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3.3. Constraints Available From NMR Spectroscopy

3.3.1. Distance constraints from Nuclear Overhauser Enhancements
3.3.1.1. Quantitative inter pretation of NOEs

Given a molecule with kiven distance relations, the cross peak intensities for a special mixing
time,V(1,,), in a 2D NOESY spectrum can be recalculated fronwkndiagonal peak intensi-

tiesV(0) at mixing timet,,,=0 by:
V(tm) = &p(-Rtm) V(0) [1]

Here,R is the relaxation matrix whose elements are defined by:
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A, is the contriition by non-dipolar relaxation mechanisms which can lggented in the
absence of paramagnetic nuclei.

Cross and diagonal elements of the relaxation matrix are a function of the spectraldd@msity
order to distinguish notations for a spectral density and a coupling constant, we denote the
spectral density in italics) which describes the frequelependence of a motion:

4
ol :

Jn,ij(w) =

Since spectral densities are dependent on the correlationjtiofehe interatomic ector the
assumption of one single correlation tinadia for all nuclei in the molecule is introduced.

Several approaches to quantify distances from NOE-signal intenstiis e
» Isolated spin pair approximation (ISP

» Direct comparison of cross and diagonal peaks (DIRECT);

» Reference structure based iteratinethods (IRMA, MARDIGRAS).

The figure shas the theoretical time dependence of the cross-peak inten§ity5(iﬁ tyro-

sine) calculated for deérent correlation times [&s (a), 4ns (b), 8ns (c)].
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I solated Spin Pair Approximation:

Although the relationship between NOE-peak intensity and distance is nontimeamme
course can be linearized under the conditions (Gronenborn & Clagr,NMR Spectr. (1985)
17):

- short mixing time;

- short correlation time.

Truncation of a aylor series xpansion for [1] after the second term mathematically describes
this linear relationship:

R2T2
exp(-Rt )=1-Rrt + Tm_ +[%Rnrnm=V(tm) [5]

The cross-peak intensities depend only on the correspondidggbnal element iR.

Calibration of the unknen interproton distances is then possible using the peak intensity and
distance of a proton pair with adit distance g as reference by:

1
r =r E%/—rgféﬁ [6]
i ref DVij 0
Reference distances may be:

- geminal proton-proton distancgsifiettylene groups): 1.78A;
- aromatic vicinal proton-proton distance@(ll—lF): 2.48A:;
- H%,-HN, distance in (invariant fora and 3): 2.70A;
- H%-HN, distance in (imariant fort + andt 1): 2.80A;
- H5-H®, distance if gfosing: 2.50A.

The ISA method shws a small error for long-range distances and, therefore, can be used to
reveal secondary structure elements and tertiary structuoesstfactural problems mainly
defined by local NOE, like nucleotide conformations (see table for BADMesults), this
methods is too error prone. In general, distances smaller than the reference are underestimated,
others are werestimated by aattor of 5-6 between the percentages in distance and intensity
error.

A solution for errors arising from inadequate reference distances is the utilizatiom aiffew
rent references spanning a wider distance range and a modified formula [7] for calculation of
distances.
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Relaxation Matrix Approaches:

The DIRECT method (Olejniczak et alJ.Magn.Reson. (1986) 67, 28-41) implies that the
(cross- and diagonal-peak) intensities for all protons can be identified and accurately quanti-
fied. Rearrangement of [1] alis to obtain the distance estimates directly from the intensity
matrix:

_ ~(InV(t,) V(0) )
T

R (8]

m

The diagonal-peak intensities at mixing time = 0 can beveliiby etrapolating a series of
NOE spectra run at dédrent mixing timeskuild-up rate measurements).

Under typical gperimental conditions for bigger biomolecules not all diagonal peaks are
resohed and cross peaks may be disturbed\mrlaps and close proximity to the diagonal.
Hence, the ideal and complete relaxation matrix representing the spatial arrangement of all
protons will not be waluable.

Iterative algorithms are designed to cope with incomplete intensity informations and are
based oriormula [8]. All approaches aim to minimize thevilgtion between measured an cal-
culated intensities while tigerefer to a proposesructural model. The programs diér in the
modified subject to reach agreement between calculated and measured intensitias) as sho
the schemattic.
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The MARDIGRAS approach (Bajias & James, 199D) is one of this iteratimethods in
which the self-consistegof the relaxation matrix is used to reconci@eriment and theory
The following recipe is performed until a csrgence criterion is satisfied.

