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Abstract

The high throughput of structure determination pipelines relies on increased automation and, conse-
quently, a reduction of time spent on interactive quality control. In order to meet and exceed current
standards in model accuracy, new approaches are needed for the facile identification and correction of
model errors during refinement. One such approach is provided by the validation and structure-
improvement tools of the MoLProBITY web service. To test their effectiveness in high-throughput mode,
a large subset of the crystal structures from the SouthEast Collaboratory for Structural Genomics
(SECSG) has used protocols based on the MoLProBiTY tools. Comparison of 29 working-set and 19
control-set SECSG structures shows that working-set outlier scores for updated Ramachandran-plot,
sidechain rotamer, and all-atom steric criteria have been improved by factors of 5- to 10-fold (relative
to the control set or to a Protein Data Bank sample), while quality of covalent geometry, Ryork, Rivees
electron density and difference density are maintained or improved. Some parts of this correction
process are already fully automated; other parts involve manual rebuilding of conformations flagged by
the tests as trapped in the wrong local minimum, often altering features of functional significance. The
ease and effectiveness of this technique shows that macromolecular crystal structures from either tra-
ditional or high-throughput determinations can feasibly reach a new level of excellence in conforma-
tional accuracy and reliability.

Introduction

Protein crystallography is a mature method that
greatly enhances biological understanding with
remarkably complete, detailed, and objective
structural information. The well-ordered parts
of high-resolution structures are among the
most solid evidence obtainable in science. But
every crystallographer knows that some regions

are ambiguous and difficult, while comparisons
of independent determinations of the same
structure show coordinate errors much larger
than theoretical estimates [1, 2].

The discipline of structure validation has devel-
oped as a cross-check on the reliability of macro-
molecular  structures. Programs such as
ProCHEck [3], WHATIF [4], Oops [5], and
MoLProgITY [6, 7] provide both overall statistical
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evaluations and flags of local problem areas, con-
centrating primarily on geometrical measures that
can be analyzed from the model. Other validation
utilities analyze aspects of the model-to-data
agreement, such as SFCHECK [8], real-space residu-
als [9], water-peak analysis in DDQ [10], and the
now almost universally utilized Rge. value [11].
Global validation measures serve the function of
judging whether a structure meets accepted cur-
rent practice, while local measures are especially
important to users of structures, since no level of
global quality can guarantee protection against a
large local error in the region of your specific
interest.

One shortcoming of current validation prac-
tice is that the evaluations are largely relegated
to the final stages of refinement or even to the
process of database deposition, as in the ADIT
tool of the Protein Data Bank (PDB) deposition
process [12]. That timing means that although
globally poor structures are sometimes not made
public, only rarely are identified local problems
actually corrected.

A second issue is the challenge created by the
high-throughput mandate of the structural ge-
nomics effort [13] to provide rapid, efficient, and
thorough coverage of protein structure space.
While developing and deploying new technology
that reduces the interactive attention needed on
each structure target, the quality of the models
should nevertheless reflect their ‘reference’ status
as lone representatives of their respective protein
families. Important high-throughput technology
developments relevant to structural accuracy
have taken place in real-time validation of syn-
chrotron data collection [14, 15] and in the pro-
cess of automated refinement [16]. Model
validation is a required component for all struc-
tural genomics centers, and high-throughput
‘gatekeeper’ criteria have been proposed for
acceptability [17]; however, model validation for
structural genomics has in general remained quite
traditional and relatively minimal. The most
notable exceptions are the Joint Center for Struc-
tural Genomics [18], which uses an unusually
broad array of validation tools (http://
www.jscg.org) and a ‘second opinion’ system; the
NorthEast Structural Genomics center [19],
which is working on NMR validation [20]; and
the SouthEast Collaboratory for Structural
Genomics or SECSG [21], as described here.

As part of technology development at the
SECSG, we are investigating the benefits of a
more tightly integrated approach to structure vali-
dation, which both utilizes new geometric and ste-
ric criteria and also applies them as an early and
integral part of the pipeline’s refinement-refitting
cycle so that identified problems can be corrected
to improve the accuracy of the structures. As a
controlled test of the benefits of this protocol, one
subset of the SECSG crystal structure output ap-
plied the validation and structure-improvement
tools of the MorLProBITY Web service (at http://ki-
nemage.biochem.duke.edu), while another similar
set used standard procedures. This study reports
the comparison of those working vs. control sets,
demonstrating that a dramatic improvement was
obtained in structure quality.

