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Abstract An accurate model of three-dimensional protein
structure is important in a variety of fields such as structure-
based drug design and mechanistic studies of enzymatic reac-
tions. While the entries in the Protein Data Bank (http://www.
pdb.org) provide valuable information about protein
structures, a small fraction of the PDB structures were found
to contain anomalies not reported in the PDB file. The
semiempirical PM7 method in MOPAC2012 was used for
identifying anomalously short hydrogen bonds, C–H⋯O/C–
H⋯N interactions, non-bonding close contacts, and unrealis-
tic covalent bond lengths in recently published Protein Data
Bank files. It was also used to generate new structures with
these faults removed. When the semiempirical models were
compared to those of PDB_REDO (http://www.cmbi.ru.nl/
pdb_redo/), the clashscores, as defined by MolProbity
(http://molprobity.biochem.duke.edu/), were better in about
50 % of the structures. The semiempirical models also had a
lower root-mean-square-deviation value in nearly all cases
than those from PDB_REDO, indicative of a better conserva-
tion of the tertiary structure. Finally, the semiempirical models

were found to have lower clashscores than the initial PDB file
in all but one case. Because this approach maintains as much
of the original tertiary structure as possible while improv-
ing anomalous interactions, it should be useful to theore-
ticians, experimentalists, and crystallographers investigat-
ing the structure and function of proteins.

Keywords Semiempirical methods . PM7 . Protein data
bank . Geometric anomalies

Introduction

An accurate knowledge of a protein’s structure is a prerequi-
site for understanding its physical interactions with its chem-
ical environment. In the case of enzymes, the three-
dimensional (3D) structure determines both catalytic ability
and the mechanism of reaction. 3D protein structures are
essential in many research fields. In structure-based drug
design, for example, a thorough understanding of the target
protein’s structure, especially that of any active or allosteric
binding sites, is essential for directing the design and synthesis
of potential therapeutic molecules. Even when a protein’s
purpose is unknown, an analysis of its sequence, active site,
and 3D structure can give insight into its origin and function.
Inmany instances it is desirable to perform electronic structure
calculations to supplement and provide insight into experi-
mental work on proteins. It is therefore necessary that protein
structures, frequently determined under non-biological condi-
tions, be modified so as to be as representative of the in vivo
structure as possible. The approach described here demon-
strates that while PDB entries are valuable resources, the
published structures sometimes contain features that are not
chemically realistic, but that can be improved easily to provide
structures of the type needed for effective modeling of
proteins.
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The two most common ways to determine protein 3D
structure are X-ray crystallography and nuclear magnetic res-
onance (NMR) spectroscopy. With the current capabilities of
protein NMR instrumentation, the upper size limit of deter-
mined structures is approximately 50–70 kDa [1], although
there has been a report of an NMR structure of a 900 kDa
protein complex [2]. In contrast, crystallographic methods are
limited less by the size of the protein and more by the quality
of the protein crystals [3], as well as limited diffraction data in
comparison to the structural parameters needed to adequately
model the protein [4]. These challenges can make atomic level
resolution of proteins difficult [5].

A valuable resource for the scientific community, the
Worldwide Protein Data Bank (http://www.wwpdb.org) [6],
of which the Research Collaboratory for Structural
Bioinformatics (RCSB) Protein Data Bank (PDB) [7] is a
member, has created a comprehensive central repository for
protein structures. Although the structures provide a wealth of
information about proteins, several serious errors were found
in some published structures [8, 9] as early as 1990, and this
resulted in the recognition of the need to validate crystallo-
graphic protein structures. This issue came to the forefront
again when the X-ray Validation Task Force (VTF) [10] of
the worldwide Protein Data Bank responded to reports that
structures were potentially fabricated [11, 12], completely in-
correct [13], or contained other serious errors [14], which
resulted in the publishing of recommendations for a more
complete validation of deposited structures. The VTF report
recognized that a number of validation tools would be needed
to ensure accuracy of protein structures. The main problem
areas identified wereGeometric and Conformation Validation
Criteria, Atomic andMolecular Interactions, Structure Factor
and Electron-Density Validation, and Validating Nonprotein
Components. Within these broad criteria was a recognized
need to examine covalent bond lengths as well as hydrogen
bond quality, two of the criteria examined closely in the
current work. The VTF report suggests that bond lengths
should be considered serious outliers only if their bond lengths
were four or five standard deviations from the expected value.
As an example, a typical carbon–carbon single bond between
two sp3 hybridized carbons in a protein is 1.513 Å, with a
standard deviation of 0.039 Å. Four standard deviations
would correspond to a deviation of just ± 0.12 Å. Energetical-
ly, this corresponds to a calculated heat of formation penalty of
approximately 3.6 kcal mol−1 [15]. If a protein structure
contained a large number of errors of this type the energetic
penalty would be quite large.

