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SI	MATERIALS	AND	METHODS	

Reagents	

All	 reagents	 were	 purchased	 through	 VWR	 International	 or	 Sigma-Aldrich.	 Constructs	 for	 novel	

GLIC	 variants	 were	 generated	 with	 commercially	 synthesized	 primers	 using	 the	 GeneArt	 site-directed	

mutagenesis	system	(Thermo	Fischer,	Waltham,	MA).	Plasmids	were	amplified	with	the	HiSpeed	Plasmid	

Purfication	Midi	 kit	 (Qiagen,	 Hilden,	 Germany)	 and	mutations	 were	 confirmed	 using	 cycle	 sequencing	

services	(Eurofins	Genomics,	Ebersberg,	Germany).		

	

Molecular	dynamics	simulations	

Propofol	(PFL)	cocrystal	structures	of	holo	GLIC	WT	(Met-205,	PDB	ID	3P50)	and	Trp-205	variant	

(PDB	ID	5MVN)	were	used	as	starting	structures	for	molecular	dynamics	simulations.	For	comparison	of	

pore	hydration	levels	(SI	Appendix	Fig.	S3),	apo	WT	structures	in	open	(PDB	ID	4HFI)	and	closed	states	

(PDB	ID	4NPQ)	were	also	prepared	through	equilibration.	Because	the	Trp-205	structure	contained	PFL	

molecules	 in	only	 four	of	 the	five	subunits,	a	 fifth	PFL	molecule	was	superimposed	by	alignment	with	a	

neighboring	 subunit	 to	 yield	 a	 pseudosymmetric	 holo	 structure.	 To	 accommodate	 the	major	 backbone	

adjustments	expected	for	the	Gly	and	Pro	variants,	all	non-hydrogen	side	chain	atoms	were	first	removed	

from	the	equilibrated	Trp-205	system	to	build	Gly-205;	this	template	was	then	used	to	build	Pro-205.	Apo	

structures	were	obtained	by	deleting	PFL	atoms.	The	Amber99sb-ildn	force	field	(1)	was	used	to	describe	

the	proteins,	which	were	 embedded	 in	 a	1-palmitoyl	 2-oleoyl	 phosphatidylcholine	 (POPC)	 lipid	bilayer	

modeled	with	Berger	 force	 field	parameters	 (2,	3).	Protonation	states	were	 set	 to	pH	4.6	as	previously	

described	 (4).	 The	 system	was	 solvated	 in	 a	 cubic	 box	 using	 the	 TIP3P	water	model	 (5),	 and	 sodium	

chloride	was	added	to	bring	the	system	to	neutral	charge	and	an	ionic	strength	of	0.1	M.	PFL	parameters	

were	generated	using	STaGE	(6),	which	utilizes	ACPYPE	and	Antechamber	(7-9).		

All	simulations	were	performed	with	Gromacs	2016.1	(10-12).	The	systems	were	energy	minimized	

for	 100,000	 steps	 using	 the	 steepest-descent	 method,	 with	 equilibration	 over	 100	 ps	 at	 a	 constant	

number	of	particles,	volume,	and	 temperature,	 and	 the	velocity	 rescaling	 thermostat	 (13)	 set	 to	300	K.	

The	 holo	 systems	 were	 equilibrated	 with	 a	 constant	 number	 of	 particles,	 pressure,	 and	 temperature	

(NPT)	 for	 at	 least	 45	 ns,	 during	which	 the	 position	 restraints	 on	 the	 protein	were	 gradually	 released.	

Propofol	was	kept	restrained	during	the	entire	equilibration.	The	apo	systems	were	NPT-equilibrated	for	

45	ns	with	gradual	release	of	restraints.	These	long	equilibration	times	were	used	to	ensure	best	possible	

relaxation	of	the	protein.	In	all	equilibration	runs,	the	time	step	was	set	to	2	fs,	pressure	was	maintained	

at	1bar	through	Berendsen	pressure	coupling	(14),	and	LINCS	constraint	algorithms	(15)	were	applied.		

	 For	each	equilibrated	system,	 three	replicates	of	1-μs	unrestrained	simulations	were	generated.	

