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Abstract Protein structure determination by NMR
methods has started in the mid-eighties and has been
growing steadily since then. Ca. 14% of the protein
structures deposited in the PDB have been solved by NMR.
The evaluation of the quality of NMR structures however
is still lacking a well-established practice. In this work, we
examined various tools for the assessment of structural
quality to ascertain the extent to which these tools could be
applied to detect flaws in NMR structures. In particular, we
investigated the variation in the scores assigned by these
programs as a function of the deviation of the structures
induced by errors in assignments or in the upper distance
limits used. These perturbations did not distort radically the
protein fold, but resulted in backbone RMS deviations up
to 3 A, which is in line with errors highlighted in the
available literature. We found that it is quite difficult to
discriminate the structures perturbed because of misas-
signments from the original ones, also because the spread
in score over the conformers of the original bundle is
relatively large. ¢—iy distributions and normality scores
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related to the backbone conformation and to the distribu-
tion of side-chain dihedral angles are the most sensitive
indicators of flaws.
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RMSD Root mean standard deviation

Introduction

NMR structures are both an achievement by themselves
and a complementary characterization of X-ray structures
under many aspects (Billeter 1992; Wagner et al. 1992;
Garbuzynskiy et al. 2005; Andrec et al. 2007). Indeed,
when structure determination by NMR is coupled with,
as it often happens, characterization of protein backbone
dynamics, one gains information beyond the single snap-
shot of a static structure and actually obtains direct
experimental insight into protein flexibility. A long-stand-
ing issue for protein structures solved by NMR (Clore et al.
1993; Hooft et al. 1996a; Doreleijers et al. 1998; Nabuurs
et al. 2006; Brown and Ramaswamy 2007) or X-ray
(Branden and Jones 1990; Kleywegt 2000; DePristo et al.
2004) is the evaluation of their quality. A set of recom-
mendations for the presentation of NMR structures of
proteins and nucleic acids, including some indications for
structure validation, that dates back to 1998 (Markley et al.
1998) still constitutes the main contribution to the stan-
dardization of quality assessment in bio-NMR. In practice,
although several measures of quality have been proposed
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also recently (Vriend and Sander 1993; Briinger et al.
1993; Hooft et al. 1996b; Lovell et al. 2003; Huang et al.
2005b), each laboratory is still using its own ensemble of
quality checks and parameters. Even when different labo-
ratories are using the same measures, they often compute
them differently or assess these measures using subjective,
non-reproducible criteria. Therefore, it is well possible that
when analysed by different experts, the same structure will
be assessed through different statistics, and thus assigned a
different quality level. The fact that NMR structures often
have a relatively low resolution can cause further diffi-
culties in this respect.

For NMR structures, commonly used measures of
accuracy are the size and number of residual restraint
violations (Laskowski et al. 1996; Herrmann et al. 2002)
and the statistics of the distribution of residues in the
regions of the Ramachandran plot (Ramachandran et al.
1963; Morris et al. 1992; Hooft et al. 1997). A related issue
is that of the measure of precision of an NMR structure,
which is typically evaluated by the RMSD of the backbone
atoms or of all heavy atoms within the bundle of con-
formers that is released in the PDB. However, this measure
often leads to overestimating the precision of a structure.
Residual violations and RMSD have been shown in the
literature to be inadequate as proper indicators of structure
quality (Spronk et al. 2003) In fact, solution structures can
be refined to very good values for these parameters, and
thus apparently show high accuracy and precision, while
still having major flaws. A number of software tools have
been developed over the years to assess the quality of
protein 3-dimensional experimental structures (typically
focusing only on X-ray structures) and/or of structures
generated through molecular modelling approaches. These
tools, or a combination thereof, can in principle be appli-
cable also to the validation of NMR structures.

In this study we wanted to investigate how one can
identify structural models derived from a partly incorrect
analysis or assignment of NMR data using available soft-
ware tools, by looking only at the resulting structure (which
could be feature up to a 2-3 A backbone RMSD from the
real structure). We did not evaluate the agreement between
the NOE data and the resulting structure as a quality
measure because we aimed at analysing measures that are
independent of the experimental data. Such measures are
highly desirable because they can allow the assessment of a
structure in a transparent, impartial manner and, in addi-
tion, they should be less easy to adjust. In addition, the
importance and usefulness of carefully comparing the
NOE data and the structure obtained from calculations
have been already firmly established (Laskowski et al.
1996; Gronwald et al. 2002; Herrmann et al. 2002;
Moseley et al. 2004). Situations of the kind addressed here
can be incurred relatively often, e.g. when a few errors are
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introduced at the beginning of a structure calculation pro-
cedure and subsequent additional NOE assignments in
practice tend to crystallize the structure around the initial
error. We observe that relatively simple analyses based on
the distribution of ¢— pairs in the structure and on Z-score
values e.g. relative to the distribution of y;—y, dihedral
angles or to packing quality can be informative. It is likely
that the analysis of these parameters from the early stages
of structure calculation and throughout all phases of
structure improvement until the final result would be useful
to prevent deposition of wrong structures.

