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Abstract

Salmonella infection is a major public health problem worldwide. Antibodies directed towards the
O polysaccharide (OPS) of S. Typhimurium, a serogroup B non-typhoidal Sa/monella serovar,
have protected against fatal infection in animal models. The OPS is known to undergo O-
acetylation, though the impact of these modifications on antibody binding is poorly understood.
Using molecular simulations, we assessed the conformational properties and antigen-antibody
interactions of de-acetylated and O-acetylated S. Typhimurium OPS when bound by monoclonal
anti-OPS IgG Sel55-4. Our findings indicate that (i) the a-D-abequose (8) monosaccharide makes
important interactions with Se155-4, (ii) the de-acetylated form binds to the antibody in two
conformations, (iii) the acetyl group at a-L-rhamnose (5) traps the acetylated O-antigenic
saccharide in one of those two conformations when bound to the antibody; (iv) the dominant
conformation sampled by both unbound saccharides only occurs in the deacetylated-antibody
complex; and (v) both unbound saccharides sample the second bound conformation to a small
extent (2 - 4%). These observations provide insights into the conformational preference of an
antigenic saccharide when bound to a well-characterized specific monoclonal antibody, and
suggest possible important properties of vaccine induced antibodies following immunization with
live attenuated and OPS-based subunit vaccines.
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Supporting Materials

The PMF maps of the unbound saccharides in Figure S1, distance distribution of the hydrogen bonding pairs between antibody and
saccharide in Figures S2-S5, conformational space represented by the RMSD distribution between the unbound O-acetylated and de-
acetylated saccharides in Figure S6 and the conformational fluctuation of the antibody residues in Figure S7.
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Introduction

Non-typhoidal Sa/monella (NTS) infections are a major problem worldwide. NTS infection
in healthy adults generally results in gastroenteritis; however, infection in very young,
elderly, and immunocompromised individuals can result in potentially fatal invasive
disease.12 In sub-Saharan Africa, invasive NTS (iNTS) disease caused by S. Typhimurium
is widespread in infants and toddlers, where fatality rates up to 30% occur.3> There are no
available licensed NTS vaccines for humans, and treatment is complicated by increasing
levels of antibiotic resistance. Development of an effective iNTS vaccine is thus a global
health priority. 6

The surface carbohydrate in the majority of clinically important NTS serovars is the
lipopolysaccharide (LPS) associated O polysaccharide (OPS). S. Typhimurium OPS is a
virulence factor and protective antigen in animal models, and vaccines based on S.
Typhimuirum OPS have shown promise in preclinical studies.”1! Structural differences in
Salmonella OPS are used to define serogroups. In S. Typhimurium, a serogroup B
Salmonella, the backbone of the O-antigen repeat unit is a trisaccharide, —4)-L-rhamnose-
a-(1—3)-D-galactose-a-(1—2)-D-mannose-a-(1— (Figure 1a), which constitutes the O:
12 antigen and is common to Sa/monella serogroups A, B, and D.12 In each repeating unit,
there is a serogroup defining immunodominant dideoxy hexose covalently connected to the
a-D-mannose via a 1—3 glycosidic linkage. In serogroup B, a a-D-abequose at this
position forms the O:4 antigen. The O-antigen from S. Typhimurium strains can undergo
additional modification including variable glucosylation on the galactose and O-acetylation
on the abequose (O:5 specificity) and rhamnose monosaccharides.1? These modifications are
prevalent among invasive S. Typhimurium strains from sub-Saharan Africa.14

Serological evidence supports the notion that abequose acetylation generates unique
epitopes, as monoclonal antibodies that reacted with the O-acetylated antigens (O: 4[5],12)
did not bind robustly to the de-acetylated counterpart (0:4,12).1° The effect of acetylation
on the conformational properties of the polysaccharide upon antibody binding is not well
understood however, and could provide important insight into the host response to infection
or vaccination with OPS based vaccines. Based on published experimental observations, two
models could account for the effect of acetylation on antibody binding. One model proposes
that the abequose residue in the repeating unit is the antigenic determinant and the majority
of antibodies induced by serogroup B OPS prefer the respective acetylated or non-acetylated
forms. NMR, crystallography, and thermodynamics studies have provided direct evidence of
the abequose as the key structural determinant of the immunogenic epitope by interaction
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with amino acid side chains within the antibody binding pocket.16-20 The alternative model
suggests that while direct interaction with abequose contributes to antigen recognition, the
conformational properties of the O-antigen molecule upon acetylation confer additional
antigenic preference.1® 21 Considering the conformational flexibility of the O-antigen along
the glycosidic linkages, this second model is a reasonable hypothesis and is supported by the
observation of monoclonal anti-group B OPS antibodies that bind complex epitopes that
incorporate the abequose as well as other peripheral polysaccharide backbone
determinants.1% 21-22