Another important criterion for gauging the quality of an
X-ray crystal structure is the geometry of the hydrogen bonds
[10]. For example, WHAT_CHECK is a useful tool for vali-
dating hydrogen bonds in crystal structures [16]. A systematic
study of typical hydrogen bond lengths in protein crystallo-
graphic structures indicated that the distance between proton

donor and acceptor atom participants, called the hydrogen
bond length, of a normal hydrogen bond in a protein can vary
from 2.7 to 3.2 Å, and that hydrogen bond lengths of <2.3 Å
are extremely rare [17]. Observations of hydrogen bond
lengths of less than 2.3 Å—here referred to as anomalously
short hydrogen bonds—and occurrences of atoms in close
contact that may not, under normal circumstances, participate
in hydrogen bonding are also discussed in this study.

As the availability of experimentally determined protein
structures increases, so does the need for more chemically
realistic models. Research in several bioscience areas would
benefit from an approach that identifies (and eventually im-
proves) anomalies found in available structures. Joosten et al.
[18, 19] have created a series of databases that have entries for
many of the depositions in the wwPDB. This allows a user to
enter a PDB accession code in the PDBREPORT database
(http://swift.cmbi.ru.nl/gv/pdbreport/) and get a report of
possible errors in that file [18].

Affiliated with PDBREPORT, the PDB_REDO databank
(http://www.cmbi.ru.nl/pdb_redo/) [19, 20] employs the
structure refinement software, REFMAC [21], which “can
automatically optimize most of the existing structures to
derive improved, up-to-date structure models based on the
original experimental data that were deposited with the atomic
coordinates in the PDB” [20]. New features have recently
been incorporated into the PDB_REDO pipeline that can per-
form tasks such as correcting bad side chain rotamers, as
described in Joosten et al. [20].

Due to a lack of experimental information for hydrogen
atoms, electron density maps of PDB structures generally give
information only about the positions of heavy atoms. Likewise,
the structures obtained from refinement by PDB_REDO do not
contain hydrogen atoms, although their positions are frequently
of interest, particularly in the active site, where they may be
important for enzyme reactivity and mechanism. There exist a
number of methods (e.g., [22–25]) for predicting the proper
protonation states of active site residues, frequently by calculat-
ing the pKa value of the amino acid in the protein interior. These
quantitative calculations are non-trivial. Therefore, when the
pKa values of the active site residues are not the property of
interest, it is expedient to use a quicker qualitative method that
does not calculate pKa values directly, but instead places the
hydrogen atoms in the lowest energy positions. This type of
calculation predicts which salt bridges are thermodynamically
favorable in a protein, and provides a computational model that
is more chemically representative of the in vivo structure.

Calculations of this type also enable the prediction of salt
bridges in a protein and allow for future heavy atom optimi-
zation, which also permits the further analysis of the structure
and the ability to create a computational model more chemi-
cally representative of the in vivo structure.

Energy minimization also optimizes hydrogen bond
lengths. Hydrogen bonds are important for maintaining
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protein structure and play an essential role in enzymatic reac-
tions, so any chemically realistic working model must also
accurately reproduce their properties. In addition to the lack
of information about hydrogen atom positions in the experi-
mental coordinates there is often a lack of experimental evi-
dence for the positions of embedded water molecules, and
these are also not normally reported.

A consequence of collecting diffraction data from a large
number of proteins in a crystal is that there can be two or more
atom conformations within a particular residue. This results in
the number average being reported, usually resulting in an
overestimation of one bond length and a corresponding un-
derestimation of another. For example, carboxylic acid and
carboxylate anion groups are normally reported with two
nearly equal carbon–oxygen bond distances.While this would
be true for carboxylate anion groups, for individual carboxylic
acid groups in an individual protein molecule the bond lengths
for the C = O and C–OH bonds would be expected to be
different when one oxygen is protonated. If positional disorder
was present in carboxylic acid groups, then in different protein
molecules the position of the C =O and C–OH bonds could be
reversed, and an examination of the diffraction data would
result in the incorrect conclusion that the two carbon–oxygen
bonds in a carboxylic acid group were of equal length.

