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ABSTRACT: Dynamic binding events are key to arrive at functionality in nature and these
events are often governed by electrostatic or hydrophobic interactions. Synthetic
supramolecular polymers are promising candidates to obtain biomaterials that mimic this
dynamicity. Here, we created four new functional monomers based on the benzene-1,3,5-
tricarboxamide (BTA) motif. Choline or atropine groups were introduced to obtain functional
monomers capable of competing with the cell wall of Streptococcus pneumoniae for binding of
essential choline-binding proteins (CBPs). Atropine-functionalized monomers BTA-Atr and
BTA-Atr3 were too hydrophobic to form homogeneous assemblies, while choline-
functionalized monomers BTA-Chol and BTA-Chols were unable to form fibers due to charge
repulsion. However, copolymerization of BTA-Chols with non-functionalized BTA-(OH)3

yielded dynamic fibers, similar to BTA-(OH)s. These copolymers showed an increased affinity
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towards CBPs compared to free choline due to multivalent effects. BT A-based supramolecular
copolymers are therefore a versatile platform to design bioactive and dynamic supramolecular

polymers with novel biotechnological properties.

B INTRODUCTION

Supramolecular polymers are ubiquitous in nature and vital for biological systems.! Amyloid
fibrils, for example, are highly organized fiber structures with a high stability and dynamicity.
These fibrils are widely present in natural systems and they are associated with diseases in
humans, as well as with survival of bacteria in host organisms.>* To mimic these highly stable
but dynamic fibers, and also to expand functionality and modularity, synthetic supramolecular
polymers forming 1D fibers are of interest.** Peptide amphiphiles, consisting of a hydrophobic
hydrocarbon chain conjugated to a peptide block, can form 1D nanostructures in water driven
by B-sheet formation and hydrophobic interactions.® Depending on the bioactive components
present in the peptide block, several functionalities have been achieved for bone regeneration
or stabilization of growth factors.”® For ureido-pyrimidinone (UPy)-based supramolecular
polymers, dimerization of the UPy moieties combined with stacking of the urea groups can lead
to 1D-fiber formation in water by combined effects of hydrogen bonding, hydrophobic
interactions and n-stacking.>! In this system, functionality can be introduced by conjugation
of active molecules to the UPy moiety and co-assembling these functional monomers with the
UPy polymer. In solution, the incorporation of, for example, peptides or charged moieties
within the UPy assemblies resulted in growth factor stabilization or siRNA delivery.'!!?
Another well-studied supramolecular motif is the benzene-1,3,5-tricarboxamide (BTA),
which can lead to fiber formation in water due to a combination of hydrophobic interactions, -
stacking and threefold hydrogen bonding.'*'* An alkyl spacer of 11 or 12 carbons in
combination with tetracthylene glycol is required to achieve the correct hydrophobic-

hydrophilic balance for protection of the inner hydrogen bonds, while also having enough
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hydrophilicity to form 1D fibers in water.'* A recent detailed study showed that these 1D fibers
are actually double helices with a half-pitch length between 15-25 nanometer.!®> An alkyl spacer
of 12 carbons has shown to form the best reproducible assemblies in water and has thus been
studied most extensively.'® BTA-based supramolecular polymers in water are dynamic, as
monomers are constantly being exchanged with the aqueous environment and between different
polymers.'®!7 Upon addition of ssDNA as an anionic multivalent recruiter, cationic monomers
are capable to dynamically rearrange and cluster along the fiber, similar to raft formation in cell
membranes.'® Several functionalities such as peptides and small carbohydrates have also been
introduced within BTA copolymers.!”!2! Recently, the interaction between benzoxaborole-
functionalized BTA fibers and human red blood cells was studied, showing that the fibers are
capable of binding to sialic acid residues present on the surface of these cells. Moreover, only
a low number of functional monomers within the assembly is needed for binding, hinting at the
role of multivalency in the cell/material interaction.*?

To further explore BTA-based supramolecular polymers in biomedical applications, the
interactions with pathogens are of special interest. In general, monovalent interactions between
pathogens and single binding partners are weak, but multivalent presentation of the binding
partners can substantially increase the binding affinity.?* In this scenario, BTA fibers show
potential as a long and dynamic multivalent platform for pathogen binding for therapeutic or
diagnostic applications. To explore this, the Gram-positive bacterium Streptococcus
pneumoniae (pneumococcus) was chosen as a target microorganism, as it is an important
respiratory pathogen worldwide, a major agent causing bacterial pneumonia and meningitis and
one the main bacterial co-infectants with the SARS-CoV2 virus.?* In addition, antibiotic
resistance issues are being increasingly reported in recent years, with a high incidence in the
pneumococcal case?, thus creating the need for new paradigms to develop novel antimicrobial

agents.?®27 S, pneumoniae possesses a choline-decorated cell wall able to specifically bind the



surface choline-binding proteins (CBPs). These CBPs play essential roles in the bacterial life
cycle, such as the separation of daughter cells upon division, adhesion to the host and toxin
release.”® Choline and choline analogues such as atropine are known to bind to CBPs and
thereby inhibit the binding of CBP cell-wall hydrolases to the cell surface, impeding the
daughter cells separation upon division and resulting in the formation of long bacterial
chains.?”! These chains are presumed to have lower infectivity and to be more prone to
phagocytosis.>** While the affinity of these compounds for CBPs is too low for effective
therapeutic use (dissociation constants in the millimolar range), our previous work showed that
multivalent presentation of choline and atropine on dendrimer scaffolds exponentially increased
the binding affinity towards CBPs.*>3¢

