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Abstract

N-glycans refer to oligosaccharide chains covalently attached to the side chain of asparagine
(Asn) residues, and the majority of proteins synthesized in the endoplasmic reticulum (ER) are
N-glycosylated. N-glycans can modulate the structural properties of proteins due to their close
proximity to their parent proteins and their interactions between the glycan and the protein surface
residues. In addition, N-glycans provide specific regions of recognition for cellular and molecular
recognition. Despite their biological importance, the structural understanding of glycans and the
impact of glycosylation to glycan or protein structure are lacking.

I have explored the conformational freedom of glycans and their conformational preferences
in different environments using structural databases and computer simulations. First, I have
developed an algorithm to reliably annotate a given atomic structure of glycans. This algorithm
is important because many glycan molecules in the crystal structure database are misannotated or
contain errors. Using the algorithm, a database of glycans found in the PDB is constructed and
available to the public.

Second, the impact of glycosylation on the glycan conformation has been examined. Contrary
to the common belief that the glycan conformations are independent to the protein structure, it
appears that the protein structure can significantly affect the glycan structure upon glycosylation.
This observation is significant because it may provide insight into protein-glycan interaction and
opens up the possibility of a template-based glycan modeling approach.

Third, the differences in conformational preference between glycans in solution and
in glycoproteins has been examined. Using molecular dynamics (MD) simulations, the
conformational preference of N-glycan pentassacharide in solution is exhaustively studied.
Surprisingly, the conformational distribution is dominated by a single major conformational state

and several minor conformational states. The dominant conformational state adopts a more
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extended conformation, thus it appears that entropy plays an important role in determining the
conformational state. On the other hand, in glycoproteins, glycans can interact with surrounding
protein side chains and, as a result, several conformational states are more equally populated.
Based on these observations, a protocol is proposed for modeling the glycan portion of a known
protein structure. It is typically more managable to acquire an atomic resolution structure or
aglycoprotein (glycoprotein without glycan). In addition, the glycoform and the glycosylation site
can be identified independently by mass spectrometry or NMR. The proposed modeling protocol
assumes the glycosylation site, glycoform, and aglycoprotein structure are already known, and
builds glycan structure models on top of the known aglycoprotein structure. The performance of
the modeling protocol is greatly improved by using appropriate template structures. This protocol
can be used to generate the initial model for MD simulations or refinement of low resolution models

from experiments (small angle X-ray scattering and electron microscopy).
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Chapter 1

Introduction

1.1 Biological roles of N-glycans and their biosynthesis

N-glycans refer to oligosaccharide chains covalently attached at the side chain of asparagine (Asn)
residues in protein. The majority of proteins synthesized in the endoplasmic reticulum (ER) are
N-glycosylated [7, 90, 136]. Once attached to a protein side chain, the roles of N-glycans are two-
fold in general. First, the N-glycan structure can modulate the structural properties of a protein
due to the close proximity and the interaction between the N-glycan and the protein. The protein
secondary structure is expected to remain largely independent of the presence of N-glycans, but
the glycosylation can affect the conformational preference of the peptide backbone and the rate
of folding [21, 23, 44, 57, 77, 145]. Recent crystallographic studies revealed that the different
glycoforms (N-linked oligosaccharides having different sequences) can also affect the overall
shape of a protein complex and the binding affinity of the glycoprotein to its partner [31, 71, 89].
The other general biological role of N-glycans is to provide specific regions of recognition.
The N-glycans on the surface of glycoproteins act as a “barcode” for the glycoprotein and allow
other proteins to recognize the glycoprotein regardless of the sequence or the structure of the parent
protein [1, 48]. The ability to recognize a variety of proteins based on N-glycans is essential to

establish and maintain the subcellular localization of proteins in the higher organisms [121]. These



N-glycan “barcodes” are not only used in intracellular recognition but also used as specific ligands
for cell-cell interactions. N-glycans are highly involved in intrinsic (recognizing glycans from
same organisms or cell types) as well as extrinsic recognitions (regognizing glycans from different
organisms or cell types), which are important in organ transplantation [35], cancer progression
[25, 33, 76], immune response [117], host-pathogen interaction [2, 125], vaccine development
[8, 47], and maintaining symbiotic relationships [136].

The N-glycosylation pathway in eukaryotes is well conserved across organisms and composed
of two distinctive phases: N-glycan precursor synthesis and N-glycosylation [1, 48, 121, 136].
First, a glycan is assembled into a lipid-linked oligosaccharide (LLO) in step-wise addition of
specific monosaccharides by various glycosyltransferases. The initial assembly of glycans onto
a lipid carrier (dolichol-pyrophosphate; Dol-P) occurs in the cytosolic side of the ER membrane.
Seven sugars are added to the lipid carrier (Dol-P-P-GlcNAc,;Mans) before the complex is re-
oriented to the luminal side of ER membrane by LLO specific flippase (see Figure 1.1). More
sugars are added to the LLO molecule on the luminal side of ER to form the N-glycan precursor
molecule (Dol-P-P-GIcNAc,;MangGlcs). Then, when a peptide having a consensus sequence (Asn-
X-Ser/Thr; X being any amino acid except proline) is synthesized and translocated into the ER
lumen, oligosaccharyltransferase (OST) catalyzes en bloc transfer of the oligosaccharide moiety
to the asparagine side chain of the nascent peptide.

Following the covalent attachment of N-glycan precursor, glucosidases in the ER remove the
glucose cap at the end of N-glycan and mannosidase removes the terminal manose before the
glycoprotein exit the ER. These reactions are facilitated by glycan-binding proteins, calnexin and
calreticulin, and they determine whether the protein is properly folded. If the protein is misfolded,
either a glucose residue is added at the terminal to provide additional time for folding, or two more
terminal mannoses are removed, which is the signal for proteasomal degradation. Properly folded
and trimmed glycoproteins are transported to the Golgi, and the N-glycans are further processed to
become mature glycoproteins [136]. Maturation of N-glycans results in species-specific N-glycan

sequences as well as complex-type glycan sequences (Figure 1.2).
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1.2 Structural analysis of glycans

The basic structural unit of glycans is a monosaccharide. Two monosaccharides can be joined
together by a glycosidic linkage between an anomeric carbon of one monosaccharide and
a hydroxyl group of the other. The number of monosaccharides that commonly appear in
glycoconjugates are limited. For example, there are only about 9 monosaccharides that commonly
appear in glycoconjugates for vertebrates (see Figure 1.3) [136]. Although the number of
monosaccharides is smaller than that of naturally occuring amino acids, the primary sequence
of glycans can be much more diverse than the protein counterpart because a monosaccharide exists
in two possible stereoisomers at the anomeric carbon (o or f3), and there are four hydroxyl groups
in a sugar that can accept a glycosidic linkage. In addition, more than one glycosidic linkage can
be formed in one monosaccharide, resulting in a branched sequence.

Structural analysis of glycans could be analogous to that of proteins. A protein is a polypeptide
chain comprised of linearly connected amino acids by peptide bonds. Each peptide bond has
two rotatable bonds, and the peptide bond in the protein backbone is planar and rigid. Similarly,
the oligosaccharide chain is comprised of monosaccharides, which are relatively rigid, joined by
glycosidic linkages that have two or three rotatable bonds [111]. On the other hand, backbone
atoms in polypeptides can form hydrogen bonds to form regular secondary structures [50, 107],
such as helices or strands, whereas such regular structures are not found in glycans except in
structural polysaccharides like cellulose.

Nonetheless, the torsion angle analysis of glycosidic linkages, similar to a Ramachandran plot
for protein [108, 109], provides valuable insights on the preference of the glycan conformation.
The degrees of freedom of these glycosidic linkages have been examined both experimentally
and computationally [5, 32, 80, 81, 98, 119, 132, 140, 143]. The general consensus is that the
glycosidic linkage is centered around a well known free energy basin. However, the width of the
basin is larger than analogous ones for peptide bonds, and consequently, the number of internal
degrees of freedom of glycosidic linkages is much larger than those of polypeptides. More studies

on the conformational preference of large glycans are necessary to examine sequence dependent
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conformational preference of glycans.

1.3 Glycan conformation in solution and in the vicinity of
protein

Traditionally, nuclear magnetic resonance (NMR) spectroscopy has been widely used to study
the conformation of oligosaccharides, since crystallizations of oligosaccharides or glycoproteins
are challenging. It is typically not easy to unambiguously derive distance information of
neighboring glycan residues due to the crowded peaks, but NMR experiments can provide several
valuable observables that can be used for structure determination of glycan, such as J-coupling
or residual dipolar coupling (RDC) measurements. The conformation of an oligosaccharide
is expected to be very flexible and inconsistent with a single conformer [143]. More recent
NMR experiments have demonstrated biologically important glycans may have several different
well-defined conformations that can readily undergo exchange between different conformations
[5, 11, 132].

The N-glycan comes in close contact with protein surface residues, hence it has been of
great interest whether the protein structure affects the N-glycan conformation and vice versa.
An earlier NMR study about the conformational freedom of free oligosaccharide in solution
and N-linked oligosaccharide concluded that the covalent attachment to the protein does not
significantly affect the conformational freedom of the oligosaccharide [145]. However, it is well
known that the carbohydrates in the vicinity of the protein can engage in specific interactions with
protein side-chains, hence affecting the conformational freedom of the oligosaccharide [22, 26].
Thus, the conformational freedom of the N-glycan needs to be studied on a case-by-case basis.
Structural change of the parent protein due to different glycoform sequences is also observed by
systematically changing the glycoform [71]. These findings warrant more detailed studies of the
interaction between the covalently linked N-glycan and the glycoprotein.

To gain a better understanding of conformational preference of oligosaccharides, it is



essential to obtain atomic resolution structures in various environments. However, experimental
determination of N-glycan conformations using X-ray crystallography or NMR is challenging due
to flexibility of glycosidic linkages and the peak overlapping in NMR spectra [5, 78, 128, 143].
On the other hand, computational simulation studies of oligosaccharides can provide valuable
insights on the conformational preference of oligosaccharides at the atomic level [96, 138]. Recent
advances in carbohydrate force fields have been used to study diverse glycan sequences ranging
from monosaccharides to polysaccharides, and have been shown to match experimental properties
well [27, 42, 69]. Such a modeling approach may help refine the structural models from low-
resolution experiments, e.g., small angle X-ray scattering or electron microscopy [39, 40].

In addition, preparing glycoprotein samples with homogeneous glycoform is extremely
challenging because the biosynthesis of N-glycan is not controlled by genetic information.
Therefore, producing glycoproteins with homogeneous glycoform typically requires either step-
wise enzymatic deglycosylation from larger glycoforms [71, 88] or addition of N-glycan after
producing the aglycoprotein using chemical synthesis [137]. Recently, in vitro glycosylation
has been demonstrated, and the atomic structure was successfully determined using NMR [128],
bringing exciting oppotunities in understanding the structural relationship betwwen the glycan and

protein.

1.4 Outline of thesis

This dissertation mainly focuses on the structural analyses and computational studies of the
conformational freedom of glycans in solution and in the vicinity of a protein. Several tools and
computational algorithms were developed towards this goal. New knowledge discovered in this
area can be used to gain general insight into the structural analysis of glycans in solution and in
the vicinity of protein. Chapter 2 discusses the computational algorithm for reliable annotation of
monosaccharides as well as oligosaccharide chains in a structure file solely based on the atomic

coordinates and the connectivity to remove human errors in the annotation process. A database of



glycan structures found in the Protein Data Bank (PDB) using the newly developed algorithm is
discussed in Chapter 3. Then, the impact of protein structure on the conformation of glycans
is disccused using the glycoconjugate crystal structures in the PDB in Chapter 4. Next, the
conformational preferences of N-glycan core pentasaccharide in solution and in the vicinity of
glycoprotein are examined in Chapter 5. Finally, in Chapter 6, the possibility of developing a

computational protocol for prediction of N-glycan structure using template-based appraoch.



Chapter 2

Glycan Reader: Automated Sugar
Identification and Simulation Preparation

for Carbohydrates and Glycoproteins'

2.1 Introduction

Glycosylation is the most common post-translational modification process in proteins, and over
half of all secreted proteins are expected to be glycosylated [7, 90, 136]. In addition to being a
common protein appendage, glycans are also important in that they may alter protein structure and
dynamics, and thus modify enzyme activity, protein-protein interactions, and the in vivo circulation
half-life of protein pharmaceuticals [9, 92, 93, 117, 135]. Glycans are also involved in specific
interaction with glycan-binding proteins and play a role in cellular or molecular recognition [117].
At this time, however, it is difficult to understand, on a case-by-case basis, which glycans are
important components of protein function and specific recognition, and how to modify those
glycans to optimize the protein properties of interest. To be able to predict a glycan’s impact

on the glycosylated protein’s function and specific interaction with other proteins, it is critical to

IReused from Jo, S., Song, K. C., Desaire, H., Mackerell, A. D., Jr and Im, W. J. Comput. Chem. 32, pp 3135-3141
(2011) with the permission from Wiley and Sons
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understand the structure and dynamics of glycans and the glycosylated protein.

The Protein Data Bank (PDB) is the largest database of biomolecular structures, [12] and,
as of January 2011, the database contained about 71,000 entries. Among those entries, about
6% contain carbohydrate structures. Any type of biomolecular simulation begins with reading
a protein structure into the simulation program. However, a task as simple as reading a PDB
structure file into a molecular simulation, often becomes non-trivial when a carbohydrate is present
due to the inconsistency and complexity existing in the PDB file format. Despite the efforts
made to standardize nomenclature and data structures for representing carbohydrates in the PDB,
the current naming convention does not unambiguously identify anomeric configurations; it also
contains other limitations. For example, GLC and BGC refer to o-D-glucose and -D-glucose for
glucopyranose, but both GAL and GLA refer to a-D-galactose in the case of galactopyranose [30].
Such inconsistency in the nomenclature potentially leads to errors in annotating carbohydrates
from the PDB. This problem is confounded by about 30% of carbohydrate structures in the PDB
containing at least one error regarding the carbohydrate-type assignment [80]. Furthermore, there
are cases where the entire carbohydrate chain is treated as a single residue, e.g., PDB:1AGM
[80]. Thus, it is necessary to develop an algorithm that is able to automatically annotate
carbohydrate structures based on their three-dimensional (3D) structures instead of relying on the
PDB annotation.

There are several web-based toolsets for structural glycobiology presently available.
The GLYCOSCIENCES.de web portal (http://www.glycoscience.de) [79, 81] and the
Glycoconjugate Data Bank (http://www.glycostructures. jp) [94] offer convenient ways to
automatically annotate carbohydrates in PDB files. In addition, a 3D model of a carbohydrate
or glycoprotein structure can be generated through web-based tools such as SWEET (http://
www.glycosciences.de/modeling/sweet2/) [15], GlyProt (http://www.glycosciences.
de/modeling/glyprot/) [16], and Carbohydrate Builder (http://glycam.ccrc.uga.edu/
ccrc/carbohydrates/) [37]. However, a significant effort is required to prepare the glycoprotein

or protein/glycan complex system since the interfaces offer rather limited options for glycan
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structure generation and lack the ability to prepare the generated structures for biomolecular
simulations.

