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Type them into questions box!

“Why am I muted?”
Don’t worry. Everyone is muted 
except the presenter and host. 
Thank you and enjoy the show. 

Contact ACS Webinars ® at acswebinars@acs.org 

Have Questions?
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Benefits of ACS Membership 

Chemical & Engineering News (C&EN) 
The preeminent weekly digital and print news source. 

NEW! ACS SciFinder 
ACS Members receive 25 complimentary SciFinder® research 
activities per year. 

NEW! ACS Career Navigator 
Your source for leadership development, professional 
education, career services, and much more.
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Contact ACS Webinars ® at acswebinars@acs.org 

@AmericanChemicalSociety

@AmerChemSociety

https://www.linkedin.com/company/american-chemical-society

@AmerChemSociety
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Be a featured fan on an upcoming webinar! Write to us @ acswebinars@acs.org 
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“Excellent! Very inspiring 
that organic syntheses 
can be done better and 
more sustainable 
without petroleum 
based solvents.”

Markus Schaufele, MS, CSP 
Manager, Standards, Compliance and Emergency Planning
Research Safety, Northwestern University

https://www.acs.org/content/acs/en/acs-
webinars/technology-innovation/water-chemistry.html

Open Access 
FREE Recording!
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www.acs.org/acswebinars

Learn from the best and brightest minds in chemistry! Hundreds of webinars on 
diverse topics presented by experts in the chemical sciences and enterprise.

Recordings are an exclusive ACS member benefit and are made available to 
registrants via an email invitation once the recording has been edited and posted.

Live Broadcasts of ACS Webinars  continue to be available to the general public on  
Thursdays from 2-3pm ET!

®

https://www.acs.org/content/acs/en/acs-webinars/technology-innovation/water-chemistry.html
http://www.acs.org/acswebinars
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http://acsoncampus.acs.org

What is ACS on Campus?

ACS visits campuses across the world offering FREE seminars on how to be published, find a job, network 
and use essential tools like SciFinder. ACS on Campus presents seminars and workshops focused on how to:
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www.acs.org/heroes

#HeroesofChemistry
ACS Heroes of Chemistry Award

The ACS Heroes of Chemistry Award is the Annual 
award sponsored by the American Chemical Society 
that recognizes talented industrial chemical scientists 
whose work has led to the development of successful 
commercialized products ingrained with chemistry for 
the benefit of humankind. 

2018 Winners:

http://acsoncampus.acs.org/
http://www.acs.org/heroes
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https://chemidp.acs.org

An individual development 
planning tool for you! 
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Upcoming ACS Webinar!
www.acs.org/acswebinars

https://www.acs.org/content/acs/en/acs-webinars/culinary-chemistry/thanksgiving-rebroadcast.html

https://chemidp.acs.org/
https://www.acs.org/content/acs/en/acs-webinars/culinary-chemistry/thanksgiving-rebroadcast.html
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Upcoming ACS Webinar!
www.acs.org/acswebinars

https://www.acs.org/content/acs/en/acs-webinars/drug-discovery/prodrugs2.html
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https://pubs.acs.org/doi/10.1021/acs.biochem.7b01136

Abstract

Intracellular environments are 
heterogeneous milieus comprised of 
macromolecules, osmolytes, and a range of 
assemblies that include membrane-bound 
organelles and membraneless biomolecular 
condensates. The latter are 
nonstoichiometric assemblies of protein 
and RNA molecules. They represent distinct 
phases and form via intracellular phase 
transitions. Here, we present insights from 
recent studies and provide a perspective on 
how phase transitions that lead to 
biomolecular condensates might contribute 
to cellular functions.

https://pubs.acs.org/journal/bichaw

https://www.acs.org/content/acs/en/acs-webinars/drug-discovery/prodrugs2.html
https://pubs.acs.org/doi/10.1021/acs.biochem.7b01136
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https://pubs.acs.org/toc/bichaw/57/17

All biological systems use location as a determinant of function at 
different scales, ranging from whole organisms to atoms within 
biomolecules. How to get key actors to the right locations at the right 
time and how to keep them there until they are no longer needed are 
key logistical challenges cells must perfect in order to thrive. Cells use 
different strategies to regulate localization; the best known is 
compartmentalization into traditional membrane-bound organelles 
such as the nucleus, endoplasmic reticulum, or Golgi complex. In the 
past few years, it has been proposed that membraneless organelles 
exist and complement larger classical organelles. 

