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ABSTRACT: We present a method of assessing the quality of protein structures
based on the use of side-chain NMR chemical shifts. Because these parameters
are very accurate reporters of side-chain positions and are highly sensitive to
tertiary structure and packing, they are particularly useful for structure validation.
To analyze a given structure, we define a quality score, Qcg, that compares the
chemical shifts calculated from such a structure with the corresponding
experimental values in a way that takes account of the errors in the calculations.
The results that we report illustrate the advantages in the examination of the

quality of protein structures from the perspective of side-chains.

B INTRODUCTION

Owing to recent advances in genome s.equencing,]‘2 the rate at
which new protein-encoding genes are identified is far faster
than the rate at which the structures of the corresponding
proteins are determined. It is therefore important to develop
methods to speed up the process of protein structure
determination. Indeed, one of the major aims of structural
genomics initiatives is to determine at least one representative
three-dimensional structure for all known protein families.®

Although X-ray crystallography has a major role in these
efforts, there is interest in developing methods based on nuclear
magnetic resonance (NMR) spectrosco];>y4_6 because they can
be applied in the solution state, which closely resembles the
conditions under which proteins carry out their functions, and
because often proteins cannot be readily crystallized. Great
advances in this direction have been made in the past 15 years,
resulting in an increase in the precision and type of NMR
measurements’ > and in the size of proteins that can be
studied."® In this context, the introduction of the novel isotope
labeling techniques'*™'¢ is of particular importance since the
knowledge of the chemical shifts of side-chain methyl and
aromatic nuclei provides access to the solution-state structure
and dynamics of supramolecular complexes.'®

To increase the role of NMR spectroscopy in structural
genomics, it is very important to develop automated methods
of data acquisition and processing. With such methodologies,
the rate-limiting step of the structure determination procedure
would become the preparation of samples.'” Standard NMR
techniques for determining protein structures consist of
multiple stages, some of which can require a substantial
amount of time. The stages directly linked to NMR data
acquisition and analysis include data recording, assignment of
the spectra, interpretation of NOE (nuclear Overhauser
enhancement) signals, and structure calculation and validation.
To shorten the time required by these stages, one approach is
to substantially decrease the amount of data needed to resolve
the structures of proteins. To this end, recent developments in
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methods that use chemical shifts to determine high-resolution
protein structures'®~>' can become very helpful to increase the
throughput of NMR strategies, since the data acquisition is
minimized to the most basic experiments and interpretation
procedures needed to assign the resonance signals.

Regardless of the nature of the strategies for speeding up
NMR-based structure determination, the role of structure
validation increases substantially upon automation of the
structure determination workflow. This aspect is particularly
important since NMR spectroscopy, unlike X-ray crystallog-
raphy, currently still lacks consensus intrinsic measures of
structural quality. Moreover, NMR structures are usually
obtained with the aid of molecular mechanics force fields
because NMR measurements alone are generally not sufficient
by themselves to completely define the three-dimensional
structure of a protein. NMR data interpretation and processing
are thus potentially prone to errors. Cases are known in which
the misinterpretation of even a small number of NOE cross-
peaks resulted in incorrect structures.”>*> For instance, it has
been demonstrated that the lack of knowledge about the
oligomeric state of a protein may result in a misinterpretation of
the spectra so that homomeric protein complexes can be
considered as monomeric structures.”

