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Biomolecular polyelectrolyte complexes can be formed between oppositely 
charged intrinsically disordered regions (IDRs) of proteins or between IDRs 
and nucleic acids. Highly charged IDRs are abundant in the nucleus, yet few 
have been functionally characterized. Here, we show that a positively charged 
IDR within the human ATP-dependent DNA helicase Q4 (RECQ4) forms coa-
cervates with G-quadruplexes (G4s). We describe a three-step model of charge-
driven coacervation by integrating equilibrium and kinetic binding data in a 
global numerical model. The oppositely charged IDR and G4 molecules form a 
complex in the solution that follows a rapid nucleation-growth mechanism 
leading to a dynamic equilibrium between dilute and condensed phases. We 
also discover a physical interaction with Replication Protein A (RPA) and 
demonstrate that the IDR can switch between the two extremes of the struc
tural continuum of complexes. The structural, kinetic, and thermodynamic 
profile of its interactions revealed a dynamic disordered complex with nucleic 
acids and a static ordered complex with RPA protein. The two mutually 
exclusive binding modes suggest a regulatory role for the IDR in RECQ4 
function by enabling molecular handoffs. Our study extends the functional 
repertoire of IDRs and demonstrates a role of polyelectrolyte complexes 
involved in G4 binding. 

G u a n i n e - r i c h n u c l e i c a c i d s e q u e n c e s a r e p r e v a l e n t i n a n i m a l g e n o m e s 
a n d c a n s p o n t a n e o u s l y f o r m G - q u a d r u p l e x e s (G4s ) u n d e r p h y s i o l o g i 
c a l c o n d i t i o n s 1 . T h e s e n o n - c a n o n i c a l s e c o n d a r y s t r u c t u r e s c o n s i s t o f 
r e p e a t i n g s t r u c t u r a l m o t i f s c a l l e d G - q u a r t e t s t h a t a r e s t a c k e d u p o n o n e 
a n o t h e r a n d a r e h e l d t o g e t h e r b y a n e x t e n s i v e n e t w o r k o f h y d r o g e n 

b o n d s l i n k i n g f o u r g u a n i n e b a s e s a r o u n d a c a t i o n i c c o r e 2 4 . G 4 s c o n 
s t i t u t e a d i v e r s e f a m i l y o f h i g h l y s t a b l e D N A s t r u c t u r e s a d o p t i n g p a r 
a l l e l , h y b r i d o r a n t i p a r a l l e l t o p o l o g i e s a c c o r d i n g t o t h e p a t t e r n o f t h e 
s t r a n d p o l a r i t i e s a n d t h e o r i e n t a t i o n o f t h e l o o p s 2 , 5 . G 4 s e q u e n c e s have 
b e e n m a p p e d w i t h i n r e p l i c a t i o n o r i g i n s 6 , 7 , m i t o c h o n d r i a l D N A 8 , 

1 CE ITEC-Cen t r a l Eu ropean Institute of T e c h n o l o g y , Masaryk Univers i ty , Brno, C z e c h R e p u b l i c . 2 N a t i o n a l C e n t r e for B i o m o l e c u l a r Re sea r ch , Facu l t y of 
S c i e n c e , Masaryk Univers i ty , B rno , C z e c h R e p u b l i c , d e p a r t m e n t of B io logy , Facu l t y of M e d i c i n e , Masaryk Univers i ty , Brno, C z e c h R e p u b l i c , i n s t i t u t e of 
S t r u c t u r a l a n d M o l e c u l a r B io logy , Un ivers i ty C o l l e g e L o n d o n , L o n d o n WC1E 6BT, UK. 5 S c h o o l o f Pha rmacy , Un ivers i ty C o l l e g e L o n d o n , L o n d o n WC1N1AX, 
UK. d e p a r t m e n t of C o n d e n s e d Mat te r Phys i cs , Facu l t y of S c i e n c e , Masaryk Univers i ty , Brno, C z e c h R e p u b l i c . 7 L o s c h m i d t Labora to r i es , D e p a r t m e n t of 
E x p e r i m e n t a l B i o l ogy and R E C E T O X , Facu l t y of S c i e n c e , Masaryk Univers i ty , Brno, C z e c h R e p u b l i c , i n t e r n a t i o n a l C l i n i c a l Resea r ch C e n t e r , St A n n e ' s 
Un ivers i ty Hosp i t a l , B rno , C z e c h R e p u b l i c . 9 T h e s e au tho r s c o n t r i b u t e d e q u a l l y : A n n a C . P a p a g e o r g i o u , M i c h a e l a Posp i s i l o va . 
S l e - m a i l : l k r e j c i @ c h e m i . m u n i . c z ; k o s t a s . t r i p s i a n e s @ c e i t e c . m u n i . c z 

Nature Communica t ions | (2023)14:6751 1 

https://doi.org/10.1038/s41467-023-42503-z
mailto:lkrejci@chemi.muni.cz
mailto:kostas.tripsianes@ceitec.muni.cz


Article https://doi.org/10.1038/s41467-023-42503-z 

t e l o m e r i c e n d s 9 , g e n e p r o m o t e r r e g i o n s 1 0 1 1 , a n d o n c o g e n e s 1 2 , a n d 
t h e r e f o r e h a v e b e e n i m p l i c a t e d i n a r a n g e o f b i o l o g i c a l p r o c e s s e s . 
A l t h o u g h G 4 s a c t as f u n c t i o n a l r e g u l a t o r y e l e m e n t s i n d i f f e r e n t c e l l u l a r 
c o n t e x t s , t h e y o f t e n n e e d t o b e u n f o l d e d t o p r e v e n t i m p e d i m e n t o f 
v a r i o u s D N A m e t a b o l i c p r o c e s s e s 1 3 s u c h as D N A r e p l i c a t i o n 1 4 1 7 , ep i-
g e n e t i c c o n t r o l 1 8 2 0 , t e l o m e r e h o m e o s t a s i s 2 1 , a n d t r a n s c r i p t i o n 2 2 . 

D N A h e l i c a s e s i n t h e R E C Q 2 3 " 2 6 , F A N C J 2 7 2 9 , D E A H / R H A 3 0 , 3 1 , a n d 
P I F 1 3 2 , 3 3 f a m i l i e s p r e v e n t G 4 - i n d u c e d g e n o m e i n s t a b i l i t y b y s e l e c t i v e l y 
r e c o g n i z i n g a n d u n w i n d i n g G 4 s 3 4 . T h r o u g h s c a r c e s t r u c t u r a l s t u d i e s 
a n d F R E T - b a s e d k i n e t i c s , G 4 u n w i n d i n g m o d e l s h a v e b e e n p r o p o s e d 
f o r a s u b s e t o f t h e s e h e l i c a s e s 3 5 3 8 . A s i d e f r o m D N A h e l i c a s e s , r e p l i c a 
t i o n p r o t e i n A ( R P A ) , t h e m o s t a b u n d a n t s s D N A b i n d i n g p r o t e i n , h a s 
a l s o b e e n i m p l i c a t e d i n d e s t a b i l i z i n g G 4 s t r u c t u r e s 3 9 " 4 1 . In p a r t i c u l a r , 
R P A has b e e n s h o w n t o f a c i l i t a t e t h e r o l e o f s e v e r a l h e l i c a s e s b y d i r e c t 
p r o t e i n - p r o t e i n i n t e r a c t i o n s o r t r a p p i n g u n f o l d e d G 4 s 1 7 , 4 2 , 4 3 . 

O v e r t h e p a s t y e a r s , p r o t e i n p h a s e s e p a r a t i o n h a s b e e n r e p o r t e d 
i n m a n y b i o l o g i c a l p r o c e s s e s , a n d n u c l e i c a c i d s a r e w i d e l y i n v o l v e d i n 
r e g u l a t i n g b i o l o g i c a l c o n d e n s a t e s 4 4 . F o r e x a m p l e , D E A D - b o x R N A 
h e l i c a s e s , p l a y c r i t i c a l r o l e s i n m a n y a s p e c t s o f R N A m e t a b o l i s m b y 
u n d e r g o i n g 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 ( LLPS ) w i t h t h e i r R N A ta r 
g e t s a n d o t h e r p r o t e i n s 4 5 . H o w e v e r , L L P S s t u d i e s o n D N A h e l i c a s e s a r e 
s t i l l m i n i m a l 4 6 , a n d it is n o t k n o w n i f t h e f o r m a t i o n o f b i o m o l e c u l a r 
c o n d e n s a t e s c o u l d b e i n v o l v e d i n G 4 m e t a b o l i s m . 

A m o n g t h e R E C Q D N A h e l i c a s e s , R E C Q 4 h a s a u n i q u e d o m a i n 
o r g a n i z a t i o n 4 7 ( F i g . l a ) . It l a c k s t h e R e c Q C - t e r m i n a l ( R Q C ) d o m a i n 
r e q u i r e d f o r G 4 u n w i n d i n g b y t h e o t h e r f a m i l y m e m b e r s . O n t h e o t h e r 
h a n d , i t f e a t u r e s a n N - t e r m i n a l r e g i o n t h a t i n c l u d e s s e g m e n t s h o m o 
l o g o u s t o t h e S l d 2 p r o t e i n , a n e s s e n t i a l D N A r e p l i c a t i o n f a c t o r i n 
d e e p e r - b r a n c h i n g e u k a r y o t e s 4 8 5 1 . T h i s S l d2- l i ke r e g i o n ( a m i n o a c i d s 
1 - 4 0 0 ) o f R E C Q 4 is i m p o r t a n t f o r D N A r e p l i c a t i o n 5 2 a n d is i n d i s 
p e n s a b l e f o r v i a b i l i t y i n m e t a z o a n s 5 3 5 5 . B i o c h e m i c a l a n a l y s i s h a s 
r e v e a l e d m u l t i p l e D N A b i n d i n g s i t e s i n t h e S l d2- l i k e r e g i o n , w h i c h c a n 
r e c o g n i z e v a r i o u s D N A s t r u c t u r e s w i t h a p r e f e r e n c e f o r H o l l i d a y 
j u n c t i o n s 5 6 a n d G 4 s 5 7 . It a l s o p r o v i d e s a p l a t f o r m f o r m a n y i n t e r a c t i n g 
p a r t n e r s , s u g g e s t i n g t h a t t h e S l d2- l i k e r e g i o n is i n t e g r a l t o R E C Q 4 
f u n c t i o n s i n D N A r e p l i c a t i o n 5 8 6 2 , D N A r e p a i r 6 1 , 6 3 , a n d m i t o c h o n d r i a l 
m a i n t e n a n c e 6 4 . H o w e v e r , t h e S l d2- l i k e r e g i o n is l a r g e l y 
u n s t r u c t u r e d 5 7 , 6 5 ( S u p p l e m e n t a r y F i g . 1), r a i s i n g t h e q u e s t i o n o f w h a t 
m e c h a n i s t i c / f u n c t i o n a l a s p e c t s m a y b e a s s o c i a t e d w i t h t h e e v o l u 
t i o n a r y c o n s e r v e d p r e v a l e n c e o f i n t r i n s i c d i s o r d e r 6 6 6 8 . 

O w i n g t o t h e i r c o n f o r m a t i o n a l f l e x i b i l i t y a n d d y n a m i c s , i n t r i n s i 
c a l l y d i s o r d e r e d r e g i o n s ( IDRs) e x p a n d t h e b i o m o l e c u l a r f u n c t i o n a l i t y 
o f o r d e r e d p r o t e i n s a n d d o m a i n s 6 9 7 2 . T h e y a c t as h u b s m e d i a t i n g 

s i g n a l s u p o n i n t e r a c t i o n w i t h m u l t i p l e t a r g e t s 7 3 ; t h e y a d o p t d i f f e r e n t 
s t r u c t u r e s u p o n b i n d i n g t o d i f f e r e n t p a r t n e r s 7 4 , 7 5 ; t h e y p a r t i c i p a t e i n 
u l t r a-h igh a f f i n i t y , e x t r e m e d i s o r d e r 7 6 , m u l t i v a l e n t 7 7 7 9 , o r 
p o l y e l e c t r o l y t e 8 0 i n t e r a c t i o n s w i t h t h e a b i l i t y t o d r i v e 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 8 1 8 3 a n d t h e a s s e m b l y o f b i o m o l e c u l a r c o n d e n s a t e s 8 4 . 
T h e d i v e r s e f u n c t i o n s o f IDRs a r e r e l a t e d t o i n f o r m a t i o n e n c o d e d i n 
t h e i r s e q u e n c e s 8 5 . F o r i n s t a n c e , IDRs o f D N A b i n d i n g p r o t e i n s a r e r i c h 
i n p o s i t i v e l y c h a r g e d r e s i d u e s t h a t e n g a g e i n D N A c o n t a c t s 8 6 . H o w e v e r , 
i t i s u n k n o w n i f s u c h d i s o r d e r e d c a t i o n i c s e g m e n t s c a n h a v e a l t e r n a t i v e 
f u n c t i o n s o t h e r t h a n D N A b i n d i n g a n d c o n s e q u e n t l y m a y r e g u l a t e 
b i o l o g i c a l p r o c e s s e s . 

H e r e , w e i d e n t i f y a p o s i t i v e l y c h a r g e d R E C Q 4 - s p e c i f i c m o t i f 
( R S M ) t h a t i n t e r a c t s w i t h R P A b y u n d e r g o i n g a d i s o r d e r - t o - h e l i x 
t r a n s i t i o n i n a s t a t i c c o m p l e x w i t h R P A p r o t e i n . T h e i n t r i n s i c d i s o r d e r 
a l l o w s R S M t o a l s o e n g a g e i n p o l y e l e c t r o l y t e i n t e r a c t i o n s w i t h 
o p p o s i t e l y c h a r g e d D N A m o l e c u l e s . I n t e r e s t i n g l y , b i n d i n g t o 
G 4 s t r u c t u r e s is f o l l o w e d b y a s s o c i a t i v e p h a s e s e p a r a t i o n . T h e 
c o m p r e h e n s i v e k i n e t i c a n a l y s i s r e v e a l e d t h a t t h e c o a c e r v a t i o n o f G 4 
a n d R S M f o l l o w s a r a p i d n u c l e a t i o n - g r o w t h m e c h a n i s m r e s u l t i n g i n a 
d y n a m i c e q u i l i b r i u m b e t w e e n d i l u t e a n d c o n d e n s e d p h a s e s . R S M 
t h u s c a n s w i t c h b e t w e e n p h a s e s , c o n f o r m a t i o n a l s t a t e s a n d b i n d i n g 
p a r t n e r s , p r o v i d i n g a m e c h a n i s m a l l o w i n g d i v e r s e R E C Q 4 f u n c t i o n s 
i n t h e c e l l . 

Results 
A RECQ4-specific motif mediates an interaction with RPA 
M e m b e r s o f t h e R E C Q f a m i l y a r e k n o w n t o i n t e r a c t w i t h R P A b y u t i 
l i z i n g u n s t r u c t u r e d m o t i f s i n t h e i r s e q u e n c e s 8 7 9 1 . A s i t has b e e n s h o w n 
t h a t R E C Q 4 d e p l e t i o n i n Xenopus e x t r a c t s s u p p r e s s e s R P A l o a d i n g a t 
t h e o r i g i n o f r e p l i c a t i o n 5 2 , w e t e s t e d f o r a p h y s i c a l i n t e r a c t i o n b e t w e e n 
t h e t w o p r o t e i n s i n h u m a n c e l l s . U s i n g a n a n t i - G F P a n t i b o d y , w e c a r r i e d 
o u t c o - i m m u n o p r e c i p i t a t i o n (co-IP) e x p e r i m e n t s o f E G F P - t a g g e d 
R E C Q 4 i n U 2 0 S c e l l s . In c o n t r a s t t o t h e E G F P c o n t r o l , E G F P - R E C Q 4 -
W T w a s a b l e t o p u l l - d o w n R P A , s u g g e s t i n g a p o s s i b l e d i r e c t i n t e r a c t i o n 
b e t w e e n t h e t w o p r o t e i n s ( F i g . l b ) . 

W e t h e n s o u g h t t o v a l i d a t e t h e i n t e r a c t i o n b e t w e e n R E C Q 4 a n d 
R P A i n v i t r o . R P A is a p r o t e i n c o m p o s e d o f t h r e e s u b u n i t s ( R P A 7 0 , 
R P A 3 2 , R P A 1 4 ) a n d e x h i b i t s a m o d u l a r a r c h i t e c t u r e 9 2 , 9 3 t h a t a l l o w s 
g l o b u l a r d o m a i n s t o a s s o c i a t e i n a t r i m e r i c c o r e ( 7 0 C , 3 2 D , 14) , b i n d 
s s D N A ( 7 0 A , 7 0 B , 7 0 C , 3 2 D ) , o r p a r t i c i p a t e i n p r o t e i n i n t e r a c t i o n s 
( R P A 7 0 N , R P A 3 2 C ) ( S u p p l e m e n t a r y F i g . 2 ) . S i n c e R P A m a i n l y a s s o c i 
a tes w i t h u n s t r u c t u r e d m o t i f s p r e s e n t i n B L M 8 8 , 9 0 , W R N 8 7 , a n d o t h e r 
b i n d i n g p a r t n e r s 9 4 9 7 , w e r e a s o n e d t h a t t h e l a r g e l y d i s o r d e r e d S ld2- l i ke 
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Fig. 11 An interaction between RECQ4 and RPA. a Schematic representation of 
domain organizat ion across the RecQ helicase family, b Immunoprecipitat ion o f 
EGFP-RECQ4-WT or EGFP from whole cell lysates by GFP-trap beads. Samples were 
run on SDS-PAGE gel and immunoblot ted on nitrocellulose membrane with indi
cated antibodies. The gel is a representative image of two independent 

experiments, c The topology of the RPA-RECQ4(Sld2-like) association was deter
mined by NMR to detect physical interactions between segments. RPA modules are 
annotated as DNA or protein binders. For the RECQ4 fragment, RPA binding was 
further refined and located on RSM. Source data are provided as a Source Data file. 
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r e g i o n o f R E C Q 4 m a y c o n t a i n t h e R P A - i n t e r a c t i n g s i t e . T h e r e f o r e , w e 
p e r f o r m e d a p u l l - d o w n w i t h t h e S ld2- l i ke r e g i o n o f R E C Q 4 (aa 1 - 4 0 0 ) 
a n d R P A h e t e r o t r i m e r a n d c o n f i r m e d t h e d i r e c t p h y s i c a l i n t e r a c t i o n 
( S u p p l e m e n t a r y F i g . 3a ) . T h e i n t e r a c t i o n w a s f u r t h e r c h a r a c t e r i z e d 
u s i n g 2 D n u c l e a r m a g n e t i c r e s o n a n c e ( N M R ) s p e c t r o s c o p y . T h e a d d i 
t i o n o f u n l a b e l e d h e t e r o t r i m e r i c R P A a t a 2:1 m o l a r r a t i o w i t h 
l s N - e n r i c h e d R E C Q 4 ( 1 - 4 0 0 ) c a u s e d s e v e r a l p e a k s t o b r o a d e n b e y o n d 
d e t e c t i o n ( S u p p l e m e n t a r y F i g . 3 b ) . S u c h l i n e b r o a d e n i n g o f N M R s i g 
n a l s r e s u l t s f r o m a s u b s t a n t i a l i n c r e a s e i n t h e o v e r a l l m o l e c u l a r t u m 
b l i n g r a t e a s s o c i a t e d w i t h t h e f o r m a t i o n o f a - 1 6 0 k D a R E C Q 4 - R P A 
c o m p l e x . 

N e x t , w e u s e d a n N M R - b a s e d a p p r o a c h t o d e t e r m i n e t h e m i n i 
m a l r e g i o n s r e q u i r e d f o r t h e i n t e r a c t i o n . T h e S l d 2 - l i k e r e g i o n o f 
R E C Q 4 w a s d i v i d e d i n t o t h r e e p o l y p e p t i d e s b a s e d o n t h e c h a r g e 
d i s t r i b u t i o n , w h i l e o n t h e R P A s i d e , t h e w e l l - s t u d i e d p r o t e i n i n t e r 
a c t i o n m o d u l e s R P A 7 0 N a n d R P A 3 2 C w e r e s e l e c t e d 9 2 9 3 ( F i g . l c ) . 2 D 
H e t e r o n u c l e a r s i n g l e - q u a n t u m c o h e r e n c e ( H S Q C ) s p e c t r a o f 1 5 N 
e n r i c h e d R E C Q 4 p o l y p e p t i d e s w e r e a c q u i r e d i n t h e a b s e n c e a n d 
p r e s e n c e o f a f o u r f o l d e x c e s s o f e a c h R P A d o m a i n . T h e fingerprint 
s p e c t r a i n d i c a t e t h a t t h e i n t e r a c t i o n o c c u r s b e t w e e n t h e R E C Q 4 
r e g i o n s p a n n i n g a m i n o a c i d s 3 2 2 - 4 0 0 a n d t h e R P A 3 2 C d o m a i n 
( F i g . l c a n d S u p p l e m e n t a r y F i g . 3 c , d ) . T h e s p e c i f i c i t y o f t h e p a i r w i s e 
d e t e r m i n a t i o n w a s c o r r o b o r a t e d b y m o n i t o r i n g t h e c h e m i c a l s h i f t 
c h a n g e s i n R P A 3 2 C s p e c t r a i n d u c e d b y t h e a d d i t i o n o f a n e x c e s s o f 
RECQ4 ( 322-4oo) ( S u p p l e m e n t a r y F i g . 4 a ) . 

