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Among the different techniques
involved in the field of macromolecule structure
determination, NMR spectroscopy has recently
proven to be a powerful tool for defining the
folding of a protein (for review, see Wuthrich,
1989) as well as for qualitative studies of DNA
fragments in solution (Van de Ven and Hilbers,
1988).Usually, structural informations are
derived from NOE (Nuclear Overhauser Effect)
experiments.The difficulty, particularly in
macromolecules, arises from the fact that the
NOE develops by magnetisation transfer within
a dipole network (the so called spin diffusion)
and depends on fluctuations in the position and
the length of the interproton vector (due to
internal motion, Jardetzky, 1981). Hence,
dynamics and structural informations are
imbedded in NOE intensities and need to be
deconvoluted.
Along with the development of 2D
spectroscopy, a simple method for analysing
NOE effects was proposed (Kumar et al.,
1981). It consisted of directly estimating the
distances between pairs of protons within the
molecule from the intensities of the NOEs
obtained by one or two dimensional
experiments, at short mixing times in order to
avoid the spin diffusion phenomenon (i.e.
indirect pathways for magnetisation transfers).
These sets of distances allowed reconstruction
using different types of approach : application
of distance constraints alone (Braun and Go,
1985, Altaian & Jardetzky, 1990), mixed
energetic and geometric constraints
minimisation (Kaptein et al, 1985), restrained
molecular dynamics (Nilsson et al., 1986). In
these methods, the internal motions of the
molecule are taken in account by giving some
uncertainty in the determination of distances.
Weak NOE's are associated with large
uncertainties which can account either for large
distances or for short distances in a very mobile
region. The hope here is that the uncertainty
given can be supplemented by the tighter
constraints. In fact, these approaches have
proven to give consistent folding of the peptidic

chain of several proteins (Wuthrich, 1989).
However, when very subtle features of the
structure (like bent helices, twisted beta sheets
or side chains position and dynamics) have to
be determined, a refinement procedure has to
be applied on these models of structure.
In parallel to protein structure
determination, an increasing effort has been put
in DNA fragments and oligonucleotide
structural studies by means of NMR. Since the
general features of these molecules are already
established (double stranded helical molecules,
either right or left handed) the purpose of these
high resolution studies is precisely to refine the
structure and to determine either sequence
specific structure variations, and/or the
dynamics of these molecules. In this case, a
more precise analysis of the spin diffusion and
the dynamics effects on NOE's is needed.
Several methods have been proposed to take in
account the indirect transfers of magnetisation.
These methods are based on two different
ideas.
One approach is to calculate the NOE
intensities (for a one or two dimensional NOE
experiment), using the full relaxation matrix
derived from a molecular model. The system of
Bloch equations which describes the
magnetisation transfers can be solved
numerically, either by stepwise integration of
the differential equation (Lefevre et al., 1987),
or by evaluating the matrix exponentiation
involved in their general solution (Keepers &
James, 1984; Olejniczak et al., 1986). The
structure of the molecule is then iteratively
modified, using a non linear least square
optimizer, till an agreement is reached with the
experimental NOEs. These optimisers either
use numerically evaluated gradients (see
Lefevre et al., 1987, or the programme
COMATOSE, Borgias and James, 1988) or, as
described recently, analytical expressions of the
derivatives of the NOE according to the
coordinates of the protons (Yip & Case, 1989)
Another approach is to directly
backtransform the NOE matrix in order to
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obtain the relaxation matrix (it should be noted
that this method can only be applied in the case
of 2D experiments, as the equation for a ID
case is transcendental in r, the relaxation
matrix). This scheme requires diagonalisation
of the NOE matrix, which is only possible in
the case of small molecules, since the overlap
of resonances does not permit quantitative
estimation of all possible NOEs for large
molecules. To overcome this problem (in the
case of large oligonucleotides), Kaptein and
coworkers have proposed to combine the
incomplete set of experimental NOEs with a set
of theoretical NOEs, calculated from a
structural model according to the Bloch
equations. These two sets of NOEs allow to
build a complete, but mixed NOE matrix. The
relaxation matrix obtained after its
backtransformation is used to reconstruct an
improved structure, using restrained molecular
dynamics refinement, which then serves as a
new initial model for the dynamics of the
iterative procedure (IRMA algorithm, Boelens
et al, 1988, 1989).
Both methods however have the
drawback to require a model for the dynamics
of the molecule in order to estimate the
relaxation rate constants from a given structure.
Usually, the molecules are supposed to be
rigid, and the same correlation time is used for
all interproton vectors. The influence of such a
systematic error, as internal motions have been
shown to be important in DNA (Hogan &
Jardetzky, 1979; Levy et al., 1983), on the
quality of the structures deduced with the two
approaches described above has not yet been
studied.
To circumvent this problem, we
recently proposed a new approach (encoded in
the GOLF program) in which the longitudinal
relaxation rate constants p and the cross
relaxation rate constants a (which in fact are the
primary NMR parameters) are determined first
from the experimental NOEs. The main idea of
this method is to deconvolute the problem of
indirect transfers of magnetisation in a NOE
experiment before getting in the details of the
determination of the structure and dynamics of
the molecule, which comes in the analysis of
the relaxation rate constants (p) and (a).
The basic mathematics of all these
methods are the same : they involve a general
least square optimiser to fit the experimental

