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ABSTRACT

According to several studies, some nuclear
magnetic resonance (NMR) structures are of lower
quality, less reliable and less suitable for structural
analysis than high-resolution X-ray crystallographic
structures. We present a public database of 2405
refined NMR solution structures [statistical torsion
angle potentials (STAP) refinement of the NMR
database, http://psb.kobic.re.kr/STAP/refinement]
from the Protein Data Bank (PDB). A simulated an-
nealing protocol was employed to obtain refined
structures with target potentials, including the
newly developed STAP. The refined database was
extensively analysed using various quality indicators
from several assessment programs to determine the
nuclear Overhauser effect (NOE) completeness,
Ramachandran appearance, xi-x2 rotamer normal-
ity, various parameters for protein stability and other
indicators. Most quality indicators are improved
in our protocol mainly due to the inclusion of the
newly developed knowledge-based potentials. This
database can be used by the NMR structure
community for further development of research
and validation tools, structure-related studies and
modelling in many fields of research.

INTRODUCTION

Protein structure determination has contributed greatly to
our understanding of structural biology by providing the
three-dimensional protein structure and the role of the
associated conformational dynamics of the protein.
Despite the importance of protein structures, three-
dimensional protein structure determination has been
limited to X-ray crystallography in the solid state (single

crystals) or nuclear magnetic resonance (NMR) spectros-
copy in solution. Recently, 9049 macromolecular struc-
tures obtained by NMR spectroscopy were available in
the Protein Data Bank (PDB) (1,2). NMR is uniquely
suited to the characterization of protein structure and
dynamics in solution, and it is not hampered by the
ability or inability of a protein to crystallize. Despite
these advantages, NMR protein structures are usually
not a first choice for studies of protein structure and
function. Because NMR structures can be of lower
quality, less reliable and less suitable for structural
analysis than crystallography, they are often excluded
(3-5).

Because of the wuncertainty in NMR structures,
numerous refinement protocols and force fields have
been developed to improve the quality of NMR struc-
tures (3,5-7). Even with the recent advancements in proto-
cols and force fields, the structures obtained can still
be of unsatisfactory quality, indicating that there is
room for further improvement. Numerous studies have
advised that the poor quality of the Ramachandran plot,
backbone conformation and/or side-chain packing were
caused by the low quality of the NMR structures (8-10).
To address these weaknesses, re-refinement and other
protocols have been introduced in several projects
[DRESS (11), RECOORD (12), etc.]. Re-refinement
usually leads to an improvement in structure quality.

The re-refinement in this study is focused on 2405 of the
9049 selected solution NMR structures deposited in the
PDB. We developed a new refinement protocol to refine
the solution NMR structure by correcting the backbone
polypeptide torsion angles. A detailed protocol and target
selection are introduced in the next section. We illustrate
the clear overall improvement of the structures in our
database, statistical torsion angle potentials (STAP) re-
finement of the NMR database, compared to the currently
available refinement databases.
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Unlike crystallography, NMR structure determination
uses very heterogeneous geometrical information: dis-
tances, dihedral angles and orientations (12). Among
this geometrical information, we focused on the dihedral
angle. Torsion angles are assumed to be a very important
factor in the quality of NMR structures (8—10). Its devi-
ation sways the inter-atomic distance and greatly influ-
ences the nuclear Overhauser effect (NOE) signals in
experiments (13,14). Torsion angle population analysis
provides a firm ground for deriving knowledge-based
energy functions. STAP was developed with 18353
high-resolution X-ray crystallographic structures with a
resolution below 2.0A from the PDB. From that, we
removed the structures with redundancies and built
two-dimensional histograms as a function of the two
backbone torsion angles (¢ and ) with a grid point
for every 15°. By applying a log transformation to these
histograms (15), we obtained the two-dimensional
knowledge-based potentials on ¢/ torsion angles for fa-
vourable conformational isomerism. We call this potential
STAP. STAP gives weight to suitable conformations and
lets preferable ones remain. It especially works with the
simulated annealing protocol.

The 2405 structures are presented in the STAP refine-
ment of the NMR database. Most of the experimental
structures available from the PDB were loaded directly
into the automatic pipeline for refinement. Each NOE
distance restraint was downloaded from the Biological
Magnetic Resonance Bank (BMRB) (16). This restraint
set was used to refine the corresponding ensembles de-
posited in the PDB. Targets that carry contradicting
inter-atomic distances to the NOE data were discarded.
We selected only the X-PLOR restraint format.