T o f u r t h e r d e l i n e a t e t h e r e g i o n r e q u i r e d f o r t h e i n t e r a c t i o n w i t h 
R P A , w e a s s i g n e d t h e a m i n o a c i d s h i f t s o f RECQ4 ( 3 2 2-4oo ) a n d c l a s s i f i e d 
t h e m as p e r t u r b e d o r n o n - p e r t u r b e d u p o n t h e a d d i t i o n o f R P A 3 2 C 
( S u p p l e m e n t a r y F i g . 4 a ) . T h i s a l l o w e d us t o m a p t h e R P A i n t e r a c t i o n 

w i t h i n a R E C Q 4 - s p e c i f i c m o t i f ( R S M ; a a 3 4 8 - 3 8 8 ) t h a t is c o n s e r v e d 
a m o n g v a r i o u s R E C Q 4 h o m o l o g u e s ( S u p p l e m e n t a r y F i g . 4 b , c ) . R S M is 
i n t r i n s i c a l l y d i s o r d e r e d a n d c o n t a i n s a b a s i c p a t c h w i t h p o l y e l e c t r o l y t e 
c h a r a c t e r c o m p o s e d o f s e v e r a l p o s i t i v e l y c h a r g e d r e s i d u e s ( F igs , l c 
a n d 2e ) . A c o m p l e t e s e t o f N M R t i t r a t i o n e x p e r i m e n t s f o r b o t h R S M 
a n d R P A 3 2 C s h o w e d t h a t t h e t w o p r o t e i n s i n t e r a c t i n a f a s t e x c h a n g e 
r e g i m e i n t h e N M R t i m e s c a l e ( F i g . 2 a , b ) . T h e l a r g e r c h e m i c a l s h i f t 
p e r t u r b a t i o n s (CSPs ) o f R S M i n v o l v e d m a i n l y t h e c a t i o n i c r e s i d u e s o f 
t h e p o s i t i v e p a t c h , w h e r e a s t h o s e o f R P A 3 2 C m a p p e d t o a n a c i d i c c l e f t 
o n t h e s u r f a c e o f t h e d o m a i n ( F i g . 2 c , d ) . T h e N M R a t o m i c - l e v e l v i e w o f 
t h e i n t e r a c t i o n is i n e x c e l l e n t a g r e e m e n t w i t h t h e c o m m o n b i n d i n g 
m o d e o f R P A 3 2 C t h a t u t i l i z e s t h e v e r y s a m e a c i d i c c l e f t t o a s s o c i a t e 
w i t h o t h e r p a r t n e r s , i n c l u d i n g U N G 2 , X P A , S M A R C A L 1 , a n d T I P I N 9 4 " 9 6 , 
a l l o f t h e m s h a r i n g p o s i t i v e l y c h a r g e d r e s i d u e s i n t h e i r i n t e r a c t i o n 
m o t i f ( F i g . 2 d a n d S u p p l e m e n t a r y F i g . 5a ) . U n l i k e t h e o t h e r R P A p a r t 
n e r s , R E C Q 4 c o n t a i n s t w o w e l l - c o n s e r v e d t r y p t o p h a n s i n t h e b i n d i n g 
m o t i f . H o w e v e r , a n R S M d o u b l e t r y p t o p h a n m u t a n t ( W 3 7 9 A / W 3 8 3 A ) 
d i d n o t a f f e c t R P A 3 2 C b i n d i n g i n v i t r o as j u d g e d b y t h e C S P b i n d i n g 
p r o f i l e ( S u p p l e m e n t a r y F i g . 5 b , c ) . 

T o a s c e r t a i n t h e i m p o r t a n c e o f t h e b a s i c p a t c h f o r t h e i n t e r a c t i o n 
w i t h R P A , w e r e v e r s e d t h e c h a r g e i n five a m i n o a c i d s ( R 3 7 5 , K 3 7 6 , 
K 3 8 0 , K 3 8 2 , R 3 8 4 ; 5E-mutan t ) b a s e d o n t h e C S P q u a n t i f i c a t i o n 
( F ig . 2e ) . A s e x p e c t e d , t h e 5 E - m u t a n t a b o l i s h e d t h e b i n d i n g t o R P A 3 2 C 
i n v i t r o ( S u p p l e m e n t a r y F i g . 6 ) . N e x t , w e e v a l u a t e d t h e i n t e r a c t i o n i n a 
c e l l - b a s e d e x p e r i m e n t b y i n t r o d u c i n g d o x y c y c l i n e - i n d u c i b l e N-term-
i n a l E G F P - t a g g e d R E C Q 4 m u t a n t v a r i a n t i n t o U 2 0 S c e l l s ( EGFP-RECQ4-
5E) d e p l e t e d f o r e n d o g e n o u s R E C Q 4 a n d p e r f o r m e d co-
i m m u n o p r e c i p i t a t i o n e x p e r i m e n t s . W e f o u n d t h a t R P A co-
p r e c i p i t a t i o n is s t r o n g l y a t t e n u a t e d w i t h t h e R E C Q 4 5 E - m u t a n t 
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Fig. 2 | RSM binds the acidic cleft of RPA32C and is critical for RPA-binding 
in vivo, a, b Mapping the binary interaction between RSM and RPA32C by NMR 
titrations. 1 S N labeled RSM titrated with zero to fourfold molar addit ion of RPA32C 
(a) and the reverse (b). Well-resolved chemical shift perturbations (CSP) are indi 
cated with arrows. Inset in (a) shows the crosspeaks o f tryptophan sidechains. 
c, d Per residue amide CSP o f RSM (c) or RPA32C (d) induced by fourfold excess of 
the unlabeled partner, (d, inset) Crystal structure of RPA32C in complex with the 
SMARCAL1 peptide (PDB: 4mqv) showing (left) RPA electrostatics and (right) 
mapping of the RSM-induced CSPs. e Schematic depict ion o f RECQ4 protein 

showing the wild-type and 5E-mutant sequences of the basic patch. Positively 
charged residues are shown in blue, and charge reversal substitutions are in red. 
f Whole-cell lysates were immunoprecipi tated f rom EGFP-RECQ4-WT, EGFP-
RECQ4-5E, and EGFP unsynchronised or synchronised cells using GFP-trap beads. 
Bound proteins were separated on SDS-PAGE gel and immunoblot ted with indi 
cated antibodies on the nitrocellulose membrane. IP samples for RPA32 represent 
higher exposure of the membrane. The gel is a representative image of two inde
pendent experiments. Source data are provided as a Source Data file. 
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Fig. 31 RSM forms electrostatically driven high-affinity complexes with DNAs. 
a 'H-^N HSQC spectra o f 50 p M RSM titrated with double-stranded lOmer DNA 
(dslO). Some chemical shift perturbations (CSP) are indicated with arrows. Inset 
shows the crosspeaks of tryptophan sidechains. b CSPs of RSM residues induced by 
4x molar addit ion of ds lO. c B inding of RSM (dark color, 70 m M ionic strength; light 

color, 500 m M ionic strength) to sslO, ds lO , HT, or CEB1 DNA monitored by FA 
measurements, n = 3 independent experiments; data are means ± s.d. d Effect of 
ionic strength on RSM binding to ds49 or CEB1 DNA quantified in EMSA experi 
ments (see Supplementary Fig. 7f). n = 3 independent experiments; data are means 
± s.d. Source data are provided as a Source Data file. 

e x v i v o , c o n f i r m i n g t h a t t h e b a s i c p a t c h o f R S M is t h e p r i n c i p a l 
d e t e r m i n a n t o f t h e R P A - R E C Q 4 i n t e r a c t i o n ( F ig . 2 f ) . 

RSM forms electrostatically driven high-affinity complexes with 
various DNA structures 
T h e S ld2- l i ke r e g i o n o f h u m a n R E C Q 4 , p a r t i c u l a r l y t h e R E C Q 4 ( 3 2 2 - 4 o o ) 
f r a g m e n t , h a s b e e n p r e v i o u s l y s h o w n t o b i n d v a r i o u s D N A s u b s t r a t e s 
w i t h a s t r o n g p r e f e r e n c e f o r G 4 s 5 6 , 5 7 ' 6 5 , 9 8 . TO e l u c i d a t e w h i c h p a r t o f 
RECQ4 ( 322-4oo) p o s s e s s e s t h e D N A b i n d i n g a c t i v i t y , w e i n s p e c t e d t h e 
c h e m i c a l s h i f t c h a n g e s o f t h i s f r a g m e n t w h e n b o u n d t o a 10-bp d o u b l e -
s t r a n d e d D N A ( d s l O ) . T h e N M R a n a l y s i s s h o w e d t h a t o n l y t h e r e s i d u e s 
w i t h i n t h e R S M a r e a f f e c t e d b y t h e p r e s e n c e o f t h e D N A s u b s t r a t e 
( S u p p l e m e n t a r y F i g . 7a ) . T o s u p p o r t t h i s f i n d i n g , w e p e r f o r m e d a n 
E l e c t r o p h o r e t i c M o b i l i t y S h i f t A s s a y ( E M S A ) o f v a r i o u s R E C Q 4 p e p 
t i d e s w i t h i n t h e 3 2 2 - 4 0 0 r e g i o n w i t h a 4 9 - b p d s D N A ( d s 4 9 ) s u b s t r a t e . 
T h e c o m p l e x b i n d i n g p r o f i l e s o b s e r v e d w e r e i n d i s t i n g u i s h a b l e , s u g 
g e s t i n g s i m i l a r a f f i n i t i e s f o r a l l t e s t e d p e p t i d e s ( S u p p l e m e n t a r y F i g . 7 b , 
c ) . O u r d a t a t h u s d e m o n s t r a t e t h a t t h e R S M i t s e l f o r i ts s h o r t e r v e r s i o n 
o b t a i n e d as a s y n t h e t i c p e p t i d e ( s R S M : 3 5 8 - 3 8 8 ) is s u f f i c i e n t f o r t h e 
D N A b i n d i n g p r o p e r t i e s o f t h e R E C Q 4 ( 3 2 2 - 4 o o ) f r a g m e n t 5 6 . 

N e x t , w e m o n i t o r e d t h e i n t e r a c t i o n b y N M R t i t r a t i o n s t o o b t a i n 
a t o m i c - l e v e l i n s i g h t i n t o t h e D N A b i n d i n g p r o p e r t i e s . T h e R S M b i n d s 
d s l O D N A i n a f as t e x c h a n g e r e g i m e o n t h e c h e m i c a l s h i f t t i m e s c a l e 
( F ig . 3a ) . C S P a n a l y s i s s h o w e d t h a t D N A b i n d i n g is m e d i a t e d b y t h e 
p o s i t i v e l y c h a r g e d r e s i d u e s o f t h e b a s i c p a t c h ( F i g . 3 b ) , h i g h l i g h t i n g 
t h e d o m i n a n t r o l e o f e l e c t r o s t a t i c s i n t h e i n t e r a c t i o n . W e a l s o c o m 
p a r e d t h e C S P s i n d u c e d b y o t h e r D N A s u b s t r a t e s . T h e o v e r a l l p a t t e r n 
w a s t h e s a m e f o r a s p l a y e d - a r m (Y14) , s i n g l e - s t r a n d e d ( s s lO ) , o r 
d o u b l e - s t r a n d e d D N A ( d s l O ) w i t h m i n o r d i f f e r e n c e s i n t h e r e l a t i v e 
m a g n i t u d e o f C S P s ( S u p p l e m e n t a r y F i g . 8 ) . T h e s e d a t a p o i n t s t r o n g l y 
t o p o l y e l e c t r o l y t e i n t e r a c t i o n s d o m i n a t e d b y n o n - s p e c i f i c e l e c t r o s t a t i c 
c o n t a c t s b e t w e e n t h e f l e x i b l e c a t i o n i c R S M a n d t h e n e g a t i v e l y c h a r g e d 
D N A m o l e c u l e s . I m p o r t a n t l y , t h e b i n d i n g o f R S M t o d s D N A d i d n o t 
a f f e c t t h e i n t e g r i t y o f t h e D N A h e l i x ( S u p p l e m e n t a r y F i g . 7 d ) . Inter 
e s t i n g l y , t h e C S P m a p s o f t h e R S M b o u n d t o D N A s o r R P A l a r g e l y 
o v e r l a p p e d , s u g g e s t i n g t h a t t h e R S M u t i l i z e s t h e s a m e b a s i c p a t c h f o r 
d i f f e r e n t f u n c t i o n s . 

T o e x a m i n e t h e r o l e o f e l e c t r o s t a t i c s i n D N A b i n d i n g , w e p e r 
f o r m e d F l u o r e s c e n c e A n i s o t r o p y ( FA ) e x p e r i m e n t s w i t h s s l O , d s l O , 
a n d t w o G 4 s t r u c t u r e s , o n e w i t h h y b r i d ( H T ) 9 9 a n d o n e w i t h p a r a l l e l 
( C E B 1 ) 1 0 0 t o p o l o g y ( S u p p l e m e n t a r y T a b l e 1). A t l o w i o n i c s t r e n g t h , t h e 
b i n d i n g a f f i n i t i e s w e r e i n t h e s u b m i c r o m o l a r r a n g e f o r b o t h G 4 s a n d 
a r o u n d o n e m i c r o m o l a r f o r s s l O a n d d s l O D N A s ( F ig . 3 c ) . E M S A 
e x p e r i m e n t s f u r t h e r c o n f i r m e d t h e R S M p r e f e r e n c e f o r G 4 s t r u c t u r e s . 
In a m i x e d p o o l o f e q u a l a m o u n t s o f C E B 1 G 4 a n d s s 2 0 D N A , R S M 
b o u n d t h e G 4 s t r u c t u r e w i t h g r e a t e r a f f i n i t y t h a n t h e s s D N A s u b s t r a t e 
( S u p p l e m e n t a r y F i g . 7e) . A t h i g h i o n i c s t r e n g t h , b i n d i n g a s s e s s e d b y F A 
w a s a t t e n u a t e d f o r t h e G 4 s a n d n o t r e l i a b l y d e t e c t e d f o r b o t h s s l O a n d 
d s l O D N A s ( F i g . 3 c ) . E M S A w i t h i n c r e a s i n g a m o u n t s o f sa l t f u r t h e r 
s u p p o r t e d t h e e l e c t r o s t a t i c n a t u r e o f t h e D N A i n t e r a c t i o n s . H o w e v e r , 
c o n s i s t e n t w i t h t h e F A r e s u l t s , R S M b i n d i n g t o C E B 1 w a s m o r e r e s i s t a n t 
t o i o n i c s t r e n g t h t h a n d s 4 9 ( F i g . 3 d a n d S u p p l e m e n t a r y F i g . 7 f ) . T h i s 
d a t a s u g g e s t s t h a t t h e v e r s a t i l e D N A b i n d i n g p r o p e r t i e s o f t h e R S M 
d e p e n d o n i o n i c s t r e n g t h . 

RSM conformational flexibility modulates distinct and compe
titive functions 
I n t r i n s i c d i s o r d e r i n p r o t e i n s is o f t e n a s s o c i a t e d w i t h p r o m i s c u o u s 
b i n d i n g 1 0 1 1 0 2 . I n d e e d , o u r d a t a d e m o n s t r a t e t h a t R S M e m p l o y s t h e 
p h y s i c o c h e m i c a l f e a t u r e s o f t h e b a s i c p a t c h t o a s s o c i a t e w i t h R P A o r 
v a r i o u s D N A s u b s t r a t e s . T o o b t a i n d e t a i l e d m e c h a n i s t i c i n f o r m a t i o n 
o n R S M b i n d i n g p l a s t i c i t y , w e c h a r a c t e r i z e d t h e k i n e t i c a n d t h e r m o 
d y n a m i c p a r a m e t e r s o f t h e i n t e r a c t i o n s a l o n g w i t h s t r u c t u r a l a n d 
d y n a m i c N M R d e s c r i p t o r s . 

A c o m p a r i s o n o f N M R t i t r a t i o n m e a s u r e m e n t s r e v e a l e d t h a t t h e 
r e l a t i v e l y s t r o n g b i n d i n g o f R S M t o d s D N A is a s s o c i a t e d w i t h o n l y s m a l l 
R S M c h e m i c a l s h i f t c h a n g e s ( C S P s n o t l a r g e r t h a n 0.1 p . p . m . . F i g . 3 b ) . In 
c o n t r a s t , t h e w e a k e r b i n d i n g o f R S M t o R P A 3 2 C is a s s o c i a t e d w i t h 
m u c h l a r g e r R S M c h e m i c a l s h i f t c h a n g e s ( C S P s as l a r g e as 0 .25 p . p . m . , 
F i g . 2 c ) . T h e s e o b s e r v a t i o n s s u g g e s t e d t h a t R S M c o m p l e x f o r m a t i o n 
w i t h d s D N A o r R P A 3 2 C m a y i n v o l v e d i s t i n c t b i n d i n g m e c h a n i s m s . T o 
e x p l o r e t h i s , w e c o m p a r e d t h e s t r u c t u r a l a n d d y n a m i c a l t r a i t s o f t h e 
R S M ( F i g . 4a ) . A n a l y s i s o f N M R s e c o n d a r y c h e m i c a l s h i f t s ( ! H a , 1 H N , 1 5 N , 
1 3 C , 1 3 C a , " C 1 5 ) p r o v i d e s a s e n s i t i v e i n d i c a t o r o f d y n a m i c s a n d 
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Fig. 4 | Distinct and competitive binding modes of RSM to DNA and RPA. 
a Random Coi l Index order parameters (RCI-S2) and secondary structure from 
Chemical Shift Index (CSI) (C: random co i l , H: helix) calculated f rom secondary 
chemical shifts and 1 S N R 2 relaxation rates measured for free RSM (black; 50 u M 
RSM) and RSM in complex with DNA (cyan; 4x molar excess dsDNA) or RPA (pink; 
16x molar excess RPA32C). Relaxation experiments were performed once. Error 
bars represent the standard error o f the fitted parameters, b Competit ive b inding 

of DNA (4x molar excess) and RPA (16* molar excess) to 50 u M RSM, observed by 
2D NMR titrations and shown for two residues of RSM. Gray arrows indicate peak 
trajectories upon b inding of each partner, and black arrows indicate peak trajec
tories upon compet i t ion with the other partner (left). Fitted spectra fol lowing 2D 
line shape analysis of the compet i t ion binding (right), c Summary o f kinetic, ther
modynamic, and structural parameters of RSM interactions. Source data are pro
vided as a Source Data file. 

s t r u c t u r e 1 0 3 - 1 0 5 . T h e c h e m i c a l s h i f t s o f f r e e R S M i n d i c a t e d a h i g h l y 
d i s o r d e r e d p e p t i d e w i t h n o i n t r i n s i c p r o p e n s i t y f o r s e c o n d a r y s t r u c 
t u r e f o r m a t i o n ( F i g . 4 a a n d S u p p l e m e n t a r y T a b l e 2) . S i m i l a r l y , t h e R S M 
c h e m i c a l s h i f t s i n c o m p l e x w i t h d s D N A s h o w e d t h a t i t r e m a i n s r e l a 
t i v e l y f l e x i b l e a n d u n s t r u c t u r e d ( F i g . 4 a a n d S u p p l e m e n t a r y T a b l e 3 ) . In 
c o n t r a s t , t h e R S M c h e m i c a l s h i f t s i n c o m p l e x w i t h R P A 3 2 C i n d i c a t e d 
i n c r e a s e d o r d e r w i t h i n t h e b a s i c p a t c h o f R S M , a s s o c i a t e d w i t h t h e 
f o r m a t i o n o f a s t a b l e a - h e l i x ( F i g . 4 a a n d S u p p l e m e n t a r y T a b l e 4 ) . T h i s 
is i n l i n e w i t h s t u d i e s o f o t h e r p e p t i d e s w h i c h u n d e r g o a d i s o r d e r - t o -
h e l i x t r a n s i t i o n u p o n R P A 3 2 C b i n d i n g 9 4 9 6 ( F i g . 2 d a n d S u p p l e m e n 
t a r y F i g . 5 b ) . 

