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R N A, li q ui d –li q ui d p h as e s e p ar ati o n, p ol y m er,  m ulti v al e n c y,  R N A bi n di n g

pr ot ei n, a b err a nt a g gr e g ati o n

A b st r a ct

Li q ui d –li q ui d p h as e s e p ar ati o n is e m er gi n g as t h e u ni v ers al  m e c h a nis m b y

w hi c h  m e m br a n el ess c ell ul ar gr a n ul es f or m.  D es pit e  m a n y pr e vi o us st u d-

i es o n c o n d e ns ati o n of i ntri nsi c all y dis or d er e d pr ot ei ns a n d l o w c o m pl e xit y

d o m ai ns,  w e l a c k u n d erst a n di n g a b o ut t h e r ol e of  R N A,  w hi c h is t h e ess e n-

ti al c o m p o n e nt of all ri b o n u cl e o pr ot ei n ( R N P) gr a n ul es.  R N A, as a n a ni o ni c

p ol y m er, is i n h er e ntl y a n e x c ell e nt pl atf or m f or a c hi e vi n g  m ulti v al e n c y a n d

c a n a c c o m m o d at e  m a n y  R N A bi n di n g pr ot ei ns.  R e c e nt fi n di n gs h a v e hi g h-

li g ht e d t h e di v ers e f u n cti o n of  R N A i n t u ni n g p h as e-s e p ar ati o n pr o p e nsit y

u p or d o w n, alt eri n g vis c o el asti c pr o p erti es a n d t h er e b y dri vi n g i m mis ci bilit y

b et w e e n diff er e nt c o n d e ns at es. I n a d diti o n t o c o ntri b uti n g t o t h e bi o p h ysi c al

pr o p erti es of dr o pl ets,  R N A is a f u n cti o n all y criti c al c o nstit u e nt t h at d e fi n es

t h e i d e ntit y of c ell ul ar c o n d e ns at es a n d c o ntr ols t h e t e m p or al a n d s p ati al

distri b uti o n of s p e ci fi c  R N P gr a n ul es. I n t his r e vi e w,  w e s u m m ari z e  w h at  w e

h a v e l e ar n e d s o f ar a b o ut s u c h r ol es of  R N A i n t h e c o nt e xt of i n vitr o a n d i n

vi v o st u di es.
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1. I N T R O D U C T I O N

M e m br a n e- b o u n d or g a n ell es ar e t h e h all m ar k of e u k ar y oti c or g a nis ms.  T h e a bilit y t o c o m p art-

m e nt ali z e diff er e nt c ell ul ar c o m p o n e nts a n d f u n cti o ns a n d t o r e g ul at e t h e fl o w of  m ol e c ul ar tr af fi c

b et w e e n or g a n ell es is ess e nti al f or s ur vi v al.  Alt h o u g h t h es e or g a n ell es h a v e l o n g b e e n a p pr e ci-

at e d as t h e pri m ar y  m e a ns of c ell ul ar or g a ni z ati o n, t h e dis c o v er y of  m e m br a n el ess or g a n ell es h as

hi g hli g ht e d a n e w a n d u bi q uit o us  m e c h a nis m t hr o u g h  w hi c h c ells c a n f urt h er c o m p art m e nt ali z e

criti c al f u n cti o ns,  m a n y of  w hi c h r e q uir e tr a nsi e nt ass e m bl y a n d ti m el y diss ol uti o n ( 1 3, 2 6).  M e m-

br a n el ess or g a n ell es f or m b y a pr o c ess c all e d li q ui d –li q ui d p h as e s e p ar ati o n ( L L P S) i n  w hi c h pr o-

t ei ns a n d ass o ci at e d  R N A  m ol e c ul es c o n d e ns e fr o m t h e s urr o u n di n g dil ut e p h as e,  w hi c h i n c ells

w o ul d b e t h e c yt o pl as m or n u cl e o pl as m ( 7, 7 3, 8 2).

L L P S o c c urs  w h e n  m ulti v al e nt bi o p ol y m ers i nt er a ct tr a nsi e ntl y t o c o al es c e i nt o a d e ns e c o n-

d e ns at e ( Fi g u r e 1 a ).  L L P S is oft e n pr o m ot e d b y hi g h pr ot ei n c o n c e ntr ati o n a n d l o w s alt c o n-

c e ntr ati o n  w h er e t h e el e ctr ost ati c, h y dr o p h o bi c, π – c ati o n, c ati o n – c ati o n, a n d π – π i nt er a cti o ns

a m o n g n ei g h b ori n g  m ol e c ul es ar e f a v or a bl e ( 2 3).  N u m er o us st u di es h a v e d e m o nstr at e d t h at pr o-

t ei ns h ar b ori n g i ntri nsi c all y dis or d er e d r e gi o ns (I D Rs), als o k n o w n as l o w- c o m pl e xit y d o m ai ns

2 4 8  R hi ne • Vi d a u r re • M yo n g

An
nu

. 
Re

v. 
Bi

op
hy

s. 
20

20
.4

9:
24

7-
26

5. 
Do

wn
lo

ad
ed

 f
ro

m 
w

w
w.

an
nu

al
re

vi
e

ws
.o

rg
 

Ac
ce

ss
 p

ro
vi

de
d 

by
 

Un
iv

er
si
ty

 o
f 
Il
li

no
is

 -
 

Ur
ba

na
 

Ch
a

mp
ai

gn
 o

n 
07

/0
8/

20
. 

Fo
r 

pe
rs

on
al
 u

se
 o

nl
y.
 



Str e s s gr a n ul e
Di s e a s e d str e s s gr a n ul e

c

d

M ulti v al e nt
i nt er a cti o n s

b

R N A – R B P
i nt er a cti o n sa

Dr o pl et R N A

I D R- c o nt ai ni n g 
pr ot ei n

N e ur o n

Fi g u r e 1

R N A dr o pl ets at e v er y st a g e of f or m ati o n a n d  m at ur ati o n. ( a )  R N A – R N A bi n di n g pr ot ei n ( R B P) c o nt a cts u n d erli e t h e f or m ati o n of

ri b o n u cl e o pr ot ei n ( R N P) c o m pl e x es t h at c o ntri b ut e t o dr o pl et f or m ati o n. I nt er a cti o ns ar e v ari e d, a n d t h e y c a n o c c ur  wit h a n y

c o m bi n ati o n of str u ct ur e d a n d u nstr u ct ur e d pr ot ei n d o m ai ns a n d  R N A s e q u e n c es. ( b )  M ulti v al e nt  R N A – R B P i nt er a cti o ns s u p p ort t h e

f or m ati o n of p h as e-s e p ar at e d dr o pl ets. (c)  C o m bi n ati o n of diff er e nt i ntri nsi c all y dis or d er e d r e gi o n (I D R) pr ot ei ns a n d  R N A all o ws f or

t h e f or m ati o n of s p e ci fi c  R N P gr a n ul es  wit h diff er e nt c ell ul ar f u n cti o ns. ( d )  A c c u m ul ati o n of a b err a nt  R N As s u c h as r e p e at e x p a nsi o n

R N As gi v es ris e t o a g gr e g ati o ns vi a i m pr o p er  R N A – R N A a n d pr ot ei n – R N A i nt er a cti o ns t h at c a n l e a d t o c ell ul ar t o xi cit y a n d

n e ur ol o gi c al dis or d ers.

( L C Ds), ar e n e c ess ar y a n d s uf fi ci e nt t o dri v e  L L P S i n vitr o a n d i n c ells ( 1 6, 5 8). I n t h e c ell ul ar

c o nt e xt, t h e I D R- c o nt ai ni n g pr ot ei ns c a n i nt er a ct  wit h  m ulti pl e bi n di n g p art n ers —t h us a c hi e vi n g

m ulti v al e n c y ( Fi g u r e 1 b ). S elf- ass e m bl y of p h as e-s e p ar at e d c o n d e ns at es t h e n b e c o m es e n er g et-

i c all y f a v or a bl e ( 8 2).  T h e p h ysi c al pr o p erti es of t h es e c o n d e ns at es, als o r ef err e d t o as dr o pl ets

(i n vitr o) or gr a n ul es (i n vi v o), ar e disti n ct fr o m t h e s urr o u n di n g e n vir o n m e nt.  T h e vis c o el as-

ti c pr o p erti es of diff er e nt c o n d e ns at es ar e t u n e d b y t h e c o nstit u e nt  m ol e c ul es ( 1).  F u n cti o n all y,

c o n d e ns at es c a n a c c el er at e e n z y m ati c a cti vit y of t h e p h as e-s e p ar at e d pr ot ei ns a n d  m et a b olit es ( 7,

8 8).  A c c or di n gl y, di v ers e f u n cti o ns  wit hi n t h e c ell, i n cl u di n g s pli ci n g, tr a ns cri pti o n,  mi cr o  R N A

( mi R N A) pr o c essi n g, h et er o c hr o m ati n f or m ati o n,  D N A d a m a g e r e p air, a n d t h e str ess r es p o ns e,

o c c ur i n t h e c o nt e xt of p h as e-s e p ar at e d b o di es ( 7, 1 7, 1 8, 2 0, 5 1, 7 4, 7 9, 8 5, 8 7, 9 9, 1 0 4). I m p or-

t a ntl y,  m a n y of t h es e f u n cti o ns r e q uir e  R N A.

M a n y  m e m br a n el ess or g a n ell es ar e ri b o n u cl e o pr ot ei n ( R N P) gr a n ul es e nri c h e d  wit h  R N A

a n d  R N A bi n di n g pr ot ei ns ( R B Ps).  T h e y ar e hi g hl y c o ns er v e d a cr oss s p e ci es a n d ar e f o u n d i n

t h e n u cl e us as  w ell as t h e c yt o pl as m of c ells ( 5).  D es pit e t h e u bi q uit o us pr es e n c e of t h e  R N P

gr a n ul es, t h e c o nstit u e nts of diff er e nt t y p es of gr a n ul es ar e v astl y diff er e nt, r e fl e cti n g t h e s el e cti v e

r e cr uit m e nt of  m ol e c ul es a c c or di n g t o t h eir f u n cti o n al r ol es ( 6 4).  O n e  m aj or f o c us i n t h e p h as e

w w w. a n n u al re vie ws.o r g • R N A  D ro plets 2 4 9
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s e p ar ati o n fi el d h as b e e n t o d et er mi n e t h e  m e c h a nis m b y  w hi c h p arti c ul ar gr a n ul es ar e n u cl e at e d

a n d ass e m bl e d i nt o disti n ct f u n cti o n al c o n d e ns at es.  U n d erst a n di n g h o w t h es e gr a n ul es f or m  will

gi v e i nsi g ht i nt o h o w t h e c ell or g a ni z es its elf i n a s p ati all y, t e m p or all y, a n d f u n cti o n all y r e g ul at e d

m a n n er ( Fi g u r e 1 c).

To d at e, t h e  m aj orit y of st u di es h a v e pri m aril y f o c us e d o n t h e r ol e of pr ot ei ns i n dri vi n g  L L P S;

t h e y h a v e d o n e t his b y p erf or mi n g d el eti o n e x p eri m e nts of t h e I D R d o m ai n fr o m  R N P-f or mi n g

pr ot ei ns.  W h e n t h es e I D R pr ot ei ns ar e r e m o v e d, r e d u cti o n i n gr a n ul e ass e m bl y or a b err a nt f or-

m ati o n h as b e e n r e p ort e d ( 1 4, 2 7, 7 6, 7 7, 7 8, 8 0, 8 6). I nt er esti n gl y, t h e  m aj orit y, if n ot all, of t h es e

pr ot ei ns ar e  R B Ps  wit h hi g h af fi nit y f or  R N A, y et t h e r ol e of  R N A i n  R N P gr a n ul e f or m ati o n is

f ar l ess  w ell u n d erst o o d. It is  w ell d o c u m e nt e d t h at  R N A is r e q uir e d f or t h e f or m ati o n of c ert ai n

R N P gr a n ul es, f or i nst a n c e,  N E A T 1 i n p ar as p e c kl es ( 2 1, 2 7) . R N A pl a ys a  m aj or r ol e i n s e e di n g or

n u cl e ati n g t h e f or m ati o n of  R N P gr a n ul es, s u c h as t h e n u cl e ol us,  P gr a n ul es, a n d str ess gr a n ul es

( 7, 2 3, 9 6) (Fi g u r e 1 c). I n t his arti cl e,  w e r e vi e w t h e i m p ort a n c e of  R N A i n  R N P gr a n ul e ass e m bl y,

i d e ntit y, f u n cti o n,  m at eri al pr o p ert y, a n d p ot e nti al tr a nsiti o n t o a dis e as e st at e (Fi g u r e 1 d ).

2.  C H A R G E D  P O L Y M E R S  A R E  T H E  B U I L D I N G  B L O C K S
O F  L I Q U I D – L I Q U I D  P H A S E S E P A R A T I O N

T w o- p h as e s yst e ms aris e  w h e n a p ol y m er-ri c h p h as e s e gr e g at es fr o m t h e p ol y m er- d e fi ci e nt p h as e

( 1 5).  T his pr o c ess, t er m e d c o a c er v ati o n, r es ults i n c oll oi d al dr o pl ets t h at h a v e u ni q u e vis c o el asti c

pr o p erti es c o m p ar e d t o t h e dil ut e, p ol y m er- d e fi ci e nt p h as e ( 1 5).  P h as e s e p ar ati o n c a n o c c ur i n

o n e- c o m p o n e nt s yst e ms, s u c h as  wit h  R N A ( 1 0, 3 8, 9 5),  D N A ( 5 5), p e pti d es ( 1 0 1), a n d f ull-l e n gt h

pr ot ei ns al o n e ( 7 3, 9 9) ( Fi g u r e 2 ).  B y c o ntr ast, o p p osit el y c h ar g e d p ol y m ers h a v e l o n g b e e n s h o w n

t o pr o m ot e c o n d e ns ati o n ( c o m pl e x c o a c er v ati o n), as i n t h e i nt er a cti o n b et w e e n  D N A a n d t h e

p ol y c ati o n s p er mi n e,  w hi c h is a b u n d a nt i n t h e n u cl e us ( 3, 9, 6 3, 9 0, 9 5).

