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Abstract

Maximizing the scientific impact of NMR-based structure determination requires robust and
statistically sound methods for assessing the precision of NMR-derived structures. In particular, a
method to define a core atom set for calculating superimpositions and validating structure
predictions is critical to the use of NMR-derived structures as targets in the CASP competition.
FindCore (D.A. Snyder and G.T. Montelione PROTEINS 2005;59:673-686) is a superimposition
independent method for identifying a core atom set, and partitioning that set into domains.
However, as FindCore optimizes superimposition by sensitively excluding not-well-defined
atoms, the FindCore core may not comprise all atoms suitable for use in certain applications of
NMR structures, including the CASP assessment process. Adapting the FindCore approach to
assess predicted models against experimental NMR structures in CASP10 required modification of
the FindCore method. This paper describes conventions and a standard protocol to calculate an
“Expanded FindCore” atom set suitable for validation and application in biological and
biophysical contexts. A key application of the Expanded FindCore method is to identify a core set
of atoms in the experimental NMR structure for which it makes sense to validate predicted protein
structure models. We demonstrate the application of this Expanded FindCore method in
characterizing well-defined regions of 18 NMR-derived CASP10 target structures. The Expanded
FindCore protocol defines “expanded core atom sets” that match an expert’s intuition of which
parts of the structure are sufficiently well-defined to use in assessing CASP model predictions. We
also illustrate the impact of this analysis on the CASP GDT assessment scores.
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Introduction

Protein structure determination by NMR continues to expand its impact in biological and
biophysical research. Traditionally, the producers of NMR structure models of proteins and
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nucleic acids have used an ensemble representation to document the precision of these
experimental models. Assessment of the precision of structural information is critical in its
validation, application and prediction. Regions of structural models that are less precise (i.e.
less converged) are more limited in their application than more precise (i.e. better
converged) regions. In particular, users of NMR-derived structural information require
annotations indicating which regions of the structural model are well-defined, and which
regions require special consideration to avoid misinterpretation.1~* By generating several
(typically 10 — 40) models of the protein structure, each of which is considered to fit the
NMR data about equally well, the experimentalist conveys to users of the NMR model
information about which regions of the structure are well-defined and suitable for
applications requiring a significant level of structural precision, and which are less well-
defined. Structural comparisons across the ensemble provide information about the precision
of different regions of the model, which users of NMR structures need to consider with
respect to their specific applications.

One of the many uses of experimental NMR structures is for assessment of model prediction
methods in projects like the Critical Assessment of Protein Structure Prediction (CASP).>6
In this application, protein structures determined by NMR or X-ray crystallography are used
to benchmark the accuracy of various methods of comparative modeling and protein
structure prediction. In such projects, it is critical to identify those regions of the target NMR
structure that are sufficiently well-defined to use for assessment of the accuracy of model
predictions. Predictions of a protein’s structure in regions where the experimental structure
is not well-defined cannot be evaluated with the same stringency as predictions in regions
where experimental data provides precise structural information. Similarly, the evaluation of
the quality of a structural model should not penalize the model for fine-scale deviations from
acceptable validation statistics in regions where the model provides only a rough idea of the
true protein structure. In each cycle of CASP, this problem has been addressed in some way
or another.”~19 However, no standard has been defined for annotating biomolecular NMR
structure coordinates with the information derived from the ensemble, directing assessors to
which parts of the structure are sufficiently precise for use in the assessment analysis.

This paper presents an extension of the FindCorel method, using an iterated process to
establish a core set of well-defined atoms with atomic position variances within three
standard deviations of the range observed among the initial FindCore core atom set. This
expanded set of well-defined atoms includes all atoms for which it is reasonable to assess
the quality of the NMR structure using knowledge-based methods, including evaluation of
dihedral angles and hydrogen bonds. This expanded core atom set can also be used evaluate
structure prediction methods on their ability to accurately determine the precise coordinates
of the structure predicted. Statistics associated with this set also provide benchmarks to
evaluate the quality of the prediction. This iterated FindCore process was used in CASP10 to
identify the atoms to use in evaluating predictions of 18 NMR-derived structures. It is
anticipated that the well-defined atom set construction procedure described here and similar
extensions of the FindCore method will find more general utility for prediction, application
and validation methods that utilize biomolecular NMR structures.

