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ABSTRACT State-of-the-art methods based on
CNS and CYANA were used to recalculate the nuclear
magnetic resonance (NMR) solution structures of 500+
proteins for which coordinates and NMR restraints
are available from the Protein Data Bank. Curated
restraints were obtained from the BioMagResBank
FRED database. Although the original NMR struc-
tures were determined by various methods, they all
were recalculated by CNS and CYANA and refined
subsequently by restrained molecular dynamics (CNS)
in a hydrated environment. We present an extensive
analysis of the results, in terms of various quality
indicators generated by PROCHECK and WHAT-
_CHECK. On average, the quality indicators for pack-
ing and Ramachandran appearance moved one stan-
dard deviation closer to the mean of the reference
database. The structural quality of the recalculated
structures is discussed in relation to various parame-
ters, including number of restraints per residue, NOE
completeness and positional root mean square devia-
tion (RMSD). Correlations between pairs of these
quality indicators were generally low; for example,
there is a weak correlation between the number of
restraints per residue and the Ramachandran appear-
ance according to WHAT CHECK ( = 0.31). The set of
recalculated coordinates constitutes a unified data-
base of protein structures in which potential user-
and software-dependent biases have been kept as
small as possible. The database can be used by the
structural biology community for further develop-
ment of calculation protocols, validation tools, struc-
ture-based statistical approaches and modeling. The
RECOORD database of recalculated structures is pub-
licly available from http:/www.ebi.ac.uk/msd/reco-
ord. Proteins 2005;59:662-672. o© 2005 Wiley-Liss, Inc.
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INTRODUCTION

Over 3800 macromolecular structures determined with
nuclear magnetic resonance (NMR) spectroscopy are avail-
able in the Protein Databank (PDB).! Although the NMR
structures account for only a small subset of the available
structures, they represent 25% of the structural folds in
the PDB.Z The cornerstone of NMR structure determina-
tion consists mainly of three classes of structural re-
straints that are based on experimental data: distance
restraints, dihedral angle restraints and orientational
restraints.®* These restraints have been combined with
diverse software, protocols and force fields since the early
days of NMR structure determination.* Initially, struc-
tures were obtained using metric matrix distance geom-
etry calculations.” A method based on a variable target
function in torsion angle space was introduced in 1985.°
Restrained molecular dynamics (MD), an approach that
has become very powerful in NMR structure determina-
tion, was introduced in the same year by Kaptein et al.”
Later these methods were expanded using several other
concepts, such as simulated annealing and the simplifica-
tion of force fields using an approximation of the non-
bonded interactions by a repulsive potential. The NMR
community has used two groups of programs most exten-
sively for structure determinations: XPLOR/CNS®® and
DYANA/CYANA.' Both are based on simulated anneal-
ing driven by MD calculations, as performed in torsion
angle space within CYANA and both torsion angle and
Cartesian space within XPLOR/CNS.
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RECALCULATION OF PROTEIN STRUCTURES

The quality of NMR structural models is typically
assessed by various quality indicators; these indicators
can be related to the NMR data themselves (restraint
violations, NOE completeness,'! information content'?), to
the precision of the ensembles or to several structural
features of the coordinate data, often expressed as normal-
ity scores relative to an X-ray database.'®'* Several
studies have pointed out that the quality of NMR struc-
tures is very heterogeneous.'®'® Consequently, NMR mod-
els are often not the first choice for use in database
approaches and drug design.? However, the protocols and
force fields that have been used for calculating the NMR
structures have improved greatly during the last decade.
Nowadays, after the simulated annealing stage, a refine-
ment in explicit water is commonly performed.'” In this
stage a full nonbonded potential is used together with
explicit solvent molecules, thus mimicking the natural
environment of a protein in solution. Recently, Nabuurs et
al.’® launched the DRESS database with 100 re-refined
NMR structures and proved the benefit of refinement in
explicit solvent for those entries.

So far no attempt has been presented to standardize
NMR entries with respect to the calculation protocols
used. The improvement in protocols and force fields,
however, gives a rationale for recalculating structures
from PDB entries for which NMR restraints are available.
Up to now, a major hindrance to such an attempt has been
the inconsistency between coordinate and restraint data
and the absence of reliable conversion software between
different data formats. This problem was recently solved
for 545 proteins, for which curated restraints are now
available from the BioMagResBank (BMRB).'° This data-
base is described in detail in another article.?° As de-
scribed here, we used state-of-the-art protocols in CNS and
CYANA to recalculate the structures of these 545 proteins.
This effort provides the structural biology community with
a unified database of NMR protein structures in which
potential user- and software-dependent biases are kept as
small as possible. Average values and standard deviations
(SDs) of bond lengths and bond angles for heavy atoms in
the RECOORD database are consistent with the reference
values derived from model structures in the Cambridge
Structural Database (CSD).?*

This article assesses the outcome of the recalculation
effort. We also address the relationships in the recalcu-
lated coordinate sets among NMR data density, NOE
completeness, restraint violations, protein type, normality
relative to a X-ray database and precision of the NMR
ensembles.

