting
both class I PI3Ks and mTOR kinase (Figure 3d). Installation of
an 8-oxa-3-azabicyclo[3.2.1]octane group onto a thienopyrimi-
dine scaffold significantly increased the selectivity for mTOR
over PI3Kα (compounds 16 and 17, Figure 3d and 3e), with
compound 17 displaying a >1000-fold potency for mTOR over
the structurally related class I PI3Ks.[26] The 4-ureidophenyl
group played also a key role in driving selectivity (see 2.2).
Chemical investigation of the thienopyrimidine scaffold led to
the design of compounds bearing the related purine scaffold.
The tricyclic molecule containing the purine core, Paxalisib
(GDC-0084, 18; Figure 4a and 4d), is a dual inhibitor of PI3K and
mTOR kinases, showing a desirable pharmacokinetic profile.[42]

However, substituted and sterically hindered morpholines have
not been appended on the tricyclic purine-based scaffold and
no selective mTOR inhibitors have been developed from this
scaffold. The purine core is also present in a dual PI3K/mTOR
inhibitor, DS-7423 (19),[43] and in a selective mTOR molecule (20,
Figure 4b and 4d). While DS-7423 presents an unsubstituted
morpholine, compound 20 has a (R)-3-methylmorpholine point-
ing towards the hinge Valine. The (R)-3-methylmorpholine has
been described as an optimal moiety to establish a H-bond
with the backbone of Val2240 in mTOR and to provide
selectivity over the closely related PI3K family.[27] This substi-
tuted morpholine has been exploited as mTOR selector in
different chemotypes, including triazines (8, 11, Figure 3b),
thiazolo[5,4-d]pyrimidine and tricyclic pyrimido-pyrrolo-oxa-
zines. The purine core of 20 was converted into a thiazolo[5,4-d]

pyrimidine and the physicochemical space investigated. Com-
pound 21 showed an improved potency as compared to 20,
and optimized physicochemical properties.[27] For the (R)-
configured tricyclic pyrimido-pyrrolo-oxazine scaffold, a (S)-3-
methylmorpholine slightly increased the potency and selectivity
for mTOR as opposed to unsubstituted hinge region
morpholines.[28a] The (R)-3- methylmorpholine yielded the best
mTOR selectivity of this series of conformationally restricted
molecules. Extensive SAR studies allowed to pinpoint com-
pounds 22–25 as highly selective mTOR inhibitors with a variety
of profiles regarding brain penetration and physicochemical
properties.[28] Among them, 25[28b] displayed the highest

Figure 4. Chemical development of a tricyclic molecule containing the
purine core, purines, thiazolo[5,4-d]pyrimidines, and tricyclic pyrimido-
pyrrolo-oxazine derivatives. a,b) An unsubstituted hinge region morpholine
prevented the development of highly selective purine-based mTOR inhib-
itors. c, e) (R)-3-methylmorpholine enabled the development of purine-,
thiazolo[5,4-d]pyrimidine-based and tricyclic pyrimido-pyrrolo-oxazine
mTOR-selective binders. The hinge region is schematically reported (orange).
d, f) Compounds potency for mTOR and PI3Kα [reported as IC50 (for d) or as
Ki (for f)] and selectivity for mTOR over PI3Kα.

aIC50(PI3Kα)/IC50(mTOR).
*Ki values are reported for compound 18. bKi(PI3Kα)/Ki(mTOR).
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selectivity [Ki(PI3Kα)/Ki(mTOR) >600; Figure 4e and 4 f]. For the
compounds’ classes described in this sub-chapter, substituted
and sterically hindered morpholines are pivotal to direct mTOR
selectivity, but alone they are not able to yield highly selective
inhibitors.

To selectively bind mTOR kinase, a combination of (i) modi-
ified hinge region-binding morpholines and (ii) properly sub-
stituted heteroaromatic moieties accommodating in the bind-
ing affinity pocket is required.