Material and methods
Protein test systems

We used different proteins as test systems to evaluate the
performance of the validation tools tested: bovine Calbin-
din Dok, a vitamin D-dependent calcium-binding protein,
the second PDZ domain of the human neuronal adaptor
X1la and the apo form of the A69P mutant of the sixth
soluble domain of the Menkes protein (MNK6 hereafter).
Ubiquitin was also used for a partial test. All deposited
models have been retrieved from the RCSB Protein Data
Bank (PDB) (Berman et al. 2000).

Calbindin Dok (UniProt code P02633) is a 75 aminoacid
calcium-binding protein, whose structure consists of 4
helices and 3 loops. A total of 1675 meaningful NOE data,
37 dihedral angles and 1,097 pseudocontact shifts have
been used for structure calculations (Bertini et al. 2001).
The PDB entry 1KQV has been used as reference after
restrained energy minimization (which had not been per-
formed on the original entry).

The second PDZ domain of the human neuronal adaptor
X11a (UniProt code Q02410, PDB entry 1Y7N, Duquesne
et al. 2005) is a 90 residues protein and its fold consists
of 2 helices and 6 beta sheets. This is a high quality
NMR structure determined by a group deeply involved in
the development of structure validation and refinement
methodologies. The original experimental data (1,725
meaningful NOE’s and 95 dihedral angle restraints) have
been retrieved from the BioMagResBank (Doreleijers et al.
2003) (mrblock_id 51978, bmrb_id 6113).

The structure of MNK6 (UniProt code Q04656) has
been recalculated using 1956 meaningful NOE data and 82
dihedrals angles. MNKG6 is a 75 residues protein with a
Poppop fold (PDB entry 1YJR, Banci et al. 2005).

The NMR (PDB entry 1D3Z, Cornilescu et al. 1999)
and X-Ray structures (PDB entry 1UBI, Ramage et al.
1994) of human Ubiquitin (UniProt code P62988) have
been also analysed. Ubiquitin is a 76 residues protein
containing 3 helices and four f-sheets.
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Structure calculations

For structure calculations we used the package PARA-
MAGNETIC CYANA 2.1 (Barbieri etal. 2004) an
implementation of the CYANA program (Giintert et al.
1997) that allows the use of pseudocontact shifts in struc-
ture calculation. Families of 300 structures were annealed
in 10,000 steps starting from randomly generated con-
formers using the available constraints. The structures
obtained were refined through restrained energy minimi-
zation with the program Amber 8 (Case et al. 2004).

To mimic inaccurate NMR experimental data and
generate flawed structures still having a plausible fold, the
original experimental distance constraints have been ran-
domly perturbed by adding and/or subtracting up to 75% of
their original values. These data have been subsequently
used to perform structure calculations as mentioned above.
For Calbindin Dgx, we additionally generated different
families of structures with wrong NOE assignments. In the
first case we swapped the NOE constraints for the  protons
of residues Lys7 and Lys41 (Error A). In the second case,
in addition to the previous misassignments, we inter-
changed all NOE values of the d protons Lys16 and Lys25
(Error B). In the third case we swapped all the assignments
of residues Glu51 and Glu64 (Error C). Qualitatively, the
seriousness of the mistake(s) increases going from Error
A to C. Similarly, for the sixth domain of the Menkes
protein we switched all the NOE assignments of residues
Cysl18 and Cys35. The importance of this misassignment
is analogous to that of Error C of Calbindin Dgx. Some
RMSD data and violation statistics for the recalculated
families are summarized in Supplementary Table S1.

Description of the validation tools tested

The following programs were used: FRST, HARMONY,
HOPPscore, MolProbity, PROCHECK, ProSA (ProSA-
Web), TAP, WHAT IF (WHAT CHECK).

FRST (Tosatto 2005) is a statistical scoring function
implemented as a weighted linear combination of four
different  potentials:  pairwise, solvation, RAPDF
(Samudrala and Mould 1998), and hydrogen bond poten-
tials. A combined energy is given by a weighted sum of the
four potentials with the weights optimized on a represen-
tative set.

