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Abstract: This study aims to provide a first large-scale comparison between the
various diffraction-component precision index (DPI) equations, assess the
applicability of the parameter, and make recommendations on DPI com-
putation. The DPI estimates the average accuracy of the atomic coordinates
obtained by the structural refinement of protein diffraction data, with applic-
ation in crystallography and cheminformatics. Although, Cruickshank and
Blow proposed DPI equations based on R and Ry, in order to calculate DP/
values, which remain scarcely employed in the quality assessment of the Pro-
tein Data Base (PDB) files, due to the unclear data extraction protocols (to
assign variables), the complex equations, the lack of extensive applicability
studies and the limited access to automated computations. In order to address
these shortcomings, the entire RCSB PDB database was evaluated using
Cruickshank’s and Blow’s R and Ry, DPI variations. Computations of 143070
X-ray structures indicate that Rg..-based DPI equations apply to 30 % more
protein structures compared to R-based DPI equations, with Cruickshank Ry.-
-based DPI (CRF) exceeding the number of successful Blow’s Ry.-based DPI
(BRF) computations. Although our results indicate that, in general, the resol-
utions < 2 A assure consistency among the various DPIs computations (differ-
ences <0.05 A), we recommend the use of CRF DPI because of its wider
applicability.

Keywords: cheminformatics; drug discovery; protein structure; docking; crys-
tallography.
INTRODUCTION

Cheminformatics has become an indispensable component of modern drug
discovery.! Three-dimensional protein structures (or ligand-protein complexes)
serve as the primary input for the structure-based methods, such as ligand
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322 AVRAM and NEANU

docking, pharmacophore, and ligand design methods.!-2 Different types of the
PDB data mining analysis have been performed in the past, for example, to
facilitate modelling of the synthetic protein structures with desired properties,3 to
study the cation-pi interactions in proteins,* efc. Additionally, protein-target
homology modelling, molecular dynamics, and molecular mechanics simulations
are state-of-the-art tools to build protein models, simulate and evaluate the con-
formational space of proteins, and ultimately detect and understand protein
mechanisms and protein-protein and protein-ligand interactions.?

Beyond the limitations concerning the algorithms, the output of structure-
-based computational methods is a subject to the quality of the crystallographic
protein structures, i.e., the quality of the models fitting the experimental dif-
fraction data.> The deposition of a new macromolecular structure in RCSB PDB
(https://www.rcsb.org/)07 is accompanied by multiple indicators describing
experimental results and model validation (https://www.wwpdb.org/),8-10 but
lack the unanimous definitions for high-quality structures.!! With more than 166
thousand macromolecular structures, the PDB database is among the most com-
monly employed digital resources for protein structures, impacting multiple sci-
entific disciplines, e.g., materials sciences, physics, computer science, chemistry,
engineering, and mathematics.!2

The essential indicators to assess the suitability of crystallographic biomole-
cules for structure-based methods were extensively reviewed by Warren et al.?
The authors observed that PDB entry selection is often reasoned by the resolution
of the X-ray crystal structure, a measure of data (electron density) quantity, mis-
leadingly used as a measure of data quality. Additionally, model quality can be
calculated using R-factors (R or Rfee)!® measuring the difference between
measured data and data predicted from the model.> Warren et al5 pointed
towards the diffraction-component precision index,!4 as a global criterion to
computational outputs (such as protein-ligand docking).> Depending on the
availability of input parameters, Cruickshank proposed an R- and Rgee-based
version of DPI.14 To make DPI computation more accessible, a few years later,
Blow!5 rearranged Cruickshank’s formulas in a simplified version (vide infra).
assess both model and data quality.

The diffraction-component precision index (DPI), developed by Cruick-
shank,!4 estimates the coordinate error of atoms in protein crystal structures,
providing means to select highly precise data, as well as to determine the accuracy
limit of them.

Several studies have underlined the importance of DPI in the evaluation of
the quality of PDB structures supplied to computational approaches,-16-21 but
DPI continues to be scarcely employed, due to the unclear data extraction
protocols (to assign variables), the complex equations, the lack of extensive
applicability studies, and the limited access to automated computations. To date,

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



DPI CALCULATIONS FOR PDB PROTEINS 323

we identified only the free online resources offered by K. Sekar’s laboratory
facilitating the computation of Cruickshank DPI.19 Moreover, to our knowledge,
no comparative studies on large numbers of PDB files between Cruickshank and
Blow DPI equations (for R and Rg.ee) Were reported in the literature.