Wit h r e c e nt dis c o v eri es of  L L P S i n t h e c yt os ol a n d n u cl e us of c ells ( 1 3, 2 6), t h e bi o p ol y m eri c

i nt er a cti o ns t h at dri v e c ell ul ar p h as e s e p ar ati o n ar e n o w c o mi n g i nt o f o c us.  Pr ot ei ns  wit h  L C Ds

Pr ot e ct e d
d u pl e x

Pr ot e ct e d
d u pl e x

D N AR N A P R O T EI N S

B a s e- p air
i nt er a cti o n s
B a s e- p air

i nt er a cti o n s

S e c o n d ar y
str u ct ur e s
S e c o n d ar y
str u ct ur e s

M ulti v al e n c yM ulti v al e n c y

C h ar g e – c h ar g e
i nt er a cti o n s

C h ar g e – c h ar g e
i nt er a cti o n s

T erti ar y
str u ct ur e s
T erti ar y

str u ct ur e s

Di v er s e
a mi n o a ci d s

Di v er s e
a mi n o a ci d s

U n str u ct ur e d
d o m ai n s

U n str u ct ur e d
d o m ai n s

C h ar g e – c h ar g e
i nt er a cti o n s

C h ar g e – c h ar g e
i nt er a cti o n s

C h ar g e – c h ar g e
i nt er a cti o n s

C h ar g e – c h ar g e
i nt er a cti o n s

Hi g hl y or d er e d
a n d r e p etiti v e
Hi g hl y or d er e d
a n d r e p etiti v e

a b c

Fi g u r e 2

R N A is u ni q u el y p ois e d f or li q ui d –li q ui d p h as e s e p ar ati o n ( L L P S). ( a ) Si n gl e-str a n d e d  R N A h as a  mi xt ur e of str u ct ur e d a n d

u nstr u ct ur e d r e gi o ns, al o n g  wit h v ari e d f a c ets f or c h ar g e – c h ar g e a n d ot h er  m ol e c ul ar i nt er a cti o ns. ( b )  D N A h as a pr ot e ct e d d u pl e x t h at

li mits i nt er a cti o ns t o t h e gr o o v e d or c h ar g e d s urf a c e. (c)  Pr ot ei ns, li k e  R N A, c a n b e str u ct ur e d or u nstr u ct ur e d a n d h a v e v ari e d

o p p ort u niti es t o bi n d  R N A.
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a n d I D Rs ar e  w ell k n o w n t o u n d er g o p h as e s e p ar ati o ns t hr o u g h h o m ot y pi c s elf- ass o ci ati o n ( 5 8,

7 3).  L C Ds ar e n at ur all y  L L P S pr o n e,  wit h π – π i nt er a cti o ns b et w e e n ar o m ati c r esi d u es a n d n o n-

c o v al e nt c h ar g e d i nt er a cti o ns dri vi n g p h as e s e p ar ati o n ( 1 0 5).  H o w e v er, bi n di n g b et w e e n p ol y c a-

ti o ni c pr ot ei n d o m ai ns ( e. g., ar gi ni n e- a n d l ysi n e-ri c h  m otifs) a n d p ol y a ni o ni c n u cl ei c a ci ds c a n

dr a m ati c all y i n cr e as e p h as e s e p ar ati o n pr o p e nsit y t hr o u g h i n cr e as e d  m ulti v al e n c y a n d f a v or a bl e

c h ar g e i nt er a cti o ns ( 3).  Pr ot ei ns c a n e n g a g e i n p h as e s e p ar ati o n  wit h b ot h  D N A ( 8 7) a n d  R N A

( 5 8, 1 0 6), as  w ell as u n c o n v e nti o n al p ol y m ers li k e p ol y( A D P-ri b os e) ( 5 0, 8 5).  R N A is a u ni q u el y

p ot e nt p ol y m er t o c o ntr ol p h as e s e p ar ati o n ( Fi g u r e 2 );  R N A str u ct ur e, s e q u e n c e, a n d l e n gt h ar e

all p ar a m et ers t h at c a n t u n e  L L P S pr o p e nsit y a n d c o n d e ns at e pr o p erti es, as dis c uss e d b el o w.

2. 1.  R N A I n n at el y  Mi mi c s  L o w - C o m pl e xit y  D o m ai n s

U nli k e g e n o mi c  D N A, t h e si n gl e-str a n d e d n at ur e of c ell ul ar  R N A all o ws it t o a d o pt  m a n y u ni q u e

c o nf or m ati o n al str u ct ur es t h at c a n pr o mis c u o usl y i nt er a ct  wit h  m a n y pr ot ei ns ( 9 3) ( Fi g u r e 2 a ).

R N A c a n f ol d t o f or m  w ell- d e fi n e d h air pi ns t h at ar e r e c o g ni z e d b y s p e ci fi c pr ot ei ns s u c h as  M S 2,

t erti ar y str u ct ur es  wit hi n tr a nsf er  R N As t h at c o nf er s p e ci fi cit y t o ri b os o m e, a n d hi g hl y f ol d e d a n d

e n z y m ati c all y a cti v e ri b o z y m es i n cl u di n g  T wist er ( 8, 7 0, 7 2, 9 3).  F or e x a m pl e, t h e pr ot ei n  W hi 3

(fr o m t h e  m ulti n u cl e at e d f u n g us As h b y a goss y pii ) h as a s p e ci fi c bi n di n g s e q u e n c e f o u n d i n t h e  R N As

C L N 3 a n d  B NI 1.  T h es e  R N As f or m s e c o n d ar y h air pi n str u ct ur es t h at als o i nt er a ct  wit h  W hi 3

( 4 7). I n a d diti o n, t h e  R  m otifs of t h e pr ot ei n  N P M 1 s p e ci fi c all y i nt er a ct  wit h ri b os o m al  R N A

(r R N A) t o a c hi e v e  m ulti v al e n c y a n d f or m t h e n u cl e ol us ( 6 6). S m all n o n c o di n g  R N As, i n cl u di n g

cis- a cti n g ri b os wit c h es, c a n r e m ai n str u ct ur e d u ntil b as e p airi n g  wit h c o m pl e m e nt ar y  D N A a n d

R N A t ar g ets t o c o ntr ol g e n e e x pr essi o ns i n  m ulti pl e c ell ul ar p at h w a ys ( 6 5, 6 7). S o m e  m ess e n-

g er  R N As ( m R N As) ar e b uilt  wit h str u ct ur e d d o m ai ns t h at r e d u c e d e gr a d ati o n a n d u nstr u ct ur e d

d o m ai ns t h at e n g a g e i n pr o d u cti v e i nt er a cti o ns ( 6 1).

I n  m ost u nstr u ct ur e d c ell ul ar  R N As, b ot h t h e p h os p h at e b a c k b o n e a n d  R N A b as es ar e e x-

p os e d, e n a bli n g  R N A bi n di n g p art n ers t o e n g a g e i n  m a n y diff er e nt s p e ci fi c a n d n o ns p e ci fi c i nt er-

a cti o ns ( 5 7).  P h ysi ol o gi c al s alt c o n diti o ns c a n st a bili z e c h ar g e – c h ar g e i nt er a cti o ns b et w e e n  R N A

a n d p ositi v el y c h ar g e d p e pti d e s e q u e n c es ( 6, 2 3, 5 2, 1 0 6).  T h e p h ysi ol o gi c al s alt c o n c e ntr ati o n

is si m ult a n e o usl y l o w e n o u g h t o p er mit pr ot ei n – R N A bi n di n g b ut hi g h e n o u g h t o c o nf er s o m e

s el e cti vit y t o d e di c at e d  R N A bi n di n g d o m ai ns ( 4 6, 5 6, 7 5).  C ert ai n  R N A  m otifs c a n f or m a d di-

ti o n al str u ct ur es, s u c h as  G- q u a dr u pl e x es,  w hi c h  m a y h el p s u p p ort  L L P S ( 1 0, 2 8). I m p ort a ntl y,

l o n g  R N A c h ai ns c a n bi n d  m ulti pl e p art n ers, a n d t his  m ulti v al e n c y is criti c al f or  L L P S ( 4 2).  T h e

a bilit y t o h a v e n u m er o us i nt er a cti o ns of v ar yi n g  m ol e c ul ar s p e ci fi cit y — a n d t h e fl e xi bilit y t o a d o pt

m a n y c o nf or m ati o ns —s u g g ests t h at  R N A  mi mi cs t h e pr o p erti es of a pr ot ei n’s  L C D.

2. 2.  R N A – P r ot ei n I nt e r a cti o n  P r o m ot e s  Li q ui d – Li q ui d  P h a s e S e p a r ati o n

M a n y  R B Ps h ar b or I D Rs e nri c h e d  wit h ar gi ni n e, l ysi n e, gl y ci n e, t yr osi n e, a n d pr oli n e ( 1 6, 7 1).

T h es e r esi d u es dri v e  L L P S a n d c o ntr ol t h e fl ui dit y of t h e r es ulti n g c o n d e ns at e.  A c c or di n gl y, d el e-

ti o n of I D Rs gr e atl y d a m p e ns  L L P S pr o p e nsit y ( 5 2, 5 8).  Alt h o u g h t h e I D Rs of  R B Ps ar e s uf fi ci e nt

f or  L L P S, ass o ci ati o n  wit h  R N A c a n si g ni fi c a ntl y pr o m ot e  L L P S, li k el y b y e n a bli n g  m ulti m er-

i z ati o n of  R B Ps ( 5 2).

R B P i nt er a cti o ns  wit h  R N A c a n b e s p e ci fi c a n d n o ns p e ci fi c ( 4 0, 7 6, 8 1).  M a n y  R B Ps h a v e dis-

ti n ct a n d str u ct ur e d  R N A bi n di n g d o m ai ns, s u c h as  R N A r e c o g niti o n  m otifs ( R R Ms) a n d zi n c

fi n g ers ( Z n Fs) ( 1 6, 5 8),  w hi c h c a n ass o ci at e  wit h  R N A i n t h e c o nt e xt of  R N P gr a n ul es ( 3 9, 1 0 6).

M e a n w hil e, n o ns p e ci fi c c o nt a cts b et w e e n p ositi v el y c h ar g e d ar gi ni n e- gl y ci n e- gl y ci n e ( R G G) d o-

m ai ns, s u c h as t h os e f o u n d i n  F U S or  P G L- 3, a n d n e g ati v el y c h ar g e d  R N A c a n str e n gt h e n t h e

w w w. a n n u al re vie ws.o r g • R N A  D ro plets 2 5 1
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bi n di n g af fi nit y of e xisti n g  R N A bi n di n g d o m ai ns a n d pr o vi d e alt er n ati v e i nt er a cti o n  m o d es ( 2 3,

5 2, 7 6, 8 1, 1 0 5).  M a n y cl assi c al  R B Ps ar e g o o d c a n di d at es f or p h as e s e p ar ati o n gi v e n t h at  R N A

bi n di n g d o m ai ns t e n d t o b e i ntri nsi c all y dis or d er e d.  T his gr o u p of  R B Ps als o i n cl u d es t h e  R N A

h eli c as es  L A F 1 a n d  D D X- 3,  w hi c h h a v e  R e c A-li k e d o m ai ns t h at c a n i nt er a ct  wit h si n gl e-str a n d e d

R N A, as  w ell as I D Rs ri c h i n  R G G  m otifs ( 3 6, 4 4, 8 0).  A b o v e,  w e dis c uss  W hi 3,  w hi c h als o c o nt ai ns

a n  R N A r e c o g niti o n  m otif, as  w ell as a p ol y- Q I D R ( 1 0 6).  T h e c o m bi n ati o n of pr ot ei n s u b d o-

m ai ns a n d  R N A p ar a m et ers —s u c h as str u ct ur e, l e n gt h, a n d s e q u e n c e c o m p ositi o n — c a n  m o d ul at e

p h as e s e p ar ati o n.

L o n g  R N As c a n e n g a g e i n  m ulti v al e nt pr ot ei n i nt er a cti o ns,  w hi c h ef fi ci e ntl y pr o m ot es  L L P S.

M ost  R B Ps h a v e  R N A bi n di n g f o ot pri nts of a p pr o xi m at el y 1 0 – 2 0 n u cl e oti d es ( 3 3).  T h er ef or e, t h e

mi ni m u m si z e of  R N A n e e d e d t o e n a bl e  m ulti v al e n c y is li k el y 2 0 – 4 0 n u cl e oti d es; s m all er  R N As

s u c h as  mi R N As a n d pi wi-i nt er a cti n g  R N As ( pi R N As)  m a y n ot b e a bl e t o s e e d p h as e s e p ar a-

ti o n i n d e p e n d e ntl y ( 4 2, 9 5). I n d e e d,  R N As f o u n d i n str ess gr a n ul es t e n d t o s k e w l o n g er i n l e n gt h

( 4 2, 8 1, 9 5). I n vitr o, l o n g er  R N A als o  m or e eff e cti v el y p h as e s e p ar at es i nt o f u n cti o n al c o n d e n-

s at es ( 8 8).  R N A c o n c e ntr ati o n is als o i m p ort a nt f or c o ntr olli n g  L L P S.  T h e hi g h  R N A-t o- pr ot ei n

c o n c e ntr ati o n r ati o i n t h e n u cl e us b uff ers p h as e s e p ar ati o n of  R B Ps s u c h as  F U S a n d  T A R  D N A-

bi n di n g pr ot ei n 4 3 ( T D P- 4 3).  B y c o ntr ast, t h e l o w  R N A-t o- pr ot ei n r ati o l e a ds t o c o n d e ns ati o n of

t h e s a m e pr ot ei ns i n t h e c yt o pl as m ( 5 8).  T his i n di c at es t h at b ot h  R N A c o n c e ntr ati o n a n d l e n gt h,

w hi c h t o g et h er d e fi n e t h e t ot al n u m b er of p ot e nti al  R N A bi n di n g sit es, ar e k e y r e g ul at ors of  L L P S

i n c ells.