In a previous study the conformational properties of the de-acetylated O-antigenic
saccharide and its acetylated counterpart in the unbound state were investigated using
Hamiltonian replica exchange molecular dynamics (MD) simulations, from which a single
dominant conformation for all assessed OPS forms was identified (manuscript submitted). In
order to explore the role of S. Typhimurium OPS abequose O-acetylation on antibody
binding, atomic-detail computer simulations were undertaken to assess the conformational
properties of the O-antigen when unbound or bound to previously described Sa/monella
serogroup B OPS specific monoclonal antibody Se155-4 for which the X-ray crystal
structure has been solved when bound to serogroup B OPS. 18: 23 These simulations were
based on molecular dynamics (MD) simulations in conjunction with a recently developed
Hamiltonian replica exchange enhanced sampling method?4-2% along with the state-of-the-
art CHARMM additive force field for proteins and carbohydrates.26-30 Two O-antigen
models, corresponding to the respective acetylated and de-acetylated forms, were
constructed and studied when bound in a complex with Se155-4 using previously published
X-ray crystallography results. Results from the simulations suggest that binding of the
antigen to the Se155-4 induces a conformational change in the antigen that is impacted by
acetylation. In addition, it is observed that the binding pocket within the antibody is
sufficiently large to accommaodate the additional O-acetyl group at the abequose residue.

Computational Details

MD simulations with the Hamiltonian replica exchange with concurrent solute scaling and
biasing potential (HREST-BP) method

Four molecular models were compared to examine the conformational preference of the O-
antigenic saccharides when bound to antibody. As shown in Figure 1, these models include
the bound and unbound de-acetylated saccharide with 3 tetrasaccharide units and its O-
acetylated counterpart. The amount and position of acetylated sites can differ between
various S. Typhimurium isolates. Here we employed one representative model of the
acetylation deduced from the analysis of Malawian invasive S. Typhimuirum isolate
D23580, that maintains variable acetylation at the C2 position of both a-D-Abequpand a-
L-Rhap residues.13 The simulations of the polysaccharides alone were from a previous study
(manuscript submitted) while the simulations in the presence of the antibody were
performed as part of the present study. Each system was immersed into a cubic box of the
CHARMM-TIP3P water model with a minimum distance of 10 A from any solute atom to
the box boundary.31-33 In the complex models, the protein portion was derived from the
Salmonella serogroup B OPS specific monoclonal antibody Se155-4 with only a single-
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chain variable domain (PDBID 1MFA and 1MFB)18: 23 which includes the antigen binding
pocket. The missing loop, with a suggested sequence of PKSSPSVTLEPPSSNG, was
constructed using FREAD to connect the variable domains of the light (Q111) and heavy
(E251) chains, resulting in a total of 244 residues in the antibody model.3 In this study, we
renumber the amino acids of the antibody model from 1 to 244 and, thus, residues 1-111 and
128-244 in the computational model correspond to the light chain (Q1-Q111) and heavy
chain (E251-S367) in the crystal structure, respectively.1® The standard protonation states
were used for the titratable amino acid residues predicted with PROPKA 3%and crystal
waters around the variable domains in LMFB were included in the simulation system. The
missing monosaccharides in the 3 tetrasaccharide units in the complex were manually
constructed based on the bound fragment of the 1IMFP crystal structure.18 The resulting
complex models were equilibrated by initially subjecting them to energy minimization and
70-ns molecular dynamics simulations with gradually reduced positional harmonic restraints
in NAMD in preparation for the subsequent enhanced sampling simulations.36

Enhanced sampling production simulations were performed with the program CHARMM37
or CHARMM-OpenMM38 under the CHARMM36 additive force field for proteins26-27 and
carbohydrates?8-30, In the production simulations the temperature was maintained at 298 K
using the Hoover algorithm with a thermal piston mass of 1000 kcal/mol-ps23° and a
constant pressure of 1 atm was realized using the Langevin piston algorithm with a collision
frequency of 20 ps~1 and mass of 1630 amu.*° The covalent bonds involving hydrogens
were constrained with SHAKE, which allows an integration step of 2 fs in the MD
simulations.*! In the energy and force evaluations, the non-bonded Lennard-Jones
interactions were computed within the cutoff of 12 A with a switching function applied over
the range from 10 to 12 A. The electrostatic interactions were treated by the particle mesh
Ewald method with a real space cutoff of 12 A, a charge grid of 1 A, a kappa of 0.34, and
the 6-th order spline function for mesh interpolation.*2

The Hamiltonian replica exchange with concurrent solute scaling and biasing potential
(HREST-BP) was adopted to obtain adequate conformational sampling of each solvated
system.24-25 HREST-BP only includes the subsystem of interest in the enhanced
Hamiltonian and the effective biasing potentials and thus can minimize the number of
replicas used in simulations. As the conformational propensity of the O-antigenic
saccharides was the focus of the present study, only the carbohydrate molecule in each
system was treated as the solute in the HREST-BP simulations. Enhanced sampling was
achieved by subjecting the glycosidic linkages to potential biasing with concurrent effective
temperature scaling of the intra-solute potential and solute-environment interactions. The
biasing potentials were formulated with the 2-dimensional grid based correction map
(bpCMAP) along the two dihedrals ¢(O5-C1-On-Cp)/y(C1-On-C-C41) for each glycosidic
linkage and were constructed using the corresponding disaccharide model in the gas phase
as described previously.43 For each simulation, 6 replicas were used in the HREST-BP and
an exchange attempt was examined every 1000 MD steps according to the Metropolis
criterion. The ground-state replicas were simulated unperturbed at 298 K and the other 5
perturbed replicas were assigned a scaling temperature of 316 K, 335 K, 356 K, 377 K and
400 K, respectively. The distribution of scaling factors was derived following the scheme
described in the HREST-BP paper for the biasing potentials and a successful exchange ratio
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larger than 18% was observed for any neighboring replicas.?® For each of the four systems, a
100 ns production run was performed for every replica with HREST-BP to provide sufficient
exploration of the conformational space of the O-antigenic saccharide. For the antibody/de-
acetylated model, an independent 60 ns production run was carried out to examine the
convergence of the sampling. Results from that simulation suggests that 60 ns of sampling
can provide free energy profiles along the inter-monosaccharide distances very close to that
of the 100 ns trajectory. The total 160 ns of the antibody/de-acetylated trajectory was used
for data analysis in following discussions unless stated otherwise. To compare the flexibility
of the protein scaffold in the absence and presence of the antigens, a standard MD
simulation of 200 ns was performed for the apo antibody.

