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Brief Introduction to Class A GPCRs

O The GPCR superfamily and GPCR drugs

the GPCR superfamily

~700

(~83%)

Targeted GPCR (as of July, 2017)

= approved
in trials

= non-targeted

Gloriam, E. T. et al. Nat. Rev. Drug Discov. 2017, 16, 829.

class B
class C
nclass F
others
class A (olfactory)

mclass A

FDA approved drugs (as of July, 2017)

475

(34%)

= GPCRdrugs Estimated > 700
as of 2024

others

GPCR-targeting Drugs (as of June, 2020)

492 (93%)

= class A
class B
= class C

class F



Brief Introduction to Class A GPCRs

O Structure and activation O Differences
m A 10 A outward movement of TM6
B A slight inward movement of TM7

Class A

Extracellular 15 T™M6 Class B

Extracellular A view " - y Class C
~ Class F

O Signal bifurcation Agonist

— Intracellular
T™M4 view

' P-arrestin

' G protein signaling ‘ GPCR activation GRK phosphorylation B-arrestin recruitment

Kobilka. B. K. et al. Nature 2015, 524, 315.



The Ligand Binding Event

Corpora non agunt nisi fixata
(Agent only works when it is bound)

— — Dr. Paul Ehrlich



Equilibrium vs. Kinetic Parameters

O much of early-phase drug discovery has been focused on O Copeland et al. suggested that kinetic parameters, especially

the optimization of target affinity and selectivity. k. ¢ being taken into considerations.
B Ligand binding rate was considered diffusion-controlled B Binding rates are mostly not (99.6%) diffusion-controlled
ligand ligand
receptor receptor

ligand bound receptor ligand bound receptor

|

|

|

| AGing
|

_l

IC5,/ECsy, K, Kons Kosr (Kq)

B Typical in vitro affinity measurements are performed under B In the open system of in vivo experiments, the concentration
closed-system conditions, in which the target is exposed to of ligand to which a receptor is exposed varies with time.

an invariant concentration of the compound. B Drug residence time
6
Copeland, R. A. et al. Nat. Rev. Drug Discov. 2006, 5, 730.



Preliminary Discoveries

O The kinetic-activity profile of drugs targeting HIV-1 protease
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B [nhibition of HIV-1 protease prevents virus maturation,
and mutations at protease confer resistance to drugs.

Danielson, U. H. et al. Antiviral Res. 2003, 58, 235.



Preliminary Discoveries

O The kinetic-activity profile of drugs targeting HIV-1 protease i xAD7 — Y - ;
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Preliminary Discoveries

O Pronounced kinetic-activity relationship in an open-system assay
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Hypothetical Models in Two-state Open System

__________________

! k, ligand 1.0x107% 4 Ko, ("M min') kg (min')  t(min) K (M)  AVG ¢ (pM)
—— g 7-5x107 — 0.1 0.005 200 0.05 11
] | = 5.0x1014
! . o — 0.1 0.05 20 0.5 5.1
! : 2.5x107! -
. | . — 0.1 0.5 2 5 1.4
| 5 0 500 1000 1500
l receptor t [min]
1.0x107%4 k., ("M' min') kg (min')  t(min) K (hM) AVG c (pM)
" Kot || Kon l S 7.5x107 — 0.1 0.05 20 0.5 5.1
. 1 ; ~ -11
: . e 5.0x10 — 0.01 0.05 20 5 1.4
! : 2.5x1011 4
! . —_— 0.001 0.05 20 50 0.19
1 ! 0 r:-:'"-_-_|----|'.-.|
: l 0 500 1000 1500
: | t [min]
. bound receptor 1.0x1010 k("M min) ke (min)  t(min) K (M)  AVG c (pM)
“““““““““ S 7.5x107 4 — 0.1 0.5 2 5 1.4
e 5.0x107 N - 0.01 0.05 20 5 1.4
[Rly= 1 nM, [L], = 100 nM, [L],.., = 37 nM 2.5x1011 1 [ N 0,001 0,005 200 . -
K, =1nM, k1=0.0167 min', k., = 0.0167 min"" VB A= — ' ' '
0 500 1000 1500

t [min] 10
Strasser, A. et al. Trends Pharmacol. Sci. 2017, 38, 717. Thomas, A. et al. Drug Discov. Today 2013, 18, 697.



