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There are several different ways drugs can be administered.

intravenous administration (iv)

»  Drugs are directly and fully available in the bloodstream

oral administration (po)

* Drugs have to cross some barriers to reach the systemic
circulation, so that drugs can be significantly reduced before
getting on the bloodstream.

* several properties must be optimized, such as permeability

(across the intestinal wall) and metabolic stability. 100]

bioavailability F represents the efficiency of po against iv.
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proposed by Dr. Christopher A. Lipinski, a
medicinal chemist at Pfizer, in 1997
based on the observation that most orally
administered drugs are relatively small and
moderately lipophilic :
+ outlined that 90% of oral drugs (at that time)
obeyed three out of four of the following
guidelines: MW < 500 Da, cLogP <5, HBD < 5.
and HBA< 10 — “Ro5”

compounds residing within Ro5 space are ~ '--------------- - S CEEEEEEEEEE

more likely to be orally absorbed
* quickly became a staple of medicinal chemistry

T
8

T
12
t

Wikipedia, *

T T T
16 20 24

Bioavailability”

Bioavailability

During the last two decades, design of orally-absorbed drugs has mainly focused

on the Ro5 space.

Small molecules in Ro5 space
Great potential for oral availability.

Biologics such as antibodies
Known as an useful modality for such difficult targets.

The shortcomings of small molecules and biologics
has recently led to an interest to explore the chemical
space between these two. N

» beyond the rule of 5 (bRo5) space

bRo5
MW > 500 Da and at least one of: RULEs
MW 700-3000 Da, clogP <0 or >7.5, )
HBD > 5, HBA > 10, PSA > 200 A2,
NRotB > 20 extended the rule of 5 (eRo5)
. MW 500-700 Da, clogP 0-7.5,
o] . .. HBD < 5, HBA < 10, PSA < 200 A2,
. on e NRotB < 20
D 16 * % %5t e -
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> . Ro5
2 } MW < 500 Da, clogP 0-5,
- ' Rd5 HBD <5, HBA < 10
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Adv. Drug. Delivery Rev. 1997, 23, 3; Adv. Drug. Delivery Rev. 2001, 46, 3; J. Med. Chem. 2016, 59, 2312; Adv. Drug. Delivery Rev. 2016, 101, 42.
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Year of approval

~1990:
« approved infrequently
« typically from natural products or derivatives thereof

2010 ~:
* became more frequent
* de novo designed took over

More than 35 oral drugs have been approved in bRo5 space since 1990.

27 drugs of them belong to the following seven major classes.

» erythronolides (antibiotics)

» rifamycins (antibiotics)

+ azoles (fungi)

* HIV-1 protease inhibitors (HIV)

+ HCVNSS3/4A protease (HCV)

* NS5A inhibitors (HCV)

* ascomycins or rapamycins (prevent rejection of organ transplants)

Year  Name Indication Target bRo5 properties Chemotype®

1991  azithromycin' bacterial infections bacterial ribozome MW =749, HBA=13 natural product
clarithromycin' bacterial infections bacterial ribozome MW =748, HBA=13 natural product

1992  ambenonium chloride = myasthenia gravis acetylcholinesterase cLogP=-36 de novo designed
paclitaxel cancer microtubuli MW =854, TPSA=221 natural product
rifabutin” bacterial infections bacterial RNA polymerase MW =847, HBA=13, natural product

TPSA =207
1994  tacrolimus" organ transplantation FK506 binding protein 12 (FKBP12) MW =804, HBA=11 natural product
1995  dirithromycin' bacterial infections bacterial ribozome MW =835, HBA=15, natural product
TPSA =202

1996  ivermectin parasitic disease glutamate-gated chloride channels MW =875, HBA=13 natural product
ritonavir HIV infection CYP 3A MW =721 peptide

1997 itraconazole" fungal infections lanosterol 14-a-demethylase MW =706 de novo designed

1998  candesartan cilexetil hypertension & heart failure ~ AT1 angiotensin Il receptor cLogP=7.5 de novo designed
monteleukast asthma cysteinyl leukotriene CysLT1 receptor cLogP=8.5 de novo designed
rifapentine" bacterial infections bacterial RNA polymerase MW =877, HBD =6, natural product

