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I. Introduction
NMR derived structure determination is

heavily dependent on the use of interproton dis-
tances obtained from the Nuclear O_verhauser Effect
SpectroscopY, or NOESY experiment (1-5). While
it is true that many of the NMR derived struc-
tures have been refined using both torsional and dis-
tance constraints, structures are often determined
solely from the distance information obtained from
the NOESY spectra. Until very recently though,
NOESY derived distances used in structural refine-
ment have been determined via a simple assump-
tion, that of the so-called "isolated two-spin approx-
imation" (6, 7). The approximation states that in
certain time regimes the observed NOE, and con-
sequently the distance derived from the NOE, is a
result of two nuclei interacting only with each other;
all other nuclei are ignored. While this assumption
may be true for i few spin pairs, the great major-
ity of protons in biomolecules are highly associated.
The results from using the approximation, as will be
shown in this review, are often unsatisfying. One
can argue that a more accurate method of deter-
mining the interproton distances will result in more
accurately refined structures.

In order to improve the accuracy of distances
obtained from the NOESY data, a complete relax-
ation matrix solution to the Bloch equations can be
found (8-15). With the matrix method one is able to
correctly describe the multispin relaxation pathways
and allow more accurate calculation of interproton
distances.

The discussion that follows will analyze the re-
sults from both a two-spin approximation and ma-
trix treatment of NOESY data with emphasis on
the reliability of the distances from each method. In
the final section we will compare the accuracy and
precision of NOESY distance restrained molecular
dynamics calculations using distances derived from
both two-spin and hybrid matrix methods. The sim-
ulations will use a duplex dodecamer oligonucleotide
as a target structure.

II. Two-Spin Analysis of
NOESY Data

The nuclear Overhauser effect is defined as the
change in intensity of an NMR resonance as a result

of saturating irradiation of another NMR resonance.
Typically, the NOE is described in units of fractional
intensity or % NOE as calculated by the formula

(1)

where Io and I refer to the intensity of a resonance
at equilibrium and after saturating another reso-
nance, respectively. A full theoretical description
of the NOE is presented in a number of fine reviews
(1, 14, 15) and will not be discussed in this paper.
In practical terms, however, the NOE results from
dipolar relaxation and since the relaxation process
is proportional to the inverse sixth power of the in-
ternuclear separation, one may quantify interproton
distances from the magnitude of the NOE.

As stated in the introduction, calculation of dis-
tances from NOESY data has historically depended
on the use of the two-spin approximation. The ap-
proximation maintains that at short mixing times,
tm, the build up of NOE intensity is directly pro-
portional to the inverse sixth power of the distance
between the isolated spin pair. In practice, several
short to moderate mixing time NOESY experiments
are acquired from which peak intensities or volumes
Vij(im), are plotted as a function of mixing time
(Figure 1). The interproton relaxation rate, <r,j,
is obtained from the the slope of the best fit line
through the plotted volumes (11). Once the relax-
ation rate o-y is known, the distance for the pro-
ton pair is derived from the ratio of the relaxation
rate of the unknown distance to the relaxation rate
and distance of a "ruler." Typically, the NOE from
a proton pair with fixed internuclear separation is
used as the ruler, t>fc/(<m) (7). The ratio below al-
lows the calculation of the unknown distance, d,j,
using its relaxation rate, cry, and the distance and
rate from the ruler (djt/ and cr*/, respectively) in the
large-molecule limit.

4, (2)

A second, perhaps more common approach to
distance derivation employing the two-spin method
is suggested in equation 2. This second method uses
a single short mixing time NOESY from which the
interproton distances are obtained by comparing the
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Figure 1: Example of the time dependence of ob-
served NOEs in an oligonucleotide GA-mismatch
duplex decamer, d(CCAAGATTGG)2, for spin
pairs C2 H5-H6 (circles), A3 HI'- H8 (squares), and
A6;.H.l- H2" (triangles).

integrated NOE volumes, v,j and «jy, to the ruler
distance and volumes.

The problems with the ratio method have been
analyzed in a variety of systems (8, 9, 13, 16). Prin-
cipal among the failings of the approximation is
that accurate calculation of interproton distances re-
quires that the integrated NOE crosspeak intensity
be obtained in a regime where the primary, or in-
deed only source of magnetic relaxation is the dipo-
lar coupling to a single nearby spin. Thus, in or-
der to remove the effects of magnetization trans-
fer via multiple spins (often called spin diffusion),
researchers have been restricted to analyzing dis-
tances from NOESY data acquired at vanishingly
short experimental mixing times where the NOE in-
tensity more accurately reflects direct magnetization
transfer. Unfortunately, as shown in Figure 1, many
of the structurally important NOEs, such as those
arising from long range interactions, are not readily
observed until relatively long experimental mixing
times. For instance, as shown in Figure 1, the NOE
between the HI' and H8 proton, while being impor-
tant for defining the local structure, is not readily
observable until after 100 ms. As will be shown for
a typical macromolecule, mixing times of 100 ms are
well into the regime where the ratio method is in-

0.025 0.050 0.075 0.100 0.125

NOESY mixing time (s)

Figure 2: Model three-spin systems and the NOE
time development profiles for model (A), dotted
lines, and model (B) dashed lines. Solid line shows
isolated two-spin profile.

valid. The questions become then, could one simply
ignore the effects of multiple spin pathways, and if
one does, how accurate are the results of a two-spin
analysis of the NOE data?

A. Model 3-spin system
A simple three-spin model serves to illustrate

the problems of ignoring magnetization transfer via
multiple relaxation pathways (8,17). For this anal-
ysis the NOE intensity as a function of mixing time
for a proton pair (spin pair ij) is analyzed while vary-
ing the influence of a third spin (spin k). By posi-
tioning the third spin in different locations of carte-
sian space one can monitor the geometric depen-
dence of the (ij) NOE. Simulations were performed
by the program MORASS (18; see below). The cal-
culated time development profiles for the various ge-
ometries are shown in Figure 2.

As shown in Figure 2, the perturbation of the
NOE intensity depends on the local geometry (see
also 17). As the third spin approaches, the inten-
sity of the i-j NOE becomes distorted (compared to
the solid line in Figure 2 from the isolated two atom
case). From Figure 2 and other simulations, one
can see that the time development for the (ij) spin-
pair becomes significantly perturbed if the third spin
(spin k) is situated in cartesian space such that it
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Table 1: Two-spin derived interproton distances for
model 3-spin geometries.

NQESY mixing time(s)

B. Two-spin analysis of the
macromolecular systems

NQE in

Model

—

A

B

0-

3

2

3

025

.00

•84

.04

0.050

300

2.75

3.07

0-100

3.00

2-66

3.13

0200

3.00

2.61

3.22

0.400

3.00

2.65

3-27

'See Figure 2 for model geometries.

is closer to either spin 1 or spin j than spins i and
j are to each other. If the third spin is in line with
only one of the spins, as shown in simulation geom-
etry (A), the result for the (ij) spin-pair is a smaller
NQE intensity than predicted. If, however the third
spin is proximal to both spins i and j , as in simula-
tion geometry (B), the NQE intensity becomes much
larger than the isolated two-spin case. Thus, the ge-
ometric arrangement and distance of the third spin
determines the direction and amount of the NQE
perturbation.

It is important to remember that in these simu-
lations the plotted intensity is for the (ij) spin-pair.
The only change in these simulations is the location
of a single nearby spin (spin k). The influence of
the third spin is to modulate the intensity of the
fixed distance (ij) spin-pair. IJsing the integrated
intensity of the modulated (ij) spin-pair NQE from
either of the 3-spin systems in a two^spin approxi-
mation calculation results in an inaccurate distance.
For example, the two-spin derived distances for the
(ij) spin-pair vector in the various three-spin mod-
els are given in Table 1 as a function of NQESY
mixing time. Note that for the results in Table 1 a
reference ruler was included as a 3 A vector 20 A
removed from the system. As shown in the Table,
the inaccuracy in the calculated (ij) spin-pair dis-
tance reflects the influence of the nearby third spin
(spin k). As shown in both the table and the time
development plots (Figure 2), the errors increase as
the mixing time gets longer.

