Simplified Quality Assessment for Small-molecule Ligands in the Protein Data Bank
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SUMMARY

More than 70% of the experimentally determined macromolecular structures in the Protein Data Bank
(PDB) contain small-molecule ligands. Quality indicators of ~643,000 ligands present in ~106,000 PDB
X-ray crystal structures have been analyzed. Ligand quality varies greatly with regard to goodness-of-fit
between ligand structure and experimental data, deviations in bond lengths and angles from known
chemical structures, and inappropriate interatomic clashes between the ligand and its surroundings.
Based on Principal Component Analysis, correlated quality indicators of ligand structure have been
aggregated into two largely orthogonal composite indicators measuring goodness-of-fit to experimental
data and deviation from ideal chemical structure. Ranking of the composite quality indicators across the
PDB archive enabled construction of uniformly distributed composite ranking score. This score is
implemented at RCSB.org to compare chemically identical ligands in distinct PDB structures with easy-
to-interpret 2D ligand quality plots, allowing PDB users to quickly assess ligand structure quality and

select best exemplars.
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INTRODUCTION

Most pharmaceutical agents are small molecules that bind to target proteins (or nucleic acids) and modify
biochemical function of their targets. Experimental studies of three-dimensional (3D) structures of ligands
bound to proteins or nucleic acids have proven themselves useful for understanding binding strength and
selectivity (Burley, 2021). Drug hunters in academia and the biopharmaceutical industry have come to
rely on the open access Protein Data Bank (PDB) (Berman et al., 2000; wwPDB consortium, 2019) as a
source of drug target information (Westbrook and Burley, 2019) and starting points for structure-guided

drug discovery (Westbrook et al., 2020; Burley, 2021).

The PDB was established in 1971 as the first open-access digital data resource in biology (Protein Data
Bank, 1971) with seven X-ray structures of proteins. During its first 50 years of continuous operations,
the PDB has grown more than 24,000-fold to become the single global archive of 3D-structures of
proteins, nucleic acid, and their complexes with one another and small-molecule ligands determined
using macromolecular crystallography (MX), nuclear magnetic resonance (NMR) spectroscopy, electron
microscopy (3DEM), and micro-electron diffraction (LED). Open access to expertly biocurated PDB
structures enables advances in scientific advances across fundamental biology, biomedicine, bioenergy,

and biotechnology/bioengineering (wwPDB consortium, 2019; Goodsell et al., 2020).

The Worldwide Protein Data Bank (wwPDB, wwpdb.org) (Berman et al., 2003; wwPDB consortium, 2019)
manages the PDB archive according to the FACT principles of Fairness-Accuracy-Confidentiality-
Transparency (van der Aalst et al., 2017) and the FAIR principles of Findable-Accessible-Interoperable-
Reusable (Wilkinson et al., 2016). Current wwPDB members include RCSB Protein Data Bank (RCSB
PDB), (Berman et al., 2000; Burley et al., 2019)), Protein Data Bank in Europe (PDBe) (Mir et al., 2018),
Protein Data Bank Japan (PDB;j) (Kinjo et al., 2018), the 3DEM data resource Electron Microscopy Data
Bank (EMDB) (Abbott et al., 2018), and the NMR data resource of Biological Magnetic Resonance Bank

(BMRB) (Ulrich et al., 2008). The wwPDB global OneDep system for deposition, validation, and



biocuration of PDB structures (Young et al., 2017; Gore et al., 2017; Young et al., 2018; Feng et al.,
2021) serves tens of thousands of structural biologists on every inhabited continent. In 2020, The
OneDep data deposition and biocuration platform received 15,436 new structures, bringing the total

number of PDB structures housed in the archive to over 173,000 by the end of the calendar year.

PDB structure data are described and defined by the PDBx/mmCIF (Westbrook and Fitzgerald, 2009)
data dictionary. PDB structures are composed of amino acids or nucleotide building blocks that comprise
biopolymers, and associated small molecules such as water molecules, solute molecules, ions, co-
factors, enzyme inhibitors, drugs, etc. More than 70% of the PDB macromolecular structures contain
small-molecule ligands (excluding water molecules). All small molecule constituents of PDB structures
are defined in the wwPDB Chemical Component Dictionary (CCD) that contains detailed chemical

description and identification (Westbrook et al., 2015).

Structure quality assessment and validation have been extensively discussed by the wwPDB X-ray
Validation Task Force (Read et al., 2011) and researchers from both academia and industry (Adams et
al., 2016). wwPDB Validation Reports (Gore et al., 2012; Feng et al., 2021) generated for every PDB
structure provide comprehensive quality assessments calculated using community-standard software
tools including Mogul (Bruno et al., 2004), MolProbity (Chen et al., 2010), Xtriage (Adams et al., 2010),
DCC (Yang et al., 2016), and EDS (Kleywegt et al., 2004). Because the PDB is a core biological data
archive serving many millions of users who are not structural biologists, distilled views of the wwPDB
validation report are in order. For every PDB structure (identified with a PDB ID, e.g., 4HHB), a slider
image appearing both in the validation report and on wwPDB member websites (RCSB.org, PDB;j.org,
and PDBe.org) provides an easy way for PDB data consumers to gauge the overall quality of each
structure. Quality metrics depicted in the slider include agreement with experimental data, inappropriately
close contacts between atoms, unlikely polypeptide chain backbone torsion angles, and unlikely

sidechain conformations(Shao et al., 2017).



In addition to overall structure quality assessment, the wwPDB validation report summarizes individual
ligand quality (Feng et al., 2021), including the local electron density goodness-of-fit indicators of Real
space R factor (RSR) (Jones et al., 1991) and real space correlation coefficient (RSCC) (Brandén and
Jones, 1990; Tickle, 2012) for X-ray structures calculated using EDS (Kleywegt et al., 2004); the chemical
structure quality indicators of Root-Mean-Squared deviation Z-score of all bond lengths (RMSZ-bond-
length) and all bond angles (RMSZ-bond-angle) provided by Mogul (Bruno et al., 2004) based on small-
molecule structures in the Cambridge Structural Database (CSD) (Groom et al., 2016); and a measure

of inappropriate interatomic clashes computed by MolProbity (Chen et al., 2010).

Continuous growth of X-ray co-crystal structures in the PDB over the past fifty years has provided an
enormous body of open access data for biomedical research. It has also created considerable challenges
for PDB data consumers, who may encounter difficulty when deciding which PDB structure to use and
for what purpose. Because every ligand present in a PDB structure is the product of a particular
experiment, ligand structure quality varies greatly across the archive (Warren et al., 2012; Tickle, 2012;
Deller and Rupp, 2015; Smart et al., 2018). Lower quality ligand structures can mislead researchers, and
waste precious time and resources. Ideally, researchers studying a particular ligand want to know, in
advance of doing any work, which specific instances of the ligand in which PDB structures are well
resolved, depending on (1) how well the atomic coordinates are supported by experimental data, and (2)
how well the ligand 3D structure agrees with known chemical and geometric parameters (bond lengths,
bond angles, etc.). Herein, we describe construction of a simplified ligand structure quality assessment
metrics by (1) aggregating correlated quality indicators into a unidimensional indicator, and (2)
establishing a uniformly distributed composite ranking score that simplifies interpretation for all users.
The constructed ligand quality score has been implemented at RCSB.org, accessible from the structure

summary pages of PDB structures with ligands.