This study aims to provide a first large-scale comparison between the vari-
ous DPI equations, assess the applicability of the parameter, and make recom-
mendations on DPI computation.

EXPERIMENTAL
PDB data and variables
The entire RCSB PDB database was downloaded (159678 PDB files; accessed on Jan
28, 2020) and 143070 X-ray structures were retained (NMR and 3D electron microscopy-

based determined structures were discarded). The PDB files were used to extract (and com-
pute) the variables in Table 1.

TABLE 1. Variables extracted from Protein Data Base (PDB) files employed for diffraction-
component precision index (DPI) calculations.

Name? Description Observations
N; Number of occupied atoms Count of non-hydrogen atoms with occupancy
of 1.0 (from ATOM and HETATM)
Noprot Number of protein atoms Count of non-hydrogen protein atoms in the
PDB file (from ATOM)
Aobs Number of observations/reflections from REMARK 3
q Number of parameters to be refined For fully anisotropic refinement g =9
for each non-H For isotropic refinement, g = 414

p Number of free parameters P = Ngps - Nogram™

Nparam Number of parameters to be refined pgram = Nig!

C/% Completeness from REMARK 3

R/ % The normalized linear residual Protein atomic model refinement R factor
between observed and calculated (from REMARK 3

structure factor amplitudes
Riee / %  Cross-validation R value (R value  Protein atomic model refinement Ry, factor

calculated for the cross-validation (from REMARK 3)
data excluded from refinement)!3
V/A3 Crystal asymmetric unit volume i V=Vy14.12 Np,' Vy is Matthews

coefficient (from REMARK 280)
ii. volume of the asymmetric unit computed
from the crystal unit description
iii. (from CRYST1)
dopin/ A Resolution from REMARK 2 or REMARK 3:
RESOLUTION RANGE HIGH

A list of variables, extracted (and computed) from PDB files, to calculate DPI values is displayed

DPI computations

Based on the parameters described in Table I, the DPI was computed according to the
Cruickshank and Blow equations as described in Table II.
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324 AVRAM and NEANU

TABLE II. Diffraction-component precision index (DPI) equations computed using the vari-
ables described in Table I; CR: DPI computed with R-based DPI Cruickshank formula, CRF: DPI
computed with Rg..-based DPI Cruickshank formula, BR: DPI computed with R-based DPI Blow
formula; BRF: DPI computed with Rfree-based DPI/ Blow formula (see Table I for variable
definitions)

DPI Equation® Ref.
N, -1/2 s
CR=|— C°Rd in (D 14
p
N -1/2
CRF:( : j C_l/streedmin (2) 14
Nobs
N -1/2
BR=1.28Ni1/2(1——q 'j V1314 /R 3) 15
Nobs
BRF = 128N,V 37151 B Riee “) 15

For proteins containing several unique protein chains (e.g., SDIS — 4 unique protein chains:
A, B, C, D) we have taken in to account and processed only the data from the “A” chain.

Therefore, in order to calculate the Blow-DPI (Egs. (3) and (4)), the crystal volume for
all proteins was evaluated by processing the number of atoms from the “A” chain.

Following Gurusaran’s et al. suggestion,20 we retained 120594 structures which met the
following 2 criteria: completeness C >75 % and the percentage of fully occupied atoms in the
protein structure >90 %.

RESULTS AND DISCUSSION

Comparative analysis of DP1 computations

The results indicate that for 120484 PDB IDs (i.e., 84 % of the number of
X-ray entries available), at least one DPI value was calculated according to the
equations in Table II using the parameters extracted from the PDB files as
described in Table I. In the case of 87451 entries (i.e., 62 % of the number of
X-ray structures) the DPI values were successfully determined by all four equat-
ions. Following Gurusaran et al.,20 we focused on DPI values <1 A, which we
considered a reasonable cutoff for the analysis of relevant DPI computations.
Thereby, 3338 entries (2.8 %) with DPI values >1 A, obtained through either of
the equations, were discarded.

