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Abstract

Glycolipids (such as glycoglycerolipids, glycosphingolipids, and glycosylphosphatidylinositol)
and lipoglycans (such as lipopolysaccharides (LPS), lipooligosaccharides (LOS), mycobacterial
lipoarabinomannan, and mycoplasma lipoglycans) are typically found on the surface of cell
membranes and play crucial roles in various cellular functions. Characterizing their structure
and dynamics at the molecular level is essential to understand their biological roles, but
systematic generation of glycolipid and lipoglycan structures is challenging because of great
variations in lipid structures and glycan sequences (i.e., carbohydrate types and their linkages).
To facilitate the generation of all-atom glycolipid/LPS/LOS structures, we have developed
Glycolipid Modeler and LPS Modeler in CHARMM-GUI (http://www.charmm-gui.org), a web-
based interface that simplifies building of complex biological simulation systems. In addition, we
have incorporated these modules into Membrane Builder, so that users can readily build a
complex symmetric or asymmetric biological membrane system with various glycolipids and
LPS/LOS. These tools are expected to be useful in innovative and novel glycolipid/LPS/LOS
modeling and simulation research by easing tedious and intricate steps in modeling complex
biological systems, and shall provide insight into structures, dynamics, and underlying
mechanisms of complex glycolipid-/LPS-/LOS-containing biological membrane systems.



INTRODUCTION

Cell membranes have a wide variety of lipids that provide a matrix to host integral
membrane proteins and recruit peripheral membrane proteins, thus actively participating in
cellular membrane functions together with these proteins’?. The complexity of biological
membranes arises from the considerable heterogeneity in the spatial distribution of lipids and
proteins in the cell membrane and between the bilayer leaflets. Some of the most complex
chemical structures of lipids contain sugars, known as glycolipids or lipoglycans. For example,
many eukaryotic membranes contain an outer leaflet rich in amphiphilic glycolipids, which are
involved in critical biological processes, such as signal transduction, cell-cell recognition,
adhesion, and cell death®®. Gram-negative bacteria contain either lipopolysaccharides (LPS) or
their shorter relatives, lipooligosaccharides (LOS), which provide highly complex and diverse
structures in the outer leaflet of the outer membrane (OM), whereas the inner leaflet contains a
mixture of phospholipids, such as phosphatidylethanolamine, phosphatidylglycerol, and
cardiolipin’.

Glycolipids can be subdivided into several subclasses: (i) glycosphingolipids (GSLs), (ii)
glycoglycerolipids (GGLs), and (iii) glycosylphosphatidylinositol (GPI)®. LPS and LOS are by
definition lipoglycans rather than glycolipids. GSLs, in which the lipid part is a ceramide (Cer),
are abundant in the plasma membrane of cells in higher eukaryotes and often cluster to form
‘lipid rafts’ together with specific proteins (e.g., GPl-anchored proteins and proteins involved in
signal transduction). GSLs are particularly abundant in nerve cells, playing important roles in
rapid nerve conduction. GGLs utilize a glycerol to anchor the glycan to the cell membrane. GPI
contains a complex oligosaccharide and anchors proteins to membranes. GPIs are found in
protozoa, fungi, and humans, and their loss may lead to hemolytic anemia in humans. LPS
protects Gram-negative bacteria from host innate immune defenses and provide structural
stability to the OM via ionic interactions with divalent metal cations. In addition, the O-antigen
polysaccharides that form the outermost region of the LPS molecules in many bacteria can
contribute to protection against host defenses and bacteria-bacteria interactions in biofilms.
Further, some repetitive oligosaccharides of the O-antigen and the outer core of LOS mimic
host-like antigen structures, such as blood-group determinants or sialic acid-containing
epitopes, help bacteria evade immune mechanisms. For example, Campylobacter jejuni (C.
Jejuni) mimics ganglioside GSLs in its outer core, which can lead to autoimmune diseases, such
as the Guillain-Barré syndrome®'°. The lipid A part of LPS/LOS, which anchors these molecules
to the OM, is toxic to higher animals including humans, depending on its structure, by eliciting
potent inflammatory responses.

Despite their importance, generating glycolipid/lipoglycan structures for molecular
modeling is challenging because of complex glycan sequence variations and diverse lipid types.
Moreover, preparing molecular simulation systems containing glycolipids/lipoglycans is more
difficult, as it requires appropriate force fields (FFs) for all necessary carbohydrates, lipid types,
and chemical modifications. Consequently, there are much fewer simulation studies using
glycolipids/lipoglycans compared to those with phospholipids. Previous glycolipid computational
studies used structures based on those available from the PDB'"'?, coarse-grained (CG)
models™'™, or model structures generated via complicated ways'> 8. However, the
glycolipid/lipoglycan types available in the PDB or CG models are limited, and a customized
building procedure is often arduous to follow. Several web-based tools, such as SWEET II"°,