Methods

This study involved 48 of the SECSG target
structures solved by October, 2004. Of those, 29
underwent validation and structure improvement
using MoLProBITY and related tools (the ‘work-
ing set’) and 19 did not use MoLProBiTY (the
‘control set’).

In the working set, 17 targets were from the
Pyrococcus furiosus genome, along with human,
clostridial, nematode, and other sources. Their
Protein Data Bank [12] codes, target ID’s, and
resolutions are listed in the first section of
Table 1. All working-set data were collected at
cryogenic temperatures, principally at the SER-
CAT 22-ID beamline (South East Regional Col-
laborative Access Team) of the Advanced Pho-
ton Source at Argonne National Laboratories.
Resolutions range from 1.2 to 2.7 A, with an
average of 1.91 A and a median of 1.90 A. Three
structures used molecular replacement, while the
other 26 were experimentally phased by SAS,
MIRAS, or SIRAS methods, with heavy-atom
substructures solved using either SoLVE [22] or
SHELXD [23] and starting phases calculated either
with SoLve, ISAS [24] or MLPHARE [25]. Auto-
mated tracing of an initial model was performed
with RESoLVE [26] or ARP/wWARP [27]. Refine-
ment was done either in REFMACS [28], using the
CCP4i interface [29] of CCP4 [30], or in CNS
[31]. Model rebuilding was primarily done in
XFiT [32].



Table 1. SECSG structures used in this study.

Working dataset

Control dataset

PDB id Target ID Resolution PDB id Target ID Resolution
Imjf Pfu-132382 1.80 1171 Cth-FAEZ 1.50
Innh Pfu-1801964 1.65 15jf Pae-lectinl 1.75
Innq Pfu-1210814 2.35 11pl F53F4.3 1.77
Innw Pfu-1218608 1.90 Imo0 AAATI846 1.70
lpry Pfu-65527 1.97 Inxc Mum-ManAl 1.51
Iryq Pfu-263306 1.38 looe TO3F6.1 1.65
1536 Oob_CaW92F 1.96 looj T21H3.3 2.11
Isen 095881 1.20 Ipgv CO06AS5.7 1.80
Isgw Pfu-867808 1.70 lpzv F58A4.10 2.52
Ishe Pfu-871755 1.85 1q34 C35BI.1 2.90
1sl7 Oob_CaH_obelin 2.20 Iqwk C07DS8.6 1.60
1sI8 Aae-Aeq 1.70 1r7j Ss0-10a 1.47
Itov F53F4.3 1.77 1r9h F31D4.3 1.80
1twl Pfu-264096 2.20 Irow C55C2.2 2.00
lups CpeEBGal 1.82 Ispx D1054.8 2.10
lvjk Pfu-562899 1.51 1t7s AADI16125 2.80
Ivkl Pfu-392566 1.20 1t9f RI12E2.13 2.00
Ivka q15691 1.60 Ixhl F25D1.5 2.40
Ivke Pfu-35386 1.99 1xkq RO5D8.7 2.10
Ixel Pfu-880080 2.00

1xg7 Pfu-877259 1.88

1xg9 Cth-2336 2.05

Ixhe Pfu-1140779 2.35

1xho Cth-682 2.20

1xi3 Pfu-1255191 1.70

1xk8 060888 2.70

Ixma Cth-833 2.30

Ixrg Cth-2968 2.20

For the working-set structures, the validation
and  structure-improvement tools of the
MoLProBITY web service and related utilities [6,
7, 33] were used throughout the refinement pro-
cess, typically starting immediately after initial
chain tracing. MoLPRroBITY evaluates each side-
chain conformation against an updated rotamer
library and smoothed multidimensional y-angle
database distributions [34], each ¢,y main-chain
torsion pair against updated Ramachandran-plot
distributions [6], and the deviation of each Cp
atom vs. the ideal position calculated from local
backbone [6]. All-atom contact criteria are then
addressed in MoLProBITY by first using REDUCE
[35] to add and optimize all hydrogen atoms in
their local H-bond networks, with automatic
resolution of ambiguous Asn/Gln/His orienta-
tions, producing a modified and commented

PDB-format coordinate file. It then uses PROBE
[36] to calculate all-atom steric clashes, van der
Waals contacts and H-bonds, producing residue-
clustered lists of clashes 20.4 A and graphic dis-
plays on the 3D structure. Subsequent model
rebuilding focused on sections of the model
where severe deficiencies were found in these
tests: <1% probability for side-chain rotamers,
<0.2% probability for ¢,y values, or all-atom
van der Waals overlaps >0.5 A. The residue-by-
residue real-space fit to the experimental data,
as shown by SFCHEcK [8], also guided the refit-
ting process. Cycles of validation, refitting, and
refinement were repeated until further changes
failed to improve the steric parameters or the fit
to electron density.