Parrinello-Rahman	pressure	coupling	(16)	ensured	constant	pressure	and,	as	for	the	equilibration	runs,	

the	LINCS	constraint	algorithm	(15)	was	used.	In	the	Met-205	and	Trp-205	holo	simulations	PFL	had	no	

virtual-site	 hydrogens,	 restricting	 the	 time	 step	 to	 3	 fs.	 For	 the	 Gly-205	 and	 Pro-205	 holo	 simulations	
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virtual	site	hydrogens	were	added	to	PFL,	and	a	5	fs	time	step	was	used.	All	apo	simulations	used	a	5	fs	

time	step.	

	

	Analysis	of	molecular	dynamics	simulations	

Gromacs	was	used	to	calculate	RMSDs.	For	these	calculations,	the	first	frame	of	each	trajectory	was	

used	 as	 a	 reference,	 and	 RMSDs	 were	 calculated	 from	 alignments	 of	 backbone	 α-	 carbons	 in	 each	

subsequent	frame.	

	 For	cavity	volume	calculations,	MDpocket	(17)	was	used	to	identify	all	cavities	in	a	starting	model	

for	each	of	the	systems	(holo	and	apo	forms	of	Met,	Trp,	Gly	and	Pro	variants).	Points	corresponding	to	

intrasubunit	PFL	pockets	were	then	selected	and	tracked	throughout	the	trajectories	to	yield	pocket	

volume	vs.	time.	Propofol	molecular	volume	was	estimated	from	the	supplier-reported	density	and	molar	

mass	(Sigma-Aldrich	Sweden	AB,	Stockholm,	Sweden)	

VMD	 (18)	was	 used	 for	 calculating	 distances.	 Pocket	 depth	was	 tracked	 by	 the	 shortest	 distance	

between	the	cavity	perimeter	and	residue	Val-242.	Distance	between	the	hydroxyl	oxygen	of	PFL	and	the	

backbone	carbonyl	of	Ile-202	was	used	to	evaluate	possible	hydrogen	bond	formation.	

The	percentage	of	frames	during	which	the	measured	PFL-Ile-202	distance	was	within	a	cut-off	of	

3.5	 Å	was	 calculated.	 For	 the	 other	 propertied	 vs.	 time,	 averages	were	 calculated.	 Error	 estimates	 for	

these	averages	were	calculated	with	the	Gromacs	gmx	analysis	tool	using	block	averaging,	the	details	of	

which	have	been	described	previously	(19).	Subunits	where	the	function	used	for	error	estimates	could	

not	 be	 adequately	 fitted	 to	 the	 autocorrelation	 function	 were	 excluded	 from	 the	 averages	 and	 error	

estimates.	 For	 the	 pocket	 volume	 estimates	 from	 crystal	 structures,	 the	 standard	 error	 of	 the	 mean	

(𝜎! = 𝜎/ 𝑛)	was	calculated,	the	five	subunits	giving	n=5.	

Pore	hydration	was	tracked	using	VMD	(18).	The	number	of	waters	within	±2	Å	along	the	pore	axis	

from	 the	 center	 of	mass	 of	 Ile-233	 (9’)	was	 counted	 in	 each	 frame	 and	plotted	 versus	 time.	A	 running	

average	over	fifty	points	was	added	to	guide	the	eye.		

	

Molecular	docking	

Docking	 of	 PFL	 to	 X-ray	 structures	was	 carried	 out	 using	 AutoDock	 Vina	 (20),	 reporting	 the	 top	

nine	clusters	of	binding	poses	in	each	of	two	search	volumes,	ranked	by	mean	energy	score.	Ligand	atoms	

representing	PFL	(PDB	ID	5MUO),	and	protein	atoms	representing	apo-closed	(4NPQ,	chains	A–E)	and	-

open	(4HFI)	and	holo-open	WT	(3P50)	and	Trp-205	(5MVN)	GLIC	structures,	were	extracted	from	their	

respective	PDB	 files.	 Side-chain	positions	were	 selected	and/or	 completed,	 and	hydrogens	and	 charges	

added,	using	the	Dock	Prep	tool	in	UCSF	Chimera	(21).	To	dock	to	the	intrasubunit	site,	search	volumes	of	