MATERIALS AND METHODS
NMR Data

Most of the restraints now available from the PDB
cannot be loaded directly into structure calculation pro-
grams. We used restraints in NMR-STAR 3 format from
the BioMagResBank'® Filtered Restraints Database
(FRED), corresponding to a set of 545 entries with distance
restraints originally deposited in XPLOR/CNS, Discover?2
or DYANA/CYANA format. The construction of the FRED
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database is described in detail elsewhere.2’° However,
because we analyzed restraint violations in the deposited
structures and compared them to the recalculated sets, we
will reiterate how the restraints in the FRED database
were made consistent with the coordinates. Several catego-
ries, including residue numbering and IUPAC atom nomen-
clature,?® were corrected. Stereospecific assignments
present in the original data were conserved. Redundant
restraints and other surplus were removed from the
restraint list using a new module in the program Wattos.2°
The NMR-STAR files were converted to CNS and CYANA
formats using the FormatConverter software that was
developed in the framework of the Collaborative Comput-
ing Project for the NMR Community (CCPN).?*

To assess the correctness of the restraint conversion
process and to curate the converted restraints, a violation
analysis of the deposited entries was performed during the
construction of FRED. Since it was difficult to determine
the kind of averaging and/or pseudo-atom usage that was
originally used for each entry, sum averaging was used for
all entries. By using this method as a conservative ap-
proach, no calculated distances between atom pairs larger
than those originally calculated by the authors were
expected. Sum-averaging defines the effective distance
between two atom sets as®®

-1/6
doy = ( > dijs)
i

where d; is the distance between atom i and atom j and the
sum runs over all pairwise distances between the two
selected sets of atoms. Sum averaging ensures that the
effective distance d 4 is always shorter than the minimum
distance d;; entering the sum.

All hydrogen positions were regenerated in CNS before
the violation analysis was carried out to ensure consis-
tency with the CNS topology. Diastereotopic methyl groups
and methylene protons were swapped in the restraint list
if the NOE energy was lower after swapping in more than
75% of the deposited models. Consecutively, restraints
involving stereospecific assignments to prochiral groups
were deassigned and made ambiguous if they gave rise to
violations larger than 2 A in one of the models or violations
larger than 1 A in more than 50% of the models.

Figure 1 presents histograms for the number of residues
per entry, the NMR data density (number of restraints per
residue, both dihedral and distance restraints) together
with the secondary structure content and the year of
deposition of all entries in the database.

Recalculation Setup

Structure recalculations were carried out in both CNS
version 1.1° and CYANA version 1.0.6.1%2% CNS topologies
were generated with a modified version of the CNS script
‘generate_easy.inp.” Disulfide bridges were automatically
detected from the coordinates of the deposited models and
incorporated into the topology. Patches for cis peptide
bonds were added to the topology if the absolute value of
the omega angle in the first model of each entry was
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smaller than 25°. The protonation states of the histidines
in the sequence were conserved from the original PDB
coordinates. The CNS topologies were automatically con-
verted to CYANA sequence files containing information for
disulfide bridges, cis peptides and histidine protonation
states. Both in CNS and CYANA, sum averaging was used
for implementing distance restraints. We used both dis-
tance and dihedral angle restraints, when available. Re-
sidual dipolar coupling (RDC) data, present for 24 entries,
were not used in this study.

For CNS, we implemented a stand-alone version of the
ARIA 1.227 protocols consisting of four MD simulated
annealing stages, both in torsion angle and Cartesian
space: (i) a high-temperature torsion angle dynamics phase
at 10,000K (2,000 steps of 24 fs integration time steps); (ii)
torsion angle dynamics cooling phase from 10,000K to 50K
(2,000 steps of 24 fs); (iii) Cartesian dynamics cooling
phase from 2,000K to 1,000K (8,000 steps of 3 fs); (iv)
Cartesian dynamics cooling phase from 1,000K to 50K
(8,000 steps of 3 fs). We calculated 200 structures for each
entry and sorted the structures with respect to the total
energy. Before doing this, the protocol was fine-tuned
automatically by trying to calculate one model without
distance restraint violations larger than 0.5 A within 10
trials. If this could not be achieved, the subsequent calcula-
tion of the 200 models was performed with the total
number of time steps doubled, which was the case for 133
entries. For CYANA, the standard simulated annealing
protocol was used.’® This protocol comprises a high-
temperature phase at 9,600K of 2,000 steps and a cooling