Briefly, the refinement protocol used is as follows: (i)
after STAP refining potentials are applied to all of the
structures, the implicit solvation model is applied (17)
and energy-minimized; (ii) the system is heated from 100
to 500 K using 1000 steps of molecular dynamics; (iii) 2000
steps of molecular dynamics at 500 K are performed; (iv)
cooling down to 25 K runs during 4000 steps; and (v) a
short minimization with 200 steps is performed. This
protocol was executed using CHARMM (ver. C35) (18).

Quality assessment of NMR structure

The programs PROCHECK (ver. 3.54) (8) and
MolProbity (ver. 2.12) (10) were used to measure the
Ramachandran appearance and steric clash score. The
program WHAT_CHECK (ver. 8.0) (9) was used to
measure the root mean square (RMS) Z-score distribution
of several parameters of the protein structure. There are
three optimal energy properties for protein structures:
Discrete Optimised Protein Energy (DOPE, ver. 9v7)
(19), normalized DOPE (nDOPE, ver. 9v7) (20) and
dipolar Distance-scaled, Finite-Ideal gas REference
(dDFIRE, ver. 1.1) (21). NOE distance violations for
all ensemble restraints were calculated with AQUA
(ver. 3.2) (22).

Statistical analysis for STAP refinement of the NMR
database

Statistical RMS Z-score distribution, RMS NOE viola-
tions and nDOPE scores for the original and refined struc-
ture are shown in Figure 1. As we expected, the RMS
Z-score for the Ramachandran plot appearance
(Figure 1D) showed a great improvement because it
shows two separate Gaussian distributions. In addition,
the result of the RMS Z-score distribution for the x;—x»
rotamer normality (Figure 1 E) also appears similar to that
of the Ramachandran plot appearance. Other parameters
show remarkable improvement with a stable low energy
profile for nDOPE and 2nd-generation packing quality.
Interestingly, the influence of the torsion angle conform-
ation on the NMR structure may cause RMS NOE viola-
tions to provide better quality, indicating that NOE
violations directly affect the geometrical conformation of
the torsion angle (23,24).

The average values of the original and refined param-
eters pertaining to the structural quality are presented in
Table 1. Evaluation of the structural quality indicated that
our protocol, STAP, provides improved quality in the
polypeptide backbone conformation. Remarkably, the
number of RMS NOE violations was closer to zero in
the refined structure than in the original structure, which
is shown above in the histogram depicted in Figure 1.

Comparison with DRESS and RECOORD

From analysis of the STAP data, there are 70 structures
present in the two public NMR refined databases (DRESS
and RECOORD databases), as shown in Table 2. The
refined data of DRESS (refined PDB files) and
RECOORD (CNW and CYW PDB files) were loaded
directly from their websites to measure the protein struc-
ture qualities. The quality improvement by the three
protocols (STAP, DRESS and RECOORD) is shown in
Table 2. The STAP refinement protocol has a great im-
provement on the Ramachandran backbone conform-
ation, especially on the percentage of favourable
indicators by MolProbity and PROCHECK. The
Z-score distributions by WHAT_CHECK indicated
that our protocol provides slightly better quality than
the other two protocols [steric clash score, nDOPE
score, RMS Z-score distributions on the structure
(2nd-generation packing quality, x;—x» rotamer normal-
ity, Ramachandran plot appearance and backbone con-
formation) and RMS Z-score distributions (bond angles
and inside/outside distribution)]. The result of the
optimized energy comparison indicated that the other
databases (RECOORD and DRESS) are slightly better
than our approach. With the many positive attributes of
STAP, it can be confidently concluded that STAP
provides comparable performance to justify the geometric
consensus for torsion angles and shows comparable or
slightly better performance than the two known protocols.

We have discussed the statistical analysis of the original
and refined structures and compared our refined structure
quality with that of other known NMR refined databases.
Based on these facts, we believe that the quality of our
2405 NMR structure database is significantly improved,
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Figure 1. Distribution of the protein quality assessment of the original (red) and refined structures (blue bars). The figures present the distributions
of the 2405 selected NMR structures as follows: (A) the RMS value of the NOE violations, (B) the normalized DOPE score, (C) the 2nd-generation
packing quality (all backbone and side chain contacts), (D) the Ramachandran plot appearances, (E) the x;—x, rotamer normality and (F) the
backbone conformation. The values were measured by dDFIRE, AQUA and WHAT_CHECK.

and this database will be a good start for further develop-
ment of research and validation tools, structure-related
studies and modelling in many fields of research.

