Visualisation of Cyclic and Multi-Branched Molecules with
VMD

Simon Cross®, Michelle M. Kuttel®*, John E. StoneP, James E. Gain®

@ Computer Science Department, University of Cape Town, Private Bag X3,
Rondebosch 7701, South Africa
b Theoretical and Computational Biophysics Group, NIH Resource for Macromolecular Modeling and
Bioinformatics, University of Illinois at Urbana-Champaign, Illinois, USA

Abstract

We report the addition of two visualisation algorithms, termed PaperChain and
Twister, to the freely available Visual Molecular Dynamics (VMD) package. These algo-
rithms produce visualisations of complex cyclic molecules and multi-branched polysac-
charides and are a generalization and optimization of those we previously developed in
a standalone package for carbohydrates. PaperChain highlights each ring in a molecu-
lar structure with a polygon, which is coloured according to the ring pucker. Twister
traces glycosidic bonds with a ribbon that twists according to the relative orientation of
successive sugar residues. Combination of these novel algorithms and new ring selection
statements with the large set of visualisations already available in VMD allows for un-
precedented flexibility in the level of detail displayed for glycoconjugate, glycoprotein and
carbohydrate-binding protein structures, as well as other cyclic structures. We highlight
the efficacy of these algorithms with selected illustrative examples, clearly demonstrating
the value of the new visualisations, not only for structure validation, but for facilitating
insights into molecular structure and mechanism.
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1. Introduction

Molecular visualisation aims to highlight the connectivity and important structural
features of a molecule and hence facilitate the conceptual understanding necessary for
solving structure-function relationships. Abstract representations, such as ribbon[1, 2, 3]
or cartoon diagrams[1], have long been preferred over explicit representation of the atomic
positions for proteins. However, there are currently few abstract visualisations widely
available for other classes of molecules. In particular, aside from DNA, the visualisation
of cyclic molecules and multi-branched molecules is largely neglected by current molecular
visualisation packages.

Polysaccharides, in particular, are comprised of chains of cyclic sugar residues, often
multi-branched. These molecules have an enormous variety of roles to play in biologi-
cal organisms, from structural molecules to the molecular recognition and cell signalling
roles played by many glycoproteins. For example, the elucidation of the mechanisms
that govern how oligosaccharides are accommodated in the binding sites of lectins, an-
tibodies and enzymes is currently of major interest. However, the high incidence of
incorrect carbohydrate stereochemistry and glycosidic linkages for glycoprotein entries
in the PDB database[4, 5, 6] illustrates the difficulty with identifying incorrect structures
by researchers less familiar with the intricacies of carbohydrate structure, stereochem-
istry and favoured ring conformations. For this reason, tools have been developed for
general glycan structure verification. The Carbohydrate Structure Suite (CSS)[7] con-
tains the pdb-care program, a verification service for the nomenclature of a saccharide
unit that is able to identify and assign carbohydrate structures using only atom types
and their 3D atom coordinates[4]. The glycoconjugate Data Bank (GDB) can be used
to verify N-glycan primary structures.[8] However, even where the stereochemistry and
ring structures are correct, the glycan components of glycoproteins can exhibit incorrect
ring pucker conformations as a result of the crystal structure refinement process. None
of these tools incorporates analysis of the carbohydrate ring pucker parameters, which
currently involves separate calculation using available codes.[9] Highlighting altered car-
bohydrate ring pucker is also useful for analysis of carbohydrate-protein interactions,
which often involve a change of ring conformation from low-energy chair conformations,

to the higher-energy but relatively stable boat and twist-boat conformations.
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In previous work, we developed a standalone application, CarboHydra, to test two
novel visualisation algorithms for carbohydrate structures, which we named PaperChain
and Twister.[10] These visualisations provide control over the level of detail shown for
carbohydrate structures. The PaperChain visualisation highlights the conformation of
a ring with a polygon that is coloured according to the ring pucker coordinates. The
Twister visualisation is intended to serve the same purpose for carbohydrates as ribbon
diagrams do for proteins, tracing the backbone conformation of polysaccharide chains.
Here, a curved ribbon highlights the backbone linkages, with the twist of the strand
revealing the relative orientation of each successive ring, an important conformational
detail in polysaccharides. In addition, Twister is useful in revealing the backbone network
of complex multibranched polysaccharides, which are difficult to trace when viewed in
typical ball-and-stick representations.

