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Abstract

The outer leaflet of the outer membrane in gram-negative bacteria contains lipopolysaccharides
(LPS) as a major component, and the outer membrane provides a physical barrier and protection
against hostile environments. The enterohemorrhagic E. coli of serogroup 091 has an O-antigen
polysaccharide (PS) with five sugar residues in the repeating unit (RU) and the herein studied O-
antigen PS contains ~10 RUs. *H,"*C-HSQC-NOESY experiments on a [1-*C]-labeled PS were
employed to deduce H,'H cross-relaxation rates and transglycosidic 3Jcw related to the  torsional
angles. Dynamical parameters were calculated from the molecular dynamics (MD) simulations of
the PS in solution and compared to those from *C NMR relaxation studies. Importantly, the MD
simulations are able to reproduce dynamical behavior of internal correlation times along the PS
chain. Two-dimensional free energy surfaces of glycosidic torsion angles delineate the
conformational space available to the O-antigen. Although similar with respect to populated states
in solution, the O-antigen in LPS bilayers have more extended chains as a result of spatial
limitations due to close packing. Calcium ions are highly abundant in the phosphate-containing core
region mediating LPS-LPS association crucial for maintaining bilayer integrity, and the negatively
charged O-antigen promotes a high concentration of counterbalancing potassium ions. The
ensemble of structures present for the PS in solution are captured by the NMR experiments and 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

Bacteria can be classified as either gram-positive or gram-negative; the former has one plasma
membrane and the latter has two cell membranes.! Lipopolysaccharides (LPS) abound in the outer
leaflet of the outer membrane (OM) of gram-negative bacteria.? An LPS is comprised of lipid A that
anchors the amphiphilic molecule in the membrane, a core oligosaccharide region that is relatively
conserved and consists of about a dozen sugar residues and an immunogenic O-antigen
polysaccharide (PS) being made of oligosaccharide repeating units (RUs), typically 5 — 25.3% The
biosynthesis of the PS takes place in different ways, depending on the serogroup and bacterial
species, but a repetitive structure can still be identified. In the Wzy polymerase-dependent pathway
an undecaprenyl-PP-sugar molecule (PP corresponds to pyrophosphate) on the cytoplasmic side of
the inner membrane is used as an acceptor in the synthesis of an oligosaccharide, which then is
flipped to the periplasmic side of the membrane and subsequently polymerized resulting in an O-
antigen PS.> The number of sugar residues in a RU is usually 3 — 6 and the structure can be linear or
branched depending on the way that the polymerization is carried out. This sequence of events is
followed by ligation of the O-antigen to the lipid A-core molecule by Waal, LPS transport and
finally insertion in the outer leaflet at the cell surface carried out by the Lpt machinery (LPS
transport).®

Changes in the growth conditions of bacteria influence the phenotypic expression of surface
determinants such as rough (absence of O-antigen PS) to smooth (presence of O-antigen PS) LPS.
In addition, there are presently > 180 different serogroups in E. coli based on the O-antigen RU
sequences, and such diversity arises from different sugar components, linkages and absence or
presence of branches as well as substituents such as O-acetyl groups.” Some studies suggest that
different LPS structures (rough or smooth) induce differential expression levels of tumor necrosis
factor-o. (TNF-a) and interferon-p (IFN-B) due to differences in LPS-binding proteins (LBPS),
cluster of differentiation-14 (CD14) and toll-like receptor 4 (TLR4)-dependent signaling.®%° Thus,
the heterogeneity of core structures as well as O-antigen unit length and sequence variety
determines antigenic diversity of bacteria. This structural diversity of LPS also creates different
dynamic protein-LPS and LPS-LPS interactions and is responsible for differential OM permeability
and access for antibodies to respective epitopes.!! Molecular level insight of these structural
dynamics and interactions should also be beneficial for better understanding of antibiotic
resistance. 121314

This bacterium is a benign commensal, except when it has acquired DNA elements encoding for
toxins; infection with pathogenic E. coli can be responsible for enteric/diarrhoeal disease, urinary
tract infection and sepsis/meningitis. Several pathotypes have been described for E. coli and one of
them is enterohemorrhagic E. coli (EHEC) causing diarrhoea with life-threatening complications,
which includes serogroup 091.1° All O-antigens from E. coli hitherto described have either an N-
acetyl-D-glucosamine or an N-acetyl-D-galactosamine residue at its reducing end of the biological
RU.1%Y" The O-antigen PS from E. coli 091 consists of a pentasaccharide RU (Figure 1): the
commonly occurring hexopyranoses glucose, galactose, glucuronic acid (with the amino acid
glycine linked to its C6), N-acetyl-D-glucosamine, and the wunusual sugar 3-amino-3-
deoxyquinovose (with the amide-linked substituents (R)-3-hydroxybutyric acid attached to its C3).
The E. coli 091 RU sequence is —4)-a-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—, where Quip
corresponds to 6-deoxy-glucopyranose, Galp to galactopyranose, Glcp to glucopyranose, GIcpA to
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glucopyranuronic acid, Gly to glycine and GIcpNAc to 2-acetamido-2-deoxy-glucopyranose; this
structure also represents its biological RU with an N-acetyl-D-glucosamine residue at its reducing
end. The structure determination of the O-polysaccharide was carried using *C-isotope labeling
based on growths supplemented with p-[UL-*Cs]glucose, D-[1-3C]glucose or D-[6-13C]glucose.®
By utilizing the site-specifically labeled materials it was possible to determine dynamics of the
constituent sugars in the PS as well as the dynamics of the exocyclic hydroxymethyl groups of three
of the sugars of the RUs.*%% Also, NMR data facilitated the determination of the chain length of the
polymer to be ~10 repeating units, which was consistent with a narrow distribution deduced from a
MALDI-TOF mass spectrometry experiment.

