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Chronic mucoid P. aeruginosa cystic fibrosis (CF) lung infections are associated with the development of a biofilm
composed of anionic acetylated exopolysaccharide (EPS) alginate, electrostatically stabilised by extracellular
Ca?" ions. OligoG CF-5/20, a low molecular weight guluronate rich oligomer, is emerging as a novel therapeutic
capable of disrupting mature P. aeruginosa biofilms. However, its method of therapeutic action on the mucoid
biofilm EPS is not definitively known at a molecular level. This work, utilising molecular dynamics (MD) and
Density-Functional Theory (DFT), has revealed that OligoG CF-5/20 interaction with the EPS is facilitated solely
through bridging Ca®* ions, which are not liberated from their native EPS binding sites upon OligoG CF-5/20
dispersal, suggesting that OligoG CF-5/20 does not cause disruptions to mature P. aeruginosa biofilms through
breaking EPS-Ca®"-EPS ionic cross-links. Rather it is likely that the therapeutic activity arises from sequestering

free Ca®" ions and preventing further Ca>* induced EPS aggregation.

1. Introduction

Cystic Fibrosis (CF) is a recessively inherited, life-threatening dis-
ease. The pathophysiological cascade in CF patients begins with the
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene
defect. This reduces the quality and quantity of the CFTR protein,
leading to defective ion transport, airway-surface liquid depletion and,
subsequently, reduced mucociliary clearance,’ creating a prime infec-
tion site for Pseudomonas aeruginosa. Quantitative microbiological
analysis of CF sputum from live CF patients has highlighted incidences of
P. aeruginosa infections reaching 89 %, occurring far more frequently
than other common bacterial infections, implicating P. aeruginosa as the
most clinically problematic pathogen in CF sufferers.” Upon colonisation
of the CF lung, transcriptional activation of the alginate biosynthetic
gene cluster (algD) drives the conversion to the mucoid phenotype.” The
pathogenicity and chronicity of this phenotype is attributed to its ability
to form an anionic acetylated exopolysaccharide (EPS) alginate-rich
biofilm* that is cross-linked by a number of ions that are found in
elevated concentrations in CF sputum (Ca?*, Mg?*, Fe3* and Na* °).
This cross-linking forms densely aggregated, electrostatically stabilized
cross-linked matrices that are mechanically stable®” and resistant to
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pharmacological challenge.® Recent Density-Functional Theory (DFT)
based molecular modelling highlighted calcium ions as potent ionic
cross-linkers, with the capacity to out-compete other sputum ions for
EPS binding, giving rise to thermodynamically stable cross-linked EPS
scaffolds. This emphasizes the role of calcium in biofilm chronicity.’

Upon biofilm establishment in the CF lung, the movement of quorum
sensing autoinducer (QSAI) molecules between bacterial sub-
populations coordinates virulence, further biofilm matrix proliferation
and the maintenance of biofilm matrix architecture.'®'* An illustration
of a mucoid P. aeruginosa biofilm matrix is given in Fig 1, detailing
P. aeruginosa colonies enveloped within calcium cross-linked EPS ma-
terial, which constitutes the primary scaffold of the mucoid biofilm
matrix in the CF lung.

OligoG CF-5/20 is a low molecular weight, guluronate rich (>85 %
guluronate) oligomer that is able to disrupt mature mucoid P. aeruginosa
biofilm matrices'? and, as such, is considered as the basis of emerging
novel anti-Pseudomonal agents. Previous testing showed that exposing
mature mucoid P. aeruginosa biofilms to 5 % OligoG resulted in a 2.5 log
reduction in bacterial CFU as well as potentiated the antimicrobial ef-
fects of the antibiotic colistin, highlighting the potential synergy that
can be achieved through OligoG-antimicrobial combined therapies.'®

Received 30 May 2022; Received in revised form 19 July 2022; Accepted 21 July 2022

Available online 26 July 2022

0968-0896/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:fsojh@leeds.ac.uk
mailto:H.F.Chappell@leeds.ac.uk
www.sciencedirect.com/science/journal/09680896
https://www.elsevier.com/locate/bmc
https://doi.org/10.1016/j.bmc.2022.116945
https://doi.org/10.1016/j.bmc.2022.116945
https://doi.org/10.1016/j.bmc.2022.116945
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmc.2022.116945&domain=pdf
http://creativecommons.org/licenses/by/4.0/

O.J. Hills et al.

