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Abstract MolProbity is a powerful software program for
validating structures of proteins and nucleic acids.
Although MolProbity includes scripts for batch analysis of
structures, because these scripts analyze structures one at a
time, they are not well suited for the validation of a large
dataset of structures. We have created a version of
MolProbity (MolProbity-HTC) that circumvents these
limitations and takes advantage of a high-throughput
computing cluster by using the HTCondor software.
MolProbity-HTC enables the longitudinal analysis of large
sets of structures, such as those deposited in the PDB or
generated through theoretical computation—tasks that
would have been extremely time-consuming using previous
versions of MolProbity. We have used MolProbity-HTC to
validate the entire PDB, and have developed a new visual
chart for the BioMagResBank website that enables users to
easily ascertain the quality of each model in an NMR
ensemble and to compare the quality of those models to the
rest of the PDB.
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Introduction

The three-dimensional structures of macromolecules, such
as proteins and RNA molecules, provide important infor-
mation about their evolution and function. All methods for
structure determination provide models of those structures
that require validation to assess their quality and to dis-
cover errors that can be corrected through comparison with
underlying data. A number of freely available computa-
tional tools check for mistakes such as steric clashes
between non-bonded atoms, non-standard bond lengths and
angles, problems with dihedral angles, non-rotameric pro-
tein sidechains, poor packing, and other issues. Examples
of these tools include WHAT_CHECK (Hooft et al. 1996),
the iCing validation package (Doreleijers et al. 2012), and
the MolProbity web server (Chen et al. 2010).

Validation of structures and underlying data is an issue
currently being addressed by the Worldwide Protein Data
Bank (wwPDB). The wwPDB formed validation task for-
ces (VTFs) for each of the main structural determination
techniques (X-ray, NMR, EM) and charged them with
preparing recommendations for making validation more
accessible to users. The initial reports of these groups have
been published (Henderson et al. 2012; Montelione et al.
2013; Read et al. 2011). Recommendations of the NMR
VTF (Montelione et al. 2013) included the development of
approaches to simplify the validation process and to make
it more accessible to both structural biologists and general
users of structural data.

We describe a new version of the MolProbity structure
validation software suite (MolProbity-HTC) that has been
modified to take advantage of the HTCondor high-
throughput computing software (Tannenbaum et al. 2001).
HTCondor works by allowing users to harness the com-
putational power of a large number of machines (dedicated
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compute servers or desktop workstations that are used
when they are idle). It has flexible job distribution and
monitoring systems, and is tolerant to faults, including
computer crashes and network outages. By making use of
HTCondor, we have greatly reduced the amount of time
needed to run MolProbity validation on a large set of
macromolecular 3D PDB structures.

MolProbity-HTC is able to more quickly validate large
sets of structures, such as those generated using homology
modeling methods, and allows us to compare the quality of
those structures. A faster MolProbity also allows us to
more easily develop and test new validation methods. We
have run MolProbity-HTC on the entire set of protein and
nucleic acid structures deposited at BMRB/PDB, and have
set up an automated system which automatically updates
the MolProbity statistics weekly in order to incorporate
data from newly released structures. Results generated by
MolProbity-HTC include both “oneline” model-level
summary scores and residue-level scores. These results are
freely available on the BioMagResBank (BMRB) (Ulrich
et al. 2008) website at http://www.bmrb.wisc.edu/ftp/pub/
bmrb/pdb_molprobity/.

To help present these results to a wider audience, we
also created an online interactive chart for visualizing the
overall quality of a structure or ensemble. We created a
page (http://www.bmrb.wisc.edu/validate/molprobity/) on
the BMRB website that allows users to enter any PDB code
and retrieve the corresponding MolProbity quality chart.
The chart allows users to see the overall quality of a
structure, both for the “well-defined” core region and for
the structure as a whole, to compare different models of a
structure ensemble, and to compare a model with the val-
idation results for the rest of the PDB. Although also
compatible with X-ray structures, this chart is particularly
geared toward visualizing validation data for NMR
ensembles.