2. 3.  R N A  C a n  T u n e t h e  Fl ui dit y of  Ri b o n u cl e o p r ot ei n  Li q ui d – Li q ui d
P h a s e S e p a r ati o n

R N A pr o p erti es c a n b e alt er e d d e p e n di n g o n  w hi c h ri b o n u cl e oti d es ar e e nri c h e d.  C ert ai n n u-

cl e oti d e s e q u e n c es pr o m ot e pr o mis c u o us  R B P bi n di n g.  F or i nst a n c e,  F U S f a v ors bi n di n g t o

ur a cil-ri c h s e q u e n c es, t h o u g h it d o es n ot h a v e a str o n g s e q u e n c e pr ef er e n c e ( 8 2).  B y c o ntr ast,

T D P- 4 3 pr ef ers str u ct ur e d  R N As ( 3 7).  T h e p ol y- p yri mi di n e tr a cts ( p ol y- ur a cil a n d p ol y- c yt osi n e)

t e n d t o b e  m or e fl e xi bl e d u e t o t h e a v ail a bilit y of o nl y o n e ar o m ati c ri n g f or b as e st a c ki n g ( 3,

1 0, 9 5).  T h es e s e q u e n c es  m a y pr o m ot e  m or e d y n a mi c  R N A – pr ot ei n i nt er a cti o ns a n d  m or e fl u-

i di c c o n d e ns at es.  B y c o ntr ast, p ol y- a d e ni n e s e q u e n c es  m a y pr o m ot e stiff er i nt er a cti o ns d u e t o t h e

b ul k y p uri n e b as e,  w hi c h pr es e nts t w o ri n gs f or str o n g er b as e st a c ki n g i nt er a cti o ns  wit h n ei g h b or-

i n g ri b o n u cl e oti d es ( 3, 1 0, 9 5).  P ol y- g u a ni n e tr a cts c a n f ol d i nt o  G- q u a dr u pl e x str u ct ur es,  w hi c h

ar e n ot r e c o g ni z e d b y  m ost  R B Ps ( 1 0, 9 5).  G- q u a dr u pl e x es, h o w e v er,  m a y pr o m ot e  R N A – R N A

c o nt a cts, c o ntri b uti n g t o  R N A s e e di n g ( 2 5).  H o w e v er, if  G- q u a dr u pl e x es d o f or m  wit hi n dr o pl ets,

t h e n t h e y  will li k el y dr a m ati c all y r e d u c e t h e fl ui dit y of t h e r es ulti n g dr o pl et ( 1 0).

Alt h o u g h  m a n y  R B Ps c a n bi n d a n d c o n d e ns e  wit h u nstr u ct ur e d or p o orl y str u ct ur e d  R N As,

s o m e  R B Ps r e q uir e str u ct ur e d  R N As f or bi n di n g. S e c o n d ar y f ol ds, s u c h as h air pi ns,  m a y s e q u est er

c ert ai n pr ot ei ns i nt o p h as e-s e p ar at e d dr o pl ets ( 4 7, 6 0, 1 0 7).  F or e x a m pl e,  W hi 3 bi n ds diff er e ntl y

s h a p e d  m R N As t o f or m bi o p h ysi c all y ( vis c osit y) a n d f u n cti o n all y disti n ct c o n d e ns at es,  w hi c h b e-

c o m e i m mis ci bl e i n vitr o a n d i n vi v o ( 4 7, 4 8, 1 0 6).  Disr u pti o n of t h e disti n ct  R N A str u ct ur e l e d

t o l oss of s p e ci fi c  W hi 3 – R N A i nt er a cti o ns, r es ulti n g i n  mis ci bilit y b et w e e n t h e t w o c o n d e ns at es

( 4 7).  T h er ef or e, l o n g  m R N As e n c o m p assi n g b ot h str u ct ur e d a n d u nstr u ct ur e d r e gi o ns  m a y a c-

c o m m o d at e diff er e nt t y p es of  R B Ps i n a  m ulti v al e nt  m a n n er.  Ti g ht bi n di n g  wit h str u ct ur e d  R N A

el e m e nts  m a y h el p f or m st a bl e, s oli d-li k e dr o pl et c or es (s e e S e cti o n 3. 2) ( 9 6).  T h e  m ulti v al e nt

n at ur e of  R N A  m a k es it a n i d e al c a n di d at e f or s c aff ol di n g a n d or g a ni zi n g  L L P S.  R N A i n t h e

f or m of h o m o p ol y m ers or hi g hl y r e p e at e d s e q u e n c es,  w hi c h ar e als o p at h o g e ni c, c a n u n d er g o

L L P S or a g gr e g ati o n d e p e n di n g o n t h e s e q u e n c e c o m p ositi o n a n d l e n gt h ( 1 0, 3 8).  Ta k e n t o g et h er,
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R N A is i m p ort a nt f or c o ntr olli n g p h as e s e p ar ati o n a n d alt eri n g t h e pr o p erti es of p h as e-s e p ar at e d

c o n d e ns at es.

3.  R N A  C O N T R I B U T E S  T O  P H A S E S E P A R A T I O N  O F  P R O T E I N S
I N T O  C O N D E N S A T E S

M a n y c ell ul ar gr a n ul es c o nt ai n  R N A. I n d e e d,  R N A c a n pl a y a pi v ot al r ol e i n c o n d e nsi n g pr ot ei ns

i nt o disti n ct p h as es, a cti n g as a s c aff ol d t o i n cr e as e t h e fr e q u e n c y of pr ot ei n – pr ot ei n c o nt a cts.

W h e n dr o pl ets f or m, t h e y e x hi bit diff er e nt pr o p erti es fr o m t h e dil ut e p h as e, i n cl u di n g alt er e d

vis c osit y, fl ui dit y, si z e, cir c ul arit y, a n d el asti cit y.  C o n c e ntr ati n g  R N A a n d  R B Ps i n cl os e pr o xi m-

it y c a n tri g g er f u n cti o n al c ell ul ar r es p o ns es i n cl u di n g t h e  D N A d a m a g e r es p o ns e, s pli ci n g, a n d

tr a ns cri pti o n. I n t his s e cti o n,  w e dis c uss h o w  R N A s e e ds  R B P- e nri c h e d dr o pl ets, a n d h o w  R N A

ef fi ci e ntl y pr o m ot es t h e f or m ati o n of s u bstr u ct ur es  wit hi n bi p h asi c dr o pl ets.

3. 1.  R N A S e e d s a n d  A c c el e r at e s  C o n d e n s ati o n of  R N A  Bi n di n g  P r ot ei n s

M a n y pr ot ei ns c a n f or m p h as e-s e p ar at e d dr o pl ets at a hi g h c o n c e ntr ati o n t hr es h ol d, r ef err e d t o

as t h e s at ur ati o n c o n c e ntr ati o n or  C s at . T h er ef or e, a hi g h er Cs at m e a ns t h at a hi g h er pr ot ei n c o n-

c e ntr ati o n is n e e d e d t o a c hi e v e p h as e s e p ar ati o n ( 1 0 0).  A d diti o n of  R N A c a n d e cr e as e  C s at , li k el y

t hr o u g h its  m ulti v al e nt s c aff ol di n g of  R B Ps ( 7, 2 3, 5 2, 5 8, 8 2, 1 0 6) ( Fi g u r e 3 a ).  M ulti pl e  R B Ps

c a n bi n d t o a si n gl e  R N A  m ol e c ul e, pr o m oti n g oli g o m eri c i nt er a cti o ns ( 8 2).  F or i nst a n c e, t h e

D E A D- b o x  A T P as e  D h h 1  m ulti m eri z es  wit h  R N A i n t h e pr es e n c e of  P at 1, a n d  F U S is k n o w n

t o oli g o m eri z e  wit h l o n g  R N As ( 8 0, 8 2). I n a gr e e m e nt  wit h t h es e r es ults, dis a bli n g  R N A c o n-

t a cts c a n eff e cti v el y pr e v e nt  L L P S of  R B Ps, s u g g esti n g t h at  R N A – pr ot ei n i nt er a cti o ns ar e criti c al

f or  R N P c o n d e ns ati o n ( 6 9, 8 6).  T h e  m ulti v al e n c y e n a bl e d b y l o n g  R N As c a n p er mit p h as e s e p-

ar ati o n of pr ot ei ns t h at  w o ul d n ot or di n aril y p h as e s e p ar at e at p h ysi ol o gi c al c o n c e ntr ati o ns. I n

r e p e at- e x p a nsi o n dis or d ers, t h e l o n g er l e n gt h of t h e e n c o d e d  R N A c a n i n cr e as e bi n di n g  m ulti v a-

l e n c y a n d l e a d t o dis e as e ( 3 8).  A n ot h er e x a m pl e of t h e i m p ort a n c e of  m ulti v al e n c y is  F U S,  w hi c h

d o es n ot us u all y p h as e s e p ar at e at its c o n c e ntr ati o n i n t h e c yt o pl as m, 2 μ M ( 7 3, 1 0 0).  H o w e v er,

a d diti o n of  R N A c a n dri v e dr o pl et f or m ati o n at t his l o w c o n c e ntr ati o n.  T his  m a y b e b e c a us e

R N A – pr ot ei n c o nt a cts c a n sti m ul at e s u bs e q u e nt pr ot ei n – pr ot ei n, pr ot ei n – R N P, or  R N P – R N P

c o nt a cts, t h er e b y c o n c e ntr ati n g  R B Ps i n cl os e pr o xi mit y ( 8 2).  R N A is als o criti c al f or t h e  m ai n-

t e n a n c e of dr o pl et str u ct ur e;  R N as e tr e at m e nt l e a ds t o l oss of t h e t w o- p h as e s yst e m ( 5 8).  T h e

f or m ati o n a n d diss ol uti o n of  R N A- c o nt ai ni n g dr o pl ets c a n o c c ur o n t h e or d er of s e c o n ds t o  mi n-

ut es, d e p e n di n g o n t h e ki n eti cs a n d bi n di n g str e n gt h of t h e pr ot ei n – R N A i nt er a cti o n, a n d  R N A

c a n r e a dil y tr a nsit b et w e e n p h as e-s e p ar at e d gr a n ul es i n c ells ( 6 8, 1 0 2).  R N A- c o nt ai ni n g gr a n ul es

oft e n p ersist i n c ells d uri n g all st a g es of t h e c ell c y cl e, e x c e pt d uri n g  M p h as e, i n  w hi c h t h es e

gr a n ul es oft e n dis ass e m bl e a n d r e ass e m bl e d uri n g t h e n e xt  G 1 p h as e ( 2 1, 2 4).  Alt h o u g h  R B Ps c a n

oft e n u n d er g o p h as e s e p ar ati o ns i n d e p e n d e ntl y,  R N A is i m p ort a nt f or s e e di n g a n d  m ai nt ai ni n g

R N P dr o pl et str u ct ur e at p h ysi ol o gi c al c o n diti o ns.

3. 2.  R N A s  Alt e r t h e  P h y si c al  P r o p e rti e s of  D r o pl et s

P h as e-s e p ar at e d dr o pl ets e x hi bit p h ysi c al pr o p erti es t h at ar e disti n ct fr o m t h e s urr o u n di n g di-

l ut e p h as e, a n d t h es e pr o p erti es ar e d et er mi n e d b y t h e c o nstit u e nt p ol y m ers of t h e dr o pl et.  Vis u al

c h ar a ct eristi cs, s u c h as dr o pl et si z e a n d cir c ul arit y, ar e e asil y i n fl u e n c e d b y pr ot ei n c o n c e ntr ati o n

( 1) (Fi g u r e 3 c).  M or e o v er, ti m e c a n als o i n fl u e n c e t h e dr o pl et pr o p erti es.  A g e d dr o pl ets ar e  m or e

li k el y t o b e  m or e s oli d li k e, es p e ci all y as dis or d er e d pr ot ei ns a d o pt c o nf or m ati o ns at t h e e n er g eti c

w w w. a n n u al re vie ws.o r g • R N A  D ro plets 2 5 3
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N U C L E A TI O N/ C S ATN U C L E A TI O N/ C S AT

R N P f or m ati o nR N P f or m ati o n

Pr ot ei n
oli g o m eri z ati o n
Pr ot ei n
oli g o m eri z ati o n

Dr o pl et 
c o n d e n s ati o n
Dr o pl et 
c o n d e n s ati o n

a F U SI O N KI N E TI C SF U SI O N KI N E TI C S

El a sti cit y ( η)El a sti cit y ( η)

Vi s c o sit y
( F)

Vi s c o sit y
( F)

Ar e aAr e a

D R O P L E T P R O P E R TI E SD R O P L E T P R O P E R TI E S

As p e ct 
r ati o

As p e ct 
r ati o

b

c R N A E X C H A N G ER N A E X C H A N G E

R e d u c e d
fl ui dit y

R e d u c e d
fl ui dit y

I n cr e a s e d 
fl ui dit y

I n cr e a s e d 
fl ui dit y

I M MI S CI BI LI T YI M MI S CI BI LI T Yd

e

Fi g u r e 3

R N A c o ntr ols t h e p h ysi c al pr o p erti es of p h as e-s e p ar at e d dr o pl ets. ( a )  R N A s e e ds dr o pl et f or m ati o n t hr o u g h  m ulti v al e nt c o nt a cts  wit h

R N A bi n di n g pr ot ei n ( R B P) p art n ers.  Aft er a d diti o n al  R N A – R B P i nt er a cti o ns, dr o pl et c o n d e ns ati o n c a n o c c ur. ( b )  T h e vis c o el asti c

pr o p erti es of dr o pl ets c a n b e t u n e d b y t h e  R N As i n c or p or at e d i nt o t h e dr o pl et.  T h es e  R N As c a n aff e ct t h e ki n eti cs of t h e dr o pl et

f usi o n e v e nt ( vis c osit y) or t h e r et ur n t o a n or m al cir c ul ar  m or p h ol o g y ( el asti cit y). (c)  Dr o pl et si z e a n d cir c ul arit y ( als o r ef err e d t o as t h e

as p e ct r ati o) c a n b e c o ntr oll e d b y  R N A c o nt e nt. ( d )  H et er ot y pi c  R N A dr o pl ets c a n h a v e  wi d el y di v er g e nt vis c o el asti c pr o p erti es t h at

pr e v e nt  mi xi n g ( mis ci bilit y) or l e a d t o f or m ati o n of bi p h asi c dr o pl ets. ( e)  R N A e x c h a n g e r at es  wit h t h e s urr o u n di n g e n vir o n m e nt c a n

v ar y d e p e n di n g o n t h e  R N A c o nt a cts  wit hi n t h e dr o pl et a n d t h e vis c o el asti c pr o p erti es of t h e dr o pl et.

mi ni m a of t h eir f ol di n g p ot e nti al e n er gi es ( 7 3). I n cr e as e d dr o pl et si z e a n d d e cr e as e d cir c ul arit y

m a y r es ult as p h as e s e p ar ati o n r e a c h es e q uili bri u m  wit h t h e dil ut e p h as e a n d a g es. I m p ort a ntl y,

s u c h i n vitr o a gi n g of dr o pl ets l e a ds t o c h a n g e d pr o p erti es t h at r e c a pit ul at e t h e a b err a nt st at e f o u n d

i n a g e- d e p e n d e nt n e ur o d e g e n er ati o ns s u c h as a m y otr o p hi c l at er al s cl er osis ( A L S) a n d fr o nt ot e m-

p or al l o b ar d e m e nti a ( F T D), i n  w hi c h li q ui d-li k e  R N P dr o pl ets ar e c o n v ert e d t o s oli d-li k e fi brils

i n  m ot or n e ur o ns (s e e S e cti o n 6) ( 7 3).

