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Abstract

Biomolecular structures provide the basis for many studies in several research areas such as homology modelling,
structure-based drug design and functional genomics. It is an important prerequisite that the structure is reliable in
terms of accurate description of the experimental data, and in terms of good quality of local- and overall geometry.
Recent surveys indicate that structures solved by NMR-spectroscopy normally are of lower precision than high-
resolution X-ray structures. Here, we present a refinement protocol that improves the quality of protein structures
determined by NMR-spectroscopy to the level of those determined by high resolution X-ray crystallography in
terms of local geometry. The protocol was tested on experimental data of the proteins IL4 and Ubiquitin and on
simulated data of the protein Crambin. In almost all aspects, the protocol yielded better results in terms of accuracy
and precision. Independent validation of the results for Ubiquitin, using residual dipolar couplings, indicates that
the ensemble of NMR structure is substantially improved by the protocol.

Introduction

High-resolution NMR spectroscopy was first used as
a tool for structure determination of proteins and
nucleic acids at atomic resolution some 15 years
ago. Since then, approximately 2500 NMR-derived
structures have been deposited at the Brookhaven
Protein Data Bank (PDB). On a total of ∼15000
bio-macromolecular structures, determined by sev-
eral experimental- and theoretical techniques, NMR-
derived structures thus represent a significant fraction.
Apart from structural information, NMR also provides
information about the dynamics of proteins and nu-
cleic acids. This unique combination of structure and
dynamics makes NMR a powerful tool for the analy-
sis of dynamic events, such as folding transitions in
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proteins, which are of major importance for biological
function.

A major problem with NMR-derived structures
of bio-macromolecules is, however, the lower qual-
ity of the structures as compared to high-resolution
X-ray structures. This problem, which becomes man-
ifest in the non-optimal local geometry, electrosta-
tics and packing quality (Doreleijers et al., 1998,
1999a), arises mainly from the lower experimental
data-content (Doreleijers, 1999; Doreleijers et al.,
1999b) and from the type of structure refinement
protocol that is used. With respect to the experimen-
tal data-content it can be expected that a number of
recently developed methods, such as measurement
of hydrogen-bonding patterns (Dingley and Grzesiek,
1998), the use of residual dipolar couplings for bio-
molecules aligned in a magnetic field (Tjandra and
Bax, 1997) and novel techniques for automated NOE
assignment and structure calculation (Nilges et al.,
1997) will further increase the data-content and qual-
ity of NMR-derived structures. On the structure calcu-
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lation and refinement part recent work has shown that
the quality of NMR structures depends on the type of
non-bonded parameters used and can be significantly
improved by refinement in explicit solvent (Linge and
Nilges, 1999). Other important recent developments
in structure refinement techniques involve the appli-
cation of data base refinement techniques to remove
physically unlikely and energetically unfavorable tor-
sion angles in NMR structures of proteins and nucleic
acids (Kuszewski and Clore, 2000).

In order to have an up to date picture of the main
problems that occur in NMR-derived structures of pro-
teins we have performed a statistical survey of the
quality of protein NMR-structures deposited in the
year 2001 at the Brookhaven PDB. Next, we present a
simple method to improve the quality of NMR-derived
protein structures by removing the main problems in
local geometry, electrostatics and packing quality. The
method, which is based on the protocol previously
used to refine the structure of the lac-repressor head-
piece in complex with DNA (Spronk et al., 1999),
involves a short molecular dynamics simulation in wa-
ter using the CHARMM22 force field for proteins and
nucleic acids (MacKerell et al., 1992). We will refer
this protocol as the ‘CHARMM22 water refinement’
and have tested it on three different protein structures.
The first structure is that of interleukin 4 (IL4) of
intermediate quality (pdb-entry 1BBN, Powers et al.,
1992), which has been used in previous studies where
the effect of non-bonded parameters on the quality of
NMR-structures was investigated (Linge and Nilges,
1999). Second, in order to assess the accuracy of the
calculated structures obtained with different calcula-
tion protocols, we chose to calculate the structure of
the protein Crambin based on an artificial perfect set
of NOE distance restraints derived from the atomic
resolution (0.54 Å) X-ray structure (pdb-entry 1EJG,
Jelsch et al., 2000). Finally, we have used the high
quality NMR-data of the protein Ubiquitin (pdb-entry
1D3Z, Cornilescu et al., 1998) for independent valida-
tion of different calculation protocols against observed
dipolar couplings.

