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Phosphoestamers self-assemble into an array of superstructures
according to their sequence and thus provide a useful model for
understanding sequence/structure relationships. To explore this,
we synthesised all tetrameric phosphoestamers composed of equal
ratios of C12 and HEG monomers and examined their self-
assemblies in a combined experimental/computational workflow.

Sequence-defined macromolecules exhibit differences in super-
structure," material properties,” and function® according to
changes in monomer order. This allows macromolecule beha-
viour and self-assembly to be programmed into the primary
sequence. Nature is inherently sequence-defined and uses
modular biopolymers to achieve function from sequence via 3D
structure.” As a result, sequence definition is the key to bio-
logical recognition, catalysis, self-replication, complex self-
assembly, and the heredity processes of all organisms.>®

Poly/oligophosphoesters are ideal candidates for the
exploration of sequence definition in the synthetic milieu.”
Polyphosphoesters can incorporate many monomers beyond
nucleosides,® and the anionic backbone facilitates water solu-
bility and provides opportunities for responsive behaviour with
cations. Most importantly, oligo/polyphosphoesters that are
sequence-defined (phosphoestamers) can be readily produced
on the solid-phase using the phosphoramidite method, the
principal technique in the synthesis of DNA and the gold
standard for sequence control, due to its outstanding effi-
ciency.® Recently, nucleic acids of up to 1728 monomers in
length have been made using this technology."’

We are currently a long way from programming many-kDa
phosphoestamers which mimic the structures and functions
of proteins. While studies on the self-assembly and folding
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behaviour of phosphoestamers are reported,'*** the specific

relationship of sequence to behaviour is as yet poorly under-
stood. Nonetheless, sequence/function relationships have been
established, such as the selective inhibition of protein—-protein
interactions.”® Previously, we explored the self-assembly of
sequence-isomeric phosphoestamers composed of hydropho-
bic dodecane diol (C12) and hydrophilic hexa(ethylene glycol)
(HEG) monomers, which are commercially available.® Using
two 20mer sequence isomers of these monomers (C12,¢-HEG;,
and (C12-HEG),,), we observed self-assemblies that were
dynamic, responsive, and sequence-programmable.’® However,
there was considerable sequence-space left unexplored.

Herein, we have sought to further understand sequence/self-
assembly relationships in phosphoestamers by synthesising all
possible sequence isomers of tetramers containing an equal
ratio of C12 and HEG monomers, and studying their self-
assembly through diffusion ordered NMR spectroscopy (DOSY)
and molecular dynamics (MD) simulations. Tetramers were
chosen because 4mers are a lower limit of sequence-defined
self-assembly in systems with a 1:1 ratio of two monomers,"®
while also having the capacity to form hierarchical self-
assemblies,’” being readily computationally tractable,'® and
providing substantial sequence variety using just four
sequences. Study of fragments, be it peptides as protein sub-
structures, or oligonucleotides for genomic DNA structure, has
long proved a fruitful approach (without ignoring the possibi-
lity for emergent higher order structures). It was anticipated
that the diblock (C12,-HEG,), alternating ((C12-HEG),), and
two XYYX symmetric tetramers (C12-HEG-HEG-C12 and
HEG-C12-C12-HEG) would produce a more diverse range of
sequence-defined self-assemblies.

The tetramers were synthesised on a 1 umol scale by the
phosphoramidite method, using controlled pore glass (CPG)
supports via the UnyLinker (Fig. 1a)."® Coupling success was
measured semi-quantitatively using in-line monitoring of the
outgoing DMT cation concentration by optical absorption at
500 nm (Fig. 1b) and phosphoestamers were cleaved from
the solid support using 28% ammonium hydroxide at 60 °C.
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Fig. 1 Synthesis and characterisation of phosphoestamers. (a) Synthetic
process, (b) trityl histograms showing successful synthesis of each phos-
phoestamer, (c) synthesis confirmed by ESI-MS, and (d) characterisation of
sequence by 3P NMR spectroscopy.

The concentration of the samples was determined by cleaving
the final DMT protecting group in 80% acetic acid and accu-
rately measuring the optical absorption at 500 nm compared to
a standard.">'* The phosphoestamers were then purified by
extraction of the DMT side products into dichloromethane,
before successful synthesis was confirmed by mass spectro-
metric identification of the molecular ion [M — H]™ and
[M — 2H]*" peaks at m/z 1154 and 577, respectively (Fig. 1c
and Fig. S3-56).

Phosphorus-31 NMR was employed to characterise the tetra-
mer sequences (Fig. 1d and Fig. S2). The C12-PO,-C12 ortho-
phosphate environment appeared at 0.82-0.84 ppm, C12-PO,-
HEG at 0.67-0.72 ppm, and HEG-PO,-HEG at 0.51-0.57 ppm.
To our knowledge, this is the first time that >P NMR has been
applied to identify sequence signatures in phosphoestamers.

