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Streptococcus suis is an encapsulated, commensal, potentially pathogenic bacterium that
infects swine globally and causes sporadic life-threatening zoonotic septicemia and
meningitis infections in humans. The capsular polysaccharide is a primary virulence
factor for S. suis. As S. suis serotype 2 is the most prevalent serotype globally, the
serotype 2 CPS is the primary target of current efforts to develop an effective
glycoconjugate veterinary vaccine against S. suis. Possible cross-protection with
related serotypes would broaden the coverage of a vaccine. The CPS in serotypes 2
and 1/2 differ at a single residue (Gal versus GalNAc), and both are similar to serotypes 1
and 14: all contain a terminal sialic acid on a side chain. However, despite this similarity,
there is complex pattern of cross-protection for these serotypes, with varying estimations
of the importance of sialic acid in a protective epitope. Further, a pentasaccharide without
the terminal sialic acid has been identified as minimal epitope for serotype 2. Here we use
molecular simulation to model the molecule conformations of the CPS in serotypes 2, 1/2,
1 and 14, as well as three vaccine candidate oligosaccharides. The common epitopes we
identify assist in rationalizing the apparently contradictory immunological data and provide
a basis for rational design of S. suis vaccines in the future.
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INTRODUCTION

Streptococcus suis is an encapsulated, commensal, potentially pathogenic bacterium that primarily inhabits
the upper respiratory tract of pigs. S. suis is not only a principal cause of death in piglets (Gottschalk 2011),
with consequent economic losses to the swine industry, but is also responsible for sporadic zoonotic
meningitis, septicemia and other infections in humanswho have been in contact with pigs, or consumed raw
pork products (Goyette-Desjardins et al., 2014). Recent deadly outbreaks of infections in Asia mean that S.
suis is now considered to be a serious emerging zoonotic agent (Dutkiewicz et al., 2018). Therefore,
development of effective treatments against S. suis is increasingly necessary, most particularly a veterinary
vaccine to limit disease in swine and consequently transmission to humans (Segura 2015; Segura et al., 2016).
Vaccination reduces the consumption of antibiotics and hence the development of antimicrobial resistance.
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The capsular polysaccharide (CPS) is a primary virulence
factor for S. suis that protects the bacteria from host
phagocytosis (Gottschalk et al., 2010; Auger et al., 2018), but
is also a target for anti-body mediated host defense and thus a key
component of many modern anti-bacterial vaccines. The poor
immunogenicity of polysaccharide vaccines can be overcome by
immunization with a glycoconjugate, which comprises
carbohydrate antigens conjugated to a suitable protein carrier
(Astronomo and Burton 2010). Glycoconjugate vaccines based on
capsular polysaccharides have been highly successful against
infection by Haemophilus influenzae, Streptococcus
pneumoniae and Neisseria meningitidis serotypes in humans
(Lockhart et al., 2018) and are a promising avenue for
development of a veterinary vaccine against S. suis (Goyette-
Desjardins et al., 2016; Goyette-Desjardins et al., 2019).

S. suis strains are classified into serotypes on the basis of the CPS
antigenicity. The S. suis CPS is diverse: based on CPS antigens, 35
serotypes of S. suis have been identified and healthy pigs carry
multiple S. suis serotypes in their upper respiratory tract
(Dutkiewicz et al., 2017). However, most porcine infections are
caused by a small subset of serotypes: in order of decreasing
prevalence, serotypes 2, 9, 3, 1/2, 8, 7, 4, 22, 5, and 1 (Goyette-
Desjardins et al., 2014). In humans, S. suis serotype 2 is the most
virulent strain worldwide, followed by serotype 14 (Goyette-
Desjardins et al., 2014; Segura et al., 2016). The focus of S. suis
conjugate vaccine development has therefore been thus primarily on

serotype 2 (Goyette-Desjardins et al., 2016; Goyette-Desjardins et al.,
2019).

Since 2010, CPS repeating unit (RU) structures have been
determined for S. suis serotypes 1, 1/2, 2, 7, 8, 9, 14 and 18
(Goyette-Desjardins et al., 2020). The focus of this work is a
comparison of the CPS from four closely related S. suis
serotypes: 1, 1/2, 2 and 14 (Van Calsteren et al., 2010; Van
Calsteren et al., 2013; Van Calsteren et al., 2016). These
serotypes have very similar CPS compositions (henceforth
labeled Ss2, Ss1/2, Ss1 and Ss14, respectively) which are as
follows (for comparison purposes, differences from Ss14 are
highlighted in bold).