Glycosidic linkage based description of polysaccharide conformations

From the simulations, clustering analysis was performed on the basis of the glycosidic
linkages (GL) to characterize the conformational heterogeneity or preference in each
saccharide molecule.** Each GL cluster or conformation can be represented based on torsion
angles ¢/ in the glycosidic linkages. Figure 2 shows the partitioning in ¢/ space
corresponding to different local minima on the free energy landscape of each GL. Each
partitioned region is then assigned an integer identifier. All 1—3 and 1—4 linkages were
included in the clustering analysis; 1—2 linkages were omitted as they only sampled one
minima in the simulations. The definition of a GL conformation is based on the series of
index numbers used to denote the state of each glycosidic linkage. This allows every
recorded snapshot in the simulations to be assigned to a specific combination of the eight
index numbers for clustering. For example, 11111111 indicates all the linkages are located
in the region of ¢e(0°, 180°]/ye(—180°, —120°) or (0°, 180°]. In this definition of a cluster,
all the conformations in the cluster are in the same local free energy minima for all the
linkages. We refer to these as glycosidic linkage, or GL, clusters or conformations. However,
as shown below, conformations in the same cluster can vary in terms of Cartesian
coordinates; however, as they occupy the same GL minima these different “Cartesian
conformations” can readily interconvert without encountering any high free energy barriers
associated with the glycosidic linkages. GL clusters, therefore provide a high dimensional
representation of the carbohydrate conformation as compared to the 1-D or 2-D free energy
or potential of mean force (PMF) profiles.

Root-mean-square difference (RMSD) description of O-antigenic conformations

A convenient method to determine the overall extent of similarity between two
conformations is based on the overall difference in the locations of the atoms of the
saccharides. In the present study this was quantified based on the RMSD between the two
conformations over the selected set of non-hydrogen atoms. Prior to RMSD determination
the saccharides were aligned based on the non-hydrogen atoms in the pyranose rings in the
central tetrasaccharide unit.

3D Cartesian coordinate volume description of O-antigenic saccharide conformations

The spatial distribution or range of conformational space as defined by Cartesian coordinates
can be represented by the distribution or volume of the sampled conformations. To compute
the sampled distribution or volume, a 3D grid with a voxel size of 1Ax1Ax1A was
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constructed around the saccharide molecule. Then, each snapshot in the ground-state replica
trajectories from the HREST-BP simulations was aligned over the non-hydrogen atoms of
the pyranose rings of the central tetrasaccharide unit. For a given snapshot, each voxel was
assigned a value of 1 if it was occupied by a non-hydrogen atom.*®> The occupied volume is
the total number of occupied voxels. This analysis was performed for all snapshots from the
respective trajectories. Visualization of the sampled volume was performed by normalizing
the voxel occupancies over all the snapshots. This approach allows for the volume sampled
by selected portions of the saccharides as well as of the full saccharide to be quantified and
visualized. To compare the similarity of the sampled conformational space between two
simulations, e.g. A and B, the overlap coefficient (OC) was computed as follows,

‘ NN,
=t ZJZJ

N A B
oCc = Zmin n—i,n—i
j=1 Q)

=1

where Nis the number of voxels in the 3D grid map; ! and ,® are the occupancies at the i-
th voxel for simulations A and B, respectively.® From the definition of OC, OC=0 and 1
suggest the two simulations sampled completely different and identical regions
conformational space, respectively.

Interaction energy decompaosition on per-residue basis

To examine the interactions between the model OPS and the surrounding protein residue, the
molecular mechanics interaction energy, Emm, was calculated between the saccharides and
the protein based on a cutoff value of 997 A. E,,y, was then decomposed into the
contribution of the electrostatic, Egje, and van der Waals, E, gy terms as well as being
performed on the basis of individual monosaccharides or residues.

Free energy calculations

The free energy or potential of mean force (PMF) along one or two linkage dihedrals was
computed from the unperturbed ground-state replica as,

Gw;) = E—jln{fﬂ(R)é(Q(R) - w;)dR}

= ﬂ—jln{%A(Q(Rz) - wi)/ Ns}
=1 )

where N is the number of snapshots recorded in the ground-state replica and
AQR;) — w) = 1ifQ(R;)iswithinthe bin [w-Aw2, wAw2] and otherwise
A (Q (RJ) — wi) = 0.
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Results and Discussion

Presented is a study of the impact of acetylation on the conformational properties and
antibody interactions of a specific OPS antigen. We note that in the biological context the
antigen would be ultimately bound to the cell surface via the lipid A anchor of
lipopolysaccharide (LPS). As the non-reducing end of the antigen that is being studied here
is very distal from the lipid A membrane moiety it may be considered unlikely that
interactions with the cell surface membrane will affect the conformational properties of the
antigen, though such possible effects cannot be totally excluded.

