UNIVERSITYW

This is a repository copy of Self-Assembled Multivalent (SAMul) Polyanion Binding —
Impact of Hydrophobic Modifications in the Micellar Core on DNA and Heparin Binding at
the Peripheral Cationic Ligands.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/114487/

Version: Accepted Version

Article:

Albanyan, Buthaina Abdulmohsen M, Laurini, Erik, Posocco, Paola et al. (2 more authors)
(2017) Self-Assembled Multivalent (SAMul) Polyanion Binding — Impact of Hydrophobic
Modifications in the Micellar Core on DNA and Heparin Binding at the Peripheral Cationic
Ligands. Chemistry : A European Journal. ISSN: 0947-6539

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

| university consortium eprints@whiterose.ac.uk
WA Universties of Leeds, Sheffeld & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/id/eprint/114487/
https://eprints.whiterose.ac.uk/
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Self-Assembled Multivalent (SAMul) Polyanion Binding — Impact
of Hydrophobic Modifications in the Micellar Core on DNA and
Heparin Binding at the Peripheral Cationic Ligands

Buthaina Albanyan,@ Erik Laurini,’ Paola Posocco,®! Sabrina Pricl,’” and David K Smith?@*

Abstract: This paper reports a small family of cationic surfactants
designed to bind polyanions such as DNA and heparin. Each
molecule has the same hydrophilic cationic ligand, and a hydrophobic
aliphatic group with eighteen carbon atoms with either one, two or
three alkene groups within the hydrophobic chain (C18-1, C18-2 and
C18-3). Dynamic light scattering indicates that more alkenes lead to
geometric distortion, giving rise to larger self-assembled multivalent
(SAMul) nanostructures. Mallard Blue and Ethidium Bromide dye
displacement assays demonstrate that heparin and DNA have
markedly different binding preferences, with heparin binding most
effectively to C18-1, and DNA to C18-3, even though the molecular
structural differences of these SAMul systems are buried in the
hydrophobic core. Multiscale modelling suggests that adaptive
heparin maximises enthalpically-favourable interactions with C18-1,
while shape-persistent DNA forms a similar number of interactions
with each ligand display, but with slightly less entropic cost for binding
to C18-3 — fundamental thermodynamic differences in SAMul binding
of heparin or DNA. This study therefore provides unique insight into
electrostatic molecular recognition between highly charged nanoscale
surfaces in biologically-relevant systems.

Introduction

Biological polyanions are involved in a wide range of medically
important processes — for example, nucleic acids have great
potential in gene therapy,[" while glycosaminoglycans like heparin
control coagulation processes.?! The ability of synthetic systems
to interact with polyanions is therefore of considerable interest,
with much focus on the ability of cationic systems to bind
polyanionic targets.®! In the field of gene delivery, a key strategy
has been to use cationic lipids, which self-assemble into
nanoscale systems in order to bind DNA/siRNA.H! Much research
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has focussed on the development of structure-activity
relationships.® A number of reports have focussed on
understanding the impact of hydrophobic modification on gene
delivery.®! It is known, for example, that alkene groups in the
hydrophobic unit change the fluidity of the hydrophobic domain
and modifying phase transition temperatures.[”!

We have described systems in which self-assembly is used
to display specific ligands (rather than point charges) on
nanostructure surfaces as exhibiting self-assembled multivalent
(SAMul) binding.®®!  There are inherent advantages of this
approach such as ease of synthesis, ligand tunability,
morphological programmability, and the ability to disassemble the
nanostructures on demand. As such, we believe this SAMul
approach offers some significant advantages over covalent
polymeric or dendritic approaches commonly used to generate
multivalent ligand arrays.®! The use of SAMul arrays to achieve
effective polyanion binding has been a particular recent interest,
and in addition to DNA binding and gene delivery,*81% significant
attention has also focussed on using this approach to bind
glycosaminoglycans, such as heparin.l'l Of course, in general
terms, any cationic species will bind to an anionic one, and as is
often noted, charge density will play a dominant role in
determining the affinity of interaction.'? However, we have
recently focussed on exploring whether different polyanions, such
as heparin or DNA, exhibit different binding preferences towards
different SAMul systems, demonstrating that factors such as
choice of ligand['3 and chirality('"¥l can significantly impact on the
binding preference, irrespective of charge density. The ligands
are located at the nanoscale binding interface and play the key
role in mediating the interactions between the SAMul cation and
the polyanion — there is a clear molecular-scale mechanism for
this effect. Multiscale modelling methods in which atomistic and
mesoscale methods are combined, provide a uniquely powerful
toolkit,l'® and have allowed us to gain fundamental insight into
such molecular recognition processes at nanoscale binding
interfaces.“‘“1b’°’13'14b1

