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a  b  s  t  r  a  c  t

The  quality  of  protein  structures  obtained  by  different  experimental  and  ab-initio  calculation  methods
varies  considerably.  The  methods  have  been  evolving  over time  by improving  both  experimental  designs
and  computational  techniques,  and  since  the primary  aim  of these  developments  is  the  procurement  of
reliable  and high-quality  data,  better  techniques  resulted  on  average  in  an  evolution  toward  higher  quality
structures  in  the  Protein  Data  Bank  (PDB).  Each  method  leaves  a specific  quantitative  and  qualitative
“trace”  in  the  PDB  entry.  Certain  information  relevant  to one  method  (e.g. dynamics  for  NMR)  may  be
lacking  for  another  method.  Furthermore,  some  standard  measures  of  quality  for one  method  cannot  be
calculated  for  other  experimental  methods,  e.g. crystal  resolution  or  NMR  bundle  RMSD.  Consequently,
structures  are  classified  in the  PDB  by  the  method  used.  Here  we  introduce  a method  to  estimate  a  measure
of equivalent  X-ray  resolution  (e-resolution),  expressed  in  units  of  Å,  to assess  the  quality  of  any  type
of monomeric,  single-chain  protein  structure,  irrespective  of  the experimental  structure  determination

method.  We  showed  and  compared  the  trends  in the quality  of structures  in  the  Protein  Data  Bank  over the
last  two  decades  for five  different  experimental  techniques,  excluding  theoretical  structure  predictions.
We  observed  that as  new  methods  are  introduced,  they  undergo  a  rapid  method  development  evolution:
within  several  years  the  e-resolution  score  becomes  similar  for  structures  obtained  from  the  five methods
and they  improve  from  initially  poor  performance  to acceptable  quality,  comparable  with  previously
established  methods,  the  performance  of which  is  essentially  stable.
. Introduction

The accuracy and quality of a three-dimensional protein struc-
ure are important factors deciding its utility. Knowledge of the
hree-dimensional structure is important for studying a protein’s
iological role, molecular mechanism, and molecular interactions.
he closer an experimentally determined or theoretically calcu-
ated structure is to its native structure, the more useful it is for
esearch. For example, it would be nearly meaningless to use a
arget protein structure for structure-based drug design if we are
nsure about the quality of the target protein model. The impor-
ance of protein structures and their association with biological

egulation has been known for over half a century (Tomkins et al.,
963). This interest was the driving force behind developing and

mproving methods of structure calculation (Kuntz et al., 1976;
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Floudas et al., 2006; Güntert P, 2009; Kelley and Sternberg, 2009).
With structures coming from many different experimental and
theoretical methods, several methods to assess protein structure
quality have been developed, e.g. (Floudas et al., 2006; Sanchez
and Sali, 1997; Bhattacharya et al., 2007; Rosato et al., 2012; Moult
et al., 2009; Janin et al., 2003; Laskowski et al., 1993, 1996; Chen
et al., 2010; Davis et al., 2004, 2007; Sippl, 1993; Vriend G, 1990;
Cristobal et al., 2001; Siew et al., 2000; Eisenberg et al., 1997; Lovell
et al., 2003; Huang et al., 2005; Bagaria et al., 2012; Berjanskii et al.,
2012). Validation methods using the experimental data generally
utilize their own  set of specially designed scores. In most cases,
these scores cannot be computed for structures obtained by other
structure determination methods because the required experimen-
tal data are not available. Here we  attempt to solve this problem by
extending the notion of X-ray resolution toward a more generalized
definition based on the linear combination of different coordinate-
based validation scores. Restricting the input scores to only those
coming from molecular coordinates implies that the e-resolution

can be computed for any given protein structure.

About 81,700 protein structures have been deposited in the
Protein Data Bank as of February 25, 2013. Most of these struc-
tures were determined by the two most popular experimental
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echniques: X-ray diffraction (88.8% of the structures) and solu-
ion NMR  (10.5%). The deposition of structures calculated via
new methods” started only recently: electron crystallography
1991), fiber diffraction (1994), solid state NMR  (1997), electron

icroscopy (1997), and solution scattering (1999). Experimental
echniques have evolved over time for all these methods (DiMaio
t al., 2011; Joosten et al., 2009; Chen et al., 2012). Sophistication
f instruments has allowed performing more complicated exper-
ments with improved efficiency and effectiveness. Comparative

odeling of proteins including theoretical modeling have grown
nd improved rapidly (Sanchez and Sali, 1997; Pantazes et al.,
011). However, even when a structure is determined using the
ost accurate and established experimental method, we still have

he obvious question of whether the structure is correct overall and
n all its parts.

