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Abstract

A lipopolysaccharide (LPS) molecule is a key component of the bacterial outer membrane used to
protect the bacterium and to interact with the environment. To gain insight into its function, the study
of the LPS conformation and dynamics at the molecular and cellular levels is necessary, but these
highly diverse and dynamic membrane-LPS systems are difficult to study. In this work, by using NMR
spectroscopy and molecular dynamics (MD) simulations, we determined the conformational
preferences of an E. coli O176 O-antigen polysaccharide at the atomic level. Moreover, we analyzed
the use of non-uniform sampling (NUS) for the acquisition of high dynamic range spectra, like 'H,'H-
NOESY NMR experiments. A comparison of the effective transglycosidic distances derived from
conventional uniformly sampled and NUS 'H,'H-NOESY data showed high similarity under equal
measuring time conditions. Furthermore, the experimentally derived internuclear distances of the O-
antigen polysaccharide with ten repeating units (RUs) showed very good agreement to those calculated
from the MD simulations of the same O-antigen polysaccharide in solution. Analysis of the LPS bilayer
simulations with five and with ten RUs revealed that, although similar with respect to populated states
in solution, the O-antigen in LPS bilayers had more extended chains as a result of spatial limitations
due to close packing. Additional MD simulations of O-antigen polysaccharides from E. coli O6
(branched repeating unit) and O91 (negatively charged linear repeating unit) in solution and LPS
bilayers were performed and compared to those of O176 (linear polymer). For all three O-antigens, the
ensemble of structures present for the polysaccharides in solution were consistent with the results from
their '"H,'"H-NOESY experiments. In addition, the similarities between the O-antigen on its own and as
a constituent of the full LPS in bilayer environment makes it possible to realistically describe the LPS

conformation and dynamics from the MD simulations.



Introduction

Carbohydrates are the most abundant organic molecules in nature; all living organisms are able to
synthesize carbohydrates and metabolize them [1]. These molecules are involved in many biological
processes, like protein folding, oligomerization and stability, immune response, and host-pathogen
interactions [2]. The high complexity found in glycan modifications gives an immense repertoire of
biological information that is not encoded in the genome [3]. Glycans can be attached to proteins
forming glycoproteins or proteoglycans [4], but also linked to lipids (glycolipids) or even forming free
polymers (e.g., hyaluronic acid) in the extracellular space. Their structural diversity resides in the type
of linkages, variation of functional groups, stereoisomers, length, branching pattern, and sequence order
[5]. Moreover, not only the primary sequence, but also the polysaccharide spatial behavior in its
cellular context have been found essential to function. Therefore, knowledge of the three-dimensional
structure and conformational preferences in their environment is crucial in order to understand their

roles at a molecular level.

A lipopolysaccharide (LPS) molecule is the major component of the outer membrane in gram-negative
bacteria. Bacteria use LPS to interact with the environment, from attachment to inorganic materials to
aggregation with other cells [6]. A LPS molecule consists of a conserved lipid-carbohydrate moiety
termed lipid A that is anchored in the outer bacterial membrane, the core region that is covalently
linked to lipid A and can be divided into the outer and inner cores, and an O-antigen polysaccharide
region that is linked to the outer core [7]. The negative charges of the core oligosaccharide and lipid A
generate strong ionic interactions with divalent cations, which is crucial for the membrane integrity and
structure stabilization [8]. The O-antigen is a polymer with 2 to 7 monosaccharides per repeating unit
(RU), arranged into linear or branched structures. More complex three-dimensional structures can be
formed when the number of branches increases. Moreover, the O-antigen polysaccharide has various

RU lengths, and its composition and structure vary according to the serological group [9].

The combination of NMR relaxation measurements and molecular dynamics (MD) simulations has
been used in the study of carbohydrate conformations in solution [10-13]. To better understand its
function, it is necessary to study the LPS structure, conformation, and dynamics at the molecular level
as well as in its cellular environment. However, simulations of complex systems like LPS in membrane
environments [14] have been limited because of the difficulty in building membrane-LPS models [15],
and the lack of appropriate molecular force fields. We have successfully developed a protocol to build
LPS bilayers [16] by using CHARMM [17] and the modified CHARMM-GUI Membrane Builder
procedure for lipoglycans, which was applied for the study of the dynamics of the LPS from E. coli O6
and O91. In the case of E. coli serotype O6 (Figure 1, —4)-a-D-GalpNAc-(1—3)[B-D-Glcp-(1—2)]-B-

D-Manp-(1—4)--D-Manp-(1—3)-a-D-GalpNAc-(1—)), the effective proton-proton distances in the
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polysaccharide were analyzed from NMR experiments and MD simulations using lipid bilayers [13].
Moreover, for E. coli serotype 091 (Figure 1, —4)-0-D-Quip-3-N-[(R)-3-hydroxybutyramido]-(1—4)-
B-D-Galp-(1—4)-B-D-GlcpNAc-(1—4)-B-D-GlcpA-6-N-Gly-(1—3)-B-D-GlcpNAc-(1—), the MD
simulations could reproduce the dynamical behavior of NMR correlation times observed for the

polysaccharide chain in solution [18].