The CarboHydra prototype established the efficacy of the algorithms and initial re-
sponse from the community of carbohydrate researchers demonstrated a need for these
visualisations. However, CarboHydra had limited utility: it did not include any addi-
tional molecular visualisations, such as secondary structure or “cartoon” representations
for proteins, and was developed solely for Windows platforms. This is an instance of a
commonly recognised problem - there is a pressing need to incorporate innovations in
visualisation into existing molecular visualisation packages to make them available to a
wider community.[11]

We chose the Visual Molecular Dynamics (VMD) package[12] in the first instance
for implementation of our algorithms. VMD is widely available and VMD source code
is freely accessible available on the web and by remote CVS access. This approach has
the added advantage of combining these novel visualisations with those already extant
in VMD, thus enabling novel views of glycoproteins and carbohydrate-binding proteins.
A further advantage of the incorporation process is that it led to the generalization and
improvement of the PaperChain and Twister algorithms. The algorithms were validated
on a variety of structures, options for limiting the size of rings were added and the
ring-detection procedure was altered so that all cycles are detected, not just those in
saccharide residues. In addition, a uniform colour mapping scheme for all rings was

implemented: a one-dimensional colour scale based solely on the puckering amplitude
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as defined by Cremer and Pople.[13] This colour scheme clearly differentiates between
planar rings and various degrees of pucker.

Previously, we analysed the value of the Twister and PaperChain visualisations for a
selection of carbohydrate structures. The efficacy of the two visualisations is trivial to
show in the much more rapid recognition of ring location, ring type and ring pucker for
the PaperChain visualisation and relative residue orientation for the Twister visualisation
that results. However, the effectiveness of these visualisation techniques is more difficult
to quantify where non-quantitative judgements, such as key insights, are involved. Here
we focus on visualisations of glycoproteins and lectins, which are made possible by the
combination of Twister and PaperChain with the other visualisations implemented into
VMD.

In our first example, the ease of locating incorrect structures with our current visu-
alisations is demonstrated on a glycoprotein structure. The second example concerns a
chitolectin. Here we visualize this carbohydrate-binding protein to assess whether ring
puckering plays a role in carbohydrate binding and to determine whether the use of the
PaperChain and Twister visualisations facilitates the development of key insights into

the carbohydrate binding mechanism in this class of molecules.

2. Methodology

The VMD package is written in the C++ programming language with the OpenGL
graphics library and comprises a large set of classes. Additions were made to the
BaseMolecule and DrawMolltem classes to incorporate the PaperChain and Twister vi-
sualisations into VMD. In all cases, the visualisations are subject to the powerful VMD
selection functions, whereby the visualisation is applied to only the selected atoms in the

current molecular structure.

2.1. Identifying Rings

Identification of the rings existing in the current molecular structure is a necessary
preprocess for both the PaperChain and Twister visualisation algorithms. However, as
this can be relatively time-consuming for large structures, within VMD it is only done on
demand: when either of the PaperChain or Twister visualisations is selected. In this way,
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the addition of these new algorithms does not impact on users who do not require these
features. For example, on-demand calculation of rings is particularly beneficial for users
working with structures containing millions of atoms, such as synthetic nanodevices,
where there might be a huge number of small rings in the interconnected structure that
the user would not necessarily wish to highlight.

The ring identification procedure was altered from the original implementation in the
CarboHydra package, in order to generalise and optimise the process. Here, we define a
ring as a simple loop with no cross-overs. The aim is to locate in the molecular graph all
chordless cycles of length less than a defined maximum ring size, M. The ring procedure
occurs in two stages: identifying a set of back edges within the molecular graph (i.e. the
cycles) and then converting each back edge to a set of rings. The algorithm proceeds as

follows.

e From the atomic coordinates, we construct an undirected molecular graph, G,

where nodes represent atoms and edges represent bonds.

e We then construct an (arbitrary) spanning tree of G, keeping a record of all the
back edges in the tree. (Every loop in G must, by definition, contain at least
one of the back edges, which are therefore used as the starting points for the ring

searches.)

e For each back edge in GG, we conduct a depth-first search for possible rings, with

the following pruning conditions:

— We exclude back edges previously used as the start of a search - this ensures
that each ring is identified only once. Used back edges are recorded in a hash

table.

— We exclude atoms that already exist in the current loop. To eliminate cross-
overs, we restrict rings to closed paths in G that visit no atom more than

once. Used atoms are recorded in a hash table.

e Each ring search halts when either a ring is found or the user-defined maximum

ring size, M, is reached.



e Once a ring is found for a particular atom, no further searches are made down that

path. This ensures that the smallest rings are identified first.

We now consider the time- and space complexity of this algorithm. Generating the
spanning tree is O(E + V) in both storage and time complexity, where E and V are,
respectively, the number of edges (bonds) and vertices (atoms) in the molecular graph,
G. In this process, B <= C, where B is the number of back-edges generated and C' is
the number of cycles in the graph (there is at least one unique cycle for each back edge).