20	 x	 15	 x	 20	 Å	 were	 placed	 to	 enclose	 the	 M1–M4	 helices	 of	 a	 single	 (A)	 subunit	 of	 each	 structure,	

extending	~4	helical	registers	(~50%	of	the	conduction	pathway	length)	from	the	M2–M3	loop	towards	

the	 intracellular	 side.	To	dock	 to	 the	channel	pore,	19	x	19	x	31	Å	volumes	were	placed	parallel	 to	 the	
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conduction	pathway,	 enclosing	 residues	Thr-226	 (2’)	 through	 Ile-240	 (16’)	 of	 each	 structure;	 resulting	

clusters	were	categorized	by	proximity	to	either	residue	Ser-230	(6’)	or	Ala-237	(13’).	

	

Electrophysiology	

Two-electrode	 voltage-clamp	 electrophysiology	 was	 performed	 as	 previously	 described	 (22).	

Briefly,	nuclei	of	Xenopus	oocytes	were	 injected	with	0.5–6.0	ng	cDNA	and	stored	 in	 incubation	medium	

for	 2–7	 days	 prior	 to	 recordings.	 100-mM	 stock	 solutions	 of	 PFL	 in	 dimethylsulfoxide	 (DMSO)	 were	

stored	at	4°C.	All	modulators	were	freshly	diluted	in	running	buffer;	PFL	and	bromoform	solutions	were	

sonicated	for	2	min	prior	to	application.		

For	 each	 mutant,	 EC10	 conditions	 were	 first	 determined	 as	 previously	 described	 (23)	 and	 as	

calculated	below.		Modulation	was	measured	by	activating	the	channel	in	EC10	buffer	for	2	min	(referred	

to	as	 the	pretreatment	peak),	 then	washing	out	 for	5	min;	preapplying	the	drug	 in	running	buffer	 for	1	

min,	coapplying	in	EC10	buffer	for	2	min	(cotreatment	peak),	then	washing	out	for	5	min;	then	activating	

again	at	EC10	 for	2	min	(posttreatment	peak).	To	measure	time	dependent	persistence	 in	Fig.	3E	and	SI	

Appendix	Fig	S7B,	100	μM	PFL	in	running	buffer	(pH	7.5)	was	applied	for	0.5,	1,	3	or	6	min	instead	of	the	

usual	 cotreatment.	 	 To	 avoid	 artifacts	 from	persistent	 drug	 effects,	 each	 oocytes	was	 discarded	 after	 a	

single	modulation	protocol.		

	

Analysis	of	electrophysiology	data	

	 Each	recording	was	collected	using	4–11	oocytes	from	at	least	two	frogs.	To	determine	EC10	

conditions	(the	agonist	concentration	producing	10%	maximal	response),	proton	concentration-

dependence	curves	were	determined	by	nonlinear	regression	fit	using	the	equation	R	=	

Rmax/(1+10^(logEC10-C)*nH))	for	which	R	is	the	peak	response,	Rmax	the	maximal	activation,	C	the	proton	

concentration,	and	nH	the	Hill	coefficient.	Acute	modulation	in	Fig.	2F,	S6A–C,	and	S8A–B	represents	mean	

%	±	standard	error	of	the	mean	(s.e.m.)	values	for	((Rco-Rpre)/Rpre)*100,	where	Rpre	is	the	peak	response	

prior	to	drug	exposure	(pretreatment)	and	Rco	the	response	in	the	presence	of	modulator	(cotreatment).	

Persistent	modulation	in	Fig.	3C,E,	S6D-E,	S7C	and	S8C-D	represents	mean	%	±	s.e.m.	values	for	((Rpost-

Rpre)/Rpre)*100,	where	Rpost	is	the	response	after	drug	washout	(posttreatment).	Acute	inhibition	in	Fig.	4	

represents	mean	%	±	s.e.m.	values	for	((Rco-Rpost)/Rpost)*100.	Results	were	analyzed	using	ordinary	one-

way	analysis	of	variance,	with	significance	set	to	P	<	0.05.	All	analyses	were	performed	using	Prism	7	for	