Here, the question arises whether a multivalent presentation of CBP inhibitors such as
choline or atropine on a modular and dynamic BTA-based supramolecular polymer could give
rise to an increase in binding affinity compared to its static, dendrimeric counterpart. To this
end we designed a set of four new monomers, based on the previously reported water-soluble
BTA-(OH); monomers, functionalized with 1 or 3 choline/atropine substituents.!*> The
assembly of the functional monomers (BTA-Chol, BTA-Cholz, BTA-Atr and BTA-Atr3) was
studied as homo-assemblies and as copolymers with BTA-(OH)3 in water, using spectroscopic
and light scattering techniques as well as cryogenic transmission electron microscopy (cryo-
TEM). The dynamicity of the supramolecular copolymers was investigated with
hydrogen/deuterium exchange followed by mass spectrometry (HDX-MS). Finally, the binding
of these supramolecular polymers towards CBPs was examined and compared with free choline
and choline-containing dendrimers. The exogenous addition of BTA-Chol; : BTA-(OH)3
copolymers on pneumococcal planktonic cultures induced drastic phenotypic changes in the
bacteria (cell chaining and aggregation) demonstrating multivalent effects of three orders of

magnitude and paving the way for their biomedical use as efficient theranostic agents.



B EXPERIMENTAL SECTION

Materials. Unless stated otherwise, all reagents and chemicals were obtained from
commercial sources at the highest purity available and used without further purification. All
solvents were of AR quality and purchased from Biosolve. Water was purified on an EMD
Millipore Milli-Q Integral Water Purification System. Reactions were followed by thin-layer
chromatography (precoated 0.25 mm, 60-F254 silica gel plates from Merck). Dry solvents were
obtained with an MBRAUN Solvent Purification System (MB-SPS). Ion exchange resin
DOWEX 1X8-50 (Cl- form) was obtained from Acros. Prior to use, a column was first washed
with demineralised water, followed by washing with methanol. Weakly basic resin Amberlite
IRA-95 (Aldrich) was washed with water, methanol, and again water before use. Automated
column chromatography was performed on a Biotage Isolera using Biotage® SNAP-KP SIL
cartridges. HoN-C12-EO4-N3'®, HoN-C12-EO4-OBn"?, Chol-NHS??, Atr-Cs-OH*HCI*®, DMT-
MM?’, 5-Methoxycarbonyl-benzene-1,3-dicarboxylic acid (3)*® and BTA-(OH);'* were
synthesized according to previously published procedures.

Synthesis of the monomers. All details of the synthesis, purification, and
characterization of the four new monomers are given in the SI: BTA-Chols (ESI-MS: calculated
m/z = 1675.23, observed m/z = 558.83 [M]*"), BTA-Atrs,(MALDI-ToF-MS: calculated MW =
2400.27 g/mol, observed m/z = 2400.68 [M+H]", 2422.65 [M+Na]"), BTA-Chol (ESI-MS:
calculated m/z = 1417.03, observed m/z = 1417.08 [M]", 709.25 [M+H]*"), and BTA-Atr.
(MALDI-ToF: calculated MW = 1659.29, observed m/z = 1660.18 [M+H]", 1682.16 [M+Na]")

Assembly of BTA materials. Homo-assembly. BTA-(OH)3;, BTA-Atrs, BTA-Chols,
BTA-Chol and BTA-Chol; samples were prepared by weighing the solid material into a glass
vial, adding MilliQ (MQ) water to obtain the desired concentration, stirring the sample at 80 °C
for 15 min and by vortexing the sample for 15 s immediately afterwards. All samples were left

to equilibrate overnight at room temperature before being used for any measurements. Co-



assembly. BTA-(OH); was co-assembled with functional monomers by weighing BTA-(OH)3
as a solid material into a glass vial and adding BTA-Chol or BTA-Chols from a 500 uM stock
solution in MeOH. The organic solvent was removed using an N2 (g) stream after which MQ
water was added to obtain the desired concentration. The sample was stirred at 80 °C for 15
min and vortexed for 15 s immediately afterwards. All samples were left to equilibrate
overnight at room temperature before being used for any measurements.

Analytical techniques. "H NMR and '3C NMR spectra were recorded on a Varian
Mercury Vx 400 MHz (400 MHz for 'H-NMR and 100 MHz for *C-NMR). Proton chemical
shifts are reported in ppm () downfield from trimethylsilane (TMS) using the resonance
frequency of the deuterated solvent as the internal standard. Peak multiplicity abbreviated as s:
singlet; d: doublet, q: quartet; p: pentet; m: multiplet; dd: double doublet; dt: double triplet; dq:
double quartet; Carbon chemical shifts are reported in ppm () downfield from TMS using the
resonance frequency of the deuterated solvent as the internal standard.

Matrix assisted laser absorption/ionization mass time of flight (MALDI-TOF)
spectra were obtained on a Bruker Autoflex Speed. a-cyano-4-hydroxycinnamic acid (CHCA)
and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCBT) were
used as matrix.

Liquid chromatography mass spectrometry (LC-MS) was performed on a system
consisting of the following components: Shimadzu SCL-10A VP system controller with
Shimadzu LC-10AD VP liquid chromatography pumps (with an Alltima C18 3 u (50 x 2.1 mm)
reversed-phase column and gradients of water—acetonitrile supplemented with 0.1 % formic
acid, a Shimadzu DGU 20A3 prominence degasser, a Thermo Finnigan surveyor auto sampler,
a Thermo Finnigan surveyor PDA detector and a Thermo Scientific LCQ Fleet. Gradients were

run from 5 % MeCN to 100 % MeCN over a 15 m period.