OligoG CF-5/20 is an anionic oligomer under physiological conditions,
possessing negatively charged carboxylate groups that facilitate irre-
versible binding to the bacterial cell surface, in turn increasing the net
negative charge of the cell surface and inhibiting bacterial motility and
aggregation.'? These observations, namely, the OligoG CF-5/20 mem-
brane effects, have been further corroborated through scanning electron
microscopy (SEM) and confocal laser scanning microscopy (CLSM) ex-
periments, which show that the oligomer is able to damage the bacterial
cell membrane, potentially, by displacing Ca?* and/or Mg2+ ions.'”
Significantly, membrane destruction, through the loss of stabilising Ca®*
and/or Mg?* ions, does not lead to adaptive OligoG CF-5/20 resistance
after prolonged exposure.'® In fact, P. aeruginosa cultivated in the
presence of OligoG CF-5/20 has fewer colonies with multi-drug resistant
(MDR) phenotypes and improved antibiotic susceptibilities.16

A recent combined SEM and molecular dynamics (MD) study on
eDNA, another P. aeruginosa matrix component, showed that the OligoG
CF-5/20 carboxylate groups can chelate Ca®", preventing Ca®*-induced
ionic cross-linking.'? What results, as can be observed through atomic
force microscopy (AFM), SEM and CLSM, are P. aeruginosa biofilm
matrices that are irregular and less compact,'>'” with a reduced
Young’s modulus.'” Given that calcium exposure is a large contributor
to the increase in the Young’s modulus of mucoid P. aeruginosa bio-
films,'® calcium chelation chemistry is very likely underlying the
observed matrix disruption effects of OligoG CF-5/20. By extension,
OligoG CF-5/20 therapy is able to normalise CF mucus by outcompeting
mucin (MUC2N) for the binding of Ca?t ions, meaning MUC2N will
remain unfolded and easier to clear.'® Although the global matrix
disruption effects of OligoG CF-5/20 have been observed in vitro and in
vivo, hypothetical OligoG CF-5/20 disruption mechanisms at an atom-
istic level have only been tested against eDNA structures.'? The
disruption effect on the mucoid EPS scaffold has not been explored and,
as such, is unknown at an atomistic level, despite it being the major
component of mucoid P. aeruginosa CF biofilms.*?°

To this end, the aim of this study was to investigate the modes of
interaction between OligoG CF-5/20 and the mucoid P. aeruginosa EPS,
as well as quantify the thermodynamic stability of the EPS-OligoG CF-5/
20 adducts, using a combined MD-DFT theoretical molecular modelling
approach. This approach allows an exploration of modes of interaction
exhibited by OligoG CF-5/20 as well as pinpointing functionality vital
for forming thermodynamically stable interactions with the EPS. A
molecular model of a thermodynamically stable Ca®" cross-linked
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acetylated copolymeric f-p-mannuronate-a-i-guluronate 2-chain sys-
tem was previously developed within the group.’ Its step-wise devel-
opment, accommodation of structural motifs unique to mucoid
P. aeruginosa and validation against available in vivo and ex vivo exper-
imental data has been previously provided.’ This model has since been
further developed into a thermally equilibrated hydrated 4-chain model,
which has a geometry more representative of the structure at physio-
logical equilibrium, and possesses a discontinuous, dendritic, V-shaped
morphology.?! This particular morphology matches the in vitro
morphology observed in transmission electron microscopy (TEM) and
amphiphilic carbon quantum dot visualisations of the mucoid
P. aeruginosa biofilms.?>** This multi-chain model of calcium-
complexed EPS, is ideally suited to study interactions with OligoG CF-
5/20.

