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Protein Domain Dynamics 

Predictions of Protein  

Diffusion Tensor 

Assembling Protein  

Structures 

Statistics of genomes 
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Headlines 

 

•Protein Domain Dynamics  

      a model with applications to NMR  

 

•Diffusion Properties of Proteins 

    from ellipsoid model 

 

•Assembling Structures of Multi-Domain 

 Proteins and Protein Complexes  

      guided by protein diffusion tensor  

 

•Genome Evolution 

      from statistics of proteins’ properties to Exon size distribution  



Experimental data 
 

 

 

NMR relaxation R1, R2, NOE, 

RDC  

Spin Labeling data 

etc.  

  

Theoretical model 

       

C(t) 
 

Also a function of model  

parameters like 

 

Protein structure,  

Protein diffusion tensor  

Parameters of internal motions  

etc.   

a very General Concept 

Fitting routine 

Protein Domain Dynamics  

             a model with applications to NMR 

Ryabov & Fushman, Proteins (2006), MRC (2006), JACS (2007) 



Time Correlation Function Wigner rotation matrixes 
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Laboratory frame (L) 

Instantaneous Residue orientation (I) 

Protein orientation (P) 

Domain orientation (D) 

Averaged Residue orientation (R) 
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Assumption  

All dynamic modes are statistically independent from each other 
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Protein orientation (P) 

Laboratory frame (L) 

 

 LP

L P 

Dz 

Dy 

Dx 

Rotation diffusion of an ellipsoid 

 

Favro, Phys. Rev. 1960 

Woessner, J. Chem. Phys. 1962 
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Functions of Diffusion tensor  

Principal values only 
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    principal vectors  

 

Huntress Jr, Adv. Magn. Reson. 1970 

 



Domain orientation (D) 

Protein orientation (P) 
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Domain mobility correlation time 

Model of Interconversion between 

               Two States  



Assumption 

Averaged Residue orientation (R) 

Domain orientation (D) 

DR

Averaged orientation of a residue  

within a domain is constant and  

        is given in PDB convention 
DR
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PDB 1D3Z: Ubiquitin  



Instantaneous Residue orientation (I) 

Averaged Residue orientation (R) 

RI

Lipari & Szabo – “Model Free”  

J. Am. Chem. Soc. 1982 

Wobbling in a Cone model 
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NMR 15N Relaxation and NOE 

for Ubiquitin dimer  
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exp

17 fitting parameters  

including 

And all 12 Euler angles for both  

Domain orientations  

in two conformations 

zyx DDD   ,  ,

 pp   ,



+ + 
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K 48 

H 68 

L 8 

V 70 
I 44 

Derived Structures and Dynamics Parameters 

Crystal Ub2 

PDB 1AAR 

Docked: 

Ub2 + UBA 

pH 6.8 pH 4.5 



+ + 

- - 

K 48 

H 68 

L 8 

V 70 
I 44 

Derived Structures and Dynamics Parameters 

Crystal Ub2 

PDB 1AAR 

Docked: 

Ub2 + UBA 

  pH 6.8 pH 4.5 
 

Both protonated 0.002 0.826 
 

One protonated 0.091 0.165 
 

Non protonated 0.907 0.009 

His 68 pKa=5.5 

Fujiwara et al, J. Bio. Chem. 2004 

pH 6.8 pH 4.5 



Conclusions 

• Suggested model captures essential features of domain dynamics in 

Ubiquitin Dimer and provides information about domain mobility and 

orientations in this protein that cannot be derived from other 

approaches 

• The results derived from this model agree with independent 

experimental data such as crystal and docked structures, chemical 

shift perturbation, and spin labeling data 

• However, it should be noted that this approach can report only about 

mutual domain orientations - not positioning - in multidomain proteins 

Connections with the next Project  

• Is it possible to use derived information about protein dynamics for 

further characterization of protein structure? 



State of the art:  Bead algorithms  

Modeling Diffusion Properties of Proteins 

J. Garcia de la Torre et al., J Mag Res 147, 138–146 (2000) 

Extrapolation for Bead size                  zero 

10 000 beads 



Why an ellipsoid model ? 

Diffusion Properties of Proteins 

    from ellipsoid model 

Diffusion Tensor Ellipsoid Shell 
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    mapping 



Main problem: 
 

How to build the ellipsoid shell for a protein structure ? 

