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Abstract		

Beta	adrenergic	receptors	(βARs)	are	G	protein-coupled	receptors	that	control	processes	as	

varied	as	heart	 rhythm	and	vascular	 tone	by	binding	agonists	 such	as	norepinephrine	 to	

induce	 downstream	 signaling	 pathways.	 Beta	 blockers	 antagonize	 βARs	 to	 downregulate	

their	 activity,	 thus	 reducing	 heart	 rate	 and	 lowering	 vascular	 tone.	 We	 developed	 new	

Rosetta	structural	modeling	protocol	to	develop	state-specific	models	of	β1AR,	expressed	in	

cardiac	myocytes,	as	well	as	β2AR,	expressed	in	the	smooth	muscle	cells	of	vasculature	and	

other	tissues,	and	their	atomistic-scale	interactions	with	beta-blockers	using	RosettaLigand.	

We	identified	structural	features	of	drug	–	receptor	interactions,	which	may	account	for	their	

receptor	 conformational	 state	 and	 drug	 stereospecific	 preferences.	 Furthermore,	 we	

estimated	 structural	 stabilities	 of	 our	 models	 using	 atomistic	 molecular	 dynamics	 (MD)	

simulations.	 In	 our	 recent	 study	 we	 validated	 our	 structural	 models	 of	 norepinephrine-

bound	 β2AR	 and	 its	 complex	 with	 stimulatory	 G	 protein	 via	 multi-microsecond	 MD	

simulations.	 Thus,	 here	 we	 mostly	 focused	 on	 state-dependent	 and	 stereospecific	 β1AR	

interactions	 with	 beta-blocking	 drugs	 sotalol	 and	 propranolol.	 We	 observed	 expected	

inactive	 receptor	 state	 preferences	 and	 structural	 stabilities	 of	 our	 models	 in	 MD	

simulations,	 but	 neither	 those	 simulations	 nor	 RosettaLigand	 docking	 could	 clearly	

distinguish	 stereospecific	 preferences	 of	 those	 drugs.	 This	 warrants	 consideration	 of	

alternative	hypotheses	and	enhanced	sampling	MD	simulations,	which	we	discussed	as	well.		

Nevertheless,	our	study	provides	basis	 for	understanding	conformational	state	selectivity	

and	stereospecificity	of	beta-blockers	for	βARs,	important	pharmacological	targets,	and	may	

be	extended	to	other	drug	classes	and	receptor	types.		
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Graphical	abstract	
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Norepinephrine	(NE)	bound	active-state	beta-1	adrenergic	receptor	(β1AR)	in	complex	with	the	
stimulatory	G	protein	(Gs)	heterotrimer	embedded	in	a	lipid	bilayer.	When	expressed	at	the	plasma	
membrane,	the	β1AR	is	oriented	such	that	the	ligand	binding	pocket	(*)	is	accessible	to	ligands	from	the	
extracellular	side	(Ex.)	of	the	membrane.	The	Gsα	(red),	Gβ	(blue),	and	Gγ	(yellow)	subunits	comprise	the	
Gs	heterotrimer.	Nucleotides	GDP	or	GTP	bind	Gα	at	the	P-loop	(**).	Inset:	Representative	image	of	NE	
bound	within	the	orthosteric	ligand	binding	pocket.		
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1. Introduction	

Walter	 Bradford	 Cannon,	 the	 American	 physiologist	 who	 developed	 the	 theory	 of	

homeostasis,	defined	the	term	“fight-or-flight”	to	describe	the	downstream	consequences	of	

activation	of	the	Sympathetic	Nervous	System,	or	SNS.1,	2	SNS	stimulation	opposes	the	action	

of	the	Parasympathetic	Nervous	System,	or	PNS,	which	mediates	the	“Rest-and-Digest”	and	

“Breed-and-Feed”	 processes.2,	 3	 The	 proper	 balance	 of	 these	 autonomic	 systems	 is	

fundamental	 to	 human	 physiology	 and	 well-being.	 As	 society	 grows	 more	 aware	 of	 the	

autonomic	 nervous	 system,	 and	 as	 autonomic	 dysregulation	 grows	 more	 abundant,	

medicines	have	been	developed	to	lay	a	finger	on	the	homeostatic	balance	between	the	SNS	

and	PNS.		

SNS	stimulation	of	the	cardiovascular	system	increases	cardiac	output	by	increasing	heart	

rate,	the	force	of	contraction,	and	conduction	rate;	consequently,	more	blood	is	supplied	to	

the	 body,	 a	 necessary	 physiological	 adjustment	 in	 circumstances	 of	 danger,	 terror,	 or	

exertion.2	Excessive	stimulation	of	the	sympathetic	pathway	may	induce	potentially	deadly	

arrhythmias,	especially	in	situations	with	underlying	cardiac	disease.4	The	discharge	of	one	

of	 either	 catecholamine	 neurotransmitters	 norepinephrine	 (NE),	 released	 from	 cardiac	

sympathetic	 neurons,	 or	 epinephrine	 (Epi),	 released	 from	 the	 medulla,	 initiates	 cardiac	

sympathetic	stimulation.5	Alternatively	known	as	“adrenaline”	and	“noradrenaline,”	 these	

substances	 drive	 the	 fight-or-flight	 response	 by	 binding	 the	 G-protein	 coupled	 receptors	

(GPCRs)	 named	 beta-adrenergic	 receptors	 (βARs),	 which	 are	 seven-transmembrane	

segment	proteins	found	within	the	cardiac	myocytes	of	the	human	heart	and	other	vascular	

tissues.6	By	binding	to	beta-adrenergic	receptors,	NE	or	Epi		induce	the	receptor	to	activate	

the	stimulatory	G-protein,	Gs.	Activation	of	Gs	begins	the	cyliic	adenosine	monophosphate	
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(cAMP)-induced	protein	kinase	A	(PKA)	phosphorylation	of	a	multitude	of	cellular	targets	

that	 exert	 electrophysiological	 changes	 necessary	 to	 increase	 cardiac	 contractility.5	 By	

inhibiting	the	binding	of	NE	or	Epi	to	βARs,	one	prevents	the	deleterious	effects	of	excessive	

sympathetic	stimulation.	Drugs	that	prevent	this	action	through	antagonism	are	termed	beta	

blockers.5	 	 Beta	 blockers	 are	 widely	 used	 to	 treat	 cardiac	 irregularities	 such	 as	 atrial	

fibrillation,	myocardial	infarction,	and	heart	failure.5	There	are	three	βAR	subtypes	within	

the	human	heart:	β1,	which	accounts	for	approximately	75	to	80%	of	receptors,	β2,	for	15%	

to	18%,	and	β3	for	only	2%	to	3%	of	βARs.7	Though	it	is	critical	to	note	that	in	the	failing	

human	heart,	the	ratio	of	β1	and	β2	subtype	becomes	approximately	equal.8	Beta	blockers	

have	 different	 affinities	 for	 each	 subtype,9	 and	 the	 populations	 of	 βARs	 in	 non-cardiac	

vascular	tissues	differ	as	well.	Namely,	β2AR	is	more	prevalent	in	arteries	than	in	the	heart	

and	is	thus	the	predominant	target	of	the	nonselective	hypotensive	beta-blocker	propranolol	

10.	Beta	blockers	which	predominantly	target	β1AR	are	“cardio-selective”	and	are	the	third	

generation	 of	 beta-blockers.11	 However,	 there	 is	 another	 factor	 that	 may	 affect	 affinity:	

stereoselectivity.		

In	our	previous	study12	we	discussed	the	multi-target	effects	of	the	antiarrhythmic	drug	dl-

sotalol,	a	stereoisomeric	beta-blocking	drug	in	functional	scale	cardiac	electrophysiological	

simulations.	While	both	d-	and	l-sotalol	are	capable	of	blocking	hERG	ion	channel	current,	

only	l-sotalol	is	capable	of	binding	beta-adrenergic	receptors	with	a	high	enough	affinity	to	

attenuate	 sympathetic	 stimulation	 at	 physiological	 dose.13	 DeMarco	 et	 al.	 concluded	 that	

when	modeling	hERG	potassium	channel	block,	either	sotalol	stereoisomer	is	sufficient	to	

induce	 the	 markers	 of	 deadly	 arrhythmia	 in	 the	 absence	 of	 any	 simulated	 sympathetic	

stimulation.12	However,	 incorporating	 attenuation	of	 adrenergic	 signaling	 into	 the	model	
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eliminates	the	arrhythmogenic	markers	for	l-sotalol,	but	not	d-sotalol.	Indeed,	the	different	

selectivity	for	sotalol	has	been	long	known	because	of	the	fatal	Survival	With	ORal	D-sotalol	

trial,14	 wherein	 the	 administration	 of	 d-sotalol	 to	 intentionally	 block	 hERG	 current	 in	

patients	proved	 to	be	deadly.	However,	 the	precise	molecular	mechanism	governing	 this	

stereoselective	block	is	not	known.	Furthermore,	the	prototypical	beta-blocker	propranolol	

also	exhibits	stereospecificity	towards	beta	receptors15	and	can	block	hERG	channel	16,	yet	

whether	R-propranolol	similarly	is	also	capable	of	being	pro-arrhythmic	in	the	same	manner	

as	d-sotalol	is	unclear.	In	fact,	most	beta	blockers	are	administered	as	racemates.	Identifying	

the	 molecular	 mechanisms	 through	 which	 beta-adrenergic	 receptors	 exhibit	 selectivity	

towards	stereoisomers	of	its	ligands	via	molecular	simulations	merits	consideration.			

