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Abstract

Since 1971, the Protein Data Bank (PDB) has served as the single global archive for experimentally
determined 3D structures of biological macromolecules made freely available to the global com-
munity according to the FAIR principles of Findability—Accessibility—Interoperability—-Reusability.
During the first 50 years of continuous PDB operations, standards for data representation have
evolved to better represent rich and complex biological phenomena. Carbohydrate molecules
present in more than 14,000 PDB structures have recently been reviewed and remediated to
conform to a new standardized format. This machine-readable data representation for carbo-
hydrates occurring in the PDB structures and the corresponding reference data improves the
findability, accessibility, interoperability and reusability of structural information pertaining to these
molecules. The PDB Exchange MacroMolecular Crystallographic Information File data dictionary
now supports (i) standardized atom nomenclature that conforms to International Union of Pure
and Applied Chemistry-International Union of Biochemistry and Molecular Biology (IUPAC-IUBMB)
recommendations for carbohydrates, (ii) uniform representation of branched entities for oligosac-
charides, (iii) commonly used linear descriptors of carbohydrates developed by the glycoscience
community and (iv) annotation of glycosylation sites in proteins. For the first time, carbohydrates in
PDB structures are consistently represented as collections of standardized monosaccharides, which
precisely describe oligosaccharide structures and enable improved carbohydrate visualization,
structure validation, robust quantitative and qualitative analyses, search for dendritic structures
and classification. The uniform representation of carbohydrate molecules in the PDB described
herein will facilitate broader usage of the resource by the glycoscience community and researchers
studying glycoproteins.
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Introduction

The first demonstration that form or 3D molecular structure dictates
function in biology came with the Watson and Crick deoxyribonu-
cleic acid (DNA) double helix structure (Watson and Crick 1953).
Since their work revealed the structural basis of intergenerational
information transfer and DNA replication, ~175,000 experimentally
determined 3D structures of proteins and nucleic acids determined by
researchers working on all inhabited continents have been archived
in the Protein Data Bank (PDB). Founded in 1971 as the first open-
access digital data resource in biology (Protein Data Bank 1971), the
PDB is the single global archive housing richly annotated 3D struc-
tures of proteins, DNA and ribonucleic acid (RNA) (Berman et al.
2003; wwPDB Consortium 2019). The archive has impacted funda-
mental biology, biomedicine, bioenergy and biotechnology/bioengi-
neering by enabling atomic-level understanding of naturally occur-
ring and engineered biomolecules (Markosian et al. 2018; Burley et al.
2019; Armstrong et al. 2020; Feng et al. 2020; Burley et al. 2021).
The Worldwide Protein Data Bank (wwPDB, wwpdb.org) (Berman
et al. 2003; wwPDB Consortium 2019) manages the PDB accord-
ing to the FACT principles of Fairness—Accuracy—Confidentiality—
Transparency (van der Aalst et al. 2017) and the FAIR princi-
ples of Findability-Accessibility-Interoperability-Reusability (Wilkin-
son et al. 2016). The vision of the wwPDB is to sustain freely
accessible, interoperating Core Archives of structure data and meta-
data for biological macromolecules as an enduring public good to
promote basic and applied research and education across the sciences.
wwPDB member organizations include data centers in the United
States (RCSB Protein Data Bank [RCSB PDB]) (Berman et al. 2000;
Rose et al. 2020; Burley et al. 2021), the United Kingdom (Protein
Data Bank in Europe [PDBe]) (Mir et al. 2018; Armstrong et al.
2020) and Japan (Protein Data Bank Japan [PDBj]) (Kinjo et al.
2018) plus the specialist nuclear magnetic resonance (NMR) data
resource Biological Magnetic Resonance Bank (BMRB) (Ulrich et al.
2008). The PDB is an open access archive that has been accredited as
a trustworthy data science resource by CoreTrustSeal (https:/www.
coretrustseal.org/).

Each incoming PDB structure determined using macromolecular
crystallography (MX), NMR spectroscopy, electron microscopy
(3DEM), or microcrystal electron diffraction (microED) experimen-
tal methods encompasses 3D atomic coordinates, experimental data
and metadata, such as sample polymer sequences, source organism(s),
structure determination process and details of data collection. PDB
archival data conforms to the PDB Exchange MacroMolecular
Crystallographic Information File (PDBx/mmCIF) (Westbrook and
Fitzgerald 2009) data dictionary, the Chemical Component Dic-
tionary (CCD, https://www.wwpdb.org/data/ccd) (Westbrook et al.
2015) and the Biologically Interesting Molecule Reference Dictionary
(BIRD, https://www.wwpdb.org/data/bird) (Dutta et al. 2014). The
PDBx/mmCIF data dictionary defines data content for deposition,
validation, biocuration, remediation and secure archiving of PDB
structures. The CCD is an external reference dictionary describing all
chemical components found in PDB structures, with each component
assigned a unique alphanumeric identifier. This dictionary contains
detailed chemical descriptions for standard and modified amino
acids/nucleotides, small molecule ligands and solvent molecules.
The BIRD is a secondary external reference dictionary that contains
information about biologically interesting peptide-like or glycopeptide-
antibiotic and inhibitor molecules represented in the PDB archive.
For such molecules, the BIRD provides information about the
chemistry, biology and structure features of the molecule and a dual

representation as both a single compound and as an oligomer with
component sequence.

Carbohydrates support myriad biological and biochemical func-
tions. They play key roles in energy generation, cell signaling, cell—cell
recognition, formation of various structural components of extra-
cellular matrices and many other biologically important processes
(Varki 2017b). Within organisms from all three kingdoms of life,
carbohydrates are as universal and essential as nucleic acids, pro-
teins, lipids and metabolites (Marth 2008), but their structures and
functions were not extensively studied until their biological signif-
icance became more apparent (Varki 2017b). The importance of
3D macromolecular structure information (its shape and interaction
with small molecules) in generating insight into biological processes
and advancing discovery and development of therapeutic agents and
is well documented (Westbrook and Burley 2019; Goodsell et al.
2020; Westbrook et al. 2020). Understanding the structure and
organization of carbohydrates is critical to discerning their biochem-
ical and biological roles in human health and disease. More than
14,000 PDB structures reveal, confirm or explain the key functions
of carbohydrates and serve as foundations for future research.

The first carbohydrate structure in the PDB was Hyaluronan
(PDBID 1HYA) (Winter et al. 1975), which is involved in lubrication,
extracellular matrix organization, cell-cell and cell-matrix interac-
tions supporting organogenesis and cell migration and long-range
signaling (when released following tissue injury). The earliest pro-
tein—carbohydrate cocrystal structures revealed Lysozyme C bound
to a substrate-like trisaccharide (PDB ID 9LYZ) (Kelly et al. 1979)
and the N-glycosylated Fc portion of a human immunoglobulin G
(IgG) (PDB IDs 1FC1 and 1FC2) (Deisenhofer 1981) in which protein
glycosylation was first observed in 3D. These landmark structures
contributed important insights into the innate and adaptive immune
systems.