GLYCAM?, and Glycan Modeler (http:/glycanstructure.org), as well as stand-alone programs,
such as POLYS?', CarbBuilder®?, and doGlycans®® have been developed to facilitate glycan
structure modeling. However, most of them, except SWEET Il and doGlycans, do not support
modeling of glycolipid moieties. Even SWEET II, which supports various lipid types including
diacylglycerol (DAG), alkylacylglycerol, Cer, and acyl chains for lipid A, can only accept text
input and do not offer diverse lipid tail variations. Further, significant post-processing efforts are
required to use the generated structures for molecular dynamics (MD) simulation because
SWEET Il does not provide corresponding FF parameters. doGlycans provides structure and
topology files for glycolipids, glycoprotein, and polysaccharides. However, for glycolipids,
doGlycans requires users to prepare the structure, topology, and parameters of the lipid. In
addition, doGlycans provides only molecular topology, so that any force field parameters for
glycan-lipid linkages should exist in any desired force field to use generated glycolipids. As all
the aforementioned tools are for modeling single glycan/glycolipid/lipoglycan structures, building
a simulation system with the generated glycolipid/lipolgycan structures requires additional
molecular packing tools, such as PACKMOL?** or MembraneEditor®. Therefore, despite that a
glycolipid-/lipoglycan-containing membrane system could be prepared by a combination of
these tools, preparing a complete FF parameter set for the system is labor-intensive and error-
prone. The CG modeling tool insane®® provides a CG membrane model with glycolipids and
phospholipids. However, insane supports only six glycolipid types (with various lipid tail lengths)
at the time of writing this paper, and the conversion from a CG glycolipid model to an all-atom
model is not straightforward.

Since its first release in 2007, CHARMM-GU| Membrane Builder’’~°, a publicly available
web-based tool (http://www.charmm-gui.org/input/membrane), has greatly facilitated the
generation of complex membrane systems. Its first implementation allowed users to build a
protein-membrane complex system with three lipid types®®. After continuous development and
update, Membrane Builder now supports heterogeneous bilayers, with or without proteins, using
more than 400 lipid types including phospholipids, phosphoinositides, cardiolipin, sphingolipids,
bacterial lipids, ergosterol, fatty acids, and detergents, which allows users to build biologically
realistic and experimentally comparable membrane systems. Importantly, Membrane Builder
also provides well-validated simulation inputs for various MD programs®', such as CHARMM??,
NAMD*, GROMACS*, AMBER®, GENESIS®*, LAMMPS*  Desmond®®, OpenMM*, and
CHARMM/OpenMM*, allowing users to perform MD simulation with their familiar tool. In this
work, we describe the methods developed to build complex glycolipids (Glycolipid Modeler,
http://www.charmm-gui.org/input/glycolipid, and LPS  Modeler, http://www.charmm-
gui.org/input/lps) and to incorporate them into the Membrane Builder workflow for building a
membrane system with any glycolipid/LPS/LOS type(s). Combined with Glycan Reader*'*? in
CHARMM-GUI, which allows modeling of glycoproteins and carbohydrate ligands in a PDB file,
Membrane Builder provides the most comprehensive tool for glycoconjugate modeling and
simulation in a membrane environment. To illustrate the power of the updated Membrane
Builder for various types of glycolipid-/LPS-/LOS-containing membrane simulations, we have
built and simulated (i) GPl-anchored CD59 in human plasma membranes®, (i), axonal
membranes in human neuron cells with various gangliosides***®, (iii) C. jejuni OM***’ and (iv)
BtuB in Escherichia coli (E. coliy OM models*®, in which systems (i) and (iii) are associated with
the Guillain-Barré and Miller-Fisher syndromes.



METHODS

Glycolipid Modeler. Glycolipid Modeler
adopts a graphical user interface (GUI),
allowing users to easily check and modify the
glycolipid sequence (i.e., lipid type,
carbohydrate types, and their linkages). The
input is a glycolipid sequence selected from
the pre-defined glycolipid sequences or
manually specified by the user in the “Glycan
Sequence” panel (Figure 1 A). Currently,
there are 184 pre-defined glycolipids whose
glycan sequences are experimentally
identified** ™2, and each pre-defined glycolipid
is categorized into 11 groups based on its
glycan sequence and lipid type (Table 1).
According to the lipid type, glycolipids are
classified into GGLs, GSLs, and GPI®. While
GGLs have DAG as the lipid moiety, GSLs
are based on Cer, and GPI can have either
PI-DAG or PI-CER®. Although there are only
a few types of GGLs in nature, they are
particularly important, as GGLs are the major
glycolipids in plants and bacteria®. In
contrast, GSLs are in vertebrate tissues.
GPls are in various eukaryotic cells and
especially abundant in protozoa®. While
GPIs alone can act as surface antigens or
receptors, a GPl mostly exists as a linker to
the C-terminus of a protein via ethanolamine
phosphate®*®®. These GPI-linked proteins

A Predefined Glycolipid:
Gropreaaaves

Gataciooerabrosides
Glucocerebrosides
Ganglio-series
Globo-senes.
Iso-globo-sanes
LBCIo-5anes

b-senes
c-senes
others

Sulfoghycolipids
Glycophosphatidylinositols

Glycan Sequence:

Chemical modification:

B Glycan Reader Sequence (GRS) format:

1 CER160
2-1B:BGLC
3--14B. BGAL

4 - -« 14B: BGALNA
5----138: BGAL
6 - - - 23A: ANESAC

C Sequence Graph:

O-senes
T

GM3 (KD,

oMz

(=T

GM2 (NeuSGe:

GM1 (KDN|

H4-GM3 (H-GM1
B4-GMG (B-GM1

V. GalNAC-GM1
GDla

GD1a (NeuSACKDN
GD'a (NeuSGoNeuSAc
GD1a (KDNMNeuSAc
GD1a (NeuSGeNeusSGe

GD1a (KDNKDN
GDtac

GalNAC-GDa

GalNAc-GD'la (NeuSAcNeuSGe|

Figure 1. lllustrative snapshots of Glycolipid Modeler. (A)
Users can build a glycolipid sequence by selecting one of
the pre-defined glycolipids or by specifying their own
sequence. In this illustration, GM1 is selected from the pre-
defined glycolipids. The selected glycolipid sequence is
also displayed using (B) Glycan Reader Sequence (GRS)
format and (C) the symbolic representation. (D) The output
structure of GM1. The lipid moiety is represented in gray,
and the oligosaccharides are shown in green.

play important biological roles as enzymes, adhesion molecules, regulatory proteins, receptors,
and prion proteins®. Glycolipid Modeler provides a canonical GPI form and users can modify
it if necessary. Linking GPI to proteins is possible in the PDB manipulation step in CHARMM-

GUI and separately described below.