In this work, the conformational preferences of E. coli O176 O-antigen polysaccharide (Figure 1, —4)-
a-D-Manp-(1—2)-a-D-Manp-(1—2)-B-D-Manp-(1—3)-a-D-GalpNAc-(1—) were determined at the
atomic level by a combination of NMR spectroscopy and MD simulations. We analyzed the use of non-
uniform sampling [19] for the acquisition of 2D 'H,'3C-HSQC and 'H,'H-NOESY NMR experiments.
Furthermore, the LPS structure and dynamics in a membrane environment were investigated. In
particular, results from MD simulation trajectories of the E. coli O176 O-antigen containing 10 RUs
(PS10) in solution were compared with those calculated from NMR experiments. Moreover, additional
MD simulations of the O6 (branched) and O91 (linear, but negatively charged) polysaccharides were

performed and compared to those of the (linear) O176 O-antigen.
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Figure 1. Schematic structures of the repeating units of the O-antigen polysaccharides from E. coli
0176 (top, linear repeating unit), O6 (middle, branched repeating unit), and O91 (bottom, negatively
charged linear repeating unit), where the latter two are adapted from Wu ef al. [13] and Blasco ef al.,
[18] respectively. Sugar residues are labeled by capital letters.

Materials and Methods
NMR experiments

The NMR experiments were performed on an E. coli O176 O-antigen polysaccharide preparation in
D,0O using a natural abundance sample (16 mg in 0.50 mL); to this end, the material was treated with
CHELEX-100 resin, filtered, and transferred to a 5 mm NMR tube. 'H and '*C NMR chemical shifts
were referenced to external 3-trimethylsilyl-(2,2,3,3-2Ha)-propanoate (TSP, du = 0.00 ppm) and 1,4-
dioxane in DO (dc = 67.40 ppm). 'H and *C NMR chemical shift assignments were available from
literature [20].

A 600 MHz Bruker AVANCE III spectrometer was used for experiments at 313.15 K, where the
temperature had been calibrated with a sample of neat deuterated methanol [21]. Multiplicity-edited
'H,3C-HSQC experiments were performed with a 60 kHz smoothed Chirp pulse (0.5 ms, 20.1%
smoothing) for the initial and final '*C pulses of the pulse sequence and a broadband GARP4 !*C-
decoupling sequence. Spectra were acquired with 512 x 2k data points, spectral widths of 70 x 3 ppm
in the /1 and F> dimensions, respectively, and a relaxation delay of 5 s. Six experiments were carried
out; one with the traditional uniform sampling (US) method using 512 data points and five with varying
non-uniform sparse sampling (NUS, using 2, 5, 10, 20, and 40% sampling corresponding to 5, 13, 26,
51 and 102 data points recorded) employing a random sampling scheme to generate the different
distribution of the data points [22]. NUS spectra were recorded with 7> relaxation time set to 53 ms in
the indirect dimension and a 'Jcy of 150 Hz to give more weight to the parts of the FID (free induction
decay) with higher intensity. Compressed sensing was used for reconstruction of the full data set prior

to Fourier transformation [23].

Phase-sensitive 'H,'H-NOESY experiments of the polysaccharide with zero-quantum coherence
suppression [24] were performed with a relaxation delay of 10 s and acquired with 256 x 2k data points
in the F and F> dimensions and a spectral width of 6 ppm. Six spectra with 20, 25, 30, 35, 40, and 50%
NUS were used for the sparseness estimation, and a NUS scheme with 40% coverage corresponding to
a total 102 data points was finally chosen for further experiments. US and NUS [25] spectra were
recorded with eight mixing times varying from 60 to 180 ms (60, 80, 90, 100, 120, 140, 160, and 180
ms), where each mixing time was acquired in quintuplicate. US and NUS spectra were recorded using
16 and 40 scans per ti-increment, respectively (2.5-fold difference), to equalize experimental time and

compare cross relaxation rates between sampling methods. Peak volumes in the two-dimensional (2D)
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spectra were integrated for auto- and cross-peaks to construct NOE buildup curves [26-28] followed by
the PANIC approach, in which every cross-peak volume at each mixing time was divided by its
corresponding auto-peak volume of the anomeric resonance. The fitting of the PANIC data by a first

order function was used to calculate the cross-relaxation rates.
Analysis of NMR data