Cluster analysis showing two distinct conformational states adopted by the antigenic
saccharide in the antibody/de-acetylated saccharide system

GL clustering offers an approach to identify the sampling of individual clusters that is
independent on the definition of alignment reference. For each linkage, one index number
was assigned to represent the position of the free energy local minima as defined in Figure 2.
Accordingly, one combination of 8 numbers, each corresponding to one of the 8 1-—3 and
1—4 linkages, denotes the location of the respective 8 glycosidic linkages for a given
conformation. Such a metric allows for the population of the different conformations to be
readily calculated and, if necessary, subject to clustering analysis. Table 1 shows populations
of all GL clusters sampled at greater than 0.1%. Two highly populated GL clusters are
sampled in the bound de-acetylated saccharide with indices 11111133 (51.0%) and
12111133 (42.6%). These will subsequently be referred to as cluster 1 and cluster 2,
respectively. The two clusters differ in the sampling of the 1—4 glycosidic linkage between
a-L-rhamnose(5) and a-D-mannose(6) (Figure 1a). Interestingly, the bound O-acetylated
saccharide only significantly samples GL cluster 12111133 (95.2% cluster 2) whereas the
unbound saccharides predominately sample cluster 1, with populations of 91.0% in both
cases, with the bound de-acetylated saccharide sampling both clusters (51.0 and 42.6%).

While defining conformations in terms of GL clusters is convenient due to the method being
alignment independent, it does not allow for a detailed structural analysis. Indeed, while all
the conformations in a given GL cluster sample the same minima in the 2D glycosidic
linkage free energy surfaces, there is significant variability in the range of local
conformations that can be sampled in the context of the Cartesian coordinates. To better
understand the range of sampling in Cartesian coordinates, all conformations in cluster 1 or
2 were analyzed to identify the “central” conformation, as defined by that conformation that
has the smallest overall RMSD with respect to all other conformations in the cluster. The
two representative conformations for cluster 1 and 2 bound to the antibody are shown in
Figure 3, which indicates distinct orientations of the first tetrasaccharide unit with respect to
the antibody. RMSD probability distributions were then calculated relative to the individual
central conformations for all the conformations sampled for the four systems, with the
results presented in Figure 4. Results show the range of RMSD values to be broad. The
bound O-acetylated and both the unbound de-acetylated and O-acetylated saccharides show
a single distribution with a greater number of conformations sampled close to cluster 2 in the
bound O-acetylated saccharide whereas for the unbound saccharides more conformations are
close to the cluster 1 state than to the cluster 2 state. The de-acetylated bound saccharide
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demonstrates a bimodal distribution. These results are consistent with the GL cluster
analysis showing the O-acetylated saccharide in the bound state to sample cluster 2, whereas
the unbound de-acetylated and O-acetylated saccharides sample cluster 1 with the bound de-
acetylated saccharide sampling both clusters. Notable is the broad nature of the RMSD
distribution indicating that a range of local conformations are being sampled in the context
of a single GL conformation, with the range of conformations being sampled being larger in
the unbound versus the bound conformations.

\Volume analysis was undertaken to visually analyze the range of conformations being
sampled as well as determine the similarity of the conformational space being sampled,
following alignment of the central tetrasaccharide of the full saccharides. Results presented
in Figure 5 show the total volumes sampled for each monosaccharide unit, and indicate a
restricted motion of the O-acetylated saccharide in the bound state compared to its de-
acetylated counterpart. This observation is consistent with the clustering and RMSD
analyses, in which only one of the two representative states in antibody/de-acetylated
saccharide was observed for the antibody/O-acetylated saccharide. Visual representation of
the volume sampled for GL clusters 1 and 2 is shown in Figure 6. As expected, the bound O-
acetylated and de-acetylated saccharides in cluster 2 sample similar regions of
conformational space with cluster 1 for the antibody/de-acetylated complex sampling
regions that overlap with cluster 2 as well as a range of new conformations. The primary
difference in the region occupied by the bound O-acetylated and de-acetylated saccharides
involves the first tetrasaccharide unit with respect to the antibody.