In SphinGOMAP®', there are more than 200 GSL types reported. Based on the sugar
type attached to Cer or the substitutions on a sugar, GSLs are classified into multiple
subcategories (Figure S1). Galactocerebroside (GalCer) has a galactose (Gal) in a fB-
configured linkage to Cer, and a glucocerebroside (GlcCer) has a glucose (Glc) in a B-anomeric
linkage to Cer. GlcCer can be further categorized by addition of Gal, forming a lactosylceramide
(LacCer). LacCer is a branch-point for the core glycan sequence of vertebrate GSL families
(ganglio-, globo-, isoglobo-, lacto-, and neolacto-series).



Table 1. Pre-defined glycolipid classification in Glycolipid Modeler.

Groups Subgroups # glycolipidsT Examples

Glycoglycerolipids - 3 MGDG, DGDG, SQDG

Galactocerebrosides - 3 GalCer, Sulfatide, II3-SO4-di-GaICer

Glucocerebrosides - 2 GlcCer, LacCer

Ganglio-series O-series 15 GA2, GM2a, GA1, GM1a, GM1b, GD1c, ...
a-series 23 GM3, GM2, GM1, GD1a, GD1aa, GT1a, ...
b-series 16 GD3, GD2, GD1b, GT1b, Chol-1B, GT1ba, ...
c-series 8 GT3, GT2, GT1c, GQ1c, GP1c, GP1ca, ...
others 1 GM4

Globo-series - 17 Gb3, Gb4, Forssman, SSEA-3, SSEA-4, ...

Isoglobo-series - 3 iGb3, iGb4, IV*-S04-iGb4

Lacto-series - 27 Lc3, LcGg4, Le4, Al-LacCer, Le®*-LacCer, ...

Neolacto-series - 54 nLc4, nLc5, nLc6, A2-LacCer, Le*-LacCer, ...

Blood groups ABO 23 A1-LacCer, B1-LacCer, H1-LacCer, A1-Lc4, ...
Lewis 35 Le*-LacCer, Le’-LacCer, IV°-Le*-Gb5, ...
P 4 P“ antigen, P antigen, P1 antigen, PX2 antigen

Sulfoglycolipids - 10 Sulfatide, IV°-S04-Gb4, 11>-S04-GA1, ...

Glycophosphatidylinositols  — 12 GPlI-core, T. brucei VSG, Human PrP, ...

Total 1847

TSome glycolipids are categorized into the multiple groups.
*The total number of unique glycolipids.

Most glycolipids fall into one of the aforementioned groups, but some can be further
categorized when they contain a chemical modification or certain glycan motifs. For example,
some antigens expressed on the surface of human red blood cells contain specific glycan motifs,
the so-called blood group antigens. There are 36 blood group systems discovered to date®.
Among them, ABO, P, and Lewis blood group systems (Figure S2) include glycolipid-type
antigens, and Glycolipid Modeler provides 62 blood group antigens in the pre-defined glycolipids
(Table 1). Sulfoglycolipids are glycolipids with at least one sulfate group attached to any
carbohydrate site. The sulfate group in sulfoglycolipids provides additional negative charges on
the cell surface, contributing to molecular interactions during cell recognition and membrane
microdomain formation®. There are 10 pre-defined sulfoglyolipids including the sulfatide, which
is one of the most important lipid components in the nervous system®®.

Glycolipid Modeler uses the common literature name for each pre-defined glycolipid
whenever possible. For instance, a glycolipid having a sequence of Gal(f1-3)GalNAc(B1-
4)[NeubAc(a2-3)]Gal(p1-4)GlcCer (GalNAc for N-acetyl-D-galactose and Neu5Ac for N-acetyl-
neuraminic acid) is commonly referred to as GM1. However, many of pre-defined glycolipids do
not have a common literature name. In such cases, Glycolipid Modeler provides a name as a
derivative of a structurally closest glycolipid having a common name.® For example, a glycolipid
having a sequence of GalNAc(B1-4)Gal(p1-3)GalNAc(B1-4)[NeubAc(a2-3)]Gal(B1-4)GlcCer
shares its sequence with GM1 up to the fourth sugar (count starts from the glycan attached to
Cer), and GalNAc is attached to the fourth sugar with a B-(1—4)-linkage. Therefore, it is named
IV4-GalNAc-GM1, where IV and a superscript 4 are the position and glycosidic linkage site of
the sugar to which GalNAc is attached, respectively.

The sequences of the pre-defined glycolipids are stored in Glycan Reader Sequence
(GRS) format*? (Figure 1 B). When a user selects a pre-defined glycolipid, the corresponding
glycolipid sequence is sent to the client side to display the sequence (under “Glycan Sequence”
in Figure 1 A), the GRS format (Figure 1 B), and its symbolic representation (Figure 1 C;
based on glycan symbol nomenclature®®). Figure 1 illustrates how one can generate a



ganglioside GM1 structure (Figure 1 D) by simply clicking “GM1a (GM1)” in the pre-defined
glycolipid list. A tutorial page illustrating how to generate a GM1 glycolipid structure is available
at http://www.charmm-gui.org/tutorial/glycolipid.