Ss2:→4)[αDNeu5Ac(2→6)βDGal(1→4)βDGlcNAc(1→3)]βDGal(1→4)[αDGal(1→3)]βLRha (1→4)βDGlc(1→

Ss1/2: →4)[αDNeu5Ac(2→6)βDGalNAc(1→4)βDGlcNAc(1→3)]βDGal(1→4)[αDGal(1→3)]βLRha (1→4)βDGlc(1→

Ss1: →6)[αDNeu5Ac(2→6)βDGalNAc(1→4)βDGlcNAc(1→3)]βDGal(1→3)βDGal(1→4)βDGlc(1→

Ss14: →6)[αDNeu5Ac(2→6)βDGal(1→4)βDGlcNAc(1→3)]βDGal(1→3)βDGal(1→4)βDGlc(1→
These CPS structures are also shown with symbols in

Figure 1. Ss2 and Ss1/2 have a seven-residue RU, whereas
Ss14 and Ss1 have a six-residue RU. The backbone
compositions are the same in Ss1 and Ss14,
→6)βDGal(1→3)βDGal(1→4)βDGlc(1→, and in Ss2 and Ss1/2,
→4)βDGal(1→4)βLRha(1→4)βDGlc(1→. All four CPS have a
three-residue side chain comprising a terminal sialic acid
(Neu5Ac) linked to O-6 of either α-D-galactose (Ss2 and
Ss14) or α-D-N-acetylgalactosamine (Ss1/2 and Ss1). Ss2 and
Ss1/2 also have an additional α-D-galactose side chain.

To design an effective conjugate vaccine, it is important to
identify antigenic epitopes that generate the production of
antibodies able to protect the host from a pathogen (Anish
et al., 2014). In particular, identification of protective
carbohydrate epitopes has been recognized as a crucial step in
the development of a glycoconjugate vaccine against S. suis
(Goyette-Desjardins et al., 2019). However, this is not a
straightforward task, as direct experimental determination of
the molecular conformation of carbohydrates is often
confounded by the flexibility of this molecular class (Woods
2018). Further, immunogenicity studies of S. suis have shown
complex cross-reactivity patterns, with varying estimations of the
importance of sialic acid in a protective epitope, as follows.
Serological analyses of cross-reaction between Ss2, Ss1/2, Ss1
and Ss14 using purified CPS and rabbit type-specific sera showed
cross-reaction of Ss1/2 with Ss1 and Ss2, as well as between Ss1
and Ss14, and suggested that the side chain is an important
epitope for Ss2, Ss1/2 and Ss1, but not for Ss14 (Van Calsteren
et al., 2016). Further, while the terminal sialic acid appeared to be
immunodominant for Ss2 and Ss1/2, it seemed to play a limited
role in Ss1. A subsequent, recent study of four murine
monoclonal antibodies (mAbs) raised against an Ss2
glycoconjugate provided evidence of a range of S. Suis CPS
epitopes, only some of which elicit protective antibodies: one
mAb (9E7) cross-reacted with all of Ss2, Ss1/2, Ss1 and Ss14;
another (Z3) with Ss2, Ss1/2 and Ss1; the third (13C8) with just
Ss2 and Ss14 (an unexpected result based on the published
serological work); and the fourth (16h11) was Ss2 specific, with
no cross-reactivity (Goyette-Desjardins et al., 2019). However, mAb
16H11 was not found to be protective. In addition, all four mAbs
showed strong specificity toward the sialylated side chain chains of

FIGURE 1 | Capsular polysaccharide repeating unit structures for
Streptococcus suis serotypes 2, 14, 1/2 and 1 and 14 (Van Calsteren et al.,
2010; Van Calsteren et al., 2013; Van Calsteren et al., 2016), as well as the
structure of three Ss2 oligosaccharide vaccine candidates, labelled
frag3, frag4 and frag5 (Zhang et al., 2021). The graphical representations use
the Symbol Nomenclature for Glycans (SNFG) (Varki et al., 2015).
Abbreviations: D-glucose (Glc), D-galactose (Gal), N-acetyl-D-glucosamine
(GlcNAc), N-acetyl-D-galactosamine (GalNAc), L-rhamnose (Rha), N-acetyl-D-
neuraminic acid (Neu5Ac).
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the CPSs, but not against their desialylated counterparts, indicating
that the terminal sialic acids forms part of the protective epitope for
these mAb. However, prior work demonstrated that the sialic acid
moiety is not essential for CPS recognition by an Ss2-specific
antibody (Lecours et al., 2012). To further complicate matters,
recent investigation of three oligosaccharide lead antigens for Ss2
(labelled frag3, frag4 and frag5 in Figure 1) showed efficacy for a
penta- and a hexasaccharide (frag4 and frag5), but not the
tetrasaccharide (frag3), indicating that sialic acid is not a
necessary component of a minimal protective epitope for Ss2
(Zhang et al., 2021).