	

In	this	study	we	discuss	the	modeling	of	beta-blockade	at	the	molecular	level	for	the	drugs	

d-sotalol,	 l-sotalol,	R-propranolol,	and	S-propranolol	and	receptor	interactions	with	NE	to	

assess	 the	 model	 quality	 and	 finally	 establish	 whether	 molecular	 interactions	 can	 be	

identified,	which	govern	stereoselectivity	attributable	 to	cardiac	 risk	 (Table	1).	To	do	so	

requires	models	 of	 the	 beta-adrenergic	 receptor	 subtypes	 β1	 and	 β2,	which	 predominate	

cardiac	 sympathetic	 stimulation	 in	 healthy	 and	 pathological	 conditions.	 As	 it	 is	 unclear	

whether	these	antagonists	prefer	the	active	or	inactive	state	conformations	or	whether	the	

stereospecific	selectivity	manifests	as	such,	models	of	both	the	active	and	inactive	receptor	

are	necessary	for	either	subtype.	It	is	further	important	to	consider	the	participation	of	the	

stimulatory	G-protein	(Gs)		in	maintaining	an	active	state	for	drug	binding;	therefore,	active	

state	models	with	and	without	the	Gs	heterotrimer	are	considered.	In	this	study	we	will	focus	

on	sotalol	and	propranolol	interactions	with	β1AR,	since	in	our	recent	paper	we	provided	
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detailed	molecular	simulation	analysis	of	β2AR	with	Gs	and	norepinephrine.17	However,	the	

details	of	structural	model	development	for	both	β2AR	and	β1AR	systems,	omitted	in	that	

study,	will	be	presented	here.			

 
2.	Methods	

2.1.	Preparation	of	β2AR	&	β2AR-Gs	templates		

Multiple	structures	of	beta-adrenergic	receptors	and	g-proteins	are	available	on	the	Protein	

Databank	(PDB),	though	not	all	of	them	are	derived	from	human	cells.	While	the	sequences	

of	bovine	and	rat	G-protein	subunits	are	identical	to	those	of	Homo	sapiens,	the	same	is	not	

true	for	the	β1AR,	and	only	the	turkey-derived	structures	were	available	at	the	time	this	work	

began.	 Furthermore,	 physiologically	 impactful	 components	 such	 as	 long	 and	 flexible	

intracellular	loop	3	(ICL3)	are	not	resolved	in	any	of	them	because	of	their	intrinsic	disorder.	

In	order	to	model	the	unresolved	regions	of	the	beta-adrenergic	receptor	protein,	templates	

must	be	prepared	from	available	experimental	structural	templates	which	may	further	differ	

in	their	originating	organism.	Therefore,	models	were	prepared	identically	in	preparation	

for	homology	modeling	to	maintain	consistent	methodology	for	de	novo	modeling,	but	only	

the	 β1AR	 model	 is	 a	 true	 homology	 model,	 whereas	 available	 Homo	 sapiens	 protein	

structures	were	used	for		β1AR	models.	

	The	published	X-ray	crystallographic	structure	of	adrenaline-activated	human	β2AR	bound	

to	a	high-affinity	camelid	antibody	(PDB:	4LDO)	18	was	obtained	from	the	PDB	to	serve	as	a	

template	for	the	activated	receptor	model.	For	the	protein	complex	model	incorporating	the	

Gs	 heterotrimer,	 its	 template	 was	 isolated	 from	 the	 3D	 coordinates	 of	 the	 X-ray	

crystallographic	structure	of	the	β2AR-Gs	complex	bound	to	agonist	P0G	(PDB:	3SN6).19	The	

3D	 coordinates	 were	 obtained	 as	 biological	 assemblies	 oriented	 by	 the	 Orientations	 of	
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Proteins	in	Membranes	(OPM)	database	to	be	used	for	molecular	dynamics	simulation20.	The	

adrenaline-bound	receptor	4LDO	was	aligned	to	3SN6	using	UCSF	Chimera21	Matchmaker	

and	then	used	to	replace	the	P0G-bound	receptor	of	3SN6;	then	all	ligands	and	non-native	

protein	fragments	including	the	camelid	antibody	were	removed.21	The	resulting	template	

structure	consisted	of	the	beta-adrenergic	receptor	isolated	from	PDB	ID	4LDO		in	complex	

with	 the	 Gs	 heterotrimer	 from	 PDB	 ID	 3SN6.	 This	 complex	was	 then	 assessed	 for	 steric	

clashes	within	van	der	Waals	 radii	 and	was	 found	 free	of	 collisions	and	 thus	 suitable	 for	

structural	modeling.	

	

2.2.	β2AR	&	β2AR-Gs	loop	rebuilding	

The	β2AR	structure	4LDO	has	unresolved	ILC3	as	well	as	the	termini	and	similarly	disordered	

portions	 of	 the	 G-protein.	 These	 regions	 were	 modeled	 de	 novo	 using	 the	 ROSETTA	

implementation	 of	 fragment-based	 cyclic	 coordinate	 descent	 method	 (CCD)22.	 Target	

sequences	for	remodeled	regions	of	either	the	human	β2AR		(Fig.	S1)	and	the	Gs	heterotrimer	

(Fig.	S2)	were	obtained	from	UniProt23	and	visualized	using	Jalview24.	The	Hybridize	Mover	

of	 	 Rosetta	 comparative	modeling	 (RosettaCM)	was	 applied	with	 the	 Rosetta	Membrane	

Energy	Function25	 to	generate	10,000	decoy	models	of	 loop-rebuilt	β2Ar-Gs	 from	which	a	

candidate	model	was	selected	for	 further	simulation.26,	27	Rosetta	clustering	analysis	with	

root-mean-squared	 deviation	 values	was	 used	 to	 assess	 the	 convergence	 of	models	 into	

different	 microstates	 using	 a	 radius	 of	 2.5	 Ak 28.	 The	 lowest-energy	 model	 of	 the	 most	

populated	cluster	was	selected	as	a	candidate	model	for	additional	refinement	(Fig.	S3A&B).	
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Energy	minimization	was	then	applied	to	relax	the	backbone	and	sidechain	region	of	rebuilt	

portions	of	β2AR-Gs	complex.	One	thousand	energy-minimized	decoys	were	generated	from	

the	sequence-complete	β2AR-Gs	using	the	Rosetta	FastRelax	application	with	the	membrane	

energy	function29.	Relaxation	was	permitted	only	to	residues	that	were	modeled	de	novo	or	

residues	within	3.5	Ak 	of	the	α5	helix	of	Gsα	subunit	of	the	Gs	heterotrimer.	The	lowest	energy	

decoy	was	then	selected	for	ligand	docking	and	MD	simulations.  

	
2.3.	Preparation	of	active	β1AR-Gs	and	inactive	β1AR	templates		

The	published	X-ray	crystallographic	structure	of	isoprenaline-activated,	turkey	β1AR	bound	

to	nanobody	Nb80	(PDB:	6H7J)	was	obtained	from	the	PDB	as	biological	assemblies	 lipid	

membrane	 oriented	 by	 the	 OPM	 database.30	 To	 form	 the	 human	 β1AR-Gs	 complex,	 the	

sequence-complete	Gs	heterotrimer	model	was	 isolated	 from	our	β2AR-Gs	 complex	model	

derived	from	its	X-ray	crystallographic	structure	(PDB:	3SN6),	ensuring	continuity	of	the	G-

protein	 conformation	 between	 models19.	 The	 isoprenaline-bound	 receptor	 from	 PDB	 ID	

6H7J	 structure	 was	 aligned	 to	 our	 β2AR-Gs	 candidate	 model	 using	 UCSF	 Chimera21	

Matchmaker	to	ensure	consistency	 in	orientation	with	the	G-protein-free	template	and	to	

replace	 the	 β2AR	 receptor	 model	 with	 the	 activated	 turkey	 β1AR	 to	 create	 a	 β1AR-Gs	

templates.21	All	ligands	and	non-native	proteins	including	isoprenaline	and	nanobody	Nb80	

were	 then	 removed.	 The	 resulting	 template	 structures	 consisted	 of	 the	 turkey	 beta1-

adrenergic	 receptor	 6H7J	 in	 complex	 with	 our	 previously	 modeled	 Gsheterotrimer.	 The	

turkey	β1AR-Gs	complex	was	assessed	similarly	for	steric	clashes	using	van	der	Waals	radii	

before	homology	modeling.		

	

2.4.	β1AR	&	β1AR-Gs	homology	modeling	

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 1, 2023. ; https://doi.org/10.1101/2023.10.01.560334doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.01.560334
http://creativecommons.org/licenses/by-nd/4.0/


 10 

Homology	modeling	was	used	to	generate	putative	receptor	models	of	human	active-state	

β1AR	and	β1AR-Gs	complex	from	their	homologous	turkey-derived	template	structures	using	

a	target	sequence	for	human	β1AR	obtained	from	Uniprot.	Sequence	similarity	between	the	

human	 and	 turkey	 structures	 was	 (48.65%),	 permitting	 effective	 use	 of	 comparative	

modeling	 via	RosettaCM.	Much	of	 the	divergence	between	 the	β2AR	and	β1AR	 sequences	

originate	within	the	length	of	the	ICL3;	β1AR	6H7J	structure	lacks	around	sixty	residues	in	

the	 ICL3	 region,	 compared	 to	 twenty-seven	 in	 β2AR	 4LDO.	 Therefore,	multiple	 sequence	

alignment	using	Clustal	Omega	was	first	performed	to	determine	the	identical	start	and	end	

points	 for	 structural	modeling.31	Human	β1AR	was	modeled	 to	 complete	 the	 ICL3	and	 to	

match	with	the	N-	and	C-termini	of	our	β2AR	model,	which	has	the	identical	sequences	in	

those	regions.	Partial	threading	was	first	performed	to	generate	a	sequence-correct	human	

template	model	fitted	into	the	geometry	of	the	turkey	structure	and	in	accordance	with	the	

sequence	 alignment.	 Then	 RosettaCM	 was	 applied:	 fragment-based	 method	 for	 protein	

structure	 building	 using	 templates	 sampled	 from	 a	 pre-generated	 fragment	 library	 to	

complete	missing	regions	in	a	three-stage	protocol	that	completes	and	refines	the	modeled	

geometry	in	a	Monte	Carlo	trajectory.	First,	fragment	recombination	is	used	to	construct	a	

sequence-complete	template.	Recombination	is	performed	by	inserting	fragments	in	torsion	

space	from	randomly	those	randomly	selected	from	the	fragment	library,	and	then	scored	

using	the	low-resolution	centroid	scoring	function.	Second,	to	optimize	this	geometry	and	

correct	for	unrealistic	backbone	lengths,	de	novo	fragments	or	library-based	fragments	are	

randomly	super-imposed	to	substitute	particularly	distorted	regions	of	the	first	stage	output	

and	 then	 concludes	 with	 another	 round	 of	 full-backbone	 energy	 minimization	 using	 a	

cartesian	space	centroid	energy	function.	After	1,000	runs,	 the	 lowest	energy	structure	 is	
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passed	to	the	third	stage.	In	the	third	stage,	side	chains	are	incorporated	into	the	model	using	