Materials and methods

Semiempirical method

The work described here uses a semiempirical method to
convert an X-ray crystallographic structure into a computation-
ally useful starting model that can then be used in modeling
protein chemistry. This process involves the addition of hydro-
gen atoms and the optimization of their positions, followed by
the optimization of the coordinates of all atoms. The semiem-
pirical PM7 method [26] in MOPAC2012 (available from
http://openmopac.net/) [27] was used in all calculations.

In order to have confidence in the methodology, it is
necessary to show that the underlying computational method
can reproduce protein structures with good accuracy. To es-
tablish the suitability of PM7 for this task, a comparison was
made of predicted and observed structural data for a set of
small molecules in the condensed phase. The Cambridge
Structural Database (CSD) [28, 29] provides an excellent
source of accurate geometrical data for bond lengths and
angles for small molecules (such as individual amino acids).
Because almost all structures, such as zwitterions, salt bridges,
hydrogen bonds, etc., found in proteins can be found in entries
in the CSD, it is reasonable to assume that the accuracy of
PM7 in predicting the geometries of entries in the CSD would
be an indication of the accuracy of prediction of protein
structures. For archetypical structures in the CSD, PM7

reproduces the observed structure with errors in bond lengths
on the order of 0.02 Å [26].

Previous analyses of protein crystallographic structures by
PM7 have shown that adding a penalty function of 3 kcal mol−1

Å−2 biased toward the crystallographic structures prevents large
scale movements such as translation of a helix through space,
and effectively preserves the tertiary structure [26].

Crystallized proteins typically contain large amounts of
water, particularly in the interstitial space between proteins,
but because of the lack of experimental evidence of their
positions these waters are not normally reported in the final
PDB structure. This absence of explicit solvation can result in
geometric changes, especially near the protein surface, though
most if not all refinement procedures include a bulk solvent
correction (for example, see [30, 31]). The computational
model must include corrections for the lack of explicit solva-
tion in the crystallographic structure, for example, by the
incorporation of a dielectric constant to model solvation ef-
fects. Therefore errors may arise in the model from the ab-
sence of these water molecules, and the 3 kcal mol−1 Å−2

restraint helps to compensate for the lack of solvation in the
computational model, and prevents the presence or absence of
solvent from affecting the tertiary structure. For these reasons,
the 3 kcal mol−1 Å−2 restraint is employed in this work.

Structural quality was analyzed using MolProbity [32],
which util izes Phenix software [33] to calculate
Ramachandran and rotamer statistics, clashscores, and Cβ

deviations to provide information regarding the quality of
the structure. The software displays both the clashscore, de-
fined as the number of steric overlaps ≥0.4 Å per 1,000 atoms,
and MolProbity score, which builds upon the clashscore to
include rotamer and Ramachandran backbone outliers as well.
Lower values indicate fewer close contacts, which was used to
compare original and modeled structures to determine if a
given optimization improved the structure or not.

PM7 structures were compared with PDB_REDO
structures using root-mean-square-deviation (RMSD) data
collected on all heavy atoms in the structure, and by
calculating clashscores in MolProbity [32]. In the RMSD
calculation, water molecules, hydrogen atoms added by
PM7, and missing side-chain atoms that were added by
PDB_REDO were not included. In the calculation of
clashscores, hydrogen atoms were added at “Electron-
cloud” positions (rather than “Nuclear” positions) to the
PDB_REDO structure, and were compared with the PM7
optimized structure, including the PM7-optimized hydro-
gen atom positions.

Protein data bank

Starting structures for all of the calculations were downloaded
from the RCSB PDB. A list of the PDB accession codes used
in this study is provided in Table 5 in the Results section.
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Structure validation

Starting structures for all of the calculations were downloaded
from the RCSB PDB. All files came from structures published
no more than 1 year prior to starting the study. Hydrogen
atoms were added to the PDB structures by MOPAC (for
details of the calculation see the Approach section), and
resulting structures were evaluated for anomalously short
hydrogen bonds, C–H⋯O interactions, and non-covalent
close contacts. If none were identified, no further analysis of
that structure was performed. (Note, this analysis did not
identify potential covalent bonding anomalies, but files ex-
cluded from further analysis could have contained these types
of errors.) Subsequent covalent bond analysis focused on the
structures that were identified to have potential non-covalent
anomalies. The resolution of the files presented range from
1.52 to 3.20 Å. A list of the PDB accession codes used in this
study is provided in Table 5 in the Results section.