RESULTS

Ligands in the PDB archive

(A) Numbers, types, and sizes of ligands

The number of unique ligands represented in the wwPDB Chemical Component Dictionary (CCD) has
grown continuously over the past five decades, particularly in the last seven years during which the CCD
doubled in size (Figure 1A). More than 3,000 new ligands were added in 2020 alone. CCD ligands include
both constituent monomers within macromolecular polymers and individual small molecules associated
with macromolecules in archival structures (Westbrook et al., 2015). Among the constituent monomer
ligands, there are ~1,400 standard or modified amino acids from proteins, ~700 distinct nucleotides from
nucleic acids. An amino acid or nucleotide may be either a residue within a polymeric sequence of a
macromolecule, or an isolated non-polymeric entity associated with a macromolecule. Although all small
molecules defined in the CCD are generally called ligands, herein we use the term ligand to refer to small
molecules that are not part of a protein or nucleic acid sequence in the PDB structure being studied.
These individual small-molecule ligands associated with macromolecules can be roughly classified as
“functional” (i.e., ligands likely playing biological/biochemical roles) or “non-functional”. Functional ligands
include enzyme co-factors, activators, inhibitors, substrates, products, intermediates, and analogs
thereof. Non-functional ligands include water molecules and other solvents, salts, and ions, and
crystallization and cryoprotection agents (e.g., 2-methyl-2,4-pentanediol). Many functional ligands have
identified by the structure depositor as “Ligands of Interest”, indicating the focus of research or the subject
of investigation. As of the end of 2020, ~6,000 PDB CCD ligands also occur in DrugBank (Wishart et al.,

2018).

CCD ligands vary considerably in size (Figure 1B). The number of non-hydrogen atoms range from one

(e.g., metal ions) to >100 (e.g., Sulfonated Quinoline-derived Foldamer, CCD ID LOT; Di-PEGylated



Sulfonatocalix[4]arene, CCD ID B4X). The median number of non-hydrogen atoms/ligand across the
CCD is ~24. The right-skewed formula weight (FW) distribution for all CCD ligands depicted in blue in
Figure 1B has mean, standard deviation, and median values of ~373 Da, ~193 Da, and ~352 Da,
respectively, with an Interquartile Range (IQR) of ~216 Da. Compared to the FW distribution for all CCD
ligands (blue in Figure 1B), increasing numbers of lower FW ligands have been added to the CCD over
the past three years (yellow in Figure 1B). This trend was particularly striking in 2020 (red in Figure 1B),
following deposition of >400 X-ray co-crystal structures of fragments (or chemical scaffolds, with a median
FW of ~203 Da) bound to SARS-CoV-2 proteins (Newman, 2020; Schuller et al., 2020; Douangamath et

al., 2020) that were determined using the Pan-Dataset Density Analysis method (Pearce et al., 2017).

(B) Ligand occurrences in PDB structures

Most CCD ligands occur in more than one PDB structure. For example, functional cyclic monosaccharide
ligands N-acetyl-beta-D-glucosamine (CCD ID NAG), beta-D-mannose (CCD ID BMA), and alpha-D-
mannose (CCD ID MAN) appear in thousands of PDB structures as components of core glycans
covalently attached at protein glycosylation sites (Varki, 2017; Shao et al., 2021). Other functional ligands
present in more than 1,000 PDB structures include Heme (CCD ID HEM), Adenosine diphosphate (CCD
ID ADP), Adenosine triphosphate (CCD ID ATP), Flavin adenine dinucleotide (CCD ID FAD),
Nicotinamide adenine dinucleotide (CCD ID NAD), Nicotinamide adenine dinucleotide phosphate (CCD
ID NAP), Guanosine diphosphate (CCD ID GDP), and Flavin mononucleotide (CCD ID FMN). While
multiple occurrences of CCD ligands are identical in chemical composition, they are rarely identical in 3D
structure owing to conformational flexibility, experimental data quality, occasional errors during data

interpretation, etc.

Multiple occurrences of the same CCD ligand can also be found in the same PDB structure. For example,
PDB ID 5MR6 (Kugel et al., 2017) contains 24 instances of CCD ID FAD, with one bound to each of the

24 instances of the XiaF protein in the deposited structure. Another, PDB ID 5MCP (Buey et al., 2017),



contains 24 instances of CCD ID ATP bound to eight instances of Inosine-5-monophosphate
dehydrogenase (three/protomer). When multiple instances of the same ligand bound to the same protein

in a structure are compared, their 3D structures typically adopt similar conformations.

Ligand structure quality across the PDB archive

(A) Ligand structure quality indicators

Approximately 643,000 individual ligand structures occurring in ~106,000 X-ray crystallographic PDB-
ligand complex structures were initially evaluated for quality by examining distributions of RSR, RSCC,
RMSZ-bond-length, RMSZ-bond-angle, inappropriately close interatomic distances or clash-per-atom
between ligand and nearby molecules, and chirality outliers (see Methods). lon ligands without bond
length or angle parameters were not included in the analysis. Chirality outliers were considered
separately because they occur in only 2% of ligand structures and reflect major errors in experimental
data interpretation, which may require structure re-determination. Detailed quantitative analyses were
performed with five primary quality indicators, including RSR, RSCC, RMSZ-bond-length, RMSZ-bond-
angle, and clash-per-atom. Characteristics of the distributions for each of the five quality indicators are
summarized in Table 1. Since ~49% ligands in PDB structures exhibit no steric clashes, the median value

(at 50% percentile) for clash-per-atom is near zero.

While analyzing the primary quality indicators for identical CCD ligands occurring multiple times in a given
PDB structure, we observed that their quality characteristics do not differ significantly. For example,
among the 24 instances of CCD ID FAD in PDB ID 5MR6, computed standard deviations for RSR, RSCC,
RMSZ-bond-length, and RMSZ-bond-angle were minuscule (0.008, 0.003, 0.05, and 0.05, respectively).
Structure quality indicator variation for identical CCD ligands in a single PDB structure is typically five- to

20-fold lower than structure quality indicator variation for identical CCD ligands in different PDB structures



(Supplementary Table S1). We, therefore, averaged primary quality indicators for identical CCD ligands

occurring within the same PDB structure to prevent undue bias in our analyses.