After convergence, the coordinates and struc-
ture factors were sent to the validation group at
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Duke University. They examined the remaining
problem areas on a MoLProBITY ‘multi-crite-
rion’ kinemage in the KiNG [7] or MAGE [37]
display programs, along with 2F,—F. and F,
—F, electron density, and did further rebuilding
where feasible. Changes included correction of
side-chains trapped in the wrong local minimum
conformation (much less common toward the
end of this study, when they were mostly being
corrected earlier), redefining solvent or ligands,
and adding further parts of the structure that
could be built reliably with the tools in KiNG
and MAGE for small backbone movements and
for interactive rotamer and contact evaluation
while remodeling [38]. If further changes were
made, then one more brief round of refinement
was done using the same options and parame-
ters as before.

The control set consists of 19 SECSG target
structures that did not make any use of the
MoLProsity protocols. Their PDB codes, target
IDs, and resolutions are listed in the second sec-
tion of Table 1. They are mostly from Caenor-
habditis elegans, at resolutions ranging from 1.47
to 2.9 A, with an average of 1.97 A and a med-
ian of 1.80 A. Data collection, phasing, chain
tracing, and refinement were very similar to the
working set, with the exception that they mostly
used CNS rather than mostly using REFMAC.
Rebuilding of the control-set structures was done
primarily with QuANTA (from Accelrys) and
CHAIN [39], however, and validation was done
with PROCHECK [3] not MoLProsITY. It should
be noted that four SECSG crystal structures dur-
ing this same time period were omitted from the
study because they made partial use of
MoLProsITY; their validation scores were indeed
intermediate, but they could not fairly be
assigned either to the working group or to the
control group.

As a second comparison set, a representative
sample of 1784 structures was chosen from fairly
recent PDB depositions (their median date is
approximately 01/01/00). To avoid redundancy
or influence from molecular-replacement starting
models at higher resolution, that sample con-
sisted of the highest-resolution example in each
family from release 1.65 of the SCOP fold classi-
fication [40], omitting any at resolution poorer
than 3.5 A. Only 1616 of the sample structures
had Rp.. values, but all 1784 could be evaluated

for the other criteria. This PDB-sample set is
meant to approximate the recent state of the art
in standard crystallographic practice.

The final overall quality evaluations from the
working, control, and PDB-sample structures are
reported as 2D plots of each validation criterion
vs. resolution, since resolution is by far the most
influential independent variable determining
quality at the level of entire structures. The
quantitative quality criteria used are the Ryo,
Riree, and bond-angle ideality as reported in the
PDB file header, the overall real-space residual
as reported by the Electron Density Server
(http://fsrvl.bmb.uu.se/eds), and the overall
MoLProBITY scores reporting outliers of all-
atom steric clashes, side-chain rotamers, Rama-
chandran values, and Cf deviations. Clash and
rotamer scores were calculated with Asn/Gln/His
orientations as in the deposited coordinates.

Data were tabulated, functions fitted, and
plots produced in PROFIT 5.6 from QuantumSoft.
Linear fits were not satisfactory for any of the
validation parameters. R for the PDB sample
was fit with a general quadratic polynomial,
improved slightly by smoothing the data with a
moving window of 5 points. The three new crite-
ria are known to asymptote or plateau to very
low values as resolution approaches zero [6, 41];
therefore the constant term in their fit is fixed at
zero for clashscore and Ramachandran outliers,
and at 0.5% for sidechain non-rotamericity (see
Results section). The first-order term is omitted,
giving a single-parameter fit on the quadratic
term, which is quite satisfactory for the working
and PDB datasets in Figure la—c (giving scat-
tered but essentially flat residual plots, not
shown) and acceptable for the small control set.