If a glycolipid sequence of user’s interest is not found in the pre-defined list, a custom
sequence can be supplied either by modifying the existing sequences or supplying a new
sequence under the “Glycan Sequence” panel. The panel provides options to add, remove, or
modify sugar types, glycosidic linkages, and chemical modifications (such as sulfation and O-
acetylation) at specific carbohydrate sites. In addition, Glycolipid Modeler supports various lipid
types and allows users to change lipid types for a selected glycolipid. Currently, there are 51
lipid types with various tail lengths, 13 carbohydrate types, and 7 common chemical
modifications available (Table S1). Note that both GRS format and symbolic representation are
updated as the glycolipid sequence is changed, so one can easily verify the updated glycolipid
sequence.

For a given glycolipid sequence, Glycolipid Modeler generates an all-atom structure
using CHARMM?®? based on common glycosidic torsion angles stored in the internal coordinate
(IC) information in the CHARMM36 FF for lipids®"®? and carbohydrates®. The CHARMM input is
automatically created based on the glycolipid displayed under the “Glycan Sequence” panel;
see Figure S3 for the CHARMM input for GM1 in Figure 1. The CHARMM input, the glycolipid
structure, as well as the topology and parameter files (for CHARMM, GROMACS, and AMBER)
are downloadable in a single tar file (“download.tgz”). These files can be used for a MD
simulation study of a glycolipid-containing system using various simulation packages.

Linking GPI to proteins. As mentioned in the previous section, a GPI moiety is usually linked
to the C-terminus of a protein, anchoring the protein on the membrane surface. Since Glycolipid
Modeler can only handle the generation of a glycolipid structure, another tool is necessary to
manage both GPI and a protein and link them together. PDB Reader & Manipulator’”*,
http://www.charmm-gui.org/input/pdbreader, is the first CHARMM-GUI module that allows
reading and manipulating a PDB biomolecular structure in a user-friendly web interface. PDB
Reader & Manipulator provides various options for protein manipulation, such as mutations,
different protonation states of titratable residues, disulfide bonds, post-transiational
modifications (i.e., phosphorylation, glycosylation, and lipid-tail linkers), nucleic acid
modifications (e.g., more than 100 naturally occurring modified ribonucleotides), and/or other
experimental modifications (e.g., adding spin labels, fluorophores, and unnatural amino acids).
We added a “GPI anchor” option, so that users can easily link the GPI moiety to their protein of
interest (Figure S4 A). Upon user’s activation on “GPI anchor” checkbox, as a default, the GPI
core sequence (Man(a1-2)Man(a1-6)Man(a1-4)GIcN(a1-6)PI-DAG; Figure S5) is attached to
the C-terminus of a protein via ethanolamine phosphate. The user can change the protein chain
to be GPIl-anchored and also modify the GPI sequence by clicking the “edit” button, which is
linked to the GPI-specialized version of Glycolipid Modeler (Figure S4 B), so that glycans
and/or chemical modifications to the GPI core sequence can be easily added.

The user-specified GPI sequence is transferred to the server in GRS format and used to
generate the GPI structure linked to the protein. PDB Reader & Manipulator first generates the
connectivity information of GPI, and the coordinates of GPI are imported using the GPI core
model structure from our previous study65, which is pre-optimized and pre-oriented with respect



to the membrane normal (the z axis) and center (z = 0). Some coordinates may not be built
during this process due to the absence of the coordinate information in the model structure,
mostly when a user modifies the GPI sequence or adds an extra chemical modification(s) in the
sequence. In such a case, the missing coordinates are generated from the IC information in the
CHARMMS36 FF. To avoid the penetration of the non-GPI part of the GPIl-anchored protein into
the membrane, PDB Reader & Manipulator searches an appropriate orientation of the protein by
changing two dihedral angles in the ethanolamine group (6 and ® in Figure S5). While PDB
Reader & Manipulator exists as an independent module, it is the first step in other CHARMM-
GUI modules, so that a user can easily build various membrane systems with a GPIl-anchored
protein.

LPS Modeler. A LPS molecule is specific to the Gram-negative bacteria and consists of three
regions: lipid A, core oligosaccharide, and O-antigen polysaccharide (Figure 2 A). In most
cases, the lipid A contains a $-(1—6)-linked glucosamine disaccharide that carries 4 to 7 amide-
and ester-linked acyl chains anchoring the LPS into the OM®®. A core oligosaccharide linked to
lipid A is made up of up to 15 monosaccharides that always include the negatively charged
eight-carbon sugar 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo), and in many cases, the seven-
carbon sugar heptose and common hexose residues (Figure S6 A). Additional decorative
groups can be present in the form of amine, phosphate, or ethanolamine diphosphate groups
(Figure S6 B-C), which provide charge variability to bacterial membranes. This region varies
structurally (e.g., there are five core types, R1-R4 and K-12, in E. coli). The O-antigen
polysaccharide is typically attached to the outer part of the core region. Most of these
polysaccharides are made of 2 to 8 sugar residues in a repetitive manner, referred to as a
repeating unit (RU), which can be polymerized 10 to 100 times. An O-antigen RU can be neutral
or with monovalent anionic charges (Figure S6 C). The diversity in sugar and substituent types
in the bacterial glycome, the linkage positions, and the extents of polymerization make a LPS
structure highly variable and complex. Bacterial growth conditions can influence the expression
of surface determinants resulting in the loss or reduction of O-antigen polysaccharides®"".
Some bacteria naturally form LPS lacking the O-antigen, while others form a lipid A-core with
further sugar modifications (also called LOS). Unlike other typical LPS cores, the LOS core is
less negatively charged (Figure S6 C) because the ethanolamine phosphate zwitterion is the
most dominant chemical modification in LOS (Figure S6 B).