Motivated by the above limitations and needs, we have developed Glycan Reader and its
web-based interface (http://www.charmm-gui.org/input/glycan). Glycan Reader greatly
simplifies the reading of PDB structure files with glycans by (i) detection of carbohydrate-like
molecules, (i1) automatic annotation of carbohydrates based on their 3D structures, (iii) recognition
of glycosidic linkages between carbohydrates as well as N-/O-glycosidic linkages to proteins, and
(iv) generation of inputs for the biomolecular simulation program CHARMM [17] with proper
glycosidic linkage setup. In addition, Glycan Reader is linked to other functional modules in
the CHARMM-GUI (http://www.charmm-gui.org) [62], allowing users to easily generate
protein/carbohydrate complexes or glycoprotein molecular simulation systems in solution or
membrane environments and visualize the electrostatic potential on glycoprotein surfaces. These
tools are useful for studying the impact of glycosylation on protein structure and dynamics. Glycan
Reader utilizes the recently developed CHARMM carbohydrate force field, [41, 42, 46, 110] which
includes a wide range of furanose and pyranose monosaccharides and glycosidic linkages including
N-/O-glycosidic linkages to proteins and lipids.

In the next section, Glycan Reader and its web interface developments are described in
detail. This is followed by some illustrations of Glycan Reader, such as PDB glycan statistics,
electrostatic potential visualization on glycoprotein surfaces, and preparation of carbohydrate and
glycoprotein simulation systems in both aqueous and membrane environments. Future directions

of the Glycan Reader development project are then discussed briefly.

2.2 Methods

To annotate glycans in a given PDB file, Glycan Reader uses an algorithm that can detect
carbohydrate-like molecules and assign correct carbohydrate types based on their molecular

topology and 3D structures. The overall scheme in Glycan Reader is shown in Figure 2.1 and
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Figure 2.1: Overview of carbohydrate annotation procedure in Glycan Reader

illustrated in Figure 2.2. Molecular topologies are built based on the HETATM records and
CONECT records in a PDB file, and any molecules that do not have carbohydrate-like topology
are not considered. The chemical groups that are attached to the carbohydrate-like molecules are
then examined to assign the correct carbohydrate type. Once the monomeric units are identified,

glycosidic linkage types are determined.

2.2.1 Automatic Detection and Assignment of Sugar Types

In the first step (Figs. 2.1A and 2.2A), Glycan Reader builds topologies of molecules in a PDB
file based on both HETATM and CONECT records. Carbohydrate-like structures are identified
by the presence of six- or five-membered rings that are composed of one oxygen atom and five
or four carbon atoms depending on the size of the ring. Each potential carbohydrate molecule is
further examined to identify the anomeric carbon by checking the carbon atoms connected to the
ring oxygen to see if one of them has oxygen or nitrogen atom attached to it. If such an atom is
found, the atom is designated as the anomeric carbon (C;) and the rest of the ring constituents are

re-numbered accordingly. However, in the case that no apparent anomeric carbon is found due
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Figure 2.2: Illustration of carbohydrate annotation procedure in Glycan Reader. A) Molecular
topology is built using HETATM and CONECT records in a PDB file. B) Potential carbohydrate
molecules are examined for anomeric carbon, stereochemistry of each ring carbon atoms, and
exocyclic groups. C) Carbohydrate type is annotated. D) Glycosidic linkages are assigned between
monosaccharides.

to a lack of electron density or an error in the PDB structure, a carbon atom, that is connected
to the ring oxygen and has an exocyclic carbon atom attached to it, is designated as Cs (for six-
membered ring) or C4 (for five-membered ring), and the other carbon atom attached to the ring
carbon is assigned as the anomeric carbon. This method will fail to properly detect the anomeric
carbon if no exocyclic carbons are attached to the Cs (for pyranose) or C4 (furanose) atom, for
example xylopyranose, however, this is a backup algorithm, which is only used when the oxygen
atom attached to the anomeric carbon is not found.

Once the anomeric carbon is assigned, Glycan Reader determines the carbohydrate residue
type. Carbohydrate monomers can be classified by examining the configuration of the hydroxyl
group attached to each carbon atom in the ring. Therefore, Glycan Reader calculates the improper
angle based on the angle difference between the C,-O,, (a3) and a vector perpendicular to C,,_1-
C, (ap) and C,-C,. (az) as shown in Fig. 2.2B. The configuration is then compared with
a pre-established look-up table to determine the carbohydrate residue type. Currently, Glycan
Reader can recognize all pyranose and furanoses available in the recent version of CHARMM
carbohydrate force field [41], and a few more carbohydrates that are not available at the date of
publication (see Table 2.1 for the complete list of available carbohydrate types).

Derivatized carbohydrates, such as N-acetyl-glucosamine, N-acetyl-nuraminic acid, or
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Chemical name CHARMM residue name

D-Glucose GLC
D-Altrose ALT
D-Allose ALL
D-Galactose GAL
D-Gulose GUL
D-Idose IDO
D-Mannose MAN
D-Talose TAL
D-Xylose XYL
L-Fucose FUC
L-Rhamnose RHM
D-Glucuronic acid GLCA
L-Iduronic acid IDOA
N-Acetyl-D-glucosamine GLCNA
N-Acetyl-D-galactosamine GALNA
N-Acetyl-D-nuraminic acid NESAC
Tetrahydropyran (THP) THP2
Deoxyribose DEO
Ribose RIB
Arabinose ARB
Lyxofuranose LYF
Xylofuranose XYF
Fructofuranose FRu

Table 2.1: List of carbohydrates recognized by Glycan Reader
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iduronic acid, are recognized by comparing the exocyclic chemical groups. The CHARMM
carbohydrate force field [41, 42] provides separate residue definitions for such modification (e.g.,
acetylation, oxidation or deoxidation), and the residue names of such derivatized carbohydrates
are renamed to the corresponding CHARMM residue names. When there is no residue definition
available, e.g., no definition available for N-acetyl-mannosamine, Glycan Reader simply considers
the residue as non-carbohydrate residue. As additional carbohydrate definitions become available

in the CHARMM force field, they will be implemented in Glycan Reader.

2.2.2 Glycosidic Linkage Detection and Assignment

The anomeric position of each carbohydrate monomer is examined to check if the residue is
connected to another carbohydrate by the glycosidic linkage. In our scheme, the root residue
of a carbohydrate chain is simply assigned to a residue that has a free reducing end: for example,
a-D-N-acetyl-glucose in Fig. 2.2D. N- or O-glycosylation is determined by cross-referencing
the connected protein residue on the reducing end of the glycan chain; N-glycosylated when the
reducing end is connected to ASN and O-glycosylated when the reducing end is connected to THR
or SER. During the implementation, we frequently found incorrectly assigned bonds in glycan
chains, which interfere with glycosidic linkage detection. For example, Figure 2.3A and 2.3B
show incorrectly assigned bonds between neighboring residues possibly due to close proximity
between two atoms, which forms a small ring structure and hinders the correct glycosidic linkage
assignment. To assign glycosidic linkages reliably, each glycosidic linkage is re-examined to
remove any chemical bonds that do not make chemical sense, e.g., oxygen atoms having three
covalent bonds. On the other hand, there are some glycan chains that have missing glycosidic
linkages (Fig. 2.3C). In such cases, Glycan Reader examines the distance between the anomeric
carbon and the exocyclic oxygen on the neighboring residue; if it is in close proximity (e.g., <
2.5 A), a glycosidic linkage is generated between the two residues. In rare occasions, covalent
bonds with extreme bond lengths are present in the PDB (Fig. 2.3D); any chemical bonds that

are longer than 5 A will be removed in Glycan Reader. These error correction features have
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(A) © ¢

Figure 2.3: Examples of erroneous glycan chains in PDB. (A) Additional bond between
the glycosidic oxygen and the ring oxygen (PDB:1Q5C) (B) Additional carbon-carbon bond
between two residues (PDB:1BCR). (C) Missing glycosidic linkages (PDB:2H60) (D) Incorrect
connectivity between two atoms (PDB:1INH). Erroneous bonds are marked by arrows.

been tested by a number of internal testcases, however, users are always advised to make sure if
the input structure is correct and the output from the Glycan Reader is as intended. In the case
that a carbohydrate chain is connected to a non-carbohydrate molecule, the entire chain is ignored
presently. For instance, PDB:1S0J contains a ligand molecule that is a derivative of sialic acid with
a methylumbelliferyl moiety, and Glycan Reader classifies the molecule as a non-carbohydrate
molecule. While currently not implemented in an automated fashion, the potential to treat such
moieties using the CHARMM General Force Field is possible [134].

The CHARMM carbohydrate force field [41, 42] provides several linkage types for mixed
pyranose and furanose compounds, such as sucrose, lactulose, melezitose, raffinose, kestose, 6-
kestose, isomaltulose, planteose, and nystose. This is because it is not possible to use the same
linkage type between pyranose and furanose due to different atom types. Therefore, Glycan Reader

detects the presence of mixed pyranose and furanose compounds, and uses appropriate linkage
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types to make glycosidic linkages between the pyranose and furanose residues.

2.2.3 GUI Implementation of Glycan Reader and CHARMM Input

Generation

Glycan Reader has been integrated into the CHARMM-GUI web interface [62]. The user can
either specify the PDB ID or upload the PDB structure into the server to generate the carbohydrate
or protein/carbohydrate complex structure. If a carbohydrate is detected, then the graphical
representation of the carbohydrate chain sequence will be displayed and the user can select the
carbohydrate chains that they want to initialize in CHARMM (see Fig. 2.4). CHARMM allows
modification in chemical structures, e.g., disulfide bonds formation or phosphorylation using patch
residues, and glycosidic linkages are generated using specific patch residues in CHARMM. The
Glycan Reader web interface assigns the proper patches for glycosidic linkages and generates the
CHARMM protein structure file (PSF) and coordinate files in both, PDB format and CHARMM
specific coordinate format (CRD) files.

Currently, there are various patch residues available in the CHARMM carbohydrate force field
to cover a range of carbohydrates including the majority found in eukaryotes [43]. For example,
O-methyl-, octyl-, dodecyl-, phosphate, and sulfate groups can be added to the reducing end of
a sugar, and those modifications are properly patched in the PSF generation step (see Table 2.2
for the complete list of patch residues available). However, other types of common derivatizations,
such as deoxidation is not available, and, in such cases, the basic form of the carbohydrate molecule
is used without modification and Glycan Reader informs the user. For example, if a user uploaded

a structure of 2-deoxy glucose, a glucose molecule will be generated instead.
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Figure 2.4: Snapshot from CHARMM-GUI Glycan Reader. (A) When a glycan chain is found in
a PDB, the sequence of the identified glycan chain is displayed. (B) When the sequence diagram
is clicked, more detailed information on the glycan sequence is displayed in a popup window.

Modification CHARMM patch residue

O-Methyl- at C; OME (pyranose)

FOME (furanose)

Octyl- at C; OCT (pyranose)

Dodecyl- at Cy DDM (pyranose)
Phosphate- at Cy PH (THP)
Phosphate- at C; PH2 (THP)
Sulfate- at C; PH2 (THP)

The types of residues that are available for the modification are given in parenthesis.

Table 2.2: List of modifications recognized by Glycan Reader
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2.3 Results and Illustrations

2.3.1 PDB Glycan Statistics

We have used Glycan Reader to analyze the entire PDB database to obtain the statistics on the
available glycan-containing structures out of the total of 70,947 structures in the PDB as of January,
2011. The results are summarized in Figure 2.5. There are a total of 4,029 PDB structure files
(6.0%) that have at least one glycan chain, yielding a total of 15,669 glycan chains. A total of
8,848 glycan chains (56%) are N-glycosylated, 688 glycan chains (4.3%) are O-glycosylated,
and the rest (6,133 chains, 39%) exist as noncovalently-bound ligands. Figure 2.5A shows the
number of PDB structures with glycans deposited each year into the PDB; despite that only 6% of
PDB structures contain carbohydrate segments, the trend shows steady increase over time. Figure
2.5B shows the number of glycan chains as a function of glycan chain length (e.g. number of
monosaccharides residues in a chain), illustrating that most glycan structures in PDB contain
only one or two monosaccharides. The large number of shorter glycan chain could be due to
the removal of glycans prior to structural studies or due to crystallization conditions. Our survey
showed B-N-acetyl glucosamine (GIcNAc) is the most abundant monosaccharide (4,917 entries)
and GlcNAc B(1—4) GlcNac f is the most abundant disaccharide (1,653 entries). The survey
presented this work concerned about the number of PDBs with glycan chains present and the
composition of carbohydrate molecules in the PDB database. With Glycan Reader, which allows
one to conveniently and reliably recognize glycan chains, can be used for further studies on protein-
carbohydrate interactions. To this end development of a PDB glycan database to retrieve any

specific glycan structure is currently in progress.

2.3.2 Electrostatic Potential Visualization

Characterizing the electrostatic potential on a macromolecular surface is becoming a routine
practice in structural biophysics [52]. Similarly, comparing the electrostatic representations with

and without glycans could provide insights into the biological roles of glycans. For example,
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Figure 2.5: PDB glycan statistics. (A) The number of structures with glycans added to the PDB
each year. (B) The number of glycan chains with respect to the glycan chain length.
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Figure 2.6: Molecular images of a glycoprotein and its electrostatic potential surface with and
without glycan. (A) A molecular image of PDB:1L6X (constant region of immunoglobulin G1).
(B) The electrostatic potential surface of the glycoprotein. (C) The electrostatic potential surface
of the glycoprotein without glycan. The glycans on the surface are highlighted with dotted circles.
Users can do various renderings of the images on the web using the MarvinSpace tools [20], or
using PyMOL.

some carbohydrates, such as sialic acid or phosphorylated sugars, are negatively charged and their
spatial distribution might be important for protein function. The CHARMM-GUI PBEQ-Solver
(www.charmm-gui.org/input/pbeqgsolver) calculates the electrostatic potential and solvation
free energy of biomolecules by solving the Poisson-Boltzmann (PB) equation using the CHARMM
PBEQ facility [56, 95, 114]. Using the web based electrostatic visualization interface, a user can
quickly calculate the electrostatic potential of a glycoprotein or protein/glycan complex (Figure
2.6). Currently, a generic set of atomic radii (i.e., 2.3 A for carbon, 1.8 A for oxygen, and 2.3 A for
nitrogen) is used for carbohydrate molecules to calculate the electrostatic potential surface. Efforts

are on-going in our laboratory to fine-tune such atomic radii allowing for their use in the context

of implicit solvent models.

2.3.3 Simulations of Carbohydrates and Glycoproteins in Various

Environments

MD simulations of biomolecules have become a common tool in the study of structural, dynamical,

and energetic aspects of biological mechanisms [75]. The methodology for such simulations is
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well established and thus simulation input generation can be greatly simplified and automated
once a PDB structure has been successfully read; this capability was the motivation for the widely-
used CHARMM-GUI MD Simulator (www.charmm-gui.org/input/mdsetup) and CHARMM-
GUI Membrane Builder (www.charmm-gui.org/input/membrane) [61, 64]. Unlike protein
structures, each monosaccharide unit in a glycan chain is connected by different glycosidic linkages
(i.e., specific patch residues), which needs to be correctly recognized in the simulation package.
Moreover, glycan chains may be branched, which makes the residue numbering non-contiguous.
Such complexity in a glycan structure complicates manual linkage building, making it susceptible
to error. Glycan Reader is integrated with various modules in CHARMM-GUI, such as MD
Simulator and Membrane Builder, which facilitate preparation of glycoproteins for simulations
in solution or membrane embedded environments (Figure 2.7). In addition to CHARMM, files
produced by Glycan Reader may be used directly to perform simulations in NAMD [106], and the
capabilities exist to perform simulations using the CHARMM force fields in GROMACS[133] and
AMBER [19].