Proton-proton distances were obtained from cross-relaxation rates (o) employing the isolated spin-pair
approximation (ISPA) [29]. The set of reference distances (r,r) was taken from the MD simulation of
the O-antigen polysaccharide with ten RUs in solution (PS10; see below for the details), omitting the
first and last RUs for the analysis. The value of g, ;8

interactions (C1-C2, A1-A2, D1-D3, D1-D5, and B1-B2 where A, B, C, and D are four sugar residues

¢ was calculated for the available reference

in O176 RU and numbers are hydrogen numbers in each sugar; see Figure 1) using effective distances

from the MD simulations, and their average, (0. 7,5), was subsequently used to calculate 7 y
according to rf} = (Oper* T5p)/ 0 ; for the interaction between protons i and j for the US and NUS 'H,'H-

NOESY experiments [30]. The standard error of the slope (SES) was calculated for all cross-relaxation
rates and distances. Errors in o were calculated using the jackknife procedure [31] and are reported as
one standard deviation (SD). Based on #1 SD, errors were subsequently estimated for the
experimentally determined proton-proton distances. Constraints employed in the fitting procedure were
that the y-axis intercept should be within 5% of the value at the longest mixing time and the correlation
coefficient R* > 0.9. A final visual inspection of the PANIC plots reassured the quality of the fitting

procedure.
Molecular dynamics simulations system setup

An initial polysaccharide conformation containing 10 RUs (PS10) was generated for each of the O-
antigen 0176, 06, and O91 using the topology information in the CHARMM force field [30, 32-34]
and subjected to a brief energy minimization using steepest descent and adopted basis
Newton—Raphson methods. Two PS10 solution simulation systems for O176 O-antigen and three PS10
solution simulation systems for O6 and O91 O-antigens were built independently using Glycan Reader
& Modeler in CHARMM-GUI (http://www.charmm-gui.org) [35-37]. The system size was determined
to have at least a 12.5 A water layer in every direction. The solution simulation systems were energy
minimized with the positional harmonic restraints applied to the non-hydrogen atoms of PS10 using
CHARMM simulation software [17]. The system size of each solvated PS10 system is given in Table
S1.

For each of O-antigen 0176, O6 and O91, building and assembly of two LPS bilayer systems LPS5
(lipid A + R1 core + 5 RUs of O-antigen) and LPS10 (lipid A + R1 core + 10 RUs of O-antigen)



(Figure 2) were achieved by the well-established step-by-step protocol in CHARMM-GUI Membrane
Builder [16, 35, 38-40] and successfully used in previous LPS simulations [13, 15, 41, 42]. For LPS5
and LPS10 bilayer systems containing 36 LPS molecules in each leaflet where each LPS molecule of
0176 and O6 in LPS5 and LPS10 systems consist net charge of —9¢ where as in O91 LPS5 system
there is net charge of —14e and O91 LPS10 system consist net charge of —19¢. These highly negative
LPS bilayer systems were neutralized with Ca®* ions where initial placement of Ca?" ions restricted to
neutralize all the negative charges on the lipid A head groups and of the core sugar residues (Kdo (2-
keto-3-deoxyoctulosonate) and phosphorylated Hep (L-glycero-D-manno heptose). Ca?* ions and
additional 150 mM KCI bulk ions were placed using 2,000 steps of Monte Carlo simulations. No extra
bulk ions were added for PS10 solution systems. These building steps were repeated three times with
different random seed numbers to generate three independent replicas to improve sampling and to
check for simulation convergence. The system sizes of solvated LPS5 and LPS10 systems are given in

Table S1.




Figure 2. LPS10 (lipid A, R1 core, and 10 units of the O176 O-antigen) lipid bilayer snapshot at 400
ns. Lipid A is colored gray, the R1 core is colored green, and O-antigen repeating units are colored
orange. Phosphate groups are colored red, and calcium, potassium, and chloride ions are shown as
yellow, cyan, and purple spheres, respectively. Water molecules are not shown for the sake of clarity.

