Updated restraint dictionaries and
automated model building of pyranose

carbohydrates

Mihaela Atanasova

Doctor of Philosophy

University of York

Chemistry

September 2022



Abstract

Carbohydrates are essential biomolecules, which facilitate biological processes involving
other biomolecules, notably proteins. But, as opposed to proteins, carbohydrates can have
complex stereochemistry, multiple native forms, polymeric branching and tight
conformational preferences. The Protein Data Bank (PDB) has been shown to contain
numerous errors in carbohydrate structures determined with X-ray crystallography or
electron cryo-microscopy. This is partly because the software aimed at solving carbohydrate
structures have yet to become as featureful as their protein counterparts. The aim of this
thesis is to better understand the problems affecting carbohydrate structures in the PDB and
develop software methods to address those. Following the analysis in the first chapter (also
in Atanasova et al., 2020), two areas were targeted for improvement - model refinement and

automated model building.

Refinement software uses dictionaries with chemical geometry data about molecules, such
as bond lengths and angles, that can be used when the X-ray crystallography or electron
cryo-microscopy data are unclear. However, carbohydrate dictionaries have been reported to
contain errors that have led to incorrect structures. The aim of the work reported on the
second chapter was to introduce a completely new set of restraint dictionaries that correct
these errors and add new unimodal torsion restraints. These allowed for carbohydrate
conformation to be fixed automatically, as evidenced by the results presented here (also in
Atanasova et al., 2022).

Finally, a new method for building N-glycans into electron density/potential maps was
explored. This new software, called Sails, uses fingerprint-assisted detection: it relies on a
database of monosaccharide fingerprints, which it uses to scan a map and locate sugars.
The method was found to be moderately successful at detecting monosaccharides at
medium to high resolution, showing most hits at the beginning of N-glycans — this opens the

door to the extension of the glycan chain by other approaches.
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List of Tables

Table 3.1. Protocols for generation of the fingerprints in Sails’ internal database.
Column legend: ‘Sugar’ is the three-letter CCD component ID assigned to each
monosaccharide; ‘PDB’ is the PDB codes for the structures used to generate the
fingerprints; ‘Resolution’ is the resolution in A; ‘Number of monosaccharides’ is
the number of copies of the monosaccharide being fingerprinted in the structure;
‘Mask radius’ and ‘Map radius’ are the values for these properties used as input
for Sails’ fingerprinting tool; mask radius controls how spread out the negative
probe points are and map radius controls the radius of the map used for
fingerprinting. All structures used for fingerprinting were determined using X-ray

crystallography.

Table 3.2. PDB codes of structures used for testing Sails. Column legend: ‘the
X-ray crystallography’ columns contain PDB codes of structures originally
determined with X-ray crystallography; ‘High resolution’ contains structures in the
0-1.50 A resolution range, ‘Medium resolution’ - in the 1.51 - 2.50 A resolution
range and ‘Low resolution’ - in the 2.51 - 4.00 resolution range; the ‘Electron
cryo-microscopy’ column contains PDB codes of structures originally determined
with cryo-EM in the 2.50 - 4.00 A resolution range; ‘PDB’ refers to the pdb code
of the structure being modelled; ‘RsIn’ is the resolution in A; ‘No.” is number of

monosaccharides the structure contains.

Table 3.3. Percentages of correctly identified monosaccharides by Sails at
different resolution ranges. ‘High resolution’ are structures in the 0-1.50 A
resolution range, ‘Medium resolution’ - in the 1.51 - 2.50 A resolution range and
‘Low resolution” - in the 251 - 4.00 resolution range; the ‘Electron

cryo-microscopy’ structures are in the 2.50 - 4.00 A resolution range.

Table A.1. validation results for all the produced conformers as calculated by
Privateer. Column legend: 'CCD' is the three-letter code assigned by the CCD; the
Cremer-Pople parameters (Cremer and Pople 1975a), named 'Q’, 'Phi' and 'Theta'
describe pyranose ring conformation (denoted as 'Cnf' here), with 'Phi' and 'Theta’
describing what atoms move away from the average ring plane, and 'Q' (termed
'total puckering amplitude' by Cremer & Pople, measured in A?) dictating by how
much; 'Detected type' describes the monosaccharide in terms of anomeric form,

absolute stereochemistry, position of the carbonyl group (aldose or ketose) and
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https://paperpile.com/c/xhTt6Z/uzYFG

ring shape (all pyranose in this study); 'Ok?' presents the result of Privateer's
tri-state validation diagnosis, as introduced in the main text; Lastly, 'name’ is the

full IUPAC name of the monosaccharide.



List of Figures

Figure 1.1. D-Fructose in linear and cyclic forms. The oxygen shown in orange
performs a nucleophilic attack on the ketone to form the furanose forms shown on
the left. The oxygen shown in green does the same to form the pyranose forms
shown on the right. As the ketone group is planar, the nucleophilic attack can
happen from either above or below. This allows for the formation of the different

anomeric forms. Adapted from (Agirre 2017).

Figure 1.2. Possible conformation itineraries for furanoses (left) and pyranoses
(right). Furanoses always exhibit some strain, while pyranoses can have very low

energy when in chair form. Adapted from (Agirre 2017).

Figure 1.3. Example of a glycosidic bond between a B-D-fructopyranose and an
a-D-glucopyranose. (a) The leaving group on the reducing end is shown in grey.
(b). The bond between the anomeric carbon with B configuration and the hydroxyl
group on the fourth carbon (C4) is called a f1-4 bond. Reproduced from (Agirre
2017).

Figure 1.4. Comparison of glycan features in electron density maps over a range of
resolutions. (A-C) Electron Density maps obtained with X-Ray crystallography,
(D-F) Electronic potential maps obtained with cryo-EM; PDB codes and data
resolution have been annotated directly on the figure. In the MX cases (A-C), at
high resolution it is possible to identify monosaccharides and their ring
conformation from the density map; at medium resolution, ring conformation
becomes difficult to determine, whereas at low resolution, and indeed with many
cryo-EM maps (D-F), a modelled glycan should always be backed by prior
glyco-chemical knowledge. X-ray map types are 2mFo-DFc, the maps were
generated with Privateer; sigma levels: (A) 1.5 o; (B) 1.0 o; (C) 1.0 0. Cryo-EM
contour levels as suggested by depositors: (D) 0.08; (E) 0.015; (F) 5.0.

Figure 1.5. Results from a test of the N-glycosylation building tool in Coot (Paul
Emsley and Crispin 2018). The diagrams in SNFG format show the expected
glycoforms and the subsets Coot was able to build automatically, while the third
row of pictures shows how the maps looked like in each example. Reproduced
from (Paul Emsley and Crispin 2018) with permission of the International Union of

Crystallography.
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Figure 1.6. Pyranose ring conformations vs resolution for all sugars part of N-linked
glycoproteins determined with (A) X-ray crystallography or (B) electron
cryo-microscopy in the PDB by April 2019. E/H: Envelopes and Half-chairs, B/S:
Boats and Skew-boats. Wavy lines denote the main ring plane. For reasons of
clarity, half-chair, skew-boat and envelope were omitted from the axes at 6=45°,
0=90° and 8=135° respectively. Percentage of sugars in non-chair conformations is
shown for resolution ranges 0.0-6.0 A and 6.01-10.0 A.

Figure 1.7. 3D SNFG glycan representation comparison of PDB code 4BYH in
selected software: (A) CCP4mg (Stuart McNicholas et al. 2018) with Glycoblocks
(Stuart McNicholas and Agirre 2017), (B) VMD (Thieker et al. 2016) and (C)
LiteMol (Sehnal and Grant 2019).

Figure 2.1. A view of the patched torsion section in a CIF restraint restraint
dictionary entry. This is an extract of the new CCP4 restraint dictionary entry for
N-acetyl-3-D-glucosamine, GIcNAc, which is represented in the PDB database as
'NAG'. The new dictionaries distinguish ring torsion angles (prepended by 'ring_')
from the rest (‘tors_'") so they can be activated separately to keep a low-energy ring
pucker. Older CCP4 dictionaries had no separation between ring (unimodal) and
rest of the torsions (periodicity 2, 3 or 6), and had a uniform uncertainty of 20.0°.
Six decimal places — completely beyond the precision of even the
highest-resolution structures — are used for the value of the torsion angle for
reasons of compatibility with existing software. This should be changed in future,

as a single decimal place would be enough.

Figure 2.2. Carbohydrate restraint dictionary entries generated with AceDRG. (A)
a-D-glucose in *C, conformation,

(B) 3,4,5-trideoxy-a-D-erythro-oct-3-en-2-ulopyranosonic acid in °Hy conformation,
(C) a-L-fucose in 'C, conformation and (D) N-acetyl-a-neuraminic acid (sialic acid)
in 'C, conformation. This figure was produced with CCP4mg (S. McNicholas et al.
2011).

Figure 2.3. Numbers of sugars diagnosed by Privateer as 'check’, 'no' and 'yes'
before and after refinement. A set of structures from the Protein Data Bank were
refined with the CCP4-ML dictionaries, new dictionaries generated by AceDRG,
and the new dictionaries with unimodal torsion restraints activated. From left to

right, the coloured bars represent the number of sugars before refinement (grey);
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the number of analysed sugars after refinement with the CCP4-ML dictionaries
(red); after refinement with the new updated dictionaries (blue); and after
refinement with the new dictionaries with activated unimodal torsion restraints
(yellow). (A) shows all analysed pyranosides; (B) only includes pyranosides that

were diagnosed with 'check’ or 'no' for at least one protocol.

Figure 2.4. Refinement with the new dictionaries and unimodal torsion restraints
leads to fewer unlikely carbohydrate conformations. (A) Sugars part of
N/O-glycosylation; (B) Other sugars. 6 vs ¢ plot for D-sugars (blue circles) and
L-sugars (yellow triangles) — see Discussion for a description of 6 and the
Cremer-Pople parameters. D-sugars usually adopt the “C, conformation with 8 =
0°; L-sugars normally adopt 'C, conformation with 6 =180°. Use of the new
unimodal torsion restraints (top) shows fewer deviations from these values. The
PDB codes corresponding to entries discussed in Figures 5 and 6 are labelled. The
number of sugars in high energy conformations (according to Privateer) is shown in
the bottom right corner of each plot. Resolution ranges contain equal numbers of
sugars (1,668 each). High resolution is 0.9 to 1.8 A, medium resolution is 1.8 to 1.9

A and low resolution is 1.9 to 2 A.

Figure 2.5. Sugars in unusual conformations after refinement with the new
dictionaries with unimodal torsion restraints. (A) BMA-B-3 from PDB ID 5JUG (Y.
Jin et al. 2016); (B) SIA-A-522 from PDB ID 6HGO (Salinger, M.T., Hobbs, J.R.,
Murray, J.W., Laver, W.G., Kuhn, P., Garman, E.F., n.d.); (C) NAG-E-1 from PDB ID
507U (Tobola et al. 2018); (D) GLC-C-1 from PDB ID 5UPM (Pluvinage et al.
2017). These sugars appear as outliers in Figure 4(B). They remain in high-energy
conformations after refinement, but have high RSCC. This figure was produced
with CCP4mg (S. McNicholas et al. 2011). Map types are 2Fo-Fc, displayed at 10

contour level with a sampling rate of 0.5.

Figure 2.6. Change in conformation and real-space correlation coefficient (RSCC)
after refinement. (A) Sugar in a 'S; conformation after refinement with its old
CCP4-ML restraint dictionary entry (Figure 2.4A, bottom middle panel). (B) The
conformation of the sugar has been changed to the minimal energy conformation
after refinement with the updated restraint dictionary entry and unimodal torsion
restraints and the RSCC has increased (Figure 2.4A, top middle panel); the sugar
in (A) and (B) is MAN-Q-4 from PDB ID 4UOOQ (Devi et al. 2015) at 1.90 A

resolution, mean B value 34 AZ. (C) Sugar in a 2S, conformation after refinement
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with its old CCP4-ML restraint dictionary entry (Figure 2.4A, bottom middle panel).
(D) The minimal energy conformation of the sugar after refinement with the new
restraint dictionary entry and unimodal torsion restraints; RSCC has decreased
(Figure 2.4A, top middle panel). The sugar in (C) and (D) is BMA-P-3 from PDB ID
411C (Suzuki et al. 2013) at 1.90 A resolution, mean B value 18 A% This figure was
produced with CCP4mg (S. McNicholas et al. 2011). Map types are 2Fo-Fc,

displayed at 10 contour level with a sampling rate of 0.5.

Figure 3.1. A set of fingerprints generated with Sails. Positive probe points are
placed on the atoms and negative probe points are placed in the voids. (A)
N-acetyl-B-D-glucosamine (NAG), (B) B-D-mannose (BMA), (C) a-D-mannose
(MAN), (D) a-D-glucose (GLC). All monosaccharides depicted are in *“C,
conformation. Map types are 2Fo-Fc, displayed at 10 contour level with a sampling
rate of 0.5. This figure was produced with CCP4mg (S. McNicholas et al. 2011).

Figure 3.2. Monosaccharides built by Sails at different resolutions before
refinement (left) and after refinement with Coot's Real Space Refinement using
the new carbohydrate dictionaries with unimodal torsion restraints (right). (A)
N-acetyl-B-D-glucosamine (NAG) built at 1.20 A resolution; PDB entry 1E4M
(Burmeister et al. 2000) determined with X-ray crystallography. (B) a-D-mannose
(MAN) built at 1.95 A resolution; PDB entry 5FJI (Agirre et al. 2016) determined
with X-ray crystallography. (C) NAG built at 2.2 A resolution; PDB entry 5JU6
(Gudmundsson et al. 2016) determined with X-ray crystallography. (D) NAG built
at 3.5 A resolution; PDB entry 6NB3 (Walls et al. 2019) determined with electron
cryo-microscopy. Map types for the X-ray crystallography structures (A-C) are
2Fo-Fc, displayed at 10 contour level with a sampling rate of 0.5. Cryo-EM maps
in (D) displayed at contour level 1. This figure was produced with CCP4mg (S.
McNicholas et al. 2011).

Figure 3.3. Percentage of monosaccharides part of N-glycan trees detected
correctly by the Sails software vs resolution (A); structures deposited in the PDB
were used for comparison. The number of monosaccharides detected by Sails was
obtained by inspecting the structures visually in Coot. The number of
monosaccharides in PDB structures was obtained with Privateer. Left: all
monosaccharides detected in N-glycan trees; right: N-acetyl-D-glucosamine

residues detected at the beginning of N-glycan trees.
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Figure 3.4. Examples of different types of N-glycans shown using the Symbol
Nomenclature for Glycans. The greek letters and numbers show the N-glycan
linkages naming. (A) High mannose from PDB entry 5FJJ (Agirre et al. 2016). (B)
Plant glycan from PDB entry 5A0G (Nnamchi et al. 2016). (C) Antibody glycan
from PDB entry 3SGK (Ferrara et al. 2011). (D) Mammalian glycan from PDB entry
5AJM (Xiong et al. 2014). (E) Antibody glycan from PDB entry 5BYH (Yang et al.
2015). This figure was produced with Privateer.

Figure A.1. Distribution of changes in R, Riee, and the R-factor gap Ryoi-Riree-
Black lines indicate the origin, and red dashed lines the median. The horizontal
axis is truncated to the region of interest. Using the new dictionaries increases R,
while Rje is unchanged. As a result the R-factor gap is reduced indicating less
overfitting in refinement. This effect is further strengthened, if to a lesser degree,

when also including additional unimodal torsion restraints.

Figure A.2. There is a slight decrease in RSCC for sugars involved in N/O
glycosylation after refinement with the new dictionaries, regardless of the use of

LT

unimodal torsion restraints. The sugars are marked as “yes”, “no”, and “check”
based on their validation after refinement with the protocol on the vertical axis. The
horizontal axis is truncated to the region of interest. In (A) and (B) black lines

indicate the origin, and red dashed lines the median.

Figure A.3. There is a slight decrease in RSCC for ligand sugars after refinement
with the new dictionaries, regardless of the use of unimodal torsion restraints. We
observe a bias in the distribution of outliers: a few isolated cases appear to achieve
higher RSCC with the old dictionaries (C), while the same is true for the new
dictionaries with torsions versus those without (D). These outliers are cases similar
to that discussed in Figure 5. The sugars are marked as “yes”, “no”, and “check”
based on their validation after refinement with the protocol on the vertical axis. The
horizontal axis is truncated to the region of interest. In (A) and (B) black lines

indicate the origin, and red dashed lines the median.

Figure A.4. Distribution of changes in B-factor. The horizontal axis is truncated to
the region of interest. Black lines indicate the origin, and red dashed lines the
median. (A) Sugars that are part of N/O-glycosylation; (B) Ligands. There is a slight
decrease in B-factor after refinement with the new dictionaries, and a further

decrease when unimodal torsion restraints are used.
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Chapter 1

Introduction

1.1 Aims and Overview

The general aim of this thesis was to identify problems with deposited carbohydrate
structures, relate those to shortcomings in existing methodology, and target certain areas to
improve the software tools available for carbohydrate model building and refinement.
Currently there are few options for automated model building, and they have limitations.
However, protein and nucleic acid model building has been very well developed and can be

used as inspiration for carbohydrate model building.

Chapter 1 is an introduction into the scientific background of this thesis. It also includes the
published article “Structural glycobiology in the age of electron cryo-microscopy”. This paper
contains quality analysis of the carbohydrates found in the Protein Data Bank (PDB). Most
potential issues can be detected with the Privateer carbohydrate validation software,
developed in our team. The structures in the PDB were shown to contain a great proportion
of carbohydrates in high-energy conformation, in defiance of glyco-chemical knowledge (also
in Atanasova et al., 2020). This shows the necessity of improving carbohydrate software

tools.

Chapter 2 consists of the published article: “Updated restraint dictionaries for carbohydrates
in the pyranose form”. The aim of the paper is to correct the errors found in multiple restraint
dictionaries of carbohydrates. After generating correct ones, the dictionaries can be
improved by adding the possibility of using unimodal torsion restraints to enforce sugar
conformation. It is also vital to test the new dictionaries extensively before they are added to
the CCP4 Monomer Library. The new dictionaries should improve carbohydrate refinement,
which is necessary for the model building presented in the third chapter (also in Atanasova
et al., 2022).

Chapter 3 is on automated carbohydrate model building. It is based on a method previously
described by (Kevin Cowtan 2014) for use in nucleic acid model building. However, the
method heavily relies on the availability of high quality re-refined structures of carbohydrates,
which is why the studies outlined in Chapter 2 are necessary. Chapter 3 is currently

unpublished.
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Appendix A contains the supplementary information for the article presented in Chapter 2,
“Updated restraint dictionaries for carbohydrates in the pyranose form”. The full names for all
monosaccharides in this thesis can be found in Table A.1 in Appendix A described by their

three-letter CCD component IDs

Appendix B contains the draft article “Analysis and validation of overall N-glycan
conformation in Privateer”. Appendix C contains the draft article “The CCP4 suite: integrative
software for macromolecular crystallography”. Both of these articles include contributions
made during this PhD.

1.2 Scientific background

Determining the 3D structure of proteins has been of scientific interest for decades since it
provides insight into many biological processes. There are numerous techniques used for
that, but the most common ones are X-ray crystallography and electron cryo-microscopy
(cryo-EM). X-ray crystallography is generally used for the solution of protein structures in the
50-100 kDa range, while cryo-EM is usually used for bigger proteins or protein complexes of

~100 kDa or more.

Both of these techniques have been used to determine multiple structures that have
contributed to understanding the mechanisms of diseases such as cancer, diabetes,
neurodegenerative disease and viral infection, in addition to determining structures with
various biotechnological applications. For example, X-ray crystallography has been used to
determine the structure of the HIV-1 protease, an enzyme involved in viral maturation. The
crystal structure of the HIV-1 protease has contributed to the development of protease
inhibitors, a class of drugs that has revolutionised the treatment of HIV/AIDS (Navia et al.
1989). Moreover, X-ray crystallography has improved our understanding of melanoma.
Melanoma patients often have mutations that enhance BRAF kinase activity, which
increases cancer cells proliferation and invasion. The structure of the BRAF kinase has been
used to design small molecule inhibitors for the treatment of melanoma (Xie et al. 2009).
Furthermore, determining the 3D structure of insulin gave insight into how it binds to its
receptor and activates signalling pathways that regulate glucose metabolism. This allowed
for the development of insulin analogues with various pharmacokinetic and

pharmacodynamic properties (Blundell et al. 1971).

This chapter discusses the scientific background of X-ray crystallography and cryo-EM.

Section 1.2.1 describes scattering, which is the underlying physical phenomenon of both
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x-ray crystallography and cryo-EM. Section 1.2.2 discusses X-ray crystallography. An
overview is given of the structure solution process, starting with data collection and ending
with deposition of the protein structure model in the PDB. Section 1.2.3 discusses cryo-EM,
including data collection and data processing. The large availability of protein structure
models has caused a surge in attempts to use artificial intelligence methods for protein
structure prediction from sequence data. Section 1.2.4 presents the most successful one,
called AlphaFold2.

However, despite the developments in protein structure determination techniques, the
structural methods for studying post-translational modifications still have a long way to go.
The interest in carbohydrates and glycosylation has been growing steadily, as there is now
evidence that they take part in just about every biological process in the human body and
many others. As such, the number of carbohydrate-containing structures has been
increasing in the PDB too. Carbohydrate structures can be determined with both X-ray
crystallography and cryo-EM and often the same software tools can be used with both
techniques. A brief overview of carbohydrates and their biological roles is given in Section

1.2.5. The software tools specific to carbohydrates are discussed in Section 1.2.6.

1.2.1 Scattering

Scattering is a physical phenomenon that describes the interaction of electromagnetic
radiation with matter and is the basis of multiple biophysical techniques. When a beam, such
as X-rays or electrons, is directed towards a sample it interacts with the atoms in the sample
and is scattered in a random direction. The scattering can be detected and analysed to gain
insights into the sample. Scattering can be coherent, which means that the scattered wave
has the same phase as the incident wave, or incoherent - where the phase is different.
Scattering can also be elastic, where the wavelength and kinetic energy of the wave remain
the same, or inelastic - where they are different. There are different combinations of the
types of scattering possible, eg. elastic coherent, inelastic coherent, etc. and they all have
various technological applications. The techniques described here will focus mainly on

elastic and coherent scattering.
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1.2.2 X-ray crystallography

X-ray crystallography is an experimental technique that uses the diffraction of X-rays from
atoms in a sample to determine the structure of a molecule. It can be used on small
molecules, as well as large biological molecules like proteins and nucleic acids. It has
contributed to the solution of close to 170,000 protein structures. This gives insight into
biological mechanisms and has led to the development of pharmaceuticals, as well as
multiple biotechnological applications. In order for this technique to be used on molecules,
the sample needs to be produced in the form of a single crystal. Ideally, the crystal structure
presents multiple perfectly ordered copies of the molecule, which can serve to amplify the
signal and thus give better information about the structure. When the waves are scattered by
atoms in adjacent crystal planes of the lattice, they interfere in phase which results in
diffraction. The molecule is also immobilised, which allows for a high resolution snapshot to
be obtained. In practice, crystal order is limited by several factors, such as crystal defects,
thermal motion of molecules and residual solvent. These lead to a reduced long-range order
in the crystal, which decreases the diffraction pattern's resolution. Also, having multiple

crystals attached to each other leads to noisy and difficult to interpret data.

When an X-ray beam is directed towards a crystal, the photons can excite the electrons into
vibrating with the frequency of the X-ray. The excited electrons then release the photon
causing coherent elastic scattering. The scattered waves from the multiple perfectly ordered
copies of the molecule interfere constructively or destructively, which is described by Bragg's
Law (1) (Brindley 1933).

nA = 2dsinb (1)

where A is the wavelength of the X-ray, n is a positive integer, d is the spacing between the
crystal planes, 6 is the incident angle. This results in a diffraction pattern, which can be
detected and analysed. However, there is also incoherent inelastic scattering which causes
damage to the molecule. This could lead to the atom becoming ionised or excited, which in
turn can lead to the creation of very reactive free radicals. Having many copies of the
molecule in a crystal ensures that there is still enough elastic coherent scattering to
compensate for the damage. The diffraction pattern produced is in reciprocal space, as

X-rays cannot be focused through a lens to invert them into real space.
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1.2.2.1 Data collection

X-rays are normally produced by accelerating electrons towards a metal (usually copper or
molybdenum) in a vacuum. The wavelengths used in crystallography are normally between
0.5 and 1.6 A. This is commensurate with bond lengths, so it can be used to study molecules
at resolutions where the individual atoms can be seen, typically with the exception of
hydrogens. Commonly, data are collected at synchrotron facilities, which produce very
intense X-rays, thus allowing for better data resolution. In synchrotrons, an electron beam is
accelerated around a circular track in a vacuum at over 99% of the speed of light. The
electron bunches are directed through magnetic fields, such as bending magnets or
multipole wigglers, which cause the electrons to change their angular momentum. This
change in angular momentum results in the emission of X-rays. However, once the X-rays
have been generated, they cannot be directly manipulated by magnetic fields. The X-ray
spectrum produced is continuous, therefore the whole range between 0.5 and 1.6 A can be
used for experiments, giving rise to a range of X-ray techniques ranging from small
molecular and macromolecular crystallography, collection of small-angle scattering, and

Mmicroscopy.

1.2.2.2 Data processing

While X-rays and visible light both propagate in space in the same way because they are
electromagnetic waves, X-rays interact with matter quite differently due to their much higher
frequency and photon intensity. Unlike visible light, which can be easily redirected using
lenses and mirrors, X-rays tend to initially enter and eventually get absorbed in most
materials without altering direction substantially. These beams produce a diffraction pattern

of dots when they touch a piece of film or another detector.

From the diffraction pattern, through the use of numerous software tools, an electron density
map of the molecule can be produced, and from there - a structural model. The two major
software suites for macromolecular crystallography are CCP4 (Winn et al. 2011a) and
Phenix (Liebschner et al. 2019). Each of these provides tools for the entire structure solution
process - from image processing, indexing, integration, scaling, density modification, through

building the molecular model, to refining and validating it.

In order to start processing the data, first, it is vital to determine the crystal symmetry. The
symmetry describes the way in which the molecules are packed in the crystal. It is defined

by the space group, which is the complete set of symmetry operations, eg. translations, in a
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crystal lattice. The resulting model must fit the determined symmetry, which must fit the
scattering. To determine the symmetry, each diffraction spot is indexed so that the Miller

indices and the unit cell can be determined.

While having correct symmetry is important for indexing X-ray diffraction images, errors in
indexing can still lead to inaccurate location of diffraction spots during integration. To obtain
accurate values, least-squares refinement is used, with two commonly used approaches.
The first, called positional refinement, optimises the fit between observed and calculated
spot coordinates on the image and is used in all integration programs. Positional refinement
can be done iteratively by comparing the experimental reflections with calculated reflections.
The second approach is post-refinement, which analyses the relative intensity of partially
recorded reflections across multiple images. Post-refinement can only be performed after the

intensities of the spots have been measured.

After refinement, each pixel, part of a reflection, is integrated. Integration is the process of
measuring the intensities of the diffraction spots. Integration can be done using two basic
methods: summation integration and profile fitting. Summation integration is when the
intensity is simply obtained by adding together the values for each pixel that forms a spot on
the image. However, accurately locating all the spots, identifying which pixels correspond to
which spots and accounting for non-zero background on the image due to detector noise can
be challenging and requires correct indexing. Profile fitting involves modelling the diffraction
profile of each reflection using a mathematical function, such as a Gaussian function, to
describe the intensity of the spot (Enzo et al. 1988). Also, the background noise is removed
which gives a clearer data set that simplifies the determination of the unit cell and from there

- the crystal symmetry.

The data obtained from integration programs are not uniform in scale due to various physical
errors. These factors include changes in incident radiation intensity, the volume of the crystal
being illuminated, anisotropic absorption of X-rays, radiation damage to the crystal and
non-uniformity of the detector response. To address these issues, scaling and merging are
necessary to model the changes that occur during the diffraction experiment (Powell 2017).

After scaling and merging, the amplitudes are calculated.

1.2.2.3 Phasing

X-ray detectors measure the intensity of the scattered photons, but they cannot measure the

phase. This is referred to as the phase problem. There are experimental and theoretical
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ways of solving it. The Patterson function can be used to model small molecule structures by
avoiding the phase problem. It uses the intensities to calculate the Patterson density, which
can then be used to elucidate the structure. For bigger molecules, such as proteins, the
phasing process normally starts with Molecular Replacement (MR). This is a technique that
uses a comparison between the molecule to be modelled with a molecule for which the
structure is already available. Current MR software allows for structures with as little as 30%
sequence similarity to be used as templates. Resolution of both the template and the data is
also important for MR. When MR attempts are unsuccessful, an experimental approach
needs to be considered. Usually a technique based on anomalous scattering is used. It
involves finding changes to the diffraction pattern caused by heavy atoms present in the
structure. The X-ray needs to be close in energy to the absorption edge of the heavy atom,
ie. the energy needed to promote a core electron. According to Friedel’s law, opposite
reflections have the same amplitude, but opposite phases. In anomalous scattering,
however, the phase is at 90° to normal scattering. This creates a difference in amplitude that
can be detected with fluorescence and used to find the positions of heavy atoms in a
structure. Commonly used software for both molecular replacement and experimental
phasing is Phaser (McCoy et al. 2007) and SHELXE (Sheldrick 2008b; Thorn and Sheldrick
2013).

1.2.2.4 Density modification

Often phasing does not provide a perfectly clear electron density map. In such cases it is
possible to use density modification techniques to avoid having to collect further
experimental data. For example, solvent flattening is used to “remove” the parts of the data
that represent the solvent. An “improved” electron-density map is then calculated for the
protein (Wang 1985). Another routinely used density modification approach is histogram
matching. It uses a histogram of the electron density values of a protein and compares it to
the predicted values. Differences between the two histograms are attributed to errors during
phasing. However, this approach can only be used on proteins, but not on nucleic acids (K.
Y. Zhang, Cowtan, and Main 1997). These are the two most commonly used approaches,
but there are many others for more complicated cases. Commonly used software for density
modification is PARROT (Kevin Cowtan 2010b).
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1.2.2.5 Model Building

Once the amplitudes and the phases have been calculated, the full electron density map can
be analysed. The next step is to build a model consistent with the data and the symmetry
determined earlier. When the resolution is good, it is generally straightforward to do this. For
lower resolution, it is necessary to use chemical and biological knowledge to build a sensible
protein structure. There are a number of programs (BUCCANEER (Kevin Cowtan 2006,
2012), phenix.autobuild (Terwilliger et al. 2007), ARP/WARP (Lamzin, Perrakis, and Wilson
2012b; Chojnowski, Pereira, and Lamzin 2019)) and pipelines (ModelCraft (Bond and
Cowtan 2022)) available and when it comes to proteins, this step has been highly

automated.

1.2.2.6 Refinement

The purpose of refinement is to improve the model so it fits the experimental data as close
as possible. This is measured by the R-factor which is a statistical measure that assesses
the agreement between observed and calculated X-ray diffraction data. It is calculated as the
ratio of the sum of the difference between the observed and calculated intensity to the sum
of the observed intensity (2):
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where F, is the observed structure factor, F.,. is the calculated structure factor; the

structure factor is related to the intensity of the reflection it represents.

During refinement, the aim is to minimise the difference between the observed experimental
data and the calculated values from the model, ie. to lower the R-factor. This is typically
achieved through a process called least-squares refinement, where the model parameters
are adjusted to minimise the sum of the squared differences between the observed and the

calculated data.

Refinement is done in a series of iterative cycles in which the model is refined and the
R-factor is re-calculated. There are multiple software tools for refinement with a large
number of settings and parameters. Two of the most commonly used refinement programs
are REFMACS5 (Murshudov et al. 2011) and phenix.refine (Afonine et al. 2012). The software
tools often combine model building and refinement iteratively. At each step, an electron

density map is calculated from the model and compared to the experimental map. This
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process is repeated until the two maps are sufficiently similar. Refinement is discussed in

more detail in Chapter 2.

1.2.2.7 Carbohydrate model building

Ligands, glycosylation and other post-translational modifications are normally built after the
main protein is built and refined. It is generally more difficult to build carbohydrates which are
part of glycosylation and doing this on a mostly complete model provides much fewer
possibilities for errors. The model building tools used for carbohydrates are not as featureful
or as automated as the ones for protein discussed above. However, when it comes to
refinement, the same tools can generally be used on both the protein backbone and the

carbohydrates.

1.2.2.8 Validation

After a model has been built and refined, it generally goes through validation. Model
validation is the process of evaluating the quality and accuracy of a model to make sure it is
biologically and chemically meaningful and to identify potential errors or inconsistencies.
This step uses suites, such as MolProbity (Williams et al. 2018), to identify amino acids that
do not fit well the electron density or have geometrical errors, clashes and rotamer outliers.
These can then be rebuilt if necessary until the quality is sufficient. MolProbity also provides
useful statistics, such as Ramachandran plot analysis. Another useful tool is EDSTATS
(Tickle 2012) which is used for analysing the quality of electron density maps calculated from
experimental data. PISA (Evgeny Krissinel and Henrick 2007) is a tool for analysing the
quaternary structure of proteins. It can be used to identify protein-protein interfaces and to
calculate the buried surface area of protein complexes. PISA can also be used to identify
potential errors or inconsistencies in the quaternary structure of the protein. RABDAM
(Shelley et al. 2018) is a tool that estimates the degree of radiation damage to the protein
crystal. It is used to estimate the quality of the data. It is important to use both validation
metrics and visual inspection to ensure that the model is as correct as possible. For this
reason, the model is often visualised in a molecular graphics program, such as Coot, which
allows for the structure to be visually examined, as well as improved using a range of built-in
refinement and validation features. In the case of carbohydrates, the Privateer software
(Agirre, Iglesias-Fernandez, et al. 2015b) provides a simple and straightforward way to

validate carbohydrates. This is discussed in more detail in Section 1.2.6.
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After the model is completed to a sufficient standard, it is uploaded to the PDB (Burley et al.