Materials and methods

We added several new command-line Python scripts to
MolProbity (version 4.02), which, when run on a directory
of PDB files, automatically generate everything needed to
use MolProbity to validate the structures using a preexist-
ing HTCondor computing cluster. We used the Directed
Acyclic Graph Manager (DAGMan) (Couvares et al. 2007)
tool in HTCondor to organize the HTCondor jobs and to
ensure they run in the correct order. Unlike previously
available command-line scripts, which needed to be run
sequentially, the DAGMan feature allows our new script to
combine multiple steps of MolProbity analysis.

The main script we added, “make_condor_files”, takes
as input a directory of PDB files, divides up the input PDB
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files for analysis in separate HTCondor jobs, creates all
needed HTCondor submit and DAGMan files, and creates
all the needed output directories. At its core, MolProbity
contains multiple programs written in multiple languages,
as well as a whole website interface, making it impractical
to send out the entire MolProbity package to HTCondor
compute nodes. To address this issue, we rewrote some of
the primary analysis code of MolProbity in Python so that
only the Python code and several executable files need to
be sent to compute nodes rather than the entire MolProbity
suite. The make_condor_files script divides up the input
PDB files into separate jobs to give each job the optimal
HTCondor job run time of approximately 30 min-1 h
(runtime depends mainly on the size of structures in the
job). MolProbity-HTC requires compute nodes with Python
and Java. Each of these HTCondor jobs encompasses
MolProbity analysis of several PDB files, the number of
which depends on the size of the files. The first set of
HTCondor jobs runs “Reduce” for trimming and addition
of hydrogens (Word et al. 1999). Hydrogens are added with
and without Asn/GlIn/His flip corrections. Nuclear bond
lengths or electron cloud bond lengths can be specified,
depending on the type of input PDB files (NMR vs. X-ray
structures). Ultimately, MolProbity scores are calculated
for three versions of a PDB file: the original file, the file
with hydrogens added with flip corrections, and the file
with hydrogens added without flip corrections. The second
set of HTCondor jobs performs “oneline” analysis to
provide model-by-model summary scores. The original
files and both “reduce” files are analyzed. The third set of
HTCondor jobs performs residue analysis to provide resi-
due-level validation scores. A final HTCondor job com-
piles the results into text and NMR-STAR formatted
output. Because the analysis jobs cannot run without the
results from the Reduce jobs, DAGMan is used to enforce
the job dependencies. All of the job monitoring and error
logging is handled with built-in HTCondor features. At the
BMRB, we use the “crondor” feature of HTCondor to run
this script automatically each week on any newly released
files in the PDB archive.

We added several analyses to the pre-existing residue
analysis script. These new features include a report on the
tau (N-CA-C) angle and omega (peptide planarity) dihe-
dral angle, and a report on the bond length, angles, and
dihedral angles of disulfide bonds. These results could form
the basis for new quality measures, such as disulfide
rotamers.

NMR ensembles often contain a well-packed core
region, with disordered tails and loops. These loops often
contain more errors than the well packed core regions. This
issue was recognized by the recent NMR validation task
force, which recommended that validation of the core
regions be carried out separately from validation of the
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whole structures. Per their recommendations, we incorpo-
rated an option to run the CYRANGE (Kirchner and
Guntert 2011) program for calculating the core residues of
protein structures. This was accomplished by creating a
new script “run_condor_mp_analysis” which runs
CYRANGE on the input files in order to calculate the core
residues for any PDB file containing multiple models. This
script uses those residues to generate a new “core” PDB
file. The run_condor_mp_analysis script then automatically
calls the make_condor_files script with the core and full
PDB files in order to set up the HTCondor files.

One objective of the VTF was the development of a
visual validation “slider” image that could be generated for
a given PDB structure that would provide users with a
quick way to see the overall quality of a structure. The
X-ray validation task force (Read et al. 2011) developed a
prototype slider image that was adopted by the PDB in
April 2014. One issue with this slider representation is that
it is limited to showing the data for one model at a time.
For the majority of NMR structures, which are typically
deposited as ensembles of models, this image would need
to be modified in order to show the quality of each model,
as well as how they compare to one another and to the rest
of the PDB.