In this study, we utilized 18 ensembles of NMR structures, experimentally-determined
targets contributed to CASP10 by several laboratories. Table I lists the CASP Target and
PDB IDs for these targets.

Construction of a well-defined atom set begins with the identification of an initial core atom
set via the previously described FindCore algorithm.! The FindCore method can identify
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core atom sets and identify multiple “domains” of core atoms sets that are not well-defined
with respect to one another, from any set of atoms of interest: e.g. Ca atoms, backbone
heavy atoms, heavy atoms, protons or all atoms. Construction of well-defined atom sets for
CASP10 NMR target structures selected atoms from the set of all heavy (N, C, S, and O)
atoms, including both backbone and sidechain atoms.

Briefly, the FindCore core algorithm represents the uncertainty in an NMR-derived
ensemble of structural models using the inter-atomic variance matrix, reduces this matrix to
a binary array using an internally and automatically calibrated threshold, sums the row of the
binary array to obtain an atom-specific “order parameter” and uses these order parameters to
cluster atoms into a core and a non-core set. The core set may be further partitioned into
“domains”, i.e. multiple core atom sets that are not well defined with respect to one another,
using the inter-atomic variance matrix. The core atom set (or each “domain” found) can be
used to calculate RMSD minimizing superimpositions of the models in the ensemble.

Following superimposition using the core atom set identified by FindCore, we often observe
that the variations in atomic positions for some atoms not included in the core atom set are
not significantly higher than for some of the core atoms. This suggests that the FindCore
algorithm is overly stringent in selecting for atoms whose relative positions are well defined
in the ensemble.

Iterative editing of the FindCore core overcomes the stringency with which FindCore
defines the core atom set. First, the superimposition allows for the meaningful calculation
for each atom of mean squared displacements from the mean atomic coordinates, averaged
across all models in the ensemble,

(@®)=(|[zy 2—(zy 2)|*)

Where the brackets indicate taking an average across all models and [x y z] indicates the X, y
and z coordinates (as superimposed) of the current atom. Note that if NMR-ensembles were
actually Boltzmann ensembles representing the actual conformational variability in the
protein structure, then the <u?> value defined above would be the same <u?> used in
interpreting the Debye-Waller B-factor as 8m2<u?>/3.11

A subtlety involved in the superimposition process is the selection of a representative model
onto which to superimpose the other structures. In the Expanded FindCore method, pairwise
superimpositions (defined using the initial core atom set) are used to identify the medoid?
model. The superimposition of all other models onto the medoid is then used to calculate
average coordinates, and all models are re-superimposed onto this average. This
superimposition is then used to calculate mean squared displacements from mean atomic
coordinates, <u?>,

It is found that the <u2> values for the core atom set follow a log-normal distribution rather
than a normal distribution (cf. Figure 1A and 1B). This is not surprising given the previous
observation of log-normal distributions of square deviations in atomic positions across
NMR-derived ensembles in related work seeking to compare crystallographic structures
with NMR ensembles.13 The sample mean m, and standard deviation s, of log(<u?>) are
thus used to define a critical <u?> = eMu*3*su corresponding to a Z-score of 3
(approximately the 99.9t" percentile) for the (log) normal distribution. Atoms characterized
by <u?> values less than the critical <u?> value are then ruled into the core atom set, while
core atoms characterized by a <u?> value greater than the critical value are removed.
Typically, this results in an expansion of the core atom set by about 17%, while only a small
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number (1-2) of core atoms are removed as a Z-value of 3 corresponds to a 0.13%
probability of a core atom being censored (Figure 1C). The resulting initial expanded core
atom set provides a basis for re-superimposition of the NMR-derived ensemble, and <u?>
values are re-calculated using this new superimposition. The sample mean m, and standard
deviation s are recalculated from the log(<u?>) values for the edited core. These statistics
are again used to define a critical <u?> and to guide the construction of an expanded core set
of atoms with recalculated <u?> values less than the new critical value (Figure 1D). Ideally,
the resulting ensemble of conformers, annotated with respect to “expanded core” vs. “non-
core” atoms based on Expanded FindCore would then be used for assessment of predicted
models. However, for the CASP10 prediction assessment, only the single medoid model4
defined from the “expanded core atoms” and this superimposition was used by the
prediction center as the representative model of the experimental NMR structure.