Approach

The first simulation performed on the PDB files was the
addition of hydrogen atoms in a way that was consistent with
the valence of the atom to which it is bonded (for example, on
an sp3 hybridized carbon atom, hydrogen atoms would be
added such that the bond angle formed was 109.5° [27]). To
perform this calculation no keywords were needed. The file
extension was changed from .pdb to .mop, the MOPAC input
file extension, and a calculation was performed. It is not
necessary to add any keywords to the .mop file, as MOPAC
would by default add hydrogen atoms when the input file has
the format of a .pdb file. Initially, hydrogen atoms were added
to side-chains as well as to the carboxyl and amino termini so
that there were no charges in the system. Basic side-chains
were deprotonated and acidic side-chains protonated to ensure
neutrality. It was essential to begin the simulation this way
because the alternative, a systematic ionization of residues,

Fig. 1 Unusually short hydrogen bonding located between Oη on Tyr
460 and Oγ on Thr 424 on porcine cyclic GMP AMP synthase (PDB
accession code 4KB6). The initial interatomic distance was found to be
2.198 Å. This high energy structure was identified and changed by PM7
to an interatomic distance of 2.676 Å. The calculated solvent-excluded
surface area is displayed T
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would give rise to a nonsensical structure if, for example,
multiple acidic residues were adjacent to one another. If that
occurred, a systematic ionization would result in a high con-
centration of charges which could cause conformational
changes resulting in an unrealistic geometry. In such a scenar-
io the actual pKa values of the residues would likely be altered
significantly from the values in water. This simulation also
identifies potentially anomalously short noncovalent interac-
tions, such as hydrogen bonds.

In the second simulation the keywords NOOPT OPT-H
GNORM=20 PDBOUT were used in the first line of the
MOPAC input file, which optimized the positions of the hydro-
gen atoms, while the positions of all other atoms were frozen.
This calculation identified instances where neutral side-chains
were thermodynamically unfavorable, and proton transfers could
occur, resulting in the formation of salt bridges. For example, a
proton transfer from a carboxylic acid side-chain to a guanidine
side-chain would form the carboxylate and guanidinium ions.

A third calculation using the keywords GEO_REF = “SELF”
MOZYME GNORM=20 PDBOUT on the first line of the
MOPAC input file resulted in the optimization of the positions
of all atoms, while subject to a 3 kcal mol−1 Å−2 restraint biased
towards the original PDB structure [4]. As stated above, this
penalty function allows identification of strained covalent bonds
between heavy atoms, but prevents large-scale movements. This
resulted in the final optimized structure from MOPAC.

A fourth and final calculation used the output from the third
structure as input, and the keywords 0SCF GEO_REF =

“(name of the output file from the second calculation)” was
performed. This compared atom location between the struc-
ture generated by the second calculation in which no heavy
atoms moved, and the third optimized calculation. Any bond
length that changed more than 0.1 Å was identified, and was
further inspected using the molecular visualization software
Jmol (http://www.jmol.org/) [34]. For a more detailed
description of each of the MOPAC keywords and their
precise function, see the MOPAC online manual [35].

Results

Out of a set of 225 proteins analyzed, 20 PDB files were found
to contain anomalous interactions, and these results are pre-
sented here. Of the 20 PDB files, 10 displayed 14 instances of
unusually short hydrogen bonds that involve only typical
hydrogen bond donor and acceptor atoms, i.e., oxygen and/
or nitrogen; 5 were found to have unrealistically close C–
H⋯O/N interactions, 1 contained three instances of close
contacts between two carbon atoms, and 11 contained 27
instances of main-chain or side-chain covalent bond length
anomalies. Some PDB files contained multiple types of errors.

Unusually short H-bonding interactions

A summary of the anomalously short hydrogen bonds found
by the simulations is given in Table 1. Provided in the table are
PDB accession codes, structure resolution, H-bond donor and
acceptor locations, and appropriate bond lengths and angles.
Figure 1 displays an unusually short hydrogen bond from the
initial and corrected O⋯O hydrogen bond distance found in
protein 4 KB6, using Chimera Version 1.8.1 [36].

