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Abstract
Quality control of three-dimensional structures of macromolecules is a critical step to ensure the integrity
of structural biology data, especially those produced by structural genomics centers. Whereas the Protein
Data Bank (PDB) has proven to be a remarkable success overall, the inconsistent quality of structures
reveals a lack of universal standards for structure/deposit validation. Here, we review the state-of-the-art
methods used in macromolecular structure validation, focusing on validation of structures determined by
X-ray crystallography. We describe some general protocols used in the rebuilding and re-refinement of
problematic structural models. We also briefly discuss some frontier areas of structure validation, including
refinement of protein–ligand complexes, automation of structure redetermination, and the use of NMR
structures and computational models to solve X-ray crystal structures by molecular replacement.
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Introduction
Structural genomics (SG) programs have greatly expanded our
knowledge of the protein structure universe by determining almost
12,000 three-dimensional structures, which constitute approximately 14 % of the protein models that have been deposited to the
Protein Data Bank (PDB) [1]. The NIGMS Protein Structure
Initiative and NIAID Structural Genomics Centers for Infectious
Diseases have alone supported determination of over 7,000 of
these structures. However, a vast majority of them were not
described in peer-reviewed articles and, taking into account the
rate of new structures determined by SG, may never be published.
Therefore, the scientific community will be able to access and evaluate them only through the data deposited in the PDB. For that
reason the criteria that scientific community applies to model quality of SG structures should be stricter than for those coming from
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traditional structural biology laboratories. In addition, the overall
quality of the deposits, including the completeness and accuracy of
the header information, has to be as high as possible, since the
remarks in the PDB files provide the only source of information
describing the experimental methods that led to structure determination. Indeed, the average quality of 3D models coming from SG
projects seems to be higher [2] than that of models coming from
traditional structural biology laboratories. There are two reasons:
(a) SG projects use very advanced technology and software
tools, sometimes developed or enhanced by members of SG consortia; and (b) structural biologists at SG centers may be more
experienced in structure determination, model refinement, and
validation process than scientists working in traditional laboratories. Analysis of the authorship of PDB deposits shows that 54 % of
all first authors served in this capacity for two or fewer deposits. So
(perhaps) unlike peer-reviewed publication, PDB deposition seems
to be an infrequent event in many biological laboratories. In this
text, we discuss the impact of quality of structural models on biomedical research; in particular we address issues that are related to
data mining and drug discovery research.

2

Protein Data Bank as a Data Mining Repository

2.1 Data Content
of the PDB

The importance and role of the PDB for biomedical research cannot be overestimated. PDB is a unique repository containing
atomic structural models of biological macromolecules (protein,
DNA, and RNA) obtained by X-ray crystallography, NMR spectroscopy, electron microscopy, and other techniques. As 88 % of all
PDB structures were determined by X-ray crystallography, our discussion of structural quality will focus mainly on this subset of the
PDB. The PDB deposit for an X-ray diffraction structure usually
contains three parts: (a) a header with information about diffraction experiment, structure determination, and refinement protocol; (b) coordinates of the atoms that make up the model of the
macromolecules, water sites, and other small molecules in the
structure; and (c) a structure factor file that contains diffraction
data reduced from X-ray diffraction detector images.
In an ideal world, the first part (the header) would be equivalent to the “Materials and Methods” section in a typical peerreviewed publication. However, the information in the headers of
many PDB files is often contradictory, erroneous, and/or incomplete. The title of a PDB deposit is particularly important, especially if the deposit does not have a published citation, as it may be
the only way to clearly identify whether the deposit is relevant to a
given area of interest. Many structures have headers of the PDB
files containing multiple values of “NULL,” indicating that corresponding experimental data parameters are missing. The large
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Fig. 1 Average number of missing parameters in the PDB file headers for PSI high-throughput (PSI-HT) centers,
structural genomics worldwide (excluding the PSI-HT centers), and traditional structural biology laboratories.
A small number of “NULL” values is always present due to generation of PDB file headers—not all parameters
are relevant to all kinds of experiments