At this point, the expanded core atoms set is suitable for various applications requiring the
distinction of well-defined from ill-defined atoms in the protein NMR structure model.
However, certain software tools used in CASP10 assessment (e.g. Ramachandran analysis)
require complete backbone atom information. These applications may require editing of the
expanded core atoms set. In particular, for CASP10 many different methods were used to
compare the “representative conformer” from the target NMR structures, as defined in the
previous paragraph, with each of the predicted models using only atoms in the expanded
core atom set, and excluding atoms that are not-well-defined in the ensemble of coordinates.
However, for some residues, some backbone atoms are included in the “core atom set” and
others are not, frustrating the application of some structural comparison methods that require
a complete set of backbone atoms for each residue in order to be used without significant
code modifications. For the purpose of CASP10, the expanded core set was next edited to
ensure that the well-defined atom set includes, for each residue, either all of the backbone
heavy atoms or none of them. Thus, atoms are only retained in the core atom set if they
belong to residues for which N, C’ and Ca are all in the expanded core; i.e if any one of
these three atoms was in included in the expanded core atom set, then all three were
removed from the core atom set. In general, backbone carbonyl oxygen atoms are less
frequently observed in the expanded core atom set than backbone N, C” and Ca atoms,
perhaps due to the lack of direct NMR-derived constraints to these oxygen atoms resulting
from the lack of attached protons capable of yielding NOESY cross-peaks. Accordingly, for
the purpose of using the software tools required for CASP10 assessment without significant
code modifications, if the N, C’ and Ca atoms of a residue are included in the edited
expanded core atom set, but its carbonyl oxygen is not, the carbonyl oxygen was added to
create the complete edited expanded core atoms set used for structure prediction assessment.

The expanded FindCore method described in this paper is implemented in MATLAB and
will be available as part of a future release of the FindCore Toolbox available via the
MATLAB Central File Exchange. Both MATLAB and Microsoft Excel were used for
statistical analyses and tabulations. MATLAB generated the plots reported here, and
PyMOL1® rendered structures.

Tables I and 1l track the process, for each of the 18 CASP10 targets studied here, from initial
identification of the core atom set and superimposition, to expansion of the core atom set
and superimposition, to refinement of the expanded core and final editing of backbone
atoms for software compatibility (as described above) resulting in a set of well-defined
atoms. Table I illustrates the changes in mean (log) and critical <u?> values calculated from
the FindCore core and its associated superimposition, and from the first iteration of the core
expansion using its associated superimposition and additionally tabulates the mean and
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standard deviation of the (log) <u?> values for both the expanded and edited core atom sets.
The statistics reported in this table are transformed (exponentiation followed by square root)
to have units of A. Table Il tracks additions and subtractions from the core atom set through
both iterated expansions as well as through the editing process. Note that both iterations of
the expansion process add potentially large numbers of atoms to the core while only slightly
increasing the mean coordinate variances of core atoms. The set of atoms added to the core
by the expansion, summarized in Table I, ranges from ranges from no net change for T0751
to 271 atoms (72%) for T0668 with a median expansion of 36%. Since the critical Z value
used corresponds to a probability of 0.13%, only very few if any atoms are removed from
the core in the iterative superimposition process.

Figure 2 displays superimpositions of the 18 CASP targets analyzed in this paper. As
expected, many loops and tails are excluded from the well-defined atom set while the
iterative editing process extends the original FindCore core to include most regions of
secondary structure and even turns and bends where the “trajectory” of the backbone trace
remains sufficiently well-defined to expect predictions to match experimentally determined
backbone traces in these loops. Note that residues rejected in the editing process (shown in
purple), which limits the expanded core atom set to atoms in those residues for which N, Ca
and C’ are all in the expanded core, tend to occur on the boundaries between well-ordered
secondary structural elements and disordered loops.