In this paper, we explore the effect of changing the
hydrophobic unit on selectivity. Although the effect of hydrophobe
is relatively well understood in the field of gene delivery,® it has
not previously been considered in terms of fundamental impacts
on polyanion binding selectivity. Although these units are
responsible for driving self-assembly, once this process is
complete, they are buried inside the SAMul nanostructure and
might not be expected to directly impact on binding. We therefore
designed a family of compounds with identical ligands appended
to a hydrophobic unit, which, in each case, had the same number
of carbon atoms — only the degree of unsaturation differed (Fig.



1). We then investigated the ability of these structures to bind
DNA and heparin, reasoning this would help provide a structure-
activity relationship, relevant in developing SAMul systems for
potential applications in fields such as gene delivery or

coagulation control.
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Figure 1. Compounds investigated in this paper, C18-1, C18-2 and C18-3, with
one, two and three cis-alkene groups respectively.

Results and Discussion

For the purposes of this structure-activity study, amphiphilic
molecules with the same di-(aminopropyl)-methylamine ligand
were synthesised (Fig. 1) each of which could, in principle, self-
assemble into micelles displaying a cationic ligand surface. As
hydrophobe we selected naturally occurring cis-fatty acids — oleic
(1 alkene), linoleic (2 alkenes) and linolenic (3 alkenes) acids.
These molecules were synthesised using TBTU-mediated
peptide coupling with an appropriate Boc-protecting group
strategy (see ESI). The synthesis yielded C18-1, C18-2 and C18-

3 in which the latter number refers to the number of alkene groups.

Each of these compounds has an identical nominal +2 ligand
charge at physiological pH.

We initially quantified self-assembly using a Nile Red
assay!"® in 150 mM NaCl and found that on increasing
concentration, all of the compounds formed micelles and led to an
increase in Nile Red fluorescent emission. Analysis of the data
enabled estimation of critical micelle concentrations (CMCs).
These were found, in general terms, to increase as the degree of
unsaturation increased. We propose that the presence of alkene
groups disrupts lipid packing within the interior of the micellar
nanostructure — indeed, such effects are well-known in surfactant
chemistry with unsaturated lipids showing a significantly greater
degree of fluidity as a result of the geometric disruption to the
extended hydrophobic chain induced by the insertion of the rigid
alkene group with its precise geometric demands.'"! It should be
noted that there is little difference in CMC between C18-2 and
C18-3, which may suggest that once two alkenes have been
introduced, the presence of a third has relatively little additional
adverse effect.

We then used dynamic light scattering (DLS) to characterise
the assemblies. Table 1 presents volume distribution data, which
indicates an increase in micellar diameter on increasing the level
of unsaturation. Looking in detail at the intensity distribution data
(see ESI) indicated that there was also a contribution from ill-
defined larger aggregates (>100 nm) for each of the amphiphiles
— however, the contribution of this increases in the order C18-
1<C18-2<C18-3, which would suggest less controlled self-
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assembly as the number of alkenes increases. This would
suggest that the most effective aggregation into small micelles
(<10 nm) is achieved by C18-1, while the introduction of more
alkenes begins to hinder effective self-assembly and gives rise to
a slightly greater degree of relatively uncontrolled aggregation.
The C-potential values were all positive, as expected for these
cationic self-assembling structures. The observed charge density
was slightly greater for C18-2 and C18-3 than for C18-1, which
suggested that more self-assembling units may be incorporated
into the more unsaturated structures (consistent with their larger
diameters).