phase to 0K in 8,000 steps. In CYANA, the time step has no
predefined value but depends on the energy change per
time step. Again, 200 conformers per entry were calculated
and sorted by the value of their target function. For entries
with more than 120 residues, the total number of time
steps was increased to 15,000 in order to allow for the
larger sequences to be folded by the CYANA algorithm.
The two sets of 50 lowest-energy structures obtained
with both programs were finally water-refined using a
scheme similar to that used in ARIA,'” since no water
refinement is available with CYANA. The explicit solvent
refinement consisted of the following steps: (i) immersion
in a 7.0 A shell of water molecules and energy minimiza-
tion; (i) slow heating from 100 to 500K in 100K tempera-
ture steps with 200 MD steps per temperature step (time
step 3 fs), with harmonic position restraints on the protein
heavy atoms that were slowly phased out during the
heating stage; (iii) refinement at 500K with 2,000 MD
steps (time step 4 fs); (iv) slow cooling from 500K to 25K in
25K temperature steps with 200 MD steps per tempera-
ture step (time step 4 fs); (v) final energy minimization
(200 steps). The scaling of the force constants for bonds,
angles, impropers and omega angles during the cooling
stage was modified slightly with respect to the original
protocol'” to allow for the naturally occurring variation in
these parameters as described by Engh and Huber.2! The
non-bonded interactions were calculated using a 8.5 A
cutoff with full Van der Waals (Lennard-Jones) and
electrostatic potentials that incorporated the OPLS non-
bonded parameters implemented in the PARALLHDG 5.3
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force field.'” Parameters were added to the OPLS non-
bonded parameters to avoid proton—proton overlap.

The calculations were carried out in April 2004 on the
Condor computer cluster?®2° of the Department of Com-
puter Sciences at the University of Madison-Wisconsin.
The calculations (and test runs) were distributed over
more than 800 processors. The cluster was used through a
scheduler that allowed jobs to be started, check-pointed
and restarted after interruption according to a user’s base
priority and a correction for used resources. This signifi-
cantly decreased the maintenance of large batches of jobs
such as this recalculation effort.

Quality Assessment

Violations of distance and dihedral restraints for all
models were calculated with CNS.°® NOE completeness!!
of the datasets was calculated with a new module of the
program Wattos?® with a cutoff distance of 4 A. The
program DSSP?® was used for assessing the secondary
structure content in all sets. Three categories were stud-
ied: helical content (a-helices), sheet content (extended
strands) and overall secondary structure content (also
including 3-10 helices, m-helices, hydrogen-bonded turns
and bends). The programs PROCHECK'? and
WHAT_CHECK'* were used to calculate additional qual-
ity scores. Most of the checks carried out in WHAT-
_CHECK make use of reference values from an X-ray
database. Statistical Z-scores are used to express how
many SDs a certain property is away from the database
average. For a detailed explanation of the different WHAT-
_CHECK quality indicators we referred to http:/www.cm-
bi.ru.nl/gv/pdbreport/checkhelp/. Backbone circular vari-
ances'® were calculated as a running average over a
window of three residues. For the mean circular variance
per ensemble, only well-defined residues with window-
averaged circular variance <0.2 were used. The QUEEN
method was used to calculate the experimental structural
uncertainty, as derived from the restraints.?!

We used a paired t-test to determine whether differences
for the various quality indicators were statistically signifi-
cant assuming normal distributions. Differences were
considered to be significant if p < 0.05. Correlations
between various indicators were analyzed with Pearson’s
correlation coefficient.

Positional RMSD values in the original set were calcu-
lated for 484 entries. For each of the remaining entries,
only one model was originally deposited by the authors.
RMSDs relative to the coordinate-averaged model were
calculated for backbone atoms (N, C*, C) of both the entire
sequence and of the well-ordered residues after superposi-
tion onto the backbone of the well-ordered residues only.
The well-ordered residues for each entry were automati-
cally derived from the original ensemble with the script
‘wellordered.inp’ available within ARIA and described in
detail previously.?2 For the recalculated sets, RMSDs were
calculated both relative to the average coordinates of the
recalculated set and to the average coordinates of the
originally deposited set.
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RESULTS AND DISCUSSION

For each protein in our database, 200 structures were
recalculated in both CNS and CYANA and the 50 best
(lowest total energy) models were subjected to a final
refinement in explicit water (see Materials and Methods).
All deposited models and the 25 best models before and
after water-refinement were selected for analysis and
labeled as follows:

ORG, originally deposited models as present in the PDB;

CNS, models recalculated in CNS;

CYA, models recalculated in CYANA,;

CNW, models recalculated in CNS and water-refined in

CNS;

CYW, models recalculated in CYANA and water-refined

in CNS.

All coordinate data, along with the analysis results and
the scripts used in this recalculation project are available
at http://www.ebi.ac.uk/msd/recoord.

This massive structure calculation effort was achieved
through the implementation of both CNS and CYANA
within the Condor framework for grid computing. The
integrated Condor environment allows large numbers of
calculations to be launched simultaneously with ease and
the progress of the calculations to be monitored over time.
The scheme implemented here is available for future
projects and can be extended or upgraded easily with new
versions of CNS or CYANA as they become available. On
the Condor cluster, the total central processing unit (CPU)
time including test runs needed to calculate the different
sets amounted to 31,169 h, equivalent to 3.5 years on a
single workstation. As an illustration of the computational
requirements, a 2.2 GHz P4 computer requires 340 s to
calculate one model for entry 2EZM (101 amino acids and
15.5 restraints per residue) with CNS and 31 seconds with
CYANA, whereas the subsequent water-refinement in
CNS takes 670 s.