Mac	(GraphPad	Software,	La	Jolla,	CA).	
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SI	FIGURES	
	

	
	
Fig.	S1	Distance	(y-axis,	Å)	between	PFL	and	M1	residue	Ile-202	over	time	(x-axis,	ns)	in	each	of	5	subunits	(black,	
red,	blue,	green,	yellow)	and	three	replicates	(Left–Right)	for	(A)	Met-205	(WT),	(B)	Trp-205,	(C)	Gly-205	and	(D)	
Pro-205	variants.	
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Fig.	S2	C-alpha	RMSDs	(y-axis,	Å)	over	time	(x-axis)	for	holo	(Top,	ns)	and	apo	(Bottom)	simulations,	displayed	for	
each	of	three	replicates	for	(A)	Met-205	(WT),	(B)	Trp-205,	(C)	Gly-205	and	(D)	Pro-205	variants.	

A	

B	

C	

D	
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Fig.	S3	Pore	hydration	at	 the	hydrophobic	gate.	(A)	Representative	simulation	frame	showing	water	molecules	
and	M2	helices	of	two	GLIC	subunits.	The	number	of	water	molecules	at	the	hydrophobic	gate	were	quantified	in	the	
region	between	the	two	horizontal	lines	and	plotted	for	each	holo	(Left)	and	apo	(Right)	simulation	of	(B)	Met-205	
(WT),	(C)	Trp-205,	(D)	Gly-205,	and	(E)	Pro-205	variants.	Water	molecules	at	equivalent	positions	in	equilibrated	
open	(4HFI),	closed	(4NPQ)	and	holo	WT	(3P50)	and	Trp-variant	(5MVN)	are	indicated	on	the	y-axis.		

Trp	holo 	 	 														Trp	apo 	
	 		

Gly	holo 	 	 														Gly	apo 	
	 		

Pro	holo 	 	 														Pro	apo 	
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Fig.	S4	Membrane-embedded	protein	setup	for	molecular	dynamics	simulations.	(A)	GLIC	(gray)	embedded	in	
POPC	lipids	(turquoise).	Pore-lining	M2	helices	are	colored	in	tan.	Inset:	90°-rotated	zoom	views	of	representative	
PFL	 binding	 sites.	 In	 apo	 simulations	 (Left),	 lipid	 molecules	 have	 access	 to	 the	 intrasubunit	 cavity;	 in	 holo	
simulations	(Right),	the	cavity	is	primarily	occupied	by	PFL	(orange).	(B)	Side	view	of	the	intrasubunit	PFL-binding	
site,	with	 lipids	and	helix	M4	removed	to	reveal	PFL	(orange)	and	cavity-defining	residues	197,	202	and	205	 in	
M1;	242	in	M2;	and	255	and	259	in	M3	(black).	Propofol,	lipids	and	explicit	amino	acid	side	chains	are	colored	
by	heteroatom	(blue,	N;	red,	O;	yellow,	S).		
	
	
	