OligoG CF-5/20 is therapeutically active at a range of different
polymer lengths.'” Here, in this work, a guluronate quadramer (Poly-
a-L-guluronate quadramer; Poly-G4) was chosen as a model to represent
OligoG CF-5/20 and this structure can be seen in Figure S1. Poly-G4
possesses the correct guluronate abundance, is on a 1:1 length scale with
the EPS molecular model, and allows for tractability when calculating
the thermodynamic stabilities from DFT. The Poly-G4 molecule was
thermally equilibrated at physiological temperature in explicit water to
obtain a representative in vivo conformation, and then combined with
the EPS structure for subsequent MD simulations (see Materials &
methods).

2. Materials & methods

All molecular dynamics trajectories were computed using
DL_POLY 4.%>* The conversion of all molecular models into DL_POLY
input files was performed using DL _FIELD.”® Trajectories were
computed with the OPLS2005 forcefield’®?’ in the canonical (NVT)
ensemble. The RATTLE algorithm®® was used to constrain covalent
bonds to hydrogen, meaning the integration time-step could be
increased to 2 ps. The temperature was held at 310 K (body tempera-
ture) using Langevin thermostatting®®. Electrostatics were treated using
the Smooth-Particle-Mesh-Ewald method>® and the distance cut-offs for
electrostatic and Leonard-Jones interactions were set to 1.2 nm.

Poly-G4 was thermally equilibrated at 310 K in Simple Point Charge
(SPC) water, under periodic boundary conditions, in a simulation cell
measuring 40 A x 40 A x 40 A over 1 ns. The thermally equilibrated
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Fig. 1. A general illustration of a mucoid P. aeruginosa biofilm matrix established within the Cystic Fibrosis (CF) lung.
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Poly-G4 (Figure S1) encompasses a torsional profile in good agreement
with the torsional profile predicted for the ground state conformation of
acidic -1-4 linked guluronate disaccharides (¢ = -82°, y=-155°), ob-
tained from the MM3 forcefield (a forcefield that, along-side OPLS2005,
can accurately reproduce the geometries of biomacromolecules and
small organic molecules®) based molecular mechanics minimisations,
in the work of Braccini et al.>? The thermally equilibrated Poly-Gg4
molecule was positioned 6 A away from the base of the V-shaped cleft in
the EPS structure, a suitable distance to ensure no significant hydro-
phobic or electrostatic interactions between the Poly-G4 and the EPS.
Subsequent EPS-Poly-G4 simulations were performed in SPC water,
under periodic boundary conditions, in a simulation cell measuring 60 A
x 60 A x 60 A, over 10 ns. This trajectory length is sufficient to allow the
Poly-G4 system to sample preferential binding sites and adopt an equi-
librium binding configuration with the EPS.

All Density Functional Theory (DFT) calculations were performed
using the plane-wave Density Functional Theory (DFT) code, CASTEP.**
A convergence tested cut-off energy of 900 eV was employed, as well as
a Monkhorst-Pack k-point grid of 1 x 1 x 1 to sample the Brillouin
zone.>* On-the-fly ultrasoft pseudopotentials were used>” alongside the

2 ns 4ns
Ef=-14.28 eV

E;=-15.21eV
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PBE exchange—correlation functional®® coupled with the semi-empirical
dispersion correction scheme of Tkatchenko and Scheffler,*” to account
for intra- and intermolecular dispersive forces. 0 K in vacuo DFT single-
point energy calculations were performed using an SCF tolerance set to
2 x 1076 eV Atom™!. Mulliken bond populations®® were calculated to
classify the nature of bonding between the EPS and the Poly-G4 in each
of the final EPS-Poly-G4 adducts. The thermodynamic stability of the
isolated EPS-Poly-G4 adducts were evaluated by means of a formation
energy (Equation (1)).

