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In the application of NMR to the structure determination of biomolecules of increasing size, new three-dimensional NMR experiments have been developed to overcome the overlap problems and enhance the resolution (l-5). Thus far, most 3D
NMR techniques have been used in a qualitative sense, e.g., the identification of NOE
cross peaks for the sequential assignment of proton resonances or the identification
of long-range NOES in proteins. Only in a few cases have cross-peak intensities been
used quantitatively to derive constraints needed by structure refinement methods (6,
7). Recently, we described a direct NOE simulation approach for structure refinement
(DINOSAUR) (8) based on the direct use of cross-peak intensities obtained from 2D
NOE spectra as first proposed by Yip and Case ( 9). Here we extend this approach to
3D spectroscopy.
The intensities of cross peaks in a 3D spectrum are proportional to the transfer
efficiencies of the two mixing periods of the experiment. The net transfer can be
described in general as
T$? = Tij( 1 )T,d2),

ill

where Tu( 1) and Tjk( 2) describe the magnetization-transfer efficiencies for each separate mixing period and correspond to NOE transfer, exchange, or J transfer. The use
of cross-peak intensities in a structure refinement procedure requires calculation of
the gradients of these 3D intensities with respect to the coordinates of the protons in
a molecule. The gradient of a 3D peak can be written as the sum of two terms containing
the separate gradients of T,( 1) and qk( 2):
VT&y = I;k(2)VTij(

1) + Tu( l)VTjk(2).

[21

These equations can be generalized for even higher-dimensional experiments. Thus,
given a valid model for the calculation of the magnetization-transfer efficiencies and
their derivatives, 3D peaks can be used as constraints in a direct refinement procedure.
In particular, 3D NOE-NOE spectra appear to be suitable for this purpose. This latter
technique was developed for the direct observation of indirect NOE magnetization
transfer (“spin diffusion”) as occurs in larger biomolecules (10) and has been applied
to oligonucleotides ( 10) and proteins ( 11) . In a recent paper Kessler et al. ( 7) described
the quantitative use of 3D NOE-NOE cross peaks, reducing contributions from spin
diffusion in NOES. These NOES can be translated into constraints, which are used by
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distance geometry of restrained molecular dynamics computations. We will show here
that it is also possible to directly refine the intensities of such 3D spectra.
In a 3D NOE-NOE spectrum the 3D cross-peak intensities A$ can be calculated
from their separate 2D NOE transfer efficiencies. The exponential matrix of normalized
2D NOE intensities A, can be written as (12)
A = exp( -T,R),

131
where R represents the cross-relaxation matrix and 7, the mixing period. The exponential matrix of Eq. [ 31 can be expanded in a power series,
exp(-T,R)
= 1 -TAR + {T&R*. - - ,
[41
but an exact solution can be obtained as well by diagonalization of R,
A = X exp(-T&)X-‘,
[51
where A = X-‘RX is the diagonal eigenvalue matrix. Given a structure and a motional
model the cross-relaxation matrix can be calculated. The computation of the 3D NOENOE intensity A$ then amounts to the multiplication of the calculated 2D contributions A, and Ajke
For the structure refinement a similar NOE-restraining potential function is used,
as was suggested for the direct refinement with 2D NOE data (8))
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where N represents the experimental noise level and c a relative error on the experimental NOE intensities. The relative term accounts for integration errors. Forces used
in the refinement can be derived from V 3DNOEby calculating the gradient of this
function. We need therefore to calculate the derivative of 3D NOE-NOE transfer
functions with respect to the coordinates, according to Eq. [ 21. An exact solution for
the derivative of 2D NOE intensities has been given by Yip and Case (9). It consists
of a product of five matrices and becomes extremely time consuming when the dimension of the problem increases. However, we recently proposed (8) for the direct
NOE refinement with 2D data an approximation for the derivative of the NOE intensity
based on the first two terms of the expansion of the exponential function (Eq. [ 41):
VA, = - TmVR,.
181
Combining this with Eq. [ 21 gives the gradient of a 3D NOE-NOE
VA;:

= -[T rnlA,k(7m2)V&

intensity,

+ 7m2A0( Trn1)VRjkI,

191

and the gradient of V,n,o, becomes
V If,,,,,

= [ C wuk]-’ C
ljk

-2Wijk(
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FIG. I. R factors according to Eq. [ 1I] calculated on interresidue peaks at different stages during the
refinement. 0, Standard distance restraining; 0, DINOSAUR refinement based on 3D NOE-NOE intensities.