number of “NULL” data parameters should be alarming as it possibly indicates negligence and/or a lack of knowledge of how the
crystallography experiment was performed. The number of
“NULL” values for structural genomics centers is lower than average, not only because the depositors are more experienced, but
because data needed for completing the header are usually readily
available in, and possibly automatically extracted from, an existing
database (Fig. 1).
The second part (coordinates of atoms in the macromolecular
model) is usually the most reliable, as these coordinates are generated by refinement programs. However, there is no single standard
for coordinate quality. For example, there are different methods
for dealing with portions of crystallographically derived models
corresponding to regions of weak or absent electron density. In
some cases, all atoms of an amino acid residue are placed in probable locations regardless of density (with the occupancy parameters
of atoms outside the map often reduced or set to 0). In others,
atoms may be omitted from the model—perhaps only amino acid
main chains are modeled, or only atoms unambiguously identifiable
within the map are placed. Both approaches are justified for modeling uncertainty in experimental data, but can lead to very different
results when thus derived coordinates are used as input to other

300

Marcin J. Domagalski et al.

programs that calculate, for example, a charge on the surface of the
protein. However, it should be noted that many, but not all, programs that read PDB files preprocess coordinates to address some
of these ambiguities.
2.2 Inconsistent
Quality of Models

Although the protein crystallography community (including structural genomics centers) has had many discussions about model
quality, it has not agreed on a single, universal standard that models should meet before deposition. There are many quantitative
measures that are clearly correlated with model quality, including
resolution, R and Rfree factors, distribution of deviations from ideal
geometry, Ramachandran distribution, Molprobity clashscore,
etc., but no single parameter is sufficient to conclusively determine
whether a given structure is of high or low quality. “Quality” can
also depend on context—the quality of a structural model useful
for bioinformatics may be very different from its counterpart for in
silico binding studies, for example.
As different depositors have different standards for deposition,
mining of PDB data is very challenging. Fortunately, the PDB is
unique among biomedical repositories as it contains experimental
data as well. Since February 1, 2008 the PDB has required that
each deposit based on crystallographic data must include a list of
the structure factors used to build the model. When a structure is
suspicious, in most cases a PDB user may download the corresponding structure factor file and re-refine the structure until it
meets his or her own standards.
It is inevitable that there are differences in model quality standards since, to some degree the structures are based on subjective
interpretation of experimental data. However, the X-ray diffraction
models and experimental structure factor data in the PDB are generally of high quality, especially when compared to data in other
repositories or databases used in biomedical research. In fact, the
quality of the models and the ability of PDB users to examine and
even re-refine a 3D model makes protein crystallography a “crown
jewel” of experimental biomedical research.
Whereas there is some inconsistency in model quality due to a
lack of universal deposition standards, much of this inconsistency is
also due to the history of the field. For over 40 years more than
17,000 scientists have deposited models derived from experimental
X-ray crystallography data of many different resolution limits,
determined by various methods, and refined by many different,
constantly evolving software packages. The distribution of highresolution limits for all diffraction-based structures deposited in the
PDB is very broad, as shown in Fig. 2. Even if the same software
packages are used, quality of structures strongly depends on the
design of diffraction experiments, data reduction, structure determination, refinement, and validation, particularly if multiple, weakly
diffracting crystals are used. While the handling of diffraction
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Fig. 2 Normalized distribution of high-resolution limits for X-ray structures solved by PSI high-throughput (PSI-HT)
centers, structural genomics worldwide excluding PSI-HT, and traditional structural biology laboratories

experiments clearly depends on the experience and skills of the crystallographers performing them, examination of structures deposited by frequent depositors (i.e., those that are the first authors of
more than 100 structures) shows that even different deposits prepared by the same person can vary significantly in quality measures
(Fig. 3). Thus one has to acknowledge that the structure quality has
to be also affected by factors other than experience, such as the
quality of the experimental data. For example, models derived from
poor resolution data—an intrinsic property of a crystal over which
the crystallographer has little or no control—necessarily contain less
information than a model from high-resolution data.
2.3 Selection of the
Most Appropriate
Deposits in PDB
for Data Mining