Rosetta’s	Monte	Carlo	combinatorial	side-chain	optimization,	and	subsequently	minimized	

using	“FastRelax.”	The	Rosetta	Membrane	Energy	Function	REF1532	was	used	for	centroid	

and	 full-atom	 scoring.27	 10,000	decoy	models	 of	 β1AR	and	β1AR-Gs	were	 generated	 from	

which	candidate	models	were	selected	26,	27.	Rosetta	clustering	analysis	was	used	to	assess	

the	convergence	of	models	into	different	microstates	based	on	their	RMSDs	using	a	radius	of	

2.5	Ak .28	The	lowest-energy	decoy	of	the	most	populated	cluster	was	selected	as	the	candidate	

model	for	additional	refinement	using	Rosetta	FastRelax.	29	1,000	energy-minimized	decoys	

were	 generated	 for	 either	 candidate	 homology	model.	 Relaxation	was	 permitted	 only	 to	

residues	that	were	modeled	de	novo	or	residues	within	3.5	Ak 	of	the	α5	helix	of	Gsα	subunit	of	

the	Gs	heterotrimer.	The	lowest	energy	decoy	was	then	selected	for	ligand	docking	and	MD	

simulations.	

For	the	inactivated	state,	the	isoprenaline-bound	turkey	β1AR	structure	(PDB:	2Y03)	“with	

stabilizing	mutations”	was	chosen	as	a	template	and	prepared	identically,	but	without	the	Gs	

heterotrimer.33	Though	 isoprenaline	 is	an	agonist,	 this	structure	adopts	an	 inactivate-like	

conformation,	 and	because	 it	 lacks	 any	 auxiliary	 proteins	 such	 as	 nanobodies	within	 the	

cytosolic	 region	 it	 may	 serve	 as	 a	 control	 for	 assessing	 allosteric	 effects	 in	 subsequent	

molecular	dynamics	simulations.	

	

2.5.	Preparation	of	Human	β1AR	&	β!AR-Gs	Templates	from	Crystallographic	Structures		

The	 release	 of	 a	 more-contemporary	 membrane	 energy	 function	 “Franklin2019”	 32,	 and	

critically	important	the	publishing	of	multiple	structures	of	the	human	β1AR,	necessitated	a	

second	pass	at	the	modeling	both	states	of	β1AR,	and	their	interactions	with	the	G-protein.	
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Xu	et	al.	published	crystal	structures	of	the	human	β1AR	in	complex	with	epinephrine	(PDB:	

7BU6)	 and	 the	 antagonist	 carazolol	 (PDB:	 7BVQ)	 bound	 to	 the	 nanobody	 6B9.34	 These	

structures	 were	 selected	 as	 templates	 for	 active	 and	 inactive	 state	 models	 of	 β1AR,	

respectively.		The	previously	modeled	Gs	heterotrimer	derived	from	PDB	structure	3SN6	was	

used	to	form	a	human	β1AR-Gs	complex	template.	All	model	coordinates	were	obtained	as	

biological	 assemblies	 oriented	 by	 the	 Orientations	 of	 Proteins	 in	 Membranes	 (OPM)	

database,	but	were	subsequently	aligned	 to	 the	previously	developed	β2AR-Gs	model	and	

cleaned	of	 ligands	and	all	non-native	peptides	using	UCSF	Chimera21	 to	ensure	consistent	

orientation.20,	21.	The	human	β1AR-Gs	complex	was	assessed	for	steric	clashes	using	van	der	

Waals	radii	before	proceeding	to	loop	modeling.		

The	β1AR	structures	lack	coordinates	for	the	ICL3,	which	in	β1AR	is	substantially	longer	and	

potentially	 more	 disordered	 than	 its	 β2AR	 counterpart.	 To	 harness	 the	 new	 membrane	

energy	 function	“Franklin2019”,	a	stepwise	protocol	was	devised	 in	place	of	comparative	

modeling	to	achieve	better	convergence.	To	model	the	sixty-residue	long	ICL3	and	eleven	

residues	of	C-terminus	de	novo,	loop	reconstruction	was	performed	using		kinematic	closure	

with	fragments	in	staged	process.35	1,000	decoys	of	the	ICL3-added	receptor	models	were	

generated	 and	 clustered	 using	 RMSDs	with	 a	 radius	 of	 5	 Ak ,	 and	 a	 candidate	model	 was	

selected	from	the	lowest	energy	cluster.	4,000	decoy	models	with	added	C-terminus	were	

then	generated,	and	a	top	candidate	model	was	selected	from	the	lowest	energy	cluster	after	

clustering	using	RMSDs	with	a	radius	of	0.8	Ak .	Relaxation	was	performed	using	FastRelax	

and	 the	Franklin2019	membrane	energy	 function	after	 ligand	docking	was	performed	as	

described	below.	
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2.6.	 RosettaLigand	 docking	 of	 endogenous	 norepinephrine	 and	 beta	 blockers	 to	 βAR	

models	

RosettaLigand36	was	used	to	simulate	the	docking	of	ligands	to	β-adrenergic	receptors.	Up	

to	200	 rotamers	and	Rosetta	energy	 function	parameters	were	generated	 for	 the	 ligands	

norepinephrine,	R-propranolol,	S-propranolol,	d-sotalol,	and	l-sotalol	by	OpenEye	Omega	37	

and	ROSETTA	scripts.	A	box	size	of	5	Ak 	was	used	for	ligand	transformations	such	as	rotation,	

translation,	and	conformational	changes	along	with	a	7	Ak 	ligand	distance	cutoff	for	side	chain	

and	 backbone	 reorientations	 (with	 <0.3	 Ak 	 Cα	 restraint).	 	 50,000	 docked	 poses	 were	

generated	in	each	run	with	the	top	10%	selected	by	total	score,	out	of	which	the	fifty	lowest-

interfacial	 score	 decoys	 were	 verified	 for	 their	 convergence	 and	 accuracy	 with	 the	

crystallized	ligand	of	their	original	PDB	template	structure.	Subsequent	molecular	dynamics	

simulations	were	conducted	using	the	absolute	lowest-interfacial	score	structure	to	serve	as	

the	candidate	model,	unless	otherwise	specified.	Analysis	of	binding	sites	was	performed	in	

UCSF	Chimera21	and	using	the	Protein-Ligand	Interaction	Profiler	or	PLIP38.  

	

2.7.	Molecular	dynamics	simulations	

	
Molecular	dynamics	were	used	to	better	understand	state-specific	dynamics	and	stability	of	

the	human	beta-adrenergic	receptor	complexes	and	the	nature	of	their	interaction	with	beta	

blockers.	CHARMM-GUI	Membrane	Builder39,	40,	an	online	web	service	for	establishing	initial	

systems	for	MD	simulations	using	the	CHARRM	force	field40,	was	used	to	create	systems	of	

hundreds	of	thousands	of	atoms.	The	CHARMM-GUI	Membrane	Builder	follows	a	five-step	

protocol	 where	 PDB	 coordinates	 are	 first	 read	 into	 the	 web	 server	 and	 then	 oriented	

according	to	parallel	XY-planes	representing	the	upper	and	lower	lipid	bilayer	leaflets.	The	
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dimensions	 of	 the	 system	 are	 then	 determined,	 including	 the	 minimal	 extent	 of	 water	

needed.	 Fourth,	 the	 individual	 components	 are	 calculated	 and	 built	 separately:	 the	 lipid	

bilayer	is	placed	around	the	protein,	water	molecules	are	placed	to	solvate	the	protein,	and	

ions	are	placed	using	Monte	Carlo	sampling	to	populate	the	solvent	according	to	a	prescribed	

concentration.	Fifth,	these	individually	built	components	are	assembled	into	a	single	system.	

Sixth,	the	system	and	pre-determined	equilibration	protocol	are	provided	to	the	user,	though	

this	equilibration	protocol	is	inadequate,	and	the	presented	systems	underwent	additional	

equilibration. 	

Using	 this	 methodology,	 each	 beta-adrenergic	 receptor	 model	 was	 embedded	 in	 a	

heterogenous	 lipid	bilayer	of	palmitoyl-oleoyl-phosphatidylcholine	(POPC)	and	palmitoyl-

oleoyl-phosphatidylserine	 (POPS)	 of	 approximately	 two	 hundred	 lipids	 per	 leaflet.	 This	

composition	was	adopted	from	previous	simulations	by	Dror	et	al..	201541,	and	consisted	of	

an	 upper	 leaflet	 of	 POPC	 lipids	 and	 a	 bottom	 leaflet	 70:30	mixture	 of	 POPC:POPS	 lipids.	