Since these pioneering studies, more than 14,000 PDB depositions
have included carbohydrates, revealing or confirming the biological
and biomedical significance of such carbohydrate molecules and
their interactions with proteins. During the COVID-19 pandemic,
more than 100 SARS-CoV-2 protein—carbohydrate complex struc-
tures have been deposited into the PDB. For example, PDB ID
6WPS revealed recognition of glycan-containing epitopes by the
immune system in 3D with the structure of a SARS-CoV-2 spike
glycoprotein bound to a neutralizing antibody Fab fragment (Pinto
et al. 2020). Thousands of PDB structures have glycan structures
present at the glycosylation sites. Another group of carbohydrates
occurring in hundreds of PDB structures are metabolites, such as
maltose, sucrose, lactose and fragments of cellulose. Maltose bind-
ing to cyclodextrin glycosyltransferase revealed the presence of a
raw starch-binding motif that is conserved among diverse starch-
converting enzymes (Lawson et al. 1994). PDB ID 1LES elucidated
conformation-dependent sucrose-lectin interactions (Casset et al.
1995). Other commonly studied carbohydrates in the PDB are as
follows: (i) glycosaminoglycans, such as heparin fragments com-
plexed with annexin (PDB ID 2HYV) (Shao et al. 2006) and basic
fibroblast growth factor (PDB ID 1BFC) (Faham et al. 1996); (ii)
blood group epitopes, such as the blood group A Lewis B antigen
terminal binding to Helicobacter pylori adhesin (PDB ID S5F7N)
(Moonens et al. 2016) and the blood group A type II antigen binding
to the VP8x domain of the human rotavirus spike protein VP4 (PDB
ID 4DS0) (Hu et al. 2012) and (iii) synthetic carbohydrates, such
as the antidiabetic drug pseudotetrasaccharide acarbose bound to
human maltase-glucoamylase (PDB ID 2QM]J) (Sim et al. 2008) and
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the anticoagulant fondaparinux bound to platelet factor 4 (PDB ID
4R9W) (Cai et al. 2015).

The PDB currently houses >14,000 carbohydrate-containing
structures. This subset of the archive has grown considerably over the
decades (from ~100 in 1999 to >1000 in 2017 to ~14,000 in 2020;
Supplementary Figure S1). Most of these carbohydrate-containing
PDB structures consist of a carbohydrate bound to a protein. More
than half are the result of glycosylation, or glycoconjugate (covalent
adduct) formation between glycans and amino acid sidechains.
Most early carbohydrate-containing structures in the PDB were
determined by MX. In recent years, 3DEM has been come into
its own as a structure determination method (Mitra 2019). It has
been extensively used to study glycan structures (e.g., SARS-CoV-2
protein-carbohydrate complex PDB ID 6WPS) and the large human
oligosaccharyltransferase (OST) complex (PDB IDs 6570 and 6S7T)
(Ramirez et al. 2019).

The PDB data dictionary was originally developed to describe
linear protein and nucleic acid polymers. Consequently, the com-
plex dendritic nature of carbohydrate structures found in nature
made data representation, archiving and dissemination by the PDB
challenging. Initially, carbohydrates occurring within PDB struc-
tures were represented at the atomic level as monosaccharides or
oligosaccharides, some covalently bound to proteins and others form-
ing noncovalent complexes. Historically, some of the carbohydrates
themselves were not correctly represented in the atomic coordinates
(e.g., nonstandard atom naming and incorrect stereochemistry), and
linkages with one another or with proteins were either missing or
wrongly specified in the PDB data files. Lack of consistent repre-
sentation for carbohydrates within the PDB severely limited inte-
gration of 3D structural information with other carbohydrate data
resources, such as Glycam (Woods 2005), GlyGen (York et al. 2020),
ProCarbDB (Copoiu et al. 2020) and GlyTouCan (Tiemeyer et al.
2017). Regrettably, glycobiology scientists and other experts were
unable to fully utilize the rich structural information available in
the PDB.

The wwPDB partnership is committed to maintaining consistency
and accuracy across the PDB archive. For more than a decade, the
wwPDB has addressed data management challenges by regularly
reviewing data processing procedures and carrying out structure
remediation efforts to improve data representation accuracy and
consistency (Henrick et al. 2008; Lawson et al. 2008; Dutta et al.
2014). In the face of growing numbers of carbohydrate structures in
the PDB (Supplementary Figure S1) and increasing interest in under-
standing how carbohydrates and glycoproteins contribute to human
health and disease, community feedback and recommendations were
collected by the wwPDB via workshops, professional society meetings
and email communication with domain experts in the glycoscience
and structural biology communities. Based on feedback from these
communities, carbohydrate-containing structures in the PDB were
remediated. The principal goals of this archive-wide remediation
were as follows: (i) standardization of CCD nomenclature following
International Union of Pure and Applied Chemistry-International
Union of Biochemistry and Molecular Biology (IUPAC-IUBMB) rec-
ommendations, introduction of uniform branched entity representa-
tions of oligosaccharides; (ii) adoption of descriptors commonly used
by the glycoscience community and (iii) biocuration of glycosylation
sites in the PDB structures. For the avoidance of doubt, no atomic
coordinates (x, y and z values) were changed during the course of the
archive-wide remediation.

Carbohydrate representation was addressed as follows:

atoms: standard atom labels in the CCD at the atomic level;

residues: consistent classification and naming of monosaccharides
in the CCD at the residue level;

branched polymers: uniform oligosaccharide sequence and linear
descriptors in the atomic coordinate files at entity level and

glycosylation sites: proper annotation of glycosylation sites in the
atomic coordinate files at the protein structure level.

Standard nomenclatures and consistent data representation com-
patible with various representations in common use by the glycobiol-
ogy community now enable for the first time full Findability, Acces-
sibility, Interoperability and Reusability of carbohydrates present in
the PDB structures.

Results

Chemical representation of monosaccharides
Monosaccharides, the building blocks of carbohydrates, have been
reviewed and their nomenclature has been standardized in the PDB in
accord with the 1996 TUPAC recommendations (McNaught 1996).
A total of 1040 carbohydrates described in the CCD were reviewed
and updated. First, six duplicate monosaccharides were removed.
Second, 164 carbohydrates that proved on closer inspection to be
oligosaccharides were reclassified as collections of monosaccharides.
Third, five ligands of constituent monosaccharides covalently bound
to amino acids were separately reclassified as monosaccharides
and amino acids. Their original descriptions were obsoleted from
the CCD.