Table 1. Experimental characterisation of self-assembled micelles performed in
150 mM NaCl, 10 mM PBS, pH 7.4) using Nile Red assay to give CMC and

dynamic light scattering (150 mM NaCl, 10 mM Tris HCI, pH 7.4) to give
diameter and ¢-potential.

Compound CMC / uM Diameter (nm) ¢ (mV)

C18-1 42+3 52+0.5 +64.1+ 0.6
C18-2 82+t2 6.4+0.4 +72.9+3.7
C18-3 78+ 10 76+0.3 +729+25

Combined atomistic and mesoscale molecular simulations
confirmed the dominant self-assembly of all compounds into
spherical micelles, as shown by the images reported in the first
row of Table 2. The in silico predicted micellar diameters and ¢-
potentials (Table 2) are in excellent agreement with the
corresponding experimental data (Table 1). Importantly, the
estimated values of the aggregation number N,y increases on
passing from C18-1 to C18-3 (i.e., 28, 32 and 35 for micelles
formed by compounds C18-1, C18-2, and C18-3, respectively,
Table 2), supporting the hypothesis above, i.e., increasing the
degree of unsaturation results in greater incorporation of units into
the corresponding self-assembled nanostructures.

Table 2. In silico characterisation of self-assembled micelles formed by
compound C18-1, C18-2, and C18-3 in water at 150 mM NaCl.

Diameter (nm) 54+0.4 6.2+0.2 72+0.2
Nagg 28+2 32+1 35+ 1
¢ (mV) +63.2 +73.4 +75.2

We then investigated the ability of these nanostructures to
bind polyanions using two experimental dye displacement assays.
In order to monitor heparin binding, we made use of the Mallard
Blue (MalB) assay developed in our laboratory,['8 in which MalB
is displaced from its complex with heparin. To monitor DNA
binding ability, we employed the well-known Ethidium Bromide
(EthBr) assay in which EthBr is displaced from its complex with
DNA.I"91 The data from these assays are presented in Table 3.
The ECso values reflect the concentration of self-assembled



multivalent binder required to displace 50% of the relevant dye,
while the CEso values reflect the charge excess (cationic
binder:polyanionic target) at which 50% displacement of dye
takes place. Low values indicate stronger binding, as they mean
less compound is required to displace the competitor dye from the
polyanionic target. It is important to note that the CEsq and ECs
values for the two different assays cannot be directly compared
with one another, as they take place at different concentrations of
polyanion, different concentrations of indicator dye, and the
relative strengths of the MalB:heparin and EthBr:DNA complexes
are also different. However, this approach is ideal for comparing
the relative ability of this family of SAMul binders to interact with
each of the polyanions under the conditions of the same binding
assay, and trends within each set of data, induced by the
introduction of unsaturation into the hydrophobic core of the
SAMul nanostructure, can be meaningfully elucidated.
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Figure 2. (Top) Heparin binding curves from MalB-displacement assay
experiments (25 uM MalB and 27 uM heparin (based on a typical tetraanionic
disaccharide repeat unit) in 150 mM NaCl, 10 mM Tris HCI, pH 7.4. (Bottom)
DNA binding curves from EthBr-displacement assay experiments (5.07 uM
EthBr and 4.0 uM DNA (based on a typical singly-charged nucleotide) in 150
mM NacCl, 10 mM HEPES, pH 7.4.

The heparin binding ability decreases as the level of
unsaturation increases, with the CEso increasing from 0.8 to 1.8
to 2.3 for C18-1, C18-2 and C18-3 respectively. (Table 2, Fig. 2
(top)). These changes in binding are significant and well beyond
the range of error, suggesting that the modification to the
hydrophobic unit has significant impact on SAMul binding to
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heparin. In order to probe these differences in binding in more
detail, we employed multiscale modelling methods (see below).
For DNA binding, however, a different trend was observed with
the CEsp values of 5.0, 4.3 and 3.5 for C18-1, C18-2 and C18-3
respectively (Table 2, Fig. 2 (bottom)) indicating a slight
strengthening of binding. It should be noted that considering the
error ranges, the differences in DNA binding are relatively small
compared to those for heparin binding — however, DNA
nonetheless has a preference for C18-3.