Discover more with 

May 1, 2018, Volume 57, Issue 17, Pages 2403-2564

In this Special Issue, Biochemistry explores the exciting interdisciplinary 
field of Membraneless Organelles.

T H I S    A C S   W E B I N A R   W I L L B E G I N   S H O R T L Y . . .

https://pubs.acs.org/toc/bichaw/57/17
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Presentation slides available now! Recordings are an exclusive ACS member benefit.

Phase Separation of Multivalent Proteins: Recent Findings and New Frontiers

15www.acs.org/acswebinars
This ACS Webinar is co-produced with Biochemistry

Sarah Smaga
Coordinating Editor, Biochemistry and

Project Coordinator, Center for 
Genetically Encoded Materials

Rohit Pappu
Edwin H. Murty Professor of Engineering and the 

Director, Center for Biological Systems 
Engineering, Washington University in St. Louis.

http://www.acs.org/acswebinars


Phase Separation of Multivalent Proteins

Rohit	Pappu
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Membraneless	organelles	enable	spa0al	and	
temporal	organiza0on	of	cellular	ma8er

Banani,…,Hyman,	Rosen,	2017,	Nature	Rev.	Mol.	Cell	Biol.	
Shin,	Brangwynne,	2017,	Science
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Membraneless	organelles	are	also	known	as		
biomolecular	condensates	because	they	

concentrate	biomolecules	via	processes	that	
resemble	the	condensa0on	of	liquids

3

Banani,…,Hyman,	Rosen,	2017,	Nature	Rev.	Mol.	Cell	Biol.	
Shin,	Brangwynne,	2017,	Science
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Nucleoli	-	where	ribosomal	subunits		are	assembled	-	
are	examples	of	biomolecular	condensates

4

Feric	et	al.,	Cell	(2016)
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Membraneless	organelles	have	the	
characteris0cs	of	dense	liquids

Example	of	P-granules
Brangwynne et al. Science (2009) 
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Biomolecular	condensates	are	
proposed	to	form	via:	

6Phase	separa6on	of	mul6valent	protein	
and	RNA	molecules

Jülicher	and	Hyman,	2014,	Annu.	Rev.	Cell	Biol.	
Banani,…,Hyman,	Rosen,	2017,	Nature	Rev.	Mol.	Cell	Biol.	

Shin,	Brangwynne,	2017,	Science
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7

Tang,	Nature	Methods	(2018)
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We	seek	an	appropriate	theore0cal	
framework	for	describing	phase	
transi0ons	of	mul0valent	protein	&	
RNA	molecules?		 8

Fuxreiter,	Wu,	2016,	Cell	
Lin,	Forman-Kay,	Chain,	2018,	Biochemistry	

Choi,	Holehouse,	Pappu,	2020,	Annu.	Rev.	Biophys.
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Mul0valent	protein	and	RNA	molecules	
are	biological	instan0a0ons	of	associa6ve	

polymers

Semenov	&	Rubinstein,	Macromolecules	(1998)
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Associa0ve	Polymers		
S0ckers	interspersed	by	Spacers
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S0ckers	vs.	Spacers

S6ckers	interact	preferen6ally	with	one	another	to	
form	physical	crosslinks
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11
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How	do	we	tell	s6ckers	
from	spacers?
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12
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We	shall	first	consider	disordered	low-
complexity	domains