The three-dimensional structure of these O-antigens is recognized by antibodies and an
understanding of their conformation and dynamics is a prerequisite for further developments in the
design of carbohydrate-based vaccines.?’?? The conformation can be assessed by molecular
modeling techniques,?® preferably in combination with NMR spectroscopy that gives atomic-
resolution information,?*?® and further insights to their conformational behavior can be gained by
carrying out molecular dynamics (MD) simulations.?®2"%82% We herein carry out NMR-based
nuclear Overhauser effect (NOE) experiments on the *C-isotope labeled O-antigen from E. coli
091 in isotropic water solution. In this way resolved NMR spectra can be obtained alleviating
severe overlap present in homonuclear *H-based NMR spectra of natural abundance material. In
addition, the *C-isotope labeling scheme facilitates measurements of heteronuclear transglycosidic
coupling constants that report on conformational preferences at the glycosidic linkages of the
polymer. Experimental NMR data are then compared with extensive MD simulations of the O-
antigen PS per se, i.e., in solution, and of the LPS with five or ten RUs in a membrane environment
representing the outer leaflet of E. coli O91. Specific aims of the study include investigation of
whether the current generation of a carbohydrate force field is able to reproduce experimental data,
herein acquired by NMR spectroscopy, and subsequently similarities and differences of an O-
antigen PS free in solution in comparison to when it is part of the LPS in a membrane environment.

Materials and Methods

NMR experiments

The NMR experiments were performed on E. coli O91 O-antigen PS preparations in D>O using
either a natural abundance sample (16.5 mg in 0.55 mL) or a [1-3C]-labeled PS (2 mg in 0.55 mL);
to this end the materials were treated with CHELEX-100 resin, filtered and transferred to 5 mm
NMR tubes. *H and *3C NMR chemical shifts were referenced to external 3-trimethylsilyl-(2,2,3,3-
2Hy)-propanoate (TSP, du 0.00 ppm) and 1,4-dioxane in D20 (dc 67.40 ppm). Most H and *3C
NMR chemical shift assignments were available from literature.®

A 700 MHz Bruker AVANCE Il spectrometer equipped with a TCI Z-Gradient cryoprobe was
used for experiments at 310 K, where the temperature had been calibrated with a sample of neat
deuterated methanol.®® On the natural abundance sample 1D-selective *H,'H-NOE experiments with
zero-quantum coherence suppression®! were performed with a relaxation delay of 4.0 s by selective
irradiation with a 100 ms r-SNOB shaped pulse at the resonance frequency of the anomeric proton
of residue E (Qui3NAcyl in Figure 1) at 4.90 ppm. The spectra were acquired with 16k data points
and nine mixing times from 60 to 160 ms.

'H,3C-HSQC-NOESY experiments® on the [1-}*C]-labeled PS were performed with an 80 kHz
smoothed Chirp pulse (0.5 ms, 20.1% smoothing) for the initial and final *C pulses of the pulse
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sequence and a broadband GARP4 *C-decoupling sequence. The spectra were acquired with 256 x
2k data points, spectral widths of 25 x 7 ppm in the F; and F2 dimensions, respectively, and a
relaxation delay of 10.2 s. Nine experiments were performed with varying mixing times from 40 ms
to 600 ms. Peak volumes in the two-dimensional (2D) spectra were integrated for auto- and cross-
peaks to construct NOE buildup curves®® followed by the PANIC approach,®3 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. *H,*C-Heteronuclear transglycosidic coupling constants were obtained
from phase-sensitive *H,'"H-NOESY spectra of [1-!3C]-labeled E. coli 091 PS acquired using four
mixing times (40, 60, 80 and 100 ms), 256 x 8k data points in the F; and F, dimensions,
respectively, a spectral width of 6 ppm and a relaxation delay of 9.9 s.

Analysis of NMR data

Proton-proton distances were obtained from cross-relaxation rates (o) employing the isolated spin-
pair approximation (ISPA)% and an intraresidue effective reference distance of 2.39 A for the spin-
pair E1-E2, having ¢ = 2.38 s1, where the distance was taken from the MD simulation of the O-
antigen PS in solution (PS10; see below for the details), omitting the first and last repeating units of
the polymer for the analysis. Errors in ¢ were calculated using the jackknife procedure®” 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. Karplus-type equations developed for transglycosidic spin-spin coupling
constants®® were used for the calculations of 3Jcn from the MD simulations.

Molecular Dynamics Simulations
System setup

For the MD simulation of the PS in solution, an initial PS conformation containing 10 RUs of the
O-antigen (PS10) was generated from the topology information present in the CHARMM force
field39404142 and subjected to a brief energy minimization using steepest descent and adopted basis
Newton—Raphson methods. Three PS10 solution simulation systems were built independently using
Glycan Reader and Quick MD Simulator utility in CHARMM-GUI (http://www.charmm-
gui.org).*** 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
restraint applied to the non-hydrogen atoms of PS10 using CHARMM simulation software.*® The
solvated PS10 systems contained ~231,000 atoms.

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 step-by-step
protocol previously used in LPS simulations':2"4647 and based on the well-established protocol in
CHARMM-GUI Membrane Builder**484%%0 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 solvated LPS5 and LPS10 systems contained ~192,000 and
~305,000 atoms, respectively. For LPS5 and LPS10 bilayer systems, we used the Ca?* ions and
restricted their initial placement to neutralize all the negative charge on the Lipid A head groups and
of the core sugar residues (Kdo: 2-keto-3-deoxy-D-manno-octulosonate and phosphorylated Hep: L-
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glycero-D-manno-heptose). K* ions are used to neutralize the negative charge of O-antigen in LPS
bilayer systems as well as solution systems. In addition 150 mM KCI was used for bulk ionic
solution at the start of simulations for LPS bilayer systems while no extra bulk ions were added for
solution systems. For all three ions, 2000 steps of Monte Carlo simulations were performed to
obtain their initial positions.