To understand the range of conformational sampling in Cartesian coordinates and the
underlying reasons of the difference in bounded O-acetylated and de-acetylated saccharides,
the 2D free energy profiles about the glycosidic linkages were analyzed for the bound
saccharides (Figure 7) and the unbound saccharides (Figure S1, supporting information).
The majority of linkages sample a single local GL minimum along the torsional angle ¢. For
all linkages with a.-D configuration at the non-reducing end monosaccharide, the free energy
landscape has one minima around 60° for ¢ and has multiple local minima along the
dihedrals except for the 1—2 glycosidic linkage. For linkages involving the a-L
configuration, the only free energy minima along ¢ is located around —60°. This observation
agrees with previous experimental and theoretical results on the conformational preference
along the linkage dihedral ¢.44 In the de-acetylated bound saccharide the presence of two
deep minima for the 1—4 glycosidic linkage between a.-L-rhamnose(5) and a.-D-
mannose(6), $14 /y14’, corresponding to clusters 1 and 2, versus the single minimum in the
O-acetylated bound saccharide free energy surface corresponding to cluster 2. The unbound
saccharides also show a single low free energy minimum at the same region for this linkage,
although sampling of a second GL conformation at <0 region is evident with high free
energy values. This corresponds to the small, but finite extent of sampling of cluster 2, as
seen in Table 1 (cluster 12111133). For all the linkages the minima are generally broad,
indicating that local conformational variations can take place without encountering
significant free energy barriers. This leads to the wide range of RMSD values and broad
volume distributions observed for the individual clusters (Figures 4, 5 and 6).
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The conformational analysis reveals a picture where two GL conformations, clusters 1 and 2,
are sampled in the studied saccharides. Cluster 1 is sampled by the unbound saccharides (>
90%) as well as by the Se155-4 bound de-acetylated saccharide (~50%), which also samples
cluster 2 (43%) with the antibody bound O-acetylated saccharide strongly favoring cluster 2
(95%). The difference in the two clusters is exemplified by differences in free energy surface
for the 1—4 glycosidic linkage between a-L-rhamnose(5) and a-D-manose(6) in the bound
de-acetylated and O-acetylated saccharides (Figure 7), This linkage determines the relative
orientation of the first tetrasaccharide unit with respect to the central, second unit. Detailed
examination of the complex conformation shows that the acetyl group at a-L-rhamnose(5)
in cluster 2 occupies the region occupied by the linkage between a-D-galactose(3) and a-L-
rhamnose(5) that is required for a-D-galactose(3) to sample the conformation present in
cluster 1. This orientation of the acetyl group is associated with its interactions with the
antibody, as discussed in the following section. Therefore, this particular packing of the
acetyl group at a-L-rhamnose(5) with respect to the antibody locks the conformation of O-
acetylated saccharide around cluster 2, whereas the de-acetylated saccharide can sample
both clusters 1 and 2 when bound to the antibody.

between the O-antigenic saccharide and the antibody

An unusual feature in the studied Sa/monella Group B specific monoclonal antibody
SE155-4 is the presence of multiple amino acid residues with aromatic side chains around
the binding pocket.16: 20 This feature indicates an important contribution of nonpolar and
hydrophobic interactions to binding between the antibody and the saccharide epitope.
Accordingly, we compared the interaction energies of the de- and O-acetylated saccharides
with the antibody using energy decomposition on a per residue basis (Figure 8). The result
shows that 8 out of the 14 amino acid residues contributing significantly to the antibody-
antigen binding energy have aromatic side chains (Figure 8). Antibody residues G32, H34,
T185, and H228 have more favorable interaction energies with the de-acetylated saccharide
than the O-acetylated form, arising mainly from the electrostatic interactions. This is due to
these residues having more favorable hydrogen bonding with the saccharide in cluster 1 as
compared to the O-acetylated saccharide (Table 2 and Figure 9). Specifically, stronger
hydrogen bonding interactions in cluster 1 are formed between the backbone HN of G32 and
the O4 and O6 atoms of a-D-mannose(10), the NE2 of H34 and HO?2 of both a.-D-
galactose(7) and a-L-rhamnose(9) (see Figure S2 in supporting information), the O/HN of
T185 and HO4/04 of a-D-galactose(3), and the ND1 of H228 and HO4 of a.-D-manose(6)
(see Figure S3 and S4 in supporting information). On the other hand, residues W93, W96,
N182, and F186 form more favorable interactions with the bound O-acetylated saccharide.
This can be attributed to the hydrogen bonding interactions between the HE1 of W93 and
02 of both a-D-galactose(7) and a-L-rhamnose(9), the OD1/HD21 of N96 and HO4/04 of
a-D-galactose(7) (see Figure S5 in supporting information), HD21 of N182 and O5 of a-L-
rhamnose(5), and the HZ of H186 and O5 of a-D-galactose(7) (see Figure S3 in supporting
information) that can occur in cluster 2. These interaction differences are suggested to
contribute to differential binding of the antibody to different modifications of the antigenic
saccharide, especially the interaction involving HO2 atom of a-L-rhamnose(9) that is absent
in the O-acetylated form. Of the residues contributing to antigen binding, experimental data
is only available on the H34Q mutant, which has slightly decreased binding affinity. This

J Phys Chem B. Author manuscript; available in PMC 2018 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 10

result is consistent with the favorable interaction energy contribution of H34 to saccharide-
antibody interactions (Figure 9). Other studied mutations show comparable binding affinities
with respect to the wild-type antibody.20: 47-48

From the view of the O-antigenic saccharides, monosaccharide a-D-abequose(8) has the
most favorable interaction with the antibody for both species and monosaccharides a.-D-
galactose(3), a-L-rhamnose(5), a-D-abequose(8), and a-L-rhamnose(9) interact differently
between the two saccharides. a-D-galactose(3) and a-L-rhamnose(9) interact more
favorably in the de-acetylated saccharide and the other two more favorably in the O-
acetylated saccharide (Figure 10). Upon acetylation at both a-D-abequose and a.-D-
rhamnose residues, a more favorable van der Waals interaction was observed for
monosaccharide 5 and 8 in the O-acetylated saccharide. Both a.-D-galactose(3) and a.-L-
rhamnose(9) have stronger electrostatic interaction with the antibody in the de-acetylated
saccharide, which arise from the conformations around cluster 1 that are not sampled in the
O-acetylated system (Table 2). These results suggest that the a-D-abequose(8) makes an
important contribution to antibody binding and that the binding pocket of the SE155-4 can
accommodate the addition of an extra methyl group of the a-D-abequose(8). However, it is
evident that the additional monosaccharides, including those in tetrasaccharide units 1 and 3,
contribute favorable interactions with the antibody, with those being impacted by O-
acetylation.