B e c a us e  R N A alt ers t h e  C s at of  R B Ps,  R N A c a n als o i n cr e as e t h e o bs er v a bl e dr o pl et si z e —

w h e n  m or e pr ot ei ns c a n e n g a g e i n  L L P S, t h e ar e a of t h e dr o pl et i n cr e as es ( 7, 1 0 6). S o m e  R N As

h a v e b e e n o bs er v e d t o r e a dil y e x c h a n g e b et w e e n n ei g h b ori n g  R B P gr a n ul es i n vi v o ( Fi g u r e 3 e ),

i m pl yi n g t h at t h es e c o n d e ns at es ar e d y n a mi c all y i nt er a cti n g  wit h t h e r esi d e nt  R N A ( 6 8). Si m-

il arl y, a d diti o n of  R N A i n vitr o i n cr e as es dr o pl et fl ui dit y ( 6, 2 3, 5 8, 9 1, 1 0 6) a n d vis c osit y ( 5 8)

(Fi g u r e 3 b ). I n t h e c as e of t h e  P gr a n ul e pr ot ei n  L A F- 1, t h e eff e ct of  R N A o n dr o pl et fl ui dit y  w as

m e as ur e d b y  mi cr or h e ol o g y a n d fl u or es c e n c e r e c o v er y aft er p h ot o bl e a c hi n g ( 2 3).  Wit h b ot h e x-

p eri m e nt al  m et h o ds, t h e a d diti o n of  R N A i n cr e as e d t h e o bs er v e d fl ui dit y of  L A F- 1 c o n d e ns at es.

2 5 4  R hi ne • Vi d a u r re • M yo n g
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R N A gr a n ul es als o  m a y h a v e bi p h asi c p artiti o ni n g b et w e e n a s oli d-li k e c or e a n d a fl ui d-li k e s h ell,

a n d hi g hl y str u ct ur e d  R N As  m a y b e i m p ort a nt f or s c aff ol di n g t h e l e ast fl ui di c s u b c o m p art m e nts of

t h e dr o pl et ( 5 2).  D es pit e t h es e fi n di n gs, h o w  R N A aff e cts t h e li q ui d pr o p erti es of p h as e-s e p ar at e d

dr o pl ets is p o orl y u n d erst o o d.

3. 3.  R N A s  C a n  H el p S u b c o m p a rt m e nt ali z e  P h a s e - S e p a r at e d  D r o pl et s

Alt h o u g h  m ost dr o pl ets a p p e ar s y m m etri c a n d d e v oi d of i nt er n al s u bstr u ct ur es, p h as e s e p ar ati o ns

c a n o c c ur  wit hi n dr o pl ets, dri v e n b y diff eri n g vis c ositi es a n d s urf a c e t e nsi o ns ( 2 6, 8 4) ( Fi g u r e 3 d ).

Bi p h asi c dr o pl ets h a v e b e e n o bs er v e d i n vi v o a n d i n vitr o, a n d t h e y c a n b e  m o d el e d i n si m ul ati o ns

( 2 6, 3 1, 4 7).  T h e f u n cti o n al r ol es of bi p h asi c dr o pl ets r e m ai n u n k n o w n, b ut t h e y  m a y pl a y a r ol e i n

s p ati al or g a ni z ati o n of n u cl e ar c o m p art m e nts, as s h o w n i n D roso p hil a  mel a no g aste r e m br y os ( 4 5).

R N As h a v e b e e n s h o w n t o dir e ct bi p h asi c p artiti o ni n g of gr a n ul es.  As st at e d a b o v e, disti n ct a n d

i m mis ci bl e dr o pl ets c a n f or m usi n g diff er e nt  R N As t h at bi n d t o s p e ci fi c  R B Ps;  W hi 3 c a n p h as e

s e p ar at e i n d e p e n d e ntl y  wit h diff eri n g  R N As ( 4 8, 1 0 6).  H o w e v er, t h e f u n cti o n al r ol e of bi p h asi c

R N A dr o pl ets r e m ai ns u n k n o w n.

3. 4.  R N A s  M a y  Di s a g g r e g at e  D r o pl et s b y  P r e v e nti n g  A d diti o n al
P r ot ei n – P r ot ei n  C o nt a ct s

B as e d o n t h e a b err a nt  L L P S o bs er v e d i n p at h ol o gi c al i n cl usi o ns i n n e ur o d e g e n er ati o n, r e c e nt

eff orts h a v e f o c us e d o n h o w t o dis a g gr e g at e s oli d-li k e dr o pl ets.  P ot e nt dis a g gr e g as es t h at dis-

e nt a n gl e s p e ci fi c dr o pl ets d o s o t hr o u g h str o n g i nt er a cti o ns  wit h t ar g et  R B Ps t h at ej e ct pr ot ei n

m ol e c ul es fr o m a g gr e g at e d dr o pl ets.  F or e x a m pl e,  F U S is dis a g gr e g at e d b y t h e n u cl e ar i m p ort

r e c e pt or  K ar y o p h eri n- β 2 ( K a p β 2),  w hi c h s e q u est ers t h e  P Y- N L S l o c at e d i n  F U S’s  C t er mi n us

a n d t h er e b y diss ol v es  F U S c o n d e ns at es ( 3 2, 3 5, 7 7, 1 0 5).  Li k e wis e, t h e p ot e nti at e d  Hs p 1 0 4 dis a g-

gr e g at es  T D P- 4 3 a n d ot h er p h as e s e p ar ati o n – pr o n e pr ot ei ns ( 8 9).  Alt h o u g h ej e cti o n of t h e  R B P

fr o m t h e c o n d e ns e d p h as e  w as a h all m ar k of t h es e a n d ot h er dis a g gr e g as es, hi g h- af fi nit y  R N As

or hi g hl y c o n c e ntr at e d  R N As  m a y als o s er v e as dis a g gr e g as es b y s e q u est eri n g  R B Ps a n d t h er e b y

b uff eri n g p h as e s e p ar ati o n ( 5 8).  F or e x a m pl e, if a p arti c ul ar str u ct ur e of  R N A is a bl e t o tr a p t h e

R B P a n d pr e cl u d e a d diti o n al pr ot ei n – pr ot ei n or pr ot ei n – R N A i nt er a cti o ns, t h e n it  w o ul d li mit

m ulti v al e n c y a n d t h us l o w er t h e p h as e s e p ar ati o n p ot e nti al of t h e  R N P c o m pl e x ( 2 9).  T his  m a y

b e a n eff e cti v e  m e c h a nis m f or r e d u ci n g p h as e s e p ar ati o n t hr o u g h tr e at m e nt  wit h ot h er wis e i n ert

R N As.

3. 5.  R N A s  A r e a  F u n d a m e nt al  C o m p o n e nt of  R N A  Bi n di n g  P r ot ei n  D r o pl et s

As dis c uss e d a b o v e,  m a n y i n vitr o st u di es h a v e d e m o nstr at e d t h at  R N As h a v e t h e p o w erf ul a bilit y

t o c o n c e ntr at e  R B Ps a n d pr o m ot e p h as e s e p ar ati o n.  T h e y c a n l o w er  C s at , c o ntr ol i ntr a dr o pl et

s u bstr u ct ur es, a n d t u n e t h e p h ysi c al pr o p erti es of dr o pl ets.  All of t h es e r ol es c o nstit ut e  m e a ns

t hr o u g h  w hi c h t h e c ell c a n c o m p art m e nt ali z e bi ol o gi c al f u n cti o ns  wit h o ut t h e p er m a n e n c e of

m e m br a n e- b o u n d or g a n ell es. I n c ells,  R N A- c o nt ai ni n g c o n d e ns at es c a n b e r e v ersi bl y cr e at e d a n d

d estr o y e d, a n d — as  wit h pr ot ei n e x pr essi o n — R N A a cts as a n ot h er l a y er of dr o pl et r e g ul ati o n.

4.  R N A  N U C L E A T E S  R I B O N U C L E O P R O T E I N  G R A N U L E
F O R M A T I O N I N  V I V O

C ell ul ar  R N P gr a n ul es ar e c o m p os e d of  R N A a n d  R B Ps t h at t o g et h er f or m a li q ui d-li k e c o m pl e x

t o c arr y o ut a v ari et y of pr o c ess es i n vi v o.  B ot h  R N A a n d  R B Ps ar e n e c ess ar y f or t h e f or m ati o n

w w w. a n n u al re vie ws.o r g • R N A  D ro plets 2 5 5
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N U C L E A TI O N

M U LTI V A L E N C Y A N D T U NI N GR E G U L A TI O N O F m R N A

L O C A LI Z A TI O N A N D T R A N S L A TI O N

a

d

R E G U L A TI O N O F F O R M A TI O N 

I N TI M E A N D S P A C Ec

b

Fi g u r e 4

R N A c o ntri b ut es t o ri b o n u cl e o pr ot ei n ( R N P) gr a n ul e f or m ati o n a n d f u n cti o n.  R N A c a n assist i n t h e

f or m ati o n of  R N P gr a n ul es i n  m a n y diff er e nt  w a ys. (a )  R N A s er v es as a s c aff ol d f or  R N A – R N A a n d

pr ot ei n – R N A i nt er a cti o ns t o s e e d t h e f or m ati o n of  R N P gr a n ul es. ( b ) S p e ci fi c  R N As c a n t u n e t h e el asti cit y

or fl ui dit y of  R N P gr a n ul es, f or mi n g disti n ct  R N P gr a n ul es. ( c)  T h e t ar g et e d l o c ali z ati o n of  R N As c a n

c o ntr ol t h e s p ati al a n d t e m p or al f or m ati o n of  R N P gr a n ul es. ( d )  R N As s u c h as  mi cr o  R N As a n d

pi wi-i nt er a cti n g  R N As c a n assist i n t h e r e cr uit m e nt of  m ess e n g er  R N As t o  R N P gr a n ul es f or tr a nsl ati o n al

c o ntr ol a n d pr o p er c ell s p e ci fi c ati o n a n d f u n cti o n.

of  R N P gr a n ul es.  T h e r ol e of  R N A i n n u cl e ati n g t h es e b o di es c a n v ar y. I n  m a n y  R N P gr a n ul es,

R N A s er v es as a s c aff ol d f or  R N A – R N A a n d  R N A – pr ot ei n i nt er a cti o ns t o f or m t h es e str u ct ur es

(Fi g u r e 4 ).  T h es e  R N As ar e oft e n l o n g, a n d s o m e  R N As h a v e e x p a n d e d 3 u ntr a nsl at e d r e gi o ns

( U T Rs) t h at all o w f or  m ulti v al e nt  R N A – R N A a n d pr ot ei n – R N A i nt er a cti o ns ( 3 4).  R N As n u cl e at e

gr a n ul es t hr o u g h  R N A – R N A i nt er a cti o ns a n d r e cr uit  R B Ps t o j oi n t h es e str u ct ur es ( 5 2).  C ell ul ar

gr a n ul e f or m ati o n c a n b e pr o m ot e d b y  R N A, as d e m o nstr at e d i n t h e n u cl e ati o n of t h e n u cl e ol us

( 7, 2 4, 6 6),  P gr a n ul es ( 2 3, 8 1, 8 6), b a ct eri al  R N P ( B R) b o di es of α - pr ot e o b a ct eri a ( 2), pr o c essi n g

b o di es ( P Bs) ( 1 4, 2 2, 3 0, 5 4, 7 4, 7 8, 8 0, 8 3, 9 2), a n d str ess gr a n ul es ( 4 1 – 4 3, 9 6).

I n t h e n u cl e ol us, r R N A is n e c ess ar y f or n u cl e ati o n ( 7).  Pr e-r R N A r e cr uits n u cl e ol ar pr ot ei ns,

a n d r e d u c e d tr a ns cri pti o n of r R N A l e a ds t o a d el a y i n t h e f or m ati o n of t h e n u cl e ol us  wit h v ari a bl e

ass e m bl y o ut c o m es ( 2 4). Si mil arl y, f or  P gr a n ul es i n C ae no r h a b ditis ele g a ns , l o n g  m R N A  m ol e c ul es

ass o ci at e  wit h  P G L- 3 pr ot ei n  wit h l o w s e q u e n c e s p e ci fi cit y a n d pr o m ot e p h as e s e p ar ati o n.  T his

is s e e n at p h ysi ol o gi c al c o n diti o ns i n vitr o ( 8 1). Si n c e  M E X- 5 h as hi g h er af fi nit y f or  m R N A t h a n

d o es  P G L- 3, t h e a d diti o n of  M E X- 5 i n hi bits gr a n ul e ass e m bl y of  P G L- 3 a n d  R N A, t h er e b y eff e c-

ti v el y pr e v e nti n g t h e  R N A – R N A a n d  R N A – P G L- 3 i nt er a cti o ns r e q uir e d t o f or m  P gr a n ul es ( 8 1).
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T h us,  R N A c a n t u n e u p or d o w n t h e  R N P c o n d e ns ati o n pr o p e nsit y i n c ells a n d  m a y b e criti c al

f or t e m p or al a n d s p ati al r e g ul ati o n of c ell ul ar pr o c ess es s u c h as e m br y o g e n esis.