One may ask how often will the 3-spin problem
occur in a biological macromolecule. The answer
is provided by a simple computer program that an-
alyses the occurrences of such geometric arrange-
ments. Selection criteria for the program were as
follows, Interproton distances in the Various mod-
els were calculated for all interactions legs than 5 0
A, producing a list of possibly observable NQEs.
Each proton of the selected pair was then analysed
for other interproton interactions whose internuclear
separation was less than the separation required for
the original pairwise selection. The analysis as de-
scribed thus produced a list of encroaching atoms.
For example, all proton pairs between 3.0 and 4.0
A were examined in the crystallographic data for
the protein lysozyme. The search turned up several
hundred pair-wise interactions from the 956 proton
coordinate set. One such interaction was observed
between an Ha proton of Gly^4 and and the NH
proton of Cys-6 (interproton distance of 4,0 A), All
coordinates in the model were then ^evaluated to
locate those protons closer than 4-0 A to either Qly-
4 Ha' or Cys-6 NIL In fact, 17 other protons were
found that were closer than 4.0 A to one or both of
the spin pair. Thus, at longer mixing times as many
as 17 other protons may have a greater influence on
the GIy-4 Ha' - Cys-6 NH NQE than Gly-4 Ha' and
Cys-6 NH have on each other. The specific geometry
of these coordinates is given in Figure 3< Incredibly,
every residue included in Figure 3 contains one or
more protons whose internuclear separation is less
than 4.0 A to either Gly-4 Ha' or Cys-6 NH.

A similar analysis for a model DNA geometry
(B-form topology) was performed. It should be
noted that for the analysis given here methyl pro-
tons were treated as a single one-proton entity at the
geometric center of the methyl coordinates.1 While
this treatment of the methyls is somewhat artificial
if one considers only the static geometry, the results
thus examined represent the lower hounds on the
number of near neighbors.

The tabulated results from the geometric analy-
sis for lysozyme and the model DNA geometry is
given in Table 2. As shown, in both geometries
the geminal proton pairs are intimately associated,
few protons encroach upon the geminal pairs. Thus,
even at moderate NQESY mixing times, the errors
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Figure 3: Geometric arrangement of a selected pro-
tonpair in lysozyme.

in the calculated distances for geminal pairs would
be expected to be small. As the (ij) spin-pair sepa-
ration becomes greater, however, the number of in-
tervening third spins increases sharply. Indeed, for
the structurally significant distances of ~3.0 A or
more, the number of third spins is very large.

From Table 2 it appears that the possibility for
multispin pathways is clearly present in these molec-
ular structures. The question becomes, then, how
much error in NOESY derived distances will these
multispin pathways produce in a "real" molecule.
The amounts of error one might expect from the
use of a two-spin approximation on a macromolecule
is shown in Figure 4. For this Figure, a NOESY
was simulated from the crystallographic coordinates
for lysozyme (using MORASS; see below) at an
isotropic correlation time of 9 ris for NOESY mix-
ing times of 50 and 200 ms. The NOE volumes were
extracted and used in a two-spin ratio calculation
to obtain the interproton distances; a reference dis-
tance of 2.48 A was used. Since the interproton dis-
tances are known, one may plot the calculated d?j vs
the actual distance, d°j. As shown in Figure 4 even
at 50 ms the errors in distance determination are
apparent. At 200 ms the errors are prohibitive. At
either mixing time one observes that the distances
that are greater than the two-spin ruler are under-
estimated, while the distances that are less than the
ruler are overestimated.

c

3
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3.0

2.0

A ^

2.0 3.0 4.0

2.0 3.0 4.0

Actual rj, (A)

Figure 4: Selected interproton distances of lysozyme
using the two-spin approximation at (A) 50 ms
NOESY mixing time and (B) 200 ms. Ruler dis-
tance of 2.5 A. :

The bias described in Figure 4 results from ne-
glecting the effects of multiple spin relaxation. Since
the ruler contains some degree of multispin effects
due to its own geometry, a ruler with a short inter-
proton distance, whose own contributions from spin
diffusion are minimal, will systematically underes-
timate the contribution from multiple spin effects.
Therefore, the choice of the ruler distance greatly
affects the distribution of errors resulting from the
two-spin calculation. Analysis of the lysozyme data
with a two-spin ruler of 1.8 A is shown in Figure 5.
To overcome the problem of ruler-biased distances
one may use several two-spin rulers, each analyzing
the NOE for which its geometry is most representa-
tive (19).

Finally in order to avoid the effects of spin dif-
fusion, one must perform the NOESY experiments
in regimes where the magnitude of the structurally
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Table 2: Occurrences of three spin systems in lysozyme and a DNA dodecamer.

Pair-wise distance (A)
Model

Lysozyme

(ratio)

B-form DNA

(ratio)

1.5-2.0

267 / 133

1 : 0.5

102/34

1 :0.33

2.0-3.0

1477 / 6719

1:4

285/829

1 :3

3.0-4.0

1982 / 26807

1:13

483 / 4502

1:9

4.0-5.0

3581 / 101596

1 :28

599 / 10,371

1:17
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Figure 5: Selected interproton distances of lysozyme
using the two-spin approximation at (A) 50 ms
NOESY mixing time and (B.) 200 ms. Ruler dis-
tance of 1.8 A.

significant NOEs are small. Since signal to noise ra-
tios are typically in the range of ~ 100 (vs ~ 600 for
ID experiments) it becomes difficult to confidently
measure the longer distance NOEs. Therefore, not
only are there fewer NOEs at shorter mixing times,
but the inherent S/N in each of the crosspeaks is
smaller.

The use of an approximate method has lead in-
vestigators to apply liberal error bars when using
NMR derived distances during constrained struc-
tural refinements. While it is true that many good
quality structures have been obtained from NMR
- especially with the development of 3D and 4D
NMR (2, 7, 20), it is obvious that a more accu-
rate method of deriving interprotbn distances would
allow the use of tighter constraints during the re-
finements. An advantage of tighter constraints is
to achieve greater precision in the set of struc-
tures obtained by the NMR method (21, 22). Al-
though the finding of greater precision among struc-
tures when tighter restraints are used was obtained
with studies on oligonucleotides in the above ref-
erences, it also appears to hold for proteins (16) as
well, since positional fluctuations are reduced in gen-
eral with stronger force constants. It is reasonable
that better-determined interproton distances would
lead as well to improved accuracy in the three-
dimensional structure, although such an improve-
ment has not yet been rigorously demonstrated.
As described in the following section the matrix
method, which includes multispin effects, may be
used to obtain very accurate distance information
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from NOESY experiments.

III. Multiple Spin Analysis

A. The Bloch equations
Unlike analysis of the relaxation rate <r in an iso-

lated two-spin system, the complete relaxation ma-
trix solution derives the relaxation rates, and con-
sequently distances, by calculating the interactions
of all proton pairs; multispin effects are explicitly
included. In order to analyze the multispin effects
for a two-dimensional NOESY experiment, we must
solve the set of coupled differential equations that
describe the kinetics of magnetic relaxation in the
multispin system (14, 23, 24).

Only a brief description of the theory for multi-
spin relaxation is given since several detailed de-
scriptions have been published (1, 14, 15), includ-
ing those which focus on the NOESY experiment (9,
15, 23, 25). The relaxation of the z-magnetization,
M*, of spin i measured in a NOESY experiment for
a system of N protons is described by the set of N
simultaneous differential equations:

dMf
dt

N
(3)

r =
P\

The off diagonal elements, c,j, are the cross-
relaxation rates from which the distance between
spins t and j is obtained. [An expression identical
to eq 4 involving an asymmetrical rate matrix with
chemical kinetic rate constants applies to a multisite
system in chemical exchange (27-29)]-

The solution to the differential eq 4 is

V(tm) = exp(-r<ra)V0 (5)

The elements vo of the diagonal matrix Vo equal
the volume of the diagonal peaks at im = 0. Often,
a diagonal matrix at mixing time zero is obtained by
extrapolating back to zero mixing time from several
short mixing time data sets. Rearrangement of eq 5
gives an expression for the relaxation rates in terms
of the NOESY volumes (9, 19, 28):

- r = -Lingvo)-1] (6)

The longitudinal and cross-relaxation rate constants
are pi and Cjj» respectively, and the equilibrium
z-component of magnetization is M°. In a two-
dimensional experiment the spectral intensities are
measured as volumes. A description of the 2-
dimensional NOE experiment is therefore expressed
in terms of a N x N volume matrix, V, with di-
agonal peak and crosspeak elements measured at
mixing time tm.

The evolution of the NOESY spectral intensities
as a function of the mixing time im may be described
in matrix form (8, 9, 26):

(4)

The elements of the matrix V(fm) are the peak
volumes from the NOESY spectrum and F is the
symmetrical relaxation rate matrix

The logarithm in eq 6 is readily evaluated by
substitution with the eigenvalues and eigenvectors
ofV(Vo)"1.

K - 1 (7)

Matrix K and the diagonal matrix L contain the
eigenvectors and eigenvalues of V(Vo)"1, respec-
tively. Thus the evaluation of the cross-relaxation
rates reduces to the eigenvalue problem of determin-
ing K and L.