2.4 Discussion

We have developed a web-based tool, Glycan Reader (http://www.charmm-gui.org/input/
glycan), that can automatically identify and annotate carbohydrate based on atomic coordinates,
atom types, and bonds in a PDB structure file.  Glycan Reader reliably detects the
carbohydrate molecules, assigns their configuration and identifies the glycosidic linkages between
monosaccharaides. These capabilities will facilitate computational studies of glycoprotein or
protein/glycan complexes. Glycan Reader may also be used during the determination of protein
structures that contain carbohydrates to make sure the assignment of residue types and the
chemical bonds are correctly done as intended. It is integrated into the CHARMM-GUI website
as the Glycan Reader module and cross-linked to various modules in CHARMM-GUI. For

example, one can use PBEQ Solver (http://www.charmm-gui.org/input/pbeqgsolver) to
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(B)

Figure 2.7: Images of glycoprotein simulation systems. (A) Constant region of immunoglobulin-
1 (PDB:1L6X) in aqueous environment prepared using the CHARMM-GUI MD Simulator (B)
Bovine rhodopsin (PDB:1GZM) in a lipid bilayer environment prepared using the CHARMM-
GUI Membrane Builder.
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calculate and visualize the electrostatic potential surface of glycoprotein. In addition, one
can use MD Simulator (http://www.charmm-gui.org/input/mdsetup) or Membrane Builder
(http://www.charmm-gui.org/input/membrane) to quickly generate MD simulation systems

of glycoproteins and protein-carbohydrate complexes in aqueous or lipid bilayer environment.
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Chapter 3

Glycan fragment database: a database of

PDB-based glycan 3D structures'

3.1 Introduction

An oligosaccharide moiety in a glycoprotein, referred to as a glycan, comes in a diversity
of sequences and structures, and specific interactions between carbohydrates and proteins are
essential in many cellular events [105, 117, 143]. These events require molecular recognition
of specific carbohydrate structures that seems to be sensitive to small differences in sequence.
For instance, the carbohydrate structures found on a host cell receptor, which only differ by the
sequence of the terminal sugar residues, are believed to be a major factor in determining the
host range (e.g., swine, avian, or human) of influenza viruses [125, 127]. In addition, glycosyl
transferases and glycosidases recognize specific sequence and spatially arranged oligosaccharide
chain [122, 154]. Thus, understanding the conformation of carbohydrates will provide insight into
the role of glycans in modulating many cellular events.

Analogous to protein structure, the structure of an oligosaccharide chain can be characterized

by the torsion angles of glycosidic linkages between relatively rigid carbohydrate monomeric

'Reused from Jo, S. and Im, W. Nucleic Acids Res. 41, pp D470-474. with the permission of Oxford University
Press
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units. Considerable efforts have been already made to characterize the potential energy surface
of the peptide bond conformation, and the accessible torsion angles of a peptide are well known
[50, 54, 107, 108, 109]. However, unlike proteins and peptides where the amino acid units are
linearly linked together by the same peptide bonds, glycan chains can have branches and each
monosaccharide unit can be linked by different types of glycosidic linkages. In addition, the lack of
experimentally derived atomic structures of oligosaccharides in aqueous solution makes it difficult
to characterize the accessible torsion angles of a particular glycosidic linkage.

Despite the difficulties involved in crystallization, the number of glycoprotein structures
deposited in the Protein Data Bank (PDB) [13] has been steadily increasing [65, 80]. Although far
from complete, glycan structures in the PDB can be used to study the accessible glycosidic torsion
angles [78, 103, 104, 131]. Unfortunately, however, extracting structural information of glycans
from the PDB is not trivial due to a lack of standardized nomenclature and the way the data is
presented in the PDB [80, 143]. Recently, Sdwén et al. analyzed the accessible glycosidic torsion
angles of the "a-(1—2)-" linked mannose disaccharide using the PDB glycan structures, but they
had to make considerable efforts to collect and filter out erroneous PDB entries [131].

In this work, we present the Glycan Fragment database (GFDB), a database of the glycosidic
torsion angles derived from the PDB glycan structures. Carbohydrate structures in the PDB are
recognized by Glycan Reader, an automatic sugar identification algorithm that we developed
[65], instead of using the nomenclature presented in the PDB entries. The GFDB provides an
intuitive glycan sequence search tool that allows the user to search complex glycan structures.
After a glycan search is complete, each glycosidic torsion angle distribution of the searched glycan
structures is displayed. In addition, the torsion angle distributions can be clustered to generate
representative structures using the clustering analysis facility on the GFDB interface. To facilitate
the conformational analysis of glycosidic linkages, the GFDB also provides various filters. In the
following sections, we discuss how the glycan structural information was collected, how to search
a glycan sequence, and how the search results are displayed. A stepwise guide about the GFDB is

also provided in http://www.glycanstructure.org/fragment-db.
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3.2 Glycan Fragment Database

To recognize the PDB entries that contain carbohydrate molecules, we used Glycan Reader for
automatic sugar identification [65]. Briefly, in Glycan Reader, topologies of the molecules in the
HETATM section of a PDB file are first generated using the atom connection information from
the CONECT section. The carbohydrate candidate molecules (six-membered ring for a pyranose
and five-membered ring for a furanose that are composed of only one oxygen and carbon atoms)
are then identified. For each carbohydrate-like molecule, the chemical groups attached to each
position of the ring and their orientations are compared with a pre-defined table to identify the
correct chemical name for the carbohydrates. Glycan chains are constructed by examining the
glycosidic linkages between the carbohydrate molecules that have chemical bonds between them.

Identified carbohydrate molecules are further analyzed and recorded in the GFDB. First, the
residue name annotated in the PDB is compared with the molecular structure. The disparity of the
residue name annotation in the PDB and the actual molecular structure is common [80]. Although
Glycan Reader returns the correct carbohydrate names according to the molecular structures, such
disparity could be a sign of potential error. Second, because a distorted ring geometry could
mislead the interpretation of the glycosidic torsion angles, the geometry of the carbohydrate ring is
calculated by virtual torsion angle definition [111] and recorded whether it is in chair conformation
(!C4 or *Cy) or not. Lastly, if the carbohydrate molecules have chemical groups (phosphate,
sulfate, methyl, etc) attached in one of the hydroxyl groups, the carbohydrates are marked as
derived carbohydrates in the GFDB. The entries that belong to these cases can be excluded from
the search using the filtering options such as “Misassigned residues”, “Distorted ring geometry”,

and “Derived carbohydrates” (see below and also Fig. 3.1).

3.3 Web Interface

The GFDB provides a glycan sequence search interface that allows the user to search complex

glycan sequences (Fig. 3.1). The search interface provides a visual guide as the user builds a
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complex glycan query sequence, and the interface is compatible with any modern web browser
with JavaScript capability. There is a report generation facility available to generate an archived
report file that contains all the raw data for a given search as well as 3D structures based on the
clustering analysis (see below); the user also can get the archived report file by e-mail. There
are several filtering functions available (Fig. 3.1), which narrows the search results for specific
needs, such as filters for only N-/O-glycosylated glycans, the resolution of the PDB entries, and/or
the aforementioned three structural features (misassigned residues, distorted ring geometry, and
derived carbohydrates).

When analyzing the glycosidic torsion angles in the PDB, it is important to understand that
there are redundant PDB entries from the same or similar proteins. Without removing those
redundant entries, it is possible to overestimate the preference of a certain conformation for a
given glycan sequence. Although, redundancies in the PDB can be removed by post-processing
the data obtained by the GFDB, the GFDB provides a preliminary filter option for removing such
redundant protein entries for N-linked or O-linked glycan chains based on the sequence similarity
of the parent protein.

After a glycan search is finished, the interface shows two torsion angle distributions side by side
(Fig. 3.2): “exact match” and “fragment match” (Fig. 3.3). For the exact match, the GFDB first
performs a sequence search to find the PDB entries that contain the glycan sequence identical to the
query sequence, and the resulting torsion angle values for each glycosidic linkage are displayed to
the user. On the other hand, the fragment search performs a search against the substructures (hence
called fragments, Fig. 3.3) and returns the entries having at least one substructure that matches to
the query sequence. This provides more samples for the torsion angle analysis. The torsion angle
values from the fragment match always contain the exact match results. However, the fragment
search results may not be the same as the exact match results because part of a glycan structure
can adopt a different structure when it has extra intra- and intermolecular interactions. Therefore,
the fragment match results implicitly include the influences from the nearby carbohydrate residues

and different protein-carbohydrate interactions, so that one can assess the flexibility of a certain
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glycosidic linkage in the context of larger glycan chain by comparing the exact and fragment match
results.

The glycosidic torsion angle definition in the GFDB is adopted from the crystallographic
definition; O5-C;-01-C} (¢), C;-01-C;-C/_; (y), and O;-Cy-C5-O5 (w). The torsion angle
between the first residue of the N-glycan chain and the side chain of the asparagine residue is
defined as O5-C-Np,-Ci; (¢) and C-Np,-C;-Cj; (w). The torsion angle between the first residue
of the O-glycan chain and the side chain of the serine residue is defined as O5-C;-O;-Cj (¢) and
C1-0O;-C3-C)y (). For threonine, OGI is used instead of OG. The atom names are based on the

CHARMM topology.

3.4 Clustering Analysis

Statistical analysis of the torsion angle values of a particular glycosidic linkage is useful to estimate
the allowable conformations of glycan chains, but it is difficult to understand what would be the
representative (or most probable) structures of the given glycan sequence among the available PDB
glycan structures. To provide useful insight into the 3D glycan structure, the GFDB provides an
option to perform clustering analysis of the torsion angle search results and produce the five most
populated glycan structures.

The GFDB uses a simple clustering method to efficiently determine the members of each

cluster. The pairwise torsion angle differences are first calculated:

2 2
b B (0 —of) N+ (vt vh) o

where ¢* and y* are the torsion angle values of the k-th glycosidic linkage, and i and j represent
two glycan structures. @ torsion angle values are included only for glycosidic linkages that have
three rotatable bonds. After the pairwise distance matrix of the searched glycan structures is

calculated, the first cluster is identified with the maximum number of neighbors within a 30° cutoff
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Search Result:

Found 134 glycans that have exact sequence
Found 440 glycans have the sequence fragment

Clustering analysis

Exact Match Fragment
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Clustering Result:

Representative structure (exact match)

Cluster#2 (9.7%)  Download PDB Download CHARMM Input
Cluster#3 (7.5%) Download PDB Download CHARMM Input
Cluster#4 (3.0%) Download PDB Download CHARMM Input
Cluster#5 (3.0%) Download PDB Download CHARMM Input

Representative structure (fragments)

Cluster #2 (15.5%) Download PDB Download CHARMM Input
Cluster#3 (8.0%) Download PDB Download CHARMM Input
Cluster#4 (6.1%) Download PDB Download CHARMM Input
Cluster# (3.2%) Download PDB Download CHARMM Input

Figure 3.2: An example of the search result for the query sequence in Figure 3.1. The glycosidic
torsion angle distribution of a particular glycosidic linkage can be displayed by clicking the
glycosidic linkage in ‘Sequence Graph’ in Figure 3.1. The clustering analysis of the glycan chain
can be performed, and the representative structures from the five most populated clusters can be
downloaded. The glycosidic torsion angle distribution of a selected cluster is shown in red.
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Figure 3.3: An example of the exact and fragment matches based on the query sequence in Figure
3.1. (A) The glycan sequence for the exact match results. (B and C) Examples of the glycan
sequences for the fragment match results. The matched substructure is highlighted in the red
rectangles. The sequence in (A) is also included in the fragment match results.

5.

radius; the cutoff value was empirically determined. The second cluster is identified in the same
manner after excluding the members that belong to the first cluster. The result of the five most
populated clusters and the corresponding 3D glycan structure based on the centroid of each cluster
are provided to the user along with the input files to generate the centroid glycan structures using

the CHARMM biomolecular simulation program [17].

3.5 Discussion

There are several databases that provide information on glycan structures or sequences derived
from the PDB (or from other experiments). Many of these databases, such as BCSDB [49], KEGG
Glycan [45], and Glycoconjugate Data Bank [94], store only glycan sequence information, whereas
the GFDB focuses on the 3D glycan structure. GlycoMaps DB [32] and GlyTorsion [81] provide

torsion angle distributions of glycosidic linkages derived from computational calculations and from
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the PDB, respectively. Thus, the GlyTorsion database is the only database that can be directly
compared to the GFDB. While the search interface of the GlyTorsion database is restricted to only
one glycosidic linkage, the GFDB can search more complex glycan sequence with various filter
functions and provide the clustering analysis and the representative structures from top five most
populated clusters. These unique features in the GFDB allow researchers to collect complex glycan
structural information easily and reliably.

As of August 2012, the GFDB contains 5,360 PDB entries that contain at least one
carbohydrate molecule and 20,467 glycan chains. Among those glycan chains, 11,735 (57%)
are N-linked glycan chains and 788 (4%) are O-linked glycans. And the remaining 7,944 (39%)
exist as ligands. For the glycan structures with more than 2 carbohydrates, the hierarchical
fragmentation identified a total of 81,370 fragment structures with 4,267 unique glycan sequences;
a unique glycan sequence has more than 2 carbohydrates and is defined by the carbohydrate
sequence and the glycosidic linkages. There are a total of 30,375 glycosidic torsion angles values
available in the GFDB. By providing the straightforward search tool, the filtering functions, as
well as the clustering analysis for the representative structures, we hope that the GFDB can help
conformational analysis of various oligosaccharide chains and glycosidic linkages. The database

will be updated quarterly and is freely available at http://www.glycanstructure.org.
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Chapter 4

Restricted N-glycan Conformational Space
in the PDB and Its Implication in Glycan

Structure Modeling'

4.1 Introduction

Glycosylation represents one of the most important post-translational modifications [121, 136]
and is ubiquitous in all domains of life. The glycosylation machinery is largely conserved in
eukaryotes, and more than 50% of all eukaryotic proteins are expected to be glycosylated [7, 156].
An oligosaccharide moiety in a glycoprotein, referred to as a glycan, comes in a diversity of
sequences and structures and is implicated in a vast array of biological processes [136]. The
N-glycosylation pathway is the most common pathway in which an oligosaccharide is covalently
attached to the side chain of asparagine [121]. In general, such an oligosaccharide appendage
masks the protein surface, protecting the glycoprotein from degradation and nonspecific protein-
protein interactions (reviewed in [48, 117, 142]). N-glycosylation also alters the biophysical

properties in the vicinity of the glycosylation site and affects the folding rates and the thermal

IReused from Jo, S., Lee, H. S., Skolnick, J., and Im, W. PLoS Comp. Biol. 9, pp €1002946. with the permission
under Creative Commons License
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stability of the protein [123, 129]. Some N-linked oligosaccharides (N-glycans) are directly
involved in specific molecular recognition events; e.g., lectins and antibodies can recognize specific
N-glycans on viral envelope glycoproteins such as HIV gp120 [87, 100, 139, 147].