The next step of the algorithm is a depth-first search from each back edge. Although
the search is truncated at depth M, it may still potentially cover the whole graph, so
the worst case run time is O(E + V) for each depth-first search. Therefore, the total
time for all searches is O(B % (E 4+ V')). For sensible molecular graphs, the portion of
the graph that can be reached from a back edge in M steps is independent of the size of
the molecule, so that, in practice, the time for each search is O(k), where k is a constant
that depends on M. For these graphs, the etire search procedure takes O(B). Noting
that B < E, we find that the overall time complexity is:

O(E+V)+E)=0(E+V) (1)

for the average case and

O(E+V)+E+(E+V))=O0(E+(E+V)) (2)

for the worst case molecular graphs. Therefore, as a safety mechanism, the maximum
number of rings identified is prevented from scaling faster than the square root of the
number of atoms.

The maximum ring size, M, is adjustable within the VMD graphical user interface.
If this is altered, Twister or PaperChain recalculate the rings and their locations. As the
implementation of ring finding in VMD is iterative rather than recursive, in practice M
can be set to be quite large without a noticeable impact on performance. However, for
very large structures, this can be quite slow. As extremely large structures of molecular
assemblies are likely to become more frequently investigated in the future, it may become
necessary to parallelize the ring finding algorithm. This could proceed as follows. The

Bader and Cong algorithm may be used for parallelizing the construction of a spanning
6



tree.[14] If necessary, the back edges could be identified in a second pass, after the
spanning tree has been constructed. This would be trivial to parallelize — with each
processor examining a subset of the nodes for those edges from the node that are not in
the tree G. The subsequent identification of rings would then be embarassingly parallel:
each processor being handed a subset of the back-edges to verify.

The ring finding algorithm enhances the already powerful VMD atom selection lan-
guage, making it possible for rings identified by the algorithm to be fed into analysis
scripts, as well as for specifically selected rings to be displayed with particular graphi-
cal representations. For example, an atom selection ”ringsize 5 from protein” in VMD
will select only the 5-membered rings: cycles in proline and the aromatic residues histi-
dine, proline and tryptophan (only the 5-membered ring) from the protein portion of a

structure file.

2.2. Orienting Loops

Orientation of each carbohydrate ring is required for the Twister algorithm, which
twists a linking ribbon to show the relative position of successive residues. Carbohydrate
rings are oriented by searching for an oxygen atom in the loop and then determining
whether the carbon immediately after the oxygen in the current ring orientation has the
name ”C1”. If it is, the ring orientation is reversed. This is consistent with the IUPAC
rules for ring orientation.[15]

Our system has the disadvantage that it relies on the carbons being labelled correctly
in the molecular structure file. Conversely, an advantage is that this method is predictable
and the user can alter the orientation of the rings themselves by changing the atomic
labels.

Loops which cannot be orientated using this method are simply marked as unorien-
tated and excluded from the search for paths between rings necessary for the Twister

algorithm.

2.8. Identifying Paths Joining Oriented Rings

The Twister algorithm also requires the paths connecting rings to be identified. These
may be branched. Paths connecting identified rings are located using a simple depth-

first search of the molecular grapgh G from each atom in each oriented ring. The search
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terminates at a user-defined maximum path length, L, and is restricted in that paths are

not allowed to contain loops. Additional pruning conditions used in the search are:

e We exclude atoms already in the current path, ensuring that paths do not cross

themselves. Used atoms are stored in a hash table.

e We exclude atoms which are identified a being part of a ring, except where they

occur as the first or last atom in a path.

e We exclude atoms which belong to multiple rings. This avoids spurious links be-

tween fused rings which share atoms.

A hash table is used to store the mapping from each atom to the ring containing it.
Storing the paths encountered is complicated by the fact that each bond may be part of
a number of different paths between rings. The storage structure therefore keeps lists of
both the paths found and the individual edges which make up these paths. Additionally,

to save time, for each edge we store a list of paths where it appears.

2.4. Rendering PaperChain

The PaperChain visualisation depicts the conformation of individual rings by fitting
a polyhedron through the participating atoms and the ring centroid. The rings found
(both oriented and unoriented rings) are rendered as bipyramids with a user-adjustable
height, H. The normal to the ring is calculated using Newell’s method[16] and the tops
of the pyramids are located a height H above the centroid in the direction of the ring
normal. The base of each pyramid is the (possibly non-planar) closed polygon formed

by the ring. Only rings which have all atoms selected are rendered.