Ep = E{gps-poty—Geadducty — (E(gpsy + Eqpory—c4} ) (€]

where E {EPSpolyGyadduct} is the energy of the EPS-Poly-G4 adduct, Egps;
is the energy of the EPS molecular model and E {Poly-Gy} is the energy of

the thermally equilibrated Poly-G4 molecule (Fig S1).
3. Results and discussion

Bound EPS-Poly-G4 adducts displayed at 2 ns intervals, and their
formation energies (according to Equation (1)) are shown in Fig 2.

6 ns
Ef=-15.59 eV

8 ns
Ef=-13.05eV

10 ns
Ef=-13.05eV

Fig. 2. Bound EPS-Poly-G, adducts, along with their formation energies, displayed every 2 ns. Carbon atoms are shown in grey, oxygen in red, calcium in blue and
hydrogen in pink. Calcium-oxygen ionic bonds are shown with blue lines and calcium ions implicated in binding of Poly-G4 are labelled. Ionic bonds between the
Poly-G4 and the EPS system are shown with bold pink lines.
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The Poly-G4 system binds in a thermodynamically stable fashion,
returning a negative formation energy for each adduct within the V-
shaped cleft (Fig 2). On binding, the adducts establish ionic bonds to the
EPS-bound Ca®" ions through carboxylate and hydroxyl functional
groups. Previous MD simulations, studying the interactions between
OligoG CF-5/20 and respiratory mucin, have also implicated the hy-
droxyl group(s) in binding.>’ Specifically, hydrogen bonding in-
teractions were observed between the guluronate hydroxyl groups and
nitrogen and/or oxygen atoms on the mucin peptide backbone.>
However, the Poly-G4 molecule in our simulations does not show any
hydrogen bonding interaction with the EPS chains and all interactions
are facilitated by bridging Ca®* ions. Indeed, Ca" ions being the main
facilitator of OligoG CF-5/20 interactions with host molecular systems
has also been observed in FTIR measurements on eDNA - OligoG CF-5/
20,'? as well as in small angle neutron scattering and circular dichroism
measurements on lipopolysaccharide (LPS) - OligoG CF-5/20.%°

The Poly-G4 system adopts a bound configuration which is stable
over time and remains bound throughout its entire trajectory (10 ns).
The oligomer does not liberate the cleft and experiences only minor
conformational changes (<5°) to its uronate backbone, indicating that
ionic association to the Ca®" ions in the EPS significantly reduces the
molecule’s mobility and flexibility. Essentially, upon binding to EPS-
bound Ca®" ions, the Poly-G4 system is rendered irreversibly bound
and immobile. This can be exemplified by considering the RMSD, as well
as the torsional change about the G3-G4 junction (Figure S1), between
the 2 ns and 10 ns bound structures. Explicitly, the EPS-Poly-G4 2-10 ns
RMSD is 1.18 A and, interestingly, considering the Poly-G4 backbone in
isolation of the EPS, the 2-10 ns RMSD is also 1.18 A. The change in ¢
and y angles across the G3-G4 junction, where the ionic O-Ca" tethers
are established, are 5° and 4° respectively over the same time period. For
reference, the RMSD between the pre-equilibrated and post-equilibrated
Poly-Gy structures is 4.24 A, with maximum torsional changes in ¢ and y
angles of 43° and 44° respectively. This, evidently, illustrates that the
highly energetically favourable bound Poly-G4 configuration, adopted
early in the trajectory (2 ns), is resistant to further conformational
change over the remainder of the 10 ns trajectory.

Displayed in Tables 1 and 2 (and illustrated graphically in Fig S2) are
the average COO™-Ca®" and HO-Ca®" Mulliken populations (|e|) and
lengths (A) for the EPS-Poly-Gy tethering contacts displayed at 2 ns in-
tervals. These tables highlight the sustained stability of the EPS-Poly-G4
tethering contacts over the time course of the trajectory.