As there are currently no experimental data available on the
molecular conformations of this group of CPS antigens,
molecular modelling can provide useful information on which
epitopes are exposed and thus likely to be recognized by
antibodies (Kuttel and Ravenscroft 2018). We have performed
a range of comparative modelling investigations of microbial CPS
to explain clinical findings, most recently of Haemophilus
influenzae (Richardson et al., 2021) and Cryptococcus
neoformans (Kuttel et al., 2020). Here we undertake a
comparative modelling study of the Ss2, Ss1/2, Ss1 and Ss14
CPS as well as the three synthetic vaccine candidate
oligosaccharides, comparing the predicted molecular flexibility
and conformations to identify and contrast the probable
protective epitopes for these four S. suis CPS. We aim with
this work to explain the conflicting immunological data and
provide a basis for rational design of S. suis vaccines in the future.

MATERIALS AND METHODS

We ran molecular dynamics (MD) simulations in aqueous
solution for CPS chains of 6 RU for each of Ss2, Ss1/2, Ss1
and Ss14, as well as for the three oligosaccharide lead antigens for
Ss2 (labelled frag3, frag4 and frag5 in Figure 1) that have been
synthesized and tested (Zhang et al., 2021). Note that the
aminopentyl spacer at the reducing end of the synthesized
antigen used for creating microarrays and protein conjugates
was not included in the modeling. The trajectories produced by
these seven simulations were then analyzed and compared, as
detailed below.

Glycosidic Linkage Conformations
In a carbohydrate, the orientation of a two-bond glycosidic
linkage is conveniently described by the values of two torsion
angles, φ and ψ. In this work these are defined as φ = H1-C1-O1-
Cx’ and ψ = C1-O1-Cx’-Hx’, where X ∈ (3, 4) denotes the linkage
position. These definitions are analogous to φH and ψH in IUPAC
nomenclature; conveniently locate the global minimum for most
glycosidic linkages near φ, ψ = 0, 0; and are consistent with our
previous work. For the αDNeu5Ac(2→6)βDGal three-bond
linkage, three torsions are necessary and are defined as φ =
C1-C2-O6′-C6′, ψ = C2-O6′-C6′-C5′ and ω = O6′-C6′-C5′-O5’.

MD Simulation Protocol
All simulations were run with the NAMD software package
(Phillips et al., 2005), employing CUDA extensions to enable

calculation of long-range electrostatic potentials and non-bonded
forces on graphics processing units (Stone et al., 2007).

Initial structures of 6 RU for each of Ss2, Ss1/2, Ss1 and Ss14,
as well three oligosaccharide lead antigens frag3, frag4 and frag5
(Figure 1), were built with our in-house CarbBuilder software
(Kuttel et al., 2016) version 1.2.40 which employs the psfgen tool
to create “protein structure” (psf) files for simulation with
CHARMM force fields. The saccharides were modeled with
the CHARMM36 additive force field for carbohydrates
(Guvench et al., 2011). The starting conformations produced
by CarbBuilder were each subjected to 10,000 steps of standard
NAMD minimization in vacuum and then placed into a cubic
water box with the solvate command from the Visual Molecular
Dynamics (VMD) software (Humphrey et al., 1996). The cubic
water boxes for the 6 RU structures had side lengths of 80 Å, those
for the smaller antigens had side lengths of 40 Å. The TIP3P
model (Jorgensen et al., 1983) was used to simulate water.
Randomly distributed sodium counter ions were added to the
charged systems to neutralize the negative charge on the sialic
acid residues: one Na+ was added to the frag3 and frag5 systems
and six to Ss1, Ss1/2, Ss1 and Ss14. The frag4 system is missing the
sialic residue and therefore did not require a counter ion.