Hypothetical Models in Two-state Open System
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Outline

O Kinetics and dynamics of GPCR signaling
B G-protein pathway

B (-arrestin pathway



Spatiotemporal Signaling at GPCRs

O Spatiotemporal signaling complicated kinetic analysis at GPCRs B Spatiotemporal “barcode”

on
1 1 Off
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off
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\ H .
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Strasser, A. et al. Trends Pharmacol. Sci. 2017, 38, 717.

Kostenis, E. et al. Trends Pharmacol. Sci. 2017, 38, 1110.



Kinetics at the Prototypical “Light Receptor”

O Rhodopsin mediates signal transduction of high-fidelity, high-speed and high-amplification ratio.

inverse agonist _RH agonist

<10 ms <10 ms / GMP

rhodopsin Metarhodopsin | Metarhodopsin IIb closure of
P g P rho -GEH# et CNGC
rho -GEFP cGMP
TOF: 1300 s™ <200 ms
Ernst, O. P. et al. Proc. Nat. Acad. Sci . 2007, 104, 20290. 14

Hofmann, K. P. et al. J. Bio. Chem. 2001, 276, 10000. Heyn, M. P. et al. Biochemistry. 2008, 47, 11518.



Non-rhodopsin Receptors

O Conformational activation of GPCR

B An environmentally sensitive FL probe was attached
to C2%° at the end of TM6 (B,AR)
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smFRET Analysis of GPCR Dynamics

O Conformational activation and G protein binding

o LPEG
Streptavidin—8~
biotin-M1
Fab '.
] I
- o
o
'_
L
c
T

heterotrimer

Kobilka, B. K.; Blanchard, S.

Neutral
Inverse agonists  antagonist Full agonists

CZ ICI ALP APO CLEN SALM SALB Bl ISO ADR
10 % % %
08- _L* _LW L Pa. | B B

== m=E =S E= =g T === = = ':ﬂ['_ = -E”_ = Tiransition ~ 2-10 mMs
05_?"___%%‘:?__ ?’g{"ff""ﬂ_{—?j"?:ﬁ"' =7 -
04(f

0 10 200 10 200 10 200 10 200 10 200 10 200 10 200 10 200 10 200 10 20

Counts (%)
Neutral
Inverse agonists  antagonist Full agonists

CZ ICI ALP CLEN SALM SALB Bl ISO ADR

1.0
b F |

0.8 g = 5 !
0.6 z I; 14 - - T
0.4y = — EE—— —— - | = o - - ] - — -
0.2 : i i

o 1. 20 1 20 1 2 201 201 201 2 01 2 01 2 01 2

Counts (%) 16

C. et al. Nature 2017, 547, 68.



G Protein Association

O G protein binding

B FRET reflects similar inter-dye distance with MD simulation
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G Protein Dissociation

O GDP/GTP association and G_,(GDP/GTP) dissociation
W ‘ Adrenaline

Rt ; B +30 uM GDP +100 uM GTP
%8~ 1.0 1.0-
0.8 0.8
g@ L 06 = 0.6 ] ]
Biotin-Gs £ o4 T o4l Konoricte) ~ diffusion controlled
heterotrimer
0.2 - - Low 0.2 Low
—High ==High
\ 0.0-1~ T 4 =—Total 0.0+ T =—Total
B 0 4 8 12 1 2 0 5 10 0 2 4 6 8 i 2 0 5 10
NS Time (s) Time (s)  Counts (%) Time (s) Time(s) Counts (%)

Cca®* mobilization, GnRH, receptor, GnRH

2.4 600~ _
= 2.0 Initial rate:
o 16 240 nM.sec
12 = R2, 0.995
_% 0.81 ) { ad % » W
= 0.4 ; * =
' sCLEN v Bl Ny
0.0 e SALB <« [SO O
ASALM » ADR =
0 20 40 60 80 100 0 20 40 60 80 100
GDP (uM) GTP (uM) in 30 uM GDP _ _
T H ~ 0-6'2 S T HH ~ 0-5'0.8 S T T T T 1
transition transition 30 60 90 120 150 180
Time (sec) 18

Kobilka, B. K.; Blanchard, S. C. et al. Nature 2017, 547, 68.