values to a "model" that depends on adjustable
parameters. The efficiency of such procedures
has to be evaluated through a statistical test of
the goodness of the fit In this paper, we want
to address this problem for the GOLF method,
by determining the number of NOE mixing
times that should be taken in account in order to
obtain a "good" fit.
GOLF : a general strategy for
reconstructing the relaxation matrix
a. Nuclear Overhauser effects are non
linearjunctions of the relaxationparameters
The phenomological Bloch equations
(Bloch, 1946) adapted by Solomon for spinspin interactions (Solomon, 1955) describe the
time dependance of the longitudinal
magnetisation Mj of a spin i :
dM.
dM.
v
a..(M.-M. ) (1)
i
i=-p.(M.-M.J- > a..(M.-M.nn
where pj is the longitudinal relaxation rate
constants between spins i and j , ay is the cross
relaxation rate constant between spins i and j ,
and Mj 0 is the z-magnetisation at equilibrium of
spin i
For homonuclear proton relaxation, the
expression of pj and a y are well known:
p. = 56.92^(i-)6[J(O)+3J(o))+6J(2co)3 (2)
a.. = 56.92 (—)6 [6J(2co) - J(0)]

(3)

ij

J(co) are the spectral density functions, which
depend on the resonance frequency and on an
apparent correlation time for the interproton
vector motion ( t c ) :
J(co) =

2 2
1 +03 X c

(4)
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The coefficient 56.92 was evaluated for the
distance ry between protons i and j in A and xc
in ns.
It should be noted that:
i) equation (1) assumes that only direct dipoledipole interactions are considered, and does not
include possible cross correlation (i.e. multispin effects). This has been shown to be valid
in the case of ID and 2D NOE experiments
applied to macromolecules (Bull; 1987).
ii) for a given structure, the longitudinal
relaxation time is usually calculated by using
equation (2). This calculation includes only
dipolar interaction with the neighbouring
protons attached to the molecule. For
macromolecules, this approximation might not
be valid anymore at long mixing times (> 300
ms), because of the background relaxation
produced by theremoteor the solvent protons;
for this reason, in our fitting procedure of the
relaxation matrix, we keep p as an independent
parameter, and we do not try to get structural or
dynamic informations from its value,
iii) equation (4) only considers a single
correlation time for the vector; in a
macromolecule in which internal motions are
present, it is then important to define a different
apparent correlation time for each interproton
vector.
The relaxation rate constants can be
obtained experimentally from the buildup of
NOE. This effect measures the change of
magnetisation of a spin i when a neighbouring
spin j has been displaced from its equilibrium:
NOEij(xm) =

M.10

(5)

x m is the mixing time during which the
magnetisation transfer is allowed. Including (5)
into (1) and vectorizing all the corresponding
equations lead to a general equation which
describes the kinetics of the NOE buildup:
dNOE(t)/dt = -rNOE(t)

(6)

where NOE is the matrix of NOE for a 2D
experiment and T is the so called relaxation
matrix containing the p values on its diagonal
and <5 values as off diagonal elements.

