
Structural Studies of Non-

canonical Base pairs in RNA

Dhananjay Bhattacharyya

Biophysics Division

Saha Institute of Nuclear Physics

Kolkata

dhananjay.bhattacharyya@saha.ac.in



O
O

O

U U U   A G C

G A A A   U C G

Na
aaa

mRNA

RNA polymerase Promoter 

sequence

mRNA

Cellular functions: DNA  RNA Protein



Viral RNA

Signaling RNA

miRNA

siRNA





tRNAIle Crystal Structure 

(PDB ID: 1QU2)
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Basepair Parameters 

(IUPAC/IUB recommendation



Base pair parameter definition in 

NUPARM

Buckle = 2 sin-1( Zm · Y1)

Opening = 2 sin-1( Zm · X1)

Propeller = cos-1 (( X1 Zm) · ( X2 Zm))

Shear = -Xm · M

Stagger = Ym · M

Stretch = Zm · M

Xm = (X1 + X2) / | (X1 + X2) |

Ym = (Y1 + Y2) / | (Y1 + Y2) |

Zm = {(X1 + X2) x (Y1 + Y2)}/ {| (X1 + X2) | | (Y1 + Y2) |}

M

S. Mukherjee, M. Bansal; D. Bhattacharyya (2006) J. Comp. Aided Mol. Des. 20; 629



A:U H:WT

Non-canonical Basepairing

W: Watson-Crick edge
H: Hoogsteen edge
S: Sugar edge
w/h/s: Involves weak C-H…O/N interaction
C/T: Cis- or Trans-orientation of the two glycosidic bonds
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Base Pair Finder

 Took a base edge 

 Identify the H-bonding centers (N3G & N2G)

 Look for H-bond partner through distance 

calculation (N6A & N7A)

Calculate pseudo-angles (such as C6G-N3G-

N6A, N3G-N6A-N1A, N1G-N2G-N7A, N2G-

N7A-N9A in figure) for

planarity

 Confirm orientation through angle calculation

Calculate E= i(di-3.0)2 + ½ k( k- i are for 

two H-bond distances and k are for four pseudo 

angles

Gives rise to: 

6959 A:U W-W(C); 

21965 G:C W-W(C) and

2786 G:U W-W(C) base pairs

Das, Mukherjee, Mitra & Bhattacharyya (2006) J Biomol Struct Dynam, 24, 149-

161







G:U W:W Cis (846)

U:U W:W Cis (84)

A:G W:W Cis (150)



A:G H:S Trans (558)

A:U H:W Trans (410)

A:A H:H Trans (109)



Property of good and stable 

Base Pair
DISTRIBUTION OF PROPELLER VALUE
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DISTRIBUTION OF STAGGER VALUE
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DISTRIBUTION OF SHEAR VALUE
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DISTRIBUTION OF STRETCH VALUE
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DISTRIBUTION OF OPEN ANGLE
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Geometry Optimization by different 

Methods

• Selected structures of BPs from PDB

• Optimized Structures by B3LYP/6-31G**

• Optimized by MP2/6-31G**

• Optimized by HF/CC-pVDZ

• Optimized by GGA-BW91/DZP

• Optimized by semi-empirical methods (AM1, PM3)

• Optimized by AMBER force-field

• Compared structure and dynamics with Molecular 
Dynamics Simulations



Failure of AM1 (most popular semi-

empirical method)
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Strengths of different H-bonds from 33 non-canonical Base Pairs

Ray, Panigrahi, Bhattacharyya & Bhattacharyya (2008) J. Phys. Chem. B112, 3786.



Considered Energy components, ENHO, ENHN, etc are additive.  

Additional stabilities, i may come from van der Waals, dipole-

dipole etc interactions.

Least Squares Fit indicates i, errors should be smallest for best Fit
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Type of H-bond E (kcal/mol)

N-H…O -7.82

N-H…N -5.62

O-H…N -6.89

C-H…O -1.33

C-H…N -0.67

Roy, Bhattacharyya, Panigrahi, Bhattacharyya, (2008) J. Phys. Chem. B B112, 3786





Comparison with X-ray
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Hydrogen Bond Geometries

DISTRIBUTION OF N-H...O BOND
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Non-polar Base Pairs

Frequency: 289

Frequency: 48



Structures of others with weaker H-bonds
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Theory of Harmonic Vibration
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Roy, Panigrahi, Bhattacharyya & Bhattacharyya, J. Phys. Chem. B (2008) B112, 3786

Sen, K.; Basu, S.; Bhattacharyya, D. Int. J. Quant. Chem. (2006) 106, 913
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Assignment of Vibration modes (frequency) to type of Motion:

Generated two sets of coordinates of all the atoms, Xi
max & Xi

min

Ran NUPARM on both to find major differences in parameters



Base pairs vibrate mostly along five (instead of six) directions

Vibrations by breaking H-bonds are often prohibited

Vibrations are in the time scale of pico second

Force constants can be used for CG simulations



Conclusions / Appeals
Non canonical base pairs are important 

for RNA structure prediction

Many of these are sufficiently strong

Estimated Force-constants can be used 

for CG modeling

Their stacking interactions (combination 

of p-p interactions and hydrophobic effect) 

needs to be estimated.
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