Overall Kinetic Model at ,AR

conformational relaxation

~ 600 ms
. L-BoARget ‘GE™ L-BoARact -GS
, , ~6s
conformational relaxation / ” H
ns-ps ~10 ms ~10s
B,AR L-BoAR 1 act L-BoAR gt L-B2ARinact Gy,

L-BoAR 4t -GEPPY

GE™

~1
~9s s/ conformational relaxation

L'BZARinact 'G(S;BBY
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On u-Opioid Receptor

O Conformation dynamics of yOR was studied by DEER and smFRET
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On u-Opioid Receptor

O Conformation dynamics of yOR was studied by DEER and smFRET
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Probing the Binding Kinetics of B-arrestin

O Binding kinetics of B-arrestin at B,AR
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Probing the Binding Kinetics of B-arrestin

O Autoinhibition of B-arrestin 1 and B,AR by C-terminal tail
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Receptor Endocytosis

OR activation
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O Spatiotemporally resolved OR activation by conformation-sensitive luminescent nanobody
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Time Scale Overview

rhodopsin signaling
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Kinetic Parameters for GPCR Drugs
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Interplay of Ligand Binding and GPCR Signaling Kinetics

O The role of kinetic context in apparent biased agonism at GPCRs
B The Black-Leff operational model in quantifying bias

Define: 1= [R,]/Kg

. 1. Set value for E,,. Fit Black/Leff Operational
Receptor denS|ty . . model to data to yield individual Log(t/Ky.)
\ Define: Transduction coefficient = log[7/K 4 | values for all agonists for the pathway
R |
[ t] 2. Calculate Mean Log(/Ky)
3. Calculate $2,,,,4 [€QNAS ) values # individual variances

Intra-pathway: Alog[7/K ] = 1og[Kg; Kx1/Kg ¢d Ka s ] ana ., ' s% [eqnAd] for agonists for the

. .. ’ ? pathway

Ligand affinity ———
g y Ka Inter-pathway: AAlog[7/K ] I

(4 caiculate 95% confidence ) 5. Calculate ALog(vK.)
intervals ‘9:5;“ cl : around values of all agonists relative
mean Log(t/K.) values with to a reference agonist within

SE. [eqn AB]

\ J a given assay
bias: 10M(AAlog[v/K,]) |
* 4 N
ECs, of RL 7. Repeat steps 110 6 for ol 6. Calculate 95% confidence
K K i agonists for second pathway Ji intervals (95% c.i.) around
E1 E2 (refate all values to the same ALog(v/K,) values with S E- [eqn A7)
Lreference agomsl as patnway y
E_[A]"" >
response = =
- n_n n (" 8. Ccalculate Log Bias values ( '
[A]"T" + ([A] + Ky) by cakulting AaLog(si) || © Sacuate 9% confidence ntervai
iy (95% c.i.) t/K,)
"a'“eslﬂg"t'\'l(zgsa':'rf\‘_fa::“’ee” values with S.E. [eqn A8]
\ \
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Time as an Additional Dimension

O Time-dependent measurement of response over 7 agonists and 6 assays at D,R

a ERK1/2 phosphorylation b cAMP c B-Arrestin-2 recruitment
) = m
m Ll
o o
- @ o
2 s T
P = z
0 5 10 15 20 25 30 0O 5 1015 20 25 30 30 4560 75 90 0 5 10 15 20 25 30
Time (min) Time (min) Time (min)
d Ga,g activation e Goy, activation f Cellular impedance
0 ! 0.3 I
0.02 I
0.00 =essvivrsrimgusssssas ] ﬂiiiu.g;gf!‘lmlli,[;m'.'l o A :
I I g e ; % I 5
o o -0.02 PRI ey S
m m 0 04 e i :
© © Y S o©
O
= < _0.064 =
-0.08
0 5 1015 20 25 303045607520 0 5 10 15 20 25 30 0 5 10 15 20 25 303045 60 7590
Time (min) Time (min) Time (min)
=== [Dopamine === Aripiprazole Bifeprunox S-3PPP
e Ropinirole amm» Cariprazine e Pardoprunox
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Time as an Additional Dimension