GSMASASSSQRGRSGSGNFGGGRGGGFGGNDNFGRGGNFSGRGGFG
GSRGGGGYGGSGDGYNGFGNDGSNFGGGGSYNDFGNYNNQSSNFGP
MKGGNFGGRSSGPYGGGGQYFAKPRNQGGYGGSSSSSSYGSGRRF

RRM:	RNA	Recognition	Motif	
LCD:	Low	Complexity	Domain

hnRNP-A1
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We	leverage	thermodynamic	
principles	of	phase	separa0on

14
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Phase	Separa0on	is	a	density	transi6on	
described	by	a	coexistence	curve			

15

15
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We	shall	first	orient	ourselves	using	a	
pseudo-binary	(protein	+	“solvent”)	

mixture	as	an	example	

16

16
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Tie	line	connec0ng	points	of	
equal	chemical	poten0als
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Zeroth-order	criteria	for	
delinea0ng	s6ckers	vs.	spacers

18

Changes	to	s6ckers	will	change	csat		
whereas	changes	to	spacers	will	change	
material	proper0es	and	the	coopera0vity	

of	phase	separa0on

18

18



FUS
Arg (R)Tyr (Y)

EWSR1

PLD RRM

RBD

PLD RRM

Demonstra0on	using	proteins	with	
disordered	prion-like	domains	(PLDs)	and	

RNA	binding	domains	(RBDs)

19

19
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Jie	Wang Jeong-Mo	Choi	 Alex	Holehouse	

Simon	Alber0 Tony	Hyman
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In	vitro	Phase	separa0on	of	FUS

Bar:	5	μm

150	mM	KCl

Satura0on	concentra0on	csat
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csat	values	of	disordered	FUS	family	
proteins	are	sequence-specific
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22
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Determinants	of	sequence-
specific	csat	values?
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Large	numbers	of	Tyr	in	PLD	and	Arg	in	RBD				

TAF15

EWSR1

FUShnRNPDL

hnRNPA3
hnRNPA1a

saturation concentration (µM)

High	frequencies	of	Tyr	and	Arg	are	uncommon	
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RBD

csat	=	2	μM	
(75	mM	KCl)

Not	
detected

X X

PLD

Not	
detected

csat	=	15	μM	
(75	mM	KCl)

Phase	separa0on	requires	Tyr	(Y)	and	Arg	(R)
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Amino	Acid	S0ckers

Tyrosine Arginine
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Mean-field	s0ckers	and	
spacers	model

Phantom	
spacersnY	Y-stickers nR	R-stickers

Wang,	Choi,	Holehouse,…,Pappu,	Alber0,	Hyman,		Cell	(2018)		
Choi,	Holehouse,	Pappu	Annu.	Rev.	Biophys.	(2020)

Jeong-Mo	Choi
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Theory	predicts	csat	based	on	joint	
valence	of	TYR	and	ARG

csat = k nYnR( )−1
 µM
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Mean	field	theory	for	associa0ve	polymers	is	a	good	
predictor	of	experimentally	derived	csat

r	=	0.86

c s
at
	(µ

M
)

k(nYnR)–1
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Working	hypothesis:	S0ckers	are	
dis0nguished	by	intrinsic	mul0pole	moments

Monopole	moment	(charge):	q	(e)	

–

+

Dipole	moment:	𝛍	(D)	

Quadrupole	moment:	Qzz	(De)	
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Burley	&	Petsko,	Adv.	Protein	Chem.	(1988)	
Pappu	et	al.,	J.	Comput.	Chem.	(1996)
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q:	Monopole;	µ:	Dipole;	Q:	Quadrupole

Decreasing	spa0al	range
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Intrinsic	valence	can	be	defined	
by	mul0pole	moments