Agreement with Experimental Distance Restraints

The RMS value of the distance restraint violations was
found to decrease significantly after recalculation and
refinement (Table I), which is also evident from the
histogram depicted in Figure 2(a). In the ORG set, 44
entries have RMS distance restraint violations larger than
0.2 A (see inset). This number decreases to eight for the
CNW and CYW sets, seven of which are also in the set of 44
entries, indicating that only one of these entries was
originally (in the ORG set) below the 0.2 A cutoff. The RMS
violation of this entry (1EZP) increases from 0.02 (ORG) to
0.20 (CNW) A. Entry 1EZP is a 370 amino acid protein that
could not be properly refolded in the CNW set. For this
entry, many RDC restraints were used in the original
calculations that were not taken into account here. For 135
entries, the RMS distance restraint violations increase
relative to the ORG set after recalculation and water-
refinement (CYW and CNW). The entry with the largest
increase is the aforementioned 1EZP that increases from
0.02 (ORG) to 0.2 (CNW) A RMS violation.

We also investigated whether the number of distance
restraint violations is biased by the programs that were
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TABLE 1. Quality Indicators of Database Before and After Recalculation and Refinement

_ Original Recalculation Water-refinement
ORG CNS CYA CNW CYW

Violation analysis )

RMS distance restraint violations (A) 0.08 = 0.14* 0.04 = 0.06 0.04 = 0.05 0.04 = 0.05 0.03 = 0.04

# Consistent violations > 0.5 A 3.9+ 137 03x15 1.5*x52 0.1+06 0.1+06

RMS dih. restr. violations (degrees) 1.6 £46 0.5=0.7 0.5+0.7 05+0.5 05*+0.6

# Bumps per 100 residues® 73 £63 119 87 £ 37 107 9+7
WHAT CHECK Z-scores

2" Generation packing quality -35+19 -41+19 -41+18 -25+20 -25+20

Ramachandran plot appearance -46*16 —46*+12 -57*x11 -34+14 -35*x14

X1/X2 Rotamer normality -37x15 -09=13 —-46*04 -09=x10 -12+1.0

Backbone conformation —-4.0+3.0 -34+26 —-49+29 -3.8+27 —4.0 =27
DSSP secondary structure analysis

Helical content 26.1 =224 22.3 +20.2 23.2 +20.8 25.6 = 22.2 25.5 + 222

Sheet content 15.8 +13.6 146 = 13.1 133 £ 125 17.8 £ 15.0 181 +15.1

Secondary structure content? 71.3 £10.3 69.3 = 10.9 68.0 =114 73.7+9.0 734 +92
PROCHECK results

Most favored regions 69.3 + 14.2 69.0 + 13.1 60.5 + 14.1 76.1 = 11.3 75.0 = 11.5

Allowed regions 254 +10.6 26.0 9.9 31.7+99 19.6 £ 85 204 + 85

Generously allowed regions 39+38 3.7+32 59+46 25+21 27+22

Disallowed regions 1.3 +1.7 1.3+14 19+18 1.8+18 1.9+20
Precision NMR ensemble®

Backbone RMSD (A) 23+28 29+ 32 2.8 +3.7 29+3.1 28+ 36

Well-ordered RMSD (A) ) 06*+1.0 10+14 10+14 11+14 10+14

Backbone RMSD ORG (A)f . n/a 3.7+39 4.0+47 3.7+38 39+46

Well-ordered RMSD ORG (A) n/a 1417 1517 1.5*+16 1.5+1.7

Circular variance 0.04 = 0.03 0.05 = 0.05 0.05 = 0.03 0.05 = 0.03 0.05 = 0.03

2SDs in this table sometimes suggest the possibility of non-existing negative values, due to the presence of outliers in the distribution of specific

indicators.

PA violation is considered to be consistent if it occurs in more than 50% of the models.
‘Bumps are calculated for heavy atoms only; in WHAT_CHECK two atoms are said to ‘bump’ if they are closer than the sum of their Van der

Waals radii minus 0.4 A.

dAlso including 3-10 helices, 7 helices, hydrogen bonded turns and bends.
°RMSDs are calculated for the backbone heavy atoms of both the entire sequence and of the well- ordered residues after superposition onto the

well-ordered residues only.

fRMSD relative to average coordinates of original ensemble from ORG set.
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and 3°, respectively.

initially used by the authors for refining their structures.
In Table II, we compare the RMS distance restraint
violations before and after recalculation and water-
refinement (sets ORG and CNW). The possible differences
observed should be taken with circumspection, since the

number of entries that were initially calculated with each
program differs substantially (see Table II). Entries corre-
sponding to different programs exhibit relatively large
differences in distance restraint violations: for example,
the Discover entries have a RMS distance restraint viola-
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TABLE II. Quality Comparison of Entries Originally Calculated with CNS, CYANA or
Discover for Sets ORG and CNW