Summary of unrealistically close noncovalent interactions

A summary of C–H⋯O close contacts is shown in Table 2. In
all cases, the initial distance between the carbon and oxygen
atoms was significantly shorter than the sum of their van der
Waals radii. Five separate PDB files displayed instances of
this type of close contact; an example is displayed in Fig. 2.

Fig. 2 Non-covalent close contact interaction identified in deposited
protein 4EM1 between carbonyl O on Ile 176 and Cβ on Glu 180. The
initial interatomic distance was 2.218 Å. The restrained PM7 optimized
structure relaxed the original high energy interaction to a distance of
2.729 Å. The calculated solvent-excluded surface area is displayed

Table 3 Summary of non-bonding close contacts between carbon
atoms in 4JAI, resolution 3.2 Å. The initial bond length, R0 (Å), is the
interatomic distance between the heavy atoms in the original PDB file, Rf

(Å) is the distance between the heavy atoms after the restrained optimi-
zation, and |Δ| is the absolute value of the change in these distances

PDB ID Resolution (Å) Residue Atom label Residue Atom label R0 (Å) Rf (Å) |Δ|

4JAI 3.20 Leu 293 Cδ1 Leu 293 C 2.077 2.909 0.832

Leu 293 Cβ Thr 292 Cα 2.205 2.905 0.700

Tyr 334 Cδ2 Tyr 334 C 2.088 2.671 0.583
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A summary of the non-covalent close contacts found between
pairs of carbon atoms in 4JAI is shown in Table 3. The abbrevi-
ations are the same as in prior tables. The initial distance between
the carbon atoms was significantly shorter than the sum of their
van der Waals radii. This distance increased greatly after optimi-
zation, as seen, for example, in Fig. 3. Only those close contacts
shorter than 2.3 Å between the heavy atoms were reported.

Covalent bond length anomalies

Significant covalent bond length anomalies between protein heavy
atoms are shown in Table 4, and an example is presented in Fig. 4.
The abbreviations are the same as in the previous tables. Atom 1
and Atom 2 were assigned arbitrarily. It should be noted that
results from 4JAI were excluded from Table 4 because of the
large number, ca. 50, of covalent bond length anomalies found
in this structure, although a very similar structure, 4JAJ, was
included.

Comparisons of PDB, PDB_REDO, and PM7 optimized
structures

Table 5 compares the clashscores and MolProbity scores for
the original PDB files, PDB_REDO structures and PM7 opti-
mized structures. It also compares heavy atom RMSD values
for PDB_REDO and PM7 structures compared to the original
PDB file for both methods.

Discussion

Protein structure refinement is important for experimental
chemists and biologists because a realistic structure is essen-
tial when determining how a protein will react in vivo.

Arguably, X-ray crystallography is the best real-world dem-
onstration of these structures but, as recognized by the VTF
[10], X-ray structures may contain anomalies that do not
accurately represent the in vivo conformation.

Prior work examining 948 protein chains with resolution
better than 2.0 Å has shown that typical protein hydrogen bonds
have a heavy atom donor to acceptor (D–A) distance of 2.7–
3.2 Å [17]. This latter work also concluded that short hydrogen
bonds (SHBs), i.e., hydrogen bonds where the heavy atom
donor acceptor (D–A) distance was less than 2.7 Å, and the
hydrogen bond angle (D–H⋯A) was greater than or equal to
150°, occur relatively frequently in proteins, both between side-
chain groups as well as backbone atoms. The lower limit of
SHB D–A distances appeared to be about 2.3 Å between
side-chain atoms, and about 2.45 Å between side-chain and
backbone atoms. As expected, the distribution of unusually
short hydrogen bonding interactions that were found was
weighted heavily toward the upper limit of 2.7 Å [17].

Hydrogen bonding interactions with D–A atom pairs that
are less than or equal to 2.3 Å apart have been defined here as
anomalously short hydrogen bonds [17]. Using this criterion,
a total of 14 hydrogen bonding pairs in ten different structures
were identified that had D–A distances between 2.198 and
2.297 Å.