2019), along with some of the experimental data and the validation metrics.

1.2.3 Electron cryo-microscopy (cryo-EM)

An electron microscope uses a beam of electrons, which is re-focused using magnetic
lenses and is scattered by the sample. The sample can be rotated so that multiple images
can be collected at various angles. The electrons are scattered by the sample in two ways -
elastic and inelastic. In transmission electron microscopy (TEM) the electron beam passes
through the sample, the electrons are scattered and detected to create a projection image of
the sample in real space. The images are projection images, rather than just 2D images, as
they are obtained by projecting a 3D specimen onto a flat image plane. The resulting image
represents a cross-section of the specimen. In TEM elastic scattering is used to study the
sample, while inelastic scattering is avoided, because the released energy is released when
electrons from the beam clash into electrons from the sample and cause them to change

orbitals. This causes damage to the sample.

Cryo-EM is a type of TEM which involves vitrification of a biological sample by cooling it to
below 140 K and performing the entire data collection process at that temperature. This is
the temperature at which water becomes vitreous, ie. the sample is preserved in its native
state (Dubochet et al. 1988) and is protected from radiation damage. This differs from X-ray
crystallography, where the sample needs to be in the form of a pure and highly-ordered
crystal. This is a major advantage of cryo-EM, as growing crystals can take time and is often
impossible for large biological complexes or disordered proteins. However, cryo-EM sample
preparation can still be challenging, as when the sample is mounted on a grid, this poses the
risk of degradation. The sample needs to be thin, because this minimises noise from
inelastic scattering. In addition, the resolution achieved with cryo-EM is in general lower than
that of X-ray crystallography, because of the wavelength of electrons (2-3 pm for typical
accelerating voltages of 200-300 kV in a TEM) and also because exposure of the sample to
the electron beam often needs to be limited to minimise inelastic scattering. Furthermore,
cryo-EM is overall very expensive, considering the cost of a microscope, the cost per run

and the specialised laboratories required to house it.

1.2.3.1 Data processing
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As mentioned above, cryo-EM involves taking 2-D images of specimens from different
angles. The model is then reconstructed from these images. This creates a major challenge
of data processing, as a data set can consist of thousands of images. The images are
divided into classes by image type, then each class is averaged. The final model of the 3-D
electron potential map is constructed from the average of each class. The construction of the
3-D map model is based on the Fourier slice theorem, which states that from a group of 2-D
images at various angles, a 3-D image can be constructed. This is done iteratively until the
map does not change. The model can be improved using a maximum-likelihood approach
which aims to maximise the probability of the angle of an image of the particle being the

correct one relative to the final model.

This stage has been greatly facilitated through the use of various software tools, such as the
image processing software RELION (Scheres 2012), which has also been integrated with
the CCP-EM suite, the CCP4 equivalent for cryo-EM. RELION uses an empirical Bayesian
approach to build the model and a range of statistical methods to assess whether the
particle position has been determined correctly. Furthermore, artificial intelligence
approaches are also being developed for use in image reconstruction (Punjani and Fleet
2021; Zhong et al. 2021).

Once an electron density map has been obtained, the rest of the structure solution process
does not differ vastly from the structure solution process of X-ray crystallography. Many of
the software tools used in crystallography can also be used in cryo-EM. This includes,
BUCCANEER, phenix.autobuild, REFMACS5, phenix.refine, Coot, Privateer, etc. In fact some
of these have been integrated into CCP-EM. However, the lower resolution necessitates the
use of pipelines specifically designed for cryo-EM (Hoh, Burnley, and Cowtan 2020;
Liebschner et al. 2019). Also, it is important to note that refinement software used for
crystallography normally uses reciprocal space refinement. Cryo-EM maps can be converted
into Fourrier coefficients and hence refined in the reciprocal space just like X-ray

crystallography models (Afonine et al. 2018).

X-ray data can often be used to generate an atomic-resolution 3D model, as opposed to
cryo-EM data, for which this is currently uncommon. However, X-ray maps often result in an
average representation that may not accurately reflect conformational heterogeneity.
Cryo-EM maps, on the other hand, sometimes only provide information on the overall shape,
internal structure and relative position of the macromolecules as they typically have lower
resolution compared to X-ray maps. Nevertheless, cryo-EM data has the potential to model
conformational heterogeneity, as it can average information from many different molecules,

each of which may have a slightly different conformation. This can lead to a more accurate
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representation of the protein’s conformational variability, especially in cases where the

protein has intrinsic flexibility or exists in multiple conformations.

In the case of carbohydrates, cryo-EM has the additional advantage of being able to study
protein complexes with the carbohydrates, without them potentially interfering with the
crystallisation process. The lower resolution is a hurdle, especially since carbohydrates tend
to have even lower resolution than the rest of the protein. However, the restraint dictionaries
in the CCP4 Monomer Library, including the carbohydrate ones discussed in Chapter 2, are
used in CCP-EM. These offer a solution to building and refining carbohydrates at low
resolution, as they offer the option of using external restraints to enforce the correct

structure.

1.2.4 AlphaFold2

With the advancements in computing and artificial intelligence, there have been efforts to
predict protein structures. Currently, the most successful tool for this is AlphaFold2 (Jumper
et al. 2021), which can predict protein structures with over 80% accuracy. It involves a
complex neural network that uses genetic sequence alignment, pairing of amino acids in
proximity and protein templates. AlphaFold2 also outputs various metrics to indicate how
good the predicted model is. AlphaFold2 has been used to predict the structures of the entire
human proteome (Tunyasuvunakool et al. 2021), which has been deposited into a database
(Varadi et al. 2022). Predicted models can be used for molecular replacement, essentially
solving the phase problem. Moreover, the predicted model scoring is a good indicator of how
disordered a protein is. Furthermore, AlphaFold2 predicted models can be used when
building a structure at low resolution, which is often the case with cryo-EM. However,
AlphaFold2 does not predict ligands and post-translational modifications, including
carbohydrates and glycosylation, although it is often possible to see the space in the model

where the ligands or glycans should be built.

Overall, the impact of AlphaFold2 has been significant. Its success has demonstrated the
potential of artificial intelligence approaches for solving complex biological problems and has
paved the way for further developments in the field. It has increased the speed and accuracy
of protein structure prediction, which has a wide range of applications in drug discovery and
biotechnology. It has led to the development of machine learning models to predict

protein-protein interactions, ligand binding sites, protein stability, etc.
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AlphaFold2, like all machine learning models, has the potential to be biased, ie. its
predictions may be influenced by systematic errors that are not based on the underlying
biology. In particular, the potential sources of bias include the training data used to develop
the model and the way AlphaFold2 processes the data. If the training data are not
representative of the full range of protein structures, the model may be biased towards
certain types of structures. Additionally, if the training data contain systematic errors, such as
incorrect protein structures, these errors may be reflected in the model’s predictions. In order
to minimise potential bias, training data have been carefully curated and AlphaFold2 has

been subjected to rigorous testing and validation to assess its accuracy.
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1.2.5 Carbohydrates
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Figure 1.1. D-Fructose in linear and cyclic forms. The oxygen shown in orange performs a
nucleophilic attack on the ketone to form the furanose forms shown on the left. The oxygen
shown in green does the same to form the pyranose forms shown on the right. As the ketone
group is planar, the nucleophilic attack can happen from either above or below. This allows

for the formation of the different anomeric forms. Adapted from (Agirre 2017).

Monosaccharides generally have the formula C,(H,O),, where n is an integer in the range
3-9, and also have an aldehyde or ketone group. Monosaccharides are formed as a chain of
chiral hydroxymethylene groups with an aldehyde or an a-hydroxy ketone group at the end.
These chiral groups give rise to a number of stereoisomeric forms. Monosaccharides are
described as D or L depending on the configuration of the stereogenic centre furthest away
from the aldehyde or ketone group. In Fisher projection (seen in Figure 1.1, centre, for
fructose), if the OH group is on the left, the monosaccharide has L configuration, if the OH
group is on the right - D configuration. Monosaccharides in D configuration are more
commonly found in nature. Monosaccharides which only differ from each other by the

configuration of a single chiral carbon are called epimers.

30


https://paperpile.com/c/xhTt6Z/qy3tE

4 1
—=0. /\W
- - —

4 4 4 o O Envelope (‘E) Boat (“B)
3 - ~_ - N\N= =2 2
Twist (*T,) Envelope (‘E) “Chair (°C,) Q o
Y N
3 (0]
Half-chair (*H,) Skew-boat (°S,)

Figure 1.2. Possible conformation itineraries for furanoses (left) and pyranoses (right).
Furanoses always exhibit some strain, while pyranoses can have very low energy when in
chair form. Adapted from (Agirre 2017).

In solution, 5 or 6-carbon sugars usually exist as a mixture of linear, 5-membered ring
(furanose) and 6-membered ring (pyranose) forms (Figure 1.2). Both pyranoses and
furanoses can adopt multiple conformations. For pyranoses, the most stable conformations
are 'C, and *C, chair. For furanoses, conformation is more complex as there are multiple
lower-energy conformations, but they all exhibit some degree of flexibility and puckering and
hence are not as stable as chairs (Figure 1.2). In the cyclic form, monosaccharides have
another asymmetric centre at the carbonyl carbon atom, which is known as the anomeric
carbon. The group at that carbon can only point in two directions - equatorial or axial. The
anomeric configuration of a monosaccharides is determined by whether the configuration at
the anomeric carbon is the same as the configuration at the chiral centre furthest away from
the anomeric carbon. If the two configurations are the same, the anomer is q, if they are
different - B. The conversion from one anomeric form to another in solution is called

mutarotation. Anomeric configurations further expand the diversity of monosaccharides.
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Figure 1.3. Example of a glycosidic bond between a [(-D-fructopyranose and an
a-D-glucopyranose. (a) The leaving group on the reducing end is shown in grey. (b). The
bond between the anomeric carbon with 3 configuration and the hydroxyl group on the fourth
carbon (C4) is called a B1-4 bond. Reproduced from (Agirre 2017).

Monosaccharides are linked into oligosaccharides (usually up to 10-12 monosaccharides)
and polysaccharides (usually more than 10-12 monosaccharides) via glycosidic bonds. This
is a bond between the anomeric carbon, also known as the reducing end, of one
monosaccharide with one of the hydroxyl groups of another, known as the non-reducing end.
The reaction is acetal formation from a hemi-acetal on the first monosaccharides (involving
the anomeric carbon) and an alcohol (on the second monosaccharides). Just like with
monosaccharides, the glycosidic bond has an anomeric configuration which once formed
remains the same. There are, however, multiple regioisomers possible, due to the number of
hydroxyl groups available. In fact, a monosaccharides can have multiple other
monosaccharides attached to different hydroxyl groups and thus can serve as a branching
point. The nomenclature for glycosidic bonds includes the anomeric configuration, the
number of the first carbon and the number of the second carbon as shown in Figure 1.3. In
addition, the glycosidic bond is quite flexible with three torsion angles. These factors further

increase the complexity of carbohydrates and complicate studying them.

Sugars can be linked to other biological molecules, such as proteins, lipids and they are part
of nucleic acid bases. They are also involved in one of the most common post-translational
modifications - glycosylation. There are three major types of glycosylation: N-glycosylation,
which involves covalently-linked carbohydrates to the N atom of an asparagine (Asn),

O-glycosylation, where the carbohydrate is attached to the O atom of a Thr (via acetal
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formation as described above for monosaccharides) and glypiation, where
glycophosphatidylinositol is added to a protein to serve as a membrane anchor.
Glycosylation is primarily found in eukaryotes, where it plays a crucial role in a variety of
biological processes, such as protein folding, stability, trafficking and signalling. However,
there are some notable examples of glycosylation in certain bacterial and archaeal species,
which often involve simpler glycan structures and use distinct biosynthetic pathways

compared to those in eukaryotes.

1.2.5.1 N-glycosylation

N-glycans are often attached to the amide nitrogen of an Asn part of a Asn-X-Ser/Thr
sequon, where X is any amino acid, except for Pro. The oligosaccharide chain normally
starts with 2 GIcNAc monosaccharides. N-glycosylation involves multiple complex steps.
This can lead to having different glycoforms attached to different copies of the same protein,
which further complicates studying them. First, an oligosaccharide precursor MansGIcNAc, is
assembled on a dolichylphosphate on the cytosolic surface of the ER. It is then flipped to the
lumenal side of the membrane and extended to Glc;MangGlcNAc,. After that, the
oligosaccharide is transferred to the Asn by an oligosaccharyltransferase at the endoplasmic
reticulum (ER). Next, three of the glucoses are trimmed. After ensuring that the protein is
correctly folded, further trimming is done in the ER to MangGIcNAc,. This is then transferred
to the Golgi apparatus and further trimmed to Man;GIcNAc,. Afterwards, this glycoform can
be directly extended or trimmed further and then extended to form a diverse range of

glycans.

Glycosylation can have a major effect on a protein’s properties, such as folding kinetics,
thermodynamic stability, etc. In addition, glycoproteins are involved in diverse biological
processes, such as cell signalling, host-pathogen interactions, immunity, cell differentiation,
cancer metastasis, protein degradation signalling. Deletion of the Mgat1 gene was found to
interfere with glycan synthesis in mice. This results in death during embryonic development
(Stanley 2016). In cancer cells, N-glycans are often longer and more branched. This is a
result of hypersialation by sialyltransferases, which are upregulated in cancer. The
therapeutic potential of the inhibition of sialyltransferases is currently investigated (Dobie
and Skropeta 2021). Glycans are also the underlying features in the ABO blood group
categorization, which needs to be considered for successful blood transfusions
(Lee-Sundlov, Stowell, and Hoffmeister 2020). N-glycans can also be involved in thyroid

hormone production (Zgbczynska, Koztowska, and Poche¢ 2018). Missing triantennary
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N-glycans in mice lead them to develop type Il diabetes when fed a high-fat diet (Rudman,
Gornik, and Lauc 2019). Also, pathogens have evolved to target the sialic acids on the
surfaces of cells. This has been exploited in the development of therapeutics, for example
competitive inhibitors of viral sialidases can hinder infection with certain strains of influenza
(Glanz et al. 2018).

1.2.6 Published Article: “Structural glycobiology in the age
of electron cryo-microscopy”

Carbohydrate structure solution has been challenging because of the many specific issues
outlined above. This has led to errors in nomenclature (Lutteke and von der Lieth 2009),
conformation (Agirre, Davies, et al. 2015b), monosaccharide ring torsions, glycosidic linkage
stereochemistry (Crispin, Stuart, and Jones 2007) and torsions (M. Frank, Lutteke, and von
der Lieth 2007; Agirre et al. 2017b). The software tools addressing these issues have been
described in this section. Moreover, a study was carried out to detect conformation errors in
monosaccharides part of N-glycans in the PDB. The content below is taken from “Structural
glycobiology in the age of electron cryo-microscopy” by Atanasova et al (Atanasova,
Bagdonas, and Agirre 2020).

1.2.6.1 Introduction

Protein glycosylation plays a crucial role in recognition processes in e.g. viral infection,
cancer, fertilisation, immunity and inflammation (Schnaar 2016). In this role, glycans are
expected to provide stabilising contacts within the buried surface of a glycoprotein, while
additionally playing a role as interaction partners on the surface, via hydrogen bonds or
CH-r interactions. As independent entities, carbohydrates also have promising
biotechnological applications, being a staple in the production of more eco-friendly
second-generation biofuels from previously untractable crop waste. Assisting in this task,
carbohydrate-active enzymes recognise, transfer and cut saccharide building blocks, often

distorting individual rings to achieve catalysis.
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Figure 1.4. Comparison of glycan features in electron density maps over a range of
resolutions. (A-C) Electron Density maps obtained with X-Ray crystallography, (D-F)
Electronic potential maps obtained with cryo-EM; PDB codes and data resolution have been
annotated directly on the figure. In the MX cases (A-C), at high resolution it is possible to
identify monosaccharides and their ring conformation from the density map; at medium
resolution, ring conformation becomes difficult to determine, whereas at low resolution, and
indeed with many cryo-EM maps (D-F), a modelled glycan should always be backed by prior
glyco-chemical knowledge. X-ray map types are 2mFo-DFc, the maps were generated with
Privateer; sigma levels: (A) 1.5 o; (B) 1.0 o; (C) 1.0 0. Cryo-EM contour levels as suggested
by depositors: (D) 0.08; (E) 0.015; (F) 5.0.

Complicated stereochemistry, branching and unpredictable sequence/structure make protein
glycosylation in particular harder to work with than pure protein, or even nucleic acid.
Perhaps unsurprisingly, the software for handling structures of carbohydrate moieties is not
yet as featureful as that for other biomolecules. This gap in capabilities becomes evident in

both macromolecular crystallography (MX) and electron cryo-microscopy (cryo-EM)
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whenever the model fitting problem deviates from standard propositions. Indeed, at
high-resolution it is possible to identify a monosaccharide and ascertain its ring conformation
(Figure 1.4). As resolution decreases, it becomes increasingly difficult to determine its ring
conformation - thus requiring additional restraints for idealising ring puckering (Agirre,
Davies, et al. 2015b). Finally, at low resolution, usually neither the monosaccharide nor its
conformation can be identified. It is in this particular case where the articulation of prior
glyco-chemical knowledge must cross boundaries from the realm of validation and play a

central role in the structure building process.

Experimentally, it is clear that the mobility of the glycans poses a problem for both MX and
cryo-EM, with Nuclear Magnetic Resonance (NMR) providing much of the insight into
protein-carbohydrate interactions due to the degrading resolvability of the sugars down the
glycans’ branches (Valverde et al. 2019) typically found with the two other techniques. On
the other hand, most of the challenges present in software spring from the particularities of
carbohydrate chemistry. Upon cyclisation, there are two choices for the orientation of the
anomeric hydroxy group, which leads to two anomeric forms — a or B (refer to (Agirre 2017)
for a graphical description). Most D-sugar pyranoses adopt the “C, conformation, while most
L-sugar pyranoses adopt the 'C, conformation. Interconversion of pyranose rings between
different conformations requires an itinerary, which can be described using the Cremer-Pople
sphere (Cremer and Pople 1975a). The two chair conformations, “C, and 'C, are optimal
because of the 60/-60 degree torsion angle between substituents, leaving them staggered
instead of eclipsed. Conversion from “C, to 'C, and vice versa requires jumping over a very
high energy barrier, and normally would involve catalysis, which can be achieved with the

help of a carbohydrate active enzyme (Agirre 2017; Varki et al. 2015).

Carbohydrate residue nomenclature is challenging for several reasons, including the two
different types of glycosidic linkages (a or ), branching and ring contortions. Lutteke et al.,
2004 (Lutteke, Frank, and Von Der Lieth 2004) first reported that about 30% of the deposited
carbohydrate structures contain one or more nomenclature errors, a finding that gave rise to
carbohydrate validation software, recently reviewed in (van Beusekom, Litteke, and Joosten
2018; Agirre et al. 2017b). A few years later, Crispin et al. also criticised the lack of
methodological support for carbohydrates, singling out a deposited structure with a
glycosidic linkage for which there were no available glycosyltransferases along its
biosynthetic pathway (Crispin, Stuart, and Jones 2007; Helen M. Berman et al. 2007). More
recently, Agirre et al. (Agirre, Davies, et al. 2015b) performed an analysis on all N-glycan
forming D-pyranosides found in the PDB using the Privateer software (CCP4 suite (Winn et

al. 2011a)): as data resolution decreases, more and more sugar monomers appear in
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high-energy conformations and/or have low real-space correlation. This indicated the need

for using appropriate restraints during refinement.

In this review, we shall go through the latest software developments and their application to
solving real-world structures, placing an emphasis on their impact on the recent evolution of
electron cryo-microscopy into an all-around player in the structural glycobiology field. Aside
from the growing access to automated, integrative model building and validation tools, a
number of online support resources are available to the structural glycobiologist too: see
(Yuriev and Ramsland 2015; Paul Emsley, Brunger, and Lutteke 2015) for a review of online
resources, and Perez and De Sanctis (Pérez and de Sanctis 2017) for a recent summary of

the resources and techniques available where a synchrotron light source is available.

1.2.6.2 Dictionaries: the book of chemical knowledge

The model building process involves macromolecular refinement programs deriving
geometric restraints from libraries of dictionaries, at least for most commonly occurring
monomers. Dictionaries are used to store prior chemical knowledge about compounds,
including their composition, connectivity and stereochemistry. The CCP4 Monomer Library,
one of the first examples of its kind, was based on the geometry proposed by Engh and
Huber (Engh and Huber 1991), which is now outdated particularly concerning sugars (Agirre
2017). If a chemical compound does not have a library entry, or if it is incorrect, a new one
needs to be generated. There are several programs that can be used for this, with irregular
results for carbohydrates (Agirre 2017). The CCP4 program ACEDRG (Long et al. 20173, [b]
2017) works by mining databases such as the Crystallography Open Database (COD) (Long
et al. 2017b) to generate dictionaries from the data available there. It then uses RDKit (open
source chemoinformatics; http://www.rdkit.org) to generate conformers which are ranked by
free energy, and the minimal-energy one is chosen. ACEDRG/COD produces similar results
to GRADE (Global Phasing Ltd.) and Phenix.eLBOW (Moriarty, Grosse-Kunstleve, and
Adams 2009), which derive their restraints from Mogul (Bruno et al. 2004), a tool that in turn
mines the Cambridge Structural Database (CSD). Mogul is currently in use for geometry
validation upon deposition with the Protein Data Bank, meaning that the use of old
dictionaries during refinement with tight geometry targets — e.g. when refining against a
cryo-EM map — can produce a disproportionate number of bond length and angle outliers. A
modernisation effort has been carried out in CCP4, with hundreds of carbohydrate entries
updated through the combination of ACEDRG and Privateer (Agirre, Iglesias-Fernandez, et

al. 2015b). The new dictionaries were released in 2022.
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1.2.6.3 Model building

High Mannose Hybrid (Mammal) Biantennary (Mammal) Biantennary (Plant)
Auvailable full trees
o, &
: o} R A o_c.p A 2
- ¢ _»uu -0 ‘
3 e
o ok o ;
.
=
]
Built examples
8 Q. O—E Q,
o D-=m 2 A LA i—';'
0 o o= O—I—I (@]
o - 2 %
mOe0AKS F
Electron density
SR q ol
/ 4 2 o] 1 ) > o 8
\ / 1 | L
S = / A" \ % : z o
8 o5 = ; 5 . 5
o @ s SR I,\v{_ N " z 4 ad
o o X L@ ) X 1= peNa - o
: gt VA V- SHI ", - ¢
® G- V e W !
4
ljuh 191A 4b7i297A 4byh 297A Saog 234A

Figure 1.5. Results from a test of the N-glycosylation building tool in Coot (Paul Emsley and
Crispin 2018). The diagrams in SNFG format show the expected glycoforms and the subsets
Coot was able to build automatically, while the third row of pictures shows how the maps
looked like in each example. Reproduced from (Paul Emsley and Crispin 2018) with

permission of the International Union of Crystallography.
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The improved N-glycosylation building module for Coot

Coot (P. Emsley et al. 2010) has a carbohydrate-building tool (Paul Emsley and Crispin
2018) — earlier version reviewed in (Agirre et al. 2017b) — that can be used to build
N-glycosylation into both crystallographic and cryo-EM maps. The module has three modes:
manual, semi-automated and automated. The manual mode allows the user to choose a
monosaccharide and a bond type from a selection of commonly available glycoforms. Coot
chooses the best position, orientation and conformation for the selected monosaccharide,
and refines the structure. In the semi-automated mode the user selects a glycan type and
Coot returns possible options for the monosaccharide and the glycosidic bond. The
automated mode requires the user to simply choose the starting point and the glycosylation
tree type, and Coot builds it automatically, interrupting the process when no more sugars can
be built into clear density. An overview of results is presented in Figure 1.5 (adapted with
permission from [UCr Journals). The tool has received positive adoption by the community,
as evidenced by its use on several high-profile X-ray and cryo-EM structures (Zhu et al.
2018; B. Zhang et al. 2019; Klinemann et al. 2019; Lee et al. 2019).

Its main limitations are the relatively narrow selection of glycoforms available — clearly a
design decision rather than an oversight, as these represent the most common forms that
can usually be determined experimentally — and the fact that Coot does not include
temperature-factor refinement, as all atoms are set to a fixed value. Indeed, Coot provides a
fixed B-factor value (20.0 A?) for each new atom in the structure, which can be fed forward to
other refinement programs. The authors suggested integrating the model-free B-factor
refinement procedure described by Cowtan and Agirre (Kevin Cowtan and Agirre 2018) as

an improvement.

PDB-REDO: Carbivore and carbonanza

Van Beusekom et al. (van Beusekom et al. 2019) presented a set of tools that build on the
Coot N-glycosylation building module to achieve a more automated behaviour; indeed, the
software is meant to be part of their PDB-REDO (Joosten and Lutteke 2017b) rebuilding and
re-refinement pipeline. The first tool they presented is Carbivore, which can be used to
rebuild and extend existing N-glycosylation trees automatically, or add new trees where they
are missing. For the case glycosylation was not detected due to C1 not facing the
asparagine side-chain, the authors introduced another program, named Carbonanza, to
generate link records. The whole-tree addition method of Coot was extended to allow for
building partial trees, i.e. extending existing trees. Moreover, a feature that finds

N-glycosylation sites based on the consensus sequence Asn-X-Ser/Thr was implemented in
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Carbivore. In addition, an option for finding N-glycosylation sites based on homologous
models was also presented, however this is not used by default as the search is likely to be

slow.

ISOLDE

The ISOLDE plugin (Tristan lan Croll 2018) for ChimeraX (Goddard et al. 2018) offers a
refreshing way of dealing with protein glycosylation, and supports both electron
cryo-microscopy and X-ray crystallographic data. The graphical frontend connects to an
interactive, GPU-accelerated molecular mechanics simulation, updating the model — and
electron density maps, if working on crystallographic data — based on both the user’s
push-pull movements and the results of running the simulation on the updated coordinates.
Technology-wise, this new tool makes use of the OpenMM toolkit (Eastman et al. 2017) for
simulations, and the Clipper-python module (Stuart McNicholas et al. 2018) for electron
density calculations, which is heavily CPU-parallelised — using C++11-style threads — in the
latest version available from the ChimeraX toolshed at the time of publication. Protein
glycosylation is handled by an adapted version of the GLYCAM force field (Kirschner et al.
2008). Although at present some unwanted effects such as ring inversions might appear as
a result of the unrealistically high temperatures simulated by the user’s push-pull
movements, it is clear that this tool will be of great assistance when multiple overall glycan
conformations need to be evaluated in a low resolution map; a combination with real-time
validation at both the monosaccharide and glycan levels could further inform the fitting

process and prevent errors too.

Sails

Sails (glycojones n.d.) can be used to build sugars automatically, either covalently linked to
protein or as ligands. The software is currently in the middle of a major infrastructural change
but is slated for general release in 2020 (with, or through an update to CCP4 7.1). It uses a
method similar to that of Nautilus (Kevin Cowtan 2014) and Buccaneer (Kevin Cowtan 2006,
2012), using fingerprint-based detection of fragments, which account for both the target and
its environment. The correlation function behind Sails has been proven to work with electron
cryo-microscopy data, although adjustments may be needed if e.g. the scale of the EM map
is not accurate or different map sharpening or blurring is required. Privateer and Refmac will

be integrated with Sails in a pipeline for iterative building, refinement and validation.
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1.2.6.4 Refinement and validation

Privateer

Privateer (Agirre, Iglesias-Fernandez, et al. 2015b) is a carbohydrate-specific validation tool
that can determine ring conformation of furanose and pyranose rings, anomeric form,
absolute stereochemistry, real space correlation between model and omit density, and will
generate other output such as SVG glycan diagrams in the Symbol Nomenclature For
Glycans (SNFG) notation, and scripts for both Refmac5 (Murshudov et al. 2011) and Coot (P.
Emsley et al. 2010). Like Sails, it is undergoing a change in infrastructure in order to

future-proof its architecture.

Among the different checks that Privateer will do on carbohydrate models, a comparison of
ring conformation and the ideal, minimal-energy conformation for each monosaccharide
provides the fastest and most useful indication of potential mistakes in modelling and/or
refinement: at high resolution, unjustified high-energy conformations - those without support
of clear electron density - can reveal problems in the glycosidic bond (wrong anomer used,
for instance) or wrong restraints (e.g. inverted chiralities). At low resolution, the problem can
appear if the model is allowed to deviate from the ideal geometry due to providing insufficient
restraints during refinement. Privateer generates dictionaries containing unimodal restraints
upon detecting unjustified high-energy conformations. The validation and re-refinement
process via these dictionaries is now completely automated via the CCP4i2 interface
(Potterton et al. 2018a). These developments were spearheaded after it was revealed that
the PDB contained an unrealistically high number of non-chairs as part of N-glycosylation
(Agirre, Davies, et al. 2015b).
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Figure 1.6. Pyranose ring conformations vs resolution for all sugars part of N-linked
glycoproteins determined with (A) X-ray crystallography or (B) electron cryo-microscopy in
the PDB by April 2019. E/H: Envelopes and Half-chairs, B/S: Boats and Skew-boats. Wavy
lines denote the main ring plane. For reasons of clarity, half-chair, skew-boat and envelope
were omitted from the axes at 8=45°, 8=90° and 6=135° respectively. Percentage of sugars

in non-chair conformations is shown for resolution ranges 0.0-6.0 A and 6.01-10.0 A.

Many newer cryo-EM structures of glycoproteins are in the 2 A to 6 A resolution range due to
improvement in electron sources, detectors, and image processing and 3D reconstruction
algorithms. But the software for structure solution and validation have also improved, and
perhaps as a result of that, high-resolution cryo-EM structures display fewer sugars in

high-energy conformations than crystallographic ones. To illustrate this point, Privateer was
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run on all N-glycosylated structures in the PDB, determined with X-ray crystallography and
cryo-EM. The decoupled results are shown in Figure 1.6. D-sugars are shown in blue,
L-sugars are shown in yellow. Ideally, in the particular case of N-glycosylation all D-sugars

should be in “C, conformation, and all L-sugars in 'C, conformation.

As previously highlighted elsewhere (Agirre 2017), pyranose higher-energy conformations
are unusual as Ramachandran outliers, and should be reported alongside them in the

refinement summary table.

Cryo-EM models of SARS-CoV2 have generally received a lot of attention due to the urgent
need for better understanding of the virus. As a result, there has been a significant effort to
achieve the highest possible resolution and accuracy in the resulting models, both pre- and
post-deposition (Tristan I. Croll et al. 2021). For example, several studies have reported
cryo-EM structures of the SARS-CoV2 spike protein at resolutions up to 2.5 A |, which is
higher than many other cryo-EM structures (Wrapp et al. 2020; Lan et al. 2020). In addition,
the SARS-CoV2 models have been subjected to careful validation and scrutiny and may

contain fewer errors than other cryo-EM models.

Phenix, Rosetta and AMBER

Phenix uses a conformation-dependent library of restraints for the protein backbone
(Moriarty et al. 2014) and homology refinement (Park et al. 2018) for protein modeling.
Rosetta can be used for carbohydrate refinement of both X-ray and cryo-EM structures using
parameterisation derived from X-ray structures to approximate conformational energy (Alford
et al. 2017). Frenz et al., (Frenz et al. 2019) developed a protocol that can use either
low-resolution crystallographic data, through Phenix-Rosetta integration (DiMaio et al. 2013)

or cryo-EM data.

The RosettaCarbohydrate framework includes torsion-space refinement for glycans, which
assumes ideal bond lengths and angles (Labonte et al. 2017). Frenz et al., (Frenz et al.
2019) build on previous work by expanding Rosetta’s geometry term to include bond
geometry deviations. These were derived from Phenix using eLBOW with AM1 optimization
and added to the Rosetta database. Currently the sugar monomers included are a and

glucose, N-acetyl glucosamine, a and 3 mannose, and a and 8 fucose.

The authors recommend using Privateer (Agirre, Iglesias-Fernandez, et al. 2015b) before
and after refinement to detect errors in the structure. For refinement of crystallography data,

Rosetta’s integration with Phenix can be used (Terwilliger et al. 2012). The protocols were
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modified to account for glycans, including steps for minimisation, increasing repulsive

weights, and idealisation of anomeric hydrogens.

Phenix also offers integration with the AMBER molecular mechanics package, which is

known for calculating torsion potentials accurately (Case et al. 2005).