Simulation protocols

The energy minimized solution systems for each of 0176, O6 and 091 PS10 were subjected to 50-ps
NVT (constant particle number, volume, and temperature) and NPT (constant particle number,
pressure, and temperature) equilibration using CHARMM followed by 400-ns NAMD production
simulations at 300 K. Similarly, LPS5 and LPS10 membrane systems were equilibrated for 450 ps
using CHARMM [17], where Langevin temperature control was used for NVT dynamics, and a Hoover
thermostat [43] and the Langevin piston methodology was used to control temperature and pressure for
NPT dynamics [44, 45]. This was followed by 400-ns NPT production runs with NAMD [46][46] using
the NAMD input scripts generated by CHARMM-GUI [47]. This resulted in a total simulation time of
1.2 ps for each PS10, LPS5, and LPS10 systems, except for 800 ns for the O176 PS10 system. During
LPS5 and LPS10 equilibration, various planar and dihedral restraints were applied to the LPS
molecules; these restraint forces were gradually reduced to zero for the production simulations [13, 42].
Additional dihedral angle restraints were applied to restrain all sugar rings to the pertinent chair
conformation, which were maintained during the production simulations in both solution and
membrane simulation systems. These restraints were used in our previous simulations [13, 15, 41, 42].
The temperature and pressure were held at 310.15 K and 1 bar, respectively, for the membrane systems.
In NAMD production runs, Langevin dynamics was used to maintain constant temperature with a
Langevin coupling coefficient of 1 ps™!, and a Nosé-Hoover Langevin piston [48, 49] was used to
maintain constant pressure with a piston period of 50 fs and a piston decay time of 25 fs. A 2-fs
timestep was used for integration together with the SHAKE algorithm [50], where all covalent bonds
between hydrogen and the heavy atom were constrained. The van der Waals interactions were smoothly
switched off at 10 — 12 A by a force-switching function [51], while the long-range electrostatic
interactions were calculated using the particle-mesh Ewald method [52]. All the systems (solution and
membrane) were simulated with the CHARMM?36 (C36) force field for lipids [53], carbohydrates [30,
32, 34] and LPS [15], and with the TIP3P water model [54].



Results and Discussion
NMR experiments

The E. coli O176 O-antigen polysaccharide consists of tetrasaccharide repeating units (RUs) with the
following structure: —4)-a-D-Manp-(1—2)-a-D-Manp-(1—2)--D-Manp-(1—3)-a-D-GalpNAc-(1—,
where Manp corresponds to mannopyranose, and GalpNAc to 2-acetamido-2-deoxy-galactopyranose
(Figure 3). Our previous structural studies using 'H NMR data also determined the chain length of the
polysaccharide preparation to be ~10 RUs on average [20]. Using 2D NMR experiments, resonance
assignments were carried out from 'H,'3C-HSQC and 'H,'H-NOESY spectra (Figure S1), which
confirmed the structure of the tetrasaccharide RU of the E. coli O176 O-antigen.
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Figure 3. (Top) Schematic structure of the repeating unit of the O-antigen polysaccharide from E. coli
O176; sugar residues are labeled A — D. (Bottom) Part of 'H,'"*C-HSQC (10% sparse sampling) and
'H,'"H-NOESY (40% sparse sampling, mixing time 180 ms) spectra with selected proton and carbon
resonances annotated.

To investigate the preferred conformation(s) and dynamics of the O-antigen, we set out to measure
proton-proton cross-relaxation rates (o) by 'H,'H-NOESY experiments and to do it not only using
conventional uniform sampling (US) but also by a non-uniform sampling (NUS) technique.
Traditionally, NMR spectroscopy relies on signal acquisition during a time domain using uniformly
sampled data points; higher resolution implies a higher number of data points and thus, a more time-
consuming experiment. More recently, the NUS methodology has been developed to allow for the
acquisition of a complete spectrum based on significantly fewer data points [55, 56]. Data are recorded
using known information or estimates of NMR parameters, such as the magnitude of J couplings and 7>
relaxation times, in order to obtain maximum spectral resolution and sensitivity [22, 57]. The
information on the various parameter settings will then provide a better distribution of sampling points
along the FID during the acquisition. Consequently, fewer data points can be sampled while still
maintaining the same resolution, and thus the acquisition time will be reduced accordingly. The NUS
approach has been used extensively for protein 'H and 3C NMR chemical shifts assignment and
characterization [58-60], and acquisition under NUS conditions has been well established in triple-
resonance experiments with a small dynamic range. For instance, the 3D HNCO and HNCOCA spectra
of ubiquitin were acquired with only 7% and 6% of the total data set, respectively, from which it was
possible to generate good quality spectra [61]; thus, a substantial reduction in acquisition time for the
3D NMR experiments. However, the application in terms of quantification, like for measurement of
NOEs, is still challenging due to the high dynamic range [62] in 'H,'H-NOESY spectra and for higher
dimensionality experiments when NOE-interactions are included as part of the nD NMR experiments

[63].

For the E. coli O176 polysaccharide, the sparse sampling technique was first carried out using NUS in a
series of 'H,'3C-HSQC spectra with a decreasing number of acquired points (from 40% to 2% of sparse
sampling) and subsequently compared to US (100% of the data points, cf. Figure S1). Besides
estimated J couplings and 7> relaxation times, the dispersion of the measured data and the non-linearity
in the reconstruction of peaks also have direct or indirect repercussions on the final appearance and
signal-to-noise ratio (S/N) of the spectra [22, 57]. Guided by the above and that the number of
hypercomplex points should be no less than the number of signals in the spectrum, the 10% NUS
'H,3C-HSQC spectrum (Figure 3) was judged as the best one with respect to spectral quality and S/N
in conjunction with time saving of the experiment when performed using the sparse sampling

technique.



