
 Structure determination

N M R  Str u c tu r a l C o n s tr a in ts  

 
1 . I n te r n u c le a r  d is ta n c e s  (N u c le a r  O v e r h a u s e r  E ffe c t )  

N O E ∝ R -6N O E  ∝  R

2 . D ih e d r a l a n g le s  (J -c o u p lin g ):   
3 J = 6 4 c o s 2 (Φ 6 0 ) 1 4 c o s (Φ -6 0 ) + 1 9J N H α  =  6 .4  c o s (Φ -6 0 )  – 1 .4 c o s (Φ -6 0 )  +  1 .9

3 . C h e m ic a l  S h if t  I n d e x  (C S I ):  
C h e m ic a l sh if t d iffe re n c e b e tw e e n o b se rv e d a n d ra n d o m c o ilC h e m ic a l  sh if t  d iffe re n c e  b e tw e e n  o b se rv e d  a n d  ra n d o m  c o il 
c h e m ic a l  sh if t  v a lu e s  →  2 n d  s tru c tu re  d e te rm in a tio n  

4 R e s id u a l d ip o la r c o u p lin g :4 . R e s id u a l d ip o la r  c o u p lin g :
P a r tia l o rie n ta tio n  o f  p ro te in  m o le c u le s  in  liq u id  c ry s ta l m e d ia  
p e rm its  o b s e rv a tio n  o f  re s id u a l  d ip o la r  c o u p lin g  fo r  a ss e s s in g  lo n g  
ra n g e o r ie n ta tio n s o f d ip o la r c o u p le d b o n d sra n g e  o r ie n ta tio n s  o f  d ip o la r  c o u p le d  b o n d s .

 



3. Nuclear Overhauser Effect (NOE) 

RFRF

r
I S

XNOE = 1 + (d2/4)(γH/ γN)[6J(ωH + ωN) – J(ωH - ωN)] T1

where  d = (μohγN γ H/8π2)(rNH
-3),  J(ω) is the spectral density function

1. Distance info: XNOE ∝ r-6 ;  . Distance info  XNOE r ;  
2. Dynamics: XNOE ∝ J (ω )



2D-NMR Spectrum2D NMR Spectrum

- Diagonal resonances same as in 1D spectrumDiagonal resonances same as in 1D spectrum
- off-diagonal cross peaks are due to
interactions such as NOE or J-coupling



1H – 1H NOESY of RC-RNase 
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1H
Heteronuclear-edited 3D NMR:  15N-NOESY-HSQC
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1H

Heteronuclear-edited 3D NMR:  13C-NOESY-HSQC
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Medium range NOE of backbone resonances in secondary structures 

α-helix β-Sheetβ







Use of J-coupling for structure determination

One neighboring spins: - CαH – NH -

• From coupling constant (J) one can determine the dihedral anglesFrom coupling constant (J) one can determine the dihedral angles

from the following Karplus equations, where  3JNHα is the coupling   

constant between CαH – NH  constant between CαH NH. 
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3J  4 11 H  d ds   s d  st t3JNHα = 4 – 11 Hz depends  on secondary structure.
3JNHα < 6 Hz  α-helix;       3JNHα > 8 Hz  β-stand



Chemical Shift Indices (CSI): Chemical Shift Indices (CSI): ((11HHαα, , 1313CCαα, , 1313CCββ, , 1313CO)CO)
CSI CSI is a commonly accepted procedure to establish the secondary CSI CSI is a commonly accepted procedure to establish the secondary 

structure of proteins based on chemical shift differences with 
respect to some predefined 'random coil' values (Secondary shift). It 
can be applied from the measured HA  CA  CB and CO chemical shifts can be applied from the measured HA, CA, CB and CO chemical shifts 
for each residue in a protein. 

Secondary shift: The difference between the observed shift Secondary shift The difference between the observed shift 
and the corresponding random coil value.
- Valuable in identifying secondary structure, determining ring  

k  d li ti  fl ibl  i  l ti  h d  b d  pucker, delineating flexible regions, locating hydrogen bonds, 
setting dihedral restraints, and detecting aromatic stacking 
interactions.



Chemical Shift Referencing: The 1H chemical shift was referenced to 
2,2-dimethyl-2-Silapentane-5-sulfonate (DSS) at 0 ppm. The 15N and 13C , d methy S apentane 5 su fonate (DSS) at  ppm. he N and  
chemical shift values were referenced using the consensus ratio of Ξ
of 0.101329118 and 0.251449530 for 15N/1H and 13C/1H, respectively 

(Wishart and Case, Method. Enzymol. 338, 3-34 (2001))(Wishart and Case, Method. Enzymol. 338, 3 34 (2001))

Ξ ratio (Nucleus-specific frequency ratio:  Determine the precise 1H 
resonance frequency of DSS then multiply this frequency by Ξ of a resonance frequency of DSS then multiply this frequency by Ξ of a 
particular nucleus one obtains the exact resonance frequency reference 
at 0 ppm of that nucleus. 