A word on legacy validation tools

While the tools outlined in this section are now sadly unsupported, it is worth mentioning
them not just for the sake of completeness, but because there is no substitute tool yet for
some of the key functions they provide. PDB-CARE (PDB CArbohydrate REsidue check;
(Lutteke and Von Der Lieth 2004; Lutteke 2004)) is a tool that can be used for bond and
nomenclature validation. It is based on pdb2linucs, which is a software for carbohydrate
detection based on atom types and their coordinates. The LINUCS notation (Bohne-Lang et
al. 2001) is used to normalise carbohydrate structures. This is done by comparing the
carbohydrate structures’ LINUCS notation to the PDB HET Group Dictionary, which contains
sugar residues present in the coordinate file (Litteke and Von Der Lieth 2004). If a structure
contains multiple anomers due to mutarotation at the reducing end of a saccharide, both

forms need to have the correct PDB three-letter codes.

CARP (CArbohydrate Ramachandran Plot) is a tool that can be used to evaluate glycosidic
linkage torsions. CARP also uses the pdb2linucs algorithm to analyse data, and compares it
to data in GlyTorsionDB or GlycoMapsDB (for less common linkages). For each pair of
monosaccharides and linkage combination, a separate torsional plot is created (Lutteke,
Frank, and Von Der Lieth 2004). While these tools have been used mainly for validation
purposes, they are a nice complement when examining the different linkage conformations
in disaccharides (Fushinobu 2018).

1.2.6.5 Representation

While all-atom representations are the way to go for showing the interactions between
protein and carbohydrate ligands, there is a case for using a simplified representation for
glycans taking part in protein glycosylation; indeed, the sheer number of potential
interactions occurring due to the size of the glycans — in optimal cases, 9 or more linked

monosaccharides could be visible — and the particular relevance of their composition make
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all-atom figures difficult or near-impossible to follow. McNicholas and Agirre (Stuart
McNicholas and Agirre 2017) introduced a representation (Glycoblocks for CCP4mg (S.
McNicholas et al. 2011)) that, building on a 3D extension of the now standard Symbol
Nomenclature For Glycans (SNFG) (Varki et al. 2009, 2015), added minimalistic dashed

lines for hydrogen bonds and CH-Tr interactions.

Figure 1.7. 3D SNFG glycan representation comparison of PDB code 4BYH in selected
software: (A) CCP4mg (Stuart McNicholas et al. 2018) with Glycoblocks (Stuart McNicholas
and Agirre 2017), (B) VMD (Thieker et al. 2016) and (C) LiteMol (Sehnal and Grant 2019).

Not focusing on interactions, many 3D SNFG representations exist now either as plugins or

as an integral part of wider-purpose graphics software, e.g. VMD (Thieker et al. 2016),
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LiteMol (Sehnal and Grant 2019), and UCSF Chimera (Pettersen et al. 2004) via the
Tangram plugin (insilichem n.d.). These provide stand-out depictions of protein glycosylation
using big regular polyhedra. A side-by-side comparison is shown in Figure 1.7. Finally, other
software such as SweetUnityMol (Pérez, Tubiana, et al. 2015) and Pymol (Arroyuelo, Vila,
and Martin 2016) combine the familiar colouring scheme with a more atomistic

representation.

1.2.6.6 Future perspectives

It appears the gears are finally turning in the methodological machine towards implementing
better support for carbohydrates. However, software still require expert knowledge of
carbohydrate structure or very high resolution to work automatically. Work is currently being
done on the Sails program to be able to overcome many of these limitations. In addition,
based on encouraging early results (Agirre et al. 2016, 2019; Schumann et al. 2019), new
carbohydrate dictionaries with more faithful model geometry and accurate torsion restraints
will improve refinement, particularly for cryo-EM. Finally, sugars in active sites of enzymes
might be distorted into high energy conformations, and thus may require further validation;
work will need to be done in this respect in order to give users a confidence level on their

conformational assignment.

We should like to emphasise that model building, refinement and validation will need to be
further integrated together for maximum benefit of users. Recently, Van Beusekom, Lutteke
and Joosten (van Beusekom, Litteke, and Joosten 2018) used a set of tools, including
PDB-REDO (Joosten and Liutteke 2017b), Privateer (Agirre, Iglesias-Fernandez, et al.
2015b) and CARP (Lutteke 2004) to analyse 8,114 glycoproteins from the PDB. They
succeeded in correctly re-annotating 3,620 carbohydrate residues, which were then
re-refined and are now available for the community to use. Incorporating prior
glyco-chemical knowledge into the structure solution process will, as exemplified by the

aforementioned authors, extend the limits of resolvability further down our glycans.
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1.2.7 Summary

A general introduction to the background of x-ray crystallography and cryo-EM, along with a
review of the software tools aimed at carbohydrate 3D structure solution was presented in
this section. In addition, a study was carried out to detect conformation errors in
monosaccharides part of N-glycans in the PDB. Up to 36% of these monosaccharides show
high energy conformations that are unlikely to be found in N-glycans and are therefore
considered incorrect. Since its publication, this article has been cited in multiple publications

as a source of information for carbohydrate software tools.

The spike protein of SARS-CoV2 is the viral protein responsible for binding to human cells
and initiating infection. It is heavily glycosylated with N-glycans, including a glycan shield
used to circumvent the host immunity. Cryo-EM has been crucial in determining the structure
of the spike protein and its interactions with human cells (Wrapp et al. 2020; Gui et al. 2017).
Stagnoli et al. (Stagnoli et al. 2022) use a combination of cryo-EM and molecular dynamics
simulations to study the geometries of the N-glycans in the SARS-CoV2 spike protein’s
glycan shield, citing the article presented in Section 1.2.6. In addition, X-ray crystallography
has been used to study the structure and function of other SARS-CoV2 proteins, such as the
main protease (Z. Jin et al. 2020) and the RNA-dependent RNA polymerase (Gao et al.
2020).
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Chapter 2
Carbohydrate Dictionaries

Using restraint dictionaries is important when doing structure refinement at low resolution for
both X-ray crystallography and electron cryo-microscopy. They form a database used by
refinement software. They provide prior knowledge of chemistry and structure to aid with
producing a realistic model. For example, they can contain values for bond lengths and
angles that can inform the bond lengths and angles in the structure to be determined. This is
especially important for carbohydrates, because of the inherent difficulties associated with
their structure discussed in Chapter 1. In fact, a large number of errors were identified in
carbohydrate structures in the PDB determined by both X-ray crystallography and electron
cryo-microscopy (Atanasova, Bagdonas, and Agirre 2020). A contributing factor for this was
likely that over 60 of the old set of carbohydrate dictionaries in the CCP4 Monomer Library

contained errors, such as monosaccharides having torsion angles set at 0° (Agirre 2017).

This chapter is an attempt to correct these errors and to add additional restraints that can
enforce carbohydrate conformation. As discussed in Chapter 1, conformation can be
distorted at low resolution. The first step to correcting the errors in the dictionaries was to
generate new dictionaries with a dictionary-generation program (done by Rob Nicholls and
Mihaela Atanasova). Then, these dictionaries were validated with Privateer and Coot to
ensure they are correct (done by Mihaela Atanasova). Furthermore, new unimodal ring
torsions were added with Privateer (the specific code in Privateer was written by Jon Agirre;
the addition of the unimodal ring torsions to the dictionaries was done by Mihaela

Atanasova).

The second aim of this chapter is to provide a comparison between the new carbohydrate
dictionaries and the old ones. This also provides insights into the use of unimodal torsion
restraints when refining carbohydrates. To do this, the dictionaries were tested on a large
dataset using the PDB-REDO pipeline (done by Robbie Joosten). The output was analysed
(done by Mihaela Atanasova). The main conclusion is that the new dictionaries lead to fewer
errors during refinement, especially if the unimodal torsion restraints are activated. However,
care needs to be taken when using the unimodal torsion restraints at high resolution, as the

data should already give a good idea of what the monosaccharide conformation should be.
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2.1 Published Article: “Updated restraint dictionaries for

carbohydrates in the pyranose form”

The content in this section is taken from “Updated restraint dictionaries for carbohydrates in
the pyranose form” by Atanasova et al. (Atanasova et al. 2022b). Supplementary data are

available in Appendix A.

2.1.1 Introduction

Macromolecular refinement is a computational procedure that lies among the final steps in
protein structure solution. Provided that a suitable strategy is selected, restrained refinement
iteratively improves the agreement between a macromolecular model and experimental data.
Describing the position and properties of each atom in a macromolecule requires many
parameters, but often only a limited amount of experimental observations is available. This
can lead to a problem of overfitting, where the model fits too closely to the available data,
even if the model is not an accurate representation of the macromolecule. To avoid this
problem, prior chemical knowledge about the molecules involved is usually required in order
to maintain refinement stability. In macromolecular crystallography, such prior knowledge is
stored in dictionaries, typically in the form of Crystallographic Information Files (Hall, Allen,
and Brown 1991; I. D. Brown and McMahon 2002) or MOL(2) files (MDL Information
Systems Inc., San Leandro, California, USA). It is often the case for each molecular
component (or residue, including carbohydrate monomers) to be represented in a separate
CIF file. The restraint dictionary entries used by software in the CCP4 suite (Winn et al.
2011a) are collected in the CCP4 Monomer Library (A. A. Vagin et al. 2004b). Such prior
chemical knowledge usually consists of atom names, a description of stereochemical
properties such as connectivity, bond lengths, angles, chirality, torsion angles and, if

applicable, a list of groups of four or more atoms in planar co-arrangements.

This is especially important when modelling carbohydrates, which tend to be less well
resolved due to flexibility, microheterogeneity, disorder (Joosten and Lltteke 2017a;
Atanasova, Bagdonas, and Agirre 2020) and relatively low data resolution (van Beusekom,
Litteke, and Joosten 2018). In addition, pyranosides — monosaccharides that form a
6-membered saturated ring — can exhibit a range of different ring conformations. However,
pyranosides are most frequently found in their lowest-energy conformation: a chair —*C, for
D-sugars and 'C, for L-sugars; this is particularly true of N-glycosylation (Agirre, Davies, et

al. 2015a). Chair conformations have minimal repulsions and strain due to the substituents
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being staggered rather than eclipsed, resulting in the dihedral angles between consecutive
ring atoms being +/-60 degrees. Non-chair conformations and conformational transitions are
costly in terms of energy, and occur most frequently in enzymatic reactions (Davies, Planas,
and Rovira 2012). Therefore, atomic models showing high-energy ring conformations need
to be supported clearly by experimental data, and evidenced in electron density/potential
maps (Agirre 2017).

The CCP4 Monomer Library (CCP4-ML) was originally generated using the LIBCHECK
software (A. A. Vagin et al. 2004b), which derived ideal values for saccharides from nucleic
acid studies (Saenger 1984). The CCP4-ML has seen recent expansion, and many
component entries and linkages have now been replaced with AceDRG dictionaries
(Nicholls, Joosten, et al. 2021a). However, monosaccharides in pyranose form were set
aside to be treated separately due to the particularities concerning ring conformation, which
have been recently reviewed (Joosten, Nicholls, and Agirre 2022). Revision of these entries
is thus overdue, not just as an effort to modernise geometric estimates, but as a way of

correcting issues flagged up in the past (Agirre 2017).

In general, restraint dictionary generation programs use methods based either on data
derived from small molecule databases or on quantum chemical calculations. Small
molecule-based dictionary generation programs extract high-resolution geometric
information from small molecule databases in order to produce restraints for use in
macromolecular crystallography. Examples of such small molecule databases, which contain
structural models that were derived using small molecule X-ray crystallography, include the
Cambridge Structural Database (CSD; paid access, 1,136,493 deposited structure models at
the time of writing) (Groom et al. 2016) and the Crystallography Open Database (COD; free
access, 473,816 deposited structure models at the time of writing) (Grazulis et al. 2012).
Whilst both databases are curated, a recent study showed that post hoc validation checks
need to be in place if intending to use derived information to make reliable inferences
regarding stereochemical geometries (Long et al. 2017b). Mogul (Bruno et al. 2004) and
AceDRG (Long et al. 2017a) utilise molecular geometry information extracted from the CSD

and the COD, respectively.

There are multiple contemporary restraint dictionary generation programs, which use
different combinations of databases and mining tools. AceDRG mines the COD, validating
entries. Then, it compiles “AceDRG tables” containing atom types, bond types and other
information included in restraint dictionaries. These tables are distributed as a part of the
CCP4 software suite, and are used during the restraint dictionary generation procedure.

AceDRG uses RDKit (http://www.rdkit.org) for internal molecular representation, from which
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it identifies atom types. Combined with the data from the aforementioned tables, this
produces a restraint dictionary entry. Finally, AceDRG uses RDKit to generate multiple
possible conformers, and chooses the one with the lowest free energy. GRADE (Global
Phasing Ltd.), Pyrogen from Coot (P. Emsley et al. 2010) and Phenix.eLBOW (Moriarty,
Grosse-Kunstleve, and Adams 2009) can use Mogul (Bruno et al. 2004) to mine the CSD.
Pyrogen can also use the CCP4-distributed tables created by AceDRG. In addition to mining
small molecule databases, eLBOW can also use force fields to utilise quantum chemical
calculations. A default simple force field and the semi-empirical RM1/AM1 method (Dewar et
al. 1985; Rocha et al. 2006) are both implemented internally and do not rely on external
software or third-party resources. Full quantum chemical calculations with a number of third
party quantum chemistry packages are also available for use. These are useful when

insufficient data about a particular chemistry are present in small molecule databases.

Carbohydrate model validation software such as the Privateer software (Agirre,
Iglesias-Fernandez, et al. 2015b) use a combination of established metrics (RSCC, average
B-factors) and carbohydrate-specific ones (puckering coordinates, nomenclature checks) to
identify problematic models. Further approaches to general ligand validation available in
CCP4 are discussed by Nicholls (Nicholls 2017). Coot includes ligand validation features
that allow visual assessment of multiple metrics alongside associated percentile ranks
relative to all X-ray structural models (Paul Emsley 2017). These include RSCC (Equation 1)
of the ligand-omitted 2mF,-DF, map, RSCC of the difference map, the number of atom-pairs
with unlikely contacts between them and the Mogul Z-worst score (comparing the value of a
geometric parameter to data collected from the CSD). Flatland Ligand Environment View
(Paul Emsley 2017) is a Lidia feature that shows the ligand in 2D for an alternative
visualisation of a ligand in its structural context, highlighting intermolecular interactions. Map
Sharpening can uncover missing features and is especially useful for flexible regions of the
model. Finally, inspecting refined B factors may also provide a useful insight into model
reliability, especially when comparing the B-factors of proximal atoms (Masmaliyeva, Babai,
and Murshudov 2020).

2:(pobs B (p obs>)(pcalc B (pcalc>)
RSCC - 2.1/2 (Equation 2.1)

=, =0, ) T, —(p_ )]

calc calc

New dictionaries with improved ring torsion restraints, coordinates reflecting the

lowest-energy ring pucker and updated geometry, have been produced and evaluated using
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some of the metrics mentioned above. The new dictionaries, now part of the CCP4 Monomer
Library, will be released with CCP4 8.0.

2.1.2 Materials and Methods

2.1.2.1 Design guidelines

When using a restraint dictionary generation program, the user needs to specify the
molecular component for which a dictionary entry is to be generated. Typically, a preexisting
file that specifies chemical composition, connectivity and atomic nomenclature is used as
input (e.g. using CIF, MOL or MOL2 format). In cases where such a file is unavailable, the
chemistry can be specified using a Simplified Molecular-Input Line-Entry System (SMILES)
string as input. SMILES is a linear notation that can represent 3D molecules as strings of
characters (Weininger 1988). Another option is to use a 2D sketcher, such as Coot’s Lidia
(Paul Emsley 2017) and ChemDraw (PerkinElmer Informatics) or a 3D sketcher, such as
JLigand (Lebedev et al. 2012), to manually draw the molecule to either produce a SMILES

string or otherwise a file that can be used as input.

Agirre (Agirre 2017) analysed multiple restraint dictionary generation programs by comparing
the bond lengths and angles of the output for a-D-glucopyranose from a SMILES string to
the ideal geometry described in the CCP4-ML. It was concluded that the dictionaries
produced by AceDRG, GRADE, and eLBOW using Mogul were roughly in agreement —
meaning that they showed similar deviations from the targets proposed in the CCP4-ML.
Recently, this observation was confirmed in a wider study, which showed that modern
restraint dictionary generation programs now show consistent results for carbohydrates in
the pyranose form (Joosten, Nicholls, and Agirre 2022). Since AceDRG is the CCP4
program that is already being used to update dictionaries for other peptide, nucleotide, and
non-polymeric chemical compounds in the CCP4-ML (Nicholls, Wojdyr et al., 2021), as well
as for chemical linkages between components, it was chosen for generating the restraint

dictionary entries reported herein.

AceDRG allows different input options for the molecule to be generated. As mentioned
above, a SMILES string is commonly used as input when there is no restraint dictionary
entry already available for a given molecular component — a common scenario during drug
discovery. However, pyranose sugars follow the atomic nomenclature established by the

Worldwide Protein Data Bank (wwPDB, (Burley et al. 2019) in its Chemical Component
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Dictionary (CCD, (Westbrook et al. 2015)), which in turn now mirrors [IUPAC nomenclature
following the recent remediation of carbohydrate entries. In contrast, restraint dictionary
entries produced from SMILES strings do not follow this convention (as atom nomenclature
is not encoded in SMILES) and thus may end up causing issues during model building and
refinement. For this reason, existing component definitions from the CCD were used as a
starting point. These CIF files contain a description of the compound in terms of atom
names, types and connectivity. Additionally, many component definitions contain idealised
atomic coordinates from QM calculations. However, these coordinates do not provide
enough information to construct restraints; any derived restraint target would lack an
estimated standard deviation, which would be needed for relative weighting during
refinement. Moreover, it has been found that restraints derived from QM-based calculations
are at present inconsistent with those mined from high-quality small molecule X-ray

structures (Joosten, Nicholls & Agirre, 2021).

During the restraint dictionary generation process for pyranose sugar entries, it is necessary
to ensure that the anomeric configuration and the stereochemistry of the substituents are
correct, and that the Cremer-Pople puckering coordinates that define the conformation of the
pyranose ring in the conformer (Cremer and Pople 1975a) reflect a minimal-energy ring
pucker, representative of the majority use case due to the rigid conformational preferences
that saturated rings exhibit. As per the recommendations proposed by Joosten, Nicholls &
Agirre (Joosten, Nicholls, and Agirre 2022), restraint dictionary entries should present
coordinates as close as possible to the most probable conformer. Torsion restraints, if
present, should match those coordinates, allowing refinement software to restrain ring
conformation to a minimal-energy pucker at low resolution. The Privateer software (Agirre,
Iglesias-Fernandez, et al. 2015b) was used to analyse the produced coordinates — this
ensured that stereochemistry, anomeric configuration and puckering parameters met the
expectations for each particular compound. As a secondary sanity check, all the produced
sugar monomers were visually inspected in Coot (P. Emsley et al. 2010) to confirm that the
stereochemistry of the substituents, the anomeric configuration and the conformation meet
expectations. Furthermore, for those sugars where a protein crystal structural model derived
using data extending to 1.5 A resolution or better was available, the conformer presented in
the new restraint dictionary entry was visually compared to the crystal structural model for

further validation.

It is important to note that the atomic coordinates listed in the restraint dictionary are only
used when initially placing the sugar into the model. Having reasonable starting coordinates
- i.e. a low-energy conformer - is important in order to ensure a sensible starting point from

which further model building and refinement can proceed. Any large deviation of the initial
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coordinates from the restraint targets causes imbalance in the refinement target function
causing slow and possibly suboptimal refinement. Once the model is under refinement,
these initial coordinates are discarded and it is the restraints themselves that continue to
ensure reasonable conformation. Consequently, it is of primary importance for the restraints
to adequately reflect the component’s allowable geometric landscape. Inclusion of unimodal
ring torsion restraints helps to ensure maintenance of low-energy ring conformation
throughout the refinement procedure, except in cases where there is strong evidence to the

contrary.

2.1.2.2 Protocol for generating new dictionaries

A set of pyranosides was obtained from the list of monosaccharides supported by the
Privateer software (obtainable by running 'privateer -list' on the command line); this set
comprises the most frequently modelled pyranosides. CCD CIF files containing existing
pyranoside definitions were downloaded from the PDB. These files were provided as input to
AceDRG (v231). Additionally, different AceDRG options were explored to avoid unexpected
results such as distorted conformers. AceDRG samples many potential conformers; those
with the lowest energy according to RDKit are optimised using the idealisation mode of
REFMAC5 (Murshudov et al. 2011), and ultimately the one with the lowest energy is
selected (Long et al. 2017a). Specifying for a greater number of conformers to be sampled
results in noticeably increased computation time. The new restraint dictionary entry for each
monosaccharide was output as a CIF file, along with a PDB file containing coordinates
corresponding to a low-energy conformer. The PDB files for all entries were provided as
input to Privateer for validation (Table A.1), and Coot for further visual inspection. A
compilation of all Privateer validation data is presented in Table A.1. Furthermore, in order to
allow use of predefined restraints for glycosidic linkages from the CCP4-ML, the component
types were set to ‘pyranose’ for aldopyranoses and ‘ketopyranose’ for the ketopyranoses
(Nicholls, Wojdyr, et al. 2021). Adding the correct type is necessary as the glycosidic linkage
restraints assume standard atom naming conventions for the atoms involved, which are

different for aldo- and ketopyranoses.
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Patched _chem_comp_tor section of a restraint dictionary separating ring torsion angles from the , as

specified by , target value, uncertainty and periodicity

NAG ring_ 1 -59.675385 3.0 1
NAG ring 2 53.650513 3.0 1
NAG ring 3 -52.014420 3.0 1
NAG ring 4 54.096725 3.0 1
NAG ring 5 -56.921230 3.0 1
NAG ring_6 61.200516 3.0 1
NAG -175.114227 10.0 2
NAG -13.703261 10.0 6
NAG -177.520996 10.0 3
NAG 61.135471 10.0 3
NAG -175.561295 10.0 3
NAG 63.707928 10.0 3
NAG -61.268230 10.0 3
NAG -63.830528 10.0 3
NAG -169.485916 10.0 3
NAG 124.894669 10.0 6
NAG 61.918137 10.0 3
NAG 163.115189 10.0 3
NAG 179.557251 10.0 3
NAG -62.214077 10.0 3

Figure 2.1. A view of the patched torsion section in a CIF restraint restraint dictionary entry.
This is an extract of the new CCP4 restraint dictionary entry for N-acetyl-B-D-glucosamine,
GIcNAc, which is represented in the PDB database as 'NAG'. The new dictionaries
distinguish ring torsion angles (prepended by 'ring_') from the rest (‘tors_') so they can be
activated separately to keep a low-energy ring pucker. Older CCP4 dictionaries had no
separation between ring (unimodal) and rest of the torsions (periodicity 2, 3 or 6), and had a
uniform uncertainty of 20.0°. Six decimal places — completely beyond the precision of even
the highest-resolution structures — are used for the value of the torsion angle for reasons of
compatibility with existing software. This should be changed in future, as a single decimal

place would be enough.

The default torsion restraints generated by AceDRG do not exactly match the conformer's
coordinates — e.g. a generic 60° versus 53.65° as measured along O5-C1-C2-C3 on an
energy-minimised conformer of N-acetyl B-D-glucosamine. While 60° may be appropriate for
a carbon-only saturated ring such as cyclohexane, the presence of an endocyclic oxygen in
pyranosides means not all bond lengths are the same, and therefore torsion angles will
reflect those differences. In order to address this potential shortcoming, the Privateer
software has been recently extended to patch any restraint dictionary entry with torsion
restraints that are measured from the cartesian coordinates, writing separate names for ring

torsions and other torsions so they can be used separately or together (Figure 2.1). This
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functionality was used to patch the torsion restraints in the new dictionaries. The restraints
called “ring_1" to “ring_6" (shown in bold) are the ring torsion restraints responsible for
enforcing the monosaccharide's minimum-energy ring conformation. Different sigmas for the
ring torsions were tested (3.0°, 6.0°, 10.0°), selecting 3.0° as the value that yielded the
fewest conformational outliers without having a detrimental impact on R-free. Outliers at
higher sigma levels were manually inspected and found to be unsupported by the electron
density, meaning that they should have been corrected by the torsion restraints. All ring
torsions were therefore set to 3.0°, with the rest of the restraints left at AceDRG's default
value of 10.0°. For reference, the sigmas in the LIBCHECK-generated CCP4-ML dictionaries
were all 20.0° — indeed, most restraints in the new dictionaries now show smaller sigmas
than the ones in the LIBCHECK-generated CCP4-ML dictionaries.

2.1.2.3 Testing the new dictionaries

As has been described elsewhere (Agirre et al. 2017a), errors in carbohydrate models may
be caused by incorrect model building. For example, if a monosaccharide is wrongly
identified and ends up being distorted into the electron density/potential map, or when the
restraints used are insufficient to ensure reasonable geometry during refinement. Improved
restraint dictionaries are expected to help prevent issues with refinement. On the other hand,
they will in no way avoid modelling mistakes. Such mistakes may be corrected either
manually using available prior glyco-chemical knowledge (Bagdonas, Ungar, and Agirre
2020b), or automatically using specialised tools (van Beusekom, Litteke, and Joosten 2018;
van Beusekom et al. 2019). Previous conformational analyses of PDB glycan data showed
that the proportion of distorted pyranosides increased with worsening resolution, spiking
significantly in the 1.8 A - 2.0 A region (Agirre, Davies, et al. 2015a). Keeping in mind that
the frequency of modelling mistakes is much higher at low resolution (Kleywegt and Jones
1995), a decision was made to limit the test dataset to include only entries with nominal
resolutions better than 2.0 A. Many pyranosides in our list are present in a very limited set of
published structures and were not featured in the test data set. Therefore, a decision was
made to choose representatives from the most frequently modelled pyranosides: NAG,
MAN, BMA, GLC, BGC, BOG, FUL, GAL, GLA and SIA. A test data set was then assembled
from the 100 PDB models with the highest numbers of the aforementioned pyranosides,
under the 2.0 A resolution limit. The new dictionaries were then tested by refining the
selected structural models with REFMACS (Murshudov et al. 2011), using previously

optimised refinement settings (restraint weights, B-factor models, and solvent mask
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parameters) extracted from the PDB-REDO databank (van Beusekom, Touw, et al. 2018).
Three separate refinement protocols were devised: refinement with the current (referred to
hereafter as 'old’) dictionaries, refinement with the new dictionaries without torsion restraints,
and finally refinement with the new dictionaries with activated unimodal torsion restraints for
pyranoside ring bonds. The output structural models and maps were then analysed using
Privateer and Coot. The resultant dataset was divided into 2 parts - sugars part of N-/O-
glycosylation, and ligands. The sugars part of N-/O- glycosylation were further filtered by

excluding monomers marked as “wrong anomer” (mismatch between the anomeric form
specified by the three-letter code and what is on the structure), and glycans that cannot be
found in GlyConnect, one of the glycomics databases supported by Privateer (Bagdonas,

Ungar, and Agirre 2020b).

2.1.3 Results

A set of 243 new carbohydrate dictionaries has been produced with updated torsion
restraints that encourage refinement software to retain the minimal energy ring pucker.
Figure 1 shows an updated torsion section, taken from the new CCP4-ML entry for
N-acetyl-3-D-glucosamine, or GIcNAc (CCD component ID: NAG). These new torsion
restraints are especially important when the experimental data extend to only low resolution;
enforcing torsion restraints from the dictionaries forces the sugar ring into the most likely
conformation. As expected, introducing additional restraints — the torsional kind in this case —
may occasionally lead to a lower Real Space Correlation Coefficient (RSCC) between model
and map. This simply reflects the fact that refinement software is no longer able to
(inappropriately) improve model-to-map correlation at the expense of stereochemical
geometry, e.g. unfavourable bond lengths or angles, or inverted ring conformations that

would require massive energy expenditure.

The test dataset was composed of 955 structural models containing 11,291 sugar residues;
5,620 of these sugars were covalently bound to protein as part of N/O-glycosylated
structures, and 5,671 were ligands. Obsolete CCD entries (e.g. all disaccharides, which
following the PDB's remediation of carbohydrate entries are now described as linked

monosaccharides) were not included in the set.

Privateer was run on all structures in the test dataset, and the results were analysed. The

sugars in the test dataset were split into categories “old dictionaries”, “new dictionaries” or
‘new dictionaries and torsions” based on which dictionaries were used during their

refinement, and labelled as “yes”, “no” or “check” according to Privateer’s validation report.
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Privateer assigns a “yes” diagnosis when a sugar’'s anomeric configuration, chirality,
Cremer-Pople puckering parameters and ring conformation are what is expected for the
sugar's lowest-energy conformer. The use of ring conformation as a validation metric for
pyranosides is attractive because it cannot be targeted directly by a minimisation of bond
length and angle distortion — indeed, a boat conformation, which Privateer would show as an
outlier, may have close-to-ideal bond lengths and angles. If Privateer detects any problems,
the sugar is marked as “no”. However, if the only issue detected is in the ring conformation,
Privateer instead marks the sugar as “check"”, in which case the user should check whether
the high-energy conformation is supported by the electron density. Privateer contains a
database of puckering parameters calculated from a manually curated set of conformers
obtained from the PDB CCD and compared against CSD, COD and high resolution PDB
structures. Ring conformation is a useful validation metric for pyranosides, however it needs
to be used in combination with other metrics, particularly density-based ones, whenever

unimodal restraints have been used due to bias towards one conformation.

(A) (8)
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GLC KDB
(C) (D)
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Figure 2.2. Carbohydrate restraint dictionary entries generated with AceDRG. (A)
a-D-glucose in “C,; conformation, (B) 3,4,5-trideoxy-a-D-erythro-oct-3-en-2-ulopyranosonic

acid in °Hs conformation, (C) a-L-fucose in 'C, conformation and (D) N-acetyl-a-neuraminic
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acid (sialic acid) in 'C, conformation. This figure was produced with CCP4mg (S. McNicholas
et al. 2011).

The puckering parameters of the conformers stored in the dictionaries were also analysed
using Privateer. All dictionaries show the expected puckering for their particular chemistry.
For example, saturated rings show a chair conformation (*C, for D-pyranosides and 'C, for
L-pyranosides) and pyranosides with a double bond in the ring, e.g.
3,4,5-trideoxy-a-D-erythro-oct-3-en-2-ulopyranosonic acid (CCD component ID: KDB), show

four coplanar atoms in the ring (see Figure 2.2).

Validated sugars before and after

Validated sugars before and after refinement excluding sugars that
refinement remain correct
10000 800
[ Before refinement 1 Before refinement
I Old dictionaries 700 I Old dictionaries
[ New dictionaries [ New dictionaries
wn 8000 | mmm New dictionaries + torsions I New dictionaries + torsions
— 600
)
a 6000 500
Y
(@] 400
p—
g 4000 300
£
3 200
2000
100
l [ ——— ] 0
Check No Yes Check No Yes
(A) (B)

Figure 2.3. Numbers of sugars diagnosed by Privateer as 'check’, 'no' and 'yes' before and
after refinement. A set of structures from the Protein Data Bank were refined with the
CCP4-ML dictionaries, new dictionaries generated by AceDRG, and the new dictionaries
with unimodal torsion restraints activated. From left to right, the coloured bars represent the
number of sugars before refinement (grey); the number of analysed sugars after refinement
with the CCP4-ML dictionaries (red); after refinement with the new updated dictionaries
(blue); and after refinement with the new dictionaries with activated unimodal torsion
restraints (yellow). (A) shows all analysed pyranosides; (B) only includes pyranosides that

were diagnosed with 'check’ or 'no' for at least one protocol.
The number of pyranosides in each category was counted, the incorrect entries were

excluded as described in Methods and the results are presented in Figure 2.3. Figure 2.3A

includes all 9,863 pyranosides from the test dataset. In order to focus on the sugars where
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the new dictionaries have led to a change in behaviour, Figure 2.3B only includes
pyranosides validated as “check” or “no” for at least one of the test runs (1,023 sugars).
Sugars validated as correct for all three runs are deemed to be well supported by the
experimental data and relatively easy to interpret. As expected, we registered a slight
decrease in RSCC, whereas both refinement protocols involving the new dictionaries — with
and without torsion restraints activated — managed to reduce the gap between R, and R,
meaning a reduction in overfitting (Figures A.1-A.3). In addition there was a slight reduction

in mean atomic B-factors (Figure A.4)

2.1.4 Discussion

Three protocols were considered: using old dictionaries from the CCP4 Monomer Library,
using new dictionaries generated using AceDRG, and using new dictionaries with the
addition of unimodal torsion restraints. Using Privateer for validation, we have sought to gain
insight into how the quality of pyranoside models differs when using different restraint
dictionaries during refinement. It should be noted however that the power of ring
conformation as a useful validation metric for pyranosides is hindered by the imposition of
torsion restraints during refinement, as there is an obvious bias towards the lowest-energy
conformation — other indicators (e.g. fit to density, average B-factor, linkage geometry)

should be monitored instead in a production environment.

Figure 2.3A shows that the great majority of pyranosides in the test set were correct before
and after all three refinement protocols. This was expected, as previous research has shown
that modelling errors increase greatly with decreasing resolution, and particularly at
resolutions lower than 2.0 A (Atanasova, Bagdonas, and Agirre 2020). Figure 2.3A also
shows that refinement with the old dictionaries produces very similar validation results to the
original PDB models. This is somewhat surprising, as the original structures were produced
using a variety of dictionaries and refinement software. Figure 3B eliminates from the picture
all the structures that were correct in the original PDB models, and continue to remain
correct when using all three refinement protocols. The remaining cases indicate that use of
the old dictionaries reduces the number of residues validated as “no” by Privateer, and
moves the majority of these to the “check” class (high-energy ring pucker, but no other
pathologies). In contrast, use of the new dictionaries, use of the new dictionaries (without
activating torsion restraints) resulted in a slight decrease in the number of sugars diagnosed
with “check” , indicating that the updated geometric estimates in the new dictionaries are

enough to sway some models from a high-energy ring pucker into a chair conformation. This
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effect is greatly amplified when the new unimodal torsion restraints are activated; the
number of pyranosides that change from showing one or more problems to being fully

validated (a “yes” diagnostic) almost doubles.