Note that the solution for F does not require as-
signment of the NOESY volumes to specific protons;
all that is necessary is a means to index volumes
that correctly associates diagonal and off-diagonal
volumes. Further, the solution for F provides values
for c,j, without any assumptions of the relaxation
mechanism or parameters such as motional corre-
lation times (9). Of course, the interpretation of
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<Tij in terms of interproton distances does require
such assumptions. Interproton distances may then
be calculated from the relaxation rate a assuming
dipolar relaxation and a rigid-molecule rotational
correlation time rc from the expression for 1H-1H
relaxation (1).

10 < rf, >2

— V* 7 "
Oi ~ f^lO <rf, >

(8)

37(0) -I- 67(2u>)]

where a; and 7 are the resonance frequency and
the gyromagnetic ratio for *H nuclei, respectively.
The spectral densities, J(u>), specifying the transi-
tion probability are defined with a single isotropic
correlation time.

B. The MORASS program
For even the smallest of systems, matrix analysis

cannot be done by hand; implementation of com-
puter methods is essential. This section describes
the program MORASS which uses the eigenvalue
solution to the Bloch equations to derive relaxation
rates.

MORASS, an acronym for Multispin
Overhauser Relaxation Analysis and Simulation,
is a FORTRAN 77 computer program written in our
laboratory (by R. Meadows and C. Post). The pro-
gram was developed to analyze NQESY data of pro-
teins and oligonucleotides. The method of analysis
is the eigenvector/eigenvalue solution to the Bloch
equations as described in the previous section. The
results are NOE intensities, relaxation rates and,
given a motional model, interproton distances.

The MORASS program heirarchy is illustrated
in Figure 6. As shown, MORASS is divided into sep-
arate modules, each calculational module having a
singular purpose; the main program interprets user
input and calls the appropriate calculation. Input
from the user consists of keywords and numeric or
character values. Input for the calculational mod-
ules, as described below, is either cartesian coordi-
nates or integrated NOE intensities.

1

MORASS
Multispin Overhauser Relaxation Analysis

rod Simulation

ivz coordinates

simulate
NOE

NOE volume;

analyze
matrices

•

evaluate
rates

1 I
gamma(l) gamma(2)

hybrid
NOE volumes

NOE volumes
experimental
theoretical

Figure 6: Heirarchical structure of the MORASS
program.

The RATE module takes input in the form of
integrated NOE intensities and solves the relaxation
rate matrix via equation 7. The output is thus the
relaxation rates for the individual spin pairs, and
given a correlation time, the interproton distances
for those spin pairs. All results described in this
review are based upon an isotropic motional model,
although consideration of internal motion through
incorporation of a generalized order parameter (30;
F. Zhu, unpublished) is being developed.

SIMUL, another calculational module, produces
relaxation rates and NOE intensities directly from a
set of cartesian coordinates via the inverse, exponen-
tial expression of equation 7. Typically, after model-
ing the target compound a NOESY is simulated and
the differences in the simulated NOESY and the ex-
perimental NOESY spectrum serve to highlight ar-
eas of incorrect geometry in the model. The geom-
etry is refined iteratively until there is agreement
between the simulated and experimental NOESY
spectra.

As will be shown below, the complete relaxation
matrix requires a full set of internuclear NOEs, thus
one needs a method by which missing elements in an
experimental NOE intensity map can be filled. This
capability is supplied by the MERGE module which
takes NOESY intensities from an experimental NOE
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Table 3: Matrix derived interproton distances for
model 3-spin geometries.

NOESY mixing time (s)
Model # a

A

B

0.025

3.00

300

3.00

0.050

3.00

3.00

3.00

0.100

3.00

3.00

3.00

0.200

3.00

3.00

3.00

0.400

3.00

3.00

3.00

'See Figure 2 for model geometries.

matrix and inserts them into a matrix created from
a model structure. Although the full matrix is now
a hybrid theoretical/experimental NOESY intensity
matrix (31, 32), it will be shown in the next section
that model refinement which employs the distances
calculated from such a hybrid relaxation matrix is
able to produce an experimentally valid geometry.

Finally, the ANLYZ module compares two re-
laxation matrices for rms deviations in distances
and relaxation rates. The ANLYZ module was
used extensively during the analysis presented be-
low. The reader is referred to the MORASS doc-
umentation for a more detailed description of the
program (MORASS is available upon request).

C. Distances from a matrix analysis of
the NOESY data

Distances derived from a complete relaxation
matrix analysis of the 3 spin model geometries are
given in Table 3. As shown, the matrix treatment
removes the problems of spin diffusion and may re-
sult in accurately determined relaxation rates and
distances. The geometric arrangement is seemingly
unimportant. All of the 3-spin geometries are math-
ematically well-behaved.

Distances derived from a complete relaxation
matrix analysis on the NOESY data from the
lysozyme geometry are shown in Figure 7 (see the
next section for methodology). Shown are the re-
sults of a matrix analysis of the 50 ms (Figure 7A)
and 200 ms (Figure 7B) NOESY data that produced

•ou

3

2.0 3.0 4.0

«* 4.0

2.0 3.0 4.0

Actual rjj (A)

Figure 7: Selected interproton distances of lysozyme
using the matrix method at (A) 50 ms NOESY mix-
ing time and (B) 200 ms.

the results given in Figures 4 A and 4B. If one com-
pares the matrix treatment results in Figure 7 to
those obtained from a two-spin treatment of the
same NOESY data in Figure 4, it is clear that the
matrix method is superior to the two-spin method-
ology.

It appears then, that a complete matrix treat-
ment of the NOESY data is able to provide accurate
distances under these simulation conditions. How-
ever, it is obvious that real NMR data do not have
infinite signal to noise. In fact, S/N is quite poor for
some NOESY experiments. Also, in experimental
data there is often a significant amount of spectral
overlap which diminishes the accuracy of the inte-
grated NOE volumes. These and other experimental
errors have a profound impact on the accuracy of the
matrix method. Indeed, it may be the case, that in
some instances the use of a two-spin approximation
treatment of the NOESY data will yield more accu-
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Figure 8: Methodology used to examine the effects
of experimental error on the accuracy of a matrix
analysis of NOESY data.

rate distances than the matrix method. It is the role
of the next sections to explore the regimes where a
matrix treatment of the NOE data is valid.

IV. Effects of Experimental Er-
rors on the Results
from a Complete Relaxation
Rate Matrix Analysis of the
NOESY Data

The matrix solution to the Bloch equations as de-
scribed in the previous sections provides an elegant
method for deriving interproton relaxation rates.
Unfortunately, it was realized early on that while
the matrix solution is accurate when a full data set
is available, the results are less satisfying if incom-
plete or "noisy NOESY" data is employed (13). The
goal of the following analysis is to quantify the error
in the matrix calculated interproton distances as a
function of experimental errors. The type of exper-
imental errors included in this simulation are those
most common to 2-D NMR, that of low signal to
noise, spectral overlap, incorrect volume integration
and incomplete experimental data.

The methodology as illustrated in Figure 8 was
adopted in order to understand the effects of exper-
imental errors on the results of a matrix treatment
of the NOESY data. Thus, elements of the relax-

ation rate matrix T(cr°j) were calculated from a set
of proton cartesian coordinates and a single correla-
tion time via equation 8. From the relaxation matrix
the volumes of diagonal and off-diagonal peaks were
generated for a given tm using equation 5. T(afj)
was then calculated (equation 7) from the unal-
tered simulated NOESY intensities V for noise-free
data, or after altering elements of V to mimic vari-
ous types of experimental noise, and the agreement
checked between the calculated crfj and the actual

values, or the corresponding

A. NOESY simulations

and d°j values.

Because matrix diagonalization produces the
eigenvalue results necessary for derivation of the re-
laxation matrix, two different matrix diagonaliza-
tion routines were obtained and analyzed for reli-
ability. Matrix diagonalization routines from the
IMSL and EISPACK libraries were used and found
to have comparable convergence properties. For the
analysis involving noise-free data, double-precision
operations allowed convergence of the matrix diag-
onalization in some instances where single-precision
operations failed. However, for the more realistic
case of imperfect data, double-precision operations
are not warranted. The processing time oh a Mi-
cro Vax III workstation required for a 169-proton
system was 3 min, while 496 protons took 1.9 hrs.

B. Models

As shown above, the geometric arrangement of the
cartesian coordinates greatly affects the ihterproton
relaxation rates. Thus, in order to analyze the abil-
ity of the matrix method to analyze disparate ge-
ometries, two very dissimilar conformational mod-
els were examined. The two topological models in-
cluded in this simulation were the globular protein
lysozyme (129 residues), and the cylindrical duplex
oligonucleotide,d(CGCGAATTCGCG)2.