Since it is important to have structure validation tools for
NMR structures that are fully based on the most basic NMR
measurements, we present here an approach to validate protein
structures by using only chemical shifts. By using recently
develo}s)ed structure-based predictors of side-chain chemical
shifts,>*¢ which report on the fine details of protein side-chain
positions and are very sensitive to tertiary structure and packing
in proteins, we show that these NMR parameters can be used
to examine the quality of protein structures from the
perspective of the side-chains.
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B METHODS

The approach and the applications reported here are based on
recently developed structure-based predictors of protein side-
chain chemical shifts.>>>® We note, however, that the approach
we discuss can be used with any chemical shift prediction
engine. In the predictors that we used, chemical shifts are
represented as a combination of phenomenological terms that
report on the influence of dihedral angle, electric field, magnetic
anisotropy and ring current effects on nuclear shielding,>>*®
and nonphenomenological distance-based terms that increase
the performance of the model.>*~*’

An important aspect that should be considered in establish-
ing a general structure validation method is that any structure-
based chemical shift predictor (CSP) is associated with a
certain error, which is defined here as the absolute difference
between the predicted and experimental chemical shifts of the
given query nucleus. A key component of our method is that,
having also the full profile of the CSP performance from the
leave-one-out tests on a large database of proteins for each
atom type, we can estimate the probability of the predictor to
result in the observed error. Such probability estimates can be
calculated by binning the absolute error scale and calculating
the fraction of instances when the CSP results in an error
within the bin range. This kind of binning would, however,
decrease the number of available entries for calculating the
probability estimates and, thus, the statistical significance of the
resulting numbers.

To this end, we calculate the probability of the predictor to
result in an error larger than the observed error, rather than the
one within a certain bin. The resulting quality score for
chemical shifts (Qcg) thus shows the probability that the
prediction error is caused by the CSP rather than inaccuracies
in the protein structure under analysis. Hence, a low value of
the Qg score indicates the possible presence of problems in the
structure. To further increase the statistical significance of the
test, we use multiple chemical shifts from a given residue to
extract joint probabilities. For instance, if two methyl 'H
chemical shift measurements are available for a valine residue
(for H,, and H,, atoms) or if two or three signals are assigned
for a phenylalanine residue belonging to any of the Hg H,, and
H, atoms, then we calculate the joint probabilities of all the
NMR resolved nuclei in the given side-chain to end up in
prediction errors larger than the observed ones. For a residue in
a protein with measured experimental chemical shifts for the
nuclei i, j, ..., the chemical shift based structural quality factor,
Qg can thus be calculated as

ex] calc calc
chzp(‘é‘i P_éi 261 n

exp _ gcalc
51 6)'

LN
(1)

where 167°—5% is the absolute value of the error of the
chemical shift prediction for the nucleus i of the given residue,
o7 is the standard error of the CSP in reproducing the
experimental chemical shifts for the type of nucleus i in the
given residue type, and the N symbols indicate that all the
conditions on the different nuclei should be considered
simultaneously (joint probability). Values of the Q. score
close to 0 indicate the likely presence of errors in the structure,
while values close to 1 support the validity of the structure.
The probabilities that we used are fairly accurate because of
the presence of a relatively large database on which the
chemical shift predictions are benchmarked via leave-one-out
tests. In the current implementation, a carefully filtered
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database for aromatic side-chain protons uses 1796 entries for
phenylalanine and 1498 entries for tyrosine hydrogen atoms
coming from 452 proteins.”® The methyl group database used
to parametrize the CH3Shift predictor uses 17873 chemical
shift entries from proteins corresponding to 682 unique PDB
identifiers.”®

The method is available at http://www-vendruscolo.ch.cam.
ac.uk/software.html.

B RESULTS AND DISCUSSION

Chemical shifts are routinely recorded during the initial stage of
NMR data processing. Moreover, chemical shifts can often be
measured even from very problematic systems, such as protein
aggregates”® and intrinsically disordered proteins.”” The
advances over the past decades that have been made to better
understand the nature of chemical shifts>*" and the develop-
ments of fast and efficient structure-based chemical shift
prediction methods,>*7**** have made it possible to
substantially increase the scope of chemical shifts in structural
biology."® ™" It is thus timely to further extend the use of
chemical shifts for protein structure validation.