Some pyranosides remain incorrect after refinement with all three protocols. Upon closer
inspection, most of these are cases where the electron density is difficult to interpret, and
often involve a modelling error. These cannot not be fixed by refinement alone, and in such
cases, additional intervention — e.g. interactive real space refinement, or running advanced
rebuilding protocols such as those in Rosetta (Frenz et al. 2019) or Coot (Paul Emsley and
Crispin 2018), also automated in PDB-REDO (van Beusekom et al. 2019) — would be

required in order to model the sugar correctly.

In addition to diagnosing each pyranoside as “yes”, “no” or “check”, Privateer also calculates
the RSCC between the sugar-omitted “observed” (2mF,-DF,) electron density map (pqs) and
that calculated from the model (p.ac) in the vicinity of the sugar (Equation 2.1). Figure 2.4
shows the change in RSCC after refinement. The general trend is that RSCC remains high
overall. The new unimodal torsion restraints lead to an increase in the number of sugars
validated as “yes”, and a decrease in the number of sugars diagnosed with “no” or “check”.
The average RSCC after refinement with the old dictionaries was 0.793; with the new
dictionaries, it decreased to 0.791; finally, with the new dictionaries and unimodal torsion
restraints, it went further down to 0.789 (Figures A.2-A.3). As already discussed, restraining
a sugar to the most likely conformation could lead to a small decrease in RSCC. This is due
to the sugar being encouraged to adopt a sensible conformation, rather than being allowed
to sink into the electron density, however faint or incomplete, at the expense of unphysical
geometric distortions. Such avoidance of overfitting is generally the appropriate course of
action (in the absence of clear evidence to the contrary). Indeed, a modest reduction of
RSCC should be seen as an acceptable trade-off when the electron density map does not
unambiguously demonstrate evidence for a high-energy conformation. Consistently, we also
found a small but significant increase in AR, while AR, remained essentially the same
with both refinement protocols involving the new dictionaries. This reduction of the gap
between R,.« and Ry.. (Figure A.1) provides further evidence that using the new dictionaries

can help prevent overfitting.

61


https://paperpile.com/c/xhTt6Z/ALduV
https://paperpile.com/c/xhTt6Z/qccOU
https://paperpile.com/c/xhTt6Z/qccOU
https://paperpile.com/c/xhTt6Z/A6VBc

o
Le>]

eD

eﬂ

0 SRGENESI TRRIECAR

30

60

90-

120

150

180

30

60

90

120

150

180

30

60

90

120

150

180-

(A)

High resolution

Medium resolution

Low resolution

0 60

46

61

180 300
¢o
« D-sugars
L-sugars

120 240

360 0 60

PP RTIsey

41IC (FigéD)

4IIC (Fig6C)

120

4U00 (Fig6B)

4U0:)\(FigﬁA)
129

" a

180 240 300 360 O

¢0

RSCC D-sugars |

RSCC L-sugars

-0.3 -0.2 -0.1 0.0 01 0.2

-0.3 -0.2 -0.1 0.0 01 0.2

i K

LY 0 TR

180 240 360

¢0

60 120 300

03 04 05 06 07 08 09

03 04 05 06 07 08 09

New dictionaries

New dictionaries

Old dictionaries

+ torsions

62



High resolution Medium resolution Low resolution

0 > — .
30 - * . * K o & K
. ad = 0
60 o °_* . | . [
. g E
& 90 \ 5UPM (Fig5D) 2'a
. veo
120, %078 (Flgs?l-leo (Fig5B) ' %
s '995) 1 12 1 2
150 5JUG (Fig5A) ;‘,__5. 5 g
180 iy " . A AL o uend ot - ‘. .
30 G Y :-.-.. | . Lol (3 “ f‘ ..° ‘= . '. g
Y . . . . L . ':
o OV Tsupm s . . X g
e e : . = v o
p 90 o * o™~ - o | . o eptieee P =
a ° . » . . !
120 . °
6HGO 66 50 117 | 2
150 5JUG [
-, sie . =
180 - Y . . . Ak Afh & A
D {
“e I! l . E' . \!l! !ll‘ I A . LY ] . 0
30 .6 L™ ) ...'0 s e - ey o . ..o . o e n .'- ) L @
* . . . o - . - -
60 3 i{U S5UPM % ., ° | e ‘ . Q ' LT ¢ E
. te o .9 ° . L . e
o s A * -.0-.. :' . * e . ,c‘ . . o0’ . [ 4 > ,2
@ 90 -, . ' 2 . 1%y . ° :ﬁ.bo cop "Q'
120 o
6HGO 85 | 75 151 | B
150 5JUG -~ » ‘ ) ) R o
180: Adddsha o | & ahat A ags i
0 60 120 180 240 300 360 O 60 120 180 240 300 360 O 60 120 180 240 300 360
$° ¢° $°
= D-sugars RSCC D-sugars |
L-sugars -03-02-01 00 01 02 03 04 05 06 07 08 0.9
RSCC L-sugars
-03-02-01 00 01 02 03 04 05 06 0.7 08 09
(B)

Figure 2.4. Refinement with the new dictionaries and unimodal torsion restraints leads to
fewer unlikely carbohydrate conformations. (A) Sugars part of N/O-glycosylation; (B) Other
sugars. 6 vs ¢ plot for D-sugars (blue circles) and L-sugars (yellow triangles) — see
Discussion for a description of 6 and the Cremer-Pople parameters. D-sugars usually adopt
the “C, conformation with 6 = 0°; L-sugars normally adopt 'C, conformation with 8 =180°.
Use of the new unimodal torsion restraints (top) shows fewer deviations from these values.
The PDB codes corresponding to entries discussed in Figures 5 and 6 are labelled. The
number of sugars in high energy conformations (according to Privateer) is shown in the
bottom right corner of each plot. Resolution ranges contain equal numbers of sugars (1,668
each). High resolution is 0.9 to 1.8 A, medium resolution is 1.8 to 1.9 A and low resolution is
19t0 2 A.
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Figure 2.5. Sugars in unusual conformations after refinement with the new dictionaries with
unimodal torsion restraints. (A) BMA-B-3 from PDB ID 5JUG (Y. Jin et al. 2016); (B)
SIA-A-522 from PDB ID 6HGO (Salinger, M.T., Hobbs, J.R., Murray, J.W., Laver, W.G., Kuhn,
P., Garman, E.F., n.d.); (C) NAG-E-1 from PDB ID 507U (Tobola et al. 2018); (D) GLC-C-1
from PDB ID 5UPM (Pluvinage et al. 2017). These sugars appear as outliers in Figure 4(B).
They remain in high-energy conformations after refinement, but have high RSCC. This figure
was produced with CCP4mg (S. McNicholas et al. 2011). Map types are 2Fo-Fc, displayed

at 10 contour level with a sampling rate of 0.5.

The 6 angle of the Cremer-Pople parameters for pyranose rings (Cremer and Pople 1975a)
is a useful tool in conformational analysis, as it helps monitor the transition from chairs (6 =
0° for *C, chairs, 6 = 180° for 'C, chairs) into envelopes and half-chairs (6 = 45° and 6 =
135°) and then into boats and skew-boats (8 = 90°). As these transitions involve eclipsing of
substituents and thus energy penalties, 8 may be seen as a simple summary of the deviation
of a sugar's geometric parameters from ideal values. Examining the 6 angle distribution
provides further evidence to support the assertion that the unimodal torsion restraints
decrease the number of unlikely conformations. Figure 2.4 (A and B) presents a

conformational analysis of all pyranosides in the test data set, binned into three resolution
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ranges (left: 0.9 A to 1.8 A; middle: 1.8 A to 1.9 A; and right: 1.9 A to 2.0 A). The three bins
were chosen to contain the same number of pyranosides. As seen in both panels, the
number of sugars with unusual 8 angle values decreases significantly when the ring is
restrained using the new unimodal torsion restraints. Even the new dictionaries without
torsions activated seemed to have a beneficial impact on ring conformation. Interestingly, the
ligand pyranosides that remain in unusual conformations (Figure 2.4B) generally exhibit a
high RSCC. A closer inspection of these outliers (Figure 2.5) revealed that these
pyranosides' conformations are retained due to being supported by the data, as evidenced
by strong and featureful electron density maps. The relative weighting between the data and
geometric components in REFMAC5 makes this possible, allowing for torsion restraints to be
down-weighted in favour of strong observations (Murshudov et al. 2011). High-energy
conformations such as these are usually adopted by ligands — bound, or trapped, covalently

linked in the middle of a reaction within an enzyme (Davies, Planas, and Rovira 2012).
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Figure 2.6. Change in conformation and real-space correlation coefficient (RSCC) after
refinement. (A) Sugar in a 'S; conformation after refinement with its old CCP4-ML restraint
dictionary entry (Figure 2.4A, bottom middle panel). (B) The conformation of the sugar has
been changed to the minimal energy conformation after refinement with the updated restraint

dictionary entry and unimodal torsion restraints and the RSCC has increased (Figure 2.4A,
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top middle panel); the sugar in (A) and (B) is MAN-Q-4 from PDB ID 4UQOO0 (Devi et al. 2015)
at 1.90 A resolution, mean B value 34 A2 (C) Sugar in a 2S, conformation after refinement
with its old CCP4-ML restraint dictionary entry (Figure 2.4A, bottom middle panel). (D) The
minimal energy conformation of the sugar after refinement with the new restraint dictionary
entry and unimodal torsion restraints; RSCC has decreased (Figure 2.4A, top middle panel).
The sugar in (C) and (D) is BMA-P-3 from PDB ID 4lIC (Suzuki et al. 2013) at 1.90 A
resolution, mean B value 18 A2. This figure was produced with CCP4mg (S. McNicholas et

al. 2011). Map types are 2Fo-Fc, displayed at 10 contour level with a sampling rate of 0.5.

Figure 2.6 demonstrates the change in RSCC when restraining pyranosides to their most
likely ring conformations using the new dictionaries with unimodal torsion restraints. A
pyranoside refined with the old CCP4-ML dictionaries is shown in Figure 2.6A, adopting an
unlikely high-energy conformation ('Ss) with an RSCC of 0.58. When the conformation is
moved to the more probable *C, after refinement with the new dictionaries and unimodal
torsion restraints (Figure 2.6B), the RSCC increases to 0.65, representing better agreement
between the sugar and the electron density map. The sugar shown in Figure 2.6C is also in
a high-energy conformation (%S,)) after refinement with the old dictionaries, which is
corrected to *C, after refinement with the new dictionaries and torsion restraints. However, in
this case the RSCC decreases from 0.82 to 0.77. This once again demonstrates how
restraining a sugar to the most likely conformation can have either an incremental or
decremental effect on RSCC, and that RSCC is not always a helpful metric for assessing
local model reliability. Finally, we should like to emphasise that while unimodal torsion
restraints seem like a good tool for the refinement of pyranosides in general, they may mask
out other problems that can be detected by Privateer when they are not in use. Indeed, an
unexpected high-energy ring pucker is considered a good indication of other modelling

problems (Agirre 2017).

2.1.5 Conclusion

As part of a recent overhaul of the CCP4 Monomer Library, in which existing dictionaries
have been replaced with those generated by AceDRG, we have augmented the dictionaries
for pyranose entries by patching them with unimodal torsion restraints generated by
Privateer. This development has the potential to dramatically reduce the number of
conformational anomalies in refined structures Users still have to be mindful of the need to
activate torsion restraints in their respective refinement programs should they want to use

them — they are currently deactivated by default in CCP4 software, though they may or may
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not be used automatically in other suites. To the best of our knowledge, this is the first time
torsional sets for pyranoses have been tested extensively in this manner and the results
should give confidence that the torsion restraints in these dictionaries can lead to a

chemically sensible result in the absence of serious modelling mistakes.

2.1.6 Open research data: availability and reproducibility

Our dictionaries will be released as part of the CCP4 suite with the 8.0 release. The latest
pre-release version of the CCP4-ML can be accessed by anonymous checkout (command:
bzr checkout https://ccpdservé.rc-harwell.ac.uk/anonscm/bzr/monomers/trunk mon 1lib).
In addition to the new carbohydrate dictionaries, the previous CCP4 carbohydrate
dictionaries (referred to in the text as 'old') at the time of publication and the results from all

the refinements can be downloaded from: https://zenodo.org/record/5764924.
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2.2 Summary

The work presented in this chapter is an attempt to produce a set of updated carbohydrate
dictionaries with improved torsion restraints for use in refinement software. The new

dictionaries corrected errors present in the torsion restraints of the old dictionaries and also
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introduced a new set of unimodal torsion restraints. These can be used to enforce a “C, (for
D-sugars) or 'C, (for L-sugars) conformation when refining carbohydrates. This is often
necessary when working on an N-glycosylated model, as the resolution tends to be lower
than that of non-glycosylated proteins. In the case of electron cryo-microscopy, the
resolution is often even lower. The dictionaries presented have led to much lower numbers
of monosaccharides with wrong conformations when used to refine a test set of
carbohydrate structures. However, a small decrease in RSCC and increase in R-factor was
observed, which is likely due to monosaccharides not being forced into a wrong
conformation by inconclusive electron density. As per the publication referees’ suggestions,
glycans containing major modelling errors were excluded from the dataset, as these would

not be fixed by refinement and as such are not of interest for this study.

The updated carbohydrate dictionaries have now been released as part of the CCP4 8.0
Monomer Library. Since then, they have been used to refine the N-glycans on human
myeloperoxidase (MPO) at 2.6 A resolution (Krawczyk et al. 2022). MPO oxidises organic
compounds and as such has multiple roles in the body, such as in building cellular
components, metabolism, immunity, inflammation and the N-glycans play a role in its
enzymatic activity. Inhibiting MPO is of therapeutic interest for the treatment of major
depressive disorder with inflammatory syndrome. Moreover, since release of the updated
carbohydrate dictionaries, the crystallographic community has not reported any issues with

monosaccharide restraints.
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Chapter 3

Model Building

This chapter discusses a proof of concept piece of software, Sails, that applies a similar
automated model building approach to that described for amino acids in proteins, and
nucleic acids in the Buccaneer and Nautilus computer programs respectively. While the
methodology for the identification of features is similar, additional considerations have been
put in place for the particular case of pyranoses, such as the notion of ring conformation —
4C, for D-pyranosides, and 'C, for L-pyranosides — and added support for the different

linkages.

Sails was originally written by K Cowtan and Jon Agirre. The aim of this chapter is to assess
whether this methodology can be applied to carbohydrates as effectively as to proteins and
nucleic acids. In order to do this, the database of fingerprints that Sails uses was extended
to include all sugars commonly found in N-glycans (done by Mihaela Atanasova). The
program was then tested on a set of structures at a range of resolutions to evaluate its
performance (done by Mihaela Atanasova). Sails was shown to perform well at high
resolution. At lower resolution it can only detect the well-resolved monosaccharides at the

beginning of a glycosylation tree.

3.1 Introduction

Free glycans are used as signals in biological processes such as embryo development,
defence responses and interactions between organisms, in addition to being used as
structural components and for energy storage. For example, oligogalacturonides are free
glycans that induce flower formation, but inhibit root growth in plants and also protect the
plant from pathogen infections (Ferrari et al. 2013). In embryonic development,
glycosaminoglycans (GAGs) play a significant role because the absence of certain enzymes
necessary for GAG synthesis affects the ability of cells to migrate and tissues to form
(Smock and Meijers 2018). Furthermore, chitin, a free glycan and a polymer of GIcNAc, is a
structural component of cell walls of fungi, insect exoskeletons and some hard structures in
fish (Moussian 2019). Also, glycans are part of the antigens that cover the surface of

erythrocytes. These antigens are responsible for the categorization of the different blood
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types as they need to be compatible for successful blood transfusions (Lee-Sundlov, Stowell,
and Hoffmeister 2020). Moreover, cancer cells can be distinguished from non-cancerous
cells by their glycan composition - malignant cells often have much more branched
N-glycans on their surface. The reason for this is that sialyltransferases can be upregulated
in cancer, which causes hyper-sialylation. The inhibition of this pathway is currently explored
as potential cancer therapy (Dobie and Skropeta 2021). Additionally, the sialic acids on the
surface of healthy cells can be targeted by pathogens. This has therapeutic potential too, as
competitive inhibitors of viral sialidases can prevent infection with influenza (Glanz et al.
2018).

The complex biological roles of glycans, their therapeutic potential and industrial applications
emphasise the need to have detailed knowledge of their structure. This is complicated by the
fact that carbohydrates have complex structure and historically they have been overlooked
by scientists. Unlike the protein backbone, carbohydrate chains can be branched and the
linkages between monomers are more varied than the linkages between amino acids. The
reason for this is that glycosidic linkages are normally formed between the anomeric carbon
of one monosaccharide and an unmodified hydroxyl group on another one. There are
multiple possibilities for which hydroxyl group on the second monosaccharide can be linked.
Also, the anomeric carbon is a stereogenic centre, which means that different anomeric
configurations are possible for the glycosidic bond. Branching arises when multiple
monosaccharides or oligosaccharides are linked onto the hydroxyl groups of the same
monosaccharide. Furthermore, the complex biosynthesis of glycans and the availability of
glycan-processing enzymes can lead to different glycan products formed on the same
protein core known as glycoforms (P. M. Rudd and Dwek 1997; Fisher et al. 2019). This is
referred to as heterogeneity. Microheterogeneity is when on the same glycosylation site
there are different glycans attached. Macroheterogeneity is when different glycosylation sites
are glycosylated. Moreover, monosaccharides have complex stereochemistry and
conformation. Long carbohydrate chains, such as those found in protein N-glycosylation,
tend to be flexible and, since they are usually on the surface of proteins, they are in contact
with the water molecules surrounding the protein. All of these factors make carbohydrates
difficult to resolve with X-ray crystallography, which involves taking a snapshot of the protein.
As a result, the mean resolution of glycosylated proteins (2.4 A) tends to be lower than that

of non-glycosylated proteins (2 A) (van Beusekom, Litteke, and Joosten 2018).

In practice, monosaccharides, especially those part of N-glycans, tend to adopt the
lowest-energy conformation possible, which for pyranoses is chair - *C, for
D-monosaccharides and 'C, for L-monosaccharides. In chair conformations the substituents

are staggered, the angles between them are 60/-60 degree, which minimises repulsions and
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strain making the conformation low energy. Going from “C, to 'C, or vice versa requires high
activation energy, which usually involves catalysis with a carbohydrate-active enzyme.
Deviations from the lowest-energy conformation are usually in the active sites of enzymes

and need to be clearly supported by data.

Several software tools that can help when building carbohydrate models are currently
available. Coot (P. Emsley et al. 2010), a software commonly used in structural biology for
the display and manipulation of models, has an N-glycan building feature (Paul Emsley and
Crispin 2018). It allows the user to build an N-glycan model in three modes - manual,
semi-automatic and automatic. The manual mode requires the user to select a carbohydrate
monomer and a type of linkage from a range of possible options; Coot places it in the map in
the correct orientation and conformation. The semi-automatic mode involves the user
choosing just the glycan type and Coot suggesting possible monomer and linkage options.
The automatic mode is the easiest to use, with the user just selecting the starting point and
the glycosylation tree type. The limitations of the N-glycan building feature of Coot is the
narrow selection of glycoforms available and the trees built in the automatic mode are often

incomplete if the resolution is low.

Van Beusekom et al. (van Beusekom et al. 2019) have built on this work by creating two
software tools that automate further the N-glycan building process. The first tool, Carbivore,
allows for the automated rebuilding and/or extension of existing carbohydrate trees and
building new trees through the use of Coot's N-glycan building feature. The second tool,
Carbonanza, allows for the creation of missing links between Asn and
N-acetyl-D-glucosamine when N-glycosylation was not detected. Both of these programs are

currently available through the PDB-REDO re-building and re-refinement pipeline.

The ISOLDE (Tristan lan Croll 2018) plugin for ChimeraX (Pettersen et al. 2021) is an
immersive environment that facilitates model building into low to medium resolution maps by
providing real-time validation. While ISOLDE does not provide model building itself, it uses
molecular dynamics force fields to fix errors automatically as the user makes changes to the
model. It works with carbohydrates through the use of the GLYCAM force field (Kirschner et
al. 2008).

Overall, the software available for building carbohydrates is not as featureful as the software
available for building proteins. For this reason, we are proposing a new piece of software,
Sails, that allows for the automated building of N-glycans and ligands in X-ray

crystallography or electron cryo-microscopy maps.
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3.2 Method

Sails (Software for Automatic Identification of Linked Sugars) comprises a set of programs
for building carbohydrates into electron density (MX) or electron potential (cryo-EM) maps.
Its algorithm is based on fingerprint detection, similar to the algorithm of Nautilus, which can
build models of nucleic acids (Kevin Cowtan 2014). The detection engine relies on a
database of fingerprints, which are used to detect monosaccharides on the map. These
fingerprints are generated by superimposing monosaccharide from structures in the PDB in
the same conformation, usually their minimal-energy conformation. High probe points
(peaks) are then placed where electron density/potential is high (i.e. on each atom), and low
probe points (voids) are placed where the electron density/potential is empty (i.e. in the
surroundings). Examples of fingerprints generated by Sails can be seen in Figure 1. After a
six-dimensional search, each fragment from the database is then scored against the electron
density/potential map. The high probe points of the fingerprint need to match places of high
electron density/potential on the map. The low probe points on the fingerprint need to match
the empty electron density/potential on the map. A score is then calculated based on how
well the fingerprint matches the electron density/potential for each scanned position. The
fingerprints are then placed on the map starting from those with the highest score until

reaching a threshold score.
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Figure 3.1. A set of fingerprints generated with Sails. Positive probe points are placed on the
atoms and negative probe points are placed in the voids. (A) N-acetyl-B-D-glucosamine
(NAG), (B) B-D-mannose (BMA), (C) a-D-mannose (MAN), (D) a-D-glucose (GLC). All
monosaccharides depicted are in *C, conformation. Map types are 2Fo-Fc, displayed at 10
contour level with a sampling rate of 0.5. The maps were calculated with the Sails minimax
tool. This figure was produced with CCP4mg (S. McNicholas et al. 2011).

3.2.1 Fingerprints creation

Design guidelines

The fingerprint database is a major component of Sails and determines how well it works.
For this reason it was important to ensure that its quality is good. There are several
considerations that need to be made. First of all, the structures selected for fingerprinting
need to be high resolution and the monosaccharides contained in them need to be correct.
Moreover, the number of monosaccharides used for the creation of one fingerprint should be

optimal for best results. In fact, often one high resolution structure with a few copies of the
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same monosaccharides is sufficient to produce a satisfactory fingerprint for that

monosaccharide.

Structure selection

In order to find structures suitable for fingerprint generation, Privateer was run on all of the
.pdb files of a mirror of the Protein Data Bank. This produced a list of all protein structures
which contain monosaccharides along with validation information for each monosaccharide,
including its anomeric configuration, conformation, 6 and ¢ angles, and Privateer’s
assessment of whether the monosaccharide is correct. This data was used to select
structures for fingerprinting based on several criteria: number of a given monosaccharide
present in the structure, correctness of these monosaccharides, resolution. Ideally to be
selected for fingerprinting, a protein should contain a few copies of a particular
monosaccharide, all validated as correct by Privateer, and the data should be high
resolution. Having too many copies of the same monosaccharide leads to the fingerprint
becoming less defined, often resulting in unresolved atoms which can then lead to false
positive monosaccharide detection. Having too few monosaccharides in a structure often
leads to the fingerprint being too specific to a particular structure and not being able to
generalise well. If a structure does not contain enough monosaccharides, multiple structures
can be combined using one of Sails’ tools specifically designed for this. This is especially
useful for monosaccharides for which less data are available. A good fingerprint created at

high resolution should work well even at lower resolution.

Data preparation for fingerprinting

To prepare a structure for fingerprinting it was refined to ensure that the agreement between
the model and the data is as close as possible. The .mtz and .pdb files were input into
REFMAC5 which was then run for 20 cycles with the new carbohydrate dictionaries
described in Chapter 2. The output .mtz and .pdb files were input into the Sails minimax tool.
This tool uses the .mtz and .pdb data to produce a minimum and maximum map for a
specified monosaccharide in a particular conformation, along with a .pdb file containing just
the monosaccharide. The minimum and maximum electron density/potential maps are
calculated. Sails also includes a tool that allows combining maps calculated from multiple
structures. The user first inputs the map to be used as the base, then the map to be added
to it. The new map, calculated as the average of the two maps, is output and can be used as

input for the fingerprinting tool.
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Fingerprinting

The fingerprinting tool takes the .pdb file, minimum and maximum maps of the specified
monosaccharide output by the minimax tool. It also allows the user to change the mask
radius and map radius. The mask radius controls how spread out the negative probe points
are. The map radius sets the radius of the map used. The mask radius and map radius that
give the best results depend on the monosaccharide being fingerprinted and on the data
used for fingerprinting. Generally, values of 2-3 A for the mask radius and about 9 A for the
map radius seem to give the best results. However, these values should be optimised for a
particular fingerprint. In order to avoid putting a void where one already exists, Sails
calculates where they should be, rather than placing them randomly. First, a dummy atom at
a random position is placed and a place of empty electron density/potential is found near it.
A void is placed there and then the next place of empty electron density/potential is found.
The calculated fingerprint is given as an output to the console, from where it can be copied
into the Sails fingerprint database. The fingerprint also contains information about what type
of carbohydrate it should be used for, ie. ligand, N-glycan, etc. The protocols used for
fingerprint generation are given in Table 3.1, including PDB codes for the structures used for

each monosaccharide, map and mask radius in A.
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Table 3.1. Protocols for generation of the fingerprints in Sails’ internal database. Column
legend: ‘Sugar’ is the three-letter CCD component ID assigned to each monosaccharide;
‘PDB’ is the PDB codes for the structures used to generate the fingerprints; ‘Resolution’ is
the resolution in A; ‘Number of monosaccharides’ is the number of copies of the
monosaccharide being fingerprinted in the structure; ‘Mask radius’ and ‘Map radius’ are the
values for these properties used as input for Sails’ fingerprinting tool; mask radius controls
how spread out the negative probe points are and map radius controls the radius of the map
used for fingerprinting. All structures used for fingerprinting were determined using X-ray

crystallography.

Sugar PDB Resolution, A Number of Mask radius, Map radius,
monosaccharides A A
NAG 3bwh 1.00 2 2.3 9.5
MAN 502x 0.95 15 2.4 9
BMA 1pmh 1.06 5 2.4 9.5
GLC 3weo 1.45 3 2.3 6
NDG 1949 2.00 4 25 9.5
XYP 5lal 1.40 3 2 8
1ebs 1.35 2
6rs9 1.40 2
3bwh 1.00 1
S5aog 1.27 1
6idn 1.50 1
FUC 7c38 1.20 4 3 9.5
FUL 7c38 1.20 4 2.5 11
GAL 5elb 1.08 18 25 9.5
BGC 3pfz 1.10 6 25 9.5
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Running Sails

Sails can work with two different inputs. The first one is a .pdb and an .miz file for a
structure, the second is a .map file. .pdb and an .mtz files are output by REFMACS5 after the
protein is refined. Map files can be computed by Privateer and REFMACS5, or they can be
electron cryo-microscopy maps. Sails performs a search for each monosaccharide across
the map and calculates a score for each position checked. It then removes all the
monosaccharides below a certain score threshold. Afterwards, Sails places the remaining
monosaccharides starting from the highest-scoring ones first. For each of these
monosaccharides, Sails retrieves its dictionary definition from the CCP4 Monomer Library
and positions it in the detected location. Sails also makes sure that if a monosaccharide has
already been placed in a certain location, no other monosaccharide is being placed on top.
Then, Sails outputs a .pdb file containing the monosaccharides found. A difference map can
also be used. This speeds up the search, because there is less electron density for Sails to
search across. In addition, the step at which the angular sampling is carried out can be
changed by the user (the default is 15°). Having a very high step leads to fewer

monosaccharides being found, but a very low step can significantly slow down the process.

3.2.2 Testing

Sails was tested on structures that were not used for fingerprint generation. A test set of 10
high resolution (0 - 1.50 A), 10 medium resolution (1.51 - 2.50 A) and 10 low resolution (2.51
- 4.00 A) X-ray crystallography structures was chosen based on having the highest number
of the monosaccharides for which fingerprints were available. In addition, 10 structures
determined with cryo-EM were also selected with resolution of 2.50 - 4.00 A and high
numbers of monosaccharides. The resolution ranges were chosen to reflect the overall lower
resolution for carbohydrate-containing proteins. The PDB codes for the structures are given
in Table 3.2. The test set is small, because its purpose is to show the proof-of-concept and to
highlight what improvements need to be made to Sails. Each structure was first run through
REFMACS5. Then, the pdb and mtz files output by REFMAC5 were input into Sails. In
addition, the PDB model was validated with Privateer. The monosaccharides built by Sails

were visually inspected in Coot.
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Table 3.2. PDB codes of structures used for testing Sails. Column legend: ‘the X-ray

crystallography’ columns contain PDB codes of structures originally determined with X-ray

crystallography; ‘High resolution’ contains structures in the 0-1.50 A resolution range,

‘Medium resolution’ - in the 1.51 - 2.50 A resolution range and ‘Low resolution’ - in the 2.51 -

4.00 resolution range; the ‘Electron cryo-microscopy’ column contains PDB codes of

structures originally determined with cryo-EM in the 2.50 - 4.00 A resolution range; ‘PDB’

refers to the pdb code of the structure being modelled; ‘Rsin’ is the resolution in A; ‘No.’ is

number of monosaccharides the structure contains.

X-ray crystallography

High resolution

Medium resolution

Low resolution

Electron

cryo-microscopy

PDB Rsin No. PDB Rsin No. | PDB Rsin No. | PDB Rsin No.
6hgb 150 41 5fjj 195 157 5d9q 440 216 5szs 340 222
le6g 1.35 20 5fji 1.95 91 5u6 220 184 6cde 3.80 219
4h53 150 35 4iih 2.00 90 1zpu 280 166 ©6bfu 3.50 168
29%0 130 34 4iib 1.80 86 5fyj 311 162 6nb3 3.50 160
6gsz 1.38 26 4iic 1.90 84 4nco 4.70 147 6myy 3.80 156
30g2 120 23 4iie 2.00 85 5fyk 311 130 6ngd 3.90 141
3ogr 150 21 4dI1 2.00 68 5i8h 430 116 6dcqg 3.10 133
2hox 1.40 21 5fk8  1.88 68 5f(yl 3.10 114 5vn3 3.70 129
ledm 120 20 4uo0 1.90 70 6crd 257 112 6dg7 3.32 35
1e73 150 20 5fmd 1.78 66 S5es4 330 112 6hug 3.10 32

3.3 Results

A set of 10 monosaccharide fingerprints were produced covering monosaccharides
frequently involved in N-glycosylation, ie. NAG, MAN, BMA, NDG, GLC, GAL, BGC, FUC,

FUL, XYP. The fingerprints were produced at their lowest energy conformation, as this is the
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most common conformation observed in N-glycosylation. Higher energy conformations are
more frequently observed in ligands. Enforcing the lowest energy conformation is especially
important when building monosaccharides at low resolution, as it is often impossible to
distinguish the conformation. This could sometimes come at the price of higher R-factor and
B-factor, and lower RSCC, but unless the electron density/potential clearly indicates that the
monosaccharide is in a higher energy conformation, it should be kept at a low energy

conformation.

The fingerprints were input into Sails’ internal database. Sails was then run on a set of test
structures, which includes 10 high resolution, 10 medium resolution and 10 low resolution

X-ray crystallography structures, in addition to 10 cryo-EM structures.
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Figure 3.2. Monosaccharides built by Sails at different resolutions before refinement (left)
and after refinement with Coot's Real Space Refinement using the new carbohydrate
dictionaries with unimodal torsion restraints (right). (A) N-acetyl-p-D-glucosamine (NAG) built
at 1.20 A resolution; PDB entry 1E4M (Burmeister et al. 2000) determined with X-ray
crystallography. (B) a-D-mannose (MAN) built at 1.95 A resolution; PDB entry 5FJI (Agirre et
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al. 2016) determined with X-ray crystallography. (C) NAG built at 2.2 A resolution; PDB entry
5JU6 (Gudmundsson et al. 2016) determined with X-ray crystallography. (D) NAG built at 3.5
A resolution; PDB entry 6NB3 (Walls et al. 2019) determined with electron cryo-microscopy.
Map types for the X-ray crystallography structures (A-C) are 2Fo-Fc, displayed at 16 contour
level with a sampling rate of 0.5. Cryo-EM maps in (D) displayed at contour level 1. This
figure was produced with CCP4mg (S. McNicholas et al. 2011).