W e a l s o p e r f o r m e d 1 S N Rlt R2, a n d { 'HJ-^N h e t e r o n u c l e a r N O E 
( n u c l e a r O v e r h a u s e r e f f e c t ) r e l a x a t i o n m e a s u r e m e n t s t o c h a r a c t e r i z e 
t h e d y n a m i c b e h a v i o r o f R S M ( F i g . 4 a a n d S u p p l e m e n t a r y F i g . 9a ) . T h e 
1 5 N r e l a x a t i o n r a t e s o f f r e e R S M a r e c h a r a c t e r i s t i c o f a d i s o r d e r e d 
p e p t i d e w i t h n o e l e m e n t s o f i n c r e a s e d r i g i d i t y . B i n d i n g t o e i t h e r 
d s D N A o r R P A 3 2 C is m a i n l y c h a r a c t e r i z e d b y e l e v a t e d R2 v a l u e s f o r t h e 
b a s i c p a t c h , w h i c h c o u l d b e d u e t o c h a n g e s i n r o t a t i o n a l d i f f u s i o n o r 
d u e t o s l o w e r p r o c e s s e s l i k e f o l d i n g . F u r t h e r a n a l y s i s o f t h e r e l a x a t i o n 
ra tes b a s e d o n s p e c t r a l d e n s i t y m a p p i n g 1 0 6 1 0 7 ( S u p p l e m e n t a r y F i g . 9 b , 
c) d e m o n s t r a t e d i n t e r n a l r i g i d i t y f o r t h e b a s i c p a t c h i n c o m p l e x w i t h 
d s D N A , w h i c h i n c r e a s e d f u r t h e r w h e n i n c o m p l e x w i t h R P A 3 2 C . T h e 
r e l a x a t i o n d a t a a g r e e v e r y w e l l w i t h t h e s t r u c t u r a l i n f o r m a t i o n e n c o 
d e d b y t h e s e c o n d a r y c h e m i c a l s h i f t s a n d t h e e n t r o p y c h a n g e s a s s o 
c i a t e d w i t h b i n d i n g (see b e l o w ) . 

T h e s e N M R o b s e r v a t i o n s d e m o n s t r a t e t w o d i s t i n c t m o d e s o f 
b i n d i n g m e d i a t e d b y t h e R S M . R S M f o r m s a d y n a m i c c o m p l e x w i t h 
d s D N A , w h e r e i n t e r n a l m o t i o n s a r e r e d u c e d , b u t t h e p e p t i d e r e m a i n s 
f l e x i b l e a n d d i s o r d e r e d . In c o n t r a s t , b i n d i n g t o R P A 3 2 C is a c c o m 
p a n i e d b y h e l i x f o r m a t i o n t o y i e l d a s t a t i c o r d e r e d c o m p l e x . H o w e v e r , 
b o t h b i n d i n g m e c h a n i s m s r e l y o n t h e p o s i t i v e l y c h a r g e d R S M e p i t o p e , 
i n d i c a t i n g t h a t R P A 3 2 C a n d d s D N A i n t e r a c t i o n s c o u l d b e c o m p e t i t i v e 
a n d m u t u a l l y e x c l u s i v e . 

T o t e s t t h i s s c e n a r i o a n d s h e d l i g h t o n t h e m u l t i f u n c t i o n a l n a t u r e 
o f t h e R S M , w e p e r f o r m e d 2 D N M R c o m p e t i t i o n m e a s u r e m e n t s o f 
1 5 N - l a b e l e d R S M w i t h d s D N A a n d R P A 3 2 C ( F i g . 4 b ) . F i r s t , R S M w a s 
t i t r a t e d u p t o s a t u r a t i n g q u a n t i t i e s o f d s D N A ( 4 * e x c e s s ) o r R P A 3 2 C 
(16x e x c e s s ) . T h e n , e a c h R S M c o m p l e x e d s t a t e w a s c h a l l e n g e d w i t h t h e 
c o m p e t i t o r ( F i g . 4 b a n d S u p p l e m e n t a r y F i g . 10 ) . In b o t h c o m p e t i t i o n 

e x p e r i m e n t s , R S M p e a k s l ay a l o n g l i n e a r p a t h s b e t w e e n t h e p e a k 
p o s i t i o n s o f t h e R P A 3 2 C - o r d s D N A - b o u n d s t a t e s , c o n f i r m i n g t h a t 
R P A 3 2 C a n d d s D N A c o m p e t e f o r R S M b i n d i n g . R e g a r d l e s s o f t h e o r d e r 
o f t h e a d d i t i o n , t h e e q u i l i b r i u m e s t a b l i s h e d a t t h e e n d w a s i n f a v o r o f 
d s D N A b i n d i n g d u e t o t h e s t r o n g e r a f f i n i t y ( F ig . 4 b ) . T o q u a n t i f y t h e s e 
i n t e r a c t i o n s , w e p e r f o r m e d a 2 D l i n e s h a p e a n a l y s i s o n t h e c o m p l e t e se t 
o f f o u r t i t r a t i o n s . T h i s p r o c e d u r e s i m u l a t e s t h e c o m p l e t e se t o f 2 D 
N M R e x p e r i m e n t s u s i n g a v i r t u a l s p e c t r o m e t e r a p p r o a c h t o d e t e r m i n e 
t h e b e s t - f i t t i n g s p e c t r a l p a r a m e t e r s ( r e s o n a n c e f r e q u e n c i e s a n d l ine-
w i d t h s ) a n d e q u i l i b r i u m a n d ra te c o n s t a n t s f o r a g i v e n b i n d i n g 
m o d e l 1 0 8 1 0 9 . T o d e t e r m i n e d i s s o c i a t i o n c o n s t a n t s a n d d i s s o c i a t i o n 
ra tes f o r d s D N A a n d R P A 3 2 C , R S M r e s i d u e s w e r e fitted g l o b a l l y a c r o s s 
2 4 t i t r a t i o n p o i n t s t o a c o m p e t i t i v e b i n d i n g m o d e l ( F i g . 4 b , c ) . A g o o d 
fit w a s o b t a i n e d f o r a l l R S M r e s i d u e s , a n d t h e fitting q u a l i t y d i d n o t 
i m p r o v e b y i n c o r p o r a t i n g d i r e c t e x c h a n g e b e t w e e n R P A 3 2 C - a n d 
d s D N A - b o u n d s t a t e s i n t o t h e b i n d i n g m o d e l . T h i s a n a l y s i s i n d i c a t e s 
t h a t e x c h a n g e b e t w e e n t h e t w o c o m p l e x e s o c c u r s p r e d o m i n a n t l y v i a 
d i s s o c i a t i o n a n d r e - b i n d i n g r a t h e r t h a n d i r e c t d i s p l a c e m e n t a n d a g r e e s 
w i t h t h e d i s t i n c t s t r u c t u r a l s t a t e s o f t h e R S M w h e n i t a s s o c i a t e s w i t h 
d s D N A o r R P A 3 2 C . 

T h e r e s u l t s o f t h e 2 D l i n e s h a p e fitting a b o v e i n d i c a t e t h a t t h e 
a f f i n i t y o f R S M f o r d s D N A (Kd 6 . 3 ± 0 . 6 u M ) is a p p r o x i m a t e l y 2 0 - f o l d 
g r e a t e r t h a n f o r R P A 3 2 C (Ka 117±5uM) . A s d i s s o c i a t i o n r a t e s a r e 
r o u g h l y c o m p a r a b l e , t h e d i f f e r e n t a f f i n i t i e s a r e d r i v e n p r i m a r i l y b y t h e 
d i f f e r e n c e i n t h e a s s o c i a t i o n r a t e s , w h i c h w e find t o b e 
1.5 ± 0 . 4 x 1 0 1 0 M " 1 s" 1 a n d 2.4 ± 1.5 x 1 0 s M " 1 s" 1 f o r d s D N A a n d R P A 3 2 C , 
r e s p e c t i v e l y ( F i g . 4 c ) . N o t a b l y , t h e a s s o c i a t i o n r a t e f o r d s D N A e x c e e d s 
e v e n t h e s i m p l e s t S m o l o c h o w s k i d i f f u s i o n l i m i t ( ca . l O ' M ^ s - 1 , 
n e g l e c t i n g o r i e n t a t i o n a l c o n s t r a i n t s ) 8 0 1 1 0 , i n d i c a t i n g t h a t f o r m a t i o n o f 
t h e c o m p l e x is s t e e r e d b y l o n g - r a n g e e l e c t r o s t a t i c f o r c e s . H o w e v e r , 
g i v e n t h a t t h e R P A 3 2 C b i n d i n g c l e f t is a l s o s t r o n g l y n e g a t i v e l y c h a r g e d , 
t h e r e d u c e d a s s o c i a t i o n r a t e t o R P A 3 2 C b y t w o o r d e r s o f m a g n i t u d e is 
l i k e l y a s s o c i a t e d w i t h t h e e n e r g e t i c a l l y c o s t l y f o r m a t i o n o f t h e 
o b s e r v e d a-he l i x . T h e r e f o r e , w e e x a m i n e d t h e i n t e r a c t i o n w i t h d s D N A 
o r R P A 3 2 C b y I s o t h e r m a l T i t r a t i o n C a l o r i m e t r y ( ITC) a n d a n a l y z e d t h e 
b i n d i n g t h e r m o d y n a m i c s . T h e d i s s o c i a t i o n c o n s t a n t s d e t e r m i n e d b y 
I TC a r e i n g o o d a g r e e m e n t w i t h t h e o n e s o b t a i n e d f r o m N M R c o m 
p e t i t i o n e x p e r i m e n t s , c o n f i r m i n g a 2 5 - f o l d s t r o n g e r b i n d i n g a f f i n i t y o f 
R S M f o r d s D N A ( S u p p l e m e n t a r y F i g . 11). T h e a s s o c i a t e d 
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Fig. 5 | RSM-G4 recognition and coacervation. sRSM interaction with (a) parallel 
and (b) hybrid G4 was analyzed by ITC experiments (100 u M RSM), C D measure
ments (10 u M G4), or NMR titrations (50 u M G4). Imino chemical shift perturba
tions were quantified at sRSM:G4 ratio of 0.75:1 and color mapped in the schematic 
diagrams. G4 sequences are indicated, c RSM (10 uM) , parallel T95-2TG4 (10 uM) or 
their mixture (10 u M each) were analyzed for droplet formation using DIC micro
scopy. The addit ion of 500 m M NaCI dissolves the droplets. Images are 

representative of three independent experiments, d Droplet formation and colo-
calization of 5 mol % FITC-labeled RSM (10 uM) and 5 mol % Cy3-labeled CEB1G4 (10 
uM). Images are representative of three independent experiments, e Droplet for
mation (upper panels) and colocal ization (lower panels) o f 5 m o l % FITC-labeled 
RSM with preformed droplets. Images are representative of two independent 
experiments. In all images scale bar = 1 urn. Source data are provided as a Source 
Data file. 

t h e r m o d y n a m i c c o m p o n e n t s ( A G , A H , a n d A S ) h i g h l i g h t e d t h a t t h e 
e n t h a l p i c c o n t r i b u t i o n i n b o t h i n t e r a c t i o n s is v e r y s i m i l a r , w h e r e a s 
s u b s t a n t i a l d i f f e r e n c e s w e r e o b s e r v e d i n t h e e n t r o p i c c o n t r i b u t i o n 
( F ig . 4 c ) . T h e l a r g e e n t r o p y d i f f e r e n c e c a n n o t b e a t t r i b u t e d t o h y d r o 
p h o b i c i n t e r a c t i o n s b e c a u s e t h e b i n d i n g o f b o t h c o m p l e x e s i n v o l v e s 
t h e s a m e p o s i t i v e p a t c h o f t h e R S M ( F i g . 4 b ) . I n s t e a d , t h e c o n f o r m a 
t i o n a l p r o p e r t i e s o f t h e R S M l i k e l y a c c o u n t f o r t h i s p h e n o m e n o n 1 1 1 1 1 2 . 
T h e d y n a m i c n a t u r e o f t h e R S M - d s D N A c o m p l e x b e n e f i t s f r o m c o n 
f o r m a t i o n a l flexibility, d u e t o e n t r o p i c a l l y f a v o r e d i n t e r a c t i o n s 
b e t w e e n a n y p a i r s o f c h a r g e d r e s i d u e s . In c o n t r a s t , t h e f o r m a t i o n o f a 
s t a t i c c o m p l e x w i t h R P A 3 2 C i n v o l v e s s p e c i f i c i n t e r a c t i o n s a n d R S M 
f o l d i n g i n t o a w e l l - d e f i n e d h e l i c a l c o n f i g u r a t i o n , w h i c h m i n i m i z e s a n y 
e n t r o p i c c o n t r i b u t i o n . W e c o n c l u d e t h a t t h e R S M c o n f o r m a t i o n a l 
e n t r o p y m o d u l a t e s t h e k i n e t i c s a n d t h e r m o d y n a m i c s o f b i n d i n g t o 
p e r f o r m m u t u a l l y e x c l u s i v e f u n c t i o n s . 

Binding and coacervation between RSM and G-quadruplexes 
S i n c e R e c Q f a m i l y m e m b e r s ( b a c t e r i a l R E C Q , W R N , B L M ) a r e a m o n g 
t h e b e s t - c h a r a c t e r i z e d h e l i c a s e s t h a t u n w i n d G 4 m o t i f s 1 1 3 , w e i n v e s t i 
g a t e d t h e G 4 b i n d i n g p r o p e r t i e s o f R S M i n d e t a i l t o u n d e r s t a n d R E C Q 4 
r o l e s i n n u c l e i c a c i d m e t a b o l i s m . F o r t h i s , w e u s e d t h e T 9 5 - 2 T 1 1 4 a n d 
H T " G 4 s t h a t f o l d i n t o s t a b l e p a r a l l e l a n d h y b r i d G 4 t o p o l o g i e s , 
r e s p e c t i v e l y ( S u p p l e m e n t a r y F i g . 12). T h e b i n d i n g i s o t h e r m s m e a s u r e d 
b y I T C r e v e a l e d t h a t R S M b i n d s t o b o t h q u a d r u p l e x e s w i t h s t o i c h i o -
m e t r y c l o s e t o 1:1 a n d u p t o 8- fo ld h i g h e r a f f i n i t y c o m p a r e d t o d s D N A 
( d i s s o c i a t i o n c o n s t a n t o f 2 0 0 ± 8 0 n M f o r t h e p a r a l l e l a n d 
4 2 0 ± 1 4 0 n M f o r t h e h y b r i d G 4 ) ( F i g . S a , b a n d S u p p l e m e n t a r y F i g . 11). 
W e a l s o i n v e s t i g a t e d R S M b i n d i n g t o G - q u a d r u p l e x e s b y N M R . T h e 
R S M a m i d e p e a k s i n t h e H S Q C s p e c t r a s h o w e d a d o s e - d e p e n d e n t 
r e d u c t i o n i n t h e i r i n t e n s i t i e s u p o n t h e a d d i t i o n o f G 4 s a n d c o m p l e t e l y 
d i s a p p e a r e d a t 1:1 s t o i c h i o m e t r y ( S u p p l e m e n t a r y F i g . 13a). P e a k 
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i n t e n s i t i e s o f p o s i t i v e l y c h a r g e d r e s i d u e s w e r e m o r e r e d u c e d c o m 
p a r e d t o t h e g e n e r a l t r e n d ( S u p p l e m e n t a r y F i g . 13b ) , p o i n t i n g t o t h e 
i m p o r t a n c e o f t h e b a s i c p a t c h i n G 4 a s s o c i a t i o n . H o w e v e r , t h e f a c t t h a t 
R S M p e a k s s y n c h r o n o u s l y l o s e i n t e n s i t y ( S u p p l e m e n t a r y F i g . 13a , b) is 
i n d i c a t i v e o f t h e p o s s i b l e f o r m a t i o n o f h i g h - o r d e r c o m p l e x e s . 

I n d e e d , t h e R E C Q 4 N - t e r m i n u s is h i g h l y u n s t r u c t u r e d , w i t h s e v e r a l 
r e g i o n s p r e d i c t e d t o u n d e r g o 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 ( LLPS ) 1 1 5 . 
S i n c e t h e R S M s h o w s t h e h i g h e s t L L P S p r o p e n s i t y ( S u p p l e m e n t a r y 
F i g . 14a ) , w e se t o u t t o a n a l y z e o u r s a m p l e s f o r t h e f o r m a t i o n o f c o n 
d e n s a t e s b y o p t i c a l m i c r o s c o p y . W h i l e a s o l u t i o n o f R S M o r G 4 a l o n e 
w a s f r e e o f a n y v i s i b l e p a r t i c l e s , m i x i n g R S M w i t h G 4 l e d t o a r a p i d 
f o r m a t i o n o f d r o p l e t s ( F i g . Sc ) . U s i n g f l u o r e s c e n t l y l a b e l e d c o m p o 
n e n t s , w e c o n f i r m e d t h e p r e s e n c e o f b o t h R S M a n d G 4 i n t h e d r o p l e t s 
( F ig . 5 d ) . F o r m a t i o n o f d r o p l e t s w a s a c c o m p a n i e d b y s a m p l e t u r b i d i t y 
t h a t i n c r e a s e d i n a c o n c e n t r a t i o n - d e p e n d e n t m a n n e r ( S u p p l e m e n t a r y 
F i g . 1 4 b ) . W e o b s e r v e d d r o p l e t f o r m a t i o n w i t h t w o t y p e s o f p a r a l l e l G 4 
(T95-2T a n d C E B 1 ) , h y b r i d G 4 ( H T ) , a n d s s D N A o f v a r y i n g l e n g t h , w i t h 
t h e n o t i o n t h a t t h e s h o r t e s t s s D N A s h o w e d v e r y f e w d r o p l e t s , b u t n o t 
w i t h d s D N A o r R P A 3 2 C ( S u p p l e m e n t a r y F i g . 14d ) . T h i s d a t a i n d i c a t e 
t h a t R S M is p r o n e t o p h a s e s e p a r a t i o n w h e n m i x e d w i t h o p p o s i t e l y 
c h a r g e d p o l y e l e c t r o l y t e s , a p r o c e s s c a l l e d c o m p l e x c o a c e r v a t i o n t h a t 
s t r o n g l y d e p e n d s o n e l e c t r o s t a t i c i n t e r a c t i o n s 1 1 6 . I n d e e d , R S M - D N A 
d r o p l e t s a r e s e n s i t i v e t o sa l t c o n c e n t r a t i o n a n d d i s s o l v e a b o v e a c r i 
t i c a l s a l t c o n c e n t r a t i o n c o n f i r m i n g t h e p o l y e l e c t r o l y t e b e h a v i o r o f 
p h a s e s e p a r a t i o n ( F i g . Sc a n d S u p p l e m e n t a r y F i g . 14c ) . L i k e w i s e , t h e 5E-
m u t a n t t h a t e f f e c t i v e l y n e u t r a l i z e d t h e R S M c h a r g e d i d n o t f o r m d r o 
p l e t s w h e n m i x e d w i t h G 4 s . H o w e v e r , r e s i d u a l b i n d i n g w a s s t i l l 
d e t e c t a b l e b y N M R b e t w e e n R S M - 5 E m u t a n t a n d p a r a l l e l G 4 b u t n o t 
b e t w e e n R S M - 5 E m u t a n t a n d h y b r i d G 4 ( S u p p l e m e n t a r y F i g . 14e , f ) . O n 
t h e o t h e r h a n d , t h e R S M d o u b l e t r y p t o p h a n m u t a n t w a s p r o n e t o 
f o r m i n g d r o p l e t s w i t h b o t h G 4 s , s u g g e s t i n g t h a t t h e t w o t r y p t o p h a n 
r e s i d u e s w i t h i n t h e R S M a r e n o t c r i t i c a l f o r c o a c e r v a t i o n ( S u p p l e 
m e n t a r y F i g . 14e , f). 

T o b e t t e r u n d e r s t a n d t h e m e c h a n i s m o f R S M - G 4 c o a c e r v a t i o n , w e 
m o n i t o r e d t h e G 4 p r o t o n r e s o n a n c e s b y N M R . T h e t w o s e l e c t e d G 4 
s t r u c t u r e s (T95-2T a n d H T ) p r o d u c e d w e l l - r e s o l v e d i m i n o s p e c t r a 
m a t c h i n g t h e a s s i g n m e n t s f r o m t h e o r i g i n a l r e p o r t s a n d c o n f i r m i n g G 4 
i n t e g r i t y a n d t o p o l o g y 9 9 1 1 4 . W e p e r f o r m e d N M R t i t r a t i o n s b y g r a d u a l l y 
a d d i n g R S M (aa 3 4 8 - 3 8 8 ) o r s R S M (aa 3 5 8 - 3 8 8 ) t o b o t h G 4 s . T h e 
i n t e n s i t y o f b o t h i m i n o a n d a r o m a t i c G 4 p e a k s d e c r e a s e d p r o 
p o r t i o n a l l y w i t h t h e d o s e o f c o r r e s p o n d i n g R E C Q 4 p e p t i d e t o r e a c h 
t h e n o i s e l e ve l c l o s e t o 1:1 s t o i c h i o m e t r y ( F i g . Sa , b a n d S u p p l e m e n t a r y 
F i g . 15). T h e p r o g r e s s i v e s i g n a l l o s s o f G 4 p r o t o n r e s o n a n c e s r e f l e c t s 
t h e d r o p l e t f o r m a t i o n . C o n c u r r e n t l y w i t h t h e d e c r e a s e o f s i g n a l 
i n t e n s i t i e s , c h e m i c a l s h i f t p e r t u r b a t i o n s w e r e a l s o o b s e r v e d , r e p r e 
s e n t i n g t h e first e n c o u n t e r b e t w e e n R S M a n d t h e G 4 i n t h e d i l u t e 
s o l u t i o n p h a s e o n t h e p a t h t o w a r d s c o a c e r v a t i o n . S t r u c t u r a l m a p p i n g 
o f c h e m i c a l s h i f t p e r t u r b a t i o n s i n t h e p a r a l l e l G 4 s u g g e s t s t h a t t h e R S M 
e n g a g e s first t h e 3 '-end G- t e t r ad . In c o n t r a s t , f o r t h e h y b r i d G 4 , t h e 
l a r g e s t c h e m i c a l s h i f t p e r t u r b a t i o n s a r e o b s e r v e d a t t h e 5'-end G-tet
r a d , i n d i c a t i n g t h a t i n i t i a l b i n d i n g is s e n s i t i v e t o t h e G 4 s t r u c t u r e 
( F ig . 5 a , b ) . 