Similar to Glycolipid Modeler, LPS Modeler has been developed to facilitate the structure
generation of a single LPS or LOS molecule. LPS Modeler takes an LPS/LOS sequence from
the predefined LPS/LOS sequences as input data, i.e., the user can select the bacterial species,
lipid A / core / O-antigen types, and the number of O-antigen RUs (Figure 2 B). Further,
available O-antigens for a specific bacterium are provided as a table, so that they can be easily
changed by clicking an O-antigen name (Figure 2 B). LPS Modeler currently supports
experimentally identified LPS sequences’®"® of 15 bacterial species with 37 lipid A, 52 core,
and 304 O-antigen types (Table 2), including all available E. coli O-antigen sequences in
ECODAB’"™. The predefined LPS/LOS sequences are stored in GRS format on the server,
which can be transferred to the client side upon request by the user.

The selected LPS/LOS sequence is automatically displayed in the CASPER format®*"°
next to the core selection button or O-antigen text input box (Figure 2 B), as well as on the
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Figure 2. Structure of (A) LPS and (B-E) illustrative snapshots of LPS Modeler. (A) E. coli K-12 06 with 2 repeating
units. (B) Users can build a LPS sequence using bacterial species, lipid A, core, and O-antigen information. The
selected LPS sequence is displayed on (C) “Core Sequence” and (E) “O-antigen Sequence” panels, and the linkage
information between core and O-antigen is displayed in (D) “Core — O-antigen Linkage” section.

“Core Sequence” (Figure 2 C) and “O-antigen Sequence” (Figure 2 E) panels. Using these
glycan sequence panels, the user can easily modify the carbohydrate types, linkage types, and
chemical modifications, or can add or remove a carbohydrate or a chemical modification to/from
the predefined sequence. In addition, with the presence of O-antigen RUs, the information for
the core-O-antigen linkage is displayed (Figure 2 D), and the user can readily modify the
linkage between core and O-antigen using the selection buttons. If LOS is selected or a user
puts zero in the “# O-units” text box to build rough LPS structure, the “Core-O-antigen Linkage”
and “O-antigen Sequence” panels will be hidden to avoid confusion in identifying the selected
sequence. Finally, based on reported chemical modifications or acylation patterns, there are
more than one lipid A types available in a selected bacterial species, which user can check their
chemical structures and choose one of available lipid A structures.

Upon clicking on the next button, LPS Modeler generates a CHARMM input script using
user-selected sequence information to build an all-atom LPS/LOS structure. The structure
generation procedure in LPS Modeler is rather complicated compared to that in Glycolipid
Modeler, because LPS/LOS contains multiple components. In addition, to use the generated
LPS/LOS structure for the OM system building, the structure needs to be extended along the
membrane normal to avoid any steric clashes with the neighboring LPS/LOS molecules.
Therefore, additional procedures are required to make an extended structure by applying planar
and cylindrical restraints. The detailed structure generation procedure is as follows: (i) generate
connectivity information and coordinates of lipid A using the IC information in the CHARMMZ36
FF; (ii) reorient the generated lipid A structure to be aligned along the z-axis; (iii) generate
connectivity information of core oligosaccharides, make a link to lipid A, and build coordinates
using the IC information; (iv) generate connectivity information of O-antigen polysaccharides,



Table 2. Supported bacterial species with the number of lipid A, core, and O-antigen types in LPS Modeler.

Bacterial species # of Lipid A types # of Core types # of O-antigen types
Acinetobacter baumannii 2 3 -
Burkholderia cepacia 3 1 -
Campylobacter jejuni 1 9 -
Chlamydia trachomatis 1 3 -
Escherichia coli 2 5 157
Helicobacter pylori 2 1 5
Klebsiella pneumonia 3 1 16
Moraxella catarrhalis 1 3 -
Neisseria gonorrhoeae 3 3 -
Neisseria meningitidis 3 8 -
Pseudomonas aeruginosa 5 3 32
Salmonella enterica 3 2 60
Shigella flexneri 1 1 19
Vibrio cholerae 5 3 15
Yersinia pestis 2 6 -
Total 37 52 304

connect the O-antigen to the core, and build coordinates using the IC information; (v) make LPS
structure extended by performing a short MD simulation with planar (in z position) and
cylindrical restraints (see Figure 2 A for E. coli LPS structure with the K-12 core and the O6 O-
antigen generated through this procedure). All the input (CHARMM script) and output (LPS
structure, connectivity information, and parameter) files can be downloaded by clicking the
“download.tgz” button.