Chemical shifts are extremely sensitive to the specific
structural features of protein conformations. Any change in
the atomic environment of a given nucleus can significantly
alter its observed chemical shift value. Therefore, any
imprecision of the structure at the vicinity or in the position
of the query atom will inevitably become evident from the
structure-based chemical shift predictions for that nucleus.
Therefore, if one can clearly differentiate between the errors
that are normally expected from a specific chemical shift
prediction from the apparent errors that the prediction
produces, a measure of structural imprecision at the given
site of the protein structure can be devised, as described in the
Methods section. Previously, protein backbone chemical shifts
have been used to assess structural qualities of proteins by a
comparison between experimental chemical shifts and those
back-calculated from the protein structures under consideration
using parametrizations based on either first principles®® or
empirical®® methods. The Qg score, which we describe in this
work, takes into account the errors intrinsic to the predictor
and thus exploits chemical shifts for protein structure validation
in a quantitative way. In addition, side-chain "H chemical shifts
are particularly suitable for protein validation purposes, since
they are strongly dependent on tertiary contacts, and unlike
backbone atoms, side-chains are not shielded from the
surrounding by the other moieties of the amino acid residues.

A low value of the Qcg score indicates a possible structural
imprecision because the discrepancies between the experimen-
tal and calculated chemical shifts are larger than the intrinsic
errors in the chemical shift calculations themselves (eq 1); this
method, of course, assumes that there are no assignment errors
in the NMR spectra.

In the following, we present a series of applications that
demonstrates the usefulness of the structure validation
approach that we describe in this work. This method was
prompted by the initial observation that the analysis of aromatic
proton chemical shifts over 452 proteins in a database of high-
resolution X-ray structures identified several proteins for which
the prediction quality was rather poor as assessed by the
comparison with the experimental NMR measurements.”®
Because the predictions were performed through a protein-
based leave-one-out tests, the predictor was not biased toward a
particular protein because of that protein being involved in the
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parametrization. Examination of all the poorly performing
structures revealed that all of them were different in
conformation from the corresponding NMR structures
obtained from the solution-state experiments from which the
chemical shifts were measured.”® The reason for the difference
was either a substantial conformational rearrangement upon,
for example, Ca*" ion or ligand binding or the presence of
missing or extra peptide segments in either the solid or solution
states. These observations clearly indicated that some errors
resulting from the structure-based chemical shift predictions are
capable of revealing actual structural inaccuracies in the
structural model or a mismatch between the experimental
data and the structure that is evaluated against those data.
We first present the analysis of the Qg scores for four
protein structures (Figure 1): ubiquitin (PDB id 1UBQ,*
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Figure 1. Examples of protein structure validation based on side-chain
chemical shifts. Side-chains bearing methyl or aromatic groups are
shown in space-filling representation and colored according to their
Qsc scores: (a) Ubiquitin (1UBQ); (b) Calmodulin (1X02); (c) X-ray
structure (IOMR) and (d) NMR solution-state structure (1IKU) of
Ca**-bound recoverin. Values of the Q_ score close to 0 (shown in
red) suggest the presence of errors in the structure, while values close
to 1 (shown in blue) indicate that the structure is likely to be valid.

Figure 1a), calmodulin (1X02," Figure 1b), and recoverin in its
Ca**-bound state obtained from X-ray crystallography
(10MR,* Figure 1c) and in its Ca**-free myristoyl-bound
state obtained from solution state NMR (1IKU,*® Figure 1d).
The residues that show low Qg scores are frequently clustered
together, indicating the presence of a local problem in the
structure. For instance, none of the NMR structural ensembles
and the X-ray structure of ubiquitin that we analyzed reproduce
the experimental 'H chemical shifts for the aromatic Phe-4S
ring (Figure S1 of the Supporting Information and ref 26). A
map of the Qg scores obtained by analyzing the X-ray 1UBQ
structure®® (Figure 1a) shows that Leu-50, which is in the
vicinity of Phe-45, is also showing low Qcg scores as judged
from the methyl group 'H chemical shifts (Figure S2 of the
Supporting Information). This result suggests that Phe-45 may
be undergoing complex conformational fluctuations that affect
its own chemical shifts as well as those of the sites close to it,
and neither the X-ray structure of ubiquitin nor the NMR
ensembles that we considered fully represent the dynamics of
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that residue. It is also interesting that the 2K39 ensemble of
ubiquitin®® shows the presence of several rotameric states for
Phe-45 (Figure S1 of the Supporting Information) but does not
appear to capture the correct weights of different states, since
like in the other ensembles, the average predictions of the
aromatic protons of Phe-45 do not agree well with the
experimental chemical shifts.>®