In some cases, “islands” of core atoms appear in otherwise disordered loops and “gaps” of
ill-defined atoms occur in otherwise well-defined structural elements. For example, in
T0655 (2LUZ), GLY 142 is not-well-defined even though it is flanked by residues with
backbone atoms in the extended core. The lack of precision of the atomic coordinates of this
residue is not surprising as, being a glycine residue, it can impart flexibility to the peptide
backbone. Interestingly, the PROCHECK8:17 G-score for GLY 142’s ¢ and v dihedral
angles is —1.67, suggesting that the less well-defined coordinates for this residue are
potentially inaccurate. Variability in this residue’s coordinates may reflect some amount of
arbitrariness in the inference of these potentially inaccurate as well as imprecise atomic
positions. T0665 (2LUZ) also contains an example of an island of core atoms in a loop: in
particular the backbone (although not the sidechain beyond Ca) atoms of LYS 92 (orange
circle), sandwiched between non-core residues GLY 91 and PRO 93, are in the expanded
core. Being on the N-terminal side of a proline residue may restrain the backbone atoms of
LYS 92 sufficiently to allow their admittance into the core. Interestingly, the PROCHECK
G-score for LYS 92’s ¢ and v dihedral angles is —0.55, which, while not ideal, is quite
reasonable for residues in a surface loop. Though islands and gaps in the core atom set are
not unreasonable outcomes in assessing which atoms have converged to well-defined
coordinates, such islands and gaps may confound human evaluation and even some
automated validations of protein structure. Thus, for the purposes of CASP10 assessment
applications, manual “smoothing” was done to eliminate such islands and gaps from the
expanded core atom set.

Isolated stretches of secondary structure, such as the proto-helix in the extensive tail region
of Target 751, were also excluded from the well-defined atom set for the purposes of in the
CASP10 assessment, as their position relative to the molecule’s overall frame of reference is
not-well-determined. While such partially formed stretches of secondary structure are often
functionally important as they indicate a tendency to fold upon binding,1® such
conformations often form transiently and are derived from ensemble-averaged NMR data
that is not properly interpreted by standard methods of protein NMR structure determination.
For this reason, our definition of well-defined atoms correctly excludes such “mini-
domains”. However, the underlying FindCore method, and hence the iterated editing process
reported here, can appropriately handle larger, fully formed multiple domains.!
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The original FindCore method? uses a statistical parsing of the interatomic variance matrix
that maximizes the separation between two populations of atoms: those that are well-defined
with respect to one another and those that have high interatomic variances. The Expanded
FindCore method uses the resulting core atom set to superimpose the ensemble and then
includes / excludes atoms based on their coordinate uncertainties in the superimposition.
Atoms with coordinate uncertainties within three standard deviations (Z = 3) of the mean
(log) coordinate uncertainty within this core atom set are added into the core atom set. This
“expanded core atom set” better fits our expert, intuitive expectations of what is well-
defined in the NMR ensemble. As an example, Figure 3 compares, for NMR ensemble PDB
entry 2L7W, the core atom sets defined by FindCore with its internally calibrated statistical
cutoff 1, Expanded FindCore using the Z=3 cutoff, and an analysis done with the program
CYRANGE 2. Expanded FindCore results with the Z=3 cutoff are similar to those of the
CYRANGE program. A second example is illustrated in Figure 4 for the Zn-binding sites in
NMR structures of CASP10 targets T0657 and TO754. For both targets, the statistically-
based cutoffs of the original FindCore algorithm are too conservative, and exclude relatively
well-defined atom positions of side chains that are ligands of the Zn atoms, while the
Expanded FindCore method developed for CASP10 includes these structurally-important
atoms in the set of atoms to be used in prediction model quality assessment. Hence, the
Expanded FindCore protocol provides “expanded core atom sets” which, upon
superimposition, fit well to expert intuition of which parts, on an atom-wise and not merely
residue-wise basis, of the structure are sufficiently well-defined to be used in assessing
CASP model predictions.