Within each structure, it is clear to see that all O-Ca®" tethers are
ionic in nature, possessing Mulliken populations < 0.12 |e|. Further-
more, the COO™-Ca?* tethers are the most stable tethering contact
within each structure, as indicated by their shorter average lengths and
larger average Mulliken populations. In fact, considering all COO™-Ca?*
and HO-Ca?" tethers, averaged over the full course of the 10 ns trajec-
tory, the carboxylate tethers are 0.17 A shorter (2.25 A) compared to the
hydroxyl tethers (2.42 A). The mode of COO™-Ca®" binding remains
constant over the course of the trajectory, specifically, the monodentate
COO™-Ca5 and bidentate COO™-Cal binding modes remain in place over
the full 10 ns (Fig. 2). In addition, both the HO-Ca®" and COO™-Ca?*
tethers retain consistency in their lengths and Mulliken populations,
with their respective averages fluctuating within one standard deviation
over the 10 ns trajectory (Fig S2). Taken collectively it is clear that, upon

Table 1
Average EPS- Poly-G, O-Ca®>* Mulliken populations (|e|) calculated at 2 ns in-
tervals. Note, from 8 ns only a single Poly-G, HO-Ca®" interaction exists.

Time Average COO-Ca (+) Average OH-Ca (*)
(ns) population (|e]) std population (|e|) std

2 0.11 0.045 0.075 0.005
4 0.10 0.050 0.085 0.015
6 0.11 0.059 0.085 0.005
8 0.12 0.057 0.060 -

10 0.11 0.057 0.075 -
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Table 2
Average EPS- Poly-G4 0-Ca?* lengths (A) calculated at 2 ns intervals. Note, from
8 ns only a single Poly-G4 HO-Ca®* interaction exists.

Time Average COO-Calength  (+) Average OH-Ca length  (&£)
(ns) A) std A) std

2 2.29 0.014 2.42 0.060
4 2.23 0.044 2.52 0.061
6 2.23 0.044 2.38 0.047
8 2.26 0.083 2.37 -

10 2.29 0.083 2.42 -

Poly-G4 binding, established hydroxyl and carboxyl tethers retain their
stability over 10 ns. The only exception to this is the hydroxyl contact,
HO-Ca6, which is present throughout the first 6 ns, but afterwards is lost
and not present in the final structure at the end of the trajectory. Be-
tween 6 and 8 ns, Cab6 sinks deeper into the V-shaped cleft, losing its
interaction with the invading Poly-G4 OH group (Fig. 3). This results in a
1.63 A increase in the HO-Ca6 distance, positioning the Ca6 out of the
hydroxyl ionic bonding range. The effective “sinking” of Ca6 can be
rationalised by considering the EPS V-angle, namely, the Ca5-Ca6-Cal
angle (Fig. 2) that defines the V-shaped motif. These measurements
are given in Table 3.

Before 6 ns, the EPS V-angle fluctuates between 66°- 69°. But after
6 ns, there is a contraction in the V-angle to 60°, lowering Ca6 deeper
into the cleft and away from the invading Poly-G4 OH group. The HO-
Ca5 interaction does survive the full time-scale of the trajectory, how-
ever, it only does so because Ca5 is held in its position through the
invading monodentate COO™-Ca5 interaction. This suggests that the
hydroxyl tethering contacts are not primarily responsible for keeping
OligoG CF-5/20 bound to the mucoid P. aeruginosa biofilm EPS. Rather,
it is the COO™ group, more so than the OH group, that facilitates the
primary molecular mechanism of action, leading to the therapeutic ef-
fects such as “antibiotic synergy” and “quorum sensing antago-
nism”,'>*! which are observed over long time-scales.