2.4.1. Ring colour mapping
In our original CarboHydra implementation, the colour of a hexose ring was defined

according to a red, green, blue (RGB) colour scheme, as:

R = [sin(0)] *Q 3)
= |cos(0)] x Q (4)
= |[sin(3¢)sin(0)] * Q (5)

8



where R is the red component, GG is the green component and B is the blue component
and 6, ¢ and @ the Cremer-Pople puckering parameters.[13] While this scheme has the
advantage of clearly differentiating between the canonical conformations of hexose rings
(see Table 1), it is not general for all rings. In addition, the colour of planar rings
is arbitrarily defined. Therefore, we implement here a general one dimensional colour
scale for all rings with 3 or more atoms. To achieve this, we investigated a variety of
colouring schemes, including using the new Hill-Reilly puckering parameters.[9] However,
all approaches using puckering angles are problematic, as the puckering angles calculated
vary according to the stipulated start point of the ring. For a particular ring type,
such as proline rings or glucose rings, common convention has decided the atom order.
Unfortunately, implementing this would complicate the ring-finding algorithm with a
large number of heuristics. Therefore, we require a universal parameter that is invariant
with respect to the starting point of the ring. The Cremer-Pople puckering amplitude
has this property.

Here we colour all rings according to the Cremer-Pople puckering amplitude, which
is defined for all rings with size >= 3. The puckering amplitude is mapped to a one-
dimensional colour scale, allowing for any three-colour range in one dimension for puck-
ering amplitudes ranging from 0.0 A to 2.0 A (any value higher than this is truncated to
2.0). Our default colour range is a “hot-to-cold” scale, ranging from red for planar rings,
through yellow, green, cyan and blue. Rings with puckering amplitudes approaching
2.0 A are mapped to magenta. However, we have set the colouring stationary points to
be non-uniform, to suit particularly the most common pentose and hexose rings. The
stationary points are set at: 0.0 (red), 0.4 (yellow), 0.56 (green), 0.64 (cyan), 0.76 (blue)
and 2.0 (magenta) A.

A comparison between the original and our new colour mapping schemes for canonical
conformations of pyranose rings is shown in Table 1. While puckering amplitude is not
unambiguously associated with a particular conformation, this table makes it clear that
there is a strong correlation between them. The puckering amplitudes tend to increase
from planar rings (red), through half-chairs (yellow), envelopes (yellow-green) , chairs
(green), twist-boats (cyan) and boats (blue). Larger rings are associated with higher

puckering amplitudes, effectively separating the non-aromatic 5-membered rings such as
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proline and furanose (which typically map to yellow) from the 6-membered rings. As a
further utility for users, we have incorporated the calculated ring puckering amplitude
into the VMD atom selection language, giving users the useful ability to apply particular

visualisations based on puckering amplitude.

2.5. Rendering Twister

We have dispensed with the disc representation for each ring in the Twister visu-
alisation as implemented in CarboHydra, as this functionality is now provided by the
PaperChain visualisation, which can now be effectively combined with Twister. Paths
connecting orientated rings are rendered as thin ribbons with adjustable width and thick-
ness.

A user-adjustable option determines whether ribbons start at the centroids of the
start and end rings or at the start and end atoms. Newell’s method is again used to
calculate the ring normals.

The ribbon is represented as a cubic B-spline, using a similar method to that for
protein ribbons. However, Twister ribbons connect rings and thus have an additional
constraint: they must have a fixed orientation where they meet up with a ring. This
requires the definition of both a starting and ending frame for the ribbon, as follows.
The starting frame’s forward vector is the (normalised) tangent at the start of the spline.
The right vector is the (normalised) cross-product of the forward vector and the normal
to the starting ring. The up vector is the (normalised) cross-product of the forward and
right vectors. The ending frame is defined in a similar manner.

The starting frame is then propagated along the spline in a discrete set of steps (the
number of steps is configurable in the user interface). At each step, the previous frame is
rotated so that its forward vector matches the tangent at the new position on the spline.
The final frame will not generally match the ending frame calculated in the step above,
so a constant additional rotation is applied at each propagation step to make the final
frame match the desired ending frame.

The frames are then used to define small rectangles of width, W, and thickness, T,
at each of the discrete points along the spline. The sides of the rectangles are parallel
to the right and up frame vectors. The ribbon is finally constructed using flat planes to

join the tops, bottoms and sides of adjacent rectangles.
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Where the start from ring centroid option is selected by the user, it is necessary that
successive ribbons meet exactly to form one smooth ribbon, analogous to protein ribbons.
Therefore, in this case, the ribbon starts at a point X which lies on the plane formed
by the ring centroid and the ring normal. X is chosen to be as close as possible to the
point midway between the centroid and the last atom on the path. This brings the final
sections of all ribbons arriving at a single ring into a common plane so that they line-up
in a visually pleasing fashion. Any possible gaps where the ribbons meet are filled in by
rendering a small circular disk (actually a regular dodecagon).

Finally, only selected paths are rendered (a path is not selected if any of the atoms
in the path or any of the atoms in one rings it joins are not currently selected). There is
also an option for the user (Hide Shared Links) to not render paths which share bonds

with other paths.