A total of 862 unique monosaccharides remained in the CCD
following remediation. Among them, 833 are cyclic monosaccharides
(see Table I and Supplementary Table SI). Most monosaccharides are
D-saccharides and pyranoses. All monosaccharides enumerated in
the CCD were updated with standardized chemical names, syn-
onyms, atom labels, modification versus basic sugars tags, chem-
ical types (e.g., isomers), structure feature types (e.g., anomers)
and symbol identifiers (e.g., [UPAC condensed symbols). An exam-
ple of a remediated CCD definition is provided in Supplementary
Appendix SI. Chemical names provided in the PDBx/mmCIF data
dictionary item _chem_comp.name have been uniformly updated to
include stereo- and ring-specific systematic names as recommended
by IUPAC (McNaught 1996). Trivial (or common) names were
added to the new machine-parsable PDBx/mmCIF synonym cate-
gory, _pdbx_chem_comp_synonyms. For example, the most abun-
dant monosaccharide present in the PDB, 2-acetamido-2-deoxy-beta-
D-glucopyranose, is identified in the CCD by the code of NAG. The
commonly used compound name (without stereo specification) N-
acetyl-D-glucosamine is provided as a synonym.

IUPAC recommended using symbols for denoting monosac-
charides to simplify oligosaccharide descriptions. The IUPAC
extended-form symbols, as described in Section 2-Carb-38.3
and the condensed-form symbol specified in 2-Carb-38.4 of the
1996 recommendations (McNaught 1996), are provided in the
PDBx/mmCIF data item _pdbx_chem_comp_identifier.identifier.
For NAG, the condensed IUPAC extended symbol (8-D-GlcpNAc)
and the condensed symbol with addition of the D/L isomer and
p/f ring size (DGlcpNAcb) are provided within the remediated CCD
definition. Carbohydrate features, including isomer, ring size, anomer
and aldose/ketose classification, are described in the PDBx/mmCIF
category _pdbx_chem_comp_feature. Hereafter, monosaccharides
will be described using the IUPAC extended symbol with the PDB
CCD identifier provided in parentheses.

A total of 125 cyclic monosaccharides were classified as basic
monosaccharides following IUPAC recommendations (McNaught
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Table I. Summary of the remediated PDB cyclic hemiacetal/hemike-
tal monosaccharides represented in the CCD as of July 2020

Features Types Number of CCD IDs
Basic versus modified Basic 125
Modified 708
Isomer D-saccharide 702
L-saccharide 128
Ring size Pyranose 696
Furanose 87
Dihydropyran 39
Dihydrofuran 5
Thiopyranose 4
Anomer Alpha anomer 381
Beta anomer 343
Acetal versus ketal Aldose 695
Ketose 126

1996) and the Symbol Nomenclature for Glycans (SNFG) (Nee-
lamegham et al. 2019). Community-developed SNFG text symbols
mapping to 2D and 3D graphics (Varki et al. 2015; Thieker et al.
2016; Neelamegham et al. 2019) are also annotated by using the
PDBx/mmCIF item _pdbx_chem_comp_identifier.identifier in the
CCD. As illustrated in Figure 1, the SNFG text symbol for «-D-
Glep (GLC) is “Glc” and is displayed as blue circle in 2D and
blue sphere in 3D, and the SNFG text symbol for g-D-GlcpNAc
(NAG) is “GlcNAc,” that is, blue square in 2D and blue cube
in 3D. At present, there are 708 modified monosaccharides that
are primarily derived from these basic monosaccharides as deoxy
sugars, amino sugars, aldonic and uronic acids and glycosides. If
the substructure of a modified sugar overlaps with a basic sugar, the
corresponding basic sugar is flagged as its parent in the PDBx/mmCIF
item _chem_comp.mon_nstd_parent_comp_id and atom mapping
between modified sugar and the basic sugar parent is provided
using the PDBx/mmCIF category _pdbx_chem_comp_atom_related
in the CCD. Chemical modifications also include substitution of the
hydroxyl groups by halogens, chalcogens, nitrogen and phosphorus,
plus sulfur and selenium replacements of ring oxygens in pyranoses
and furanoses.

Each monosaccharide is assigned to one of the following car-
bohydrate types in the PDBx/mmCIF item _chem_comp.type in the
CCD definition: “D-saccharide”; “D-saccharide, alpha linking”; “D-
saccharide, beta linking”; “L-saccharide”; “L-saccharide, alpha link-
ing”; “L-saccharide, beta linking” and “saccharide.” Alpha/beta link-
ing type is determined based on whether the monosaccharide has
hemiacetal or hemiketal reducing end. If the hemiacetal/hemiketal
hydroxyl group is replaced by nonchalcogen groups (e.g., halogens),
or blocked by forming a glycoside with a nonsugar component, or
modified to a double bond (e.g., lactone, dihydropyran/dihydrofuran
ring), the alpha/beta linking types are not specified.

Atom naming for monosaccharides

Standardization of monosaccharides in the CCD is essential for
accurate oligosaccharide representation across the PDB archive. The
hemiacetal/hemiketal annotation in the CCD identifies the reducing
end of a monosaccharide in relation to the next monosaccharide.
Standardized atom numbering enables proper recognition of the func-
tional group and locants of a glycosidic bond. The anomer annotation
specifies the stereo configuration on the glycosidic linkage.

For monosaccharides in the CCD, atom naming was standardized
using element type followed by standard atom numbering (Markley
et al. 1998). Atom numbering follows Section 2-Carb-2.2 of the
TUPAC recommendations (McNaught 1996). Carbon atoms in
monosaccharides are numbered using the primary acetal/ketal
carbonyl group as reference. For aldose, the carbonyl group is
identified as position #1; for ketose, the carbonyl group receives the
lowest possible locant (i.e., position #2 for most ketoses occurring
in the PDB such as fructose). For Api (YYM), apiose in its cyclic
hemiacetal form, carbon atoms on the ring were numbered from #1
to 4, and the branching carbon is numbered as #5. For acidic sugars
(e.g., uronic acids), letters A and B of the oxygen atoms are used
to distinguish between the double and single bonds in the carbonyl
group, respectively, as shown in Figure 1.

For atom labels of the substitution groups and oxygen atoms
in hydroxyl/aldehyde/ketone groups, the connected carbon atom
number was used (Section 2-Carb-7.1) (McNaught 1996). Sequential
numbers were used for additional atoms. For example, 8-D-GlcpNAc
(NAG), the nitrogen on the amine substituent connected to C2 is
labeled N2. Carbons of the acetyl group are labeled C7 and C8
sequentially, following the numbering in the pyranose ring (C1-C6).
Sequential numbering in the atom labels for most monosaccharides is
used for consistency and simplicity. Figure 1 shows the standardized
nomenclature and atom labels for PDB monosaccharides based on
IUPAC recommendations. Modified sugars are labeled according to
the basic sugars. For thio- or amino sugars, the substitute sulfur or
nitrogen atoms follow the same numbering of the replaced oxygen
atoms.