The test set structures built by Sails were inspected in Coot, looking at how well the
monosaccharide fits the electron density/potential and comparing it to the PDB model. The
structures deposited in the PDB were run through Privateer in order to obtain the total
number of monosaccharides in the deposited structures. The results of the models built by
Sails and the models from the PDB were compared and the percentages of correctly built
monosaccharides for different resolution ranges are presented in Table 3.3. Table 3.3 also
shows data on the first NAGs, ie. NAGs at the beginning of a glycosylation tree, built
correctly by Sails. The results showed that Sails can correctly detect up to 40% of the
monosaccharides present in a structure at sufficiently high resolution. Examples of
monosaccharides built correctly by Sails at a range of resolutions are shown in Figure 3.2.

These monosaccharides were successfully refined with Coot’s Real Space Refinement.

Table 3.3. Percentages of correctly identified monosaccharides by Sails at different
resolution ranges. ‘High resolution’ are structures in the 0-1.50 A resolution range, ‘Medium
resolution’ - in the 1.51 - 2.50 A resolution range and ‘Low resolution’ - in the 2.51 - 4.00
resolution range; the ‘Electron cryo-microscopy’ structures are in the 2.50 - 4.00 A resolution

range.

Percentage of Percentage of

correctly identified correctly identified

monosaccharides first NAGs
High resolution 39.21% 71.42%
X-ray
Medium resolution 11.37% 37.50%
crystallography
Low resolution 6.84% 1.63%
Electron cryo-microscopy 6.15% 0.28%
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Figure 3.3. Percentage of monosaccharides part of N-glycan trees detected correctly by the
Sails software vs resolution (A); structures deposited in the PDB were used for comparison.
The number of monosaccharides detected by Sails was obtained by inspecting the
structures visually in Coot. The number of monosaccharides in PDB structures was obtained
with Privateer. Left: all monosaccharides detected in N-glycan trees; right:

N-acetyl-D-glucosamine residues detected at the beginning of N-glycan trees.

3.4 Discussion

The possibility to build carbohydrate models into electron density/potential maps
automatically using a similar approach to the nucleic acid model building software Nautilus
was assessed. This approach differs from the approach often used for proteins, where the
amino acid sequence is available and can be traced on the electron density/potential map.
The lack of sequence data for carbohydrates means that building carbohydrates can be
significantly more complicated. Unlike with protein, nucleic acids and ligands, when a
structure is being built, often there is no prior knowledge on what carbohydrates it should
contain. The fingerprinting approach offers a solution to this problem. However, the main

factor for the success of this approach is the quality of the fingerprints.
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The main hurdle for producing high quality fingerprints is the availability of data. The
generation of a good fingerprint requires a few copies of the monosaccharide at high
resolution. These can be all on the same protein, or combined from multiple structures. The
monosaccharides used for the fingerprint creation also all need to be correct and in the
same conformation, ie. the lowest energy conformation for N-glycosylation. Moreover, each
monosaccharide needs to be well resolved. Structures with long glycan chains can be quite
flexible, which causes the structures at the end of the glycan chains to be poorly resolved.
These monosaccharides can make the fingerprint less defined by having fewer peaks than
non-hydrogen atoms. This causes the fingerprint to be able to fit into more positions on the

map, which leads to more false positive results.

The fingerprints produced cover the most commonly found monosaccharides in
N-glycosylated structures in the PDB. The availability of data means that the fingerprints for
NAG, MAN and BMA are much better than the rest of them. In fact, a large number of the
monosaccharides built by Sails incorrectly (Figure 3.3) are erroneously placed small
monosaccharides like GLC and XYP. Despite this, Sails is able to build a number of
monosaccharides correctly, in particular NAG, MAN, BMA, at high and medium resolution.
The monosaccharides Sails is able to build successfully tend to be well resolved. Less
resolved monosaccharides, where the electron density/potential is partly missing are unlikely
to be built by Sails, but these are usually cases that require manual building often with
additional knowledge. Moreover, Sails can sometimes place smaller monosaccharides, like
XYP, in place of larger ones, like NAG. This happens because the small monosaccharides
can have a higher score for that particular position. The reason for this is that part of the
score is based on how well the peaks and the voids fit into and around the electron
density/potential of the monosaccharide. The more peaks and voids a monosaccharide
fingerprint has, the lower its overall score tends to be, ie. larger monosaccharides tend to
have lower scores even when placed correctly. However, this issue is overcome simply by
building the larger monosaccharides first and then moving on to the smaller ones.
Furthermore, sometimes Sails places the wrong anomer. This is not unexpected, as the

difference between two anomers is quite small.

Figure 3.2 shows examples of monosaccharides built by Sails that fit the electron
density/potential well at a range of resolutions. In Figure 3.2(A) it is clear that the NAG fits
well into the electron density map and the individual features of the monosaccharide are well
resolved. In Figure 3.2(B-C) the resolution of the electron density map is lower, but it is still
possible to distinguish the monosaccharides well. In Figure 3.2(D) the low resolution of the
electron potential map makes identifying anything challenging. Also, after building them with

Sails, these monosaccharides were refined with Coot's Real Space Refinement. The
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refinement makes the monosaccharides fit the electron density/potential even better, which

is seen in the higher resolution examples A-C.

Another current limitation of Sails is that the monosaccharides built are not linked into
chains. This is a feature that will be added in the future, but currently it means that the
models cannot be fully refined and validated. As the monosaccharides built into the model
have idealised coordinates and have not been put through refinement software, their
puckering amplitude, torsion angles and bonds are all correct, ie, they are the ones defined
in the monosaccharide dictionaries. Moreover, the conformation is always the low-energy

chair conformation usually found in N-glycosylated structures.

Another thing to consider when using Sails is the angle of the step used to scan the electron
density/potential map. The lower the angle is, the more potential positions of
monosaccharides are scanned. A step higher than 20° is likely to cause Sails to miss
monosaccharides. However, a lower step, usually about 5°, often leads to lots of
monosaccharides being built incorrectly across the map. Moreover, lowering the step can
make Sails much slower. This also depends on the size of the map - a bigger map takes
much longer to be scanned than a smaller one. A step of 7.5 deg seems to work well for a
number of structures without slowing down the carbohydrate model building process too

much.

Sails works with both X-ray crystallography and cryo-EM maps as input. However, because
of the challenges of resolution, Sails does not perform well on cryo-EM maps. In fact, it does
comparably to when building carbohydrates into low resolution X-ray crystallography maps.
For both low resolution X-ray crystallography and cryo-EM very few monosaccharides were
detected correctly and a few were flipped upside down. The few that were detected correctly
were found in higher resolution maps. This could be because the low resolution means that
it is difficult to distinguish any of the features of the monosaccharide, even longer
substituents like the amine on NAG. The large blobs of electron density/potential at low
resolution mean that it is difficult to fit the voids onto most of the map. Some insight into this
could be gained if more detailed studies are carried out on the mistakes that Sails makes at
different resolution ranges. Data could be collected on how likely each monosaccharide is to
be built correctly, built in a wrong location or built in a correct location but rotated the wrong
way. For the majority of low resolution structures, no monosaccharides were detected using

the current set of fingerprints.

Generally, when building a biological macromolecule model, carbohydrate modelling would
take place after the protein has been built and refined. For this reason, Sails would have to

be combined iteratively with Refmac5 in a similar manner as in protein model building
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pipelines. After that, validation of the model would take place. For the carbohydrate part, this

would be done with Privateer.

3.5 Conclusion and future work

Multiple software tools have been developed for building protein or nucleic acid models into
electron density/potential maps. Two of these tools, BUCCANEER for building proteins and
Nautilus for building nucleic acids, make use of a method based on fingerprint detection.
This method has been evaluated for the use for carbohydrate model building. The software
presented, Sails, uses a database of monosaccharide fingerprints to build N-glycan chains.
The successful detection of monosaccharides by Sails greatly depends on resolution. At
high resolution Sails can detect up to 70% of the monosaccharides in a structure. However,

at low resolution it is not uncommon for Sails not to detect any monosaccharides.
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Figure 3.4. Examples of different types of N-glycans shown using the Symbol Nomenclature
for Glycans. The greek letters and numbers show the N-glycan linkages naming. (A) High
mannose from PDB entry 5FJJ (Agirre et al. 2016). (B) Plant glycan from PDB entry 5A0G
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(Nnamchi et al. 2016). (C) Antibody glycan from PDB entry 3SGK (Ferrara et al. 2011). (D)
Mammalian glycan from PDB entry 5AJM (Xiong et al. 2014). (E) Antibody glycan from PDB
entry 5BYH (Yang et al. 2015). This figure was produced with Privateer.

To improve N-glycan tree building, it is possible to exploit the fact that Sails can detect the
first GIcNAc of a tree generally more successfully than it can detect the monosaccharides
further down the tree. The reason for this is that the first GIcNAc is usually better resolved
than the more flexible monosaccharides towards the end of the tree. As seen in Figure 3.4,
different types of N-glycans all start with a GIcNAc. If that GIcNAc is detected successfully, it
can serve as a starting point for building the rest of the tree using idealised
monosaccharides. The composition of the tree can be obtained from glycomics databases
using Privateer (Bagdonas, Ungar, and Agirre 2020b). This information could be used in a
similar manner as the amino acid sequence when building proteins or the nucleotide
sequence when building nucleic acids. The electron density/potential should still inform the

specific three dimensional structure of the tree.

Another issue of Sails that should be addressed in the future is that it currently produces
models containing unlinked monosaccharides. These monosaccharides should be linked into
N-glycan trees. On the electron density/potential maps the linkages can be flexible and badly
resolved, but information about them will be available in Privateer (Dialpuri et al., in
preparation). This data will contain linkage torsion angles collected from a large set of
validated structures of N-glycan trees. This information will be especially useful when

building trees based on glycomics data when the electron density/potential is unclear.

3.6 Availability

Sails is available on GitHub at:

https://qgithub.com/glycojones/sails

The results from testing Sails can be downloaded from:

https://zenodo.org/record/7116530
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3.7 Summary

This chapter introduces a software tool, Sails, for building N-glycosylation trees into electron
density/potential maps. Sails is moderately successful at detecting monosaccharides at
high-medium resolution and not very good at low resolution. However, Sails is very
successful at detecting the first GIcNAc of N-glycan trees, because it normally has higher
resolution than the rest of the protein. This offers the potential for future development of
Sails into being able to build idealised trees using the detected first GIcNAc hit and
information from glycomic databases collected with Privateer. Furthermore, Sails should be
extended to als build the linkages between the monosaccharides. Data on the torsion angles

of these linkages can be obtained with Privateer.
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Chapter 4

Conclusions and Future Work

The general aim of this PhD was to make improvements to software tools for carbohydrate
structure solution with X-ray crystallography and electron cryo-microscopy, with a focus on
refinement and model building. There are numerous errors in carbohydrate structures in the
PDB. The software tools currently available mostly focus on the protein structure. The
carbohydrate-specific tools are in general less developed. The reason for this is that the
carbohydrate structure solution process is more difficult. Also, in the case of X-ray
crystallography, they are often trimmed from the protein before crystallisation as they make
crystal formation more difficult. The specifics of carbohydrate structure need to be
considered when designing software tools, both on monosaccharide level and
polysaccharide level. For monosaccharides it is important to consider anomeric
configuration, stereochemistry, conformation, bond lengths and angles. For polysaccharides,
in addition to having the correct geometry for each monosaccharide, it is important to ensure
that they are linked correctly, with accurate values for bond lengths and angles of the
linkage. Moreover, common issues encountered when building carbohydrate trees with the

current software tools are incomplete or missing trees and wrong types of trees being built.

In Chapter 1, an analysis was carried out of the monosaccharides part of N-glycosylation
trees in the PDB focusing specifically on conformation errors. Data on the Cremer-Pople
puckering parameters were collected for monosaccharides in N-glycosylated structures at a
range of resolutions from the PDB. The 6 angle, in particular, indicates the conformation of a
sugar and can be found in the output of Privateer. How much the value of 6 deviates from
ideal values indicates how distorted the conformation is. Up to 36% were discovered to have
a value for the O angle indicative of a high energy conformation. The number of
monosaccharides in high energy conformations increases when the resolution decreases. If
the conformation of a sugar is distorted, this usually indicates an error unless the electron
density/potential clearly supports this. However, in N-glycosylated structures,
monosaccharides in high energy conformations are rare. The lower the resolution is, the
more common conformation errors are, which is also noticeable in cryo-EM structures.
These conformation errors can arise during both the model building and refinement steps of
structure solution. The aims of Chapters 2 and 3 were to address the errors arising during

carbohydrate refinement and model building respectively.
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The software used for carbohydrate refinement is the same as the software used for protein
refinement, but making use of monosaccharide specific dictionaries. A contributing factor for
the errors arising during refinement are the issues with the monosaccharide dictionaries in
the CCP4 Monomer Library. Dictionaries generally contain, among other things, torsion
restraints informing the angles in a molecule. For some monosaccharides, these angles
were incorrectly set to 0° in the old CCP4 Monomer Library. When used with refinement
software, these dictionaries cause distorted geometry. New monosaccharide dictionaries
were generated with the most current version of AceDRG, which led to a clear improvement
when used for refinement. Moreover, refinement software can sometimes distort a
monosaccharide from its lowest energy conformation to fit the electron density/potential
better. This has been addressed by introducing a new set of unimodal torsion restraints,
which contain values for the angles of the ring of a monosaccharide. When activated, they
allow the sugar to retain its lowest energy conformation. These restraints should, however,
be used with care when working with monosaccharides where the electron density/potential
supports a higher energy conformation, which, as mentioned above, is not common for

monosaccharides part of N-glycosylation.

The subsequent testing of these dictionaries indicated that the new unimodal torsion
restraints clearly help monosaccharides adopt the lowest energy conformation in addition to
generally leading to fewer errors during refinement. This could sometimes lead to a higher
RSCC and R-factor. This may look like worsening at first, but it actually indicates that the
model is not being wrongly distorted. When working on carbohydrates, especially
monosaccharides at the end of a carbohydrate tree and especially at lower resolution, the
electron density/potential is often not completely clear, because the chain tends to move.
This commonly causes monosaccharides to be wrongly modelled with high energy
conformations. The new unimodal torsion restraints prevent this by keeping the ring in a low
energy chair conformation. This could lead to a slight increase in RSCC and R-factors, but in
fact prevents overfitting and leads to a better model overall. These restraints are deactivated
by default in CCP4 and it is up to the user to decide if they are useful for the particular case.
A potential continuation of this work would be having unimodal torsion restraints available for
a variety of conformations in order to cover cases where the monosaccharide is clearly in a
non-chair conformation. This would, however, have to come with a feature in refinement

software that allows the user to select the correct unimodal torsion restraints for these cases.

The next aim was to improve automated carbohydrate model building from electron
density/potential maps. Currently, there is only one software tool for this, the carbohydrate
module in Coot. It works by assigning atom positions and then refining the monosaccharide

iteratively until it arrives at a solution of a sufficient quality. However, it has a limited selection
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of glycoforms and also for best results requires a certain level of user expertise. Moreover,
the carbohydrate module of Coot can sometimes lead to incomplete or missing trees and
incorrectly built residues when used in the fully automated mode. This tool has been
improved by van Beusekom et al by allowing partial trees to be extended. This allows for the
completion or correction of trees already present in a structure. The main issue remaining
after these improvements, is still that sometimes the wrong type of tree is built, often the tree
is not fully built and residues towards the end of the tree can be built incorrectly (van
Beusekom et al. 2019). However, this module represents an example of how carbohydrate

tree extension can be performed.

Chapter 3 is an attempt at using a different approach to build carbohydrates. The method
used by Sails is inspired by protein and nucleic acid building software. This method involves
a database of fingerprints that are scored against the electron density/potential map. Each
fingerprint is a collection of coordinates that indicates where a residue, in this case a
monosaccharide, is expected to present with points of high electron density/potential or low
electron density/potential. These points have to match the presence or lack of electron
density/potential on the map. This method is underlying BUCCANEER for building proteins
and NAUTILUS for building nucleic acids. The aim of Chapter 3 was to find out if it is
transferable to carbohydrates. The main conclusion is that, while it is possible to detect a
range of monosaccharides, the success is highly dependent on resolution. Detection of
monosaccharides is significantly better at high resolution than at low resolution. This means
that highly glycosylated structures, which rarely have very high resolution, can be
challenging to model. This, unfortunately, includes structures determined with electron
cryo-microscopy. Cryo-EM is commonly used on large structures like antibodies and viruses,
which often contain long and branched carbohydrates. The fingerprint approach also greatly
depends on the quality of the fingerprints available in the database, which in turn depends
on the availability of data for the generation of these fingerprints. The availability of high
resolution N-glycosylated structures in the PDB is limited, especially structures containing
sugars different from NAG. For this reason, good quality fingerprints for less common
monosaccharides are challenging to generate. Bad quality fingerprints generated from low

resolution data cause monosaccharides to be missed or wrongly detected.

Despite its limitations, the fingerprinting method when used for carbohydrates is good at
detecting the well resolved GIcNAc residues at the beginning of a glycosylation tree. NAG is
the easiest to detect monosaccharide residue, because it is a very common one with plenty
of high resolution structures available and also because the root of the N-glycan tree
normally has better resolution. The initial hit can then be extended based on data from

glycomics databases, which can be retrieved with Privateer. Privateer allows for information
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on what types of trees a glycoprotein can contain, tree length and composition. This,
combined with Sails detecting where each tree starts, can be used to build the entire glycan.
The tree extension from the GIcNAc detected at the base of the tree can be done using a
method similar to the one used by Coot’s carbohydrate module. This approach would be
able to circumvent the issues of the Coot carbohydrate building module of building incorrect
types of trees. Moreover, having data on the glycan content of a structure allows for
speeding up the model building step, as it renders it unnecessary to scan the map for each
monosaccharide fingerprint individually. To summarise, the process would involve the

following steps:
e Retrieve data from glycomics databases about the glycan composition of a protein

e Use the fingerprinting method to find the Asn-NAG at the root of the glycosylation

tree.

e Extend the carbohydrate tree in a manner similar to the way the carbohydrate

module in Coot works

The resultant glycans can then be refined using REFMACS and the monosaccharide
dictionaries mentioned above before being validated with Privateer. For best results, in the
future this could be implemented as part of a pipeline with iterative refinement and validation
until the best possible result is obtained. Furthermore, the Privateer validation metrics, such
as B-factor, RSCC, Cremer-Pople parameters could even be used to inform the model
building process in real time. These, combined with the current score, which is based on
how well a monosaccharide fits into the electron density/potential, can give an improved
method for scoring monosaccharides. This could greatly decrease the number of major
errors that Sails makes. Moreover, this could be further extended into a machine
learning-based approach similar to the one used by Bond et al. (Bond, Wilson, and Cowtan
2020) to predict if a protein model is correct. This method uses a neural network trained on a
test set consisting of a number of high quality protein structures and a collection of validation
metrics for these structures. This method has been included as part of the ModelCraft model
building pipeline. A similar approach could be attempted for carbohydrates. A set of suitable
validation metrics would have to be selected, in addition to a training set for the neural
network. However, a potential issue would be the insufficient availability of high quality
glycosylation data in the PDB. Other machine learning approaches that require less data for

training could also be explored.

Another potential area to explore would be making use of information obtained from

molecular dynamics simulations. Molecular dynamics simulations can provide insight into
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how carbohydrates interact with the protein. This approach has been implemented as a
proof of concept by Bagdonas et al. (Bagdonas et al. 2021) to show that glycan blocks
produced by molecular dynamics simulations can be built into protein structures predicted by
AlphaFold2. This functionality is currently under development as a part of the Privateer
software. This feature can also be implemented into Sails to give glycans of better quality

with more realistic structures.

An area that remains unaddressed in both Chapters 2 and 3 is furanose sugars. Their
conformation will always exhibit more strain than a pyranose chair conformation and care
needs to be taken when enforcing it. Furthermore, Sails does not currently handle different
types of glycosylation, such as O- and C-glycosylation, and carbohydrate ligands. O- and
C-glycosylation are even more challenging to model than N-glycosylation, because the
glycans are even less resolved and there is generally less data that can be used for
fingerprinting. Nevertheless, the combined approach suggested above could potentially be
successful at addressing them. The challenge with carbohydrate ligands is that they can
have more variable conformations. However, the fingerprint database can be extended to
contain monosaccharides in different conformations to be used only when looking for
ligands. It is important to consider the most common scenarios, as expanding the fingerprint

database too much could lead to a significant decrease in speed.

92


https://paperpile.com/c/xhTt6Z/EDivA

Appendix A.

Supplementary Data for “Updated restraint
dictionaries for carbohydrates in the pyranose

form”
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indicate the origin, and red dashed lines the median. The horizontal axis is truncated to the
region of interest. Using the new dictionaries increases R, While R;. is unchanged. As a

result the R-factor gap is reduced indicating less overfitting in refinement. This effect is
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further strengthened, if to a lesser degree, when also including additional unimodal torsion

restraints.
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Figure A.2. There is a slight decrease in RSCC for sugars involved in N/O glycosylation after
refinement with the new dictionaries, regardless of the use of unimodal torsion restraints.
The sugars are marked as “yes”, “no”, and “check” based on their validation after refinement
with the protocol on the vertical axis. The horizontal axis is truncated to the region of interest.

In (A) and (B) black lines indicate the origin, and red dashed lines the median.
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Figure A.3. There is a slight decrease in RSCC for ligand sugars after refinement with the
new dictionaries, regardless of the use of unimodal torsion restraints. We observe a bias in
the distribution of outliers: a few isolated cases appear to achieve higher RSCC with the old
dictionaries (C), while the same is true for the new dictionaries with torsions versus those
without (D). These outliers are cases similar to that discussed in Figure 5. The sugars are
marked as “yes”, “no”, and “check” based on their validation after refinement with the
protocol on the vertical axis. The horizontal axis is truncated to the region of interest. In (A)

and (B) black lines indicate the origin, and red dashed lines the median.

97



New dictionaries + torsions

New dictionaries - old dictionaries - new dictionaries
3000
2500
wn
_
18]
g’ 2000
(V2]
Y
o
5 1500
o]
E
= 1000
500
0 8 -6 -4 -2 0 2 4 6 8 8 -6 -4 -2 0 2 4 6 8
AB-factor AB-factor
(A)
New dictionaries + torsions
New dictionaries - old dictionaries - new dictionaries
3500
3000
w
©
o 2500
>
w
"'5 2000
—
8
1500
£
>
=z 1000
500
0 -8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8
AB-factor AB-factor
(B)

Figure A.4. Distribution of changes in B-factor. The horizontal axis is truncated to the region
of interest. Black lines indicate the origin, and red dashed lines the median. (A) Sugars that
are part of N/O-glycosylation; (B) Ligands. There is a slight decrease in B-factor after
refinement with the new dictionaries, and a further decrease when unimodal torsion

restraints are used.
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CcCcD

145

147

16G

18D

1GL

1GN

289

291

293

2DG

2FG

2GS

3FM

3HD

3MG

42D

445

46M

475

49A

4AM

4GP

6GP

6MN

7JZ

8GP

A2G

A6P

0.574

0.574

0.552

0.542

0.541

0.562

0.549

0.550

0.544

0.547

0.562

0.559

0.538

0.574

0.557

0.545

0.562

0.567

0.565

0.441

0.443

0.564

0.567

0.556

0.554

0.566

0.541

0.552

Phi

344.33

351.33

223.59

53.26

259.05

293.42

271.25

233.39

266.78

268.84

290.35

261.69

333.45

328.99

319.74

46.01

10.77

295.18

6.97

81.24

82.25

9.60

27.78

239.61

315.73

19.44

261.50

255.48

Theta

3.93

3.59

3.31

175.51

443

5.96

5.57

237

4.27

5.72

4.65

3.69

2.30

3.81

175.50

4.37

5.81

4.10

128.26

128.10

4.25

4.98

6.04

5.29

4.88

9.77

3.24

Detected type
beta-D-aldopyranose
beta-D-aldopyranose

alpha-D-aldopyranose

alpha-L-ketopyranose

alpha-D-aldopyranose
beta-D-aldopyranose
beta-D-aldopyranose

alpha-D-aldopyranose

alpha-D-aldopyranose
alpha-D-aldopyranose
beta-D-aldopyranose
alpha-D-aldopyranose
alpha-D-aldopyranose
beta-D-aldopyranose
beta-D-aldopyranose

alpha-L-ketopyranose

beta-D-aldopyranose

beta-D-aldopyranose

beta-D-aldopyranose

beta-L-ketopyranose

beta-L-ketopyranose
beta-D-aldopyranose
beta-D-aldopyranose

alpha-D-aldopyranose

beta-D-aldopyranose

beta-D-aldopyranose

alpha-D-aldopyranose

alpha-D-aldopyranose

Cnf

4c1

4c1

4c1

1c4

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

1c4

4c1

4c1

4c1

5h4

5h4

4c1

4c1

4c1

4c1

4c1

4c1

4c1

Ok?

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

Name
2-nitrophenyl beta-D-galactopyranoside
4-nitrophenyl beta-D-galactopyranoside

2-acetamido-2-deoxy-6-O-phosphono-alpha-D-glucopyra
nose

3,5-dideoxy-5-(propanoylamino)-D-glycero-alpha-D-galac

to-non-2-ulopyranosonic acid
2,6-dideoxy-4-O-methyl-alpha-D-galactopyranose
2-amino-2-deoxy-beta-D-galactopyranose
D-glycero-alpha-D-manno-heptopyranose

prop-2-en-1-yl
7-O-carbamoyl-L-glycero-alpha-D-manno-heptopyranosi
de

2-deoxy-beta-L-galacto-heptopyranose
2-deoxy-alpha-D-galactopyranose
2-deoxy-2-fluoro-beta-D-galactopyranose
2-O-methyl-alpha-D-galactopyranose
3-O-carbamoyl-alpha-D-mannopyranose
1,5-anhydro-3-O-methyl-D-mannitol
3-O-methyl-beta-D-glucopyranose

3,5-dideoxy-5-[(methoxycarbonyl)amino]-D-glycero-alpha

-D-galacto-non-2-ulopyranosonic acid
N-[oxo(phenylamino)acetyl]-beta-D-glucopyranosylamine

(4AR,6R,7S,8R,8AS)-hexahydro-6,7,8-trihydroxy-2-meth
ylpyrano[3,2-D][1,3]dioxine-2-carboxylic acid

N-[oxo(pyridin-2-ylamino)acetyl]-beta-D-glucopyranosyla

mine

4,9-amino-2,4-deoxy-2,3-dehydro-n-acetyl-neuraminic
acid

4-amino-2-deoxy-2,3-dehydro-N-neuraminic acid
N-(carboxycarbonyl)-beta-D-glucopyranosylamine
N-[methoxy(oxo)acetyl]-beta-D-glucopyranosylamine

2-amino-2-deoxy-6-O-phosphono-alpha-D-mannopyrano

se
2-deoxy-2,2-difluoro-beta-D-lyxo-hexopyranose

N-[(cyclopropylamino)(oxo)acetyl]-beta-D-glucopyranosyl

amine
2-acetamido-2-deoxy-alpha-D-galactopyranose

6-O-phosphono-alpha-D-allopyranose
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ABE

ADA

AGL

AMN

AMU

AMV

ANA

ARA

ARW

ASG

ASO

B16

B7G

BDG

BDP

BEM

BG6

BGC

BGL

BGN

BGP

BGS

BHG

BM3

BMA

BNG

BOG

C3X

C4X

C5X

CBF

0.552

0.546

0.551

0.539

0.562

0.575

0.542

0.557

0.570

0.556

0.568

0.566

0.567

0.550

0.554

0.564

0.554

0.554

0.567

0.565

0.560

0.563

0.567

0.538

0.557

0.563

0.565

0.567

0.568

0.567

0.533

305.94

270.30

292.99

33.50

305.63

13.82

40.04

336.74

15.06

323.57

351.87

329.64

15.10

238.39

327.33

333.78

315.30

316.40

345.41

305.91

289.86

346.40

338.47

256.00

349.91

353.62

358.18

3.31

13.85

3.18

253.47

21

4.39

3.10

176.30

2.62

3.13

175.76

4.85

2.28

3.82

2.88

3.43

3.50

4.87

434

2.56

4.13

3.92

1.08

2.69

7.25

417

3.60

9.53

3.55

3.07

3.46

243

2.58

2.54

6.92

alpha-D-aldopyranose
alpha-D-aldopyranose
alpha-D-aldopyranose

alpha-L-ketopyranose

beta-D-aldopyranose

beta-D-aldopyranose

alpha-L-ketopyranose

alpha-N-aldopyranose
beta-N-aldopyranose
beta-D-aldopyranose
beta-D-aldopyranose
beta-D-aldopyranose
beta-D-aldopyranose
alpha-D-aldopyranose
beta-D-aldopyranose
beta-D-aldopyranose
beta-D-aldopyranose
beta-D-aldopyranose
beta-D-aldopyranose
beta-D-aldopyranose
beta-D-aldopyranose
beta-D-aldopyranose
beta-D-aldopyranose
alpha-D-aldopyranose
beta-D-aldopyranose
beta-D-aldopyranose
beta-D-aldopyranose
beta-N-aldopyranose
beta-N-aldopyranose
beta-N-aldopyranose

alpha-D-aldopyranose

4c1

4c1

4c1

1c4

4c1

4c1

1c4

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

4c1

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

alpha-D-Abequopyranose
alpha-D-galactopyranuronic acid
4-amino-4,6-dideoxy-alpha-D-glucopyranose

methyl
5-acetamido-9-amino-3,5,9-trideoxy-D-glycero-alpha-D-g

alacto-non-2-ulopyranosidonic acid
N-acetyl-beta-muramic acid

methyl
2-acetamido-3-O-[(1R)-1-carboxyethyl]-2-deoxy-beta-D-g

lucopyranoside

methyl
4-0O-acetyl-5-acetamido-3,5-dideoxy-D-glycero-alpha-D-g

alacto-non-2-ulopyranosidonic acid

alpha-L-arabinopyranose

methyl beta-D-arabinopyranoside
2-acetamido-2-deoxy-4-O-sulfo-beta-D-galactopyranose
1,5-anhydro-D-glucitol
1,6-di-O-phosphono-beta-D-glucopyranose
heptyl beta-D-glucopyranoside
2,6-diamino-2,6-dideoxy-alpha-D-glucopyranose
beta-D-glucopyranuronic acid
beta-D-mannopyranuronic acid
6-O-phosphono-beta-D-glucopyranose
beta-D-glucopyranose
2-0-octyl-beta-D-glucopyranose
2-(butanoylamino)-2-deoxy-beta-D-glucopyranose
6-O-phosphono-beta-D-galactopyranose
(18)-1,5-anhydro-1-(ethylsulfonyl)-D-glucitol
hexyl beta-D-galactopyranoside
2-acetamido-2-deoxy-alpha-D-mannopyranose
beta-D-mannopyranose

nonyl beta-D-glucopyranoside

octyl beta-D-glucopyranoside
(2R)-oxiran-2-ylmethyl beta-D-xylopyranoside
3,4-epoxybutyl-beta-D-xyloside
3-[(2R)-oxiran-2-yl]propyl beta-D-xylopyranoside

(2R,3R,4S,5S,6R)-2,3,4,5-tetrahydroxy-6-(hydroxymethyl

Joxane-2-carboxamide
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CDG 0.566 351.87 3.15 beta-D-aldopyranose  4c1 yes  methyl
4,6-0-[(1R)-1-carboxyethylidene]-beta-D-galactopyranosi
de

CEG 0.565 28824 6.01 beta-D-aldopyranose  4c1  yes  4,6-O-[(1S)-1-carboxyethylidene]-beta-D-glucopyranose
CNP 0540 5229 174.60 alpha-L-ketopyranose 1c4 yes  2-propenyl-N-acetyl-neuraminic acid
CR1 0562 7.78 4.75 beta-D-aldopyranose  4c1  yes  N-(methoxycarbonyl)-beta-D-glucopyranosylamine

CR6 0.536 246.33 8.55 beta-D-aldopyranose  4c1 yes  1-deoxy-1-acetylamino-beta-D-gluco-2-heptulopyranoson
amide

CRA 0543 204.12 6.97 beta-D-aldopyranose  4c1  yes  1-deoxy-1-methoxycarbamido-beta-D-gluco-2-heptulopyr

anosonamide
D6G 0.543 263.84 4.07 alpha-D-aldopyranose 4c1 yes  2-deoxy-6-O-phosphono-alpha-D-glucopyranose
DAG 0.558 319.16 5.82 beta-D-aldopyranose  4c1 yes  4-amino-4,6-dideoxy-beta-D-glucopyranose
DDA 0.552 316.07 5.27 beta-D-aldopyranose 4c1 yes  beta-D-Olivopyranose
DDL 0.555 306.71 5.79 beta-D-aldopyranose  4c1  yes  2,6-dideoxy-beta-D-galactopyranose
DEG 0.548 254.68 2.66 alpha-D-aldopyranose 4c1 yes  butyl alpha-D-mannopyranoside

DK4 0.547 350.24 5.15 beta-D-aldopyranose  4c1  yes  1-(3-deoxy-3-fluoro-beta-D-glucopyranosyl)-5-fluoropyrim
idine-2,4(1H,3H)-dione

DK5 0.535 335.00 6.19 beta-D-aldopyranose  4c1  yes  1-(2,3-dideoxy-3-fluoro-beta-D-arabino-hexopyranosyl)-4
-[(phenylcarbonyl)amino]pyrimidin-2(1H)-one

DKX 0.547 354.37 5.06 beta-D-aldopyranose  4c1  yes  1-(3-deoxy-3-fluoro-beta-D-glucopyranosyl)pyrimidine-2,
4(1H,3H)-dione