Results

These new geometrical and all-atom evaluation
tools led to proposed changes in most of the
working-set structures which not only improved
the global quality scores but which can be seen
individually, once accomplished, to provide a
clearly better local match to the crystallographic
data. Most of these refittings are major ones at
the local scale, which add or delete groups of
atoms or change their positions by several A, as
in traditional model rebuilding. The difference is
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Figure 1. Plots of quality criteria vs. resolution, with quadratic fit lines, for the three datasets of the PDB sample (gray dots), the
SECSG control set (open circles), and the SECSG MolProbity working set (solid diamonds). (a) All-atom clashscore (number of
steric overlaps >0.4 A per 1000 atoms) [36]; (b) percent poor sidechain rotamers (those with rotamer quality outside the 99th per-
centile contour defined by low B-factor, high-resolution data) [34]; (c) percent Ramachandran outliers (residues outside the 99.95%
contour for general-case amino acids or the 99.8% contour for Gly, Pro, or pre-Pro) [6]; (d) R value [11].

that there is now additional information both for
locating the problem and for evaluating which
potential solution is the best to try.

The first and simplest corrections made in the
working set are to the orientations of side-chain
amides or imidazoles ambiguous by 180° (Asn/
GIn/His “flips’), which are assigned automatically
in REDUCE by optimizing both the H-bond net-
works of the polar atoms and the all-atom steric
contacts of the amide NH, and the imidazole CH
groups [35]. These flips have essentially no effect
on R or Rg,., but are well worth making since
they have major consequences for electrostatics

and H-bonding. In the control-set structures that
did not use REDUCE, 18.9% of Asn/GIn/His side
chains would benefit (by more than the default
threshold) from being flipped by 180°; this is very
close to the PDB-sample average of 19.3%, as
given in Table 2. The MoLProsiTY working-set
structures all have 0% Asn/Gln/His flips, since
they used the same procedure as for the scoring,
and since in this case it is always possible to make
the suggested changes without hurting any other
geometrical, real-space, or reciprocal-space mea-
sure. Therefore, although the Asn/GIn/His flip
score is indeed a measure of structure quality, we
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do not cite it as an independently verified one.
Recent confirming evidence, however, has come
from nuclear magnetic resonance study of hen
egg-white lysozyme, where all of REDUCE’s amide
flip assignments not complicated by crystal con-
tacts or space-group differences were confirmed
by residual dipolar coupling measurements and
other NMR data [42].

Tetrahedrally branched side chains can also
quite often be fit backwards into electron den-
sity that appears too straight-across, resulting
in eclipsed y angles and distorted bond-angle
geometry, such as for the clashing valine refit
between Figure 2a and b. The case of leucine
has been studied in detail [6], showing that
fully staggered, non-clashing rotamers are
strongly preferable by all criteria to the back-
ward-fit, eclipsed conformations. The case of
threonine has been illustrated by three refit and
re-refined examples at differing resolutions [33].
Early structures in the working set often
showed such backwards side chains, but in the
later working protocols bad rotamers were not
fit in the first place unless the data thoroughly
constrained them. Such constraints do indeed
occur for about 0.5-1% of high-resolution, low
B-factor residues, but only where physical for-
ces such as H-bonds can hold them out of the
low-energy conformation. The ideal value for %
non-rotameric side chains is therefore not zero
but a bit less than 1%. The SECSG working
set has an average non-rotamericity of 1.2%,
compared with 3.7% for the control set (see
Table 2).

Side-chain rotamericity, like all the criteria
used here, is a strong function of crystallographic
resolution; such a relationship is a necessary
property of any meaningful measure of overall
structure accuracy. Figure 1b, therefore, plots ro-
tamericity as a function of resolution for the
working set (filled diamonds), the control set
(open circles), and the PDB sample (gray dots).
A quadratic function is fit to each dataset for
purposes of comparison (see Methods section). It
is clear that both working and control sets score
better than the PDB sample, and that the
working-set structures refit by these procedures
have been greatly improved. Working-set average
rotamericity score is 3-fold better than average
control-set score (with comparable resolutions
for the two datasets). As measured by