We note that for C18-1 the ECso value for heparin binding
are close to the CMC values. This may suggest that self-
assembly of an unbound micelle is a pre-requisite for heparin
binding. However, for C18-3 (and to some extent C18-2) the ECsg
values are below the CMC values — which may suggest that the
self-assembly of the relatively poorly assembling C18-3 (and C18-
2) is being assisted by the heparin binding event. Furthermore,
the ECso values for DNA binding are all well below the CMC
values. Indeed, it is well-known that polyanions can induce self-
assembly of cationic micelles, lowering the apparent CMC, and
we propose this can occur with binding acting to reinforce self-
assembly (and vice versa).?l
Table 3. Heparin and DNA Binding Parameters: CEso (cation:anion charge
excess at which 50% of indicator dye is displaced from its complex) and ECso
(effective concentration at which 50% of dye is displaced, uM). Heparin binding
performed with 25 uM MalB and 27 uM heparin (based on a typical tetraanionic
disaccharide repeat unit) in 150 mM NaCl, 10 mM Tris HCI, pH 7.4. DNA binding

performed on 5.07 uM EthBr and 4.0 uM DNA (based on a typical singly-
charged nucleotide) in 150 mM NaCl, 10 mM HEPES, pH 7.4.

C18-1 C18-2 C18-3
CEso Heparin ~ 0.80 +0.05 1.8+0.1 23+0.2
DNA 50+0.7 43+0.5 35+04
ECso/ uM Heparin  43+3 97 +7 124 +£10
DNA 10.0+0.4 86+1.0 7.0+0.8

There were some problems with the heparin binding assay,
particularly with C18-3 where hierarchical aggregation (see
below) giving rise to a degree of light scattering and increasing
the absorbance more than expected (Fig. 2 (top)). It is important
to note that this mainly affected the latter stages of the titration
when excess binder was present — by which point the CEs, value
had already been achieved. Furthermore, in the event of a small
amount of light scattering from hierarchical aggregation being
present at the CEs value, this would actually act to raise the CEso
value of C18-3 — reinforcing the trend reported here in which this
system is the weakest heparin binder. We are therefore confident
that the CEso values are valid, and that the reported trends in
heparin binding reported in this manuscript are robust.

Interestingly, we have previously reported the synthesis of
the fully saturated member of this family of amphiphiles, which
can be considered C18-0 in the nomenclature used here
(previously named C18-DAPMA).2Y1  This fully saturated
compound experienced some solubility problems and analysis of
DLS by volume distribution indicated the formation of larger
assemblies (93+26 nm).?"l In terms of heparin binding, the CEso



was found to be 0.68 + 0.09 and the ECso was 37 + 5 mM.2'! The
heparin binding performance of C18-0 is therefore equivalent to,
or better than, that of C18-1, continuing the trend in which those
systems with fewer alkenes are more effective heparin binders.
However, given the differences in native self-assembled
morphology between C18-0 and the other amphiphiles studied
here, we decided not to extend the study of this system further.

Atomistic molecular dynamics (MD) simulations®?? were
then performed in an attempt to reproduce and understand these
differences in binding selectivities. Figure 3 shows equilibrated
MD snapshots of the complexes formed between the self-
assembled micelles of compounds C18-1, C18-2, and C18-3 and
heparin (top) and DNA (bottom), respectively. A cursory glance at
these images already reveals that, in passing from units bearing
a single unsaturation to those characterized by three double
bonds in their hydrophobic tails (from left to right in the image),
the number of SAMul ligands in the self-assembled structures
which are in contact with heparin decreases (Fig. 3, top) whilst, in
case of DNA, this number is nearly independent of this chemical
factor (Fig. 3, bottom).