Residue 1HN 15N HA CA CB CO
Ala 8 28 113 5 4 35 52 5 19 0 177 1

Random Coil Chemical Shift Table

Ala 8.28 113.5 4.35 52.5 19.0 177.1
Cys 8.32 118.8 4.65 58.8 28.6 174.8
Asp 8.34 120.4 4.76 54.1 40.8 177.2
Glu 8 42 120 2 4 29 56 7 29 7 176 1Glu 8.42 120.2 4.29 56.7 29.7 176.1
Phe 8.30 120.3 4.66 57.9 39.3 175.8
Gly 8.33 108.8 3.97 45.0 - 173.6
His 8 42 118 2 4 63 55 8 32 0 175 1His 8.42 118.2 4.63 55.8 32.0 175.1
Ile 8.00 119.9 3.95 62.6 37.5 176.8
Lys 8.29 120.4 4.36 56.7 32.3 176.5
Leu 8 16 121 8 4 17 55 7 41 9 177 1Leu 8.16 121.8 4.17 55.7 41.9 177.1

Met 8.28 119.6 4.52 56.6 32.8 175.5
Asn 8.40 118.7 4.75 53.6 39.0 175.5
Pro 4 44 62 9 31 7 176 3Pro 4.44 62.9 31.7 176.3
Gln 8.32 119.8 4.37 56.2 30.1 176.0
Arg 8.23 120.5 4.38 56.3 30.3 176.5
Ser 8 31 115 7 4 50 58 3 62 7 173 7Ser 8.31 115.7 4.50 58.3 62.7 173.7
Thr 8.15 113.6 4.35 63.1 68.1` 175.2
Val 8.03 119.2 3.95 63.0 31.7 177.1
Trp 8 25 121 3 4 70 57 8 28 3 175 8Trp 8.25 121.3 4.70 57.8 28.3 175.8
Tyr 8.25 113.3 4.60 58.6 38.7 175.7

Wishart and Nip, Biochem. Cell Biol. Vol. 76, 1998





Chemical Shift Index (CSI) for Secondary Structure Determination
Wishart  et al. Meth. Enzymol. 338,  3-34 (2002)
Wishart and Sykes, J Biomol NMR 4, 171 (1994)y

Simple rules
"1" if the measured chemical shift is greater than the specific g p
CSI value. "-1" if it's smaller. "0" if it within the expected range. 
Limits on allowable deviations from random coil shifts : 

1H : ±1 3 ;  13C d 13Cβ : ±5 ; 1Hα : ±1.3 ppm;  13Cα and 13Cβ : ±5 ppm; 
13CO: ±4 ppm 15N: ± 10 ppm

 h  d  Assigning the secondary structure
Alpha helix is defined when four or more "-1" HA and/or "1" CA/CO 

 ll  f d  are sequentially found. 
A beta-strand is defined when three or more "1" HA and/or "-1" 
CA/CO are sequentially found. q y f
All other regions are designated as coil. 
When several CSIs are available, a consensus CSI based on the 
majority rule approach allows to improve the prediction of the 
secondary structure. 





Stephan Schwarzinger, Gerard J. A. Kroon, Ted R. Foss, John Chung, Peter E. Wright,* and H. 
Jane Dyson* J. Am. Chem. Soc. 2001, 123, 2970-2978 “Sequence-Dependent Correction of 
Random Coil NMR Chemical Shifts”



Tertiary structure (Backbone rmsd: 1.72Å/1.0Å )
(CYANA with extensive manual assignments)





Refinement with residual dipolar coupling (RDC)

S
Dipolar Field I
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Structure Calculation 

1. Build a random structure of the given sequence. 

2 Use molecular dynamics and simulated annealing to generate many structures2. Use molecular dynamics and simulated annealing to generate many structures
with minimum violation of structure constraints and with minimal energy of the
following energy term. 

E = E + E + E + E + E + E + E +Etotal = Ebond + Eangle + Eimproper + EVDW + Ecdih + ENOE + ERDC +….

Ebond = Σkb(b-b0)2; Eφ = Σkφ(φ-φ0)2; 

E Σk ( )2 E Σk (Ψ Ψ )2Eimproper = Σkimpr(ω-ω0)2; Ecdih = Σkcdih(Ψ-Ψ0)2;

ENOE = ΣkNOE(γ-γ0)2; ERDC = ΣkRDC(θ-θ0)2; 

3. Check for wrong assignments and recalculate the structure.

4. Selcet 20 structures of least NOE violation (> 0.5 Å) 

5 Criteria for good structures:5. Criteria for good structures:

a. No NOE violation 

b. RMSD < 0.5 Å

c. No violation in dihedral angle (Inspect Ramanchandran diagram)(Atomic
hindrance). 