HBA =14, TPSA =224

1999  sirolimus" organ transplantation mammalian target of rapamycin (mTor) MW =914, HBA=12 natural product

2003  atazanavir HIV infection HIV 1 protease MW =705, NRotB =22 peptide

2004 telithromycin' bacterial infections bacterial ribozome MW =812, HBA=11 natural product

2006  posaconazole’ fungal infections lanosterol 14-a-demethylase MW =701 de novo designed

2010  everolimus" organ transplantation mammalian target of rapamycin (mTor) MW =958, HBA=13, natural product

TPSA =205 A?

2012  lomitapide hypercholesterolemia MTP clogP=7.7 de novo designed
cobicistat" HIV infection CYP 3A MW =776, NRotB =24 peptide
carfilzomib multiple myeloma proteasome MW =720, NRotB =24 natural product

2013 simeprevir” HCV infection HCV NS3/4A MW =750 de novo designed

2014  vaniprevir” HCV infection HCV NS3/4A MW =758, HBA=11, de novo designed

TPSA=203 A’
ledipasvir" HCV infection HCV NS5A MW =889 de novo designed
ombitasvir”" HCV infection HCV NS5A MW =894, NRotB =22 peptide
naloxegol opioid-induced constipation  opioid receptor HBA =12, NRotB =24 natural product

2015  paritaprevir” HCV infection HCV NS3/4A MW =766 de novo designed
daclatasvir”' HCV infection HCV NS5A MW =739 de novo designed
lusutrombopag chronic liver disease thrombopoietin receptor cLogP=8.6 de novo designed
isavuconazonium” fungal infections lanosterol 14-a-demethylase MW =718 pro-drug

2016  grazoprevir” HCV infection HCV NS3/4A MW =767 de novo designed
elbasvir”" HCV infection HCV NS5A MW =882 de novo designed
venetoclax leukemia Bcl-2 MW =868 de novo designed

2017  glecaprevir” HCV infection HCV NS3/4A MW =839 de novo designed
velpatasvir”" HCV infection HCV NS5A MW =883 de novo designed
pibrentasvir” HCV infection HCV NS5A MW =1113, NRotB =21 de novo designed
voxilaprevir” HCV infection HCV NS3/4A MW =867, TPSA=204 A>  de novo designed

2018  fostamatinib thrombocytopenia syk kinase inhibitor HBA=13 pro-drug

[a] Drugs belonging to the seven major classes, each of which modulates a separate target, are indicated by superscript numbers at the name of the drug:
'erythronolide, "rifamycin, "ascomycin or rapamycin, YHIV 1 protease inhibitor, ‘triazole, "HCV NS3/4 protease inhibitor and ""[HCV NS5A inhibitor. [b] Natu-
ral products include semi-synthetic derivatives and peptides include peptidomimetics.

Chem. Eur. J. 2020, 26, 49.
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ChEMBL drug dataset triki diff in the distributi f bindi ite sh
(N=1°|'46°) What are the bRo5 space molecules’ features? ngslré?ués?rences n-he QISTrLUTon o1 BINCING Site Shapes
Ro5 display a preference for internal and pocket binding sites

filtered by all of MW<500

eRo5 drugs and clinical candidates:
Da, ClogP 0-5, HBD<5,

more evenly distributed to groove, tunnel, pocket, and

HBA<10 . :
, internal sites
clustered by physicochemical eRo5, N=195, 71% oral bRo5, N=280, 30% oral bRo5 drugs and clinical candidates:
properties 59 App., 32 Phlll, 67 Phll, 37 Phl 119 App., 37 Phlll, 88 Phll, 36 Phl mainly the groove sites