Quantitative analysis of the MD trajectories of each SAMul
micelle/polyanion complex confirmed this qualitative perspective.
Specifically, once self-assembled, C18-1 is able to exploit 19 out
of the 28 units in effectively and permanently binding heparin (i.e.,
Nett = 19), whereas a progressive decrease in N is estimated
when considering C18-2 and C18-3, which engage only 15/32 and
13/35 residues in contacting the polyanion, respectively. On the
contrary, when bound to DNA, the calculated Nei values are 16,
17 and 18 for the micelles formed by C18-1, C18-2, and C18-3
respectively. This structural difference is directly reflected in the
corresponding per-residue effective free energy of binding values
AG* (Figure 4), as discussed below.

Figure 3. Equilibrated atomistic molecular dynamics (MD) simulation snapshots
of (top) heparin and (bottom) DNA in complex with micelles formed by (from left
to right) C18-1, C18-2, and C18-3. In all panels, micelles are shown as bi-colour
spheres (hydrocarbon tails: C18-1, dark grey; C18-2, dark magenta, and C18-
3, cornflower blue; polar heads: light grey). Heparin and DNA are portrayed via
their van der Waals surfaces (coloured orange and firebrick, respectively).
Water, ions and counterions are depicted as transparent spheres.
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When considered from the perspective of a single effective
SAMul ligand (Fig. 4A), in the case of heparin binding the more
flexible 19 effective C18-1 units can maximize favourable
enthalpic micelle/polyanion interactions (AH* = -24.02 kJ mol ),
thereby more than compensating for entropic penalty paid upon
binding (TAS* = -7.92 kJ mol'). Accordingly, the corresponding
free energy is largely favourable (AG* = -16.10 kJ mol™).
However, on increasing the rigidity of the SAMul hydrocarbon
chain as a consequence of the higher order of unsaturation, both
the number and the efficacy of each effective unit available for
heparin binding decreases. Thus, for C18-2 (Neit = 15) AH* = -
17.76 kJ mol”', TAS* = -5.55 kJ mol”', and AG* = -12.21 kJ mol!
while for C18-3 (Neif = 13) the same thermodynamic quantities
amount to -14.98 kJ mol ', -4.63 kdJ mol, and -10.35 kJ mol™
respectively. It is interesting to observe that the inclusion of two
or three carbon double bonds in the hydrophobic portion of the
SAMul has a relative beneficial effect on the entropic term: as they
become intrinsically more rigid, these molecules suffer
progressively less entropic penalty than C18-1 on binding.
However, these ligands are less able to reorganise, and the
enthalpic component (AH*) which accounts for the stabilising
electrostatic intermolecular interactions between micelles and
heparin decreases by about 10 kd mol' on passing from C18-1 to
C18-3. The net result of binding is enthalpically dominated, and
the simulated AG* values follow the same trend as the
experimental CEs values, i.e., C18-1 > C18-2 > C18-3.
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Figure 4. Per-residue effective free energy of binding (AG*), and enthalpic (AH*)
and entropic (TAS*) components for: (A) micelles of C18-1, C18-2, and C18-3
complexed with heparin; (B) heparin sugars complexed with each of the SAMul
micelles; (C) complexed with each of the SAMul micelles; (C) micelles of C18-
1, C18-2, and C18-3 complexed with DNA; and (D) DNA bases complexed with
each of the SAMul micelles.

On the other hand, for DNA binding, and again from the
viewpoint of a single effective SAMul ligand (Fig. 4C) the enthalpic
gain when self-assembled C18-1, C18-2, and C18-3 reorganise
to maximise interactions with the nucleic acid is nearly constant,
being equal to AH* = -33.77 kJ mol, -33.81 kJ mol', and -34.15



kd mol”, respectively. There is therefore only 0.38 kdmol
enthalpic difference between C18-1 and C18-3, in contrast to 9.04
kdmol ' for heparin binding. The change in entropic component
TAS*, is also somewhat limited to ca. 1.3 kJ mol™ on going from
C18-1 to C18-3, in lieu of 3.3 kJ mol' observed on binding the
same self-assembled micelles with heparin. As a result, the per-
residue effective free energy of binding AG* of the different SAMul
micelles in complex with DNA is less sensitive to molecular
structure, thatis AG* = -21.43 kd mol, -22.27 kd mol', and -23.07
kJ mol! for C18-1, C18-2, and C18-3, respectively, with the small
increase reflecting a slkightly larger number of binding
interactions. Compound C18-3 is therefore the slightly more

effective DNA binder — in agreement with the experimental results.