We then proceeded to study aggregate size via diffusion
coefficients using DOSY NMR.>° The diffusion coefficient varies
according to molecular weight>® and the morphologies of
isomeric macromolecules.”> DOSY NMR is highly sensitive
and can differentiate between aggregates in a mixture based
on their translational diffusion.*® If two chemical environments
share the same diffusion coefficient, they are likely to be part of
the same compound/aggregate.
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Table 1 Averaged diffusion coefficients of the four tetramers (1 mM).
DOSY spectra were pruned, and a peak threshold was applied, before
diffusion coefficient calculation using GNAT. Spectra are in the SI
(Fig. S8-S31)

Tetramer Pure D,O diffusion 1 M NH,OAc (aq.) diffusion
sequence coefficient (um?® s™') coefficient (um?> s™)
C12,-HEG, 230 £ 9 163 + 3

(C12-HEG), 247 £ 5 213+ 9

C12-HEG-HEG-C12 232 + 3 173 + 3

HEG-C12-C12-HEG 241 + 4 192 + 8

For the phosphoestamers, the diffusion coefficients were
extracted from two signals in the 'H NMR to increase the
accuracy of our measurements. These were the main reso-
nances of the alkoxy protons (3.60-3.70 ppm), and the alkyl
protons (1.20-1.30 ppm) (Fig. S7), which correspond to the HEG
and C12 monomers, respectively. "H DOSY NMR was trialled
for the tetramers at 10 uM, 100 uM, and 1 mM in pure D,O. The
tetramers at 1 mM gave the strongest signals (Fig. $8-S19) and
their diffusion coefficients were calculated (Table 1).

At 1 mM in D,O, the sequence-isomeric phosphoesta-
mers displayed poorly separated translational diffusion across
sequences. Diffusion coefficients of approximately 240 um” s ™"
can be indicative of free molecule diffusion (e.g. the fluorescent
dye Cy5 diffuses at 280 um® s~ in aqueous solutions>*). This
suggests that we observed isolated chains, which would be
consistent with the trianionic nature of the molecules resulting
in mutual repulsion, regardless of sequence.

We then added cations to encourage self-assembly through
screening of repulsive electrostatic interactions between phos-
phates, similar to the use of cations in nucleic acid hybri-
disation.”® This previously resulted in responsive behaviour for
3 Ammonium cations (NH,") in the form of
ammonium acetate (NH,OAc) were chosen for this because
NH,OAc, unlike Na* or Mg>" buffers, can be evaporated from
the samples and because NH,OAc has been used before in self-
assembly studies by DOSY NMR.>® NH,OAc solution (1 M) was
prepared using D,O and the tetramers (1 mM) were dissolved
in NH,OAc solution before acquiring "H DOSY NMR spectra
(Fig. S20-S31). The results showed significant differences in the
translational diffusion of the tetramers (Table 1). Following
the addition of NH,OAc, all the phosphoestamer diffusion
coefficients decreased relative to those in pure D,O. This was
expected because salts, like NH,OAc, are known to affect diffusion
coefficients.””

More significant was the increasing distinction between
diffusion coefficients for each phosphoestamer, particularly
C12,-HEG, and (C12-HEG),. With NH,OAc, the diffusion coef-
ficient of the diblock tetramer was 50 pm?* s~ lower than that
of the alternating tetramer and gave considerable evidence that
the diblock sequence formed bigger self-assemblies, which
diffuse at a slower rate. This is consistent with work on the
20mers in which the diblock sequence produced larger super-
structures than the alternating sequence.'* The symmetric
phosphoestamers C12-HEG-HEG-C12 and HEG-C12-C12-HEG
formed aggregates that diffused faster than C12,-HEG,, but

the 20mers.
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Fig. 2 MD simulations of phosphoestamers. (a) Parameterisation of tetramers consisting of HEG (red) and C12 (blue). (b) Evolution of solvent accessible
surface area (SASA); all systems reach equilibrium after 1.0 us. (c)—(f) Largest clusters from the final snapshots of 2 us simulations: (c) C12,-HEGj, (d) HEG-
C12-C12-HEG, (e) C12-HEG-HEG-C12, and (f) (C12-HEG),. Red and blue beads represent tetramers. The right side of the panels presents a schematic
representation of the largest observed cluster. (g) Final snapshot from 50 ns all-atom simulation of the C12,-HEG, tetramer cluster. The initial frame was

obtained from back mapping 2 us coarse-grained simulation.

more slowly than (C12-HEG),. Additionally, the diffusion coef-
ficients correlated well with the average block length within
each tetramer (Fig. S32).