A key application of the Expanded FindCore method presented here is to identify a core set
of atoms for which it makes sense to validate predicted protein structure models. In order to
illustrate the impact of this analysis on CASP assessment scores, we calculated GDT-TS
scores for predicted models assessed against 18 experimental NMR structures from each of
5 top ranked groups, using in each case three representations of the NMR structure: (i) the
untrimmed coordinates, (ii) coordinates trimmed using the original FindCore method, and
(iii) coordinates trimmed using the expanded FindCore protocol outlined above. These
results are summarized in Supplementary Table S1. As expected, excluding the ill-defined
regions the experimental protein NMR structure significantly increases the GDT-TS score.
A particularly dramatic example is target T0751, where GDT-TS scores increase from ca.
0.38 to ca. 0.90. All of the predictions have significantly higher GDT-TS scores when
considering only the core atom sets indicated by FindCore. Comparing GDT-TS scores for
FindCore and Expanded FindCore atom sets, the GDT-TS scores, as expected, are somewhat
lower for the Expanded FindCore atom sets (Supplementary Table S1). This suggests that
the additional atoms added to the core atom set by the expansion algorithm are sometimes
less accurately positioned than those in the initial FindCore core atom set. Nonetheless, the
original FindCore atom set is clearly too conservative as demonstrated by the examples
shown Figures 3 and 4. The final cutoff values for including/excluding atoms in the
Expanded FindCore atom sets are determined by the conventions outlined in this paper, and
can affect the relative ranking of model predictions assessed by NMR structures. For these
reasons, it is important to have a standardized and reproducible protocol for defining the
atoms in the NMR structure coordinate set that are used in the assessment, as provided by
this study.

The importance of trimming the NMR coordinates to well-defined regions is demonstrated
graphically in Figure 5, showing a CASP10 prediction for NMR target T0731 (blue ribbon
diagram) against a representative NMR-derived structure model (the medoid model12.14
from the ensemble of conformers) from either the (i) complete or (ii) Expanded FindCore
experimental NMR structure coordinates. Because both the N-terminal and C-terminal
regions of the experimental NMR structure are not well-defined by the NMR ensemble, it is
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inappropriate to use these atomic coordinates of the experimental NMR structure to assess
the predicted model in these regions that are excluded by the Expanded FindCore algorithm.
In particular, the predicted C-terminal helix for TO731 cannot be judged either consistent or
inconsistent with the C-terminus of the NMR-derived structure: due to its high uncertainty,
Expanded FindCore correctly excludes this C-terminal region from the core.

As part of this analysis, we also analyzed the regularity of the structural features in
expanded core vs. non-core atom sets. These results are presented in the Supplementary
Materials. Regions of the structure added to the core by the Expanded FindCore algorithm
are not more likely to have poor backbone and sidechain dihedral angle values (i.e.
PROCHECK16.17 G scores < —1) compared with regions of the original core atom set. The
Expanded FindCore method also does a better job in assigning residues having poor
PROCHECK G scores to the not-well-defined class than does the original FindCore method.
We also assessed the consistency of hydrogen-bonded interactions across the NMR
ensemble, another measure of structural reliability. In this analysis, the more conservative
FindCore definition is better than the Expanded FindCore definition in including consistent
hydrogen-bonded pairs and excluding inconsistently hydrogen-bonded pairs.

Discussion

The importance of distinguishing well-defined and not-well-defined regions of protein NMR
structures in CASP assessment

Issues related to use of the ensemble representation of protein NMR structures often
confound the application of these structures by biologists, particularly in the field of
structural bioinformatics. For this reason, conventions defining how to utilize NMR
structures for assessing model predictions in CASP are an important part of the CASP
experiment, both for the free-modeling (FM) and template-based modeling (TBM)
assessments. The importance of distinguishing well-defined and ill-defined regions in
interpreting NMR-derived protein structure models has recently been reviewed in the
context of validating the accuracy of experimentally-determined protein NMR structures.34
The work presented in this paper provides a convention and standardized protocol for
defining which parts of the experimental NMR structure are sufficiently well-defined for
assessing the accuracy of a CASP model prediction, and should be useful in future CASP
experiments.

GDT measures form an alternative family of metrics for comparing superimposed
structures.”12 GDT scores are the most common metrics used to evaluate predictions in the
CASP competition.”=2 They are relatively insensitive to regions of disorder, but are still
dependent on the quality of the superimposition of the prediction to the actual structure.
Thus the use of GDT measures does not obviate the need to assess the precision of atomic
coordinates (i.e. the similarity of their relative positions across the ensemble of conformers)
prior to the superimposition process, in order to prevent disordered regions of the protein
structure from biasing the superimposition and hence the resulting GDT score.