Materials and methods

Analysis of PDB entries

For our survey of the quality of NMR-derived struc-
tures we analyzed 37 NMR-ensembles of protein
structures deposited at the PDB in 2001 and used 13

X-ray structures with resolutions better then 1Å as a
comparison set (Figure 1). For the analysis we made
use of the PROCHECK (Laskowski et al., 1993) and
WHAT IF (Vriend, 1990) programs, two widely used
packages for protein-structure analysis. Here, we have
focused our attention on the following quality crite-
ria: (1) Analysis of unrealistically short inter-atomic
distances. PROCHECK and WHAT IF report these as
being ‘bad contacts’. (2) Analysis of local geometry
quality indicators as provided by the checking rou-
tines of the program WHAT IF. WHAT IF compares
a number of parameters from the analyzed structure
with those present in a database build on information
from high-resolution X-ray structures. The program
provides a Z-score or RMS Z-score as a quality indi-
cator for each parameter. It suffices here to say that
a Z-score should be close to 0, where negative and
positive deviations generally indicate that the distribu-
tion of values of the particular parameter are worse or
better than average, respectively. RMS Z-scores on the
other hand should be close to 1.

Structure calculations of IL4, Crambin and Ubiquitin

Interleukin 4 structures were calculated in X-PLOR
(Brünger, 1992) as described in Linge and Nilges
(1999) (calculation schemes 5 and 8, Table 2 of Linge
and Nilges, 1999). The resulting structures served
as input structures for both the water refinement as
described in Linge and Nilges (1999) (calculation
schemes 9 and 12, Table 2 of Linge and Nilges, 1999),
and the CHARMM22 water refinement (see below).

Crambin and Ubiquitin structures were calcu-
lated using standard structure calculation protocols
in ARIA 1.0, with PROLSQ force field parameters
and including dihedral angle energy terms. Input dis-
tance restraints for Crambin were calculated from
the X-ray structure (pdb-entry 1EJG) and contained
all proton-proton distances smaller than 5 Å, upon
which we added 20% error bounds. For Ubiquitin
we used distance-, dihedral angle- and hydrogen-
bond restraints taken from pdb-entry 1D3Z. Water
refinements of Crambin and Ubiquitin were per-
formed using both the protocol in ARIA 1.0 and the
CHARMM22 water refinement.

CHARMM22 water refinement

The CHARMM22 water refinement is similar to the
protocol described in Spronk et al. (1999). The main
differences with the previously described protocol are
the length of the simulation, the weighting of the
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Figure 1a. RMS Z-scores for six parameters describing the local geometry of 37 NMR-ensembles of protein structures deposited at the
Brookhaven PDB in 2001 (deposition codes: 1h8c, 1ha9, 1haj, 1hbw, 1hi7, 1hvw, 1hvz, 1hx2, 1hyi, 1hyj, 1hyk, 1hyw, 1hz3, 1hzk, 1hzl,
1i02, 1i0w, 1i11, 1i17, 1i1s, 1i25, 1i5h, 1i5j, 1i87, 1ib7, 1ic9, 1icl, 1ico, 1idh, 1idl, 1ig6, 1ija, 1ikc, 1imw, 1in2, 1in3 and 1j7q) and 13 high
resolution (<1 Å) X-ray structures (deposition codes: 1aho, 1bxo, 1byi, 1c75, 1et1, 1f94, 1gci, 1nls, 1rb9, 2fdn, 2pvb, 3pyp and 7a3h). On the
x-axis we have grouped the NMR structures according to the program used for the final refinement of the structures.