The EPS-Poly-G4 configurations adopted at 8 ns and 10 ns possess
identical formation energies (-13.05 eV), EPS V-angle and Poly-G4
binding geometry, the latter of which captures the site-directed calcium
chelation modes observed both experimentally and theoretically when
OligoG CF-5/20 is dispersed within CF airway mucin,'”>° eDNA'? and
P. aeruginosa EPS scaffolds.*” This is a strong indicator that the Poly-G4
system has adopted an equilibrium binding configuration within 10 ns.
This is in agreement with the time-scales required to identify an equi-
librium binding geometry between OligoG CF-5/20 and CF airway
mucin detailed in previous MD simulations.*® Additionally, the minor
deviation in RMSD (1.18 A) between the 2 and 10 ns states indicates,
potentially, that the Poly-G4 molecule adopts a binding configuration
already very close to equilibrium within 2 ns. In fact, low energy, con-
formationally static, equilibrium calcium binding configurations adop-
ted upon complexation with a single polyguluronate chain have been
shown to occur within time-scales as low as 0.8 ns*>** and 6 ns*>*° for
10-mer and 30-mer uronate length scales respectively.

In light of the above, it can be inferred that the Poly-G4 system would
be reluctant to undergo further conformational change in the vicinity of
the EPS post 10 ns. Interestingly, the adducts at 8 ns and 10 ns are less
thermodynamically stable than the adducts that occur at 2 ns, 4 ns and
6 ns. It is clear, therefore, that although HO-Ca6 is an ionic interaction
that does not survive the full time-scale of the trajectory, it is an inter-
action that assists in stabilising the overall EPS-Poly-G4 complex. As
such, it is interesting to note that although hydroxyl functional groups
are not modulators of irreversible binding, they are modulators of
overall complex stability. The participation of the hydroxyl group in
binding biofilm Ca®* ions was absent in previous MD simulations of
combined OligoG CF-5/20 — eDNA structures over 50 ns,'? and there-
fore, these simulations highlight for the first time the role of the hy-
droxyl group in mediating exothermic penetration into the EPS scaffold.
The contraction of the EPS V-angle effectively encapsulates the invading
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8 ns

Fig. 3. A close up of the bound EPS-Poly-G4 adducts at 6 and 8 ns, highlighting the depression of Ca6 into the EPS cleft. Carbon atoms are shown in grey, oxygen in
red, calcium in blue and hydrogen in pink. Calcium-oxygen ionic bonds are shown with blue lines and ionic bonds between the Poly-G4 and EPS system are shown
with bold pink lines.

Poly-G4 molecule and repositions Ca6 out of the Poly-G4 OH ionic
bonding distance. As a consequence, it is anticipated that this particular
EPS conformational change nullifies the kinetic behaviour of the OH-
Ca?* interaction, specifically preventing the re-establishment of this
tethering contact post 10 ns.

Table 3

The EPS V-angle, namely, the angle formed between
Ca5-Ca6-Cal, which defines the EPS V-shaped motif,
calculated at 2 ns intervals.

Time (os) EPS V-angle () To test whether the immobility of the Poly-G4 system, upon EPS
2 66 binding, was due to its size (as it is on a 1:1 length scale with the EPS),
4 69 the Poly-G4 system was halved to a dimer; Poly-Gy. The system was

6 68 1 . . .
s 60 thermally equilibrated under the same conditions and combined with
10 60 the EPS in the same fashion as the Poly-G4 system (see Materials &
methods). The EPS-Poly-G, adducts, displayed at 2 ns intervals, are
given in Fig 4 along with their formation energies which were calculated
according to Equation (1) where E {poly—G,} is replaced with Ep,y_c,)-
Similar to the Poly-G4 system, the Poly-G, dimer is able to bind