T o f u r t h e r i n v e s t i g a t e t h e i n t e r a c t i o n b e t w e e n R S M a n d G 4 s , w e 
p e r f o r m e d c i r c u l a r d i c h r o i s m ( C D ) m e a s u r e m e n t s . E a c h G 4 d i s p l a y s a 
u n i q u e C D s p e c t r a l s i g n a t u r e r e f l e c t i n g m a i n l y G - q u a r t e t s t a c k i n g , 
s t r a n d s e g m e n t o r i e n t a t i o n , a n d l o o p a r r a n g e m e n t s 1 1 7 . I m p o r t a n t l y , 
s R S M (aa 3 5 8 - 3 8 8 ) d i d n o t i n t e r f e r e w i t h t h e G 4 C D s p e c t r a l f e a t u r e s 
( S u p p l e m e n t a r y F i g . 16a ) . T h e G 4 - s p e c i f i c C D s i g n a l (at 2 6 5 n m f o r t h e 
p a r a l l e l G 4 a n d 2 8 6 n m f o r t h e h y b r i d G 4 ) d e c r e a s e d i n a d o s e -
d e p e n d e n t f a s h i o n u p o n a d d i t i o n o f s y n t h e t i c R S M a n d d i s a p p e a r e d a t 
a n e q u i m o l a r r a t i o f o r b o t h q u a d r u p l e x e s ( F i g . 5 a , b a n d S u p p l e m e n 
t a r y F i g . 1 6 b ) . S i n c e t h e C D o b s e r v a t i o n s c o r r e l a t e d w i t h t h e f o r m a t i o n 
o f d r o p l e t s , w e c o m p a r e d t h e C D s p e c t r a o f s a m p l e s i n w h i c h t h e 
p h a s e - s e p a r a t e d s R S M - G 4 w e r e r e m o v e d b y c e n t r i f u g a t i o n p r i o r t o 
m e a s u r e m e n t w i t h t h o s e o f s a m p l e s c o n t a i n i n g t h e S R S M - G 4 d r o p l e t s . 

I n t e r e s t i n g l y , t h e e f f e c t o n t h e m a g n i t u d e o f t h e C D s p e c t r u m w a s v e r y 
s i m i l a r r e g a r d l e s s o f t h e p r e s e n c e o f d r o p l e t s i n t h e s a m p l e a n d p r o 
p o r t i o n a l t o t h e G 4 a m o u n t r e m a i n i n g i n t h e d i l u t e p h a s e c o l l e c t e d 
a f t e r c e n t r i f u g a t i o n ( S u p p l e m e n t a r y F i g . 16c ) . It h a s b e e n s h o w n t h a t 
t h e p a c k i n g m o d e o f d s D N A m o l e c u l e s i n d i s p e r s i o n p a r t i c l e s c a n 
c h a n g e t h e i r o p t i c a l p r o p e r t i e s 1 1 8 . A l t h o u g h i t is u n c l e a r w h y R S M / 
S R S M - G 4 d r o p l e t s b e c o m e o p t i c a l l y i n a c t i v e w h i l e o t h e r G 4 coa-
c e r v a t e s d o n o t 1 1 9 , t h i s u n e x p e c t e d finding p r e s e n t e d t h e m e a n s t o 
m o n i t o r t h e G 4 e q u i l i b r i u m b e t w e e n d i l u t e a n d c o n d e n s e d p h a s e s . 

T o g a i n a b e t t e r u n d e r s t a n d i n g o f t h e c o a c e r v a t i o n p r o c e s s 
b e t w e e n p a r a l l e l G 4 (T95-2T) a n d s R S M , a m o d e r n k i n e t i c a n a l y s i s w a s 
c o n d u c t e d , c o m b i n i n g e q u i l i b r i u m t i t r a t i o n d a t a ( F i g . 6 a - c ) w i t h 
t r a n s i e n t s t o p p e d - f l o w k i n e t i c s ( F i g . 6 d , e) i n a g l o b a l n u m e r i c a l m o d e l . 
In i t i a l l y , a c o n v e n t i o n a l a n a l y t i c a l fitting w a s p e r f o r m e d t o d e m o n 
s t r a t e : (i) t h e p r e s e n c e o f t h r e e d i s t i n c t t r a n s i t i o n s b e t w e e n t h e d i l u t e 
a n d c o n d e n s e d p h a s e s , ( i i ) a 1:1 s t o i c h i o m e t r y , a n d (i i i ) a " c o o p e r a t i v e " 
n a t u r e o f s R S M - D N A a s s e m b l y ( S u p p l e m e n t a r y F i g . 17 a n d S u p p l e 
m e n t a r y N o t e ) . S u b s e q u e n t l y , t h i s i n f o r m a t i o n a n d t h e i n i t i a l e s t i m a t e s 
o f k i n e t i c c o n s t a n t s w e r e u s e d t o d e v e l o p a r i g o r o u s n u m e r i c a l m o d e l . 
T h e c o m p l e x d a t a s e t , c o m p r i s i n g t w o i n d e p e n d e n t r e p l i c a t e s f o r e a c h 
e x p e r i m e n t ( S u p p l e m e n t a r y F i g . 18) , w a s s i m u l t a n e o u s l y fitted u s i n g 
n u m e r i c a l i n t e g r a t i o n o f t h e r a t e e q u a t i o n s d e r i v e d f r o m t h e p r o p o s e d 
m o d e l ( F i g . 6 f ) . T h e m a j o r i t y o f t h e d a t a w e r e fitted i n t h e i r r a w f o r m , 
e x c e p t f o r t h e C D a n d N M R t i t r a t i o n s w h i c h r e q u i r e d a d d i t i o n a l p r o 
c e s s i n g t o a c c o u n t f o r t h e c o n c e n t r a t i o n d e p e n d e n c i e s o n t h e 
o b s e r v e d s i g n a l s . S i n g u l a r V a l u e D e c o m p o s i t i o n ( S V D ) a n a l y s i s o f C D 
s p e c t r a c o n c e n t r a t i o n d e p e n d e n c e d e m o n s t r a t e d h i g h s i m i l a r i t y t o 
t h e d a t a a c q u i r e d t h r o u g h a s i m p l e r e a d i n g at t w o w a v e l e n g t h s (198 
a n d 2 6 5 n m ) , i n d i c a t i n g a s t r a i g h t f o r w a r d r e l a t i o n s h i p b e t w e e n t h e 
c o n c e n t r a t i o n s o f s R S M a n d G 4 a n d t h e r e s u l t i n g C D s i g n a l . C o n s e 
q u e n t l y , t h e s p e c i f i c - w a v e l e n g t h C D r e a d i n g s w e r e u t i l i z e d d u r i n g t h e 
fit ( F i g . 6a ) . O n t h e c o n t r a r y , t h e S V D a n a l y s i s o f N M R s p e c t r a p r o v i d e d 
v a l u a b l e i n s i g h t s i n t o t h e c o m p l e x i n t e r p l a y b e t w e e n t h e r e a c t i o n 
s p e c i e s a n d t h e i r i n f l u e n c e o n b o t h t h e i n t e n s i t y a n d t h e c h e m i c a l s h i f t 
p e r t u r b a t i o n o b s e r v e d i n t h e N M R t i t r a t i o n s ( F ig . 6 b ) . T h e r e f o r e , t h e 
c o m p l e x N M R d a t a w e r e r e p r e s e n t e d i n t h e g l o b a l fit t h r o u g h t h e S V D 
a m p l i t u d e v e c t o r s . 

F i t t i n g t h e m u l t i p l e d a t a g l o b a l l y e n a b l e d t h e d e r i v a t i o n o f a 
u n i q u e se t o f r a t e c o n s t a n t s f o r t h e i n d i v i d u a l s t e p s o f t h e p r o p o s e d 
m o d e l f o r S R S M - G 4 c o a c e r v a t i o n ( F i g . 6 f ) . T h e i n i t i a l b i n d i n g b e t w e e n 
s R S M a n d G 4 o c c u r r e d r a p i d l y a n d r e a c h e d e q u i l i b r i u m w i t h i n 1 0 0 m s 
( F ig . 6 d ) . T h e i n i t i a l c o m p l e x w a s r e l a t i v e l y w e a k , w i t h a d i s s o c i a t i o n 
c o n s t a n t (/C d l ) o f 3 . 1 ± 0 . 2 | J M . T h e f o r m a t i o n o f t h e i n i t i a l S R S M - G 4 
c o m p l e x w a s s l i g h t l y u n f a v o r a b l e , r e s u l t i n g i n a p o s i t i v e f r e e e n e r g y 
c h a n g e ( A G 0 , i ) o f 2 .83 kj m o l 1 ( A G v a l u e s a r e r e p o r t e d f o r a r e f e r e n c e 
s t a t e o f 1 u M ) . T h e s e c o n d s t e p o f t h e c o a c e r v a t i o n p r o c e s s l e d t o t h e 
f o r m a t i o n o f a s t a b l e n u c l e u s (n = 2, t h e m i n i m u m v a l u e s a t i s f y i n g t h e 
m o d e l ) w i t h a d i s s o c i a t i o n c o n s t a n t (Ka,2> o f 9 5 ± 7 n M . T h e f r e e e n e r g y 
c h a n g e (AG 0 ,2) a s s o c i a t e d w i t h n u c l e a t i o n is -5.71 kj m o l " 1 , s t r e n g t h 
e n i n g t h e s R S M - G 4 c o m p l e x s t a b i l i t y . T h e s t a b l e n u c l e u s s e r v e d as t h e 
f o u n d a t i o n f o r s u b s e q u e n t g r o w t h (n>3), w h i c h u l t i m a t e l y l e d t o 
p h a s e s e p a r a t i o n d r i v e n b y a c h a n g e i n f r e e e n e r g y (AG03) o f 
- 3 . 8 8 kj m o l " 1 ( F i g . 6 g ) . T h e c o m p r e h e n s i v e k i n e t i c a n a l y s i s r e v e a l e d 
t h a t t h e c o a c e r v a t i o n o f G 4 a n d s R S M f o l l o w s a r a p i d n u c l e a t i o n -
g r o w t h m e c h a n i s m . T h e s i m u l a t i o n o f t h e c o n c e n t r a t i o n o f i n d i v i d u a l 
s t a t e s ( F i g . 6h ) p r o v i d e d a v i s u a l r e p r e s e n t a t i o n o f t h e d y n a m i c e q u i 
l i b r i u m b e t w e e n t h e d i l u t e a n d c o n d e n s e d p h a s e s u n d e r d i f f e r e n t 
c o n d i t i o n s . T h e g l o b a l n u m e r i c a l a n a l y s i s p r o v i d e d a x 2 / D o F v a l u e o f 
1.12, i n d i c a t i n g a g o o d fit w h e r e a n a v e r a g e g l o b a l v a r i a n c e v a l u e is 
c o m p a r a b l e t o t h e a v e r a g e i n t e r n a l v a r i a n c e o f t h e d a t a . T o f u r t h e r 
v a l i d a t e t h e a c c u r a c y o f t h e m o d e l , w e c o n d u c t e d s p i n - d o w n a s say 
e x p e r i m e n t s p r o b i n g f o r t h e d i l u t e s p e c i e s u n d e r v a r y i n g c o n c e n t r a 
t i o n s . T h e e x p e r i m e n t a l a n d s i m u l a t e d d a t a ( F i g . 6 i a n d S u p p l e m e n t a r y 
F i g . 19) c o n f i r m e d t h e c o n s i s t e n c y o f t h e p r e d i c t i o n s a n d t h e r e l i a b i l i t y 
o f t h e m o d e l i n a c c u r a t e l y c a p t u r i n g t h e d y n a m i c s o f t h e s y s t e m . 
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f INITIAL BINDING NUCLEATION GROWTH / PHASE SEPARATION 
k, = 5.4 ± 0 .2 u M ' 1 S ' 1 k2 = 1.9 ±0 .1 u M ' 1 S ' 1 k3 = 0.21 ± 0.01 u M ' 1 S ' 1 

sRSM + G4 SRSM-G4 + SRSM-G4 (sRSM-G4)n + SRSM-G4 (sRSM-G4)n+1 

k, = 1 7 ± 1 S ' 1 

AGS = 2 . 8 3 k J m o l ' 1 

k2 = 0 . 1 8 ±0 .01 s-1 

A G ? = -5.71 k J m o l ' 1 

k3 = 0 . 0 4 4 ± 0 . 0 0 4 S ' 1 

A G ? = -3 .88 k J m o l ' 1 

SRSM + G4 SRSM-G4 (SRSM-G4). (sRSM-G4)„ , 

Reaction coordinate 

Fig. 61 Kinetic model of SRSM-G4 coacervation. a CD spectra of 10 u M G4 titrated 
with 0-40 u M sRSM. The C D signal readings (right) at two specific wavelengths, 
198 nm and 265 nm, were uti l ized in the global numerical analysis, b SVD ampl i 
tudes (right) calculated f rom the dependence of 50 u M G4 imino NMR spectra (left) 
on increasing sRSM concentrat ion. Asterisks mark removed baseline signal regions 
to improve accuracy in SVD analysis, c The optical density at 6 0 0 nm monitored 
during the titration of 10 u M G4 with 0 - 4 0 u M sRSM. n = 3 independent experi 
ments; data are means ± s.d. d The initial phase of the reaction examined by 
stopped-flow fluorescence upon mixing 2.5 u M G4 with 0-20 u M sRSM. e Kinetics 
of condensat ion process monitored by light scattering (at 295 nm) upon rapid 
mixing of 2.5 u M sRSM with 0-20 u M G4 (left) or 2.5 u M G4 with 0-20 u M sRSM 
(right). Each trace (in d and e) represents the average o f 3 or 4 measurements. Solid 
lines in graphs f rom (a) to (e) represent the best global fit to the kinetic data, f The 

sRSM (uM) sRSM (uM) 

minimal kinetic model describing the SRSM-G4 coacervation includes three main 
steps: (i) initial b ind ing, (ii) formation of stable nuclei and (iii) growth leading to 
phase separation. The rate constants for the individual steps were derived from 
global numerical fit. g Free energy profile of SRSM-G4 assembly and the reported 
free energy values in (f) were calculated using the Eyring equation (298 K; 1 u M 
RSM; 1 u M SRSM-G4). h The simulat ion represents the dynamic equi l ibr ium o f 
individual species for 10 u M G4 and sRSM concentrat ion ranging f rom 0 to 20 u M . 
i The concentrat ion of soluble species monitored using spin-down assay after 
incubation of 10 u M G4 with varying concentrat ion of sRSM. Solid line represents 
the simulated data of G4 in dilute phase (sum of G4, SRSM-G4 and (sRSM-G4) 2 

species), obtained f rom a global numerical mode l ; data points f rom 4 experiments. 
Source data are provided as a Source Data file. 

T o d e m o n s t r a t e t h e d y n a m i c n a t u r e o f R S M - G 4 c o a c e r v a t i o n , w e 
p e r f o r m e d f u r t h e r N M R e x p e r i m e n t s t o p e r t u r b t h e final e q u i l i b r i u m . 
F i r s t , w e i n t r o d u c e d a n e x c e s s o f u n l a b e l e d s R S M t o t h e s t o i c h i o m e t r i c 
m i x t u r e o f 1 S N R S M i n c o m p l e x w i t h G 4 t h a t h a d a l r e a d y u n d e r g o n e 
p h a s e - s e p a r a t i o n . T h i s r e s u l t e d i n r e d i s t r i b u t i o n o f t h e p r e v i o u s l y 
u n o b s e r v a b l e p h a s e - s e p a r a t e d 1 S N R S M m o l e c u l e s b e t w e e n t h e d i l u t e 
a n d c o n d e n s e d p h a s e s , r e s u l t i n g i n t h e r e c o v e r y o f t h e N M R s i g n a l 
f r o m t h e f r e e 1 S N R S M p o p u l a t i o n i n t h e d i l u t e p h a s e ( S u p p l e m e n t a r y 
F i g . 13a) . C o n s i s t e n t l y , F I T C - l a b e l e d R S M w a s a b l e t o e n t e r p r e f o r m e d 
R S M - G 4 d r o p l e t s ( F i g . Se) . In a c o m p l e m e n t a r y e x p e r i m e n t , w e a d d e d 
a n e x t r a e q u i v a l e n t o f G 4 t o a s t o i c h i o m e t r i c S R S M - G 4 m i x t u r e t h a t 
h a d f o r m e d d r o p l e t s a n d s h o w e d n o p r o t o n s i g n a l s ( S u p p l e m e n t a r y 
F i g . 13c ) . T h e r e s u l t i n g i m i n o s i g n a l s o f e x c e s s G 4 s h o w e d t h e s R S M 
i n d u c e d p e r t u r b a t i o n s , i n d i c a t i n g a w e i g h t e d a v e r a g e b e t w e e n t h e f r e e 
a n d s R S M - b o u n d p o p u l a t i o n s i n t h e d i l u t e p h a s e ( S u p p l e m e n t a r y 

F i g . 13c a n d F i g . Sa) . A d d i t i o n a l l y , t h e e x t r a G 4 r e s u l t e d i n t h e r e a p 
p e a r a n c e o f s R S M m e t h y l s i g n a l s i n t h e N M R s p e c t r u m , b e c a u s e o f 
i n c r e a s e d s R S M f r a c t i o n ( f ree o r i n c o m p l e x w i t h G 4 ) i n t h e d i l u t e 
p h a s e ( S u p p l e m e n t a r y F i g . 13c ) . T h e s e d a t a d e m o n s t r a t e f u r t h e r t h e 
e x c h a n g e o f s R S M a n d G 4 b e t w e e n t h e s o l u t i o n a n d d r o p l e t s . 

T o a s s e s s t h e G 4 s t r u c t u r a l s t a t e a c r o s s t h e p h a s e e q u i l i b r i u m , w e 
t o o k a d v a n t a g e o f T h i o f l a v i n T , a fluorescent G 4 - s p e c i f i c p r o b e . 
T h i o f l a v i n T fluorescence is m a r k e d l y i n c r e a s e d u p o n b i n d i n g t o va r 
i o u s G 4 s c o m p a r e d t o s s D N A 1 2 0 1 2 1 . I n d e e d , w e c o u l d o b s e r v e a s u b 
s t a n t i a l i n c r e a s e i n T h i o f l a v i n T fluorescence w h e n i n c u b a t e d w i t h T95-
2 T G 4 b u t n o t w i t h s s D N A ( F i g . 7 a , b ) . I n t r i g u i n g l y , a s i m i l a r i n c r e a s e i n 
fluorescence w a s o b s e r v e d u p o n i n d u c t i o n o f c o a c e r v a t i o n b y a d d i n g 
R S M ( F i g . 7 a , b ) . T h e s e findings w e r e f u r t h e r s u b s t a n t i a t e d b y v i s u a 
l i z i n g T h i o f l a v i n T d i r e c t l y i n t h e d r o p l e t s b y fluorescence m i c r o s c o p y 
( F ig . 7 c , d ) . A l t h o u g h w e c a n n o t e x c l u d e t h e p o s s i b i l i t y t h a t T h T s i g n a l 
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Fig. 7 | Analysis of G4 structure inside the droplets using Thioflavin T probe. 
a Thioflavin T (ThT, 500 nM) was mixed with T95-2T G4 (10 uM) or ssDNA-18mer 
(10 uM) in the absence or presence of RSM (10 uM) and the bulk fluorescence 
intensity was quantif ied, n = 3 independent measurements; data are means ± s.d. 
b Turbidity measurements of samples used for ThT fluorescence quantification in 
(a). Turbidity was measured as light absorbance at 6 0 0 nm. n = 2 independent 
measurements, c Phase separation microscopy of RSM (10 uM) mixed with T95-2T 

G4 or ssDNA-18mer (10 uM). ThT was added to a final concentrat ion o f 5 0 0 n M and 
the ThT fluorescence signal in the droplets was analyzed by fluorescent micro
scopy. In all images scale bar corresponds to 1 urn. d Manual quantif ication of ThT 
intensity in individual droplets f rom images in (c), n = 54 droplets for G4 and n = 68 
droplets for ssDNA; ****/? < 0.0001 (two-tailed Mann-Whitney test). Source data are 
provided as a Source Data file. 
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Fig. 81 RSM binding to a tetramolecular G4 hinders G4 processing by helicases. 
a B inding of increasing RSM concentrations to 4 0 n M fluorescently labeled tetra
molecular G4 (TetraG4) and ssDNA. Formation o f RSM-G4 complex is reversed by 
addit ion of SDS/proteinase K. Schematic representation of s sDNAand folded G4 is 
shown on the left, b Quantif ication of gel image shown in (a); n = 3 independent 

100-
80-

G4 DNA | 1 ssDNA 

• • • • • • • 

0 40 80 160 320 640 1 280 2560 
R S M (nM ) 

experiments; data are means ± s.d. c ScP i f l helicase (3.1 nM) effectively unwinds 
tetramolecular G4 (40 nM) , but its helicase activity is inhibited by pre-incubation of 
TetraG4 with RSM. d Quantification of gel image shown in (c), n = A independent 
experiments; data are means ± s.d. Source data are provided as a Source Data file. 

m a y p a r t i a l l y r e s u l t f r o m R S M a m y l o i d s t r u c t u r e s f o r m e d i n t h e 
d r o p l e t s 1 2 2 , o u r d a t a s u g g e s t t h a t G 4 r e t a i n s i ts m o l e c u l a r s t r u c t u r e i n 
t h e c o a c e r v a t e p h a s e . 