DKY 0551 352 588 beta-D-aldopyranose ~ 4c1  yes  1-(3-deoxy-3-fluoro-beta-D-glucopyranosyl)-4-[(phenylcar
bonyl)amino]pyrimidin-2(1H)-one

DKZ 0.546 356.14 5.14 beta-D-aldopyranose  4c1  yes  4-amino-1-(3-deoxy-3-fluoro-beta-D-glucopyranosyl)pyri
midin-2(1H)-one

DL6 0.564 17.07 4.57 beta-D-aldopyranose  4c1  yes  N-(azidoacetyl)-beta-D-glucopyranosylamine
DLF 0.544 90.52 173.63 alpha-L-aldopyranose 1c4 vyes 2-deoxy-alpha-L-fucopyranose

DO8 0.544 24334 6.62 alpha-D-ketopyranose 4c1  yes  3-deoxy-8-O-phosphono-alpha-D-manno-oct-2-ulopyrano
sonic acid

DRI  0.547 326.88 3.85 beta-D-aldopyranose  4c1  yes  2,6-dideoxy-4-O-methyl-beta-D-glucopyranose
DSR 0.552 318.97 4.12 beta-D-aldopyranose  4c1 yes  2,6-dideoxy-4-thio-beta-D-allopyranose
DVC 0.520 117.97 172.73 alpha-L-aldopyranose 1c4 yes (2R,4S,6S)-4-azanyl-4,6-dimethyl-oxane-2,5,5-triol

EAG 0.575 350.87 3.58 beta-D-aldopyranose  4c1 yes  2-aminoethyl
2-acetamido-2-deoxy-beta-D-glucopyranoside

EBG 0.553 233.65 2.46 alpha-D-aldopyranose 4c1 yes  2-[(2S)-oxiran-2-yllethyl alpha-D-glucopyranoside

EMP 0.548 350.26 4.58 alpha-N-aldopyranose 4c1 yes  2,4-dideoxy-4-(ethylamino)-3-O-methyl-alpha-L-threo-pe
ntopyranose

EPG 0.555 250.89 1.76 alpha-D-aldopyranose 4c1 yes  (2R)-oxiran-2-ylmethyl alpha-D-glucopyranoside

EQP 0.560 184.81 175.36 alpha-L-ketopyranose 1c4 yes (1R)-4-acetamido-1,5-anhydro-2,4-dideoxy-1-phosphono
-D-glycero-D-galacto-octitol

FIP  0.547 297.95 177.05 beta-N-ketopyranose 1c4 yes 1-O-phosphono-beta-D-fructopyranose
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FCA 0.554 270.33 5.45 alpha-D-aldopyranose 4c1 yes  alpha-D-fucopyranose

FCB 0.561 300.51 6.18 beta-D-aldopyranose 4c1 yes  beta-D-fucopyranose

FUC 0.553 89.18 175.16 alpha-L-aldopyranose 1c4 yes alpha-L-fucopyranose

FUL 0560 122.71 174.09 beta-L-aldopyranose 1c4 yes beta-L-fucopyranose

GO0S 0.566 352.88 4.84 beta-D-aldopyranose  4c1  yes  3-(beta-D-galactopyranosylthio)propanoic acid
G16 0559 261.53 3.94 alpha-D-aldopyranose 4c1  yes  1,6-di-O-phosphono-alpha-D-glucopyranose
G1P 0.555 24159 2.06 alpha-D-aldopyranose 4c1  yes  1-O-phosphono-alpha-D-glucopyranose

G2F 0.555 23043 4.48 alpha-D-aldopyranose 4c1 yes  2-deoxy-2-fluoro-alpha-D-glucopyranose

G3F 0552 5.55 4.25 beta-D-aldopyranose  4c1  yes  3-deoxy-3-fluoro-beta-D-glucopyranose

G4D 0.537 274.87 5.93 alpha-D-aldopyranose 4c1 yes  4-deoxy-alpha-D-glucopyranose

G4S 0.554 318.99 4.37 beta-D-aldopyranose  4c1  yes  4-O-sulfo-beta-D-galactopyranose

G6P 0.552 263.79 4.57 alpha-D-aldopyranose 4c1 yes  6-O-phosphono-alpha-D-glucopyranose

G6S 0558 311.67 5.22 beta-D-aldopyranose 4c1 yes  6-O-sulfo-beta-D-galactopyranose

G7P 0.558 304.76 4.80 beta-D-aldopyranose  4c1  yes  6,7-dideoxy-7-phosphono-beta-D-gluco-heptopyranose
GAA 0.561 280.37 3.92 alpha-D-aldopyranose 4c1 yes  3-nitrophenyl alpha-D-galactopyranoside

GAF 0.553 244.64 4.46 alpha-D-aldopyranose 4c1 yes  2-deoxy-2-fluoro-alpha-D-galactopyranose
GAL 0.559 292.83 5.65 beta-D-aldopyranose  4c1  yes  beta-D-galactopyranose

GAT 0.559 167.72 1.14 alpha-D-aldopyranose 4c1 yes 4-aminophenyl alpha-D-galactopyranoside
GC4 0.544 344.07 4.54 beta-D-aldopyranose  4c1  yes  4-deoxy-beta-D-glucopyranuronic acid

GCN 0535 278.16 4.66 alpha-D-aldopyranose 4c1 yes  2-amino-2,3-dideoxy-alpha-D-glucoyranose
GCS 0.565 289.39 3.79 beta-D-aldopyranose  4c1  yes  2-amino-2-deoxy-beta-D-glucopyranose

GCU 0.545 250.13 2.20 alpha-D-aldopyranose 4c1 yes  alpha-D-glucopyranuronic acid

GCV 0.534 271.22 5098 alpha-D-aldopyranose 4c1 yes  4-O-methyl-alpha-D-glucopyranuronic acid
GCW 0.555 32241 417 beta-D-aldopyranose  4c1  yes  4-O-methyl-beta-D-glucopyranuronic acid
GDA 0.559 330.06 5.09 beta-D-aldopyranose  4c1  yes  4-amino-4-deoxy-beta-D-glucopyranose

GFP 0.554 236.24 4.46 alpha-D-aldopyranose 4c1 yes  2-deoxy-2-fluoro-1-O-phosphono-alpha-D-glucopyranose
GLO 0.554 321.70 4.75 beta-D-aldopyranose  4c1 yes  beta-D-gulopyranose

GL1 0.556 260.38 2.41 alpha-D-aldopyranose 4c1  yes  1-O-phosphono-alpha-D-galactopyranose

GL2 0532 194.81 5.60 beta-D-aldopyranose  4c1  yes  (5S,7R,8S,9S,10R)-3-amino-8,9,10-trihydroxy-7-(hydroxy
methyl)-6-oxa-1,3-diazaspiro[4.5]decane-2,4-dione

GLA 0551 263.76 4.39 alpha-D-aldopyranose 4c1 yes alpha-D-galactopyranose

GLC 0.548 24503 1.71 alpha-D-aldopyranose 4c1 yes  alpha-D-glucopyranose

GLD 0.546 279.14 3.04 alpha-D-aldopyranose 4c1 yes  4,6-dideoxy-alpha-D-xylo-hexopyranose

GLF 0.550 264.44 2.89 alpha-D-aldopyranose 4c1 yes  alpha-D-glucopyranosyl fluoride

GLG 0.544 26248 8.47 alpha-D-aldopyranose 4c1 yes  Alpha-D-glucopyranosyl-2-carboxylic acid amide

GLP 0.556 244.30 6.21 alpha-D-aldopyranose 4c1 yes  2-amino-2-deoxy-6-O-phosphono-alpha-D-glucopyranos
e
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GLS 0.534 21143 5.10 beta-D-aldopyranose 4c1  yes  Beta-D-glucopyranose spirohydantoin

GMB 0.570 30.82 2.69 beta-D-aldopyranose  4c1  yes  1,7-di-O-phosphono-L-glycero-beta-D-manno-heptopyra
nose

GMH 0.545 278.34 3.06 alpha-D-aldopyranose 4c1 yes  L-glycero-alpha-D-manno-heptopyranose

GP4 0.550 238.87 4.40 alpha-D-aldopyranose 4c1  yes  2-amino-2-deoxy-4-O-phosphono-alpha-D-glucopyranos
e

GS1 0.563 352.72 4.33 beta-D-aldopyranose  4c1  yes  1-thio-beta-D-glucopyranose

GTM 0.554 2.72 4.09 beta-D-aldopyranose  4c1  yes  methyl 4-thio-beta-D-glucopyranoside
GTR 0.557 309.98 5.98 beta-D-aldopyranose  4c1  yes  beta-D-galactopyranuronic acid

GUO 0.568 305.59 1.59 beta-D-aldopyranose  4c1  yes  2,3,6-tri-O-sulfonato-beta-D-glucopyranose

GU3 0562 25191 148 alpha-D-aldopyranose 4c1  yes  methyl
3-O-methyl-2,6-di-O-sulfo-alpha-D-glucopyranoside

GU4 0577 219.06 6.21 alpha-D-aldopyranose 4c1 yes  2,3,4,6-tetra-O-sulfonato-alpha-D-glucopyranose
GU8 0.574 61.68 3.43 beta-D-aldopyranose  4c1  yes  2,3,6-tri-O-methyl-beta-D-glucopyranose

GU9 0.503 262.07 167.03 alpha-D-aldopyranose 1c4 yes  2,3,6-tri-O-methyl-alpha-D-glucopyranose

GUP 0.537 119.59 175.27 alpha-L-aldopyranose 1c4 yes alpha-L-gulopyranose

GXL 0552 85.34 175.36 alpha-L-aldopyranose 1c4 yes Alpha-L-galactopyranose

H1M 0.555 225.05 2.59 alpha-D-aldopyranose 4c1 yes  methyl
2-deoxy-2-(2-hydroxyethyl)-alpha-D-mannopyranoside

H2P 0.555 151.08 1.46 alpha-D-aldopyranose 4c1 yes  1-deoxy-2-O-phosphono-alpha-D-gluco-hept-2-ulopyrano
se

IDG 0.564 142.69 177.18 beta-L-aldopyranose 1c4 yes 2,6-diamino-2,6-dideoxy-beta-L-idopyranose

IDR 0540 102.30 175.54 alpha-L-aldopyranose 1c4 yes alpha-L-idopyranuronic acid

IMK 0560 319.96 3.48 beta-D-aldopyranose  4c1  yes  2-(beta-D-glucopyranosyl)-5-methyl-1-benzimidazole
IPT 0567 346.35 4.37 beta-D-aldopyranose 4c1 yes  1-methylethyl 1-thio-beta-D-galactopyranoside

JHM 0536 272.67 9.83 alpha-D-aldopyranose 4c1 yes  2-deoxy-6-O-sulfo-alpha-D-glucopyranose

JZR 0.565 339.54 2098 beta-D-aldopyranose  4c1  yes  hexyl beta-D-glucopyranoside

KDA 0552 267.18 3.87 alpha-D-ketopyranose 4c1 yes  prop-2-en-1-yl
3-deoxy-alpha-D-manno-oct-2-ulopyranosidonic acid

KDB 0.445 31541 48.84  beta-D-ketopyranose =~ Oh5 yes 3,4,5-trideoxy-alpha-D-erythro-oct-3-en-2-ulopyranosonic
acid

KDO 0.543 238.68 5.25 beta-D-ketopyranose  4c1  yes  3-deoxy-alpha-D-manno-oct-2-ulopyranosonic acid

KDR 0.554 268.11 3.59 beta-D-ketopyranose  4c1  yes  prop-2-en-1-yl
3-deoxy-alpha-D-manno-octos-2-ulopyranoside

KME 0.554 284.38 2.61 alpha-D-ketopyranose 4c1 yes  (1E)-prop-1-en-1-yl
3-deoxy-7-O-methyl-alpha-D-manno-oct-2-ulopyranosido

nic acid
KOT 0571 36.10 1.86 beta-D-aldopyranose  4c1 yes  1-beta-D-glucopyranosyl-4-phenyl-1H-1,2,3-triazole
L6S 0.550 88.07 177.81 alpha-L-aldopyranose 1c4 yes 6-O-sulfo-alpha-L-galactopyranose

LGU 0.536 93.17 174.07 alpha-L-aldopyranose 1c4 yes alpha-L-gulopyranuronic acid
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LXB 0.561 312.87 4.14 beta-D-aldopyranose  4c1  yes  2-acetamido-2-deoxy-beta-D-gulopyranose
LXC 0.561 151.16 176.06 beta-N-aldopyranose 1c4 yes Beta-L-xylopyranose
LXZ 0.541 270.80 6.85 alpha-D-aldopyranose 4c1 yes 2-acetamido-2-deoxy-alpha-D-idopyranose

LZ0 0559 75.44 175.73 alpha-L-aldopyranose 1c4 yes [1-(2-oxoethyl)-1H-1,2,3-triazol-5-yl]methyl
6-deoxy-alpha-L-galactopyranoside

M07 0.537 201.48 3.79 alpha-D-aldopyranose 4c1  yes (5R,7R,8S8,9S,10R)-7-(hydroxymethyl)-3-(4-methoxyphen
yl)-1,6-dioxa-2-azaspiro[4.5]dec-2-ene-8,9,10-triol

M08 0.538 201.20 3.79 alpha-D-aldopyranose 4c1  yes  (5R,7R,8S,9S8,10R)-7-(hydroxymethyl)-3-phenyl-1,6-diox
a-2-azaspiro[4.5]dec-2-ene-8,9,10-triol

M09 0.539 227.02 3.64 alpha-D-aldopyranose 4c1  yes (3S,5R,7R,8S,9S,10R)-7-(hydroxymethyl)-3-(4-nitrophen
yl)-1,6-dioxa-2-azaspiro[4.5]decane-8,9,10-triol

M1P 0549 263.28 1.69 alpha-D-aldopyranose 4c1 yes  1-O-phosphono-alpha-D-mannopyranose
M6D 0.562 355.95 1.99 beta-D-aldopyranose  4c1  yes  6-O-phosphono-beta-D-mannopyranose

M7P  0.553 269.62 6.46 beta-D-aldopyranose  4¢c1  yes  7-O-phosphono-D-glycero-alpha-D-manno-heptopyranos
e

M8C 0.549 266.30 5.30 alpha-D-aldopyranose 4c1 yes  methyl alpha-D-galactopyranuronate

MA1 0550 257.24 1.68 alpha-D-aldopyranose 4c1 yes  1,4-dithio-alpha-D-glucopyranose

MA2 0.549 27299 7.66 alpha-D-aldopyranose 4c1 yes  4-S-methyl-4-thio-alpha-D-glucopyranose

MA3 0550 272.33 0.99 alpha-D-aldopyranose 4c1 yes  methyl 4-thio-alpha-D-glucopyranoside

MAG 0.573 346.83 3.41 beta-D-aldopyranose  4c1  yes  methyl 2-acetamido-2-deoxy-beta-D-glucopyranoside
MAN 0.538 260.65 5.99 alpha-D-aldopyranose 4c1 yes alpha-D-mannopyranose

MAT 0.524 112.14 172.74 alpha-N-aldopyranose 1c4 yes 2,4-dideoxy-3-O-methyl-4-(propan-2-ylamino)-alpha-L-thr
eo-pentopyranose

MAV  0.545 237.87 2.46 alpha-D-aldopyranose 4c1 yes  alpha-D-mannopyranuronic acid

MBF 0.561 297.37 2.58 beta-D-aldopyranose  4c1 yes  2-deoxy-2-fluoro-beta-D-mannopyranose

MBG 0.567 334.98 3.74 beta-D-aldopyranose  4c1  yes  methyl beta-D-galactopyranoside

MDA 0.551 335.67 4.63 beta-D-aldopyranose  4c1 yes  2,6-dideoxy-3-C-methyl-beta-D-ribo-hexopyranose

MDP 0.563 322.01 3.58 beta-D-aldopyranose  4c1  yes  N-carboxyl-N-methyl-beta-muramic acid

MFB 0.570 120.95 176.50 beta-L-aldopyranose 1c4 yes  methyl beta-L-fucopyranoside

MGC 0.565 279.53 1.57 alpha-D-aldopyranose 4c1 yes  methyl 2-acetamido-2-deoxy-alpha-D-galactopyranoside
MGL 0.565 348.90 3.08 beta-D-aldopyranose  4c1 yes  methyl beta-D-glucopyranoside

MGS 0.551 292.07 3.16 alpha-D-aldopyranose 4c1 yes  methyl
4,6-dideoxy-4-{[(2R)-2,4-dihydroxybutanoyllamino}-2-O-

methyl-alpha-D-mannopyranoside
MMA 0.557 259.64 2.21 alpha-D-aldopyranose 4c1 yes  methyl alpha-D-mannopyranoside
MNA 0.541 33.61 176.01 alpha-L-ketopyranose 1c4 yes 2-O-methyl-5-N-acetyl-alpha-D-neuraminic acid

MQT 0.578 32292 2.79 beta-D-aldopyranose  4c1 yes  methyl
2-O-acetyl-3-O-(4-methylbenzoyl)-beta-D-talopyranoside

MRP 0.551 9230 177.66 alpha-L-aldopyranose 1c4 yes 3-O-methyl-alpha-L-rhamnopyranose

MUR 0.562 293.29 4.65 beta-D-aldopyranose  4c1  yes  beta-muramic acid
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RM4 0.570 134.59 176.74 beta-L-aldopyranose 1c4 yes Beta-L-rhamnopyranose

RUG 0573 4659 2.13 beta-D-aldopyranose  4c1  yes  1-beta-D-glucopyranosyl-4-(hydroxymethyl)-1H-1,2,3-tria
zole

S06 0.539 227.03 3.51 alpha-D-aldopyranose 4c1  yes (3S,5R,7R,8S,9S,10R)-7-(hydroxymethyl)-3-(2-naphthyl)-
1,6-dioxa-2-azaspiro[4.5]decane-8,9,10-triol

S13  0.540 227.54 3.66 alpha-D-aldopyranose 4c1  yes  (3S,5R,7R,8S,9S,10R)-7-(hydroxymethyl)-3-(4-methylph
enyl)-1,6-dioxa-2-azaspiro[4.5]decane-8,9,10-triol

SFU 0570 176.94 177.84 alpha-L-aldopyranose 1c4 yes methyl 1-seleno-alpha-L-fucopyranoside

SGA 0.564 295.07 3.87 beta-D-aldopyranose  4c1 yes  3-O-sulfo-beta-D-galactopyranose

SGC 0.553 346.52 4.24 beta-D-aldopyranose  4c1  yes  4-thio-beta-D-glucopyranose

SGN 0.543 255.36 9.21 alpha-D-aldopyranose 4c1 yes  2-deoxy-6-O-sulfo-2-(sulfoamino)-alpha-D-glucopyranose
SHG 0.562 286.68 3.36 beta-D-aldopyranose  4c1 yes  2-deoxy-2-fluoro-beta-D-glucopyranose

SIA 0539 61.92 175.13 alpha-L-ketopyranose 1c4 yes  N-acetyl-alpha-neuraminic acid

SID 0542 41.16 176.14 alpha-L-ketopyranose 1c4 yes  methyl
9-S-acetyl-5-acetamido-3,5-dideoxy-9-thio-D-glycero-alp

ha-D-galacto-non-2-ulopyranosidonic acid
SLB 0.539 69.21 175.93 beta-L-ketopyranose =~ 1c4 yes  N-acetyl-beta-neuraminic acid

SLM 0543 6558 175.84 beta-L-ketopyranose  1c4 yes (2S,4S,5R,6R)-5-acetamido-2,4-dihydroxy-6-[(1R,2R)-1,2
,3-trihydroxypropylJoxane-2-carboxamide

SN5 0.563 303.83 3.63 beta-D-aldopyranose  4c1  yes  2-deoxy-2-(ethanethioylamino)-beta-D-glucopyranose
SOE 0.551 321.70 176.81 alpha-N-ketopyranose 1c4 yes  alpha-L-sorbopyranose

SOG 0.564 4.35 4.65 beta-D-aldopyranose  4c1  yes  octyl 1-thio-beta-D-glucopyranoside

SSG 0.559 5.99 4.84 beta-D-aldopyranose  4c1  yes  1,4-dithio-beta-D-glucopyranose

STZ 0.563 298.49 3.44 beta-D-aldopyranose 4c1 yes  streptozotocin

SUS 0.550 194.66 2.29 alpha-D-aldopyranose 4c1  yes  2-deoxy-3,6-di-O-sulfo-2-(sulfoamino)-alpha-D-glucopyra
nose

TGA 0.567 331.97 3.56 beta-D-aldopyranose  4c1  yes  2-sulfanylethyl beta-D-galactopyranoside

TMR 0.555 313.66 3.21 beta-D-aldopyranose  4c1  yes  2,6-dideoxy-4-S-methyl-4-thio-beta-D-ribo-hexopyranose
TOA 0.534 286.20 4.28 alpha-D-aldopyranose 4c1 yes  3-ammonio-3-deoxy-alpha-D-glucopyranose

TOC 0.538 299.00 3.14 alpha-D-aldopyranose 4c1 yes  2,6-diammonio-2,3,6-trideoxy-alpha-D-glucopyranose
TYV 0.550 304.50 1.43 alpha-D-aldopyranose 4c1 yes  alpha-D-Tyvelopyranose

X1P  0.555 228.40 1.07 alpha-N-aldopyranose 4c1  yes  1-O-phosphono-alpha-D-xylopyranose

XYP 0.560 329.52 4.07 beta-N-aldopyranose  4c1  yes  Beta-D-xylopyranose

XYS 0.554 259.31 1.86 alpha-N-aldopyranose 4c1 yes  alpha-D-xylopyranose

YX0 0.558 83.60 177.05 alpha-L-aldopyranose 1c4 yes [(3E)-3-(1-hydroxyethylidene)-2,3-dihydroisoxazol-5-yllm
ethyl alpha-L-fucopyranoside

YX1 0.569 29193 5.27 beta-D-aldopyranose  4c1 yes 2-deoxy-2-{[(2-hydroxy-1-methylhydrazino)carbonyllamino
}-beta-D-glucopyranose
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Table A.1. validation results for all the produced conformers as calculated by Privateer.
Column legend: 'CCD' is the three-letter code assigned by the CCD; the Cremer-Pople
parameters (Cremer and Pople 1975a), named 'Q', 'Phi' and 'Theta' describe pyranose ring
conformation (denoted as 'Cnf' here), with 'Phi' and 'Theta' describing what atoms move
away from the average ring plane, and 'Q' (termed 'total puckering amplitude' by Cremer &
Pople, measured in A?) dictating by how much; 'Detected type' describes the
monosaccharide in terms of anomeric form, absolute stereochemistry, position of the
carbonyl group (aldose or ketose) and ring shape (all pyranose in this study); 'Ok?' presents
the result of Privateer's tri-state validation diagnosis, as introduced in the main text; Lastly,

'name’ is the full IUPAC name of the monosaccharide.
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Abstract

The oligosaccharides in N-glycosylation provide key structural and functional contributions to
a glycoprotein. These contributions are dependent on the glycans' composition and overall
conformation. The Privateer software allows structural biologists to evaluate and improve
atomic structures of carbohydrates, including N-glycans; this software was recently extended
to check glycan composition through the use of glycomics data. Here, we present a
broadening of the software’s scope to analyse and validate the overall conformation of
N-glycans, focusing on a newly compiled set of glycosidic linkage torsional preferences

harvested from a curated set of glycoprotein models.

1. Introduction

Post-translational modifications (PTMs) are covalent modifications of proteins that occur
after the nascent polypeptide has left the ribosome. PTMs may induce significant changes to
the protein's structure and function (Xin and Radivojac 2012). A fundamental and abundant
PTM is N-glycosylation, where an oligosaccharide moiety is attached to the nitrogen atom of
an asparagine side-chain in the target protein. The oligosaccharide is subsequently trimmed
and modified according to the available cellular enzymes — glycoside hydrolases, glycosyl
and oligosaccharyl transferases. The resulting oligosaccharide, or N-glycan, may end up
having anything from a complex to a minimal composition, leading to a specific 3D
conformation of the mature glycoprotein (Shental-Bechor and Levy 2009). N-glycosylation is

key in all sorts of interactions, including with cell surface receptors (Petrescu, Wormald, and
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Dwek 2006; Pauline M. Rudd, Wormald, and Dwek 2004) or even other parts of the same
glycoprotein, as evidenced in studies of the dynamics of the SARS-CoV-2 spike where
conformational changes in the N165 glycan push up the spike's own receptor binding

domain (Casalino et al. 2020).

Understanding the complex structure of carbohydrates is challenging due to various
stereochemical and regiochemical possibilities exhibited in N-glycans. Producing a correct
3D structure of a glycoprotein at good enough resolution can be vital in understanding how
some biological processes unfold. Alas, working with glycans in software for X-ray
crystallography and Electron Cryo-microscopy has historically been all but straightforward:
many carbohydrate modelling, refinement, and validation processes relied on software
written primarily for proteins and nucleic acids (Atanasova, Bagdonas, and Agirre 2020), and
libraries of restraints had become outdated or were incorrect (Agirre 2017). While recent
efforts have aimed to address this situation (Atanasova et al. 2022b; Joosten, Nicholls, and

Agirre 2022), carbohydrate methodology still trails those designed for proteins.

Obtaining a glycoprotein structure at a high enough resolution can generally be considered
more difficult than doing it with a glycan-free protein. Two main issues are routinely identified
as problematic when it comes to obtaining higher resolutions: heterogeneity and mobility,
both of which translate into poorer experimental data. Owing to these complications, the
Protein Data Bank (PDB) (H. M. Berman et al. 2000) contains models that include wrong
nomenclature (Lutteke, Frank, and von der Lieth 2005), impossible linkages (Crispin, Stuart,
and Jones 2007), and improbably high energy conformations of carbohydrates that deviate
from the low energy chair conformation of six-membered rings (Agirre, Davies, et al. 2015a)
— in general, a *C, chair for d-pyranosides and 'C, chair for I-pyranosides; ring conformations
(Cremer and Pople 1975b) and their energetics (Davies, Planas, and Rovira 2012) are
discussed in detail elsewhere. Using models with wrong glycochemistry in downstream
analyses or molecular simulations will cause misrepresentation and misinterpretation, while
also perpetuating these errors. Software packages such as PDB-CARE and CARP (Lutteke,
Frank, and von der Lieth 2005), and more recently Privateer (Agirre, Iglesias-Fernandez, et
al. 2015a; Bagdonas, Ungar, and Agirre 2020a) can be utilised for the identification and
rectification of these model errors, therefore allowing future refinement data libraries to be as

accurate and representative as possible.

In this study, torsion angles (dihedral angles) between curated structures of N-glycan
forming pyranosides were collected in order to create accurate torsional libraries for use in
the Privateer validation software. Previous torsional databases such as GlyTorsionDB
(Lutteke, Frank, and von der Lieth 2005) and its associated link checking tool (CARP)
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incorporate potentially flawed models from the PDB, as they pre-dated the introduction of
ring conformation in the routine validation of glycan structures (Agirre, Iglesias-Fernandez, et
al. 2015a); therefore, a survey of the PDB was completed, with each PDB entry being
analysed and validated using Privateer to ensure the N-glycans were well fit to the electron
density and without any conformational errors. Also, in order to avoid the presentation of
data on multiple torsional plots and to allow the easy identification of standout (outlier)
linkage conformations, a Z score is calculated for each linkage, with standout linkages being
highlighted in orange on glycan diagrams that follow the Standard Symbol Nomenclature for
Glycans (SNFG), third edition (Varki et al. 2015). Furthermore, in recognition that not every
standout linkage conformation will be the consequence of a modelling mistake, a collection
of verified cases where the interaction between glycan and protein residues has caused an
unusual conformation is presented. Finally, a similar study was completed using PDB-REDO
(van Beusekom, Touw, et al. 2018), to analyse whether modern refinement techniques can

achieve less frequent errors in the N-glycan models.

2. Materials and Methods

2.1 Dataset collection and validation

A local PDB mirror (August 2021) was created for this study. The PDB mirror was then
scanned for proteins containing glycosylated amino acid residues. Of the monosaccharides
contained within these chains, the conformation of the 6-membered rings (pyranosides) were
validated using Privateer: the software calculates ring conformation using the Cremer-Pople
algorithm (Cremer and Pople 1975b), and then compares the detected ring conformation to
the minimal energy one it stores in an internal database. The dataset was filtered to include
only monosaccharides with a Real Space Correlation Coefficient higher than 0.80 — RSCC
(Equation 1) is a measure of local agreement between a portion of an atomic model and the
observed electron density map that surrounds it — and which had been deemed
diagnostically correct by Privateer, i.e. no nomenclature errors, no unphysical puckering
amplitude and all pyranosides in their minimal energy conformations (a chair in all analysed
cases). Privateer checks that the anomeric and absolute stereochemistry in the structure
matches the one encoded in the three-letter code (e.g. that a monosaccharide modelled as
MAN is perceived to be a-D-mannose), that the ring conformation matches the lowest
energy pucker — a “C, chair for most D-pyranosides, with special cases like 'C, for the
mannose moiety in tryptophan mannosylation (Akkermans et al. 2022; Martin Frank et al.

2020) — including puckering amplitude (Cremer and Pople 1975b).
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CDU(pU s’ pca c)
) = SP— (1)

cale [var(p,, ) var(p, )]

RSCC = corr(pobs, p

No resolution cut-offs were explicitly applied, although some filtering is implicit in requiring a
minimum RSCC, as the accumulation of model-error components at low resolutions makes it
harder to obtain high RSCC values. In total, 68,541 monosaccharides were analysed,
57,569 of which Privateer deemed correct — only these were used in the study. A further
8,511 showed a high-energy ring conformation, which normally requires manual
assessment. A total of 2,421 monosaccharides showed geometry and/or nomenclature

errors.

For the PDB-REDO comparison, the equivalent monosaccharides were taken from the
so-called “conservatively optimised” models in the PDB-REDO databank (van Beusekom,
Touw, et al. 2018), i.e. models that were re-refined without any torsional restraints for
carbohydrates, but were not subjected to N-glycan rebuilding procedures (van Beusekom et
al. 2019).

Example linkages present in diverse glycans are shown in Figure 1, using the Standard
Symbol Nomenclature for Glycans (SNFG), third edition (Varki et al. 2015), which Privateer
implements. The definition of — for N-acetyl B-D-glucosamine (GIcNAc, or NAG in the PDB
Chemical Component Dictionary) to asparagine, plus all 1-2, 1-3 and 1-4 glycosidic bonds —
and additionally w — covering those 1,6 bonds such as a-D-mannose—1,6—a-D-mannose or
a-L-fucose—1,6—N-acetyl B-D-glucosamine — is shown in Figure 2. While completing this
study, a large array of different linkages were identified, however, only a small number had
enough independent observations to enable meaningful data extraction — indeed, only
approximately 10% of protein models deposited in the PDB contain one or more
carbohydrate groups, while around 6% are N-glycosylated (Agirre 2017). We set the
minimum number of required observations to 50, and introduced a mechanism for Privateer
to report what linkages could not be validated due to insufficient data — vide infra. A table of
the linkages investigated in this study are given in Table 1 as well as the commonly used

abbreviations associated with them.
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(a)

PDB code 5FJI

High mannose,

GH3 enzyme from
Aspergillus fumigatus

(b)

PDB code 5A0G

Plant glycan,

peroxidase enzyme from
Sorghum bicolor

(c)

PDB code 3SGK

Complex glycan,

antibody from Homo sapiens,
expressed in Cricetulus griseus

(d)

PDB code 4BYH
Sialylated complex glycan,
antibody from Homo sapiens

] @ O @ A

GlcNAc Man Gal Neu5Ac Fuc Xyl
(NAG, NDG) (MAN, BMA) (GLA, GAL) (SIA, SLB) (FUC, FUL) (XYS, XYP)

Figure 1

Examples of different types of N-glycans shown using the Symbol Nomenclature for Glycans
(SNFG). The greek letters and numbers show the N-glycan linkages naming. (a) High
mannose from PDB entry 5FJI, a GH3 glucosidase from Aspergillus fumigatus (Agirre et al.
2016). (b) Plant glycan from PDB entry 5A0G, a sorghum peroxidase (Nnamchi et al. 2016).
(c) PDB entry 3SGK (Ferrara et al. 2011) shows a complex glycan from an Fc fragment of a
human antibody, which was in turn expressed in CHO cells. (d) A sialylated complex glycan

from PDB entry 4BYH (Crispin, Yu, and Bowden 2013), expressed in Homo sapiens. This
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figure was produced with Privateer, which follows the Standard Symbol Nomenclature For
Glycans — or SNFG — version 3 (Varki et al. 2015).