Ultraviolet-visible (UV-vis) absorbance spectra were recorded on a Jasco V-650 UV-
vis spectrometer or a Jasco V-750 UV-vis spectrometer with a Jasco ETCT-762 temperature
controller. Measurements were performed using Quartz cuvettes with a pathlength of 1 mm
(500 uM samples) or 1 cm (50 uM samples). First, a baseline of the corresponding solvent was
measured. All measurements were performed with a bandwidth of 1.0 nm, a scan speed of 100
nm/min and a data interval of 0.1 nm, spanning the UV-Vis range from 350 nm to 190 nm. All
spectra were averaged over three measurements.

Static Light Scattering (SLS) measurements were performed on an ALV ALVCGS-3
Compact Goniometer equipped with ALV5000 digital correlator and a HeNe laser operating at
532 nm. Scattering intensity was detected over the angular range of 30 to 150 degrees with steps
of 5 degrees, with 10 runs of 10 s per angle. BTA samples were prepared at a concentration of
500 uM or 250 uM and were measured in light scattering tubes with an outer diameter of 1 cm.
As a reference, samples of only the corresponding solvent and only toluene were measured.
Water was filtered with a 0.2 um syringe filter (Supor membrane, PALL Corporation) and
toluene was filtered with a 0.2 um syringe filter (PTFE membrane, Whatman). The
measurements were analysed with AfterALV (1.0d, Dullware) to remove measurements
showing obvious scattering from dust. The Rayleigh ratio as a function of the angle was

computed using the equation below with toluene as a reference:

I - n?
R, = sample solvent % R % solvent
6 — I toluene 2
toluene toluene

with Isample the count rate of the sample solution, Isolvent the count rate for the solvent (water)
and Ttoluene the count rate for toluene. Rioluene is the known Rayleigh ratio of toluene (2.1x102 m"
Iat 532 nm), nsolvent is the refractive index of the solvent (1.333 for water) and noluene is the

refractive index of toluene (1.497).



Hydrogen/deuterium exchange mass spectrometry (HDX-MS) measurements were
carried out using a XevoTM G2 QTof mass spectrometer (Waters) with a capillary voltage of
2.7 kV, a sampling cone voltage of 20 V and extraction cone voltage of 4.0 V. The source
temperature was set at 100 °C, the desolvation temperature at 400 °C, the cone gas flow at 10
Lh! and the desolvation gas flow at 100 L h™!. The sample solutions subjected to HDX were
introduced into the mass spectrometer using a Harvard syringe pump (11 Plus, Harvard
Apparatus) at a flow rate of 50 pL min™'. Previously prepared BTA samples of 500 pM in MQ
water were diluted 10 times with D20 (including 0.5 mM sodium acetate to facilitate detection),
resulting in a final concentration of 50 uM. The samples were stored at room temperature during
the experiment. MS spectra of supramolecular assemblies in water were recorded after several
time points after dilution. For homo-assemblies, ACN was added to a sample diluted into D20
in a roughly 1:1 volume ratio to study the MS spectra of disassembled supramolecular systems.

Cryogenic transmission electron microscopy (cryo-TEM) was performed on samples
with a concentration of 250 or 500 uM of BTAs in water. Vitrified films were prepared in a
“Vitrobot’ instrument (FEI Vitrobot™ Mark IV, FEI Company) at 22 °C and at a relative
humidity of 100 %. In the preparation chamber of the ‘Vitrobot’, 3 pL samples were applied on
Quantifoil grids (R 2/2, Quantifoil Micro Tools GmbH) or Lacey grids (LC200-Cu, Electron
Microscopy Sciences), which were surface plasma treated just prior to use (Cressington 208
carbon coater operating at 5 mA for 40 s). Excess sample was removed by blotting using filter
paper for 3 s with a blotting force of -1, and the thin film thus formed was plunged (acceleration
about 3 g) into liquid ethane just above its freezing point. Vitrified films were transferred into
the vacuum of a CryoTITAN equipped with a field emission gun that was operated at 300 kV,
a post-column Gatan energy filter, and a 2048 x 2048 Gatan CCD camera. Vitrified films were

observed in the CryoTITAN microscope at temperatures below -170 °C. Micrographs were



taken at low dose conditions, starting at a magnification of 6500 with a defocus setting of -40
um, and at a magnification of 24000 with a defocus setting of -10 um.

Expression and purification of C-LytA-GFP protein. C-LytA-GFP was purified by
affinity chromatography in DEAE-cellulose from the overproducing Escherichia coli strain
REGI1 [pALEX2-Ca-GFP] as previously described.’>*° The eluted protein was extensively
dialyzed against 10 mM NH4HCO3 and freeze-dried at -80 °C. Protein concentration was
determined spectrophotometrically using a molar absorption coefficient at 280 nm (e280) of
111730 M! cm™ as predicted by ProtParam software (http://web.expasy.org/protparam).