Simulation protocol

The energy minimized PS10 solution systems were subjected to 50 ps each of NVT (constant
particle number, volume, and temperature) and NPT (constant particle number, pressure, and
temperature) equilibration using CHARMM followed by 400 ns of NAMD production simulations
at 300 K. Similarly, LPS5 and LPS10 membrane systems were equilibrated for 450 ps using
CHARMM;* Langevin temperature control was used for NVT dynamics, and a Hoover
thermostat® and Langevin piston were used to control temperature and pressure for NPT
dynamics.>>® This was followed by 400-ns NPT production runs with NAMD>* where the NAMD
input scripts had been generated by CHARMM-GUI.%® This resulted in a total simulation time of
1.2 ps for each PS10, LPS5, and LPS10 system. During LPS5 and LPS10 equilibration, various
planar and dihedral restraints were applied to the LPS molecules and water molecules; these
restraint forces were gradually reduced to zero for the production simulations.*®#’ 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. 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®®>" was used to maintain constant pressure with a piston period of 50 fs and a piston decay
time of 25 fs while keeping barostating isotropic for the PS10 solution system and anisotropic for
both LPS5 and LPS10 systems. A 2-fs timestep was used for integration together with the SHAKE
algorithm,>® where all covalent bonds between hydrogen and the heavy atom are constrained. The
van der Waals interactions were smoothly switched off at 10 — 12 A by a force-switching function,
while the long-range electrostatic interactions were calculated using the particle-mesh Ewald
method.®% All the systems (solution and membrane) were simulated with the CHARMM36 (C36)
force field for lipids,®* carbohydrates®®4%4142 and LPS,?” using the TIP3P water model.®? In
addition, the force field parameters of two chemically modified sugars (a-D-Qui3NAcyl and B-D-
GIcA6NGIy) were manually assigned by analogy with the C36 carbohydrate force field39404142
used in this study.

Computation of NMR relaxation parameters
The relaxation parameters can be expressed in terms of spectral density functions, J (a)) taken at

different combinations of the carbon («.) and proton (e, ) Larmor frequencies. The longitudinal
relaxation time T, is related to the spectral densities by the following:5354

T =TZ[J (04— )+33 (@) +6 (0, + ) | (1)

where b:(/yzO /47z) yCthrCﬁ . 14, Is the permittivity of free space, y. and y,, are the magnetogyric
ratios for carbon and proton, respectively, 7 is Planck’s constant divided by 27, and r,, = 1.117 A
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is the carbon-hydrogen bond length. Dynamical processes relevant for the spin relaxation parameter
are described by J (@)

o0

J(®) =§ j (P, [1(0)- u(t)])(cos at)dlt ()

0

where x is a vector undergoing reorientation and P,(x) = (3x* —1)/2 is the second rank Legendre
polynomial. In order to analyze the experimental T, relaxation parameter a functional form of J(w)

is required. Employing the model-free formalism pioneered by Lipari and Szabo®® J (@) is
modeled as:

J(a))=§{ S +(1SZ)T} 3)

1+(wry) 1+(o7)

where 7 =17"+7,;, S? is the square of the generalized order parameter which reflects the spatial
restriction of local motion, z, is the correlation time for internal motions and z,, is the correlation
time for the global reorientational motion.

From the PS10 solution simulations the reorientational correlation function C(t) = <P2 [y(O)-y(t)]>

was obtained for the C1-H1 vector of the sugar residues and in each case it was fitted to a bi-
exponential form:®

C(t)=(1-S*)exp(-t/7,)+ S exp(-t/zy) (4)

where 7, and z,, are the decay times of rapid and slow motions, respectively. The fitting of the

decaying correlation function was carried out to each 12-ns piece of the three 400-ns trajectories
from which the averages and SD were calculated.

Results and Discussion
NMR experiments

The primary structure of the O-antigen of E. coli 091 was previously determined mainly by NMR
spectroscopy making use of different 3C-labeling schemes thereby facilitating application of NMR
experiments not feasible on natural abundance material.® In order to be able to easily refer to
aspects and results from the previous studies we continue to use to the original designation of the
sugar residues denoted by A — E (Figure 1). The *H and *3C NMR chemical shift assignments at 338
K were thus available from the previous study and minor chemical shift displacements besides those
already documented in *C NMR relaxation studies at 310 K for [1-*C]- as well as [6-3C]-labeled
E. coli 091 PS'®2° were readily accounted for by standard 2D NMR experiments. The NMR
chemical shift assignments of H6pro-r and H6pro-s of the hydroxymethyl group in the galactose
residue (A) were obtained by a *H,'H-NOESY NMR experiment®’ considering the NOEs between
H4 and the two hydroxymethyl group protons in conjunction with the anticipated rotameric
distribution at the o torsion angle of galactose.®®

'H,'H-NOESY NMR experiments facilitate determination of proton-proton cross-relaxation rates,
usually performed by acquiring NOE buildup curves based on several experiments with different
7



mixing times, and subsequently deriving interproton distances by ISPA.*3% In the 'H NMR
spectrum of the E. coli O91 PS the anomeric proton of the a-linked residue E is well resolved,
whereas the anomeric protons of the p-linked residues A — D are completely overlapped (Figure
3A) thereby impeding a quantitative analysis based on the standard 2D 'H,'H-NOESY NMR
experiment. Selective excitation of nuclei whose resonances are resolved in the NMR spectrum is
possible by employing a shaped pulse targeting the desired resonance frequency.®® This approach
was applied in a 1D H,'!H-NOESY experiment where NOEs were observed from proton E1
interresidually to protons A4, A5, A6pro-r and Abpro-s as well as intraresidually to E2 (Figure 3B);
the latter was chosen as the reference distance in order to determine experimentally derived proton-
proton distances in the polymer. An NOE buildup curve, analyzed by the PANIC approach,®*% was
used to determine cross-relaxation rates between proton pairs and subsequently distances by ISPA
(Table 1).

Using 3C-labeling of PS efficient NMR experiments can be applied for assigning resonances of
NMR-active nuclei in carbohydrates, including those giving sequence information between sugar
residues.”® In studies of the cell wall PS from Streptococcus mitis J22 uniform 3C-labeling of the
PS was performed thereby enabling 2D H,'H-NOESY and 3D !H,*C-HMQC-NOESY
experiments to be carried out, which gave information on NOE contacts and transglycosidic
heteronuclear coupling constants.”>’23 The 3C NMR resonances of the anomeric carbons from
residues A — E are resolved and by using the [1-*C]-labeled E. coli 091 PS in 2D *H,**C-HSQC-
NOESY experiments it was possible to integrate most cross-peak volumes individually in spectra
(Figure 3C) having different mixing times. However, 'H NMR chemical shifts of E4 and C5
resonate at ~3.45 ppm and the NOEs from the anomeric proton C1 thus overlap also in the HSQC-
NOESY spectra. Since the proton-proton NOE for the C1-C5 NOE is intraresidual and the effective
distance can be estimated very well from the MD simulations its cross-relaxation rate can be
determined and the contribution to the apparent C1-E4/C5 cross-relaxation rate be known.
Following subtraction of the C1-C5 cross-relaxation rate from the apparent one leads to the cross-
relaxation rate of C1-E4 (Table 1). This approach was previously used,’* validated” and has been
shown to be efficient for extracting distance information from cross-relaxation rates, in particular
when resonances giving rise to intraresidual NOEs overlap in spectra with a resonance leading to an
interresidual NOE of unknown distance.”® Subsequently, NOE buildup curves were constructed and
analyzed by the PANIC approach (Figure 4) to give cross-relaxation rates and interproton distances
(Table 1).