Table 2 shows the decomposition of the MM interaction energy contribution in the two
largest GL clusters. It is interesting that more favorable electrostatic and van der Waals
interactions were observed for GL cluster 2 than 1 in both bound systems for a.-L-
rhamnose(5). In addition, the O-acetylated form has a more favorable interaction than its de-
acetylated counterpart. The stronger interaction is suggested to contribute to the acetyl group
of a-L-rhamnose(5) locking the saccharide conformation in the cluster 2 state with W160,
Y179 and A184 forming a favorable hydrophobic environment around the acetyl group.
These results also indicate how the change in the position of tetrasaccharide unit 1 between
clusters 1 and 2 significantly impact interactions with the antibody.

Conformational propensities of the unbound O-antigenic saccharides

As presented above the unbound saccharides primarily sample GL cluster 1 and show
similar RMSD distributions, further suggesting similar sampling of conformational space
(Figure S6 and S7 in supporting information), as reported in our previous study (manuscript
submitted). The free energy landscape along each glycosydic linkage also shows very
similar features between the two forms of the saccharide (Figure S1 supporting information).
Detailed examination of the linkages shows the 1—3 linkages involving a-D-abequose to
sample a slightly broader region in the O-acetylated saccharide. This is due to an additional
hydrogen bond formed between the HO2 atom of the abequose residue in the de-acetylated
saccharide, which is lost due to HO2 being replaced with the acetyl group (Figure 11). Thus,
the loss of this extra hydrogen bonding interaction in O-acetylated saccharide makes the
motion of abequose around the 1—3 linkage more flexible. Table 3 shows the overlap
coefficients for individual saccharide residues between different systems. The result
indicates a large coefficient of 0.79 between the two unbound saccharides, suggesting very
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similar sampling of conformational space. While subtle differences are present, the overall
conformational propensities of the unbound de-acetylated and O-acetylated saccharides are
very similar to each other. In addition, while cluster 1 is predominately sampled by the
unbound saccharides, there is finite sampling of cluster 2 by 4 and 2 % for the de-acetylated
and O-acetylated species, respectively, thereby facilitating binding of the O-antigens to the
antibody in the cluster 2 conformation.

The presented computational analysis yields a detailed molecular picture into the role of
acetylation on the binding of the modeled Sa/monella serogroup B O-antigens to
monoclonal antibody Se155-4. We found that the a-D- abequose (8) monosaccharide
contributes significant favorable interactions with the antibody regardless of O-acetylation.
However, it is evident that additional monosaccharides make important contributions to
antigen-antibody interactions, including those in tetrasaccharide units 1 and 3, with O-
acetylation impacting all monosaccharide-antibody interactions.

The present results may be discussed in the context of the experimental investigations of
saccharide binding to Se155-4. Microcalorimetry analysis using a Gal[Abe]Man
trisaccharide yielded large changes in heat capacity that were suggested to be associated
with hydrophobic contributions to binding.1® This is consistent with the presence of
hydrophobic residues in the Se155-4 binding interface, with present results indicating
selected hydrophobic residues to contribute to binding via favorable vdW interactions (Fig.
8). Binding studies of Se155-4 with various saccharides were reported by Bundle et al.16
While the polysaccharide sequences and lengths differed, abequose made the most favorable
free energy contribution to binding in trisaccharides and the only favorable enthalpic
contribution to binding consistent with the present energetic analysis (Fig. 10). That study
also emphasized the role of the hydrophobic effect in binding and, interestingly, a significant
enthalpy loss occurred upon removal of the methyl group in abequose, consistent with the
favorable vdW interaction energy of that monosaccharide with the antibody. In addition,
acetylation on the C2 position of abequose on a tetrasaccharide lead to only a 0.5 kcal/mol
loss in inhibitory activity, consistent with the small difference in the interaction energy of the
O-acetylated and de-acetylated species with the antibody in the present study.