Fluorescence Anisotropy was performed using a Tecan Infinite M1000 plate reader
(Aex: 485 £ 20 nm, Aem: 535+ 25 nm, mirror: Dichroic 510, G-factor: 0.935 manual, flashes: 20,
integration time: 50 ps, settle time: 0 ps, gain: optimal, and Z-position: calculated from well).
0.1 uM C-LytA-GFP was incubated overnight at RT with BTA fibers (serial dilution starting
from 250 uM BTA, triplicate preparations). All fluorescence anisotropy measurements were
conducted in phosphate buffer (20 mM sodium phosphate buffer, 50 mM NaCl, pH 7.0) in
polystyrene non-binding low-volume Corning Black Round Bottom 384-well plates (Corning
4514) in a final sample volume of 10 puL per well.

Molecular docking. The BTA-Chols monomer was generated with ChemDraw and
subjected to energy minimization with Chem3D, contained in the ChemOffice 17 utilities
(Perkin Elmer Informatics). Files with the coordinates of BT A-Chol; monomer and the C-LytA
protein (PDB code 1HCX)* were then submitted to the SwissDock server
(http://www.swissdock.ch/).*:4?

Bacterial strain and growth conditions. S. pneumoniae R6CIB17 is a non-flocculant,
non-encapsulated strain derived from the capsular type-2 clinical isolate strain D39.3** Liquid
cultures were grown at 37 °C without aeration in C medium supplemented with 0.08 % (W)

).44

yeast extract (C+Y medium).** Growth was monitored by measuring the optical density at 550



nm (ODsso) in an Evolution 201 spectrophotometer (Thermo Scientific). Prior to every
measurement, tubes were normally turned over several times to homogenize the solution, except
when the flocculating capacity of additives was being assayed. At an optical density of 0.1,
equal volumes of the corresponding stocks of additives (choline or BTA polymers) were added
to the medium. For the control experiment, the same volume of phosphate buffer was added.

The number of viable cells was determined by counting the colonies appeared from
appropriate dilutions of culture (in triplicate) after overnight incubation at 37 °C on trypticase
soy plates (Conda-Pronadisa) supplemented with 5 % defibrinated sheep blood (Thermo-
Fisher).

Laser scanning confocal microscopy (LSCM). At different times of growth, a sample
of the pneumococcal liquid culture was taken, and cells were stained with the LIVE/DEAD
BacLight bacterial viability kit (Molecular Probes) to monitor bacterial populations. Following
the instructions of the manufacturer, a 3 pL mixture of 1:1 SYTO 9 : propidium iodide mix was
added to a 1 mL sample of the culture medium and kept at room temperature during 15 min in
the dark. The final concentrations of SYTO 9 and propidium iodide in the culture medium were
5 uM and 30 puM, respectively. Confocal images were captured using an inverse laser scanning
confocal microscope (Leika TCS-SP2-AOBS-UV) with a 63% oil-immersion lens and with a
zoom 2x. The excitation/emission wavelengths for SYTO 9 and propidium iodide were

488/500-550 nm and 543/600-670 nm, respectively.

B RESULTS AND DISCUSSION

Molecular Design and Synthesis. The monomers were designed based on the water-
soluble BTA-(OH)s, which is known to form micrometer long fibers in water.!* Choline and
atropine were introduced at the periphery of the ethylene glycol moiety to ensure proper
presentation and availability of the functional groups for binding upon (co)polymerization of

the functional monomers. To investigate the effect of the number of charged or hydrophobic
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groups within functional monomers on the supramolecular (co)polymerization, the functional
monomers bore either one (BTA-Chol, BTA-Atr) or three (BTA-Chols, BT A-Atr;) functional

groups at their outer periphery (Figure 1).
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Figure 1. Chemical structures of the BTA monomers used in this study.

All functional monomers were obtained via amine modified BTA intermediates. For the
triple substituted monomers, a symmetric amine modified BTA core (BTA-(NHz)3) was
obtained by reaction of 1,3,5-tricarbonyl trichloride with azide modified side chains (Scheme
S1), followed by reduction with triphenylphosphine. Further coupling of BTA-(NH32)3 with the
activated ester of choline yielded BTA-Chols. Atropine-based monomer BTA-Atr; was
obtained via activation of the atropine hydroxyl linker with 4-nitrophenyl carbonate and
subsequent coupling with BTA-(NH23)3 (Scheme 1). The asymmetric BTA core BTA-NH; was
obtained starting from desymmetrized trimesic acid monomethyl ester (Scheme S2) and
consecutive activation, coupling, and deprotection steps. BTA-NH; was further reacted with
activated choline and atropine linkers to obtain BTA-Chol and BTA-Atr (Scheme S2). The
purity and the assignment of the BTA structures were confirmed by 'H NMR, '3C NMR, matrix

assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF-MS), and
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liquid chromatography—mass spectrometry (LC-MS) (Figures S1 to S12 in the Supporting

Information).

4%

BTA-(NH,)3

Scheme 1. Synthetic route towards triple functionalized BT As. Triple functionalized BTA-Chols and BT A-Atr;
were obtained via symmetric BTA-(NH2)3. Mono-functionalized BTA-Chol and BTA-Atr were obtained via
asymmetric BTA-NH:z (Scheme S2). (a) Chol-NHS, TEA, THF/H,0, 39%. (b) Atr-Cs-OH*HCI, 4-nitrophenyl
carbonate, DIPEA, DMF, 64%.