Three-bond coupling constants across the glycosidic linkage offer information on conformational
preferences of the constituent sugar residues and the torsional angles related to ¢ and y. These 3Jcn
and 3Jcc couplings are interpreted by Karplus-type relationships specifically developed to this
end.®® For oligosaccharides the J coupling constants can be determined by e.g. J-HMBC
experiments.””’® However, for PS of considerably higher molecular mass these techniques are not
suitable due to long coupling evolution delays during the experiments and other means of
determining the J couplings are required. In the study of the S. mitis J22 cell wall PS Bush and co-
workers utilized the 2D *H,*H-NOESY experiment to determine transglycosidic Jcr couplings in
the uniformly *3C-labeled material.”* Having access to the [1-3C]-labeled E. coli 091 PS we focus
on the fact that a 3Jc1,un coupling from the anomeric carbon of one residue to the proton of the
glycosyloxylated carbon, i.e., the linkage carbon atom, is anticipated and its magnitude should give
information on preferred conformations related to the y torsion angle at each glycosidic linkage.
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The anomeric proton resonance of each residue is split by the large Jcini coupling. In the 2D
1H,'H-NOESY spectrum the peak displacement, in Hz, along the F2 dimension of the two cross-
peaks between H1' and Hn of the subsequent sugar residue (Figure 5) reports on the 3Jcimn
coupling. These types of coupling constants were possible to determine for three out of the five
residues and were quite large, in the range 5 — 6 Hz (Table 2); one may note that the maximum 3Jcy
coupling constant for syn- and antiperiplanar orientations is the range 6 — 8 Hz.%®

Comparison with MD simulations

The results from the NMR experiments can be compared with those calculated from MD simulation
trajectories to validate the simulation (and thus the empirical molecular mechanics force field); once
validated one can reliably extend the analysis of the simulation to gain insight into structural aspects
and dynamical processes. For the comparisons we initially rely on the MD simulation of the O-
antigen PS with ten RUs (PS10) solvated in water since it should be most representative to this end,
but further analysis of the LPS5 and LPS10 membrane systems was also done to examine the
similarities or differences to data from PS10 in solution to address the environmental influences on
PS structure and dynamics.

In this study comparison of experimental NMR data to those calculated from the MD simulations is
based on effective proton-proton distances, transglycosidic heteronuclear coupling constants and

13C T, spin-lattice relaxation times. Having obtained the 'H,'H cross-relaxation rates from the
NOESY experiments and choosing a reference intraresidual E1-E2 distance from the MD

simulation according to 1/r, =<r“fD>]/6, the unknown distances in the molecule can be derived by
ISPA. In other words, the unknown distance F; can be determined from the relationship

L=r

ij ref
are the cross-relaxation rates for the reference interaction and the interaction between spins i and j

, respectively.®® The PS10 behaves as a random coil polymer sampling all orientations (Figure 7)
and this fact forms the basis for analyzing the NOE data using an isotropic model. Based on the
reference distance intraresidual distances were analyzed in other sugar residues and were found to
be consistent with the MD simulations with deviations of < 0.2 A (Table 1, Figure 6).

6 . . . -
(aref/aij )]/ where .. is the known reference distance from the MD simulation, o, and o;

The experimentally determined transglycosidic distances for the E1-A4 and E1-A6pr-s pairs were
obtained from a 1D 'H,'H-based NOESY experiment using the natural abundance PS, resulting in

I, = 2.6 A for both, which is longer than r, = 2.39 A. In the subsequent analysis based on the

HSQC-NOESY experiments of the [1-13C]-labeled PS these proton-proton distances differed by <
0.1 A from those determined by the 1D experiment, thereby validating the 2D NMR approach
relying on the 3C isotope enrichment. Transglycosidic distance information from the anomeric
proton to the proton at the glycosyloxylated position was in this way possible to obtain for all five
linkages (Table 1, Figure 6). For the C1-E4 pair the agreement is excellent for the PS10 simulation,
whereas the distance is slightly longer for the two LPS simulations. The agreement is good, but
reversed for the transglycosidic pair D1-B4, i.e., LPS simulations agree slightly better than the
PS10 simulation. For interactions between anomeric protons and those not at the linkage position,
agreement vary from excellent for the E1-A6pro-s pair to good for D1-B5 and C1-E5, though being
dependent on whether the LPS or the PS simulations are used for the two latter comparisons. For
the A1-D4 and B1-C3 pairs the experimentally determined transglycosidic distances are somewhat
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longer than what is observed from the MD simulations. Both pairs are part of 3-D-hexoses linked to
an oxygen atom at a secondary carbon atom. From the free energy surfaces of the glycosidic
linkages (Figure 8) it is evident that anti-y conformational states are also populated, i.e., Q3 for the
glycosidic linkage of A-D and Q2 for that of B-C. A larger population, though still < 10%, will give
good agreement between experiment and simulation, supporting the notion of conformational
flexibility within the PS.