After “within-structure” averaging, ~197,000 ligand occurrences in PDB X-ray structures remained, each
identified with unique combinations of PDB ID and CCD ID. This averaging process gave the same weight
to each PDB structure for the subsequent investigation on the quality distribution of any unique CCD
ligand, so that many instances in one PDB structure do not eclipse fewer instances in another structure.
The five primary structural quality indicators were analyzed for their association with other characteristics
specific to the ligand (e.g., FW) or the PDB complex structure (e.g., high resolution limit). Cases for which
RSR and RSCC quality indicators are not available because experimental structure factors were not
deposited, were omitted from subsequent analyses. Also excluded were cases with (1) incomplete
ligands structures with missing non-hydrogen atomic coordinates, (2) unknown ligands, and (3) ligands

with occupancy <0.9.

In total, ~159,000 ligands in PDB structures with complete data for all five quality indicators were used to
examine relationships between indicators. Pairwise Pearson correlation coefficients were calculated
(Figure 2). The two experimental data agreement indicators (RSR, RSCC) are negatively correlated
(correlation coefficient~-0.67). The two chemical agreement indicators (RMSZ-bond-length, RMSZ-bond-
angle) are positively correlated (correlation coefficient~0.63). No other quality indicator pairs show strong

correlation.

(B) Principal Component Analysis

Initial Principal Component Analysis (PCA) was carried out on all five quality indicators to explore
interrelationships and rigorously assess whether ligand quality measures can be reduced in
dimensionality. Table 2 documents that the three most significant principal components collectively

explain ~86% of total variance. Variances explained by the first three principal components are



comparable to each other, at 39%, 29%, and 18%, respectively. Hence, the 1%t principal component alone
cannot sufficiently represent all five input quality measures. The fractional of contributions from each
original quality indicator indicates that the first principal component (PC1-overall) is dominated in
approximately equal proportion by RSR and RSCC. The second principal component (PC2-overall) is
dominated in approximately equal proportion RMSZ-bond-length and RMSZ-bond-angle. The third
principal component (PC3-overall) is dominated by clash-per-atom alone. Thus, overall ligand structure
quality in the PDB can be represented by the principal components of roughly three groups of: (1) RSR
and RSCC, (2) RMSZ-bond-length and RMSZ-bond-angle, and (3) clash-per-atom. Mutual orthogonality
between PC1, PC2, and PC3 is consistent with the Pearson correlation coefficient analyses (Figure 2)
that demonstrated the relative independence between the three groups, allowing us to perform

subsequent analyses within each group.

A secondary PCA was performed on the group of RSR and RSCC goodness-of-fit quality metrics (Table
2). The first principal component of this group, designated as PC1-fitting, accounts for ~84% of total
variance (Table 2). Therefore, PC1-fitting can be used as the one-dimensional (1D) composite indicator
to measure the goodness-of-fit between a ligand structure and corresponding local electron density.
Another secondary PCA was computed on the group of RMSZ-bond-length and RMSZ-bond-angle
(Table 2), yielding PC1-geometry that accounts for ~82% of total variance (Table 2). Similarly, PC1-
geometry can be used as the 1D composite indicator to assess agreement between the ligand structure
and known chemical parameters. Since PC1-fitting and PC1-geometry are relatively independent of each
other (with a correlation coefficient of -0.138 for all PDB ligands), ligand structure quality should be
separately assessed by PC1-fitting for agreement with experimental data and PC1-geometry for

geometrical accuracy.

The five primary ligand quality indicators in Table 1 and 2 are not normally distributed. The relationship
between any of the two indicators is not strictly linear. The impact of the data distribution and non-linear

relationship have been assessed in the STAR methods and supplementary data (Supplementary Table
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S2 and Figure S1). When a ligand is an outlier with exceptional value for any of the primary quality
indicators, its quality may not be well represented by the composite quality indicators and should be

separately marked to alert PDB data users (see STAR methods).

(©) Developing composite ranking score of ligand quality

Our goal was to allow any PDB data consumer, independent of structural biology expertise, to ask, “How
does the quality of this ligand structure compare with other instances in the PDB archive?” For this
purpose, composite ranking scores were developed to use composite indicators of PC1-fitting and PC1-
geometry to compare and rank ligand structures by quality. For either composite indicator, the composite
ranking score of a ligand structure is defined as the percentage of other PDB ligand structures with inferior
quality versus the particular ligand, which is consistent with the ranking defined for overall structure quality
in the wwPDB validation report (Gore et al., 2017; Feng et al., 2021). Since ranking is uniformly
distributed, composite ranking score carries the simplest interpretation: 0% for the worst, 100% for the

best, and 50% for median quality.

Figure 3 illustrates the relationship between local electron density map features and composite ranking
scores of PC1-fitting quality indicator in representative PDB structures at a similar high resolution limit of
around 1.5 A. CCD ID FAD instance A-501 in PDB ID 5NAK (Hutchinson et al., 2017) (‘A’ indicates that
they are associated with protein polymer Chain A, and the number 501 is the ligand instance identifier)
depicted at the top of Figure 3 has a composite ranking score of ~99% revealing superior quality in terms
of goodness-of-fit between the ligand structure and experimental data (electron density map). Proceeding
vertically downwards in Figure 3, reveals examples of CCD ID FAD ligand structures with progressively
inferior composite ranking scores and lower quality local electron density map features for PDB IDs 4U7H
(Leung and Shilton, 2015) and 2QWX (Calamini et al., 2008). Depicted at the bottom of Figure 3 is FAD
B-1202 in PDB ID 2CZ8, which has a very low PC1-fitting composite ranking score of ~2%. Visual

inspection of the electron density map revealed reasonable signal for the flavin group and minimal signal

11



for the adenine diphosphate moiety. Thus, PDB data consumers can use the PC1-fitting composite
ranking score to identify readily ligand structures that are well supported by experimental data, without

the need for time-consuming review of electron density maps.

Constructing useful rankings with PC1-geometry proved to be more challenging, because RMSZ-bond-
length and RMSZ-bond-angle are positively correlated with the FW. Larger ligands in the PDB tend to
have greater RMSZ-bond length and RMSZ-bond-angle values, which most likely reflects the tradeoff
made during X-ray structure refinement between optimizing ligand chemical geometry versus fit of the
atomic coordinates to the experimental electron density map. To account the impact of ligand size, we
investigated limiting PC1-geometry ranking to instances of identical compounds. Using this metric, FAD
A-501 in PDB ID 5NAK has a ranking of ~59% for PC1-geometry when compared to all instances of CCD
ID FAD, which is significantly different from its composite ranking score of ~19% when all PDB ligands
are considered. FAD B-1202 in PDB ID 2CZ8 has a ranking of ~40% for PC1-geometry when compared

to all instances of CCD ID FAD, versus ~15% when ranked against all ligands.