For X-ray structures, the most accepted criterion to assess
he amount of experimental data is the crystal resolution. How-
ver, many other measures like R-factor, B-factors, stereo-chemical
arameters etc. are also used for more detailed analyses of the
tructure. The resolution is formally defined as the smallest dis-
ance between structural features that still provide measurable
-ray diffraction and, as a result, can be distinguished from each
ther in electron density maps (Wlodawer et al., 2008). High-
esolution structures have a resolution below 1.8 Å and the ones
bove 2.7 Å are considered to be of low resolution. The interme-
iary ones are classified as medium resolution (Minor, 2007). In
ase of structures obtained via NMR  spectroscopy, structural qual-
ty is described by the bundle RMSD, the amount of experimental
estraints, the number of distance and angle violations, RPF scores
Huang et al., 2012), etc. (Bhattacharya et al., 2007; Doreleijers et al.,
012).

Structure quality assessment criteria using experimental data
re different for the major experimental methods. This makes
t difficult to compare the quality of structures obtained by the
wo methods. Even comparing local and global features in a non-
edundant dataset containing NMR  and X-ray structure pairs of the
ame proteins revealed systematic (including method-related) dif-
erences (Sikic et al., 2010). Similar systematic differences were
ointed out (Bagaria et al., 2012) while comparing the structure
uality of proteins in the CASP8 (Moult et al., 2009) and CASD-NMR
Rosato et al., 2012, 2009) projects.

There exists a large range of software tools with their respec-
ive scores designed to evaluate different quality aspects of protein
tructures. These are based on the various elements and prop-
rties of molecular structure: torsion angles, bond lengths, atom
lashes, van der Waals violations, stereo-chemical violations etc.
ost of these tools do not provide an obvious scale to easily

omprehend the overall goodness of a structure in question. For
nstance, there have been a number of approaches to convert
arious measures of NMR  protein structure bundles into a sin-
le resolution score, using Ramachandran plot quality, ensemble
recision, or numbers of NOEs per residue (Kwan et al., 2011).
n attempt has been made to develop an intuitive score for the
uality of a protein structure in terms of predicting its RMSD
rom the native structure (Bagaria et al., 2012). Several attempts
ere also made to develop “equivalent” X-ray resolution for struc-

ures based only on coordinate information (Laskowski et al.,
996; Chen et al., 2010), including a “resolution-by-proxy” mea-
ure (Berjanskii et al., 2012) incorporating 25 protein structure
eatures.

Here, we propose another definition of “equivalent” resolution
hat is generally applicable to any protein structure regardless of

he method that was used to determine it. We  estimate and report
he quality of structures obtained over the last two decades by five
opular methods: X-ray, solution state NMR, neutron diffraction,
olid state NMR, and hybrid methods.
y and Chemistry 46 (2013) 8–15 9

2. Materials and methods

2.1. Molecular coordinate data sets

For this study we  used all PDB entries that contained a single
chain of a protein determined by the authors to be monomeric,
irrespective of the experimental method they were obtained with.
We grouped them by their experimental technique, and divided
into sub-groups by year of submission to the PDB. This constituted
22,016 X-ray, 3777 NMR, 18 neutron diffraction, 12 solid-state
NMR  and 7 hybrid method protein structures. Non-monomeric
biological units of proteins, complexes, and some structures for
which certain validation scores could not be computed for techni-
cal reasons were excluded. Regarding structures solved by electron
microscopy, it must be noted that though over 340 structures have
been solved by this technique, we had to exclude this method
because over 95% of these structures are either not single-chain
or not monomeric. Although the restriction to monomeric, single
chain proteins excluded many PDB entries, such a large scale study
of protein structure quality trends across different experimental
fields has not been performed so far. Structures from electron crys-
tallography, solution scattering, and fiber diffraction were omitted
because fewer than 4 single chained monomeric structures by
these techniques were deposited in the last 5 years. More details
regarding data composition may  be found in the Discussion sec-
tion. The time range selected for this study is from the year 1995 to
2012.