S e a r c h i n g f o r a n R S M f u n c t i o n r e l a t e d t o G 4 b i n d i n g , w e a s s e m 
b l e d a t e t r a m o l e c u l a r G 4 s t r u c t u r e p r e v i o u s l y u s e d t o m o n i t o r h e l i c a s e 
u n w i n d i n g a c t i v i t y 1 2 3 . C D m e a s u r e m e n t s a n d b i n d i n g a s s a y w i t h B G 4 
a n t i b o d y v e r i f i e d t e t r a m o l e c u l a r G 4 f o r m a t i o n ( S u p p l e m e n t a r y 
F i g . 2 0 a , b ) . T h e a d d i t i o n o f R S M d i d n o t r e s u l t i n G 4 d e s t a b i l i z a t i o n i n 
c o n t r a s t t o u n w i n d i n g b y y e a s t P i f l h e l i c a s e ( S u p p l e m e n t a r y F i g . 2 0 c , 
d ) . Y e t , E M S A v e r i f i e d t h e a b i l i t y o f R S M t o b i n d t e t r a m o l e c u l a r G 4 

( F ig . 8 a , b ) . W e a l s o t e s t e d t h e e f f e c t o f R S M b i n d i n g t o G 4 o n P i f l 
a c t i v i t y a n d o b s e r v e d r o b u s t i n h i b i t i o n o f t h e h e l i c a s e a c t i v i t y ( F i g . 8 c , 
d ) , i n d i c a t i n g t h a t t h e R S M - G 4 c o m p l e x r e p r e s e n t s a b a r r i e r f o r G 4 
u n w i n d i n g . S i m i l a r i n h i b i t i o n o f P i f l w a s d e t e c t e d u s i n g R E C Q 4 ( 1 _ 4 o o ) 
( S u p p l e m e n t a r y F i g . 21a) , c o n f i r m i n g t h e R S M b l o c k i n g a c t i v i t y i n t h e 
c o n t e x t o f t h e S ld2- l i ke r e g i o n . T h i s i n h i b i t i o n w a s n o t l i m i t e d t o P i f l 
h e l i c a s e , as R S M a l s o b l o c k s G 4 u n w i n d i n g b y a n o t h e r h e l i c a s e , F A N C J 
( S u p p l e m e n t a r y F i g . 21b ) . T a k e n t o g e t h e r , o u r d a t a s h o w t h a t R S M 
e x h i b i t s h i g h a f f i n i t y f o r G 4 , w h i c h h i n d e r s G 4 p r o c e s s i n g . H o w e v e r , 
t h e R S M - m e d i a t e d i n h i b i t i o n o f G 4 u n w i n d i n g is n o t s o l e l y a 
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c o n s e q u e n c e o f a s s o c i a t i v e p h a s e s e p a r a t i o n , a s w e d i d n o t d e t e c t 
d r o p l e t f o r m a t i o n b y l i g h t m i c r o s c o p y u n d e r t h e c o n d i t i o n s u s e d i n 
t h e s e e x p e r i m e n t s . In a d d i t i o n , a f u s i o n o f R E C Q 4 ( 3 2 2 - 4 o o ) t o A P E X 2 t a g 
p r e v e n t e d v i s i b l e p h a s e s e p a r a t i o n in h i g h e r G 4 c o n c e n t r a t i o n s 
(10 u M ) b u t d i d n o t a f f e c t G 4 b i n d i n g a n d i n h i b i t i o n o f G 4 u n w i n d i n g 
i n l o w e r G 4 c o n c e n t r a t i o n s ( 4 0 n M ) ( S u p p l e m e n t a r y F i g . 22 ) . T h e s e 
r e s u l t s h i g h l i g h t t h e s p e c i f i c i n t e r a c t i o n b e t w e e n R S M a n d G 4 , l e a d i n g 
t o t h e f o r m a t i o n o f a s t a b l e c o m p l e x t h a t i n t e r f e r e s w i t h t h e a c t i v i t y o f 
h e l i c a s e s i n v o l v e d i n G 4 r e s o l u t i o n . 

Discussion 
W e h a v e i d e n t i f i e d a p o s i t i v e l y c h a r g e d r e g i o n i n h u m a n R E C Q 4 c a p 
a b l e o f f o r m i n g p o l y e l e c t r o l y t e c o m p l e x e s w i t h o p p o s i t e l y c h a r g e d 
n u c l e i c a c i d s . I n t e r e s t i n g l y , t h e D N A m o l e c u l e p r o f o u n d l y a f f e c t s t h e 
c o a c e r v a t e p h a s e b e h a v i o r o f R S M - D N A c o m p l e x e s . G - q u a d r u p l e x e s 
e x h i b i t a s t r o n g t e n d e n c y t o c o a c e r v a t e w i t h R S M , w h e r e a s R S M -
d s D N A c o m p l e x e s w e r e n o t i n c o r p o r a t e d i n t o d r o p l e t s . R S M coa-
c e r v a t i o n w i t h s s D N A s e e m s t o d e p e n d o n D N A l e n g t h , p o s s i b l y 
r e f l e c t i n g t h e t o t a l c h a r g e o f t h e D N A m o l e c u l e . H o w e v e r , t h e d i f f e r e n t 
m a c r o s c o p i c b e h a v i o r s o b s e r v e d a r e n o t t o t a l - c h a r g e d e p e n d e n t 
b e c a u s e d s l O , s s l 8 , a n d G 4 m o l e c u l e s (T95-2T a n d H T ) h a v e a s i m i l a r 
n e t c h a r g e o f a r o u n d - 2 0 . R e c e n t s t u d i e s s u g g e s t t h a t t h e c o m p l e x 
c o a c e r v a t i o n o f l i n e a r p o l y p e p t i d e s is g o v e r n e d b y c h a r g e p a t t e r n i n g 
a n d / o r c h a r g e d e n s i t y 1 2 4 1 2 5 . In t h e c a s e o f n u c l e i c a c i d s , m o l e c u l a r 
g e o m e t r y a f f e c t s t h e s u r f a c e - c h a r g e p a t t e r n i n g . F o r e x a m p l e , t h e d i s 
o r d e r e d r e g i o n o f h i s t o n e l i n k e r H I p r o m o t e d c o a c e r v a t i o n b y 
i n c r e a s i n g t h e c h a r g e d e n s i t y o f t h e D N A v i a s t r u c t u r i n g 1 1 9 . T h e s e 
s t u d i e s c o r r e l a t e d r i g i d i t y a n d c h a r g e d e n s i t y o f s s D N A , d s D N A , a n d 
G 4 m o l e c u l e s h a v i n g t h e s a m e n u m b e r o f c h a r g e s a n d a b i l i t y t o f o r m 
d r o p l e t s w i t h H I 1 1 9 . T h e b e h a v i o r o f c o a c e r v a t e s f o r m e d b e t w e e n a 
p o l y l y s i n e p e p t i d e a n d s s D N A o r d s D N A d e m o n s t r a t e d a s i m i l a r e f f e c t 
d e p e n d i n g o n t h e s t i f f n e s s a n d c h a r g e d e n s i t y o f t h e D N A m o l e c u l e 1 2 6 . 
O u r o b s e r v a t i o n s o n R S M - D N A c o a c e r v a t i o n d i f f e r m a r k e d l y i n t h a t 
c o m p l e x a t i o n w i t h d s D N A d i d n o t r e s u l t i n d r o p l e t f o r m a t i o n . T h i s 
s u g g e s t s t h a t t h e e l e c t r o s t a t i c i n t e r a c t i o n s t h a t d r i v e c o m p l e x c o a 
c e r v a t i o n a r e n o t o n l y i n f l u e n c e d b y t h e D N A c h a r g e d i s t r i b u t i o n b u t 
a l s o b y t h e s e q u e n c e ( a n d c h a r g e ) p a t t e r n i n g o f t h e d i s o r d e r e d 
c a t i o n i c p e p t i d e 8 5 . 

IDRs a r e c h a r a c t e r i z e d b y h i g h c o n f o r m a t i o n a l e n t r o p y u s e d t o 
r e g u l a t e t h e i r f u n c t i o n s a n d i n t e r a c t i o n s 1 2 7 . O u r a n a l y s i s d e m o n s t r a t e s 
t h a t R S M c a n s w i t c h b e t w e e n c o n f o r m a t i o n a l s t a t e s a n d p e r f o r m 
d i v e r s e f u n c t i o n s . O n o n e h a n d , R S M r e m a i n s h i g h l y flexible i n p o l y 
e l e c t r o l y t e i n t e r a c t i o n s w i t h n u c l e i c a c i d s . T h e d i s o r d e r e d s t a t e o f 
R S M i n t h e s e c o m p l e x e s m i n i m i z e s t h e e n t r o p i c p e n a l t y o f b i n d i n g , 
r e s u l t i n g i n r e l a t i v e l y s t r o n g b u t n o n - s p e c i f i c i n t e r a c t i o n s . O n t h e 
o t h e r h a n d , R S M f o r m s a s t a b l e h e l i x w h e n i t i n t e r a c t s w i t h R P A p r o 
t e i n . T h e i n d u c e d f o l d i n g c o m e s a t a n e n t r o p i c c o s t , r e s u l t i n g i n a n 
i n t e r a c t i o n c h a r a c t e r i z e d b y h i g h s p e c i f i c i t y b u t l o w a f f i n i t y . N M R 
c o m p e t i t i o n e x p e r i m e n t s s h o w t h a t t h e t w o b i n d i n g s t a t e s a r e 
m u t u a l l y e x c l u s i v e . A l t h o u g h p o l y e l e c t r o l y t e i n t e r a c t i o n s w i t h n u c l e i c 
a c i d s a r e f a v o r e d o v e r R P A 3 2 C b i n d i n g i n v i t r o , t h e s p a t i o t e m p o r a l 
a b u n d a n c e o f R P A m o l e c u l e s i n t h e c e l l c o u l d t r i g g e r t h e t r a n s i t i o n 
b e t w e e n t h e d i s o r d e r e d a n d o r d e r e d s t a t e s o f R S M . In o t h e r w o r d s , t h e 
c o n f o r m a t i o n a l e n t r o p y o f R S M c a n b e m o d u l a t e d t o r a p i d l y r e g u l a t e 
o r c o o r d i n a t e s e q u e n t i a l f u n c t i o n s i n c e l l u l a r p r o c e s s e s i n v o l v i n g t h e 
R E C Q 4 h e l i c a s e . H o w e v e r , w e c a n n o t e x c l u d e t h e p o s s i b i l i t y t h a t t h e 
R S M - R P A 3 2 C i n t e r a c t i o n m a y b e s t a b i l i z e d b y o t h e r r e g i o n s i n t h e 
c o n t e x t o f t h e R P A h e t e r o t r i m e r . 

It is n o w r e c o g n i z e d t h a t p r o t e i n IDRs a r e m e c h a n i s t i c a l l y 
i n v o l v e d i n a w i d e r a n g e o f c e l l u l a r p r o c e s s e s 1 2 8 . O u r s t u d y e x t e n d s t h i s 
k n o w l e d g e o n t h e f u n c t i o n s o f IDRs , as i t d e s c r i b e s G 4 b i n d i n g w i t h i n 
a n IDR t h a t h i n d e r s G 4 p r o c e s s i n g b y o t h e r h e l i c a s e s . R S M c h a r g e a n d 
i n h e r e n t flexibility a l l o w i t t o e n g a g e i n s t r o n g e l e c t r o s t a t i c i n t e r a c 
t i o n s w i t h o p p o s i t e l y c h a r g e d p o l y e l e c t r o l y t e s , s u c h as G 4 s t r u c t u r e s . 
O n c e i n t h e p o l y e l e c t r o l y t e c o m p l e x , t h e G 4 s t r u c t u r e b e c o m e s 

i n a c c e s s i b l e t o p r o c e s s i n g b y o t h e r h e l i c a s e s . A c c e s s t o G 4 is b l o c k e d 
d u e t o R S M - G 4 c o m p l e x f o r m a t i o n i n s o l u t i o n a n d n o t b e c a u s e o f 
s u b s e q u e n t c o a c e r v a t i o n o b s e r v e d i n v i t r o . B a s e d o n o u r d a t a , w e 
s p e c u l a t e t h a t t h e e n g a g e m e n t o f t h e d i s o r d e r e d R S M w i t h G 4 r e p r e 
s e n t s a b a r r i e r f o r p r o c e s s i n g e n z y m e s i m p l y i n g a p o s s i b l e s i g n a l i n g 
f u n c t i o n o f R E C Q 4 d u r i n g t e m p o r a l a c t i v a t i o n o f r e p l i c a t i o n 
o r i g i n s 5 2 , 5 4 1 2 9 . S u c h a f u n c t i o n m a y a l s o p r o v i d e m e c h a n i s t i c i n s i g h t s 
i n t o t h e k e y r o l e o f R E C Q 4 i n t e l o m e r e 1 3 0 1 3 1 a n d m i t o c h o n d r i a l 1 3 2 1 3 3 

D N A m a i n t e n a n c e o r r e p a i r o f D N A d o u b l e - s t r a n d b r e a k s 1 3 4 " 1 3 6 d u e t o 
t h e i r d i r e c t G 4 r e l e v a n c e 1 3 1 3 7 . 

I n t e r e s t i n g l y , t h e s e R S M p r o p e r t i e s s e e m t o b e e v o l u t i o n a r y 
c o n s e r v e d s i n c e t h e C. elegans S L D 2 p r o t e i n , w h i c h s h a r e s t h e R S M 
p h y s i c o c h e m i c a l f e a t u r e s , a l s o f o r m s d r o p l e t s w i t h G 4 s t r u c t u r e s 
i n v i t r o ( S u p p l e m e n t a r y F i g . 23 ) . H o w e v e r , a f u s i o n o f R E C Q 4 ( 3 2 2 - 4 o o ) 
t o A P E X 2 , w h i l e n o t a f f e c t i n g G 4 b i n d i n g , e l i m i n a t e d c h a r g e - d r i v e n 
p h a s e s e p a r a t i o n . T h i s i m p l i e s t h a t t h e p r o c e s s m a y b e r e g u l a t e d b y 
s t r u c t u r e d d o m a i n s w i t h i n f u l l - l e n g t h R E C Q 4 . W i t h t h e s e c o n s i d e r a 
t i o n s i n m i n d , t h e g r e a t c h a l l e n g e a h e a d is t o e s t a b l i s h t h e l o c a l i z a t i o n 
o f R E C Q 4 - G 4 c o m p l e x e s i n p h a s e - s e p a r a t e d s t r u c t u r e s i n t h e c e l l a n d 
t h e f u n c t i o n a l c o n s e q u e n c e s 1 3 8 . 

In s u m m a r y , o u r s t u d y u n c o v e r e d a n IDR i n h u m a n R E C Q 4 w i t h 
p o l y e l e c t r o l y t e c h a r a c t e r . T h e p h y s i c o c h e m i c a l p r o p e r t i e s o f t h e IDR 
a c c o u n t f o r t h e c o n f o r m a t i o n a l p l a s t i c i t y i n d i v e r s e f u n c t i o n s a n d 
c o a c e r v a t i o n w i t h o p p o s i t e l y c h a r g e d p o l y e l e c t r o l y t e s s u c h a s 
G 4 s t r u c t u r e s . O u r findings o f f e r i n t e r e s t i n g p e r s p e c t i v e s i n u n d e r 
s t a n d i n g R E C Q 4 f u n c t i o n i n t h e c e l l l i n k e d t o t h e p a r t i t i o n i n g 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 . 

Methods 
Cell Culture 
U 2 0 S F lp- ln T-Rex c e l l l i n e ( o b t a i n e d f r o m M R C P P U R e a g e n t s , U n i 
v e r s i t y o f D u n d e e i n 2 0 1 8 ) w a s m a i n t a i n e d i n D M E M m e d i a ( L M - D 1 1 0 8 / 
5 0 0 ; B i o s e r a ) w i t h 1 0 % t e t r a c y c l i n e - f r e e F B S ( F B - 1 0 0 1 T / 5 0 0 ; B i o s e r a ) 
s u p p l e m e n t e d w i t h G l u t a m i n e (XC-T1715/100 ; B i o s e r a ) a n d p e n i c i l l i n -
s t r e p t o m y c i n ( X C - A 4 1 2 / 1 0 0 ; B i o s e r a ) a l o n g w i t h l O O u g / m L h y g r o -
m y c i n ( 1 0 6 8 7 0 1 0 ; I n v i t r o g e n ) . 

Stable cell line generation and cloning 
T o c r e a t e E G F P - R E C Q 4 - W T p l a s m i d , R E C Q 4 D N A h a v i n g E G F P a n d H A 
t a g a t N- a n d C - t e r m i n u s , r e s p e c t i v e l y , w e r e c l o n e d i n t h e E c o R V s i t e s 
o f p A l O p l a s m i d 1 3 9 ( v e c t o r m a p is s h o w n i n t h e S o u r c e D a t a o f t h e 
a r t i c l e ) w i t h a d o x y c y c l i n e - i n d u c i b l e s y s t e m c o n t a i n i n g t h e m o d i f i e d 
p r o m o t e r o f m e d i u m s t r e n g t h t o m a t c h t h e e n d o g e n o u s e x p r e s s i o n 
l e v e l o f R E C Q 4 . T h e p l a s m i d a l s o c o n t a i n s t h e s h R N A t a r g e t s e q u e n c e 
( 5 ' - T A G G A A G A G C C T C A T C T A A G - 3 ' ) c l o n e d b e t w e e n B g l l l a n d H i n d l l l 
s i t e s . C o d o n o p t i m i z a t i o n w a s d o n e a g a i n s t s h R N A a n d s i R N A i n t h e 
R E C Q 4 C D S s e q u e n c e . s i R N A - R E C Q 4 S17991 ( 4 3 9 2 4 2 0 , T h e r m o F i s h e r 
S c i e n t i f i c ) w a s u s e d t o e n s u r e m a x i m u m R E C Q 4 d e p l e t i o n w i t h l i po-
f e c t a m i n e R N A i M A X ( 1 3 7 7 8 0 7 5 , I n v i t r o g e n ) f o r 4 8 h. T o g e n e r a t e 
R E C Q 4 m u t a n t (5E) o r E G F P c o n t r o l c e l l s , t h e c o r r e s p o n d i n g m u t a t i o n s 
o r s t o p c o d o n r e s p e c t i v e l y w a s i n t r o d u c e d i n t h e E G F P - R E C Q 4 - W T 
p l a s m i d b y s i t e - d i r e c t e d m u t a g e n e s i s . F i n a l l y , s t a b l e c e l l l i n e s w e r e 
g e n e r a t e d , a n d i n d i v i d u a l p l a s m i d s ( 5 0 0 ng ) w e r e t r a n s f e c t e d i n t o 
U 2 0 S F lp- ln T-Rex c e l l s ( M R C P P U R e a g e n t s ; U n i v e r s i t y o f D u n d e e ) 
u s i n g L ipo fec tamine™ 3 0 0 0 T r a n s f e c t i o n R e a g e n t ( L 3 0 0 0 0 0 1 ; Inv i 
t r o g e n ) a l o n g w i t h F l p r e c o m b i n a s e e x p r e s s i o n v e c t o r (1.5 ng) 
a c c o r d i n g t o m a n u f a c t u r e r ' s p r o t o c o l a n d w e r e s e l e c t e d w i t h 1 0 0 ng/ 
m L h y g r o m y c i n . E x p r e s s i o n o f R E C Q 4 c o n s t r u c t s w a s i n d u c e d b y 1 ng/ 
m L D o x y c y c l i n e ( D 9 8 9 1 ; S i g m a - A l d r i c h ) f o r 4 8 h. 