Rfee-based DPIs showed larger applicability (117562 PDB entries) com-
pared to R-based DPIs (88620 PDB entries). The distribution of the values fol-
lowed very similar trends with 90 % showing DPI values <0.5 A. Cruickshank
DPIs indicated median values of 1.7 A, similar to Blow DPIs (1.6 A), as it can be
seen in Fig. 1A.
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DPI CALCULATIONS FOR PDB PROTEINS 325

Further, the pairwise correlation between DPI computations at DPI cutoffs
ranging stepwise from < 1 to < 0.1 A (Fig. 1B) were calculated. Very strong correl-
ations (Pearson >0.97) were found in (CR, BR) pairs as well as (CRF, BRF) pairs
independent of the DPI cutoffs. Contrary to that, the R-based and Rg.ce-based DPI
outputs coincided more at smaller DP/ values (Fig. 1B), e.g., the correlation of
(CR, CRF) and (BR, BRF) pairs increased from 0.85 for DPI values <1 A, to
0.96 A at DPI values < 0.1 A. These results suggested that, in general, either
Cruikshank or Blow equations should be used, and differences between R and Rfyee
DPIs values are more likely to be encountered at lower DPI values.
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Fig. 1. A) Distribution of DPI values computed by 4 equations. B) Pairwise correlation
between DPI computations at DPJ cutoffs ranging stepwise from 1 to <0.1 A.

The Rfree €quations were calculated for ~30 % more protein structures com-
pared to R-based DPI, a significant advantage. Surprisingly, more proteins (2685
PDB structures) allowed CRF calculations compared to BRF. Although this dif-
ference is small, it was expected that Blow’s equation would be more applicable
due to fewer input variables, commonly contained in the header of a PDB file.!0
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326 AVRAM and NEANU

In the next sections, it was aimed to find the source of inconsistency between
the outputs of the DPI computations and further the limiting factors in DPI
calculations.

Key variables for DPI consistency

To identify the parameters responsible for the variations in DP/ calculations
(obtained with the equations in Table II), CR was used as a reference and the
PDB entries for which CR < 1 A were explored. The absolute difference (A)
between CR values and the outputs of each DPI of the other equations was
computed pair-wisely. Consistency has been defined around a threshold of 0.05.
Accordingly, the data were split into two groups: DPI differences <0.05 A were
considered “Consistent DPIs” and DPI differences >0.05 A “Inconsistent DPIs”.
For example, ACRF; = |CR; — CRF| defines the difference between CR; and CRF;
DPI values obtained for PDB entry i. If ACRF; <0.05 A, i is labeled as “con-
sistent DPIs”, and otherwise as “inconsistent DPIs” in the ACRF set. Similarly,
ABR and ABRF using CR were computed as a reference. The size of the sets and
the number of class representatives are reported in Table III.

TABLE III. Important variables for diffraction-component precision index (DPI) consistency
in ABR, ACRF and ABRF sets (see Table I for variable definitions)

. 3 o
DPI Ir;(;(;lrlsi;izerlrit/ Variable Threshold I ist tRet(rjl eva’l’/jt

Comparison "~ value®b nc%lls’;]sc en ogs;slcen Overall

ABR 5027/81289  doi /A 23 862 81.6 85.0

p 10000 71.2 73.1 71.3

R/ % 0.2 68.4 74.6 68.7

ACRF 28645/58143  d. /A 2 78.5 75.9 77.6

p 13000 77.3 75.5 76.8

Riwe!/% 0235 6722 64.8 66.4

ABRF 32850/51800  dy. / A 2 83.9 75.8 80.8

p 15000 74.8 76.0 75.3

Rewe!/% 0235 70.8 64.7 68.4

Inconsistent DPI identified for dyiy >, Ree >, p < threshold values (see Figs. S-1-S-3 of the Supplementary
material to this paper); bp is nondimensional, R and Ry, are equivalent with percentages; ‘consistent DPIs is
when the difference between R-based Cruickshank DPI values (CR) and the output of each DPI from the other
equations is <0.05; Inconsistent DPIs is when the difference between R-based Cruickshank DPI values (CR)
and the output of each DP/ from the other equations is > 0.05 (see 3.2 Key variables for DPI consistency)