HARMONY (Pugalenthi et al. 2006) is a structure
validation method based on the compatibility between the
sequence and the structure of a protein considering the
local environment of the residues. Structural descriptors
such as backbone conformation, solvent accessibility and
hydrogen bonding are used to characterise the structural
environment of each residue position. Propensity and
Substitution values are used together to predict the

probability of the occurrence of an amino acid at each
position in the sequence on the basis of the local structural
environment. Proteins with misfolded regions score low.
The reverse sequence is used as a control: regions in which
the reverse sequence has a better score are likely to be
affected by errors.

HOPPscore (Sims and Kim 2006): Structures are eval-
uated by comparing multiple ¢p— pairs of short fragments
of structure to a reference database of multiple ¢p—i/ angles
from high resolution X-ray crystal structures. The overall
quality of a model is given in the form of a plot showing a
logarithmic fit of HOPPscore values for fragments span-
ning from 1 to 10 ¢— pairs. The degree to which all the
various fragments lengths fit the reference database is then
evaluated. The best fit is in the form [m-In(x) + b].
Because of the fact that the steeper the descent the lower
the quality of the model, the slope m of the fit curves is a
measure of the overall structure quality. It indicates the
degree to which all of the various fragment lengths fit the
selected reference database. The parameter b is the score of
the model to a single 2-dimensional -y Ramachandran
plot. In general poor structures have slope m < —1.00.
HOPPscore also gives a per-fragment and per-residue
validation. Each fragment is assigned to one of four cate-
gories according to the frequency of that conformation
relative to the average frequency within a conformational
reference database. The four categories are: favoured (F),
allowed (A), unfavoured (U) and disallowed (D) corre-
sponding to the scores +2, +1, +0.5 and —4. The overall
score is calculated by averaging the contributions of each
fragment. Based on these criteria, also a per-fragment and a
per-residue validation is given showing the fragment fre-
quency and the score for each residue according to the
different fragment length. Default values (Resolution 1.8 A
and 12° grid size) have been used.

MolProbity (Davis et al. 2007) is a web server offering
quality validation for proteins structures. The output of a
default analysis consists in two tables showing data for all-
atoms contact and protein geometry (Ramachandran and
rotamers outliers). This data are summarized in two overall
scores: the clashscore and the MolProbity score. The
clashscore is defined as the number of overlaps >0.4 A.ct
are defined as the modelled C* position to the ideal position
calculated from the coordinates. Deviations >0.25 A are
likely to indicate an incompatibility between the sidechain
and the mainchain.

PROCHECK (Laskowski et al. 1993, 1996) assesses the
global structural quality through the G-factor, a measure of
the fit to the most frequently occupied regions in the dis-
tribution of the dihedral angles. The G-factor provides a
measure of how normal or how unusual a given stereo-
chemical property is. It is computed for torsion angles
(o=, y;—x» combinations, y; torsion angle for those
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residues that do not have a y,, combined y; and y, torsion
angles, w torsion angles) for covalent geometry (main-
chain bond lengths and main-chain bond angles) The
G-factor is a log-odds score based on the observed distri-
butions of these stereochemical parameters. Given a
residue, the G-factor indicates the probability of a certain
property to correspond to the given conformation. On the
basis of the G-factor each rear side is assigned to a Core
(C) Allowed (A) Generously Allowed (G) or Disallowed
(D) class.

ProSA (and ProSA-web) (Sippl 1993; Wiederstein and
Sippl 2007) uses knowledge based potentials of mean
forces to evaluate model accuracy using C* and/or ch
potentials. The program outputs a Z-score indicating the
overall quality of the structure and a plot showing its local
quality. The Z-score is normally negative and becomes
more negative the larger the protein.

The TAP score (Tosatto and Battistutta 2007) is a cri-
terion based on torsion angles propensities normalized
against the global minimum and maximum. The output of
TAP consists in a TAP score deriving from normalized
torsion angle potential and indicating the degree of
nativeness of a protein model. Native structures should
have a TAP score close to 1 while lower values indicate
some sort of incompatibility between sequence and
structure (Tosatto and Battistutta 2007). TAP assigns
the queried structure to an experimental quality class
(MEdium, HIgh quality, Very High quality) inferring this
from the analysis of a large data set of X-ray structures
from Protein Data Bank. TAP score confidence estimate is
given by two other parameters describing accuracy (that is
the probability that the actual TAP score corresponds to a
structure in the given quality class) and coverage (that is
the fraction of structures in a given quality class that have,
at least, the current TAP score).