The hydrogen bonding angle involved in anomalously short
hydrogen bonds was examined after hydrogen atom optimiza-
tion, and again after restrained protein optimization to verify if
there was a change in the angle. It was observed that if the heavy
atoms were less than 2.3 Å apart, then even after hydrogen atom
optimization the angle formed by the three atoms was less than
130°, i.e., significantly narrower than the typical value of 150° or
more [17]. Situations such as this were improved after the
restrained optimization, and hydrogen bond angles increased
between 17 and 59°. Not surprisingly, it was observed that
hydrogen bond angles involving atoms in the peptide backbone
showed a smaller angle change than atoms in the side-chain.
This is to be expected due to the relative rigidity of the peptide
backbone and the involvement in stabilizing secondary
structures.

Five instances in five separate protein structures were found
to have unrealistically close C–H⋯O or C–H⋯N interactions.
While there have been reports of electrostatically stabilized
hydrogen bond interactions of this sort in small molecules [37]
and proteins [38], the carbon to oxygen or nitrogen distances
typically occur in the range 3.0–3.8 Å. The distances reported
here are significantly shorter than those cited, and are also closer
than the sums of their van der Waals radii. It has been suggested
that very short C–H⋯O contacts (with a heavy atom distance of
less than 3.2 Å) and with very bent angles (90–110°) should be
viewed with skepticism [37]. As can be seen in Table 2, only
those with heavy atom distances less than or equal to 2.3 Å, i.e.,
well below 3.2 Å, are reported. In addition, most of the angles in
the reported pairs are near the 110° threshold, indicating they are

Fig. 3 Non-bonding Cδ1 to backbone carbon close contact interaction
found in Aurora Kinase A (PDB accession code: 4JAI) and the
corresponding PM7 altered structure. The interatomic distance
increased by 0.832 Å. The calculated solvent-excluded surface area is
displayed
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unlikely to be true stabilizing interactions. While this type of
interaction has been previously identified [39], the contact dis-
tances were anomalously short when considering the strength of
interaction and the distance between the atoms, and are unlikely
to be maintained in vivo.

In one of the protein structures examined (4JAI),
three unrealistically short carbon–carbon close contacts
were found in which the inter-atomic distances ranged
from 2.08 to 2.21 Å, i.e., well within the sum of the
van der Waals radii. The structure in 4JAI had the
lowest resolution, 3.20 Å. of any used in this study. A
common consequence of low resolution data is the lack
of resolution of regions of electron density which, in
turn, can complicate the subsequent refinement of the
model, and can even result in vanishing side-chains
and secondary structure elements [40]. Even when high
resolution data are available, naturally occurring disor-
der in a crystal, both structural and positional, can cause
complications during the refinement of the model.

Anomalous heavy atom covalent bond distances were
found in 27 atoms pairs in 11 unique crystal structures.
In each case, the bond length deviated by at least

Table 4 Summary of covalent
bond length anomalies. The initial
bond length, R0 (Å), is the
interatomic distance between the
heavy atoms in the original PDB
file, Rf (Å) is the distance between
the heavy atoms after the
restrained optimization, and |Δ| is
the absolute value of the change
in these distances

PDB
ID

Resolution
(Å)

Atom 1 Atom 2 R0

(Å)
Rf
(Å)