Supramolecular homo-assembly of the functional monomers. First, the homo-
assemblies of the functionalized monomers in water were studied. The formation of
supramolecular fibers by BTA-(OH)3 was fully characterized previously, which revealed that
the fibers possess two distinct absorption maxima in the UV-Vis spectrum at 211 and 226 nm
(Figure 2A)." In contrast, both BTA-Chol and BTA-Chols show a single maximum at 194 nm
(Figure 2A). This single band at shorter wavelength is indicative of the formation of smaller,
micellar-like aggregates.*> The presence of such smaller, micellar aggregates was corroborated
with static light scattering (SLS) (Figure 2B). In contrast to BTA-(OH)3, which shows an
angular dependency of the Rayleigh ratio typical for elongated fibrillar structures, both BT A-
Chol and BTA-Chol; show a larger angular dependency, indicating a different type of
morphology. The slightly lower Rayleigh ratio also indicates the presence of smaller assemblies
compared to BTA-(OH)s. Finally, visualization of these structures with cryo-TEM (Figure S13)

further corroborates the formation of small assemblies. Thus, the introduction of choline into
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BTA monomers prevent the stacking into fibers most probably due to charge repulsion between
the choline units. The amount of charge presented on the monomer does not greatly influence
the formed assemblies as neither BTA-Chol nor BTA-Chol; are capable of forming

supramolecular fibers.
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Figure 2. UV-Vis (A), (C) and static light scattering (B) spectra of homo-assemblies of functionalized BTA
monomers in water. (Csra = 500 uM for BTA-OHs, BTA-Chol and BTA-Chols or 250 pM for BTA-Atr, BTA-
Atrs, T =20 °C)

The atropine-functionalized monomers BTA-Atr and BT A-Atr; were then investigated
as more hydrophobic alternatives for obtaining functionalized assemblies. However, due to a
significantly decreased solubility in water, their assemblies were studied at a lower
concentration than their choline counterpart. Again, in contrast to BTA-(OH)s, for these
assemblies the typical absorption maxima in UV-Vis for supramolecular fibers were absent
(Figure 2C). Instead, for BTA-Atr, a shift in absorption to lower wavelength is visible, while
BTA-Atrs shows scattering at higher wavelength, indicative for an inhomogeneous solution
caused by precipitates. As atropine has an absorbance spectrum in the same lower wavelength
region (Figure S14), further interpretation by UV-Vis was complicated. On the other hand, SLS
(Figure 2B) of BTA-Atr shows an angular dependency similar to the choline-functionalized
BTAs, indicating that BTA-Atr does not form supramolecular fibers either. Visualization of

the structures with cryo-TEM (Figure S15) shows only small assemblies for BT A-Atrs and
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unspecific cluster formation for BTA-Atr. The introduction of a hydrophobic group to BTA
monomers thus prevents the stacking into fibers and decreases water-solubility.

To obtain fibrillar-like supramolecular polymers in water, we explored the incorporation
of the functionalized monomers into supramolecular copolymers with BTA-(OH)s. As
atropine-functionalized monomers showed decreased solubility in water, only the choline-
functionalized monomers were further studied for their ability to be incorporated into

supramolecular stacks.

Copolymerization of choline-functionalized monomers. Supramolecular
coassemblies containing choline-functionalized monomers were prepared by mixing BTA-
Choly and BTA-(OH); in molar ratios of 1:1 to 1:8 BTA-Cholx : BTA-(OH)s. Investigation of
the copolymerization of BTA-Chol using SLS (Figure 3A) shows a change in slope and
intensity upon increasing amount of BTA-(OH)3 towards a scattering profile resembling BT A-
(OH)s. This indicates that the structures change from small aggregates into long fibrillar
structures. Cryo-TEM of the BTA-Chol 1:8 copolymer (Figure 3B, S16A) confirms the
formation of long fibrous structures. UV-Vis spectroscopy (Figure 3C) shows the shift from a
single band at lower wavelength towards the typical absorption maxima at 211 and 226 nm
from a 1:2 ratio, indicating that at this ratio the functional monomers are already taken up into

the stack.
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Figure 3. Static light scattering (A), (D), cryo-TEM images (B), (D) and UV-Vis (C), (F) upon copolymerization
of choline-functionalized monomers. (cgra = 500 uM, T = 20 °C).

Copolymerization of BTA-Chols shows similar assemblies in terms of size and
morphology compared to BTA-(OH); for the BTA-Chols 1:8 copolymer (Figure 3D). Cryo-
TEM imaging of BTA-Chol; 1:8 (Figure 3E, S16B) corroborates the formation of long fibrous
structures. However, fibers of different lengths can be seen for the BTA-Chols 1:2 co-assembly
(Figure S17), confirming that upon high incorporation of monomers with high charge density
a mixture of short and long assemblies is formed instead of co-assembly into long fibrous
structures. UV-Vis spectroscopy shows the gradual shift from a single band at lower wavelength
towards absorption maxima at 211 and 226 nm by increasing the ratio of BTA-(OH); (Figure
3F), but a higher ratio of at least 1:8 BTA-(OH); is needed to fully remove the shoulder at
lower wavelengths compared to copolymers with BTA-Chol. This higher ratio indicates that
due to the higher charge present on the functional monomer, more repulsive interactions occur

and thus less BTA-Chol; can be incorporated as a co-monomer into the supramolecular stack.