WHAT IF (WHAT CHECK) (Hooft et al. 1996a) is a
tool combining a number of different checks on file
syntax and stereochemical and geometric properties of the
structure. Global stereochemical quality parameters
(Ramachandran plot appearance, 2nd generation packing

quality, y;—y> rotamer normality, Backbone conformation
and others) are also checked and scored in the form of
Z-scores.

All these validation tools are available trough web
servers. Web server addresses are shown in Table 1.

Other software tools used

Original experimental data have been converted from the
CNS format to the Cyana format using the CcpNmr
FormatConverter software (Wanker et al. 2005). Figures
have been prepared using the program MOLMOL (Koradi
et al. 1996). Consumers for data analysis have been written
in Python (van Rossum and Drake 2001). Energy mini-
mizations have been carried out with the program Amber 8
(Case et al. 2004).

Results and discussion

Validation tools can be generally divided two broad groups,
the first including tools that rely on the evaluation of
interaction preferences or profiles (i.e. on the empirical
evaluation of the energetics of folding), the second group
including programs that evaluate geometrical and stereo-
chemical properties. Among the methods analysed,
ProSA-web, TAP, FSRT and HARMONY give an unique
parameter indicating the overall quality of a structural
model, while the other tools produce more extensive
outputs, listing several different parameters usually con-
cerning conformational and geometrical aspects. Energy-
evaluating programs can also estimate the local quality of a
structure, by calculating the energy on a per-residue basis.
The availability of an unique parameter to globally describe
the quality of a structure can be appealing especially to
occasional users not expert in structural biology, who, for
instance, are just looking for a good template for homology
modelling.

We first of all checked whether the flawed families that
we generated had a significantly worse overall energy of

Table 1 Programs analysed in

the present study Program

Web site

Reference

FRST
HARMONY
HOPscore
MolProbity
PROCHECK

http://protein.cribi.unipd.it/frst/
http://caps.ncbs.res.in/harmony/
http://hoppscore.lbl.gov/run.html
http://molprobity.biochem.duke.edu/

On-line version available through

Tosatto (2005)

Pougalenthi et al. (2006)
Sims and Kim (2006)

Davis et al. (2007)
Laskowski et al. (1993, 1996)

http://www-nmr.cabm.rutgers.edu/PSVS/

ProsSA
TAPscore
WHAT CHECK

http://prosa.services.came.sbg.ac.at/prosa.php
http://protein.cribi.unipd.it/tap/
http://swift.cmbi.kun.nl/ WIWWWI/

Wiederstein and Sippl (2007)
Tosatto and Battistutta (2007)
Hooft et al. (1996)
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folding. This is actually not necessarily the case, because
most of our perturbations in the data still maintain the
overall fold of the protein, whereas individual secondary
structure elements are distorted or wrongly packed one
against the other (Figs. 1 and 2). These distortions are of
the kind that can go through a normal NMR structure
determination procedure. For the evaluation of the overall
energy, we first used ProSA, which has a very convenient
web interface. Table 2 reports ProSA Z-scores for the
families analysed. All the unperturbed families scored in
the same range of protein structures of the same size solved
by NMR (as shown in the output display). In the case of
both PDZ domain and Calbindin Dg, we could observe a
trend of increasing Z-score values with increasing struc-
tural perturbation. The structures with 50% and 75%
perturbation of the distance constraints indeed stood out as
being affected by potential errors (Table 2). For the
Calbindin Dy, and MNKG6 families calculated with wrong
assignments, there was not a consistent discrimination
between the original and the flawed structure.

Using the program TAP, we observed a partial overlap
of the scores between the correct and the wrong MNK6
families (Table 3). Averaging the score over the families
differentiated the good from the bad structures. In the case
of the PDZ domain and of the perturbed Calbindin Dy
structures, the TAP scores for the original structure were
in the range of scores of structures of high experimental
quality and there was no overlap with the perturbed

Fig. 1 The deposited reference structures of (a) Calbindin and (c) the
PDZ domain (PDB entry 1KQV and 1Y7N, respectively) are shown
together with the corresponding 75% perturbed structure families
(panels b and d, respectively). In panels b and d, the first model of the
reference family is shown in green superimposed to the perturbed
bundle

Fig. 2 The three flawed families calculated for Calbindin (Error A, B
and C) are shown in panels b, ¢ and d. The reference 1KQV structure
is shown in (a). The flawed family calculated for MNKG6 is shown in
(f) whereas the reference family 1YJR is shown in panel e. In panels
b—d and f, the first model of the reference family is shown in green
superimposed to the flawed bundle

models. For misassigned Calbindin Dy, the TAP score
failed to differentiate the good family from any of the
wrong ones, but again averaging could help. The torsion
angle potential on which TAP is based has been also
implemented in the FRST package (Tosatto 2005), which
provides a number of different energetic terms (Supple-
mentary Table S2). However, the analysis of all these
parameters was not obvious also due to the significant
intra-family fluctuations. These resulted in a considerable
overlap of the ranges spanned by the various structures,
preventing the identification of bad models.