|Δ|

Residue Chain Atom
label

Residue Chain Atom
label

3ZI6 2.00 Asn 111 A Nδ2 Asn 111 A Cγ 1.272 1.398 0.126

4BL6 2.18 Leu 723 C Cδ1 Leu 723 C Cγ 1.658 1.532 0.126

4EM1 3.00 Leu 178 A Cγ Leu 178 A Cβ 1.902 1.540 0.362

Leu 108 A Cγ Leu 108 A Cβ 1.845 1.544 0.301

Leu 178 A Cγ Leu 178 A Cδ2 1.705 1.540 0.165

Leu 108 A Cγ Leu 108 A Cδ2 1.700 1.532 0.168

Leu 108 A Cγ Leu 108 A Cδ1 1.678 1.530 0.148

Leu 178 A Cγ Leu 178 A Cδ1 1.659 1.526 0.133

Met 163 A Cε Met 163 A Sδ 1.689 1.815 0.146

4FDX 1.64 Thr 12 B Cγ2 Thr 12 B Cβ 1.791 1.527 0.264

Met 5 A Cε Met 5 A Sδ 1.689 1.815 0.126

4GHS 3.20 Ile 147 B Cδ1 Ile 147 B Cγ1q 1.394 1.524 0.130

Ile 147 A Cδ1 Ile 147 A Cγ1 1.377 1.524 0.146

Pro 40 A Cδ Pro 40 A Cγ 1.421 1.540 0.120

4GVM 2.16 Lys 159 A N Leu 158 A C 1.605 1.373 0.232

Lys 159 A C Lys 159 A O 1.409 1.218 0.191

4H3P 2.30 His 178 D N Asp 177 D C 1.310 1.454 0.144

4HCX 2.18 Pro 98 A Cγ Pro 98 A Cβ 1.365 1.537 0.173

Pro 385 A Cγ Pro 385 A Cβ 1.388 1.540 0.152

Ile 381 B N Ala 380 B C 1.245 1.372 0.127

4IJ9 2.55 Ile 163 A Cδ1 Ile 163 A Cγ1 1.680 1.531 0.149

Ile 174 A Cδ1 Ile 174 A Cγ1 1.654 1.530 0.124

4IS8 2.78 Asn 478 B Nγ2 Asn 478 B Cγ 1.231 1.381 0.150

4JAJ 2.70 Met 305 A Cε Met 305 A Sδ 1.591 1.820 0.228

Pro 138 A Cγ Pro 138 A Cβ 1.394 1.538 0.143

Leu 263 A Cδ2 Leu 263 A Cγ 1.399 1.529 0.130

Pro 282 A Cγ Pro 282 A Cβ 1.665 1.539 0.125

Fig. 4 Protein 4-oxalocrotonate tautomerase isozyme (PDB accession
code 4FDX) was found to have an initial Thr Cβ to Cγ2 covalent bond
length of 1.791 Å, and was adjusted using PM7 to 1.527 Å. Total
interatomic distance was changed by 0.264 Å
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0.12 Å compared to the average reported by Engh and
Huber [41, 42]. In most cases this corresponded to four
or more standard deviations outside the norm. It is
reasonable to assume that the spectrum of bond lengths
and bond angles observed in small molecules, i.e., high-
accuracy structures, would be the same as that in bio-
molecules, thus these bond lengths fall well outside the
range of accepted values.

In one structure (4EM1), the Cβ–Cγ single bond in Leu 178
was approximately 0.3 Å longer than the expected value. This
distance was great enough that MOPAC2012 interpreted the
geometry as an alanine residue and propane ligand. This type
of error was flagged in the output by a change in the residue
name and the formation of a new heterogroup with the same
residue number. Severe errors of this type would need to be
corrected either by keywords or by editing the PDB file before
proceeding.

The existing refined data set provided by PDB_REDO
gave a poorer (larger) MolProbity score and/or clashscore
on 4 of the 20 analyzed proteins than the crystallized
structure, while PM7 optimized structures displayed one
poorer MolProbity score. Additionally, PM7 was able to
provide s t ructures wi th lower clashscores than
PDB_REDO in nine of the proteins analyzed, and lower
MolProbity Scores in six. Additional RMSD analysis was

performed in order to determine if the structure was
undergoing large changes that may be inconsistent with
the published coordinates, such as partial unfolding or
expansion. PDB_REDO changes the model to improve
the fit with the experimental data, so any smaller RMSD
indicates that the model has not drifted too much away
from the experimental data.

RMSD values for PM7 optimized proteins were less than
those optimized by PDB_REDO in 19 of the 20 proteins
analyzed. The one protein that did not have a lower RMSD
value was found to have a decrease in clashscore over the
PDB_REDO structure of 44.28. This indicates that the re-
strained PM7 optimization was better at preserving the origi-
nal PDB X-ray structure while refining structural anomalies
except when extreme clashes are able to be identified and
resolved.

As a consequence of using a crystal containing multiple
protein molecules, rather than a single molecule, PDB X-ray
structures report a number average of bond lengths in the
crystalline structure. Thus structures that are conformationally
flexible or rotating may have their bond lengths averaged, this
is observed, for example, in the glutamine and asparagine side-
chains, which have a carbon–oxygen double bond as well as a
carbon-nitrogen single bond. Because of the rotation around the
carbon–carbon single bond, these bond lengths may appear

Table 5 Comparison of PDB_
REDO and PM7 optimizations.
MolProbity scores and
clashscores were obtained from
http://molprobity.biochem.duke.
edu/index.php. Lower
MolProbity scores and
clashscores correspond to better
structures. RMSD values were
obtained by removing hydrogen
atoms, water molecules, and side-
chain atoms that were missing
from the PDB file andwhich were
added by PDB_REDO. The PM7
optimizations were subjected to
the 3 kcal mol−1 Å−2 restraint