The 'H,'H-NOE-based conformational analysis of the E. coli 0176 O-antigen was performed by
acquiring phase-sensitive "H,'H-NOESY experiments with eight mixing times varying from 60 ms to
180 ms employing US and NUS at a coverage level of 40%, similar to the 30% used by Hyberts et al.
for 3D 'N-NOESY-HSQC experiments [63]. Herein, we used the time-saving initially obtained by
NUS to increase the number of scans by a factor of 2.5, resulting in equal measuring time for both US
and NUS experiments, which were performed in quintuplicate to improve the accuracy and
reproducibility of the applied methodology. Intra- and inter-residue proton-proton distances were found
within and between all residues of the O-antigen (Table 1), and subsequently auto- and cross-peaks in

the NOESY spectra were integrated for quantitative analysis.

Using NOE buildup curves [28] analyzed by the PANIC approach [26, 27] (Figure 4), cross-relaxation
rates between proton pairs could be obtained (Table 1). For the PANIC plots, the y-axis intercept was
close to zero and ranged from —0.037 to 0.002 for US and from —0.028 to 0.012 for NUS. However,
US- and NUS-derived cross-relaxation rates were found slightly different, where the NUS method
consistently showed lower values, which may be related to the high dynamic range of NOE
measurements. The average standard error of the slope for all ¢ values was found to be comparable

(Table 1), although some difference was observed for the mean R? values (0.90 for US and 0.73 for

NUS).
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Figure 4. 'H,'"H-NOESY buildup curves of the O-antigen polysaccharide from E. coli O176 employing
the PANIC approach in which 7/I; vs. i are plotted. The cross-relaxation rates, which correspond to —
oij = 1/, are obtained from the slopes of the fitted data; the inter-residue proton pair A1-D2 (solid line)
and the intra-residue reference A1-A2 (dashed line) are shown using uniform (black) and non-uniform
(red) sampling. Data were plotted with the mean value at each mixing time using in bars the standard
error of the mean (SEM) at each point.

10



Table 1. US and NUS inter-and intra-glycosidic proton-proton cross-relaxation rates (ous and onus in s
" in the E. coli 0176 polysaccharide derived from PANIC buildup curves, experimentally derived
distances (rus and rus in A), and calculated effective proton-proton distances (7Solution, 7LPS5, 7LPS10 iN
A) from the solution, LPS5, and LPS10 MD simulations as well as (G*7et-Solution®) in A®s'. The
standard error (SE) of the slope and R? average values for US and NUS cross-relaxation rates are
displayed.

a a

Proton pair ous ONUS rus NUS FSolution FLPSS FLPS10
Cl1-A2 —0.86+0.02 —0.81+£0.04 2.41+0.02  2.33+0.04 2.26+0.012 2.26+0.008 2.26+0.007
Al-Cl —0.1840.02 —-0.16+0.02 3.12+0.13  3.05+0.15  3.18+0.082 3.02+0.117 2.90+0.117
Al-D1 —0.24+0.02 —0.194£0.02 2.98+0.07  2.96+0.10  4.35+0.629 4.20+0.055 4.13+0.066
Al-D2 -1.2840.12 -0.86+0.06 2.25+0.07  2.30+0.05  2.32+0.008 2.32+0.010 2.32+0.016
D1-B3/D2 —2.32+0.24 —1.88+0.23

D1-B3 -1.57 -1.30 2.18 2.15 2.23+0.005 2.24+0.014 2.24+0.017
D1-B4 —0.16£0.01 -0.09£0.02 3.19+0.08  3.36+0.23  3.43+0.065 3.25+0.142 3.26+0.171
B1-C4/A1-C5 —1.46+0.01 —1.44+0.03

B1-C4 —0.63 —0.80 2.53 233 2.39+0.025 2.31£0.027 2.29+0.042
Cl-C2 —0.874£0.03 —-0.74£0.06 2.40+0.03  2.36+0.07  2.47+0.001 2.47+0.000 2.47+0.001
Al-A2 —0.60+0.03 —0.52+0.04 2.56+0.05 2.51+0.06  2.46+0.002 2.48+0.003 2.47+0.004
D1-D3 —0.90+0.11 —-0.49+0.05 2.39+0.10  2.53+0.09  2.35+0.004 2.34+0.002 2.34+0.003
D1-D5 —0.9140.14 —-0.64£0.06 2.38+0.12  2.42+0.07  2.34+0.002 2.35+0.002 2.34+0.002
B1-B2 —0.76£0.04 —0.68+0.04 2.46+0.05 2.40+0.04  2.40+0.003 2.40=0.002 2.41+0.002
D1-D2 -0.75 —0.58 2.45+0.004 2.45+0.002 2.45+0.002
Al-C5 —0.83 —0.64 2.43+0.028 2.49+0.050 2.55+0.068
(SE) 0.057 0.052