2.6. Evaluation

For this work, we eschew controlled user experiments and usability testing of the soft-
ware because these are difficult to generalise to high-level insights rather than low-level
task completion.[17, 18] Instead, we aim to show qualitative rather than quantitative
results, in the first instance by demonstrating that the Twister and PaperChain visuali-
sations present information on the conformations of carbohydrate molecules in a manner
that is easily recognised and understood by users who are not experts in carbohydrate
chemistry. The utility of a visualisation for assisting scientific insight is extremely diffi-
cult to establish. To this end, we selected illustrative examples of molecular structures
from the Protein Databank where important aspects of the carbohydrate structure were
missed by the original authors and show that the use of PaperChain and Twister visu-
alisations could have avoided this situation. We focus on the Simian Immunodeficiency
Virus GP120 envelope glycoprotein at 4 A resolution reported in Chen et al.[19] (PDB
code 2BF1) and a chitolectin in complex with chitooligosaccharides: the goat secretory
glycoprotein, SPG-40[20] (PDB codes 2DT0, 2DT1, 2DT2 and 2DT3). The molecules
were visualized using VMD and the resultant 3D objects were then inspected for key

insights.
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3. Results and Discussion

The default hot-to-cold colour scale for PaperChain as applied to representative cy-
cloalkane structures is illustrated in Fig. 1. Here planar (Fig. 1(a)) cyclopropane and
(b) cyclobutane are both coloured red, while the characteristic envelope conformation
of cyclopentane, (c), is yellow. In cyclohexane, (d), the lowest energy chair structure is
green, the twist-boat conformation cyan and the boat conformation blue. The puckered
conformations of cycloheptane and cyclooctane (crown conformation) both appear as
deep blue. Larger, more dramatically puckered rings are coloured magenta, as for the
a-cyclodextrin structure shown in Fig. 6(e).

The envelope glycoproteins of HIV and SIV are the molecular agents of cell attach-
ment and membrane fusion and are thus of considerable interest. Fig. 2 shows our
visualisation of the crystal structure of an unliganded and fully-glycosylated Simian Im-
munodeficiency Virus GP120 envelope glycoprotein at 4 A resolution, as reported in
Chen et al.[19] In Fig. 2(a), the SIV the PaperChain visualisation is applied to the
glycan components only, using the default colour scale for the ring pucker. In (b), only
rings of puckering amplitudes not associated with the low-energy chair conformations
of the pyranose rings are highlighted. This was achieved with the new selection state-
ments we added to VMD (i.e “select pucker 0.0 to 0.9 or pucker 0.6 to 1.0” - refer to
Table 1 for typical amplitude values). From the yellow and blue colours displayed for
the glycan components, it is clear that a number of the saccharide rings exhibit unusual
puckering amplitudes and conformations for pyranose rings: biologically unlikely enve-
lope conformations are coloured yellow and yellow-green, while twist-boats are cyan and
boats blue. These atypical ring puckering amplitudes are likely a result of the harmonic
restraints applied to the glycans during crystal structure refinement inadvertently forc-
ing incorrect ring conformations. Similar errors in ring pucker, including highly puckered
proline residues (Q > 0.5, mapping to green rather than yellow in our colour scheme)
and non-planar aromatic rings, can be seen for a number of other structures in the
PDB database. The PaperChain visualisation thus has broad applicability as a simple
check for ring conformations and, therefore, also has utility for molecular model building,
where steric clashes during energy minimization procedures can also lead to errors in ring

conformation.
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Our second example concerns the lectin family of proteins, which bind sugars with
very high specificity. Protein Family 18 chitolectins are homologous to the catalyti-
cally active chitinases, but the inactive chitolectins simply bind and do not hydrolyse
oligosaccharides, due to a mutation in an active site residue. A series of recent investi-
gations into the X-ray structures and carbohydrate binding properties of SPX-40 family
of chitolectins revealed that these proteins bind chitin-like oligosaccharides in a similar
mode to the chitinases,[21, 22] within a groove with 9 subsites.[23, 24, 25, 26, 20] A
key component of the sugar hydrolysis mechanism for Family 18 chitinases is known to
be distortion of the N-acetylglucosamine ring at the binding site from a chair to a boat
conformation.[27, 28, 21, 24, 29] However, although a similar distortion of a sugar ring
to boat conformation has been seen to occur in the binding of chito-oligosaccharides to
human cartilage glycoprotein[23], no commentary on possible ring distortions was made
in three recent studies of related chitolectins.[25, 26, 20]