We found a similar patchy behavior (Figure 1b) of low Qg
scores for the calmodulin 1X02 ensemble,” which indicates the
possible presence of structural inaccuracies in this set of
structures. In particular, the conformational fluctuations of the
spatially neighboring Tyr-138 and Phe-89 residues might not be
fully represented by the 20 structures that comprise the
ensemble.’® Another interesting case is that of recoverin,26 for
which two structural models are available, obtained from solid>’
and solution®® states. These structures are fairly dissimilar in
conformation (Figures S3 of the Supporting Information),
primarily because the X-ray structure represents the Ca*'-
bound state. Since the NMR chemical shift measurements had
been carried out for the Ca**-free solution-state of recoverin,
we expect the solid-state structure to result in an overall lower
Qs score spread for the aromatic residues with available 'H
chemical shift measurements (Figure lc and d). In addition,
some imprecision in Qg scores even in the Ca**-free state of
recoverin can be explained by not accounting for the
unconventional (myristoylated) moiety of the protein by our
chemical shift predictor.

The development of our CSPs is based on a database of
chemical shifts measured in solution state NMR and average
structures compiled from a data set of high-resolution X-ray
structures.?>?° In many cases, side-chain chemical shifts results
from complex dynamics involving different rotameric states of
side-chains, where low populations of certain states with
extreme values of chemical shifts can significantly alter the
measured average values of the chemical shifts. However, the
use of large databases of high-resolution structures enables
accurate chemical shift predictions that reflect the correct
relationship between structures and chemical shifts.”® There-
fore, the violations observed in the comparison between the
calculated and the experimental chemical shift values from
specific side-chains indicate that often an average structure does
not provide a good representation of the state of a protein,
either because the actual structure is different or because that
particular side chain possesses a complex dynamic behavior.
The latter explanation is most probably what we observe for the
moiety surrounding or including the Phe-45 residue in
ubiquitin. Hence, to refine the population of such states, we
propose to use chemical shift predictors to generate structural
restraints in molecular dynamics simulations, through which
more realistic ensembles capturing the invisible states of
proteins can be obtained.

To directly demonstrate that the proposed quality score is
sensitive to the actual structural quality of proteins, we use an
unfolding trajectory of a protein with known X-ray structure
from one of our recent papers,”® generated via a high
temperature molecular dynamics simulation. Since the
unfolding is done in silico and we have the snapshots of the
structures along the trajectory and, hence, the structural
RMSDs relative to the crystallographic structure, we can
check whether the worsening of the structural quality upon
unfolding is also accompanied by the worsening of the Qgc
score. The results are presented in Figure 2, where the negative
sum of all the aromatic side-chain chemical shift-based quality
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Figure 2. Relationship between the side-chain RMSDs (in A) and the
sum of all the aromatic side-chain Qgc scores along the unfolding
pathway of the DNA-binding domain of SV40 T-antigen. The
unfolding trajectory corresponds to a 17 ns high-temperature
molecular dynamics simulation.”® Structural snapshots extracted at 7
ps intervals are analyzed. The ) Qg is changed in sign to facilitate the
comparison with previous results.”® The data are obtained by
averaging all the quality scores within 1.1 A bins of structural rmsd.
The whiskers indicate the standard deviations of both the structural
rmsd (x axis) and —) Q¢ (v axis) within the 1.1 A bins of structural
rmsd.

scores in the examined protein, (—, Qgc), are plotted against
the side-chain structural root-mean-squared deviations (rmsd in
angstroms), indicating that Qgc indeed reports on the structural
precision. It is noteworthy that the deviation of Qg at the
lower structural rmsd region is relatively greater as compared
with its spread in the region corresponding to the completely
unfolded structures (Figure 2), which might be an indication

that accounting for the structural dynamics is important for
native states, and it is the averaged observable over the
dynamical ensemble that results in reliable values.