The ensemble representation of NMR structural uncertainty

The ensemble representation of protein NMR suffers from several shortcomings. Most
significantly, NMR ensembles are rarely generated in a statistically justified fashion,
considering how the uncertainties in the underlying data propagate to uncertainties in the
protein model.20-23 Secondly, the structure generation process usually assumes a static
underlying structure rather than an ensemble-averaged sampling of structural models from a
Boltzmann distribution. This assumption requires each member of the ensemble to best fit
the complete set of experimental data, which is fundamentally incorrect, as each NMR
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observable arises from ensemble averaging of the dynamic protein structure conformation.
The approximation is acceptable when the structural variations in the underlying molecular
structure are small, but can result in various artifacts when the data arising from highly
variable regions of the structure (e.g. backbone loops and some side chains) are best fit to a
single conformer, even when this is done multiple times to generate the ensemble
representation.2* For example, NOEs arising from multiple conformations in fast exchange
on the NMR time scale may result in inconsistent restraints, which “pin” the conformation in
a narrow and physically unrealistic conformational space (see for example Fig. 4 of Tejero,
et al., 1996 24).

In spite of these shortcomings, the ensemble representation still remains the most common
approach for presenting a protein NMR structure model. In this representation, uncertainty
in atomic positions is generally assessed by comparing structural features across the
ensemble. The most common method for comparing two conformational models is to
superimpose (translate and rotate) one model onto the other model in order to minimize the
RMSD between the two models. However, disordered loops and N- or C-terminal segments,
as well as multiple domains whose relative orientations are not well-defined with respect to
each other, can bias the optimal rotation as well as the resulting RMSD.1: 25

Alternative methods for distinguishing well-defined from not-well-defined regions of
protein NMR structures

Well-defined atom sets can also be identified by analysis of dihedral angle circular variance,
or dihedral angle order parameters.2:2526 These methods are reasonably robust and simple.
Like the method outlined here, they generally require an arbitrary cutoff to determine which
dihedral angles are “well defined” and which are “not well defined” across the NMR
ensemble.

Theobald and Wuttke2”+28 have described a method of superimposition guided by maximum
likelihood. For ensembles sampled from well-behaved statistical distributions, such as the
multivariate normal distributions that occur in coordinates of models sampled from a
harmonic energy landscape according to the Boltzmann distribution, such maximum
likelihood methods do avoid the necessity to define a core atom set for

superimposition.2”: 28 However, in the absence of a well-defined sampling distribution, such
methods may not produce maximum likelihood superimpositions. In any case, some
convention is required in utilizing the superimposed ensembles to distinguish “well defined”
from “not-well-defined” atomic positions.1°

FindCorel is a superimposition independent method for isolating a core atom set, and
partitioning that set into domains. Unlike dihedral angle order parameters?®, which are
commonly used to identify a core atom set, FindCore uses non-local data, in the form of the
inter-atomic variance matrix2?, to identify the core atom set. A key advantage of using such
non-local data is that regions within loops and tails, for which well-defined, precise
conformational information is not available, may be locally very consistent due to “pinning
artifacts” 24 that arise from ensemble averaging effects, and/or to a underlying propensity for
disordered regions to form secondary structure, e.g. upon binding a suitable partner.
Moreover, well-defined regions of a structure may have relatively under-constrained
dihedral angles due to a lack of direct constraints on heavy atoms in NMR data.

Another advantage of FindCore in ensuring superimpositions and their associated RMSD
statistics are not biased by the inclusion of disordered regions in the core atom set, is that
FindCore, in practice, is particularly stringent about its definition of the core: if a few well-
defined atoms are not included in the core, the resulting superimposition still adequately
superimposes those atoms (Snyder and Montelione, 20051: Fig 1A). Using a stringently-
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classified set of core atoms for the initial superimposition also gives a reasonably RMSD
statistic whereas inclusion of ill-defined atoms in the core can throw off a superimposition
and the associated RMSD. However, a thorough evaluation of the quality of a prediction
should include a comparison of all well-defined atoms, not just the subset of such atoms
sufficient to fairly calculate an RMSD.!