𝛍	=	1.48	D	
Qzz	≈	–5	DÅ

𝛍	=	0	D	
Qzz	≈	–5	DÅ
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Intrinsic	valence	can	be	defined	
by	mul0pole	moments

q	=	1	e	
𝛍	=	0	D	

Qzz	≈	–25	DÅ

q	=	1	e	
𝛍	=	0	D	

Qzz	≈	0	DÅ

33
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Predic0on	is	that	Arg-Tyr	make	for	
stronger	s0ckers	than	Arg-Phe,		Lys-Tyr,	

and	Lys-Phe
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34



Tyr	and	Arg:	stronger	s0ckers	
than	Phe	and	Lys

c s
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M
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Ca0onic	and	aroma0c	s6ckers	encode	a	
hierarchy	of	interac6on	ranges	and	

interac6on	strengths

See:	No8	et	al.,	(2015)	Mol	Cell;	Brady	et	al,,	(2017)	PNAS,	
Vernon	et	al.,	(2018)	eLife

36
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FUS	family	proteins	≠	(YYY…YY)n-(RR…RR)m

Sequence	features	of	spacers	are	important	
determinants	of	material	proper0es	and	the	

coopera0vity	of	phase	transi0ons

3737

37

Spacers	are	sequence	regions	that	have	
negligible	impact	on	csat

FUS
PLD RRM

WT
S→A

WT

Ser

Gln

Gly
WT
G→A

Q→G

csat	≈	3	–	5	µM

…while	impac0ng	material	proper0es

38



FRAP	data	show	that	Gly-rich	spacers	enhance	rates	
of	molecular	exchange	across	phase	boundaries

Rates	of	molecular	exchange	are	0ed	to	rates	of	
breaking	and	making	physical	crosslinks	and	this	is	
governed	by	intrinsic	valence	of	spacer	residues
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Other	examples	of	s6ckers-and-spacers	
Folded	domains	connected	by	intrinsically	disordered	linkers

Li	et	al.,	Nature	(2012)	
Harmon	et	al.,	eLife	(2017)
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40



Sequence-encoded	effective	solvation	volumes	(ves)	of	
disordered	linkers	determine	whether	percolation	(the	
formation	of	system-spanning	networks)	is	driven	by	

phase	separation	or	if	it	occurs	without	phase	separation

Harmon,	Holehouse,	Rosen,	Pappu	eLife	(2017)	

41

41

Phase	behavior	of	poly-SH3	+	poly-PRM

Linkers	with	ves	=	0	 Linkers	with	ves>>0

42

42



S0ckers	and	spacers	come	in	different	flavors

There	is	an	evolved	synergy	between	structure	and	
disorder	and	iden00es	of	s0ckers	and	spacers	will	be	

context	dependent	

Harmon,	Holehouse,	Rosen,	Pappu,	eLife	(2017)	
Wang,	Choi,	Holehouse,…,Pappu,	Alber0,	Hyman,		Cell	(2018)		

Choi,	Holehouse,	Pappu	Annu.	Rev.	Biophys.	(2020)

43

43
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Biomolecular	condensates	have	hundreds	
of	dis0nct	protein	and	RNA	components	

We	have	developed	a	lazce-based	engine	
to	simulate	phase	transi0ons	of	coarse-
grained	descrip0ons	of	mul0valent	

protein	and	RNA	molecules	in	
mul0component	systems	

44



Choi,	Dar,	Pappu	PLoS	Comput.	Biol.	(2019)

Jeong-Mo	Choi

Furqan	Dar

h=ps://github.com/Pappulab/LASSI

45

46

Example	of	a	mul0component	system	
NPM1	+	rpL5	

Mitrea	et	al.,	eLife.	(2018)	
Mitrea	et	al.,	Nature	Commun.	(2018)

N130 rpL5

+

46



N130	+	rpL5

47

Phase	boundaries	for	mul0component	
systems	are	closed	loops

48



Dias,	Araujo,	Telo	da	Gama,	Adv.	Colloid.	Int.	Sci.	(2017)	
Harmon,	Holehouse,	Rosen,	Pappu	eLife	(2017)	
Choi,	Dar,	Pappu	PLoS	Comput.	Biol.	(2019)