I | |
cross-referencing with the PDB and selection of crystal structures: resolution 0-3.84, good
density at binding site interface, clinically relevant drug-target complex

can bind to even flat binding sites

B oros (N=22) [ eRos (v=26) [ Ros (N=29)

o
&)

all representative Ro5 drug- all eRo5 drug-target strucutures | all bRo5 drug-target strucutures
target structures N=37, 86% oral N=47, 72% oral N=46, 65% oral D04
all approved 21 App., 5 Phlll, 11 Phll, 10 Phl 32 App., 5 Phlll, 8 Phil, 1 Phl §
I I | 203
filtereing to remove redundant drug class-target binding sites éo_z
e.g. Erythromycin A was selected to represent for all erythronolide-ribosome complees é
v v v Q0.1
non-redudant Ro5 structures non-redundant eRo5 non-redundant bRo5 - .
N=29, 86% oral strucutures N=26, 58% oral strucutures N=22, 48% oral ' i Soie: ‘el f6ewet (el
all approved 11 App., 4 Phlll, 7 Phll, 4 Phl 17 App., 1 Phlll, 3 Phll, 1 Phl Binding site shape

Pocket

Internal

. .

EXPERT OPINION ON DRUG DISCOVERY, 2017, 12, 115.
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plot of buried ligand surface area (SA) against total

1100- Proportion of buried SA 1.0 0.8 IllafsniOSmAp"ant drugs:
1000 - B s 2 " close to 1.0 line, which means Ro5 drugs use their SAs
900 - -+ 0.6 efficiently to bind their targets
5 800- iy o= (5920 A bRo5 drugs and clinical candidates:
< 7004 H81 RoS (N=29) | MK ISR IS 04 * larger buried SAs than Ro5 drugs can be seen
i 00 o3 »  proportion of buried ligand SA (against total SAs) is
G 2 o . lower compared to Ro5 drugs
% 200 o' '. I YA > bRoS molecules exhibit lower ligand efficiencies
2 400- y . (LE) when bind to flat- or groove-shaped sites than
@ 300- ¢/ ¢ Ro5 compliant drugs which bind to pockets or
200 - y I internal sites.

0 =
Buried ligand

0 200 400T0<t5;)|o"gggg 31'2(2221)200 1400 1600 surface area (A2) ---
Proportion of
buried ligand
surface area

® bRo5(N=22) ® eRo5(N=26) ® Ro5 (N=29)

ROChES y sphere

S i shapes of the ligands (in their target bound
8 iy o e conformations)

e oo g Ro5 compliant drugs:

\ — ! predominantly rodlike

e T bRo5 drugs and clinical candidates:
1 more widely distributed and more spherelike
» Different chemical space can be reached by the
hVA use of bRo5 molecules

® bRo5MC (N=11) ® bRo5 non-MC (N=11) .bRoS MC (N=11) . bRo5 non-MC (N=11)
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Binding site shape
Macrocycles (MC) have a trend to be less rodlike and more spherelike
than non-macrocycles (non-MC).

Only MC molecules in bRo5 space bind to flat sites.

Flat binding site
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ReaUie 25 YOV Y
\tr Reay s rURRE AN
O/ S— S 2 el HN__o
WHN O &u S N H O t
% Jolv¢: X et
Y g™ oo NS N
e o No\/\,/ I\{N L ] " )
e =0 P, N~
| ) . ) Y 7 N \,o)r '
Ivermectin, Approved, Oral w3 N~
Avermectin-sensitive glutamate- " B AR ) HO

Simeprevir, Approved, Oral

gated chloride channel GluCl a NS3/4A protease

Thiostrepton, Approved, Parenteral
Bacterial ribosome and proteins

Groove shaped binding site
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Navitoclax, Phase I, Oral 0 Paclitaxel, Phase Il, Oral wd on
Apoptosis regulator Bol-2 Tubulin a-chain B-Acarbose, Approved, Parenteral
a-Amylase
Immunology | M Cardiovascular
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e H J o Argatroban, Approved, Parenteral ¢ \sd T
Thrombin ) 2
Cyclosporine A, Approved, Oral Rapamycin, Approved, Oral Eptifibatide, Approved, Parenteral
Peptidyl-prolyl cis-trans isomerase A Peptidyl-proly cis-trans isomerase FKBPS| Integrin a-1IB