The impact of glycosylation on the structure of the parent protein and vice versa has been
of great interest in structural glycobiology [21, 44, 91, 123, 143]. At this time, however,
an understanding of which glycans are important components in protein function and how
to modify these glycans to optimize the protein properties of interest remains an enigma.
Therefore, knowledge of the structure and dynamics of N-glycans is central to understanding
protein-carbohydrate recognition and its role in protein-protein interactions. An oligosaccharide
chain is flexible in solution and has an ensemble of diverse conformations rather than a
single well-defined structure [102, 132, 140]. The inherent flexibility of oligosaccharides often
hinders crystallographic structure determination, and there are only a few crystal structures of
oligosaccharides longer than 2-3 residues in the Cambridge Structure Database [3]. In contrast,
there are many more crystal structures of glycoconjugates in the Protein Data Bank (PDB)
[13], suggesting that the presence of protein residues may reduce the conformational freedom
of oligosaccharides or even favor a certain conformation over others [78]. For example, the N-
glycan conformations in the crystal structures of the Fc domain [24, 31, 55, 71, 83, 89, 97] exhibit
remarkable similarity (Figure S4.1 in Supplementary Material), suggesting that the protein’s
structure around the glycan has an influence on the glycan’s conformation.

The number of PDB entries containing carbohydrates has been steadily increasing, but
obtaining the complete N-glycan structure remains challenging [78]. Mass spectrometric mapping
of N-glycosylation sites is becoming common [156], providing information about glycosylation
sites as well as the relative abundance of different glycoforms. In this context, computational
modeling of N-glycan structures is an appealing approach to provide glycosylated protein structure
models. In particular, a computational approach that can combine known glycoprotein structures
and glycosylation information (i.e., glycosylation site, primary glycan sequence, and linkage

information) would be very useful in a variety of applications in glycoscience. For successful
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template-based glycan structure modeling, it is essential to understand the conformational
variability of an oligosaccharide chain when it is glycosylated. In addition, the influence of the
protein residues around the glycosylation site can provide valuable insight into the design of new
computational approaches that are optimized for glycoconjugates. Several structural database
surveys have investigated the general features of N-glycosylation in terms of oligosaccharide
and protein structures [16, 78, 81, 103, 104, 105, 143]. In these earlier studies, however, the
oligosaccharide conformations were analyzed in terms of individual glycosidic torsion angles,
making it difficult to recognize the actual structural variability of glycans en bloc. To the best
of our knowledge, the conformational variability of N-glycans using the three-dimensional (3D)
structures in the PDB has not been studied.

In this work, using the PDB crystal structures that contain N-glycans, we examined the
conformational variability in various N-glycans. Using Glycan Reader [65], an automatic sugar
recognition algorithm that we developed, all N-linked glycoprotein structures were obtained from
the PDB and sorted by the N-glycan sequence. PDB entries with more than 3 A resolution were
excluded and N-glycan sequences with less than 20 PDB entries were also excluded, resulting
in 35 N-glycan sequences (see the full list in Table S4.1 in Supplementary Material). Using
random background conformations of each N-glycan sequence, the statistical significance of
glycan structural similarity was estimated. The N-glycan structures in the PDB show statistically
significant similarity when the local structure around the protein is conserved. When the
local protein structures are different, N-glycan structures are not conserved, but their internal
substructures appear to be strongly conserved due to the proximity to the protein. The results
highlight the applicability of template-based approaches used in protein structure prediction
to structure prediction and modeling of N-glycans of glycoproteins. Although the N-glycan
sequences examined in this work mostly represent oligomannose-type glycans due to the limited
numbers of crystal structures of complex- and hybrid-type glycans, the conclusions might be

applicable to other glycoconjugates’ glycan sequences.
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4.2 Methods

4.2.1 N-Glycan structure dataset

Extracting structural information of glycans from the PDB is nontrivial due to a lack of
standardized nomenclature and the way the data is presented in the PDB. To recognize the
PDB entries that contain carbohydrate molecules, we used Glycan Reader for automatic sugar
identification [65]. Briefly, in Glycan Reader, the topologies of the molecules in the HETATM
section of a PDB file are first generated using the CONECT section of the PDB file, and the
candidate carbohydrate molecules (a six-membered ring for a pyranose and a five-membered ring
for a furanose that are composed of carbon atoms and only one oxygen atom) are identified. For
each carbohydrate-like molecule, the chemical groups attached to each position of the ring and their
orientations are compared with a pre-defined table to identify the correct chemical name for the
carbohydrates. Glycan chains are constructed by examining the glycosidic linkages between the
carbohydrate molecules that have chemical bonds between them. As of 2011 December, there were
2,517 PDB entries and 10,769 N-linked glycan chains in the RCSB database. The glycan fragment
structure database, including the substructures of the original N-glycan chains, was generated,
which resulted in a total of 48,568 N-glycan fragment chains.

From the N-glycan fragment database, we have collected glycan structures composed of more
than 3 carbohydrate units. A glycan structure was excluded when its resolution was higher than 3
A or when it had less than 20 structures in total, resulting in the 35 N-glycan fragment sequences
listed in Table S4.1. A N-glycan structure pair is called “non-homologous” when the sequence
similarity of the parent proteins is less than 30%. Because a glycoprotein can have multiple
glycosylation sites in a single domain, if the distance between the backbone C, atoms of the
two glycosylated Asn residues is more than 10 A after alignment of the glycoprotein chains using
TM-align [153], the N-linked glycan structure pairs are considered “non-homologous” glycans.
The rest of the N-glycan structure pairs are called “homologous” glycans. Figure 4.1 summarizes

the protocol for building the N-glycan structure dataset.
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N-linked Glycan
Structure Pairs

35 Glycan Fragment Sequences
2,292 N-Glycan Structures
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Glycoprotein > 30%? —>
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35 Glycan Fragment Sequences
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Homologous Glycan N-Glycan Structure Pairs

20 Glycan Fragment Sequences
289 non-redundant N-Glycan Structure Pairs

Figure 4.1: Protocol for building the N-glycan structure dataset

4.2.2 Generation of random glycan conformation pool

To quantify the conformational variability of the PDB N-glycan structures, it is essential to know
the upper bound of the conformational variability in a given oligosaccharide. In protein structural
biology, the upper bound of conformational variability is estimated by using the non-homologous
protein structure pool and sequence-independent structure alignment methods [14, 74, 146].
However, because such sequence-independent structure alignment methods are not available for
oligosaccharides, it is difficult to estimate the upper bound of the conformational variability in
oligosaccharides only using the crystal structures in the PDB.

Instead of using the crystal structures directly, a conformational pool that contains diverse
conformations of a specific N-glycan sequence was generated as follows. For each of the 35
N-glycan sequences, a total of 1,000,000 glycan conformations were generated in an iterative
fashion. The initial structures were generated by using the IC BUILD command in the CHARMM
biomolecular simulation program [17] according to the glycan sequence. For each iteration, a

glycosidic linkage was randomly selected and a new torsion angle value was also randomly chosen
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based on the accessible glycosidic torsion angles of the corresponding glycosidic linkage type.
If the newly generated conformation had bad contacts with neighboring atoms, the conformation
was rejected and the protocol was repeated until no bad contacts were found. If a conformation
had no bad contacts, the conformation was recorded and the protocol repeated until 1,000,000
conformations were generated. A bad contact was defined by the CHARMM van der Waals
energy higher than 10 kcal/mol. Accessible glycosidic torsion angle values were used rather
than the values observed in the PDB because the number of observations is limited for certain
types of glycosidic linkages. For example, Figure S4.6 in Supplementary Material shows the
resulting glycosidic torsion angle distributions of the N-glycan core sequence using the accessible
glycosidic torsion angle values, and Figure S4.7 shows the torsion angle values observed in the
PDB, respectively.

To construct an accessible glycosidic torsion angle map, a total of 13 adiabatic (¢, v, ®)
potential maps were constructed for each distinct glycosidic linkage type found in the 35 N-
glycan sequences. For each glycosidic linkage type, a disaccharide connected by the corresponding
glycosidic linkage type was generated by CHARMM [17], and the CHARMM carbohydrate force
field [41, 42, 43] was used to evaluate the energy. The adiabatic map was generated by evaluating
the energy over a grid of glycosidic torsion angles with a grid spacing of 5° resulting in a total of
373,248 grid points for (1—6) linkages (¢, v, @) and 5,184 grid points for the rest of the glycosidic
linkages (¢, y). At each grid point, the conformations were minimized with the dielectric-
screened Coulombic electrostatic and Lennard-Jones potential energy while the glycosidic torsion
angles were restrained and a harmonic restraint potential was applied to the carbohydrate rings
to prevent the distortion of the ring geometry. The generated adiabatic potential energy map
was converted to a torsion angle probability map using the Boltzmann distribution. Finally, the
resulting distribution was compared with the glycosidic torsion angles observed in the PDB using
the Glycan Fragment DB [60], available at http://www.glycanstructure.org. The glycosidic
torsion angle probability maps and the observations in the PDB matched well in general. However,

the torsion angle probability map was clearly more restricted (data not shown). To remedy the
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restricted conformational space, glycosidic torsion angle pairs having probability above 0.0001
were considered “accessible”; this covers on average about 65% of the observed glycosidic torsion

angles in the PDB.

4.2.3 Structural similarity of N-glycan and its statistical significance

The N-glycan structural similarity was measured by calculating pairwise RMSD in the following
three different ways: First, the heavy atoms in the carbohydrate ring (C1, C2, C3, C4, C5, and O5)
were used for the alignment of two N-glycan structures and in the RMSD calculation. Second,
to examine the variability of N-glycan orientations with respect to the protein, the heavy atoms of
glycosylated Asn residues were used to define the alignment, and then the Euclidean distance of the
N-glycan structures was calculated using the carbohydrate ring heavy atoms. Third, many crystal
structures only have a few residues at the glycosylation site due to difficulties associated with
glycan crystal structure determination, and these partial glycan structures can be used to model the
rest of a full glycan structure. To examine the efficacy of such an approach in obtaining a better
N-glycan orientation with respect to the protein, the carbohydrate ring heavy atoms of the first two
residues were used for the alignment of N-glycan structures, and then the Euclidean distance of
the N-glycan structures was calculated using the ring heavy atoms excluding the first two residues.

The statistical significance of structural similarity between two glycan structures was estimated
by comparing the structural similarity of 124,750 random glycan structure pairs for each N-
glycan sequences. The structural similarity of random glycan structure pairs was calculated by
the identical procedure described above. Using the statistical model, p-values of the corresponding
structural similarity measure can be calculated and allows us to compare structural similarity across
different sequences and length. Each RMSD distribution for each glycan sequence was modeled
by the generalized extreme value distribution,

P(z) = [z(x)5+1e—Z<X>] 4.1)

1
c

41



where z(x) = (1 + & (x— u)/c)~V/%. The variable x represents the RMSD of a structure pair;
i, o, and & are the location, scale, and shape parameters, respectively. These parameters were
obtained through the maximum likelihood estimates by the EVD package in R (http://www.
r-project.org). 35 sets of determined parameters are given in Table S2 and the fitting results
are shown in Figure S4.2. The resulting goodness of fit (y?) are generally good except for a
few sequences. The correlation coefficients improved when more “liberal” protocols were used
(e.g., the glycosidic linkage is not restricted and more tolerance to bad contact; data not shown).
However, such protocols may produce unrealistic random glycan conformers and are not used in
this work. The p-value of a glycan structure pair from the PDB having RMSD values smaller than

the random glycan conformation background was calculated by

efz(x)7 z Z 0
p — value = 4.2)

1, z<0

4.2.4 Local structure alignment and statistical significance

The local protein structures are defined for protein residues having any heavy atoms within 6 A
from any glycan heavy atom. The local protein structures were derived from the PDB structure
files in our dataset, and the TM-align algorithm [153] was used to compare the structural similarity
of a given local protein structure pair. Any local protein structures having less than 5 residues
were excluded. The TM-scores calculated by TM-align are normalized by the length of the smaller
structure. To estimate statistical significance, we have derived a random local protein structure pool
using the N-linked glycoproteins in the PDB. Briefly, from the PDB, a non-redundant N-linked
glycoprotein structure list having at least one carbohydrate residue and protein sequence similarity
less than or equal to 30% were generated. A random local protein structure pool was derived from
the protein residues having any heavy atom within 6 A from any of the carbohydrate heavy atoms.
The TM-align algorithm was used to calculate the distribution of TM-scores from the random

local protein structure pairs. The calculated TM-scores were fit using the generalized extreme
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distribution (Eq. (1)), and the p-values of having TM-scores larger than the random background
were estimated using Eq. (2).

Although there are several local structure alignment tools available [36, 70, 115], it was difficult
to directly utilize them in this study because many of them are highly customized to specific
domains, such as a protein-protein interface or protein-ligand interface. Thus, we used TM-align
[153] to compare local structure similarity. Although TM-align is not designed to compare local
structure similarity, it performed well in our internal testing and correctly found most homologous

glycoproteins having similar local protein Cy, structures; also see ref [73].

4.2.5 Structural similarity of internal substructure and the statistical

significance

The residue distance is defined as the minimum number of glycosidic linkages between
carbohydrate monomers, including the glycosidic linkage to Asn. For each of 35 N-glycan
sequences, three types of internal substructures were generated; a) residue distance up to 3, b)
residue distance up to 4, and c) residue distance up to 4, excluding residues linked by the 1-6
linkage. Then, the RMSD of substructures were measured after alignment using the carbohydrate
ring atoms in the substructure. To estimate the statistical significance of the internal substructures,
the random glycan internal structure pool was generated for each of three different types of
substructures. The resulting random background distributions were fit using Eq. (1) and p-values

were calculated using Eq. (2).

4.3 Results

Because glycan sequences have branches and different linkages between monomers, alignment
of glycan structures with different sequences is challenging. Therefore, in this study, pairwise
structure similarity is measured using the root-mean-squared deviation (RMSD) among glycan

structures having the identical glycan sequence. Assuming that homologous protein structures
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share similar surface features, the structural similarity of glycans found on homologous proteins
would provide insight into the influence of the protein structure on the N-glycan structure.
Therefore, N-glycan structure pairs with the identical glycan sequence are designated as
“homologous” or “non-homologous” depending on the sequence similarity of their parent protein
(with a sequence similarity of 30% as a cutoff). Unless stated explicitly, highly homologous pairs
(sequence similarity > 90%) as well as redundant structure pairs were excluded from the analysis.
There are a total of 289 homologous and 33,333 non-homologous glycan structure pairs in the final
dataset (see Figure 4.1 and Methods for details). In this section, the N-glycan structural similarity
is examined and its statistical significance is estimated using random background conformations
of each N-glycan sequence (see Methods for details). The structural similarity of the N-glycans
is then discussed in terms of the protein’s structure as well as the structural rigidity of the

oligosaccharide regions that are closer to the glycosylation site on the protein.

4.3.1 N-glycan structures on the surface of homologous proteins are

significantly conserved

The structural similarities of the N-glycans are measured by calculating the glycan RMSD after
alignment of the oligosaccharide structures using the carbohydrate ring heavy atoms. N-glycan
structural similarity including their orientations with respect to the protein is discussed separately
below. Figure 4.2 shows the RMSD distributions of the N-glycan structure pairs in the PDB and
random conformation pool. Note that the RMSD is only measured between glycan structures
having an identical sequence. The average RMSD of all PDB structural pairs are 1.4 + 0.8 A. The
homologous and the non-homologous N-glycan structure pairs have RMSD values of 0.9 £ 0.8
A and 1.4 + 0.8 A, respectively. Both the homologous and non-homologous N-glycans showed
smaller RMSD values compared to those in the random glycan structure pool whose RMSD is 2.4
+ 0.8 A (Figure 4.2A).