15



Thus, upon copolymerization with BTA-(OH); it is possible to obtain choline-
functionalized supramolecular fibers, although the maximum incorporation ratio is dependent
on the number of charges in the monomer. To gain further insight into the incorporation of
charged monomers into supramolecular polymers as well as the dynamics of the monomers
within the supramolecular copolymers, HDX-MS was employed as a label free method
previously used in our group to study the exchange dynamics of monomers between
supramolecular polymers.!**4” The three BTAs used in this study have six exchangeable
hydrogen atoms and the exchange of these hydrogen atoms to deuterium upon dilution into D20
can be followed with MS. The outer hydroxyl or amide groups exchange immediately upon
dilution, but the inner amides only exchange upon monomer migration into the surrounding
D20, as they are protected from D20 in the hydrophobic pocket of the supramolecular stack.
The H/D exchange can thus be related to monomer dynamicity. Hereto, 500 uM BTA solutions
were prepared in MQ water and 10 times diluted into D20. Upon dilution, the nature of the
aggregates did not change (Figure S18). After dilution the ESI-MS spectra were recorded at
several time intervals and the mass increase of both BTA-(OH)3 and BTA-Chol3 monomers
was followed over time (Figure S19, ESI section 2 for details about calculations of percentages
of deuterated species). First, both BTA-Chol and BTA-Cholz homo-assemblies were studied
to confirm the fast exchange dynamics, showing indeed only one isotope distribution that is
immediately visible after dilution of an aqueous sample into D20. These results correspond to
fully deuterated BTA6D, indicating that the core amides are not shielded from the solvent
(Figure S20).2'* After copolymerization of BTA-Chol; with BTA-(OH)s, upon dilution
analogues without all their amide hydrogen atoms immediately exchanged for BTA-Chols
(BTA1D — BTASD, Figure S19) are visible. This indicates that the functional monomers are
protected from surrounding D20 and thus incorporated into supramolecular stacks with a

hydrophobic pocket shielding the core amides. To compare different assemblies, the percentage
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of BTA6D was plotted over time, as this relates to fully deuterated monomers, and is thus a
measure of monomer dynamicity. Upon copolymerization of BTA-Chol; with BTA-(OH)3 a
slower monomer exchange of BTA-Chol; monomers compared to the homo-assembly is
observed (Figure 4A), suggesting successful copolymerization. Similar to the BTA-(OH)3
homo-assembly, the BTA-Chol3 and BTA-(OH)3; monomers in the 1:8 co-assembly first show
a fast monomer exchange which slows down over time (Figure 4A, B). The difference in
exchange dynamics of BTA-(OH)3 in the homo-assembly and the 1:8 copolymer also indicates

successful copolymerization (Figure 4B).
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Figure 4. HDX-MS curves of (A) BTA-Chols and (B) BTA-(OH); monomers within homo-assemblies and
copolymers of BTA-Chols and BTA-(OH); after 10 times dilution of an aqueous sample into D,O. The graphs
highlight the amount of fully exchanged monomers (BTA6D) as a function of time. Measurements were performed
at room temperature; the error bars represent the standard deviation calculated from three separate experiments
and lines are added to guide the eye. (initial ¢ = 500 puM, after dilution 50 pM).

Choline-functionalized monomers can thus be incorporated into supramolecular

polymers that retain their dynamic behavior. To test the accessibility of functional groups after
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copolymerization, and if dynamicity still allowed for binding, the capability of choline-
functionalized supramolecular polymers to interact with the choline-binding proteins of S.

pneumoniae was assessed.

Binding of the choline-binding module C-LytA to BTA-Cholx : BTA-OH;3
supramolecular fibers. The choline binding module (CBM) of the LytA autolysin (C-LytA)
is the best characterized member of the CBMs present in all S. pneumococcal CBPs. 283948 ]t
contains 4 choline-binding sites per monomer, and the protein dimerizes through its C-terminal
hairpin upon interaction with the ligand.*® This allows the monitoring of choline binding by
using a fusion protein with the green fluorescent protein (C-LytA-GFP), since the choline-
induced dimerization brings the GFP moieties of each monomer to close proximity, leading to
fluorescence energy transfer phenomena and resulting in a decrease of fluorescence anisotropy
(FA).* The titration curve with choline chloride presents a sigmoidal shape (Figure 5A, red),
as previously described for a binding-dimerization coupled process.* Titration of C-LytA-GFP
with BTA fibers up to 250 uM total monomer concentration (Figure 5B) shows that BT A-Chols
1:9 was also able to induce a sigmoidal change in anisotropy, while no change in signal was
detected with non-functionalized BTA-(OH)s, suggesting that the interaction between the

BTA-Chols containing fiber and the CBM is specific.
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Figure 5 FA assays of C-LytA-GFP (0.1 uM) upon titration with (A) BTA fibers and (B) BTA fibers and

choline chloride. Sigmoidal curves were fit with a logistic model.

Furthermore, the titration half-point in choline concentration equivalents (Figure SA, fit
details in ESI section 3) was remarkably lower than the corresponding concentration of choline
chloride, indicating a multivalent effect of nearly 2,500 (Table 1) (calculation details in ESI
section 4). This value is substantially higher than previously shown by a generation-5, choline-
functionalized poly(propyleneimine) dendrimer (g5-cho)®® (around 400: Table 1), indicating
that multivalent binding effects are more evident in the BTA fibers than in the smaller
dendrimers. Remarkably, monosubstituted BT A-Chol 1:9 fibers were unable to show binding,
similar to the control BTA-(OH); (Figure 5B). As BTA-Chol 1:9 fibers display only one

choline group per functional monomer, the concentrations were expressed in choline-
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equivalents to make a fair comparison between BTA-Chol 1:9 and BTA-Chols 1:9 (Figure
5A). Here, it is visible that BTA-Chol 1:9 is indeed not able to bind, even in the same choline-
equivalent concentration range as BTA-Chols 1:9. A possible explanation for this difference
could be the higher local concentration of choline on the triple substituted monomers. Due to
this higher concentration, a single BTA-Chol3 monomer might simultaneously bind to 2 or 3
choline-binding sites in the C-LytA moiety, thus adding an additional multivalent feature that
translates into a higher binding efficiency, contrary to monosubstituted BTA-Chol. To
theoretically verify this possibility, we modeled the binding of a single BTA-Chol; monomer
to C-LytA with the SwissDock utilities.*'** Figure 6 depicts one of the generated structures
with the lowest energy, showing a BT A-Chols monomer fitting simultaneously to two binding

sites through the quaternary ammonium group of the molecule.