	
Fig.	S5	Computational	docking	to	intrasubunit	and	pore	sites	in	GLIC	experimental	structures.	Top,	nine	most	
favorable	energy	score	clusters	determined	in	AutoDock	Vina	for	apo	closed	(PDB	ID	4NPQ,	gray)	and	open	(4HFI,	
gray),	 and	 holo	 open	 WT	 (3P50,	 black)	 and	 Trp-205	 (5MVN,	 purple),	 X-ray	 structures,	 using	 search	 volumes	
enclosing	the	intrasubunit	binding	cavity	(filled	symbols)	or	the	channel	pore	(open	symbols).	Binding	poses	in	the	
channel	pore	are	classified	by	proximity	to	residue	Ser-230	(triangles)	or	Ala-237	(squares).	Bottom,	representative	
docking	 poses	 for	 each	 cluster,	 colored	 according	 to	 scale	 bar	 at	 right,	 from	most	 (dark	 red)	 to	 least	 favorable	
(yellow)	binding	energy	scores.	For	comparison,	crystallographic	positions	of	PFL	in	the	open-state	intrasubunit	site	
(3P50)	and	closed	channel	pore	(5MUO)	are	shown	in	black.	
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Fig.	 S6	 Acute	 and	 persistent	modulation	 of	 GLIC	M1-205	 variants.	(A)	Acute	modulation	of	GLIC	Pro-205	by	
lower	 PFL	 concentrations,	 calculated	 as	 %	 change	 in	 co-	 vs.	 pretreatment	 currents	 (as	 in	 Fig.	 2F).	 (B)	 Acute	
modulation	 of	 GLIC	 M1-205	 variants	 by	 100	 μM	 PFL,	 calculated	 as	 in	A.	 (C)	 Acute	 modulation	 by	 300	 μM	 PFL,	
analyzed	as	in	A.	(D)	Persistent	modulation	by	30	μM	PFL,	calculated	as	%	change	in	post-	vs.	pretreatment	currents	
(as	 in	Fig.	3C).	(E)	Persistent	modulation	by	300	μM	PFL,	analyzed	as	 in	D.	In	all	panels,	significance	 is	relative	to	
WT,	determined	by	one-way	analysis	of	variance,	n	=	4–11	(**P	<	0.01,	***P	<	0.001,	****P	<	0.0001).	 In	B–E,	insets	
show	sample	traces	for	GLIC	Pro-205,	with	arrow	indicating	comparison	in	corresponding	graphs;	scale	bars,	1	μA	
vs.	2	min.	
	
	

	
Fig.	S7	Persistent	PFL	effects	in	Gly-205	variant.	(A)	Activation	dependence	of	PFL	washout.	Sample	traces	show	
activation	 pretreatment,	 then	 cotreatment	 with	 100	 μM-PFL,	 then	 posttreatment	 repeated	 2–6	 times.	 (B)	 Time	
dependence	of	persistent	PFL	effects.	Sample	traces	show	pretreatment	activation,	then	treatment	with	100	μM	PFL	
for	varying	amounts	of	 time,	 then	posttreatment	activation.	 In	A–B,	 scale	bars	 represent	1	μA	vs	2	min.	(C)	Time	
dependence	measured	from	the	protocol	in	B,	with	control	6-min	treatment	of	WT,	calculated	as	%	change	in	post-	
vs.	pretreatment	currents	(as	in	Fig.	3E).		Significance	is	relative	to	0-min	exposure,	determined	by	one-way	analysis	
of	variance,	n	=	4–6	(*P	<	0.05,	****P	<	0.0001).	
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Fig.	S8	Acute	and	persistent	modulation	of	GLIC	M1-
205	 variants	 by	 bromoform	 and	 ethanol.	 (A)	 Acute	
modulation	by	600	mM	ethanol,	calculated	(as	in	Fig.	2F)	
as	%	change	 in	 co-	vs.	pretreatment	 currents.	 (B)	Acute	
modulation	by	1	mM	bromoform,	 calculated	as	 in	A.	(C)	
Persistent	modulation	by	600	mM	ethanol,	calculated	(as	
in	 Fig.	 3C)	 as	 %	 change	 in	 post-	 vs.	 pretreatment	
currents.	(D)	Persistent	modulation	by	1	mM	bromoform,	
calculated	as	in	C.	 In	all	panels,	significance	is	relative	to	
WT,	determined	by	one-way	analysis	of	variance,	n	=	4–
11	 (*P	 <	 0.05,	 **P	<	 0.01,	 ****P	<	 0.0001).	 Insets	 show	
sample	 traces	 for	 GLIC	 Pro-205,	 arrow	 indicating	
comparison	in	corresponding	graphs;	scale	bars	1	μA	vs.	
2	min.	
	