In order to address this issue, we developed an inter-
active chart that can show validation statistics for single
models, multiple models, and a comparison with the entire
PDB (Fig. 1). This interactive chart makes use of the
JavaScript charts library RGraph (www.rgraph.net) and
HTMLS, which do not require users to install any web
browser plugins, and is compatible with viewing on mobile
devices. This interactive chart has three different modes.
The first mode shows a bar graph for each quality metric
with the height of the bar indicating the corresponding
percentile against all structures. This mode also shows a
table of the raw scores and percentages from which the
percentiles were calculated. The second mode shows bar
graphs for all the models for a single quality metric. The
third mode shows a graph of the distribution of data for a
single quality metric and where a given model falls com-
pared to other structures. The third mode also has a toggle
for displaying or hiding zero scores in the distribution
graph; this is useful for structures having many models that
score “perfectly”, resulting in skewed distributions. In the
first and third modes, controls are provided to allow users
to easily step through the different models. In the two bar-
chart modes, the bar height shows the percentile, with taller
bars indicating a worse percentile. Percentiles are calcu-
lated from either the percent outliers or from the raw score
(i.e. for clashscore and MolProbity score). This chart has
been deployed on the BMRB website and is available for
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all X-ray and NMR structures deposited in the PDB. The
distribution data displayed on the chart are also automati-
cally updated each week to include any new results.

@ Springer


http://www.rgraph.net

80

J Biomol NMR (2015) 63:77-83

«Fig. 1 Screenshots of the interactive validation chart at the BMRB,
showing the results for PDB ID: 2dog (Suzuki et al. 2007).
a MolProbity quality measures for a single model; both core and
full scores are shown. b Percentile scores for a single MolProbity
quality measure for all models of an ensemble. ¢ Comparison of a
single model for a given quality measure to the entire PDB along with
the distribution of the data for that quality measure

Results

MolProbity-HTC allows larger sets of structures to be
validated using MolProbity far more efficiently than was
previously possible. Several command-line options are
available in MolProbity for running batch-mode analyses,
but all of these options operate on models only one at a
time. Also, these command-line options are constrained to
analyzing a limited number of files. This is particularly
problematic when analyzing NMR structures, because most
of those consist of multiple models. These limitations mean
that MolProbity analysis of a large dataset of structures
such as the entire PDB requires dividing the structures into
several different directories, running the analysis scripts on
each of those directories one at a time, and additional
manual processing to compile the results. This labor-in-
tensive process would require months to complete on a
single machine. Currently, MolProbity-HTC, running on
the small HTCondor cluster of approximately 150 compute
nodes at the BMRB, takes approximately one week to run
the entire suite of MolProbity analyses, including addition
of hydrogens, oneline and residue analyses, on both core
and full structures of the entire PDB.

We also performed a brief comparison of the MolPro-
bity quality scores, sorted by time, for structures deter-
mined by X-ray crystallography and NMR spectroscopy
(Table 1). In general, NMR structures scored worse than
X-ray structures according to clashscore, Ramachandran,
and rotamer outliers, but NMR structures scored equally as
well as X-ray structures on bond geometric quality mea-
sures. As shown by the large standard deviations (given in
parentheses in Table 1) of the scores, there is a wide range
in the quality of structures; certainly, as noted previously
(Bhattacharya et al. 2007), some NMR structures are of
high quality and some X-ray structures are of low quality,
which reemphasizes the need to check the quality of any
structure, regardless of the determination method or when
it was solved, before using that structure for any purpose.
Scores have improved over time for both X-ray and NMR
structures, but structures are still being published with high
percentages of outliers. Interestingly, the average clash
scores for the NMR core structures are higher than for the
full structures, but the percent Ramachandran outliers are
lower. This is probably due to the removal of the more
dynamic (and less well packed) loops and flexible tails (see
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Fig. 2). Also, according to the RNA-specific quality mea-
sure “perpendicular phosphate distance,” the quality of
RNA structures has stayed roughly the same over time,
probably due to fewer well-developed tools for calculating
RNA structures than for protein structures.