PROCHECK was one of the first methods implemented
to assess structural quality and soon the ¢—y plot itself
became a tools for crystallographers to standardize the
stereochemistry quality of a structure. As reported in
Table 4, the ¢ plot correlates well with structure quality.
In spite of its simplicity, PROCHECK seemed able to
discriminate the flawed structures from the original ones
relatively well: only a couple of misassigned Calbindin
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Table 2 ProSA Z-scores

Structure ProSA Z-score
PDZ (1Y7N) —4.66/—3.82
PDZ perturbed 25% —4.35/-3.51
PDZ perturbed 50% —2.22/—1.15
PDZ perturbed 75% —0.89/+1.36
Calb Dg, (1KQV) —6.78/—5.96
Calb Dy perturbed 25% —4.08/—2.69
Calb Dy, perturbed 50% —2.81/—1.81
Calb Dgy perturbed 75% —2.85/—1.6
Calb Dgy Error A —6.55/—4.11
Calb Dgy Error B —5.96/—4.67
Calb Dgy Error C —5.47/-3.46
Menkes 6 (1YJR) —4.66/—3.72
Menkes 6 Error —4.78/-3.13

For each family of structures the minimum and the maximum Z-score
values are shown

Table 3 TAP scores

Structure TAP score
1Y7N 0.7576/0.7946
PDZ perturbed 25% 0.6811/0.7181
PDZ perturbed 50% 0.6287/0.6362
PDZ perturbed 75% 0.6299/0.6457
Calb Dg, (1KQV) 0.7198/0.7480
Calb Dgy perturbed 25% 0.6247/0.6371
Calb Dgy perturbed 50% 0.6157/0.6409
Calb Dy perturbed 75% 0.6159/0.6246
Calb Dgy Error A 0.6937/0.7359
Calb Dgy Error B 0.6858/0.7451
Calb Dgy Error C 0.6656/0.7171
Menkes 6 (1YJR) 0.6737/0.7211
Menkes 6 Error 0.6401/0.6937

For each family of structures the minimum and the maximum TAP
scores are shown. The TAP score derives from a normalized torsion
angle potential and indicates the degree of nativeness of a protein
model. Native structures should have a TAP score close to 1

Dok families scored similarly to the reference structure
(Table 4).

Other strategies based on the fit of most occupied ¢—/
regions have been proposed, such as HOPPscore (Sims and
Kim 2006) which is based on a new evaluation method
for higher order backbone torsion angle maps. Out of the
HOPPscore output, Table 5 reports only the m and b fit
values and the HOPPscore for four ¢— pairs. According
to the authors, models with a score of the four -y pair
lower than 0.50 should be carefully re-examined. The first
result worth of notice is that all our test structures scored
below zero and thus should considered of poor quality. As
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authors do not mention explicitly NMR structure validation
but generally refer to HOPPscore as a “method for scoring
the model quality of experimental and theoretical protein
structures”, we decided to compare the NMR and a X-ray
structure of human ubiquitin. The RMSD between the first
conformer of the NMR family and the X-Ray structure is
0.52 A. HOPPscore values indicated in both cases good
models with high local quality: both structures have an
HOPPscore >0.5 even for 8 ¢— pairs. In the case of the
PDZ domain, the HOPPscore system failed to separate the
flawed families from the original one based on the overall
quality score, but could discriminate them on the basis of
the four ¢—y pair score as well as on the basis of the b
parameter (which essentially corresponds to a measure of
the Ramachandran plot quality). Indeed, some differentia-
tion was already apparent from the PROCHECK data of
Table 4. Also in the case of original vs. incorrect structures
of Calbindin Do, and MNK®, the four ¢— pair is better for
the original structure. However, the b parameter here was
less informative, even though the PROCHECK evaluation
of the Ramachandran plot appearances was quite selective
(e.g. for MNKG®, the percentage of residues in core regions
dropped from 77% to 60%, and the RMSD between the two
structures was as large as 3.5 A).