2.2. Core and Binding Affinity Region Moieties as Selectivity
Drivers

Bicyclic aromatic pyrimidines achieve high mTOR selectivity
with unsubstituted morpholines pointing towards the hinge
region valine. A high throughput screen carried out by a
collaboration between KuDOS Pharmaceuticals and AstraZene-
ca identified the pyrido[2,3-d]pyrimidine-2,4-diamine as a
promising scaffold for the development of small molecule
mTOR inhibitors. Variations of the core highlighted that position
8 of the bicyclic core is the optimal placing for the pyridine
nitrogen. The solvent exposed morpholine has been explored
and sub-micromolar mTOR inhibitors have been identified
(compounds 26 and 27; Figure 5a and Figure 5c). The introduc-
tion of aromatic substituents in position 7 of the core scaffold
resulted in enhancement of potency, with an excellent
selectivity of KU0063794 for mTOR over PI3Ks [28, IC50(PI3Kα)/
IC50(mTOR)=556; Figure 5a].[44] An H-bond donor on the
aromatic moiety was postulated to be essential for the binding.
Further investigation of this compound series was required to
deliver clinical candidates since 28 displayed low aqueous
solubility, and human ether-a-go-go related gene (hERG)
liability. In drug discovery programs, early identification of
potential hERG inhibition allows to reduce the risk of drug
candidates failing in preclinical and clinical trials.[45] Introduction
of a (S)-3-methyl morpholine enhanced cellular potency leading
to AZD8055 (29) which displayed excellent selectivity for mTOR
kinase over PI3K (Figure 5a).[46] The benzyl alcohol and the aryl-
methyl ether of 28 and 29 were identified as potential
metabolic liabilities. Thus, different chemical modifications on
the aromatic ring were carried out to reduce the turnover in
human hepatocytes and yielded AZD2014 (Vistusertib, 30;
Figure 5a and 5c) overcoming the drawbacks of the previous
pyrido[2,3-d]pyrimidine derivatives. Compound 30 displayed
excellent mTOR affinity and selectivity, negligible interference
with hERG, excellent aqueous solubility and good oral
expose.[29] Beside compound 28, additional highly selective
mTOR inhibitors showing an unsubstituted morpholine interact-
ing with the backbone amide of Val2240 have been reported.
These molecules contain a pyrazolopyrimidine core and were
discovered in a lead optimization process starting with WAY-
001 (31, Figure 5b), which was identified thought an HTS
campaign. The starting hit 31 was 6-fold more potent towards
PI3Kα than mTOR.[47] Hit expansion produced pyrazolopyrimi-
dine 32, a dual PI3K/TORKi (Figure 5b). However, the metabolic
liabilities of the phenolic group prompted SAR studies to

increase potency, selectivity and metabolic stability of pyrazolo-
pyrimidines. Replacement of the phenol with an indole ring led
to the identification of WAY-600 (33) displaying a good mTOR
selectivity [IC50(PI3Kα)/IC50(mTOR)=218, Figure 5b and Fig-
ure 5c].[30a] Subsequent chemical exploration on the moiety
engaging the mTOR binding affinity region and on the
piperidine pointing towards the solvent exposed pocket led to
the identification of WYE-354 (34), 35 and 36, showing excellent
mTOR selectivities [IC50(PI3Kα)/IC50(mTOR)=239, 681 and 1153,
respectively; Figure 5b and 5c]. Both carbamate and urea have
been identified as pivotal moieties for binding into the mTOR
affinity pocket due to the establishment of H-bonds (i) between
the carbamate/urea NH(s) and Asp2195, and (ii) the carbonyl
and Lys2187.[48] Extensive studies on the ureidophenyl substitu-
ents highlighted their ability to control the selectivity versus
PI3Ks.[30b] As previously discussed, bridged morpholines are well
accommodated into mTOR hinge region but lead to steric
clashes in PI3K (see 2.1). A 2,6-bridged morpholine has been
appended on the pyrazolopyrimidine scaffold. Compounds 37,
38 and WYE-132 (WYE-125132, 39), bearing the same sub-
stituted morpholine and urea-containing aromatic ring, showed
sub-nanomolar mTOR IC50s together with remarkable selectivity
(Figure 5d and 5f).[24,49] The presence of a bridged morpholine
boosted selectivity of pyrazolopyrimidine derivatives independ-
ently from the substituents on the pyrazole ring. Also com-
pound 38 displaying a trifluoroethyl moiety is a potent, and
specific inhibitor of mTOR kinase. Piperazinophenyl urea
derivatives 40 and 41 maintained an acceptable mTOR
selectivity due to the presence of the 2,6-bridged morpholine
[IC50(PI3Kα)/IC50(mTOR)=250 and 170, respectively, Figure 5d
and 5f]. In addition, the piperazine moiety increased both
cellular activity and human microsomal stability compared to
the unsubstituted phenyl analogs.[50] Replacement of the
pyrazole with a triazole moiety, and introduction of the urea
substitution present in PKI-587 (9, Figure 3b) resulted in the
discovery of PKI-402 (42, Figure 5e) showing low nanomolar
potency against both PI3Kα and mTOR (Figure 5f).[51]