O Distinct kinetic profiles of agonists

1010 4.0 4
: 3.5 1
Web of bias 108 3.0 -
T 2.5 1
cAMP - Cl £ . T 201
1000 E 10 £ 151
Goi -pERK1/2/1\GaOB -cAMP :E_, 104 5 ég: I
{ 5 = 1 [
\ 10 e = 102 0.02
| ~ e LI M1
Gail -GooB 1 AN cAMP - pERK1/2 P 00 e @ D 0 o R
NN A S R L F R R R & KRG
/ % )
..R \E"’ = = i ) *
GooB -pERK1/2 \' Goi1 -cAMP S 50
o S s
- 1‘0 8 40
\/ o
Goit -Cl |~ GooB-Cl 2 zz
Cl - pERK1/2 e
2
® Dopamine @ Aripiprazole @ Bifeprunox ® S-3PPP ~ 0 // [ r r . ' '
0 5 10 1515 30 45 60 75 90

® Ropinirole ® Cariprazine @ Pardoprunox Time (min)

=== Dopamine === Aripiprazole === Bifeprunox = S-3PPP
=== Ropinirole === Cariprazine === Pardoprunox
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Time as an Additional Dimension for Apparent Bias

O Bias evolves with time for slow-dissociating agonists

e Dopamine: cAMP - Go,g 5 Dopamine: cAMP - ClI e Dopamine: Go,g - Cl
' A ' A ' A
1.0 -+ 1.0 1 1.0 1
£ . | L 3
o 0.51 g o 0.5 < o 0.5 1 (‘5
¢ adaalnamfl® g 1YY T USRI SIS
o o [= I T'T'T'!
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A A * A
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g g g III I'.rl
- -05 2 ! —0.5- _ - -05 —
e o
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O Is kinetics a “confounding factor” or a important component in bias signaling?

Christopoulos, A.; Lane, J. M. et al. Nat. Commun. 2016, 7, 10842.



Binding Kinetics and the Intrinsic Bias

O Proofreading by temporal waveform

W=

1 min

/

Il

Barrz activation

Kiyatkin, A. et al. Cell 2016, 164, 1172.

{E: /{2 association
(04
10 51
y
cAMP

—r inhibition

on

off

on

off

on

off

association
o

dissociation
—— G o

—— Ba rr2 activation
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Binding Kinetics and the Intrinsic Bias

O Slow-off kinetics of LSD at 5-HT,,gR endows (-arrestin bias

5_HT28RL209A

- o
= 300 T7.4878 8.951 1.5 i
“%’ 1004 o= 120 LOg (T!’KA)
%é - 60 o o
4 e Taime , g5 g § 8 =
+
4N IR (V1Y)
£ 5-HT,.-Gq
: 22 25 Ioa L22OAEL2
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A
|
N
[y%]

5-HT, -BArTr —35 I
== 3001
= ,_100' e 120
2% 1 = 30
gy DU I
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LW EL2
s . 5-HT, -BAr o6 L209A
NENESEEER U — :
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Outline

O Revisiting the ligand-target binding kinetics
B Examples

B Structure-kinetic relationship



Revisiting the Drug-target Interaction Kinetics

O Which one should dominate?

B Fast-off / slow-off / fast-on / slow-on

’

log[kon] 1

|09[koff]




Advantages of Fast-off Kinetics

O Fast-off / slow-off / fast-on / slow-on
B Reduce on-target toxicity

Cmpd* Affinity (K;, nM) Dissociation half-life
Haloperidol 1.8 72.4 sec
Nemonapride 0.025 (rat) 355 min (rat)
Spiperone 0.1 (rat) 200 min (rat)
Sertindole 1.2 (rat) 47 min (rat)
Chlorpromazine 1.3 (rat) 35 min (rat)
Raclopride 1.6 (rat) 28 min (rat)
Olanzapine 6.4 (rat) 18 min (rat)
Clozapine 137 14.5 sec
Quetiapine 67.6 (rat) 23 sec (rat)
JNJ-37822681 158 6.5 sec

B D,R antagonist, antipsychotics

B Risk of extrapyramidal symptoms (EPS) is reduced
(the receptors can still sense dopamine level burst)

B Surmountable antagonism

Seeman, P. et al., N-S. Arch. Pharmacol. 2012, 385, 337.
Seeman, P. et al., J. Psychiatry. Neurosci. 2000, 25, 161.

B Enable fast reversal of overdose
e W
\)J\N \)J\N
"\COOMe ~"NOMe
\@ Lofentanil Sufentanil

N
T ~ 260 min T~ 16 S
S\ recommended

B Reduce receptor desensitization?

B [In most research, reduced desensitization/internalization seems
to correlate with prolonged incubation time.

m100'
£
% 80 + .
) - ® Isoprenaline
2 ® Formoterol
=
g e A Indacaterol
s 407 + salbutamol
§ 0 v salmeterol Slow off
X 20 T r . . .