Another contributor to ligand structure quality is the identity of the protein target to which the ligand is
bound. Mode of ligand binding can differ substantially depending on the macromolecular target of the
ligand. We, therefore, established an additional ranking system limited to similar protein structures
clustered at 95% sequence identity (computed using MMseqgs2 (Steinegger and Soding, 2017)). For the
PDB data consumer, this ranking system enables selection of the PDB structure of a given protein
containing the desired ligand with the highest ligand structure quality. For example, the PDB contains
two structures of CCD ID FAD bound to the XiaF protein (i.e., PDB IDs SMR6 and 5LVW (Kugel et al.,
2017)). PC1-fitting and PC1-geometry composite ranking scores for CCD ID FAD in PDB ID 5MR6 are
significantly higher than those in PDB ID 5LVW. Ranking based on the identity of the protein to which the
ligand is bound will ensure that users can select PDB ID 5MR6 as the best exemplar of CCD ID FAD

bound to the XiaF protein.

12



Non-linearity between primary ligand quality indicators has been analyzed in the STAR methods and
shown impact on the absolute value of the principal components, especially on PC1-geometry. Using
ranking of the absolute value as the PDB ligand quality composite score provides the needed robustness
to counter the non-linearity. However, the PDB ligand quality composite ranking score is limited for use
as the relative comparison measure between the majority of the ligands within the PDB archive and

should neither be used as an absolute measure nor beyond the PDB archive.

Review of the clash-per-atom quality indicator for each structure in the PDB revealed that nearly half of
ligand structures in the PDB exhibit no interatomic clashes (Table 1). Consequently, percentile ranking
for clash-per-atom is not informative because the value can never exceed 51%. Ranking for clash-per-

atom was not pursued further.

Managing cases of incomplete ligand structures

Approximately 6% of X-ray structures in the PDB have ligand structures with missing non-hydrogen
atomic coordinates. In most cases, these occurrences reflect paucity of signal corresponding to parts of
the ligand in the experimental electron density map. RSR and RSCC values for partial ligand structures
require adjustment to permit valid comparisons with all-atoms-included ligand structures when generating
the comparative composite ranking scores. Many partial ligand structures represent lipid or detergent
components (with long flexible carbon chains) or fragments of polyethylene glycol (PEG). PEG fragments
are considered exceptions because they are intrinsically inhomogeneous. We analyzed three non-PEG
CCD ligands with the most incomplete atomic structures and substantial numbers of complete structures
(Table 3), including 1-oleoyl-R-glycerol (CCD ID oLC), (hydroxyethyloxy)tri(ethyloxy)octane (CCD ID

C8E), and oleic acid (CCD ID oLA).

For each of these three CCD ligands, differences of RSR and RSCC (ARSR and ARSCC, respectively)

were calculated between values of partial atomic structures and average values of full atomic structures
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at comparable resolution limits. ARSR and ARSCC were then analyzed as a function of incompleteness
(i.e., the fraction of missing non-hydrogen atoms (Supplementary Figure S2)). All 3691 incomplete
instances for the three CCD ligands were pooled together to estimate ARSR and ARSCC for partial
atomic structures to “adjust” for missing atoms. The adjustment was applied to ligands missing
coordinates for more than one non-hydrogen atom. We justify applying this correction on the grounds
that missing atoms reflect absence of signal in the electron density map. Adjusted RSR and RSCC were
subsequently used to compute the adjusted PC1-fitting composite ranking scores, so that the ligand
structure quality of both partial and full atomic structures can be compared directly. For example, the
ligand atomic model of CCD ID FAD in PDB ID S5LVW is incomplete, because the Adenosine
monophosphate moiety is missing. The PC1-fitting composite ranking score was ~10% without any

adjustment, which falls to ~6% with adjustment for the missing portion.

Quality measures for ligand structures with only one non-hydrogen atom missing were not “adjusted”,
because in most cases the single missing atom is part of the leaving group that departs in the formation
of a covalent bond with an adjacent compound. For example, >47,000 instances of CCD ID NAG have
missing atoms, but almost all of them are only missing the reducing-end hemiacetal hydroxyl that departs
on formation of a glycosidic bond with either a glycosylation-site amino acid sidechain or another

monosaccharide (Shao et al., 2021).

RCSB PDB ligand plot for structure quality review and comparison

Based on our ligand structure quality analyses, we have designed and implemented at RCSBb.org a new
graphical presentation schema for ligand structure quality to better meet the needs of all PDB users
regardless of their structural biology expertise. Because the overwhelming majority of PDB data
consumers are not structural biologists, the new schema was designed to allow any user to quickly review
ligand structure quality and unambiguously select the ligand (or ligands) in a particular PDB structure that

will best serve their research or teaching needs. Figure 4 exemplifies the two-dimensional (2D) PDB

14



ligand quality plot with multiple instances of Cholesterol Hemisuccinate (CCD ID Y01) bound to the G-
protein coupled receptor (GPCR) Muscarinic acetylcholine receptor M1 occurring in PDB ID 6WJC
(Maeda et al., 2020). PDB ID 6WJC contains four instances of CCD ID Y01, designated as A-502, A-503,
A-504, and A-505. Three interactive two-dimensional (2D) ligand quality plots (Figure 4A, 4B, and 4C)
enable at-a-glance graphical review of within-structure and between-structure ligand quality
comparisons. An accompanying tabular report (Figure 4D) provides additional quantitative information.
Figures 4A and 4D reveal that one of the four instances (Y01 A-502) has a significantly higher quality
PC1-fitting composite ranking score when compared to the other three (~31% versus ~0-4%), while all
four instances have comparable PC1-geometry composite ranking scores (~30%). Figure 4B allows the
user compare Y01 A-502 in PDB ID 6WJC with the best quality alternative structure of CCD ID Y01 bound
to the same protein. The 2D plot shows that PDB ID 5CXV (Thal et al., 2016) contains a higher quality
structure for CCD ID Y01 (PC1-fitting ~37% versus ~31%; PC1-geometry ~43% versus ~36%). For users
interested in analyzing CCD ID Y01 in different contexts (i.e., bound to other proteins), Figure 4C
compares the quality of CCD ID Y01 occurring in PDB ID 6WJC with the top five best-fitted quality
structures of the same ligand bound to any protein. PDB ID 2Y00 (Warne et al., 2011) contains the best-
fitted example of CCD ID Y01 across the entire PDB archive (PC1-fitting ~51%). With the ligand quality
plot, users may quickly select ligand structures from Figure 4A-C, and then consult the tabular report in
Figure 4D to review the ligand quality indicators and other details such as chirality errors, intermolecular
clashes, and ligand atomic coordinate completeness. The most extreme outliers (the worst 1%) for each
of the original ligand quality indicators are highlighted in the tabular report in red font. PDB ligand quality
plot and the composite ranking scores at RCSB.org are made interactively. Clicking on the best-fitted
ligand instance symbol on the 2D plot or the identifier in the tabular report brings up a 3D display of
electron density focused on the ligand structure viewed by Mol* web-native molecular graphics system
(Sehnal et al., 2021) (Supplementary Figure S3). Ligand quality data are also available via the RCSB

PDB data APIs supporting programmatic access and comprehensive search (Rose et al., 2021).
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Ligand of Interest and likely functional ligands

To showcase the most interesting ligands in a PDB structure, the RCSB.org structure summary page of
the entry highlights the ligand fitting quality to experimental electron density by 1D slider (i.e., the

horizontal axis of the 2D plot) on the following ligands:

1. Ligand of Interest or LOI (i.e., focus of research or subject of investigation) as designated by the
PDB data depositor(s), independent of FW.