2.3. Hinge Region Binders Different from Morpholines

Molecules showing a variety of chemical moieties responsible
for the H-bond with the hinge region Valine were discovered.
The pyrazolopyrimidine scaffold was proposed as adenine-
mimetic and exploited in tyrosine kinase,[52] PI3K and mTOR
inhibitors. A library of tyrosine kinase inhibitors was screened
for activity against PI3Kα and, after hits identification, an
extensive SAR study was carried out to identify the chemical
features favoring the interactions with PI3K. PP242 (Torkinib,
43) displayed an unexpected selectivity for mTOR, being the
first described selective and ATP-competitive mTOR inhibitor
(Figure 6a and 6e).[53] X-ray crystallographic structure of mTOR
kinase in complex with 43 shed light on the unpredicted profile:
Yang et al. revealed that upon 43 binding, mTOR underwent a
conformational change involving the side chains of Tyr2225,
Gln2223 and Leu2354. This resulted in an expansion and
deepening of the inner hydrophobic pocket accommodating
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the hydroxyindole moiety (Figure 6b and 6c).[1b] In the hinge
region, the 4-aminopyrazolo[3,4-d] pyrimidine core forms two
hydrogen bonds with the backbone amide nitrogen of Val2240
and the backbone oxygen of Gly2238. Starting from 43, a
structure-guided optimization led to the identification of a
pyrazolopyrimidine derivative (INK128, 44; Figure 6a and 6e)

with improved oral bioavailability and pharmaceutical proper-
ties suitable for clinical studies.[54] At the same time, Celgene
carried out a HTS which identified an imidazo[4,5-b]pyrazin-2-
one (45) as hit showing micromolar potency towards mTOR
(Figure 6d). A broad hit-to-lead optimization led to the identi-
fication of CC214 (46), 47 and 48 with excellent mTOR potency

Figure 5. SAR studies on (a) pyrido[2,3-d]pyrimidine-2,4-diamines and (b,d) pyrazolopyrimidine for the identification of highly selective mTOR inhibitors. The
compounds binding mode into mTOR is schematically reported (orange, hinge region; cyan, binding affinity pocket; gray, solvent exposed region). e) Urea-
substituted 7-morpholinotriazolopyrimidine, PK-402 (42), as dual PI3K/mTOR inhibitor. c, f) Compounds’ potency for mTOR and PI3Kα (reported as IC50) and
selectivity for mTOR over PI3Kα. aIC50(PI3Kα)/IC50(mTOR).
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and exquisite kinase selectivity [IC50(PI3Kα)/IC50(mTOR) >730;
Figure 6d and 6e].[55] Scaffold hopping starting from the imidazo
[4,5-b]pyrazin-2-one derivatives enabled to discover a new
series of mTOR binders displaying the dihydropyrazino[2,3-b]
pyrazin-2(1H)-one core. Parallel SAR explorations pinpointed
CC115 (49)[56] and CC223 (Onatasertib, 50)[57] as clinical
candidates (Figure 6d). While 50 selectively targets mTOR kinase
(Figure 6e), 49 is a dual inhibitor of mTOR (IC50=21 nM) and
DNA-dependent protein kinase (DNA-PK, IC50=13 nM). A me-
dium throughput cell-based screening assay followed by
structure-guided drug design was employed also for the
identification of Torin 1 (53)[58] and Torin 2 (54).[59] A combinato-
rial kinase-directed library[60] screening led to the identification
of the quinoline hit compound 51 exhibiting moderately
in vitro inhibitory activity. The introduction of an additional ring
constraint resulted in a benzonaphthyridinone compound 52,
which exhibited a 1000-fold improved mTOR affinity as
compared to 51 (Figure 7a and 7e). Chemical design guided by
cell-based SAR studies combined with molecular modeling