Measuring the structural similarity using RMSD is straightforward, but it is not an objective

measure when comparing structures of different lengths and sequences due to its length
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Figure 4.2: N-glycan structure similarity. (A) The RMSD distributions from the homologous (red),
non-homologous (blue), and random glycan structure pairs (black). A 0.1-A bin width was used.
(B) Length dependence of average RMSD values from homologous (red), non-homologous (blue),
and random glycan structure pairs (black). The length of a glycan chain is defined as the number
of residues in the glycan chain. Error bars are the standard deviations and only the upper sides are
displayed for clarity. Each data point is slightly shifted for clarity. Red and blue colors represent
the homologous and non-homologous N-glycans, and the same color scheme is adopted throughout
the figures unless stated otherwise.
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N-glycan Length 7 p-value 5x107! 1x107! 5x1072 1x1072

Overall 24 A 1.8 A 15A 09 A
7 29A 1.9A 1.6 A 1.2 A
6 RMSD 26A 1.7 A 15A 1.1A
5 23 A 1.4 A 1.2 A 0.8 A
4 1.8 A 1.4 A 1.0 A 0.7 A

T The N-glycan length is defined as the number of residues in the glycan chain

Table 4.1: Statistical significance of the RMSD values for the PDB N-glycan pairs

dependence. When the average RMSD values of the N-glycans are plotted against N-glycan length,
i.e., the number of carbohydrate monomers (Figure 4.2B), a length dependence is observed for the
random background and non-homologous glycan pairs, but homologous glycan pairs do not show
such a length dependence. The smaller RMSD values of the homologous N-glycan structure pairs
compared to the RMSD values of the non-homologous pairs indicate that the homologous N-glycan
structures are more conserved than the non-homologous N-glycan structures.

Because our dataset contains different lengths of N-glycan sequences with different branching
patterns (Table S4.1), we converted the RMSD values to their statistical significance (p-values)
using the random background glycan structures (see Methods for details). By deriving the
statistical significance using the random background having the identical N-glycan sequence, the
length dependence is effectively removed. The generalized extreme value distribution (Eq. 1 in
Methods) was used to estimate the statistical significance [59], and 35 sets of parameters were
determined by fitting the generalized extreme value distribution to the original RMSD distribution
of the random conformational pool of each glycan sequence (see the determined parameters in
Table S4.2 and the fitting results in Figure S4.2). The calculated p-values (Eq. 2 in Methods)
represent the probability of having randomly chosen two N-glycan structures whose RMSD is
smaller than the random background. A list of p-values and the corresponding RMSD values
averaged over different sequences are given in Table 4.1.

Figures 4.3A and 4.3B show the cumulative fraction of homologous and non-homologous

glycans structure pairs as a function of their p-value. It is clear that about 67% of the homologous
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N-glycan structure pairs have a statistically significant level (p < 0.05) of structural similarity,
whereas about 36% of non-homologous N-glycan structure pairs have a statistically significant
level of structural similarity. A correlation is also found between the sequence similarity of the
glycoprotein and the structural similarity of the N-glycan (Figure S4.3). Specifically, about 81%
and 91% of N-glycan structure pairs have statistically significant structure similarity (p < 0.05)
when the parent proteins have sequence similarity greater than 50% and 60%, respectively. A
similar analysis has been carried out independently using the global distance test (GDT) score
[149] instead of RMSD, and the conclusion remains the same (Figure S4.4). Assuming that the
proteins with similar sequences have similar surface features around the glycosylation site, such a
high level of N-glycan structure similarity strongly indicates that the protein structure around the
N-linked oligosaccharide plays an important role in determining the N-glycan structures.

Apparently, not all homologous glycans have significant structural similarity. Figure 4.4A
shows an example of two homologous proteins, the Fc domain of IgG (PDB:2WAH) in green and
the Fc domain of IgE (PDB:3H9Y) in cyan, which share a sequence similarity of about 50% and
have significantly different glycan structures (RMSD of 2.9 A and p-value of 0.6). The structures
of these two homologous proteins around the glycosylation site are similar and well aligned.
Notably, the structural difference of the N-glycans arises mainly from the terminal residues at
the 1-6 branches (or 1-6 arm). The PDB:2WAH IgG-Fc domain is glycosylated with a different
glycoform than typical IgG-Fc glycans whose 1-6 arm carbohydrates are tightly packed with the
proteins [24, 31, 55, 71, 83, 89, 97]. This may explain such a different glycan conformation in
PDB:2WAH.

There are some non-homologous N-glycan structure pairs that have a statistically significant
level of structural similarity (p < 0.05). Visual inspection of several examples of non-
homologous glycoproteins having similar N-glycan conformations shows no apparent similar
protein surface features around the N-glycans. Figure 4.4B shows an example of two non-
homologous glycoproteins, beta-galactosidase (PDB:30G2) in green and the extracellular domain

of the nicotinic acetylcholine receptor 1 subunit (PDB:2QC1) in cyan, having a significant level

47



Glycan structure only Aligned with Asn Aligned with partial glycan

A 2 l Cc 2 E 21 n
- | - - |
c ® | : [ c® ] :
Se \ So oo |
k7] k3] k3] |
o | 1 T o | S o | |
Lo " Lo Lo
2. . g, g, |
231 | £37 £37 !
g : g g i
o2 I o J A o g i
1 1
o | 1 o | o | 1
© T T T I T T o T T ¥ T T © .I T i ¥ ]
1e-04 1e-03 1e-02 1e-01 1e+00 1e-04 1e-03 1e-02 1e-01 1e+00 1e-04 1e-03 1e-02 1e-01 1e+00
p-value p-value p-value
B 21 ' D 2 ' 1 F 2 '
- 1 - 1 - 1
1 1 1
c ® | 1 c ® | | c % | |
Seo | oo | oo |
i | B | B |
£2- | £2- ! £2- !
) 1 [ | ) |
24 ! 24 ! 24 !
[ c = © - -
N . N l £ i
3 ! S ! 5 1
631 t G3 I 03T |
1 1 1
o | o | o
d L T T T I T T o L T T ¥ T T © 1 T T T | ¥ ]
1e-04 1e-03 1e-02 1e-01 1e+00 1e-04 1e-03 1e-02 1e-01 1e+00 1e-04 1e-03 1e-02 1e-01 1e+00
p-value p-value p-value

Figure 4.3: Cumulative fraction of glycan structure similarity using p-values. (A-B) Structural
similarities of (A) homologous and (B) non-homologous glycans after alignment of glycan
structures themselves. (C-D) Structural similarities of (C) homologous and (D) non-homologous
glycans after alignment of glycosylated protein Asn residues. (E-F) Structural similarities of (E)
homologous and (F) non-homologous glycans after alignment of the first two residues of the glycan
chain. The gray lines in each plot represent the structural similarity of individual glycan sequences
and the thick solid lines represent the average of cumulative fractions of all 35 N-glycan sequences.
The vertical dotted line is drawn at a p-value of 0.05.
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of structural similarity of the N-glycan (RMSD of 0.9 A and p-value of 0.009). Nonetheless, the

structure alignment of these two N-glycans results in a poor alignment of the parent proteins.

4.3.2 N-glycan orientations with respect to the protein are diverse even in

homologous glycoproteins

The relative orientation of an oligosaccharide chain with respect to the parent protein can be
affected by the Asn side chain conformation and the protein conformation in the vicinity of the
glycosylation site. To examine N-glycan structural variability with respect to the parent protein,
the heavy atoms of the glycosylated Asn residue were used for alignment, and then the Euclidean
distances of the glycan portion were measured without further alignment. Figures 4.3C and
4.3D show the cumulative fraction of structure similarity of the homologous and non-homologous
glycans aligned with glycosylated Asn residues. Clearly, structural similarity is greatly reduced
when the Asn residues are used for the alignment. Given the fact that glycosylation has a bias
towards turns and extended regions [103], it is not surprising that even homologous N-glycans
show reduced structural similarity when the Asn residues are used for the alignment.

The observations so far indicate that a comparative modeling approach for N-glycan structures
would successfully predict the N-glycan structure itself, especially when the homologous N-glycan
templates are present in the PDB, but finding the global orientation of the glycan with respect to
the protein would remain challenging. Such difficulties can be significantly alleviated when a
partial glycan structure is available. In fact, there are large numbers of partial N-glycan structures
available in the PDB, probably due to the removal of glycans prior to structural studies, due
to crystallization conditions, or due to missing electron density resulting from flexible glycan
structures. For example, as of 2011 December, there were 2,517 PDB entries and 10,769 N-
linked glycan chains in the RCSB database; 84% (9,027 chains) had partial glycan structures with
less than two carbohydrate units and 15% (1,394 chains) of such partial structures showed their
parent protein sequence similarity less than 50%. Assuming that one can find such partial glycan

structures, Figures 4.3E and 4.3F show the cumulative structural similarity of the N-glycans when
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Figure 4.4: Examples of N-glycan structure pairs. (A) An example of homologous glycoproteins
having dissimilar glycan structures. The IgG-Fc domain (PDB:2WAH) is drawn in green and the
IgE-Fc domain (PDB:3H9Y) is drawn in cyan. The RMSD of the two oligosaccharides is 2.9 A.
Figures on the right-handed side are the detailed illustration around the N-linked oligosaccharides.
Hydroxyl groups of the oligosaccharides are removed for clarity. (B) An example of non-
homologous glycoproteins having similar glycan structures. The beta-galactosidase (PDB:30G2)
is drawn in green and the extracellular domain of the nicotinic acetylcholine receptor 1 subunit
(PDB:2QC1) is drawn in cyan. The RMSD of the two oligosaccharides is 0.9 A.
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the first two carbohydrate units in the glycan chains are aligned. Both the structural similarities of
the homologous and non-homologous N-glycan structures significantly increased, suggesting that
the conformations of glycosylated Asn residues and the first few carbohydrates of the N-glycan are

important in determining the N-glycan orientations.

4.3.3 The local structure around the glycoprotein influences the N-glycan

conformation

What makes homologous N-glycan structures conserved compared to non-homologous N-glycans
or random background? Possibly, the protein structures around the glycan may provide a steric
barrier, thus restricting the conformational freedom of N-glycans nearby. In addition, specific
protein-carbohydrate interactions may play an important role in favoring a certain conformation
of the oligosaccharides. If local protein structure around the N-glycan is directly correlated with
the N-glycan structure similarity, such information provides valuable criteria in N-glycan structure
modeling.

Figure 4.5 shows the correlation between the local protein structure around the glycan chain
and the N-glycan structure similarity. As expected, most homologous glycoproteins have similar
local protein structures around the glycan chain. However, some homologous N-glycan structure
pairs adopt significantly different conformations while their local protein structures are similar (p-
RMSD > 0.05 and p-local < 0.01). Visual inspection of such structures shows that the structural
differences are mainly due to the terminal residues, especially ones in the 1-6 branches, similar to
the case in Figure 4.4A. The increased flexibility of the 1-6 linkage is not surprising because the 1-
6 glycosidic linkage contains three rotatable torsional angles (compared to two for other glycosidic
linkages), and the flexibility of the 1-6 linkage has been well documented by other experimental,
computational, and structural database surveys [16, 98, 101, 112, 141].

To examine the flexibility of different regions of N-glycan structures, we have used the GDT
chart [149]. Figure 4.6 shows two example N-glycan sequences and the corresponding GDT charts,

where each bar represents an alignment of an N-glycan pair and the bar is colored according to how
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Figure 4.5: Correlation of local protein structure around the N-glycan and the N-glycan
conformation. Red circles represent homologous glycan structure pairs and the blue circles are
for non-homologous glycan structure pairs.

well a certain region of the sequence can be aligned each other. Clearly, the increased flexibility
of terminal residues is apparent and, in particular, the residues in the 1-6 branches are even more
flexible.

Non-homologous N-glycan structures in the PDB do not show a correlation with local protein
structure around the glycan. There could be several factors responsible for this observation, and
the accuracy of local protein structure alignment might be one important factor. To compare the
similarity of local protein structure, TM-align [153] was used because the algorithm is general and
performed well compared to other local structure algorithms available in our internal testing [73].
However, the TM-align algorithm was developed for comparison of global protein structure, and
it is possible that the algorithm is insensitive to the structural similarities of the small number of
residues around the glycan chain. Thus, further in-depth investigations with robust local structure

algorithms are warranted.
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1-3 branch -;— = —

Core  1-3 branch 1-6 branch

Core  1-3 branch 1-6 branch
Figure 4.6: Structural flexibility within N-glycan chains. Two example N-glycan sequences (A and
C) and the GDT charts (B and D) for the corresponding N-glycan structure pairs in the PDB. Each
horizontal bars represents the distance deviation of carbohydrate ring atoms for different N-glycan
structure pairs. Atoms superimposed below 1, 2, 3, and 4 A are colored in green, light green, light
orange, orange, and red, respectively. The atoms in the 1-6 branch of the sequence are aligned to
be at the end of the GDT charts (highlighted with dashed red line).
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4.3.4 Internal substructures of N-glycan structures in the PDB are

conserved

The lack of correlation between the local protein structure and non-homologous glycan structures
suggests that the gapless threading approach to N-glycan modeling would be inapplicable when no
homologous templates are present. It was reported that the majority of glycosylation sites are found
to be in convex or flat regions of the protein surface [103]. When the N-linked oligosaccharides
are situated in such regions, the terminal residues of a long oligosaccharide may not be able to
interact with the protein surface residues, and experience a smaller influence of the local protein
environment. Thus, local protein structure around glycan chains might have a stronger impact on
the first few residues of the glycan chain rather than on the global structure.

Internal substructure conservation can be visualized with the two examples in Figure 4.6,
showing that the flexibility of the carbohydrate residues increases as the residues move away from
the protein. In addition, a large increase in flexibility is observed after the 1-6 linkage, which is
known to be flexible. If the N-glycan substructure is more conserved, a threading or fragment
assembly approach could be useful to model the N-glycan structures. To quantify the conservation
of internal substructures, we compared the structural similarity of the N-glycans as a function of
glycan chain length from the protein. Figure 4.7A shows the average RMSD of N-glycan internal
substructures containing only the residues within the given residue distance from the Asn residue
of the parent protein. The conservation of the internal substructure is apparent up to 3 or 4 residues
away from the Asn residue. Note that N-glycan sequences can have branches, and thus, there
could be more residues in a substructure within a certain residue distance. For example, in the two
examples in Figure 4.6, there are in fact 5 sugar residues at a residue distance of 4 from Asn.