EXPERT OPINION ON DRUG DISCOVERY, 2017, 12, 115; J. Med. Chem. 2016, 59, 2312.
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Oral bioavailability of bRo5 molecules.

main two barriers in oral administration
1. hepatic metabolism

2. permeability against intestinal wall
Permeability is a well-known problem
for bRo5 space molecules.
Permeability is an essential property to

Comoreg St .. Based on the current data set about bRo5 molecules, the limits for
§ ~ % oral bioavailability can be extended as following.

likely to be oral possible to be oral
(from Ro5 molecules) (from bRo5 molecules)

. . MW <500 <1000
achieve intracellular targets as well.
S cLogP <5 -2<clogP <10
400 | HBA <10 <15
< HBD <5 <6
§ 200 - 1 MW<1000 Da: ) ) ]
oral available molecules can v Note that no big difference in number of HBD

oo DEseen

Norort MW>1000 Da: _ ' Well-known cells/membrane for permeability tests
A sharp drop-off in proportion: Caco-2 cell: expresses P-gp (a well-known efflux transporter)

n
rotatable 20
bonds

0= 1000 of oral compounds MDCK and RRCK cell: low expression levels of drug transporters compared to Caco-2 cell

______________________ MW O ieeee————______' PAMPA: parallel artificial membrane permeability assay (PAMPA) is also often used
Solutions for the permeability problem /L A
v Shielding free HBD by lipophilic side chains. % N oYf\Nﬁ\T

NH H W NH HopN o
Permeability, oral bioavailability in rat: hexa-peptide > penta-peptide YLNH HJE ggVAfo:ADa \(OLNH HNf,)\ ggVAVf;:ADa
Structures determined by NMR and X-ray indicated the followings; © RRCK P.. - 1.7x105cm/s [ N N RRCK P..: 12 x 10° cm/s
the pentapeptide: The Leu projected outward from the plane of the % * F (rat);m Ao F (rat):alps;%

macrocycle, exposing the backbone amides to the solvent.
the hexapeptide: The Leu shielded the HBDs from the surrounding
environment.

180°

J. Med. Chem. 2017, 60, 1662; Advanced Drug Delivery Reviews 2016, 101, 42; J. Med. Chem. 2016, 59, 2312; Advanced Drug Delivery Reviews 2016, 101, 42.
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Neopentyl group reduced EPSA (lipophilicity in hydrophobic environment) and
improved permeability.

CXCR7 K; (nM)  ClogP

EPSA MDCK Papp [10°6 cm/s]

@J\ 8.7 104 0.9

9.3 89 1.8

o 5 QN]\‘\;;_ 24 7.1 89 07
— >k & 34 9.2 79 48

v" IMHB formation to mask free HBD

Py-nitrogen atom formed an intramolecular hydrogen bond
(IMHB) to mask the free polar NH.

~ovtras aoltroo

Papp (CACO-2) =9.3 x 10 cm/s Papp (CACO-2) = 14.7 x 106 cm/s

WC*Q&@ﬁép C@fﬁ“gmﬁ

Papp (CACO-2) = 17.6 x 10 cmis Papp (CACO-2) = 25.2 x 10 cmis

Temperature coefficients of amide proton NMR (ASNH/AT) is known as useful way to see
existence of IMHB.

large chemical shift change means “not involved in IMHB”

N-methylation of such residues often give significant improvements in permeability and

bioavailability
MW 713 Da MW 741 Da
HNW PSA186A @ irogen HNW PSA 1684

bonding NH selective
O HN methylation O HN

NH O NH O

SR Rl

Caco2 Pyyp: 1 x 106 cm/s Caco2 Pyp,p: 21 x 10 cm/s
F (rat): 33%

A data set of 475 drugs and clinical candidates with MW > 500 Da
MC are likely to have advantage for oral bioavailability compared to non-MCs.
» macrocycle structure tends to form IMHB and facilitates bioavailability?