0 5 10 15 20 25

Time (h) 35

Carlton, S. J. et al., Pharma. Res. Per. 2015, 3, e000101.



Advantages of Slow-off Kinetics

O Fast-off / slow-off / fast-on / slow-on

40000
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koffl kel ©
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b

0,4

® o
| Phenytoin Verapamil |
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Amlodipine ] Granisetron Indinavir Nelfinavir 1 / o
| | Atazanavir \ =i o | Ritonavir / .
O —— | Ciluprevir Lopinavir | / “T '
® : ® Telmisartan
, O \ | Efavirenz | L X ® O & o ®
| | | Aprepitant ® .. .. ® Saquinavir Vildagliptin -
Aliskiren . Oseltamivir | ®
Candesartan | Desloratadine [ i Methotrexate
[ Lapatinib |
b ] B.J
— Ipratropium | . T -
i f otropium
Boceprevir - Telaprevir | P
Aclidinium ® . B o S — 1 |
|' Deoxycoformycin ]
|
O

Thomas, A. et al. Drug Discov. Today 2013, 18, 697. (corrected)
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Advantages of Slow-off Kinetics

O Fast-off / slow-off / fast-on / slow-on B Elongate duration of action
B Kinetic selectivity

aclidinium

tiotropium B Designed for shorter plasma half-life. (t,, ~ 3 min!)
B Lower risk of off-target side effects while maintaining long half-life.
Kp (M) ty, (h)
M, 0.041 14.6 100
M, 0.021 3.6
M, 0.014 347 ]

50 — %

O Aclidinium (100 pg/ml)
—&— |pratropium (30 pg/ml)
—l— Tiotropium (10 pg/ml)

B Long-lasting M3;R antagonist, anticholinergic
bronchodilator for COPD.

B Low risk of side effects related to M,R activation.

25 —

e N | | §= f T 1
1246 18 24 38 48 72 96

Time after administration (h) 37

Cerasoli, F. et al., Expert Opin. Drug Metab. Toxicol. 2009, 5, 417. Hamishi, R. et al., J. Med. Chem. 2009, 52, 5076.



Advantages of Fast-on Kinetics

O Fast-off / slow-off / fast-on / slow-on
B Fast onset
B Elongate duration of action!

— 1
W

exo-sites

B

B Ligand rebinding mechanism prolongs drug

residence time, especially for fast-on drugs.

Seeman, P. et al., J. Psychiatry. Neurosci. 2000, 25, 161.

binding (% of control)

/
; radioligand medium with excess ligand 1
o ©
2 l sl 2 | Method 2
) Time scale <]
S S L L EL L L > Q
binding at variable time 'g B
©
g o o
- rebindin
g radioligand medium only iy 9
o wash s
2] i 8 | Method 1
[} Time scale
= ¢ =mm=mmmmem=== >
binding at variable time

Dissociation time

accumulation-rebinding (Cioca = 8Coveran) ~ EXperimental
accumulation-rebinding (Cioca = 4Coveran)
accumulation-rebinding (Cioca = 2Coveran)
with rebinding
no rebinding
(Candesartan @ angiotensin
Simulation of rebinding Il AT, receptor, CHO cell)
c T Ll L) L]
0 60 120 180 240
washout time (min)
Vauquelin, G. et al., Neurochem. Int. 2007, 51, 254. 38

Vauquelin, G. et al., Eur. J. Pharmacol. 1999, 367, 413.



Structure-Kinetic Relationship

O Factors governing binding kinetics

Free energy

Copeland, R. A. et al. Nat. Rev. Drug Discov. 2016, 15, 87.
Mistry, S. N. J. et. al., Med. Chem. 2019, 62, 9488.
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Structure-Kinetic Relationship

O The pathway of ligand binding to ,AR by MD simulation

e E
W u l M 5 _

[4)]

Ligand rmsd (A)

Time (ps)

HO

o ANk
CLS

(S)—-Alprenolol
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A Two-step Binding of Ligands at 3,AR

O The 15t barrier: dehydration O The 2" barrier: dehydration ?
B Coni onalcl | - .