Based on earlier reports about the dependence of structure qual-
ity on protein size (Bagaria et al., 2012), this fact was  presumed
and the protein structures were divided into 3 size groups: “S” or
“Small” (<100 amino acid residues), “M”  or “Medium” (100–400
amino acid residues), and “L” or “Large” (>400 amino acid residues).
This choice of segregating structures into size-dependent bins
resulted in a clear-cut improvement of their resolution predictions
manifested by a reduced mean absolute error (MAE) (see Section
3). For each protein structure, 17 score values from the software
tools listed below were obtained. In the case of NMR  structure
bundles, the scores were calculated separately for each of the top
10 conformers sorted by increasing root-mean-squared-deviation
(RMSD) to the mean of the structure bundle.

2.2. Validation scores

The following coordinate based validation scores were used
to assess the quality of the protein structures. These scores were
selected based on their popularity as indicated by the number of
publication citations, and the possibility to implement and evaluate
them for structures obtained by any method.

The ProsaII scores (Sippl, 1993) are based on the probability for
two residues to be at a specific distance from each other. In this
validation score the amino acid types, the distance, as well as the
sequence separations are used. We  used three of the ProsaII scores.
Zp-Pair (Z score for pair potential energy), Ep-Pair (pair poten-
tial energy based on atom–atom interaction) and Ep-Surf (Surface
energy based on atom-solvent interaction).

ProQ is a neural network based predictor (Wallner and Elofsson
A, 2003). Based on a number of structural features, it predicts the
quality of a protein model. ProQ is optimized to find correct models
in contrast to methods which are optimized to find native struc-
tures. Two quality measures are predicted, the LGscore (Cristobal
et al., 2001) and MaxSub (Siew et al., 2000).

The Procheck software (Laskowski et al., 1993, 1996) takes into

account the number of residues in allowed/disallowed areas of
Ramachandran plot, the number of unusual bond lengths or bond
angles, and so forth. Here we choose two scores from the Procheck
software: Core and Gener. The former represents the percentage of
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Table 1
The MLR  coefficients for e-resolution prediction for three size groups based on 13 selected scores.

Score S (<100 aa) M (100–400 aa) L (>400 aa)

Protein size −1.39 −5.48 −5.08
ProsaIIZp-pair −0.0135 −0.0167 −0.0229
ProsaIIEp-pair 0.00249 0.000742 0.00105
ProsaIIEp-surf 0.00332 0.00629 0.00603
LG-score 0.0399 −0.0541 −0.0857
MaxSub −0.131 0.553 0.655
Procheck core −0.00018 −0.00391 −0.00412
Procheck gener −0.00494 −0.0262 −0.0445
Molprob clash 0.00151 0.00418 −0.00099
Molprob global 0.354 0.363 0.417
Verify3D quality −0.000383 −0.000445 −0.000518
Whatcheck INO 0.59 0.191 0.366
Whatcheck structure Z-score 0.0111 −0.0353 −0.0727
Constant 0.775 2.49 2.33
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esidues present in the most favored regions of the Ramachandran
lot while the latter indicates the percentage of residues present in
he generously allowed regions of the Ramachandran plot for the
rotein.

The Molprobity program (Davis et al., 2007) calculates a score
ased on a number of validations including all-residue Ramachan-
ran analysis, rotamer analysis, and all-atom clash analysis. We
onsider two scores from this program. The Molprobity Clash-
coreis the number of serious clashes per 1000 atoms and the
olprobity Global score is based on the global quality analysis.
Verify3D (Eisenberg et al., 1997; Lovell et al., 2003) is based on

D–1D profiles and assigns an environmental class to each residue
n a protein. The environments are divided into 18 classes based on
he secondary structure, buried area, and the fraction of polar con-
acts. Next, the probability for each amino acid type to be assigned
o each type of environment is calculated. During evaluation of a

odel, the sum of probabilities over a window, or over the entire
rotein, is calculated. If the probability is low, it is likely that the
odel is incorrect.
The program Whatcheck (Vriend G, 1990; Hooft et al., 1996)

rovides an Inside/Outside (INO) distribution normality RMS  Z-
core and a Structure Z-score. Hydrophobic residues are expected
o be buried. Hydrophilic residues are expected to be exposed. The
NO score tests whether a protein is normal in this aspect. It will
eport a normality RMS  Z-score for the whole structure. Inside-out
tructures, membrane proteins and mis-threaded structures will
rigger this check. For each residue the solvent accessibility is cal-
ulated. These values are divided by the “vacuum accessibility” of
he residue type, resulting in an accessibility fraction. These num-
ers are sorted from low to high. Using the mean and standard
eviation for the location in the array from the WHAT IF database,

 Z-score is calculated for each residue. The Z-scores for the residues
re used to calculate an RMS  Z-score for the structure.