All nontrivial data mining requires filtering and processing of the
data in order to obtain reliable results. Much of this “quality control” work can be done in advance if there is curation, but most
biomedical databases are either partially curated or not curated at
all. PDB depositions are partially curated, as the authors receive
extensive reports about problems in their depositions. The deposition reports produced by the PDB have steadily improved over the
years, but there are still some areas for further improvement. For
example, the current deposition tool (ADIT) does not yet validate
the geometry of small molecules present in macromolecular crystal
structures. Moreover, PDB depositors may ignore warnings in the
report and ask that the model be deposited “as is.” The most common protocol for filtering structures is defining a resolution limit
cutoff for exclusion of lower resolution models from further analysis. In principle, this should be an ideal method, at least for the
proteinaceous part of a macromolecular model. Unfortunately the
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Fig. 3 Selected structure quality metrics of all PDB deposits with the same first author (the author was selected
randomly from all such authors with >200 deposits). (a) Distribution of R (red ) and R free (blue) as a function of
resolution, along with trendlines as determined by linear regression. (b) Distribution of Molprobity clashscore
percentile (ranking of “raw” clashscore relative to other structures in the PDB of similar resolution)

high-resolution limit reported in a PDB deposit is not always
equivalent to the nominal resolution limit of the diffraction data
obtained from structure factors. In some cases, it appears that
depositors may have chosen a resolution limit higher than is justified by the data. A significant number of PDB deposits include
reflections in the highest resolution shell weaker, on the average,
than the commonly accepted threshold (mean I/σ(I) ≥ 2.0; see
Fig. 4) [3]. (It should be noted that the traditional rule of “mean
I over sigma ratio greater than 2.0” may not be the ideal way to
choose a threshold; Karplus and Diederichs [4] have proposed an
alternative statistic that advocates extension of the nominal resolution of a diffraction dataset.) However, analysis of the structure
factor data in the PDB shows that the mean I/σ(I) in the highest
resolution shell of many diffraction datasets is as high as 10, suggesting that usable high-resolution reflections were never collected,
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Fig. 4 Distributions of mean I/σ(I) for the highest resolution shell vs. mean I/σ(I) for all reflections, as determined for different sets of structures in the PDB. (a) Distribution for all structures determined by X-ray crystallography. (b) Distribution for all X-ray structures solved since April 2011. (c) Distribution for all X-ray structures
solved since April 2011 by the four high-throughput PSI centers. On all distributions, the conventional threshold
of 2.0 of mean I/σ(I) for the highest resolution is marked by a red line. There are a significant number of structures where the two values are identical, as well as a number where the mean I/σ(I) for the highest resolution
shell is greater than the mean for all reflections, a physically improbable outcome
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despite the tremendous investment of synchrotron beamlines in
larger and faster detectors.
Moreover, dependent on the type of data mining analysis
needed, validation may focus on either the macromolecular or
small molecule portions of structures. In addition to evaluating
the agreement between a structure model and the experimental
data (R, Rfree) and the properties of crystal packing (symmetry
operations, solvent content), it is a common practice that structure determination, refinement, and validation in macromolecular crystallography are heavily (and necessarily) dependent on
prior chemical knowledge of the subject molecule to define the
geometry of the corresponding structural features in crystal
structures [5]. There has been enormous progress in the development of statistics and tools used to verify the models of macromolecules in crystal structures, which measure agreement with
both ideal geometry and experimental electron density. However,
validation of small molecule models in macromolecular structures
has lagged behind. Recently Rupp et al. demonstrated that a significant number of PDB deposits have ligands with very weak or
even no correlation between the small molecule models and the
electron density maps [6].