	
	
	
	
	
	
	

	
	
	
	

	
Fig.	S9	Model	for	differential	modulation	at	lower	PFL	
concentrations.	(A)	Overlaid	sample	traces	for	GLIC	WT	
(black)	and	Pro-205	(green)	as	in	Fig.	2E,	showing	EC10	
activation	pretreatment	(Left),	cotreatment	with	30	μM	
PFL	(Center),	and	posttreatment	(Right).	(B)	In	the	
absence	of	PFL	(Left),	intrasubunit	cavities	in	WT	GLIC	
(Met-205)	are	largely	contracted.	Therefore,	binding	of	
PFL	to	the	pore	is	favored	over	the	intrasubunit	site,	
leading	to	inhibition.	Only	a	small	amount	of	PFL	diffuses	
into	the	membrane	and	almost	all	of	it	is	expected	to	
wash	out	(Right).	(C)	In	Pro-205	and	related	variants,	
intrasubunit	cavities	are	relatively	deep	even	in	the	
absence	of	PFL	(Left).	Upon	cotreatment	(Center),	PFL	can	
bind	with	little	cavity	expansion,	producing	potentiation	
that	is	partly	compensated	by	inhibitory	binding	in	the	
pore.	After	washout	(Right),	almost	no	PFL	is	left	in	the	
system;	therefore	no	significant	effects	are	expected.	In	
panels	B–C,	three	subunits	of	GLIC	are	represented	as	in	
Fig.	1A.	
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Fig.	 S10	 Sequence	 alignment	 of	 GLIC	 transmembrane	 helices	 M1–M3	 and	 equivalent	 regions	 of	 representative	
human	pLGICs,	with	residues	lining	the	intrasubunit	PFL	cavity	highlighted	in	gray.	Sequences	above	and	below	the	
dotted	line	are	primarily	associated	with	general	anesthetic	potentiation	and	inhibition,	respectively.	
	
	
	
	
	
	 	

      M1→                                                M2→                              M3→
Glycine α1 ERQMGYYLIQMYIPSLLIVILSWISFWINMDAAPARVGLGITTVLTMTTQSSGSRASLPKVSYVK-AIDIWMAVCLLFVFSALLEYAAVNFVSRQHKE
Glycine β RRQVGFYMMGVYAPTLLIVVLSWLSFWINPDASAARVPLGIFSVLSLASECTTLAAELPKVSYVK-ALDVWLIACLLFGFASLVEYAVVQVMLNNPKR
GABAA α1 KRKIGYFVIQTYLPCIMTVILSQVSFWLNRESVPARTVFGVTTVLTMTTLSISARNSLPKVAYAT-AMDWFIAVCYAFVFSALIEFATVNYFTKRGYA
GABAA β3 KRNIGYFILQTYMPSILITILSWVSFWINYDASAARVALGITTVLTMTTINTHLRETLPKIPYVK-AIDMYLMGCFVFVFLALLEYAFVNYIFFGRGP
GABAA ɣ2 SRRMGYFTIQTYIPCTLIVVLSWVSFWINKDAVPARTSLGITTVLTMTTLSTIARKSLPKVSYVT-AMDLFVSVCFIFVFSALVEYGTLHYFVSNRKP
GABAA ρ1 RRHIFFFLLQTYFPATLMVMLSWVSFWIDRRAVPARVPLGITTVLTMSTIITGVNASMPRVSYIK-AVDIYLWVSFVFVFLSVLEYAAVNYLTTVQER
nACh α4 RRLPLFYTINLIIPCLLISCLTVLVFYLPSE-CGEKITLCISVLLSLTVFLLLITEIIPSTSLVIPLIGEYLLFTMIFVTLSIVITVFVLNVHHRSPR
nACh β2 RRKPLFYTINLIIPCVLITSLAILVFYLPSD-CGEKMTLCISVLLALTVFLLLISKIVPPTSLDVPLVGKYLMFTMVLVTFSIVTSVCVLNVHHRSPT
5-HT3A RRRPLFYVVSLLLPSIFLMVMDIVGFYLPPN-SGERVSFKITLLLGYSVFLIIVSDTLPATAIGTPLIGVYFVVCMALLVISLAETIFIVRLVHKQDL
5-HT3B RRHPLVYVVSLLIPSIFLMLVDLGSFYLPPN-CRARIVFKTSVLVGYTVFRVNMSNQVPRSVGSTPLIGHFFTICMAFLVLSLAKSIVLVKFLHDEQR
GLIC SRQYFSYIPNIILPMLFILFISWTAFWSTS--YEANVTLVVSTLIAHIAFNILVETNLPKTPYMT-YTGAIIFMIYLFYFVAVIEVTVQHYLKVESQP

197 205 239 255242 259202
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