experimental restraints and the use of the original
weights of the force constants for dihedral angles
dealing with peptide planarity in the current protocol.
Summarized the protocol consisted of the following
steps: The protein structures were solvated in a rec-
tangular water box (TIP3P water model, Jorgenson
et al., 1983) with a minimum solute to wall distance
of 10 Å. The systems were then neutralized and en-
ergy minimized, followed by the actual refinement of
3 ps of restrained MD at constant volume under peri-
odic boundary conditions. All covalent bond lengths
were constrained with the procedure SHAKE (Ryck-
aert et al., 1977) using a SHAKE-tolerance of 10−5.
The initial temperature of the system was set to 300 K.
During the first 0.1 ps of the simulation the solute was
restrained using harmonic position restraints, followed
by 0.5 ps of simulation at 300 K without harmonic
position restraints. The system was then cooled in 4
steps of 50 K to a final temperature of 100 K. Force

constants of potentials for experimental restraints were
gradually lowered from 50 to 20 kcal mol−1 Å−2 and
200 to 80 kcal mol−1 Å−2 for NOE and torsion angle
restraints, respectively. The resulting structures were
finally energy minimized using 250 steps of energy
minimization.

Structure validation

For each molecule and structure calculation proto-
col 20 structures were used in the analysis. None of
these structures contained violations of input distance-
and dihedral angle restraints larger than 0.5 Å and
5◦, respectively. All analyses of structures were
done using PROCHECK (Laskowski et al., 1993),
PROCHECK_NMR (Laskowski et al., 1996) and
WHAT IF (Vriend, 1990). Averages and standard
deviations were calculated from the checks of the
individual structures of each ensemble. Unsatisfied
hydrogen bond donors, -acceptors and inter atomic
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Figure 1b. Average number of bad contacts per 100 residues of the structures in Figure 1a from PROCHECK analyses.

bumps were analyzed by averaging the number of
occurrences in the WHAT IF checking reports.

Validation against dipolar couplings

Dipolar couplings of Ubiquitin were previously mea-
sured in two different liquid crystalline phases for Cα-
Cβ, Cα-C′, N-C′, Hα-Cα, HN-C′, HN-N (Cornilescu
et al., 2000). Validation of Ubiquitin structures against
dipolar couplings was done using the program PALES
(Zweckstetter and Bax, 2000) using the mode for ob-
taining the best fit of measured dipolar couplings to
the 3D structures. All structures were individually
analyzed using 1 set of dipolar couplings at a time.
The final Cornilescu Q-factors are averages obtained
for each ensemble. The X-ray structure of Ubiquitin
(1UBQ) was protonated in X-PLOR prior to analysis.

Results and discussion

Quality of NMR-derived protein structures at the
Brookhaven PDB

In Figure 1a we have depicted the RMS. Z-scores for
six different parameters describing the local geometry
of the total of 50 different NMR and X-ray structures.
We have classified the NMR structures according to
the program used for the final refinement. It is im-
portant to note here that within a class of structures,
different versions of programs and force fields often
are used, which in some cases results in markedly
different qualities of structures. Figure 1b shows the
average number of bad contacts per 100 residues for
all the structures.

It is clear from the results of our query that most of
the recently deposited NMR structures have distribu-
tions of parameters describing the local geometry that
do not correspond with those found for high-resolution
X-ray structures. Further, there appears to be no con-
sensus between the different software packages for the
tightness of the different geometry restraints. The only
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Table 1. Structure quality scores for Interleukin 4

Calculation 5a Calculation 8b

Unrefined ARIAc CHARMM22d Unrefined ARIAc CHARMM22d

Structure Z-scores:

2nd generation packing quality −3.68 ± 0.25 −1.94 ± 0.30 −1.74 ± 0.41 −2.74 ± 0.33 −1.94 ± 0.44 −1.65 ± 0.41
Ramachandran plot appearance −4.65 ± 0.39 −2.95 ± 0.41 −2.36 ± 0.42 −3.07 ± 0.40 −3.07 ± 0.63 −2.46 ± 0.61
Chi-1/chi-2 rotamer normality −4.83 ± 0.21 −4.78 ± 0.28 −1.46 ± 0.39 −1.23 ± 0.51 −2.12 ± 0.33 −1.65 ± 0.46
Backbone conformation −4.16 ± 0.65 −3.02 ± 0.75 −3.29 ± 0.70 −3.72 ± 0.76 −2.50 ± 0.68 −2.81 ± 0.79

RMS Z-scores:

Bond lengths 0.24 ± 0.01 0.29 ± 0.01 1.03 ± 0.01 0.26 ± 0.01 0.31 ± 0.01 1.03 ± 0.01
Bond angles 0.39 ± 0.01 0.49 ± 0.01 1.21 ± 0.02 0.42 ± 0.01 0.54 ± 0.02 1.20 ± 0.02
Omega angle restraints 0.07 ± 0.01 0.19 ± 0.01 1.32 ± 0.11 0.14 ± 0.01 0.22 ± 0.02 1.28 ± 0.09
Side chain planarity 0.05 ± 0.01 0.24 ± 0.02 1.11 ± 0.14 0.13 ± 0.02 0.35 ± 0.03 1.09 ± 0.10
Improper dihedral distribution 0.16 ± 0.01 0.32 ± 0.01 0.96 ± 0.05 0.23 ± 0.01 0.37 ± 0.02 0.94 ± 0.03
Inside/outside distribution 0.96 ± 0.02 0.96 ± 0.02 0.97 ± 0.03 0.97 ± 0.03 0.97 ± 0.03 0.98 ± 0.03
Inter-atomic bumps: 19.10 ± 4.73 10.30 ± 2.64 1.75 ± 1.48 39.05 ± 6.72 14.05 ± 4.59 2.00 ± 1.41
Unsatisfied H-bond donors: 25.55 ± 3.14 16.50 ± 2.76 12.45 ± 3.02 18.70 ± 3.29 19.45 ± 3.30 13.65 ± 2.74
Unsatisfied H-bond acceptors: 9.85 ± 3.22 10.60 ± 2.85 3.75 ± 1.68 8.70 ± 2.76 11.10 ± 2.88 4.30 ± 1.66
Ramachandran plot

Most favoured 66.8 74.9 76.4 75.7 77.4 79.6
Allowed 26.8 21.2 17.3 16.7 19.2 16.0
Generously allowed 4.7 2.6 3.3 6.3 2.4 2.6

Disallowed 1.7 1.3 3.0 1.3 1.0 1.8

Equivalent resolution 3.0 2.6 2.5 2.6 2.5 2.3
Rmsd to 1RCB (backbone/ 2.00 ± 0.26 1.87 ± 0.18 1.99 ± 0.32 1.77 ± 0.17 1.76 ± 0.23 1.81 ± 0.20

all heavy atoms)e 2.95 ± 0.23 2.82 ± 0.14 2.92 ± 0.28 2.78 ± 0.20 2.76 ± 0.24 2.82 ± 0.19

Rmsd to 2INT (backbone/ 1.98 ± 0.26 1.84 ± 0.18 1.98 ± 0.32 1.75 ± 0.17 1.75 ± 0.23 1.80 ± 0.21

all heavy atoms)e 2.81 ± 0.24 2.67 ± 0.16 2.80 ± 0.28 2.69 ± 0.20 2.67 ± 0.24 2.73 ± 0.20

aInterleukin 4 structures calculated in X-PLOR using calculation scheme 5 as described in Linge and Nilges (1999).
bIdem using calculation scheme 8 as described in Linge and Nilges (1999).
cWater refinement as described in Linge and Nilges (1999).
dThis study CHARMM22 water refinement.
eAverage pairwise rmsd of the NMR structures to the X-ray structures for residues in α-helical regions (residues: 6–19, 41–59, 70–94,
109–128). The best values are shown in bold.

parameter that shows RMS-Z scores close to the ex-
pected value is the Inside/outside distribution, which
is largely determined by the fold of the protein and
not by the type of force field used. The other pa-
rameters, such as bond lengths, side chain planarity
and omega angles are often too tightly restrained in
NMR structures, with some exceptions, but not all,
of the structures refined in DISCOVER or AMBER.
Although for some parameters the effect of the tight
restraining on the quality of the structure may not be
severe, it is important that the geometry of the struc-
tures is properly restrained. For example, it has been
noted that for omega angles there is a correlation be-
tween increased numbers of residues in most favored
regions of the Ramachandran plot and increased stan-

dard deviations of the omega angle (Doreleijers et al.,
1998).

The quality indicators for the X-ray structures
show, apart from some exceptions, a clear consen-
sus for the degree of geometry restraining with most
of the RMS-Z scores being close to 1.0. In terms of
inter-atomic overlaps there appears to be no signifi-
cant difference in the quality of the NMR- and X-ray
structures analyzed here, although the only structures
free of such bumps have been determined by NMR.