Each system was then gradually heated through a protocol of
5 K incremental temperature reassignments from 10 to 300 K,
with 500 steps of NAMD minimization and 8,000 steps of MD
after each temperature reassignment. MD simulations were then
run for 1 μs for both Ss2 and Ss1/2, and 1.4 μs for the more flexible
Ss1 and Ss14. The smaller frag3, frag4 and frag5 oligosaccharides
were each simulated for 0.5 μs.

In each simulation, equations of motion were integrated using
a Leap-Frog Verlet integrator with a step size of 1 fs and periodic
boundary conditions. Simulations were performed under
isothermal-isobaric (nPT) conditions at 300 K maintained
using a Langevin piston barostat (Feller et al., 1995) and a
Nose-Hoover (Nosé and Klein 1983; Hoover 1985) thermostat.
Long-range electrostatic interactions were treated using particle
mesh Ewald (PME) summation, with k = 0.20 Å-1 and a 1 Å PME
grid spacing. Non-bonded interactions were truncated with a
switching function applied between 12.0 and 15.0 Å to groups
with integer charge. The 1–4 interactions were not scaled, in
accordance with the CHARMM force field recommendations.

For all simulations, structures were collected at intervals of 250
fs for analysis.

Simulation Convergence
Convergence of the CPS simulations was measured with the block
standard error method (Grossfield and Zuckerman 2009) applied
to the end-to-end distance (Supplementary Figures S1, S2).
Block standard averaging was implemented with in-house
Python scripts.

For all simulations, the blocked standard error estimates of the
correlation times for end-to-end distance indicated convergence
of the simulations: approximately 10 ns for Ss2 and Ss1/2; 30 ns
for Ss1 and Ss14. The estimated number of independent samples
also were much greater than one: 109 (Ss2); 81 (Ss1/2); 51 (Ss14);
and 49 (Ss1). Note that our designated equilibration time of 200
ns is in all cases considerably greater than the correlation time.
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Data Analysis
Analysis of the simulations used time series frames 25 ps apart.
Molecular conformations extracted from the MD simulations
were depicted with VMD, where necessary using the PaperChain
visualisation algorithm for carbohydrates to highlight the hexose
rings (Cross et al., 2009). Molecular metrics (such as dihedral
angles and end-to-end distances) were extracted from the
simulation trajectories using VMD’s Tcl scripting interface.
Data analyses were performed using in-house Python scripts
and plots generated using the Matplotlib graphing library for
Python (Hunter 2007). The dihedral angles for each glycosidic
linkage were plotted for the dihedrals from RU 3 and RU 4.

Conformations from allMD simulation trajectories were clustered
using VMD’s internalmeasure cluster command. Clustering analysis
used time series frames 250 ps apart, discarding the first 200 ns as
equilibration. For the backbone clustering analysis of the CPS,
simulation conformations were first aligned on the ring atoms of
the backbone residues in RU 3–4 (themiddle two repeats in the 6 RU
chain, excluding the side chains). Then all conformations were
clustered into families according to a root mean square deviation
(rmsd) fit (cutoff of 5.5 Å) to the saccharide ring atoms of the
backbone residues in RU 2–5 (excluding the more flexible first
and last RU, and the side chains). For clustering analysis of the
side chains, simulation conformations were first aligned on the ring
atoms of the βDGal branch point residue in RU 4. Then all
conformations were clustered into families according to a rmsd fit
(cutoff of 2.0 Å) to the ring atoms of all residues in RU 4, excluding
the βDGlc backbone residue. Similarly, the antigens (frag3, frag4 and
frag5) were clustered by first aligning the conformations on the ring
atoms of βDGlcNAc and the βDGal residues (excluding αDNeu5Ac
and αLRha). Then all conformations were clustered into families
according to a rmsd fit (cutoff of 2.0 Å) to the ring atoms of all
residues in the fragment.

The solvent accessible surface area of eachmolecule was calculated
with VMD’s built in “measure sasa” command with a probe radius of
1.4 Å. The ratio of the exposed backbone residues to the entire
exposed molecule surface was then calculated to estimate the surface
area available for potential antibody binding.

RESULTS

Our analysis of the MD simulations starts with a broad
comparison of the CPS backbone across the S. suis serogroups
Ss2, Ss1/2, Ss14 and Ss1: we measure the molecular extension and
flexibility and characterize the dominant backbone
conformations. We then focus on a characterization of the
side chain conformations in each CPS, which are compared to
the conformations of the Ss2 antigens frag3, frag4 and frag5.