Fig. 3 shows PaperChain visualisations of four N-acetylglucosamine oligosaccharides
(GleNAc,,, n=3-6) bound in complex with the SPG-40 goat secretory glycoprotein.[20]
This novel combination of visualisations renders the location and conformation of the
rings much clearer than the depictions in the original work.[20] The SPG-40 protein
is glycosylated: the main image in Fig. 3 shows a pendant oligosaccharide with six
residues (6-acetylglucosamine, GleNACg). The second residue in this chain, though
coloured green, is actually distorted into a boat conformation. This is an example of the
puckering amplitude not being unambiguously associated with ring conformation: the
ring is coloured green, as for most chairs. Both the bound GlcNACsg oligosaccharide in
the main image and the GIcNACj oligosaccharide (inset (a)) show increased puckering
amplitudes for the first and third residues, as evinced by green-blue colour. It is also
clearly apparent in the PaperChain visualisations that binding alters the pucker of the
penultimate (deep blue) residue in the GIcNACg chain, deep within the binding pocket
at location -2, which is in the boat conformation. This fact was not mentioned in the
original work,[20] although a related lectin, human cartilage glycoprotein (HCGP39), has
been observed to force a skewed boat conformation for the sugar residue at the -1 binding
site. [23, 24] The last residue of GIcNACs5 is in the same location in the binding site and is

distorted to a envelope conformation, as is made evident by the yellow colour. The shorter
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oligosaccharides, GlcNacy (inset (b)) and GlcNacs (inset (c)), show puckering amplitudes
around 0.56 (green), which are associated with undistorted chair conformations for the
rings.

The SPG-40 protein binds longer oligosaccharides with high affinity, and we sug-
gest that alteration in ring pucker of the saccharide ligand may be necessary for tight
binding. The shorter oligosaccharides, GlcNacz and GlcNacy, which do not show ring
distortions, bind with low affinities and do not form stable complexes in solution.[20]
We found that a similar situation exists for the binding of N-acetylglucosamine oligosac-
charides to the related sheep secretory glycoprotein, SPS-40 (not shown).[26] Again, the
shorter oligosaccharides (n=3 and n=4) do not reach location -1 on the binding site and
show undistorted ring conformations, while longer oligosaccharides show distorted con-
formations at position -1. Here ring distortion is also associated with stronger binding:
the GlcNacs and GlcNacy, ligands bind weakly to SPG-40, while GIcNAc; and GlcNAcg
bind with considerable strength.[20] Thus, we propose that ring distortions are likely to
be a key component of the strong binding of oligosaccharides to the chitolectins, a role
similar to that played by chair-to-boat ring flips in the sugar hydrolysis mechanism of
the related chitinases.[27, 28, 21, 24, 22]

A further advantage of the PaperChain visualisation, is that the cyclic aromatic (red)
and proline (yellow to green) residues with proteins are easily located, as shown in an
alternative view of the SPG-40 protein in Fig. 4. The inset in this figure shows the
interaction of the GlcNacg substrate with the aromatic tryptophan and tyrosine pro-
tein residues located on the floor of the binding groove. The PaperChain representation
highlights the stacking orientation of these rings to the carbohydrate residues, which
is not clearly apparent in the ball-and-stick representations. This is a common fea-
ture of carbohydrate-protein interactions: conserved aromatic amino acid residues are
frequently present in carbohydrate-binding sites of proteins, where they are involved in
CH-7 stacking interactions with the C-H groups of bound sugar rings.[22, 30, 25] Finally,
a combination of Twister and PaperChain (Fig. 5(a)) or just Twister (Fig. 5(b)) can be
used to show clearly the 180° flip of successive sugar rings for the chito-oligosaccharides.
Here, the clear twist in the connecting ribbon between rings highlights the alternating

7up” and "down” orientations of the glucose residues - a preferred conformation that is
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characteristic of both chitin and cellulose polysaccharides.

Thus far, we have considered two illustrative examples of glyoproteins, demonstrating
the utility of our new visualisations. To conclude, we present a number of non-protein
cyclic molecular structures depicted with the PaperChain and Twister visualisations.
In a PaperChain visualisation of sucrose (Fig. 6(a)), the pyranose ring (green, chair
conformation) is immediately distinguishable from the furanose ring (yellow, envelope
conformation). Visualisation of a morphine molecule (Fig. 6(b)) highlights the very
different puckers of the rings in this molecule. These range from planar (red), thor-
ough slight envelope (orange) to chair (green) and twist-boat (cyan). A similar example
is the haem group (Fig. 6(c)), where the outermost rings are planar (coloured red),
while the rings in the metal coordination centre are in slight envelope conformations
(yellow/orange). Macrocyclic rings, such as in a-cyclodextrin (e), can be shown with
PaperChain. Nanostructures can also be shown in novel views with PaperChain, an
example being Buckminsterfullerene (Fig. 6 (d)). A combination of PaperChain and
Twister yields useful depictions of of poly- and oligosaccharides (Fig. 6(f) and (g)) and
DNA (h), where both the backbone twist and ring conformation is highlighted. For DNA,
the deoxyribose rings are in envelope conformations and hence yellow, while the planar

bases are red.