To avoid the inherent length dependence of RMSD (i.e., a smaller substructure has a
smaller RMSD), RMSD values for the substructures are converted to p-values using the random
background. Figure 4.7B and 4.7C show the cumulative fraction of the substructure similarity
for homologous and non-homologous N-glycans, respectively. About 80% and 60% of the

substructure up to a residue distance of 3 (black curve) show significant structural similarity
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Figure 4.7: Structural similarity of N-glycan internal substructures. (A) RMSD of the internal
substructures composed of residues within a certain distance from the protein. The distance is
measured by the number of glycosidic linkages in a N-glycan chain including the glycosidic
linkage to Asn. The lines are labeled for homologous (solid line) and non-homologous (dashed
line). (B and C) Cumulative fraction of internal substructure similarity (p-value) for (B)
homologous and (C) non-homologous glycans, respectively. The average substructure similarity
of residues up to a distance of 3, 4, and 4 (without the 1-6 linkage) are colored in black, blue,
and red, respectively. The gray curve represents the average substructure similarity of the overall
N-glycan structure pairs.

for homologous and non-homologous N-glycans, respectively. The substructures are less
conserved when residues up to a distance of 4 are included in the substructure (blue curve). As
discussed above, due to its flexibility, the 1-6 linkage might contribute to the diversity of the N-
glycan substructures more than other glycosidic linkages. Clearly, when structural similarity of
substructures up to a residue distance of 4 is compared without residues linked by the 1-6 linkage
(red curve), significant structural conservation is observed even for non-homologous N-glycans.
This observation implies that the glycan residues closer to the protein surface have more restricted

conformational space and conserved structures.

4.4 Discussion

Elucidation of the factors influencing the conformational variability in N-glycans is essential
to understand the dynamics of N-glycans and provides valuable insight into modeling and

computational studies of the N-linked oligosaccharides. In this work, we have shown that the
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conformations of homologous N-glycans are restricted compared to the random background.
About 67% of the homologous N-glycan pairs and 37% of the non-homologous N-glycan pairs
show statistically significant level of structural similarity. Although excluded from the main
analysis, more than 90% of highly homologous N-glycan structure pairs (protein sequence
similarity > 90%) show very significant structural similarity (Figure S4.7).

Why do homologous N-glycans have conserved conformations compared to the free
oligosaccharides? First, protein-carbohydrate interactions may restrict the conformational freedom
of the N-glycan. In addition, the shape of the local protein structure may also act as a non-specific
steric barrier and restrict the N-glycans to adopt certain conformations. Lastly, crystallographic
bias in the dataset could also play a role in conformational similarity of homologous N-glycan
structures. Our dataset is composed of crystal structures of well-resolved N-glycan structures;
hence, flexible N-glycan structures may not be included in our dataset.

Despite the biological importance of N-glycans, understanding the structure and dynamics of
N-glycans is currently lacking due to the difficulties in crystallization of glycoproteins and other
experimental techniques. The high level of structural similarity among the N-glycan structures
found on the surface of homologous proteins strongly indicates that the comparative modeling
and threading approach used in protein structure prediction [10, 151, 152] might perform well in
glycan structure modeling if appropriate templates are present. Despite the structural similarity of
N-glycans on the homologous glycoproteins, the absolute orientation of N-glycan with respect to
the glycosylated Asn residue may differ because the glycosylation site are often found on the loop
regions.

N-glycan modeling without good template structures appears to be challenging because of less
conserved N-glycan structures found for non-homologous proteins. However, a higher level of
internal substructure similarity exists even for non-homologous N-glycan pairs up to a residue
distance of 4 without the 1-6 linkage. In fact, these carbohydrate structures that lie close to the
protein are key determinants of the overall N-glycan orientation. Thus, a fragment assembly

approach might perform well even without homologous N-glycans template structures because
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of this internal substructure conservation.

4.5 Supplementary Tables
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Figure S4.1: Overlay of the N-glycan core structures from the various IgG1 structures from the
PDB. The PDB entries used in this overlay are 3AVE, 3AY4, 3C2S, 3D6G, 3DO3, 2DTS, 3FIT,
1H3X, 1I1A, 1I1C, 1L6X, 10QO0, 2QL1, 2RGS, 3SGJ, 3SGK, and 2VUO.

4.6 Supplementary Figures
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Seq. # U c € E2

45 242 074 -0.10 1.4
313 2,60 089 -024 21.6
161 267 0.83 -0.18 1.1
160 263 0.78 -0.18 0.9
49 228 0.69 -0.14 0.1
47 273 1.04 -0.13 145
46 191 055 -0.10 0.19
330 254 0.60 -023 4.60
328 242 057 -030 6.70
319 268 0.78 -0.26 2.87
316 231 0.67 -0.18 0.30
239 211 0.62 -0.15 040
23 227 066 -0.14 0.08
144 214 0.77 -0.25 27.58
54 236 085 -024 7.16
52 1.84 054 0.15 0.25
50 221 0.82 -0.09 2.02
336 250 0.71 -0.24 3.76
335 2,07 056 -029 1.12
334 2,00 1.16 -0.51 507.15
332 1.84 053 -0.13 035
331 173 046 -0.23 0.17
324 259 083 -026 3.97
323 196 1.00 -0.37 263.86
321 192 055 -0.19 0.10
25 1.86 0.51 -0.22 045
240 221 075 -0.13 048
8 1.78 0.62 -0.11 1.01
7 1.50 042 -0.28 1.96
58 1.74 059 -0.14 0.57
341  1.65 049 -022 5.00
337 158 049 -025 1.51
201 156 053 -0.22 376
200 1.60 0.55 -0.24 4.02
150 1.53 048 -0.27 4.13

Table S4.2: Parameters for the generalized extreme value distributions
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Figure S4.3: Correlation between the sequence similarity and the structural similarity (p-value).

The box represents the range between the first and third quartiles of the distribution and the thick
horizontal lines represent the median of the distribution. The open circles are outliers.
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Figure S4.4: Structural similarity of N-glycans using the GDT-TS score. The GDT-TS score
distributions from the homologous (red) and non-homologous (blue) structure pairs. A 0. 1-A bin
width was used. The GDT-TS score is defined as GDT-TS = (P0.5 + P1 + P2)/3 where PX is the
fraction of atoms that can be superimposed with corresponding cutoffs of X = 0.5, 1, and 2 A.
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Figure S4.5: Cumulative fraction of structure similarity of N-glycan pairs whose parent proteins
have sequence similarity greater than or equal to 90%.

68



180 Y W o )
2 - e
120 I\ 120
60 * w 3 480—1!0 -1‘20 -60 % 6‘0 1&0 180
Y oo °
L\
§ )
-120 I‘
-180 & 180 R ‘-‘f
-180 -120 -60 0 60 120 180 -180 -120 -60 0 60 120 180 -180 -120 -60 & 60 120 180
180 180
120 = 120
-—
60 ! 60
'S
Y o Yo
-60 -60
-120 -120
-180 -180
180 120 60 0 60 120 180 ‘@ -180 -120 - 0 60 120 180

Figure S4.6: Glycosidic torsion angle distributions from the random glycan conformation pool
for the N-glycan core sequence. 1,000,000 conformations were generated by assigning randomly
chosen torsion angle values from the accessible torsion angles of the corresponding glycosidic
linkage type. The following glycosidic torsion angle definitions are used; O5-C1-O1-C’x (¢),
C1-01-C’x-C’x-1 (y), and O1-C’6-C’5-O’5 ().
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Figure S4.7: Glycosidic torsion angle distributions for the corresponding glycosidic linkage
type (disaccharide) observed in the PDB. The Glycan-Fragment DB [2] was used to collect the
glycosidic torsion angle distribution in the PDB. The following glycosidic torsion angle definitions
are used; O5-C1-O1-C’x (¢), C1-0O1-C’x-C’x-1 (y), and O1-C’6-C’5-0O’5 (w).
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Chapter 5

Preferred Conformations of N-glycan Core
Pentasaccharide in Solution and in

Glycoproteins

5.1 Introduction

An oligosaccharide moiety in a glycoprotein, referred to as a glycan, comes in a variety of
sequences and structures, and plays critical roles in a vast array of biological processes, such
as protein quality control in ER [1, 48, 58, 72], protein trafficking [38, 85, 124], and stabilize
protein structure [21, 22, 26, 44, 129]. These oligosaccharide moieties can be covalently attached
to asparagine (Asn) side-chains of a nascent peptide being synthesized in the ER through the
process known as glycosylation [121]. N-linked oligosaccharide moieties (N-glycans) initially
have the same primary sequence, but are later processed by enzymes in the ER and the Golgi to
become different glycoforms [1, 72]. In addition to being a simple appendage to a protein, many
N-glycans are involved in molecular recognition in a sequence dependent manner [31, 122, 125,
127, 141, 143, 144, 154]. These recognition events require specific carbohydrate structures and are

sensitive to small differences in carbohydrate sequence or conformation [87, 113, 126]. Thus, the
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understanding of conformational preference of N-glycans could provide valuable insight into the
the mechanism and specificity of carbohydrate recognition events.

In general, N-glycans in glycoproteins are in close contact with protein surface, hence
it has been of great interest whether the protein structure affects the N-glycan conformation
or vice versa [21, 22, 26, 143, 145]. An earlier nuclear magnetic resonance (NMR)
study about the conformational freedom of free oligosaccharides in solution and N-linked
oligosaccharide concluded that the covalent attachment to the protein does not significantly affect
the conformational freedom of the oligosaccharides [145]. However, it is well known that the
carbohydrates in the vicinity of the protein can engage in a specific interaction with protein side-
chains, which can affect the conformational freedom of oligosaccharides [22, 26]. Structural
change of protein due to different glycoform sequences is also observed through systematic
crystallization study [71]. A recent survey of crystal structures in the Protein Data Bank (PDB)
also revealed that protein structure affects the conformations of N-glycans [63].

To gain a better understanding of the conformational preference of oligosaccharides, it is
essential to obtain atomic resolution structures in various environments. However, experimental
determination of oligosaccharide conformation using X-ray crystallography or NMR is challenging
due to the flexibility of glycosidic linkage and the crowding of NMR spectra [5, 78, 128, 143].
Therefore, computational simulation studies of oligosaccharides can provide valuable insight
into the conformational preference of oligosaccharides at the atomic level [96, 138]. Recent
advances in carbohydrate force fields have been used to study diverse glycan sequences ranging
from monosaccharides to polysaccharides, and the result thus far shown to match experimental
properties well [27, 42, 69].

In this work, we have performed computational sampling of conformation of N-glycan core
pentasaccharide (Man3GIcNAc2; Figure 5.1) in explicit water using molecular dynamics (MD)
simulation (a total of 3.5 us) and replica-exchange MD (REXMD) simulation (a total of 3.8 us)
[130]. Earlier computational studies of carbohydrates are often restricted to mono- or disaccharides

due to computational resources [4, 68, 101, 119], but it is not clear whether the observations made
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Figure 5.1: Pentasaccharide sequence used in this study. A) Symbolic notation and B) Chemical
structure of the pentasaccharide.

in those study can be expanded to larger oligosaccharides due to non-neighbor interactions. In rare
occasion, simulations of larger oligosaccharides were performed [5, 84, 140], but the simulation
time was typically not long enough to produce well-converged conformational states for those
oligosaccharide (< 50 ns). The pentasaccharide sequence used in this study is small enough to
exhaustively sample its conformational states, but still big enough to investigate the presence of
non-neighbor interaction.

Our aim is to utilize the simulation trajectory to characterize the conformational preference
of the pentasaccharide in solution and the change of such preferences in the vicinity of
glycoproteins using the crystal structures in PDB database [13]. We first examined the
conformational variability of the oligosaccharide and its conformational preferences in solution.
Then, the conformational preferences of the pentasaccharide in solution were compared with the
pentasaccharide structures found in the vicinity of proteins. Finally, the correlation between
hydrogen bond formation/deformation and change of conformational states were examined by

transfer entropy analysis. The N-glcyan core pentassacharide sequence is found in virtually
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T1 T2 T3 T4 System Size  # Water

#1 (-85,105) (-91,94) (78,-112) (75,105,60) 44 x 44 x 44 2,611
#2  (-77,113) (-80,127) (76,-107) (65,14,-64) 45 x45x45 2,872
#3 (-80,130) (-77,118) (71,-133) (64,92,73) 44 x44 x 44 2,611
#4  (-82,127) (-39,112) (75,-142) (97,85,-71) 45 x 45 x45 2,870
#5 (-73,126) (-91,88) (81,-98) (138,146,37) 45 x45x45 2,872

Table 5.1: Initial conformations of the pentasaccharide and the system setup for the MD simulation.
T1, T2, T3, and T4 represents the glycosidic torsion angle (¢, ) between residue pair (1 and 2),
(2 and 3), (3 and A), and (3 and A’) in degree; residue names are based on Figure 5.1.

all N-linked glycosylated oligosaccharide chains [1, 72]. Thus a detailed understanding of its

conformational preference and dynamics in solution and in the vicinity of protein will provide

valuable insights for understanding of larger N-linked oligosaccharides in glycoproteins.

5.2 Methods

5.2.1 Computational Detail

Initial glycan conformations for the MD simulations were selected by using the Glycan Fragment
Database (GFDB; http://www.glycanstructure.org/fragment_db) [60]. PDB entries with
resolution higher than or equal to 3 A were searched with various filters to remove distorted
residues and redundant entries. Glycosidic torsion angle clustering analysis was performed using
GFDB and the representative structures of the 5 largest clusters were selected as the initial
conformations for the MD simulation (Table 5.1).

The selected initial structures were briefly minimized without water prior to the building the
systems. The Glycan Reader and Quick MD Setup in CHARMM-GUI [62, 65] were used to build
each initial MD simulation system. The system size was determined so that the resulting systems
have at least a 12.5 A water layer in each direction. The solvated simulation systems were briefly
minimized while harmonic restraint was applied to the pentasaccharide molecule in the presence
of water using CHARMM simulation software [17]. Each of minimized simulation systems was

independently subjected to 700 ns of MD simulation at 300 K using NAMD simulation software
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[106], which gave total simulation time of 3.5 us in total. In addition, 100 ns of temperature
replica exchange simulation with explicit water was performed using CHARMM and the MMTSB
package [17, 28]. Total of 38 replicas were used (total simulation time 3.8 us) to cover the
temperature range from 300 K to 450 K. The initial configuration of the first MD simulation system
was equilibrated at 1 bar using the NPT ensemble to determine the appropriate system size. The
resulting snapshot was then duplicated and used as the initial configurations for each replica for
REXMD simulation and the NVT ensemble was applied with system dimension of 42.9 x 42.9 x
42.9 A3,

All simulations were performed using CHARMM C36 carbohydrate force field [42] and TIP3P
water model [66]. The van der Waals interactions were smoothly switched off between 10 and 12
A by a forced-based switching function. Long-range electrostatic interactions were calculated
using the particle-mesh Ewald (PME) method [148]. An interpolation order of 6 and a direct
space tolerance of 107® were used for the PME method. A time-step of 2 fs was used with the
SHAKE algorithm [118]. For the CHARMM simulations, the temperature was held constant with
the Hoover thermostat [53] and the pressure was maintained at 1 bar with the Nose-Hoover piston
[6]. For the NAMD simulations, Langevin dynamics was used to maintain constant temperatures
for each system, while the Nose-Hoover Langevin-piston algorithm [29, 86] was used to maintain

constant pressure at 1 bar.

5.2.2 Conformational variability

The conformational variability is measured as the pair-wise RMSD distribution using the
RMSDYN module in CHARMM [17]. To calculate the pair-wise RMSD distribution, a set of
conformations was selected from the trajectory and the RMSDs were calculated for each pair of
conformations using all non-hydrogen atoms for alignment. For MD simulation, conformations
were selected from the aggregated trajectories every 2.5 ns, which resulted in 1,400 conformers.
For REXMD simulation, conformations were selected every 100 ps, which resulted in 1,000

conformers. To estimate the upper limit of the conformational variability of the pentasaccharide,
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a random conformation pool was built based on the protocol used in ref [63]. Briefly, a
random conformation pool of 1,000,000 conformations was built in iterative fashion. For each
iteration, new torsion angle value was assigned to a randomly selected glycosidic linkage, and
the new conformation was accepted if it did not have any bad contacts. Torsion angle values
were selected among the pre-calculated accessible torsion angles based on the adiabatic map of
the corresponding glycosidic linkage. For the pair-wise RMSD distribution of random glycan
conformation pool, conformations generated every 1,000th iteration were extracted, which resulted

in 1,000 conformers.