Protonation	 states,	 terminal	 group	 patching,	 histidine	 protonation,	 and	 lipidations	 were	

similarly	derived	 from	Dror	et	al.,	2015.41	Critically,	each	receptor	was	protonated	at	 the	

equivalent	 residues	 Glu147	 and	 Asp155	 for	 β1AR,	 or	 Glu122	 and	 Asp130	 for	 β2AR.	 S-

palmitoylation	 is	 specified	 Cys392	 in	 β1AR	 and	 Cys341	 in	 β2AR.	 For	 all	 simulations	

incorporating	 the	 G-protein	 heterotrimer,	 the	 three	 additional	 residues	 were	 further	

lipidated:	Gly2	of	Gsα	was	myristoylated	and	Cys3	palmitoylated,	while	Cys68	of	Gγ	was	

geranlygeranylated.	 Beta-adrenergic	 receptors	 were	 given	 acetylated	 N-terminal	 and	

methylamidated	C-terminal	patches.	When	included,	 the	heterotrimeric	G-protein	termini	

were	also	patched.	Gsα	was	given	a	standard	carboxylic	C-terminus,	but	as	the	N-terminus	

of	Gsα	 forms	 the	crucial	α-5	helical	 insertion	 that	mediates	 receptor	association,	Gsα	was	
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given	 neutral	 acetylated	 N-terminal	 patch.	 Gβ	 had	 also	 an	 acetylated	 N-terminus	 and	 a	

standard	 carboxylic	 C-terminus.	 Gγ	 had	 an	 acetylated	 N-terminus	 and	 methylated	 C-

terminus	as	this	region	inserts	into	the	lower	leaflet.	All	histidine	residues	were	epsilon-N	

protonated,	except	residues	225	and	331	of	Gβ	which	were	instead	delta-N	protonated.	The	

systems	were	solvated	with	150	mM	aqueous	NaCl	using	the	CHARMM36m	all-atom	protein	

force	 field. 42	 	C36	 lipid	 force	 field, 43	 standard	CHARMM	ion	parameters	with	 latest	non-

bonded	 fix	 (NBFIX)	 terms44	 and	TIP3P	water	model45	were	used	 as	well.	 Parameters	 for	

norepinephrine	and	RS-propranolol	were	 first	obtained	using	the	general	CHARMM	force	

field	 (CGENFF) 46	 for	 small	 molecules	 via	 CGENFF	 program.47	 Cationic	 norepinephrine	

parameters	were	further	optimized	using	the	force	field	toolkit	(FFTK)	plugin48	for	Visual	

Molecular	 Dynamics	 (VMD)	 software49	 using	 Gaussian	 software50	 for	 reference	 quantum	

mechanical	calculations.	CHARMM	compatible	force	field	parameters	for	cationic	and	neutral	

sotalol	 were	 generated	 by	 Drs.	 Kevin	 DeMarco	 and	 Igor	 Vorobyov	 and	 were	 previously	

published. 51	MD	simulations	were	performed	with	Nanoscale	Molecular	Dynamics	(NAMD)	

software52.	MD	simulations	were	conducted	in	the	NPT	ensemble	at	1	atm	pressure	and	310	

K.	Nose-Hoover	extended	system	method 53	was	used	for	temperature	control,	whereas	the	

Langevin	piston	method54	was	used	 for	pressure	 control.	 Particle	mesh	Ewald	 (PME)	 for	

long-range	 electrostatic	 interactions55	 along	 with	 standard	 non-bonded	 cutoffs	

recommended	 for	 lipid	 membrane	 containing	 systems43	 	 were	 used	 as	 well.	 SHAKE	

algorithm	was	used	to	constraints	bond	containing	hydrogen	atoms 56	allowing	to	use	a	2	fs	

time	step.		

All	MD	simulation	systems	underwent	a	40-nanosecond-long	staged	equilibration	protocol	

with	gradually	reduced	restrains	as	shown	in	Table	S1	to	allow	time	for	de	novo	modeled	
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regions	of	the	proteins	to	rearrange,	without	risking	the	stability	of	the	protein	core,	and	to	

establish	reference	data	 for	the	drug	binding	poses.	To	extend	MD	simulation	time	to	the	

order	 of	microseconds,	 equilibrated	 systems	were	 run	 on	 the	 Anton	 2	 supercomputer57.	

Visualizations	and	analysis	were	performed	in	VMD49	and	using	in-house	scripts.	The	details	

of	MD	simulations	of	norepinephrine-bound	β2AR	and	β2AR-Gs	systems	are	provided	in	our	

previous	study.17,	while	only	d-	and	l-sotalol-bound	β1AR	systems	are	featured	here.	

 
3.		Results	

3.1	Modeling	active	and	inactive	state	beta	adrenergic	receptors	using	RosettaCM	

Ten-thousand	decoy	models	were	generated	 for	both	active	and	 inactive	states	of	human	

β2AR	 and	 β1AR	 structural	 models	 derived	 using	 human	 β2AR	 or	 turkey	 β1AR	 template	

structures	with	RosettaCM	(see	Figure	1).	For	active-state	models,	bound	stimulatory	G	(Gs)	

protein	was	present	based	on	its	structure	from	the	β2AR-Gs	complex	(PDB	ID:	3SN6).	The	

top	four	most-populated	clusters	were	examined	for	each	of	them,	but	no	clear	relationship	

between	 root-mean-square	 deviation	 (RMSD)	 from	 the	 top-scoring	 decoy	 and	 a	 given	

decoy’s	score	could	be	established	(Fig.	S3	B&D).			

In	the	case	of	active	state	β1AR,	the	intracellular	loop	3	(ICL3)	was	so	disordered	such	that	

clusters	 were	 entirely	 governed	 by	 the	 orientation	 and	 direction	 of	 ICL3	 and	 not	 its	

secondary	structure.	Therefore,	the	candidate	model	was	chosen	based	on	the	assumption	

that	the	ICL3	would	not	readily	penetrate	region,	which	Rosetta	treats	as	implicit	membrane.	

The	 candidate	model	 for	β1AR	was	 thus	 the	 top	 scoring	decoy	 from	cluster	2	 (Fig.S3	A).	

Curiously,	loop	remodeling	with	the	membrane	energy	function	permitted	loops	to	traverse	

into	the	implicit	membrane.	As	Gsα	was	present	during	loop	remodeling,	the	ICL3	could	not	

similarly	be	built	downwards	into	solvent	as	it	could	be	outward	or	upward.	
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As	the	ICL3	of	β2AR	is	significantly	shorter	than	that	of	β1AR	(27	residues	vs.	~60	residues	

in	β1),	the	loop	would	not	traverse	into	an	implicit	membrane	region,	and	clusters	therefore	

aggregated	either	away	from	or	adjacent	to	Gsα.	(Fig.	S3	C).	In	this	instance,	the	top	scoring	

decoy	of	the	lowest-energy	cluster	was	selected	as	the	candidate	model	(Fig.	S3	C).		

The	same	protocol	and	selection	criteria	were	applied	to	select	an	inactive	state	β2AR	model	

(Fig.	 S4,	 top)	 in	 the	 absence	of	 the	Gs	 heterotrimer.	 For	 inactive	β1AR	 the	 lack	of	 the	G-

protein	meant	de	novo	modeling	of	an	entirely	unrestrained	60-residue	long	ICL3.	Clustering	

yielded	twenty	low-population	clusters	(Fig.	S4	B)	that	lacked	any	predominant	secondary	

structure	 aside	 from	 the	 top-scoring	 model	 (Fig.	 S4	 C)	 which	 was	 selected	 to	 be	 the	

candidate	model	and	relaxed.	

	

3.2	Docking	of	 norepinephrine	 into	RosettaCM-derived	active	and	 inactive	 state	beta	

adrenergic	receptors	

To	validate	preservation	of	the	ligand	binding	pocket	and	to	generate	representative	models	

of	 functional	 receptor	 complex	with	 its	 endogenous	 ligand,	neutral	 and	 cationic	 forms	of	

norepinephrine	(NE),	were	docked	using	ROSETTA-Ligand36	into	active-state	models	of	both	

receptors	 as	 well	 as	 the	 inactive	 state	 model	 of	 β2AR	 (Fig	 S5).	 Top	 fifty	 poses	 for	 all	

conditions	except	neutral	norepinephrine	in	active	β2AR	exhibited	tight	binding.	Only	in	the	

case	of	cationic	NE	 	docking	 to	active	β2AR	was	 the	crystallographic	epinephrine	binding	

pose	 (Fig	 S5	 A)	 consistently	 recapitulated.	 The	 order	 of	 peak	 probabilities	 of	 interfacial	

scores	or	interaction	energies	(IE)	would	suggest	that	the	more	similar	the	crystal	ligand	is	

to	 the	 docked	 ligand,	 the	 lower	 (more	 favorable)	 is	 the	 IE.	 The	 mean	 IE	 of	 docked	

norepinephrine	into	a	formerly	epinephrine	occupied	binding	pocket	from	PDB	ID	4LDO	is	
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more	 favorable	 than	 docking	 into	 a	 formerly	 isoprenaline	 (agonist)	 or	 propranolol	

(antagonist)	bound	models	based	on	PDB	 IDs	6H7J	and	6PS5,	 respectively30,	58.	However,	

their	probability	distributions	nearly	overlap	(Figure	S5	D).	This	trend	is	abolished	for	the	

case	 of	 neutral	 norepinephrine,	 despite	 mostly	 tight	 geometric	 convergence	 within	 the	

binding	pocket,	a	change	likely	attributable	to	expected	much	higher	affinity	of	cationic	NE	

binding	to	β2AR,	which	cannot	be	directly	assessed	using	Rosetta	energy	scoring	function.	