Molecular size shows a correlation with several existing struc-
ure quality assessment scores, as was noticed in an earlier work of
urs (Bagaria et al., 2012). For all protein structures, irrespective of
he five methods that we studied, we see a high dependence of the
uality on the molecular size.

Further scores from ProsaII (Zp-comb, Zp-surf, and Ep-comb)
nd the allowed score of Procheck (indicating the percentage of
esidues in the allowed region of the Ramachandran plot) were
lso considered but found to have no significant contribution
o the predicted e-resolution. They were therefore dropped in

he final calculation. The significance of contributions by each of
he scores to the predicted resolution was calculated based on
ts P-value and the Akaike information criterion (AIC). A low P-
alue for an individual score indicates that the probability of this
score’s contribution in the fit being random is low. AIC provides
information about the relative goodness of fit of a statistical model.
Scores below a P-value of 0.05 were considered for the calculation
of the e-resolution. The approach of selecting the scores was similar
to our earlier work (Bagaria et al., 2012). Following these steps was
necessary to rule out the presence of mutually linearly dependent
scores. This is an important consideration while performing a mul-
tiple linear regression analysis where linear correlations between
two or more independent variables and a single dependent vari-
able are examined. Only those scores were considered which had,
according to the above criteria, a statistically significant contribu-
tion to the e-resolution prediction and that were also mutually
independent.

2.3. MLR  analysis

Multiple linear regression (MLR) is a multivariate statistical
technique for examining the linear correlations between two or
more independent variables and a single dependent variable. Here
we consider a linear model by which the predicted equivalent
resolution (e-resolution) value yLM

i
for the i-th protein structure

depends linearly on m validation scores xi1, . . .,  xim, each of which
describes a particular aspect of structure quality. To calculate the
e-resolution yLM

i
for the ith structure, the validation score values xij

are multiplied with its corresponding size dependent coefficient bj
from Table 1 and the products are summed up, and a constant a is
added.

yLMi =
m∑
j=1

bjxij + a

The constants a and b1, . . .,  bm are determined by a linear least-
squares fit to the actual resolution values yi from a training set of
i = 1, . . .,  n known X-ray structures. The fit is performed to minimize
the �2 value,

�2 =
n∑
i=1

⎛
⎝yi −

m∑
j=1

bj�ij − a

⎞
⎠

2

.

The e-resolution thus represents an approximation of the exper-

imental resolution of the X-ray structures. In addition, here we
extrapolate this approximation to other experimental techniques.
MLR  calculations were performed with the R software environment
for statistical computing and graphics (http://www.r-project.org/).

http://www.r-project.org/
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Fig. 1. (A) Correlation coefficients between predicted e-resolution and the actual resolution reported in the PDB for the X-ray yearly data from 1995 to 2012. For each
predicted year the PDB data of the year itself was not included in the training. The solid lines and dotted lines represent predictions incorporating the set of coefficients when
molecular size was  trained as a function of “1/log(size)”or a function of “size” terms, respectively. (B) Correlation graph of resolution and its prediction for X-ray structures
o , M,  a
b
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f  the year 2012, with training on structures from the three size-dependent bins (S
ins  (S, M, and L).

. Results

.1. Training and testing on X-ray protein structures

An initial training on X-ray datasets for different years was per-
ormed for each of the “S”, “M”  and “L” molecular size groups. For
redicting the e-resolution of the structures of a given year, all

ata of the corresponding molecular size group was  used to obtain
he set of coefficients, except the data of the year to be predicted
jack knife procedure). This set of coefficients obtained for each size
roup was then used to predict the resolution of its corresponding

ig. 2. Correlation graph of resolution and its prediction for X-ray structures of the yea
1/log(size)” parameter was  used for these plots.
nd L) for years 1995–2011. The plot shows the combined results from all the three

size group (S, M,  and L) for the year that was excluded from the
training dataset. The procedure was  done repeatedly for all years.
The correlation coefficients between the actual resolutions of the
X-ray structures reported in the PDB and the MLR  e-resolution pre-
dictions are in the range 0.70 ± 0.05 for the different years (Fig. 1A).
Considering the number and variety of X-ray structures involved in
each of the training and testing sets, this correlation is remarkable.