It should be noted that all of the absolute AG* values for DNA
binding are significantly more favourable than those for heparin
binding — consistent with the fact that effective DNA binding was
experimentally observed at lower concentrations than heparin
binding.

Applying the same analysis from the viewpoint of the
polyanion, in the case of heparin (Fig. 4B) the variations of AG*,
AH* and TAS* with the number of alkenes parallel those
experienced by the effective SAMul residues (Fig. 4A). Thus,
heparin can compensate the higher entropic cost of binding C18-
1 with a greater much enthalpic gain of its own, while
progressively adapting the enthalpy/entropy ratio on increasing
micellar rigidity (i.e., C18-2 and C18-3) via polyanion structural
adaptation. Such a phenomenon was previously observed and
reported by us for heparin binding to another set of SAMul
molecules featuring the same chain but different polar heads,'?
evidence that helped us define heparin as a relatively flexible
adaptive polyanion.['®23 This property allows heparin to optimise
binding to C18-1 on enthalpic grounds. From the perspective of
DNA, AG* and its components are largely independent of the
hydrophobic component of the SAMul units (Fig. 4D), confirming
that each anion binds a cation with similar strength - reflecting the
relatively rigid and shape-persistent nature of DNA.[13-23]

In combination, these observations support the conclusion
that for heparin binding, a more flexible hydrophobic SAMul unit
allows for an effective balance between favourable (i.e.,
enthalpic) and unfavourable (i.e., entropic) contribution to
micelle/polyanion interactions, with  enthalpy dominating the
binding event. Increasing the structural rigidity of the SAMul unit
results in overall worsening of heparin binding on enthalpic
grounds. On the other hand, amphiphile tail rigidity has less
influence on the ability of these SAMul micelles to organize for
optimal shape-persistent DNA binding; hence, for all units the in
silico estimated per-residue effective free energy of binding AG*,
in agreement with the experimental ECso values, are similar with
C18-3 being slightly more effective than C18-2 which is in turn
slightly better than C18-1.

We previously applied a similar thermodynamic analysis to
the binding of self-assembled micelles with different surface
ligands to heparin and DNA, and supported the simulations with
experimental data from isothermal calorimetry.['3 In that case, it
was demonstrated that the optimum heparin binder maximised its
enthalpic term as a consequence of its ability to adapt and
reorganise its binding sites to maximise interactions — a process
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which was reinforced by the relatively flexible and adaptive nature
of polyanionic heparin.l'8 This is directly equivalent to what is
being observed here. For DNA binding, in our previous study, '3
each anionic site on the inflexible shape-persistent DNA formed
equivalent interactions irrespective of the ligand, with binding
preferences simply being driven by the number of interactions
which could possibly form at the rigid binding interface (which in
that case were quite significantly different in number). A similar
but smaller effect is being observed here, with the small
differences in binding originating from slightly different numbers
of interactions at the rigid binding interface.

Organised arrays of
C18-1 micelles and heparin

+ DNA

C18-2 + DNA

Fig. 5. TEM images of (top to bottom) C18-1, C18-2 and C18-3 bound to (left)
heparin and (right) DNA — samples dried from solution onto the TEM grid. In
each case, scale bar = 100 nm.

