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Introduction

» Nuclear Overhauser Effect (NOE):
- Proton dipolar coupling through space (NOESY spectra).
- Short range distance restraints (< 6 A).

Bicelle phase
(splitting smaller)

» Residual Dipolar Coupling (RDC) [Saupe 63],[ Tjandra & Bax 97]:
- Nuclear spin coupling in anisotropic media (HSQC spectra).
- Long range orientation restraints.



The Fundamental Equation of RDC

D: RDC measurement (Hz).

I': Internuclear unit vector relative to
a molecular frame (MF).

S: Saupe matrix, 3x3, symmetric,
traceless [Losonczi 99].



Saupe Matrix Determination

» A linear system determines the 5 independent
Saupe elements (s).

» A: Matrix of direction cosines of
internuclear vectors.

» d: Vector of RDC measurements.



Exact Algebraic Methods Using RDC

Protein Structure Validation

Protein Backbone Conformation

Protein Fold Determination




Bond Vector Determination from RDC Equation

Saupe diagonalization simplifies RDC
equation.

P: C-N unit vector in Principle
Order Frame.

P-V =cos(180—-6) ﬂ Constrain solutions with angle 0

104.3326u" —70.8993u° — 31.3688u° + 13.9179u + 3.6976 =0

This quartic equation is solved by MAPLE



C-N Discrete Solutions from RDC Equation

» The calculated vectors:

CH25Calc="
0.9848434360732049041 [ 0.217333787120009752

0 138817009304170570 | - -4707876292564832009 |- -0.020892635238

F100265 (. 855058497069312584

042840658254 2063984
B8030009519468863

-.203812501026730070




Protein Backbone Conformation




Protein Backbone as a Robotic Arm

_LABT LAB
ME2 ™= T wrF1 TMFZ

ﬂ Inverse kinematics problem
Solve for (o, y)
ﬂ 4 candidate solutions.

(@ W) e = {(-76.34°,—38.08°),(—71.22,61.72°),(26.07°,-62.93°),(37.52°,31.29°)}

Check consistency with NOE. ﬂ Deviation from experimental values.

(o, W)OBS = {(_62°940 ,—43.73° )}



Unique (¢, y) from Exact NOE Distances
H

u
a

--------------------

2 . o
=dist*(H*,H,)

HHiN_JTJHHia sziStz(HiNaHia) TJ+3H'N

1+1

ﬂ Solve for ¢ ﬂ Solve for y
¢ ={-168.43°,-62.89} v ={-80.9°,-43,08°}

oxy ={(—62.897,43.087)}

l Consistent with NOE distance.
dist(HY,H,

1+1



Protein Fold Determination

One exact solution using RDCs in 2 media




Relative Orientation of Secondary Structures

POF3 POF2
TroF1 Tror

MF3=POF3

MF1=POF1
MF2= POF2

__POF1

Magnetic vector coordinates transformation

Secondary structure orientation



Magnetic Vector Equation

Principle Alignment coordinate System defined - S diagonal

u:PASTP Y ﬂ Transform from PAS to POF.

Relate POF Saupe with PAS Saupe.

POFTT POFT

PAS - S pAg = O

Specify S, from Da [Clore 98].

Magnetic unit vector B= (x,y,z) relative to Principle Order Frame



Magnetic Vector Determination from 2 Media

x2S, +y%s, +2%s, =S, IREREEU LN

'2 ' '2 ' '2 1 ' .
X Sxx+y Syy+Z Szz=SZZ 2ndmedlum

X*+y +z2° =1
B'ZPOF'TPOF 421  Transform from 1% to 2" medium.

J

At most 8 magnetic vector solutions

J

Relative orientation from magnetic vector transformation




Protein Fold from Magnetic Vector Transtormation

__POF1
BPOFl_ TPOFZ ) BPOFZ

Inverse Kinematics @ Parameterize T with Euler angles a, 3, .

B, =R,(@)R,(H)R,(7)B,

mian OBS _ ACALC | Scalc H Filter orientations with min RDC error.

POF1 POF 2 POF 3
Toor oJ ™ Tooe

POF 2T

POF 2T POF 3T

Consistency with orientations from a 3™
secondary structure.

POFIH

minH

POF1~ POF 3’

Vv



Orientation Solution

~.8324 5501  .067 ~.8605 .5090 —.0194
PRI ora O =| —.5542 —.8263 -.1006 |, 7T, .,”> =| -.5071 -.8597 —.0617

0 -.1209 .9927 —.0481 -.0433 .9979

9999 —.0037 .0001 9869  .1512 —.0558
POR2T es ¢ = -.0037 —.9996  .029 |, 7T, ..°%° =| .1521 -.9882 .0121

0 -.029 -.9996 —.0533 -.0205 -.9984

—.8708 —.4873 —.0646 ~.7708 -.6278 -.1073
PORST o C =| —.4835 .8728 —.0662 |, PO T, ., > =|-.6328 .7742  .015
0887 —.0264 —.9957 0736  .0795 —.9941

Very small deviation from experimental orientations

0.052 0.050
0.995 -0.080 |,
0.077 0.995

0.154 -0.055

0.987 0.016 |,
—0.008 0.998

0.179 -0.001
0.979  0.091 |,
—0.089 0.995




Conclusions 1

A. Protein Structure Validation

» Discrete RDC substructure solutions are derived by RDC equation.
>

B. Protein Backbone Conformation

» Protein backbone 1s modeled as a robotic arm and an inverse
kinematics problem is solved using RDCs.

» One solution (@,y) 1s distinguished by at most 3 NOE constraints.



Conclusions 11

C. Protein Fold

» A novel algebraic method solves protein fold efficiently.

» No exponential, stochastic or qualitative graphics methods are used
[Fowler 00], [Al-Hashimi 00].

> by solving low-degree polynomials.
> for a-helices, B-strands and remote protein domains.
» No experimental NOE constraints are used [Fowler 00], [Wang 04].
> of (N-H) are used.

» Reinforce the importance of RDC experiment for structural genomics.
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