2ns 4ns 6 ns
Ef=-6.66 eV Ef=-7.21eV Ef=-2.80eV

10 ns
Ef=-9.00 eV

8 ns
Ef=-9.61 eV

Fig. 4. Bound EPS-Poly-G, adducts, along with their formation energies, displayed every 2 ns. Carbon atoms are shown in grey, oxygen in red, calcium in blue and
hydrogen in pink. Calcium-oxygen ionic bonds are shown with blue lines and calcium ions implicated in binding of Poly-G. are labelled. Ionic bonds between the
Poly-G, and the EPS system are shown with bold pink lines.
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within the V-shaped cleft through hydroxyl and carboxylate ionic teth-
ering contacts to Ca?" ions. Again, no hydrogen bonding interactions are
observed between the invading Poly-G, and the EPS, and all interactions
are facilitated through the EPS Ca®" ions only. The smaller size of the
Poly-G; does not lead to any increased mobility compared to the Poly-G4
system and the dimer remains bound to the EPS within the cleft for the
full 10 ns. The thermodynamic stabilities, as defined by the formation
energies, are approximately half those of the EPS-Poly-G4 systems,
which is intriguing, as it would suggest that matching the poly-
guluronate and EPS length scales results in more exothermic penetra-
tion. The only inconsistency in the trend in EPS-Poly-Gy adduct
stabilities is the structure present at 6 ns. The reason for the gain in
instability at this time-step is because Cal is undergoing a transition
from the monodentate EPS carboxylate 024 site to settle in the more
stable bidentate Poly-G, carboxylate O12 + 013 binding site (Fig S3).
This newly established bidentate carboxylate binding mode to Cal is
stable over the remainder of the 10 ns trajectory. Although illustrating
how EPS Ca?* jons can transition between COO~ binding sites, it also
shows that the Ca?* ion (Cal) is still retained in a chelate complex with
the EPS and is not liberated from the EPS chains.

Ca5 and Cal ions are implicated in facilitating the interaction(s) of
both the Poly-G4 and Poly-G; systems with the EPS scaffold. Given this
circumstance, Ca5 and Cal were removed from the EPS-Poly-G starting
structure, and the MD simulation repeated for another 10 ns, to gauge
the response of the Poly-G; dimer, and to see if it would be encouraged
to liberate the V-shaped cleft. The EPS-Poly-G; adduct occurring at 10 ns
in this trajectory can be seen in Fig 5.

The Poly-G; sinks deeper into the cleft, reorienting to position a
single COO™ group to face Ca6 and Ca2 and, in turn, establishing three
ionic tethering contacts to these ions, in preference to liberating the cleft
of the EPS scaffold. Only ionic interactions are present in this structure
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and, thus, the cationic charge density present in the EPS, despite the
removal of Ca5 and Cal, is still sufficient to retain the Poly-Gz dimer in
the EPS vicinity and subsequently bind electrostatically. This, therefore,
further highlights the authority Ca®* ions have in mediating interactions
between polyguluronate structures and the EPS chains.

The EPS-Poly-G4 simulations, alongside the EPS-Poly-G, simulations,
highlight that the Ca®* ions are not liberated from the EPS chains by the
invading OligoG CF-5/20. Specifically, native EPS bound Ca?* ions
retain their chelate geometries bound to EPS oxygen functionality upon
OligoG CF-5/20 invasion — these ions are not pulled away from the EPS
chains and the invading OligoG CF-5/20 causes no disruption to the EPS
ionic scaffold. Over the full time-scale of the Poly-G4 trajectory, the
orientation of the EPS carboxylate groups remains unchanged - contin-
uously facing the Ca®* ions. Circular dichroism measurements on sys-
tems of OligoG CF-5/20 dispersed in P. aeruginosa biofilms, also observe
no change in bacterial alginate carboxylate orientation.”> Alongside
this, the overall V-shaped morphology of the model is maintained
throughout the full time-scale of the trajectory, meaning the Poly-G4
system does not force a complete separation of the 4-chain EPS structure
into two sets of 2-chains or any other smaller units. The definition of the
V-angle was introduced above, and the measurements are displayed in
Table 3. The EPS V-angle decreases from 69° to 60° over the 10 ns,
showing that, in fact, the EPS chains become closer together as opposed
to further apart upon Poly-G4 binding, encapsulating the invading Poly-
Gy. As such, the invasion of Poly-G4 does not rupture the original ionic
architecture present within the EPS scaffolds through displacing Ca2* or
destroying ionic cross-links.