Defining cutoff values for discrimination well-defined and not-well defined regions

Several attempts have been made in the literature to design an objective score for defining
well- vs. not-well-defined regions of a biomolecular NMR structure that does not use a
preset cutoff. These are discussed in detail by Snyder and Montelione (2005) 1 in presenting
the original FindCore algorithm, and in a recent review on protein NMR structure
validation 4. The Z score = 3 cutoff used in the Expanded FindCore is a convention that was
selected to include atoms in the expanded core atom set which, have coordinate uncertainty
<u?> within 3 standard deviations (Z=3) of the distribution of coordinate variances within
the initial core atom set. These results are similar to those obtained with the CYRANGE
program 2 based on dihedral angle distributions. While either approach is suitable for the
problem at hand, at the time of the CASP10 assessment we elected to use Expanded Find
Core, as it is an atom, rather than residue, based discriminator.

We considered two ways of discriminating well-defined vs. not-well-defined atom sets; the
first would be based on a hard coordinate uncertainty cutoff (e.g. 1 A uncertainty after
superimposition), the second would be based on a Z score of deviations within the core
atoms of the ensemble after superimposition. The second approach results in a critical cutoff
that depends on the overall convergence within the well-defined regions of each NMR
ensemble. In this case, an NMR ensemble with a well-defined core would require a tighter
match between a predicted model and the “NMR target”; while a NMR ensemble with a
less-well converged core tolerates a looser match between prediction and “NMR target”.

The convergence within each of the 18 NMR ensembles used in CASP10 varies
considerably between the ensembles. Using a “hard cutoff” would result in some ensembles
including atoms that clearly have not converged given the data available and thus would
unfairly penalize predictors for deviations from the experimental structure in relatively
poorly defined loop regions. A hard cutoff would additionally result in other experimental
NMR structures being excluded all together because the coordinate uncertainty even in
“well defined” regions does not meet the criterion. Using a fixed coordinate uncertainty
cutoff would also exclude some key ligand binding sites of certain targets.

While for other applications of the FindCore method a fixed coordinate uncertainty cutoff
may be appropriate, we decided that the latter approach, using a looser cutoff between well-
defined and not-well-defined regions for experimentally less-well defined NMR structures,
was more appropriate to the CASP10 assessment application. This was done to minimize the
effect of penalizing predictors for poor predictions of imprecise experimental structures
while still including such less-well-converged experimental NMR structures in the CASP
competition and thus rewarding methods able to predict relatively well-defined regions of
these structures. This “ensemble-dependent” cutoff was implemented in our Expanded
FindCore protocol, prior to any comparison between experimental and predicted structure
and independent of the “difficulty” of the target, by using a coordinate uncertainty cutoff
<u?> corresponding to a Z score of 3 of the distribution of atomic variances within the core
atom set of each NMR structure ensemble. This resulted in an absolute cutoff that ranged
from 1.0 A (T0727) to 5.89 A (T0751).
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Identifying well-defined regions of the NMR structure that are not well-defined with respect
to one another

Conclusions

As mentioned above, a key feature of FindCore is its ability to identify “domains” from the
core atom set that are internally well defined, by not well defined with respect to one
another. For the 18 CASP10 NMR target structures used in this study, FindCore did not
characterize any of the ensembles as having more than a single domain. The full-length
target TO677 would likely have been split into two domains by FindCore, but was provided
by the experimentalists as two separate domain targets (i.e. T0677_A and T0677_B).
However, extension of the methods described above to multiple domain cores is
straightforward: each domain requires a separate superimposition and hence, in an n-domain
ensemble, n <u?> values characterize the variation in atomic position (relative to each
domain’s optimal superimposition). Iterated editing of the core would simply use the per-
atom minimum of these n per-atom <u2> values rather than the one per-atom value
calculated in the case of a single domain structure. Alternatively, following initial domain
identification using FindCore, assignment of all (heavy) atoms (core and non-core) can
proceed by identifying the superimposition minimizing an atom’s <u?> value. The iterated
superimposition approach described in the Methods section would then be applied on a per-
domain basis.