Inertia is irrelevant for protein diffusion 

Diffusion Properties of Proteins 

    from ellipsoid model 

State of the art:  Inertia-equivalent ellipsoids  

01.0
ForcesFriction 

Forces Inertia  
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Diffusion process related to friction  

 The friction occurs at protein surface  

Diffusion Properties of Proteins 

    from ellipsoid model 

Ryabov & Fushman, JACS (2006) 

Proposal 

 

Let us use topology of protein  surface to derive  

Equivalent ellipsoid for protein  



Mapping protein surfaces 



Mapping protein surfaces 

SURF program 



Build equivalent ellipsoid 

Principal Component Analysis (PCA)  
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Hydration shell  



Hydration shell  



Hydration shell 

Equivalent ellipsoid is approximately twice bigger  



Build equivalent ellipsoid with PCA 
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Evaluate diffusion tensor components with Perrin’s Equations 
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ELM Algorithm 



Complexity of the algorithms 

ELM   N
at 

HYDRONMR  N
at 

2 

ELM : HYDRONMR  

     1  :  500  



Comparison with experimental data  

                   proteins from 2.9 to 82 kDa 

Ryabov & Fushman, JACS (2006) 



Comparison with the experimental data 
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• ELM provides at least the same level or accuracy and precision in 

description of experimental data as the other approaches, which 

represent protein surface with large number of friction elements 

(HYDRONMR). This results 500 times speed up in calculation time 

 

• Hydration shell makes apparent diffusion correlation time of real 

proteins approximately twice longer 
 

• Most of the diffusion tensors of real protein structures analyzed in our 

work are axially symmetric. In general rhombicities of diffusion tensors 

for real proteins are small and below the precisions of existing 

calculation methods predicting protein diffusion properties 

 

Summary 



a very General Concept 

Assembling Structures of Multi-Domain 

 Proteins and Protein Complexes  

      guided by protein diffusion tensor 

Ryabov & Fushman, JACS (2006) 



Positioning Procedure  

Matches components of diffusion tensor 

 

 

 

 

Minimizing    
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bead and shell algorithms like HYDRONMR 

 

NOW possible with ELM 



Tests for Proteins with Known Structure 

and Predicted Diffusion Tensor  

b) 1A22 a) 1BRS c) 1LP1 

Fit with components of Diffusion tensor Predicted with ELM  

2= 7.5*10 -8  

 

RMSD=0.0034 [A] 

2= 4.4*10 -9  

 

RMSD=0.0085 [A] 

2= 6.1*10 -9  

 

RMSD=0.0008 [A] 



Tests for Proteins with Known Structure 

and Predicted Diffusion Tensor : Mapping 2
 space  

a) 1BRS 

b) 1A22 

c) 1LP1 



Tests for Proteins with Known Structure 

and Experimental Diffusion Tensor : HIV-1 protease  

X[-1.8;1]  

Y[-2;1]  

Z[-1;0.3]  

RMSD=0.36 [A] 



Tests for Proteins with Known Structure 

and Experimental Diffusion Tensor : MBP  

RMSD=1.34 [A] 

X[-3.1;1.3]  

Y[-1.7;1.7]  

Z[-1;1.1]  



Protein with UnKnown Structure 

 

    Ub
2
  

X[-2.5;4] 

Y[-3.9; 3.7] 

Z[-2;1.9]  



• Diffusion tensor can provide significant portion of new information 

encoded in principal values of its components. This information can be 

successfully  used for assembling of multi domain protein structures 

 

 

• Tested for a number of examples the suggested procedure of multi-

domain proteins assembling showed very high performance and 

accuracy 

 

• The method provides the unique possibility to assemble dynamic 

protein structures when traditional X-ray, NMR NOE based, or docking 

methods are inappropriate 

 

• Method shall be further developed to take explicitly into account 

rotational degrees of freedom, potentials of intermolecular interaction 

and improved method for evaluation the hydration shell effect  

 

Conclusions 



Genome Evolution 

      from statistics of proteins’ properties to Exon size distribution 
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     Why ? 