The a-linked residue E connected to position O4 of residue A also shows a longer E1-A4
transglycosidic distance between the anomeric proton and the proton at the linkage position.
However, instead of a single-well major conformational state and a minor anti-y state with
significantly less populated than the four B-linked residues, the a-linked E residue shows a syn-
conformation with a bistable potential along the  torsion in all three simulations and a negligible
contribution from an anti-y state (Figure 8, Figures S1 and S2). The effective E1-A4 distance for
the two states was analyzed separately and found to be r, =2.15 A and r, =2.24 A in the Q4®™
and Q4™ states, corresponding to y,, being positive or negative (Figure 9). Thus, a higher
population of the Q4®Y™) state would lead to a slightly better agreement with experimental data.
However, the deviation from experiment (Table 1) is still significant and it is evident from NMR
spectra that the transglycosidic E1-A4 distance is longer than the intraresidue reference distance E1-
E2 (cf. Figure 3b and Figure 4). This bistable potential along the  torsion angle is closely similar
to the o-D-GlcpNAc-(1—4)-D-Galp structural element present in the O-antigen of E. coli O6
connecting the biological RUs of the PS, previously analyzed by NMR spectroscopy and MD
simulations.*® In that study the conformational space was in a very similar way described by a two-
well distribution and the minor conformational state in the MD simulation, with a negative value of
its y,, torsion angle, should be the preferred one in order to obtain better agreement between

simulation and experiment. These two cases indicate that the structural element a-D-Hexp-(1—4)-
D-Galp (where Hex is a hexose residue), as a disaccharide or present in larger oligosaccharides,
would benefit from a detailed investigation of its conformational preferences and dynamics when
described by the CHARMM36 (C36) force field; NMR spectroscopy would then be highly suitable
experimental technique for supplying experimental data for fine-tuning of the torsional potentials at
this linkage, in a similar way that recently was performed for (1—6)-linkages between
hexopyranosides.*?

The other experimental source of information about glycosidic torsion preferences in the PS was
herein obtained from the 3Jcn coupling constants related to the  torsional angles as a result of the
13C-labeling of the anomeric carbon atoms. While the major conformational state at the ¢ torsion
angle of carbohydrates is governed by the exo-anomeric effect the preference at the y torsion angle
is dependent on steric effects’”® and to some extent also interresidual hydrogen bonding.® The
ability of obtaining additional conformation-related information for the latter torsion via 3Jcn
couplings is very valuable. From the MD simulations 3Jcn values were calculated using Karplus-
type relationships® and for three out of the five torsions the experimentally determined values were
possible to compare with the simulated ones (Table 2). The *Jcn coupling related to . , is smallest
in magnitude and the agreement with the simulations is excellent. Notably, the calculated couplings
from the Q4®™) and Q4®™) conformational states bracket the one observed experimentally,
indicating that averaging takes place at the ., torsion angle. The largest value was observed for
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%Jch related to w ., which is also in excellent agreement to the PS10 simulation and the result is

consistent with a small population of an anti-y conformer, i.e., population of the Q3 quadrant in
addition to the major population in the Q2 quadrant (Figure 8). The 3Jcn value related to the v,
torsion was intermediate to the other ones both from experiment and simulation, supporting the
synperiplanar conformational state in the Q2 quadrant as the major one. Analysis of the
conformational preference of the ¢/wap in the Protein Data Bank (Figure S3) revealed that there is
a population distribution (of 540 glycan structures identified using Glycan Fragment DB®! available
at http://glycanstructure.org/fragment-db) very similar to that observed for ¢/ywa.o PS10 simulation.
This result suggests that inherent conformational preferences for synperiplanar ya-p in solution are
also retained in other sugar chains, while some of the structures show accessibility of high-energy
anti-y conformers. Structural analysis of 3-D-Galp-(1—4)-B-D-GlcpNAc disaccharide units of PS10
shows synperiplanar wa-.p conformers stabilized by interresidual H-bonding interactions between
054:--HO3p, whereas no such preferential stabilization by interresidual H-bonding is observed for
anti-yap conformers (Figure S4). Similarly, synperiplanar ywce and wp.s conformers show
stabilization with one or more interresidual H-bonding interactions, while they are absent in anti-y
conformers for B-D-GlcpNAc-(1—4)-a-D-Quip-3-N-[(R)-3-hydroxybutyramido] and B-D-GIcpNAc-
(1—4)-B-D-GlcpA-6-N-Gly disaccharide units of PS10.

The use of a singly *3C-labeled site within the pyranose ring of each sugar residue suffices to reveal
dynamical information on the ps-ns time scale and, in contrast to e.g. uniformly labeled carbon-13
material, alleviates the need to consider additional relaxation and spin-spin couplings to other 3C-
labeled sites within the saccharide. The [1-13C]-labeled E. coli 091 PS had previously facilitated the
acquisition of *C NMR relaxation data at two magnetic field strengths for the following
parameters: T, spin-lattice and T, spin-spin relaxation times as well as *H,*C NOEs.'® Subsequent
analysis employing the model-free approach® resulted in a description of dynamical parameters
such as S” reflecting spatial restriction of local motion, z, describing the correlation time for

internal motions and z,, specifying the correlation time for global motion (see Eqn. 4). Herein the
dynamics of the C1-H1 vector in each of the five sugar residues A — E for RU 2 — 9 of PS10 was
analyzed from the MD simulation by calculating the correlation function C(t) :<P2[,u(0)-,u(t)]>

and subsequently fitting it to the bi-exponential function described by Egn. 4, which facilitated
extraction of S?, r, and r,, (Table 3). In comparison of dynamical and NMR relaxation

parameters obtained from the MD simulations one often has to consider the viscosity of the water
model (TIP3P) used in the simulations and that present under the experimental conditions of the
NMR experiments,® e.g., in this case the solute molecule is dissolved in D2O. It is well-known that
the TIP3P water model has a lower viscosity than that experimentally determined for water.?
Furthermore, the viscosity of DO is slightly higher than that of H.0.2 Herein, we decided to
proceed directly from the MD simulations per se, since the analysis of trends in the data is of prime
interest for the PS dynamics (vide infra).