We found that binding to Se155-4 produces differences in the conformations sampled by the
O-antigens as a function of O-acetylation. The de-acetylated species bound to the antibody
in two conformations whereas O-acetylation, specifically on the a-L-rhamnose (5)
monosaccharide, lead to only a single conformation in the bound state. We previously found
that both species of OPS (de- and O-acetylated) predominately sample the same
conformation cluster 1 when unbound (manuscript submitted). This same cluster was
sampled by the bound de-acetylated antigen, however it was not sampled significantly by the
bound O-acetylated antigen. However, the conformational flexibility of the protein is similar
in the apo form and in the presence of the different antigens as revealed from root mean
square fluctuation analysis (see Figure S7 in supporting information). These results indicate
that a conformational selection mechanism occurs for the de-acetylated saccharide binding
to antibody, in which the antibody can identify and select the pre-organized primary
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conformation of the unbound saccharide from its equilibrium fluctuations. Kinetically, this
mechanism will typically lower the energetic penalty for binding to the antibody. In contrast,
the bound acetylated saccharide mainly samples the cluster 2 conformation; however the
saccharide does sample the cluster 1 conformation (1.6%) in the unbound state (Table 1).
Thus, it can be deduced that binding of the O-acetylated saccharide to the Se155-4 also
follows a conformational selection mechanism such that when the cluster 1 conformation is
sampled binding occurs. Moreover, as the conformational heterogeneity is more restricted
for the bound acetylated saccharide than its bound de-acetylated counterpart the entropy
change is more unfavorable for binding of the acetylated form. Thus, a larger entropy
penalty is required for binding of the acetylated saccharide than the de-acetylated form. To
our knowledge, there have been no published studies that assessed binding of acetylated
saccharide to Se155-4. Taken together these results indicate that the abequose plays an
central role in antigenicity, as previously discussed,16-20 while O-acetylation can impact the
conformational properties of the O-antigen when bound to antibody as was previously
hypothesized.1® 2 Interestingly, this change in conformational sampling occurs primarily
when bound to Se155-4 versus in the unbound state.

Our finding that Se155-4 interacts with both conformations of the de-acetylated species
versus a single conformation for the O-acetylated OPS suggests a possible new mechanism
for antigen specificity. The analyses herein regarding the contribution of the peripheral
monosaccharides in the OPS unit to antibody binding could offer additional insight into the
previously published study that found that the specificity of individual anti- S. Typhimurium
OPS monoclonal antibodies was formed by a combination of antigenic determinants.22 They
may additionally provide a framework for analysis of vaccine induced anti-carbohydrate
antibodies, wherein different monoclonal components of the polyclonal immune response
may exhibit unique modes of saccharide epitope binding and specificity. Additional studies
will be needed to determine whether conformational preferences are present for other
monoclonal antibodies specific for Sa/monella serogroup B OPS, that may vary as a function
of the acetylation status of the immunizing antigen, and also to determine the possible
influence of the lipid A moiety on the saccharide conformational preference.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a),..

Figurel.
Chemical structure of (a) the O-antigenic saccharide molecule and (b) a 3D structural model

of the antibody-saccharide complex used in this study. (a) The depicted structure
corresponds to the de-acetylated O-antigenic saccharide. The O-acetylated counterpart was
constructed with the hydroxyl group substituted by an acetyl group at the C2 position of
both a-D-Abequp and a-L-Rhap residues (red). The glycosidic torsional angles are defined
as ¢=05-C1-Oy-Cy and ¢=C1-0,-Cp-Cy41, With the Oy, Cp, and Cy,41 atoms in the reducing
end monosaccharide. In the manuscript the first, second (central) and third tetrasaccharide
units refer to residues 1-4, 5-8 and 9-12, respectively. (b) The single-chain variable
fragments of the antibody is shown in cartoon with the light chain colored in cyan, heavy
chain in blue, and the connecting loop in violet. The carbohydrate was represented as a stick
model and colored brown, green, yellow for the 3 tetrasaccharide units, respectively. The
hydrogen atoms in the carbohydrate were omitted for clarity and oxygen atoms are in red.
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Figure 2.
Index of free energy minima for each glycosidic linkage used in the GL clustering analysis.

One free energy map for 1—4 linkage in (a) unbound and (b) bound saccharides was used as
example. In GL clustering, the indices in (a) were used for all glycosidic linkages except the
ones defined in (b) were used for the $14 /y14” linkage of the bound saccharides.
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Figure 3.
Structural model of two representative carbohydrate conformations identified from GL

clustering analysis of the antibody/de-acetylated saccharide system. Cluster 1 conformation
is colored in purple and cluster 2 in yellow with oxygen atoms in red. The antibody is shown
in cartoon and the saccharides in stick representations. The circled group corresponds the O-
acetylated site in rhamnose(5) in the antibody/O-acetylated system. The inset highlighted the
position of the acetyl group in rhamnose(5) with respect to the Cluster 1 conformation.
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Figure 4.

Probability distribution of the RMSD values with respect to the two representative
conformations for cluster 1 (a) and cluster 2 (b), identified from cluster analysis of the

Page 19

antibody/de-acetylated saccharide system. The distributions were derived from simulations
of the antibody/de-acetylated saccharide (solid black), antibody/O-acetylated saccharide
(solid red), unbound de-acetylated (black dotted) and O-acetylated (red dotted) saccharides.
The RMSD values were computed for all pyranose ring non-hydrogen atoms after alignment

to the central tetrasaccharide unit.
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Figureb5.
The volume calculated from the 3D spatial distribution for the O-antigenic saccharide under

different conditions. Each frame in the trajectory was aligned to the pyranose ring non-
hydrogen atoms of the central tetrasaccharide unit.

J Phys Chem B. Author manuscript; available in PMC 2018 April 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Yang et al.

Page 21

Figure®6.
Spatial distribution sampled by the antigenic saccharides in the antibody/de-acetylated and

antibody/acetylated systems. Shown are the GL clusters 11111133 (cluster 1, purple) and
12111133 (cluster 2, yellow) for antibody/de-acetylated complex and the GL cluster
12111133 (cluster 2, green) for the antibody/O-acetylated system. Distributions based on
non-hydrogen atoms of the monosaccharide rings and the contour level is set to 1078 for the
full polysaccharide.
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Figure7.