4. Conclusions

The incorporation of the PaperChain and Twister visualisations into the Visual Molec-
ular Dynamics (VMD) package allows for unprecedented flexibility in the visualisation
of glycoproteins and carbohydrate-binding proteins. These simplified abstract oligosac-
charide representations encapsulate information on the ring conformation and glycosidic
linkage orientation in such a way that non-expert users may quickly identify when molec-
ular structure refinement procedures have resulted in deformation of sugar rings. A
means for rapid validation of saccharide structures is potentially very useful, considering
the large percentage of PDB entries for glycoproteins that have errors in carbohydrate
stereochemistry and glycosidic linkage. The PaperChain visualisation reveals that, even
where the stereochemistry and ring structures are correct, the glycan components of

glycoproteins often exhibit incorrect ring pucker coordinates. Further advantages of the
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visualisations are depiction of the aromatic rings in amino acid residues and the con-
sequent highlighting of the CH-7 ring stacking interactions that are often a feature of
protein-carbohydrate binding interactions. Both the Twister and the PaperChain vi-
sualisations can, of course, be animated for viewing molecular dynamics trajectories.
This fourth dimension of time can thus highlight dynamic changes in the ring pucker
(PaperChain) and backbone orientation (Twister).

We have demonstrated the efficacy of the two visualisations in that they assisted in
the understanding of the mechanism of binding of oligosaccharides to protein Family
18 chitolectins, where we suggest that strong binding of chito-oligosaccharides by these
lectins requires a conformational change of the rings at the -1 and -2 binding sites.
However, in some sense the real test of the software will come now that the algorithms
are publicly available, as a practical measure of utility is whether the software is widely
used in achieving significant biological results.[11] If they do prove useful, the algorithms

as described here may be incorporated into other molecular visualisation packages.
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Cremer-Pople Coordinates  Original Carbohydra Colours Revised Carbohydra Colours

Conformer Colour Colour
¢ 0 Q R G B R G B
'c, 0-360 180 0.57 0.0 0.57 0.0 I 0.0 1.0 0.13 [ —
‘cy 0-360 0 057 0.0 0.57 0.0 [ 0.0 1.0 0.13 [
4B 240 90 0.76 0.76 0.0 0.0 [ ] 0.0 0.0 1.0 [ ]
Bus 60 90 0.76 0.76 0.0 0.0 [ ] 0.0 0.0 1.0 [ ]
25 120 90 0.76 0.76 0.0 0.0 [ 0.0 0.0 1.0 [ ]
Bas 300 90 0.76 0.76 0.0 0.0 [ | 0.0 0.0 1.0 [ ]
B 0 90 0.76 0.76 0.0 0.0 [ ] 0.0 0.0 1.0 ]
Bige 180 90 0.76 0.76 0.0 0.0 [ ] 0.0 0.0 1.0 [ ]
'H, 270 129 0.42 0.33 0.26 0.33 [ 0.88 1.0 0.0 |
H, 90 51 0.42 033 0.26 033 I 0.88 1.0 0.0 [
’H, 150 51 0.42 033 0.26 0.33 [ | 0.88 1.0 0.0 |
*H, 330 129 0.42 033 0.26 0.33 [ ] 0.88 1.0 0.0 |
H, 30 129 0.42 033 0.26 0.33 [ ] 0.88 1.0 0.0 | —
*Hs 210 51 0.42 0.33 0.26 0.33 [ | 0.88 1.0 0.0 [
Hs 270 51 0.42 0.33 0.26 0.33 . 0.88 1.0 0.0 —
Hy 90 129 0.42 0.33 0.26 0.33 ] 0.88 1.0 0.0 |
Hyg 150 129 0.42 0.33 0.26 0.33 ] 0.88 1.0 0.0 [
°Hj 330 51 0.42 0.33 0.26 0.33 [ ] 0.88 1.0 0.0 [
SH, 30 51 0.42 033 0.26 033 ] 0.88 1.0 0.0 | —
'H, 210 129 042 033 0.26 033 ] 0.88 1.0 0.0 1
's; 210 88 0.62 0.62 0.02 0.62 [ 0.0 1.0 0.75 (|
’S, 30 92 0.62 0.62 0.02 0.62 [ | 0.0 1.0 0.75 [
s, 90 92 0.62 0.62 0.02 0.62 [ | 0.0 1.0 0.75 [
'S5 270 88 0.62 0.62 0.02 0.62 ] 0.0 1.0 0.75 |
‘s, 330 88 0.62 0.62 0.02 0.62 . 0.0 1.0 0.75 | —
%S 150 92 0.62 0.62 0.02 0.62 [ ] 0.0 1.0 0.75 | —
'E 240 125 0.45 0.37 0.26 0.0 [ ] 0.69 1.0 0.0 | —
E, 60 55 045 037 0.26 0.0 ] 0.69 1.0 0.0 [ I—
’E 120 55 045 037 0.26 0.0 I 0.69 1.0 0.0 I
E, 300 125 045 037 0.26 0.0 | 0.69 1.0 0.0 [ —
°E 360 125 0.45 037 0.26 0.0 [ | 0.69 1.0 0.0 | —
E; 180 55 0.45 0.37 0.26 0.0 [ | 0.69 1.0 0.0 | —
‘E 240 55 0.45 0.37 0.26 0.0 [ 0.69 1.0 0.0 [
Es 60 125 045 037 0.26 0.0 ] 0.69 1.0 0.0 | —
SE 120 125 045 0.37 0.26 0.0 ] 0.69 1.0 0.0 [ —
Es 300 55 0.45 0.37 0.26 0.0 [ ] 0.69 1.0 0.0 | —
°E 360 55 045 0.37 0.26 0.0 [ ] 0.69 1.0 0.0 | —
Es 180 125 0.45 0.37 0.26 0.0 [ | 0.69 1.0 0.0 [