Glycolipid-/LPS-containing Membrane Builder. Although a single glycolipid/LPS/LOS
structure can be generated by Glycolipid Modeler and LPS Modeler, building a membrane
system containing them is not straightforward. In addition to knowledge of structural models of
individual proteins and lipids, handling of all relevant information to correctly prepare a complex
membrane system requires considerable time and experience. Membrane Builder successfully
encapsulates such a sophisticated process into a well-established five-step workflow, and it can
reproducibly generate a realistic protein-membrane or membrane-only system. Therefore,
glycolipid-/LPS-containing Membrane Builder is implemented by incorporating Glycolipid
Modeler and LPS Modeler into the lipid selection in Membrane Builder. The first step of
Membrane Builder is protein structure reading and manipulation, which are managed by PDB
Reader & Manipulator. Introduction of a GPI anchor into the protein can be done with the “GPI
anchor” option during this step (Figure S4). In STEP 2, Membrane Builder provides options to
change the orientation and position of the protein along the membrane normal. In STEP 3,
which is the first step for the membrane-only system, users can select the lipid components, and
the incorporation of Glycolipid Modeler and LPS Modeler is implemented in this step. As
glycolipid-/LPS-containing Membrane Builder should allow multiple glycolipid/LPS selections,
we introduced “Glycolipids” and “LPS (lipopolysaccharides)” subgroups in the lipid selection
table of Membrane Builder (Figure 3 A). When the glycolipid and/or LPS section(s) are
activated, “Add glycolipid” and/or “Add LPS” buttons will show up. By clinking these buttons, a
new glycolipid (default is GalCer) or LPS (default is E. coli with R1 core and O1 O-antigen)
molecule is added to the lipid selection table with a sequential ID (starting from GLPA to GLPZZ
for glycolipids and from LPSA to LPSZZ for LPS). The glycolipid or LPS ID is implemented as a
clickable button, which is linked to a pop-up window that contains Glycolipid Modeler (Figure 3
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B) or LPS Modeler, so that one can easily add a pre-defined or custom glycolipid/LPS/LOS
molecule in the selection table. The lipid selection information is used to place pseudo spheres
for the lipid head group position, and the pseudo spheres are replaced with the all-atom lipid
structures in STEP 4. Other components, such as water and ions, are also generated in STEP
4, and all the components are assembled in STEP 5. The simulation system, topology and
parameter files, ready-to-use MD inputs (based upon user’s selection), as well as the CHARMM
input files used to generate the simulation system are provided as a single tar file
(“download.tgz”).

Unlike typical phospholipids, glycolipid and LPS molecules require specific
considerations for the lipid component generation. (i) While Membrane Builder uses a
predetermined set of 2,000 conformations for each phospholipid during the replacement of
pseudo spheres, it is impossible to prepare such a conformation library for each glycolipid or
LPS/LOS molecule because their carbohydrate sequence and lipid type can be varied
depending on the user selection. Therefore, we introduced an additional step to generate a
structure for each user-specified glycolipid or LPS/LOS sequence (Figure S7; highlighted in
green). The generated glycolipid or LPS/LOS structure is then used to replace the pseudo
spheres in STEP 4. (ii) While phospholipids are designed to be a single residue in the CHARMM
FF, glycolipid and LPS/LOS molecules are composed of lipid and carbohydrate residues (so-
called segment). Therefore, the CHARMM input script to generate a membrane component in
STEP 4 was modified to handle both phospholipid residues and glycolipid or LPS/LOS
segments (Figure S7; highlighted in orange). (iii) Because some glycolipids, especially LPS,
have a very long glycan chain, it can cause severe steric crashes with the neighboring proteins
or LPS during the system generation. To avoid this problem, Membrane Builder projects some
protein atoms onto the XY plane at z = +12 A to consider the protein shape above and below
the membrane. In addition, each glycolipid or LPS/LOS structure is made to be extended along
the membrane normal. (iv) The divalent cation provides stability to the bacterial OM by forming
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Figure 3. (A) Implementation of “Glycolipids” and “LPS (lipopolysaccharides)” subgroups in the lipid selection table in
Membrane Builder (highlighted in red box). The glycolipid ID (highlighted in blue box) is linked to (B) Glycolipid
Modeler in a new pop-up window. In the same way, the LPS ID is linked to LPS Modeler, but it is not shown in this
figure.
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salt bridges with negatively charged lipid A and core. Therefore, the ion placement method in
STEP 4 was modified to place the Ca?* divalent cations in the lipid A and core regions as the
counter ions. Membrane Builder also provides options to change the type of counter ions for
lipid A and core, so a user can select the ion types among K*, Na*, Mg?*, and Ca?".

RESULTS AND DISCUSSION

Several membrane-protein complex and membrane-only systems were generated and
simulated to illustrate glycolipid-/LPS-containing Membrane Builder in a combination with PDB
Reader & Manipulator. Note that these illustration systems are chosen to show the new
capability of Membrane Builder but not for the FF validation or scientific researches. The issue
in FF validation is discussed in the LIMITATIONS section below. The video demos of their
system building procedures are available on http://www.charmm-
gui.org/demo/membrane builder/2. All the prepared simulation systems were triplicated to
increase sampling and to check the convergence. All simulations were performed using
OpenMM 7.1.1*° with the OpenMM Python scripts provided by CHARMM-GUI*'. The simulation
systems were minimized and equilibrated following the CHARMM-GUI Membrane Builder
standard protocols®', and 500-ns production runs for plasma membrane systems and 1-ps
production runs for OM systems were carried out in NPT (constant number of atoms and