Based on the DPI consistency assessment, each variable required for the
computation of DPIs was explored. According to the largest shifts between the
distributions of the classes (see Figs. S-1-S-3 of the Supplementary material to
this paper), the first 3 most important variables for each set: dpin, p, and R for
ABR; dpin, p and Rgee for ACFR and ABFR, respectively (Table III) were ret-
rieved. For each variable, a range of values to find the threshold that best dis-
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criminates between the classes, i.e., the best trade-off between the retrieval of
“Consistent DPIs” and “Inconsistent DPIs” class members (Figs. S-4—S-6 of the
Supplementary material) was systematically explored.

The results pointed towards dpjy to be the major factor contributing to the
differences in DPI results. In fact, in 81.6 % of the cases, consistent DP/ values
between CR and BR results were obtained for dp, < 2.3 A. For 76 % of the
structures, dpmin < 2 A identified consistent DPIs in the ACRF and the ABRF sets.
The another important variable is p. The threshold values of p < 10000, <13000
and <15000, retrieved were 73.1, 75.5 and 76 %, respectively, of the ‘Consistent
DPI’ group in ABR, ACRF and ABRF sets, respectively.

Based on the current results, for most PDB files, consistent DPI values are
expected to appear at dpin < 2 A. The resolution of the PDB structure serves as
input only for CR and CRF calculation and describes the level of detail present in
the diffraction pattern. Although, in general, high-resolution structures (e.g., dmin
<2 A) ensure sufficient density to obtain good models, this is not always true.516

Failures in DPI computations

Out of 143070 structures, DPI computation failed for 3125 due to missing
variables or inadequate component values, such as p = ngps — gNj or (1—gNi/nghs)
in Egs. (1) and (3), respectively (see Table II). In the case of 41262 entries, i.e.,
30 % of the PDB, DPI computations by all 4 equations were not possible
(Gurusaran et al.20 filters were not applied here).

Two major variables that impaired the computation of DPIs, i.e., p and
gNj/ngps (Table 1V) were identified. Values of p < 0 or gNj/ngps > 1 made CR and
BR calculation impossible and showed a relatively high prevalence (~22 %, i.e.,
~32000 entries) in the PDB database. This explained the limited R-based DPI
applicability compared to Ree-based DPIs. The later ones were predominantly
affected by the availability of the Rygee factor (in 6021 PDB entries).

TABLE IV. Percentages of Protein Data Base entries with missing/inadequate variable values
(see Table I) involved in diffraction-component precision index computations (see Table II)
Variable p gNigps Riee V. C nops VM Nyt R Other®
PDB entries, % 2428  22.64 425 2.87 2.53 1.65 1.63 149 029 <0.1
aNi, Va and dmin

Errors in the calculation of the volume V (present in the Blow DPI equations
eq 3 and eq 4) affected 2.87 % (4068) structures. In this particular case, /' can be
computed using the unit cell lengths and angles (see Table I), providing very
similar values to the V)j-based volume (Pearson correlation of 0.858, Fig. S-7).
Consequently, the corresponding DPI values indicated very strong correlations of
0.997 and 0.995 with BR and BRF DPIs, respectively. Moreover, it can be
applied to 2788 more PDB compared to BR and 3310 more compared to BRF
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(DPI cutoff < 1 A). Larger values of DPI, e.g., >2 A, are encountered in cases
with disproportionate ngpg relative to the volume or the number of atoms. In these
cases, small ngpg can generate large DPI values.

CONCLUSION

In drug discovery studies crystallographic protein structures are used exten-
sively for protein-ligand docking and molecular dynamics. Using a reliable
measure to prioritize the fittest structures (if multiple is available) is of significant
importance for the outcome of the experiments as recently shown by Halip et al.22
DPI is one potentially valuable indicator, but difficulties in computation might
have decreased its application in medicinal chemistry and cheminformatics.

