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Structure and Function of Large RNAs 

- Internal Ribosome Entry Site (IRES) RNAs 

 target the ribosome 

- Transport and Localization Signal (TLS) RNAs 

 large RNA transport granules 

Lukavsky et al, NSB 2003 
Locker et al, EMBO J 2007 



Why study RNAs by NMR? 

NMR gives immediate information about RNA 

Structural information can be quickly integrated into 
biochemical studies…. 

  Folding state 
  Secondary structure 
  Local dynamics  



Establishing Secondary Structure 

imino ‘fingerprint’ region 

Snoesy: 
- non-excitation-type H2O-suppression 
- better than jump-return or binomial 
- ideal for nucleic acids 

 fast exchanging protons 
 signals  under water 

imino-imino region 

NEIGHBOURS of basepairs 

imino-amino/ribose/aromatic regions 

TYPE of basepair 

AU GC GA 
GU 



Revised secondary structure by NMR 

predicted    determined 
Wrong secondary structure misleads biologists!! 
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RNA structure determination requires different 
strategy 

low proton density 
only 4 different residues 

small couplings 
often elongated 

high proton density 
20 different residues 

large couplings 
globular 



RNA structures determined without 
residual dipolar couplings (RDCs) 

are of poor quality…. 

26nt RNA, rmsd = 2.0 Å 

The helicity is not defined without RDCs 



Well-defined RNA structure using RDCs 

26nt RNA, rmsd = 0.7Å 



The challenge: large RNAs by NMR 

PDB statistics for RNA NMR structures 



The 'size' problem 

55Å 
90Å 

30kDa 25kDa 



10kDa 

30kDa 

Problems studying large RNAs by NMR 

•  Correlation time broadens signals 

     15 kDa RNA = 60 kDa protein 

•    Overlap makes assignments impossible 

     Only 4 residues in RNA versus 20 in proteins 



Novel methods for studying large RNAs by NMR 

Native RNA purification 
    Lukavsky et al, RNA 2004 
    Easton et al, RNA 2010 

‘Divide and Conquer’ approach with RDCs 
    Lukavsky et al, NSB 2003 
    Lukavsky et al, Methods Enzymol. 2005 

Segmental Labeling techniques 
    Kim et al, JACS 2002 
    Tzakos et al, JACS 2006 
    Tzakos et al, Nat. Protoc. 2007 

Site-specific deuteration of nucleobases 



Axis formation	


Polarised cell function	


Asymmetric cell division	


Learning and memory	


mRNA localization	


~70% of transcripts 	

could be asymmetrically	

localized (Lecuyer et al. 2007)	




Common principles 
•  Targeting elements are located in 3’UTR 

•  Recognition by trans-acting protein factors 

•  Sequence-specific 
–  11nt A2RE recognised by hnRNPA2 

•  Structure-specific 
–  drosophila transport and localisation signals (TLS) 
–  Dendritic targeting elements (DTE)  



Any common features? 



K10 transport-localization signal (TLS) 

•  Maternal K10 mRNA transported from nurse cells into oocyte 

•  Regulates dorso-ventral axis formation 

•  TLS in 3’UTR 

•  Localises to anterior end of oocyte 

•  Shortest dynein-mediated TLS 

•  Drives apical transport in blastoderm embryos (assay) 

N O 

Serrano & Cohen, Development 1995 
Cohen at al, RNA 2005 



localised  non-localised 

Injection assay for RNA localization 



Minus-end directed transport along 
microtubules 

- dynein 
- Bicaudal D (BicD) 
- Egalitarian (Egl) 
- TLS 

Wilkie & Davis, Cell 2001 
Bullock & Ish-Horowicz, Nature 2001 
Bullocket al, Current Biology 2006 



K10 TLS 

Cohen at al, RNA 2005 



Which structural features determine localization? 