Further, inspection of other important quality in-
dicators, such as Ramachandran plots, packing qual-
ity, side chain-rotamers and backbone conformation
indicates that in general NMR structures are signifi-
cantly worse than the best available X-ray structures
(Doreleijers et al., 1998, and data not shown). In addi-
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Table 2. Structure quality scores for Crambin

Unrefined ARIAa CHARMM22b 1EJG

Structure Z-scores:

2nd generation packing quality −0.77 ± 0.28 −0.26 ± 0.40 0.08 ± 0.46 0.75

Ramachandran plot appearance −1.59 ± 0.38 −3.02 ± 0.43 −0.86 ± 0.48 0.04

Chi-1/chi-2 rotamer normality 0.12 ± 0.26 −1.53 ± 0.38 −0.14 ± 0.48 0.44

Backbone conformation 0.23 ± 0.36 −0.73 ± 0.52 0.99 ± 0.39 1.02

RMS Z-scores:

Bond lengths 0.22 ± 0.01 0.28 ± 0.01 1.08 ± 0.01 0.76

Bond angles 0.28 ± 0.01 0.37 ± 0.01 1.22 ± 0.05 1.04

Omega angle restraints 0.09 ± 0.01 0.16 ± 0.01 1.16 ± 0.12 0.99

Side chain planarity 0.41 ± 0.04 0.58 ± 0.08 1.04 ± 0.26 1.07

Improper dihedral distribution 0.24 ± 0.01 0.33 ± 0.02 0.75 ± 0.03 1.02

Inside/outside distribution 1.02 ± 0.01 1.02 ± 0.01 1.02 ± 0.01 1.01

Inter-atomic bumps: 6.45 ± 2.09 28.95 ± 3.97 0.70 ± 0.92 3

Unsatisfied H-bond donors: 2.20 ± 0.95 1.70 ± 0.73 2.40 ± 0.68 1

Unsatisfied H-bond acceptors: 3.60 ± 0.82 3.40 ± 1.31 3.95 ± 1.15 4

Ramachandran plot

Most favoured 87.3 87.1 94.9 97.2

Allowed 10.1 12.6 5.1 2.1

Generously allowed 2.6 0.3 0.0 0.0

Disallowed 0.0 0.0 0.0 0.0

Equivalent resolution

Rmsd to 1EJG (backbone/ 0.50 ± 0.10 0.59 ± 0.10 0.44 ± 0.06 n.a.

all heavy atoms)c 0.74 ± 0.09 0.86 ± 0.12 0.70 ± 0.08

aWater refinement in ARIA 1.0.
bThis study CHARMM22 water refinement.
cAverage pairwise rmsd of the NMR structures to the X-ray structures (all residues). The analysis of
the reference X-ray structure entry (PDB code: 1ejg) is added for comparison. The best values are
shown in bold.

tion, it is not common practice to include electrostatic
potentials in NMR structure calculations, which typi-
cally results in unrealistic charge distributions and un-
satisfied internal hydrogen-bond donors and acceptors
(vide infra).

In order to alleviate these common problems in
NMR structures, we set out to explore how the cal-
culation protocol could be modified to yield improved
structures. We have found that this can be achieved
by applying the CHARMM22 water refinement as a
final refinement of structures calculated using standard
calculation protocols. This water refinement is similar
to that described by Linge and Nilges (1999), with the
main differences being the use of the CHARMM22
force field and that potentials for NOE- and dihedral
angle restraints are lowered in the course of the pro-
tocol. The CHARMM22 force field uses less tight
restraining of the local geometry. Therefore, lowering
the weights on the experimental terms is essential in
order to keep a proper balance with the theoretical

terms in the CHARMM22 force field. We have found
that using constant high potentials on the experimental
terms during the refinement does not have a signifi-
cant effect on the quality of structures calculated with
error free, i.e., simulated data, whereas in the case of
real data the quality of structures worsens when using
constant high potentials (data not shown).