The distribution of short range distances for
both molecules is quite similar for interproton
distances less than 4.4 A. The distribution for
lysozyme, (696 nonexchangeable protons with 3685
distances) has a peak near 1.75 A from the gem-
inal protons, and near 2.5 and 3.0 A, and is es-
sentially uniform elsewhere between 2.5 and 4.4 A.
The oligonucleotide distribution (228 nonexchange-
able protons with 778 distances) is less uniform with
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Figure 9: The rms error in of- for the matrix method
with noise-free data is plotted as a function of tm
(A) and (B) rctm. Simulations were done with rc =
1.0 (solid), 4.5 (dashed), and 9.0 ms (dotted). The
model systems are lysozyme (• and the dodecamer

three groups of interproton distances centered at
2.3, 2.8 and 4.0 A in addition to the geminal-proton
group. For both molecules a subset of interior pro-
tons (125 - 169 protons) was used for the model
studies to eliminate the contributions from surface
protons (13).

Although an isotropic motional model for the
biomolecules was used in these calculations, inter-
nal motion of the methyl groups was included. As
methyl rotation occurs on a timescale of 0.01 to
0.2 ns (33, 34), significantly faster than overall
molecular rotation of proteins and DNA oligomers,
an interproton distance involving a methyl proton
was considered to be an average over the three pro-
tons in the methyl group. That is, adopting a 3-site
jump model, relaxation between a methyl and non-
methyl proton pair or between two methyl groups
is proportional to the interproton distance (33, 35)

averaged over methyl protons:

(9)

For a methyl-non-methyl pair, m = 3, and for an
intermethyl pair, m = 9. The effects due to angular
averaging for the spectral density J(w) as a result of
methyl rotation (33, 35) were neglected. However,
this simplification is not of consequence for defining
the accuracy of the matrix solution.

Although the data shown in Figure 7 suggested
that noise-free data simulated from lysozyme can ex-
actly reproduce the target distances, it is important
to examine the reliability of the eigenvalue solution
as a function of tm and rc. In the large molecule
limit (u)Tc ^> 1) the results obtained with a given rc
value can be related to other rc by the appropriate
scaling of tm (13). Since this limit is nearly valid
for most biomolecules to which the NMR method
for structure determination is applied, the results
from simulations including experimental error de-
scribed below are reported for a single value of
rc = 4.5 ns, from which the behavior for other rc can
be obtained. In addition, test calculations on the
DNA oligomer showed essentially identical behavior
as lysozyme, thus results using imperfect data are
shown for lysozyme only.

1. Noise-free data

The accuracy with which F can be evaluated
by a multispin matrix approach with (eq 7) noise-
free NOESY data was determined using cross-peak
volumes obtained directly from <rtJj and p; calculated
from the structures. Usingvij elements simulated at
a given tm for lysozyme and the dodecamer, cross-
relaxation rates were evaluated with eq 7. The rms
deviations between the calculated erf- and the actual
cr°j used to simulate the NOESY data are shown in
Figure 9A for rc equal to 1.0 (solid), 4.5 (dashed)
and 9.0 ns (dotted).

The matrix solution applied to noise-free data is
quite accurate up to a certain tm; there is no error
in the calculated of,- values at short tm. Only for fm
values beyond the maximum in the cross-peak inten-
sities and where the diagonal intensities are greatly
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Figure 10: The average (d?) and the rms deviation
between the calculated d̂ - and the actual d°j values
when random noise is added to the simulated data
from the eigenvalue method (•, • ) (eq 7) or the
two-spin ratio approximation (x (eq 2). Distances
are grouped as (A) dtJ < 2.4, (B) 2.4 < d,y < 3.4 and
(C) 3.4 < d,j < 4.4. Random noise was added to the
simulated NOESY data (rc = 4.5 ns) at a level of 2%
(H) or 4% v,j (A), simulating integration error. A
level of 0.1% vo, simulating thermal noise, was also
added to all vy. Only one set of curves is shown for
the two-spin values since the results with both noise
levels are nearly identical.

reduced, is there significant error in crfj. Eventu-
ally as tm increases, the diagonalization algorithm
fails to converge, even for double precision opera-
tions. The mixing time at which the try errors be-
come significant occurs at shorter <«, for longer cor-
relation times and is similar for proteins and DNA
(Figure 9A).

A better parameter for indicating the onset of
ill behavior in the eigenvalue solution is rctm. The
motivation for rctm as the independent parameter
comes from the fact that both .ay and /?,• are propor-
tional to TC in the large molecule limit of u>rc ^> 1,
i.e. consider eq 5 and F oc rc. In a 500 MHz field, a
TC value of 4.5 ns approaches the large molecule limit
and the NOE build-up curves plotted as a function
of TJIU at TC value of 4.5 or 9.0 ns are nearly super-
imposable (13). The deviations in <r,? are therefore

replotted in Figure 9B, which shows that the crit-
ical value is rctm ~ 1.5 x 1O~9 s2, or tm ~ 0.33 s
for TC = 4.5 ns, or in, ~ 0.17 s for rc = 9.0 ns.
These mixing times are substantially longer than the
regime where the two-spin approximation is valid.

2. Random noise

Random noise from a Gaussian distribution
was added to all peak volumes in V to simulate
both a constant low-level thermal noise and a peak-
integration error. The accuracy of the eigenvalue
solution for F calculated from NOESY data con-
taining random noise is shown in Figure 10 using
interproton distances obtained from a\i (eq 8). The
rms deviation between the actual distance d°j and
the calculated distance d -̂, as well as the calculated
average distance < dy >, are shown for three groups
of interproton distances in lysozyme defined by the
crystallographic structure. Different noise levels, in-
dicated in the figure caption, were examined. For
comparison, djj values were also determined from
the same volume elements by the linear two-spin
approximation as given in equation 2 where the dis-
tance dki is assumed known. The average < dy >
and rms deviation for the two-spin distances are
essentially independent of noise level, thus the er-
ror with the two-spin method is represented by one
curve in Figure 10.

At low noise levels the accuracy of the matrix
method is high but diminishes as the noise level in-
creases. With overall noise levels greater than 10%,
the matrix diagonalization fails to converge. The
eigenvalue method is more sensitive to the constant
thermal noise than to the integration error; when
the constant noise level is near 1% vo, poor results
are obtained with the eigenvalue method. Nonethe-
less, with a noise level of 3-4% ty integration error
and 0.5% «o thermal noise, the eigenvalue solution
gives lower rms deviations in interproton distances
than the two-spin ratio method.

As shown earlier, the rms error in-dij with the
two-spin method depends on the reference distance.
The error is smallest for distances nearly equal to
that of the reference proton pair (13, 19). As such,
chosing a reference proton pair of shorter distance
would decrease the two-spin rms error for small dij
values but increase the error at l&rge </y. Moreover,
the eigenvalue solution gives an accurate average in-
terproton distance, as expected when the error in
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Figure 11: Calculated interproton distances d̂ - (A),
plotted against the actual value, d°-. Distances were
calculated from of,- values obtained with the eigen-
value method. NOESY intensities were simulated
as data with 3% random noise plus 0.1% thermal
noise added (A and B), data with overlapping peaks
where 25% of the cross-peaks had 12% noise error
(C), and incomplete data from which intensities less
than 1% vo (signal to noise = 100) were eliminated
(D). Distributions are from tm = 200 (B-D) or 50
(A) ms data. The dashed line is unity slope.

the solution is random. In contrast, the two-spin
results show a bias toward long d,j for distances
less than the reference distance, and toward short
dij for distances greater than the reference distance
(19). This bias is evident in plots of d̂ - against
d?-; the slope of the best fit line for the distribution
from the two-spin analysis is approximately 0.5 (Fig-
ures 4A,B and 5A,B), significantly less than the ex-
pected value of unity, while that from the eigenvalue
analysis equals 1.0 (Figure 7A,B). In Figure 11 pan-
els A and B were obtained with 3% random noise at
tm •— 50 and 200 ms, respectively. Even with noise-
free data the two-spin approximation has a signifi-
cantly greater error and bias in < d?- >, (Figures
5A and B) than the noisy matrix analysis (Figures
11A and B).

3. Peak overlap and incomplete NOESY
data

In practice, it is possible to obtain only a partial
volume matrix as defined by the inherent sensitivity
of the NMR spectrometer; small cross-peak volumes
corresponding to distances greater than 4.5 to 5.0 A
(depending on rc) cannot be accurately measured.
In addition, a major experimental difficulty in mea-
suring NOESY intensities from large molecules is
that there is substantial overlap of peaks, particu-
larly for diagonal peaks. To examine the effects of
peak overlap and incomplete data on the reliability
of the eigenvalue method, elements of V less than a
specified cutoff volume were replaced with a defined
volume, vr, generally equal to 0.0. In addition a
fraction of the diagonal and off-diagonal peaks were
removed to simulate the real-life situation of over-
lapping peaks.