Table 1: Comparison of the colouring schemes for 6-membered rings used in the original CarboHydra
implementation[10] and this work. The values for the Cremer-Pople puckering parameters for each
canonical structure are as listed in Hill at al.[9]. (¢ and € in °, Q in A.) Planar rings, though not listed,

appear as black in the old scheme, red in our new scheme.
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Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Sample ring structures for cycloalkanes shown with a combination of the VMD
Licorice and our new PaperChain visualisation, illustrating the default hot-to-cold
colour scale based on the Cremer-Pople ring puckering amplitude.[13] (a) Cyclo-
propane, (b) cyclobutane, (¢) cyclopentane , (d) cyclohexane in boat (top), twist-
boat (middle) and chair (bottom) conformations, (e) cycloheptane and (f) cyclooc-
tane in a crown conformation.

The SIV GP120 glycoprotein structure determined by Chen et al.[19] (PDB code
2BF1). (a) The protein displayed in the VMD NewCartoon visualisation and the
carbohydrate rings displayed with a combination of our PaperChain and the standard
VMD Licorice visualisations. (b) The same view of the structure, showing the
carbohydrate components only. Only rings with puckering amplitudes less than 0.49
or greater than 0.6 are visualised with PaperChain.

A goat secretory glycoprotein (SPG-40) chilotelectin binding a hexasaccharide N-
acetylglucosamine, GlcNAcg (PDB code 2DT3).[20] Inset shows SPG-40 binding
(a) pentasaccharide GlcNAcs (PDB code 2DT2), (b) GlcNAcy (PDB code 2DT1)
and (c) GleNAcs (PDB code 2DTO0). In each case, the carbohydrate substrate is
depicted with a combination of our new PaperChain and the standard VMD Licorice
visualisations, while the surface of the protein is shown in gray using the VMD
Surf[31] visualisation. The image was rendered with the ambient occlusion lighting
feature provided by the Tachyon [32] program included with the VMD distribution.
A further visualisation of the goat secretory glycoprotein (SPG-40) chilotelectin
binding a hexasaccharide N-acetylglucosamine, GlcNAcg. Here, all cyclic residues
are highlighted with both PaperChain and the Licorice visualization. (Cyclic rings
in the protein were selected for display in the Licorice representation using “select
maxringsize 6 from protein”.) The inset shows interaction of the hexasaccharide sub-
strate with the aromatic residues located in the binding groove, with CH-7 stacking
interactions between aromatic protein residues and the C-H groups of bound sugar
rings indicated by dashed arrows.

The six-unit N-acetylglucosamine substrate from Figs. 4 and 5 depicted with (a) Pa-

perChain and Twister and (b) Twister only. Here the relative 180° flip of successive
21



Fig. 6.

sugar rings is highlighted by the twists in the connecting ribbon.

A variety of cyclic molecules visualized with PaperChain and Twister. (a) Su-
crose shown with PaperChain and the standard VMD Licorice visualisation. (b)
Morphine shown with PaperChain and Licorice visualisations. (c¢) PaperChain vi-
sualisation of a haem structure in two orientations. (d) Buckminsterfullerene in
the PaperChain visualisation. (e) a-cyclodextrin shown with PaperChain. (f)
Cyclotetradecaamylose[33] and (g) amylopectin branch point viewed with both the
PaperChain and Twister conformations, and the ring oxygens shown as balls (CPK).
Here the top and bottom of the ribbon (defined according to TUPAC convention for
saccharides) are coloured white and blue, respectively. (h) A-DNA structure visual-
ized with Twister for the DNA backbone, PaperChain for the rings and Licorice for

the bonds connecting the rings.
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