(R%) 0.90 0.73

(Oref Fref-Solution®y ~ —167.17 -128.90

2 Calculated using 7ij = ({Oref Tret-Solution’)/cij) /® where the five proton-proton reference distances inside

the bracket correspond to C1-C2, A1-A2, D1-D3, D1-D5, and B1-B2 and averaging is carried out over
all saved time frames of the two MD simulations for solution (in total 800 ns) while three MD
simulations for LPS5 and LPS10 (in total 1.2 pus); separate averaging has been performed for ¢ from
US and NUS NMR data.

Instead of relying on a single reference distance between a pair of protons in one sugar residue in the
RUs of the polysaccharide, we herein utilize an approach recently presented and applied to
oligosaccharides that makes use of several intra-residue distances within the compound [30]. The
methodology employs proton-proton distances from MD simulations in an isolated spin-pair
approximation (ISPA) [29] approach, viz., 7ij = ({Oref Tret-Solution’)/cij)’® [30]; by using proton-proton
reference distances inside the bracket calculated over the trajectory, where averaging is carried out over

all saved time frames of the MD simulations, effective r; distances can be obtained. Separate averaging
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was performed for ¢ from US and NUS NMR data. When the transglycosidic ¢ values are applied, the
effective internuclear distances derived from US or NUS 'H,'H-NOESY data become highly similar

under equal measuring time conditions (Table 1).

Comparison to MD simulations

The results from the NMR experiments were compared to those calculated from MD simulation
trajectories of, in particular, the E. coli O176 O-antigen polysaccharide containing 10 RUs (PS10) in
solution (Table 1), because this should be highly representative of the polysaccharide preparation used
in the NMR experiments; comparisons were also made to the membrane-associated LPS5 and LPS10
having five and ten RUs, respectively. The conformational space sampled by PS10 is described by the
two-dimensional free energy surfaces of the glycosidic torsion angles ¢ and y (Figure 5), where the
major state of the ¢ torsion angles is present in the exo-anomeric conformation [64, 65]; notably, the
conformational flexibility of the a-linked residues C, A and B occurred along the  torsion angle
whereas for the B-linked residue D, only a single conformational region was populated (quadrant three).
The conformational space was found similar for LPS5 (Figure S2) and LPS10 (Figure S3), although a

slightly larger sampling and some changes in populations took place.
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Figure 5. Two-dimensional free energy surfaces of glycosidic torsion angles ¢ and vy in the E. coli
0O1760-antigen polysaccharide from PS10 MD simulations. Free energies are calculated from the
natural logarithm of the relative probability and are colored as follows: black for 0 kcal mol™!, red for
0.5 kcal mol!, yellow for 1.0 kcal mol!, green for 1.75 kcal mol!, and blue for 2.5 kcal mol! The
following glycosidic torsion angle definitions were adopted: ¢ = O5'-C1'-On—Cn, y =
CI'-On—Cn—C(n—1), where n is the linkage position.

The experimentally derived transglycosidic distances showed very good agreement, with differences of
~0.1 A, to those from the MD simulations of PS10 (Table 1 and Figure 6), except for the Al-D1
distance between the two anomeric protons that deviates by >1 A. However, closer analysis of this
proton-proton interaction revealed that the NOE is mediated by the D2 proton at the glycosidic linkage
between the two residues (Figure 7), i.e., a three-spin effect [28, 66] that is highly effective in larger
compounds with longer reorientational correlation times like polysaccharides and proteins. The

geometry at the most highly populated conformation of PS10, with ¢ = 78° and y = —137°, located in
13



quadrant four of the two-dimensional free energy surface (Figure 5), is described by rai1-p1 = 4.58 A,
rar-p2 = 2.30 A, rpap1 = 2.44 A, and an angle a1-p2-p1 of 149°, consistent with the fact that a three-spin
effect is operating. The apparent A1-D1 distance from NMR experiment was therefore omitted from
further considerations, and instead the effective distance calculated from the MD simulations where
rai-p1 > 4 A was judged as relevant. The use of several proton-proton reference distances makes the
analysis less prone to bias, which is also the case when the approach is applied to the NOE data
acquired in our previous studies on the E. coli O6 (Table S2) and O91 (Table S3) O-antigens [13, 18].
Although the experimentally derived distances are closely similar to those determined previously, they
are to be judged with greater credence, because the results do not rely on a single reference distance
(and the associated inter-proton dynamics).