CPS Backbone
The structure of the CPS backbone differs: Ss2 and Ss1/2 have a
backbone containing only β(1→4) linkages, while Ss14 and Ss1
have a backbone with a flexible β(1→6) linkage (Figure 1).
Simulation is a useful tool for investigating the effects of this
change on the flexibility and conformation of the CPS. The
fluctuation in molecular end-to-end distance, r, over the course

of a simulation is a commonly usedmeasure of chain extension and
flexibility in carbohydrates. Here we define r for all 6 RU CPS
chains as the distance between the ring O5 atoms in the backbone
β-D-Gal in the first and last RU, shown for Ss2 in Figure 2A. The r
time series plots (Figure 2, left column) and corresponding
histograms (Figure 2, right column) for Ss2, Ss1/2, Ss14 and Ss1
reveal significant differences between the extension and flexibility
of the →4)βDGal(1→4)βLRha(1→4)βDGlc(1→ backbone (Ss2 and
Ss1/2) and the →6)βDGal(1→3)βDGal(1→4)βDGlc(1→ backbone
(Ss14 and Ss1). Comparison of the average, �r, and the variance, σ,
of r across the CPS show that Ss2 (�r = 50 Å, σ = 5, Figure 2B) and

FIGURE 2 | The end-to-end distance, r, for the 6 RU S. suis CPS is here
defined as the distance (Å) from the ring O5 in the backbone βDGal in the first
and last RU, labelled in (A) on a sample Ss2 conformation. The simulation time
series (left column) and corresponding histograms (right column) are
graphed for (B) Ss2, (C) Ss1/2, (D) Ss1 and (E) Ss14. The first 200 ns of
simulation are considered equilibration and are not shown. The average r value
�r (plotted as a dashed gray line on the time series graphs) and the standard
deviation σ are listed on each histogram.
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Ss1/2 (�r = 48 Å, σ = 7, Figure 2C) are more extended andmuch less
flexible than Ss1 (�r = 32 Å, σ = 12, Figures 2D,Ss14 (�r = 32 Å, σ =
10, Figure 2E). The roughly Gaussian distribution of r in Ss2
and, to a lesser extent, Ss1/2, indicates a well-defined, albeit
flexible, backbone conformation. In contrast, the plot of r for Ss1
and Ss14 is evidence of dynamic conformational changes that
are more in keeping with random coil behavior. This is to be
expected, as Ss14 and Ss1 have a three bond glycosidic linkage
βDGlc(1→6)βDGal, which is considerably more flexible than the
βDGlc(1→4)βDGal linkage in Ss2 and Ss1/2. However,
comparison of the distribution of the backbone glycosidic
linkage conformations across these two groups (see
Supplementary Material, Supplementary Figures S3, S4)
reveals that the source of flexibility is not only the (1→6)
linkages: all the backbone glycosidic linkages are very flexible
in Ss14 and Ss1 (Supplementary Figure S4) as compared to the
much more constrained linkages in Ss2 and Ss1
(Supplementary Figure S3). Further, for Ss2 and Ss1/2, the
αDGal side chain is in close proximity to the βDGal branch point;
intermolecular interactions between these two residues restrict
the rotation of the βDGal(1→4)βLRha backbone glycosidic
linkage. Therefore, all the residue and linkages changes in the
Ss1/Ss14 backbone relative to the Ss2/Ss1/2 backbone increase
the flexibility of the CPS chain. This increased chain flexibility of
Ss1 and Ss14 is expected to correspond to a less viscous CPS
solution than for Ss2 and Ss1/2.

In addition to a significant decrease in flexibility, Ss2 and Ss1/2
have markedly different backbone conformations to Ss14 and Ss1,
as shown in Figure 3. In both Ss2 (Figure 3A) and Ss1/2
(Figure 3B), the dominant backbone conformation comprises

~90% of the simulation and is a flexible, extended helix, with 9–12
backbone residues per turn (3-4 RU). In this helical
conformation, both side chains are exposed on the outside of
the helix and are therefore potential epitopes for antibody
binding. In contrast, the backbones in both Ss14 (Figure 3C)
and Ss1 (Figure 3D) do not have a single, well-defined
conformation, but rather a family of conformations (Figures
3C,D). Interestingly, although the backbone conformations vary,
the dominant conformations are similar in Ss14 and Ss1, with the
main conformation being a “square” with bends at each of the
βDGlc(1→6)βDGal linkages, which is also the point of side chain
branching. This has the effect of exposing the side chains, making
them clear epitopes for antibody binding. The minor
conformations of Ss14 and Ss1 differ, but all feature bends at
the βDGlc(1→6)βDGal linkage. These bends also render the
backbone epitopes in Ss1 and Ss14 more exposed than in Ss2
and Ss1/2, where the backbone is relatively hidden by the helical
structure as well as the additional αDGal(1→3)βLRha side chain.
Analysis of the solvent accessible surface area of the CPS shows
that the average solvent exposure of the backbone residues
relative to molecule as a whole increases from around 30% in
the helical Ss2 and Ss1/2, to approximately 40% in Ss1 and Ss14
(see Supplementary Material, Supplementary Figure S5).
However, in all the CPS, the sialic acid side chain is highly
solvent exposed and therefore the most likely source of
epitopes for antibody binding.