	

3.3	Docking	of	stereoisomeric	beta	blockers	into	RosettaCM-derived	inactive-state	beta	

adrenergic	receptors	

The	top	fifty	scoring	poses	of	docked	d-	and	l-sotalol	docked	to	inactive	β1AR	occupy	nearly	

identical	 regions	 of	 the	 binding	 pocket	 and	 their	 IEs	 in	 Rosetta	 Energy	 Units	 (REU)	 are	

statistically	indistinguishable:	l-sotalol:	-10.64	+/-	0.71	REU	versus	d-sotalol	-10.67	+/-	0.37	

REU,	 averaged	 over	 the	 top	 50	 poses	 (Fig.	 2A).	 Their	 top	 binding	 poses	 both	 have	 their	

sulfonamide	moiety	 in	 the	 same	orientation	within	 the	 binding	 pocket,	 and	 coordinating	

with	 Ser228	 but	 not	 Ser232.	 Both	 serine	 residues,	 denoted	 Ser	 S5.24	 S5.46	 Ballesteros-

Weinstein	 nomenclature59	 govern	 catechol	 hydroxyl	 recognition60	 as	 seen	 in	 the	 	 crystal	

structures	for	β1AR-Epinephrine(	PDB	ID:	7BTS)	and	β1AR-Norpinephrine(PDB	ID:	7BU6),	

and	the	and	crystal	structures	of	β2AR-Epinephrine(PDB	ID:	4lDO)	(Fig.	2	A&B)34.		

Cationic	RS-propranolol,	being	a	larger	molecule,	occupied	a	larger	volume	of	the	binding	

pocket,	including	a	region	deeper	into	β1AR	interior,	which	is	seldomly	sampled	by	sotalol	

(Fig.	3A&B).	The	mean	IEs	of	the	top	fifty	poses	for	both	stereoisomers	lie	within	error	of	

one	another	(S-propranolol:	-13.19	+/-	0.34	REU	versus	d-sotalol	-13.31	+/-	0.64	REU).	Both	

sets	 of	 docking	 data	 tougher	 indicate	 that	 IEs	 computed	 using	 RosettaLigand	 may	 not	
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account	 for	 experimentally	 known	 stereospecificity	 against	 the	 β1AR	 homology	 model.	

Therefore,	 molecular	 dynamics	 simulations	 were	 conducted	 based	 upon	 the	 candidate	

sotalol-β1AR	complexes	shown	in	Fig.	2B.	

	

3.3	Molecular	dynamics	of	sotalol	interactions	with	the	human	β1AR	homology	model	

To	 test	 whether	 incorporating	 dynamics	 into	 these	 systems	 could	 potentially	 reveal	 the	

stereospecific	 drug	 binding	 preferences,	 the	 candidate	 poses	 of	 human	 β1AR	 homology	

model	 docked	 to	 either	 d-	 or	 1-sotalol	 were	 simulated	 using	 fully	 atomistic	 molecular	

dynamics.	 However,	 as	 the	 docking	 simulations	 suggested,	 no	 stereospecific	 preferences	

were	 observed	 in	 MD	 simulations	 either.	 Fig.	 3	 depicts	 results	 of	 multi-microsecond	

unbiased	MD	simulations	of	 either	 sotalol	 stereoisomer	bound	 to	 the	 inactive-state	β1AR	

model.	 Between	 the	 two	 stereoisomers,	 l-sotalol	 reorients	 most	 significantly	 during	 the	

simulation,	yet	both	maintain	the	same	orientation	within	the	binding	pocket	and	end	the	

simulation	at	approximately	4	Ak 	RMSD	with	respect	to	the	initial	binding	pose.	Curiously,	

while	both	drugs	begin	with	similar	positions	of	their	sulfonamide	group	with	respect	to	the	

receptor,	in	the	case	of	d-sotalol	this	moiety	digs	deeper	into	the	protein	interior	and	holds	

a	consistent	orientation	for	longer.	However,	the	dynamical	consequences	of	sotalol	binding	

on	 the	 receptor	 structure	 do	 not	 significantly	 differ	 between	 stereoisomers.	 In	 both	

conditions	 the	 receptor	 adopts	 a	 more	 inactivated	 orientation,	 with	 TM6	 shifting	 more	

inward.	With	no	clear	obvious	distinction	suggesting	preferential	β1AR	interactions	with	l-

sotalol	over	d-sotalol,	enhanced	sampling	MD	simulation	techniques	beyond	the	scope	of	this	

study	and/or	revision	of	the	structural	receptor	models	are	necessary.	
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3.5	Structural	modeling	of	active	and	inactive	state	of	beta-1	adrenergic	receptors	

Recently	human	beta-1	adrenergic	receptor	structures	were	published34,	which	eliminates	

homology	modeling	as	a	potential	variable	in	experimental	design.		Therefore,	we	developed	

new	models	of	β1AR	using	those	structures	as	templates	and	adjusting	our	previous	Rosetta	

protocol	to	achieve	better	convergence	and	potentially	accuracy	as	well.	 	The	protocol	for	

creating	 models	 was	 similar	 to	 that	 in	 the	 RosettaCM	 process	 described	 above	 and	 is	

depicted	in	Figure	4A,	however	de	novo	structural	modeling	was	broken	up	into	two	steps	

of	 kinematic	 loop	 remodeling	 with	 fragments.	 Whereas	 using	 our	 previous	 approach	

RosettaCM	yielded	one	model	with	the	ICL3	and	the	C-terminus	rebuilt,	this	new	protocol	

performed	 the	de	novo	modeling	 in	 two	 separate	 steps.	This	permits	 the	best	practice	of	

selecting	for	the	most-convergent	regions	per-segment;	clustering	is	otherwise	less	effective	

when	assessed	by	RMSD	across	 the	 entire	protein	 as	was	done	previously.	 Furthermore,	

eliminating	RosettaCM	meant	that	template	sidechains	were	unchanged,	better	preserving	

the	binding	site	conformation.	Lastly,	the	alternative	loop	modeling	protocol,	when	applied	

using	 the	 Franklin2019	 Rosetta	 membrane	 energy	 function,	 also	 eliminated	 membrane-

penetrating	loop	rebuilds	which	would	otherwise	be	discarded	and	worsened	sampling.	The	

final	active	and	 inactive	state	protein	models,	 shown	docked	with	norepinephrine	 in	Fig.	

5B&C	(right-hand	side)	have	considerably	different	ICL3	when	compared	to	those	in	Fig.	1B	

and	Fig.	S4	D.		

To	validate	stability	of	the	model,	the	active	receptor	was	simulated	in	molecular	dynamics	

without	the	G-protein	after	being	docked	with	cationic	norepinephrine	in	accordance	with	

the	previous	RosettaLigand	and	MD	simulation	protocols	(Fig.	S6).	The	final	frame	of	the	MD	

simulation	at	~92	ns	illustrates	a	loss	of	some	secondary	structure	of	the	ICl3	as	it	extends	
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in	the	aqueous	solution.	Norepinephrine	binding	remained	intact,	and	so	we	proceeded	to	

docking	beta	blockers	to	our	new	human	β1AR	structural	models.	

	

3.6	 Docking	 of	 stereoisomeric	 beta	 blockers	 into	 active	 and	 inactive	 state	 beta-1	

adrenergic	receptor	models	

Beta	 blockers	 RS-propranolol	 and	 dl-sotalol	 were	 docked	 into	 the	 new	 human	 β1AR	

structural	model	using	a	RosettaLigand	protocol	outlined	above.	When	docked	to	the	active-

state	β1AR	model,	the	same	findings	as	determined	via	the	receptor	homology	model	held:	

the	 most	 favorable	 interfacial	 scores	 between	 d-	 and	 l-stereoisomers	 of	 sotalol	 were	

indistinguishable	(see	Fig.	6A).	

When	examining	the	average	interfacial	energy	of	the	top	fifty	poses,	we	found	that	R-	and	

S-propranolol	had	more	favorable	interfacial	scores	(R-propranolol:	-14.05	+/-	0.08	REU,	S-

propranolol:	 -14.20	+/-	0.09	REU.)	 than	 sotalol	 (l-sotalol:	 -9.76	+/-	0,40	REU,	d-sotalol:	 -

10.01	+/-	 -.42	REU),	 although	 the	direct	 comparison	might	not	be	possible	due	 to	use	of	

knowledge-based	 terms	 in	 the	 Rosetta	 energy	 function.	 Though	 top	 1	 pose	 of	 d-sotalol	

scored	higher	 than	 the	 top	1	of	 l-sotalol	 (-13.46	REU,	not	shown),	 the	 top	2nd	pose	of	d-

sotalol	was	selected	as	a	candidate	model	on	account	of	orientation.	For	all	candidate	poses,	

binding	orientation	is	distinct	from	co-crystalized	NE	from	the	original	template	structure	

(Fig.	6B).	One	of	either	opposing	asparagine	residues	Asn344	and	Asn363,	associated	with	

receptor-type	selectivity,	and	one	of	either	serine	residues	Ser228	or	Ser232,	associated	with	

catechol	 hydroxy	 recognition,	 are	 forming	 hydrogen	 bonds	 with	 the	 ligand	 for	 all	 beta	

blockers(Figure	6C)	60.	
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Average	interfacial	scores	determined	from	the	top	fifty	poses	against	the	inactive	state	β1AR	

model	indicate	that	RS-propranolol	binding	worsened,	while	l-sotalol	binding	improves,	and	

d-sotalol	 remains	 constant	 (see	 average	 IEs	 in	 Figs.	 6A	 and	 7A).	 Regarding	 differences	

between	 stereoisomers,	 for	 S-	 and	 R-propranolol	 it	 lies	 within	 an	 uncertainty	 (S-

propranolol:	-13.97	+/-	0.88	REU	versus	R-propranolol:	-12.68	+/-	0.53	REU)	(Fig.	7A).	The	

average	 interfacial	 scores	 for	 sotalol	 also	 overlap,	 suggesting	no	 significant	 difference	 (l-

sotalol:	-10.87	+/-	0.098	REU	versus	d-sotalol:	-10.18	+/-	0.63	REU)	(Fig.	7A).		The	top	pose	

for	 S-propranolol	 but	 not	 for	 R-propranolol	 binds	 similarly	 to	 a	 co-crystallized	 carazolol	

from	the	original	structure	(Fig.	7B).	The	top	1	pose	of	l-sotalol	and	top	2	pose	of	d-sotalol,	

with	similar	scores,	have	aligned	their	sulfonamide	groups	similarly	(Fig.	7B).	The	top	1	pose	

for	d-sotalol	(not	shown),	scored	considerable	higher	than	the	top	2	pose	(-14.26	REU)	and	

had	 flipped	 such	 that	 its	 propran-2-ylamino	 group	 was	 located	 where	 the	

methanesulfonamide	position	was	for	the	top	2	pose.	