Full Linkage denomination Abbreviation CCD codes
N-acetyl B-D-glucosamine—asparagine GIcNAc—3—Asn NAG-ASN
N-acetyl B-D-glucosamine—1,4—N-acetyl GIlcNAc—B—GIcNAc NAG-1,4-NAG
B-D-glucosamine
B-D-mannose—1,4—N-acetyl B-D-glucosamine Man—31,4—Man BMA-1,4-NAG
a-D-mannose-1,3—3-D-mannose Man—a1,3-Man MAN-1,3-BMA
a-D-mannose-1,6—3-D-mannose Man—a1,6—Man MAN-1,6-BMA
a-D-mannose—1,2—a-D-mannose Man-a1,2—Man MAN-1,2-MAN
a-D-mannose—1,3—a-D-mannose Man-a1,3—Man MAN-1,3-MAN
a-D-mannose—1,6—a-D-mannose Man-a1,6—Man MAN-1,6-MAN
a-L-fucose—1,3—-N-acetyl B-D-glucosamine Fuc—a1,3—-GIcNAc FUC-1,3-NAG
a-L-fucose—1,6—N-acetyl 3-D-glucosamine Fuc—a1,6—GIcNAc FUC-1,6-NAG
N-acetyl B-D-glucosamine—1,2—a-D-mannose GIlcNAc—31,2—-Man NAG-1,2-MAN
-D-galactose—1,4—N-acetyl B-D-glucosamine Gal-31,4-GIcNAc GAL-1,4-NAG
a-sialic acid—2,6—p-D-galactose Sia—a2,6—-Gal SIA-2,6-GAL
Table 1

Full name, linkage abbreviations and shorthand notation with PDB Chemical Component
Dictionary (CCD) codes for those linkages with enough data. No anomeric data is displayed
for CCD codes, as they integrate that information in the codes themselves — e.g. MAN is

a-D-mannose, BMA is B-D-mannose.
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NAG NAG ASN

Figure 2
Visual representation of the @ and y in both the sugar-sugar linkages and the NAG-ASN
linkage. Figure generated from PDB 4BYH (Crispin, Yu, and Bowden 2013)

2.2 Implementation in Privateer

To assess the normality of torsion angle between monosaccharides in N-glycans, a Z score
system was implemented using similar methods to software programs Torfoize (van
Beusekom, Joosten, et al. 2018) and WHAT_CHECK (Hooft, Sander, and Vriend 1997). The
Z-score is based on how common a certain @,y-combination is compared to a reference set
of the same glycosidic linkages from high quality structure models. To calculate the Z scores,
torsional data from each linkage was split into two dimensional bins with a 2 ° bin spacing

and formed into a database.

From this, the average and standard deviation of the counts over all bins can be calculated
and used to evaluate a new set of torsion angles. The Z score is calculated as described by
Hooft et al (1997) and shown in equation 2. The correct bin corresponding to the torsion
angles in the linkage under survey is selected and the count of that bin in the database is
used to calculate the Z score. Therefore, it is important to note that Z scores depend on the

amount of data in each bin, not the relative deviation of the torsion angles from the mean.
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Ckl - <Cl> 2
VA = —
k O'(Cl) ( )

Where z, is the z score for the k™ linkage, ckl is the count in the appropriate bin of that

linkage (/), <c ‘> is the database average for that linkage and o(cl) is the corresponding

standard deviation of the database.

After individual scoring for each linkage type, a global Z score can be calculated by simply
averaging the Z scores of all N-glycan linkages. In addition to this, comparison to a reference
set of PDB entries with N-glycans allowed the calculation of a relative ‘quality Z score’ which
is an additional parameter that can be used as a measure for glycan normality. The
reference set was chosen following a set of criteria: crystallographic structures and
reflections from the wwPDB with Rfree < 0.25, reported resolution < 2.50 A, with glycans
longer than 4 pyranosides and composition backed up by a GlyConnect ID (Alocci et al.
2019). As a result, 510 structures were chosen, containing 59 unique glycan structures. The
resolution range covered by the dataset was 1.12 - 2.50 A, and Rwork/Rfree values were
0.10-0.23/0.12 - 0.25 respectively.

To provide a visual means of highlighting those linkages having an unusual Z score, the
SNFG (Varki et al. 2015) vector engine within Privateer (Stuart McNicholas and Agirre 2017)
was modified to create an orange background behind the linkages. Linkages for which not
enough data could be collected for validation are marked with a grey background. This
representation was used in the figures presented in this study. The representation was also
extended to cover the monosaccharides in glycans, so that interesting or problematic models
can be quickly identified. We note that an orange background does not automatically mean

there is a modelling mistake involved, rather that the linkage is worth inspecting.

3. Results and discussion

The number of N-glycosylated structures in the PDB is growing steadily (Scherbinina and
Toukach 2020; Agirre 2017), supported by the introduction of carbohydrate structure
modelling and validation tools such as pdb-care (LUtteke and von der Lieth 2004), the
N-glycan building module in Coot (Paul Emsley and Crispin 2018) and Privateer (Agirre,
Iglesias-Fernandez, et al. 2015a). However, as the resolvability of pyranosides in N-glycans
decreases the further the monosaccharides are from the asparagine residue (Atanasova,

Bagdonas, and Agirre 2020), the abundance of the data collected here dwindles for linkages
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that form the glycans' antennae. As stated previously, we set a cut-off of 50 data points in
order to guarantee the reliability of the Z score calculation, and this necessarily means that
some glycosidic linkages are not yet included in the analysis the Privateer software does.
Scripts for reproducing and extending this work are included in the relevant section here,

meaning that the torsion library can be re-generated in future when more data are available.

The torsional data we harvested are plotted in Figure 3. A first close inspection of the graphs
reveals a straightforward correspondence between the most frequent linkage conformations
for every link type and their calculated energy minimum or minima in the Disac3-DB section
of the Glyco3D 2.0 database (Pérez, Sarkar, et al. 2015) and GlycoMapsDB (M. Frank,
Litteke, and von der Lieth 2007). The mean linkage torsion angles and respective standard
deviations of this PDB survey are shown in Supplementary Tables 1 and 2. Supplementary
Table 1 shows the values implemented into Privateer. A comparative plot of quality Z scores
for the curated dataset versus the rest of the PDB is available in Supplementary Figure 1.
Low quality Z scores (Z < -2) indicate serious problems with the overall quality of glycans in
the structure model. High quality Z scores (Z > 2), particularly in low resolution structure
models may indicate over-restraining of torsions in model refinement and warrant further

inspection as previously shown for proteins (Sobolev et al. 2020).
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plotted using the Power-Law Distribution (Clauset, Shalizi, and Newman 2009) to highlight

outliers visually. Plots allow visualisation of the energy minima values.

3.1 GIcNAc - asparagine bond

Investigations on the torsion angle dataset between the asparagine (ASN) amino acid
side-chain and GIcNAc (NAG) highlight a perhaps unsurprising trend. The ¢ torsion angle
dataset has a greater standard deviation (o = 25.3 °) when compared to the s torsion angle
(o0 =22.1 °). This is most likely due to { torsion angle referring to a C-N bond which has a
bond order higher than unit, analogous to a peptide bond. Indeed the mean value of the s is
178.5 ° which is very similar to the 180 ° torsion angle expected for a peptide bond. Such a
bond has limited torsional freedom. The ¢ torsion angle refers to a single bond which has

more rotational freedom, leading to the increased spread of torsional data for ¢.

NAG-ASN Linkage (n = 6688)

350 250
300 200
250 150
a b oy
o 200 s
i o 100 Y
> o
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w
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50
— HH ° °
S -150 -100 -50 O 50 100 150
S o
T o/
a3 B3 B3 B m ASNp/a43

Figure 4

Two main conformations for the NAG-ASN bond are detected in our dataset, as previously
shown in the literature (Imberty and Perez 1995). Both shown conformations are from PDB
5FJI (Agirre et al. 2016); 2mFo-DFc electron density is shown at 1o for the glycans, but
omitted for the asparagine side-chains for reasons of clarity — the asparagine side-chains'
positions showed a good fit to the electron density. Newman projections for the GIcNAc-Asn
linkage are included, with arrows pointing in the direction of the link being inspected, which

have also been marked with a red asterisk on both the 3D views and 2D diagrams.

118


https://paperpile.com/c/xhTt6Z/G9C6R
https://paperpile.com/c/xhTt6Z/el9AI
https://paperpile.com/c/xhTt6Z/fqDVk

The correct modelling of the protein-sugar linkage torsion angle is particularly important to
establish a good basis for other monosaccharides to be modelled further down the N-glycan
tree. Two main conformations for the NAG-ASN exist (Figure 4) in which the conformation
with a negative ¢ angle (a) is the most abundant and the other one (b), much more
infrequent due to the additional CH-1t interaction (Trp431) required to stabilise it, is flagged
up as an outlier by Privateer. The arrangement shown in Figure 4b, found in a fungal GH3

beta-glucosidase, is conserved across homologous structures.

3.2 Glycosidic linkages between pyranosides

N-glycans exhibit common structures as shown in Figure 1. The similarity of these
conformations explains the consistency in the types of linkages seen in various glycoproteins
and allows this quantitative study. N-glycosylated chains attach to the residue with a NAG
sugar through a beta linkage. Attached to this initial NAG sugar, through a beta-1,4 linkage is
an additional NAG sugar. This initial NAG-1,4-NAG linkage is abundant in the PDB and
hence contains a large number (n = 3800) of validated data points. As evident by the two
dimensional histogram (Figure 3), most NAG-1,4-NAG linkages contain torsion angles
around ¢ = -80 ° and ¢ = -130 °.

Often, a BMA sugar is attached to the second NAG sugar through a beta-1,4 linkage. This
BMA-1,4-NAG linkage may theoretically have slightly more conformational variability than
NAG-1,4-NAG due to its position further down the glycan tree, however the spread of data
(standard deviation) is similar for both NAG-1,4-NAG and BMA-1,4-NAG. In addition to this,
in the complex tree, a FUC sugar can be attached to the initial NAG through an alpha-1,6
linkage. The FUC-1,6-NAG linkage exhibits a large standard deviation around both torsion
angles, particularly around the w angle. This could partially be the result of FUC being a
terminal residue at this position in the glycan, but the FUC-1,3-NAG linkage in which the
FUC is also a terminal residue connected to the same NAG has less spread in the observed
torsion angles. A key difference however is the presence of a third torsion angle, w that
gives more flexibility to the FUC-1,6-NAG linkage. This additional flexibility also leads to less

well-defined experimental data and thus more room for modelling errors.

Attachment of additional mannose sugars onto the N-glycan chain can often increase the
amount of branching and size of the chain (see Figure 1a). The most common attachment
onto the so-far terminal BMA sugar is MAN-1,3-BMA, indeed this is shown in our dataset of

validated glycans (n = 781) with the positional isomer MAN-1,6-BMA being almost as
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frequent (n = 702). Interestingly, the MAN-1,3-BMA linkage exhibits standard deviations (y:
0 = 22.6 °) which are similar to NAG-1,4-NAG (y: o = 22.8 °). However, the MAN-1,6-BMA
linkage torsion angles do not exist in a singular cluster and hence exhibit a larger standard
deviation (y: o = 33.3 °). Again this additional spread may be caused by the presence of a

third torsion angle in the linkage.

Certain glycoproteins have further monosaccharide attachments such as a variety of
MAN-MAN, NAG-MAN and SIA-GAL linkages. Interestingly, the torsion angle spread for all
MAN-MAN linkages (1,2, 1,3 and 1,6) is far greater than the torsion angle spread of
NAG-MAN torsion data despite having similar data set size and existing in a similar area of
the protein. A reason for this may be the N-acetyl group in NAG which makes placing the
monomer in relatively poor density less error prone. The large standard deviation of
MAN-MAN linkages causes similar challenges to MAN-BMA linkages with torsional restraint
application. As well as this, no apparent cluster was observed for the SIA-GAL linkage, most
likely due to the very low number of deposited and curated linkages available in the dataset.
The values ¢ can adopt appear to be determined by the anomeric form involved in the
glycosidic linkage: for D-pyranosides, that means -180 ° < ¢ < 0 ° for beta anomers, and 0 °

< ¢ < 180 ° for alpha anomers. The inverse is true for L-pyranosides.

Using this large torsion angle dataset, an investigation of torsion angle spread with glycan
chain length and branching was conducted, although no meaningful trend was identified
between glycan chain length and torsion angle standard deviation. Despite this, this large
dataset can be incorporated into software packages like Privateer to improve the accuracy of

glycoprotein models.

3.3 PDB-REDO Analysis

With the increasingly commonplace solution of protein complexes with high resolution data,
it is imperative that model building software can depict the conformation and position of
N-glycans accurately. Through the comparison of N-glycan torsion angles of proteins
deposited in the PDB and PDB-REDO, the applicability and necessity of modern refinement
techniques can be assessed. Comparisons between torsion angles in N-glycans deposited
on the PDB and PDB-REDO highlight an interesting relationship between structure

resolution and torsion angle accuracy, shown in Table 2.
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Resolution Linkage | PDB:@/° PDB-REDO opg . w/e PDB-REDO:| No. of
Q/° w/° entries
x<150 |NAG-14-NAG| -79.4+7.8 |-78.9+24.2|-126.6 +18.0|-126.3+25.7| 132
1.50 < x < 3.00 [NAG-1,4-NAG| -79.9+ 12.6 | -74.0 £ 24.5 [-126.7 + 22.7 |-125.3 + 24.4| 3190
x>3.00 |NAG-1,4-NAG| -83.4+242 |-67.2+36.0|-130.3+23.5|-134.6 + 26.9| 472
ALL NAG-1,4-NAG| -80.3 + 14.5 | -73.4 £ 26.2 [-127.2 + 22.8 |-126.5 + 24.9| 3800
x<150 |BMA-1,4-NAG| -81.9+96 |-83.6+10.2|-124.9+14.1|-121.8+ 135 37
1.50 < x < 3.00 [BMA-1,4-NAG| -87.2 + 16.2 | -78.7 +29.0 |-133.4 + 17.6 |-136.0 + 23.1| 1369
x>3.00 |BMA-1,4-NAG| -85.0+26.2 | -64.8 +46.8 |-133.8 £ 21.0|-142.4 + 26.0| 250
ALL BMA-1,4-NAG| -86.8 +17.9 | -77.1 £32.2 |-133.3+ 18.2|-136.9 + 23.6| 1659
x<150 |MAN-1,6-BMA| 68.7+6.0 | 70.0+4.8 |150.2+450 |148.8+449| 17
1.50 < x < 3.00 [MAN-1,6-BMA| 71.7 £24.5 | 66.6 + 24.0 | 167.0 + 33.0 | 167.2+33.7| 606
x>3.00 |MAN-1,6-BMA| 79.3+42.3 | 66.4 +40.7 | 176.6 £30.7 |179.4 £ 34.4| 75
ALL MAN-1,6-BMA| 72.4 + 26.6 | 66.4 +26.3 | 167.7 £33.3 [168.2+34.8| 702
x<150  |MAN-1,3-BMA| 77.1£14.4 | 76.4 +14.4 | 1217 £206 1225211 23
1.50 < x < 3.00 [MAN-1,3-BMA| 74.6 £ 16.5 | 68.8 + 20.0 | 120.8 £+ 20.6 | 125.9+ 23.5| 602
x>3.00 |MAN-1,3-BMA| 815215 | 67.9£26.2 | 125.2+30.4 [134.9+33.6| 130
ALL MAN-1,3-BMA| 75.8+16.8 | 68.9 +21.1 | 121.5+22.6 |127.2+25.6| 777
x<150 |MAN-1,6-MAN| 59.6+56 | 60.0+35 |-1786+59 |-177.0+43| 8
1.50 < x < 3.00 [MAN-1,6-MAN| 66.6 + 18.6 | 65.0 + 19.6 [-172.7 + 16.1|-171.4 + 16.0| 175
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x> 3.00 MAN-1,6-MAN| 82.7 +448 | 67.8 +46.1 [-174.4 +34.4|-179.9 +48.9 38
ALL MAN-1,6-MAN| 68.5+25.0 | 65.2+25.3 (-173.3 £20.0|-172.9 £ 24.0| 221
x <1.50 MAN-1,2-MAN]| 73.0+125 [ 725+12.1 | 126.2+37.1 [124.8 +37.5 23
1.50 < x < 3.00 [MAN-1,2-MAN| 77.3+157 | 704 +159 [ 134.5+33.0 (139.1 +35.5| 387
x> 3.00 MAN-1,2-MAN| 82.1 +25.3 | 71.0+28.3 | 125.1 £+25.6 | 130.2 + 30.1 94
ALL MAN-1,2-MAN| 77.9+17.8 | 70.6 £ 18.6 | 132.3 £ 32.1 | 136.8 £ 34.9 507
x<1.50 MAN-1,3-MAN| 74.2+5.5 73.0+59 | 1184 +17.2 1118.3+17.8 9
1.50 < x < 3.00 [MAN-1,3-MAN| 77.0+16.1 | 75.2+16.0 | 133.2+225(135.0+24.0| 234
x> 3.00 MAN-1,3-MAN| 89.1 +18.7 | 82.6 +19.4 | 129.2 + 33.8 [ 130.2 + 33.1 36
ALL MAN-1,3-MAN| 78.5+%16.8 | 76.0 £16.4 | 132.3+£24.2 |133.9+£25.3| 280
Table 2

Comparison between the PDB and PDB-REDO torsional data.

The PDB-REDO models used in this study had no torsional restraints applied during
refinement. Therefore, torsion angles calculated from PDB-REDO are not influenced by the
potentially flawed torsional restraints applied before the model was deposited to the PDB
initially. This application of consistent refinement techniques without torsional restraints leads
to a dataset which naturally has a larger spread than the PDB. To assess whether the
datasets from the PDB and PDB-REDO are significantly different, a series of t-tests were

performed and summarised in Table 3.

For linkages NAG-1,4-NAG and BMA-1,4-NAG, the PDB and PDB-REDO both mean torsion
angles were deemed significantly different (p < 0.05) by the t-test. For the MAN-1,6-BMA
linkage, while the ¢ angle was deemed significantly different, the y angle was not
significantly different. Interestingly, both datasets showed no significant difference between
both torsion angles for linkages MAN-1,6-MAN and MAN-1,3-MAN. While PDB-REDO had
many occurrences whereby the torsion angles were not statistically similar to the PDB, both

datasets torsion angles exist within 1 standard deviation of each other for every linkage.
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These repetitive small differences could be attributed to any torsional restraints applied

before deposition to the PDB, hence providing a strong case for using the torsion angles

collected using PDB-REDO. With the absence of the aforementioned torsion restraints, it is

likely that PDB-REDO represents a more realistic distribution of N-glycan torsion angles

which may be useful to incorporate during modelling in the future. It is possible or even likely

that using these updated torsion angle libraries will allow for more accurate N-glycosylated

chains in future models. A future update of Privateer will allow switching between both PDB
and PDB-REDO torsional sets.

Linkage Resolution Range t-testresult: ¢ t-test result : g
NAG-1,4-NAG 0.93-6.92 Significantly Different (p = 0) Significantly
Different (p = 0)
BMA-1,4-NAG 1.20 - 8.69 Significantly Different (p = 0) Significantly
Different
(p=0)
MAN-1,6-BMA 1.20-6.92 Significantly Different (p = Not Significantly
0.0022) Different (p =
0.34)
MAN-1,3-BMA 1.20-6.92 Significantly Different (p = 0) | Not Significantly
Different (p =
0.39)
MAN-1,6-MA 1.12-6.31 Not Significantly Different | Not Significantly
N (p=0.14) Different (p =
0.35)
MAN-1,2-MA 1.20-6.92 Significantly Different (p = 0) | Not Significantly
N Different (p =
0.18)
MAN-1,3-MA 1.20-6.31 Not Significantly Different | Not Significantly
N (p=0.12) Different (p =
0.56)
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Table 3
Results of t-tests between PDB and PDB-REDO dataset with all resolutions. Not significantly

different values (p > 0.05) are shown in bold.

The application of consistent refinement techniques was also shown to improve outliers
which had no physical basis for occurring (little clear interaction with residue or other
ligands). Figure 5 highlights the correction PDB-REDO applies to the initially skewed
MAN-1,6-BMA linkage. The dataset of linkages originating from the PDB has numerous
instances similar to this in which PDB-REDO corrects to the torsion angles to more
reasonable values. This powerful correction is another interesting and useful feature that
PDB-REDO facilitates.
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Figure 5

Refinement of PDB 6S2G (Ramirez-Escudero et al. 2019) in PDB-REDO changes the
torsion angle from an outlier in PDB to inlier in REDO. The MAN (chain ID and sequence
number: F7) -1,6- BMA (chain ID and sequence number: F3) linkage (red asterisk on the
bottom panel) of 6S2G (green) identified as an outlier in the PDB (¢ = -8.6 °, w = -140.7 °),
but an inlier in PDB-REDO (¢ = 71.5°, gy =169.0 °): Ap = 80.1 °, Ap = 50.3 °. The change is
brought on by moving the O6 atom (red asterisk on the top panel). BMA(F3) and MAN(F7)
are represented by a ball-and-stick model (carbon atoms in green (PDB) or grey
(PDB-REDO)), whilst the rest of the attached glycan (PDB-REDO) is represented in faded
grey ball and stick. 2F-F, electron density (grey) is displayed for the linkage contoured to
10. The Z scores for this linkage in the PDB model is -1.03 and 1.53 in the PDB-REDO
model. Top - produced using CCP4mg. Bottom - SNFG notation output from Privateer.
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3.4 Outlier analysis

This analysis of N-glycan torsion angles deposited in the PDB reveals clusters of abundant
torsion angles, as shown in Figure 3. Perhaps due to the inherent variability in the
environment surrounding monosaccharides in N-glycans, these torsion angle clusters are
spread over a large range in most cases. Outliers were quantified as any linkage which had
a Z score which was lower than -1. The Z score reported here depends on the amount of
@/y pairs relative to the database (Figure 3) and not the deviation from the mean. The limit
of -1 was chosen to highlight linkages that are uncommon in the database. Examining these
linkages in further detail may highlight the cause of this. As always, surprising cases may

either be chemically interesting to look at, or wrong. Here we present one example of each.

3.4.1 Electrostatic Interactions

Repulsive and attractive electrostatic interactions are crucial for the functionality and stability
of proteins (Law et al. 2006). These interactions are facilitated by both positively charged
(lysine and arginine) and negatively charged (glutamic acid and aspartic acid) amino acid
side chains. Similarly, these amino acids can affect the positions of monosaccharides

contained within N-glycans via varying degrees of electrostatic interactions.

Figure 6 depicts an N-glycan with MAN-1,2-MAN (PDB code: 4JOM) torsion angles that are
highly deviated from the mean. Since this glycan has been validated using Privateer (all
monosaccharides including those involved in the linkage were in low-energy chair
conformations) and has a RSCC of greater than 0.80 — indicating good fit to electron density
— it can be assumed that these torsion angles are a direct result of external factors. Upon
examination of the area surrounding the glycan, it becomes evident that a network of
electrostatic interactions could be affecting the conformation of the N-glycan chain. The
proximity of the linkage to arginine, histidine and asparagine side-chains may cause the
observed deviation. Furthermore, this highlights how linkages further down a glycan tree can
also be subject to interactions with protein residues. These interactions may also explain
why MAN-MAN linkage torsion angles are less concentrated to one pair of values than the

more constrained NAG-NAG linkage.
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Figure 6

An unusual pair of MAN-1,2-MAN torsions in PDB 4J0OM (She et al. 2013). The
mannose-mannose pair is well supported by the electron density, indicating that the unusual
conformation of the linkage (red asterisk on the bottom panel) may be stabilised by
interactions — electrostatic in this case — with surrounding side-chains. The MAN(chain 1D
and sequence number: D5)-MAN(chain ID and sequence number: D6) linkage of 4J0M
(pink) is identified as an outlier (¢ = 82.9°, y = -179.9°). The carbohydrate linkage is
represented by a ball-and-stick model (C = green, O =red, N = blue). Residues identified as
interacting with the linkage are represented by a cylindrical model (C = pink). Hydrogen
bonds (black dashed line) and electrostatic interactions (within 4.5A in COOT, blue line) with
distance between atoms (A) shown. 2F.-F, electron density (grey) is displayed for the
linkage contoured to 10. Possible electrostatic interactions were identified in COOT for
residues within 4.5A of the linkage, and can be seen between Arg260/NH1 and MAN5/O3,
His286/NE2 and MANS5/O3, Asn332/ND2 and MAN5/0O4, and Asn332/ND2 and MAN5/O6.
This linkage has a Z score of -1.06. Top - produced using CCP4mg. Bottom - SNFG notation

output from Privateer.
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3.4.2 High-energy ring conformation anomalies may distort

a linkage

Figure 7 shows a glycan stabilised by CH-1r interactions with phenylalanine side-chains
(PDB code: 5GSQ). While the fit to electron density is reasonable for the first few
pyranosides (which show no issues on the validation report), the MAN-1,3-BMA and the
terminal MAN residue are highlighted in orange on Privateer's SNFG representation: the link
has a Z score of -1.32, indicating a large deviation, and the terminal mannose's ring is in a
S, conformation, which is wholly unexpected for a pyranoside that is part of an N-glycan,
and therefore it is marked as worthy of inspection (orange). Examination of the electron
density map around the MAN-1,3-BMA pair reveals that the fit to the observed data is poor
for the MAN residue — refinement against incomplete density usually results in high-energy
ring conformations without the inclusion of torsion restraints (Agirre 2017). The distortion of
the ring conformation in pyranosides has been reported to have a knock-on effect on
linkages (Agirre et al. 2017a), hence we believe this is the most probable explanation for this

outlier.
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Figure 7

High-energy ring conformations may cause glycosidic link anomalies. The
MAN(F7)-BMA(F3) linkage (red asterisk on the bottom panel) of 5GSQ (Chen et al. 2017)
(gold) — which was not part of the curated torsions dataset because the MAN residue has
poor RSCC - is identified as an outlier (¢ = -3.0°, y = 122.6°). BMA(chain ID and sequence
number: F3) and MAN(chain ID and sequence number: F7) are represented by a
ball-and-stick model (C = green, O = red), whilst the rest of the attached glycan is
represented in faded grey ball and stick. Residues identified as interacting with the linkage
are represented in stick form (C = gold, O = red, N = blue). Hydrogen bonds (black dashed
line) with distance between atoms (A) shown. 2F-F, electron density (grey) is displayed for
the linkage contoured to 10. Possible CH-11 interactions were identified, and can be seen
between Phe243 and NAG(F5), and Phe241 and BMA(F3). This linkage has a Z score of

-1.32, and presumably got distorted because the terminal mannose, MAN(F7), is in a 'S,
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skew-boat (high-energy, please refer to (Agirre, Davies, et al. 2015a) for further reading on
conformational anomalies) ring conformation — also highlighted in orange on the figure — due
to the absence of well defined electron density. Both linkage and ring conformations are
unsupported by the electron density and should be either removed, or corrected before
deposition to reflect the most probable, low-energy conformations. Top - produced using

CCP4mg. Bottom - SNFG notation output from Privateer.

4. Conclusions

In this study, a large number and range of N-glycan linkage torsion angles were collected
from both the PDB and PDB-REDO after being curated using Privateer. The collected data,
released and articulated through the Privateer software, will provide a strong foundation for
future model building, refinement and validation software. The comparisons between the
PDB and PDB-REDO presented here assessed the importance of modern refinement
techniques. The difference in the torsion angles between the validated PDB and PDB-REDO
datasets are minimal. However, in certain cases, the application of a consistent refinement
technique can alleviate errors in the model building process. Furthemore, the absence of
torsional restraints in PDB-REDO perhaps allows a more realistic spread of torsional values
to be observed. It is also important to note valid rationalisations for linkage torsion angles
deviating from the calculated mean. Electrostatic and steric interactions play a large role in
protein folding in general and can cause or stabilise the skewed N-glycan linkage torsions
exhibited in certain glycoproteins. Therefore, it is highly likely that these electrostatically

charged or sterically bulky amino acids play a role in overall N-glycan conformation.

Availability and open research data

All scripts, data and graphics associated with this work are uploaded to Zenodo
(10.5281/zenodo.7356467) (Dialpuri et al. 2022). The Privateer source code is available
from GitHub (https://github.com/glycojones/privateer.git). Binaries will be released as an
update to CCP4 8.0.
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Supplementary Information

Linkage Number in o (°) o (°) w(°) oy (%)
data set

ASN-NAG 6688 -97.5 25.3 178.7 221
NAG-1,4-NAG 3800 -80.3 14.5 -1271 22.8
BMA-1,4-NAG 1659 -86.8 17.9 -133.3 18.2
MAN-1,3-BMA 781 75.8 17.6 121.5 22.6
MAN-1,6-BMA 702 72.4 26.6 167.7 33.3
MAN-1,2-MAN 509 78.0 17.9 132.3 32.1
MAN-1,3-MAN 280 78.5 16.8 132.3 242
MAN-1,6-MAN 221 68.5 25.0 -173.3 20.0
FUC-1,6-NAG 406 -73.6 242 167.2 41.0
FUC-1,3-NAG 228 -69.7 10.5 139.2 6.8
NAG-1,2-MAN 242 -86.2 15.0 150.7 14.6
GAL-1,4-NAG 84 -67.5 21.8 -122.2 23.7

Supplementary Table 1
Raw data from the survey for linkages containing more than 50 data points. The number of
data points in each data set is shown as well as the mean and standard deviation for each

torsion angle value.
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Linkage Number in data set w (%) ow (°)
NAG-1,6-FUC 405 -58.1 42.9
BMA-1,6-MAN 701 18.4 69.9
MAN-1,6-MAN 221 -44.7 54.7

Supplementary Table 2

Raw data from the survey for 1,6 linkages that have an omega torsion angle.

Quality Z score distribution across PDB
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Supplementary Figure 1

The distribution of quality Z scores across the PDB, the orange bars represent models which
had at least one entry (glycan linkage) in our dataset of curated linkages. The blue bars

represent the rest of the models in the PDB that contain N-glycans.
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Abstract

The Collaborative Computational Project 4 (CCP4) is a UK-led international collective with a
mission to develop, test, distribute and promote software for macromolecular
crystallography. The CCP4 suite is a multiplatform collection of programs brought together
by familiar execution routines, a set of common libraries, and graphical interfaces. The
CCP4 suite has experienced several considerable changes since its last reference article,
involving new infrastructure, original programs and graphical interfaces. This article, which is
intended as a general literature citation for the use of the CCP4 software suite in structure
determination, will guide the reader through such transformations, offering a general
overview of the new features and outlining future developments. As such, it aims to highlight
the individual programs that compose the suite, and to provide the latest references to them

for perusal by crystallographers around the world.

1. Introduction

As a technique, macromolecular crystallography (MX) relies heavily on computational
methods, built on top of a strict set of conventions and common formats. Most conventions
follow the lead of the International Union of Crystallography (IUCr), while MX software
development is undertaken by both academic and private sector initiatives. Based in the UK,
MX software tools find a common distribution and maintenance channel under the umbrella
of the Collaborative Computational Project No. 4, best known as CCP4. This consortium was
established by the UK Science Research Council in 1979, almost 45 years ago, to facilitate
the coordination and collaboration of MX software developers (Agirre and Dodson 2018).
Aside from coordinating and distributing software, CCP4 has a mission of promoting the
teaching of MX, with an annual didactic CCP4 Study Weekend in January, and numerous
annual workshops, both online and in person, worldwide. Forums, which originally took the
shape of email lists — the CCP4 bulletin board (or CCP4bb) for general users' questions, and
ccp4-dev for developer discussions — are an evolving aspect of the CCP4 community, with
social media taking a more prominent role in hosting other kinds of exchanges, e.g. paper or
event announcements (Twitter: @ccp4_mx) or parallel discussions at conferences (Slack
channels). The CCP4 website (https://www.ccp4.ac.uk) is the primary mechanism for
reference and asynchronous communication but, most importantly, provides a central
distribution point for software downloads. A minimal installer package can be obtained from
the site, and this will proceed to install the latest version of the suite. Updates are then

distributed via a non-disruptive mechanism that was first introduced with CCP4 6.3.0 in
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2012. Update reminders are generated automatically, although the update mechanism itself
is, by design, initiated manually. As an indication of update frequency, the 7.0 series —
originally released in 2016 — saw more than 70 updates until the 7.1 series was released in
2020. Updates are not a one-way road: they may be rolled back if problems are
encountered. Whilst every effort has been made to keep the suite streamlined and
maintainable, the inclusion of big databases and toolkits has driven space requirements

steadily upwards (Figure 1).

CCP4 suite: compressed size (GB, compressed) vs releases in time

25T
20 USB memory stick storage capacity (2006)
15 +
1.0 +
CD-ROM storage capacity (2002)
0.5 |
0

4.2 5.0 6.0 6.1 6.2 6.3 6.4 6.5 7.0 71 8.0
2002 2003 2006 2007 2011 2012 2013 2014 2016 2020 2022

Figure 1. Evolution in size of the CCP4 suite since version 4.2 (2002) through to version 8.0
(2022). Some representative programs included in the releases are highlighted in orange. The update
mechanism (CCP4-um) was first used in version 6.3. New graphical interfaces were introduced with
7.0 (CCP4i2) and 7.1 (CCP4 Cloud). Coot and CCP4mg were originally distributed separately, but
were bundled in with the suite from CCP4 version 6.5. For reference, the size of two popular
contemporary storage devices is shown as dotted lines; please note that these were never targeted

as distribution media.

The last decade has seen some big transformations in the field of MX: new workflows have
been created (e.g. phasing with AlphaFold2 models), some old workflows have been
optimised, while some others are on the verge of disappearing; this has often been the result
of cross-pollination with other techniques in structural biology — e.g. electron

cryo-microscopy (Cryo-EM) particularly, through a synergistic collaboration with CCP-EM
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(Burnley, Palmer, and Winn 2017), the Collaborative Computational Project for Cryo-EM,
which repurposes some CCP4 code for the Cryo-EM community. For example, owing to the
deep-learning revolution in computational structure prediction (Jumper et al. 2021), it is now
possible to phase most structures using large predicted fragments, or, owing to the accuracy
of the method, even to rigid-body-fit an initial predicted model into electron density (Oeffner
et al. 2022; McCoy, Sammito, and Read 2022; Medina et al. 2022). As a side effect of the
creation of these new workflows, experimental phasing is now losing weight in the everyday
activities of an MX laboratory, with derivatives only being created as a last resort after all the
now-conventional methods have failed. Data acquisition and processing, greatly bolstered by
both software and hardware developments led in situ at synchrotrons, is now done almost
instantaneously after collection, presenting the user with the results from applying different
processing strategies. Though seemingly unconnected, most of these newer developments
have one thing in common: the Python programming language as a platform for pipelining

and program communication.