The solutions of equation (6) are in the case of
a 2D-NOE experiment:
= exp(-rT m )NOE(0)

(7)

where NOE(0) is the 2D-NOE matrix at zero
mixing time (diagonal matrix, each diagonal
element corresponding to the number of
equivalent spins since no magnetisation has
been transfered yet)
b. An iterative method for the determination of
the relaxation matrix
Because of missing or overlapping
peaks on a 2D experiments (especially on the
diagonal), deducing the relaxation parameters
directly from the NOE values is far from being
straightforward. Hence, we resorted to a non
linear fitting method in order to determine the
relaxation parameters which minimise the
deviation (in terms of a Ki2) between observed
(NOEobs) and calculated (NOE^) NOEs. The
method has been extensively described
elsewhere (Koehl and Lefevre; 1990) and is
summarized in figure 1. Ki2 is defined
classically by:
INQEcal.(i)v

,.^2

(8)

err(i)
The sum is made over the number of observed
NOE, and err(i) is the estimated error on
NOEobs(i).
c. Creating an experimental 2D case
In the scope of this paper, we will only
consider the application of GOLF to nucleic
acids. In the case of a cytosine residue, the spin
system considered 1for the
NOE calculations
was limited to HI , H21, H2",H3\ H411, H6
and H5. We did not include the H5 , H5"
protons on the basis that they do not belong to
the major pathways of spin diffusion or
longitudinal
relaxation when H6, H5, HI',
H21, H2" are observed.
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starting structure
initial values of the
relaxation parameters

i
find the relaxation rate
constants which
minimise Ki2,
using a general least
square method.

i
exact values of
p and a

Figure 1 : General scheme for
the refinement procedure of the
relaxation rate matrix
The reference structure So for this
residue was defined from standard B DNA
parameters. The relaxation rate constants for
this spin system were evaluated using
equations (2) and (3), with the same correlation
time for each proton-proton vector. Using these
values, sets of 2D NOE data were computed
using equation (7), for the different mixing
times needed in each case. Only a limited
number of these NOE were conserved as
experimental NOEs for the cytosine residue, as
presented in table 1. These values correspond
to the NOEs that are usually deduced from a
NOES Y map of a DNA fragment.

Table 1 : the inter proton NOEs indicated by 1
were calculated for several mixing times, and
used in the refinement procedure of the
relaxation matrix of a modelised cytosine.
HI'
H2'
H2"
H3'
H6
H5

H2' H2" H3' H6
1
1
1
1
1

HI'
1
1
1
1
1

1
1

1
1

1
1

H5
1
1
1
1
1

d. A statistical test to assess the quality of the
procedure
A total of 18 parameters were
iteratively adjusted using GOLF : the
longitudinal relaxation rates for HI 1 , H2',
H2", H5 and H6 and the cross relaxation rates
corresponding to the same protons, along with
the Hl'-H3', H2'-H3' and H2"-H3' sigmas.
The other relaxation rates were kept constant,
equal to their initial values.
These 18 parameters were refined
using 15 different starting structures,
corresponding to the nucleotide constructed
from standard A, B or Z parameters, and for
each using 5 possible correlation times (from
2ns to 6ns) to calculate their corresponding
relaxation rates. After completion of each
refinement, i.e. when a minimum of Ki2
(defined in equation 8) is reached, the
corresponding sigmas and rhos are averaged
over all trials, and a standard deviation and an
error are calculated for each sigma according to:

SD =

(9)
SD
av

(10)
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c a v is the averaged sigma value, and a; is the
value obtained from the refinement j , the sum
being over the 15 refinements from the 15
initial structures. Finally the averaged sigma
values are checked against the "real" sigma
values (corresponding to the structure So)
using a global CHI2 value defined as :
N

)
J x

-

(11)

3

"real

the sum being over the 18 refined sigmas. SD,
ER and CHI2 are used as statistical tests of the
refinement: SD and ER define the dispersion of
the refined parameters, starting from different
initial values, and CHI2 gives an indication of
the quality of the refinements.
RESULTS
a. NOE values at several mixing
compensate for missing NOE values.

times

Experimental 2D NOE data for an
oligonucleotide often are incomplete, due to
peak overlaps in crowded regions of the NOE
map (especially on the diagonal). We addressed
the question of whether knowing some NOE
values at several mixing times could
compensate for the missing values to
deconvolute the full spin diffusion process.
Hence, we refined a cytosine residue according
to the method described above, with the
"experimental" NOEs summarized in table 1
obtained for 1, 2, 3, 4 or 5 mixing times
(chosen between 100, 200, 300, 400 and 500
ms). Figure 2 represents the evolution of the
global CHI2, which checks the refined cross
and longitudinal relaxation rates versus the
"real" values, as the number of experimental
data is increased by adding NOE values at other
mixing times. It clearly indicates that it is
necessary to record NOE at several mixing
times in order to get reliable values for the
refined relaxation parameters (see also table 2).
It should be noted however that we did not
expect reliable informations on the cross
relaxation rate constants which include the H31
proton (table 2), even when 5 mixing times are
considered, since they have little influence on
the set of NOE described in table 1. Including