In the course of analyzing the PDB, we discovered
several structures that gave unexpected MolProbity results.
First, several NMR structures were deposited without
hydrogen atoms, which led to incorrect clashscores and
MolProbity scores for those structures. In order to consis-
tently address this issue, our script adds hydrogens to all
structures prior to analysis. In addition, several structures
contained no standard protein or nucleic acid residues.
Minimized ensemble-averaged models also yielded
exceptionally poor MolProbity scores. Finally, in some
depositions, the authors modified the models in unusual
ways. An example is PDB ID: 1gjj in which two subdo-
mains of a protein were superimposed to show their simi-
larity, but were deposited in the PDB with both subdomains
in the same chain. This is not necessarily an incorrect
structure, but yielded a poor clashscore owing to many
overlapping atoms.

The NMR VTF emphasized that the validation report for
NMR structures should define the well-defined core and the
ill-defined regions of the structures for separate structure
validation. The bar chart in Fig. 2 uses the MolProbity
score to show that the well-defined regions are higher
quality than the whole structure for the majority of NMR
structures. The chart also reveals that a significant fraction
of structures have well-defined regions that score worse
than the structure as a whole. One example (Fig. 2, lower
left panel, PDB ID: 2ku7) shows the well-defined core as
having more steric clashes than the more disordered (and
presumably less restrained) tails. As noted earlier, in gen-
eral core structures have higher clashscores than full
structures, but because the MolProbity score combines
clashscore, Ramachandran outliers, and sidechain rotamer
outliers into a single score, an individual core structure
with a higher clashscore than the full version could still
score better by MolProbity score if it has a lower per-
centage of Ramachandran and sidechain rotamer outliers.
These results re-emphasize that it is important to validate
both the well-defined and ill-defined regions for individual
structures.

Conclusions and future prospects

This work is a further demonstration of the power of high-
throughput computing for tackling problems in structural
biology. We were able to apply HTCondor to a software
package containing a diverse set of components and sig-
nificantly reduce the amount of time required to use that
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Table 1 Average and standard deviation for five year periods of various MolProbity quality measures (lower averages indicate better quality)

Clashscore % Rama % Rotamer % Bad bonds % Bad angles % RNA pperp
outliers outliers outliers

NMR-core

1994-1998 56.5 (58.4) 5.8(5.9) 20.3 (13.2) 0.05 (0.49) 0.22 (1.38) n/a

1999-2003 58.1 (60.0) 5.2 (6.8) 22.0 (14.1) 0.03 (0.60) 0.10 (0.72) n/a

2004-2008 35.4 (35.3) 3.1(5.3) 13.8 (12.4) 0.02 (0.47) 0.06 (0.59) n/a

2009-2013 27.7 (30.8) 2.2 (3.9) 12.7 (11.7) 0.03 (0.67) 0.05 (0.35) n/a
NMR-full

1994-1998 51.2 (54.6) 7.1 (6.1) 20.5 (13.5) 0.18 (1.47) 0.66 (2.40) 5.9 (9.3)

1999-2003 51.8 (55.3) 6.6 (6.9) 22.1 (13.7) 0.14 (1.46) 0.41 (1.73) 7.5 (10.9)

2004-2008 32.7 (33.3) 42 (4.9) 14.1 (12.3) 0.08 (0.94) 0.18 (1.08) 8.0 (10.6)

2009-2013 26.6 (29.6) 32 4.3) 12.7 (11.3) 0.09 (1.24) 0.18 (0.99) 8.5 (12.8)
X-ray

1994-1998 14.8 (16.9) 1.1 (2.0) 7.5 (6.1) 0.34 (2.24) 0.89 (2.64) 3.7.(9.5)