B R b o di es ar e f o u n d i n b a ct eri a a n d f or m vi a i nt er a cti o ns b et w e e n p ositi v el y c h ar g e d p at c h es

of  R N as e  E a n d n e g ati v el y c h ar g e d  R N A. S u bs e q u e ntl y, t h es e c o n d e ns at es r e cr uit pr ot ei ns t h at

f u n cti o n i n  m R N A d e c a y p at h w a y ( 2).  P Bs a n d str ess gr a n ul es b ot h r el y o n t h e pr es e n c e of  R N A

f or n u cl e ati o n a n d r e cr uit m e nt of pr ot ei ns f or ass e m bl y. I n p arti c ul ar,  P Bs f or m b y  m ulti m eri z ati o n

of  D H H 1,  P A T 1, a n d  m R N A ( 7 8, 8 0, 9 2).  T h e r e m o v al of  R N A pr e v e nts  P A T 1 fr o m pr o m oti n g

t h e f or m ati o n of  P b o di es as  m ulti m eri z ati o n  wit h  D H H 1 is n ot s u p p ort e d  wit h o ut  m R N A ( 7 8,

8 0, 9 2).

I n c ert ai n n u cl e ar b o di es, s p e ci fi c  R N As ar e ess e nti al f or f or m ati o n.  Ass e m bl y of p ar as p e c kl es

r e q uir es  N E A T 1, a 4- kil o b as e- p air-l o n g n o n c o di n g  R N A ( 1 1, 1 9, 2 1, 2 7, 5 3, 6 1, 6 2).  A c c or d-

i n gl y, r e m o v al of  N E A T 1 b y  R N A i nt erf er e n c e c o m pl et el y er a di c at es p ar as p e c kl es,  w hil e t h e

o v er e x pr essi o n of  N E A T 1 l e a ds t o a n i n cr e as e d a b u n d a n c e of p ar as p e c kl es.  N E A T 1 c o nt ai ns a

s elf- c o m pl e m e nt ar y s e q u e n c e t h at all o ws f or i ntr a m ol e c ul ar i nt er a cti o n, as  w ell as i nt er m ol e c u-

l ar h y bri ds t o cr e at e a n i nt er c o n n e ct e d l atti c e. I n a d diti o n t o n u cl e ati n g p ar as p e c kl es,  N E A T 1 is

als o r e q uir e d f or t h e r e cr uit m e nt of p ar as p e c kl e pr ot ei ns  P S P 1 a n d p 5 4 t o t h e c o n d e ns at es ( 2 1,

2 7).  T h us, c ert ai n  R N P gr a n ul es r e q uir e s p e ci fi c  R N As t o n u cl e at e a n d r e cr uit  R B Ps t o f urt h er

oli g o m eri z e a n d c arr y o ut t h eir f u n cti o n.

R N A al o n e  m a y b e s uf fi ci e nt t o f or m c o n d e ns at es, as d e m o nstr at e d b y r e p e at e x p a nsi o n  R N As

t h at h a v e b e e n i m pli c at e d i n n e ur ol o gi c al dis or d ers, i n cl u di n g  H u nti n gt o n’s a n d  A L S. I n a l o n g

c h ai n of r e p e at e d s e g m e nts, s u c h  R N As c a n f ol d u p i nt o s e c o n d ar y or t erti ar y str u ct ur es a n d e n-

g a g e i n  m ulti v al e nt b as e p airi n g t h at pr o m ot es  R N A f o c us f or m ati o n i n vi v o a n d i n vitr o.  L o n g er

r e p e ats pr o m ot e  m or e f o ci, a n d t h e  R N A f o ci  m a y e x hi bit li q ui d-li k e pr o p erti es i n vi v o, as r e v e al e d

b y  F R A P a n al ysis ( 4, 2 5, 3 8).  T his fi n di n g d e m o nstr at es t h e i m p ort a n c e of  R N A – R N A i nt er a c-

ti o ns i n  R N P gr a n ul e f or m ati o n. I nt er esti n gl y, t h e i n cr e as e d l e v el of fr e e  m R N A i n t h e c yt o pl as m

i n d u c es t h e f or m ati o n of str ess gr a n ul es,  w hil e a n i n cr e as e i n pr ot ei n c o n c e ntr ati o n l e a ds t o t h eir

diss ol uti o n, s u g g esti n g t h e  R N A-t o- pr ot ei n r ati o as t h e k e y p ar a m et er i n str ess gr a n ul e f or m ati o n

( 1 2, 9 6).  R N A is oft e n o bs er v e d t o s er v e as t h e i niti al s e e di n g f or gr a n ul e f or m ati o n ( Fi g u r e 4 a ).

T h er ef or e,  R N A c a n i m p a ct t h e t e m p or al a n d s p ati al f or m ati o n of gr a n ul es, r e g ul at e t h e r e cr uit-

m e nt of s p e ci fi c pr ot ei ns f or oli g o m eri z ati o n, a n d s er v e as t h e k e y el e m e nt t h at d e fi n es s p e ci fi c

R N P gr a n ul es.

4. 1.  R N A  P r o vi d e s  M ulti v al e nt I nt e r a cti o n s a n d  T u n e s  Ri b o n u cl e o p r ot ei n
G r a n ul e  P r o p e rti e s I n  Vi v o

I n a d diti o n t o pr o vi di n g a n u cl e ati o n pl atf or m f or  R N P gr a n ul e f or m ati o n,  R N As als o pl a y a

r ol e i n t u ni n g t h e bi o p h ysi c al pr o p erti es of  R N P gr a n ul es.  T h e a d diti o n of t ot al y e ast  R N A t o

a n u cl e ol ar pr ot ei n  FI B- 1 l o w er e d t h e  C s at f o r dr o pl et f or m ati o n, b ut it als o l e d t o a c c el er at e d

c o ars e ni n g of t h e dr o pl ets, s u g g esti n g a di v ers e r ol e of  R N A i n p h as e s e p ar ati o n d y n a mi cs

(Fi g u r e 4 a – b ) ( 7). I n c o ntr ast,  L A F- 1 dr o pl ets f or m e d  wit h  R N A e x hi bit e d di mi nis h e d vis c osit y

a n d e n h a n c e d fl ui dit y  wit hi n t h e dr o pl ets,  w hi c h p oi nts t o a r ol e of  R N A as a fl ui di z er ( 2 3). I n

b ot h c as es,  R N A alt er e d t h e li q ui d-li k e d y n a mi cs  wit hi n t h e dr o pl ets, r e mi nis c e nt of t h e  R N P

gr a n ul es f or m e d i n vi v o.  H o w e v er, s p e ci fi c  R N As c a n als o d et er mi n e h o w li q ui d a n  R N P gr a n ul e

m a y b e a n d cr e at e gr a n ul es t h at ar e disti n ct fr o m t h os e f or m e d b y ot h er  R N As.  As  w e d es cri b e

a b o v e,  W hi 3 f or m disti n ct gr a n ul es  wit h p arti c ul ar s ets of  m R N As b uilt f or diff er e nt c ell ul ar

r ol es.  C L N 3 a n d  B NI 1 ar e t h e t w o  m R N As of diff er e nt s e q u e n c e a n d s h a p e t h at c o n d e ns e

wit h  W hi 3 i nt o dr o pl ets  wit h diff eri n g vis c osit y.  O n c e f or m e d, t h e  C L N 3 a n d  B NI 1 dr o pl ets

b e c o m e i m mis ci bl e a n d p h ysi c all y s e gr e g at e d i n t h e or g a nis m, i n di c ati n g t h e criti c al f u n cti o n

w w w. a n n u al re vie ws.o r g • R N A  D ro plets 2 5 7
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of  R N A str u ct ur e,  w hi c h g o v er ns ass e m bl y of disti n ct gr a n ul es i n vi v o ( 4 7, 1 0 6). I n s u m m ar y,

R N A pr o vi d es a s c aff ol d t o i niti at e t h e f or m ati o n of  m a n y  R N P gr a n ul es i n vi v o a n d t u n e t h e

c h ar a ct eristi c li q ui d-li k e pr o p erti es of t h e c ell ul ar c o n d e ns at es ( 5 2, 7 6).

4. 2.  R N A  R e g ul at e s  Ti mi n g a n d S p ati al  F o r m ati o n
of  Ri b o n u cl e o p r ot ei n  G r a n ul e s

R N A f u n cti o ns i n r e g ul ati n g t h e t e m p or al a n d s p ati al f or m ati o n of gr a n ul es i n vi v o ( Fi g u r e 4 c). I n

t h e  W hi 3 s yst e m, t h e  G 1 c y cli n  m R N As,  B NI 1 a n d S P A 2, f or m c o m pl e x es  wit h  W hi 3 i n a p ol ar-

i z e d  m a n n er, t h er e b y l o c ali zi n g t h es e tr a ns cri pts f or t h e tr a nsl ati o n of p ol arit y-s etti n g pr ot ei ns t o

i n d u c e s y m m etr y- br e a ki n g e v e nts f or t h e pr o p er c ell gr o wt h ( 4 8) (Fi g u r e 4 c– d ).  A d diti o n all y, i n

D roso p hil a , a p pr o xi m at el y 2 0 0  m R N As ar e e nri c h e d i n t h e g er m pl as m a n d pl a y r ol es i n g er m c ell

f or m ati o n, s p e ci fi c ati o n, s ur vi v al, a n d  mi gr ati o ns ( 9 4).  F or t h e d e v el o p m e nt of C. ele g a ns , M E G-

3’s a c c ess t o  R N A all o ws f or t h e r e g ul ati o n of t h e ti mi n g a n d ori e nt ati o n of  P gr a n ul e f or m ati o n.

M E G- 3 p h as e s e p ar at es  wit h t h e a d diti o n of  R N A i n vitr o, b ut  M E X- 5 dis p ers es  M E G- 3 – R N A

c o n d e ns at e b y s e q u est eri n g  R N A n e e d e d t o s e e d  P gr a n ul e f or m ati o n i n vi v o.  T his  m e c h a nis m al-

l o ws f or  m R N A t o a ct as t h e k e y r e g ul at or f or  P gr a n ul e f or m ati o n a n d diss ol uti o n i n a s p a c e- a n d

ti m e- d e p e n d e nt  m a n n er ( 8 6). I n a d diti o n,  mi R N As pl a y a r ol e i n t ar g eti n g  m R N As t o  P b o di es f or

dir e ct e d  m R N A d e c a y ( 5 4, 7 4). Si mil arl y, pi R N As t h at ar e i n c o m pl e x  wit h  A u b h a v e b e e n s h o w n

t o l o c ali z e t o g er m gr a n ul es a n d us e p arti al b as e p airi n g t o bi n d  m R N As a n d r e cr uit t h e m i nt o t h e

g er m pl as m ( 9 8).  T his s u g g ests a  m e c h a nis m t h at all o ws f or l o c ali z ati o n of c ert ai n  m R N As t o t h e

p ost eri or f or tr a nsl ati o n al c o ntr ol a n d t h us eff e cti v e g er m c ell f at e s p e ci fi c ati o n a n d f u n cti o n.

5.  M U T A T I O N S  A N D  A B N O R M A L  A C C U M U L A T I O N  O F  R N A  L E A D
T O  T O X I C I T Y  A N D  N E U R O D E G E N E R A T I V E  D I S E A S E

Dis e as e-li n k e d  R N As, s u c h as  G 4 C 2 r e p e at e x p a nsi o n  R N As, c a n l e a d t o a n a b err a nt p h as e s e p ar a-

ti o n sti m ul at e d b y u n us u al  R N A str u ct ur es t h at ass o ci at e a n d a g gr e g at e  wit h n ei g h b ori n g pr ot ei ns.

T h es e p at h o g e ni c  R N A gr a n ul es c a n dri v e c ell ul ar t o xi cit y a n d dis e as es i n cl u di n g  A L S a n d  F T D

(Fi g u r e 5 ).  T h e a d diti o n of  G 4 C 2  R N A t o c ells pr o m ot es t h e f or m ati o n of str ess gr a n ul es i n a

r e p e at l e n gt h – d e p e n d e nt  m a n n er ( 2 5).  T h e c o n n e cti o n b et w e e n r e p e at  R N A f o c us f or m ati o n a n d

c ell ul ar t o xi cit y  w as d e m o nstr at e d b y n u cl e ar r et e nti o n of p at h o g e ni c 3 8 x a n d 7 2 x  G 4 C 2 r e p e ats,

w hi c h c a us e d a p o pt oti c c ell d e at h ( 4 9).

I n t h e c as e of  m y ot o ni c d ystr o p hi es, t h e r e p e at e x p a nsi o n of  C T G i n t h e 3 U T R of t h e dis-

t ro p hi a  myoto nic a p rotei n ki n ase (D M P K ) g e n e l e a ds t o a l o n g r e p e at of  C U G  R N As t h at ar e r et ai n e d

i n t h e n u cl e us as a c o n d e ns e d f o c us ( 1 0 3).  T his n u cl e ar a c c u m ul ati o n of  m ut a nt  R N A l e a ds t o t h e

p at h o g e n esis of b ot h  m y ot o ni c d ystr o p h y t y p es 1 a n d 2 ( 5 9, 9 7).  Ta k e n t o g et h er, e x p a nsi o n of

r e p e at  R N A ( b ot h tri- a n d h e x a n u cl e oti d es) l e a ds t o t h e i m pr o p er a c c u m ul ati o n a n d a g gr e g ati o n

of  R N A i n t h e c yt o pl as m a n d n u cl e us,  w hi c h s u bs e q u e ntl y g e n er at es c ell ul ar t o xi cit y a n d d e v el-

o p m e nt of n e ur o d e g e n er ati v e dis e as es.