2 dimensional free energy landscapes for each glycosidic linkage of the O-antigenic
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saccharide obtained from simulations of the (a) antibody/de-acetylated saccharide and (b)

antibody/O-acetylated saccharide. The X- and Y-axis represent ¢ and  in degrees,

respectively. The unit of free energy is kcal/mol.
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Figure8.
Decomposition of molecular mechanics interaction energy (kcal/mol, AEm=AEg|e+AEgw

with AEgje and AE, 4y, the contributions from electrostatic and van der Waals interactions,
respectively) between the saccharide and the protein for the antibody/de-acetylated
saccharide (red) and antibody/O-acetylated saccharide (green) on a per-residue basis for the
antibody. Residues with a contribution |AEpm[>2.0 kcal/mol in either system are presented
in the histograms in the lower three panels.
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Figure9.
Structural model showing the interaction between the antigenic saccharide and antibody. The

antibody is shown with cartoon representation with the light chain colored in cyan and heavy
chain in blue, respectively. Stick representation is used to show the antigenic saccharide and
the important antibody residues that contribute greatly to the binding. The antigenic
saccharide was colored in brown, green, and yellow for the 15, 2", and 3'd tetrasaccharide
units. The hydrogen atoms except those for the acetyl groups were not depicted in the stick
model for clarity. Three residues W160, Y179 and A184 form a hydrophobic local
environment around the acetyl group of rhamnose(5) and their labels were colored red. (a)
top view towards the binding pocket (b) side view towards the binding pocket.
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Figure 10.
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Decomposition of the molecular mechanics interaction energy (kcal/mol,
AEm=AEge+AE 4y With AEge and AE, 4y, the contributions from electrostatic and van der
Waals interactions, respectively) between the saccharide and the protein for the antibody/de-
acetylated saccharide (in red) and antibody/O-acetylated saccharide (in green) on a per-
residue basis for the carbohydrate.
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P(d)

Figure11.

The additional hydrogen bonding interactions formed in the unbound de-acetylated
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saccharide as compared to the unbounded O-acetylated saccharide.
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Table 1
Probability distribution for each GL cluster”
Cluster antibody/de- antibody/O- de-acetylated | O-acetylated
acetylated saccharide | acetylated saccharide | saccharide saccharide
11111133 | 0.510 0.001 0.911 0.910
11111233 | 0.000 0.000 0.000 0.006
11112133 | 0.000 0.000 0.000 0.004
11121133 | 0.000 0.000 0.000 0.014
11111143 | 0.003 0.000 0.000 0.000
11211133 | 0.011 0.000 0.022 0.011
12111133 | 0.426 0.952 0.044 0.016
12111233 | 0.000 0.003 0.000 0.000
12121133 | 0.000 0.005 0.000 0.000
12111143 | 0.007 0.001 0.000 0.000
12211133 | 0.015 0.019 0.000 0.000
21111133 | 0.018 0.000 0.017 0.037
21111143 | 0.000 0.000 0.000 0.002
21211133 | 0.000 0.000 0.002 0.000
22111133 | 0.008 0.018 0.001 0.000

aOnIy the clusters with a probability > 0.1% are listed. The index definition for ¢/ was indicated in Figure 2. While a division of (0°, 180°] and
(-180°, 0°) was used for 14" in the bound saccharides instead of (-180°, —120°) & (0°, 180°] and [-120°, 0°] for the unbound saccharides. The
eight linkages correspond to ¢14/y14, ¢14'/[y14', 914" /y14", 913a/y13a, p13b/y13b, ¢13c/y13c, ¢13/y13, and ¢13'/y13". The population ratio
is given for each GL cluster.
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Overlap coefficients of the spatial distributions for each monosaccharide between different systemsa

Table 3

Monosaccharide | 1-2 1-3 14 | 23 |24 | 34
1 043 | 0.11 | 0.08 | 0.03 | 0.04 | 0.83
2 042 | 0.13 | 0.10 | 0.05 | 0.05 | 0.89
3 0.38 | 0.07 | 0.06 | 0.02 | 0.02 | 0.88
4 041 | 0.23 | 0.24 | 0.06 | 0.08 | 0.79
5 0.57 | 0.37 | 0.36 | 0.27 | 0.26 | 0.93
6 0.71 | 0.68 | 0.69 | 0.43 | 0.44 | 0.95
7 059 | 0.65 | 0.64 | 0.51 | 0.57 | 0.85
8 0.61 | 0.56 | 0.58 | 0.46 | 0.47 | 0.93
9 0.82 | 0.64 | 0.66 | 0.59 | 0.62 | 0.84
10 0.73 | 0.72 | 0.76 | 0.67 | 0.71 | 0.86
11 0.68 | 0.65 | 0.59 | 0.68 0.7 | 0.81
12 0.70 | 0.67 | 0.63 | 0.58 0.6 | 0.82

Page 29

aThe index of the system is antibody/de-acetylated saccharide(1), antibody/O-acetylated saccharide (2), de-acetylated saccharide (3), and O-

acetylated saccharide(4). The OC value for each pair of models as a function of the pyranose residue is given in the table.
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