To mimic cross-peak overlap, noise of ±12% Vij
was added to 25% of the off-diagonal volumes chosen
at random from V, as well as ±3% random noise
added to all other t>,j. Scatter plots of d\j vs d°- are
shown for tm = 200 or 50 ms in Figures 11C and D,
respectively. At these noise levels the rms deviations
in dij are still smaller for the matrix solution than
for the two-spin approximation. Similar accuracy
is obtained with the matrix solution when a larger
fraction of peaks are overlapped if the error in «,j is
smaller (13).

The error in d?- values from incomplete V matri-
ces was determined as a function of mixing time for
several cutoff values, or signal to noise levels. The
results shown in Table 4 are the rms deviations in
dij when «tJ < 0.2, 0.5, 1.0 or 2% of the equilibrium
magnetization VQ were replaced with vr. NOESY
data measured at a 500 MHz field strength illustrat-
ing cross-peak volumes of 1% have been reported
(9, 36). Thus the range in cutoff values simulates
sensitivity limits which are achievable in practice.
The completeness of the NOESY data is indicated
in Table 4 by the percentage of the total number of
Vij elements that were greater than the cutoff value.
Only distances corresponding to these v^ elements
were included in the error analysis.

The trend of increasing error with tm is also
found with incomplete V. For all levels of sensitivity
examined, the eigenvalue solution determines cross-
relaxation rates for proton pairs separated by < 3.4
A with deviations less than 0-35 A, while the two-
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Table 4: Rms error in d£ determined from incomplete NOESY data by the matrix method.

interproton
distance

0-2.4

2.4-3.4

3.4-4.4

0-2.4

2.4-3.4

3.4-4.4

0-2.4

2.4-3.4

3.4-4.4

0-2.4

2.4-3.4

3.4-4.4

rms
% v,/
rms

rms
%yv

rms
%V,j
rms
%Vy
rms
%V,j

rms
%V,j

rms
%V,j

rms
%yu

rms
%vtj
rms
%y,j
rms
%vu

mixing time
25 50 100

Cutoff = 0.2%, S/N = 500
0.00 0.00

100 100
0.02 0.01

100 100
0.07 0.13

58 91

0.00
100

0.00
100

0.20
99

Cutoff = 0.5%, S/N = 200
0.00 0.00

100 100
0.03 0.07

86 100
0.09 0.21
6 44

0.01
100

0.08
100

0.37
80

Cutoff • 1.0%, S/N = 100
0.01 0.01

100 100
0.03 0.09

50 81
0.26

0 9

0.02
100

0.19
95
0.48

41

Cutoff = 2.0%, S/N = 50
0.01 0.04

100 100
0.03 0.09

20 46

0 0

0.09
100

0.27
76
0.65

12

150

0.00
100

0.01
100

0.22
94

0.01
100

0.09
98
0.62

86

0.03
100

0.23
94
0.63

51

0.30*
94
0.33*

73
0.99*

16

200

0.01
100

0.06
98

0.44
93

0.02
100

0.14
98
0.51

85

0.03
100

0.22
98

0.73
63

0.48'
90
0.36c

74
1.08*

20
* V was simulated with TC = 4.5 ns from lysozyme proton coordi-

nates. Volume elements smaller than the cutoff value, expressed as a
percentage of v0, were replaced with vr (see text). When all volume
elements are included the rms error is 0.0 for all groups for tm < 250
ms. * Percentage of distances with v,y intensity greater than the cutoff
volume. Total number of interproton distances for dtj < 2.4 A is 91,
for 2.4 < d,j < 3.4 A is 253 and for 3.4 < du < 4.4 A is 349. 'Matrix
diagonalization resulted in negative eigenvalues.
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Figure 12: Iterative refinement process involving
the the replacement of experimentally determined
NOE volumes in the simulated NOESY intensity
map. The hybrid NOE matrix is used to calculate
interproton distances that are used in a restrained
molecular dynamics on the model geometry.

spin rms values for this group vary from 0.07 A to
0.4 A. Even when only 50% of the intensities for
distances between 2.4 and 3.4 A are included, as
for short tm with cutoff volumes of 1.0 and 2.0%
vo (signal to noise of VQ equal to 100 and 50), see
Table 4) the eigenvalue solution has a small rms er-
ror, substantially less than that from the two-spin
ratio method. In the distribution of d%j against d°j
(Figure 11D) there is a high density of points along
the line of unity slope with the eigenvalue solution
although a small number of points lie far from the
line in the case of the longer tm (Figure 11D). With
regard to a structure determination, such large de-
viations could have an adverse effect. Large errors
of this nature should become evident however from
a comparison of <Tij and d,j values evaluated at dis-
tinctly different tm.

V. Simulation Study on the
Ability of a Hybrid Relax-
ation Matrix Method to Ac-
curately Determine Oligonu-
cleotide Structure

A. Introduction
As illustrated in the previous section, the ma-

trix method is sensitive to experimental limitations,
particularly overlap and small signals which result
in missing elements in the intensity matrix. The di-
agonalization of such a matrix, as shown in Table
4, produces relaxation rates and distances that are
very unsatisfying. There have been several meth-
ods whereby the errors from diagonalization of an
incomplete experimental matrix are reduced. One
solution to this problem is provided by a "hybrid
matrix approach" [(10-12, 31, 32, 37, 38); see (25,
39-41) for alternative solutions to this problem].

The hybrid matrix approach involves the sub-
stitution of NOE volumes calculated from a model
structure for overlapped or weak experimental vol-
umes. The sparse experimental matrix is thus
filled by addition of model derived NOE intensi-
ties. Diagonalization of this hybrid volume ma-
trix produces the relaxation rates in the usual man-
ner; spin diffusion is explicitly treated. The result-
ing cross-relaxation rates determined the interpro-
ton distances which are applied as constraints on
the interproton separations in a restrained molecu-
lar dynamics (MD) search of cartesian space. Coor-
dinates obtained from the molecular dynamics, are
energy minimized and serve as the model geome-
try during the next hybrid matrix/MD cycle. The
merging/refinement process is continued until the
difference between the experimental NOESY spec-
tra and the spectrum calculated from the refined
structure does not change between cycles. As shown
by several research groups (10-12, 31, 32, 37, 38), a
moderate number of iterations appear to be ade-
quate to achieve convergence to a refined structure.
See Figure 12 for a flow chart of the iterative hybrid
relaxation matrix refinement methodology.

As mentioned in the preceding section, the lack
of accurate NOE derived constraints has lead to
considerable debate over the validity of NMR de-
rived solution structures. Using simulated distance
data, several papers have addressed the question
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of the accuracy and precision of distance geometry
and NOESY-distance restrained molecular dynam-
ics (MD) to define duplex oligonucleotide structures
in solution (21, 22, 42-44) in the case of distances es-
timated from ratios of NOESY intensities. In addi-
tion the accuracy and precision of the hybrid matrix
methodology (22) has been examined by simulation
studies.

B. Molecular Dynamics and MORASS
Calculations

Three main approaches are being used to ini-
tially search for realistic models for biomolecular
structures that are generally consistent with the
NOESY-derived distances: 1) molecular modeling,
2) distance-geometry (6, 45, 46) and 3) simulated
annealing (47). The latter refers to a restrained
molecular dynamics calculation with most of the po-
tential energy force field turned off except for the
NOESY-distance restraing potential. It is impor-
tant to test whether refinement is independent of
the initial model structure. Refinement of several
different initial structures then generally utilizes re-
strained molecular dynamics calculations (48). It
should be emphasized that refinement by restrained
molecular dynamics is driven by both the NOESY-
distance penalty functions as well as the molecular
force fields (see below). In order to minimize the cpu
time required for these computationally demanding
calculations, the structures are calculated in the gas
phase, without solvent or even counter-ions.

Molecular modeling followed by NOESY-
distance restrained molecular dynamics is quite ef-
fective in deriving refined structures for oligonu-
cleotides (cf. 32, 37, 49-51). Constrained dynam-
ics employes a flatwell modification of the AM-
BER potential (12). The flatwell harmonic potential
ENOESY has the following form:

ENOESY =

- r0)2 r < (r0 - Lerr)
0
ku(r-rQ)2

(10)

The lower-bound and upper-bound force constants
are % and ky, respectively, and the permitted er-
rors in the lower-bound and upper-bound NOESY-

determined distances (ro) are Lerr and Uerr, respec-
tively.