2. Likely functional ligands with FW>150 Da that were not in an exclusion list of likely non-functional
ligands (e.g., solvent molecules, ions, salts, buffers, crystallization precipitants, common cryo-

protectants, and reducing agents), if LOI designation was not provided by data depositor(s).

Because the LOI designation was not introduced into the wwPDB OneDep system (Young et al., 2017)
until 2017, a FW cutoff was required for PDB structures deposited prior to that date. The FW>150 cutoff
was chosen because it corresponds to ~95% of all author-designated LOls currently present in the PDB
archive (Supplementary Figure S4). The non-functional exclusion list was assembled by expert RCSB

PDB biocurators and is reviewed periodically.

Assessing quality for singleton ligands in the PDB

Examples provided above utilized CCD ligands that occur more than once in the PDB archive. For
singleton CCD ligands such as the potent opioid Fentanyl (CCD ID 7V7) present only in PDB ID 5TZo
(Bick et al., 2017), the best-fitted CCD ID 7V7 instance has the composite ranking scores of PC1-fitting
and PC1-geometry at ~82% and ~51%, respectively, when all ligand structures in the PDB are used as
references. But we would also like to know how good the quality of singleton ligand is versus
“comparable” ligands in the PDB. To assess similarity of ligand structure quality across the PDB archive,
we analyzed other characteristics. Among them, ligand size and structure resolution limit have the

greatest impacts on ligand quality indicators. With the benefit of further analyses, we defined ligands to
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be “comparable” if (1) FW falls within 15 Da of the singleton ligand, and (2) structure resolution limit falls
within 0.2 A of the resolution limit of the structure that contains the singleton ligand. Using this approach,
the best-fitted CCD ID 7V7 instance in PDB ID 5TZo has a relative PC1-fitting and PC1-geometry at
~54% and ~89%, respectively, when only comparable ligand structures in the PDB are used as
references. These results underscore the importance of choosing a proper PDB subset as reference
when assessing ligand structure quality, versus relying on rankings based on the entire PDB archive.
(N.B.: We are using the term similarity as it pertains to ligand FW and structure resolution limit, not

chemical structure similarity.)

DISCUSSION

RCSB.org now offers easy-to-understand graphical guidance on PDB ligand structure quality based on
the data analyses and processes described herein. The primary motivation for this work was to enable
all PDB users, regardless of their structural biology expertise, to assess ligand structure quality quickly
and readily and example(s) best suited to their research, experiment design, or teaching needs. By
looking broadly across all ligands represented in the PDB and various quality metrics, we were able to
use Principal Component Analyses to develop composite quality indicators with reduced dimensionality.
The composite measures enable facile comparisons among instances of the same ligands occurring
within the same PDB structure or in different structures. Additional comparisons can be made among
ligands bound to the same or distinct biological macromolecules. Reducing available quality metrics to
just two dimensions PC1-fitting and PC1-geometry, allowed us to develop a 2D graphical presentation
for PDB data consumers to understand ligand structure quality at a glance. Two orthogonal axes display
two percentile sliders from worst to best for ligand structure quality reflecting (1) how well the atomic

coordinates describing the ligand structure are supported by experimental data, and (2) how well the
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ligand structure conforms to known chemical geometry. Other important quality metrics, including clashes

and chirality errors, are provided in a brief tabular report.

With the RCSB PDB ligand quality composite ranking scores we can access the impact on ligand quality
by factors such as high resolution limit and deposition date (Supplementary Figure S5). Approximately,
99% of the PDB X-ray structures have high resolution limits between 1.0 A and 3.5 A. Within this range,
high resolution limit significantly impacts the goodness-of-fit between a ligand atomic structure and
experimental data (i.e., on average, the higher the resolution of the X-ray diffraction data the better the
PC1-fitting ranking, demonstrated in Supplementary Figure S5(A)) but does not have strong effect on
ligand geometry quality (i.e., PC1-geometry). Higher resolution does not, however, guarantee a more
reliable ligand structure. The examples depicted in Figure 3 clearly show that ligand structure quality is
not uniformly superior for PDB structures of higher resolution. Comparison of PC1-fitting values and
experimental electron density for CCD ID FAD in PDB IDs 5NAK, 2QWX, and 2CZ8 (all obtained at 1.5
A resolution) reveals considerable variation in quality. Therefore, resolution alone is not sufficient to
accurately assess the ligand fitting quality, and we suggest PDB users to use the composite fitting score
as the primary measure. Deposition date also appears to have some impact on ligand structure quality
as well (Supplementary Figure S5(B)). PC1-geometry quality of ligand structures has improved modestly
since 1999, which probably reflects the impact of improved X-ray structure refinement software. Average
PC1-fitting quality has not changed significantly as a function of the deposition date. Both trends can be

seen for selected individual chemical compounds as a function of time (Supplementary Figure S5(C)).

Our analyses of ligand structure quality were limited to PDB structures determined using only X-ray
crystallography. For ligand structures determined using 3DEM, the PC1-geometry quality assessment
can be used without modification. Assessing goodness-of-fit to experimental data will require construction
of alternative composite scoring systems. Following the approach used in this work, both Q score that
measures atom resolvability in cryo-EM maps (Pintilie et al., 2020) and atom inclusion within electric

Coulomb potential maps criteria (Lawson et al., 2021) could be used to construct composite ranking

18



scores with which to assess the goodness-of-fit between ligand structures and 3DEM experimental data.
One potential advantage of the Q score is that it can also be computed with X-ray experimental data. A
composite scoring system based on Q scores could, at least in principle, be used to assess both X-ray
and 3DEM derived ligand structures in the PDB together and enable direct quantitative comparisons of
the quality of protein-ligand complex structures coming from the two methods. In addition, various 3DEM
map-model correlation coefficients (Afonine et al., 2018) may be calculated on local ligand regions and

be subsequently included as additional measures in assessing goodness-of-fit to experimental data.