As an example, Fig. 1B shows the correlation between the experi-
mental and predicted resolution values of the X-ray structures for
the year 2012. Distributions obtained for the other years are similar
(Fig. 2).

rs 1995–2012, with training for all the years excluding the given year itself. The
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Fig. 3. Time evolution of average resolution of protein structures in the PDB,
grouped by the five most used experimental methods (names on the right): X-ray,
NMR, neutron diffraction, solid-state NMR, and hybrid methods. The methods are
sorted by the total number of structures in PDB from the highest at the top to the
lowest at the bottom. On the vertical axis, S, M and L stand for small (<100 amino
acid residues), medium (100–400 amino acid residues) and large (>400 amino acid
residues) proteins, respectively. The horizontal axis indicates the year when the cor-
responding structures were deposited in the PDB. The label “exp.” corresponds to
experimental resolution (reported in the PDB entry), while “pred.” represents the
predicted e-resolution. Training and testing was done for each of the size groups
S,  M and L separately. “X-ray pred” represents the test set predictions during the
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For several decades X-ray was  considered to be a more mature
ross-validation process. The range of resolution values presented here (1.1–3.1 Å)
re the averaged resolutions of the structures in that particular year.

.2. Application of the MLR  coefficients to structures from other
ethods

For each of the size groups S, M,  and La unique set of
oefficients was obtained based on the X-ray structures from all
ears (1995–2012) belonging to the respective size group (Table 1).
he set of coefficients for each size group (S, M,  and L) was obtained
n the following manner. Cross-validation was performed for each
nstance of training and testing sets. A decent level of prediction

as achieved with an average correlation coefficient of 0.70 ± 0.05.
his lead into deciding that this linear fit method is suitable for
he predictions. A unique set of coefficients for the corresponding
ize group was then obtained by training on the whole dataset of
ll years. These sets of coefficients were then used to predict the
-resolution of the structures from their respective size bins. The
ame set of coefficients for the S and M size groups were used to
redict the e-resolution of the structures from other experimental
ethods in their respective size groups: NMR, neutron diffraction,

olid state NMR, and hybrid methods (Fig. 3). More information on
he selection of data and the cross-validation follows in Section 4.

Apart from enabling a comparison of the structural quality
mong these methods, the e-resolution graphs of Fig. 3shows the
volution for the different methods. Overall, it is clear from the data
hat the PDB protein structures obtained by all methods in the study
ave, on average, improved in quality over time as indicated by the
alues of e-resolution which has constantly improved toward the
ecent years.

A more detailed analysis of the results shows the following. First,
he predictions work correctly: the average experimental and pre-
icted resolutions for X-ray and neutron diffraction methods in
ig. 3 are similar and visually comparable for all size groups. Sec-
ndly, for all of the five experimental methods compared in the
tudy, there is a clear dependence of the quality on the protein size.

ll the structure determination methods show significantly better
-resolution for smaller sized proteins, while larger proteins show a
ower e-resolution value. Thus the quality of structures obtained via
y and Chemistry 46 (2013) 8–15

all the methods discussed here is dependent, to different degrees,
on the molecular size of the protein. Besides, even though exper-
imental resolution for NMR  proteins is not defined and thus the
estimates cannot be verified directly, the estimates show that over
the period the average quality of NMR  structures has improved to
the levels comparable to X-ray, i.e. 2.3 Å for medium- and 2.0 Å for
small-sized proteins. For all methods the yearly-average equivalent
resolution rarely exceeds 3 Å. This can be partially explained by the
PDB deposition acceptance threshold criteria or few low resolution
structures there. It is worth noting that the range of resolution val-
ues (1.1–3.1 Å) presented in Figs. 3 and 4 are the average resolutions
of all the structures deposited in a particular year, which should not
be confused with the range of resolution for individual structures
(e.g. 0.5–5.0 Å, or even higher for some structures). Solid state NMR
is a relatively new method, which has been applied to a few small
proteins and then to medium sized ones, and already shows good
quality. Though there are a very few structures solved by neutron
diffraction (ND), it shows the best resolution so far. These very few
structures also explain the high fluctuations (for ND) and miss-
ing data-points (for ND and hybrid methods) in their resolutions
presented in Fig. 4.