We implemented this 3D NOE-NOE restraining potential in a 3D version of our
DINOSAUR programs (direct NOE simulation approach for structure refinement)
(8) consisting of three different procedures: NOE-driven dynamics based on the distance-bound-driven dynamics program ( 13)) where only the covalent information is
used in addition to the experimental constraints, NOE-restrained energy minimization,
and NOE-restrained molecular dynamics which make use of the GROMOS force
field (14).
Due to the nature of the NOE intensities, which have an inverse sixth power dependence on the distances, Vj,,o, is an asymmetric function which may generate
very large forces if the distances in the model structure are underestimated. As observed
for the refinement with 2D NOE data as well, it is necessary to limit the NOE forces
in the simulations. This corresponds to a linearization of the NOE potential above a
certain value.
For a test of the quality of fit we use a 3D NMR R factor similar to what we have
proposed previously for 2D data ( 15) :

This R factor has the advantage that it is independent of the simulation parameters
(N, t) and thus allows the comparison of various computational techniques.
For the calculation, we chose as a model target structure an eight-residue (Yhelix
(56 protons) corresponding to the second helix of crambin. A synthetic 3D NOENOE data set was generated at 500 MHz with mixing times of 0.12 and 0.16 s for the
two NOE transfers, respectively, using a correlation time of 3 ns, which resulted in a
set of 3526 3D cross peaks corresponding to transfers up to 4.0 A. A start structure
was generated, which deviates by 2.5 A for all atoms ( 1.4 A for backbone atoms) from
the original model. This was then used in a direct NOE refinement procedure including

a

2

3

r model [AI

4

5

6

7

1

a

2

3

r model [A]

4

r.m.s.d.
1.2 A (all atoms)
0.5
(backbone)

6-

5

6

7

C

,
2

.

,
3

r

.

0.5

,

mo&
[A]

,
5

.

,
6

structure, and (c) the 3D

(all atoms)
0.1 ii ibackbone)

0.5a

1

r.m.s.d.

1,

6-

FIG. 2. Comparison of the distances in the model structure with (a) the start structure, (b) the standard distance-restraining
DINOSAUR structure. The corresponding structures (thick lines) are superimposed on the target structure.
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300 steps of restrained energy minimization, 5 ps of restrained molecular dynamics
with an integration step of 0.00 1 ps, followed finally by 300 steps of restrained energy
minimization, For comparison, a standard distance-restrained refinement using 203
distances of the model structure as upper bound constraints was performed using the
same procedure. Results in terms of R factors are presented in Fig. 1 for the different
structures during the refinement. Clearly, the 3D DINOSAUR procedure gives a very
low R factor. The convergence is presented in Fig. 2, where the distances in the start
and refined structures are plotted against the distances in our target structure. For the
structure obtained with 3D DINOSAUR the fit is almost perfect. The apparent large
number of lower-bound violations in the structure obtained with standard distance
restraining is probably due to the absence of lower-bound constraints. Figure 2 also
presents a view of the corresponding structures superimposed on the target structure.
The DINOSAUR-refined
structure is virtually identical to the target structure (rmsd
0.5 A for all atoms, 0.1 A for backbone atoms). Thus, 3D DINOSAUR appears to
be a potentially very useful method for the direct refinement of 3D NOE-NOE data.
The method could be sensitive to various factors related to the quality of the 3D
experiment and to parameters chosen for the simulations. We tested the influence on
the NOE data set of noise of the choice of the correlation time and of the size of the
data set. The noise level can be expressed in terms of an R factor (Rnoiz). Values for
Rnoix below 0.15 do not affect the convergence significantly. The correlation time is
more important and this parameter should certainly be optimized before and during
the refinement. The same refinement procedure as that described above using transfers
up to 4.0 A was repeated with two smaller 3D NOE-NOE data sets corresponding to
transfers of 3.5 A (2719 peaks) and 3.0 A (882 peaks), respectively. A very good
convergence is observed with the set of 27 19 peaks. With the data set corresponding
to two transfers up to 3.0 A, the procedure fails to find the right conformation. The
information in the latter case is not sufficient to determine the three-dimensional
structure precisely.
The entire refinement procedure with exact calculation of the NOE intensities required two and one-half hours cpu on a Silicon Graphics Personal IRIS 4D/25 for
an eight-residue system with 56 protons. This corresponds to 1.65 s for one refinement
step. The procedure scales as n3 problem for large IZ.
The use of 3D NOE-NOE intensities in a direct refinement procedure as implemented in DINOSAUR appears to be a promising method for structure refinement.
The main problem in the application of the method lies in the assignment of cross
peaks of a 3D NOE-NOE spectrum. The huge amount of data contained in a 3D
experiment requires an efficient program for automatic assignment and peak picking
before a real refinement based on 3D NOE-NOE intensities can be undertaken. Such
programs are presently in development and will be used to test the current method
on an experimental data set.
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