_Val218

Val 218

Figure 2. An example of using these methods to refit a back-
wards valine sidechain and an incorrect ‘water’ (central ball).
In part (a) Val 218 is flagged in gold as a bad rotamer (at the
0.1% level) with an almost perfectly eclipsed y;, and has seri-
ous clashes (hot pink spikes) with both the water and the Cf
methylene of Asn 150. The water has no density above zero
in the 2F,—F. map (shown contoured at 1.2¢); it has serious
clashes with all four of its surrounding nonpolar neighbors
but makes no H-bonds (pale green dots). In part (b) the wa-
ter was removed and the Val sidechain idealized and fit slight-
ly better into the density, rotated 180° into a good rotamer.
The Cf moves 0.5 A, the Cy atoms each move 2.6 A, and the
backbone shifts slightly. After this and other changes, some
much larger, refinement produced the map shown in part (b)
and the coordinates deposited in the PDB as 1TOV.

the quadratic fit parameter, working-set
rotamericity is 5-fold better than for the control
set and 9-fold better than for the PDB sample.
Ramachandran-plot criteria can be used in
ways similar to side-chain rotamericity, although
making the corrections is somewhat harder. In
order to distinguish more cleanly between



unusual but possible ¢,y conformations and
really worrisome local outliers, the MoLPROBITY
Ramachandran criteria have been updated, fil-
tered by resolution and backbone B-factor,
smoothed with a density-dependent algorithm,
and separated into Gly, Pro, pre-Pro, and gen-
eral cases [6]. The ‘favored’ region encompasses
98% of the high-quality data, for all four cases.
Forty percent of the general-case plot area now
encompasses 99.95% of the high-quality data (the
dividing line between allowed and outlier), so
that only 1 residue in 2000 should be a valid out-
lier. The SECSG working set attains the ideal
average of 0.05% ¢,y outliers, while the control
set is 10-fold higher at 0.54% outliers. The work-
ing set has 98.3% favored residues, while the
control set has 96.9% favored and the PDB sam-
ple 95.9% (Table 2). Figure 1c plots the Rama-
chandran outlier percentage (for all residue
types) vs. resolution, for all three datasets. For
the quadratic fit parameters of Ramachandran
outlier percentage, the working set is 10-fold bet-
ter than the control set and 15-fold better than
the PDB sample. The control and PDB struc-
tures only had the benefit of traditional Rama-
chandran criteria that are either less accurate
because unfiltered and very old [3], or are accu-
rate but less discriminating [43].

Cp deviations from ideal can be very useful
indicators of local fitting problems, and any
>0.25 A were checked in this work. However,
like bond length and bond angle deviations, they
are not a good measure of overall structural

Table 2. Summary statistics and quality scores for the three
datasets of crystal structures.

Parameter Working Control PDB

set set sample
No. of structures 29 19 1784
Resolution (avg.) 1.91 A 1.97 A 1.86 A
Resolution (median) 1.90 A 1.80 A 1.80 A
Ryork 20.1% 20.9%
Riree 23.4% 24.4%
RMS bond angle 1.26° 1.34°
Real-space R 12.8% 13.4%
Asn/GlIn/His flips 0.0% 18.9% 19.3%
Non-rotamericity 1.2% 3.7% 6.04%
Rama outliers 0.05% 0.54% 0.68%
Rama favored 98.3% 96.9% 95.9%
Clashscore 3.16 17.6 18.5

7

accuracy. At low resolution they can be con-
strained ideal if desired and at very high resolu-
tion they are sometimes poor because
geometrical terms are downweighted, while at
intermediate resolutions the overall values are
more sensitive to methodological choices than to
conformational accuracy. Large Cf deviations in
the working set of structures were therefore
examined for potential sidechain misfittings, but
their statistics are not tabulated here.

The most powerful new criterion for identify-
ing and repairing local misfittings is all-atom
contact analysis [36], which relies upon adding
and optimizing all hydrogen atoms and then ana-
lyzing the steric and H-bond interactions of the
complete set of atoms. H-bonds, or their ab-
sence, are very useful flags, but the primary
problem indicators are serious steric clashes (that
is, overlap >04 A of non-H-bonding atoms).
The clashscore (number of serious clashes per
1000 atoms) gives an overall evaluation, while
lists or 3D displays of the individual clashes di-
rect attention and guide rebuilding in specific
directions to eliminate them.