Overlay of 20 backbone Cα tracesOverlay of 20 backbone Cα traces





Mapping ligand binding site by chemical shift perturbation
(Heparin binding to HDGF)



Example 1
Dissecting the Molecular Mechanism of the RNA 

Packaging of SARS Coronavirus Nucleocapsid

TaiTai--huang Huanghuang Huang
IBMS, Academia SinicaIBMS, Academia Sinica
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Severe Acute Respiratory Syndrome (SARS)
– The first pandemic thread of the 21st century

(March 03)(March 03)

(Nov. 02) (Jul 03)( ) ( )

Skowronski  et. al. (2005) Ann. Rev. Microbiol. 56, 357-381)



Globally, 8,098 people were infected from 29 countries, 774 casulties.
Economic impact due to travel and investment ~ US$30-140 billions)p $ )

Taiwan

Scandinavian Journal of Immunology 58, 277–284



Causative agent – SARS Coronavirus
1. A single stranded plus-sense enveloped RNA virus.
2. Genome of 29,751 nt, containing 14 ORF encoding 28 proteins

EM Schematic

Four Structural proteins:
E: Envelope protein (76 a a )S: Spike protein (1255 a a );        E: Envelope protein (76 a.a.)
N: Nucleocapsid protein (422 a.a.)

S: Spike protein (1255 a.a.);        
M: Membrane protein (221)        



SARS nucleocapsid protein N (422 a.a.)

The most abundant viral protein and a major antigenic  
d t i t  f  d  d  d l

Bind to RNA to form a helical RNP and it interacts 
h    b l  h  l d

determinant Target for detection and vaccine developments.

with M protein in stabilizing the nucleocapsid
Important in virion assembly, packaging and release.

I t t ith i  h t t i  t  d i li t d Interact with various host protein systems and implicated 
in several functions such as replication and apoptosis etc:
- Interacts with AP-1 signal transduction pathway ?g p y
- Interacts with Smad3 and Modulatest transforming Growth 

Factor- Signalin (JBC-2008)
- Inhibits Cell Cytokinesis and Proliferation by Interacting Inhibits Cell Cytokinesis and Proliferation by Interacting 

with Translation Elongation Factor 1α (JV-2008)



Dissecting the domain structure of the SARS CoV N protein

1. Spectrum of full length protein was terrible 
Divide and Conquer

2  T t l f 28 l  h  b  t t d d d2. Total of 28 clones have been constructed and expressed.

NN

C

Di-domain



15N-Heteronuclear Single Quantum Correlated Spectroscopy (15N-HSQC)
Characterization of protein disorder by NMR

Folded protein NTD NTD CTD+
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N-terminus C-terminus

NP d f tNP composed of two
non-interacting 

domainsdomains
(NP45-181 & NP248-365)

N + N-tail        C + C-tail        



Evidences that N248-365 forms a dimer248 365

1.Size exclusion chromatography.g p y
2.NMR relaxation (short T2).
3 Chemical cross-linking3.Chemical cross linking
4.Ubiquitin-OGD chimeric protein mixing expt.
5 Li ht tt i5.Light scattering.
6.Analytical ultracentrifugation.



Domain architecture of SARS-CoV NP 

1 45 181 248 365 422
NTD CTDNTD CTD

Structured Structured
Disordered   
N-terminus
(44 a.a.)

Disordered   
Linker 

(67 a.a.)

Disordered
C-terminus
(57 a.a.)

(Di i ti  D i  DD)RNA bi di  d m i  (RBD) (Dimerization Domain, DD)RNA binding domain (RBD)

NTD NTD

CTDCTD





Tertiary structure

1 45 181 248 365 422
NTD CTD

Disordered   Disordered   Disordered

Structured Structured
Disordered   
N-terminus
(44 a.a.)

Disordered   
Linker 

(67 a.a.)

Disordered
C-terminus
(57 a.a.)

(Dimerization Domain, DD)RNA binding domain (RBD)

??
(Solved by Abbott group  May 2004)(Solved by Abbott group, May 2004)



100

Structural determination – NMR resonance assignments
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NMR structure of SARS CoV NP CTDNMR structure of SARS-CoV NP CTD
(28 kDa homo-dimer solved by SAIL method)

(Collaboration with M. Kainosho of Kyoto U)



Identification of RNA binding site in CTD

H335

Primary RNA binding sitepp
m

)
™

R320

H335

A337

Q304

Primary RNA binding site.(p
⊗
™ A337

Residue Number



IV. RNP Packaging

X-ray crystallography

CTD packs as an octamer in an unit cell - CTD packs as an octamer in an unit cell 

Top view Side view



Crystal packing
Stacking of 3 octamers forms a complete turn of   Stacking of 3 octamers forms a complete turn of   
a left-handed twin helix.  

90 Å

30 Å

210 Å210 Å





Surface Charge Potential

“+” charged grooves are 
presumed to be the presumed to be the 
nucleotide binding sites

Left-handed twin helix

We propose that RNA binds to the Left-handed twin 
helix grooves non-specifically to form helical RNPhelix grooves non specifically to form helical RNP.



Confirmed by NMR

NMR identified 
RNA binding sites



Proposed model of the NP/RNA complexp p

RNA wrap around the CTD to form a left-handed twin-helix.
Bases are facing outwardBases are facing outward.



Role of NTD – Cap the exposed bases

CTD forms the helical core.
NTD covers the exterior and interacts with     
the bases.

CTD NTD