Initial PDB Optimized using PM7 PDB_Redo

MolProbity
score

Clash
score

MolProbity
score

Clash
score

RMSD MolProbity
score

Clash
score

RMSD

3VZI 2.68 8.08 2.28 3.89 0.115 2.04 3.29 0.622

3W1Z 2.65 9.84 2.19 3.82 0.110 2.57 11.30 0.889

3ZI6 1.96 5.26 1.72 .190 0.123 1.46 1.89 0.367

4BE8 2.07 8.17 1.59 4.41 0.110 2.79 13.85 0.765

4BL6 3.08 24.37 2.40 10.83 0.138 2.37 12.85 0.442

4DIF 1.28 4.94 1.22 2.79 0.107 0.96 1.93 0.144

4EM1 4.21 72.67 3.68 23.66 0.161 4.18 67.94 0.021

4FDX 1.15 3.56 0.89 1.52 0.103 1.04 2.54 0.417

4GHS 3.12 18.95 2.63 7.90 0.133 2.06 7.90 0.697

4GSU 1.79 9.12 1.49 4.07 .105 1.44 2.59 0.468

4GVM 2.29 10.27 2.35 6.49 0.112 1.23 2.54 0.606

4H3P 2.70 11.32 2.40 4.91 0.124 1.87 3.40 0.607

4H3Q 2.59 9.29 2.37 5.67 0.118 2.12 6.87 0.578

4HCX 2.62 14.28 2.08 4.95 0.127 1.56 3.07 0.463

4IJ9 2.14 5.14 1.85 3.26 0.119 1.62 3.59 0.509

4IS8 2.22 5.72 1.90 3.33 0.105 2.67 9.58 0.582

4JAI 3.95 73.47 3.16 19.93 0.212 2.67 9.35 1.076

4JAJ 2.47 7.89 2.32 4.60 0.130 1.61 3.64 0.994

4JJX 2.58 10.44 2.24 6.17 0.118 1.57 5.77 0.701

4KB6 3.35 44.01 2.83 19.44 0.152 3.47 37.20 1.112
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symmetric, when in fact they should not be. These number
averages are corrected when optimizing the structure with these
semiempirical methods, and, due to their presence in all pro-
teins, errors of this type are left out of further examination.

Conclusions

A straightforward and computationally efficient proce-
dure has been developed that will locate unrealistic fea-
tures in X-ray crystallographic models of protein struc-
tures. This approach can both identify and correct
anomalies in protein structures, such as anomalous co-
valent bond lengths, very short hydrogen bonds, and
van der Waals close contacts. Additionally, hydrogen
atoms can be added in a way that correctly predicts salt
bridges and hydrogen bonds. The optimization of the
hydrogen atoms and heavy atom coordinates provides
a more chemically representative structure of a protein.
This will be useful in many bioscience research fields,
including both experimental and computational sciences.
It should be noted that, although weak interactions gov-
ern tertiary protein structures, these weak interactions
are difficult to capture using semiempirical computation-
al chemistry methods, and thus a 3 kcal mol−1 Å−2

restraint was employed to preserve the tertiary structure
while allowing for the relaxation of local structural
anomalies.

Refinement of X-ray diffraction data into an electron
density map is a challenging process. While crystallogra-
phers are able to detect and report many of the inconsis-
tencies in their models, this work demonstrates that it is
still possible, even using current methods, to overlook
covalent bond anomalies or close contacts. Crystallogra-
phers could preemptively employ the approach described
here to perform a check on their models, identify anoma-
lies, and use that information to re-refine the coordinates.
Complete optimization of a protein structure of the type
reported here would require about an hour to set up, and
about 1–2 days of computational effort using a conven-
tional desk-top computer. If this type of procedure were to
be integrated into the refinement process, faults of the
type reported here would be eliminated automatically,
thus resulting in a reduction in both the set-up time and
the computational effort. A possible alternative, a
MolProbity run, would take only seconds, but, because
subtle effects such as hydrogen bonding involving water
could not be modeled, the results from MolProbity would
be of limited usefulness in refining coordinates. Alterna-
tively, this method can be used to find and report addi-
tional anomalous data present in the final structure, as has
also been demonstrated here.
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