Hypothesis   
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Kolmogoroff process (1941) 
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Real Genomes: Two peaks Pattern 

1 2 3 4 5 6 7 8 9 10

5

10

15

20

25

30

 Ln(Exon Size)

peak A

      M = 4.80 ± 0.01

        = 0.85 ± 0.01

peak B

      M = 5.44 ± 0.09

        = 3.10 ± 0.20

Homo Sapiens

Data: SatDatHS_B

Model: TwoGauss 

  

Chi^2/DoF = 182733.65479

R^2 =  0.99722

  

y0 0 ±0

A 28378.88917 ±679.3328

w 0.85204 ±0.01438

xc 4.80305 ±0.00554

A1 15303.67377 ±838.0008

w1 3.09794 ±0.15891

xc1 5.43988 ±0.0879

N
u
m

b
e
r 

o
f 

C
o
u
n
ts

 (
th

o
u
s
a
n
d
s
)

1 2 3 4 5 6 7 8 9 10

1

2

3

4

5

6
peak A

      M = 5.07 ± 0.01

        = 0.53 ± 0.02

peak B

      M = 5.78 ± 0.01

        = 2.10 ± 0.02

Drosophila Melanogaster
Data: StaDR_B

Model: TwoGauss 

  

Chi^2/DoF = 6036.76567

R^2 =  0.99806

  

y0 0 ±0

A 10674.50108 ±120.44604

w 2.09918 ±0.02005

xc 5.77986 ±0.01405

A1 1461.13835 ±83.49117

w1 0.53408 ±0.02349

xc1 5.07437 ±0.00955

N
u
m

b
e
r 

o
f 

C
o
u
n
ts

 (
th

o
u
s
a
n
d
s
)

Ln(Exon Size)

2 4 6 8 10

0

5

10

15

20

25

30

35

peak A

      M = 4.81 ± 0.01

        = 0.82 ± 0.02

peak B

      M = 5.08 ± 0.07

        = 3.13 ± 0.18

N
u

m
b

e
r 

o
f 

C
o

u
n

ts
 (

th
o

u
s
a

n
d

s
)

Ln(Exon Size)

Pan troglodytes (chimpanzee)



Two peaks Pattern from Soft Bifurcation 
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Caenorhabditis elegans (worm)
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Danio rerio (zebrafish)
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The role of alternative splicing 

 



• Statistical distribution of exon sizes in general obey the log-normal law 

that can be originated from random Kolmogoroff fractioning process 

 

• Concept of Kolmogoroff process suggests that the process of intron 

gaining is independent of exon size but, hypothetically, related to a 

mechanism dependent of intron-exon boundaries 

 

• The concept of random exon breaking supports the hypothesis that at 

the initial stages of evolution simpler organisms had lower fraction of 

introns – Introns Late Hypothesis  

 

• Two distinctive classes of exons presented in exon length statistics are 

still not fully understood. However, it is clear that one of these classes 

contain exons that are in general conserved during evolution while 

another class undergoes intensive diversification  

 

• Distribution of exons between these classes correlates with 

phenomenon of alternative splicing which is, presumably, responsible  

for the existing variety of living species.  

Conclusions 



Directions for Future  

Researches  

Protein Domain Dynamics 

• Theoretical Models for the case of explicit coupling between overall 

tumbling and domain reorientations 

 

• Search for the other possible applications like for the case of Insulin 

 

• Molecular Dynamics investigations of domain mobility. The first target 

probe correlations between charged state of His 68 in UB2 and domain 

dynamics for MD trajectories 

 

• Elaboration of data treatment software for other than NMR 

experimental techniques 



Directions for Future  

Researches  

Assembling Protein  

Structures 

• Improvements of the method to include exhaustive search for all 

degrees of freedom including rotation angles.  

 

• Adding parameters of intermolecular interactions with implementations 

in docking algorithms  

 

• Investigations of Hydration Layer effect 

 

• Molecular Dynamics investigations of coupling between overall 

tumbling and large scale mobility in proteins 

 

Predictions of Protein  

Diffusion Tensor 



Directions for Future  

Researches  

• Statistics of other parts of genomes: Introns is the first target 

 

• Investigations of correlations between observed two exon peaks and 

other known classes of genes: ortologous and paralogous gene 

families, major and minor spliceosomal pathways  are the first targets  

 

• Plants and other classes of organisms 

 

• Alternative splicing from the point of view of statistical distributions 

 

• Correlations with real evolutionary mechanisms involving exon-intron 

boundaries 

Statistics of genomes 
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ns 9.2dpH 6.8 pH 4.5 ns 9.1d

ns 9.25j ns 31.95j

+ + 

- - 

K 48 

H 68 

L 8 

V 70 
I 44 

Derived Structures and Dynamics Parameters 

Crystal Ub2 

PDB 1AAR 

Docked: 