Trisaccharide Side Chain
The dominant conformational cluster (C1) of the trisaccharide
side chain is very similar across all four CPS (Figures 4A–D).

FIGURE 3 | Main conformational families and associated percentages of the CPS molecules shown with the side chains in the PaperChain visualisation and the
CPS backbone in a space-filling representation. Representative conformations for RU 2–5 (excluding the first and last RU) are shown for (A) Ss2; (B) Ss1/2; (C) Ss14;
and (D) Ss1. Conformations are scaled according to their relative percentage occupancies, and clusters less than 6% are not shown. The residues in all representations
are coloured in keeping with the SNFG, as follows: βDGal and βDGalNAc—yellow; αDGal—brown; βDGlc—blue; βLRha—green; αDNeu5Ac—purple.
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This conformation features a hairpin bend, with the sialic acid
bent towards the CPS backbone and the βDGal/βDGalNAc residue
exposed at the end of the side chain. The C1 conformation also
brings the N-acetyl groups on αDNeu5Ac and βDGlc into close
proximity (colored cyan in Figure 4), forming a common epitope
across the four CPS (labelled “EpA” on conformation C1 in
Figure 4A). However, this hairpin bend conformation of the side
chain also provides a rationale for why sialic acid many not be a
necessary component of a minimal protective epitope for Ss2
(Lecours et al., 2012): it is possible for antibody binding may
occur on the other side of the side chain. This epitope, labelled
“EpB” in Figure 4A, excludes the sialic acid.

The secondary conformational cluster, C2, is also remarkably
similar across the CPS: the sialic acid is extended at an angle at the
end of the side chain. This conformation creates a new potential
conformational epitope for antibody binding, labelled “EpC” in
Figure 4A, combining the sialic acid with the adjacent βDGlc
residue. However, while the substitution of βDGal in Ss2 and Ss14
with βDGalNAc in Ss1/2 and Ss1 does not affect the dominant
conformation of the side chain or the EpA epitope (compare C1
conformations in Figures 4A,B), it does alter the EpB and EpC
epitopes considerably. In Ss1 and Ss1/2, the N-acetyl group on C2
of βDGal is highly sovlent exposed on the side chain, increasing
the extent of the binding surface to form larger “EpB*” and
“EpC*” epitopes.

The flexibility of the trisaccharide side chains differ across the
CPS: Ss1/2 has by far the most conformationally defined side
chain (with the main C1 conformation at 40%), whereas Ss2, Ss1
and Ss14 have similar C1 frequencies: 26, 25 and 24% C1,
respectively. Further, analysis of the glycosidic linkage
rotations (Supplementary Material, Supplementary Figure
S6) shows that the flexibility of the side chain increases in the
order Ss1/2, Ss2, Ss1 and Ss14. In particular, rotation of the

βDGlcNAc(1→3)βDGal and, to a lesser extent, the
βDGalNAc(1→4)βDGlcNAc linkage is restricted in Ss2 and
Ss1/2 as a result of the adjacent constraining αDGal side chain
in these CPS.