Web interface and system

The STAP refinement of the NMR database can be
accessed using a web-portal (http://psb.kobic.re.kr/
STAP/refinement) that provides a 2405 refined NMR
structure database, which runs on the CentOS operation
system (ver. 5.2). The web server uses a standard web
browser as the graphic user interface to the front-end
server based on PHP (ver. 5.1.6)/SQL, the application
server based on Apache (ver. 2.2.3) and the MySQL
(ver. 5.0.45) back-end database server.

The following five website features are described in
detail: (i) the main page, (ii) the general structure infor-
mation page, (iii) the results page, (iv) the visualization
page and (v) the download page. (i) The Front page
allows the user to enter the selected PDB ID to access
the database. On the main page, there are three different
ways to access the database (PDB List, Lucky and
manual). The PDB List is somewhat similar to the MS
Windows file explorer interface, which is one of the

search engines using the tree structure as the user inter-
face, sequentially listing PDB IDs. If a user clicks
the ‘PDB List’ button, a tree browser layer will open at
the upper left side of the window on the main page. The
top-level directory consists of the first letter of each PDB
ID. When the user clicks the ‘+” button placed on the left
side of the directory image, the next lower level of the tree
node appears. When the user clicks ‘first two letters of ID’,
the user can see the list of PDB IDs. The second way is
using ‘Lucky’, which is known as the ‘online demonstra-
tion’, and uses the pseudo-random number generator al-
gorithms (25) to select a random target. ‘Lucky’ provides
visual information with a mouse-rollover—tooltip layer, so
that a user can learn our system quickly. Finally, for the
manual search, a user types the PDB ID to access the
database. For user convenience, the auto-completion
function is available. (ii)) General information on the
target NMR structure (Figure 2) is provided, including
information on the protein, experimental information,
visualization of the structure using the Jmol viewer (ver.
11.4.RC4) (26) and links to the PDB, BMRB, PubMed
(dependent on PDB data; if the PDB data do not
include the PubMed information then the PubMed icon
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Table 1. Summary of the average quality indicators of the original and refined NMR structures

Original Refined (STAP)*
Steric clash score 33.16 £+ 39.52 1.57 + 5.90
RMS NOE distance violations 0.20 + 0.35 0.13 + 0.24

Optimal protein energy
DOPE score
Normalized DOPE score
dDFIRE Score
Ramachandran indicators (%)
MolProbity
Favourable
Allowed
Disallowed
PROCHECK
Favourable
Allowed
Generously
Disallowed
Structure Z-score distribution®

Ist-generation packing quality
2nd-generation packing quality
Ramachandran plot appearance
x1—x2 Rotamer normality
Backbone conformation

RMS Z-score distribution®

Bond lengths

Bond angles

Q Angle restraints

Side-chain planarity

Improper dihedral distribution

—8050.74 + 4572.84

—0.62 £ 1.02

—163.12 £ 89.44

83.50 + 10.09
12.95 + 7.36
3.54 £ 4.04

75.66 = 12.08

21.04 = 9.65
235+ 3.31
0.96 = 1.72

—3.14 £ 1.68
—2.59 £1.27
—4.50 £ 1.86
—5.25 £2.36
—0.93 £1.28

0.48 = 0.34
0.70 = 0.39
0.36 = 0.51
0.59 £ 0.92
0.64 = 0.39
1.05 £ 0.10

—8587.34 + 4817.
—1.02 £ 0.97
—179.07 £ 96.77

95.51 + 4.83
3.80 £3.92
0.69 = 1.48

89.83 + 7.45
8.01 = 5.80
0.84 = 1.55
1.32 £ 2.01

—2.63 + 1.80
—1.52 £1.55

0.65 £ 1.95
—2.07 £ 1.68
—0.80 + 1.33

0.84 + 0.12
1.04 £ 0.16
1.30 £+ 0.43
0.68 + 0.45
0.79 = 0.25
1.03 £ 0.10

02

Inside/outside distribution

“Bold font indicates the best scores.
PPositive is better than average.
‘RMS Z-score should be close to 1.0.