6.  R N A  C A N S E Q U E S T E R  R N A  B I N D I N G  P R O T E I N S  T O  P R E V E N T
A G G R E G A T I O N  F O R M A T I O N

T h e r ati o of  R N A t o pr ot ei n is criti c al f or t h e f or m ati o n of p h as e-s e p ar at e d dr o pl ets i n vitr o as

w ell as i n vi v o.  T h e hi g h  R N A c o n c e ntr ati o n i n t h e n u cl e us b uff ers p h as e s e p ar ati o n of  F U S-li k e

R N A bi n di n g pr ot ei ns ( 5 8).  T D P- 4 3 is a n  R N A bi n di n g pr ot ei n t h at f or ms c yt o pl as mi c i n cl usi o ns

a n d c a us es n e ur ot o xi cit y i m pli c at e d i n  A L S a n d  F T D.  A d di n g  R N As  wit h t h e  T D P- 4 3 c o g n at e
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N O R M A L G R A N U L E

A b n or m al
R N A

N or m al
R N A

I D R- c o nt ai ni n g 
pr ot ei n

DI S E A S E D G R A N U L E

Fi g u r e 5

R ol e of  R N A i n a b err a nt p h as e s e p ar ati o n.  E x p a nsi o n r e p e at  R N As  wit h a b n or m al str u ct ur es c a n c a us e

a c c u m ul ati o n a n d a g gr e g ati o n of  R N A a n d i ntri nsi c all y dis or d er e d pr ot ei ns i n  R N P gr a n ul es t o pr o m ot e

c ell ul ar t o xi cit y a n d n e ur ol o gi c al dis e as e.  A b br e vi ati o ns: I D R, i ntri nsi c all y dis or d er e d r e gi o n;  R N P,

ri b o n u cl e o pr ot ei n.

s e q u e n c e ( Cli p _ 3 4 nt, ri c h i n  U G  m otifs) s h o w e d a l oss of c yt o pl as mi c ass e m bli es i n c ells e x pr ess-

i n g o pt o T D P 4 3, s u g g esti n g t h at  R N A c a n r es c u e t h e f or m ati o n of a b err a nt p h as e tr a nsiti o ns a n d

n e ur ot o xi cit y.  T his  m a y aris e fr o m t h e  R N A,  w hi c h b uff ers c o n d e ns ati o n b y s e q u est eri n g  T D P- 4 3

( 6 0).

7.  D I S C U S S I O N

T h e r ol e of  R N A i n t h e f or m ati o n a n d t h e  m ai nt e n a n c e of  R N P gr a n ul es h as b e e n u n d er a p pr e-

ci at e d. I n t his r e vi e w,  w e s h o w t h at  R N A pl a ys a  m aj or r ol e i n n u cl e ati n g a n d ass e m bli n g  R N P

dr o pl ets i n vitr o a n d i n vi v o vi a  m ulti v al e nt i nt er a cti o ns ( Fi g u r e 1 ).  R N A  m a y als o s er v e t o t u n e

t h e diff er e nt bi o p h ysi c al pr o p erti es of c o n d e ns at es, i n cl u di n g si z e, cir c ul arit y, vis c osit y, el asti cit y,

a n d s urf a c e t e nsi o n.  R N A c a n h el p r e g ul at e t h e ti mi n g a n d s p ati al f or m ati o n of c ell ul ar gr a n ul es

b y c o ntr olli n g t h e n u cl e ati o n a n d pr o p erti es of t h e r es ulti n g c o n d e ns at e. I m p ort a ntl y,  R N As ar e

a f u n cti o n al e ntit y of gr a n ul es.  R N As c a n als o dri v e li q ui d-li k e gr a n ul es t o a n a g gr e g at e d st at e

t o i n d u c e n e ur o d e g e n er ati o n. I n p arti c ul ar,  R N As  wit h r e p e at s e q u e n c es c a n a c c u m ul at e a n d cr e-

at e a b err a nt c o n d e ns ati o n i n b ot h t h e n u cl e us a n d c yt o pl as m t h at l e a ds t o pl a q u e f or m ati o n a n d

n e ur o d e g e n er ati o n. I n c o ntr ast,  R N As c a n als o s er v e t o fl ui di z e  R N P dr o pl ets.  P h ysi ol o gi c all y,

R N A-t o- pr ot ei n r ati o is t h e k e y p ar a m et er t hr o u g h o ut t h e c ell, as t h e l o w a n d hi g h r ati os t u n e u p

a n d d o w n t h e p h as e s e p ar ati o n pr o p e nsit y, r es p e cti v el y.  T h er ef or e,  R N As ar e k e y pl a y ers i n c el-

l ul ar gr a n ul e ass e m bl y a n d h a v e  m a n y f u n cti o ns t h at  will n e e d t o b e f urt h er c h ar a ct eri z e d  m o vi n g

f or w ar d.
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7. 1.  T h e  M ol e c ul a r  G r a m m a r of  R N A St r u ct u r e a n d  P h a s e S e p a r ati o n

T h e pr ot ei n d o m ai ns t h at c o ntri b ut e t o p h as e s e p ar ati o n h a v e b e e n e xt e nsi v el y st u di e d.  R e c e ntl y,

c ert ai n a mi n o a ci ds h a v e b e e n i m pli c at e d i n c o ntr olli n g t h e p h ysi c al pr o p erti es of p h as e-s e p ar at e d

c o n d e ns at es, r e v e ali n g cl u es a b o ut t h e  m ol e c ul ar gr a m m ar of dis or d er e d pr ot ei ns ( 1 0 0, 1 0 5).  H o w

R N A s e q u e n c e a n d str u ct ur e  m o d ul at e t h es e pr o p erti es is n ot u n d erst o o d.  A b o v e,  w e dis c uss s e v-

er al e x a m pl es of pr ot ei ns t h at dis pl a y a n  R N A s u bstr at e s p e ci fi cit y a n d diff er e nt  R N A s h a p es t h at

dri v e c o n d e ns at es of v ar yi n g vis c osit y a n d i m mis ci bilit y ( 4 7, 1 0 6).  L o n g a n d str u ct ur e d  R N A  m a y

b e ass o ci at e d  wit h t h e st a bl e c or e r at h er t h a n t h e d y n a mi c s h ell of str ess gr a n ul es.  M e a n w hil e,

u nstr u ct ur e d  R N As t h at c a n e n g a g e i n  m or e pr o mis c u o us i nt er a cti o ns  m a y b ett er s u p p ort  m ulti-

v al e n c y. I n a d diti o n, t h er e is a  wi d e s p e ctr u m of  R N A str u ct ur al di v ersit y t h at e xists i n d y n a mi c

e q uili bri u m, b ut littl e e vi d e n c e e xists t o d e m o nstr at e  w hi c h str u ct ur es  m a y pr o m ot e p h as e s e p-

ar ati o n  m or e eff e cti v el y.  W h er e as a  m ol e c ul ar gr a m m ar of a mi n o a ci d c o m p ositi o n i n a s u bs et

of  R N A bi n di n g pr ot ei ns h as b e e n li n k e d  wit h dr o pl et pr o p erti es, t h e  m ol e c ul ar gr a m m ar t h at

li n ks  R N A str u ct ur e t o p h as e s e p ar ati o n r e m ai ns u ns ol v e d.  E a c h dis or d er e d  R B P h as its o w n

c o m p e n di u m of  R N A bi n di n g s p e ci fi citi es, b ut  w e h a v e y et t o i d e ntif y h o w  R N A f ol di n g aff e cts

p h as e s e p ar ati o n of e v e n o n e of t h es e  R B Ps.  T h e c o m bi n at ori al eff e ct of v ari o us str u ct ur e d a n d

u nstr u ct ur e d el e m e nts o n a si n gl e  R N A p ol y m er is als o u n k n o w n.

I m p ort a ntl y, c ert ai n  R N A str u ct ur es  m a y pr e cl u d e  m ulti v al e n c y, s u c h as  G U-ri c h  R N A s e-

q u e n c es t h at i n hi bit  T D P- 4 3 oli g o m eri z ati o n ( 2 9). If  m ulti v al e n c y is i n hi bit e d, p h as e-s e p ar ati o n

pr o p e nsit y is dr asti c all y r e d u c e d ( 4 2).  T h er ef or e, a b ett er u n d erst a n di n g of h o w  R N A str u ct ur e

pr o m ot es, i n hi bits, a n d t u n es p h as e s e p ar ati o n is criti c all y i m p ort a nt f or d esi g ni n g  R N A  m ol e c ul es

t h at  m a y a ct as p ot e nti al dis a g gr e g as es, f or e x a m pl e.  B e c a us e a b err a nt p h as e s e p ar ati o n of c ert ai n

R B Ps —s u c h as  F U S a n d  T D P- 4 3 —is li n k e d  wit h n e ur o d e g e n er ati o n, d e v el o pi n g dis a g gr e g as es of

t h es e pr ot ei ns is i m p ort a nt f or tr e ati n g p ati e nts.  N u cl e ar i m p ort r e c e pt ors ar e k n o w n t o p ot e ntl y

dis a g gr e g at e t h es e pr ot ei ns ( 3 2), b ut o v er e x pr essi o n of i m p orti ns  m a y l e a d t o a d v ers e eff e cts i n

p ati e nts.  B y c o ntr ast, a d esi g n er  R N A t h at s p e ci fi c all y bi n ds a c ert ai n  R B P a n d c a n i n hi bit p h as e

s e p ar ati o n  m a y b e a p ot e nti al t h er a p e uti c a p pr o a c h f or n e ur o d e g e n er ati v e dis e as es s u c h as  A L S

a n d  F T D.  T h er ef or e, cl e arl y li n ki n g  R N A str u ct ur e  wit h p h as e s e p ar ati o n is a n i m p ort a nt e m er g-

i n g ar e a of st u d y i n t h e c o mi n g y e ars.

7. 2.  R N A a n d  G r a n ul e  F u n cti o n I n  Vi v o

M a n y r e c e nt st u di es r e p ort o n p h as e-s e p ar at e d gr a n ul es t h at f u n cti o n i n c e ntr al bi ol o gi c al pr o-

c ess es i n cl u di n g e m br y o g e n esis, e pi g e n eti c r e g ul ati o n, c ell diff er e nti ati o n, si g n ali n g, r e pli c ati o n,

tr a ns cri pti o n, a n d tr a nsl ati o n.  F urt h er st u di es ar e r e q uir e d t o f ull y u n d erst a n d  R N P gr a n ul es i n

vi v o; t h es e st u di es s h o ul d e n c o m p ass n ot o nl y  R B Ps, b ut als o  R N As a n d ot h er p ol y m ers s u c h as

p ol y( A D P-ri b os e) t h at ar e g e n er all y f o u n d i n t h es e b o di es.  T h e u n d erst a n di n g of  R N A i n t h e n u-

cl e ati o n of t h es e b o di es a n d t u ni n g of c o n d e ns at e pr o p erti es d e m a n ds  m ol e c ul ar pr o bi n g at t h e

l e v el of si n gl e  R N A a n d si n gl e pr ot ei n  m ol e c ul es. I n a d diti o n, u n d erst a n di n g t h e r ol e of  R N A –

R N A i nt er a cti o ns t h at c a n p ot e nti all y s e e d i n h er e ntl y diff er e nt c o n d e ns at es is criti c al, es p e ci all y

f or dis e as e-li n k e d a b err a nt a g gr e g at es.  As it di d  w h e n p erf or m e d o n str ess gr a n ul es,  m or e tr a n-

s cri pt o mi c a n al ysis of t h e c o m p o n e nts of  R N P gr a n ul es  will i nf or m us a b o ut t h e t y p es of  R N A

t h at c o nstit ut e t h e  R N P gr a n ul es.  Fi n all y, it  will b e criti c al t o u n d erst a n d t h e n or m al f u n cti o n

of  R N A a n d  R B Ps i n t h e f or m ati o n a n d c ell ul ar a cti vit y of  R N P gr a n ul es t o d et er mi n e h o w n or-

m al  R N P ass e m bl y c a n b e c o m e p at h ol o gi c al  R N P gr a n ul e ass e m bl y.  U n d erst a n di n g h o w a b err a nt

R N As n u cl e at e dis p ar at e ass e m bl y of  R N A a n d  R B Ps t o i n d u c e n e ur ot o xi cit y  will b e i m p ort a nt f or

o ur f u n d a m e nt al u n d erst a n di n g of n e ur o d e g e n er ati v e dis e as es s u c h as  A L S,  F T D, a n d  m y ot o ni c

d ystr o p hi es a n d  m a y assist i n d e v el o pi n g t h er a pi es f or tr e ati n g t h es e i n c ur a bl e dis e as es.

2 6 0  R hi ne • Vi d a u r re • M yo n g

An
nu

. 
Re

v. 
Bi

op
hy

s. 
20

20
.4

9:
24

7-
26

5. 
Do

wn
lo

ad
ed

 f
ro

m 
w

w
w.

an
nu

al
re

vi
e

ws
.o

rg
 

Ac
ce

ss
 p

ro
vi

de
d 

by
 

Un
iv

er
si
ty

 o
f 
Il
li

no
is

 -
 

Ur
ba

na
 

Ch
a

mp
ai

gn
 o

n 
07

/0
8/

20
. 

Fo
r 

pe
rs

on
al
 u

se
 o

nl
y.
 



S U M M A R Y  P O I N T S

1.  C h ar g e – c h ar g e a n d ot h er  m ol e c ul ar bi n di n g  m o d es all o w  R N A t o f or m  m ulti v al e nt i n-

t er a cti o ns  wit h pr ot ei ns.

2.  P h as e-s e p ar at e d dr o pl et pr o p erti es s u c h as vis c osit y, el asti cit y, si z e, ar e a, a n d fl ui dit y ar e

t u n e d b y c o nstit u e nt  R N A  m ol e c ul es.

3. I n vi v o gr a n ul e f or m ati o n is a c c el er at e d  wit h  R N A vi a  R N A – R B P c o nt a cts.

4.  M ut ati o ns a n d a b n or m al a c c u m ul ati o n of  R N A, es p e ci all y r e p e at- e x p a nsi o n  R N As, c a n

l e a d t o t o xi cit y a n d n e ur o d e g e n er ati v e dis e as es s u c h as  A L S a n d  F T D.