Figure 6. Two views of one of the lowest energy docking structures of a BTA-Chols monomer on the C-LytA
module, as generated by SwissDock. The choline binding site configured by Trp261, Trp268 and Tyr293 is shown
in green, whereas that configured by Trp220, Trp268 and Trp293 is coloured magenta.

Effect of BTA fibers on pneumococcal cultures. After the confirmation of BTA-
Chols functionalized fibers as efficient CBP binding agents, the next step was to evaluate the
addition of different functional BTA fibers to planktonic cultures of S. pneumoniae. CBP
inhibition by exogenously added choline leads to cancellation of autolysis and daughter cell

separation, resulting in bacterial chain formation®. Ideally, these effects should be observed
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upon incubation with BTA fibers as well, but with lower concentrations needed due to
multivalent presentation of choline on the supramolecular scaffold. To facilitate the observation
of possible cell aggregates, the experiments were carried out with the R6CIB17 strain, a
derivative of the R6 strain that does not flocculate in liquid media.*

Choline or BTA fibers were added at early exponential phase (ODsso = 0.1) and bacterial
growth was first monitored by turbidimetry. Figure S21A shows, for the R6CIB17 control, the
typical pattern representative of an initial exponential phase, followed by a ~3 - 4 h stationary
phase and a final autolytic phase in which the LytA autolysin is massively released from the
cytosolic pool, leading to a substantial decrease in optical density.*’ In addition, Figure S21A
shows the effect of the incubation of different concentrations of choline chloride. At 25 mM
and above, the autolytic phase no longer occurred as a consequence of the inhibition of LytA
recognition of the cell wall due to saturation of its binding sites by the ligand, as previously
described.?’ Moreover, as other CBP cell wall hydrolases involved in cell separation upon
division, such as LytB, were also inhibited, bacteria formed long chains instead of the typical
diplococcal shape displayed by the control cells (Figure 7A and 7B).2%>° Addition of BTA-
(OH)3 (50 uM) to the bacterial cultures led to visible aggregates (Figure S21C), but this did
not exert any significant effect on the growth curve (Figure S21B). Analysis of these aggregates
by confocal fluorescence microscopy (Figure 7C) showed that most of the cells remained green
after BacLight staining, ruling out any detrimental effect of the BTA-(OH); fibers on the
bacterial membrane integrity. This was confirmed by bacterial viability assays, as the viability
was not altered compared to the control samples (Figure S22). Addition of BTA-Chol 1:9 (50
uM) did not affect the growth curves either, even after increasing the BTA concentration three-
fold to obtain similar choline equivalents as BT A-Chols copolymers (150 uM) (Figure S21B).
However, the incorporation of positive charges in the copolymer reduced the number of

bacterial aggregates (Figure S21C and Figure 7D). Finally, BTA-Chols 1:9 (50 uM) induced
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the most appreciable changes in bacterial morphology, as visible aggregates were further
reduced (Figure S21C) and, most remarkably, clear cell chains were observed by microscopy
(Figure 7E). These cell chains were even of longer length that those induced by choline (Figure
7B). The cell membrane was not compromised either, as the vast majority of cells remained
green stained with BacLight (Figure 7E) and were as viable as the non-treated bacteria (Figure
S22). All these results are in accordance with the fluorescence anisotropy experiments on the
binding of the fibers to the C-LytA CBM in the C-LytA-GFP fusion protein (Figure 5), as only
in the presence of tri-substituted BTA monomers (BTA-Chols) the fibers showed an efficient

binding activity to CBPs.

Figure 7. Effect of choline and BTA copolymers on S. pneumoniae growth. Confocal microscopy images of
cultures of S.pneumoniae after 2 h of incubation in (A) absence or in presence of (B) 50 mM choline, (C) 50 uM
BTA-(OH)s, (D) 50 uM BTA-Chol 1:9 and (E) 50 uM BTA-Chols 1:9. Scale bar represents 10 pm. Bacterial
cultures are stained with BacLight.

In an attempt to unveil and quantify the multivalent effects of the BTA-Chols 1:9 fibers
in this biological context, we calculated the minimum concentration of choline equivalents able
to induce a bacterial chaining phenotype in planktonic cultures, and compared the results with
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free choline (Figure S21A) and with those previously reported for the g5-cho PPI dendrimer.*
Data in Table 1 confirms that choline-functionalized BTA fibers display a higher "biological
multivalency" value than that of the dendrimer (~2000 versus ~400 respectively). This
observation suggests that dynamic polymers may be more effective than static ones in
molecular recognition processes. Most polydentate antimicrobial polymers possess a static
nature in the sense that the bioactive ligands are attached to the polymer backbone via a flexible
linker, but in a confined position within the polymer sequence. Therefore, a portion of the
ligands may not be able to access their target. On the contrary, the dynamic nature of BTA
polymers allows the rearrangement of the ligands along the fiber, thus enhancing the chance of
binding with the target. In addition, the relative multivalency values both for the g5-cho PPI
dendrimer and the BTA-Chols 1:9 fibers are of a comparable order of magnitude in both types
of experiments (Table 1). It is remarkable that similar multivalency values were obtained from
such different experimental approaches, i.e. a complex physiological outcome from the
inhibition of a set of enzymes in the microbiological experiment, and the direct binding between
the structures and a protein.