We	no	longer	observe	participation	of	serine	in	the	top	poses	of	RS-propranolol	docked	to	

the	inactive	state;	instead	Tyr367	or	Tyr220	participate	in	the	binding	(Fig.	7C).		For	sotalol,	

both	candidate	poses	interact	with	Ser228,	Thr220,	and	Phe218,	with	the	distinction	being	

the	 coordination	 of	 either	 Thr220	 or	 Asn344	 with	 the	 hydroxyl	 moiety	 of	 sotalol,	 a	

consequence	of	their	chiral	center	inversion	(Fig.		7C).		

When	overlaid,	the	ensembles	of	top	fifty	scoring	poses	for	each	drug	diverge	significantly	in	

general	shape	and	orientation	for	active	β1AR	model	than	those	obtained	from	docking	to	

the	inactive	state	receptor	model	(Fig.	6A	&	Fig.	7A),	suggesting	that	the	volume	available	

for	 the	 ligands	 is	 quite	 different.	 This	 may	 account	 for	 the	 different	 binding	 modalities	

observed	in	the	sotalol	ensembles.	When	docking	to	the	inactive	state,	the	sotalol	adopt	a	
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linear	orientation	with	the	sulfonamide	“digging”	into	the	binding	pocket	(Fig.	7A).	However,	

in	the	 inactive	state,	 there	 is	a	bifurcation	in	orientations	that	differ	 from	the	active-state	

modality	(Fig.	6A).	

We	observe	some	distinctions	in	ensemble	orientations	when	comparing	the	top	fifty	poses	

of	beta-blocker	docking	against	either	turkey-derived	β1AR	homology	model	or	the	human-

derived	β1AR	model.	For	instance	R-	and	S-propranolol	binding	pose	ensembles	were	tighter	

when	bound	to	the	human-derived	model	in	comparison	to	the	homology	model,	where	the	

set	of	poses	adopted	a	flatter,	more	distributed	shape	(cf.	Figs.	3A	&		7A).The		top	interfacial	

energy	scores	for	either	stereoisomer	improved	by	about	one	Rosetta	energy	unit	form	their	

corresponding	top	poses	against	the	β1AR	homology	model	(cf.	Figure	3B	and	7B).	The	top	

fifty	 poses	 of	 active-state	 propranolol	 binding	 β1AR	 are	 dominated	 by	 two	 observable	

orientations,	 with	 our	 docked	 R-propranolol	 seemingly	 favoring	 the	 binding	 orientation	

seen	in	the	crystallographic	pose	of	S-propranolol	PDB	ID	6PS5,	and	docked	S-propranolol	

favoring	the	opposite	orientation	(Fig.	7A).	The	inactive-state	β1AR	-	propranolol	docking	

abolishes	this	pattern	in	the	top	50	poses	(Fig.	7A),	and	S-propranolol	poses	form	a	tight	

cloud	 around	 the	 orthosteric	 ligand	 binding	 pocket	 in	 contrast	 to	 R-propranolol,	 which	

exhibits	 a	 binding	 modality	 more	 like	 sotalol,	 interacting	 with	 the	 β1AR	 extracellular	

vestibule.	

We	also	analyzed	interacting	β1AR	residues	for	each	top	 ligand	binding	pose	as	shown	in	

panels	C	of	Figures	6	and	7.	One	consistent	pattern	between	the	top	poses	of	docked	sotalol	

is	the	participation	of	Ser228	for	both	inactive	and	active	states	with	the	exception	of	active	

β1AR	-	d-sotalol	interaction	(Fig.	6C	&	Fig.	7C).	In	addition,	Asn344	participates	in	active,	

but	not	 inactive	state	β1AR	binding	of	sotalol	 (Fig.	6C	&	Fig.	7C)	Validating	whether	 this	
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pattern	 is	 indicative	 of	 a	 stereospecific,	 state-dependent	 interaction	 necessitates	 a	more	

thorough	examination	of	the	full	data	set	than	is	presented	here.		Lastly,	it	is	of	note	that	the	

preferential	interaction	of	R-propranolol	is	consistent	across	β1AR	model	systems	discussed	

here.	R-propranolol	has	a	more	favorable	interfacial	score	than	S-propranolol	when	docked	

to	the	inactive	human	β1AR	homology	model	based	on	turkey	receptor	structure	(Fig.	3B)	as	

well	as	new	inactive-state	(Fig.	7B)	and	active-state	(Fig.	6B)	β1AR	models	developed	using	

human	receptor	structures.		

	

4.	Discussion	

In	this	work,	we	constructed	the	first	homology	models	of	contiguous	human	β1AR	in	the	

active	state	in	complex	with	the	stimulatory	G-protein	and	in	the	inactive	state	before	the	

publication	of	human	structures.	We	similarly	developed	models	of	active	and	inactive	β2AR	

and	active	β2AR-Gs	complex.	We	docked	norepinephrine	into	the	β2AR	models	and	found	the	

top	poses	to	be	in	good	agreement	with	a	β2AR	structure	co-crystallized	with	epinephrine.	

Developed	 norepinephrine-bound	 active	 β2AR	 and	 β2AR-Gs	 structural	 models	 were	

successfully	used	for	our	recent	all-atom	MD	simulation	study,17	were	we	observed	tighter	

binding	of	norepinephrine	to	β2AR-Gs	 compared	to	β2AR	in	agreement	with	experimental	

data,	several	alternative	binding	sites	of	the	norepinephrine	in	the	receptor	cavity,	observed	

interplay	 between	 different	 conformations	 of	 Gs	 and	 its	 partial	 dissociation	 from	 the	

receptor.	That	study	validated	our	Rosetta	modeling	protocol.			

Docking	 beta	 blockers	 dl-sotalol	 and	 RS-propranolol	 to	 the	 inactive	 homology	 model	 of	

human	β1AR	indicated	more	favorable	energetic	interactions	for	propranolol	than	sotalol,	

but	no	preference	 for	 a	 stereoisomer	was	observed.	 Subsequently	 simulating	 the	docked	
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stereoisomers	 of	 sotalol	 in	multi-microsecond	molecular	 dynamics	 simulations	 indicated	

that	both	binding	poses	were	stable	but	did	not	differ	significantly	in	their	binding	as	could	

be	expected	based	on	experimental	information. 13	

Upon	 the	 release	 of	 human	 β1AR	 crystal	 structures,	 we	 developed	 new	 models	 of	 this	

receptor	with	an	alternative	protocol	using	the	latest	Rosetta	Membrane	Energy	Function.	In	

this	case,	the	active-state	human	β1AR	model	interactions	with	beta	blockers	recapitulated	

the	findings	with	the	homology	models.	However,	the	average	interfacial	scores	(interaction	

energies)	for	the	top	fifty	poses	against	the	inactive	state	suggest	a	slight	preference	for	the	

l-sotalol	and	S-propranolol,	ax	expected.		

This	work	can	be	improved	upon	through	devising	enhanced	sampling	molecular	dynamics	

experiments	 that	 sample	 the	 energetics	 along	 a	 reaction	 coordinate	 that	 captures	 the	

complete	 transit	 of	 the	 drug	 from	 solvent	 into	 the	 binding	 pocket	 for	 reasons	 that	 are	

discussed	below.		To	assess	drug	–	protein	interaction	during	drug	entrance	or	egress	may	

identify	 the	 determinizing	 factors	 for	 stereospecific	 drug	 binding.	 Drug	 flooding	 MD	

simulations 12,	 61	 can	 be	 also	 used	 identify	 reaction	 coordinates	 for	 drug	 access.	 Once	 a	

reaction	coordinate	is	determined,	enhanced	sampling	molecular	dynamics	such	as	umbrella	

sampling62		along	with	Hamiltonian	replica	exchange 63	or	well-tempered	metadynamics 64	

should	 be	 sufficient	 for	 determining	 the	 free	 energy	 profiles	 and	 subsequently	 the	

dissociation	 constants	 for	 either	 stereoisomer	 of	 either	 drug12,	 65.	 Alternatively,	 Gaussian	

accelerated	MD	simulations,66	weighted	ensemble	method67	or	their	combination68	can	be	

used.		These	simulations	will	be	explored	in	our	follow-up	studies.	