The original FindCore method stringently defines a relatively sparse core atom set, in order
to ensure the best possible core atom set for estimation of the precision of NMR-derived
structures. For certain applications, such as phasing of X-ray diffraction data using NMR
structures 39, this stringent core is appropriate. Expanded FindCore starts with the core
robustly defined by FindCore and iteratively expands it to provide an intuitive description of
core atoms. The use of Expanded FindCore in defining core atom sets for evaluating
CASP10 predictions of protein structures experimentally determined via NMR confirmed
the utility of Expanded FindCore in characterizing protein NMR structure ensembles. As the
superimpositions and validation statistics reported in this paper demonstrate, Expanded
FindCore defines a set of atoms within the NMR structure ensemble suitable for evaluation
of CASP10 model predictions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lognormal distribution of core atom <u?> values

All plots were made using the heavy atoms of NMR ensemble target T0655 (2LUZ) as an
example. (A) Normal QQ plot of <u2> values (calculating using the FindCore
superimposition) for FindCore core atoms in T0655 demonstrating a lack of normality in the
<u?> statistic. (B) Normal QQ plot of log(<u?>) values for the same core atom set
demonstrating the lognormal distribution of the <u2> statistic. (C,D) Histograms (with a
logarithmic scale for the abscissa) of <u?> values for heavy atoms in T0655, with <u?>
calculated from (C) the original FindCore superimposition and (D) the superimposition
calculated in the first iteration of the Expanded FindCore method. Blue bars correspond to
atoms in the original FindCore core, cyan bars to atoms added to the core in the iteration
process, magenta bars to atoms removed from the core during the editing process, which
ensures all atoms in the final core belong to residues for which all backbone atoms are in the
core. Yellow bars correspond to carbonyl oxygens added to the core in the editing process.
The orange, green and blue lines mark Z score cut-offs of 2, 3 and 4 respectively. Note that
the Z score = 3 cut-off (green lines) is (B) a tight upper boundary for the distribution of <u?>
values for the core atom set and (D) is a tight lower boundary for the second (non-core)
mode of the distribution of <u?> values calculated using the final Expanded FindCore
superimposition.
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Figure 2. CASP Targets superimposed using the Expanded FindCore approach for defining the
set of “well defined” core atoms

Superimpositions are shown for each target and labeled by their CASP10 Target ID.
Coloration of the backbone traces indicates atom classification according to FindCore and
subsequent expansion of the core atom set by iterative superimpostion. Saturated blue
regions indicate the original FindCore atom set, regions added to the core in the iterated
expansion process are sky blue and red regions are atoms that are not included in the well-
defined atom set. Residues removed during the final editing process to ensure all core atoms
belong to only those residues with a complete backbone set in the core are colored magenta.
Note that the Expanded FindCore core (saturated and light blue) includes the well-packed,
secondary structure rich geometric cores of the protein structures while most loops are
excluded from the Expanded FindCore core. Residues excluded in the editing process
typically are at the edges of well-defined structural elements. The circled (core) residue in
T0655 is LYS 92, which is discussed in the main body of the text.
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Figure 3. Comparison of FindCore, Expanded FindCore and CYRANGE methods for
identifying core atom sets

(A) FindCore (blue) and Expanded FindCore (cyan) regions of the human Raf-1 kinase
inhibitor protein (PDB ID 2L7W). In this case, Expanded FindCore greatly expands upon
the original core atom set identified by FindCore, only excluding the poorly converged N-
terminal residue (red) from the core. (B) CYRANGE 2 produces a result similar to Expanded
FindCore, except that CYRANGE defines its core (green) on a per-residue, rather than per-
atom basis.
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Figure 4. The Zn binding sites of CASP10 NMR targets T0657 and T0754 arefully covered in
the Expanded FindCor e core atom set

Zn binding sites in (A) CASP Target T0657 (PH domain of tyrosine protein kinase TEC,
PDB ID 2LUL) and (B) CASP Target T0754 (human MLL5 PHD domain, PDB ID 2LV9)
shown with individual atoms rendered as spheres. Note that the original FindCore core
(blue) includes only some of the atoms in Zn-binding residues. The remaining heavy atoms
(backbone and sidechain) of Zn-binding residues in these proteins are, however, included
the Expanded FindCore core atom set (cyan).
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Figure5.

Demonstration of the importance of using a standardized protocol for trimming NMR
structures to a well-defined core atom set using the NMR ensemble information prior to
assessment. Comparison of CASP10 structure prediction by QUARK3! for NMR target
TO731 (blue ribbon diagram) against a representative NMR-derived structure from either the
untrimmed (green, left) or Expanded FindCore (yellow, right) experimental NMR structure
coordinates.
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