3

Model Quality

3.1 Overall Model
Quality in the PDB

The validation tools developed over the years by many software
authors [7–12], in addition to the in-house tool developed by the
PDB [13], have greatly simplified the process of validation of protein models. Ideal values for bond lengths, bond angles, and dihedral angles within individual amino acid residues and in peptide
bonds have been well defined and are incorporated into these
programs [5]. Common secondary structural elements in protein
structures (helices, strands, coils) can be defined by hydrogen bond
patterns [14]. The overall geometrical quality of a protein main
chain characterized by a Ramachandran plot [15] is particularly
valuable for validation because the dihedral angles of individual
peptides are usually not restrained during refinement. Potential steric clashes, which usually indicate problematic regions in a structure
model, can be identified by Molprobity [12] and other similar programs. The agreement between diffraction data (structure factors)
and a model are described by the R and Rfree factors. PROSESS
provides cross-validation with similar structures in the PDB to identify potential problems [16]. Despite the availability of a large selection of tools for structure validation, there is still no universal way
to fully automate the process of model improvement. It is up to the
crystallographer to utilize these tools routinely to identify potential
problems and improve model quality after structure validation on a
case-by-case basis, and it appears that nearly all follow this path. The
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vast majority of models in the PDB are very good, despite the lack
of precise definition of what values of the parameters describing
structure quality are acceptable for high-quality structures.
Another often overlooked issue that may affect structure quality is that the structure factors are themselves derived quantities and
thus do not represent the “raw” diffraction data used to determine
a structure. Structure factors are typically reduced from a set of diffraction images collected in so-called rotation mode, and the way
how the individual reflections on the images are indexed, integrated, and scaled together can significantly affect the quality of the
structure factor amplitudes produced. Traditionally, the large size
of diffraction image files has made it difficult to preserve (let alone
distribute) raw diffraction data, but decreases in the cost per terabyte of hard drive storage have made storage and distribution of
diffraction images feasible. Four SG centers, namely CSGID,
SSGCID, MCSG, and JCSG, have made their diffraction images
available for download from the respective servers. Diffraction
images for over 2,200 PDB deposits, which comprise nearly 3 % of
all X-ray structures in the PDB, are currently accessible. The public
availability of original images provides an invaluable resource to
determine if structure factors have been optimally reduced. The
ability of the scientific community to access and evaluate raw, fundamental data directly from diffraction experiments makes crystallography arguably one of the most reproducible branches of
biomedical science, with high transparency and reliability.
3.2 Quality of
Macromolecular
Structures Complexed
with Small Molecules

Small molecules are abundantly represented in the PDB, as 80 %
of PDB structures contain one or more residues that do not
belong to polymers of amino acids or nucleic acids, or represent
ordered water molecules. The presence of ordered small molecules in macromolecular structures usually highlights a specific
area of interest or biological relevance. Although small molecules
might be unintentionally introduced during sample preparation,
the location of a small molecule in a macromolecular structure
most often represents a binding site (or active site) that has some
topological (concavity) or physiochemical properties suitable for
binding. However, validation of small molecule models in protein
structures is usually more difficult due to the diversity of small
compounds and modes of interaction and conformation, i.e., the
chemical sense of the environment. Moreover, even the use of
high-resolution diffraction data does not necessarily guarantee
high quality of the electron density around the small molecule,
especially when there is always a possibility that the ligand may not
fully occupy its binding site. For that matter, medium-to-low resolution of diffraction data is certainly insufficient by itself to justify
the discovery of novel chemistry.
Small molecule models require specific tools to validate due to
their chemical diversity and the fact that ligands are not covalently
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bound to macromolecule, which can easily result in ambiguity in
binding mode [17]. Geometrical parameters derived from the very
high-resolution structures in the Cambridge Structure Database
(CSD) [18] can be used as restraints in small molecule refinement
[19], but in the case of a small molecule–macromolecule complex
the procedures implemented to validate atomic resolution small
molecule structures (such as the ones in the CSD) no longer apply.
There are two main reasons for this. First, the overall resolution is
usually significantly lower for a protein–small molecule complex
compared to the crystal structure of a small molecule alone.
Second, the binding mode of a small molecule needs to be validated, in addition to its conformation. Sometimes the models of
small molecules are incomplete due to the degradation or multiple
conformations. For that reason, the usage of stricter geometrical
restraints is a common technique for the refinement and validation
of small molecule binding sites in protein–small molecule complexes [20]. Therefore validation tools that can handle the small
molecule portion of the complex are less common and often
require substantial manual input to use. Consequently, the quality
of small molecule models in PDB varies significantly. Useful tools
for their validation include Twilight, which evaluates an agreement
between small molecule models and electron density [6], and
PURY, which evaluates the geometry [21].