® eRo5nonMC @ bRo5nonMC @ oral A parenteral eRo5MC @ bRo5MC @ oral A parenteral

2 e 2
10 A 10
9 9 4 -~
8 o T — e
7 ‘ é : A A A A
. ; O vy
(@]
o 4- Ke) 4 - 1 A
S § s Sydn gl L2
2 A op 3 ' A () ‘
1- ; .
0- 0 sAS=Eig A A
; A &‘ ; A : P :
i af a A 3 A
3 z b A A

‘.)00 6“0 1g0 %QQ 960»\()00»\\QQ»\’LQQ\’Z)“Q;\AQQ\E)QQ\Q;QQ
MW (Da)

‘300 ‘606 ,‘QQ %QQ 9“0.\QQQ»\’\QQ.\'LQQ»\'@Q\AOQ\%QQ»\600
MW (Da)

Med Res Rev. 2019, 39, 1707; J. Med. Chem. 2017, 60, 9653; Advanced Drug Delivery Reviews 2016, 101, 42.
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Chameleonic property

CsA can undergo a conformational change from “open form” to “closed form” according to
the environments (suggested by NMR and X-ray).

in hydrophobic environment: closed form

v four IMHB are formed

v expected to have high affinity to membrane interior

in aqueous media: open form

v" no IMHB is observed

v binds cyclophilin with this open form

open form

MeLeu-4

Ala-7 MeLeu-6

closed form _ }

MeLeu-10
MeVal-11

MeBmt-1  Abu-2

PSA: 279 A2
HBD: 5

This conformational flexibility would be facilitated by high numbers of
rotatable bonds of CsA (NRotB = 15). It is called “chameleonic property”.
Chameleonic property is thought to be an interesting feature of bRo5
molecules.

Chameleonic property of bRo5 drugs:
Min (blue) or Max (green) 3D PSA: calculated from structures
determined by X-ray crystallography.
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oral bRo5 drugs

Atazanavir (705 Da)
Ritonavir (721 Da)
Erythromycin A (734 Da)
Clarithromycin (748 Da)
Asunaprevir (748 Da)
Azithromycin (749 Da)
Tacrolimus (804 Da)
Telithromycin (812 Da)
Rifampicin (823 Da)
Roxithromycin (837 Da)
Rifabutin (847 Da)
Paclitaxel (854 Da)
Ivermectin (875 Da)
Rapamycin (914 Da)
Cyclosporine A (1203 Da)

J. Chem. Inf. Model. 2016, 56, 1547; EXPERT OPINION ON DRUG DISCOVERY, 2017, 12, 115.



Kyohei Hayashi

Beyond the Rule of 5

Baran Group Meeting
8/21/2021

PROTAC molecules in bRo5

attracted many attentions in recent years

expected to dominate the clinical trial population over the next years
PROTACSs consist of a warhead, a linker, and a ligand that recruits an E3
ubiquitin ligase

» PROTACSs are prone to reside in the bRo5 space

B“gase\’ub

0,
6 J;r o Linker

.4 5
Y ‘
Warheadn.::fjﬁr
ACS Med. Chem. Lett. 2021, ASAP.

v Relatively small two oral PROTACs (ARV-110 and ARV-471) recently reached Phase |l

;@”%o A

Ub ub

E3 ligase

Ub  Ubiquitin-
proteasome &
system (UPS) .

recruiter

" © MW: 812 b B
g tPSA: 180 tPSA. 96
ARV-110 cLogP: 1.63 ARV-471 CLogP: 6.47 5
HBD: 2 HBD: 2 = o
_______________________________________________________________________________________________ | ot
Cell permeable larger PROTAC molecule (a VHL-based anticancer PROTAC) 5
7
F4CO
@Y%OAWNwONMLNH MW- 1034 VHL IC50: 0.307 uM 6
W tPSA: 235 cell-based VHL IC50: 4.31 M
CLogP: 2.25 PAMPA: 1.4x10° cm/s ;

Solubility (PBS, pH 6.5): 7.0 mg/L

%v HBD: 4

It has a large number of rotatable bonds (NRotB = 27) so that a
high flexibility can be expected.