Ub2 + UBA 

  pH 6.8 pH 4.5 
 

Both protonated 0.002 0.826 
 

One protonated 0.091 0.165 
 

Non protonated 0.907 0.009 

His 68 pKa=5.5 

Fujiwara et al, J. Bio. Chem. 2004 
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Appendix 

Structures from  

relaxation fit 

Ub2 conformations. For all 

presented dimers proximal domains 

are on the right. Orientations of 

diffusion tensor principle axes are 

shown on the left. On the left panel 

of the figure are conformations 

obtained for 6.8 pH data; on the 

right panel are conformations for 4.5 

pH data.  

A) and B) each show two distinct 

conformations of a dimer obtained 

by jumping domain model: red axis 

are rotation axis for every domain. 

C) and D) show conformations 

obtained for anisotropic diffusion 

model applied separately to each 

domain.  

E) and F) represent conformations 

obtained by jumping domain model 

with artificially repressed dynamics.  



Appendix  NMR 15N Relaxation and NOE 
for Ubiquitin dimer  

Local fast motions subtracted by  

relaxation rates ratio approach 
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Experimental data from: Varadan et al, JMB 2002 

Fushman et al, Prog NMR 2004 



Appendix  

              NMR 15N Relaxation, NOE and RDC 

Experimental data from: Varadan et al, JMB 2002 
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Assumption 
Alignment process 

occurs on the time scale  

that is much longer 

than the time scales of  

all considered dynamic modes   

22 fitting parameters  

including 

12 Euler angels for both  

Domain orientations  

in two conformations 

And 

5 components of alignment tensor 
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Only at pH 6.8 
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Appendix  

Derived Structures and Dynamic Parameters 

Relaxation VS Relaxation + RDC 

Relaxation data only 

Relaxation + RDC data 

ns 9.25j

ns 0.63j



Appendix  

                       Validation with Spin Labeling data 

“+” 

“-” 

Blue ball for “+” conformation only 

 

Red ball for “+” and “-” together 

Fitted position of Spin Label  



Appendix 

Spectral density for the model of  

Interconversion between Two States 
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Definitions of diffusion related parameters 
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Definitions of diffusion related parameters 
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pH Dx Dy Dz j  p+  Domain +  + + - - - 

6.8 
1.53 

(0.32) 

1.73 

(0.06) 

2.20 

(0.08) 

9.3 

(4.8) 

0.90 

(0.06) 

Proximal 
218 

(35) 

109 

(11) 

140 

(4) 

203 

(38) 

110 

(9) 

72 

(8) 

Distal 
91  

(28) 

58 
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(19) 

156  

(33) 
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(38) 

356  

(33) 

4.5 
1.61 

(0.13) 

1.71 

(0.06) 

2.20 
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31.9 

(9.8) 

0.82 

(0.06) 

Proximal 
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(25) 
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45 

(13) 

Distal 
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80 
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(12) 

151  

(29) 

51 

(20) 

328  

(23) 

Appendix 

Fitted parameters for the model of Interconversion between Two States 

Relaxation data only  

D    in 107 s-1 

    in [ns] 



Dx Dy Dz j p+
  Domain 

1.57 

(0.12) 

1.75 

(0.06) 

2.39 

(0.08) 

36.0 

(9.8) 

0.76 

(0.07) 

Proximal 
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(22) 
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(21) 

356 

(16) 

PS  
PS  PS  

7.3 (1.3) 18.5 (3.2) -52 (23) 95 (8) 11 (6) 

Appendix 

Analysis of Relaxation data together with RDC 

77.12 relax
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DP
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DP


DP

Parameters of the alignment tensor  

xx

NH Sd max yy

NH Sd max

49.02 RDCParameters of the ITS model  

D    in 107 s-1 

    in [ns] 
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Model free ideas in application to domain mobility 
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Correlation function for domain mobility in MF form 

 

)()()()(                                  

 )1()()(
5

1
)(

)2(

0,

*)2(

0,

)2(

,0

*)2(

,0

2

2

2

2

2

2

2

2

2

2

/22)2(

0,

*)2(

0,,

*

,

RDlRDkDMFlDMFk

m n k l z

t

MFPnMFPmnzmz

tE

DDDD

eSSDDaaetC z



    









     

Total correlation function and spectral density 
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Appendix 