enabled the development of 53 with 900-fold selectivity for
mTOR over PI3K.[58a,61] 53 is a good chemical probe, but its short
half-life, poor water solubility, and limited bioavailability
prompted a lead optimization process. Compound 54 emerged
from an extensive medicinal chemistry campaign aimed at the
optimization of the pharmacokinetic profile and synthetic
accessibility (Figure 7a and 7e).[59] The X-ray crystallographic
structure of mTORΔΝ– mLST8 bound to 54 (PDB ID 4JSX) was
solved, and the benzonaphthyridinone moiety was found to be
involved in the H-bond with the backbone amide of Val2240
(Figure 7b). The tricyclic core is responsible for an extensive
stacking interaction with the indole ring of Trp2239 in the hinge
region. The tryptophan-valine replacement (Trp2239, mTOR;
Val850, PI3Kα) is likely to contribute to the 800-fold specificity
of 54 for mTOR over PI3Kα. The aminopyridine group of 54 is
accommodated into the binding affinity pocket. Interestingly
the amino group is not involved in H-bonds with Asp2195,
Asp2357 and Try2225, residues that have been defined as key
interactions in PP242 (43, PDB ID 4JT5; Figure 7c) and PI-103 (1,

Figure 6. 4-Aminopyrazolo[3,4-d] pyrimidines and dihydropyrazino[2,3-b]pyrazin-2(1H)-ones as hinge region binding modules. a) Chemical structures of PP242
(43) and INK128 (44). b) X-ray crystallographic structure of mTOR kinase (sand, surface) in complex with PP242 (green, PDB ID 4JT5). c) Comparison between
mTOR-PP242 and mTOR-PI-103 (mTOR, gray surface; PI-103, pink; PDB ID 4JT6)[1b] complexes revealed a deeper inner hydrophobic pocket induced upon
PP242 binding. d) Hit identification and hit-to-lead optimization leading to the discovery of CC115 (49) and CC223 (50). The compounds binding mode into
mTOR is schematically reported (orange, hinge region; cyan, binding affinity pocket; gray, solvent exposed region). e) Compounds potency for mTOR and
PI3Kα (reported as IC50) and selectivity for mTOR over PI3Kα.

aIC50(PI3Kα)/IC50(mTOR). CC115 inhibits in a low nanomolar concentration also DNA-PK
(IC50=13 nM).
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PDB ID 4JT6; Figure 7d) binding.[1b] The quinoline is considered
a privileged scaffold for ATP-site binders and it is present, alone
or fused to other rings, in several mTOR inhibitors. The
quinoline core is the building block of Omipalisib (GSK2126458,
GSK458, 55), which shows picomolar affinity for PI3Kα and
mTOR (Figure 7f and 7i). In addition, 55 is a potent inhibitor of
DNA-PK (IC50=0.28 nM), a member of the PIKK family.

[63] Beside

quinoline, the imidazo[4,5-c]quinoline scaffold can mimic the H-
bond interactions of the ATP adenine moiety and has been
exploited in different drug discovery programs aiming at the
identification of PI3K and mTOR inhibitors. This chemotype is
present in NVP-BEZ235 (Dactolisib, 58, Figure 7g),[64] a dual
PI3K/mTOR inhibitor showing anti-tumor efficacy in mouse
models[65] and investigated in several Phase I and II clinical trials.

Figure 7. Analysis of chemical structure, binding mode and biological activity of quinonoline derivatives. a) Identification of the benzonaphthridinone
derivatives, Torin1 (53) and Torin2 (54). The compounds binding mode to mTOR is schematically reported (orange, hinge region; cyan, binding affinity pocket;
purple, N-lobe pocket). b, c,d) Comparison of 3 X-ray crystallographic structures: mTOR (cyan) – 54 (yellow; b, PDB ID: 4JSX); mTOR (sand) – 43 (green, c, PDB
ID: 4JT5); mTOR (gray) – 1 (pink; d, PDB ID: 4JT6)[1b] The NH backbone amide of V2240 is shown as blue sphere (in b, c,d). The carbonyl O of Gly2238 backbone
amide is represented as red sphere (in c). H-bonds are displayed as black dotted lines. e, i) Compounds potency for mTOR and PI3Kα (reported as IC50) and
selectivity for mTOR over PI3Kα. aIC50(PI3Kα)/IC50(mTOR). *Ki values. **Approximate value as reported in Ref. [62]. f, g,h) Chemical structure of dual PI3K/mTOR
inhibitors bearing a quinoline or a imidazo[4,5-c]quinoline core.
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58 was developed starting from a 3-phosphoinositide-depend-
ent protein kinase 1 (PDK1) inhibitor (56) able to inhibit also
class I PI3K.[66] The introduction of a N-methyl imidazol-2-one
moiety (compound 57) resulted in a complete loss in PDK1
inhibitory activity, while the PI3K affinity was retained (Fig-
ure 7g and 7i). Afterwards, a quinoline was appended on the 3-
methylimidazo[4,5-c]quinolin-2-one core leading to the devel-
opment of compound 58 (Figure 7g).[64,67] Medicinal chemistry
efforts merging compounds 53 and 58 resulted in the discovery
of the dual PI3K/mTOR inhibitor NVP-BGT226 (59, Figure 7h).[62]