CNS (4142 CYANA (97) Discover (34)
RMS distance restraint violations (A) (ORG) 0.06 = 0.07 0.10 = 0.15 0.27 = 041
RMS distance restraint violations (A) (CNW) 0.04 = 0.03 0.03 = 0.03 0.09 = 0.13
2" Generation packing quality (ORG) -36+18 -35+21 —2.7+22
2" Generation packing quality (CNW) -25+19 —-24+21 —-20+24
Ramachandran plot appearance (ORG) —-46+ 1.7 —-47+15 —43+13
Ramachandran plot appearance (CNW) -34+14 -34+14 -33*18

2The numbers in parentheses indicate the number of entries with restraints in a specific format.
For some entries, the format of the deposited restraints might not match the final software used by the

authors of the original structures.

tion of 0.27 A, while the average value for the entire
database is 0.08 A (see Table I). Some of the violations in
this set may be explained by the presence of pseudo-atom
corrections that were not included in the restraint list as
deposited at the PDB. In addition, some of the violations
for the Discover entries may have been introduced during
the regeneration of the proton coordinates in ideal geom-
etry that was performed for the ORG set.

The average RMS value for the violations in the set of
original models considered here (0.08 + 0.14 A)is larger
than that reported previously for a smaller database of 97
NMR entries (0.06 = 0.04 A).'> This increase of both the
average and the SD mainly originates from the Discover
entries. In Table II, the mean RMS distance restraint
violation for the XPLOR/CNS entries (0.06 A) is equal to
that for the earlier database. Furthermore, the RMS value
for the violations decreases significantly after recalcula-
tion, which indicates that many violated restraints could
easily be satisfied.

Agreement with Experimental Dihedral Restraints

The RMS values for the dihedral angle restraint viola-
tions also decrease after recalculation. RMS values larger
than 3° were found for 36 entries [see inset Fig. 2(b)] in the
ORG set. The entry with the largest RMS violation (58.7°)
is 1K18, with 24 &/ restraints, which are almost all (20)
severely violated. These large dihedral angle restraint
violations disappeared in all entries after recalculation (in
the CYW and CNW sets) except for three (1K18, 11Y6 and
1BCT). All 36 entries with large RMS values yielded
smaller RMS values following recalculation. In spite of
this, 129 of 289 entries exhibited increased RMS values in
the CNW set for dihedral angle restraint violations after
recalculation and refinement. The largest increase was for
1EZO, from 0.3 to 2.8°.

For the CYA set, we initially found a RMS value for the
dihedral violations of 2.7 = 8.5°. This increase is caused by
the fact that in the BMRB FRED database dihedral
restraints with definitions containing prochiral hydrogen
atoms were not converted into the CYANA format.?° This
affected 92 of the recalculated entries. These restraints
were thus not enforced during structure calculation in
CYANA but were included in the violation analysis. If
those entries are excluded from the analysis, a RMS value
of 0.5 = 0.7° is found. Since no significant differences were

noticed for all other quality indicators, no entries were left
out of the CYA set for analysis.

Quality of Recalculated Structures

Table I further analyzes several quality indicators for
assessing the performance of the recalculations. The Z-
score of the packing quality does not yet improve in the
CNS and CYA sets. The Z-scores for Ramachandran plot
appearance are similar for the CNS set and the ORG set,
whereas the CYA set moves away by more than one SD
from the ORG set. This difference between the CYANA
and CNS sets disappears after water-refinement; after
this step, both sets (CYW and CNW) are better than the
original structures (ORG) by one SD, both for packing and
Ramachandran. These improvements are very similar to
those reported for the DRESS database.'®

The improvement of the Ramachandran score is also
visible in the PROCHECK results in Table I. Here again
the CYA set does not improve in Ramachandran perfor-
mance. Interestingly, while the percentages of residues in
the most favored regions increase by approximately 8%,
the number of residues in the disallowed regions for the
refined sets (CNW and CYW) increases by small but
significant amounts. This effect was also noticed in the
refinement of IL.-4 that was studied previously with almost
the same refinement protocol.*”

Figure 3(a) shows the correlation between the improve-
ment of the Z-scores for packing quality and for Ramachan-
dran plot appearance for the set CNW. The plot is divided
into quadrants. In our database, 420 entries (77%) fall in
the upper right quadrant, indicating that both the packing
and the Ramachandran Z-score improved. There are 27
entries falling in the lower left quadrant, indicating that
those entries decrease in quality for both scores. For the
set CYW, this number is 28. The union between these two
subsets from CNW and CYW is 32 and the intersection 23
entries. These numbers indicate that for about 6% of the
entries in our database (32/545) no improvement could be
reached after recalculation and refinement. In this set of
32, there were 15 entries that only deteriorated slightly
(less than 1 SD for both Ramachandran and packing in
both CYW and CNW). The remaining 17 entries were
checked manually in order to discover the reason for their
poor performance in our protocol. We concluded from the
original papers that for 14 entries the authors used more
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improvement. RMS values above 0.5 A are not shown in the plot (4 entries off scale).

restraints (either distance or dihedral restraints) in the
original calculations than actually available from the PDB
(entry codes: 1JO5, 1ALG, 1LS4, 108T, 1FYJ, 1SUT,
1K18, 1EZY, 1MM5, 1MM4, 1QK6, 1EQ3, 1EFE and
1P1T). For two entries (1IKOY and 1GHH) dipolar cou-
plings were used, and three entries (108T, 1MM4 and
1MM5) had a NMR data density of less than three
restraints per residue. No straightforward reason could be
found for the poor performance of entry 1BM4. Two entries
in this set of 17 entries performed differently in CYANA
and CNS (i.e. difference in improvement by more than 1
SD): 1L.S4 (CYANA better) and 108T (CNS better).