In analyzing how well a given ligand fits in an experimentally determined electron density map,
the wwPDB OneDep system for deposition, validation, and biocuration of incoming PDB structures
assumes that the depositors have correctly chosen the chemical identity of ligands represented in their
structures. While the overwhelming maijority of structures have correct ligand identities, a very small
proportion have been found to have issues (Cereto-Massague et al., 2013; Touw et al., 2016; Brzezinski
et al.,, 2021). During the global OneDep process of deposition, validation, and biocuartion wwPDB
Biocurators make best efforts to identify errors and inconsistencies, inform depositors, and explain
recommended steps required for correction. However, the PDB is an archival resource and wwPDB
biocurators are not empowered to require that depositors make the recommended corrections before the
structure deposition is finalized and released publicly. The responsibility for the accuracy of PDB
structures rightly rests with the depositors, just as it does for authors of publications in scientific journals.
For X-ray structures visualized with our research-focused RCSB.org web portal, the Mol* web-native
molecular graphics system (Sehnal et al., 2021) is used to view ligands in 3D with accompanying display
of surrounding electron density for help with verification of ligand identity (provided the experimental data
is of sufficiently good quality). If the electron density itself does not provide reliable information as to the
identity of the ligand, and the ligand identity is a concern, PDB users are urged to consult the associated
scientific publication, the structure depositors, and other tools (e.g., CheckMyBlob (Brzezinski et al.,
2021)) for further insights into the ligand identity.
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FIGURE LEGENDS

Figure 1. CCD growth and ligand sizes. (A) Growth of CCD versus time (height of a bar for the
cumulative number of ligands in the CCD, and dark blue for new ligands added to the public archive
during the calendar year). (B) Formula weight (FW) distribution of CCD ligands (all ligands: blue; new

ligands in 2018-2020: yellow; new in 2020: red).

Figure 2. Pairwise correlations among ligand structure quality indicators. Each filled circle
represents the relative pairwise correlation. Circle diameters correspond to absolute values of the

correlation coefficients (positive-blue; negative-red; no correlation-blank).

Figure 3. Composite ranking scores for PC1-fitting to electron density maps. CCD ID FAD
structures determined at 1.5 A resolution, from best (top) to worst (bottom) along a colored vertical bar
(blue: superior; red: inferior). All five figures show ligand omit maps (blue wireframe, generated based on
experimental data and contoured at 1.0 o) superimposed on the ligand models in stick representation
colored by elements (gray: carbon; red: oxygen; blue: nitrogen; orange: phosphorus). PC1-fitting
composite ranking scores are provided in parentheses with PDB ID, Chain ID, and instance number.
N.B.: Two instances from PDB ID 2QWX were selected: residue #232 of chain A (2™ from the top) and

residue #232 of chain B (3" from the top).

Figure 4. PDB ligand quality plot and tabular report. Each 2D graph depicted in (A), (B), and (C) has
color coded ranking scales from worst (0%, red) to best (100%, blue) for PC1 -fitting (horizontal axis) and
PC1-geometry (vertical axis). Each symbol represents a ligand instance of CCD ID Y01 with its horizontal
location marked by PC1-fitting and its height by that of PC1-geometry. The diamond symbol in each plot
indicates the best-fitted instance in the current PDB ID 6WJC, corresponding to the top row of the tabular
report (D) that details ligand quality metrics. Other rows of the report (D) highlighted in green, yellow, and

gray background correspond to the circle symbols in (A), (B), and (C), respectively, as within-structure
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and between-structure comparisons indicated by the plot titles. In the table (D), the worst 1% outliers of
each ligand quality indicators are highlighted in red font, and the identifiers in the first column are
hyperlinks to Mol* 3D electron density view focused on the ligands. The plots and table have been

implemented at https://www.rcsb.org/ligand-validation/6WJC/Y01.
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TABLES

Table 1. Distribution of the primary ligand structure quality indicators for all ligands in PDB X-ray

crystallographic structures.

Mean

Standard
Deviation

Median

IQR

Nature of Distribution

RSR

0.18

0.09

0.16

0.10

0<RSR<1, Right-
skewed, lower value
indicating better
quality

RSCC

0.89

0.09

0.92

0.11

0=RSCC=1, Left-
skewed, higher value
indicating better
quality

RMSZ-bond-
length

1.03

0.81

1.06

0< RMSZ-bond-
length, Right-skewed,
lower value indicating
better quality

RMSZ-bond-
angle

1.21

0.98

1.03

1.21

0< RMSZ-bond-angle,
Right-skewed, lower
value indicating better
quality

clash-per-atom

0.07

0.15

0.01

0.08

O=clash-per-atom,
Right-skewed, lower
value indicating better
quality

Table 2. Principal component analyses of ligand structure quality indicators

Principal Component Analysis for All 5 indicators RSR and | RMSZ-bond-

RSCC length and

RMSZ-bond

angle

Principal Component (PC) PC1- PC2- | PC3- PC1- PC1-
overall | overall | overall fitting geometry
% of total variance explained 39% 29% 18% 84% 82%
RSR 0.53 0.42 0.22 0.71 n/a
Fractional RSCC -0.55 -0.37 | -0.25 -0.71 n/a
contributions of | RMSZ-bond-length -0.43 0.56 0 n/a 0.71
each indicator | RMSZ-bond-angle -0.43 0.56 0 n/a 0.71
clash-per-atom 0.23 0.25| -0.94 n/a n/a
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Table 3. CCD ligands with significant numbers of both complete and incomplete atomic structures.

CCDID Incomplete Instances Complete Instances PDB IDs
oLC 1698 626 256
C8E 999 371 105
oLA 994 286 157
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STAR Methods

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead

Contact, Dr. Chenghua Shao (chenghua.shao@rcsb.org).

Materials availability

This study did not use or generate any physical material.

Data and code availability

o The PDB structure and validation data indicated in this study are available through FTP at
ftp.wwpdb.org and through HTTP at RCSB.org under the individual PDB IDs. The aggregated PDB
ligand quality data and the data analyses results are available at Zenodo (zenodo.org) under
DOI: 10.5281/zen0do.5525191 as well as GitHub

(https://github.com/rcsb/PDB ligand quality composite score).

e This paper does not report original code.
¢ Any additional information required to reanalyze the data reported in this paper is available from

the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All data are generated from the datasets provided in the KRT.

METHOD DETAILS

Data collection

All data used for this study were based on the publicly released PDB archive at ftp.wwpdb.org. Data
were extracted from various data sources of the PDB archive as described in the Supplementary Table

S3 and were then aggregated through data process.

Data process on atomic clashes

Atomic clashes on ligands were re-processed to exclude the clashes between atoms within the same
ligand, and then were scaled against the number of non-hydrogen atoms to generate clash-per-atom that
is defined as the clashes per atom between a ligand and its surrounding components. The number of
observed non-hydrogen atoms were subsequently used to calculate ligand structure atomic coordinate

completeness as described in the Results.