It is also noteworthy that, although BTA-Chols 1:9 demonstrated a higher capacity to
induce cell chaining compared to free choline or the g5-cho dendrimer, the fibers could not
prevent autolysis to occur at the end of the stationary phase (Figure S21B). It should be pointed
out that the different pneumococcal CBPs display a diverse range of affinities for choline.*’
Therefore, the choline decorated fibers could be very efficient in inhibiting the LytB N-
acetylglucosaminidase, a CBP that is mainly involved in daughter cell separation, leading to
cell chains. However, the observation that autolysis still occurs indicates that the fibers are less
proficient in inhibiting the LytA autolysin.?® This behaviour of formation of cell chains but no
prevention of autolysis can also be seen in pneumococcal mutant strains lacking the LytB

enzyme.’® This lack of inhibition of LytA is, however, in an apparent contradiction with the
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fluorescence anisotropy assays using C-LytA-GFP (Figure 5 and Table 1). A possible
explanation for this discrepancy might be that the binding of the BTA-Chols monomers to the
CBPs occurs in a slower time scale than the binding of a small ligand such as choline, possibly
due to steric hindrance, diffusional impediments and/or for the need or dynamic reorganization
of the monomers within the fiber. Then, while LytB is permanently located on the cell surface,
and therefore has sufficient time to interact with the fibers, the release of LytA from the
cytoplasm is triggered in a much narrower period (Figure S21). Therefore, the cell wall
hydrolysis by LytA could start from the lower, more buried, layers of peptidoglycan prior to
any binding interaction with the BTA fiber, which is located extracellularly. Nevertheless, the
potential of BTA-Chols : BTA-(OH)s supramolecular copolymers as antipneumococcal agents
is very promising, since the induction of cell chains and aggregates is known to drastically
decrease the infectivity of the cells and to promote phagocytosis by macrophages. Thus, the
supramolecular copolymers might constitute the basis of a novel family of non-lytic

antimicrobials that foster the protection by the immune system of the infected individual. >4

Table 1. Multivalent effects of choline-containing species on fluorescence anisotropy titration
and on pneumococcal planktonic cultures.

Multivalent effect

Choline equivalents in assay (uM) (n-fold, referred to choline
chloride)
Choline g5-cho PPI
chloride dendrimer®s BTA-(Chol)s g5-cho BTA-(Chol)s
Fluorescence
anisotropy 2000 + 280 50+£0.2 0.8+0.1 400 2500
titration half-point
Minimal
concentration for 25000 64 15 390 1667

bacterial chaining
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B CONCLUSION

In an attempt to emulate the function of a biological macromolecular structure such as
the choline-containing cell wall of the respiratory pathogen Streptococcus pneumoniae, we
designed and synthesized a new set of BTA-based supramolecular polymers containing
monomers that bear one or three functional groups at the outer periphery. The functionalized
polymers were designed to behave as efficient competitors with the cell wall for the binding of
pneumococcal choline-binding proteins. The functional groups consisted of hydrophilic and
charged (choline) or hydrophobic (atropine) moieties. Incorporation of choline or atropine
prevented the formation of supramolecular homopolymers, and small micellar aggregates were
formed instead. The introduction of three atropine moieties even reduced the water-solubility
such that large precipitates were formed. This shows that the incorporation of functionality can
greatly alter the behavior of BTA-based assemblies in water. Gratifyingly, by co-assembling
choline functionalized BTA-Chol and BTA-Chol; with BTA-(OH); monomers,
supramolecular copolymers were obtained. Depending on the monomer structure, the capability
to copolymerize was slightly altered. BTA-Chols displays more charged groups, has more
repulsive interactions and can be incorporated into supramolecular polymers at lower ratios
than BTA-Chol. The H/D exchange of BTA-Chols slowed down upon copolymerization with
BTA-(OH)s, indicating that the functional monomers are indeed incorporated into the
supramolecular copolymer. Both BTA-(OH)3; and BTA-Chol3 monomers remained dynamic
within the supramolecular copolymer. Biophysical assays showed that BTA-Chol; 1:9
copolymers were able to bind to CBPs in vitro with ~ 2500- and ~ 400-fold enhanced binding
affinity compared to free choline and a choline-derivatized generation-5 PPI dendrimer,
respectively, due to multivalent presentation of choline on the supramolecular copolymers.

Such higher binding efficiency was also reflected in microbiological experiments which
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showed that BTA-Chols 1:9 copolymers were able to induce similar cell chaining effects as
free choline, as a result of CBP inhibition, but again with a ~2000-fold enhanced binding
affinity and also outperforming previously studied dendrimer systems. As the conversion of the
typical diplococcal shape of S. pneumoniae into long chains and cell aggregates has been
described to have a deleterious effect on bacterial infectivity while promoting its phagocytosis
by the host, our results show the potential of BTA supramolecular copolymers as a new scaffold

for the design of novel antimicrobials.
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