Representation and naming of oligosaccharides

An oligosaccharide consists of two or more covalently connected
monosaccharides linked by glycosidic bonds (typically between the
hemiacetal or hemiketal of one monosaccharide and a hydroxyl
group of another). Unlike a protein that can be described as a
linear sequence of constituent amino acids, an oligosaccharide
cannot be so described because of the branching and differences in
connectivity between monosaccharides at different locants (e.g., 1-3,
1-4 and 1-6 glycosidic linkages). Therefore, in consultation of the
community experts and following IUPAC recommendations, a new,
branched entity representation was introduced into the PDBx/mmCIF
dictionary to describe oligosaccharides (Figure 2). Oligosaccha-
rides are classified as a new type “branched” in _entity.type
and as an “oligosaccharide” in _pdbx_entity_branch.type. Each
monosaccharide constituting an oligosaccharide entity is listed in the
_pdbx_entity_branch_list PDBx/mmCIF category. Unlike polypep-
tides, wherein the peptide bond is implicitly assumed by the linear
sequence, the connectivity of the glycosidic bonds for an oligosac-
charide entity are explicitly described at the entity level in the PDBx/
mmCIF category _pdbx_entity_branch_link. Since an oligosaccharide
cannot be described in a linear sequence of constituent monosaccha-
rides in polymer type, its topology and nomenclature are described
in the form of a string, linear descriptor that is commonly used
by the glycoscience community. wwPDB has adopted community
used linear descriptors (_pdbx_entity_branch_descriptor) which
provide complete chemical descriptions of a branched entity. In
addition, the PDBx/mmCIF category _pdbx_branch_scheme supports
monosaccharide residue mapping between the branched entity and
the atomic coordinates, including residue alphanumeric identifiers,
residue numbers and chain identifiers. Annotation of glycosylation
sites is provided at _struct_conn.pdbx_role at a PDB structure level.
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Fig. 1. Examples of the current monosaccharide representations for different classes of SNFG symbols, sizes, D/L isomers, ring sizes, anomers, and aldose versus
ketose. The 2D chemical diagram displays atom type and number, bond order and stereochemical marker. CCD identifier, the IUPAC extended symbol and the
2D SNFG graphic symbol are provided for each monosaccharide. Following Section 2-Carb-38.3 (McNaught 1996), an extended IUPAC symbol starts with «/8
anomer and contains a D/L isomer indicator, the capitalized 3-letter code, and ends with the ring size indicated by the italic letter p for pyranose and f for furanose.
Common modifications, if present, are shown with symbols (e.g., “N” for amine derivative and “NAc” for acetal-amine derivatives).

PDB examples with data representation in these PDBx/mmCIF An oligosaccharide with branches can be accurately described
categories can be found in the Supplementary Appendix SII and using a topological graph. The community-developed 2D SNFG
in the wwPDB website (https://www.wwpdb.org/documentation/ graphical representation (Varki et al. 2015; Neelamegham et al.

carbohydrate-remediation). 2019) was adopted and implemented within the wwPDB structure
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Fig. 2. Representation of oligosaccharides compared to proteins/nucleic acids (branched vs. polymer entity representation as specified in the PDBx/mmCIF data
dictionary). For carbohydrates, glycosylation sites are annotated using _struct_conn.pdbx_role.

validation report, with topological connectivity for each oligosaccha-
ride using the wurcs2pic software (Matsubara et al. 2017; Tsuchiya
et al. 2017) as illustrated in Figure 3. Reproducible topological
description of oligosaccharides depends on consistent indexing
(ordering) of monosaccharide components within the PDBx/mmCIF
item pdbx_branch_entity_list and standardized linkage descriptions
in pdbx_branch_entity_link. Each unique oligosaccharide is given a
PDB systematic name in _entity.pdbx_description and linear descrip-
tors in pdbx_entity_branch_descriptor based on its topology. Each
unique oligosaccharide (branched entity) is assigned a unique asym
identifier in the PDBx/mmCIF item _struct_asym.id, which points to
atomic coordinates in _atom_site.label_asym_id. Unique chain IDs
(atom_site.auth_asym_id) are assigned to each oligosaccharide in the
PDB structure, and the constituent monosaccharides are consistently
numbered from 1 to 7 to generate unambiguous linear descriptors, so
users can easily identify an oligosaccharide and its interaction with
other components.

Consistent atom labeling in atom nomenclature standardization
of monosaccharides is used to describe glycosidic linkage (e.g., 1-
2, 1-3, 1-4 and 1-6 linkages from an aldose hemiacetal group
to 2, 3, 4, 6 hydroxyl group of the connected monosaccharide,
respectively, or 2-3, 2-4 and 2-6 linkages from a ketose hemiketal
group to 2, 3, 4, 6 hydroxyl group of the connected monosaccha-
ride, respectively). Uniform numbering of carbohydrate residues is
essential for branched entity representation and generation of linear
descriptors, hence the ordering (residue numbering) starts at the

reducing end (#1), where the glycosylation occurs, proceeding to
the nonreducing end, following the IUPAC recommended ordering
scheme (Section 2-Carb-37.2 for linear oligosaccharides and Section
2-Carb-37.3 for branched oligosaccharides) (McNaught 1996) to
define unambiguously oligosaccharide topology. The reducing end
is where the hemiacetal/hemiketal group is either free or reacts to
noncarbohydrate components, such as asparagine (ASN) glycosyla-
tion sites. In addition, the reducing end of a monosaccharide may
be chemically converted into “downstream-end” derivatives such as
alditol, aldonic acid or glycoside (Section 2-Carb-37.2) (McNaught
1996). When such modifications occur, the “downstream-end” is
considered to be the reducing end and is indexed as for #1. Likewise,
S- and N-glycosidic bonds in thio- and amino substitutions on the
hydroxyl groups or hemiacetals/hemiketals are treated in the same
way as the standard O-glycosidic bond. If there exists more than
one branch in an oligosaccharide, the longest chain is defined as
the main branch and is indexed first. If the two longest chains are
of equal length, the chain with the lower locant (the atom number
of the connected alcoholic hydroxyl group) at the branch point is
defined as the main branch. Once the identity of the main branch is
fixed, the remaining monosaccharides are then indexed in a depth-
first logic, within which higher priority of side branches is given for
deeper branching points away from the starting index #1. Unique
residue numbers can then be assigned to monosaccharides of an
oligosaccharide as shown in Figure 3, depicting a topology of an
oligosaccharide covalently bound to human immunodeficiency virus
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Fig. 3. Example depiction of a glycosylated oligosaccharide (branched entity #16) in PDB ID 5T3X. Each monosaccharide is represented by a 2D SNFG symbol
generated by the wurcs2pic software (Tsuchiya et al. 2017): blue square for GIcNAc, green circle for Man, yellow circle for Gal, purple diamond for Neu5Ac and
red triangle for Fuc. Greek symbols indicate the anomeric form of the hemiacetal/hemiketal. The number at the connection line represents the locant of alcoholic
hydroxy where the glycosidic bond is formed. Residue numbers inside SNFG symbols illustrate the ordering of monosaccharides within a branched entity. The
GlcNAc at the glycosylation site is numbered as 1, and the main branch with the longest chain at the lowest locant as 1-7. Following depth-first logic, the GIcNAc
of the deepest side branch is numbered as 8; 9-12 are then numbered as the longest side branch at branching point 3. The rest of side branches are numbered

accordingly.