DMSO-ds

D0

DMSO-dG -

NMR analysis

» Environment dependent
conformations

G In polar solvents

extended conformers are

present

In CDCI5*

folded conformations are

predominantely found.

Extended conformers

» larger and polar
Folded conformers

» smaller and less polar

Conformation No. 11
Populati 16 %

* CDCI; was used to mimic
the interior of a cell

Conformation No. 4

Conformation No. 12
Population: 13 %

Conformation No. 18

Population: 10 % Population: 13 %

membrane; dielectric
constant of chloroform (¢ =
4.8) is close to lipid bilayer
(e=3.0)

Radius of gyration (Rgyr) versus solvent accessible 3D polar
surface area (SA 3D PSA) for all conformations. The area of

o O o 5 each circle is proportional to the population of each
Op . conformation.
CDCl5: green, , DMSO-d6-D,0: cyan

180 200 220 240

SA 3D PSA (R2)

260

ACS Med. Chem. Lett. 2021, 12, 107.
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Molecules in bRo5 space have complex structure 7
. . . 200 p-value < 0. i
(SMCM: synthetic molecular complexity metric proposed by Oprea) - ) HATU DIPEA ° Gton v ) PPhs DIAD
. COZ H\k ii) HATU, DIPEA J\/\/N—\‘{ Ngoza
160 EtOZC 0 O .
e.q.) a complex oral bRo5 drug, Simprevir m - )

« an inhibitor of the hepatitis C virus (HCV) NS3/4A protease 5" .
+ HCV NS3/4A protease catalyzes most of the cleavages required to 3
convert the newly synthesized viral polypeptide into the different viral

80

\ \
S
|
o v) Hoveyda-Grubbs cat. (1st) Vl) LiOH

proteins 40 == y T vijcohpBU
. N CO.Et NHz
+  the MW is around 750 Da y é} O~ sy
. . T 0 =\ COEt g o
demonstrates bioavailability s bRos f b,,’: oON—

» binds to a flat and featureless site at the surface of the viral protease
+ The synthesis is relatively complicated due to the presence of four
stereocenters and 14 membered macrocyclic ring

E D v) NaBH
H CO,Me . Ss : 4
:[ 2 i) 0 , heat HOijCOQMe iii) Ac,0, NaOAc, heat :O/Coﬂ\ﬂe vi) NaOH /Obco
" ” - o - 2H
MeO,C~ H if) KMnO, HO.C- 0 e ) PLE NaOH “coMe  VilAO.Py o
(racemic) (3R, 4R)

/ i) PhCHO, TEA i) LIO'Bu EtO,C \ f

Conducted SAR exploration

* Quinolines
* Isoguinolines

\

1
1
‘ ] ! o i) TEA, DPPA iii) BCly, MeO NH
* Quinazolines 1 ’ 4 then t-BuOH th C?—| CN, AICI. 2
- Carbamates ! O ® NaySO,4 Br~pr MeO oH — .~ MO NHp D02 T
Exploration of the core - Pyrimidines ! Cl'HN"COEt ———— Ph” N7 CO,Et ——— Ph" SN / iy TFA
1
H o
« Other aromatic rings | trans (major)
* Substituent effects ' iiiy HCl a
S 4 EO,C EtO,C. _ EtO,C. . N N
i iv) Boc,O 4 V) Alcalase \ AL HCI iv) RCOLH, POClg, Py H o v) +BuOK I
! BocHN T BocHN" \/ Hag)‘“' / — 7 7 . MeO N\\(‘\S — . MO Nar s
- B ¢}
9 ' H Clo H j =
—<] N— \ o) OH j

Compared with Ro5 space, bRo5 space has multiple
problems to overcome, such as permeability, bioavailability
and synthetisis. However, in terms of expanding targetability,
it is fair to say that drug discovery in bRo5 space would
become more important and more attractive.

overlay of simeprevir ( )
and vaniprevir (cyan) bound to
the NS3/4A protease.

| Simprevir

* Ring size
* Heteroatom incorporation

Chem. Eur. J. 2020, 26, 49.