5 -

Distance /A
]
]

C1-A2 A1-G1 A1D1 A1D2 BI-D3 DI-B4 BI-C4 CI1-C2 Al-A2 DI1-D3 D1-D5 B1B2

Figure 6. Bar diagram displaying proton-proton distances in E. coli O176 polysaccharide from NMR
US (black) and NUS (red), including error bar estimates (SEM) based on cross-relaxation rates, and
from MD simulations (solution, LPS5, and LPS10 detailed in blue, orange, and white, respectively).

Figure 7. Molecular model of the most populated conformer (¢ = 77° and y = 136°) of the A-D
disaccharide structural element in the E. coli O176 polysaccharide. The effective proton-proton
interatomic distances from the MD simulation in this conformational state are: ra1.p2 = 2.30 A, rp2p1 =

2.44 A, and ra1.p1 = 4.58 A; the average angle Ga1-p2-p1 = 149°.
14



Analysis of the conformational preference of a-D-Manp-(1—2)-a-D-Manp (¢/yc-a) and a-D-Manp-
(1-2)-B-D-Manp (¢/wa-p) in the Protein Data Bank (Figure S4) revealed that there is a population
distribution of 1,441 and 20 glycan structures identified using Glycan Fragment DB
(http://glycanstructure.org/fragment-db) [67], very similar to those observed for ¢p/yc.a and ¢p/wa-p in
PS10 (Figure 5), LPS5 (Figure S2), and LPS10 (Figure S3) simulations. This result suggests that

inherent conformational preferences for synperiplanar yc.a and ya.p in solution are also retained in

corresponding sugar linkages in LPS5 and LPS10 simulations.

Structure and Dynamics of LPS Molecules in a Bilayer

Though the conformational sampling of the O176 polysaccharide for contiguous residues, i.e., at the
disaccharide level, is similar in solution and LPS systems, small changes in glycosidic linkage torsion
angles allow for quite large global conformational changes of the polymeric chain of the PS10 systems
when compared to O-antigen part of LPS systems. This is evident from a time-series analysis of end-to-
end distance calculations between the first residue of RU1 and last residue of RU10 in PS10 and LPS10
(Figure 8). Due to availability of free conformational space for PS10, the O-antigen in solution widely
varied between extended and curved conformation (Figure S5), which contrasted to the extended
polymer chains in LPS systems as a result of close LPS-LPS packing and less available space for
movement. Higher dynamical flexibility for the polysaccharide chain PS10 is also observed in solution
for the E. coli O6 and O91 O-antigens compared to polysaccharide chain in the homogeneous bilayer

environment of LPS10 (Figure 8).
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Figure 8. Time-series of the end-to-end distances in E. coli 0176, O6, and O91 antigens between first
residue of RUI and last residue of RU10 in LPS10 bilayers and PS10 solution with the average
distance and the standard errors over three independent simulations (replicas).

From the analysis of calculated heavy atom density profiles along the Z-axis (i.e., the membrane
normal) for LPS5 and LPS10 bilayer systems, we noticed that the polysaccharide conformational
dynamics are further dependent on the polysaccharide molecular length and only to a small extent to
type of O-antigen. In general, for all three O-antigens O176, 06, and 091, terminal RUs possess more
extensive dynamics with broader density distribution than the residues closer to the outer core which
shows narrower density distribution irrespective of bilayer systems (Figure 9). However, the Z-axis
extension of each O-antigen is largely dependent on the O-antigen type. The O176 O-antigen with four
linearly-connected sugars in the RU is much less extended in the Z-axis than the E. coli 091 O-antigen
with five linearly-connected sugars in the RU (Figure 1). Interestingly, the E. coli O6 O-antigen having
five sugars with one branch in the RU show the Z-extension in between O176 and 091 O-antigens. In
addition, the effect of LPS packing on the dynamics of RUs appears to be slightly different for all three
O-antigens with different LPS packing environment. For example, for the O91 O-antigen, the core
structures as well as the different RUs in the LPS5 O-antigen are slightly more extended than the
corresponding ones in LPS10, but in the case of O6 and O176 RUs, they are less extended in LPSS5
compared to LPS10.
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Figure 9. (Left) Heavy atom density profiles along the Z-axis (i.e., the membrane normal) for lipid A
acyl chains (LipaTail), lipid A headgroups (LipaHead), inner core sugars (InCore), and outer core
sugars (OutCore) for all three O-antigens O176, O6 and O91. Solid and dotted lines correspond to
LPS10 and LPSS5 bilayers, respectively. (Right) Comparison of dynamics of O-antigen repeating units
RUI — RUS in the LPSS5 bilayers and RU1 — RU10 in the LPS10 bilayers.