(HIV)-1 envelope glycoprotein gp160 in PDB ID 5T3X (Gristick et al.
2016).

Using standardized residue numbers and glycosidic bonds, linear
carbohydrate descriptors are generated to provide full description
of the oligosaccharides, including connectivity information. The
wwPDB incorporated widely used software tools for generating
common linear descriptors of each unique oligosaccharide within
a branched entity (_pdbx_entity_branch_descriptor) to promote
Reusability and Interoperability. These descriptors are Glycam Con-
densed Sequence, which are generated based on GMML prototype
script (Woods 2005), WURCS (Matsubara et al. 2017) generated
using PDB2Glycan software (Tsuchiya et al. 2017) and LINUCS
generated using PDB-CARE software (Lutteke and von der Lieth
2004). All three types of linear descriptors are shown in Figure 4A for
a fucosylated N-glycan core found on the surface of the SARS-CoV-2
spike glycoprotein in PDB ID 6WPS (Pinto et al. 2020). See Figure 4B
for the 3D view of the same N-glycan. The image was generated using
the Molstar visualization software (Sehnal et al. 2018). In addition to
linear descriptors mentioned herein, the PDB systematic name for this
oligosaccharide is also provided in _entity.pdbx_description as alpha-
D-mannopyranose-(1-3)-[alpha-D-mannopyranose-(1-6)]beta-D-
mannopyranose-(1-4)-2-acetamido-2-deoxy-beta-D-glucopyranose-
(1-4)-[alpha-L-fucopyranose-(1-6)]2-acetamido-2-deoxy-beta-D-
glucopyranose, wherein monosaccharide full names are used,
glycosidic linkages are specified and branches are enclosed in
square brackets as recommended by IUPAC Section 2-Carb-37.3
(McNaught 1996). Any common name of an oligosaccharide is
captured in _entity_name_com.name. The naming convention of
cyclic oligosaccharides follows the nomenclature recommended by
IUPAC Section 2-Carb-37.4 (McNaught 1996). For example, a
cyclic oligosaccharide with six 1-4 linked a-D-Glep (GLC, alpha-D-
glucopyranose) is given a PDB systematic name cyclohexakis-(1-4)-
(alpha-D-glucopyranose) and a common name, alpha-cyclodextrin.

As of February 2021, approximately, 90% of the current PDB
holdings have been determined by MX. For these structures, it is
not uncommon for certain portions of a biological macromolecule
to be unresolvable in experimental electron density maps. Segments

of polypeptide chains, nucleic acid strands or carbohydrates may be
fully or partially missing from the atomic coordinates (i.e., they could
not be modeled from available experimental data). If a particular
monosaccharide was not represented within the atomic coordinates
of the structure, it is not included in the branch entity. Partially
modeled monosaccharides are also included in the branched entity
as complete components, using the chemical identity provided by the
structure depositor. When two monosaccharides are joined by a gly-
cosidic bond, the connecting oxygen atom is by convention assigned
to the monosaccharide having this atom as an alcoholic hydroxyl
oxygen. For older PDB structures wherein the glycosidic oxygen was
assigned to the residue as hemiacetal/hemiketal oxygen, the connect-
ing oxygen atom was reassigned to the linked molecule during this
remediation. For oligosaccharides with any glycosidic bond formed
between the hemiacetals/hemiketals of one monosaccharide and the
hemiacetals/hemiketals of another, the order of residue numbering is
arbitrary because there is no reducing end monosaccharide. There
are 443 such cases in the PDB archive, and these were reviewed
manually to ensure that the representation is consistent among PDB
structures. Finally, for structures with alternate conformations of
different monosaccharides at the same position in an oligosaccharide,
such as a free hemiacetal in equilibrium of both alpha- and beta-
anomer conformation in PDB ID SELC (Heggelund et al. 2016), both
conformations are identified as microheterogeneity in the branched
entity. Systematic names and linear descriptors are generated based
on the first conformer listed in the atomic coordinates. A single
monosaccharide modeled without connection to another monosac-
charide is defined as a nonpolymer ligand and is treated like any other
nonpolymer ligand in the PDB.

Annotation of glycosylation sites

Review of the PDB archive revealed that as of July 2020, the
PDB archive contained >7000 structures exhibiting N-glycosylation
and >400 structures exhibiting O-glycosylation (Table II). Rarer
cases of S-glycosylation and C-mannosylation also occur in the PDB
(Table II). During remediation, all glycosylation annotations were
reviewed and updated as required. Once the glycosylation types were

220z Aenuer 90 uo 1senb Aq 91yz/29/v021/6/1€/101E/q00K|B/WOoo"dNo"oIWSPED.//:SARY WOl PapEojUMOd


_entity_name_com.name

Modernized uniform representation of carbohydrate

121

A
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Fig. 4. Example depiction of the fucosylated N-glycan core on SARS-CoV-2 spike glycoprotein (PDB ID 6WPS). (A) Linear descriptors are generated for branched
entity 5 in three formats: Glycam Condensed Sequence, WURCS and LINUCS. (B) 3D SNFG view of the oligosaccharide chain N for branched entity 5 complexed

with protein (brown).

Table Il. Summary of glycosylation types and sites in the PDB as of July 2020

Number of PDB structures

Bond length range (99% coverage)

Types Glycosylated amino acids
N-linked glycosylation ASN/ARG

O-linked glycosylation SER/THR/TYR
S-linked glycosylation CYS

C-linked mannosylation TRP

7073 1.20-1.60 A
473 1.10-1.55 A

1.55-2.00 A
16 1.05-1.65 A

verified and classified, controlled vocabulary in the PDBx/mmCIF
dictionary was added for automated annotation in the new structures.
Verification of a monosaccharide—amino acid covalent linkage at
the glycosylation site was carried out using established glycosylation
rules (Spiro 2002), publications referenced by papers reporting indi-
vidual PDB structures and supporting experimental data.
N-glycosylation of ASN residues, involving the process of
transferring the oligosaccharide precursor en bloc from dolichol-
pyrophosphate to nascent polypeptide by OST, forms a stereo-specific
B-D-GlcpNAc-ASN  N-glycosidic bond (Dempski and Imperiali
2002; Varki 2017a). The biochemical mechanism of glycan transfer
is conserved among eukaryotes and bacteria (Mohorko et al. 2011;
Napiorkowska et al. 2017; Varki 2017b; Harada et al. 2019).
Therefore, the connecting glucosamine monosaccharide should be
modeled in the beta anomeric form according to the biological
process. Inconsistently modeled alpha form a-D-GlcpNAc (NDG)
at N-glycosylation sites were deemed inaccurate and changed to
B-D-GlcpNAc (NAG) during remediation. Chirality caveats were

highlighted in atomic coordinate files and wwPDB validation reports
for 200 carbohydrate-containing structures.