Condensates	
are	really	network	fluids	

defined	by	physical	
crosslinks	among	s0ckers

49
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When	heterotypic	interac0ons	dominate,	
the	concept	of	a	satura0on	concentra0on	

ceases	to	apply	

50
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Demonstrates	how	phase	behavior	is	
controlled	by	the	combina0on	of	

stoichiometry,	affini0es,	valence,	and	
extent	of	crosslinking
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S6ckers	and	spacers	framework	
applied	to	LCD-RNA	phase	behavior

53

53

Steven	Boeynaems Alex	Holehouse	

Venera	Weinhardt Aaron	Gitler
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(PR)30	+	hompolymeric	RNA

Boeynaems,	Holehouse,	Weinhardt	et	al.	
PNAS	(2019)	116:	7889
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Polyelectrolytes	undergo	phase	
separa0on	via	complex	coacerva0on

56

56



(PR)30	condensates	have	irregular	
morphologies	with	poly	rG

poly-rA poly-rU poly-rC poly-rG

100	mM	K2HPO4/KH2PO4,	pH	7.0

57

57

(PR)30	coacerva0on	with	homopolymeric	RNAs	
-	So}	x-ray	tomography	(SXT)

poly-rA poly-rU poly-rC poly-rG 1	µm
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58



Hypothesis:	RNA	structure	
impacts	condensate	morphology

59

59

(PR)30	coacerva0on	with	mixture	of	non-base	
pairing	RNAs	yields	spherical	condensates

rA:100%	
rC:	0%

rA:80%	
rC:	20%

rA:60%	
rC:	40%

rA:40%	
rC:	60%
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rU:60%	
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rU:0%	
rC:	100%
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(PR)30	coacerva0on	with	mixture	of	base-	
pairing	RNAs	alters	condensate	morphologies

rU:100%	
rC:	0%

rU:80%	
rC:	20%

rU:60%	
rC:	40%

rU:40%	
rC:	60%

rU:20%	
rC:	80%

rU:0%	
rC:	100%

100	mM	K2HPO4/KH2PO4,	pH	7.0
61

61

Is	the	impact	of	RNA	structure	
on	condensate	morphology	

stable	or	metastable?
62

62



PIMMS:	Polymer	Interac0ons	in	Mul0component	
MixtureS

PIMMS
Simulation 

Engine

๏ Monte	Carlo	Simula0on	Engine	

๏ Single-bead	per	residue	on	lazce	
๏ Ultra	coarse-grained	RNA	

๏ Learned	forcefield	captures	
chemical	heterogeneity

Alex	Holehouse

63

63

Coarse-grained	simula0ons	of	(PR)30	+	poly-rA	
shows	the	forma0on	of	spherical	droplets

64

64



Arrested	networks	are	disrupted	by	hea0ng	followed	
by	annealing	to	spherical	assemblies	

65

65

Coarse-grained	simula0ons	of	(PR)30	+	
poly-rA	+	poly-rU
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Networks	are	examples	of	dynamically	
arrested	phase	separa0on	

67

67

Hea0ng	followed	by	annealing	leads	to	
disrup0on	of	filamentous	networks	and	
equilibra0on	to	spherical	condensates

68

68



Impact	of	nucleobase	(anion)	
vs.	amino	acid	(ca0on)?