D I S C L O S U R E S T A T E M E N T

T h e a ut h ors ar e n ot a w ar e of a n y af fili ati o ns,  m e m b ers hi ps, f u n di n g, or fi n a n ci al h ol di n gs t h at

mi g ht b e p er c ei v e d as aff e cti n g t h e o bj e cti vit y of t his r e vi e w.

A C K N O W L E D G M E N T S

O ur r es e ar c h i n  R N P p h as e s e p ar ati o n is s u p p ort e d b y f u n di n g fr o m t h e  N ati o n al I nstit ut e of

N e ur ol o gi c al  Dis or d ers a n d Str o k e, gr a nt 1 R F 1 N S 1 1 3 6 3 6, t o  K. R.,  V. V., a n d S. M.  We als o a c-

k n o wl e d g e t h e s u p p ort fr o m gr a nts 1 F 3 1 G M 1 3 4 6 4 1 – 0 1 t o  V. V. a n d 5 T 3 2 G M 0 0 7 2 3 1 – 4 5 t o  K. R.

a n d  V.  V.
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3 0.  Fr o m m S A,  K a m e n z J,  N öl d e k e  E R,  N e u  A,  Z o c h er  G, S pr a n g ers  R. 2 0 1 4. I n vitr o r e c o nstit uti o n of a

c ell ul ar p h as e-tr a nsiti o n pr o c ess t h at i n v ol v es t h e  m R N A d e c a p pi n g  m a c hi n er y. A n ge w.  C he m. I nt.  E d.

E n gl. 5 3: 7 3 5 4 – 5 9

3 1.  G asi or  K,  Z h a o J,  M c L a u g hli n  G,  F or est  M G,  Gl a df elt er  A S,  N e w b y J. 2 0 1 9.  P arti al d e mi xi n g of  R N A-

pr ot ei n c o m pl e x es l e a ds t o i ntr a dr o pl et p att er ni n g i n p h as e-s e p ar at e d bi ol o gi c al c o n d e ns at es. P hys.  Re v.

E 9 9: 0 1 2 4 1 1

3 2.  G u o  L,  Ki m  HJ,  Wa n g  H,  M o n a g h a n J,  Fr e y er m ut h  F, et al. 2 0 1 8.  N u cl e ar-i m p ort r e c e pt ors r e v ers e

a b err a nt p h as e tr a nsiti o ns of  R N A- bi n di n g pr ot ei ns  wit h pri o n-li k e d o m ai ns. Cell 1 7 3: 6 7 7 – 9 2. e 2 0

3 3.  H af n er  M,  L a n dt h al er  M,  B ur g er  L,  K h ors hi d  M,  H a uss er J, et al. 2 0 1 0.  P A R- Cli P — a  m et h o d t o i d e ntif y

tr a ns cri pt o m e- wi d e t h e bi n di n g sit es of  R N A bi n di n g pr ot ei ns. J.  Vis.  E x p. 2: 2 0 3 4
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3 4.  H a n  T W,  K at o  M,  Xi e S,  W u  L C,  Mir z a ei  H, et al. 2 0 1 2.  C ell-fr e e f or m ati o n of  R N A gr a n ul es: b o u n d

R N As i d e ntif y f e at ur es a n d c o m p o n e nts of c ell ul ar ass e m bli es. Cell 1 4 9: 7 6 8 – 7 9

3 5.  H of w e b er  M,  H utt e n S,  B o ur g e ois  B, S pr eit z er  E,  Ni e d n er- B o bl e n z  A, et al. 2 0 1 8.  P h as e s e p ar ati o n of

F U S is s u p pr ess e d b y its n u cl e ar i m p ort r e c e pt or a n d ar gi ni n e  m et h yl ati o n. Cell 1 7 3: 7 0 6 – 1 9. e 1 3

3 6.  H o n d el e  M, S a c h d e v  R,  H ei nri c h S,  Wa n g J,  Vall ott o n  P, et al. 2 0 1 9.  D E A D- b o x  A T P as es ar e gl o b al

r e g ul at ors of p h as e-s e p ar at e d or g a n ell es. N at u re 5 7 3: 1 4 4 – 4 8

3 7. Is hi g ur o  T, S at o  N,  U e y a m a  M,  F uji k a k e  N, S elli er  C, et al. 2 0 1 7.  R e g ul at or y r ol e of  R N A c h a p er o n e

T D P- 4 3 f or  R N A  misf ol di n g a n d r e p e at- ass o ci at e d tr a nsl ati o n i n S C A 3 1. Ne u ro n 9 4: 1 0 8 – 2 4. e 7

3 8. J ai n  A,  Val e  R D. 2 0 1 7.  R N A p h as e tr a nsiti o ns i n r e p e at e x p a nsi o n dis or d ers. N at u re 5 4 6: 2 4 3 – 4 7

3 9. Ji n  L,  Z h a n g  K,  X u  Y, St er n gl a n z  R,  N ei m a n  A M. 2 0 1 5. S e q u estr ati o n of  m R N As  m o d ul at es t h e ti mi n g

of tr a nsl ati o n d uri n g  m ei osis i n b u d di n g y e ast. Mol.  Cell  Biol. 3 5: 3 4 4 8 – 5 8

4 0. Ji n  M,  F ull er  G G,  H a n  T,  Ya o  Y,  Al essi  A F, et al. 2 0 1 7.  Gl y c ol yti c e n z y m es c o al es c e i n  G b o di es u n d er

h y p o xi c str ess. Cell  Re p . 2 0: 8 9 5 – 9 0 8

4 1.  K e d ers h a  N,  C h o  M R,  Li  W,  Ya c o n o  P W,  C h e n S, et al. 2 0 0 0.  D y n a mi c of s h uttli n g of  TI A- 1 a c c o m-

p a ni es t h e r e cr uit m e nt of  m R N A t o  m a m m ali a n str ess gr a n ul es. J.  Cell  Biol. 1 5 1: 1 2 5 7 – 6 8

4 2.  K h o n g  A,  M at h e n y  T, J ai n S,  Mit c h ell S F,  W h e el er J R,  P ar k er  R. 2 0 1 7.  T h e str ess gr a n ul e tr a ns cri pt o m e

r e v e als pri n ci pl es of  m R N A a c c u m ul ati o n i n str ess gr a n ul es. Mol.  Cell 6 8: 8 0 8 – 2 0. e 5

4 3.  K h o n g  A,  P ar k er  R. 2 0 1 8.  m R N P ar c hit e ct ur e i n tr a nsl ati n g a n d str ess c o n diti o ns r e v e als a n or d er e d

p at h w a y of  m R N P c o m p a cti o n. J.  Cell  Biol. 2 1 7: 4 1 2 4 – 4 0

4 4.  Ki m  Y,  M y o n g S. 2 0 1 6.  R N A r e m o d eli n g a cti vit y of  D E A D- b o x pr ot ei ns t u n e d b y pr ot ei n c o n c e ntr a-

ti o n,  R N A l e n gt h a n d  A T P. Mol.  Cell 6 3: 8 6 5 – 7 6

4 5.  Kistl er  K E,  Tr c e k  T,  H ur d  T R,  C h e n  R,  Li a n g  F X, et al. 2 0 1 8.  P h as e tr a nsiti o n e d n u cl e ar  Os k ar pr o-

m ot es c ell di visi o n of D roso p hil a pri m or di al g er m c ells. e Life 7: e 3 7 9 4 9

4 6.  L ai n g  L G,  Gl ui c k  T C,  Dr a p er  D E. 1 9 9 4. St a bili z ati o n of  R N A str u ct ur e b y  M g i o ns: s p e ci fi c a n d n o n-

s p e ci fi c eff e cts. J.  Mol.  Biol. 2 3 7: 5 7 7 – 8 7

4 7.  L a n g d o n  E M,  Qi u  Y,  G h a n b a ri  Ni a ki  A,  M c L a u g hli n  G A,  W ei d m a n n  C A, et al. 2 0 1 8.  m R N A

st r u ct u r e d et e r mi n e s s p e ci fi cit y of a p ol y Q - d ri v e n p h a s e s e p a r ati o n. Sci e nc e 3 6 0: 9 2 2 – 2 7

4 7.  T hi s p a p e r  fi n d s t h at

R N A s e c o n d a r y

st r u ct u r e c o nt r ol s e nt r y

i nt o a n d e x cl u si o n f r o m

d r o pl et s.

4 8.  L e e  C,  O c c hi pi nti  P,  Gl a df elt er  A S. 2 0 1 5.  P ol y Q- d e p e n d e nt  R N A- pr ot ei n ass e m bli es c o ntr ol s y m m etr y

br e a ki n g. J.  Cell  Biol. 2 0 8: 5 3 3 – 4 4

4 9.  L e e  Y- B,  C h e n  H-J,  P er es J N,  G o m e z- D e z a J,  Atti g J, et al. 2 0 1 3.  H e x a n u cl e oti d e r e p e ats i n  A L S/ F T D

f or m l e n gt h- d e p e n d e nt  R N A f o ci, s e q u est er  R N A bi n di n g pr ot ei ns, a n d ar e n e ur ot o xi c. Cell  Re p . 5: 1 1 7 8 –

8 6

5 0.  L e u n g  A K. 2 0 1 4.  P ol y( A D P-ri b os e): a n or g a ni z er of c ell ul ar ar c hit e ct ur e. J.  Cell  Biol. 2 0 5: 6 1 3 –

1 9

5 1.  L e u n g  A K,  V y as S,  R o o d J E,  B h ut k ar  A, S h ar p  P A,  C h a n g  P. 2 0 1 1.  P ol y( A D P-ri b os e) r e g ul at es str ess

r es p o ns es a n d  mi cr o R N A a cti vit y i n t h e c yt o pl as m. Mol.  Cell 4 2: 4 8 9 – 9 9

5 2.  Li n  Y,  Pr ott er  D S,  R os e n  M K,  P ar k er  R. 2 0 1 5.  F or m ati o n a n d  m at ur ati o n of p h as e-s e p ar at e d li q ui d

dr o pl ets b y  R N A- bi n di n g pr ot ei ns. Mol.  Cell 6 0: 2 0 8 – 1 9

5 3.  Li n  Y, S c h mi dt  B F,  Br u c h e z  M P,  M c M a n us  CJ. 2 0 1 8. Str u ct ur al a n al ys es of  N E A T 1 l n c R N As s u g g est

l o n g-r a n g e  R N A i nt er a cti o ns t h at  m a y c o ntri b ut e t o p ar as p e c kl e ar c hit e ct ur e. N ucleic  Aci ds  Res . 4 6: 3 7 4 2 –

5 2

5 4.  Li u J,  Val e n ci a- S a n c h e z  M A,  H a n n o n  GJ,  P ar k er  R. 2 0 0 5.  Mi cr o R N A- d e p e n d e nt l o c ali z ati o n of t ar g et e d

m R N As t o  m a m m ali a n  P- b o di es. N at.  Cell  Biol. 7: 7 1 9 – 2 3

5 5.  Li u  K, S h u ai  M,  C h e n  D,  T u c h b a n d  M,  G er asi m o v J Y, et al. 2 0 1 5. S ol v e nt-fr e e li q ui d cr yst als a n d li q ui ds

fr o m  D N A. C he mist r y 2 1: 4 8 9 8 – 9 0 3

5 6.  L o h m a n  T M,  D e H as et h  P L,  R e c or d  M T Jr. 1 9 7 8.  A n al ysis of i o n c o n c e ntr ati o n eff e cts o n t h e ki n eti cs

of pr ot ei n – n u cl ei c a ci d i nt er a cti o ns: a p pli c ati o n t o  L a c r e pr ess or – o p er at or i nt er a cti o ns. Bio p hys.  C he m.

8: 2 8 1 – 9 4

5 7.  L u n d e  B M,  M o or e  C,  Var a ni  G. 2 0 0 7.  R N A- bi n di n g pr ot ei ns:  m o d ul ar d esi g n f or ef fi ci e nt f u n cti o n.