4
4.1

Structure Validation
Validation Tools

Tools to validate structure quality, both overall and within substrate binding sites, are constantly evolving. However, the optimal
ways of using these tools vary and are heavily dependent on the
user’s experience. For example, there is no common standard for a
comprehensive set of parameters and threshold values to determine
the validity of all structures. In addition, the standard protocols
used for validation within most SG consortia are not yet streamlined or well defined. However, two SG centers, CSGID and
SSGCID, have agreed that most of their targets should meet a
common set of criteria. The structures determined within the
HKL-3000 framework [22] may be checked by a standard validation procedure that compares quality parameters with the average
values of the parameters as derived from structures deposited in the
PDB during the last 2 years. Such a procedure was applied to and
tested on more than 2,000 structures. The set of validation parameters, as implemented in HKL-3000 [22], could be easily applied
to other software packages to standardize the validation process.
Structure validation is an ongoing, iterative process where
model building and refinement are repeated until validation tools
and visual inspection no longer reveal any problematic regions that
can be further improved. However, no validation tools are perfect,
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and none can objectively determine when a model cannot be further improved and should be considered “good enough.” Therefore
differences in knowledge and experience of crystallographers, or
sometimes even just differences in opinion, may affect the decision
whether or not a model is completed or should be refined further.
The involvement of a second person to examine and evaluate the
refinement of a structural model is usually considered a more objective approach for structure validation that can partially compensate
the limits of experience and/or reduce the potential bias that a crystallographer may have during data interpretation. This approach is
working successfully in a number of centers, including JCSG,
NYSGRC, and the Structural Genomics Consortium (SGC).
As evaluated by R, Rfree, Molprobity clash score, and Twilight
score for ligands at a given resolution of structures, the average
quality of structures determined by SG consortia in the PDB is
significantly higher than the average quality of structures determined by other structural biologists over the last 2 years (Fig. 5).
This trend is more prominent in overall quality assessment parameters such as the Molprobity clash score but is less prominent in
ligand score, indicating that the availability of tools for a particular
validation problem varies. Tools for overall validation, such as
Molprobity or WHAT IF [23], have been available for a decade,
whereas the tools for ligand refinement like Twilight were made
available only recently. However, in the current year several SG
structures of proteins complexed with small molecule ligands were
redeposited, which suggests that SG efforts are promptly taking
advantage of the new technologies.
4.2 Validation of
Water Structure

As virtually all crystals of biological macromolecules are formed in
aqueous solution, ordered water molecules bound to the surfaces
of proteins and nucleic acids are commonly observed in X-ray crystal structures. However, at the resolutions of most macromolecular
structures, typically only water oxygen atoms are observed. The
binding of most waters is relatively weak. For example, NMR relaxation data show that nearly all protein surface water molecules have
binding time scales of less than 100 ns, and molecular dynamics
calculations predict residence times between 10 and 500 ps [24].
The residence time of even the most buried waters in a small protein BPTI was <20 ms [25]. The positions of most ordered crystallographic waters represent local energy minima into which waters
fall reproducibly, appearing as peaks when averaged over all scattering events [26]. Only rarely are crystallographic waters in positions
where they can form three or four H-bonds to other ordered atoms
in the structure. It has also been noted that the number of crystallographic waters per residue identified in protein structures is
inversely proportional to resolution [27, 28].
Although the binding of water molecules in the crystals is
weak, their accurate modeling is still important for interpretation
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Fig. 5 (a) Distribution of R factor vs. resolution for all X-ray structures deposited in the PDB since April 2011.
Structures solved by SG centers are marked in red and structures solved by traditional laboratories are in blue.
The lines represent linear regression trend lines for the two sets of structures in the same color scheme.
(b) Distribution of Rfree factors vs. resolution for all X-ray structures deposited in the PDB since April 2011, using
the same color scheme as part (a)

of results, because incorporation of ordered waters will improve
the completeness of the model (and in turn, yield better estimates
of the phases of the calculated structure factors). Crystallographically
observed waters are not covalently bonded to the macromolecule
in a structure, and at most resolution limits only a single peak corresponding to the oxygen atom is observed. Thus some spurious,
“ghost” peaks in an electron density map can be mistakenly interpreted as waters, especially in medium-resolution structures.
There are a number of tools for validating crystallographic water
positions. For example, the interactive “Check Waters” tool in
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Fig. 6 A screen shot of the “Check waters” tool in HKL-3000