Using Extended Model Free for domain motions 

Clore et al, JACS 1990 

Chang and Tjandra, JACS 2001 
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Apparently NO domain  

motions 



Overall fitting parameters pH 6.8 

0.70 0.88 1.42 

Domain fitting parameters (all angles are in degrees) 

Proximal Distal 

2.0800 11.2334 

0.3197 0.0164 

266.5950 25.6547 

42.6660 54.4322 

327.6032 348.3614 

Overall fitting parameters pH 4.5 

1.36 1.50 1.83 

Domain fitting parameters (all angles are in degrees) 

Proximal Distal 

2.5784 8.2130 

0.5556 0.1970 

111.2829 166.3341 

72.0742 111.9480 

151.4625 176.9133 

xD /srad 10 27

yD /srad 10 27
zD/srad 10 27
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Appendix 

Using Extended Model Free fitting Ubiquitin dimer data 
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Appendix 

Bootstrap method for estimation of Confidence Intervals 

Press et al,  

Numerical recipes in C, 1992 

1/e ~ 37%  

of original data substituted by  

duplicates of the rest data. 

 

Then  

 

Data fitted in the same way  

as the original data 

 

Procedure repeated 200 times 

 

Confidence intervals estimated from  

resulted distributions of fitted parameters 



Dx 107 [rad/s] Dy 107 [rad/s] Dz 107 [rad/s] Tau [ns] 

Relaxation fit @ pH 6.8 

Fitted values 1.53 1.73 2.20 9.1575 

Closed Structure used in the paper 

HydroNMR 1.211 1.222 2.107 11.01 

Surf-PCA a) 1.2763 1.2782 2.2900 10.32 

Surf-PCA b) 1.5034 1.510 2.3432 9.3342 

Open Structure used in the paper 

HydroNMR 1.312 1.326 2.213 10.31 

Surf-PCA a) 1.2817 1.2876 2.2390 10.399 

Surf-PCA b) 1.5088 1.5192 2.288 9.4057 

Closed Structure fitted by surf-PCA routine 

HydroNMR 1.415 1.426 2.266 9.796 

Surf-PCA a) 1.3769 1.3877 2.2587 9.9536 

Surf-PCA b) 1.6011 1.6123 2.331 9.0147 

Open Structure fitted by surf-PCA routine 

HydroNMR 1.414 1.438 2.280 9.742 

Surf-PCA a) 1.3647 1.3747 2.2353 10.051 

Surf-PCA b) 1.628 1.6372 2.3379 8.9236 

Appendix 

Hydrodynamics Calculations HYDRONMR and PCA 

De La Torre et al,  

J Mag. Res, 2000 

Settings for HYDRONMR 

 

Temperature 297 K,  

 

eta=0.0091 [sp], AER=3.2 Å 

 

Settings for Surf-PCA  

based algorithm 

 

 Temperature 297 K,  

 

a) was evaluated for dry  

protein and then the  

eigenvalues of diffusion 

 tensor were divided  

by factor of 2. 

b) Sell parameter was 2.8 Å.  

No any additional factors 



9.8314 2.3057 1.3934 1.3867 Surf-PCA b) 

10.95 2.172 1.207 1.189 HydroNMR 

Open Structure used in the paper 

9.6536 2.3087 1.4387 1.4320 Surf-PCA b) 

11.00 2.155 1.201 1.189 HydroNMR 

Closed Structure used in the paper 

9.0580 2.20 1.71 1.61 Fitted values 

Relaxation fit @ pH 4.5 

Tau [ns] Dz 107 [rad/s] Dy 107 [rad/s] Dx 107 [rad/s] 

Appendix 

Hydrodynamics Calculations HYDRONMR and PCA 

De La Torre et al,  

J Mag. Res, 2000 

Settings for HYDRONMR 

 

Temperature 297 K,  

 

eta=0.0091 [sp], AER=3.2 Å 

 

Settings for Surf-PCA  

based algorithm 

 

 Temperature 297 K,  

 

a) was evaluated for dry  

protein and then the  

eigenvalues of diffusion 

 tensor were divided  

by factor of 2. 

b) Sell parameter was 2.8 Å.  

No any additional factors 



Complexity of the algorithms 
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     1 : 2 : 500  
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Comparison with experimental data  

                   proteins from 2.9 to 82 kDa 

Ryabov & Fushman, JACS (2006) 
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y No weighting
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