In light of these observations above, the proposed mechanism of
disruption, when mucoid P. aeruginosa biofilm matrices are exposed to
OligoG CF-5/20, involves a non-disruptive invasion of the Ca®* cross-
links. This stimulates Poly-G4 encapsulation which, in turn, prevents

Fig. 5. The EPS-Poly-G, adduct at 10 ns following removal of Cal and Ca5 from the starting structure. Carbon atoms are shown in grey, oxygen in red, calcium in
blue and hydrogen in pink. Calcium-oxygen ionic bonds are shown with blue lines and ionic bonds between the Poly-G, and the EPS system are shown with bold

pink lines.
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both the sequestration of free (unbound) Ca®" ions by the EPS, as well
as, further Ca®" mediated EPS aggregation. This mode of action draws
significant comparisons with the proposed mode of action of eDNA
exposed to OligoG CF-5/20, which was also elucidated through previous
MD simulations.

4. Conclusion

OligoG CF-5/20 is an exciting, novel anti-Pseudomonas therapeutic
targeted at treating chronic mucoid P. aeruginosa biofilm infections in
the CF lung. The OligoG CF-5/20 induced global matrix disruption ef-
fects, although having been observed in vitro and in vivo on bulk living
biofilms, are currently unknown mechanistically at an atomistic level.
To shed light onto the matrix disruption mechanism, a large-scale Ca®*
cross-linked EPS molecular model, representing the primary mucoid
P. aeruginosa CF lung biofilm matrix component with the correct ionic
composition, has been combined with a guluronate quadramer and
dimer (Poly-G4 and Poly-Gy molecular models of the OligoG CF-5/20
system) in a combined MD-DFT theoretical approach.

These simulations have captured the coordination chemistry
responsible for driving exothermic dispersal of OligoG CF-5/20 into the
EPS. Specifically, these simulations have identified that carboxylate and
hydroxyl functional groups are responsible for establishing thermody-
namically stable EPS-Poly-G4 and Poly-G, adducts, although the former
is most likely responsible for irreversible binding and, as such, the
therapeutic effects which are observed over long time-scales. Further-
more, these simulations have highlighted that Ca?" ions are critically
important in mediating the interactions between OligoG CF-5/20 and
the EPS chains with only electrostatic interactions driving the binding
events. Although Ca?* behaves as an OligoG CF-5,/20 binding facilitator,
these ions are not liberated from the EPS chains and the effectively
benign effects on the EPS ionic architecture posed by the invading Oli-
goG CF-5/20 allow the EPS to retain its V-shaped conformation, with no
EPS chain separation being observed.

Simulations of the Poly-Gy dimer led to thermodynamically stable
EPS adducts, showing large similarities in binding modality to the Poly-
G4 system. The removal of key Ca®" ions, which acted as tethering points
for the invading guluronate, did not lead to an absence of Poly-Ga
binding as the dimer was able to sink deeper into the discontinuous cleft
in the EPS architecture and reorient a carboxylate group to sustain new
ionic O-Ca®* interactions. The greater thermodynamic stability of the
EPS-Poly-G4 adducts, relative to the Poly-G, adducts, would suggest that
OligoG CF-5/20 molecules on a similar length scale to the EPS chains are
capable of more exothermic EPS dispersal. The similarities between the
Poly-G4 and Poly-G,, simulations suggest that it is Ca%* ion affinity that
keeps the guluronate molecule tethered to the EPS, rather than its size,
and further highlights that the EPS bound Ca®' ions give impetus to
OligoG CF-5/20 dispersal.

Overall, the matrix disruption mechanism posed by OligoG CF-5/20
involves EPS encapsulation, which prevents the sequestration of free
(unbound) Ca®" ions by the EPS, as well as preventing further Ca?*
mediated EPS aggregation.
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