1. From a model structure a intensity matrix is calculated by the module COR&&PEKS &
James, 1981). Here, the rate maRix9] is represented by a product of unitary matrices of

orthogonal eigerectorsx andy' and the matrix of eigemluesA. Since) is diagonal, the

series gpansion for its xponential, i.e. the mixing cdefient matrix, collapses [10] and for a
given mixing time, the cross-peak intensities can be calculated.
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R = XAX| [°]

T 1 T T2 T

V(tm) = 1-XAX Tm+§X)\X XAX Tp—---=Xe X [10]
2. The measured NOE intensities are used to substitute the corresponding calculated ones in
the intensity matrix bilding a semi-gperimental combined intensity matrix.
3. From the combined matrix a relaxation matrixvialeated by [8].
4. The relaxation matrix is chestt and modified for correspondence between diagonal and
off-diagonal elements, kmo values for dfFdiagonal elements (fed distances) and upper
limits for the of-diagonal elements coming from the shortest possible interproton distance.
5. A new intensity matrix is calculated.

6. Repeat 2.-5. until corrgence is reached.

7. Extraction of cross-peak distances from the final relaxation matrix for DG/MD-calculations.

CORMA results (a) vs.xperimental intensities (b] (Boras & JamesMeh.Enzym.] (1989)
176,169-183).
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IRMA (Boelens et al.J.Mol.Sruct. (1988) 173, 299-311) is a progranvided for an accurate
determination of H-H distances from 2D NOE intensities. The use of full cross-relaxation
matrices in the procedure alla proper treatment of spin filision in the NOE interpretation.

In contrast to MARDIGRAS it refines the starting structure rather than relying only on the
relaxation matrices. Thus, in each iteration a constraints sgtr&sted from the relaxation
matrix whose combination with the intensity matrix is performed as described under MARDI-
GRAS. As shan in the figure, the constraint set is enygld in a DG-/MD-refinement pro-
gram and the resulting structure used as starting model fov eyoke.

The program allas to introduce a set of spectra withfeliént mixing time in order to impve

the accurag Also a set of structures (e.g. a MD trajectory) may be used as starting structure
for a nav refinement gcle since this alls to reflect influences of local mobility

The following efects of motion can be incorporated:


http://www.ncbi.nlm.nih.gov/htbin-post/Entrez/query?uid=2811685&form=6&db=m&Dopt=b
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« aromatic ring flips are described byeaaging the cross-relaxation rate elements of protons
with the exchange position § averaging);

« methyl rotation is fster than the moleculesevall tumbling and described by 3 averag-
ing;

» fast local motions can be included via an order param%imdﬁrding to the model-free
approach by Lipari and Szabo.

For abuild-up rate or initial rate analysis a series of NOE spectra witfedht mixing times
Is processed and igeated. The intensities (x-) are plottedmgt the mixing time (y-axis) and
under the assumption of a singbgaenential behaour the initial y and final alues y are

estimated. The NOEuUdd-up is then fitted to the function
y(t) =y +(y; —y¢) Cexp[—kt] [11]

The graphical analysis of each cross peakaallto identify and xclude informations biased

by spin difusion or relaxation leakage at an early stage of the process, since these phenomena
result in an obious non singlexgonential behdour. For such cross peaks the higher mixing

time data is thenxeluded from analysis.

The initial kuild-up rate is
Bref =k |:(Yf _yl) [12]

Substituting Vs acpinst Bes and \j agpinst the cross-relaxation rateg B equation [6]

allows to tract the distances.

The time course of a magnetization transfer for a three-spin systeverisiigithe net figure.
The cross peaksubd up as the diagonal peaks deday long mixing times cross and diago-
nal peaks reach equal intensities and pyrélaxation furtheron decay to[0 (Macura et|al.,

[Meth.Enzym. (1994) 239,106-144).
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0 1.75  5.00 0 1.75 3.65 0 2.20 5.00 0 220 3.65
0 3.25 0 3.65 0 3.25 0 3.65
0 0 0 0
Relaxation matrix.® R (sec™")

122 -11.8 -.0218 123 ~11.8 ~-.144 3.7 -=3.00 -.0218 330 -3.00 -—.144
124 -.289 123 -.144 3.45 ~.289 330 -.144
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Buildup curves, a;(r)/a;(0)
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Spectral (volume) matrix” at r, = 0.4 sec
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Back-calculated NOESY spectrum at 7, = 0.4 sec®
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¢ Rigid body isotropic motion with 7, = 6.0 nsec and R, = 0.1 sec™! at w/27 = 500 MHz.
® Only upper triangles are shown since matrices are symmetric, x; = x;.
¢ Gaussian lines with equal widths. Contours are drawn with exponential scaling, c(n) = [;;¥*X x 27-8,
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