The small number of cases for which the monosaccharide-
amino acid covalent linkage cannot be described using established
rules (Spiro 2002) were verified by confirming both glycosylation
linkage and the stereo specificity with the structure publication
and supporting experimental data (i.e., experimental electron
density map). For example, glycosylation on arginine by B-D-
GlepNAc (NAG) was not discussed in the Spirio’s influential review
(Spiro 2002) but was documented in a publication describing
PDB IDs 6ACO and 6ACS (Ding et al. 2019). The 1.45 A
resolution experimental electron density map for PDB ID 6ACS
shows clear evidence as to the identity of the monosaccharide
and the stereo-specificity of its connection to ARG. Once a
monosaccharide-amino acid covalent linkage at the glycosylation
site is verified in a new PDB structure, it is then considered
valid for all similar structures deposited thereafter, even in cases
wherein unambiguous supporting experimental data are lacking.
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Following this procedure, monosaccharide-amino acid covalent
linkages for N-glycosylation, O-glycosylation and C-mannosylation

ligands to branched entities consisting of connected monosaccha-
rides. BIRD definitions include trivial/common name, systematic

were identified and classified (Supplementary Table SII). C-mannosylation name, list of sequence components/monosaccharides in the poly-

was observed in 16 PDB structures (e.g., PDB ID 6RUR) (Pedersen
et al. 2019) and S-glycosylation was detected in six PDB structures
(e.g., PDB ID 2MI]J) (Stepper et al. 2011; Garcia De Gonzalo et al.
2014).

Other types of glycosylation through a third or fourth monosac-
charide component of an oligosaccharide with amino acids were
also reviewed. For the avoidance of doubt, P-glycosylation through
phosphate was not detected in any existing PDB structures. It was
previously thought that glypiation through glycophosphatidylinosi-
tol (GPI) and ethanolamine was present in PDB IDs 5GJV and 5GJW
(Wu et al. 2016). Upon further review of the electron density map,
the evidence for covalent bonds to ethanolamine was deemed to be
equivocal. Neither PDB ID was annotated as an example of glypiation
during the remediation.

Detected glycosylation types for N-glycosylation, O-glycosylation,
C-mannosylation and S-glycosylation were explicitly annotated in
_struct_conn.pdbx_role using a controlled vocabulary. Glycosylation
bond lengths have also been reviewed during this remediation. For
example, among ~7000 PDB structures, the average length of C-
N bonds between C1 of B-D-GlcpNAc (NAG) and ND2 of ASN
was ~1.45 A (SD ~0.05 A). Bond lengths for the four types of
amino acid glycosylation are enumerated in Table II. Although
most of the observed glycosylation bonds in PDB structures fall
within reasonable ranges, uncertainties in atomic positions in lower
resolution MX structures made it difficult to confirm glycosylation
linkages for some PDB structures, particularly those deposited to
the archive before 2000. Annotation of glycosylation sites for lower
resolution MX structures was based on the existing monosaccharide—
amino acid covalent linkages recorded in struct_conn verified by
depositors at the time of deposition and biocuration. For more
recent PDB depositions, the RCSB PDB MAcromolecular Exchange
and Input Tool (MAXIT) software (Feng 1996) automatically
detects glycosylation linkages when the interatomic distance between
the designated monosaccharide and an amino acids fall within a
generously allowed range that encompasses 99% of observed bond
lengths as specified in Table II. We note that most of the more recently
deposited carbohydrate structures have chemically reasonable
glycosylation bond lengths. We believe that this finding reflects
the following: (i) better resolution of MX structures determined
from cryogenically preserved samples; (ii) improvements in structure
refinement programs that apply geometrically optimized restraints
on saccharide conformers and glycosylation bonds (Lebedev et al.
2012; Agirre 2017) and (iii) wwPDB OneDep validation software
identification of incorrect stereoisomers or improper glycosidic
bonds corrected during OneDep structure deposition, validation
and biocuration (Gore et al. 2017; Feng et al. 2021).

Biologically interesting molecules

The BIRD (Dutta et al. 2014) was originally created to remediate pep-
tide inhibitors and antibiotics to provide both polymeric and single
ligand information regarding sequence, chemistry, biology and struc-
ture of small molecules composed of multiple CCD components. The
BIRD enables Findability of oligopeptides, etc., which are present in
the PDB archive. As part of the carbohydrate remediation, the BIRD
was extended to include oligosaccharides that are frequently referred
to by a common name (e.g., maltose, sucrose, lactose and raffinose).
Representation of these oligosaccharides was changed from single

mer/branched entity, connectivity of these sequence components/-
monosaccharides, chemical formula, SMILES and InChI chemical
descriptors of the oligosaccharide and molecular function.

In aggregate, 134 new BIRD definitions for common oligosac-
charides were created during this remediation. Dual representation
of oligosaccharides in both oligomeric (branched entity) and sin-
gle ligand forms present in the BIRD occurs in 130 PDB struc-
tures (e.g., see B-lactose case illustrated in Figure 5). A branched
entity consisting of two constituent monosaccharide components
(with chemical formula and molecular weight) was adopted as the
remediated BIRD definition (ID PRD_900004) of this disaccharide.
Several cyclic oligosaccharides in the PDB are also represented in
BIRD. PRD_900015 is the shortest alpha-cyclodextrin in the PDB,
consisting of six «-D-Glcp (GLC) residues (Figure 5). Another class of
BIRD molecule constituent encompasses the 20 blood group antigen
terminal patterned oligosaccharides synthesized for binding studies
with specific target proteins (Supplementary Table SIII). Lewis Y
antigen (BIRD ID PRD_9000135) is depicted in Figure 5 to exemplify
how blood group antigens are now managed in the PDB.

wwPDB validation report enhancement for
carbohydrates

The growing number of PDB structures containing carbohydrates
has increased awareness of the saccharide components (Agirre 2017;
Varki 2017b; de Meirelles et al. 2020). wwPDB validation reports
(Gore et al. 2017) have been enhanced to enable quality assessment
for carbohydrates in PDB structures. Each oligosaccharide present in
a branched entity is listed with both systematic name and 2D SNFG
image. Residue-property plots for quality assessment at the branched
entity chain level are provided for each oligosaccharide instance,
with geometrical quality assessments computed at the residue level.
Visualization of oligosaccharide validation (2D diagrams highlight-
ing geometric validation criteria) and, for MX structures, 3D views
of electron density maps and atomic model fit to experimental data
are included (Feng et al. 2021).