4
5
6
number of nixing times

Figure 2 : Evolution of the CHI2 as a
function of the number of mixing times
which were included in the "experimental"
data.
all the parameters in the refinement did not
improve these results ( data not shown).
Hence, increasing the number of experimental
values does not overdetermine the problem
with respect to the number of parameters to be
refined, as all these experimental values are not
independent from each other.

Table 2 : Refined versus "real" cross relaxation
rate constants for the isolated cytosine residue.
Results are shown for 1 and 5 mixing times.
ER values were calculated using equation (10)

Protons

areal

a a v ER(%)
1 mixing time

Hl'-H2'
Hl'-H2"
Hl'-H3'
Hl'-H6
H2'-H2"
H2'-H3'

-0.35

-0.23
-1.82
-0.03
-0.14
-6.73
-1.48

H2'-H6
H2"-H3'
H2"-H6
H6-H5

-1.79
-0.07
-0.11
-6.90
-1.37
-7.06
-0.61
-0.16
-0.90

-5.63
-0.43
-0.37
-0.89

20.5
3.6

19.7
8.7

10.0
11.1
7.2

12.7
28.0
0.3

aav
ER(%)
5 mixing times
-0.36
-1.83
-0.04
-0.10
-6.85
-1.30
-7.09
-0.77
-0.23
-0.90

6.3
2.4

22.5
3.2
3.4
8.1
2.0

19.0
15.0
0.2
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b. Each nucleotide of a DNA fragment can be
treated separately

The method presented above for an
isolated nucleotide cannot be directly translated
for the complete analysis of a DNA
oligonucleotide. The major problem resides in
the fact that the number of parameters to be
refined increases as the square of the number of
spins included in the system. The problem
therefore easily reaches levels out of the range
of reliable minimisation routine. Moreover, we
believe that it is possible to extract a partial
system of spins from the full molecule, and to
cut down the dimension of the problem. For
example, each nucleotide of a DNA molecule
can be refined separately. To assess this
statement, we considered a trinucleotide of
sequence d(ACG). The full relaxation matrix
for this molecule was calculated using
equations (2) and (3) for the relaxation rate
constants and with the same correlation time
(3ns) for each spin-spin vector. A set of 2D
NOE was calculated using this relaxation
matrix at 5 mixing times (100, 200, 300, 400,
500 ms) for the reasons mentioned above.
From these values, only an incomplete set of
NOEs was extracted as "experimental" NOEs
for the cytosine residue, according to table 1.
The refinements were then performed as if the
cytosine was isolated.The CHI2 (calculated
according to equation 11) was equal to 0.08 for
the cross relaxation rate constants and 0.27 for
the longitudinal relaxation rate constants.
Obviously, the latter values are not correct,
since they compensate for the loss of
magnetisation related to the protons of the 2
neighbouring residues, included in the
calculation of the "experimental" NOEs, but not
in the refinement process. However, the main
sigma values were driven back to their "real"
values. This validates the process of treating
each residue separately in the quantitative
analysis of a DNA fragment
Conclusion
The statistical tests performed on
simulated NOE data have validated the method
of reconstructing the relaxation matrix from an
incomplete set of NOEs. They show that it is
necessary to measure these available NOEs at
several mixing times. However, one should
notice that in this method, relaxation rate

constants involving spins which do not
participate to the spin diffusion are not
calculated reliably, unless all NOEs are
available.
Another important aspect of the
simulation presented in this paper is the fact
that it is possible to refine the relaxation rate
constants within a selected subset of a spin
system. First, this cut down the problem of
manipulating large assembly of spins, second it
allows to refine only parts of this assembly that
are of particular interest. For example, this
method can be applied to study the local
structure and dynamics in a iriacromolecule and
the effect of changing a residue on these
parameters, without resorting to the
determination of the structure of the whole
molecule.
Obviously, the method can be
transposed in order to refine the structure and
the dynamics of proteins or selected domains in
proteins. The corresponding works are in
progress.
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