A B e o

) --i-..;:" -r_;:.f_. “H.
A | SR

Figure 4. Snapshots of (A-D) initial and (E-H) final simulation systems for (A,E) GPI-CD59, (B,F) axolemma, (C,G) C.
jejuni OM, and (D,H) BtuB in E. coli OM. Proteins are represented in cartoon with different colors based on the
secondary structures (red for a-helix, yellow for -sheet, and green for coil and turn). Carbohydrates are represented
in red (N-glycan), sky-blue (GalCer), green (sulfatides), light-pink (GM1), brown (GD1a), cyan (C. jejuni GM1-mimicry
LOS), light-orange (C. jejuni GD1a-mimicry LOS), gray (E. coli core), and orange (E. coli O-antigen) sticks. Lipid
moieties are showed in yellow (Chol), white (POPE), iceblue (PSM), sky-blue (GalCer), green (sulfatides), coral
(GM1), brown (GD1a), lime (POPC), light-gray (SOPE), cyan (SSM), tan (POPS), red (2POPI), gray (POPG), blue
(PPPE), orange (PVPG), magenta (PVCL2), and pink (E. coli/C. jejuni lipid A) spheres. Ca®*, Na*, K, and CI ions are
represented in yellow, blue, magenta, and green small spheres, respectively. The water molecules are omitted for
clarity.
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isothermal-isobaric) ensemble. The temperature was maintained at 300.0 K for the GPI-CD59
system and 310.15 K for other systems, and the pressure was set to 1.0 bar.

GPl-anchored CD59 in human plasma membranes. As an example of building a membrane
system containing GPl-anchored protein, we built a system of GPl-anchored CD59 in human
plasma membranes. The CD59 is a surface-bound complement regulatory protein that protects
the cell from reactive lysis by inhibiting the formation of membrane attack complex®. The
structure of CD59 was obtained from the PDB (ID: 1CDR)*, and the GPI structure (Man(a1-
2)Man(o.1-6)Man2EtNP(a1-4)GlcN(a1-6)PI-DAG; EtNP is ethanolamine phosphate)®’ was
linked to the C-terminus of the protein. Note that we only use the well-identified glycans and
chemical modifications for the GPI in this study. In addition, an N-glycan in the crystal structure
was included. The GPl-anchored CD59 was inserted into a lipid raft model containing 145
cholesterols (Chol), 149 1-palmitoyl-2-oleoyl-sn-phosphatidylethanolamines (POPE), and 135
palmitoyl-sphingomyelins (PSM)GS. The TIP3P water box was added to the system with K*
counterions and 0.15 M of K" and CI" ions. Figure 4 A shows the initial structure of the
generated system. After 500 ns, membrane shrank in xy (membrane plane) but extended in z
direction, showing the lipid ordered phase (Figure 4 B). All three replicas were in an equilibrium
state within 100 ns of simulation (Figure S8 A).

Axonal membranes in human neuron cells with various gangliosides. The axolemma is the
neuron cell membrane surrounding an axon, maintaining the concentration gradient of ions
inside and outside of the axon, which is essential for the signal transmission. Although the lipid
composition of axolemma was identified®, the lipid composition in each leaflet is still elusive
because a certain lipid type only exists in the outer leaflet. For example, the axonal membranes
contain several gangliosides, such as GM1, GD1a, and GQ1b, as well as GalCer and sulfatides
in their outer leaflet. To get the accurate lipid composition in each leaflet, we have performed
testing simulations of symmetric bilayers: one with the estimated number of inner leaflet
components (99 Chol, 39 POPC, 38 SOPE, 6 SSM, 6 POPS, and 8 POPI), and the other with
the estimated number of outer leaflet components (50 Chol, 20 POPC, 19 SOPE, 3 SSM, 3
POPS, 4 POPI, 69 GalCer, 14 sulfatides, and 6 gangliosides), where the abbreviations are
POPC for 1-palmitoyl-2-oleoyl-sn-phosphatidylcholines, SOPE for 1-stearoyl-2-oleoyl-sn-
phosphatidylethanolamines, SSM for stearoyl-sphingomyelins, POPS for 1-palmitoyl-2-oleoyl-
sn-phosphatidylserines, and POPI for 1-palmitoyl-2-oleoyl-sn-phosphatidylinositols. Using the
area-per-lipid (APL) data obtained from the testing simulations, the accurate lipid composition
was calculated; see Section S1 in the supporting materials for details. Finally, an asymmetric
bilayer system was built with 119 Chol, 47 POPC, 46 SOPE, 7 SSM, 7 POPS, and 10 POPI in
the inner leaflet, and with 66 Chol, 26 POPC, 25 SOPE, 4 SSM, 4 POPS, 5 POPI, 86 GalCer,
17 sulfatides, 4 GM1, and 4 GD1a in the outer leaflet. The TIP3P water box, Na* counterions,
and 0.15 M of Na" and CI ions were added to the system. Like GPI-CD59 system, the
axolemma system showed the phase transition from the lipid disordered phase (Figure 4 B) to
the lipid ordered phase after 500-ns simulation (Figure 4 F). This is consistent with the previous
researches®® showing the high concentration of Chol and SM results in lipid ordered phase.
The system size in X/Y and Z was converged within 100 ns (Figure S8 B), implying the fast
mobility of phospholipids.
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C. jejuni OM. C. jejuni has ganglioside-mimicry LOS on its OM. Building C. jejuni OM models
was more straightforward than building axolemma models because the outer leaflet of C. jejuni
OM only contains ganglioside-mimicry LOS, and the inner leaflet consists of 8:2 mixture of
POPE and 1-palmitoyl-2-oleoyl-sn-phosphatidylglycerol (POPG)®. Although the lipid
composition of each leaflet is clearly identified, the ratio between the LOS in the outer leaflet
and the phospholipids in the inner leaflet is unknown. Therefore, we tested symmetric bilayer
simulations of the outer leaflet component systems (GM1-mimicry LOS and GD1a-mimicry LOS)
and the inner leaflet component system (POPE:POPG = 8:2), and calculated the number of
lipids in each leaflet by measuring the APL of each system (Table S2). Finally, an asymmetric
bilayer system was built with 138 POPE and 34 POPG in the inner leaflet, and 30 GM1-mimicry
LOS and 30 GD1a-mimicry LOS in the outer leaflet. The lipid A and core were neutralized with
Ca?' ions, and Na* ions were added to neutralize phospholipids in the inner leaflet. In addition,
the TIP3P water box with 0.15 M of Na® and CI ions was added to the system. Initially, the
oligosaccharides of LOS were extended along the membrane normal (Figure 4 C), and they
were relaxed after 500-ns simulation (Figure 4 G). The system size was converged about after
700-ns simulation (Figure S8 C).