Figure 3(b) shows the correlation between the RMS
distance restraint violations in the ORG set and the
improvement of the packing quality after recalculation
and refinement (CNW). No clear correlation is present (r =
—0.16). To find out if there were individual entries for
which the number of violations in the ORG set was linked
to a poor performance in the recalculation, we compared
some of the subsets discussed above. The intersection of
the subset of 44 entries having RMS distance restraint
violations larger than 0.2 A in the ORG set and the subset
of 125 entries in the left quadrants and the lower right
quadrants of Figure 3(a) contains 16 entries, indicating
again that no general conclusions could be drawn from
violations in the original set.

We also investigated whether the outcome of our recalcu-
lation effort was biased by the programs the initial authors
used to determine their structures. Some of the important
quality indicators both before and after recalculation and
refinement (ORG and CNW sets) are compared in Table II.
The Ramachandran plot appearance and the packing
quality Z-scores do not differ notably for the different
calculation programs. The Discover entries exhibited bet-
ter packing before and after recalculation. These findings
indicate that all categories benefit equally from the recal-
culation effort.

The improvement in rotamer normality is evident in
Table I and is mainly an effect of the force field used in the
recalculation for sets CNS, CYW and CNW (PARALLHDG

5.3). The force field used in CNS includes a dihedral angle
potential describing rotameric states.'” The number of
bumps decreases dramatically in our database, from 73
heavy atom close contacts per 100 residues (ORG) to 10
(CNS, CYW and CNW). This closely approaches the num-
ber of bumps per 100 residues (7.3 = 5.8) that was reported
for the internal WHAT CHECK X-ray database.?® The
Z-score for the backbone conformation improves only
slightly for the CNS and CNW sets. The backbone normal-
ity score is a measure of how normal a given backbone
conformation is compared to high-resolution X-ray struc-
tures and is based on the C* positions of five sequential
residues. Apparently, water-refinement is unable to im-
prove this score, possibly due to the presence of unstruc-
tured loops. This difficulty in improving the backbone
conformation was also observed in the DRESS database.®

The results for the secondary structure analysis in Table
I again emphasize the effectiveness of water-refinement
for increasing the secondary structure content. The helical
content, however, decreased slightly (by 0.5%) after recal-
culation and water-refinement for the CNW set (p = 0.04)
compared to the ORG set, whereas the sheet content
increased significantly by 2.0%.

We identified 26 cases for which X-ray coordinates are
available for the same (or highly homologous) monomeric
proteins. Calculation of the positional backbone RMSDs
for both the ORG and the CNW ensembles relative to the
corresponding X-ray structures revealed a small but not
yet significant improvement after recalculation (data not
shown). This indicates that our structures are as accurate
as the original ones. Together with the fact that for several
quality indicators (Ramachandran, packing, rotamer nor-
mality) our RECOORD database is much closer to the
reference database of X-ray structures, this makes us
confident that the overall quality of the recalculated
structures has improved.

Precision of Recalculated Ensembles

Table I presents RMSD values, which describe the
precision of the recalculated conformer ensembles. Our



RECALCULATION OF PROTEIN STRUCTURES

discussion is limited to the results for the CNW set as
representative for the results after recalculation and refine-
ment, since no important differences exist between this set
and the CYW set. The RMSD values of the ensembles
significantly increase after recalculation and refinement.
The well-ordered RMSDs increase by 0.4 Aon average (i.e.
from 0.6 to 1.0 A). These results are in agreement with a
previous paper from Spronk et al.®® showing that the
RMSD of many reported NMR ensembles can be increased
without compromising the experimental restraints. The
RMSDs for 44 entries increase by more than 1.0 A and for
20 of those by more than 2.0 A. For six entries of those 20
(1JO5, 1LS4, 108T, 1MM4, 1IMM5 and 1EFE), the larger
positional variability is explained by the lack of experimen-
tal restraints, as discussed in the previous subsection.

Similar observations can be made for the circular vari-
ances of the various sets. On average, this indicator
slightly increases after recalculation, indicating that the
variability of the backbone torsion angles is smaller in the
ORG set.