4.1.	The	outer	vestibule	of	the	receptor	as	a	possible	mechanism	of	stereoselectivity	

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 1, 2023. ; https://doi.org/10.1101/2023.10.01.560334doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.01.560334
http://creativecommons.org/licenses/by-nd/4.0/


 26 

One	reason	that	may	account	for	the	small	difference	between	stereoisomer	Rosetta	energies	

is	the	possibility	that	a	different	portion	of	the	protein	is	conveying	selectivity.	Dror	et	al.	

have	 shown	 in	 MD	 simulations	 that	 ligands	 encounter	 a	 large	 energy	 barrier	 when	

transitioning	from	the	vestibule,	an	intermediate	region	between	the	extracellular	space	and	

the	binding	pocket,	into	the	binding	pocket69.	This	intermediary	binding	site	may	be	more	

selective	than	the	binding	pocket	itself,	so	while	d-sotalol	and	l-sotalol	are	theoretically	very	

stable	when	occupying	the	pocket,	d-sotalol	may	simply	have	a	more	difficult	time	passing	

the	vestibule..	It	is	of	note	that	there	are	very	few	differences	in	sequence	identity	between	

the	β1AR	and	β2	AR	subtypes	within	the	binding	pocket	itself;	they	are	effectively	identical	in	

sequence	 within	 the	 pocket,	 with	 only	 a	 Phe/Tyr	 substitution70.	 Otherwise,	 the	 most	

proximal	 changes	 in	 the	 amino	 acid	 sequence	 reside	 at	 the	 edge	 of	 the	 pocket,	 near	 the	

vestibule60.	Similar	findings	were	observed	to	account	for	differences	for	NE	and	epinephrine	

binding	to	the	β1AR	and	β2	AR	in	the	recent	study. 34	

	

4.2.	Regarding	the	selection	of	homology	models	and	clustered	models	

Further	iterations	of	relaxation	of	the	top	decoy	of	each	candidate	model	may	provide	better	

criteria	for	decoy	selection	and	provide	a	quantitative	justification	for	selecting	one	cluster	

over	another,	as	opposed	to	assuming	that	membrane-penetration	by	a	protein	chain	is	not	

feasible.	Alternatively,	we	 should	 consider	using	 the	most-likely	decoy	as	opposed	 to	 the	

lowest	energy	decoy.	This	would	mean	considering	the	distribution	of	scores	within	a	cluster	

and	thus	select	multiple	mean-value	decoys	from	which	a	second	round	of	clustering	may	be	

used	assess	the	validity	of	each	cluster	in	this	new	set	of	mean	decoys.	However,	molecular	

dynamics	samples	conformations	extensively.	Fig.	S6	demonstrates	how	rapidly	 the	 ICL3	
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can	rapidly	adopt	alternative	conformations	that	would	significantly	increase	protein	root-

mean-square	 deviation	 (RMSD)	 values,	 but	 at	 the	 same	 time	 it	 may	 still	 retain	 some	

secondary	structure	elements.			

	

4.3.	The	possibility	of	allostery	not	captured	by	docking	

It	is	important	to	acknowledge	that	the	human	β1AR	homology	model	was	derived	from	an	

isoprenaline-bound	 template	 that	 resembles	 an	 inactive	 structure.	 In	 other	 words,	 we	

docked	antagonists	into	a	formerly	agonist-bound	pocket.	This	may	explain	why	propranolol	

failed	to	recapitulate	the	pose	adopted	in	a	known	crystallographic	binding	pose	of	the	ligand	

during	docking	(Fig.	3).	This	may	indicate	that	suggests	that	perturbing	local	sidechain	and	

backbone	 orientation	 is	 inadequate	 to	 capture	 beta-blocker-like	 interactions	 with	 the	

receptor.	 Larger	 backbone	 movements	 may	 be	 associated	 with	 facilitating	 inactivation	

within	the	binding	pocket,	movements	that	cannot	be	sampled	by	RosettaLigand	with	the	

present	protocol.	In	the	case	of	sotalol,	it	may	be	that	the	structure	is	flexible,	but	we	also	

may	have	not	captured	the	experimental	binding	pose	in	our	ensembles.	Future	molecular	

dynamics	simulations	ought	to	examine	receptor	backbone	reorganizations	and	potentially	

correlate	such	movements	with	drug	orientation	in	the	binding	pocket	and	could	be	assessed	

using	e.g.	position	and	polar	angle	of	 the	 ligand	binding	orientation	as	we	did	 in	a	recent	

study. 12	

4.4.	 Alternative	measures,	 a	 new	 hypothesis,	 and	 alternative	 sites	 of	 stereoselective	

ligand	discrimination	

One	advantage	of	assessing	stereoisomers	is	that	one	may	appropriately	compare	the	scores	

between	 them	when	 evaluating	 drug	 docking.	 A	more	 thorough	 examination	 of	 docking	
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energetics,	hydrogen	bonding	networks,	and	contact	maps	should	be	performed	on	the	top	

1	 to	5	percent	of	binding	poses	 to	yield	a	more	 substantial	dataset	 for	 such	analysis:	 for	

instance,	Smith	and	Meiler	 found	in	screening	tests	that	within	the	top	1%	of	top-scoring	

poses,	21%	of	those	poses	will	recapitulate	a	native	binding	pose	when	using	the	Rosetta	

Score	 function	Talaris201471,	with	 this	 dropping	 off	 6.9%	 for	 any	 of	 four	 assessed	 score	

functions72.	 This	 drops	 to	 4.4%	 and	 3.1%	 when	 using	 the	 top	 5%	 or	 10%	 of	 poses	

respectively73.	 	 This	 means	 when	 examining	 the	 top	 5,000	 poses	 of	 50,000,	 we	 may	

conservatively	estimate	that	155	models	will	recapitulate	native	binding.	If	we	select	to	1%,	

we	 can	 expect	 34	 of	 500	 poses	 to	 be	 accurate	 representations	 of	 native	 binding;	 using	

Talaris2014	 could	 raise	 this	 to	 one	 in	 five	 models.	 At	 that	 level	 of	 fidelity,	 introducing	

alternative	quantities	such	as	binding	density,	the	ratio	of	binding	energy	to	buried	surface	

area,	 can	 provide	 new	 measures	 to	 support	 alternative	 candidate	 docked	 ligand	

conformations,	or	perhaps	ligand	clustering	would	be	a	sufficient	to	determine	a	candidate.	

	Ultimately,	 determining	 the	 energetics	 and	 kinetics	 of	 the	 interactions	 based	 upon	 an	

identified	reaction	coordinate	would	circumvent	the	present	inadequacies.	Determining	the	

dissociation	 constants	 of	 dl-sotalol	 against	 β1AR	 across	 multiple	 states	 using	 enhanced	

sampling	methodologies	discussed	above	can	address	the	inadequacies	in	the	present	study	

or	provide	alternative	hypotheses	that	may	reveal	allosteric	interactions	necessary	for	β1AR	

to	 discriminate	 between	 stereoisomers.	 One	 key	 consideration	 is	whether	 access	 via	 the	

previously	discussed	extracellular	vestibule	above	the	binding	pocket	is	stereospecific.	Dror	

et	al	observed	a	metastable	binding	position	for	the	beta	blocker	alprenolol	occurring	at	the	

extracellular	 vestibule	 above	 the	 receptor;69	 they	 concluded	 that	 the	 primary	 barrier	 to	

binding	is	this	metastable	site	outside	of	the	binding	pocket.	While	our	top	fifty	poses	are	
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located	in	the			regions	adjacent	to	the	inner	vestibule	in	varying	orientations	it	is	unclear	

whether	we	can	readily	observe	this	phenomenon	from	the	present	analysis	(Fig.	7A&B).	

We	would	hypothesize	that	the	molecular	mechanism	for	stereospecific	selectivity	occurs	at	

this	 vestibule	 rather	 than	 the	 binding	 pocket,	 and	 is	 perhaps	 state-dependent,	 given	 our	

present	conclusions.	Therefore,	MD	simulations	should	be	conducted	to	search	not	only	the	

absolute	free-energy	minimum	within	the	binding	pocket,	but	also	for	free	energy	minima	

that	serve	as	a	metastable	state	preceding	interaction	with	the	orthosteric	binding	pocket.	

Should	 atomistic	 molecular	 dynamics	 be	 unfeasible	 for	 assessing	 the	 along	 this	 access	

pathway,	 then	 adjusting	 the	 RosettaLigand	 docking	 window	 to	 target	 the	 extracellular	

vestibule	warrants	consideration.	Capping	this	vestibule	is	the	helix	on	the	extracellular	loop	

2	(ECL2).	To	test	this	hypothesis,	examination	of	ECL2	motility	from	previous	simulations	

and	assessing	sequence	conservation	between	receptors	in	relation	to	stereospecific	ligand	

affinities	 would	 be	 a	 first	 step	 towards	 assessing	 extracellular	 portions	 of	 the	 receptor	

governing	stereoselectivity	of	ligand	binding.	
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Tables.	
 
 
 
 
 
 
  

* * 

Table	1.	Structure	and	arrhythmogenic	properties	of	racemic	beta	blockers	dl-sotalol	
and	RS-propranolol.	Chiral	centers	are	denoted	with	asterisk.	
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Figure	captions	

Figure	 1.	 Schematics	 of	 modeling	 protocol	 for	 (A)	 β2AR	 and	 (B)	 β1AR	 and	 their	

complexes	with	the	stimulatory	G	(Gs)	protein	developed	Using	RosettaCM.	Template	

models	are	prepared	from	published	crystal	structures	for	respective	states.	For	active	state	

models	 loop	modeling	and	FastRelax	are	performed	 in	 the	presence	of	 the	 stimulatory	G	

protein.	

	

Figure	2.	Docking	 of	 dl-sotalol	 stereoisomers	 into	 inactive	human	β	 1AR	homology	

model.	(A)	Top	fifty	poses	of	l-sotalol	(left)	and	d-sotalol	(right)	colored	from	red	to	blue	as	

first	 to	 fiftieth	 lowest	energy.	β2AR	crystal	structure	 from	PDB	ID	6PS5	(tan)	with	bound	

cationic	S-propranolol	(cyan)	is	shown	as	a	reference	in	panels	A	and	B.	(B)	β1AR	protein	

model	in	green	with	tenth	top-scoring	pose	of		l-sotalol	(left,	gray)	or	forth	scoring	pose	of	d-

sotalol	 (left,	 gray)	 and	 their	 respective	 initial	 positions	 (	 transparent).	 (C)	 PLIP	 analysis	

showing	interacting	residues	of	tenth	scoring	pose	of	l-sotalol	(left)	and	fourth	scoring	pose	

of	d-sotalol	(right).	Nonpolar	interactions	are	denoted	by	gray	dashed	lines,	and	hydrogen-

bonding	interactions	by	blue	lines.	