Crystal
structure

Ligand rmsd (A)

<
2]

25
TE
, - R
(. ]
: \ =z
Extracellular Vestibule Alprenolol & vs
k=1
58

Extracellular View o 5 l'

Phe193 88 ’

1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time (us)

B Most water molecule evacuates upon binding.

Dihydro Alprenolol-B,AR dissociation:
AH° = =-3.5 kcal mol', -TAS® = -8.8 kcal mol-"

O Overall

Binding
Pocket

S;t =

B 63% ligand dehydration

B +500 A2 of hydrophobic surface area

-12.3 41
Shaw, D. E. et al. Proc. Nat. Acad. Sci. 2011, 108, 13118.



Structure-Kinetic Relationship

O Lipophilicity, MW., charge, rigidity
B Library of D,R antagonists

O Solvent-inaccessible hydrogen bonds
B “almost buried polar atoms” (ABPASs)
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Langlois, X. et. al., Bioorg. Med. Chem. 2011, 19, 2231.
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Structure-Kinetic Relationship

O Lipophilicity, MW., charge, rigidity O Solvent-inaccessible hydrogen bonds
B Library of D,R antagonists B “almost buried polar atoms” (ABPAS)
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Structure-Kinetic Relationship

O Receptor-wise

Mechanisms that modulate the life-time of the drug-target complex

Target

Mechanism

Compound

S. aureus Fabl
M. tuberculosis Fabl
Thermolysin

Purine nucleoside
phosphorylase

Hsp90

IDH2/R140Q

DOT1L

Soluble epoxide hydrolase

Heat shock protein 90

CDK2/9
CDK8/CycC

p38aMAP kinase
RIP1 kinase
Btk

Btk

CCR5

Muscarinic M3 receptor
B2 adrenergic receptor
Adenosine Asp receptor

Ordering of the substrate binding loop (SBL).

Steric clash in the TS between SBL helix-6 and 7 [16].
Interaction with Asn112 prevents conformational change required
for ligand release [18].

Gating mechanism involving rotation of Val260 [19].

Entropically driven binding affects on and off rates [21].

Loop motion associated with an allosteric binding site [22].
Occupancy of binding pocket adjacent to SAM binding site [23].
Interactions with Tyr153 and Met189 control TS stability. [24].
Ligand desolvation: polar substituents decrease k,, [25].

Type |. Conformational change in DFG loop.

Type Il. H-bonds with hinge and hydrophobic contacts with front
pocket.

Type 1.5. Disruption of the R-spine.

Type lI/1ll. Increase in cLogP reduced k.

Reversible covalent. Steric hindrance of a-proton abstraction
[30°°].

Irreversible. Reduced electrophilicity increases selectivity.

Allosteric ligand with alternative receptor conformation.
Coulomb repulsion between ligand and Lys523 [33°].
Ligand desolvation [34].

ETH triad forms a lid preventing ligand dissociation [35].

Alkyl diphenyl ether PT119, tz 12.5h, 20 °C [15].
Triazole diphenyl ether PT504, iz 10 h, 25°C [17].
Phosphonopeptide 18, iz 168 days.

DADMe-immucillin-H, t5 12 min 37 °C [207].

Phenyl-triazole-benzamide 20 t5 51 min.
AGI-6780, iz 120 min.

EPZ004777, tg 55 min, 25 °C.

TPPU iz 11 min.

Indazole 3¢, tg 57 min, 25 °C.

Roniciclib, t5 400 min [26].
Pyrazole 2, tr 32 h [27].

Dibenzosuberone 6g, tz 32 h [28].
Benzoxazepine 22, g 5 h [29].
Pyrazolopyrimidine 9, tg 167 h.

Acalabrutinib [31].

873140, itz > 136 h, RT [32].
Tiotropium, i; 39 h.
Alprenolol, t; 4 min, 37 °C.
ZM241358, tz 84 min.

O Computation-aided

Langlois, X. et. al., Curr. Opin. Chem. Biol. 2018, 44, 101.
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Outline

O Summary



Summary

O On the macro-and micro level

binding kinetics

On-target toxicity
Drug resistance
Selectivity
Duration of action
Onset rate

Pharmacokinetics

O A reproducible approach for bias determination is needed
O QSKR

H-Opioidireceptor

Barr
- h\gﬁ\u‘/‘ﬁ \'.

—_,...-»-'?
channel
G 2+
chaannel m\

MAPK ﬁa"
—_— Barr

Signaling-kinetics
Spatiotemporally biased signaling
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