Structure calculation and refinement of IL4, Crambin
and Ubiquitin

Overall quality of the structures
The results of the WHAT IF and PROCHECK analy-
ses of the ensembles of structures of IL4, Crambin and
Ubiquitin are given in Tables 1 to 3, respectively. For
the quality indicators (RMS Z-scores) of the parame-
ters describing the local geometry of the structures we
see that structures refined with the CHARMM22 water
refinement protocol have values that are well within
the ranges found for high-resolution X-ray structures
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Table 3. Structure quality scores for Ubiquitin

Unrefined ARIAa CHARMM22b

Structure Z-scores:

2nd generation packing quality −0.78 ± 0.39 0.03 ± 0.39 −0.22 ± 0.36

Ramachandran plot appearance 0.10 ± 0.44 −0.26 ± 0.34 0.74 ± 0.37
Chi-1/chi-2 rotamer normality 0.36 ± 0.60 −1.08 ± 0.39 −0.19 ± 0.63

Backbone conformation 1.85 ± 0.35 1.11 ± 0.34 2.14 ± 0.46
RMS Z-scores:

Bond lengths 0.19 ± 0.01 0.32 ± 0.01 1.02 ± 0.01
Bond angles 0.35 ± 0.01 0.44 ± 0.01 1.18 ± 0.03
Omega angle restraints 0.15 ± 0.01 0.21 ± 0.02 1.12 ± 0.10
Side chain planarity 0.14 ± 0.05 0.46 ± 0.06 1.12 ± 0.15
Improper dihedral distribution 0.25 ± 0.01 0.37 ± 0.02 0.83 ± 0.05
Inside/outside distribution 1.01 ± 0.02 1.01 ± 0.02 0.99 ± 0.01
Inter-atomic bumps: 10.60 ± 3.63 29.65 ± 9.54 0.35 ± 0.75
Unsatisfied H-bond donors: 4.65 ± 1.23 5.00 ± 1.59 2.95 ± 1.40
Unsatisfied H-bond acceptors: 2.50 ± 0.95 2.30 ± 1.03 1.40 ± 0.75
Ramachandran plot

Most favoured 88.6 87.5 91.1
Allowed 9.4 10.7 8.3
Generously allowed 1.9 1.6 0.5
Disallowed 0.2 0.2 0.2
Equivalent resolution 1.4 1.6 1.0
Rmsd to 1UBQ (bb/ 0.60 ± 0.06 0.88 ± 0.08 0.58 ± 0.05
all heavy atoms)c 1.34 ± 0.08 1.52 ± 0.10 1.27 ± 0.09

aWater refinement in ARIA1.0.
bThis study CHARMM22 water refinement.
c Average pairwise rmsd of the NMR structures to the X-ray structures for residues 1–70.
The best values are shown in bold.

(Tables 1 to 3 and Figure 1). More important, however,
is that the CHARMM22 water refined structures show
clear overall improvements of the structure Z-scores,
independent of the quality of the experimental input
restraints. For example the Ramachandran Z-score,
which is a good indicator of the overall quality of the
ensembles (Hooft et al., 1997), shows consistent im-
provements in the structures. In addition, it is seen that
the inter-atomic bumps are almost completely elim-
inated from the structures and that the network of
buried hydrogen bonds is improved. This latter effect
is most clearly seen in the interleukin 4 and Ubiquitin
structures. For the Crambin structures these effects are
less obvious since the positions of the hydrogen atoms
in these structures are very restrained due to the use of
the perfect NOE data set.

Accuracy of the structures
The atomic RMSD between X-ray and NMR struc-
tures is often used as an indicator of the accuracy of the
NMR structures. In Tables 1 to 3 we have compared

the results of the different calculation protocols with
X-ray structures 1RCB (2.25 Å resolution, Wlodaver
et al., 1992) and 2INT (2.35 Å resolution, Walter et al.,
1992) of IL4, 1EJG of Crambin and 1UBQ (1.8 Å res-
olution, Vijay-Kumar et al., 1987) of Ubiquitin. Since
real differences between X-ray structures and NMR
structures cannot be excluded for IL4 and Ubiquitin,
the effect of the calculation protocol on the accuracy
of calculated structures is best reflected in the com-
parison of the artificial NMR structures of Crambin
and its X-ray structure. From Table 2 we see that, al-
though all structures of Crambin are good structures
in terms of satisfying the input distance restraints, the
structures closest to the real structure are those refined
in the CHARMM22 refinement protocol. This is not
only indicated by the atomic RMSD with the X-ray
structure, but is also clearly reflected in most of the
WHAT IF quality indicators.