The average clashscore for the working-set
structures is 3.16 while for the control set it is
17.63 (see Table 2), a 5.6-fold improvement.
Figure la plots clashscore vs. resolution for the
three datasets. The quadratic fit parameter for
the working set is 5.4-fold better than for the
control set and 6-fold better than for the PDB
sample. Rotamer and Ramachandran criteria
only flag the specific problems for which they
were designed, but all-atom clashes are very gen-
eral indicators. As well as usually being present
at side-chain (Figure 2a) or backbone misfittings
[6,33], in this study they also were found to flag
ligand misorientations, cis vs. trans peptides [44],
incorrect switches between backbone and side-
chain near chain termini, and places where a ‘wa-
ter’ had been built into density that was really an
ion, an alternate conformation [33], or a noise
peak. The ‘water’ in Figure 2a clashes with non-
polar methyl groups on all sides; it was presum-
ably placed in a difference peak caused by the
backwards valine, and there is no remaining den-
sity or difference density there at all in the final
maps. All-atom contacts were also used in the
positive direction, either to validate correct but
unusual conformations [6] or to fill in missing
parts of the model: when density was weak or



ambiguous but excellent contacts could be
achieved in just one good rotamer, then refine-
ment nearly always confirmed that new position
with improved density and lower R and Rgee. As
with any successful model rebuilding, the inter-
pretability of electron density often improved in
distant regions as well, after these procedures.

A requirement for accepting the validity of
these structure corrections is that they should
maintain or improve Ry and especially Rgee,
which are respectively the refined-set and the
reserved-set agreement between model-calculated
and experimental data amplitudes [11]. Figure 1d
plots Rgee vs. resolution for the three datasets,
with a polynomial fit to the PDB-sample data.
Both working and control sets are slightly but
not significantly better in general than the PDB
sample, thus evaluated overall as comparable.
Average Ry, for the working set is 23.4%, which
is 1% below the control-set average of 24.4%.
Average Ry 18 20.1% for the working set and
20.9% for the control set (Table 2), down by
0.8%. Those differences are consistent with indi-
vidual changes that occurred during refitting in
the 6 early working-set examples for which a
direct comparison can be made, since in those
cases the MoLProBiTY procedures were applied
to pre-existing structures that had already been
refined to convergence. Those Rpe. values im-
proved typically about 1%, with a range of
0-4%, and Ry, improved slightly less. Another
measure of model-to-data correlation is the real-
space residual, available from the Electron Den-
sity Server; that value averages 12.8% for the
working set and 13.4% for the control set. It is
thus clear that the order-of-magnitude improve-
ments achieved in this study for clash, rotamer,
and Ramachandran scores have not been at the
expense Oof Rfee, Ryork, Or real-space R. In fact
all measures have improved somewhat (Table 2),
so that these protocols win by all criteria, both
new and traditional.

Discussion

We conclude that both the intervention to iden-
tify and correct problems in the working set of
SECSG crystal structures and also the con-
trolled comparison to evaluate that intervention
were successful. The comparison shows that the

structures using MoLProBiTY-based protocols
reduced their outliers for Ramachandran, side-
chain rotamer, and all-atom clashes by dramatic
factors of 5- to 10-fold while maintaining or
improving all traditional crystallographic crite-
ria. The value of making these changes should
be judged by improvement in the local fit to the
electron density, the quality of that density and
difference density, and the improvement in
structural and biological plausibility and signifi-
cance of the new local conformations, which in
most cases has changed atom positions and/or
dihedral angles by large amounts (e.g., for the
Val in Figure 2). The variety, categorization,
and refinement history of other specific exam-
ples from this study will be described elsewhere,
but many such similar improvements from other
structures have been described in previous publi-
cations [6, 7, 33, 37, 44, 45]. When such chan-
ges are in functionally important regions their
significance is unassailable. However, their
importance can be very strongly argued any-
where in a structure for two reasons: first, the
Fourier transform relationship makes increased
accuracy anywhere improve interpretability
everywhere else, and second, when a structure is
initially solved one cannot predict what regions
may turn out to be important to later-appreci-
ated functions. Endless agonizing over the de-
tails cannot be justified in general, but large
improvements from modest investments, such as
the present techniques, are very clearly worth-
while.

The most independent and most sensitive part
of this new method for finding and fixing local
problems is all-atom contact analysis [36], which
relies upon adding and optimizing hydrogen
atoms and then analyzing the steric and H-bond
interactions of the complete set of atoms. The
analysis is geometrical rather than energy-based,
which for this application has the two advanta-
ges of not over-reacting to model errors that pro-
duce severe overlaps, and of directly evaluating
the screened contacts between atomic surfaces ra-
ther than using pairwise interactions defined be-
tween atomic centers. The filtered, high-quality
empirical data on which our all-atom contacts
and other scoring functions are based appear to
be a close match to high-level quantum calcula-
tions where those are feasible, although less close
to the results from molecular-mechanics force



fields [6, 41, 46]. These methods should be reli-
able as a guide to structure improvement, and
that has proven to be true for this study.