Compounds 58 and 59 are extremely lipophilic molecules with
clogP>5 (see 3.2).

3. Effect of Physicochemical Descriptors on
Brain Permeability

3.1. Accessing the Brain: A Major Drug Discovery Challenge

Although there are >60 FDA-approved kinase inhibitors,[68]

none of them has been approved for the treatment of primary
CNS tumors or neurodegenerative disease.[69] Alectinib received
accelerated approval for anaplastic lymphoma kinase (ALK)
positive metastatic non-small cell lung cancer (NSCLC) to treat
patients including those with brain metastases.[70] Entrectinib is
another tyrosine kinase inhibitor (TKI) targeting ALK and ROS1
(ROS Proto-Oncogene 1, Receptor Tyrosine Kinase), which
penetrates the BBB and has shown efficacy in ROS1-positive
NSCLC brain metastases.[71] Tucatinib is quinazoline-triazolo[1,5-
a]pyridine derivative approved to treat patients with HER2-
positive metastatic breast cancer with brain metastases.[72] In
2018, everolimus (Afinitor), an allosteric inhibitor of TORC1, was
approved by FDA for the treatment of tuberous sclerosis
complex (TSC) associated seizures.[73]

Developing molecules able to access the CNS and to reach
an optimal concentration at the therapeutic target is a
challenging endeavor in drug discovery.[74] The central role of
mTOR signaling in neurological disease fueled the interest in
molecules able to cross the BBB. Physicochemical properties
required for brain access have been extensively investigated,[75]

and a rule of 5 (Ro5)[76] has been proposed for CNS drugs.

3.2. Physicochemical Properties of TORKi

Lipophilicity is considered the most important drug-like physical
property affecting potency, distribution and elimination of a
drug.[77] Increasing lipophilicity often correlates with improved
binding affinities; however, it also increases non-specific bind-
ing to multiple targets resulting in toxic effects.[78] The LogP
[Log of the octanol-water partition coefficient] is the measure
of drugs lipophilicity. High lipophilicity is accompanied by poor
aqueous solubility and high metabolic turnover. Lipophilicity
also affects CNS exposure,[79] and kinase inhibitors were
classified as having higher lipophilicity compared to approved
CNS drugs. While a median clogP value of 4.2 has been

reported for approved kinase inhibitors, the drugs currently
used to treat CNS disorders have a median clogP of 2.8.[69,80]

Hansch et al. proposed that the optimal CNS penetration occurs
with compounds possessing logP~2, with an acceptable range
between 2 and 5.[81]

We calculated a mean clogP of 3.2 for inhibitors 1–59
(Figure 8a), which is higher than approved CNS drugs. Most of
the described mTOR inhibitors displayed clogP values between
2 and 4, with outliers being CC115 (49) and NVP-BEZ235 (58),
showing clogP of � 0.5 and 6.3, respectively (Figure 8d).
Compound 49 is in phase II clinical trials for the treatment of
glioblastoma [NCT02977780], but neither brain:plasma ratio (B/
P) or efflux properties have been published. Brain penetration
of 58 is counteracted by Abcb1, a drug efflux transporter
expressed in the BBB, which limits CNS target engagement.[82]

Beside lipophilicity, physicochemical properties like molecular
weight (MW), polar surface area (PSA), and the number of
hydrogen-bond donors (HBD) and acceptors (HBA) influence
brain penetration.[83] MW, which can be calculated with
accuracy, is considered a descriptor to predict other properties:
often an increase in MW results in an increased lipophilicity.[84]