Another indicator for the accuracy of the NMR
structures is provided by independent validation
against known dipolar couplings (Cornilescu et al.,
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Table 4. Q-factors for dipolar couplings of Ubiquitin structures

Dipolar coupling Unrefined ARIAa CHARMM22b X-ray 1UBQ

Cα-Cβ (1) 0.37 ± 0.02 0.38 ± 0.03 0.37 ± 0.05 0.23

(2) – – – –

Cα -C′ (1) 0.29 ± 0.02 0.30 ± 0.02 0.23 ± 0.02 0.14

(2) 0.23 ± 0.02 0.25 ± 0.02 0.21 ± 0.03 0.19

N- C′ (1) 0.29 ± 0.04 0.30 ± 0.04 0.21 ± 0.02 0.17

(2) 0.36 ± 0.04 0.36 ± 0.07 0.25 ± 0.04 0.15

Hα-Cα (1) 0.26 ± 0.03 0.28 ± 0.04 0.26 ± 0.04 0.21

(2) 0.28 ± 0.04 0.31 ± 0.04 0.32 ± 0.05 0.25

HN -C′ (1) 0.28 ± 0.02 0.31 ± 0.04 0.28 ± 0.02 0.26

(2) 0.39 ± 0.02 0.44 ± 0.03 0.32 ± 0.02 0.29

HN-N (1) 0.39 ± 0.03 0.36 ± 0.08 0.30 ± 0.09 0.17

(2) 0.40 ± 0.06 0.39 ± 0.06 0.28 ± 0.06 0.19

aWater refinement in ARIA1.0.
bThis study CHARMM22 water refinement.
Q-factors for dipolar couplings were calculated as described in Cornilescu et al. using
the program PALES. Validation was done against two sets of dipolar couplings from
pdb-entry 1D3Z. All values are averages of individually fitted structures. The results for
the 1.8 Å X-ray structure of Ubiquitin (1UBQ) are listed for comparison. The best values
are shown in bold.

1998), which were not directly used in the calculation
protocol. The agreement between calculated and mea-
sured dipolar couplings is expressed in the Q-factor,
which is lower when the agreement is better. In Ta-
ble 4 the results of this validation are shown for the
different ensembles and compared to values obtained
for the X-ray structure 1UBQ. When comparing the re-
sults of the NMR-structures, it is seen that significant
improvements of the Q-factors of dipolar couplings in-
volving the nuclei of the peptide bond (HN, N and C′)
are obtained after the CHARMM22 water refinement.
The looser restraints on the planarity of the peptide
bonds in the CHARMM22 force field are the likely
reason for this effect and for the improved Ramachan-
dran plots of the calculated structures. Further, it is
clear that the X-ray structure 1UBQ still scores bet-
ter than all the NMR ensembles for all six dipolar
couplings used in the analysis. It will therefore be
interesting to investigate what are the causes of these
differences between the X-ray structure and the NMR
structures, in order to further improve the methods
used for structure refinement.

Concluding remarks

Although NMR-based structure determination of bio-
molecules has become increasingly important over the
past decades, the quality of these structures is nor-

mally still considerably less than those determined
by high-resolution X-ray crystallography. An impor-
tant factor determining the quality of the structures
is the type of refinement of the structures at the fi-
nal stage of the structure determination. Structure
refinement protocols are still under continuous devel-
opment, using different approaches and techniques.
Here, we have applied a simple and generally applica-
ble method to refine NMR-derived protein structures
that yields structures with an overall improved qual-
ity and accuracy. Further, local geometries of these
refined structures are of comparable quality as those
found for high-resolution X-ray structures. Since high-
resolution X-ray structures provide a widely accepted
standard for comparison with newly determined bio-
molecular structures, we recommend that NMR struc-
tures are refined to the level of the structures described
above, prior to submission to structure databases. In
combination with recommendations regarding sub-
mission of structures to databases made elsewhere
(Doreleijers et al., 1999a), this would be an impor-
tant step forward to improving and standardizing the
quality of structures at databases for biomolecules.
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