We then checked the possible use of the program Mol-
Probity, focusing on its unique features such as the
evaluation of all-atoms contacts and C” deviations. The use
of both MolProbity score (Table 6) and the clashscore
could identify the structures resulting from perturbed NOE
data, but were not sufficient to consistently highlight the
structures obtained after swapping some assignments. A
per-residue analysis of clashes, rotamer and/or Rama-
chandran outliers was able to identify as problematic the
residues whose NOE assignments were switched in the
case of MNKG6.

WHAT IF currently is the most used, if not the most
complete, tool for assessing the quality of a structure and
checking errors. Together with PROCHECK it is a de facto
standard for structure and structural model validation. As
the output of the complete WHAT IF check is quite ver-
bose and given in the form of an extended report, we have
summarized only a few selected WHAT CHECK Z-scores
(Table 7). The values obtained for the correct structures
fell in the range of values commonly found for NMR
deposited in the PDB (Nabuurs et al. 2004; Nederveen
et al. 2005) even if many of them were flagged as worri-
some by WHAT CHECK. Notably, for the original
Calbindin Dy structure, the Ramachandran plot as evalu-
ated by PROCHECK was good (Table 4). Instead, WHAT
CHECK flagged it as problematic (even though still well in
the range of NMR structures in the PDB). This discrepancy
could be due to the way in which the Ramachandran plot
appearance Z-score is defined or to the reference database,
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Table 4 Results of the
PROCHECK analysis

The percentages of non-Gly,
non-Pro residues of all
conformers in the bundle falling
in the various regions of the

257
Structure Core (%) Allowed (%) Generously Disallowed (%)
allowed (%)
PDZ (1Y7N) 90.4 9.1 0.4 0.1
PDZ perturbed 25% 68.1 27.5 4.3 0
PDZ perturbed 50% 20.3 45.5 20.3 15.9
PDZ perturbed 75% 30.4 21.7 29.3 18.8
Calb Do, (1KQV) 89.2 10.8 0.0 0.0
Calb Dgy perturbed 25% 41.5 354 15.4 7.7
Calb Dgy perturbed 50% 12.3 43.1 20.0 24.6
Calb Dgy perturbed 75% 20.0 33.8 323 13.8
Calb Dgy Error A 87.7 10.8 1.5 0.0
Calb Dgy Error B 81.5 16.9 1.5 0.0
Calb Dgy Error C 60.8 30.5 7.2 1.5
Menkes 6 (1YJR) 77.9 18.3 2.0 1.7
Menkes 6 Error 60.0 36.9 0.0 3.1

Raamachandran plot are given

or both. This observation highlights the opportunity of
using a combination of more measures to assess the quality
of a structure, even if the measures are relatively similar.
Indeed, it is always possible to bias a structure calculation,
e.g. by tuning the force field used in molecular dynamics,
to obtain good scores on a given desired aspect. However,
the present data suggest that there is little correlation
between different quality measures therefore limiting the
possibility of fudging calculations to obtain artificially
structures with high scores. For all flawed structures, at
least one of the WHAT CHECK parameters showed a
significant deterioration with respect to the original

Table 5 Outputs of HOPPscore

structures. Even a relatively minor perturbation, such as in
the case of Calbindin Doy Error A, caused a large drop in
the quality of backbone conformation and some worsening
of the other parameters. However for some of the flawed
structures the WHAT CHECK parameters still remained in
the range of published NMR structures (Nabuurs et al.
2004; Nederveen et al. 2005).

A completely different approach is used by the validation
tool HARMONY that assesses the compatibility between
the sequence and the structure of a protein considering the
local environment. As also mentioned for the program
ProSA, the kind of perturbations presently introduced,