This general trend is also observed with mTOR inhibitors
(Figure 9a). CNS drugs are in general smaller than non-BBB
penetrating drugs. Van de Waterbeemd and others defined a
MW<450 Da as desirable for CNS drug candidates,[83c,85] and the
median MW for marketed CNS drugs has been reported to be
~305.[75b,c] The inhibitors described here have a mean MW of
~426 Da (Figure 8b), spanning MW from 315 (26) to 622 (40).
Compound 26 (Figure 5a) is a hit identified through HTS
showing a moderate mTOR potency due to lack of a binding
module targeting the affinity region. 40 is a potent and
selective mTOR inhibitor (Figure 5d and 5f) discovered through
extensive medicinal chemistry campaigns. It has not been
investigated regarding brain penetration (Figure 8d). The polar
surface area (PSA) is a physicochemical descriptor which plays a
key role in the design of compounds with potential BBB
penetration. P-glycoprotein (P-gp, multi-drug resistance protein
MDR1, ABCB1) is an efflux transporter with protective function
for the BBB. Chemical species identified as P-gp substrates are
classified as non-CNS drugs.[86] To minimize P-gp action, Hitch-
cock proposed a PSA <90 Å2 (preferably <70 Å2) and a HBD
count <2. Compounds 1–59 showed a median PSA value of
101 Å2 (Figure 8c), being double to that of the approved CNS
drugs.[69] Compounds 12 and 14 did not penetrate the BBB,
which might be due to the detrimental influence of the polar
sulfone group that dramatically increases PSA (144 and 167 Å2,
respectively). Similarly, the thieno[3,2-d] pyrimidines 13 and 15
showed a PSA higher than 135 Å2 leading to a lack in brain
penetration.[69] The only sulphur-containing TORKi able to
access the brain was the thiazolo[5,4-d]pyrimidine 21, display-
ing a PSA of 121 Å2.[27] Among the brain penetrant TORKi, only
compound 25 showed a PSA <90 Å2. Interesting, although 58
had a PSA equal to 73 Å2, it did not show a good CNS exposure
due to the excessive lipophilicity (Figure 8d). The number of
HBD has been also recognized as a critical property for brain
permeability since it affects the P-gp mediated efflux. Hydrogen
bond donors are usually present in ATP-competitive kinase
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inhibitors to maximize the ligand-protein interactions. For
example, the amino group of triazines (2–8), thieno[3,2-d]
pyrimidines (13–15), and conformationally restricted com-
pounds 18, 22–35 is involved in an H-bond network with
Asp2195 and Glu2195 in the binding affinity region. Com-

pounds lacking a morpholine hinge region binding motif (43–
50) usually have an HBD site employed for H-bonding
interaction with the hinge region of mTOR (see Figure 7c for
43). The investigated compounds 1–59 have a median HBD
value of 1.4, in accordance to the approved CNS drugs. Among

Figure 8. Physicochemical properties and BBB distribution of compounds 1–59. a, b, c) Histogram to show frequency distribution of a) cLogP, b) MW, c) PSA.
Mean value of MW=426.2, cLogP=3.2 and PSA=101.1. d) Summary of physicochemical properties, BBB permeability, Brain/Plasma ratio (B/P) or Efflux Ratio
(ER) of compounds 1–59. Marvin/JChem 20.20 was used for calculation of cLogP (partition coefficient), PSA (Polar Surface Area), HBD (Hydrogen Bond Donor)
and HBA (Hydrogen Bond Acceptor) values. a BBB permeability: BBB-permeable inhibitors (Y, Yes); non-BBB-permeable inhibitors (N, No). n.a.=not available
information regarding brain penetration. b B/P ratio assessed through pharmacokinetic (PK) studies (in vivo). c ER assessed using a MDCK-MDR1 permeability
in vitro assay. d Brain exposure and transporter-mediated efflux data are not available, however the compounds show efficacy in animals model for brain
disease (28, 39, 42, 43, 46) or are investigated in clinical trials for brain tumors (44, 49, 50). e Limited (58) or lack of (55) brain permeability is related to
transport-mediated efflux [substrate for Bcrp (breast cancer resistance protein) and/or P-gp]. B/P ratio: 55=0.06;[87] 58=0.7.[82] Marvin/JChem 20.9 was used to
calculate logP, PSA, HBD and HBA values, ChemAxon (https://www.chemaxon.com). ChemDraw Professional 16.0 was used to calculate MW.
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the brain penetrant mTOR inhibitors, triazines (2, 5, 7, 8),
tricyclic compounds (18 and 25), thiazolo[5,4-d]pyrimidine 21,
and purine 19 possessed one potential HBD group (Figure 7d).