Table 2. Comparison of the 70 NMR structures that are common among the STAP, DRESS and RECOORD databases

Original

STAP*

DRESS

RECOORD-CNW

RECOORD-CYW

Steric clash score

Optimal protein energy
DOPE score
Normalized DOPE score
dDFIRE score

Ramachandran indicators (%)

68.26 + 57.86

—6098.15 + 4586.33

—0.21 £ 1.17
—125.95 £ 88.72

MolProbity
Favourable 75.02 £ 12.37
Allowed 18.76 + 8.87
Disallowed 6.22 £5.25
PROCHECK
Favourable 67.02 £ 15.14
Allowed 27.18 £ 11.95
Generously 4.38 +£4.10
Disallowed 142 +£1.93
Structure Z-score distribution®
Ist-generation packing quality —348 +1.71
2nd-generation packing quality —2.96 £ 1.19
Ramachandran Plot Appearance —5.85+1.92
X1—X> rotamer normality —6.35 +£2.35
Backbone conformation —1.67 £ 1.50
RMS Z-score distribution® 0.83 +0.34
Bond lengths 1.06 £ 0.42
Bond angles 0.16 = 0.27
Q Angle restraints 1.71 = 1.42
Side-chain planarity 0.92 +0.39
Improper dihedral distribution 1.07 £0.13

1.03 + 2.44

—6941.80 + 5130.94

—1.00 £ 1.06
—147.52 £ 102.79

94.80 + 4.51
4.27 + 3.064
0.92 £ 1.55

88.45 + 7.60
8.73 £ 6.08
1.00 + 1.59
1.82 £ 2.19

—241 +£1.73
—1.28 £ 1.50
0.98 + 2.03
—1.68 + 1.68
—1.07 £ 1.42
0.85 = 0.06
1.03 £ 0.12
1.31 £ 0.37
0.70 = 0.37
0.79 £ 0.17
1.06 + 0.12

16.79 + 9.56

—6996.31 + 5244.70

—1.01 £ 1.13
—143.07 £ 101.01

86.38 = 8.18
10.71 £ 6.71
290 +£2.92

77.92 £ 11.70

18.52 +£9.79
2.06 + 2.49
1.50 £ 2.12

—-2.14 £ 1.72
—1.89 £ 1.12
—4.13 £ 1.44
—2.58 £ 1.59
—1.50 £ 1.40
0.84 = 0.14
0.78 £ 0.12
0.75 £ 0.15
0.81 = 0.18
1.01 £ 0.16
1.07 £ 0.12

16.31 + 8.62

—7274.30 + 5902.43

—0.95 £ 1.11
—146.95 £ 114.19

84.69 + 9.00
11.89 + 7.03
343 +3.34

75.33 £ 13.02
20.20 + 10.73
2.70 £+ 3.00
1.77 £ 2.26

—2.37+1.97
—2.09 £ 1.27
—4.31 = 1.60
—2.50 £ 1.42
—1.64 £ 1.37
0.84 = 0.13
0.78 £ 0.11
0.74 £ 0.15
1.27 £ 0.54
1.19 £ 0.36
1.08 = 0.13

16.56 + 8.46

—7330.00 + 6150.59

—0.96 £ 1.10
—148.66 + 120.39

83.59 £ 9.35
12.75 £ 7.58
3.66 £ 3.29

73.73 £ 13.88
21.48 = 11.54
2.83 £2.99
1.97 £2.29

—2.44 £2.03
—2.08 £ 1.26
—4.43 £ 1.59
—2.77 £ 1.40
—1.63 £1.33
0.86 = 0.13
0.80 = 0.11
0.75 + 0.14
1.31 £ 0.58
1.23 £ 0.38
1.08 £ 0.13

“Bold font indicates the best scores.

®positive is better than average.

‘RMS Z-score should be close to 1.
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Figure 2. General information on the target NMR structure:
structures.

Jmol viewer, link-out to other databases, comparison of original and refinement
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will be disabled), and the NCBI Taxonomy Browser. (iii)
The Results page shows the calculated results for the
structural quality assessment based on the original and
refined structures. It sometimes provides information on
the evaluation results with DRESS and RECOORD with
a link to the target protein sites and an overall summary
table for the target structure. (iv) Visualization informa-
tion on the details of the target structure and
Ramachandran plot for protein quality assessment are
provided. Both the original and refined structures are dis-
played (detailed view of Ramachandran indicators,
location of steric clash sites, etc.), and the location of
the Ramachandran indicator is shown on the plot with
KiNG display software (27). (v) A download area is avail-
able for various data, for example, the result of the protein
quality assessment for the original and refined structures,
both PDB files, and the visualization inputs for the KiNG
display.
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