We expect that structure-based methods for calculating side-
chain chemical shifts as well as those that exploit such
calculations for structure validation purposes will be particularly
useful to examine structural models of large proteins. In these
cases, side-chain chemical shifts are among the few NMR
parameters that can be measured, in particular considering the
recent advances in selective isotope labeling techniques for
side-chains."*™'® We have thus tested the validation technique
introduced in this work against the available structural models
of the largest single-chain protein studied so far by NMR
spectroscopy, the 723-residue malate synthase G (MSG). Two
models, 1P7T* and 1D8C,*" determined by X-ray crystallog-
raphy at ~2.0 A resolution, have been analyzed along with the
1Y8B set of 10 NMR structures* and the 2JQX solution
structure® refined against NMR and small-angle X-ray
scattering data. Two structures from the 1P7T PDB entry
that comprise the elementary cell have been considered
separately for validation (1P7T_a and 1P7T_b). The missing
segments in the X-ray structures have been modeled using the
Modeller program* with 100 different structural variants
created for the missing loops of each X-ray structure. By using
multiple variants for the modeled loops, we assessed the
influence of structural uncertainties arising from the in silico
addition of missing segments in the X-ray structures.

Figure 3 shows the correlation graphs between the
experimental*™*® and calculated chemical shifts for the
structures of MSG mentioned above. Because multiple
conformers are available, whiskers are included in the graphs
to indicate the range of the calculated chemical shift variations,
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Figure 3. Comparison between predicted and experimental chemical shifts (in ppm) for side-chain methyl hydrogen atoms of alanine (dark blue),
valine (orange), and leucine (green) residues of the available structures and structural ensembles of malate synthase G determined by X-ray
crystallography and NMR spectroscopy. PDB codes, Pearson correlation coefficients (R) and root-mean-squared deviations (rmsd) are shown for
each case. The whiskers indicate the range of the predicted chemical shifts for the models consisting of multiple structures.
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in addition to the triangles that show the average chemical shift
values. The uncertainties in the modeled loop conformations of
the X-ray structures of MSG affect only few chemical shifts
(Figure 3a—c), for which the whiskers indicate a fairly small
variance because the residues with available methyl group
chemical shift measurements are distant from the modeled
loops. Pearson correlation coefficients (R) and root-mean-
squared deviations (rmsd) are shown on the graphs for each
structural model of MSG. These results indicate that further
experimental information will be required to improve the
accuracy of the Ala, Val, and Leu side-chain conformations,
including the fine details in their three-dimensional packing. A
plot of the Qg scores along the sequence of MSG, as well as
their cumulative sum, report on the overall structural quality of
the different structural models (Figure 4). The heights of the
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Figure 4. Q¢ scores plotted against the sequence index of the methyl-
bearing amino acid residue in the X-ray structures and NMR
ensembles of malate synthase G. The colors of the bars follow the
same scale used in Figure 1. Transparent red bands identify the regions
of the sequence for which the validation method predicts structural
imprecision with high confidence. PDB codes and the total Qg scores
are shown for each plot.

bars are proportional to the Qgg scores for the different
residues, and the colors are from the same scale displayed in
Figure 1. The transparent red bands indicate the regions where
the confidence in structural inaccuracies is higher. Both the X-
ray and NMR structures show inaccuracies in the representa-
tion of side-chain geometries and tertiary contacts (Figure 4).
However, the NMR structures tend to give lower Qg scores in
the tests of the structural quality as assessed from the side-chain
perspective. Hence, the inclusion of side-chain NMR data in
structure determination protocols is expected to improve the
quality of the structures themselves by increasing the accuracy
of NMR for side-chains that form protein interior and exterior
surfaces, which are particularly important to study protein—
ligand and protein—protein interactions.