Our comprehensive exploration of four DPI variants, showed that Rfee-
based DPI computations (CRF and BRF) can be determined for the vast majority
of the currently available PDB entries and provide similar outputs to R-based
DPI types (BR and CR), especially in structures with small DPI values. Zero or
negative values for p or 1 — gNj/ngps are the major sources of computational
failures in R-based computations. The differences in DPI results are strongly
influenced by the resolution (dy,ip) and the number of parameters (p). In general,
DPI computations in structures with resolutions <2 A will result in small
differences between the outputs of the four approaches

NOMENCLATURE

DPI: Diffraction-component precision index

CR: DPI computed with R-based DPI Cruickshank formula,
CRF: DPI computed with Rfree-based DPI Cruickshank formula,
BR: DPI computed with R-based DPI Blow formula

BRF: DPI computed with Rfree-based DPI Blow formula

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website:https://www.shd-pub.org.rs/index.php/JSCS/article/view/10775, or from the corres-
ponding author on request.
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U3BOL
OBMMHO INOPEBEWE MHAOEKCA ITPELIM3HOCTH ITU®PAKLIIMOHHWX KOMIIOHEHTHU
IOAJE ITPEJHOCT CRUICKSHANK Rgree ®YHKLIMJH

SORIN AVRAM u CRISTIAN NEANU
Department of Computational Chemistry, “Coriolan Dragulescu” Institute of Chemistry, Timisoara, Romania

Osa cTyayja Texu fa 0be3deny npso 0dMMHO nopeheme pasnUUNTHX jefHauMHa HHAEKCa
MPELU3HOCTH JUGPAKIMOHUX KOMIOHeHTH (DPI), mpoueHW NpPUMEH/BUBOCT IapameTpa, U
HaITpaBH ITpernopyke 3a uspauyHasawe DPI. DPI npouemwyje MpoceyHy Moy3LaHOCT aTOMCKHUX
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KOOpZHMHATa NOoOUjeHuX PUHHUM-CTPYKTYPHHUM TIOfelIaBamkeM mojataka Judpaxiifje 3a mpo-
TeWHe, ca MPUMEHOM Yy KpucTtanorpaduju u xemuapopmaTtuuu. Maga cy Cruickshank u Blow
npennoxuan DPI jenHaunHe 3acHOBaHe Ha R U Rfree 32 3pauyHaBamwe DPI BpeOHOCTH, OHE CY
HHCY NorofHe 3a kopuirheme 3a MpOLEHYy KBajuTeTa (ajioBa MPOTeHHCKe Dase IojaTaka
(PDB), 300r HejacHHUX IPOTOKOJIA 3a M3[Bajamke NojaTaka (#a OM UM Ce NpUIMCale BapU-
jabme), clOKEHOCTH jefHauWHA, HEJOCTaTKa €KCTeH3UBHUX CTYZAWja MPUMEH/BUBOCTH U OTpa-
HUYEHOT NPUCTyIa ayTOMaTU30BaHUM H3pauyyHaBambuMa. [la 01 npeBasuIlIM OBe HeoCcTaTke
pesnokynHa RCSB PDB 6asa noparaka je nposepeHa kopucrehu Cruickshank u Blow R U Reree
DPI Bapujauuje. U3pauyHaBawa Ha 143070 KpuUCTaIHUX CTPYKTYpa yKa3yjy Ha TO JAa CY Riree-
3acHoBaHe DPI jenHauuHe npumeHbuBe Ha 30 % BUIIe IPOTEMHCKUX CTPYKTypa y nopehemy
ca R-3acHoBaHuUM DPI jegnaunHaMa, ca Cruickshank Reee-3acHoBanum DPI (CRF) uspauyHa-
BamUMa Koja rnpeBaswiase 6poj ycnemrHux Blow Reee-3acHOBaHUX DPI (BRF) u3padyyHaBama.
HMako mHpUKasaHH pe3y/lITaTH yKasyjy 7a, ONINTe Y3eBIOM, pe3oiymmja cTpykrype <2 A
0de3behyjy KOH3MCTEeHTHOCT pasnuuuTux DP] u3pauyHaBama (pasmuke cy < 0,05 A), npenopy-
yyje ce na ce kopuctu CRF DPI 350r merose mupe MpUMeHbUBOCTH.

(ITpumibeHo 18. Maja, peBunupano 31. aBrycra, mpuxsaheno 25. cenrembpa 2021)
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