Furthermore, the recalculated sets move slightly away
from the ORG set, as shown by the RMSD values relative
to the mean model of the ORG set (listed as 'well-ordered
RMSD ORG’ in Table I). The value of 1.4/1.5 A for the
well-ordered RMSD ORG is significantly higher than the
1.0/1.1 A for the well-ordered RMSD relative to the mean
coordinates of the recalculated sets. Here 102 entries are
more than 1.0 A away from the mean ORG model (as
indicated by the difference [well-ordered RMSD ORG] —
[well-ordered RMSD] > 1 A), and 28 entries are more than
2.0A away. Of those 28 entries, 27 also have a positional
variability in the CNW set at least 1 A larger (increase in
well-ordered RMSD by more than 1 A) than in the ORG
set. The entry 1L7B is an interesting exception to this
trend; it has well-ordered RMSDs of 0.4 A and 0.9 A for the
ORG and CNW sets, respectively, and a well-ordered
RMSD relative to the original mean coordinates of 3.1 A.
The RMS value for the distance restraint violations for
this entry is 1.1 A in the ORG set and 0.02 A in the CNW
set, suggesting a discrepancy between the restraint lists
used in the two sets.

Comparison Between Programs

The programs CNS and CYANA differ in many respects,
including the standard geometry of amino acid residues,
the simplified force fields, the implementations of torsion
angle dynamics and the calculation strategies. The differ-
ent approaches manifest themselves in some parameters
related to details of the structures, such as the number of
bumps and the Z-scores for Ramachandran appearance,
rotamer normality and backbone conformation reported by
WHAT CHECK (see Table I). However, the fact that the
structures from both approaches become virtually indistin-
guishable after the unified refinement in explicit solvent
shows that the small local differences in the structures
originating from the two programs are not of a fundamen-
tal but rather of a technical nature. For example, the
larger number of short non-bonded contacts in the CYA set
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(listed as bumps in Table I) is due to the use of slightly
smaller repulsive core radii in CYANA compared to CNS.

The major difference between the two calculation pro-
grams used manifests itself in the computation time
needed for the calculation: the generation of a model in
CYANA is roughly 10 times faster than in CNS. The
higher computational speed of CYANA is due in part to an
implementation of torsion angle dynamics that requires
only one force evaluation per integration step'® instead of
four in the corresponding CNS algorithm®* and in part to
the use of a pure torsion angle dynamics protocol, whereas
with CNS a hybrid torsion angle/Cartesian space approach
is used.

Relation Between NMR Data Quality and
Structural Quality

The present recalculation effort provides a unified data-
base of NMR structures that can be used to extract
potential relationships between data quality and struc-
tural quality. Correlations between various parameters
were investigated and summarized in Table III assuming
linear correlation: both before (ORG, below diagonal) and
after (CNW, above diagonal) recalculation and water-
refinement. In general, it appears that, after recalculation
and refinement, the correlations increase. This fulfills our
initial goal of standardizing the calculation protocols and
diminishing software and user biases in the deposited
NMR structures. Still, the correlations remain low and
only a few of them have an absolute value above 0.5. Some
of the most interesting correlations are discussed below.

The strongest correlation is found between the uncer-
tainty present in the restraints and the backbone RMSD
(r = 0.69) [Fig. 4(a)]. In this plot we marked entries 1G9L,
1KKD and 1BCT as outliers. Entry 1G9L consists of a
well-ordered core and a relatively large unstructured part.
Entry 1KKD is an unstructured protein with only a few
well-ordered residues. Entry 1BCT has two well-defined
helices connected by a flexible linker, making a RMSD
calculation less meaningful. In Figure 4(a) it becomes clear
that the structural uncertainty present in the experimen-
tal restraints imposes a lower limit on the RMSD that can
be achieved.

In Figure 4(b) the Ramachandran Z-score from
WHAT_CHECK is plotted against the circular variance
(r = —0.67). The outlier in this plot is 1SUT, a 22 amino
acid peptide with an unusual helical structure. The two
entries in the upper part with circular variance of 0.2 are
1MM4 and 1IMMS5, which could not be folded properly with
the few restraints available (less than one restraint per
residue). Here again an upper limit is visible: a protein
that has a high Ramachandran normality (less than 2 SDs
away from the database average) will have a circular
variance smaller than 0.05.

It appears from Table III that the well-ordered RMSD is
only weakly correlated to the circular variance (ORG: r =
0.32 and CNW: r = 0.42). The different nature of these
quality indicators accounts for the weak correlation. The
circular variance is a local measure only calculated for the
well-defined residues (circular variance <0.2; see Materi-
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TABLE III. Correlation Coefficients of Different Parameter
b
orgs —&&W DataDens. Compl. Uncertainty RMSViol. B.RMSD W.RMSD CV. Packing Ramach. Bumps
Data density 0.56° -0.14 -0.23 -0.31 -0.31 -0.45 0.34 0.31 —0.03
NOE completeness 0.58 -0.29 —0.36 -0.21 -0.17 —0.18 0.19 0.26 —0.05
Structural uncertainty? -0.14 —-0.32 0.04 0.69 0.54 0.23 —-0.22 -0.11 —-0.27
RMS violations -0.11 -0.19 -0.10 0.08 0.21 022 —0.25 -0.37 0.58
Backbone RMSD -0.24 -0.12 0.60 0.02 0.54 030 —0.39 -0.21 —0.08
Well-ordered RMSD —0.18 —0.03 0.39 0.01 0.45 042 -0.31 —-0.27 0.03
Circular variance —0.32 —0.04 0.09 0.00 0.21 0.32 —-0.60 -0.67 0.25
Packing quality 0.31 0.21 -0.23 —0.06 -0.33 —0.18 —0.49 0.69 -0.39
Ramachandran 0.16 0.22 -0.01 -0.11 —-0.13 —0.16 —048 0.48 -0.51
# Bumps per 100 res. 0.04 -0.26 —0.06 0.04 —0.10 0.00 0.07 -0.21 -0.47

2Correlation coefficients for the set ORG are listed below the diagonal.