HKL-3000 [22] allows for effective validation of water molecules
(Fig. 6). This is accomplished by plotting the distribution of
waters as a function of atomic displacement parameters (or
B-factors), providing information about the expected number of
waters given the number of amino acids and resolution, following
the method of Carugo and Bordo [27]. With this tool, all water
molecules with B-factors greater than a user-defined threshold can
be removed by one click.

5

Rebuilding and Re-refinement of Existing Models

5.1 The Benefits
of Re-refinement

As mentioned above, an independent examination of a structure by
a second researcher may reduce personal bias in data interpretation. In practice, availability of another expert to examine a structure is always limited, leading to the presence of a significant
number of suboptimally refined structures in the PDB. For example, many structures that were determined in the past were refined
and validated with tools that were quite primitive compared to the
state-of-the-art tools in use today. Since many of these older structures describe important proteins and are frequently utilized as the
basis for designing new experiments, it would be beneficial to
revisit them using modern validation tools and reinterpret these
structures more carefully. This would be especially instructive for
structures that are used, for example, as test sets for in silico docking
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experiments. Although, on average, SG-determined structures
have relatively high structural quality, a routine re-refinement process is even more important because the consumer of a structure is
likely to be less knowledgeable about X-ray crystallography and
may take the structure “as is” in further biomedical research, e.g.,
as a target for structure-based drug design. Therefore deposition
of SG structures of suboptimal quality will have a detrimental effect
on subsequent research.
5.2 Automatic
Re-refinement:
PDB-REDO

One effort to re-refine old crystal structures with new technology on
a large scale is the PDB-REDO project [29]. Each structure in the
PDB for which structure factor data are available is automatically rerefined by a suite of tools using modern structure refinement and
validation procedures, and, even more importantly, all of the different crystal structures processed by the system are handled uniformly,
following a standardized refinement protocol. Even though the outcome of the refinement is still somewhat affected by the initial
model, to a certain extent the PDB-REDO process removes the bias
due to differences in refinement techniques used by different crystallographers. As a result, the quality statistics of the re-refined structures are more comparable. Advances in refinement techniques
resulted in significant improvement of the refinement statistics, and
in most cases, the values of R and Rfree were improved by 2–5 %.
However, PDB-REDO does not rebuild the original model (i.e.,
remove or add atoms other than in water molecules), which may be
warranted if the electron density map is significantly improved.
Whereas automated model building algorithms are becoming available, it has proven very difficult to fully automate this process with
consistently reliable results [2]. Therefore, improvement in refinement protocols alone is not a panacea for maximizing the quality of
crystal structures. As the majority of serious problems in structures
that most affect structure quality require rebuilding of the model,
large-scale automated re-refinement projects such as PDB-REDO
are still limited. In addition, the PDB does not provide links to the
PDB-REDO results. Researchers not familiar with structural biology are far more likely to use data from the PDB, so if PDB-REDO
produces a model of higher quality from the same data, the biomedical community may never be aware of it.
In fact, inconsistencies between databases are some of the most
significant impediments to effective biomedical data mining and
research in general.