5.2.3 Selection of PDB entries for comparison of conformational preference

Oligosaccharide structures or disaccharide structures in the PDB were selected using the GFDB.
Various filters available in GFDB were used to refine the selection and to remove potentially
erroneous entries. For example, PDB entries determined by X-ray crystallography with resolution
equal to or higher than 3 A were only searched. The glycan chains with distorted carbohydrate
structures or inaccurate residue name annotation were excluded. In addition, redundant PDB
entries were removed to prevent overrepresent certain conformations. However, it is not
straightforward to remove redundancy in the case of N-glycan. Here, we follow the protocol
adopted in [63], which uses the glycoprotein sequence similarity to identify redundant entries.
N-glycans that are attached on homologous glycoproteins (>70% sequence similarity) were also
excluded. The sequence similarity provided by the PDB was used to determine the sequence

similarity.

5.2.4 Coarse-graining of conformational state using glycosidic torsion angle

The torsion angle distribution from the high-temperature REXMD simulation was used to identify
a set of initial basins as shown in Figure 5.2. For each glycosidic linkage, several well-defined
basins were readily identifiable by examining the torsion angle distribution. Once the basins

were roughly identified, basins were refined by assigning the torsion angles observed during the
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Figure 5.2: Glycosidic torsion angle distribution from REXMD simulation at 450 K and the
assignment of torsion angle states for each glycosidic linkage. (A) GlcNAc B(1—4) GlcNAc,
(B) Man B(1—4) GIcNAc, (C) Man o(1—3) Man, (D) Man a(1—6) Man, and (E) Omega torsion
angle of the Man a(1—6) Man linkage.

simulations to the nearest basin in an iterative fashin using k-medoid algorithm [99]. The glycosidic
torsion angle definition was adopted from the crystallographic definition: O5-C1-O;-C. (¢), C;-
0,-C,-C._, (y), and O;-C¢-C5-O% (). The angular distance metric [34] was used to preserve the
periodicity of torsion angle between two torsion angles in the clustering algorithm.

We denote torsional state for each glycosidic linkage based on the size of the basin (“A” refers
to the largest basin and the “B” refers to the second largest basin, and so on), with the omega torsion
angle as an exception. For the omega torsion angle, the basins are named after the well-known
staggered rotameric states of the omega torsion angle: G (gauche-gauche), g (gauche-trans), and
t (trans-gauche). Note that the k-medoid algorithm sometimes does not preserve the initial basin
assignment when the basin is too small and such basins were manually assigned (e.g., basin C and
basin D for the first glycosidic linkage). By combining the torsion angle states, the conformation of
pentasaccharide can be described with 5-letter notation, starting from the anomeric carbohydrate
residue. For example, “AAAAG” indicates the each glycosidic (¢, y) torsion angles adopted their

largest basin, and the omega torsion angle adopted gauche-gauche orientation.

5.2.5 Transfer entropy (TE) between conformational state and the

formation or deformation of hydrogen bonds

Transfer entropy is a measure that quantifies the information flow from the past of one time series

y(z) to the future of another time series x(7) [120]. In the present work, the following form is used
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where k and / are the embedding dimensions that are the number of steps to be included from
the past of time series x(7) and y(¢z). H(x) = —Y p(x;)log p(x;) is Shannon entropy, where p() is
the probability of one state and the summation is over all possible combinations of states. H(]) is
conditional Shannon entropy. Due to finite sample size of the time series, two irrelevant series can
have non-zero (statistically insignificant) TE. To remove this bias, the shuffling method has been

used to calculate the effective transfer entropy (TE®™) is defined as below [67, 82].

1 N
TE;ICLX - TEy%x - N Z TEyshufﬂed%x (53)
n=1

where N, the number of shuffling, was set to 500 for all calculations in this study. Using the

effective TE, a normalized directional index can be derived as

TEeff TEeff
= e [—1,1] (5.4)

Proe= H <xt+1|xt(k)) H (yer’z(l))

where H (x,+1|x,(k)> and H (yt+1]y,(l)> are the maximal TE. A positive D value indicates

information flow from y to x or y drives X, and vice versa for a negative value. For two completely
irrelative time series, Dy, and TE® are 0. Both k and [ were set as 1 and only the D), values
larger than 0.1 and having p-value larger than 0.05 were taken into further analysis.

For TE analysis, two time series of instantaneous conformational state and hydrogen bond
between atom pairs were generated based on the trajectories of standard MD simulations. For
instantaneous conformational state, the torsional angle state definition for each glycosidic linkage
is used as described in Result section. The hydrogen bond was defined as the distance between the

donor and the acceptor below 2.8 A and the angle below 120°.
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5.3 Results

5.3.1 Convergence of glycosidic torsion angle distribution

The average acceptance ratio of replica exchange in REXMD simulation was 37.4% and the
random walk of replica in the temperature space was very efficient (Figure S5.1) as multiple travels
between the lowest and highest temperatures were observed. These results demonstrates reliable
sampling of the simulation system during the REXMD simulation. In addition, we examined
the torsion angle distribution of glycosidic linkages from standard MD and REXMD simulations
(Figure S5.2 and S5.3). The glycosidic torsion angle distribution from simulations started at
different initial conformation are well-converged to each other and to those derived from REXMD
simulation at 300 K. The convergnece was also examined by the relative population of dominant
conformational states (Figure S5.4). 100-ns block averages of the population of conformational
states show a relatively stable conformational state population distribution over the simulation
timescale, suggesting that most conformational states exchange within 100 ns, except a few long-
lived conformational states (see below). The bias in the conformational state population due to the
initial configuration of simulation system is quickly resolved within 50 ns of simulation. These
observations suggest that the sampling of current simulation is robust and the results presented

below are based on the aggregated trajectories unless explicitly stated otherwise.

5.3.2 Conformational variation of the pentasaccharide in solution

It is assumed that oligosaccharides in solution are flexible, but how flexible are they? Here, the
general conformational variability was measured by pair-wise RMSD distribution (Figure 5.3).
Conformational variability of the pentasaccharide in solution at 300 K appeared to be around 1-3
A in terms of RMSD. Although the frequencies of sampled conformations in building the pair-wise
RMSD distribution were different in MD simulation and REXMD simulation (more frequent in
REXMD), the resulting distribution at 300 K agree well each other. The conformational variability

of the pentasaccharide in solution at 300 K is smaller compared to the variability at higher
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Figure 5.3: Conformational variability of the pentasaccharide in solution. Pair-wise RMSD
distribution is calculated from the (A) standard MD simulation, (B) REXMD simulation at 300
K, (C) REXMD simulation at 450 K, and (D) random conformation pool.

temperature or when when compared to random glycan conformation, where the variability is
around 2—4 A. In addition, the presence of several peaks in the conformational variability suggests

the existence of several well-defined conformational states.

5.3.3 Conformational preference of the pentasaccharide in solution

To gain further insight, we defined conformational states using glycosidic torsion angles. The
pentasaccharide used in this study has 5 glycosidic linkages (omega angle for 1-6 linkage was
separated for clarity), and thus it was relatively straightforward to identify basins from the torsion
angle distribution. Such a description of conformational states using dihedral angles is common in
protein/peptide conformational analysis [18].

The torsion angle distribution from the high-temperature REXMD simulation was used to
identify a set of initial basins as shown in Figure 5.2. For each glycosidic linkage, several well-
defined basins were readily identifiable by examining the torsion angle distribution. The basins
from each glycosidic linkages resulted in total 4 x 4 x 2 x 3 x 3 = 288 possible conformation
states, but not every states are visited in the simulation. In fact, only 63 states were visited in
REXMD simulation at 450 K, while 22 and 42 states were visited in REXMD simulation at 300
K and standard MD simulations, respectively. Surprisingly, the conformational states are very
restricted to only a several states (Table 5.2). For example, state “AAAAG” accounts for more than

75% of the total simulation trajectories, and the 10 largest conformational states accounts for over
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MD REXMD (300 K) REXMD (450 K) PDB

1 AAAAG 755% AAAAG 78.7% AAAAG 50.0% AAAAG 23.2% (22)
2 AAAAg T78% AAAAg T79% AAABG 13.5% AAABG 23.2% (22)
3 AAABG 63% AAABG 53% AAAAg 108% AAAAg 22.1% (21)
4 ABAAG 3.0% ABAAG 34% AAACg 54% AAACg 6.3% (6)
5 BAAAG 28% BAAAG 24% AAACG 49% AAACG 42% 4)
6 AAABg 12% AAABg 13% AAABG 3.6% AAABG 42%4)
7 ABAAg 0.6% ABAAg 03% AAABt 2.6% AAABt 3.2% (3)
8 ABABG 0.6% BAABG 02% AABBG 21% AABBG 3.2% (3)
9 AABAG 02% BABAG 0.1% AAAAt 1.1% AAAAt 3.2% (3)
10 BAAAg 02% BAAAg 0.1% AABAt 09% AABAt 1.1% (1)
Sum 99.3% 99.7% 94.8% 93.7% (89)

Table 5.2: Conformational preferences of the pentasaccharide in solution and in the vicinity of
protein. The numbers in the paranthesis refers the number of PDB entries.

99% of the conformations visited in the MD simulation.

To validate the assignment of conformational states using glycosidic torsion angle distribution,
conformational variability of each state was compared. From each conformational state, 1000
conformers were arbitrarily chosen from the trajectory and the pair-wise RMSD distribution was
calculated (Figure 5.4). The overall RMSD of conformations belong to the same conformational
state was about 1-2 A. Only a single peak is present in the distribution, suggesting the
conformations in the same state are well grouped. The largest conformational state in REXMD
simulation at 300 K matches well with the standard MD simulation and suggests robust
conformational sampling during the simulations.

Based on the populations of each conformational state, the free energy difference between
the most populated state (AAAAG) and the second most populated state (AAAAg) is about AG =
—kpT log|P, /P,] = 1.38kcal/mol. When we compared the representative structures of some of the
largest conformational states (Figure 5.5), it appears that the state AAAAG has more extended
conformations whereas the state AAAAg has a conformations that are folded back onto itself.
In addition, because the terminal residue is folded back to itself, the state “AAAAg” has more
potential interaction partners. In fact, on average the AAAAg has 2.4 + 1.0 (direct) and 2.8 +

1.9 (water mediated) hydrogen bonds while AAAAG has 1.5 4 0.8 (direct) and 2.4 4+ 1.7 (water
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Figure 5.4: Conformational variability of major conformational states. Each colored line represents
a pair-wise RMSD distribution from 1,000 conformers belonging to the same conformational
states.
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Figure 5.5: Representative pentasaccharide conformations in solution from the 5 major
conformational states. Each conformations are generated by the average structure from the state
A) AAAAG, B) AAAAg, C) AAABG, D) ABAAG, and E) BAAAG.

mediated).

The number of hydrogen bonds and the free energy differences suggest that the preference of
the most populated states (AAAAG) must be entropically favorable. Indeed, it’s well known that,
in the case of polymers, the extended conformations are entropically more favorable than the ones
that are folded back onto itself [116]. In the polymer model, the entropy increases as the end-to-end
distance between the chain increases. The radius of gyration of state AAAAG is slightly larger (6.4
A vs. 6.0 A) than the state AAAAg, which supports the idea that the state AAAAG is entropically
more favorable than the state AAAAg.

It is interesting to note that NMR experiments [51] and a recent MD simulation study [96]
shows significantly increased fold-back conformation in a larger N-glycans. Overall, these
observation suggests that there could be a competition between the entropic and enthalpic
contribution. For example, in a smaller N-glycan, the number of interactions is not enough to
favors the fold-back conformation and entropic contribution dominates. However, as the number
of sugars increases as there are more number of interactions can compensate for the loss of entropy

upon fold-back conformation.
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5.3.4 Conformational preference of the pentasaccharide in glycoprotein

Here, we examined the change of conformational preference of the pentasaccharide in the vicinity
of glycoprotein using the crystal structures. We have used GFDB to select 88 non-redundant PDB
entries that have N-glycan chain whose sequence starts with the pentasaccharide used in this study.
Although the number of crystal structures is not large, a significant shift in the conformational
preference of the pentasaccharide in the vicinity of protein is observed (Table 5.2). Compared to
the conformational preferences in solution, the state AAAAG, which occupies more than 70% of
trajectories, is only observed in 23% of the glycoconjugate crystal structures and is not a dominant
conformational state. In addition, the conformational states that are not favorable in solution
occurred more frequently in the glycoconjugate crystal structure.

Figure 5.6 shows several examples of glycoconjugate crystal structures having three major
conformational states. In those examples, numerous contacts between proteins and the
pentasaccharide are observed. The interaction between the glycans and the proteins appears to
play significant role in stablizing the conformational state which would be otherwise unfavorable
in solution. These observations suggest that the interaction between the oligosaccharide and
proteins can compensate unfavorable conformations. In addition, crystal contact also appears to
be important in stablizing the unfavorable interaction. Although the number of observations are
limited, we’ve found several examples of a stablizing interaction with neighboring crystal units
(Fig. 5.7).

Typically, the first two residues of N-glycan have extensive interaction with surrounding protein
side chains [103]. Interestingly, the first two residues in the N-glycan pentasaccharide have not
visited the less favorable conformational state in glycoconjugate crystals while the residues at
the termini are more flexible. This suggests that the residues closer to the protein have limited
degree of conformational freedom. Similar observations were made in the recent survey of N-
glycan structures in PDB [63]. It should be noted that we have used crystal structures to compare
the conformational preference but crystal structure itself may reduce the apparent dynamics of

glycan. Sampling bias can be removed by having a large number of crystal structures, however,
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Figure 5.6: Examples of glycoconjugate structures. Each panel shows examples of three major
glycoconjugates in conformational states, A) AAAAG (PDB:3PPS), B) AAABG (PDB:3GLY),
and C) AAAAg (PDB:2DTS). Protein structure is drawn in cartoon representation and the protein
side chains withint 5 A distance from the N-glycan chain are drawn as lines. The crystal waters
are drawn as red points.

the number of crystal structures available is limited, so care must be taken to interpret crystal

structure observations.

5.3.5 Causal relationship between hydrogen bonding and the conformation

exchange

The hydrogen bond is known to play important role in determining the conformation of
oligosaccharides [4, 5, 26, 96, 140]. The N-glycan core pentasaccharide has several hydrogen bond
donors and acceptors. Here, we examine the role of hydrogen bonds in solution conformation
of N-glycan core pentasaccharide. Figure 5.8 shows the hydrogen bond pattern between the
pentasaccharide residues. Strong direct and water mediated hydrogen bonds are observed between
neighboring residues. Hydrogen bonds between non-neighboring residues are not common, but
somewhat strong hydrogen bonds between the residue 2 and A’ are observed.