Vaccine Candidates
A comparison of the Ss2 side chain conformations (Figure 5A)
with the frag3 tetrasaccharide (Figure 5B), frag4 pentasaccharide
(Figure 5C) and frag5 hexasaccharide (Figure 5D) shows that the
dominant C1 conformation of the sialic acid side chain is
preserved in all the three vaccine candidates (Zhang et al.,
2021). All three have similar torsion angle distributions to Ss2
(see Supplementary Material, Supplementary Figure S6).
Further, all three preserve the EpB epitope. However, while
frag3 and frag5 expose the EpA epitope in the dominant C1
conformation, this epitope is very much altered in frag4, which is
missing the sialic acid. The fact that Zhang et al. reported frag4
and frag5 to have similar binding strengths to rabbit antibodies
(Zhang et al., 2021) suggests that the EpA epitope is not essential
and that the EpB epitope is immunodominant in rabbits.
However, it is surprising that frag3 was found to be a poor
vaccine candidate in the same study, as this is not explained by
our simulation conformations, where frag3 has both the EpA and
EpB epitopes (Figure 5B). This suggests that the conformation of
the frag3 molecule may in this case be influenced by the
aminopentyl spacer which is at the reducing end of the
synthesized molecule, but is not modelled here (as it is not
currently supported by the CHARMM carbohydrate force
field). For frag3, the aminopentyl spacer is attached directly to
the βDGal side chain branch point, whereas for frag4 and frag5 it
is attached to βLRha, with the αDGal side chain likely acting as a
buffer as well as protecting against conformational changes of the
βDGal (1→4)βLRha glycosidic linkage. Ass discussed above, this

FIGURE 4 | Main conformational families and associated percentages of the side chains in RU 4 for (A) Ss2; (B) Ss1/2; (C) Ss14; and (D) Ss1. Conformational
clusters of less than 10% occupancy are not shown. Potential epitopes are labelled on Ss2 in grey. The residues in all representations are coloured in keeping with the
SNFG, as follows: βDGal and βDGalNAc—yellow; αDGal—brown; βDGlc and βDGlcNAc—blue; βLRha—green; αDNeu5Ac—purple; NAc—cyan.
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linkage is much more flexible in Ss1 and Ss14, which lack the
αDGal side chain.

Interestingly, in all cases the side chain fragments are less
flexible than the side chain in the Ss2 CPS, with the antigens
therefore more conformationally defined in the fragments:
compare the Ss2 C1 conformation at 26%, with 70, 86 and
66% for C1 in frag3, frag4 and frag5, respectively. This
significant difference indicates that the carbohydrate backbone
drives some conformational changes in the CPS side chains.

DISCUSSION

This modeling study of four related S. suis CPS revealed that the
backbone conformation and dynamics differs markedly in Ss2
and Ss1/2 relative to Ss1 and Ss14. Because a well-defined helical
conformation (Figures 3A,B), with side chains arranged on the
outer edge, shields the backbone residues from solvent exposure,
we find that the CPS backbone is an unlikely source of antibody
epitopes for Ss2 and Ss1/2. This provides an explanation for the
backbone of Ss1/2 and Ss2 surprisingly not being involved in the
cross-reaction between these two serotypes (Van Calsteren et al.,
2016). On the other hand, Ss1 and Ss14 have a highly flexible
backbone, which also lacks the shielding αDGal side chain, and
thus is relatively exposed for antibody binding. For this reason,
the backbone is potentially a common epitope for antibody
binding to the Ss1 and Ss14 CPS, as previously suggested (Van
Calsteren et al., 2016).

Further, all the changes in the Ss1/Ss14 backbone relative to
the Ss2 and Ss1/2 backbone seem designed to enhance the
flexibility of the CPS chain. We can therefore speculate, as we
did for our modelling study of Group B Streptococcus type III
(GBSIII), that this is a strategy for bacterial evasion of the host
immune system in these serotypes: a flexible backbone with
multiple conformations that presents a “moving target” to the

immune system, combined with conformationally-defined
human-mimic sialic-acid containing epitopes (Kuttel and
Ravenscroft 2019). However, while the expression of sialic acid
is essential for elicitation of protective antibodies against GBSIII
(Carboni et al., 2020), it is not essential for the four S. suis CPS
explored here. Modelling provides a mechanistic rationale for this
surprising result: in GBSIII the αDNeu5Ac(2→3) linkage results
in exposure of this epitope on the end of the short side chain,
whereas the more flexible αDNeu5Ac(2→6) linkage in the S. suis
side chain is preferentially in a hairpin bend conformation. This
hairpin bend exposes a sialic-acid epitope (termed EpA,
Figure 4A) that is common across all four CPS and thus
provides a mechanistic rationale for the previously identified
monoclonal antibody (mAb 9E7) of relatively high avidity that
interacts with the side chain of all four CPS (Goyette-Desjardins
et al., 2019). However, an alternate side chain epitope provides the
possibility for antibodies to avoid sialic acid binding in S. suis.We
identified a second epitope on the other side of the hairpin bend,
which we term EpB, that is independent of the sialic acid. Our
modelling showed that this epitope is preserved in the three Ss2
vaccine candidate oligosaccharide fragments, even when the sialic
acid is absent. Antibody binding to the EpB epitope therefore
provides a mechanistic rationale for the efficacy of the frag4
pentasaccharide that does not contain sialic acid, but has still been
shown to be a promising vaccine candidate against Ss2 (Zhang
et al., 2021). Such an epitope that excludes sialic acid may be
selected for in the mammalian immune response, where sialic
acid has immunomodulatory properties (Calzas et al., 2017).