Co-immunoprecipitation 
I m m u n o p r e c i p i t a t i o n w a s p e r f o r m e d u s i n g G F P - M a g n e t i c A g a r o s e 
b e a d s f r o m a G F P - T r a p M a g n e t i c A g a r o s e k i t ( g t m a k - 2 0 ; C h r o m o t e k ) 
u s i n g 5 0 0 ng o f w h o l e c e l l l y s a t e . B r i e f l y , t h e c e l l s w e r e l y s e d i n l y s i s 
b u f f e r ( p r o v i d e d b y t h e IP k i t ) , a n d t h e l y s a t e w a s i n c u b a t e d w i t h b e a d s 

Nature Communica t ions | (2023)14:6751 10 

https://doi.org/10.1038/s41467-023-42503-z


Article https://doi.org/10.1038/s41467-023-42503-z 

f o r 1 h o n a r o t a t o r at 4 ° C , a n d 1 0 % o f l y s a t e w a s k e p t as i n p u t . A f t e r 
i n c u b a t i o n , t h e b e a d s w e r e s e p a r a t e d o n a m a g n e t i c s e p a r a t o r , a n d 
1 0 % o f t h e f l o w t h r o u g h w a s r e t a i n e d f o r a n a l y s i s . T h e b e a d s w e r e 
w a s h e d t h r e e t i m e s w i t h w a s h i n g b u f f e r , a n d t h e b o u n d p r o t e i n s w e r e 
e l u t e d b y 2 x S D S L a e m m l i b u f f e r , h e a t e d a t 1 0 0 ° C f o r 5 m i n . A l l f r a c 
t i o n s w e r e a n a l y z e d b y S D S - P A G E , f o l l o w e d b y w e s t e r n b l o t t i n g w i t h 
c o r r e s p o n d i n g a n t i b o d i e s . 

Synchronization of cells 
C e l l s w e r e s y n c h r o n i z e d b y a d o u b l e t h y m i d i n e b l o c k . C e l l s w e r e 
s e e d e d , a n d t h y m i d i n e ( T 1 8 9 5 ; S i g m a - A l d r i c h ) w a s a d d e d t o a f i n a l 
c o n c e n t r a t i o n o f 2 m M f o r 16 h. A f t e r t h a t , c e l l s w e r e r e l e a s e d i n f r e s h 
m e d i a w i t h o u t a n y t h y m i d i n e f o r 6 - 8 h, f o l l o w e d b y t h e n e w a d d i t i o n 
o f t h y m i d i n e f o r a n o t h e r 16 h a n d f i n a l l y r e l e a s e d i n f r e s h m e d i a . C e l l s 
w e r e t h e n h a r v e s t e d a c c o r d i n g t o t h e i n d i c a t e d t i m e . 

Western Blot 
A l l s a m p l e s w e r e p r e p a r e d i n 2 x S D S L a e m m l i b u f f e r a n d s e p a r a t e d o n 
1 0 % S D S - P A G E a t 1 0 0 V , f o l l o w e d b y t r a n s f e r o f p r o t e i n s t o n i t r o 
c e l l u l o s e m e m b r a n e u s i n g t h e s e m i - d r y T r a n s - b l o t t u r b o T r a n s f e r 
s y s t e m ( 1 7 0 4 1 5 0 ; B i o r a d ) . A f t e r t r a n s f e r , m e m b r a n e s w e r e b l o c k e d i n 
5% m i l k / T B S T f o r 1 h a t r o o m t e m p e r a t u r e a n d t h e n i n c u b a t e d a t 4 ° C 
o n a r o c k e r o v e r n i g h t w i t h t h e c o r r e s p o n d i n g p r i m a r y a n t i b o d i e s 
( A n t i - R P A 3 2 , 1 :700 d i l u t i o n , A 3 0 0 - 2 4 4 A , B e t h y l L a b o r a t o r i e s ; A n t i -
V i n c u l i n , 1 : 5 0 0 0 d i l u t i o n , a b l 2 9 0 0 2 . A b e a m ; A n t i - G F P , 1 :2500 d i l u t i o n , 
a b 2 9 0 . A b e a m ) . T h e n e x t d a y , t h e m e m b r a n e s w e r e w a s h e d w i t h T B S T 
a n d i n c u b a t e d w i t h t h e c o r r e s p o n d i n g s e c o n d a r y a n t i b o d i e s (Ant i-
R a b b i t I gG , 1 : 1 0 , 0 0 0 d i l u t i o n , A 6 1 5 4 , S i g m a - A l d r i c h ; A n t i - M o u s e I gG , 
1 :15 ,000 , A 0 1 6 8 , S i g m a - A l d r i c h ) f o r l h a t r o o m t e m p e r a t u r e . F i n a l l y , 
t h e b l o t s w e r e d e v e l o p e d b y t h e I m m o b i l o n W e s t e r n C h e m i l u m i n e s -
c e n t H R P S u b s t r a t e ( W B K L S 0 5 0 0 ; M E R C K M i l l i p o r e ) , a n d i m a g e s w e r e 
a c q u i r e d u s i n g t h e L u m i n e s c e n t I m a g e A n a l y s e r ( ImageQuan t™ L A S 
4 0 0 0 ; F u j i f i l m ) . 

DNA constructs and mutagenesis 
S e q u e n c e s o f H. sapiens R E C Q 4 ( 1 _ 1 S 0 ) , R E C Q 4 ( 1 S o - 3 i s ) , R E C Q 4 ( 3 2 2 _ 4 0 o ) , 
R E C Q 4 ( 3 4 8 _ 3 8 8 ) ( R S M ) , a n d R E C Q 4 ( 1 _ 4 o o ) ( U n i P r o t c o d e : 0 9 4 7 6 1 ) , C. 
elegansSLD2 p r o t e i n ( U n i P r o t c o d e : 0 4 4 7 6 1 ) , H. sapiens R P A 3 2 ( 1 7 2 - 2 7 o ) 
( U n i P r o t c o d e : P15927 ) , a n d H. sapiens R P A 7 0 & - i 2 O ) ( U n i P r o t c o d e : 
P 2 7 6 9 4 ) w e r e c l o n e d i n p E T - M l l p l a s m i d b e t w e e n N c o l a n d B a m H I 
s i t e s ( v e c t o r m a p is s h o w n i n t h e S o u r c e D a t a o f t h e a r t i c l e ) t o g e n e r a t e 
H i s6 t a g - T E V c l e a v a g e s i t e f u s i o n s a t t h e N - t e r m i n u s o f c o r r e s p o n d i n g 
p r o t e i n s . 

D N A f r a g m e n t s w e r e P C R a m p l i f i e d u s i n g P h u s i o n h i g h f i d e l i t y 
D N A p o l y m e r a s e m a s t e r m i x ( M 0 5 3 0 ; N E B ) a n d t h e p r i m e r s l i s t e d i n 
S u p p l e m e n t a r y T a b l e 5, e x c i s e d b y r e s t r i c t i o n e n d o n u c l e a s e s ( N c o l , 
R 3 1 9 3 ; B s p H I , R 0 5 1 7 ; B a m H I , R 0 1 3 6 ; N E B ) , a n d l i g a t e d u s i n g T 4 D N A 
L i g a s e ( M 0 2 0 2 , N E B ) t o p E T v e c t o r a l r e a d y t r e a t e d w i t h A n t a r c t i c 
P h o s p h a t a s e ( M 0 2 8 9 ; N E B ) . D N A s e q u e n c e s w e r e c o n f i r m e d b y 
s e q u e n c i n g . 

T h e R S M W 3 7 9 A / W 3 8 3 A a n d R S M 5 E - m u t a n t s w e r e g e n e r a t e d b y 
P C R - b a s e d s i t e - d i r e c t e d m u t a g e n e s i s ( p r i m e r s l i s t e d i n S u p p l e m e n t a r y 
T a b l e 5) u s i n g P f u T u r b o D N A p o l y m e r a s e ( 6 0 0 2 5 0 ; S t r a t a g e n e ) a n d 
t h e R E C Q 4 ( 3 4 8 _ 3 8 8 ) e x p r e s s i o n v e c t o r as t e m p l a t e . D N A s e q u e n c e s 
w e r e c o n f i r m e d b y s e q u e n c i n g . 

F L A G - A P E X 2 - R E C Q 4 ( 3 2 2 _ 4 o o ) f r a g m e n t w a s g e n e r a t e d i n a n 
a l r e a d y e x i s t i n g p l a s m i d p E T - l l d - F L A G - A P E X 2 - R A D 5 1 . R E C Q 4 ( 3 2 2 _ 4 0 o ) , 
f l a n k e d b y N c o l a n d Sa i l s i t e s , w a s l i g a t e d i n t o a v e c t o r d i g e s t e d b y 
N c o l a n d X h o l , i n s e r t i n g a s t o p c o d o n a f t e r R E C Q 4 . 

Protein preparation 
I n d i v i d u a l p E T - M l l e x p r e s s i o n v e c t o r s ( R E C Q 4 , S L D 2 , a n d R P A ) w e r e 
t r a n s f o r m e d i n t o Escherichia coli B L21 (DE3 ) e x p r e s s i o n c e l l s ( C 2 5 2 7 ; 
N E B ) . C e l l s w e r e g r o w n a t 3 7 ° C i n t h e p r e s e n c e o f k a n a m y c i n . F o r 1 5 N -
a n d 1 3 C - l a b e l e d s a m p l e s , c e l l s w e r e g r o w n i n a m i n i m a l m e d i u m 

s u p p l e m e n t e d w i t h 1 S N H 4 C I (0 .5 g/L) a n d 1 3 C 6 g l u c o s e (2 g/L) as t h e s o l e 
n i t r o g e n a n d c a r b o n s o u r c e s , r e s p e c t i v e l y . P r o t e i n s y n t h e s i s w a s 
i n d u c e d b y t h e a d d i t i o n o f 0 .5 m M o f i s o p r o p y l - l - t h i o - d - g a l a c t o p y r -
a n o s i d e ( A 4 7 7 3 ; A l c h i m i c a ) a t O D 6 0 o - 0 . 8 , a n d c e l l s w e r e h a r v e s t e d 
a f t e r 5-6 h. C e l l s w e r e r e s u s p e n d e d i n l y s i s b u f f e r (25 m M Tr i s-HC I [ p H 
8 ] , 4 0 0 m M N a C I , 2 0 m M i m i d a z o l e , 2 m M b e t a - m e r c a p t o e t h a n o l 
( B M E ) , 0 . 1 % (v/v) T r i t o n X - 1 0 0 ) , l y s e d b y s o n i c a t i o n a n d c e n t r i f u g e d a t 
3 5 , 0 0 0 x g . 

S L D 2 a n d m o s t R E C Q 4 p r o t e i n s w e r e p u r i f i e d i n t h r e e s t e p s . 
In i t i a l l y , t h e l y s a t e ( d e n a t u r e d i n 6 M u rea ) w a s a p p l i e d t o a H i T r a p 
I M A C H P c o l u m n c h a r g e d w i t h C o C I 2 (GE H e a l t h c a r e ) a n d e l u t e d i n 
b u f f e r w i t h o u t u r e a s u p p l e m e n t e d w i t h 5 0 0 m M i m i d a z o l e . T h e 
p r o t e i n - c o n t a i n i n g f r a c t i o n s w e r e i n c u b a t e d a t 4 ° C w i t h 0.5 m g T E V 
p r o t e a s e ( p r o d u c e d i n-house ) p e r 1 L c u l t u r e f o r 3 h a t 25 ° C t o c l e a v e 
t h e t a g , f o l l o w e d b y d i a l y s i s o v e r n i g h t a t 4 ° C a g a i n s t 25 m M Tr i s-HC I 
[ p H 8 ] , 1 0 0 m M N a C I , a n d 2 m M B M E . T h e d i a l y z e d p r o t e i n s a m p l e w a s 
p a s s e d t h r o u g h a M o n o S 4 . 6 / 1 0 0 P E c o l u m n ( G E H e a l t h c a r e ) a n d 
g r a d i e n t e l u t e d w i t h 10 c o l u m n v o l u m e s o f b u f f e r s u p p l e m e n t e d w i t h 
2 M N a C I . T h e p r o t e i n - c o n t a i n i n g f r a c t i o n s w e r e c o m b i n e d , c o n 
c e n t r a t e d a n d a p p l i e d o n H i L o a d 1 0 / 3 0 0 S u p e r d e x I n c r e a s e 75 G L 
c o l u m n ( G E H e a l t h c a r e ) . 

F o r t h e p u r i f i c a t i o n o f R E C Q 4 ( i 5 0 - 3 i 5 ) , R S M 5 E - m u t a n t , 
R P A 3 2 ( 1 7 2 _ 2 7 0 ) , a n d R P A 7 0 a - i 2 O ) , t h e l y s a t e ( d e n a t u r e d f o r R E C Q 4 
p r o t e i n s a n d n a t i v e f o r R P A p r o t e i n s ) w a s a p p l i e d t o a H i T r a p I M A C 
H P c o l u m n c h a r g e d w i t h C o C I 2 ( G E H e a l t h c a r e ) a n d s t e p e l u t e d i n 
b u f f e r w i t h o u t u r e a s u p p l e m e n t e d w i t h 5 0 0 m M i m i d a z o l e . T h e 
p r o t e i n - c o n t a i n i n g f r a c t i o n s w e r e i n c u b a t e d a t 4 ° C w i t h 0 .5 m g o f 
T E V p r o t e a s e ( p r o d u c e d i n - h o u s e ) p e r 1 L c u l t u r e f o r 3 h a t 2 5 ° C t o 
c l e a v e t h e t a g a n d t h e n d i a l y z e d o v e r n i g h t a t 4 ° C a g a i n s t 25 m M Tr i s-
H C I [ p H 8 ] , 4 0 0 m M N a C I , 1 0 m M i m i d a z o l e , a n d 2 m M B M E . T h e 
d i a l y z e d p r o t e i n s a m p l e s w e r e p a s s e d t h r o u g h t h e s a m e H i T r a p 
I M A C H P c o l u m n . T h e n o n - b o u n d p r o t e i n w a s c o l l e c t e d , c o n 
c e n t r a t e d a n d a p p l i e d o n H i L o a d 1 0 / 3 0 0 S u p e r d e x I n c r e a s e 75 G L 
c o l u m n ( G E H e a l t h c a r e ) . 

F L A G - A P E X 2 - R E C Q 4 ( 3 2 2 _ 4 o o ) w a s e x p r e s s e d i n i n R o s e t t a 2 (DE3 ) 
p L y s S ( 7 1 4 0 3 ; N o v a g e n ) E. coli s t r a i n f o r 3.5 h a t 3 7 ° C . T h e c e l l s w e r e 
l y s e d b y s o n i c a t i o n i n a l y s i s b u f f e r c o n t a i n i n g 5 0 m M T r i s [ p H 7.5], 1 M 
K C I , 0.1 M s u c r o s e , 1 m M E D T A , 0 . 0 1 % N P 4 0 , 1 m M B M E a n d p r o t e a s e 
i n h i b i t o r s . C l a r i f i e d l y s a t e w a s l o a d e d o n a c o l u m n w i t h A f f i -Ge l B l u e 
G e l m a t r i x ( B i o r a d ) a n d e l u t e d w i t h a g r a d i e n t o f 0 - 2 . 5 M N a S C N . 
F r a c t i o n s c o n t a i n i n g A P E X 2 - R E C Q 4 ( 3 2 2 _ 4 0 o ) w e r e p o o l e d a n d d i a l y z e d 
a g a i n s t 2 0 m M K 2 H P 0 4 [ p H 7.5], 1 0 % g l y c e r o l , 0 .5 m M E D T A , 2 0 0 m M 
K C I , 0 . 0 1 % N P 4 0 a n d 1 m M D T T , f o l l o w e d b y a n o t h e r d i a l y s i s a g a i n s t 
2 0 m M K 2 H P 0 4 p H 7 . 5 , 1 0 % g l y c e r o l , 0 .5 m M E D T A , 1 0 0 m M K C I , 0 . 0 1 % 
N P 4 0 a n d 1 m M D T T . T h e d i a l y z e d s a m p l e w a s l o a d e d o n a M o n o S 
c o l u m n ( G E H e a l t h c a r e ) , e q u i l i b r a t e d w i t h 2 0 m M K 2 H P 0 4 [ p H 7.5], 
1 0 % g l y c e r o l , 0 .5 m M E D T A , 1 0 0 m M K C I , 0 . 0 1 % N P 4 0 a n d 1 m M D T T 
a n d e l u t e d w i t h a g r a d i e n t o f 0.1-1 M K C I . F r a c t i o n s c o n t a i n i n g p u r e 
p r o t e i n w e r e c o n c e n t r a t e d o n t h e V i v a S p i n 2 c o l u m n w i t h 3 0 M W C O . 

T h e h u m a n R P A h e t e r o t r i m e r e x p r e s s i o n v e c t o r ( R P A 7 0 - R P A 3 2 -
R P A 1 4 , U n i P r o t c o d e s : P 2 7 6 9 4 , P 1 5 9 2 7 , P 3 5 2 4 4 ) w a s a k i n d g i f t f r o m 
M a r c S. W o l d . T h e h e t e r o t r i m e r i c R P A c o m p l e x a n d M B P - R E C Q 4 ( i _ 4 0 o ) -
H i s w e r e e x p r e s s e d a n d p u r i f i e d as p r e v i o u s l y d e s c r i b e d 5 6 1 4 0 . 

Pull-down experiments 
M B P - R E C Q 4 ( 1 _ 4 o o ) - H i s a n d f u l l - l e n g t h R P A h e t e r o t r i m e r (8 u g o f e a c h ) 
w e r e i n c u b a t e d w i t h A m y l o s e R e s i n H i g h F l o w ( E 8 0 2 2 ; N E B ) f o r 3 0 m i n 
at 4 ° C i n 2 0 m M K 2 H P 0 4 [ p H 7.5], 1 0 % g l y c e r o l , 0 .5 m M E D T A , 1 0 0 m M 
K C I , 0 . 0 1 % N P 4 0 , a n d 2 m M B M E . T h e u n b o u n d f r a c t i o n w a s s e p a r a t e d , 
t h e r e s i n - b o u n d f r a c t i o n w a s w a s h e d , a n d f r a c t i o n s w e r e a n a l y z e d b y 
S D S - P A G E a n d C o o m a s s i e s t a i n i n g . 

DNA substrates preparation 
U s e d D N A s u b s t r a t e s a r e l i s t e d i n S u p p l e m e n t a r y T a b l e 1. D N A o l i g o s 
w e r e p u r c h a s e d f r o m S i g m a o r G e n e r i B i o t e c h . F o r N M R a n d C D 
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m e a s u r e m e n t s , t h e y w e r e p u r i f i e d u s i n g a H i L o a d 1 0 / 3 0 0 S u p e r d e x 
I n c r e a s e 75 G L c o l u m n ( G E H e a l t h c a r e ) e q u i l i b r a t e d w i t h m i l l i Q w a t e r . 
D N A - c o n t a i n i n g f r a c t i o n s w e r e c o l l e c t e d , l y o p h i l i z e d a n d r e s u s p e n d e d 
i n a n a n n e a l i n g b u f f e r c o n t a i n i n g 25 m M K P 0 4 [ p H 6.5] a n d 7 0 m M 
K C I . F o r o l i g o a n n e a l i n g , i n i t i a l h e a t i n g a t 9 5 ° C f o r 1 0 m i n w a s f o l l o w e d 
b y s l o w o v e r n i g h t c o o l i n g at r o o m t e m p e r a t u r e . F o r p h a s e s e p a r a t i o n 
e x p e r i m e n t s o l i g o s w e r e d i s s o l v e d i n 2 0 m M K P 0 4 [ p H 7.0] a n d 
7 0 m M K C I , h e a t e d a t 1 0 0 ° C f o r 5 m i n , a n d t h e n r a p i d l y c o o l e d d o w n 
b y p u t t i n g o n i c e . T e t r a m o l e c u l a r q u a d r u p l e x ( T e t r a G 4 ) w a s f o l d e d 
f r o m t h e s i n g l e D N A o l i g o n u c l e o t i d e i n 2 0 m M Tr i s-HC I [ p H 7.5], 1 m M 
E D T A , a n d 1 M N a C I a s p r e v i o u s l y d e s c r i b e d 1 2 3 . C o n c e n t r a t i o n s w e r e 
d e t e r m i n e d b y s p e c t r o p h o t o m e t r y u s i n g e x t i n c t i o n c o e f f i c i e n t s p r o 
v i d e d b y t h e m a n u f a c t u r e r . 

NMR spectroscopy 
E x p e r i m e n t a l c o n d i t i o n s ( b u f f e r c o m p o s i t i o n a n d t e m p e r a t u r e ) f o r 
N M R e x p e r i m e n t s s h o w n i n t h e m a n u s c r i p t a r e l i s t e d i n S u p p l e m e n 
t a r y T a b l e 6 a c c o r d i n g t o t h e d i s p l a y e d i t e m . F o r N M R a n d C D 
e x p e r i m e n t s s h o w n i n F i g . 5 t h a t r e q u i r e d h i g h R S M s t o c k c o n c e n t r a 
t i o n , a s y n t h e t i c R S M p e p t i d e ( s R S M : a a 3 5 8 - 3 8 8 ) w a s u s e d ( P e p t i d e 
2 . 0 Inc.). D N A b i n d i n g a n d c o a c e r v a t i o n p r o p e r t i e s o f R S M (aa 
3 4 8 - 3 8 8 ) a n d s R S M (aa 3 5 8 - 3 8 8 ) d i d n o t d i f f e r ( S u p p l e m e n t a r y 
F i g s . 7 b , c a n d 15a). 