Because NMR order parameters (S?) are also available for
MSG," we verified whether the errors in the chemical shift
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calculations and the Qg scores correlate with the S* values at
the corresponding sites. We do not expect to find a significant
correlation, since the Qg scores of methyl group 'H should be
primarily affected by the anisotropy of the motion and the
nonlinear dynamics between different states. Indeed, we found
no correlation between chemical shift prediction errors and S*
values (Figure S4 of the Supporting Information). We then
examined the correlation between the amplitude of the
structural fluctuations derived from crystallographic B factors
over the range of 682 proteins and the chemical shift prediction
errors. Also in this case, we did not observe any significant
correlation (Figure SS of the Supporting Information).

B CONCLUSIONS

We have described a method of using chemical shifts to validate
protein structures and identify regions of possible structural
inaccuracies. Although the method that we have presented can
be readily used with any atom type for which a structure-based
chemical shift predictor exists, we have focused our attention
on side-chain proton chemical shifts because their values exibit
a strong dependence on tertiary interactions and spatial effects.
By contrast, backbone or side-chain carbon chemical shifts are
prevalently determined by backbone conformation, rotameric
states, and covalent interactions. Validation methods based on
exclusively side-chain chemical shifts can exploit recent
advances in labeling techniques, which are making it possible
to measure side-chain chemical shifts for very large proteins and
protein complexes by NMR."*~'

The availability of a chemical shift-based approach for
protein structure determination may offer several opportunities
to the NMR community:

(a) The method is based on NMR parameters; hence, the
complications involved in the use of other experimental
techniques and measurements is not required.

The method uses NMR parameters that are generally
measured, but not often used directly in NMR structure
calculations. Indeed, NMR resonance signal assignment
is the crucial first step in obtaining other parameters,
such as RDCs and NOE intensities, which are used in
standard methods of protein structure determination.
Thus, all the measured RDC and NOE data can be used
in structure determination, since it would not be
necessary for some of them to be left out for further
usage in structure validation.

Protein structures can be analyzed from two different
perspectives: those of backbone and side-chain atoms.
Since backbone chemical shifts are more sensitive to the
core effects and the conformation of peptide moieties,
they report on the quality of the overall fold. In contrast,
side-chain chemical shifts, especially the 'H ones, are
very sensitive to the weak interactions between spatially
adjacent atoms, so they reflect accurately the fine details
of the three-dimensional packing.

Because chemical shifts are the most basic parameters
measured in NMR spectroscopy, protein validation
methods based on these parameters can become the
method of choice for future high-throughput protein
structure determination protocols. This strategy will
decrease the number of measurements and reduce the
time required for the automatic analysis of spectra and
structure determination. More generally, protein struc-
ture determination and validation methods based solely

(b)

(c)

(d)
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on backbone and side-chain chemical shifts can broaden
the scope of NMR spectroscopy.

B ASSOCIATED CONTENT

© Supporting Information

Five figures: a representation of the aromatic side-chains in
different structural ensembles of ubiquitin, a stereo view of
ubiquitin structure with methyl-bearing and aromatic amino
acid side-chains colored in accordance to the Q. scores, a
stereo view of two different structures of recoverin, a graph
representing the absence of correlation between the generalized
order parameter and CH3Shift prediction errors for methyl
groups in malate synthase G, a graph representing the absence
of clear dependence between the crystallographic B-factor-
derived structural fluctuation amplitudes and the CH3Shift
prediction errors tested on the database of 682 structures. This
material is available free of charge via the Internet at http://
pubs.acs.org/.
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