The computed S?values from the simulations are generally slightly lower than those determined
from experiment revealing a dynamic polymer, in agreement with experimental results. In the
interpretation of the *C NMR relaxation data the model-free approach employs an overall
correlation time for the global motion, which was experimentally determined as z,, = 5.42 ns. From
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the MD simulations the z,, values are of similar magnitude, which is of importance in calculating T,

relaxation times, without taking scaling due to viscosity differences into account. The correlation
times for internal motions z, of the various sugar residues calculated from the MD simulations

show, when scaled by z3"® /7P, that the sequentially connected sugar residues —C-E- have similar
and longer 7, values than those in the sequence —A-D-B- with shorter and comparable z, values

(Table 3). Most interestingly, the MD simulations, in conjunction with an overall scaling of
correlation times, are able to reproduce this dynamical behavior along the PS chain, thereby giving
credence to the model produced by using the empirical C36 carbohydrate force field. Subsequent

calculation of T, relaxation times using dynamical parameters from the MD simulations (without

scaling) together with Eqgns. 1 and 3 resulted in relaxation data similar to those observed
experimentally and, in particular, that trends in relaxation times are captured (Table 3).

The terminal repeating unit of the polysaccharide is from NMR data known to be more flexible!®
and the reducing end repeating unit linked to the core region is also anticipated to show different
dynamics than the remaining parts of the polysaccharide. This is the basis for choosing repeating
units 2 — 4 and 2 — 9 when performing analysis of MD data. The conformational dynamics along the
polymer chain was captured by the MD simulation, which was able to describe **C NMR relaxation
parameters. Furthermore, the heteronuclear long-range coupling constants and their relative
magnitudes were possible to account for as well as most of the effective proton-proton distances
obtained from H,'H-NOESY experiments. The description of a dynamic polysaccharide with major
well-defined conformational states and to some extent populated anti-y conformers leads from a
physical point of view to a picture where saccharide epitopes can be recognized, e.g., LacNAc
(residues A-D) by lectins and antibodies but also that it will be able to attain different
conformational population distributions when the physical environment changes, such as when
present in a LPS bilayer.

Structure and dynamics of LPS molecules in a bilayer

The 2D free energy surfaces of the glycosidic torsion angles from the LPS5 and LPS10 simulations
(Figures S1 and S2) are quite similar to those from the PS10 simulations (Figure 8). Some
differences can, however, be identified on going from the PS10-only to the bilayer simulations, e.g.,
for both the C-E and D-B linkages an increase in anti-y,, conformations is observed, i.e., Q3
becomes more populated at the expense of Q2. Furthermore, for the E-A linkage with the Q45
and Q4™ states, corresponding to w,, being positive or negative, respectively, the major

conformational state is shifted from Q4®™ for PS10 to favoring the Q4®™) state for LPS10. Thus,
although the packing of the LPS in the bilayer brings about spatial and consequently conformational
restrictions to the O-antigen the MD simulations indicate that conformations accessible, but less
populated, in PS-only solution become increasingly populated when present in a bilayer
environment.

To obtain general perspectives of how the PS conformational dynamics affect structural packing

and dynamics of LPS molecules in a bilayer and its dependence on the LPS molecular length, we

calculated heavy atom density profiles along the Z-axis (i.e., the membrane normal) (Figure 10).

The core structures as well as the different RUs in the LPS5 O-antigen are slightly more extended

than the corresponding ones in LPS10. This is consistent with our observation in the previous study

with LPS5 and LPS10 bilayers for the E. coli 06 O-antigen.”® In addition, broader density
12



distributions of the terminal RU of the E. coli 091 O-antigen in both LPS5 and LPS10 suggest that
these residues are less packed and possess more extensive dynamics as compared to the residues
closer to the membrane center (Z=0). Structural dynamics of LPS visualized for a few selected
LPS10 molecules from the simulation trajectory (Figure 11) highlight different conformations
sampled while retaining more extended overall shapes. The time-averaged root-mean-square
fluctuation (RMSF) for different regions of the LPS molecules also show that the order of the
relative flexibility increases from the core sugars to the more flexible terminal RU (Figure S5). The
terminal RU of the LPS shows a conspicuously higher flexibility than the remaining parts of the
polymer, consistent with a fact that was previously deduced from **C NMR spin-relaxation data on
PS10.1° Thus, the overall structure and dynamics of LPS molecules in bilayers are influenced by the
packing of the components.

Influences of LPS molecular charge, packing, and dynamics on the permeability and distribution of
ions are clearly observed with calculated ion density profiles along the Z-axis (Figure 12). Like in
previous LPS bilayer simulations,*® current simulations also show a prominent distribution of Ca?*
ions in the region of lipid A head and core sugars. Such a distribution in this region was previously
suggested to be responsible for Ca?*-mediated LPS-LPS association and to be crucial for
maintaining the integrity of the outer membrane structures.®488887 A minor distribution of Ca?*
ions, in exchange with K" ions, extends outwards from the core region to counterbalance the
negative charge of the glycine residues in O-antigen. Interestingly, the negatively charged O-
antigen facilitates deep penetration of K™ ions and restricted movement of CI- ions into the core and
O-antigen regions. Some K" ions even interact with the head group of lipid A in the LPS bilayer,
but CI~ ions are mostly concentrated in the bulk water region. Importantly, in our previous study of
the E. coli O6 LPS bilayer systems, which has a neutral O-antigen there was no preference for
movement of K* or CI- ions into the O-antigen region.*® For E. coli 091, the negatively charged O-
antigen facilitates an extra layer for screening out negatively charged solute molecules in general.

Further insight into the O-antigen conformational dynamics in the LPS5 and LPS10 bilayers was
gained from analysis of the distances between the lipid A phosphate groups and the first residue of
each O-antigen RU along the Z-axis (Figure 13A). Consistent with the E. coli O6 O-antigen in the
LPS5 and LPS10 bilayer systems,*® the present one also prefers to be in extended conformations in
LPS bilayers due to close LPS-LPS distances and less space available. Condensed packing of LPS
molecules is also reflected in calculated average tilt angle of each O-antigen RU, showing that with
inclusion of more repeating units from LPS5 to LPS10, the O-antigens are less tilted from the Z-
axis (Figure 13B). Extended polymer chains as a result of molecular packing in LPS bilayers are
contrasted to the varied PS10 solution conformations (extended to curved) of the O-antigen due to
availability of free 3D conformational space (Figure 7). This is further evident from a time-series
analysis (Figure S6) of end-to-end distance calculations between the first residue of RU1 and last
residue of RU5 in LPS5 and RU10 in solution and LPS10 (Figure S6).