3.3. Dependence of the e-resolution on protein size

We  found that by training and testing the data without
dividing them into size dependent bins, the correlation coef-
ficient of prediction (of e-resolution) was considerably lower.
The sets of coefficients obtained for specific size bins were used
for e-resolution prediction. Segregating the molecules into size
dependent bins improved the prediction correlation coefficient
from 0.66 to 0.68. As a second step of incremental improvement,
the correlation coefficient of predicting the resolution was signifi-
cantly higher when using“1/log(size)” (solid line in Fig. 1A) instead
of using the size directly (dotted line in Fig. 1A). Here the “size” is the
molecular size expressed as the number of residues in a protein. The
correlation coefficient became more stable (indicated by reduced
mean absolute error) and further improved by 0.02 on average that
is from 0.68 ± 0.08 to 0.70 ± 0.05. The overall optimization of the
size parameter, as explained in the two  incremental steps above,
improved the overall predictions by at least 5%, i.e. from a correla-
tion coefficient of 0.66 to 0.70. An empirical relation between the
mass of the protein, crystal size, and resolution has been suggested
for X-ray structures (Holton and Frankel KA, 2010). Assuming the
crystal size as a constant, the relation between protein size and res-
olution of the structure, suggested in Holton and Frankel KA (2010)
holds good in our study too. This again emphasizes the molecular
size dependence of the quality of protein structures.

4. Discussion

What can be a good measure of the quality of a three-
dimensional protein structure, irrespective of the method it was
obtained from? For each method, it depends on many parame-
ters, e.g. instrument used, beam intensity, wavelength, crystal size,
protein size, etc. Apart from that, certain protein classes, GPCRs
for example, can be a challenge even for the state-of-the-art tools
to determine protein structures. Considering that all these factors
combined are resulting in an uncertainty of the atomic coordinates,
the uncertainty gives us a numeric degree of significance of values
of atomic coordinates, expressed in Å as the equivalent resolution
of the structure.
technique able to provide better quality structures compared
to solution NMR. Experimental and computational methods for
X-ray diffraction have been perfected already long time ago.
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ig. 4. Line plot of the e-resolution for each data type. This is a more detailed repr
ized  proteins. “exp” and “pred” denote respectively the experimentally reported v

onsequently, the structures obtained from this technique are on
verage of higher quality. Though X-ray and NMR  methods are
ontinuously being improved, the law of diminishing returns kicks-
n for X-ray structures. Additional time and work result only in
mall improvements. By now the quality of NMR  structures has
ecome good for small and medium sized proteins, for which
MR  is able to provide quality comparable to that of X-ray struc-

ures. Solid state NMR  and hybrid methods emerged recently and
lready showed noticeable improvement. We  see these trends in
he results. However, all these methods except X-ray still do not
roduce the large-size structures. Although neutron diffraction
ields high-quality structures, few structures have been actually
etermined by it. Besides, we found that its performance varied
ver the years, and overall its quality is comparable to that of X-ray.

The most common measures of molecular structure quality use
ome sort of comparison of coordinates to a reference structure.
ince we cannot have a reference structure for every existing struc-
ure, one rather needs an absolute measure that is derived from the
tructure itself. Thus, relative measures, such as RMSD from refer-
nce structure, cannot be obtained for all structures in the PDB. The
econd most used measure of quality is derived from evaluating
he agreement between the experimental data and the resulting
tructure. Since the nature of the experimental data depends on
he method used, we cannot apply these criteria to structures of all

ethods. Thus, after restricting the choice of scores and not using
eference structure in the method, the “e-resolution” can be con-
idered as an absolute quality measure, derived exclusively from
tructure itself.

It  is worthwhile to consider again the systemic differences found
n structures obtained via different experimental techniques, X-
ay and NMR  for example (Bagaria et al., 2012). The range of
preads for different validation scores is different for structures
btained by different methods. The number of protein structures
sed here is large (22,016), thus covering large ranges of distri-
utions for each of the validation scores. We  noticed that the
espective validation scores for structures from individual exper-
mental techniques fall within the large distribution ranges here.
herefore, we applied the same set of coefficients, trained on the
cores for X-ray structures, to extrapolate the e-resolution predic-

ions to other methods.