NOESY-distance restrained energy minimiza-
tion alone generally fails to locate the global en-
ergy minimum. This is a common problem with en-
ergy minimization schemes and is attributable to the
structure being trapped in a local energy minimum
(52). However, we can "jump" out of these local en-
ergy traps by heating the molecule (adding random
velocities to the atoms) and using molecular dynam-
ics refinement. This involves solving Newton's clas-
sical equations of motion. Molecular dynamics' cal-
culations are able to overcome small energy barriers
(on the order of several kT) that otherwise limit the
ability of an energy minimization scheme to locate
a global energy minimum. By using "high" simu-
lation temperatures (300-800 K) and large "force
constants" *£, and kv (10-50 kcal/mol/A2) for the
NOESY-distance restraints, we are able to search for
structures that better represent the "correct" solu-
tion conformation.

The MORASS program was used to calculate
volume and rate matrices using the complete relax-
ation matrix approach (13) as well as implement the
hybrid matrix methodology (10, 32, 37). A step-
wise or perturbational merging of the experimental
and theoretical NOESY volumes was implemented
to improve the diagonalization behavior of the hy-
brid volume matrix. As described in ref. 12, a 'gen-
tle nudging' of the intermediate structures avoids
dramatic changes in one iteration which can produce
an ill-conditioned mathematical problem during the
transformation of the incorrect initial structure to
the final structure.

C. Simulations of NOESY-Volume and
Distance Restraint Data Sets

In order to analyze the accuracy and precision of
the two-spin and matrix methodologies, NOEs were
simulated using the crystallographic coordinates of a
DNA dodecamer d(CGCGAATTCGCG)2 (MPD7;
53). IVom these data, several sets of distance con-
straints were applied in molecular dynamics refine-
ments with two disparate initial geometries, model
built A and B-form DNA (although the B-form was
also subjected to 12 ps of unconstrained molecular
dynamics at 298 K). The cartesian coordinate rms
deviations between the three initial geometries was
2.4-5.7 A.
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The target "experimental" NOESY spectra were
simulated using the SIMUL module of MORASS
from the minimized, crystallographic coordinates of
the dodecamer with an isotropic correlation time of
3.0 ns (additional motion due to fast internal methyl
rotation was included), at NOESY mixing times of

j I 50 and 200 ms. For the experimental data simula-
tions, a Gaussian distribution of errors with a a of
~ 20% was added proportionally to the intensity of
all NOESY volumes to approximate inaccurate ex-
perimental crosspeak integration. For the 200 ms
simulation thermal noise of ~Q.1% was added addi-
tionally to all peaks regardless of intensity to ap-
proximate the effects of thermal noise. Thermal
noise of 0.2% was added at 50 ms along with the
20% integration error. The increased noise level for
the 50 ms data set reflects the smaller.S/N ratio ob-
served for shorter mixing time NOESY spectra. At
this noise and integration error level, we calculated
that the actual minimum volume error is ~26%.

Five different sets of constraints were considered.
Set 1 consisted of interprotori NOE volumes typical
of what may be observed at a 200 ms mixing time
for a 12 base-pair oligonucleotide, giving a total of
134/strand or ~ll/nucleotide. In constraint set 2,
a total of 239 NOEs/strand were included. While
set 2 is unrealistic in number if one considers only
non-overlapped crosspeaks, it may represent the re-
sults obtainable from volume integration of crowded
regions using spectral deconvolution methods (54).
Importantly, both sets 1 and 2 are NOE volumes. It
is these volumes that were used in the hybrid matrix
analysis to derive the corresponding interproton dis-
tance constraints. It should also be noted that after
the last matrix/MD iterative cycle the interproton
distances were obtained from relaxation rates and
applied back onto the initial model geometries in a
single 40 ps dynamics run to give the final struc-
tures.

The third set of constraints, set 3, was obtained
for the same spin pairs as in set 1. However, these
constraints were derived from an analysis of the
NOESY volumes via the ISPA, or two-spin approxi-
mation at 200 ms, and thus resulted in distance con-
straints which were applied to the model geometries
directly in a single restrained MD calculation. As
stated in the previous section, the two-spin approx-
imation assumes that the NOESY crosspeak inten-
sity, Vij, is proportional to the inverse sixth power

of the distance between the protons rjj as given in
equation 2. An internal ruler is used as a refer-
ence NOE {v^) which provides a reference distance
(rjfc/) between protons k and 1 (Glore & Gronenborn,
1989). C3 H5-H6 (2.45 A) was used as the inter-
nal ruler reference distance. The MORASS program
was used to calculate the appropriate NOESY vol-
umes.

As shown previously, significant errors can arise
from ISPA data acquired at 200 ms and thus an
additional data set (set 4) was created assuming a
more realistic NOESY mixing time of 50 ms. This
data set was also analyzed via the two-spin approxi-
mation (C3 H5-H6 as the reference distance) and re-
sulted in 87 interproton distances/strand, the small
number of constraints necessitated by low intensi-
ties.

Finally, set 5 consisted of the same spin pairs as
in set 1 but the distance constraints in set 5 were
derived directly from the target structure. No er-
rors were introduced in these distances, henceforth
referred to as error-free constraints.

D. Structure analysis
Several criteria may be used to determine the ac-

curacy and precision of the different methodologies
used for refinement. First, the distances of the con-
strained protons pairs when compared to the same
distances in the target geometry give the RMSdij.
Secondly, for the simulations involving the hybrid
relaxation rate matrix methodology, the deviation
between the simulated "experimental" NOESY vol-
umes and the calculated spectrum from the dynam-
ics simulation are compared via equations 11 and
12.

\

R factor =
y Lfip-t;?|iiel

expV

100 (11)

(12)

where v\^e is the NOE intensity calculated from
the current model geometry, v^ is the experimen-
tal NOE intensity, RMS* f̂ is the error between
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calculated and experimental volumes determined
with the experimental volume in the denominator
of equation 11, and RMS*,** contains the calculated
volume in the denominator (32). The R factor is
analogous to the X-ray crystallographic R factor.
However, as discussed previously (12, 32), we believe
our %RMSVO/ factor better represents the quality of
the NMR refinement than the R factor because it
equally weighs the constraint violations regardless
of intensity.

Typically as shown in Table 5 the RMS™/ (both
RMS*** and RMS^f) deviations start off rather
high, especially for the A-model (200 - 330%; see
ref. 22), and decline uniformly to values from 25 to
30%- Importantly both constraint sets 1 and 2 pro-
duce structures which meet or surpass the minimum
expected rms errors of 26%. The NOESY spectra
for the final structures derived from constraint set
3 (Tables 6 and 7) show large RMS™/ errors (44
- 67%; R factor 0.23 - 0.24) regardless of the ini-
tial geometry. The spectra calculated from set 4,
the 50 ms IS PA data, while having smaller errors
than the set 3 derived structures, also exhibit some
deviation from the target NOESY spectra (Tables
6 and 7; RMS™/ ~ 25 - 42%). The error-free
data (set 5) produced structures that show excel-
lent results, starting from both A or B-form models
(RMSw ~ 16 - 19%; R factor 0.12 - 0.14). Impor-
tantly, set 2, with 239 constraints/strand obtained
via the MORASS matrix refinement was able to re-
produce the target NOEs with the highest degree
of accuracy of any of the "experimental" data sets
(Tables 6 and 7; RMS™/ ~ 17 - 23%; R factor 0.14
-0.15).

Thus, the final RMSU0/ errors for the MORASS
cycles show clearly that in a simulation study, the
combined hybrid matrix and molecular dynamics
methodology is able to obtain interproton distances
that are effectively limited by the amount of ex-
perimental error introduced into the experimental
NOESY volumes, not by an inability to account
for spin-diffusion. Any further improvement in the
RMSV0/ o r distance rms errors will require more ac-
curately integrated volumes. An even greater im-
provement in the structures may be derived by in-
cluding additional crosspeaks (i.e., compare set 1 vs
set 2).

Because the coordinates from which the exper-
imental NOEs were derived are known, one mea-

sure of the reliability of the molecular dynam-
ics/MORASS methodology is observed in the rms of
cartesian coordinates (RMSIJ,*) between each struc-
ture and the target geometry. For these cases, the
rms deviations between the target and the relax-
ation rate matrix calculated structures are lower
than for structures derived from either of the ISPA
data sets (Tables 6 and 7). The greatest differences
between the target and final coordinates occurs for
the two-spin treatment of data set 3 (RMSzy* ~3.6 -
4.1 A). The results starting from the B-DNA model
geometry using set 4 (50 ms ISPA; RMS^* ~3.2
A) and set 1 (MORASS, RMS*,* ~1.6 A) show
that the matrix analysis produced a better fit to the
experimental data. If one increases the number of
constraints, while still maintaining the same level of
noise and error within the NOE volumes (set 2), the
accuracy of the matrix method increases as shown in
Tables 6 and 7. Indeed, set 2 produced structures
whose overall fit to the target molecule as measured
by RMSiyz (1.1 - 1.3 A) was better than even the
error-free constraints (remembering, of course that
set 2 has 239/strand while the error-free data con-
tained 134/strand).