However, unlike the EpA epitope, the EpB epitope is not
maintained across the four CPS. EpB is significantly altered by the
substitution of the βDGal residue in Ss2 and Ss14 for a βDGalNAc
in Ss1/2 and Ss1: the N-acetyl substitution is highly exposed on
the hairpin bend, forming the EpB* epitope. Asymmetrical cross-
reactions previously identified between S. suis sera (Van Calsteren
et al., 2016) may be explained in terms of one serum recognizing

FIGURE 5 |Main conformational families and associated percentages of the sialic side chain in (A) RU 4 of Ss2 compared with the dominant conformation of the
three Ss2 oligosaccharide vaccine candidates (B) frag3, (C) frag4 and (D) frag5 (Zhang et al., 2021). Conformational clusters with less than 10% occupancy are not
shown. The residues in all representations are coloured in keeping with the SNFG, as follows: βDGal and βDGalNAc—yellow; αDGal—brown; βDGlc and βDGlcNAc—blue;
βLRha—green; αDNeu5Ac—purple; NAc—cyan.
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the common EpA epitope, whereas the other serum recognizes
the EpB* epitope. Further, serological cross-reactivity between Ss1/
2 and Ss1, but not between anti-Ss1/2 serum and Ss2, as well as
limited cross-reactivity between anti-Ss1 serum and Ss14, provides
a strong indication that the EpB* epitope is immunodominant
(Van Calsteren et al., 2016). Furthermore, we identified a
secondary extended side chain conformation exposing an
epitope comprising the terminal sialic acid as well as the
adjacent βDGlc (EpC) that is also altered by N-acetylation (to
EpC*). Binding of the EpC epitope by the high avidity 13C8 mAb
provides a rationalization for its specificity for Ss2 and Ss14, which
is removed by desialylation (Goyette-Desjardins et al., 2019). It is
likely that the Ss2 specific mAb 16h11 identified also binds the EpC
epitope, but a larger fragment including the αLRha.

Encouragingly, we found that the three vaccine candidate
oligosaccharide fragments have dominant conformations that are
remarkably consistent with the Ss2 CPS sidechain. However,
investigation of the effect of the aminopentyl spacer on the
conformation of small synthetic oligosaccharides is warranted, as
this work suggests that the spacer affects the conformation of the
tetrasaccharide frag3, with the αDGal side chain in frag4 and frag5
acting as a buffer between the spacer and the functional part of the
epitopes, as well as protecting against conformational changes of the
βDGal(1→4)βLRha glycosidic linkage. Modelling of this spacer with
the vaccine candidates is possible, but will require adjustments to the
forcefield to support this substitution.

Finally, the varying flexibilities found for the molecules
modelled in this study may have relevance for their observed
immunogenicity: our prior modelling study of meningococcal
serogroups Y and W (Kuttel et al., 2017) suggested a relationship
between reduced carbohydrate chain flexibility (serotype Y) and
improved cross protection with closely related, more flexible,
serotypes (serotypeW).We found here that the vaccine candidate
oligosaccharides are significantly more conformationally defined
than the Ss2 CPS side chain, which may improve their efficacy as
vaccine candidates. Further, we found that Ss14 is the most
flexible molecule of the four CPS, which may have an adverse
impact on its immunogenicity and thus explain why the mAb
Z3 cross-reacts with Ss2, Ss1/2 and Ss1, but not with Ss14: themore
flexible side chain in Ss14may not be as effective an epitope in Ss14

as for the other CPS. Extrapolating from this, we propose the
αDNeu5Ac(2→6)βDGalNAc(1→4)βDGlcNAc(1→3)βDGal(1→4)
[αDGal(1→3)]βLRha hexasaccharide from Ss1/2 as a vaccine
candidate to provide optimal cross-protection against the four
closely related S. suis serotypes 1, 1/2, 2 and 14, as this fragment is
the most conformationally defined and exposes the common EpA
epitope as well as the immunodominant EpB* epitope.
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