While some Python scripts were already part of the CCP4 suite even before the time of the
last general publication (Winn et al. 2011b), most of the recent source code committed to the
CCP4 repositories involves Python in one way or another — for example, both data
integration tools DIALS (Graeme Winter et al. 2018) and its graphical user interface, DUI
(https://github.com/ccp4/DUI), are Python-heavy software; other CCP4 programs, encoded
in a different language such as C++ for performance reasons, may also offer Python
bindings — examples include Coot (P. Emsley et al. 2010), Privateer (Agirre,
Iglesias-Fernandez, et al. 2015a), or GEMMI (Wojdyr 2022), which is a crystallographic
toolkit developed in collaboration with Global Phasing Ltd. Both the Python language and its
interpreter are now at the core of the CCP4 suite. Importantly, both new graphical user

interfaces to the CCP4 suite (vide infra) make substantial use of the Python language.

On the subject of graphical user interfaces, a large paradigm shift is underway too, with both
CCP4i2 and CCP4 Cloud making extensive use of web technologies: HTML, CSS and
Javascript are used for both interface design and result presentation, with CCP4 Cloud
making a strong case for the transformation of existing interactive model building and
illustration applications — e.g. Coot and CCP4mg — into apps that can be run within a web

browser.

2. Overview of the newest developments

2.1. Graphical user interfaces
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The long-serving CCP4i interface (developed in Tcl/Tk) has recently been deprecated and
replaced by a more modern, QT/PySide graphical user interface (GUI), named CCP4i2
(Potterton et al. 2018b). The CCP4i2 GUI, whose main purpose is to provide a
desktop-based experience, has introduced a number of architectural differences with respect
to the first iteration: i) a real database system — as opposed to a directory structure —
provides traceability of files and jobs, and allows for the automatic population of inputs on
follow-on jobs with outputs from previous jobs; ii) large MTZ files are separated into
important column sets defining particular data types and with predictable names, e.g. Miller
indices (H, K and L columns) plus amplitudes and estimated standard deviations — or e.s.d.s
— (F and SIGF columns) define an 'Amplitudes’ data type; iii) individual programs are
wrapped in Python for their incorporation into tasks, which in many cases will be pipelines
themselves — e.g. 'Data reduction' is a pipeline that involves use of the programs
POINTLESS, AIMLESS, CTRUNCATE and FREER; iv) communication of results between
individual programs is consolidated in structured data (XML) files. In addition, task reports
aim to present only fundamental results and, where possible, provide expert diagnostics in a
natural human-readable language — e.g. 'No evidence of possible translational
non-crystallographic symmetry'. Other utilities include a multiplatform project import and
export mechanism, instant job search by keywords, the use of task-specific key performance
indicators — e.g. R-work/R-free — and context-dependent follow-on jobs with automatic
selection of input files and default options. Outside of the graphical user interface but very
much within its infrastructure, the i2run module provides a command line mechanism for
running CCP4i2 pipelines, opening the door to batch processing using interface-level

decision making.
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Figure 2. Comparison between the new CCP4 graphical user interface offerings: desktop
(CCP4i2, panel a) and online (CCP4 Cloud, panel b). The same pipeline (Crank-2) has been run on
both interfaces. The reports show equivalent graphs due to the use of a compatibility layer that allows

for the same report code to run on both platforms.

CCP4 Cloud (Eugene Krissinel et al. 2022) is a complete reimagination of what an interface
should look like in the context of macromolecular crystallography. Technology-wise, it
provides a server-side Javascript implementation (based on node.JS) designed to work with
High Performance Computing (HPC) facilities — clusters and generic clouds — but which can
also be run on a user's PC. This implementation also enables secure web access by a
browser via HTML5, CSS and Javascript (jQuery), and allows CCP4 Cloud to look consistent
across different browsers and platforms, making it possible to run jobs and manage projects
from, for example, mobile devices. The interface provides a general file import function,
which allows it to decide what kind of jobs can be run: for example, automated model
building can only be done if at least reflections and a sequence have been imported. The
system features task interfaces for many CCP4 programs, and some newly introduced
pipelines. One such example is CCP4build, which combines Parrot for density modification
(Kevin Cowtan 2010a), Buccaneer for model building (Kevin Cowtan 2006), Refmac for
refinement (Murshudov et al. 2011), Coot for model editing (P. Emsley et al. 2010), and
EDSTATS (Tickle 2012) for model accuracy analysis; with these tools, CCP4build is able to
make expert decisions depending on the phasing approach and model completeness. High
level progress indicators are available on both CCP4 Cloud and CCP4i2; one such example
is the 'verdict' functionality, which provides a score for model completion and fit to the
experimental data. CCP4i2 and CCP4 Cloud have a conceptually similar set of tasks, albeit

their graphical presentation differs.

2.2. Data processing

Developed in collaboration with scientists at the Lawrence Berkeley National Laboratory, the
DIALS project (Graeme Winter et al. 2018) is the CCP4 suite's main diffraction image
processing foolkit — modular and hackable by design, so experienced crystallographers can
tweak, extend, or add new algorithms. Regardless of this specialist component-based
approach, complete DIALS workflows are provided in the xia2 pipeline (G. Winter 2010),
which incorporates expert decision making (Graeme Winter, Lobley, and Prince 2013). More

recently, a graphical user interface (DIALS User Interface, or DUI) has been introduced as
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well (Fuentes-Montero et al. 2016). The xia2 pipeline is run automatically at the end of data
collections at Diamond Light Source (Oxfordshire, UK), providing the results of applying
multiple data processing strategies: users are expected to look at the metrics provided, and
decide which is better suited to their diffraction dataset. Newcomer users wanting to learn
more about DIALS are advised to use DUI, which provides a guided step-by-step execution
of the whole process, though command line use through simple scripts is designed to be

accessible to the non-expert user.

DIALS is able to natively process data obtained at X-ray Free-Electron Laser (XFEL)
facilities (Ginn et al. 2015; Uervirojnangkoorn et al. 2015), and supports multi-crystal scaling
(Beilsten-Edmands et al. 2020) and analysis via xia2.multiplex (Gildea et al. 2022), serial
crystallography (Brewster et al. 2018; James Michael Parkhurst 2020), and electron
diffraction such as that obtained with standard Field Emission GUN (FEG) cryo-microscopes
(Clabbers et al. 2018). Data from multiple crystals may be scaled and merged together with
BLEND (Mylona et al. 2017). Ice rings and further pathologies in measured data can be
identified by a separate standalone tool named AUSPEX, which provides visual and
automatic diagnostics based on statistics (Thorn et al. 2017) and, more recently, machine
learning (Nolte et al. 2022). Alternatively, the iMosflm software (Powell et al. 2017) provides
an easy to use interface to the MOSFLM image processing program; while the software is no

longer actively developed, it contains many useful features and remains popular with users.

Once the data are processed, Laue group determination, and data scaling and reduction can
be done with DIALS directly, although POINTLESS and AIMLESS are also offered as a
fallback mechanism (Evans and Murshudov 2013) — indeed, these programs form the basis
for the CCP4i2 'data reduction' task. Further diagnostics can be obtained by running
CTRUNCATE - originally an implementation of French and Wilson's algorithm (French and
Wilson 1978) to obtain structure factor amplitudes from intensities — which will scan datasets
for signs of anisotropic diffraction, twinning, and translational non-crystallographic symmetry
(tNCS) among other pathologies, in order to identify critical issues that could complicate or
even compromise the downstream structure determination process. This set of programs
have graphical interfaces on both CCP4i2 and CCP4 Cloud, producing colour-coded reports
that flag up potential problems. Importantly, detailed reports are generated whenever
merged intensities or amplitudes are imported into the graphical interfaces, providing a

sanity check and metadata tracking.

2.3. Phasing
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The CCP4 suite provides software for all phasing methods, although they mainly fall within
one of the following categories: molecular replacement (MR), ab initio phasing with ideal
fragments (a special case of molecular replacement), and experimental phasing. In the
coming years, and due to the recent improvement in protein structure prediction methods,

the line between the former two is expected to become blurred or even disappear.

2.3.1. Molecular replacement and ab initio phasing,

including bioinformatics

While the ever-growing area of bioinformatics is outside the remit of CCP4, the search for
suitable molecular replacement templates is primarily driven by protein homology analysis
and therefore exploits bioinformatics methods. Various third-party tools have been
incorporated into the suite to give support to CCP4's model preparation tools and automated
structure solution pipelines. MrBUMP is an automated tool that will perform searches for
templates and attempt molecular replacement with them, displaying comprehensive results
that can be taken forward provided that the R-factors are low enough. It can find structures
of homologues using PHMMER (Eddy 2011) or HHPRED (Séding 2005), and place them
using either Phaser (McCoy et al. 2007) or MOLREP (Alexei Vagin and Teplyakov 2010).
The template search code of MrBUMP can also be harnessed interactively in CCP4mg,
allowing users to create composite models and ensembles for subsequent MR searches;
this tool can be accessed from both CCP4i2 and CCP4 Cloud. MR-Parse (A. J. Simpkin,
Thomas, et al. 2022) provides a convenient visualisation of potential search models from the
PDB and databases of new generation models such as the AlphaFold Protein Structure
Database (Varadi et al. 2022). Designed to slice predicted models as well as homologs into
domains that may differ in relative orientation from the crystal structure, Slice'N'Dice (A. J.
Simpkin, Elliott, et al. 2022) is an automated molecular replacement pipeline that facilitates
the placement of these domains in molecular replacement. By processing and slicing the
models, it simplifies the task of placing these domains. CCP4mg (S. McNicholas et al. 2011)

can also be used to visualise the slicing of the input models.

The CCP4 has a number of efficient molecular replacement packages: AMoRe (Trapani and
Navaza 2008), MOLREP (Alexei Vagin and Teplyakov 2010) and Phaser (McCoy et al. 2007)

all have different strengths, although only the latter is under active development.
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Phaser uses a maximum likelihood approach to the phasing problem; it is the only molecular
replacement software that uses intensities natively — ie., without turning them into
amplitudes first — and can also use SAD data (for SAD and MR-SAD phasing). The Voyager
(Sammito et al. 2019) automated procedure within Phaser presents a new architecture that
allows for more flexibility, guiding user decisions in creating ensembles. It also provides,
alongside a plethora of new and reimplemented algorithms, code to make best use of
AlphaFold (Jumper et al. 2021) and RoseTTAFold (Baek et al. 2021) structure predictions —
or high-confidence subsets of them — including transformation of model confidence metrics
(e.g., AlphaFold’s pLDDT) into estimated B-factors. Owing to the flexibility of the new design,
tools for fitting models into Cryo-EM maps have been included. An ad hoc graphical user
interface is under development; this will allow for easier navigation of the different solutions
calculated along the search strategy, presenting the user essential plots such as the

self-rotation function.

CCP4 also has fragment-based ab initio phasing packages: Arcimboldo (Rodriguez et al.
2009) and Fragon (Jenkins 2018), which use ideal fragments of proteins (mainly helices) in
targeted molecular replacement searches. The use of these programs was initially confined
to high resolution data, but they have recently enjoyed success at resolutions lower than 2.3
A — a threshold beyond which it becomes difficult to ascertain the direction of helical
fragments — owing to their improved search strategies (Medina et al. 2022), phase
combination (Millan et al. 2020) and use of available structural information, including
AlphaFold predictions. Arcimboldo (Rodriguez et al. 2009) can use fragments of homologous
models and phase previously intractable coiled coil structures (Caballero et al. 2018). It
should be noted that part of the success of these methods is down to Phaser's ability to
place single amino acids or even atoms with great accuracy (McCoy et al. 2017). Also in
alternative MR territory is AMPLE (Bibby et al. 2012) which majors on editing search model

ensembles, particularly ab initio predictions and distant homologues.

SIMBAD (A. Simpkin et al. 2018; A. J. Simpkin et al. 2020) provides a
sequence-independent phasing pipeline that may be used for phasing crystals of unknown
contaminants (A. Simpkin et al. 2018). Other MR pipelines use larger fragments or domains
as their source of phasing information: BALBES (Long et al. 2008) and MoRDA (Alexey
Vagin and Lebedev 2015) are automated pipelines that, using MOLREP, place matches from
curated databases containing fragments, domains, and homo- and hetero-oligomers. Dimple
(Wojdyr et al. 2013) is an automated procedure aimed at quickly arriving at a solved
structure of a protein-ligand complex starting from an isomorphous crystal; the software will
phase the data and produce preliminary maps including a difference density map where omit

density for a ligand might be found.

145


https://paperpile.com/c/xhTt6Z/ALOW3
https://paperpile.com/c/xhTt6Z/mv6pe
https://paperpile.com/c/xhTt6Z/LunVD
https://paperpile.com/c/xhTt6Z/4qn1a
https://paperpile.com/c/xhTt6Z/4qn1a
https://paperpile.com/c/xhTt6Z/ezCRh
https://paperpile.com/c/xhTt6Z/r73bN
https://paperpile.com/c/xhTt6Z/7jImM
https://paperpile.com/c/xhTt6Z/4qn1a
https://paperpile.com/c/xhTt6Z/RS7bS
https://paperpile.com/c/xhTt6Z/gqcfL
https://paperpile.com/c/xhTt6Z/Pz87G
https://paperpile.com/c/xhTt6Z/q7mix+HlNdd
https://paperpile.com/c/xhTt6Z/q7mix
https://paperpile.com/c/xhTt6Z/0471D
https://paperpile.com/c/xhTt6Z/7cHxf
https://paperpile.com/c/xhTt6Z/7cHxf
https://paperpile.com/c/xhTt6Z/ZiAOo

2.3.2. Experimental phasing

The steady increase of unique new domains deposited every year in the PDB, the availability
of millions of models in the AlphaFold Protein Structure Database (Varadi et al. 2022), and
the continuous improvement of fragment-based ab initio phasing methods mean that
experimental phasing is increasingly becoming a last-resort approach to recovering phases
— it also means that software will have to deal with the most difficult cases. New since the
time of the last CCP4 general publication (2011) are the inclusion of the SHELX C/D/E
(Sheldrick 2008a) programs, which can be run individually or in a pipeline through the
Crank-2 (Skubak and Pannu 2013) frontend, available in both CCP4i2 and CCP4 Cloud
interfaces. Crank-2 itself incorporates a number of different algorithms that can deal with
SAD, SIRAS, MAD and MR-SAD. As stated in the previous section, the Phaser software
(McCoy et al. 2007) is able to do both SAD and MR-SAD phasing as well.

2.4. Model building and refinement

2.4.1. Interactive model building

The CCP4 suite ships with the de facto industry standard interactive model building program:
Coot (P. Emsley et al. 2010). After two decades under constant development, the Coot
software package has now reached version 1.0, which incorporates a major rework of the
program’s graphical architecture, interface, tools and components. Aside from all the
well-known tools for manual model building, the software has: a built-in ligand building tool
Lidia, which can use AceDRG (vide infra) for restraint generation; the ability to create
covalent linkages between protein and ligand or between molecular components (Nicholls,
Joosten, et al. 2021b); a semi-automatic N-glycan building tool, which is able to build entire
oligosaccharides that are consistent with the most common biosynthetic pathways (Paul
Emsley and Crispin 2018); a real-space, accelerated refinement tool that is able to process
whole macromolecules, in contrast with the manual localised real-space refinement that
users typically perform when fitting or tweaking parts of a model (Casafal, Lohkamp, and
Emsley 2020); validation tools that run the most common checks on protein models
(Ramachandran plots, rotamer propensities, planarity of the peptide bond, per-residue
B-factors and density fit analysis, amongst others), plus tools to facilitate ligand fitting
(Nicholls 2017) and validation (Paul Emsley 2017) — e.g. deviation from ideal geometry
values in dictionaries, clashes, interaction maps. Coot makes use of the CCP4 monomer

library to obtain restraints for the most common biomolecule monomers (amino acids,
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carbohydrates, nucleic acids) and most ligands defined in the PDB’s Chemical Component
Dictionary (Westbrook et al. 2015).

At present, Coot is tied to desktop machines due to its reliance on the GTK toolkit (P. Emsley
et al. 2010). This means that users of CCP4 Cloud (Eugene Krissinel et al. 2022) need to
have a local installation of the CCP4 suite in order to do manual model building. However,
there is an ongoing effort to produce a web-based interface, which will use the Coot engine

in the same manner that the GTK one does but without requiring a local CCP4 installation.

2.4.2. Automated model building

While Coot has incrementally added a wealth of automatic procedures over the years, the
CCP4 suite includes several fully automated pipelines that combine automated model
building software — BUCCANEER (Kevin Cowtan 2006) and NAUTILUS (Kevin Cowtan
2014), ARP/WARP 8.0 (Lamzin, Perrakis, and Wilson 2012a) or the chain tracing code in
SHELXE (Uso6n and Sheldrick 2018) — with reciprocal space refinement (see next section for
more details) and validation (EDSTATS (Tickle 2012), MolProbity (Williams et al. 2018)) to
produce protein and nucleic acid models that are completed iteratively. These pipelines —
e.g. Modelcraft (Bond and Cowtan 2022) in CCP4i2, and CCP4build in CCP4 Cloud — are
available from both modern graphical user interfaces (CCP4i2 and CCP4 Cloud) and are
completed by either graphical or textual summaries about the completeness of the built
model. Outside of the protein realm, AlphaFold (Jumper et al. 2021) and RoseTTAfold (Baek
et al. 2021) models can be glycosylated using the glycan library and tools in the Privateer
software (Bagdonas et al. 2021). PanDDA (Pearce et al. 2017) allows users to increase the
signal-to-noise ratio of their ligand maps by combining several datasets of ligand-free and
ligand-bound forms of the protein; the program has algorithms for combining different crystal
forms. The suite's current automated model building offerings are completed with
ARP/WARP 8.0 (Lamzin, Perrakis, and Wilson 2012a); this software pioneered the iterative
combination of model building and refinement (Perrakis, Morris, and Lamzin 1999) — a
feature now present in all modern model building pipelines — and automated addition of
ligands (Langer et al. 2008). Modern versions of ARP/WARP may also be used with Cryo-EM
data (Chojnowski et al. 2021).

At a higher level, the PDB-REDO pipeline has been integrated into CCP4 through graphical
interfaces in CCP4i2 and CCP4 Cloud, and with API calls to the PDB-REDO web server
(Joosten et al. 2014).
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2.4.3. Restraint dictionaries: the CCP4 monomer library

The dictionaries in the CCP4 monomer library (A. A. Vagin et al. 2004a) have been improved
with the introduction of AceDRG (Long et al. 2017a), which since version 7.0 of the suite can
also generate restraint dictionaries for covalent linkages (Nicholls, Wojdyr, et al. 2021;
Nicholls, Joosten, et al. 2021b). New dictionaries are now routinely generated for many
compounds, although pyranose sugars have received separate treatment to account for their
conformational preferences (Atanasova et al. 2022a; Joosten, Nicholls, and Agirre 2022).
Hydrogen atoms have been modelled and restrained in their nuclear positions in the CCP4
Monomer Library (Catapano, Steiner, and Murshudov 2021), as informed by neutron
diffraction data (Allen and Bruno 2010).

2.4.4 Refinement

The main tool for full-model reciprocal-space refinement in CCP4 is REFMAC5 (Murshudov
et al. 2011). The program uses the sparse-matrix approximation of the Fisher’s information
matrix (Steiner, Lebedev, and Murshudov 2003) and is designed to be fast and flexible, with
a number of refinement methods built into the engine, including restrained, unrestrained, and
rigid body refinement. Jelly body restraints are particularly useful for stabilising refinement
e.g. after molecular replacement, where larger parts of a structure might need to move into
place. In addition to controlling model parameterisation and performing macromolecular
refinement, REFMACS also performs map calculation. A variety of types of weighted maps

are produced, which allow visualisation, subsequent analyses and validation.

REFMACS5 allows the addition of case-specific structural knowledge to be utilised during
refinement through the external restraints mechanism (Nicholls, Long, and Murshudov 2012;
Kovalevskiy et al. 2018). These external restraints, most useful when only low-resolution
data are available, can for instance be generated by ProSMART (Nicholls et al. 2014) for
proteins and nucleic acids using homologues or backbone hydrogen bonding patterns, LibG
(A. Brown et al. 2015) for nucleic acid base-pairing and stacking, and Platonyzer (Touw et al.
2016) for zinc, sodium and magnesium sites. The automated pipeline LORESTR
(Kovalevskiy, Nicholls, and Murshudov 2016) can be used to optimise the refinement
protocol at low resolution, expediting the process and easing manual user effort. New
developments and the next generation of structure refinement tools are being implemented
in Servalcat utilising the GEMMI library (Yamashita et al. 2021).
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The PAIREF program (Maly et al. 2020), recently introduced into CCP4i2, performs
automatic paired refinement (Karplus and Diederichs 2012) using the REFMACS5 refinement
engine. It analyses the impact of weak reflections beyond the traditional high-resolution
diffraction limit cut-off on the quality of the refined model. The program monitors model and
data indicators, model-to-data agreement metrics, and implements a decision-suggesting

routine for the high-resolution cutoff that may result in the best model.

Outside of REFMACS5 and associated tools, the SHEETBEND software (K. Cowtan,
Metcalfe, and Bond 2020) allows for a very fast preliminary refinement of the atomic
coordinates and, optionally, isotropic or anisotropic B-factors (Kevin Cowtan and Agirre
2018). It is based on a novel approach, in which a shift field — and not atoms — is refined to
update and morph models. This approach is particularly indicated to correct large shifts in
secondary structure elements after molecular replacement, and is run by default as part of
the Modelcraft pipeline (Bond and Cowtan 2022).

2.5. Validation, deposition, analysis and representation

Both CCP4i2 and CCP4 Cloud interfaces include a validation and deposition interface
developed in collaboration with the PDBe, the Protein Data Bank in Europe (wwPDB
consortium 2019; Armstrong et al. 2020). The purpose of this tool is to prepare mmCIF files
for deposition; additionally, it provide the convenience of letting users see what their
preliminary wwPDB validation report (Gore, Velankar, and Kleywegt 2012; Gore et al. 2017)
would look like, and allow them to fix errors and notice interesting chemical features of a
model before going through the actual deposition process. Also, in preparation for
deposition, model and structure factors are converted into mmCIF, which in turn allows the
wwPDB to pre-populate many of the required metadata for deposition, e.g. refinement

statistics.

Further validation tools exist in CCP4 outside of this online validation process. Protein model
validation can be done with a variety of tools: MolProbity analyses backbone geometry,
rotamers and clashes, and produces a script file that will generate a menu within Coot
containing lists of outliers; Coot itself contains a plethora of interactive and live-updated
validation tools, ranging from MolProbity-equivalent metrics to other less frequently quoted
ones — e.g. the Kleywegt Plot — but which can be of great value depending on the problem.
The EDSTATS software (Tickle 2012) provides a unique analysis of model-to-data fit,
separating results by main-chain and side-chain and looking at difference density, with the

results being able to point at common modelling problems, such as poorly fitting regions
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requiring a peptide flip. The 8.0 version of CCP4 has seen the gradual inclusion of
PDB-REDO (Joosten et al. 2012) functionality into CCP4's interfaces; for example Tortoize
(Sobolev et al. 2020), a tool that analyses main-chain and side-chain geometry and reports Z
scores for every amino acid, is now integrated into CCP4's validation tasks. The visual
output of PDB-REDO calculations is displayed consistently on CCP4i2, CCP4-cloud and the
PDB-REDO website by encapsulating various interactive plots and tables in a self-contained,
single web component. The findMySequence software (Chojnowski et al. 2022) uses
machine learning for the identification of unknown proteins in X-ray crystallography and
cryo-EM data, with the added benefit of detecting elusive register errors, which may have a
detrimental effect on the quality of the rest of the structure. The Iris validation framework
(Rochira and Agirre 2021) is a standalone tool that displays a variety of validation metrics as
concentric circles, modelling errors becoming visible as ripples on successive circles. PISA
allows for the analysis of molecular interfaces, calculating likely assemblies (Evgeny
Krissinel and Henrick 2007). Carbohydrate model validation, including protein glycosylation,
can be carried out with the Privateer software (Agirre, Iglesias-Fernandez, et al. 2015a),
which in the MKIV version incorporates checks of glycan composition against offline mirrors
of several glycomics databases (Bagdonas, Ungar, and Agirre 2020a). Specific structural
radiation damage sites in structures derived from cryo-cooled crystals can be identified with
RABDAM through the Bp.nage (Shelley et al. 2018) and the By, (Shelley and Garman 2022)
metrics, and space-group and origin ambiguity may be determined and resolved by using

Zanuda (Lebedev and Isupov 2014).

On the representation side, CCP4's main tool is the CCP4 Molecular Graphics Project
(CCP4mg). Since the last CCP4mg general publication (S. McNicholas et al. 2011), the main
updates have involved new functionalities for handling Cryo-EM maps, 3D representation of
N-glycans (Stuart McNicholas and Agirre 2017), and the addition of a new interactive
interface to the functionality of Mr BUMP (Keegan et al. 2018). Some of CCP4mg's newer

representations can be seen in Fig. 3.
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Figure 3. A collection of newer representations included in the CCP4 Molecular Graphics
project (CCP4mg). (a) PDB 2BN3 is a high resolution model of insulin (Nanao, Sheldrick, and Ravelli
2005); it is shown here as worms, with water molecules drawn as ellipsoids, both coloured and scaled

by the model's anisotropic B-factors; (b) PDB 3V8X (Noinaj et al. 2012) has a structure of human
transferrin (chain B), drawn here as a solvent-accessible surface with N-glycans shown as
Glycoblocks (Stuart McNicholas and Agirre 2017); (c) PDB 3C02, a structure of aquaglyceroporin
from Plasmodium falciparum (Newby et al. 2008), embedded in a lipid bilayer by CHARMM-GUI (Jo et

al. 2008); lipids are shown as cartoons.

2.6. Under the bonnet

The dxtbx toolkit for DIALS (James M. Parkhurst et al. 2014) is included as part of the cctbx
(Grosse-Kunstleve et al. 2002) distribution; the clipper-python module (Stuart McNicholas et
al. 2018), a SWIG wrapper around the original C++ Clipper library, is also included and
supports a number of functions of the CCP4i2 interface, including the Iris validation
framework (Rochira and Agirre 2021). At a higher level, CCP4i2 (Potterton et al. 2018b)
provides code reusability via the command-line, offering a mechanism for executing
Python-only pipelines without a running instance of the graphical user interface (headless
mode). CCP4 Cloud projects and automatic structure solution workflows can also be initiated
from the command line, using the “cloudrun” utility — this is useful for performing serial
computations for selected targets. The Coot model building software (Paul Emsley and

Cowtan 2004), originally conceived as a C++ object-oriented toolkit, is now exposed as an
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importable Python module to allow for code reuse in new applications, and is also able to run
in headless mode, suppressing all graphical output. Finally, CCP4mg (S. McNicholas et al.
2011) is also able to run without graphics, generating images from a scene description file in
XML format — this functionality is used in CCP4i2 for generating molecular graphics of, for

instance, auto-built structures.

3. Future plans

The transition towards web technologies, which is already underway with the introduction of
CCP4 Cloud, will be completed in the near future by the introduction of fully fledged model
building, visualisation and figure preparation web browser interfaces to the existing Coot and
CCP4mg engines. We also foresee an increase in the number of connections to theoretical
modelling packages such as AlphaFold (Jumper et al. 2021) and RoseTTAfold (Baek et al.
2021), as well as deeper harnessing of the AlphaFold Protein Structure Database (Varadi et
al. 2022).

4. Software availability and data access statement

The CCP4 software suite can be obtained from http://www.ccp4.ac.uk/download. CCP4

maintains a public instance of CCP4 Cloud at http://cloud.ccp4.ac.uk available for both

academic and licensed commercial users. No data were generated in the context of the

present publication.

5. Individual author contributions

Jon Agirre wrote the majority of the manuscript, coordinated the authors, and contributed to
Privateer, clipper-python, clipper-progs, CCP4i2, CCP4 cloud, Iris, the CCP4 Monomer
Library and other software. Haroldas Bagdonas contributed to Privateer MKIV. James
Beilsten-Edmands, Luis Fuentes-Montero, Markus Gerstel, Richard J. Gildea, James M.
Parkhurst, Nicholas E. Devenish, Melanie Vollmar, David Waterman, Graeme Winter and
Gwyndaf Evans contributed to xia2 (Winter) and DIALS. James Foadi and Gwyndaf Evans
developed BLEND. Rafael J. Borges, Claudia Millan, Iracema Caballero, Josep Trivifio Valls
and Isabel Usén developed the Arcimboldo package, with Massimo Sammito and Ana
Medina contributing to ALEPH. George Sheldrick is the lead developer of SHELX C/D/E;
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Isabel Usoén is now the SHELX C/D/E suite's main contributor and maintainer. Maarten L.
Hekkelman, Robbie P. Joosten and Anastassis Perrakis develop the PDB-REDO software
package. Paul Bond, Soon Wen Hoh and Kevin D. Cowtan contributed to Modelcraft and
Buccaneer (Bond, Hoh & Cowtan), Nautilus (Hoh & Cowtan), the Clipper libraries (Cowtan).
Tristan I. Croll, Soon Wen Hoh, Stuart McNicholas and Jon Agirre led the development of the
released clipper-python module. José Javier Burgos-Marmol, Ronan M. Keegan, Filomeno
Sanchez Rodriguez, Felix Simkovic, Adam J. Simpkin, Jens M.H. Thomas and Daniel J.
Rigden developed SIMBAD, MrBUMP, CONKIT, Slice'N'Dice and AMPLE. Stuart J.
McNicholas, Kyle Stevenson, Huw T. Jenkins, Eleanor J. Dodson, Keith S. Wilson and
Martin E.M. Noble contributed to the development and testing of the CCP4i2 graphical user
interface. John Berrisford and Sameer Velankar contributed towards the development of a
validation and deposition task in the CCP4 graphical user interfaces. Paul Emsley is the lead
developer of Coot and associated programs, which Bernhard Lohkamp has contributed to.
William Rochira developed lIris under Jon Agirre's supervision. John Berrisford contributed
towards the development of a validation and deposition task in the CCP4 graphical user
interfaces. Nicholas Pearce contributed PanDDA to the suite. Joana Pereira, Egor Sobolev,
Grzegorz Chojnowski and Victor S. Lamzin contributed to ARP/WARP 8.0. Pavol Skubak and
Navraj S. Pannu developed Crank-2. Oleg Kovalevskiy is the lead developer of LORESTR.
Fei Long is the lead developer of AceDRG, BALBES and LibG. Garib N. Murshudov is the
lead developer of REFMAC5. Robert A. Nicholls is the lead developer of ProSMART.
Mihaela Atanasova, Lucrezia Catapano, Robbie P. Joosten, Andrey A. Lebedev, Fei Long,
Stuart J. McNicholas, Garib N. Murshudov, Robert A. Nicholls, Roberto A. Steiner and
Keitaro Yamashita contributed to Refmac5 and/or to the CCP4 monomer library. Andrew
G.W. Leslie and Harold R. (Harry) Powell led the development of MOSFLM and iMosfim
respectively. Andrea Thorn is the lead developer of AUSPEX. Phil R. Evans is the developer
of Pointless and Aimless. Alexei Vagin is the lead developer of Morda. Airlie J. McCoy,
Kaushik Hatti, Robert Oeffner, Massimo Sammito, Claudia Millan and Randy J. Read
developed Phaser and associated tools. Eugene Krissinel developed PISA, SSM, Gesamt
and, with Andrey A. Lebedev and others, the CCP4 cloud software. Martin Maly and Petr
Kolenko designed and implemented the PAIREF software. Kathryn L. Shelley and Elspeth F.
Garman led the development of RABDAM. Maria Fando developed a new documentation
architecture for CCP4i2 and CCP4 Cloud and converted, with help from others, old
documentation to the new system. Gregorz Chojnowski developed the findMySequence
software. Martyn Winn wrote the original implementation of TLS refinement in Refmac, and

contributed to the development of the core C libraries and to MrBUMP.
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At the time of writing, the CCP4 Executive Committee was composed of David G. Brown,
Helen Walden, Kevin D. Cowtan, Judit Debreczeni, Gwyndaf Evans, Michael A. Hough,
Dave Lawson, James Murray, Martyn D. Winn, Garib N. Murshudov, Martin E.M. Noble,
Randy J. Read, Dan J. Rigden, Ivo Tews, Eugene Krissinel and Keith S. Wilson. Jon Agirre
and Arnaud Baslé were subsequently elected as co-chairs of CCP4 Working Group 2 and
took seats at the CCP4 Executive Committee, of which Ivo Tews was elected as chair.
Charles B. Ballard, Ronan M. Keegan, Andrey A. Lebedev, Maria Fando, Tarik R. Drevon,
David Waterman, Ville Uski and Eugene B. Krissinel were the members of the CCP4 Core
Team, responsible for the maintenance and distribution of the CCP4 Software Suite, CCP4

Cloud and website.
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