Structure HOPPscore overall quality score HOPPscore b parameter 2D ¢— HOPPscore for 4 ¢p—i
(m slope) plot score pairs
Min/max Average Min/max Average Min/max Average
PDZ (1Y7N) —1.9951/—1.6866 —1.8420 2.0022/2.3166 2.1183 —0.75/0.06 —0.31
PDZ perturbed 25% —2.3542/-2.0771 —2.1960 1.1974/1.7644 1.4197 —2.37/-1.70 —2.05
PDZ perturbed 50% —1.7429/—1.4726 —1.5917 —1.2302/—0.6750 —0.9879 —4.00/-3.76 —3.86
PDZ perturbed 75% —1.6293/—1.3600 —1.4906 —1.4399/—0.8577 —1.1582 —4.00/—3.65 —3.85
Calb Doy (1IKQV) —1.5597/-1.329 —1.4245 1.5941/2.1610 1.8472 —0.54/0.14 —0.11
Calb Dgy perturbed 25% —1.8034/—1.5866 —1.7101 —0.7793/-0.2571 —0.5160 —3.87/-3.24 —3.60
Calb Dgy perturbed 50% —1.5450/—1.2653 —1.3835 —1.6267/1.0696 —1.4001 —4.00/-3.85 —3.87
Calb Dgy perturbed 75% —1.4507/—1.2030 —1.3285 —1.7327/1.2599 —1.4882 —4.00/+3.64 —3.90
Calb Doy Error A —1.9504/—1.4770 —1.7203 1.5761/2.1211 1.8612 —2.97/-0.06 —0.67
Calb Dgy Error B —2.2115/—1.5919 —1.8234 1.5576/2.2756 1.8366 —1.191/-0.08 —0.88
Calb Dy Error C —2.2546/—1.6343 —1.8819 0.6820/1.4447 1.1444 —2.52/-1.12 —1.87
Menkes 6 (1YJR) —1.7002/—1.3442 —1.5088 1.0840/1.6326 1.3466 —1.38/+0.01 —0.85
Menkes 6 Error —2.1935/—1.7179 —1.9603 0.5659/1.3437 0.9472 —3.24/-1.36 —2.06
Ubiquitin 1UBI (X-Ray) —0.9625 - 2.2716 - +1.40 -
Ubiquitin 1D3Z (NMR) —0.9420/—-0.7295 —0.8674 2.1364/2.3696 2.2809 1.26/1.46 1.36

For each family of structures the minimum, the maximum and the average HOPPscores are shown

@ Springer



258

J Biomol NMR (2008) 40:251-261

Table 6 Outputs of MolProbity

The table reports for the first
model of each family of
structures all-atoms data
(Clashscore) and structure
geometry data (Rotamer
outliers, Ramachandran outliers,
c? Deviations). Structure
geometry data are summarized
by the MolProbity score

Table 7 Outputs of WHAT
CHECK

For each family of structure
Z-scores for the Ramachandran
plot appeareance, the 2nd
generation packing quality, the
21—)2 rotamer normality and the
backbone conformation are
shown. Z-scores values <—3 are
usually flagged as poor,
Z-scores values <—4 are flagged
as bad. Positive values are
better then average, negative
values worse than average

System Clashscore Rotamer Ramachandran ch MolProbity
outliers outliers deviations score
(%) (%)

PDZ (1Y7N) 29.9 7.2 0 1 2.7
PDZ perturbed 25% 47.9 20.3 4.9 0 39
PDZ perturbed 50% 224.6 50.7 20.8 0 5.1
PDZ perturbed 75% 476.0 46.0 39.0 0 54

Calb Doy (1KQV) 7.7 13.2 1.4 0 2.7
Calb Dy perturbed 43.0 44.0 24.6 0 44

25%
Calb Dgy perturbed 123.2 51.5 41.0 0 4.9
50%
Calb Dgy perturbed 297.8 48.5 42.5 0 53
75%
Calb Doy Error A 10.1 20.6 0 0 3.1
Calb Dy Error B 74 17.6 0 0 24
Calb Dy Error C 239 14.7 13.7 7 3.6

Menkes 6 (1YJR) 10.3 12.3 4.1 0 3.0
Menkes 6 Error 35.5 21.9 5.5 6 3.8

Structure Ramachandran 2nd Gener A1— 2 rotamer Backbone

Plot appearance packing quality normality conformation

PDZ (1Y7N) —1.954 0.904 —0.437 —1.249
Recalc —2.088 —0.733 —2.327 —-0.174
PDZ perturbed 25% —4.515 —1.307 —3.988 —4.588
PDZ perturbed 50% —7.006 —4.460 —4.623 —16.942
PDZ perturbed 75% —6.864 —5.673 —5.133 —17.615

Calb Dg, (1KQV) —4.191 —0.756 —1.263 —0.578
Calb Dy perturbed 25% —7.268 —6.174 —4.716 —20.509
Calb Dy perturbed 50% —7.938 —6.005 —4.907 —18.079
Calb Dy perturbed 75% —7.573 —4.728 —4.372 —20.034
Calb Dy, Error A —4.347 —2.330 —2.876 —4.190
Calb Dgy Error B —4.456 —-3.076 -3.076 —4.117
Calb Dy Error C —5.617 —4.393 —3.383 —8.039

Menkes 6 (1YJR) —4.148 —2.591 —2.726 —2.498
Menkes 6 Error —-5.210 —3.409 —3.652 —7.415

though representative of common errors in normal NMR
practice, affect the protein fold to a modest extent. There-
fore, the application of HARMONY to detect essentially
local flaws in NMR structures is really not within the scope
of the program. Indeed, there is not a consistent trend in the
program evaluation of quality (not shown).