Absence of an HBD was observed in compound 58, displaying a
limited BBB permeability.[82] Compound 43 is the only brain
penetrant mTOR inhibitor with three HBD. It has been reported
to significantly reduces tumor growth of glioblastoma (GBM)
xenografts in mice,[88] however brain exposure and transporter-
mediated efflux data are not available. In analogy to HBD, CNS
drugs have usually a lower number of hydrogen bond acceptors
(HBA) compared to that of non-CNS-permeable compounds.[89]

For potential BBB permeability the following guidelines have
been proposed: HBD<3, HBA<7, and total H-bonds<8.[85]

While the HBD count is in accordance to the guidelines for
most mTOR brain permeable inhibitors, the median HBA value
is 8.1. However, the number of hydrogen bond acceptors has
been pointed out as the least important physicochemical
predictor for BBB penetration.[81]

3.3. Brain Penetration for ATP-Competitive TORKi

Only a limited number of compounds targeting mTOR kinase
has been investigated for their ability to cross the BBB
(Figure 9b). Among them, no molecule bearing the thieno[3,2-
d]pyrimidine scaffold (12–15) was found to reach the brain. The
pan-PI3Ki 12 and the dual PI3K/mTOR inhibitors 13 and 15
poorly penetrate the BBB, showing [brain]u/[plasma]u lower
than 0.2 (0.05, 0.2 and 0.1, respectively). The brain penetration
of compound 14 was also excluded considering the efflux
measured in multidrug resistance gene (MDR1) cells. Although
compounds 12 and 14 presented only one HBD (Figure 8d),
they were P-gp substrates.[90] Pyrido[2,3-d]pyrimidine derivatives
29 and 30 showed a very limited brain penetration. 29 was
reported as ABCB1 substrate and, accordingly, showed in-
creased brain levels in Abcb1a/b� /� ;Abcg2� /� mice with respect
to WT mice.[82] Even though 30 enhanced the radiosensitivity of
GBM stem-like cells (GSCs) in a xenograft model,[91] detailed
pharmacokinetic studies pointed out that 30 showed negligible
brain permeability, reaching higher concentrations in plasma
than in the brain (B/P: 0.04).[25a] Compound 28, belonging to the
same compounds class, is claimed as brain permeable TORKi
since it showed efficacy in a traumatic brain injury model.[92]

However, brain concentrations in WT animals or disease models
are not reported. The dual PI3K/TORKi 55 is a substrate for P-gp
and Bcrp, two efflux transporters at the BBB, leading to
negligible brain concentration and hampering its applicability
in the treatment of CNS disorders.[87] Another quinoline
containing compound (58) is a substrate of Bcrp transporters,
which limit its brain penetration to sub-therapeutic levels.[82]

Brain exposure and transporter-mediated efflux data are
missing for the claimed brain penetrant compounds 39, 42–44,
49–50 (Figure 9c, gray circles). The pyrazolopyrimidine 39 and
the urea-substituted triazolopyrimidine 42 showed efficacy in
mice bearing human glioblastoma astrocytoma (U87MG) xeno-
graft models.[49,93] The 4-aminopyrazolo[3,4-d] pyrimidine 43
displayed antiproliferative effect in xenografted GBM cells in
mice.[88] The follow-up compound 44 is currently in Phase I
clinical trials for treatment of patients with recurrent glioblasto-
ma [NCT02133183]. Compound 46 was also found to inhibit the