David Ish-Horowicz 
Inbal Ringel 

48 nt RNA 
-  14 AU base pairs 
-  18 adenosines 
-  19 uridines 

Cohen at al, RNA 2005 



Excellent chemical shift dispersion, 
except for pyrimidines…… 

Adenine C2-H2 

C6-H6 and C8-H8 



Pyrimidine H5-H6 peaks interfere with 
sequential H1’–base assignments 

base protons H8, H6 and H2 

ribose H1’ 
and 
pyrimidine H5 



Preparation of d5-UTP 

H1’ H5 
H6 85-90% exchange 

Wataya et al., J. Biochem. 1973 



protonated H5 deuterated D5 

“Pyrimidine H5-free” H1’–base walk  



Overall shape not defined without RDCs 

48nt RNA, rmsd = 5.5 Å 

rmsd = 2.3 Å 

rmsd = 1.8 Å 

Number of restraints 

Distance restraints   766 
Dihedral restraints   348 



Number of restraints 

Distance restraints   766 
Dihedral restraints   348 
Angular restraints (RDCs)  115 

rmsd = 1.15 Å 

Solution Structure of the K10 TLS 



rmsd = 1.15 Å 

A37 

C33 

Structural features of the K10 TLS 

Bullock et al, NSMB 2010 





Tanaka et al, NAR (1999) 

14 - 16° unwinding 
3 – 4 Å widening of major groove 

rmsd = 1.15 Å 

Tanaka et al, NAR (1999) 

14 - 16° unwinding 
3 – 4 Å widening of major groove 

Tanaka et al, NAR (1999) 

14 - 16° unwinding 
3 – 4 Å widening of major groove 

Unusually widened major grooves in the K10 TLS 

Lower helix  Upper helix 
11.2 ± 3.9  4.8 ± 2.5 

A-form  16.1 
A’-form  10.3 
B-form  -4.6 

Inclination(°) vs helical steps 

A-form 

B-form 



A-form dsRNA A’-form dsRNA B-form dsDNA 

K10 upper helix K10 lower helix 



5S rRNA 

loop E 

helix IV 

Lu et al, PNAS 2000 

A’-form helix in 5S ribosomal RNA  



5S rRNA 

loop E 

helix IV 

Lu et al, PNAS 2000 

L25 

A’-form helix in 5S ribosomal RNA  



Continuous stacking of purines induces 
widened major groove 

lower helix         upper helix 



Which features mediate K10 transport? 

-   Primary sequence of the signal? 

-   Which structural features (grooves or bulges?) 

-   What is the relative contribution of each motif 
   to signal activity? 



K10-wt K10-2gc-low K10-A-low 

A’-form in lower helix drives K10 transport 

wt (A’) 

++ 

A-low (A) 

+ 

2gc-low (A’) 

++ 



K10-au-up K10-2gc-up 

A’-form in upper helix drives K10 transport 

K10-wt 

2gc-up (int-A’) A-up (A) 

++ ++ + 

au-up (A’) 



2gc-up-2gc-low 
(int-A’/A’) 

++ 
2gc-up-A-low 

(int-A’/A) 

- 

scrambled A-up-A-low 
(A/A) 

- - 

Two widened major grooves mediate K10 transport  



What is the role of the bulges? 

A37 

C33 



36° 

50° 

C33 

A37 

What is the role of the bulges? 



Spatial register of widened major grooves 
determines K10 transport  

33 

37 
ΔC33 ΔA37 ΔC33+ΔA37 

+ + - 

C33A+A37C 

++ 



Spatial register of widened major grooves 
determines K10 transport  

33 

37 
ΔC33 ΔA37 ΔC33+ΔA37 

+ + - 
G-C 

ΔA37+1gc 
++ + 

ΔC33+1gc 



The common feature….. 



Conservation of purine-stacking in Orb 

K10 
Orb 



 SL2 upper helix 

A’-form helix 

Structure of hairy SL2 

Bullock et al, EMBO 2003 

++ 

- 



•  Egl and BicD are the only factors specifically enriched on 
minimal localization signals from hairy, gurken and I-factor 

•  Egl and BicD recruitment is 
impaired at non-active mutants	


Dienstbier et al., Gen Dev, 2009	




Egl, but not BicD, can bind RNA in vitro 
•  Egl (but not BicD) from in vitro translation is 

specifically recruited to apical localization elements 

•  Smallest RNA-binding fragment identified aa 1-814; 
binding is dependent on the exonuclease homology 
domain, but not classical exonuclease activity.  



Summary 

-  Structure NOT sequence determines signal activity 

-  Signal activity correlates with 

 Correct alignment of major grooves 
 Overall Extent of A’-form helices 

-   Mutagenesis alone could not have revealed these features 

-   Structural features are conserved among other signals 
   in Drosophila 

-   RNA signal might determine the occupancy of Egl and BicD 
   and thereby control motor number per RNA particle 



RNA scaffold for motor recruitment 
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