Further insight into the impact of O-antigen type on the lipid A packing and dynamics in the LPS5 and
LPS10 bilayers was gained from analysis of the area per lipid (APL) and membrane compressibility
(Figure 10). In general, addition of any of O176, 06, and 091 O-antigens increases APL for lipid A
groups as compared to APL of lipid A in LPSO (lipid A + R1 core) bilayer systems. The increased
surface area seen in the LPS5 and LPS10 bilayers compared to the LPSO bilayer may be caused by
sterically bulkier O-antigen regions, which push LPS molecules away from each other. Interestingly,
this steric effect is the O-antigen length dependent with more influence in LPS5 than LPS10 except the
E. coli O91 O-antigen for which the negatively charged RUs further push LPS molecules away from
each other with more RUs. This non-monotonic trend of APL for O6 and O176 between LPS5 and
LPS10 bilayer systems may be related to complex three-dimensional structural arrangements within
LPS-LPS interactions with branched O-antigen RUs. Further insight into the membrane dynamics were
obtained through the compressibility modulus that can be calculated by K4 = kT APL/(N<GAPLZ>>),

where kg7 is the thermal energy and N is the number of lipid A molecules in a leaflet. The K4 in the
17



LPSO system is ~200 dyn-cm™!. For O176 and O6 antigens, LPS5 and LPS10 systems show K4 in the
range of 200 dyn-cm™!, suggesting little influence of these two O-antigens on membrane dynamics.
However, in case of 091, K, values decrease to 150 dyn/cm in LPS5 and 125 dyn/cm in LPS10 as
compared to 200 dyn/cm in LPS0. Decreased in compressibility modulus of the E. coli O91 O-antigen
LPS can be attributed to LPS-LPS repulsion due to the negatively charged O-antigen, making the LPS

bilayer easier to be compressed (i.e., more fluctuations around the bilayer average area)
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Figure 10. Average lipid bilayer properties, area per lipid (APL) and compressibility modulus, over the
last 100 ns for the homogeneous LPS bilayers, without O-antigen LPS0 and with O-antigens (0176, O6
and O91) LPSS5 and LPS10 with three independent systems for all.

In addition, net negative charge of the O91 polysaccharide compared to neutral charge of the O176 and
06 O-antigens appears to influence overall distribution of ions in respective systems and affect packing
and dynamics of LPS. Different distribution patterns of ions particularly for K ions are clearly
observed with calculated ion density profiles along the Z-axis (Figure 11). The negatively charged O91
O-antigen facilitates deep penetration of K" ions, while this did not take place for neutral charge of
0176 and O6 polysaccharides. This penetration of K" ions along the O91 O-antigen allows their
interaction with the head group of lipid A in the LPS bilayer and leads to competition with Ca*" ions
and makes lipid A packing more compressible. Importantly, our previous study of lipid A bilayer
systems from different bacterial species indicated that lipid A with monovalent cations (K" or Na") is

more compressible than Ca?* neutralized lipid A [68].
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Figure 11. Distributions of ions (Ca**, K?*, and CI') along the Z-axis (i.e., the membrane normal),
mapping onto the heavy atom density profiles of different LPS components in the E. coli 0176, O6,
and 091 LPS10 bilayer systems. Only the Z > 0 membrane portion is shown after symmetrization. K*
and CI ion densities were scaled by a factor of two, for the sake of clarity.

Conclusions

In summary, this work provides insight into the conformational preferences of the E. coli O176 O-
antigen polysaccharide in solution and the full LPS in a membrane model. The effective transglycosidic
proton-proton distances in the polysaccharide derived from NMR experiments showed very good
agreement to those from MD simulations using the polysaccharide and LPS bilayers as well. Moreover,
even though the NMR cross-relaxation rates derived using a non-uniform sampling technique were
consistently lower, we observed that when these rates were translated into effective internuclear
distances, the distances became highly similar to those from conventional uniform sampling, under
equal measuring time conditions. Like for the E. coli O176 O-antigen, additional MD simulations of
the LPS and the polysaccharide were performed and analyzed for E. coli O6 and O91. The same
approach, in which several intra-residual proton-proton interactions were used as reference to calculate
transglycosidic distances, gives higher credence to the derived effective distances for E. coli O6 and
091 polysaccharides. Conformational sampling of the O176 polysaccharide in solution and LPS
systems is quite similar at the disaccharide level, but the polymeric chain of PS10 is very flexible
compared to O-antigen part of LPS systems as a result of close LPS-LPS packing and less available
space for movement. Moreover, overall O-antigen charges also play important role in LPS-LPS
packing and dynamics as evident from the area per lipid and compressibility modulus analysis. This
suggests significant decrease in membrane compressibility modulus for LPS systems with the
negatively charged 091 O-antigen compared to neutral O176 and O6 LPS systems. In addition, the
similarities between the O-antigen on its own and as a constituent of the full LPS in bilayer
environment makes it possible to realistically describe the LPS conformation and dynamics from the

MD simulations.
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