Remove within-structure redundancy for multivariate analysis

As described in the text, multiple instances of the same ligand within the same PDB structure were
averaged to generate the dataset with unique PDB-CCD combination. After removing the within-structure
redundancy, 642,625 ligands instances were reduced to 105,548 unique PDB-CCD representations for
multivariate data analyses such as correlation study and PCA. However, when any specific PDB structure

is investigated, each ligand structure instance was still studied individually.
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Data process on incomplete ligand structures

All instances of oLC, oLA, and C8E in the PDB archive were included. For each instance, the RSR-
difference is calculated between the RSR of the incomplete structures and the RSR of the complete
structures in the reference set. The reference set is the structures of the same ligand in structures of
similar resolution (+0.1A from the resolution of the queried structure). If such resolution bin gives less
than 10 complete ligand structure instances, the bin is expanded by another +0.1A until there are 10+
complete ligand structures found. The RSR-difference is then used to run linear regression against the

ligand incompleteness (missing fraction), without intercept.

By choosing the reference in similar resolution, confounding from resolution was reduced on studying
RSR/RSCC relationship with ligand incompleteness. For example, although RSR has a strong correlation
of 0.43 with resolution, the RSR-difference constructed above has only a weak correlation of -0.05 with
the resolution, much smaller than the correlation between RSR-difference and ligand incompleteness.
Therefore, resolution was not necessary to be used as a variable for the linear regression, allowing a
simpler linear relationship between RSR-difference and incompleteness. During the data process,
resolution factor and its interaction term with incompleteness were also tried in the regression models,
but the result showed that the resolution does not impact RSR-difference significantly, and the regression
models do not have much improved regression fitting compared to the simpler one without resolution

term.

Sequence cluster generation

Protein sequence clusters of the entire PDB achieve were generated by MMseqs2 (Steinegger and
Soding, 2017) at different sequence identity. 95% sequence identity was used so that smaller number of

mutations of the same protein can be grouped together.
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LOI criteria for early deposited structures without author designation

Several known LOI groups were studied to determine the rough FW threshold (Supplementary Figure
S4). Among them, 100+ drug-candidate ligands recently deposited into the PDB for the Drug Design Data
Resource (D3R) project (Gathiaka et al., 2016; Gaieb et al., 2018; Gaieb et al., 2019), and 700+ fragment
ligands from ~1000 PDB structures by PanDDA method (Pearce et al., 2017). The exclusion list of likely
non-functional ligands (e.g., solvent molecules, ions, salts, buffers, crystallization precipitants, common
cryo-protectants, and reducing agents) are also provided at Zenodo (zenodo.org) under DOI:
10.5281/zenod0.5525191 as well as GitHub

(https://github.com/rcsb/PDB ligand quality composite score).

Computation and software

Data process, visualization, search, tabulation, and statistical calculation were performed primarily by a
combination usage of Python and R. Computation was performed on in-house workstations at RCSB

PDB.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data summary

As of December 31, 2020, there were 32862 publicly released ligands in the CCD from which the CCD
data were collected. The validation data on the ligand instances in PDB structures were collected earlier
at the end of September 2020. As of September 30, 2020, among 149,931 PDB X-ray structures, there
were 122,970 (82%) structures with small molecule ligands. Since single-atom ions do not have bond,
they were not included in the ligand quality analysis, nor were included modified amino acids and

nucleotides due to the scope of data analysis as described in the Results. Ligand with undefined chemical
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identity (unknown ligand) were also not include. The filtering left 108,819 (73%) structures with non-ion
ligands. 725,359 ligand instances were extracted from these 108,819 X-ray structures. These ligand
instances are structures of 29130 chemically unique compounds defined in the CCD. For example, there
are 2672 ATP structures in 1250 PDB entries. It is common that one PDB structure contains multiple
ligands: 43% CCD ligand-containing entries have only one unique ligand; 30% have 2+ unique CCD
ligands; 15% have 3+; 6% have 4+; and 3% have 5+. It is also common that one PDB structure contains

multiple copies of the same CCD ligand (see Results).

Missing data

RSR and RSCC calculation requires structure factor data, but deposition of such data was not mandatory

for PDB structures deposited before 2008 (http://www.wwpdb.org/news/news?year=2007#29-

November-2007). Ligand structures without calculated RSR and RSCC were removed for multivariate

data analyses. There were also other missing data of some specific ligands. Some ligands do not have
bond length RMSZ or bond angle RMSZ data from Mogul because of the insufficient references in the
CSD. For multivariate data analyses, ligand structures with any missing data were removed, resulting the
final dataset of 158,866 unique ligand structures representing 23,921 unique CCD ligands in 90,330 X-
ray structures. This final data set is presented as a big data frame in the supplementary data for ligand
structures that meet the following conditions: (1) Non-ion, (2) No missing data for any column, (3) Ligand
structure is complete with no more than two missing non-hydrogen atom, and (4) Average occupancy

greater than 0.9.

Data exploration and visualization

The preliminary data exploration was carried out by running R on the dataset collected above. Tables
and figures were all made through standard R and packages. The probability density distribution was

calculated using Gaussian kernel density estimate. The overall distribution of ligand quality indicators in
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Table 1 and 2 were calculated on the 158,866 unique ligand structure representations, whereas the
within-structure quality variances were separately calculated on each PDB structures between instances

of the same ligand.

Principal Component Analysis (PCA)

Each input variable was scaled for PCA that was then carried out on the quality metrics by computing a
correlation matrix from which ranked eigenvalues and eigenvectors were extracted. To ensure no loss of
information in calculating the correlation, we examined all 158,866 CCD unique ligand structural

representations as describe in the dataset.

The initial PCA Initial Principal Component Analysis (PCA) was carried out on all five quality indicators
using correlation matrix. The 2" PCA analysis was performed on the group of goodness-of-fit quality
metrics of RSR and RSCC only using correlation matrix. The 3 PCA was run on the group of RMSZ-
bond-length and RMSZ-bond-angle only using correlation matrix. The loadings calculated from the 2"
and 3" PCA runs were subsequently applied to the any individual ligand instances to calculate the
principal components PC1-fitting and PC1-geometry, respectively. The ranking scales of fitting and
geometry were established by ordering PC1-fitting and PC1-geometry of the 158,866 unique ligand

structure representations in the PDB.

Principal Component Analysis (PCA) may be impacted by the univariate data distribution and the non-
linear relationship between variables. The impact of these factors has been assessed numerically. We

further explicated that the construction of the PDB ligand quality ranking scores minimized such impact.

Impact of univariate data distribution on PCA

The five primary ligand quality variables in Table 1 are not normally distributed. Among them the

variable of clash-per-atom has the most skewed data distribution because nearly half of the values of
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clash-per-atom are zeros. Even after mean-removal scaling, majority of the clash-per-atom values
concentrate on the same value, which may significantly impact the correlation matrix used for PCA. To
investigate the impact, we performed separate PCA analyses on ligands with non-zero clash-per-atom

only and demonstrated the results in the Supplementary Table S2.

