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Physicochemical	complementarity		
one	of	the	most	powerful	paradigms	in	biology	

gene	duplica/on	

PDB:	1QPH	

immune	response	

an#body	

an#gen	
PDB:	1WBU	

enzyma/c	catalysis	

Kraut	et	al.	PLOSB,	4,	2006	

a	novel	complementarity?	



messenger	RNA-protein	rela/onship:		
the	cornerstone	of	molecular	biology	

S21	mRNA	

ribosomal	protein	S21	
(PDB:	4GD2)	

linked	by	the	universal	gene/c	code	

physicochemical	connec/on?	



What	is	the	affinity	of	amino	acids	for	pyrimidines?	

pyridine	

LEU	in	DMP:H2O	

ASP	in	DMP:H2O	

Woese	CR	et	al.,	PNAS,	55:966-974	(1966)	
Mathew	DC	&	Luthey-Schulten	Z,	J	Mol	Evol,	66:519-528	(2008)		

pyrimidine	

Carl	Woese	

*DMP:	2,6-dimethylpyridine	

a.	u.	



THE	CENTRAL	FINDING	

Hlevnjak	M,	Polyansky	AA	&	Zagrovic	B,	Nucleic	Acids	Research,	40,	2012	
Polyansky	AA,	Hlevnjak	M	&	Zagrovic	B,	RNA	Biology,	10,	2013	

H.	sapiens	

*	

*	



A	sta/s/cally	robust	finding	of	universal	validity	

Hlevnjak	M,	Polyansky	AA	&	Zagrovic	B,	Nucleic	Acids	Research,	40,	2012	
Polyansky	AA,	Hlevnjak	M	&	Zagrovic	B,	RNA	Biology,	10,	2013	

gene#c	code	shuffling	 different	organisms	



What	about	natural	bases	and,	in	par/cular,	purines?			

	
•  3D	structures	of	~300	protein-RNA	complexes	

free	energy	proxies	from		
contact	sta#s#cs:	

*in	units	of	kBT	

Polyansky	AA	&	Zagrovic	B,	NAR,	18:	8434-8443	(2013)	



median	R-values	for	profile	matching	distribuaons	

mRNA	PUR-density	vs.	protein	G-affinity	
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mRNA	PYR-density	vs.	protein	PYR-affinity	



An	important	excep/on:		
ADE-preferring	amino	acids	tend	to	be	encoded	by	PYR-rich	stretches	and	vice	versa	

Polyansky	AA	&	Zagrovic	B,	NAR,	18:	8434-8443	(2013)	



Hypotheses	
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Hlevnjak,	Polyansky	&	Zagrovic,	NAR,	40,	2012;	Polyansky	&	Zagrovic,	NAR,	41,	2013;	Polyansky	AA,	Hlevnjak	M	&	Zagrovic	B,	RNA	Biology,	
10,	2013;	Hajnic,	Osorio	&	Zagrovic,	NAR,	42,	2014;	Hajnic,	Osorio	&	Zagrovic,	PCCP,	17,	2015;	de	Ruiter	&	Zagrovic,	NAR,	43,	2015;	Hlevnjak	
&	Zagrovic,	NAR,	43,	2015;	Bartonek	&	Zagrovic,	PLOS	CB,	13,	2017 

1.	 our	 findings	 support	 the	 possibility	 of	 a	
connecaon	 between	 nucleobase/amino-acid	
binding	and	geneac	encoding	(such	as	in	the	direct	
templa/ng	mechanism	of	ancient	translaaon)	

stereochemical	hypothesis		
(Woese	CR,	1965):	

“coding	from	binding”	

*	



Hypotheses	

1.	 our	 findings	 support	 the	 possibility	 of	 a	
connecaon	 between	 nucleobase/amino-acid	
binding	and	geneac	encoding	(such	as	in	the	direct	
templa/ng	mechanism	of	ancient	translaaon)	
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2.		today’s	mRNAs	and	cognate	proteins	may	be		
complementary	to	each	other	and	bind,	especially		
if	unstructured.	Complementarity	is	negaavely		
regulated	by	mRNA	ADE	content.	

*	

Hlevnjak,	Polyansky	&	Zagrovic,	NAR,	40,	2012;	Polyansky	&	Zagrovic,	NAR,	41,	2013;	Polyansky	AA,	Hlevnjak	M	&	Zagrovic	B,	RNA	Biology,	
10,	2013;	Hajnic,	Osorio	&	Zagrovic,	NAR,	42,	2014;	Hajnic,	Osorio	&	Zagrovic,	PCCP,	17,	2015;	de	Ruiter	&	Zagrovic,	NAR,	43,	2015;	Hlevnjak	
&	Zagrovic,	NAR,	43,	2015;	Bartonek	&	Zagrovic,	PLOS	CB,	13,	2017 



mRNA	recoding	vs.	cognate	matching	

codon	usage	bias	

Hlevnjak	M	&	Zagrovic	B,	NAR,	43,	3012-3021	(2015)	
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Woese	pyridine	scale	



Func/onal	significance	
•  Potenaally	relevant	in	many	areas	of	RNA/protein	biology:	

•  translaaon	regulaaon	
•  viral	capsid	assembly	
•  structure	of	non-membrane-bound	cellular	compartments	
•  protein	interacaons	with	DNA,	lncRNA	etc.	

?	
enrichment	analysis	

Polyansky	AA,	Hlevnjak	M	&	Zagrovic	B,	in	prepara#on	

PR/PYR	matching	



A	case	study:	assembly	of	the	MS2	bacteriophage	

genome	%PYR	profile	

coat	protein	PYR	affinity	profile	
IDEA:	

CP	CDS	



Dai	et	al.	Nature,	541,	2017	

Comparison	against	a	3.6	Å	cryo	EM	structure	of	MS2	

16	high-resoluaon	RNA	stem	loops	with	capsid	protein	



R	≤	-0.6	

MS2	genome	
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	A.	coat	protein	CDS	 B.	packaging	signal	 C.	replicase	CDS	

MS2	genome/CP	sequence	

Profile-based	predic/ons	match	experimental	loca/ons	of	stem	loops	

A	 B	 C	

Poetsch	F,	Hlevnjak	M,	Polyansky	AA	&	Zagrovic	B,	in	preparaaon	



Origin	of	the	gene/c	code	
coding	from	binding?	

New	paradigms?	
•  translaaon	regulaaon	
•  viral	capsid	assembly	
•  cellular	networks…	

RNA-protein	interac/ons	
a	novel	mechanisac	perspecave	

mRNA-PROTEIN	COMPLEMENTARITY	

OPEN	CHALLENGES	
geometry;	ΔGs;	funcaonal	significance;	experimental	tesang	
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