Remediation outcomes for oligosaccharide-containing
PDB structures

During remediation, 13,584 oligosaccharides were identified and
converted to branched entities in 8282 PDB structures. Among these
13,584 oligosaccharide entities were 1706 unique oligosaccharides,
including glycan conjugates, carbohydrate metabolites, heparin
fragments, analogs of naturally occurring carbohydrates, and
cyclodextrins. Tables III and IV provide breakdowns in terms of
oligosaccharide size, type and branching. The longest oligosaccharide
currently present in the PDB archive is a 36-mer heparin (PDB
ID 3IRL) (Khan et al. 2010). The largest cyclic oligosaccharide
is a 26-mer cycloamylose (PDB ID 1C58) (Gessler et al. 1999).
Supplementary Table SIV  lists the oligosaccharides commonly
observed in the PDB. The most abundant oligosaccharides in the PDB
are fragments of N-glycosylation glycans, such as the disaccharide
DGIlcpNAcb1-4DGlepNAcb1 (Glycam Condensed Sequence of 1-4
linked B-D-GlcpNAc [NAG]) found in 3124 PDB structures, the
trisaccharide DManpb1-4DGlcpNAcb1-4DGlcpNAcbl (in 1056
PDB structures) and the pentasaccharide DManpal-3[DManpal-
6]DManpb1-4DGlcpNAcb1-4DGIlcpNAcb1 (in 431 PDB structures).
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Fig. 5. Examples of different classes of BIRD molecules: B-Lactose, a well-known linear oligosaccharide; Lewis Y antigen, a blood group antigen; Fondaparinux, a
US Food and Drug Administration-approved heparin-like anticoagulant drug; a-cyclodextrin, a cyclic oligosaccharide. Two graphical representations are provided
for each example, including 2D SNFG diagram of connected monosaccharides (as branched entity) and the chemical structure (as a single ligand).

These saccharides are all part of N-glycan cores (Varki 2017a). They
were observed at different levels of completeness depending on the
quality of experimental data used for structure determination. The
reducing end B-D-GlcpNAc (NAG) is typically well visualized in
experimental electron density maps (for MX structures) or in electric
potential maps (for 3DEM structures) due to covalent linkage with

the glycosylated protein. The longer the distance from the reducing
end, the more flexible monosaccharides typically become, making
them more difficult to discern from the experimental data.

The longest complex-type N-glycan represented in the PDB
(as of July 2020) was a 16-mer oligosaccharide (PDB ID 5T3X,
Figure 3) (Gristick et al. 2016). This glycosylated HIV-1 envelope
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Table lll. Carbohydrates in the PDB grouped by size (monosaccharide counts). These 13,584 oligosaccharides occur in 8,282 PDB entries

Size of oligosaccharide (# of monosaccharides) 2 3 4 N 6 7 8 9 10 11+
# of oligosaccharide instances 5763 2973 1600 1183 788 566 322 203 125 61
# of unique oligosaccharides 340 290 255 221 217 150 104 59 31 39

Table IV. Carbohydrates in the PDB grouped by type and number of branches as of July 2020. These 13,584 oligosaccharides occur in 8,282

PDB entries

Types Cyclic Noncyclic

# of branches 0 1 0 1 2 3 4 5
# of oligosaccharide instances 85 2 9880 2648 877 84 5 3
# of unique oligosaccharides 12 2 971 454 220 40 5

glycoprotein trimer contains three proteins plus 18 oligosaccharide
chains with 113 monosaccharide components. Previously, identifying
each oligosaccharide and its monosaccharide components from
inconsistent representation of carbohydrates in this atomic coor-
dinate file was challenging, to say the least. Following remediation,
each of the 18 oligosaccharide branched entities is labeled with
a unique chain id (auth_asym_id) and is consistently represented.
PDB data consumers can now unambiguously identify and examine
each oligosaccharide and its monosaccharide components. Some
PDB structures contain large numbers of oligosaccharides attached
to many polypeptide chains. For example, PDB ID 5SZS (Walls
et al. 2016) contains 62 oligosaccharide chains attached to 3 N-
glycosylated protein chains at glycosylation sites; PDB IDs 6CDE
and 6CDI (Xu et al. 2018) each have 51 oligosaccharide chains
attached to 6 N-glycosylated protein chains and PDB ID 4YD9
(Gai et al. 2015) contains 50 oligosaccharide chains attached to
20 N-glycosylated protein chains. Before introduction of branched
entities and proper biocuration of glycosylation types, it was difficult
to find a specific glycan and its glycosylation site. Now PDB data
consumers can easily identify the glycan-linked proteins and the
composition of each glycan. Supplementary Table SV exemplifies the
glycan sequence patterns observed at the glycosylation sites in the
PDB.

As of December 2020, 163 structures of SARS-Cov-2 proteins
with bound carbohydrates were present in the PDB archive; 32 were
remediated in July 2020. The remainder were processed with an
updated version of the wwPDB global OneDep system for deposition,
validation and biocuration (Gore et al. 2017; Young et al. 2017;
Young et al. 2018) that generated consistent branched entity repre-
sentations. Following this remediation, complete chemical descrip-
tions of the oligosaccharides present in SARS-CoV-2 spike glycopro-
tein structures (e.g., PDB IDs 6 WPS) (Pinto et al. 2020) and 6XCM
(Ramirez et al. 2019) ensure that users are able to fully appreciate
how this target of antibodies is decorated with carbohydrates and
how some of the bound sugars shield polypeptide chain epitopes from
the host immune system.

Discussion

All carbohydrates (occurring in ~14,000 structures) present in
the PDB archive have been remediated to a common biocuration
standard using a uniform representation that follows IUPAC
recommendations. Once all 1040 monosaccharide components were

correctly classified, their atoms correctly named and chemistry
consistently defined in the CCD, ~13,500 oligosaccharide instances
could be organized into uniformly represented branched entities
with explicit mapping between the constituents of the branched
entity and the atomic coordinates. In addition, 134 BIRD definitions
were created to provide alternative representations of branched
oligosaccharides and chemical descriptions of carbohydrates present
in 2059 PDB structures. Uniform representation of carbohydrates
in the PDB now ensures that every carbohydrate-containing
structure is properly validated and biocurated. Introduction of the
branched entity biopolymer for carbohydrates now ensures that
their biochemical composition and structural organization are fully
and accurately described in the structure data files stored in the
PDB.
Remediation rendered carbohydrate data in the PDB archive:

(1) Findable: Every unique monosaccharide has a unique chemical
name and symbol with its own CCD code and every oligosac-
charide has its own systematic name and linear descriptor with
explicit enumeration and connectivity of monosaccharide com-
ponents.

(2) Accessible: Multiple styles for monosaccharide and oligosaccha-
ride identifiers have been adopted to make them both human and
machine readable.