To corroborate this further, we performed the cross-validation
f the prediction model. Structures deposited in a certain year (test
et) were systematically left out and a new linear model was trained
tion of the results presented in Fig. 3. S, M,  and L denote small, medium and large
and the predicted e-resolutions.

each time by using all the remaining structures (training set). While
testing a specific year, the number of protein structures used for
each of the training sets was different and ranged between 19,738
and 21,765 structures as the number of structures deposited in the
PDB varies over the years. The training sets comprised 90–99% of
the whole dataset. Alternatively, Jack-knifing of the data using ran-
domly chosen training and test sets of fixed size could be used.
But year-based selection for the training set was preferred here
over random subsets of structures, because we aimed at predict-
ing a yearly trend for e-resolution and did not want to include any
structures from the year which was  to be predicted. Nonetheless,
we performed the standard Jack-knifing tests. For example, 50 ran-
domly chosen training datasets for each of 60%, 70%, 80% and 90%
of the whole X-ray structure data was cross-validated by testing
the prediction of e-resolution on the corresponding remainder test
sets of 40%, 30%, 20% and 10% respectively. The overall correlation
coefficients of prediction showed small changes. Thus we ruled out
any bias caused by training/test set sizes.

Apart from MLR, its variants GLR (generalized LR) and RLR
(Robust LR) were tested on the X-ray data, and several other
clustering and regression techniques, in an attempt to obtain bet-
ter accuracy in the predicted values for the e-resolution. These
methods included: K-means and K-means++ clustering analysis,
K-nearest-neighbor clustering (KNN), and regression trees. These
unsupervised methods were tested in order to see if this large set of
proteins from the PDB formed any specific number of clusters. The
aim was to obtain a minimum number of clusters so that within all
clusters the mean absolute error of prediction decreased, thereby
decreasing the overall mean absolute error. In that the Euclidean
distance of each of the validation scores for each protein struc-
ture (cluster point) was  minimized from their respective cluster
mean. No significant improvement in the predictions was  observed,
neither in terms of reduction of the mean absolute error of the
prediction of the e-resolution, nor in the corresponding correla-
tion coefficient. We  also tried to use second order terms for all the
scores in addition to the linear ones in MLR, but again no significant
improvement was obtained compared to the simple multi-linear
method. This consistency may  be attributed to the sufficiently large
dataset used for this study. Applying Occam’s razor as a heuristic to

guide the development of theoretical models by choosing the sim-
plest hypothesis among the competing ones (Myung and Pitt MA,
1997), we  present here only the simplest of the tested methods,
MLR.



1 Biolog

a
b
s
t
D
d
o
r
3

t
a
(
T
g
t
t
N
i
b
m
d
f
q
m
t
m
t
a
s
t
s
w
e
d

A

a
a

F

(
e
f
d

C

A

c

R

B

4 A. Bagaria et al. / Computational 

A similar study was performed by Berjanskii et al. (2012) who
pplied a support vector regression (SVR) method on 25 coordinate-
ased scores to predict resolution-by-proxy using 2927 protein
tructures for their predictions. Here we use over 22,000 struc-
ures from the PDB, i.e. several times more than in the earlier study.
ividing the training sets into size-dependent bins makes the pre-
ictions more robust, as the unique set of coefficients (weights)
btained for each size bin make the predictions more specific with
egard to the size. Additionally, we extrapolated the predictions to

 more experimental methods.
With a rapidly increasing interest and amount of protein struc-

ures being solved over the last two decades, several quality
ssessment initiatives like CASP (Moult et al., 2009), CASD-NMR
Rosato et al., 2012, 2009), and CAPRI (Janin et al., 2003) evolved.
heir aim is mainly to promote the calculation of accurate and
ood quality protein structures via different structure calculation
echniques. CASD-NMR for example, has succeeded in revealing
he best tools, techniques and practices prevailing in the field of
MR  (Rosato et al., 2012). While evaluating protein structure qual-

ty using the GLM-RMSD, systematic differences were reported
etween structures obtained via theoretical and experimental
ethods (Bagaria et al., 2012). This makes structures obtained via

ifferent techniques partially or completely incomparable. There-
ore, here we attempt to remedy this situation by moving to a
uality measure for a structure that is independent of the experi-
ental method used, which was tested here for five methods. Even

hough there is still relatively little amount of data for the newest
ethods, in comparison to X-ray and NMR, the results here show

he undeniable trend that quality of protein structures obtained by
ll methods is improving over time and becoming comparable. Our
imilar linear regression based study using GLM-RMSD for struc-
ure quality evaluation was shown to work well with predicted
tructures from CASP8, especially by incorporating the DP-score
hich is calculated using experimental data from NMR  (Bagaria

t al., 2012). Extending the e-resolution score to theoretically pre-
icted structures is a future scope for this work.
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