Serious clashes are very rare in the well-or-
dered parts of high-resolution structures, but are
more prevalent than one would like elsewhere.
The plot of Figure l1a shows that at a respectable
resolution of 2 A the average clashscore is about
20. Some bad clashes cluster and include com-
mon atoms, but each clash involves two atoms;
at 2 A resolution this means that on average
nearly one atom in 25 has a physically unreason-
able steric overlap indicating a local error in the
model. The present study shows that it is feasible
to correct 80-85% of those model errors in the
1.5-2.5 A resolution range, at the same time pro-
ducing a modest improvement in crystallographic
parameters. At lower resolutions, it is extremely
helpful to restrict model fitting to good sidechain
rotamers and allowed Ramachandran angles, in
the same spirit as giving increased weight to
covalent geometry. Steric clashes can be used to
distinguish between alternative conformations
(for instance, for a ligand). It may eventually
prove possible to achieve accurate models at
3-3.5 A resolution, but that will probably require
both explicit H atom contacts in the refinement
calculation and a combinatorial treatment of
interacting residues.

With the accurate, filtered empirical distribu-
tions now available, it is clear that most outlier
residues by the Ramachandran or sidechain rot-
amer criteria represent fitting errors. Extrapola-
tion of dihedral-angle distributions to low
crystallographic B-factors or to high resolution
show that the intrinsic variability of most side-
chain y angles is quite small, with an RMSD of
about 9° [41]. Real rotamer outliers do definitely
occur, but when they are unambiguously
required by clear electron density there are al-
ways multiple H-bonds or tight packing interac-
tions that hold the conformation far away from
the rotameric local energy minimum. Partially
disordered surface sidechains, in particular, can-
not justifiably be fit as non-rotameric. Correc-
tions that only change torsion angles slightly
would seldom matter very much and would usu-
ally not survive later refinement, but the frequent
outliers caused by some sort of backwards or
switched fitting of the model are always worth
correcting.
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An important question is the desirable strat-
egy and timing for making best use of this new
information, since there is an inherent conflict
between on one hand keeping these criteria out
of the refinement process so as to maximize their
power as independent validation criteria, and on
the other hand maximizing their utility for actual
improvement of the structures. After the exten-
sive experience of this test study, we can say that
early use and tight integration into the refine-
ment/rebuilding process (so that the validation
criteria effectively become additional restraints)
promotes smoother convergence and more accu-
rate final results than waiting until the end, pre-
sumably by avoiding incorrect local minima and
their resultant model bias effects. Although crite-
ria are weakened as validation measures if less
independent, they are still very useful because it
is not in fact a trivial process to satisfy them,
and in particular it is difficult to satisfy them
without actually making the model better. The
best answer to this conflict is presumably some
degree of compromise. However, as users of
these structures, we decidedly value improved
accuracy over improved knowledge about the
degree of accuracy.

In a comparison between datasets, there are
issues of statistical sample size and there are pos-
sibilities of bias due to systematic factors. The
latter are typically the more worrisome issue in a
complex system, and in this case would include
factors such as the date, the size, the non-crystal-
lographic symmetry, the refinement targets, the
number, effort, and experience of the crystallog-
raphers, and the extent to which weakly diffract-
ing regions were omitted from the coordinates.
The systematic factor of deposition date turns
out to produce no effect whatsoever on clash-
score or Asn/GIn/His flips and only a small
change in ¢, criteria, but it does help produce
the larger difference of control from PDB struc-
tures in rotamericity. We used two comparison
sets because the PDB sample is large enough for
good statistics, while the SECSG control set has
relatively few systematic differences from the
working set. In interpreting the results of this
study, the direction but certainly not the magni-
tude is reliable for the modest differences
between PDB sample and control set in the plots
of Figure la—c. However, the primary contrast
tested here, between the MoLProBITY(+)
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working set and the others, is a consistent, order-
of-magnitude change. In clashscore, only one of
the control structures and less than 1% of the
PDB sample reach the midline fit of the working
set, so that the distributions are almost non-over-
lapping. The improved accuracy achieved here is
dramatic, and it would be highly desirable to
work toward making such procedures a standard
part of crystallographic practice.
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