We then used transmission electron microscopy (TEM) to
check that our self-assembled nanostructures remained intact on
binding polyanions. For heparin binding, self-assembled micelles
were clearly observed (Fig. 5, left), with sizes in general
agreement with those observed by DLS for solution-phase self-
assembly. In the presence of heparin, these micelles are
hierarchically organised into a pseudo-crystalline nanoscale
arrangement — we have recently fully characterised this process
using a combination of SAXS, multiscale modelling and TEM for



a related system and determined that the spherical cationic
SAMul nanostructures pack with the linear polyanions to form
nanoscale two-dimensional ionic lattices on the TEM grid.2! We
can therefore confirm that the SAMul systems remains intact on
binding polyanion targets, and that the presence of a highly
charged electrostatic binding interface does not significantly
disrupt these SAMul nanostructures. TEM also indicated similar
hierarchical packing for DNA binding (Fig. 5, right) although the
aggregates were somewhat less stable when exposed to the TEM
electron beam.

To probe binding in more detail, we experimentally studied
a 50:50 mixture of C18-1 and C18-3 to determine the effect on
performance in these assays. In the heparin binding assay, a
CEso of 2.0 £ 0.3 was observed and in the DNA binding assay, the
CEsowas 3.2 £0.2. The performance of the mixture was therefore
much more closely similar to that of C18-3 rather than C18-1 (see
Table 3). This suggests that the effect of alkene groups on the
assembly and binding process dominates the performance of the
mixed system in these binding assays as predicted and
rationalised by multiscale modelling.  This supports our
hypothesis that the incorporation of alkenes into the hydrophobic
unit, although not located at the nanoscale binding interface can
directly influence the performance of the compounds in these
DNA and heparin binding assays.

Given the clinical interest of heparin binding systems,? we
also probed the ability of these compounds to bind heparin in
more competitive conditions, performing the MalB assay in
human serum (Table 4). As expected from our previous work on
SAMul nanostructures,l''® serum had an adverse effect on
binding, and the CEso values increased. As in buffer, C18-1
remained the most effective heparin binder, however, differences
between all three systems somewhat decreased. This suggests
serum has a generally adverse effect on self-assembly of the
multivalent array and in particular disturbs the enthalpic benefits
C18-1 employs for effective heparin binding. However, all three
systems do still bind heparin to some extent, even in highly
competitive human serum.

Table 4. Heparin Binding Parameters in Human Serum: CEso (cation:anion
charge excess at which 50% of indicator dye is displaced from its complex) and
ECso (effective concentration at which 50% of dye is displaced). Heparin binding

performed with 25 uM MalB and 27 uM heparin (based on a typical tetraanionic
disaccharide repeat unit) in 10 mM Tris HCI, pH 7.4

C18-1 C18-2 C18-3
CEso Heparin  25+0.2 34+0.1 3.1+0.1
ECso/ uM Heparin 133 +10 182 £ 15 166 £ 2

Conclusions

In summary (Fig. 6), this is a rare report in which structure-activity
effects are explored for binding self-assembling systems to two
different polyanions. In the heparin binding assay, C18-1 > C18-
2 > (C18-3. Multiscale modelling allowed us to attribute this to the
more effective nanoscale binding interface between C18-1
micelles and the adaptive polyanion heparin contributing a highly
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favourable enthalpic term to binding, in contrast to the less
effective binding interface between the larger aggregates formed
from rigid C18-3 and heparin. Conversely in our DNA binding
assay, the differences between ligands are significantly smaller
and C18-1 < C18-2 < C18-3. Multiscale modelling indicated that
this shape-persistent polyanion formed similar binding interfaces
with the SAMul nanostructures in each case, and there were only
small differences in the apparent AG* caused primarily by the
lower entropic costs of reorganisation of C18-3 compared with
C18-1.
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Figure 6. Summary of data for heparin and DNA binding extracted from MalB-
displacement and EthBr-displacement assays respectively

We have therefore determined the surprisingly different
binding preferences of different polyanions for SAMul systems. It
is clear that even though the uncharged hydrophobic units are not
directly involved at the binding interface, and are buried within the
SAMul nanostructure, modifying them can have a profound effect
on electrostatic binding at the periphery. This study therefore
provides useful and unique insights into binding between highly
charged nanoscale surfaces in biologically-relevant systems.
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