T h e R E C Q 4 ( 3 2 2 - 4 o o ) s a m p l e u s e d f o r c h e m i c a l s h i f t a s s i g n m e n t 
c o n t a i n e d c a . 0 .7 m M , 1 3 C - a n d l s N - l a b e l e d p r o t e i n i n 25 m M N a P 0 4 [ p H 
6 . 0 ] , 1 0 0 m M N a C I , 2 m M B M E , a n d 1 m M E D T A - d 6 w i t h 1 0 % (v/v) 2 H 2 0 
a d d e d f o r t h e l o c k . S p e c t r a w e r e r e c o r d e d a t 2 9 8 K u s i n g a 7 0 0 M H z 
B r u k e r A v a n c e II s p e c t r o m e t e r e q u i p p e d w i t h a T X O c r y o g e n i c p ro-
b e h e a d w i t h z a x i s g r a d i e n t s . P r o t e i n b a c k b o n e a t o m a s s i g n m e n t s w e r e 
o b t a i n e d u s i n g 3 D C B C A ( C O ) N H , H N C A C B , H N C A , H N C O , a n d H N ( C A ) 
C O e x p e r i m e n t s , a n d c o n f i r m e d u s i n g a 4 D H C ( C C - T O C S Y ( C O ) ) N H 
e x p e r i m e n t 1 4 1 1 4 2 . T h e a s s i g n m e n t c o m p l e t e n e s s o f R E C Q 4 ( 3 2 2 - 4 o o ) 
e x c e e d e d 9 5 % f o r a l l b a c k b o n e c h e m i c a l s h i f t s ( H \ N , C , C p , C , H a ) . 
T h e s a m e se t o f 3 D e x p e r i m e n t s w a s a c q u i r e d a l o n g w i t h a 3 D 
H B H A ( C B C A C O ) N H e x p e r i m e n t t o o b t a i n t h e b a c k b o n e R S M c h e m i c a l 
s h i f t s i n c o m p l e x w i t h d s D N A o r w i t h R P A 3 2 C . N M R t i t r a t i o n s o f 
1 5 N - l a b e l e d p r o t e i n s ( R E C Q 4 o r R P A ) w e r e t y p i c a l l y p e r f o r m e d u s i n g 
•H-^N H S Q C e x p e r i m e n t s o n s a m p l e s c o n t a i n i n g 5 0 o r 1 0 0 u M p r o t e i n 
a n d s t ep-w i se a d d i t i o n o f t h e b i n d i n g p a r t n e r . T h e a s s i g n e d •H-^N 
H S Q C s p e c t r u m o f R S M is s h o w n i n S u p p l e m e n t a r y F i g . 8. N o r m a l i z e d 
c h e m i c a l s h i f t p e r t u r b a t i o n s (CSPs ) w e r e c a l c u l a t e d b y u s i n g t h e 
e q u a t i o n : C S P = ([<5 HN] 2 + [<5N/6] 2) 0 5 . R P A 3 2 C a s s i g n m e n t s w e r e t a k e n 
f r o m B M R B e n t r y 4 4 6 0 . S p e c t r a w e r e a n a l y z e d u s i n g S P A R K Y 1 4 3 . 

G 4 s a m p l e s ( 50 u M ) w e r e d i l u t e d i n 25 m M K P 0 4 [ p H 6.5] a n d 
7 0 m M K C I i n t h e a b s e n c e o r i n t h e p r e s e n c e o f i n c r e a s i n g R S M m o l a r 
e q u i v a l e n t s . G 4 a n d R S M w e r e p r e - i n c u b a t e d a t 25 ° C f o r 5 m i n b e f o r e 
N M R a c q u i s i t i o n s . N M R s p e c t r a w e r e a c q u i r e d a t 2 7 8 , 2 8 8 , o r 2 9 8 K o n 
B r u k e r A v a n c e s p e c t r o m e t e r s e q u i p p e d w i t h c r y o g e n i c p r o b e s o p e r 
a t i n g i n f r e q u e n c i e s r a n g i n g f r o m 6 0 0 t o 9 5 0 M H z . I D e x p e r i m e n t s 
w e r e r e g i s t e r e d , p r o c e s s e d , a n d a n a l y z e d u s i n g T o p s p i n 4 . 0 ( B r u k e r 
B i o s p i n ) . 

S t a n d a r d r e l a x a t i o n e x p e r i m e n t s w e r e u t i l i z e d f o r m e a s u r e m e n t s 
o f l o n g i t u d i n a l a n d t r a n s v e r s e r e l a x a t i o n r a t e s 1 4 4 . T h e l o n g i t u d i n a l 
r e l a x a t i o n r a t e e x p e r i m e n t s w e r e m e a s u r e d w i t h : 0 .0111, 0 . 0 5 5 5 * , 
0 .1221 , 0 . 1 8 8 7 , 0 . 2 6 6 4 , 0 . 3 5 5 2 , 0 . 4 6 6 2 * , 0 . 5 8 8 3 , 0 . 7 5 4 8 , 0 . 9 6 5 7 , 
1.2876*, 1.665 s r e l a x a t i o n d e l a y s a n d t h e t r a n s v e r s e r e l a x a t i o n r a t e 
e x p e r i m e n t s w e r e m e a s u r e d w i t h 0 . 0 , 14 .4* , 2 8 . 8 , 4 3 . 2 , 5 7 . 6 , 7 2 . 0 , 
8 6 . 4 * , 1 0 0 . 8 , 1 1 5 . 2 * , 1 4 4 . 0 * , 172.8 m s r e l a x a t i o n d e l a y s ( a s t e r i s k s d e n o t e 
s p e c t r a m e a s u r e d t w i c e i n a l l c a s e s ) . T h e l o n g i t u d i n a l a n d t r a n s v e r s e 
r e l a x a t i o n r a t e s w e r e o b t a i n e d u s i n g a fit o f t h e d e c a y s o f s i g n a l 
i n t e n s i t i e s t o a m o n o - e x p o n e n t i a l d e c a y f u n c t i o n link = Ainexp(-Rin t y ) 
i n p r o g r a m O c t a v e 3 . 8 . 2 1 4 5 u s i n g t h e f u n c t i o n leasqr f r o m t h e p a c k a g e 
optim. T h e i n d e x i d i s t i n g u i s h e s v a r i a b l e s r e l a t e d t o t h e l o n g i t u d i n a l 
(j = l ) a n d t r a n s v e r s e r e l a x a t i o n (i = 2) r a t e m e a s u r e m e n t , i n d e x n 

s t a n d s f o r d a t a o f 1 S N a m i d e o f a n n-th r e s i d u e , a n d i n d e x k is r e l a t e d t o 

t h e m e a s u r e m e n t w i t h t h e k-th r e l a x a t i o n d e l a y . is t h e i n t e n s i t y o f 
t h e s i g n a l r e a d f o r a r e s i d u e n i n a s p e c t r u m a c q u i r e d w i t h t h e k-th 
r e l a x a t i o n d e l a y o f t h e l e n g t h tyt. Ain a n d R i n a r e o p t i m i z e d p a r a 
m e t e r s , w h e r e t h e f o r m e r is a p r e - e x p o n e n t i a l f a c t o r a n d R i n is t h e 
r e l a x a t i o n r a t e f o r t h e n-th r e s i d u e . 2 0 0 0 M o n t e - C a r l o s i m u l a t i o n s o f 
t h e m e a s u r e d s i g n a l i n t e n s i t i e s w e r e t h e n g e n e r a t e d , a n d t h e fit w a s 
r e p e a t e d f o r e a c h o f t h e m t o e s t i m a t e t h e e r r o r o f t h e r e l a x a t i o n ra tes . 
T h e o b t a i n e d r e l a x a t i o n r a t e s w e r e r e c a l c u l a t e d t o s p e c t r a l d e n s i t y 
v a l u e s u s i n g r e d u c e d s p e c t r a l d e n s i t y m a p p i n g p r o t o c o l 1 4 6 1 4 8 w i t h t h e 
a s s u m p t i o n t h a t t h e h i g h - f r e q u e n c y v a l u e s a r e s i m i l a r a n d t h e i r d i f 
f e r e n c e c a n b e n e g l e c t e d . 

S t e a d y s t a t e N O E e x p e r i m e n t s w e r e m e a s u r e d w i t h a 6 s s a t u r a 
t i o n p e r i o d c o m p o s e d o f i n v e r s i o n p u l s e s s e p a r a t e d b y 11.1 m s 1 4 9 . T h e 
s a t u r a t i o n i r r a d i a t i o n w a s r e p l a c e d b y a 2 0 s l o n g i n t e r s c a n d e l a y f o r 
t h e m e a s u r e m e n t o f t h e r e f e r e n c e s p e c t r a . N O E p a r a m e t e r s w e r e c a l 
c u l a t e d f o r e a c h a m i d e p e a k as a r a t i o o f s i g n a l i n t e n s i t i e s r e a d i n t h e 
s p e c t r u m w i t h s a t u r a t i o n (/sat) a n d i n t h e r e f e r e n c e (lref) s p e c t r u m 
N O E = /sat/A-ef- T h e e r r o r s o f t h e s i g n a l i n t e n s i t i e s w e r e e s t i m a t e d b a s e d 
o n t h e n o i s e i n t h e s p e c t r a i n t h e r e g i o n s w i t h n o p e a k s . T h e e r r o r s o f 
N O E w e r e c a l c u l a t e d u s i n g t h e e r r o r p r o p a g a t i o n l a w . 

2 D lineshape analysis of competitive binding 
' H - ^ N H S Q C t i t r a t i o n s p e c t r a w e r e fitted u s i n g T I T A N v l . 6 1 0 8 . In t h e 
l a t e s t r e l e a s e , a c o m p e t i t i v e b i n d i n g m o d e l ( n o w a v a i l a b l e , i n c l u d i n g 
s o u r c e c o d e ) w a s c r e a t e d t o d e s c r i b e t h e i n t e r a c t i o n b e t w e e n f r e e R S M 
p r o t e i n , P, a n d t w o c o m p e t i n g l i g a n d s X a n d Y, r e p r e s e n t i n g R P A a n d 
D N A , t o f o r m t h e b o u n d s t a t e s Bx a n d By: 

«S 

P+X f Bx (1) 
ôff 

P+Y^±By (2) 

T h e s e e q u i l i b r i a w e r e s o l v e d n u m e r i c a l l y f o r g i v e n t o t a l p r o t e i n 
a n d l i g a n d c o n c e n t r a t i o n s a n d d i s s o c i a t i o n c o n s t a n t s t o d e t e r m i n e t h e 
c o n c e n t r a t i o n s o f i n d i v i d u a l s p e c i e s , f r o m w h i c h t h e e x c h a n g e 
s u p e r o p e r a t o r , r e p r e s e n t i n g e x c h a n g e b e t w e e n f r e e a n d l i g a n d - b o u n d 
s p i n s t a t e s , w a s f o r m e d : 

/ -Cm-kim ^off ̂  ( p \ 

Cm k* 
~ Koff 

0 

V C m 0 

w h e r e kx
on = kx

on/K>^ (4) a n d kY
on = kY

on/'KY
d (5). T h i s w a s s u b s e q u e n t l y 

i n c o r p o r a t e d i n t o t h e T I T A N s i m u l a t i o n r o u t i n e , a l l o w i n g t i t r a t i o n 
s p e c t r a t o b e fitted t o d e t e r m i n e t h e m o d e l p a r a m e t e r s KX

A, KY
A, k^ff 

a n d klff. F o u r t i t r a t i o n e x p e r i m e n t s w e r e p e r f o r m e d a n d c o m b i n e d t o 
y i e l d a t o t a l o f 2 4 s p e c t r a t h a t w e r e t h e n g l o b a l l y fitted, f o l l o w i n g 
s t a n d a r d p r o t o c o l s 1 0 9 , u s i n g a s e l e c t i o n o f 16 r e p r e s e n t a t i v e r e s i d u e s . 
R e p o r t e d u n c e r t a i n t i e s w e r e d e t e r m i n e d u s i n g t h e j a c k - k n i f e m e t h o d . 

Electrophoretic mobility shift assay 
C y 3 - l a b e l e d t e t r a m o l e c u l a r G 4 ( 4 0 n M ) , C y 3 - l a b e l e d C E B 1 G 4 ( 3 0 n M ) 
a n d / o r F I T C - l a b e l e d s s D N A 2 0 m e r ( 3 0 n M ) w e r e i n c u b a t e d w i t h 
i n c r e a s i n g c o n c e n t r a t i o n o f R S M i n 4 0 m M T r i s-HC I [ p H 7.5], 25 m M 
K C I , 5 m M M g C I 2 , 2 m M D T T , 2 % g l y c e r o l , a n d 0.1 m g / m L B S A f o r 
10 m i n a t 3 7 ° C . T o a s se s s t h e d e p e n d e n c e o f R S M b i n d i n g o n i o n i c 
s t r e n g t h , F I T C - l a b e l e d C E B 1 G 4 ( 3 0 n M ) o r F I T C - l a b e l e d d s 4 9 (15 n M ) 
w a s i n c u b a t e d w i t h R S M ( 3 2 0 n M o r 1 2 8 0 n M ) i n t h e s a m e b u f f e r 
s u p p l e m e n t e d w i t h t h e i n d i c a t e d c o n c e n t r a t i o n o f N a C I f o r 1 0 m i n a t 
37 ° C . T o c o m p a r e t h e b i n d i n g o f d i f f e r e n t R E C Q 4 f r a g m e n t s , w e 
i n c u b a t e d F I T C - l a b e l e d d s 4 9 (15 n M ) w i t h i n c r e a s i n g c o n c e n t r a t i o n s o f 
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R E C Q 4 ( 3 2 2 _ 4 o o ) , R S M o r s R S M f o r 1 0 m i n at 3 7 ° C . T o v e r i f y t h e f o l d i n g 
o f G 4 , B G 4 p r o t e i n ( p r o d u c e d i n-house ) w a s i n c u b a t e d w i t h te t ra-
m o l e c u l a r G 4 ( 4 0 n M ) i n 5 0 m M Tr i s-HC I [ p H 7.5], 5 0 m M K C I , a n d 
1 m M M g C I 2 f o r 1 0 m i n at 3 7 ° C f o l l o w e d b y s t a b i l i z a t i o n o f B G 4 - G 4 
c o m p l e x b y 0 . 0 1 % g l u t a r a l d e h y d e f o r a n o t h e r 5 m i n a t 3 7 ° C . A f t e r t h e 
a d d i t i o n o f l o a d i n g b u f f e r ( 6 0 % g l y c e r o l , 1 0 m M Tr i s-HC I [ p H 7.5], a n d 
6 0 m M E D T A ) , r e s u l t i n g c o m p l e x e s w e r e a n a l y z e d e i t h e r o n 1 0 % 
p o l y a c r y l a m i d e g e l i n 1* T B E ( 9 0 m M Tr i s-HC I [ p H 8 ] , 9 m M b o r i c a c i d , 
a n d 0 .2 m M E D T A ) f o r 1 h a t 9 5 v o l t s ( f o r t e t r a m o l e c u l a r G 4 , d s 4 9 a n d 
i o n i c s t r e n g t h ) o r o n 0 . 8 % a g a r o s e g e l i n 1* T B E s u p p l e m e n t e d w i t h 
10 m M K C I f o r 4 0 m i n a t 7 0 V at 4 ° C ( f o r C E B 1 G 4 a n d s s D N A 2 0 m e r ) . 
G e l s w e r e s c a n n e d o n a F L A - 9 0 0 0 s c a n n e r ( F u j i f i l m ) o r T y p h o o n ™ 
l a s e r - s c a n n e r ( C y t i v a ) a n d q u a n t i f i e d w i t h M u l t i G a u g e v e r s i o n 3.2 
( Fu j i f i lm ) . F o r t h e q u a n t i f i c a t i o n o f i o n i c s t r e n g t h e x p e r i m e n t , w e 
i n c l u d e d t w o a d d i t i o n a l c o n t r o l s o f t h e D N A s u b s t r a t e a l o n e i n 7 5 0 m M 
a n d 1 0 0 0 m M N a C I b e c a u s e t h e fluorescence i n t e n s i t y o f t h e D N A 
s u b s t r a t e c o u l d b e a f f e c t e d b y i n c r e a s i n g i o n i c s t r e n g t h . T h e s e c o n 
t r o l s w e r e u s e d t o n o r m a l i z e t h e D N A fluorescence i n t e n s i t y o f t h e 
c o r r e s p o n d i n g N a C I c o n c e n t r a t i o n i n t h e p r e s e n c e o f R S M . D N A 
fluorescence i n t e n s i t y a t t h e l o w e r NaC I c o n c e n t r a t i o n s w a s n o r m a l 
i z e d t o t h e fluorescence i n t e n s i t y w i t h o u t a n y a d d i t i o n a l sa l t . 

Fluorescence anisotropy measurements 
R e a c t i o n s c o n t a i n i n g 5 0 n M D N A s u b s t r a t e w e r e i n c u b a t e d f o r 
5-10 m i n at 25 ° C w i t h i n c r e a s i n g c o n c e n t r a t i o n s o f R S M a n d s u b s e 
q u e n t l y t r a n s f e r r e d t o a 3 8 4 - w e l l m i c r o p l a t e a n d r e a d i n a T e c a n 
M i c r o p l a t e R e a d e r I n f i n i t e F 5 0 0 ( T e c a n g r o u p L t d ) . S a m p l e s w e r e 
e x c i t e d w i t h v e r t i c a l l y p o l a r i z e d l i g h t a t 4 9 0 n m , a n d b o t h v e r t i c a l a n d 
h o r i z o n t a l e m i s s i o n s w e r e r e c o r d e d a t 525 n m . A l l m e a s u r e m e n t s w e r e 
c o n d u c t e d a t 25 ° C in 25 m M K P 0 4 [ p H 6.5] a n d 7 0 m M K C I ( l o w i o n i c 
s t r e n g t h ) o r 5 0 0 m M NaC I ( h i g h i o n i c s t r e n g t h ) . T h e d a t a f o r e a c h 
p r o t e i n c o n c e n t r a t i o n w a s a v e r a g e d o v e r 1 0 m i n i n t e r v a l s t o r e m o v e 
i n s t r u m e n t a l n o i s e a n d p r o c e s s e d b y s u b t r a c t i n g t h e a n i s o t r o p y v a l u e 
o b t a i n e d f r o m t h e r e s p e c t i v e D N A s u b s t r a t e w i t h o u t t h e p r o t e i n . 
E q u i l i b r i u m d i s s o c i a t i o n c o n s t a n t s (Kd) w e r e c a l c u l a t e d b y fitting t h e 
d a t a t o t h e f o l l o w i n g e q u a t i o n : 

F A = ( ( [D] + [P] + K d ) - ( ( [ D ] + [P] + K d ) 2 - ( 4 x [ D ] x [ P ] ) ) V > ( A ) / 
(2x [D ] ) , w h e r e [D] a n d [P] a r e c o n c e n t r a t i o n s o f D N A a n d p r o t e i n , 
r e s p e c t i v e l y , a n d A is t h e m a x i m u m a n i s o t r o p y v a l u e . E a c h d a t a p o i n t 
is a n a v e r a g e o f t h r e e m e a s u r e m e n t s . 

Circular dichroism spectroscopy 
A l l s p e c t r a w e r e c o l l e c t e d f r o m 185 t o 3 3 0 n m w i t h a s p e c t r a l b a n d 
w i d t h o f 1 n m f o r e a c h s a m p l e u s i n g a C h i r a s c a n ™ C D S p e c t r o m e t e r a t 
r o o m t e m p e r a t u r e ( -20-25 ° C ) . A n a v e r a g e o f f o u r s c a n s w a s r e c o r d e d . 
T o e x a m i n e c h a n g e s i n t h e G 4 s i g n a l d u e t o R S M b i n d i n g , t h e G 4 
c o n c e n t r a t i o n w a s fixed a t 10 u M , a n d s R S M (aa 3 5 8 - 3 8 8 ) w a s a d d e d t o 
y i e l d t h e m e n t i o n e d m o l a r r a t i o s . T h e s a m p l e s o f p a r a l l e l / h y b r i d G 4 
w e r e p r e p a r e d i n 25 m M K P 0 4 [ p H 6.5] a n d 7 0 m M K C I , a n d t h e 
s p e c t r a w e r e m e a s u r e d a f t e r o v e r n i g h t i n c u b a t i o n o f s a m p l e s a t 4 ° C 
( e x p e r i m e n t s s h o w n i n F i g . 5 a n d S u p p l e m e n t a r y F i g . 14) o r 5 m i n o f 
i n c u b a t i o n a t r o o m t e m p e r a t u r e ( e x p e r i m e n t s s h o w n i n F i g . 6 a n d 
S u p p l e m e n t a r y F i g . 22 ) . T o e v a l u a t e C D s p e c t r a , v a l u e s o f m a x i m a 
(265 n m f o r p a r a l l e l G 4 a n d 1 9 8 n m f o r s R S M ) w e r e d e t e r m i n e d . C e n -
t r i f u g e d s a m p l e s w e r e s p u n f o r 2 m i n a t 1 3 , 4 0 0 r p m a n d t h e s u p e r 
n a t a n t w a s c o l l e c t e d f o r t h e m e a s u r e m e n t s . T h e C D s p e c t r u m o f 
t e t r a m o l e c u l a r G 4 (8 u M ) w a s r e c o r d e d i n 4 0 m M Tr i s-HC I [ p H 7.5], 
25 m M K C I , 5 m M M g C I 2 , 2 m M D T T , 2% g l y c e r o l , a n d 0.1 m g / m L B S A . 
T h e C D s p e c t r u m o f 10 u M s i n g l e D N A o l i g o n u c l e o t i d e ( n o n - f o l d e d 
c o n t r o l ) u s e d t o a s s e m b l e t h e t e t r a m o l e c u l a r G 4 w a s r e c o r d e d 
i n w a t e r . 