Conclusions
Many excellent research teams have been contributing over

the last years fine ideas and tools for assessment of the
quality or validation of NMR structures (Spronk et al.

@ Springer

2002; Bertini et al. 2003; Huang et al. 2005a, b; Nabuurs
et al. 2006; Bhattacharya et al. 2007). These teams are still
working on this topic (Joosten and Vriend 2007), and will
be producing more results in the future. In this work we
evaluated how one can apply these tools to detect possible
flaws in NMR structures, flaws that are of the kind that can
result at the end of structure calculation protocols (e.g.
swapped assignment of side chain NOEs). It is to be noted
that the kind of errors introduced may be considered rela-
tively gross (see supplementary table S1). Nevertheless,
because they lead to significant distortions of the structures
while maintaining several features intact, such as individ-
ual secondary structure elements, they are representative of
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perhaps more subtle errors that can arise e.g. due to mis-
interpretation of experimental data (Nabuurs et al. 2006).
These errors may become severely misleading when one
attempts to use the structure to interpret biochemical/bio-
logical evidence. The spread of the scores in Tables 2—7
and the backbone RMSD within each bundle (supplemen-
tary table S1) do not correlate, corroborating the notion that
the precision of a structure does not impact on its quality.

A first conclusion is that for typical NMR structures, the
ranges of the scores output by several of the validation
tools comprise both good and flawed structures without
consistent differentiation. A significant contribution to this
feature is also due to the fact that there is a sizable intra-
family variation of the scores, regardless of the intra-family
RMSD values. Because of this variability and also because
often there is not a clear functional form for the depen-
dence of the scores on e.g. protein size, it is difficult to
set threshold levels that discriminate “good” from “bad”
structures. Consequently, at a first analysis significantly
perturbed structures can bypass several validation tools.
This conclusion is particularly valid in cases where there
have been one or a few misassignments or modest errors in
integration of the NOEs. Grossly incorrect structures could
instead be detected easily by nearly all the tools analysed
here. However, problems of the first kind are much more
common in the practice of the determination of the solution
structure of proteins.

Operatively, it appears that the distribution of ¢—/ pairs,
either in the “simple” Ramachandran plot (taking into
account only the percentage of residues in the core region)
or in the more sophisticated analysis performed by
HOPPscore, constitutes one the best indicators of structure
quality, provided that backbone dihedral angle restraints
are applied loosely as done here. WHAT CHECK Z-scores
for y;—y rotamer normality or for backbone conformation
and 2nd generation packing are also quite informative. One
has to keep in mind that some scores can be significantly
affected by the force field applied in molecular dynamics
calculations/refinement. As an example of this, note the
significant worsening of the score for jy;—y, rotamer dis-
tribution for the PDZ domain simply upon recalculating the
structure with a simple protocol involving CYANA plus
AMBER minimization (Table 7). The y;—y, rotamer dis-
tribution was also the most sensitive to the application of a
standardized refinement protocol on a database of 500
NMR structures (Nederveen et al. 2005). State-of-the-art
force fields and molecular dynamics protocols should thus
be used. The final validation of a structure should never-
theless always be based on the combination of a panel
of tools such as those mentioned in this work. When
possible, quality parameters should also be inspected on a
per-residue basis (Nabuurs et al. 2005), to help in the
identification of problematic regions.

Various programs can give indications of the presence
of problems, but their performance is not always consis-
tent, and some flawed structures scored as well as the
correct one. Averaging over all conformers in a bundle
proved useful with TAP (Table 3). Therefore, it may be
relatively easy to evaluate the relative quality of two
different bundles, but, in the absence of an absolute
threshold, this of course does not solve the problem of
whether the structure is correct or not. The definition of a
threshold for structural quality parameters does not appear
feasible at present.

The large spread of scores observed within a bundle of
conformers and, correspondingly, within the whole
ensemble of the NMR structures deposited in the PDB, can
be due, at least in part, to the fact that normal calculation
protocols do not explicitly take into account structure
quality. These protocols are typically iterative and com-
prise various steps of structure analysis/error correction/
addition of new NOEs, in which the only goal is to mini-
mize the RMSD of the bundle and the residual violations of
upper distance limits. Care should be taken to evaluate
quality parameters also during the iterative calculation
process and not just at the end, in order to detect potential
problems as early as possible. It is likely that this approach
would result in tighter and better ranges of quality scores
for deposited NMR structures.
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