Conclusions

The conformational preferences and dynamics of the E. coli 091 O-antigen have been investigated

using NMR experiments of the PS in water solution and corresponding MD simulations as well as

simulation of the LPS in a bilayer environment. The severe proton spectral overlap in the O-antigen

was alleviated by use of [1-3C]-labeled PS form which both H,'H cross-relaxation rates and

transglycosidic 3Jcn coupling constants were obtained. Derived experimental effective proton-

proton distances were compared to those from a PS-only MD simulation, revealing in general good
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agreement between experiment and simulation; where a somewhat lower agreement was observed it
may be due to a slight underrepresentation of anti-y conformational states. The comparison of
simulated transglycosidic 3Jcn coupling was facilitated by interpretation via a Karplus-type
relationship and showed, in particular, that they were reproduced very well by the force field used
for the simulation. The calculation of T, relaxation times using dynamical parameters from the MD

simulations resulted in relaxation data similar to those observed experimentally, thereby revealing,
by a completely different set of experimental data and subsequent analysis, that the simulations
describe well the conformational dynamics of the PS. The O-antigen as PS-only in solution is free
to populate conformational space available while the LPS molecules in LPS5 and LPS10
homogeneous bilayer environments experience restricted movement from adjacent LPS molecules
and are bound to retain more extended conformations. Furthermore, since the conformational space
for the glycosidic linkages populated by the PS10 and the O-antigen part of LPS5 and LPS10 is
similar and NMR experiments on PS-only are able to capture the ensemble of structures that exist
credence is given to the LPS model in a bilayer. In contrast to the neutral E. coli 06 O-antigen“® the
negatively charged O-antigen of E. coli 091 allows deep penetration of K* ions to counterbalance
the negative charge of the glycine residues in the O-antigen, conceivably shielding the bacterium by
also an electrostatic mechanism to the external environment, besides the permeability barrier the O-
antigen presents on its own. Future directions of continued research will include acquisition of
NMR data for LPS in lipid membrane bilayer disc-like constructs or as natural constituents of the
bacterial cell.
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Tables

Table 1. Inter- and intraresidue proton-proton cross-relaxation rates (¢ in s%) in the E. coli 091 PS
derived from NOE buildup curves analyzed by the PANIC approach. Experimentally derived
distances (rnvr in A) are given together with calculated averaged proton-proton distances (Isolution,
rLess, FLpsio in A) from the solution, LPS5 and LPS10 MD simulations.

Proton pair ONMR I'NMR I'Solution lLpss lLps10

E1-Ad 017111(-)00%% 225653311(-)00(())%" 2.195+0.001 2.200+0.02 2.197+0.01
E1-Abpro-s 0164é9ii(-)00(())éa 226?3911(-)00%15‘ 2.723+x0.02 2.697+0.06 2.717+0.04
Al-D4 1.19+0.08 2.69+0.01 2.301+0.01 2.382+0.09 2.432+0.04
D1-B4 1.74+0.13 2.52+0.01 2.361+0.01 2.559+0.22 2.595+0.04
D1-B5 0.40+0.003 3.21+0.06  3.871+0.05 3.394+0.22 3.355+0.02
B1-C3 1.37+0.08 2.63+0.0003 2.280+0.01 2.286+0.02 2.277%0.001
C1l-E4 2.10° 2.44 2.429+0.01 2.607+0.14 2.601+0.06
C1-E5 0.50+0.06 3.10+0.07  3.185+0.02 3.475+0.14 3.509+0.10
E1-E2 1213;8;)00%; 2.39°¢ 2.394+0.002 2.396+0.001 2.398+0.01
Al-A3 2.18+0.07 2.43+0.02 2.461+0.001 2.454+0.001 2.454+0.001
D1-D3 1.40+0.07 2.62+0.01 2.515+0.006 2.509%+0.001 2.506+0.001
D1-D5 1.70+0.10 2.53+0.002 2.400+0.001 2.395+0.003 2.395+0.001
B1-B3 1.21+0.01 2.68+0.04 2.477+0.001 2.468+0.004 2.468+0.001
B1-B5 1.58+0.07 2.56+0.01 2.408+0.001 2.406%0.002 2.406+0.001

2 From a 1D 'H,'H-NOESY spectrum of the natural abundance PS.
b Deduced from the C1-E4/C5 interactions with ¢ = 4.51+0.08 s see text for details.
¢ Reference distance from the MD simulations.
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Table 2. Transglycosidic coupling constants (*Jcn in Hz) related to yw torsion angles obtained from
1H,'H-NOESY spectra of [1-*C]-labeled E. coli 091 PS and from the solution, LPS5 and LPS10

MD simulations based on quadrant distributions.

Linkage Region NMR Solution LPS5 LPS10
E-A Q1 1.12 2.04 2.25
Q2 - - -
Q3 3.08 4.07 3.43
Q4 5.26 5.27 5.23
Q4ev) 4.67 4.76 4.71
Q4eyn-) 5.85 5.78 5.79
Q1-Q4 5.2 5.26 (0.03)2 5.22(0.06) 5.21 (0.06)
A-D Q1 6.13 6.09 6.11
Q2 5.66 5.48 5.50
Q3 6.58 6.64 6.70
Q4 7.38 7.00 7.29
Q1-Q4 5.3 5.74(0.02) 5.77(0.17)  5.86 (0.06)
D-B Q1 5.94 3.78 5.99
Q2 5.64 5.37 5.27
Q3 6.91 6.87 6.86
Q4 7.48 7.37 7.38
Q1-Q4 n.d. 5.75(0.02) 6.01(0.34)  6.04 (0.03)
B-C Q1 - 7.33 4.94
Q2 6.30 6.49 6.17
Q3 5.83 5.75 5.74
Q4 6.08 6.07 6.07
Q1-Q4 n.d. 5.84 (0.08) 5.80(0.06)  5.75(0.01)
C-E Q1 5.51 5.43 2.66
Q2 5.84 5.73 5.72
Q3 6.83 6.84 6.81
Q4 7.49 7.35 7.25
Q1-Q4 5.9 5.97 (0.06)  6.32(0.20)  6.24 (0.04)

& Standard errors of the three replicas from the MD simulations are shown in parentheses.

b n.d. = not determined.
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Table 3. 13C NMR relaxation and model-free dynamical parameters for the E. coli 091 PS.