Although the A-DNA model did not converge
quite as well as the B-DNA starting model, other
criteria support the conversion of the A-DNA model
into the dodecamer target structure. As shown by
stereoview overlays of the various final structures,
all of the refined duplexes are in the B-DNA family
(cf. Figure 13). While local differences in the ge-
ometries are often relatively small, their cumulative
effect over the length of the helix can be quite large.
While NMR can be used to define short distances
rather accurately (< 5 A), long range distances such
as that between opposite ends of the helix cannot be
directly determined.

In addition, as shown in Figures 16-18, the he-
lical parameters such as twist, the major and mi-
nor groove widths and the backbone tarsional an:
gles (Figures 14 and 15) are all generally- consistent
with a B-DNA geometry for all of the final refined
structures (see ref. 22).

Analyzing a large number of constraints ob-
tained at long mixing times by the ISPA method
yields final structures that are far removed from the
experimental geometry. As stated earlier, this two-
spin approximation underestimates the distances for
longer range NOEs, and overestimates the shorter
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Table 5: Analysis of intermediate structures derived from constraint set 1 starting from the B-model.

Structure
Iteration # h

1
2
3
4
5
6
7

40 ps, MD<

%RMs::r

69.0
44.6
29.4
27.7
25.7
27.7
26.6
24.63

%RMS^'°

51.2
44.5
28.0
26.7
283
29.8
27.2
30.01

R factor*

025
0.21
0.18
0.20
0.19
0.18
0.16
0.17

RMS^,

2.41
2.29
2.27
2.66
2.49
1.98
2.77
1.55

RMS£-,-

0.42
0.34
0-26
0.26
0.24
0.25
0.26
0.26

Energy e

-963
-937
-934
-944
-933
-944
-941
-961

Energy *

. ' • —

-926
-891
-885
-853
-893
-801
-860

Cons. 9

. — .
8.6
29:4
33.5
55.3
28.4
88.5
49.1

a%RMS from eqn. 11.
6R factor from eqn. 12.
CRMS (A) in cartesian coordinates between structure and the target dodecamer.
dRMS (A) of distance constraints between structure and target dodecamer.
eTotal energy of structure minimized with no NOE constraints.
•^Total energy of structure minimized with NOE constraints.
^Constraint energy contribution (eqn. 10) of structure minimized with NOE constraints.
fcEach iteration represents a MORASS hybrid matrix calculation of a new set of distances from the rate
matrix, followed by a 7 ps cycle of molecular dynamics (MD). The temperature during each dynamics
simulation was decreased from 800 to 298 K (see Methods). Cartesian coordinates for the last two ps of each
dynamics run were averaged and energy minimized with and without the NOE constraints.
'After the final, 7th iterative cycle the set of interproton distances were obtained from the final relaxation
rate matrix and were applied back onto the initial model geometries in a single 40 ps dynamics run to give
the final structures. The temperature during the 40 ps dynamics simulation decreased from 800 to 298 K.
Cartesian coordinates from the last 10 ps (at 298 K) of the single-run 40 ps simulation were averaged and
energy minimized to give the final structure.

Table 6: Summary of final structures derived from the A-DNA model using constraint sets 1-5

Set#
1
2
3
4

• 5 1 - -

%RMS^f'a
23.6
22.2
47.7
30.6
17.5

24.6
17.2
66.5
41.9
16.4

R factor6

015
0.14
0.24
0.15
0.12

R M S ^
3.04
105
4.13
3.00
1.36

R M $Kj
0.23
0.21
0.27
0.27
0.17

Energy6

-951
-947
-959
-947
-953

Energy 7
-766
-878
-899
-899
-936

Cons.»;.
107,4
43.4
23.2
23.2
16.3

"sSee Table 5 for footnotes.

J!
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B

Figure 13: Stereo overlays of the target and final structures derived from A-form and B-form initial structures
for refinement constraint sets 1 (A), constraint set 3 (B) and constraint set 5 (C).
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Table 7: Summary of final structures derived from the B-DNA model using constraint sets 1-5

Se t# R factor b Energy e Energy ? Cons. 9

1
2
3
4
5

24.6
22.8
44.3
29.7
18.9

30.0
17.7
64.0
25.5
16.2

0.17
0.15
023
0.16
014

1.55
1.25
358
3.20
2.58

0.26
0.20
0.24
0.25
0.17

-961
-950
-960
-958
-957

-860
-900
-930
-933
-935

49.1
31.6
13.9
16.0
15.8

-flSee Table 5 for footnotes.

ft

ones. The systematic bias produces structures that
do not satisfactorily reflect the target geometry in
the observed parameters. That is to say, the dis-
tance constraints derived from the two-spin data
sets are simply wrong and using more of them may
improve the precision of the structures derived but
does not increase their accuracy. Using shorter mix-
ing times and the IS PA method does provide some
improvement. However the smaller number of only
short and medium range distance constraints that
can be derived from the poorer quality spectra are
insufficient to minimize the cumulative errors that
get magnified over the length of the structure.

As described in the previous section, the ISPA
method is quite insensitive to the integration er-
rors in the NOESY volumes (the major source of
error is the systematic bias in the lack of consid-
eration of spin diffusion). Thus using more accu-
rately integrated ISPA analyzed data will not pro-
duce more accurate structures. In contrast, the
MORASS hybrid relaxation matrix method is very
sensitive to the accuracy of the measured NOESY
volumes (13). The improvement in the precision and
accuracy of the structures derived by the MORASS
method would thus be even more distinctive if er-
rors of less than 20% were achieved in analyzing the
NOESY spectra. /

Progress in the MORASS/restrained MD refine-
ment can also be monitored by the change in the
overall potential energy and the contribution to the
overall energy from the constraining potential (Ta-
bles 5 - 7). The energies of the intermediate struc-
tures minimized without NOE constraints show lit-
tle trend during the refinement (Table 5). The en-

' ergies of the final structures show only small dif-
ferences, regardless of the initial structural model

Figure 14: Atoms involved in the DNA phosphate
backbone. Central atom pair and concomitant di-
hedral angle nomenclature are shown.

L.
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Coordinote frame Propeller twist (w)

Twist (Q) Roll(p) Tilt(r)

Figure 15: Description of some of the various helical parameters observed in DNA.

or constraint set (Tables 6 and 7). Unfortunately,
it is not possible to compare the total constrained,
minimized energies at each cycle because the con-
straint force constants are increased and the error
limits are narrower at each iteration cycle. (Ini-
tially, during the MORASS cycles on sets 1 and 2,
the constraining potentials were chosen to be rela-
tively modest because during the early refinement
cycles the distances are still quite inaccurate. As
the refinement progresses, the constraining poten-
tial error limits are reduced to reflect the increasing
accuracy of the distances). The constraint energy
for the MORASS derived structures was in all cases
slightly higher than for the ISPA or error-free data
sets.

E. Sequence-specific structural varia-
tions
Analysis of the local helical parameters de-

rived from the hybrid matrix/restrained MD refined
structures for the dodecamer provides support for
the ability of NMR to refine these subtle structural
variations. As shown by Pardi et al. (21) distance
geometry refinement of a set of simulated NMR-type
distances can reproduce many of the local helical pa-
rameters with good accuracy and precision. Pardi
et al. (21) and our own hybrid matrix/restrained
MD study (22) have shown that NMR type struc-

tural refinements can define the various local heli-
cal parameters in the following order: pseudorota-
tion angle > tilt ~ helical twist ~ 6 torsion angle
> roll > glycosidic angle ~ helical rise > propeller
twist. As demonstrated by the data in Figures 16-
19, direct distance refinement by restrained molec-
ular dynamics (set 5) as well as the MORASS/MD
refinement using relaxation rate matrix derived in-
terproton distances (set 1 and 2) produce structures
whose geometries and backbone dihedral angles are
reproduced with good accuracy for many of the pa-
rameters and torsional angles.

Sequence-specific local helical variations appear
to be an important component of biological recog-
nition of DNA structure (55). If NMR is to be
used to understand these variations, it is impor-
tant to use a method such as the relaxation ma-
trix/molecular dynamics methodology by which one
is able to accurately reproduce the experimental
geometry. Note, however, that even the two-spin
approximation treatment of data (Figure 17) can
still do a reasonable job of reproducing some of the
sequence-specific local helical structural variations.