BtuB in E. coli OM. BtuB is a TonB-dependent E. coli transporter for cobalamin (Vitamin B,). A
BtuB-containing E. coli OM system was generated to illustrate the generation of OM system
containing OM protein. The pre-oriented BtuB structure (PDB ID: 1NQE)48 was obtained from
OPM database®. 75 PPPE, 20 PVPG, and 5 PVCL2 were added to the inner leaflet, and 38 E.
coli LPS structures with the K-12 core and the O6 O-antigen with 2 RUs were added to the outer
leaflet following the procedure described in the references®”®®; abbreviations are PPPE for 1-
palmitoyl-2-palmitoleoyl-sn-phosphatidylethanolamine, PVPG for 1-palmitoyl-2-vacenoyl-sn-
phosphatidylglycerol, and PVCL2 for 1,1’-palmitoyl-2,2’-vacenoyl cardiolipin with a net charge of
-2e. The TIP3P water, K* counterions, and 0.15 M of K* and CI" ions were added to the system.
Like C. jejuni OM system, E. coli core and O-antigen were initially extended along the
membrane normal (Figure 4 D), and they were relaxed after 500-ns simulation (Figure 4 H).
Although 2 O-antigen RUs were used in this study, it was sufficient to hide the vestibule of BtuB
(Figure S9). While the plasma membrane systems (GPI-CD59 and axolemma) were stabilized
within 100-ns simulation (Figure S8 A-B), the bacterial OM systems (C. jejuni OM and BtuB in
E. coli OM) required longer simulation time (> 700 ns) to be stabilized (Figure S8 C-D). This is
consistent with previous computational OM studies®~®°, and it is believed that strong interaction
between LPS and divalent cation causes this phenomenon.

Limitations. Although CHARMM-GUI Membrane Builder is robust, for its successful practical
use, there are some limitations that users need to be aware of. As we described in BtuB in E.
coli OM subsection in the RESULTS AND DISCUSSION section, the membrane dynamics is
very slow especially for Gram-negative bacterial OM systems due to the slow diffusion of the
LPS molecule. Since CHARMM-GUI Membrane Builder provides only initial simulation systems,
a user needs to perform a long simulation (> 400 ns) to equilibrate the system if it contains LPS
molecules.
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In most cases, experiments provide the overall lipid composition, but one has to
determine how many lipids should be in each leaflet for their simulation. This issue is relatively
simpler for a symmetric bilayer system (i.e., the same lipid compositions for both the inner and
outer leaflets). However, it becomes complicated to estimate the number of lipids in each leaflet
for an asymmetric system like an OM. To avoid an asymmetric lateral pressure of a bilayer
membrane, a current best solution, also used in Membrane Builder, is to determine and
distribute necessary number of each lipid type in the inner and outer leaflets to have the same
membrane surface area in each leaflet. One can simply use the area-per-lipid estimated from
homogeneous lipid bilayer systems. Alternatively, one can build and simulate two symmetrical
bilayer systems: one with the inner leaflet composition and the other with the outer leaflet
composition. By doing this, the user can get accurate area-per-lipid data from these test
simulations, and use them in Membrane Builder to get more accurate number of each lipid type
in the system (see Section S1 in the supporting materials and video demos on
http://www.charmm-gui.org/demo/membrane builder/3).

CHARMM-GUI Membrane Builder uses the latest version of the CHARMM C36 additive
FF®'%3. Similar to other FFs, the CHARMM FF is designed to allow a “building-block” approach
to easily create FFs for molecules analogous to the ones already in the FF. Many topologies
and parameters of lipids and carbohydrates in the latest version of the CHARMM C36 FF were
generated using this “building-block” approach, and the generated FFs were further validated for
several years by comparing the simulations with the available experimental data®®¢%:87:88.90-99,

CONCLUSIONS

The new features we introduced in CHARMM-GUI (Glycolipid Modeler, LPS Modeler, and
glycolipid-/LPS-containing Membrane Builder) make it possible to generate a realistic
biomembrane simulation system containing glycolipids and/or LPS/LOS. Glycolipid Modeler and
LPS Modeler can not only provide the glycolipid/LPS/LOS structures, but also be utilized as a
database. In other words, they provide an easy way to navigate glycolipid structures in a certain
glycolipid class, comparing the glycolipid structure of interest with other glycolipids in the same
category, or comparing certain LPS/LOS structure or sequence with those of other bacterial
strains or species. Using four biological membrane systems, we have also illustrated the
generated systems through glycolipid-/LPS-containing Membrane Builder are reliable. These
tools will help carrying out innovative and novel glycolipid/LPS/LOS modeling and simulation
research to acquire insight into structures, dynamics, and underlying mechanisms of complex
glycolipid-/LPS-/LOS-containing systems.
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number of lipids in each leaflet for axolemma system. Table S4. Final lipid composition for
axolemma system. Figure S1. Schematic representations of major core glycan sequences of
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