	

	Figure	 3.	 Docking	 of	 RS-propranolol	 stereoisomers	 into	 inactive	 human	 β1AR	

homology	 model.	 (A)	 Top	 fifty	 poses	 of	 S-propranolol	 (left)	 and	 R-propranolol	 (right)	

colored	from	red	to	blue	as	first	to	fiftieth	lowest	energy.	Inactive	β2AR	crystal	structure	from	

PDB	ID	6PS5	(yellow)	with	bound	cationic	S-propranolol	(cyan)	is	shown	as	a	reference	in	

panels	A	and	B.		(B)	β1AR	protein	model	in	green	with	top	scoring	pose	of	propranolol	(solid	

gray)	and	initial	position	(transparent	gray).	(C)	PLIP	analysis	of	interacting	residues	of	top	

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 1, 2023. ; https://doi.org/10.1101/2023.10.01.560334doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.01.560334
http://creativecommons.org/licenses/by-nd/4.0/


 34 

poses	for	S-propranolol	(left)	and	R-propranolol	(right).	 p-stacking	interaction	is	denoted	

by	 green	 line,	 nonpolar	 interactions	 are	 denoted	 by	 gray	 dashed	 lines,	 and	 hydrogen-

bonding	interactions	by	blue	lines.	

	

Figure	4.	Multi-microsecond-long	all-atom	MD	simulations	of	cationic	d-	and	l-sotalol	

bound	to	inactive	beta-1	adrenergic	receptor	homology	model.	Initial	(transparent)	and	

final	(solid)	positions	of	the	receptor	and	drugs	(A)	cationic	l-sotalol	(red)	and	(B)	d-sotalol	

(blue).	 Inset	 images	are	 timeseries	of	 individual	poses	of	either	drug	 taken	 from	the	2.5-

microsecond-long	simulations	and	are	colored	by	from	the	beginning	of	the	trajectory	(red)	

to	the	final	frame	(blue).	(C)	Root-mean-square	deviation	(RMSD)	of	protein	Ca	atoms	as	well	

as	either	d-	or	l-sotalol	non-hydrogen	atoms	from	their	initial	docked	positions	with	respect	

to	the	receptor.	

	

Figure	 5.	 Loop	 modeling	 protocol	 using	 human	 β1AR	 structural	 templates	 and	

Franklin2019	Rosetta	membrane	energy	function.	(A)	This	protocol	uses	kinematic	loop	

closure	to	generate	putative	structures	of	the	ICL3	and	C-terminus	of	β1AR	and	was	applied	

for	both	(B)	active	and	(C)	inactive	states	of	human	β1AR.		

	

Figure	6.		RosettaLigand	docking	stereoisomers	of	sotalol	and	propranolol	into	active-

state	human	beta-1	adrenergic	receptor.	(A)	Top	fifty	poses	of	cationic	drug	docking	into	

the	 active	 human	 β1AR	 model	 colored	 from	 lowest	 interaction	 energy,	 IE	 (red,	 most	

favorable)	 to	highest	 IE	 (blue,	 least	 favorable).	 (B)	Candidate	pose	 selected	 from	 top	 ten	

scoring	poses	compared	to	crystalline	norepinephrine	(NE)	(cyan)	as	bound	to	the	original	
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template	model	(tan)	from	PDB	ID:7BU6.	(C)	Contact	PLIP	analysis	of	the	candidate	pose	for	

each	drug	with	interacting	residues	labeled	and	H-bonds	depicted	by	dotted	blue	lines.	

	

Figure	 7.	 RosettaLigand	 docking	 stereoisomers	 of	 sotalol	 and	 propranolol	 into	

inactive-state	human	beta-1	adrenergic	 receptor.	 (A)	Top	 fifty	poses	of	 cationic	drug	

docking	into	the	inactive	human	β1AR	model	colored	from	lowest	interaction	energy,	IE	(red,	

most	favorable)	to	highest	IE	(blue,	least	favorable.	(B)	Candidate	pose	selected	from	top	ten	

scoring	 poses	 compared	 to	 crystalline	 carazolol,	 a	 beta-blocker	 (cyan)	 as	 bound	 to	 the	

original	 template	 structural	model	 (tan)	 PDB	 ID:	 7BVQ.	 (C)	 PLIP	 contact	 analysis	 of	 the	

candidate	pose	 for	 each	drug	with	 interacting	 residues	 labeled	 and	H-bonds	depicted	by	

dotted	blue	lines.	
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Figure	1.	Schematics	of	modeling	protocol	for	(A)	β2AR	and	(B)	β1AR	and	their	complexes	with	the	
stimulatory	G	(Gs)	protein	developed	Using	RosettaCM.	Template	models	are	prepared	from	published	
crystal	structures	for	respective	states.	For	active	state	models	loop	modeling	and	FastRelax	are	performed	
in	the	presence	of	the	stimulatory	G	protein.	
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Figure	2.	Docking	of	dl-sotalol	stereoisomers	into	inactive	human	β	1AR	homology	model.	
(A)	Top	fifty	poses	of	l-sotalol	(left)	and	d-sotalol	(right)	colored	from	red	to	blue	as	first	to	fiftieth	
lowest	energy.	β2AR	crystal	structure	from	PDB	ID	6PS5	(tan)	with	bound	cationic	S-propranolol	
(cyan)	is	shown	as	a	reference	in	panels	A	and	B.	(B)	β1AR	protein	model	in	green	with	tenth	top-
scoring	pose	of		l-sotalol	(left,	gray)	or	forth	scoring	pose	of	d-sotalol	(left,	gray)	and	their	respective	
initial	positions	(	transparent).	(C)	PLIP	analysis	showing	interacting	residues	of	tenth	scoring	pose	
of	l-sotalol	(left)	and	fourth	scoring	pose	of	d-sotalol	(right).	Nonpolar	interactions	are	denoted	by	
gray	dashed	lines,	and	hydrogen-bonding	interactions	by	blue	lines.	
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Figure	 3.	 Docking	 of	 RS-propranolol	 stereoisomers	 into	 inactive	 human	 β1AR	 homology	
model.	(A)	Top	fifty	poses	of	S-propranolol	(left)	and	R-propranolol	(right)	colored	from	red	to	blue	
as	 first	to	 fiftieth	 lowest	energy.	 Inactive	β2AR	crystal	structure	 from	PDB	ID	6PS5	(yellow)	with	
bound	cationic	S-propranolol	(cyan)	is	shown	as	a	reference	in	panels	A	and	B.	 	(B)	β1AR	protein	
model	in	green	with	top	scoring	pose	of	propranolol	(solid	gray)	and	initial	position	(transparent	
gray).	 (C)	 PLIP	 analysis	 of	 interacting	 residues	 of	 top	 poses	 for	 S-propranolol	 (left)	 and	 R-
propranolol	 (right).	  p-stacking	 interaction	 is	 denoted	 by	 green	 line,	 nonpolar	 interactions	 are	
denoted	by	gray	dashed	lines,	and	hydrogen-bonding	interactions	by	blue	lines.	
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Figure	4.	Multi-microsecond-long	all-atom	MD	simulations	of	cationic	d-	and	 l-sotalol	bound	to	
inactive	beta-1	adrenergic	receptor	homology	model.	Initial	(transparent)	and	final	(solid)	positions	
of	the	receptor	and	drugs	(A)	cationic	l-sotalol	(red)	and	(B)	d-sotalol	(blue).	Inset	images	are	timeseries	
of	individual	poses	of	either	drug	taken	from	the	2.5-microsecond-long	simulations	and	are	colored	by	
from	 the	 beginning	 of	 the	 trajectory	 (red)	 to	 the	 final	 frame	 (blue).	 (C)	 Root-mean-square	 deviation	
(RMSD)	of	protein	Ca	atoms	as	well	as	either	d-	or	l-sotalol	non-hydrogen	atoms	from	their	initial	docked	
positions	with	respect	to	the	receptor.	
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Figure	 5.	 Loop	 modeling	 protocol	 using	 human	 β1AR	 structural	 templates	 and	
Franklin2019	Rosetta	membrane	energy	 function.	(A)	This	protocol	uses	kinematic	 loop	
closure	to	generate	putative	structures	of	the	ICL3	and	C-terminus	of	β1AR	and	was	applied	for	
both	(B)	active	and	(C)	inactive	states	of	human	β1AR.		
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  Figure	 6.	 	 RosettaLigand	 docking	 stereoisomers	 of	 sotalol	 and	 propranolol	 into	 active-state	
human	beta-1	adrenergic	receptor.	(A)	Top	fifty	poses	of	cationic	drug	docking	into	the	active	human	
β1AR	model	colored	from	lowest	interaction	energy,	IE	(red,	most	favorable)	to	highest	IE	(blue,	least	
favorable).	 (B)	 Candidate	 pose	 selected	 from	 top	 ten	 scoring	 poses	 compared	 to	 crystalline	
norepinephrine	(NE)	(cyan)	as	bound	to	the	original	template	model	(tan)	from	PDB	ID:7BU6.	(C)	Contact	
PLIP	analysis	of	the	candidate	pose	for	each	drug	with	interacting	residues	labeled	and	H-bonds	depicted	
by	dotted	blue	lines.	
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 Figure	7.	RosettaLigand	docking	stereoisomers	of	sotalol	and	propranolol	into	inactive-
state	human	beta-1	adrenergic	receptor.	(A)	Top	fifty	poses	of	cationic	drug	docking	into	the	
inactive	human	β1AR	model	colored	from	lowest	interaction	energy,	IE	(red,	most	favorable)	to	
highest	 IE	 (blue,	 least	 favorable.	 (B)	 Candidate	 pose	 selected	 from	 top	 ten	 scoring	 poses	
compared	 to	 crystalline	 carazolol,	 a	 beta-blocker	 (cyan)	 as	 bound	 to	 the	 original	 template	
structural	model	(tan)	PDB	ID:	7BVQ.	(C)	PLIP	contact	analysis	of	the	candidate	pose	for	each	
drug	with	interacting	residues	labeled	and	H-bonds	depicted	by	dotted	blue	lines.	
	
	