Some hydrogen bonds appeared to be tightly associated with different conformational states.
Figure 5.9 shows an example of highly correlated hydrogen bond and dihedral angle. There is
consensus that hydrogen bonds between the oligosaccharide residues are important, but, it is not

clear whether these hydrogen bonds are responsible for the formation of specific conformational

85



1-6 branch

Figure 5.7: Examples of glycoconjugate structure having N-glycan adopting unfavorable
conformational states in solution (PDB:1B5F). A) The N-glycan 1-6 branch is extended away from
the protein, yet adopted an unfavorable conformation. B) The N-glycan 1-6 branch is involved in
interaction with the neighboring crystal units (drawn in purple). Protein structure is drawn in
cartoon representation and the protein side chains within 5 A from the N-glycan chain are drawn
as lines. The crystal waters are drawn as red points.
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Figure 5.8: Hyrogen bonding pattern of N-glycan pentasaccharide in solution. A) Direct hydrogen
bond and B) Water mediated hydrogen bond. The number and the color in each squares represent
the occupancy of the hydrogen bond as a percent of the total trajectory.

86



H-bond #1 #2 #3 #4 #5

2:HO3-3:06 -0.18 (0.017)  -0.17 (le-11)  -0.14 (2e-7) - -0.15 (9e-13)
2:03-A’;:HO4  -0.32(0.02) -0.28 (1e-8) -0.35 (0.04) - -0.36 (2.8¢e-7)
2:03-W-A:HO6 -0.32 (1e-17) -0.26 (1e-17) -0.31 (le-17) -0.34 (1e-17) -0.31 (le-17)
2:02-W-A:HO2 -0.33 (3e-5) -0.35 (0.0002) - -0.32 (9e-11) -
2:03-W-A:HO5 -0.37 (1e-5)  -0.37 (6e-11) -0.39 (le-17) -0.37 (1e-17) -0.38 (le-17)

Table 5.3: Transfer entropy between time series of hydrogen bond and the conformational state.
The magnitutde of each number represents the how strongly one time-series is "driving" the other
time-series and the numbers in paranthesis refers to the p-value of the TE. Each column is from
different, independent simulation trajectory. The H-bond between two atom is designated as
(residue):(atom)-(water bridge)-(residue):(atom).

state. In other words, does hydrogen-bond formation/deformation drives the conformation change?
We used information theoretic transfer entropy (TE) to quantify the causal relationship between the
time series of conformational state change and the hydrogen bonding formation.

Surprisingly, our TE analysis showed that hydrogen bonds are not responsible for
conformational change. Rather, the change of rotameric state showed a stronger causal relationship
for the formation and deformation of hydrogen bond in the pentasaccharide. Table 5.3 shows
the TE between the conformational state and the hydrogen-bond formation/deformation between
specific atom pairs. The TE values are bound between -1 and 1, with 1 meaning the former time
series drives the latter one and -1 meaning the opposite. A TE value of zero indicates no causal
relationship between the two time series.

The negative transfer entropies from the simulation trajectories suggest that the hydrogen bond
formation/deformation is driven by the change of glycosidic torsional state changes. In other
words, the rotameric state of glycosidic linkage drives the formation/deformation of hydrogen
bond. This, in turn, suggests that the hydrogen bond in glycan is important for maintaining the
conformational state. It would be interesting to see how this relationship changes in a larger

oligosaccharide, since the cooperative hydrogen bonding may still exists in larger oligosaccharide.
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Figure 5.9: An example of a correlatin between a hydrogen bond and different conformational

state. A) A time series of omega torsion angle from MD simulation #2. B) A time series of
hydrogen bond between atom 2:03 and A’:HO4. from same trajectory.
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5.4 Conclusion

Despite the biological importance, understanding of glycan conformation and its implication on the
protein structure, dynamics, and function are lacking. Here we have used standard MD simulation
(total of 3.5 us) and REXMD simulation (total of 3.8 us) to exhaustively sample conformational
preference and compared the change of conformational preference in the vicinity of protein.

The conformational variability of the pentasaccharide appeared to be limited in solution
compared to the ones from high temperature REXMD simulation or random glycan conformation
models. More detailed analysis on the preference of pentasaccharide conformation showed a single
major dominant conformation (>70%) and a several minor conformational (~5-8%). The 1-6
linkage appears to bring the most conformational diversity since it can completely extend or fold-
back to itself.

The conformational distribution appears to be determined by the competition between the
entropy and enthalpy. In the major conformational state, the 1-6 linkage extended into the solvent
and is entropically favorable whereas in the minor states the 1-6 linkage fold-back onto itself. The
fold-back conformation have slightly more interaction partners, but, the added interactions appear
insufficient to overcome the entropic penalty. From the other NMR experiments and computational
studies, the conformational preference regarding extended and fold-back conformation changes in
sequence dependent manner suggesting the entropy-enthalpy compensation plays important role
in conformational preference of oligosaccharide in solution.

We have used crystal structures of glycoconjugate to examine the conformational preference
of the pentasaccharide when they are glycosylated. Glycosylated pentasaccharide in the
crystal structure database showed significnat shifts in conformational distribution and several
conformational states are equally probable (~20%). The increased conformational preferences
for the states that are not favorable in solution are typically accompanied by interactions with
proteins or interactions with crystal partners. Although care must be taken to interpret the data
since the number of crystal structures is limited, the results suggest that the glycans in the vicinity

of protein may have significantly different conformational preference due to the interaction with
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Figure S5.1: Efficient random walk across temperature space in the REXMD simulation. (A) Time
series of temperature exchange of two arbitrarily chosen replicas. Reid line is for replica #1 and
green line is replica #38. (B) Time series of different replicas visiting at temperature 300 K.

protein. This suggests that modeling of oligosaccharides in solution and glycosylated forms must
take into account the environment.

We have found several hydrogen bonds that are tightly associated with conformational
state changes. We have examined whether the hydrogen bond formation/deformation drives
the conformational change using transfer entropy. In pentasaccharide, hydrogen bonds do not
contribute the change of torsional states. Therefore, it appears the hydrogen bonds play a role
in maintaining the conformational state rather than driving the change of conformational state. It
would be interesting to examine a larger oligosaccharide since it may have more hydrogen bonds
involved in, and cooperatively induce, conformational change. The hydrogen bonds formation

driven by the conformational states may have implication in maintaining the conformational states.

5.5 Supplementary Figures
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Chapter 6

Application of homology modeling

approach to N-glycan structure prediction

6.1 Introduction

One of the important biological roles of N-glycan is the molecular recognition and several N-
glycans that are important in molecular recognition have been reported to date. Because molecular
recognition is sensitive to small changes in glycan sequence and structure [31, 125, 126], it is
important to understand the structural relationship between the N-glycan and the glycoprotein.
However, such understanding remains a grand challenge mainly due to difficulties in preparing
glycoprotein sample with homogeneous glycoform and solving the atomic resolution structure
of N-glycans using crystallography or nuclear magnetic resonance (NMR). On the other hand,
computational approach, particularly molecular dynamics (MD) simulation, can provide structure
of glycan and glycoprotein in atomic detail if robust sampling is obtained. Recent advances
in carbohydrate force field and efficient simulation software allow robust sampling of glycan
conformation possible [27].

Although computational approach is a viable option in studying the structure and dynamics

of glycan and glycoconjugate, the main challenge is the lack of known structure of glycan or
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glycoconjugates. Currently there is a large gap between the number of known glycoprotein and the
number of solved glycoprotein structures. For example, 50% of all eukaryotic proteins are expected
to be glycosylated [7, 156], while the PDB has only about 500 glycoprotein structural entries that
are glycosylated (protein sequence similarity < 0.5). Solving the structure of aglycoprotien is more
managable than solving the structure of glycoconjugate, thus methodology that can reliably model
the glycan portion of glycoconjugate on top of a known protein structure may provide a reasonable
model for further understanding of the role of glycans in biological processes.

The current stage of glycan structure modeling based on glycosylation information
(glycosylation site and glycan primary sequence) is rudimentary at best, compared to the mature
field of protein structure prediction/modeling. Since protein structure prediction and modeling
have shown impressive successes and become mature [10, 150, 152, 155], it is natural to follow
a similar paradigm for glycan structure prediction and modeling. However, unlike proteins where
each amino acid is linearly connected by identical peptide bonds, each monomeric unit in a
glycan chain is connected by different glycosidic linkages, e.g., «1—6, B 1—4, etc., and branched
sequences are common. These features greatly increase the possible sequence and structure space
and make it difficult to define and search homologous sequences and structures.

Due to high flexibility, it is not straightforward to build a reliable glycan model by simply
connecting sugars based on most favorable glycosidic torsion angles of the corresponding
disaccharides. Thus, applying template-based modeling approach to glycan structure modeling is
appealing. The major challenge in applying the template-based approach is identifying "good"
templates because the performace of the template-based approach depends on the quality of
template structures. We have conducted a survey of N-glycans in glycoconjugate crystal structures
and found that the N-glycan structures are sigficantly conserved across homologous proteins [63].
This suggests that the glycoprotein sequence similarity can be used to identify "good" N-glycan
templates.

In this work, we have applied template-based modeling approach to predict glyan structure.

A protocol for identifying homologous template is proposed and the quality of the produced
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structures is compared with simple modeling protocol, which generates structures by assembling
favorable glycosidic torsion angles. For simplicity, no scoring function is used during modeling.

Finally, potential improvements are discussed.

6.2 Methods

6.2.1 Basic glycan structure modeling protocol

The basic idea of glycan conformation sampling is based on the Monte Carlo sampling of
glycosidic linkage torsion angle. Each glycosidic torsion angle movement is performed by
assigning a new glycosidic torsion angle value for the selected glycosidic linkage. In general, new
glycosidic torsion angle is selected from an "accessible" torsion angle region for the corresponding
glycosidic linkage. The "accessible" torsion angle region of a glycosidic linkage is defined
in the previous work [63]. Briefly, for each glycosidic linkage, adiabatic potential map was
calculated by systematically changing the torsion angle of the corresponding glycosidic linkage
with disaccharide in vacuum. The CHARMM carbohydrate force field [41, 42, 43] was used to
evaluate the energy. The generated adiabatic potential energy map was converted to a torsion angle
probability map using the Boltzmann distribution. A set of glycosidic torsion angle pairs having
probability above 0.0001 were considered "accessible".

For a glycan sequence comprised of N residues and M terminal residues (an oligosaccharide
chain can have more than one terminal residues due to branching) and L branches, a single time
unit consists of N attempts of glycosidic torsion angle movement, M attempts of movements
for the residues at each terminal, L attempts of movements for the residues at the beginning of
each branches, and one attempt of movement for the residue at the beginning of N-glycan chain.
Each trial movement is accepted or rejected according to Metropolis acceptance criteria. Before
energy evaluation, a trial conformation that has steric collisons of glycan-glycan or glycan-protein

is rejected.

96



6.2.2 Template-based glycan structure modeling protocol

template-based glycan structure modeling protocol is based on the basic glycan structure modeling
protocol described above, but utilizes the template glycan structures found in the PDB. To identify
the template structures, the protocol requires two pieces of information; desired N-glycan sequence
and the sequence of the glycoprotein. The protocol first query the glycan fragment database [60]
to find the list of PDB entries containing the matching glycan sequence. Query glycan sequence is
converted into graph representation, so that not only the sequences match exactly but also the ones
that match partially can be found. Second, from the list of PDB entries, only the ones containing
protein sequence that is homologous to the query sequence are selected based on the sequence
similarity (similarity > 50%). When no homologous PDB entries are found, the protocol either use
non-homologous PDB entries or falls back to basic glycan structure modeling protocol.

Once the list of template structure is identified, sampling is performed. Basic procedure
of sampling is identical, but, prior to each single time unit, one of the template structures is
selected and the glycosidic torsion angle values from the template is applied and marked as ’fixed’.
The glycosidic torsion angles marked as ’fixed’ are only allowed to change 4 5° and the other

glycosidic torsion angles are free to change. The rest of the procedure is identical.

6.3 Results

We have selected one of IgG1 domain crystal structures, PDB:1L6X, as a test case because it has
several homologous glycan structures available in the PDB. To test the performance of template-
based modeling protocol, we have generated 10,000 conformations using both the template-
based glycan structure modeling protocol and the basic glycan structure modeling protocol. In
template-based glycan structure modeling protocol, the PDB entries having sequence similarity of
glycoprotein greater than or equal to 90% were excluded. The performance is measured in terms
of root-mean-square distance (RMSD) with respect to the crystal structure.

Figure 6.1 shows the RMSD distribution of the conformations generated by the proposed
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Figure 6.1: Performance of template-based structure prediction protocols. A) RMSD of N-
glycan after alignment of glycan. B) RMSD of N-glycan after alignment of protein. The red
lines represent the structures generated by template-based modeling protocol and the black lines
represent the structures generated by basic modeling protocol.

modeling protocols. Clearly, the template-based structure modeling protocol performed much
better than simple modeling protocol. When only the glycan structures are compared, template-
based modeling protocol produced 12% and 61% of structures having RMSD less than 2 A and 3
A, respectively, with respect to the crystal structure, while the basic modeling protocol have not
produced any structures having RMSD less than 3 A.

While the glycan structure itself appeared to be successfully modeled by the template-based
modeling protocol, however, the orientation of the N-glycan with respect to the glycoprotein
performed seems more challenging. The majority of structures predicted by the template-based
structure modeling protocol have 3-6 A RMSD after the alignment of protein. While the result is
still better than the basic modeling approach, some improvements are needed for the method to
be useful. One potential reason for the poor performance could be the flexibility of glycosylated
protein residues. Glycosylated residues are preferentially found at the loop region [103], thus,
simply applying the torsion angles of glycosylated residues found in the PDB may reduce the
performance of the modeling and more robust sampling at the glycosylated region may be

necessary.
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6.4 Conclusion and outlook

Despite the importance of glycan in several biological processes, our understanding of glycans
remains elusive. Determining the structure of glycoconjugate is one of the challenging tasks. Due
to recent advancement in mass spectrometry and structure biology, the atomic resolution structures
of aglycoprotein and the glycosylation information are more accessible. Thus, a computational
methodology that can reliably model the glycan conformation on top of protein structure will be
useful to provide a reasonable model for further understanding of the role of glycan in important
biological processes. Here, we have proposed a protocol for modeling of glycoconjugate using the
known crystal structures and compared their performances.

Based on the benchmark, the template-based modeling approach performed much better than
the simple modeling protocol. This is not unexpected because of the conserved glycan structures
among the homologous glycoproteins, but the protocol presented here is the first demonstration
of template-based modeling approach can be successfully applied in glycan modeling, to our
knowledge. The glycan structure itself appeared to be successfully modelled, however, predicting
the orientation with respect to protein may needs improvement. The majority of structures
predicted by the template-based structure modeling protocol have 3—-6 A RMSD after the alignment
of protein.

There are several improvements can be made in the protocol proposed here. First, the proposed
protocols are not using any energy function but only excluded volume. The performance could
be improved by adopting appropriate energy function during the modeling process. Secondly,
the glycan structure with respect to the protein appears to be more challenging. Thus, additional
sampling of glycan orientation with respect to the protein may improve the overall accuracy of the
modeling.

In the future, more improvements and extensive benchmarks are warranted to prove the
robustness of the proposed protocol. Nevertheless, the protocol proposed here can be useful to
produce a reasonable initial model for MD simulations or refinement of low resolution model from

experiments, such as small angle X-ray scattering and electron microscopy.
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