Figure 9. Prolife of compounds 1–59 and brain permeability. a) cLogP values
are plotted against MW values for TORKi (cyan full circles), dual PI3K/TORKi
(orange full squares) and PI3Ki (blue full rhombus). b) PSA values plotted
against MW for brain penetrant (green full circles) and non-BBB-penetrant
(red full squares) inhibitors. When brain permeability has not been assessed,
compounds are reported as gray empty circles (n.a.=not available). c) PSA
values plotted against cLogP values for known brain penetrant compounds
(green in Figure 9b). Compounds with excellent brain penetration (B/P�1,
ER�1, green circles), limited brain access (B/P<1, ER>1, yellow circles), and
compounds investigated in in vivo models of brain diseases or in clinical
trials of glioblastoma, even though the brain distribution or transport-
mediated efflux data are not available (n.a., gray full circles).
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growth of glioblastomas in vitro and in vivo,[94] and the
derivatives 49 and 50 obtained through medicinal chemistry
investigations are currently in clinical trials. The dihydropyrazi-
no[2,3-b]pyrazin-2(1H)-one 49 has been included in a screening
trial of innovative glioblastoma therapy [NCT02977780], while
50 has been assessed in different tumors including glioblasto-
ma multiforme [NCT01177397].[95]

Chemical modifications on the triazine core led to inhibitors
with specific targeting profiles and optimized brain penetration.
While the dual PI3K/TORKi 4 showed negligible brain concen-
trations (B/P: 0.3, Figure 8d),[33] the dual PI3K/mTOR inhibitors
2[32,96] and 5[34] displayed excellent brain exposure (B/P: 1 and
1.67, Figure 8d and Figure 9c green circles). The highly selective
TORKi 7 and 8 presented optimal brain penetration characteriz-
ing as candidates for the treatment of neurological
disorders.[25a,b, 97] The purine-containing inhibitor 19 crossed the
BBB and led to potent suppression of PI3K pathway biomarkers
in the brain. It displayed efficacy and survival benefit in GBM
models, even though it had a poor distribution to the brain (B/
P: 0.1, Figure 8d and Figure 9c, yellow circle).[98] On the contrary,
the purine-containing tricyclic compound 18 is capable of
penetrating the BBB and demonstrated significant tumor
growth inhibition in U87 glioblastoma xenograft mice.[42] 18 is
currently investigated in a Phase II clinical trials for the
treatment of patients with newly-diagnosed GBM
[NCT03522298]. While the tricyclic compounds 22 and 24 did
not cross the BBB,[28a] the conformationally restricted derivative
25 showed predicted BBB permeability in a MDCK-MDR1
permeability in vitro assay. 25 classified as the first pyrimido-
pyrrolo-oxazine with potential application in the treatment of
CNS disorders.[28b] The purine compound 20 and thiazolo[5,4-d]
pyrimidine derivative 21 showed good permeability with no P-
gp mediated efflux assessed using a MDCK-MDR1 assay. 21
presented desirable brain permeability in PK studies and
efficacy in a mouse model of Tuberous Sclerosis Complex
(TSC).[27]

4. Conclusions and Outlook

Dysregulation of mTOR signaling in cancer progression and
neurological disorders has fueled the search for mTOR kinase
inhibitors. The high structural similarity between the ATP-
binding pocket of PI3K and mTOR kinase has hampered the
development of highly selective TORKi. However, extensive
medicinal chemistry campaigns allowed to pinpoint molecules
that potently and selectively inhibit mTOR kinase. The chemical
groups responsible for binding to the hinge region pocket or
binding affinity region are herein analyzed. Altogether, essential
insights on the chemical features responsible for mTOR
selectivity and the physicochemical profile of TORKi have been
generated. Even though a variety of scaffolds have been
investigated for mTOR inhibition, high-throughput screenings
and scaffold-hopping approaches could broaden the explored
chemical space. In parallel to potency optimization, further
medicinal chemistry efforts could still positively influence
physicochemical properties. Controlling lipophilicity and avoid-

ing molecular obesity are essential to improve the success rate
of drug discovery processes. Physicochemical descriptors, rather
than potency alone, have to guide leads selection. For
medicinal chemists interested in developing kinase inhibitors to
treat CNS diseases, transporter-mediated efflux has to be
limited. PSA and HBD are known to directly affect P-gp
transport and should be carefully adjusted in the hit-to-lead
phase. Synthetic chemistry modifications on kinase inhibitor
scaffolds allow to fine-tune physicochemical properties, binding
affinity, and pharmacological profiles. Thus, medicinal chemists
possess the required tools to modulate brain exposure and
develop optimized compounds for the treatment of CNS
disorders.
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