5.3 Semiautomatic
Ligand Reassignment

As mentioned earlier, the potential presence of a small molecule
constitutes a unique feature of the structure of an adjacent macromolecule. Given electron density of reasonable quality and the
sequences of the polypeptides or nucleic acids, it is often relatively
easy to build or rebuild the macromolecular portions of a structure, and in many cases this process can be automated (albeit with
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human supervision) [30, 31]. However, correct identification and
modeling of ligands is still difficult to automate, as the ligand
bound is often unknown a priori and must be identified from an
enormous and diverse set of endogenous substances. If the identity
of the ligand is known (or limited to a small set), some tools such
as RESOLVE [32], ARP/wARP [33], and the “Build ligand” tool
in HKL-3000 [22] can search that set and automatically place a
ligand in the map and refine it. Careful human examination of the
search result is still crucial to verify correct placement. However, a
search of a much larger chemical library is necessarily very computationally intensive and the approach described above does not
scale. In contrast other programs such as PHENIX (phenix.ligand_
identification) [34] or the MCSG-developed LigSearch [35],
implement efficient protocols to search for potential physiological
or drug-like small molecules in a much larger compound library.
The potential ligands identified using a protein structure template
may be very informative and may lead to the discovery of physiological ligands when unexplained electron density cannot be interpreted as compounds introduced during the processes of protein
production or crystallization.
5.4 Structure
Redetermination:
Diffraction Images

Sometimes the structure factors that are deposited in the PDB are
not sufficient to redetermine the structure. This is especially true
when a structure was interpreted in the incorrect space group and
the results affect the biomedical context of the structure. In such a
case, the access to the original diffraction images is invaluable.
Several years ago it was infeasible to store and distribute diffraction
data, as building the storage and bandwidth infrastructure required
to make diffraction data readily available to the research community
was prohibitively expensive at best and impossible at worst.
However, as storage media continue to rise in capacity and fall in
price (as of this writing a 3 TB hard drive costs $130) and high
bandwidth network connections are ubiquitous; the technical and
financial barriers become less and less relevant. Application of efficient compression algorithms to diffraction images has further
pushed the limits. However, the storage of thousands of datasets or
more makes organization of data critical. As led by the four SG
centers that make diffraction images available to the public (see
Subheading 3.1 above), we may hope that, in the future, deposition of images in a public repository will become a requirement for
publicly funded X-ray crystallography research. As shown recently,
the possibility of reprocessing diffraction data that may not have
been processed optimally (for example, by extending resolution
limits and improving data quality) will lead to vastly improved
models and their better interpretation [36]. Similar reprocessing
will be beneficial in many ways, especially for relatively poorly
determined structures.
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NMR Structures
The use of NMR-derived models for solving crystal structures has
been postulated and shown in practice over 20 years ago [37], but
to date the success rate of such approaches has been somewhat
limited. Many NMR models are simply not accurate enough to
provide sufficient phasing power for the determination of crystal
structures by molecular replacement. This is partly due to the
nature of NMR data, which describe quite accurately local structures, but may not contain enough information to unambiguously
assign long-range interactions. However, application of computational algorithms such as Rosetta has led to vast improvement in
the success of molecular replacement calculations utilizing NMR
models [38]. The Rosetta procedure is now part of standard crystallographic software [39]. As an example, it has been shown that
its use, together with the involvement of computer games players
[40], made it possible to utilize an NMR model for solving a structure by molecular replacement after many years of failure [41, 42].

7

Conclusions and Challenges
The current level of understanding of the biochemical mechanisms
affecting living organisms would not be possible without the revolutionary progress of structural biology. The structures deposited
in the PDB are only the starting point for many further analyses
done by hundreds of thousands of scientists in academia and in
industry. Any inaccuracy in a structure, even a small one, has
tremendous potential to generate backlash, as the error may proliferate through all analyses that use data from that structure. In
other words, a rotten apple can spoil the barrel. In addition,
analyses of PDB structures can also be negatively affected by the
lack of rigorous standards of data for PDB deposition. The X-ray
diffraction structures determined by structural genomics centers
worldwide are, on average, of higher quality than structures solved
in traditional laboratories. Surprisingly, SG centers, who are
unquestioned leaders in high-throughput and high-quality structure determination, have not established a precise definition of the
conditions that could be universally used to assess the quality of
macromolecular structures. Similarly, SG centers have not set a
standard of deposition which could be adopted by the whole structural biology community. It is a serious challenge to establish both
deposition standards and quality metrics, but large-scale SG projects are in a good position to propose them, due to the large databases that these efforts have generated. This is the key to success of
all large-scale attempts to analyze the vast treasure which is the PDB.
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