1999-2003 14.2 (14.6) 1.0 (2.0 49 (4.8) 0.12 (1.38) 0.33 (1.27) 5.1(9.5)

2004-2008 12.6 (17.2) 0.9 (1.8) 44 (4.3) 0.07 (0.86) 0.17 (0.80) 4.8 (8.6)

2009-2013 9.2 (12.0) 0.6 (1.5) 3.6 (3.9) 0.05 (0.67) 0.10 (0.75) 3.6 (6.6)

software to analyze a large set of structures. HTCondor is
straightforward to use and is a powerful tool for large
computational problems requiring large numbers of repet-
itive calculations. Additionally, in principle, the part of the
make_condor_files script that divides up the input PDB
files into smaller jobs and the rewritten MolProbity anal-
ysis Python scripts could be extracted from MolProbity-
HTC and modified for use with other parallel computing
software environments. Planned improvements to
MolProbity-HTC will make it more powerful. Currently,
the system requires that the PDB files to be analyzed reside
on a shared file system accessible by all of the HTCondor
compute machines. If we enable our script to transfer the
PDB files to remote compute clusters, we could use non-
local compute resources to further speed up the analysis.
Also, we are exploring how to apply HTCondor to the
recently rewritten version 4.1 of MolProbity, which swit-
ched from using a set of small, diverse programs written in
a number of different languages to a single program, the
Computational  Crystallography  Toolbox (CCTBX)
(Grosse-Kunstleve et al. 2002). This version of MolProbity
is more complex to install and makes it impractical to
distribute the entire CCTBX package to the compute
nodes; we are currently investigating whether use of a
caching system, such as a Squid proxy, as an intermediate
host for CCTBX in the MolProbity-HTC scripts could
make version 4.1 compatible with HTCondor. Whereas this
work has focused on MolProbity, we plan to incorporate
validation from other software packages into our system
and to display those results in our validation chart.
Although significant progress has been made in improving
the quality of structures, it is clear that still more can be done.

Tools such as MolProbity-HTC are an essential first step to
finding errors within structures, but correction of those errors
remains a tricky task, particularly for NMR. Improvements to
the force fields used for NMR structure calculation have
helped the overall quality of NMR structures, especially the
development of refinement methods including explicit solvent
(Linge et al. 2003; Ramelot et al. 2009), but these methods can
still produce models with local errors. Ideally, an NMR
structural biologist would diagnose these local errors in a
structure, and examine the corresponding restraints and pri-
mary data to correct misassignments or misplaced peaks in the
spectra during several rounds of refinement. Development of
improved “semi-automated” software tools, such as
NMRFAM-SPARKY (Lee et al. 2015) and Ponderosa-C/S
(Lee et al. 2014), for working with the restraints, assignments,
and data can help with this task. Also, there are experimental
causes of errors. For example, spin diffusion is known have an
effect on the number and volume of NOESY cross-peaks,
which leads to incorrect distance restraints (Hoogstraten et al.
1993). Spin diffusion effects can be diagnosed experimen-
tally, but issues such as these are not always possible to cor-
rect. Structures can legitimately contain “errors” if there are
compensating factors (such as hydrogen bonds) to offset the
energetic penalty of those errors, so striving for completely
perfect MolProbity scores should not be the ultimate goal.
Ultimately it is vital that structural biologists and general users
identify local errors in the region of interest of their structures
before making scientific conclusions about those parts of the
structures.

The current version of the MolProbity-HTC scripts are
available as part of the main source code repository of
MolProbity at https://github.com/rlabduke/MolProbity.
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Fig. 2 Comparison of the overall quality of full versus well-defined
(“core”) NMR structures. a Histogram showing the distribution of
NMR structures, binned by the difference of the MolProbity score for
the full structure and the core structure. A lower MolProbity score
indicates better quality. Negative bins indicate structures in which the
core structure is of lower quality than the full structure. b, ¢ Overall
structural views of examples of cases where either (b) the core was
lower quality than the full structure (PDB ID: 2ku7) (Wang et al.
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