69

69

Nucleobase	impacts	dynamics	of	fusion

70

70



Inverse	capillary	velocity	reveals	differences	
between	purines	vs.	pyrimidines

Condensates	formed	by	coacerva0on	with	
poly-purines	slow	fusion

71

71

Nature	of	the	amino	acid	ca0on	also	impacts	
dynamics	of	fusion	

72

72



Dependence	of	internal	protein	dynamics	on	
nucleobase	is	also	governed	by	type	of	ca0on		

73

73

Phase	behavior	of	
mul0component	systems	

n	polymers	plus	solvent	can	
have	n+1	coexis0ng	phases

74
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Homogeneous	mixture	of		
solvent,	p1,	and	p2

75

75

Enriched	in	p2

Enriched	in	solvent	+	p1
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Enriched	in	p1

Enriched	in	solvent	+	p2
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77

Enriched	in	p1	
and	p2

Enriched	in	solvent
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Enriched	in	p1

Enriched	in	solvent

Enriched	in	p2
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Enriched	in	p1

Enriched	in	p2

Enriched	in	solvent
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Enriched	in	p2

Enriched	in	p1

Enriched	in	solvent
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Mixtures	of	(PR)30	+	poly-rA	+	
poly-rU?

82
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Mixtures	of	(PR)30	+	poly-rA	+	
poly-rU

100	mM	K2HPO4/KH2PO4,	pH	7.0
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(PR)30	+	50%	poly-rA	+	50%	poly-rU

84

84



Stronger	(PR)30	-	poly-rA	interac0ons	
yields	poly-rA	core	and	poly-rC	shell

85

85

Equivalence	of	interac0ons	
abrogates	core-shell	structure

86

86



Overall	Summary87

87

RNA	structure	and	composi6on	as	well	as	
Arg	/	Lys	valence	vs.	composi6on	will	

contribute	to	driving	forces,	
morphologies,	dynamics,	and	spa0al	
organiza0on	of	LCD:RNA	condensates		

88

88



Decipherable	rules	governing	the	driving	
forces	of	condensate	forma0on	can	be	
extracted	using	quan0ta0ve	deployment	
of	the	s0ckers-and-spacers	formalism

89
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Abstract

Intracellular environments are 
heterogeneous milieus comprised of 
macromolecules, osmolytes, and a range of 
assemblies that include membrane-bound 
organelles and membraneless biomolecular 
condensates. The latter are 
nonstoichiometric assemblies of protein 
and RNA molecules. They represent distinct 
phases and form via intracellular phase 
transitions. Here, we present insights from 
recent studies and provide a perspective on 
how phase transitions that lead to 
biomolecular condensates might contribute 
to cellular functions.
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All biological systems use location as a determinant of function at 
different scales, ranging from whole organisms to atoms within 
biomolecules. How to get key actors to the right locations at the right 
time and how to keep them there until they are no longer needed are 
key logistical challenges cells must perfect in order to thrive. Cells use 
different strategies to regulate localization; the best known is 
compartmentalization into traditional membrane-bound organelles 
such as the nucleus, endoplasmic reticulum, or Golgi complex. In the 
past few years, it has been proposed that membraneless organelles 
exist and complement larger classical organelles. 

Discover more with 

May 1, 2018, Volume 57, Issue 17, Pages 2403-2564

In this Special Issue, Biochemistry explores the exciting interdisciplinary 
field of Membraneless Organelles.
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“Excellent! Very inspiring 
that organic syntheses 
can be done better and 
more sustainable 
without petroleum 
based solvents.”

Markus Schaufele, MS, CSP 
Manager, Standards, Compliance and Emergency Planning
Research Safety, Northwestern University

https://www.acs.org/content/acs/en/acs-
webinars/technology-innovation/water-chemistry.html

Open Access 
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ACS Webinars  does not endorse any products or services. The views 
expressed in this presentation are those of the presenter and do not 
necessarily reflect the views or policies of the American Chemical Society.

®

Contact ACS Webinars ® at acswebinars@acs.org 

10

Upcoming ACS Webinar!
www.acs.org/acswebinars

https://www.acs.org/content/acs/en/acs-webinars/culinary-chemistry/thanksgiving-rebroadcast.html

https://www.acs.org/content/acs/en/acs-webinars/culinary-chemistry/thanksgiving-rebroadcast.html

	2019-11-14 Content Rotator Start
	ACS-Webinar-2019-Talk-2-per-page
	2019-11-14 Content Rotator End