Comparison between this table and the Table 2 in the main text shows minor difference for the “% of
total variance explained” and the “factional contributions of each indicator” (i.e., PCA loadings) for
PC1/PC2/PC3-overall. But the grouping of variables is still evident: (1) group of RSR and RSCC; (2)
group of RMSZs of bond length and angle; (3) clash-per-atom alone as a group. The initial PCA on all
five variables was an investigative analysis on the overall data dispersion, specifically the variance
distribution on different eigen vectors. From this qualitative analysis we drew the conclusion that the
overall variance cannot be presented by a single combination of the variables, and there were roughly
three groups. For the subset of ligands with non-zero clash, the variance distribution is similar, and the

grouping is the same.

For the ligands with non-zero clash, we also performed the secondary PCA on the group #1 of RSR
and RSCC, and group #2 of the two RMSZs, with the result shown in the Supplementary Table S2 as
well. Comparison between the Supplementary Table S2 and the Table 2 in the main text shows little
difference on PC1-fitting and PC1-geometry, which means the skewed distribution of clash-per-atom do
not significantly impact the two composite quality measures on ligand fitting and geometry. Only the
secondary PCA’s results were used for constructing the PDB ligand quality composite ranking scores,

so the distribution of clash-per-atom has little impact on the final scores.

Overall, after the zero clashes were removed, the additional analysis demonstrated that the qualitative
conclusion of the initial PCA (on five indicators with clash-per-atom) still holds, and the quantitative
results of the secondary PCAs used for constructing ligand quality scores change little. Similar analyses

were performed on RSR, RSCC, RMSZ-bond-length, and RMSZ-bond-angle by excluding extreme
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values of their distribution, and the results shows no major deviation from that of Table 2 in the main

text.

Impact of non-linear relationship between variables on PCA

PCA also relies on a linear model and may be impacted by the potential non-linear relationship
between variables. To address this concern, we examined the relationship between variables. Only the
results from the secondary PCAs on the two groups were used for PDB ligand quality composite score
construction. Therefore, we examined the relationship between RSR and RSCC in group #1 and

between the two RMSZs in group #2.

It is rare to observe pure linear or a specific type of non-linear relationship in large natural data. Usually,
mixed types were observed, and individual non-linear relationship (e.g., polynomial) may be numerically
explored in model building process, and the final model may be ‘simplified’ to absorb only the major
type(s) of the relationships. An intuitive way to explore the relationship is to look at the data distribution
plot. Because the full data is too big, 500 random samples were chosen to avoid overlapping in the plot.
Both linear and non-linear fitting were explored, and results are displayed in the Supplementary Figure
S1. The code for random sample selection and plotting was uploaded the GitHub repo

(https://github.com/rcsb/PDB _ligand _quality composite score), with fixed seed setting so that the

results can be reproduced. The algorithm used for the non-linear fitting is the default local polynomial
regression fitting (stats::loess option in geom_smooth function of the ggplot2 package in the statistical

programming language R)(Cleveland et al., 1992; Wickham, 2016).

Based on the sample plots, RSR and RSCC generally follow a statistical linear relationship except at
the very extreme values. Therefore, except for outliers, the linear relationship is a proper approximation
of the bivariate distribution. The RMSZs of bond length and angle also follow an approximately linear

relationship with slightly greater non-linear deviation. Therefore, the non-linearity does have certain
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level of impact to the absolute values of PC1-geometry that was constructed from a linear combination
of the two RMSZs. However, the monotonic feature of the non-linear fitting implies that the two RMSZs
change in the same direction, which means the ranking of PC1-geometry will not be impacted by the

non-linearity.

RCSB PDB ligand quality composite scores as robust ranking statistics

The eventual PDB ligand quality composite ranking scores were constructed as ranking statistics of
PC1-fitting and PC1-geometry. The absolute values of the composite ligand quality indicators, PC1-
fitting and PC1-geometry are difficult to be interpreted directly. The ranking of the composite indicators
is uniformly distributed with easy interpretation, which was the primary reason to be used as the
eventual PDB ligand quality scores. The added benefit of using ranking statistics is their robustness.
The non-normal univariate data distribution and non-linear relationship do have impact on the absolute
values of PC1-fitting and PC1-geometry, but not on their rankings for the majority of the ligands. The
composite ranking scores tell the relative quality standing of a specific ligand structure among other
ligand structures in the PDB archive, and the standing is not significantly impacted by either the skewed

distribution or the non-linearity.

Because nearly half of the ligand structures do not have inter-molecular clashes, ranking is not an
efficient measure for clashes or clash-per-atom. Therefore, the clashes were only reported in the

tabular report in Figure 4.

Handling exceptions and outliers to warn data users

Supplementary Figure S1 shows that exceptions and outliers in PDB ligand quality data may have
significantly impact on the PCA results and the constructed ligand quality composite ranking scores.
For example, for ligands with very large RMSZ-bond-length but near-zero RMSZ-bond-angle, the PC1-

geometry underestimate the significant problems of the ligand bond issue. Since our goal was to
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display multiple ligand instances on a 2D plot, it was necessary to reduce the dimension. But the
presence of exceptions is a general problem for dimension reduction of any data, because when
dimension is reduced to gain simplicity, there is information loss. To address this concern, we marked
exceptional values in the tabular report of Figure 4 based on the univariate distribution alone. For
example, row #4 of the table (under the identifier of 6WJC_Y01_A 505) has very high RSR that is
among the worst 1% RSR in the entire PDB archive, so the value of RSR is highlighted as a warning to
data users regardless the value of PC1-fitting. If a ligand has very large RMSZ-bond-length but small
RMSZ-bond-angle, the extreme value of RMSZ-bond-length will be marked even though the value of

PC1-geometry may be moderate.

Composite ranking scores construction

For any instance of a ligand in a PDB structure, the composite ranking scores are constructed by
comparing its PC1-fitting and PC1-geometry composite measures to the 158,866 CCD unique ligand
structure representations as reference. Composite ranking score is defined as the percent of ligand
structures with inferior quality in the reference set. Therefore, composite ranking score is uniformly

distributed.

Future update of composite ranking scores

Reference data will be updated annually adding new ligand structures deposited during the previous
year. Hence, composite ranking scores of any given ligand instance may change slightly from year to

year.

ADDITIONAL RESOURCES

The ligand quality composite ranking scores reported in this study are available at RCSB.org, under the
newly implemented “Ligands” tab for PDB structures with ligands. Please refer to user instruction at
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https://www.rcsb.org/docs/general-help/ligand-structure-quality-in-pdb-structures, and the example at

https://www.rcsb.org/ligand-validation/6 WJC/YO01.
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Figure 4
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