PCorrelation coefficients for the set CNW are listed above the diagonal.

‘Correlations larger than 0.5 or smaller than —0.5 are printed in bold.

9The uncertainty present in the restraints does not depend on the coordinates and is thus the same in sets ORG and CNW.

als and Methods), whereas the well-ordered RMSD is a
more global measure and might still include residues that
are highly mobile if the ensemble as a whole is not
well-defined.

A correlation between the RMS distance restraint viola-
tions and the number of bumps is present in the CNW set
(r = 0.58) and absent in the ORG set (r = 0.05). This
correlation in the CNW indicates that strain caused by NOE
restraints can easily cause close contacts in the structure.

The correlation between packing and Ramachandran Z-
scores for the CNW set (r = 0.69) is expected, but still
informative, since both highlight distinct structural features.
Only weak correlations are observed between indicators
based on the NMR restraints, such as data density, NOE
completeness and uncertainty and the WHAT CHECK qual-

ity Z-scores for packing and Ramachandran. This shows that
the NMR data based indicators are generally ineffective at
indicating the normality of a structure, which can be deter-
mined from high quality X-ray structures. Two examples are
presented in Figure 4(c and d). In Figure 4(c), the correlation
between the NOE completeness and the packing quality
Z-score is shown (r = 0.20). Entry 1BCT is an outlier, since it
is almost entirely helical (helical content of 84%). Entry
1KKD is another outlier, since it is highly unstructured, as
mentioned earlier. This is not reflected in the NOE complete-
ness, which is as high as 55%, as this measure is based on the
coordinates of the model itself. In Figure 4(d), the NMR data
density is plotted against the Ramachandran Z-score (r =
0.31); this again illustrates the rather weak correlation
between data and structural quality.
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Surprisingly, the correlations between the data density
and the various quality indicators decrease when they are
based only on long-range NOEs (data not shown), which
were shown to be the most important ones to define the 3D
structure.'® This indicates that, in general, the force field
and protocols used perform well in terms of Ramachand-
ran and packing normality, irrespective of the number of
restraints provided.

We further analyzed the normality of beta and « struc-
tures in our dataset. For a-proteins (defined as «-helical
content >40% and sheet content <5% in the ORG set) the
packing and Ramachandran Z-scores are —1.5 and —2.9
respectively, in the CNW set. These numbers are much
closer to the mean of the X-ray database than the numbers
for the entire database (—2.5 and —3.4 for CNW, see Table
I). For B-proteins (defined as «-helical content <10% and
sheet content >30% in the ORG set) this effect is less
apparent: the packing and Ramachandran Z-scores are
—2.1 and —3.7, respectively, in the CNW set. These
numbers suggest that a-helical structures solved by NMR
will in general be closer to the database average regarding
packing and Ramachandran appearance. This is some-
what surprising considering that B-proteins show a better
dispersion of signals in NMR spectra. In addition, the
collection of long-range NOE connectivities involving back-
bone protons is typically easier than for a-proteins in
which sidechain—sidechain contacts are needed to pack the
helices against each other. On the other hand, these
differences might reflect the wider range of angles in the
definition of B-sheet conformations compared to a-helical
ones.

The entries in our database were deposited from 1990 to
2003 [see Fig. 1(d)]. There exists no correlation with an
absolute coefficient larger than 0.15 between the year of
deposition and any of the indicators listed in Table III both
for the ORG and CNW sets. For example, there is a very
weak trend indicating an increase in the number of
restraints per residue with the year of deposition (r =
0.08). This trend might have become higher if RDCs were
included.

CONCLUSION

The RECOORD database introduced here contains recal-
culated and refined coordinates for 545 proteins. The
quality indicators for packing and Ramachandran appear-
ance moved on average one SD closer to the mean of the
reference database. Only 6% of the entries did not improve
in our protocol, mainly due to incomplete deposited experi-
mental data compared to the ones reported in the corre-
sponding papers. The agreement with the experimental
restraint data is also generally better than in the origi-
nally deposited models.

Although the basic limitation on further improving the
structural quality seem to lay on the restraint data
available, new calculation algorithms may improve the
normality scores of the entries that could be reached in
this paper. The use of additional data not considered here
such as RDCs and chemical shifts should also lead to
further improvement.
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The RECOORD database provides a benchmark for
future efforts to improve the tools used for NMR structure
determination and validation. RECOORD also can serve
as a unified high quality NMR structure database for
various modeling and statistical applications.
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