Isothermal titration calorimetry 
C a l o r i m e t r i c t i t r a t i o n s w e r e c a r r i e d o u t o n a n i T C 2 0 0 m i c r o -
c a l o r i m e t e r ( M i c r o C a l ) a t 3 0 ° C . R S M a n d l i g a n d ( D N A s o r R P A ) 

s a m p l e s w e r e d i s s o l v e d i n 25 m M K P 0 4 [ p H 6.5] a n d 7 0 m M K C I . T h e 
3 0 0 u L s a m p l e c e l l w a s filled w i t h a 0.1 m M s o l u t i o n o f R S M , a n d t h e 4 0 
u L i n j e c t i o n s y r i n g e w i t h 1 m M o f t h e t i t r a t i n g l i g a n d . E a c h t i t r a t i o n 
c o n s i s t e d o f a p r e l i m i n a r y 0 .2 u L i n j e c t i o n f o l l o w e d b y 19 s u b s e q u e n t 2 
u L i n j e c t i o n s . T h e h e a t o f t h e i n j e c t i o n s w a s c o r r e c t e d f o r t h e h e a t o f 
d i l u t i o n o f e v e r y l i g a n d i n t o t h e b u f f e r . D a t a fitting w a s d o n e i n O r i g i n 
u s i n g t h e bu i l t - i n one-s i t e b i n d i n g m o d e l . 

Microscopy of RECQ4 droplets 
R E C Q 4 f r a g m e n t s a t 1 0 u M final c o n c e n t r a t i o n w e r e m i x e d w i t h a n 
e q u i m o l a r a m o u n t o f i n d i c a t e d D N A s u b s t r a t e ( o r 126 n g / u L f o r plas-
m i d D N A - p B l u e S c r i p t ) i n 25 m M K P 0 4 [ p H 6.5] a n d 7 0 m M K C I , a n d 
t r a n s f e r r e d t o a c h a m b e r e d s l i d e ( Ib id i ) f o r i m a g i n g . I m a g e s w e r e 
a c q u i r e d a t r o o m t e m p e r a t u r e u s i n g a D e l t a V i s i o n E l i t e m i c r o s c o p e 
(GE H e a l t h c a r e ) e q u i p p e d w i t h a 6 0 x o i l - i m m e r s i o n o b j e c t i v e . F l u o r 
e s c e n c e i m a g e s w e r e d e c o n v o l v e d w i t h S o f t W o R x s o f t w a r e (GE 
H e a l t h c a r e ) a n d a l l i m a g e s w e r e finally p r o c e s s e d i n Image J . T h e 
fluorescence i n t e n s i t y o f T h i o f l a v i n T i n s i d e t h e d r o p l e t s w a s q u a n t i 
fied m a n u a l l y b y c r e a t i n g a l i n e p r o f i l e i n ImageJ t h r o u g h t h e c e n t r e o f 
e a c h d r o p l e t a n d r e c o r d i n g t h e m a x i m u m i n t e n s i t y v a l u e . 

Turbidity measurements 
I n c r e a s i n g c o n c e n t r a t i o n s o f R S M w e r e m i x e d w i t h 10 u M o f t h e 
i n d i c a t e d D N A s u b s t r a t e s i n 25 m M K P 0 4 [ p H 6.5] a n d 7 0 m M K C I , i n a 
96-we l l p l a t e , a n d t h e o p t i c a l d e n s i t y a t 6 0 0 n m w a s m e a s u r e d o n a 
M i c r o p l a t e R e a d e r S p e c t r a M a x i D 5 i n s t r u m e n t i m m e d i a t e l y o r a f t e r 
5 m i n i n c u b a t i o n a t r o o m t e m p e r a t u r e . F o r t h e i o n i c s t r e n g t h s e n s i 
t i v i t y e x p e r i m e n t , i n c r e a s i n g c o n c e n t r a t i o n s o f NaC I ( f r o m 5 0 t o 
5 0 0 m M ) w e r e a d d e d t o p r e f o r m e d d r o p l e t s o f SRSM-T95-2T a n d t h e 
o p t i c a l d e n s i t y a t 4 0 0 n m w a s m e a s u r e d . 

Stopped-flow assay 
S t o p p e d - f l o w e x p e r i m e n t s w e r e m e a s u r e d u s i n g a n S F M - 3 0 0 0 s t o p 
p e d - f l o w m a c h i n e ( B i o-Log i c ) e q u i p p e d w i t h a M O S - 5 0 0 m o n o -
c h r o m a t o r s p e c t r o m e t e r ( B i o-Log i c ) a n d a n a d d i t i o n a l P h o t o m u l t i p l i e r 
c o n t r o l u n i t ( PMS-250 ) f o r l i g h t s c a t t e r i n g a n a l y s i s . T h e i n t r i n s i c 
fluorescence o f t r y p t o p h a n o f s R S M w a s r e c o r d e d w i t h a n e x c i t a t i o n 
w a v e l e n g t h o f 2 9 5 n m a n d 3 2 0 n m c u t - o f f filter. L i g h t s c a t t e r i n g w a s 
m e a s u r e d a s a s i g n a l r e a d i n g f r o m a p h o t o m u l t i p l i e r p l a c e d a t a n a n g l e 
o f 9 0 ° t o t h e l i g h t s o u r c e (at 2 9 5 n m ) . A l l e x p e r i m e n t s w e r e p e r f o r m e d 
at 25 ° C i n 25 m M K P 0 4 [ p H 6.5] a n d 7 0 m M K C I . In t h e e x p e r i m e n t s 
w i t h a fixed c o n c e n t r a t i o n o f G 4 , 2 . 5 u M o f T 9 5 - 2 T G 4 w a s m i x e d w i t h 
v a r i o u s c o n c e n t r a t i o n s o f s R S M , r a n g i n g f r o m 0 t o 2 0 u M . C o n v e r s e l y , 
i n t h e e x p e r i m e n t s w i t h a fixed c o n c e n t r a t i o n o f s R S M , 2.5 u M o f s R S M 
w a s s y s t e m a t i c a l l y m i x e d w i t h i n c r e a s i n g c o n c e n t r a t i o n s o f T 9 5 - 2 T G 4 , 
r a n g i n g f r o m 0 t o 2 0 u M . W h e n s R S M w a s fixed, fluorescence i n t e n s i t y 
t o g e t h e r w i t h l i g h t s c a t t e r w e r e c o l l e c t e d f o r 6 0 s o r 1 8 0 s i n t h e first 
a n d s e c o n d r e p l i c a t e d m e a s u r e m e n t , r e s p e c t i v e l y , a c c o r d i n g t o t h e 
f o l l o w i n g p r o t o c o l : (a) e v e r y 0 . 0 0 1 s f r o m 0-1 s; (b) e v e r y 0 . 0 1 s f r o m 
1-10 s; (c) e v e r y 0.1 s f r o m 1 0 - 1 8 0 s. W h e n G 4 w a s fixed, fluorescence 
i n t e n s i t y t o g e t h e r w i t h l i g h t s c a t t e r w e r e c o l l e c t e d f o r 6 0 s o r 1 5 0 s i n 
t h e first a n d s e c o n d r e p l i c a t e d m e a s u r e m e n t , r e s p e c t i v e l y , a c c o r d i n g 
t o t h e f o l l o w i n g p r o t o c o l : (a) e v e r y 0 . 0 0 1 s f r o m 0 - 0 . 3 s; (b) e v e r y 
0 .01 s f r o m 0 . 3 - 1 0 s; (c) e v e r y 0.1 s f r o m 1 0 - 1 8 0 s. T h e c u r v e s s h o w n 
a r e a v e r a g e s o f 3 t o 4 t e c h n i c a l r e p l i c a t e s . 

Spin-down assay 
I n d i c a t e d c o n c e n t r a t i o n s o f s R S M a n d T 9 5 - 2 T G 4 w e r e m i x e d in 25 m M 
K P 0 4 [ p H 6.5] , 7 0 m M K C I a n d i n c u b a t e d a t r o o m t e m p e r a t u r e f o r 
5 m i n . T h e s a m p l e s w e r e s u b s e q u e n t l y c e n t r i f u g e d f o r 3 m i n a t 
1 2 , 0 0 0 x g ( r o o m t e m p e r a t u r e ) , s u p e r n a t a n t w a s c o l l e c t e d a n d t h e 
p e l l e t r e s u s p e n d e d i n a n e q u a l v o l u m e o f b u f f e r . B o t h f r a c t i o n s w e r e 
d e p r o t e i n i z e d w i t h 2.5 u L p r o t e i n a s e K (10 m g / m l ) a n d 2.5 uL 1% S D S , 
r u n o n a n 0 . 8 % a g a r o s e g e l i n l x T B E s u p p l e m e n t e d w i t h 1 0 m M KC I f o r 
4 0 m i n a t 7 0 v o l t s at 4 ° C a n d s t a i n e d b y S Y B R ® G o l d N u c l e i c A c i d G e l 
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S t a i n ( S11494 , T h e r m o F i s h e r S c i e n t i f i c , d i l u t e d 1 : 1 0 , 0 0 0 i n l x T B E ) . 
T h e g e l s w e r e s c a n n e d u s i n g T y p h o o n ™ l a s e r - s c a n n e r , q u a n t i f i e d u s i n g 
M u l t i G a u g e v e r s i o n 3.2 ( F u j i f i l m ) . 

Thioflavin T fluorescence quantification in solution 
T h i o f l a v i n T ( 5 0 0 n M ) w a s m i x e d w i t h 10 u M o f c o r r e s p o n d i n g D N A 
s u b s t r a t e s a n d w h e r e a l s o i n d i c a t e d w i t h 1 0 n M R S M i n 2 5 m M K P 0 4 
[ p H 6.5] a n d 7 0 m M K C I . T h e fluorescence i n t e n s i t y a t 4 9 0 n m ( e x c i 
t a t i o n w a v e l e n g t h : 4 4 5 n m ) w a s m e a s u r e d b y M i c r o p l a t e R e a d e r 
S p e c t r a M a x i D 5 . T h e r e c o r d e d v a l u e s w e r e n o r m a l i z e d r e l a t i v e t o t h e 
fluorescence o f t h e T h i o f l a v i n T p r o b e a l o n e . 

G4 unwinding assay 
T h e c o m p l e x o f R S M , M B P - R E C Q 4 ( 1 _ 4 0 o ) - H i s o r A P E X 2 -
RECQ4( 3 22-4oo) w i t h t e t r a m o l e c u l a r G 4 w a s a s s e m b l e d b y i n c u b a 
t i o n a t 3 7 ° C f o r 1 0 m i n i n 4 0 n M T r i s - H C I [ p H 7.5], 2 5 m M K C I , 5 m M 
M g C I 2 , 2 m M D T T , 2 % g l y c e r o l , a n d 0.1 m g / m L B S A s u p p l e m e n t e d 
w i t h 1 m M A T P a n d A T P r e g e n e r a t i o n s y s t e m ( C r e a t i n e P h o s p h a t e -
C r e a t i n e K i n a s e ) . T h e G 4 u n w i n d i n g w a s i n i t i a t e d b y a d d i n g S c P i f l 
h e l i c a s e (3.1 n M o r 6.3 n M ) o r F A N C J h e l i c a s e (2.5 n M ) . A f t e r i n c u b a 
t i o n a t 3 7 ° C f o r 15 m i n , t h e r e a c t i o n w a s s t o p p e d b y a d d i n g a m i x t u r e 
o f 1% S D S a n d l O m g m L 1 p r o t e i n a s e K ( A 4 3 9 2 , 0 0 1 0 , P a n R e a c 
A p p l i C h e m ) (1:1), r e s o l v e d i n 1 0 % l x T B E p o l y a c r y l a m i d e g e l a t 9 5 
v o l t s f o r 1 h , a n d a n a l y z e d as a b o v e . 

Kinetic data analysis and statistics 
T h e k i n e t i c d a t a w e r e fit g l o b a l l y w i t h t h e K i n T e k E x p l o r e r p r o g r a m 
( K i n T e k , U S A ) , a d y n a m i c k i n e t i c s i m u l a t i o n p r o g r a m t h a t a l l o w e d 
m u l t i p l e d a t a se t s t o b e fit s i m u l t a n e o u s l y t o a s i n g l e m o d e l . D a t a 
fitting u s e d n u m e r i c a l i n t e g r a t i o n o f r a t e e q u a t i o n s f r o m a n i n p u t 
m o d e l ( F i g . 6f ) s e a r c h i n g a se t o f p a r a m e t e r s u s i n g t h e B u l i r s c h - S t o e r 
a l g o r i t h m w i t h a n a d a p t i v e s t e p s i z e t h a t p r o d u c e s a m i n i m u m x2 v a l u e 
c a l c u l a t e d b y u s i n g n o n l i n e a r r e g r e s s i o n b a s e d o n t h e L e v e n b e r g -
M a r q u a r d t m e t h o d 1 5 0 . R e s i d u a l s w e r e n o r m a l i z e d b y s i g m a v a l u e f o r 
e a c h d a t a p o i n t . 

T h e o b s e r v a b l e s i g n a l f o r c i r c u l a r d i c h r o i s m d a t a ( C D ) a n a l y z e d a t 
2 6 5 a n d 1 9 8 n m w a s d e f i n e d as t h e s u m o f t h e c o n t r i b u t i o n s o f G 4 a n d 
R S M i n s o l u b l e f o r m ( E q u a t i o n s 1 a n d 2 ) , w h e r e a265 a n d a 1 9 8 s c a l e s t h e 
s i g n a l t o t h e c o n c e n t r a t i o n o f G 4 a n d S R S M - G 4 a t 2 6 5 a n d 1 9 8 n m , 
r e s p e c t i v e l y a n d t h e f a c t o r b m s c a l e s t h e s i g n a l t o t h e c o n c e n t r a t i o n 
o f s R S M a n d S R S M - G 4 a t 1 9 8 n m . T h e o b s e r v a b l e s i g n a l f o r o p t i c a l 
d e n s i t y m e a s u r e m e n t s ( O D ) w a s d e f i n e d as a n a p p r o x i m a t e c o n t r i b u 
t i o n o f c o n d e n s a t i o n p r o d u c t s ( Eq . 3 ) , w h e r e a 0 D s c a l e s t h e s i g n a l t o 
c o n c e n t r a t i o n a n d s e n s i t i v i t y o f t h e m e a s u r e m e n t , t h e s c a l i n g f a c t o r 
bn+i d e f i n e s t h e r e l a t i v e c h a n g e i n o p t i c a l d e n s i t y c o n t r i b u t i o n o f t h e 
p r o d u c t s o f c o n t i n u a l g r o w t h ( s R S M - G 4 ) n + 1 (n>3). S i m i l a r l y , t h e 
o b s e r v a b l e s i g n a l f o r l i g h t s c a t t e r i n g m e a s u r e m e n t s (LS) w a s d e f i n e d 
as a n a p p r o x i m a t e c o n t r i b u t i o n o f c o n d e n s a t i o n p r o d u c t s (n > 3 ) ( Eq . 
4 ) , w h e r e aLS s c a l e s t h e c o n c e n t r a t i o n a n d bn+1 d e f i n e s t h e r e l a t i v e 
c h a n g e i n o p t i c a l d e n s i t y c o n t r i b u t i o n o f t h e c o n s e c u t i v e c o n d e n s a 
t i o n s p e c i e s ( R S M - G 4 ) n + 1 (n > 2 ) . T h e o b s e r v a b l e fluorescence s i g n a l 
w a s d e f i n e d as t h e s u m o f t h e c o n t r i b u t i o n s o f e a c h s p e c i e s t o t h e t o t a l 
fluorescence ( Eq . 5 ) , w h e r e aFI s c a l e s t h e s i g n a l t o c o n c e n t r a t i o n a n d 
s e n s i t i v i t y o f t h e m e a s u r e m e n t , f a c t o r s bFI a n d cFI d e f i n e t h e r e l a t i v e 
c h a n g e i n fluorescence i n f o r m i n g S R S M - G 4 a n d ( s R S M - G 4 ) 2 c o m 
p l e x e s , r e s p e c t i v e l y . D i f f e r e n t s c a l i n g f a c t o r s r e l a t i n g t o t h e d i f f e r e n t 
s e n s i t i v i t y o f a n a l y t i c a l s e t u p s ( f a c t o r a) w e r e u s e d f o r i n d i v i d u a l 
e x p e r i m e n t s , b u t t h e r e l a t i v e c h a n g e i n o b s e r v a b l e s i g n a l i n f o r m i n g 
i n d i v i d u a l c o m p l e x e s w a s c o n s t a n t f o r a l l d a t a s e t s . T h e s c a l i n g f a c t o r s 
w e r e u s e d a s fitted p a r a m e t e r s , a n d t h e o b t a i n e d v a l u e s a r e s u m m a r 
i z e d i n S u p p l e m e n t a r y T a b l e 7. 

Signal (CD265) = a265.(G4 + sRSM - G 4 ) (6) 

Signal {CD196) = a m . ( G 4 + sRSM - G 4 ) - b198. (sRSM+sRSM - G 4 ) 

(7) 

Signal (OD) = a0D. ((sRSM - C4)„ + bntl. (sRSM - G4)„+ 1 + .. . + b,. (sRSM - G4),) 

(8) 

Signal(LS) = a I s . ((sRSM - C4)„ + bn+1. (sRSM - C4)„+ 1 + ... + 6,. (sRSM - G4),) 

(9) 

Signal(Fl) = l + a n . sRSM - G 4 + bFI. (sRSM - G 4 ) 2 (10) 

T h e c o n c e n t r a t i o n d e p e n d e n c e o f N M R s p e c t r a w a s r e s o l v e d b y 
s i n g u l a r v a l u e d e c o m p o s i t i o n ( SVD ) a n a l y s i s i n t e g r a t e d w i t h i n K i n T e k 
E x p l o r e r . E x t r a c t e d S V D a m p l i t u d e v e c t o r s w e r e t h e n fitted t o a p r o 
p o s e d k i n e t i c m o d e l b y n o n l i n e a r r e g r e s s i o n a n a l y s i s b a s e d o n t h e 
n u m e r i c a l i n t e g r a t i o n o f r a t e e q u a t i o n s . A l t e r n a t i n g b e t w e e n t h e fit
t i n g o f S V D a m p l i t u d e v e c t o r s a n d t h e d i r e c t fitting o f s p e c t r a h e l p e d 
us find t h e b e s t g l o b a l fit t o t h e d a t a . T o a c c o u n t f o r s l i g h t v a r i a t i o n s i n 
t h e d a t a , s R S M o r G 4 c o n c e n t r a t i o n s w e r e a l l o w e d t o v a r y w i t h i n a n 
i n t e r v a l o f ±10% t o m a k e t h e b e s t fits p o s s i b l e . T h e s t a n d a r d e r r o r (s.e.) 
w a s c a l c u l a t e d f r o m t h e c o v a r i a n c e m a t r i x d u r i n g n o n l i n e a r r e g r e s 
s i o n . T h e s t a n d a r d e r r o r e s t i m a t e s i n fitted p a r a m e t e r s w e r e p r o p a 
g a t e d t o y i e l d e r r o r e s t i m a t e s i n c a l c u l a t e d v a l u e s , t h e e q u i l i b r i u m 
d i s s o c i a t i o n c o n s t a n t (/Cd). 

T h e f r e e e n e r g y o f b i n d i n g w a s c a l c u l a t e d f o r a r e f e r e n c e s t a t e 
r a t h e r t h a n t h e 1 M s t a n d a r d s t a t e ( Eq . 11), w h e r e t h e p r o d u c t K.[L] = 
[L]//Cd is a d i m e n s i o n l e s s n u m b e r t h a t d e f i n e s t h e t h e r m o d y n a m i c 
d r i v i n g f o r c e f o r b i n d i n g a t t h e p h y s i o l o g i c a l c o n c e n t r a t i o n o f l i g a n d 
c o n c e n t r a t i o n 1 5 1 . T h e f r e e e n e r g y p r o f i l e w a s c a l c u l a t e d u s i n g t h e 
E y r i n g e q u a t i o n ( Eq . 12) a t r e f e r e n c e t e m p e r a t u r e 2 9 8 K, a n d r e f e r 
e n c e c o n c e n t r a t i o n o f 1 J J M S R S M a n d 1 J J M S R S M - G 4 . 

A G 0 = -R.T.]n(K.[L]) (11) 

A G J = - / ? T . l n ( k . h / A r s . r ) (12) 

Reporting summary 
F u r t h e r i n f o r m a t i o n o n r e s e a r c h d e s i g n is a v a i l a b l e i n t h e N a t u r e 
P o r t f o l i o R e p o r t i n g S u m m a r y l i n k e d t o t h i s a r t i c l e . 
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