MF and NMR Sugar residues

parameters E A D B C

S? 0.50 (0.03)° 0.53 (0.02) 0.47 (0.03) 0.48 (0.03) 0.46 (0.03)
S’[NMR] 0.62 0.63 0.64 0.64 0.62

e Ips 355 (34) 298 (22) 182 (28) 202 (32) 304 (33)

e Ips (scaled)? 343 181 172 204 325
=[NMR] /ps 517 387 366 376 455

™ Ins 572 (1.16) 8.94(1.04) 5.79(1.19) 5.42(1.13) 5.16(1.08)
<T:>@9.4T/ms 312 (3) 405 (29) 357 (9) 356 (39) 335 (33)
T NMR] @ 9.4 T/ms 288 315 332 327 302
<T:>@ 14.1 T /ms 515 (28) 654 (22) 586 (44) 593 (30) 497 (15)
TiNMR] @ 14.1 T /ms 461 484 507 503 467

2Scaling factor: zj"® /z/° . ® The error is given as one standard deviation.
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Figure 1. Schematic structure of the repeating unit of the O-antigen polysaccharide (PS) from E.
coli O91 with sugar residues annotated as A — E (top), in symbol nomenclature for glycans (SNFG)
and IUPAC/IUBMB text representation (bottom).
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Figure 2. LPS5 and LPS10 lipid bilayer snapshots from the 400-ns time point: (A) LPS5 (lipid A
+ R1 core + 5 units of O91 antigen) and (B) LPS10 (lipid A+ R1 core + 10 units of O91
antigen). Lipid A in gray, R1 core in green, and 091 antigen repeating units are orange-colored.
Phosphate groups in red color and calcium, potassium and chloride ions are shown in yellow-, cyan-
and purple-colored spheres. Water molecules are not shown for clarity.
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Figure 3. Part of a *H NMR spectrum of E. coli 091 PS (natural abundance) (A) and a 1D *H,'H-
NOESY spectrum of the same material acquired with a mixing time of 160 ms (B). Selected region
of a 'H,"*C-HSQC-NOESY spectrum (mixing time 40 ms) of [1-13C]-labeled E. coli 091 PS (C).

Pertinent cross-peaks are annotated.
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Figure 4. NOE buildup curves obtained from *H,"*C-HSQC-NOESY spectra of [1-*C]-labeled E.
coli 091 PS and analyzed by the PANIC approach for the proton pairs E1-E2 (black diamonds) and
E1-A4 (red triangles); the coefficients of determination R? > 0.995.
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Figure 5. Part of a *H,'"H-NOESY spectrum of [1-*C]-labeled E. coli 091 PS acquired with a
mixing time of 40 ms where the panels show the E1-A4 NOE cross-peak split in the F1 dimension
due to YJcn of the anomeric carbon of residue E and the displacement in the F2 dimension due to
3Jcn to the same carbon-13 atom (bottom); schematic representation of the E-A glycosidic linkage
region showing the NOE correlation from proton E1 to proton A4; the 3Jcu spin-spin coupling
pathway, related to the y torsional angle, is highlighted in red color (top); cf. also Figure 9.
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Figure 6. Bar diagram displaying proton-proton distances in E. coli 091 PS from NMR (black),
including error bar estimates (SEM) based on cross-relaxation rates, and from MD simulations
(solution, LPS5 and LPS10 detailed in red, green and purple, respectively).
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Figure 7. Structures of curved (A and B) and extended (C and D) E. coli 091 O-antigen PS
molecules randomly selected from the PS-only solution simulations.
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Figure 8. Two-dimensional free energy surfaces of the glycosidic torsion angles ¢ and v in the E.
coli 091 O-antigen from the PS10 MD simulation. Free energies are calculated from the natural
logarithm of the relative probability and are given as black = 0, red = 0.5, yellow = 1.0, green =
1.75 and blue = 2.5 kcal-mol ™. The following glycosidic torsion angle definitions are adopted: ¢ =
05'-C1-On-Cn, y = C1-On-Cn-C(n-1), ¢n = H1-C1-On-Cn and yx = C1'-On-Cn-Hn, where n is
the linkage position. For the E-A linkage the most highly populated conformations in Q4 occur at
=-92° and at y = —-144°.
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Figure 9. Newman projections of the y n torsion angle related to the Q4®™ and Q4®™) states of
the E-A glycosidic linkage; cf. Figure 5 for the torsion angle of the disaccharide structural element
and Figure 8 (top panel) for the population distribution at the glycosidic linkage. Note that in the
Newman projection regular atom labeling has been used with atoms from the A residue in front and
the anomeric carbon, denoted C1', of residue E in the back.
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Figure 10. Heavy atoms density profiles along the Z-axis for (A) lipid A acyl chains (LipaTail),
lipid A head groups (Head), inner core sugars (InnerCore), and outer core sugars (OuterCore) and
(B) O-antigen repeating units RU1 — RU5 in the LPS5 and RU1 — RU10 in the LPS10 bilayers. In
(A), solid and dotted lines correspond to LPS10 and LPS5 bilayers in E. coli O91.
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Figure 11. Structures of five randomly selected different E. coli O91 LPS10 molecules from the

LPS10 bilayer at 400 ns. Lipid A, core sugars, and O-antigen are shown in gray, red, and purple,
respectively.
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Figure 12. Distributions of ions (Ca?*, K*, and CI) along the Z-axis, mapping onto the heavy atoms
density profiles of different LPS components in the E. coli O91 LPS10 bilayers. Only the
membrane portion of Z > 0 is shown after symmetrization. K* and CI~ ion-density were scaled by
two for clarity.
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Figure 13. Conformational dynamics of E. coli O91 O-antigen in both LPS5 and LPS10 bilayers.
(A) Average distances (with the standard errors over three independent simulations) between the
lipid A phosphate groups and the first residue of each O-antigen repeating unit along the Z-axis. (B)
Average tilt angles (with standard errors) of each repeating unit. The tilt angle is defined by the

vector made by the first residue of RU1 and the last residue of each repeating unit with respect to
the bilayer normal (Z axis).
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