Unfortunately, lB./xB. 2D NOESY data give no
direct information on the sugar phosphate back-
bone conformation and NOESY-distance restrained
structures have been suggested to be effectively
disordered in this part of the structure (5, 21).



44 Bulletin of Magnetic Resonance

I

2 4 6 6 10 2 4 6 8 10

- -5 . -

Figure 16: Helical parameter variations for structures derived from refinement constraint set 2. Shown for
the target geometry as (•) and structures derived from the A-model (Q) and B-model (A).
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Figure 17: Helical parameter variations for structures derived from refinement constraint set 3. Shown for
the target geometry as (•) and structures derived from the A-model (O) and B-model (A).
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However, measured 31P chemical shifts and JH3'-P
coupling constants have demonstrated clearly that
the backbone is not disordered but shows similar
sequence-specificity as the base-step geometry (12,
56).

Analysis of the X-ray crystal structures (55,
57) of B-form oligodeoxyribonucleotide duplexes has
shown that torsional angles a,/? and 7 on the 5'-side
of the sugar are largely constrained to values g~ (-
60°), t (180°), g (+60°), whereas significant vari-
ations are observed on the 3'-side of the deoxyri-
bose phosphate backbone. The greatest variation
in backbone torsional angles is observed for £ (P-
03') followed by e (C3'-O3') and then 6 (C4'-C3')-
When the P-O3' conformation is g~, invariably the
C-O3' conformation (e) is found to be t. This e
(<), Q (g~) conformation, denoted Bj, is the most
common backbone conformation. The other most
common conformation for the (e, C) pair is the {g~,
t) or Bn state. Rotation about the e/£ torsional
angles interconverts J3/ and BJI conformations with
remarkably little overall movement of the C3'-O3'-P
phosphate "elbow." It is largely this variation in S,
e, and £ that allows the sugar phosphate backbone
to "stretch" or "contract" to allow for variations in
the local helical twist and base-pair displacements
of B-DNA(12).

As shown in Figure 18 the MORASS restrained
molecular dynamics calculations are able to gener-
ally reproduce the variation in the backbone tor-
sional angles for the target dodecamer. The fit to
the target value for the 6, e and £ torsional angles is
rather accurately reproduced by the MORASS/MD
refined data sets 1 (not shown; see 22) and 2. The
phosphates of residues 10, 13 and 22 are in the By/
conformation while all of the others are B/. None
of the data set refinements reproduce the B/j con-
formation for phosphate 13, which might be ex-
pected since this is a terminal residue and similar
lack of consistency in terminal phosphate geome-
try has been observed in the various crystal struc-
tures of the dodecamer. The other two phosphates
are calculated to be in the B// conformation with
the MORASS refinement, while the ISPA refinement
(Figure 19) does a much poorer job. Note also the
reproduction of the coupling between the 0 torsional
angle and the £/e angles. There is poorer agreement
between the target a and 7 torsional angles and the
torsional angles derived from the refinement sets.
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Figure 18: Backbone dihedral variations for struc-
tures derived from refinement constraint set 2.
Shown are the dihedral angles A (a), B (ft), C (7),
D (8), E (e), and F (C) for the target geometry (•)
and structures derived from the A-model (O) and
B-model (A).

It is important to point out that comparisons of
the backbone torsional angles at a single "snapshot"
during the MD run or after averaging and minimiza-
tion, fail to reproduce these sequence-specific vari-
ations. Presumably the origin of the rather good
reproduction of the sequence-specific variation in
the torsional angles derives from the ability of these
distance constrained MD runs to correctly reflect
the time averaged (and ensemble averaged) popu-
lation of different conformational states. A single
minimized structure will reflect only one of many of
these conformations with each of the torsional an-
gles falling into one of the local energy minima.

F. Comparison of Structures

The relative success of the MORASS vs ISPA
methods in reproducing the overall geometry of the
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duplex target structure is best conveyed by the
stereo overlays of the target structure with the fi-
nal refined structures starting from either the A or
B-DNA model (Figure 13).

The degree of overlap gives a visual confirmation
of the quantitative differences in RMSsj/z found in
Tables 6 and 7 as well as a qualitative measure of
the accuracy of the methodologies. In addition the
difference between the A-DNA and B-DNA model
refinements afford a measure of the precision of the
methods. Thus the best fit of the final structure to
the target dodecamer is shown by the MORASS set
2 (RMS*j,* ~ 11 - 13 A). The poorest fit is found
for the ISPA set 3 (RMSxy* ~ 3.6 - 4.1 A). Even
though there are no long-range distance constraints,
in all of the refined structures the duplex is found
to be quite linear (as is the target). Note that the
structures that show the greatest deviations from
the target molecule (ISPA sets 3 and 4) still show
relatively good RMS deviations for the distance con-
straints (RMS d,j ~ 0.24 - 0.27; Tables 6 and 7).
Importantly, the rms deviation between final struc-
tures (the final geometries derived from the A and
B-form models), typically used as the primary tool
for validation of refined structures, implies that the
ISPA derived structures are accurate, indeed they
are not, as seen in the overlain structures. Thus, the
constraints have produced precise geometries with
poor accuracy.

VI. Two-spin or Not Two-spin;
Conclusions

As interproton distances are the fundamental
basis of three-dimensional structure determination
by NMR, it is important to consider methods which
improve the accuracy of their evaluation. Clearly
there are significant errors (8, 13, 15, 17, 25) in
the two-spin approximation procedure for evaluat-
ing interproton distances from NOESY intensities.
Simulation studies (13) show that the matrix solu-
tion is accurate when the input spectral intensities
are Well determined. Thus, with good quantifica-
tion of NOESY volumes, and complete data sets,
the distances calculated with the matrix solution are
much more accurate than those obtained assuming
the two-spin model. A relatively larger error in the
quantification of a fraction of the peaks, as in over-
lapping resonances, can he tolerated. The need for
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Figure 19: Backbone dihedral variations for struc-
tures derived from refinement constraint set 4.
Shown are the dihedral angles A (a), B (/?), C (7),
D (6), E (e), and F ( 0 for the target geometry (•)
and structures derived from the A-model (P) and
B-model(A).

a complete data set in the matrix analysis means
that all possible peak volumes should be measured.
Complete resonance assignments are not required.
(Of course, the assignments, as well as a dynamic
model for rc, are needed to relate the calculated <ry
values to the restraints required in the structure de-
termination.)

The matrix method will benefit from increased
sensitivity and signal to noise of high field spectrom-
eters and from improvements in software for volume
integration of NOESY peaks (58, 59). With noise-
free data, essentially exact solutions are obtained
when rctm < 1.5 x 10~9 s2. In contrast, the accuracy
of dij values obtained using a two-spin approxima-
tion is not increased by improvements in the data
because of the inherent error in neglecting multispin
relaxation effects.
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Although the requirement for nearly complete
data with well-determined intensities may prohibit
a multispin analysis of inter proton distances in the
first steps of structure determination by NMR, such
an analysis is beneficial in refinement of the struc-
tural solution. As described in this review, the
need for nearly complete NOESY data sets can
be circumvented by combining experimental data
with cross-peak intensities calculated from an ini-
tial model in the hybrid matrix methodology (10,
31,32,37).

Accurate and precise distances are obtainable
from the hybrid relaxation matrix methodology.
While there is still some disagreement over the
ability of even relaxation matrix refinement pro-
cedures to reliably demonstrate sequence-specific
structural variations in DNA duplexes there is little
doubt that it is possible to reproduce some of the
sequence-specific variations both in the local helical
parameters as well as the sugar phosphate backbone.
Because more accurate distances (< 0.2 A) can
be shown to accurately reproduce such sequence-
specific structural variations, it will be important to
use the NMR determined solution conformation to
better understand the sequence-specific structural
variations in nucleic acids.

The use of the hybrid relaxation method has pro-
vided the framework for investigations of oligonu-
cleotide structure. Several such refinements have
been conducted in our laboratory (32, 37, 38). Thus
the hybrid relaxation matrix methodology in com-
bination with restrained molecular dynamics has
been used to derive solution structures for the tan-
dem G'A decamer d(CCAAGUTTGG)2 and a bulge
adenosine tridecamer, d(CGCAGAATTCGCG)2.
The hybrid matrix/restrained molecular dynam-
ics refinement procedure allowed the accurate ex-
traction of interproton distance information which
would have been unobtainable using the two-spin
approximation. The methodology is thus in hand
to refine biomolecular structures to a high degree of
precision and accuracy.
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