(3) Interoperable: This remediation adopted IUPAC recommenda-
tions, suggestions from community experts and community-
accepted descriptors, thereby strengthening carbohydrate data
exchange and interpretation.

(4) Reusable: Reference data have been reviewed for accuracy, and
the schema for defining carbohydrates in the PDB is publicly
available.

The new PDBx/mmCIF data standards introduced for carbohy-
drates are fully extensible. For example, should there be a new type
of linear descriptor for oligosaccharides that is broadly accepted and
its use recommended by community experts, it can be easily added.
PDBx/mmCIF is also flexible, permitting facile extension to include
new types of glycosylation within the controlled vocabulary of the
dictionary and wwPDB biocuration processes. Uniform representa-
tion of carbohydrates across the archive enables large-scale structural
bioinformatics studies of carbohydrates by PDB data consumers for
the first time. Historically, significant postprocessing of PDB data
was required to enable identification of carbohydrate-containing
structures.
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One caveat that PDB data consumers should be aware of is the
accuracy of atomic coordinates for some carbohydrates represented
in the PDB, particularly in regions of structures that were not well
resolved during structure determination. In PDB ID 1BSF (Frazao
et al. 1999), for example, the glycan sequence attached to ASN-257
of chain D was previously modeled with a-D-Manp (MAN) con-
nected to the second B-GlcpNAc (NAG) from the glycosylation site.
Remediation revealed that the atomic coordinates for the mannose
moiety should have been built into the electron density map as g-D-
Manp (BMA) (Frazao et al. 1999). During remediation, its chemical
identity was updated from «-D-Manp (MAN) to 8-D-Manp (BMA),
and a caveat record was added to the structure data file warning that
the anomeric configuration in the atomic coordinates is incorrect.
Although we have attempted to identify and annotate such cases dur-
ing the remediation, resource constraints made it impossible for us to
verify every case at the atomic level due to lack of experimental data
and/or publication references or resource limitations. Significantly
improved management of carbohydrate containing structures during
the wwPDB deposition, validation and biocuration process with the
OneDep system will help ensure that few, if any, incorrect structures
become part of the PDB archive going forward.

Some
carbohydrate-containing compounds represented in the PDB were
not addressed during this oligosaccharide-focused remediation.
Heavily modified saccharides, for example, are treated as nonsaccha-
ride ligands. Two common examples of such ligands are detergents
with saccharide headpieces (e.g., 1,2-distearoyl-monogalactosyl-
diglyceride; CCD ID LMG) and saccharide-carrier complexes (e.g.,
UDP-glucose; CCD ID UPG). Carbohydrate-containing compounds
with nonstandard or noncontinuous glycosidic bonds were also
excluded from remediation. For example, the commonly used
antibiotic erythromycin A (CCD ID ERY) consists of a macrolide
connecting two monosaccharides. Due to the complexity of
such compounds, branched entity representation was deemed
inappropriate. A better representation for such cases may be
developed in the future, resources permitting.

Materials and methods

Remediation software tools

Since 2014, the wwPDB OneDep software system has supported
web-based one-structure-at-a-time deposition (Young et al. 2017),
validation (Gore et al. 2017; Smart et al. 2018a) and biocuration
(Young et al. 2018), using an OneDep Workflow system that manages
tasks within the data pipeline. The wwPDB supports data depositors
(structural biologists) regionally with OneDep server instances at
RCSB PDB (for the Americas and Oceania), PDBe (for Europe and
Africa) and PDBj (for Asia and the Middle East). OneDep also sup-
ports structure data file versioning and ensures quality/completeness
of incoming data (Shao et al. 2017; Smart et al. 2018b), benefiting
many millions of PDB data consumers around the world.

An important advantage of the OneDep system accrues from
inclusion of information regarding provenance. Each structure data
file is audited and versioned whenever it is updated, ensuring that
changes can be easily tracked and/or reverted. Another critical advan-
tage of OneDep is enforcement of consistent biocuration practices
across all wwPDB data centers by underlying backend software
known as MAXIT (Feng 1996). The inhouse-developed MAXIT
software suite was updated at the start of this remediation to identify
carbohydrate components, standardize nomenclature according to

the CCD and provide branched entity representation in a batch mode
at RCSB PDB initially for data review.

Community engagement

Before carbohydrate data remediation began, requirements were set
in consultation with glycoscience community experts. Workshops
(e.g., ITUPAC Joint Commission on Biochemical Nomenclature task
force), professional society meetings and email communication with
knowledgeable individuals were all used to solicit input. Consen-
sus recommendations were as follows: standardizing nomenclature
following ITUPAC-ITUBMB recommendations, making representation
uniform so that glycosylation sites are findable, treating oligosac-
charides as distinct entities and incorporating linear descriptors in
common use by the glycoscience community. With the benefit of
community feedback, a new PDBx/mmCIF data model for repre-
senting oligosaccharides (i.e., the branched entity) was proposed to
the wwPDB PDBx/mmCIF Working Group and 3D visualization
software developers for feedback in October 2018. In addition,
we collaborated with the glycoscience community to incorporate
their software for generating linear descriptors for oligosaccharides
in Condensed TUPAC, WURCS and LINUCS formats. Once the
new carbohydrate data model was finalized and defined in the
PDBx/mmCIF dictionary, the MAXIT software tool was modified
to provide uniform carbohydrate representation. Various example
files of branched entity representations and CCD descriptors for
monosaccharides were then provided via a public GitHub site for
community review and incorporation into external software tools
more than 6 months before the rollout of the remediated data. In
parallel, plans for the remediation project were broadly dissemi-
nated using community mailing lists (structural biology, glycoscience
and community software developers) at professional society meet-
ings (e.g., Carbohydrates Gordon Research Conference, International
Carbohydrate Symposium, American Crystallographic Association
and American Society for Biochemistry and Molecular Biology) and
were advertised on the wwPDB website (https:/www.wwpdb.org/
documentation/carbohydrate-remediation) and social media.

Remediation procedures

Remediation scripts were developed at RCSB PDB and shared with
wwPDB partners. The scripts were then modified to conform to
the setup at PDBe and PDBj. Each wwPDB data center ran these
scripts for all relevant structures that were previously deposited and
processed. The scripts read PDBx/mmCIF atomic coordinate files for
each structure from OneDep, standardized nomenclature, generated
branched representations, used community software to generate lin-
ear descriptors and then copied updated files back to OneDep with a
new audit revision history and version number. Remediated files were
then shared among wwPDB partners for quality assurance. Once the
remediated data files were checked and any errors corrected, they
were moved into to the public PDB archive. Announcements of these
changes were broadcast to MX, NMR, 3DEM and PDB user commu-
nities. A public version of MAXIT software version 11+ was made
available for download at the time of the carbohydrate remediation
rollout (https://sw-tools.rcsb.org/apps/MAXIT/index.html).

Supplementary data

Supplementary data for this article are available online at http://
glycob.oxfordjournals.org/.
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