N at.  Re v.  Mol.  Cell  Biol. 8: 4 7 9 – 9 0

5 8.  M a h a r a n a S,  W a n g J,  P a p a d o p o ul o s  D K,  Ri c ht e r  D,  P o z ni a k o v s k y  A, et al. 2 0 1 8.  R N A b uff e r s t h e

p h a s e s e p a r ati o n b e h a vi o r of p ri o n -li k e  R N A bi n di n g p r ot ei n s. Sci e nc e 3 6 0: 9 1 8 – 2 1

5 8.  T hi s p a p e r

hi g hli g ht s  h o w

c o n c e nt r at e d  R N A i n

t h e  n u cl e u s c a n b uff e r

L L P S.

w w w. a n n u al re vie ws.o r g • R N A  D ro plets 2 6 3
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5 9.  M a n k o di  A,  Ur bi n ati  C R,  Y u a n  Q- P,  M o xl e y  R T, S a ns o n e  V, et al. 2 0 0 1.  M us cl e bli n d l o c ali z es t o n u cl e ar

f o ci of a b err a nt  R N A i n  m y ot o ni c d ystr o p h y t y p es 1 a n d 2. H u m.  Mol.  Ge net. 1 0: 2 1 6 5 – 7 0

6 0.  M a n n J R,  Gl ei x n er  A M,  M a u n a J C,  G o m es  E,  D e C h ellis- M ar ks  M R, et al. 2 0 1 9.  R N A bi n di n g a nt a g o-

ni z es n e ur ot o xi c p h as e tr a nsiti o ns of  T D P- 4 3. Ne u ro n 1 0 2: 3 2 1 – 3 8. e 8

6 1.  M a o  Y,  Li u  H,  Li u  Y,  Ta o S. 2 0 1 4.  D e ci p h eri n g t h e r ul es b y  w hi c h d y n a mi cs of  m R N A s e c o n d ar y

str u ct ur e aff e ct tr a nsl ati o n ef fi ci e n c y i n S acc h a ro myces ce re visi ae.  N ucleic  Aci ds  Res . 4 2: 4 8 1 3 – 2 2

6 2.  M a o  Y S, S u n w o o  H,  Z h a n g  B, S p e ct or  D L. 2 0 1 1.  Dir e ct vis u ali z ati o n of t h e c o-tr a ns cri pti o n al ass e m bl y

of a n u cl e ar b o d y b y n o n c o di n g  R N As. N at.  Cell  Biol. 1 3: 9 5 – 1 0 1

6 3.  M ari a n elli  A M,  Mill er  B M,  K e ati n g  C D. 2 0 1 8. I m p a ct of  m a cr o m ol e c ul ar cr o w di n g o n  R N A/s p er mi n e

c o m pl e x c o a c er v ati o n a n d oli g o n u cl e oti d e c o m p art m e nt ali z ati o n. Soft  M atte r 1 4: 3 6 8 – 7 8

6 4.  M ar k mill er S, S olt a ni e h S, S er v er  K L,  M a k  R, Ji n  W, et al. 2 0 1 8.  C o nt e xt- d e p e n d e nt a n d dis e as e-s p e ci fi c

di v ersit y i n pr ot ei n i nt er a cti o ns  wit hi n str ess gr a n ul es. Cell 1 7 2: 5 9 0 – 6 0 4. e 1 3

6 5.  M atti c k J S. 2 0 0 1.  N o n- c o di n g  R N As: t h e ar c hit e cts of e u k ar y oti c c o m pl e xit y. E M B O  Re p . 2: 9 8 6 – 9 1

6 6.  Mitr e a  D M,  Ci k a J A,  G u y  C S,  B a n  D,  B a n erj e e  P R, et al. 2 0 1 6.  N u cl e o p h os mi n i nt e gr at es  wit hi n t h e

n u cl e ol us vi a  m ulti- m o d al i nt er a cti o ns  wit h pr ot ei ns dis pl a yi n g  R-ri c h li n e ar  m otifs a n d r R N A. e Life

5: e 1 3 5 7 1

6 7.  M o nt a n g e  R K,  B at e y  R T. 2 0 0 6. Str u ct ur e of t h e S- a d e n os yl m et hi o ni n e ri b os wit c h r e g ul at or y  m R N A

el e m e nt. N at u re 4 4 1: 1 1 7 2 – 7 5

6 8.  M o o n S L,  M oris a ki  T,  K h o n g  A,  L y o n  K,  P ar k er  R, St as e vi c h  TJ. 2 0 1 9.  M ulti c ol o ur si n gl e- m ol e c ul e

tr a c ki n g of  m R N A i nt er a cti o ns  wit h  R N P gr a n ul es. N at.  Cell  Biol. 2 1: 1 6 2 – 6 8

6 9.  Ni e wi d o k  B, I g a e v  M,  P er eir a d a  Gr a c a  A, Str ass n er  A,  L e n z e n  C, et al. 2 0 1 8. Si n gl e- m ol e c ul e i m a gi n g

r e v e als d y n a mi c bi p h asi c p artiti o n of  R N A- bi n di n g pr ot ei ns i n str ess gr a n ul es. J.  Cell  Biol. 2 1 7: 1 3 0 3 – 1 8

7 0.  Niss e n  P,  H a ns e n J,  B a n  N,  M o or e  P B, St eit z  T A. 2 0 0 0.  T h e str u ct ur al b asis of ri b os o m e a cti vit y i n

p e pti d e b o n d s y nt h esis. Scie nce 2 8 9: 9 2 0 – 3 0

7 1.  Ol d fi el d  CJ,  D u n k er  A K. 2 0 1 4. I ntri nsi c all y dis or d er e d pr ot ei ns a n d i ntri nsi c all y dis or d er e d pr ot ei n

r e gi o ns. A n n u.  Re v.  Bioc he m. 8 3: 5 5 3 – 8 4

7 2.  P a nj a S,  H u a  B,  Z e g arr a  D,  H a  T,  W o o ds o n S A. 2 0 1 7.  M et als i n d u c e tr a nsi e nt f ol di n g a n d a cti v ati o n of

t h e  T wist er ri b o z y m e. N at.  C he m.  Biol. 1 3: 1 1 0 9 – 1 4

7 3.  P at el  A,  L e e  H O, J a w ert h  L,  M a h ar a n a S, J a h n el  M, et al. 2 0 1 5.  A li q ui d-t o-s oli d p h as e tr a nsiti o n of t h e

A L S pr ot ei n  F U S a c c el er at e d b y dis e as e  m ut ati o n. Cell 1 6 2: 1 0 6 6 – 7 7

7 4.  Pit c hi a y a S,  M o ur a o  M D A, J ali h al  A P,  Xi a o  L, Ji a n g  X, et al. 2 0 1 9.  D y n a mi c r e cr uit m e nt of si n gl e  R N As

t o pr o c essi n g b o di es d e p e n ds o n  R N A f u n cti o n alit y. Mol.  Cell 7 4: 5 2 1 – 3 3. e 6

7 5.  Pri nt z  M P, v o n  Hi p p el  P H. 1 9 6 8.  O n t h e ki n eti cs of h y dr o g e n e x c h a n g e i n d e o x yri b o n u cl ei c a ci d: p H

a n d s alt eff e cts. Bioc he mist r y 7: 3 1 9 4 – 2 0 6

7 6.  Pr ott er  D S W,  R a o  B S,  Va n  Tr e e c k  B,  Li n  Y,  Mi z o u e  L, et al. 2 0 1 8. I ntri nsi c all y dis or d er e d r e gi o ns c a n

c o ntri b ut e pr o mis c u o us i nt er a cti o ns t o  R N P gr a n ul e ass e m bl y. Cell  Re p . 2 2: 1 4 0 1 – 1 2

7 7.  Q a m ar S,  Wa n g  G,  R a n dl e SJ,  R u g g eri  F S,  Var el a J A, et al. 2 0 1 8.  F U S p h as e s e p ar ati o n is  m o d ul at e d b y

a  m ol e c ul ar c h a p er o n e a n d  m et h yl ati o n of ar gi ni n e c ati o n- π i nt er a cti o ns. Cell 1 7 3: 7 2 0 – 3 4. e 1 5

7 8.  R a o  B S,  P ar k er  R. 2 0 1 7.  N u m er o us i nt er a cti o ns a ct r e d u n d a ntl y t o ass e m bl e a t u n a bl e si z e of  P b o di es

i n S acc h a ro myces ce re visi ae.  P N A S 1 1 4: E 9 5 6 9 – 7 8

7 9. S a b ari  B R,  D all’ A g n es e  A,  B oij a  A,  Kl ei n I A,  C off e y  E L, et al. 2 0 1 8.  C o a cti v at or c o n d e ns ati o n at s u p er-

e n h a n c ers li n ks p h as e s e p ar ati o n a n d g e n e c o ntr ol. Scie nce 3 6 1: e a ar 3 9 5 8

8 0. S a c h d e v  R,  H o n d el e  M,  Li ns e n m ei er  M,  Vall ott o n  P,  M u gl er  C F, et al. 2 0 1 9.  P at 1 pr o m ot es pr o c essi n g

b o d y ass e m bl y b y e n h a n ci n g t h e p h as e s e p ar ati o n of t h e  D E A D- b o x  A T P as e  D h h 1 a n d  R N A. e Life

8: e 4 1 4 1 5

8 1. S a h a S,  We b er  C A,  N o us c h  M,  A d a m e- Ar a n a  O,  H o e g e  C, et al. 2 0 1 6.  P ol ar p ositi o ni n g of p h as e-

s e p ar at e d li q ui d c o m p art m e nts i n c ells r e g ul at e d b y a n  m R N A c o m p etiti o n  m e c h a nis m. Cell 1 6 6: 1 5 7 2 –

8 4. e 1 6

8 2. S c h w art z J C,  Wa n g  X,  P o d ell  E R,  C e c h  T R. 2 0 1 3.  R N A s e e ds hi g h er- or d er ass e m bl y of  F U S pr ot ei n.

Cell  Re p . 5: 9 1 8 – 2 5

8 3. S h et h  U,  P ar k er  R. 2 0 0 3.  D e c a p pi n g a n d d e c a y of  m ess e n g er  R N A o c c ur i n c yt o pl as mi c pr o c essi n g

b o di es. Scie nce 3 0 0: 8 0 5 – 8
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8 4. S hii n a  N. 2 0 1 9.  Li q ui d- a n d s oli d-li k e  R N A gr a n ul es f or m t hr o u g h s p e ci fi c s c aff ol d pr ot ei ns a n d c o m-

bi n e i nt o bi p h asi c gr a n ul es. J. Biol.  C he m. 2 9 4: 3 5 3 2 – 4 8
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t h at  R N A – R N A

c o nt a ct s  m a y  h el p
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9 7.  V o gl er  T O,  W h e el er J R,  N g u y e n  E D,  H u g h es  M P,  Brits o n  K A, et al. 2 0 1 8.  T D P- 4 3 a n d  R N A f or m

a m yl oi d-li k e  m y o- gr a n ul es i n r e g e n er ati n g  m us cl e. N at u re 5 6 3: 5 0 8 – 1 3

9 8.  V o ur e k as  A,  Al e xi o u  P,  Vr ett os  N,  M ar a g k a kis  M,  M o ur el at os  Z. 2 0 1 6. S e q u e n c e- d e p e n d e nt b ut n ot
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p h o mi mi c disr u pts  T D P- 4 3 p ol y m eri z ati o n, p h as e s e p ar ati o n, a n d  R N A s pli ci n g. E M B O J . 3 7: e 9 7 4 5 2
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A n n u al  R e vi e w of

Bi o p h y si c s

V ol u m e 4 9, 2 0 2 0

C o nt e nts

T h e  P h ysi cs of  C ell ul ar  D e cisi o n  M a ki n g  D uri n g

E pit h eli al – M es e n c h y m al  Tr a nsiti o n

S h u b h a m  T ri p at hi,  He r be rt  Le vi ne, a n d  Mo hit  K u m a r Joll y ♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣1

Pri n ci pl es a n d  A p pli c ati o ns of  Bi ol o gi c al  M e m br a n e  Or g a ni z ati o n

W a de  F.  Ze no,  K ase y J.  D a y,  Ve r nit a  D.  Go r do n, a n d Je a n ne  C. St ac ho wi a k ♣♣♣♣♣♣♣♣♣♣♣♣1 9

Mit o c h o n dri a- Ass o ci at e d  Pr ot e ost asis

Li n h ao  R u a n,  Y u h ao  W a n g,  Xi  Z h a n g,  Ale xis  To m as ze ws ki,

Jos h u a  T.  Mc N a m a r a, a n d  Ro n g  Li ♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣4 1

Mil est o ni n g:  A n  Ef fi ci e nt  A p pr o a c h f or  At o mi c all y  D et ail e d

Si m ul ati o ns of  Ki n eti cs i n  Bi o p h ysi cs

Ro n  El be r ♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣6 9

E n h a n c e d  Diff usi o n a n d  C h e m ot a xis of  E n z y m es

M u do n g  Fe n g a n d  Mic h ael  K.  Gilso n ♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣8 7

P h ysi c al  Pri n ci pl es  U n d erl yi n g t h e  C o m pl e x  Bi ol o g y of I ntr a c ell ul ar

P h as e  Tr a nsiti o ns

Jeo n g- Mo  C hoi,  Ale x S.  Hole ho use, a n d  Ro hit  V.  P a p p u ♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣1 0 7

M ultif u n cti o n al  C h a p er o n e a n d  Q u alit y  C o ntr ol  C o m pl e x es i n

A d a pti v e I m m u nit y

Si mo n  T ro wit zsc h a n d  Ro be rt  T a m p´e ♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣ 1 3 5

T e m p er at ur e,  D y n a mi cs, a n d  E n z y m e- C at al y z e d  R e a cti o n  R at es

Vic ke r y  L.  A rc us a n d  A d ri a n J.  M ul holl a n d ♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣ 1 6 3

Pr e di cti n g  E v ol uti o n  Usi n g  R e g ul at or y  Ar c hit e ct ur e

P hili p pe  N g he,  M a rjo n  G. J. de  Vos,  E n zo  Ki n g m a,  M a nj u n at h a  Ko ge n a r u,

F r a n k J.  Poel wij k,  Lie de wij  L a a n, a n d S a n de r J.  T a ns ♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣1 8 1

G e n e  R e g ul ati o n i n a n d o ut of  E q uili bri u m

Feli x  Wo n g a n d Je re m y  G u n a w a r de n a ♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣ 1 9 9
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N o n e q uili bri u m  T h er m o d y n a mi cs i n  C ell  Bi ol o g y:  E xt e n di n g

E q uili bri u m  F or m alis m t o  C o v er  Li vi n g S yst e ms

Xi ao n a  F a n g a n d Ji n  W a n g ♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣ 2 2 7

R N A  Dr o pl ets

Ke vi n  R hi ne,  Veli n d a  Vi d a u r re, a n d S u a  M yo n g ♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣2 4 7

T h e  R ol e of  C o nf or m ati o n al  D y n a mi cs a n d  All ost er y i n  M o d ul ati n g

Pr ot ei n  E v ol uti o n

P a ul  C a m pitelli,  T us h a r  Mo di, S u d hi r  K u m a r, a n d S.  B a n u  O z k a n ♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣2 6 7

Li g ht  Mi cr os c o p y of  Mit o c h o n dri a at t h e  N a n os c al e

Stef a n J a ko bs,  Till Ste p h a n,  Pete r Il ge n, a n d  C h risti a n  B r ̈use r ♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣2 8 9

I nsi g hts i nt o t h e Str u ct ur e,  F u n cti o n, a n d  D y n a mi cs of t h e  B a ct eri al

C yt o ki n eti c  Fts Z- Ri n g

R y a n  Mc Q uille n a n d Jie  Xi ao ♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣ 3 0 9

I n d e x e s

C u m ul ati v e I n d e x of  C o ntri b uti n g  A ut h ors,  V ol u m es 4 5 – 4 9 ♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣♣3 4 3

E r r at a

A n o nli n e l o g of c orr e cti o ns t o A n n u al  Re vie w of  Bio p h ysics arti cl es  m a y b e f o u n d at

htt p:// w w w. a n n u alr e vi e ws. or g/ err at a/ bi o p h ys
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