Although DOSY NMR has shown that sequences can be used
to fine-tune the assembly of amphiphilic phosphoestamers,
it does not provide information on the structural details of the
assemblies. We found that because of the relatively small size
of these molecules, we were unable to observe them reliably by
TEM or AFM, but MD simulations produced models consistent
with the experimental DOSY data. A coarse-grained system
consisting of the tetramers in water was simulated using
standard parameters for the C12 alkane chain and phosphate
group (SI) and Rossi et al. parameterisation of HEG (Fig. 2a).”®
All simulations reached equilibrium after 1.0 ps, as indicated
by the flattening of the solvent-accessible surface area (SASA,
Fig. 2b). Analysis of the results (Fig. 2c—f) shows that C12,-HEG,
forms the heaviest structures (63mers) with compact and
ordered cores, as well as antiparallel oriented C12 chains.
A similar, though smaller structure was observed for HEG-
C12-C12-HEG, which forms 21mer clusters with compact and
ordered cores. The C12 chains in the centre are parallel to each
other, while hydrophilic (HEG) groups are solvated in water.
The most compact but discrete structure is formed by C12-
HEG-HEG-C12. These tetramers form small micelle-like struc-
tures (16mers) with the chains in a U-shape such that the
hydrophobic C12 groups could be buried in the core, and
hydrophilic HEG chains form loops solvated in water. Sporadic
cross-links between micelles were also seen with this sequence,
in cases where one of the chains was linear. (C12-HEG), seems
not to form an ordered structure, but a network that spans over
the whole system and crosses periodic boundaries with small
clusters of no more than 10 phosphoestamers. Snapshots of the
entire frames can be found in the SI (Fig. S34).

To compare the computational data against the DOSY NMR,
the experimental diffusion coefficients (D) were plotted versus
the average molecular weight (M,,) of computationally predicted
aggregates using the linear relationship between diffusion coeffi-
cient and the reciprocal cube root of M,, D = f{M,,~**).?° This was
plotted for the tetramers both with and without NH,OAc (Fig. 3)
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Fig. 3 Plot of tetramer diffusion coefficients against M,, %>

aggregates.

of predicted

and the results again highlighted that cation driven self-assembly
gave greater differences in the translational diffusion of the
tetramers, reflective of more extensive self-assembly. This was also
observed by plotting the calculated hydrodynamic radii against the
radius of gyration of the largest cluster simulated for each tetramer
(Fig. S37).

When NH,OAc was used, the translational diffusion of the
diblock and alternating tetramers was shown to correlate well
with the aggregates predicted by MD simulations. The low
diffusion coefficient of C12,-HEG, is consistent with the pre-
dicted interdigitated C12 chains leading to compact stacks
of layers, which would diffuse slowly. At the other end of the
scale, (C12-HEG), displays rapid translational diffusion even
with the addition of NH," cations, validating the small, dis-
ordered systems predicted by the MD simulations. These tetra-
mers only have small patches of hydrophobic surface, and as a
result, the aggregates are weak and cannot reach critical mass.
This causes them to diffuse more similarly to free particle
systems than the other sequences. The intermediate sequences,
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C12-HEG-HEG-C12 and HEG-C12-C12-HEG, form clusters
neither as large as C12,-HEG,, nor as small as (C12-HEG),,
which is broadly consistent with the computational data,
although their order is not the same. Since a linear line can
be plotted from the ends through HEG-C12-C12-HEG in both
cases, it is likely that C12-HEG-HEG-C12 is the sequence
behaving more anomalously, being unexpectedly slow in diffu-
sion (see also Fig. S38 and S39). Gratifyingly, a potential
mechanism for this is already presented in the computational
model — while C12 termini are folded back into the micelles,
some are not, and form cross-links with other micelles, result-
ing in larger overall aggregates.

Since the coarse-grained models can be reconciled with the
experimental results, we were interested in whether we could
observe finer structural details. An all-atom simulation (50 ns),
back-mapped from the coarse-grained model of the most well-
defined system (C12,-HEG,) was performed (Fig. 2g) to give
insights into potential secondary structure motifs that phos-
phoestamers could form and thus make a small step closer to
development of protein-like structures. The simulation shows
that the interior of the clusters is composed of a stack of layered
C12-PO,-C12 chains, with the phosphates in register with each
other. This structure is reminiscent of lipid bilayers, and is in
contrast to the general structure of polymer star micelles, in
which there is a radial arrangement of chains, as well as related
modelled systems where C12 chains double-back after every
phosphoester.*°

In summary, we have used phosphoramidite chemistry to
produce sequence-defined tetrameric phosphoestamers, making
every sequence containing two C12 and two HEG units. DOSY
NMR and MD simulations have shown that in pure water, there is
little difference due to mutual repulsion arising from the anionic
phosphates, but countercations screen the repulsion, and sub-
stantial differences in self-assembly occur according to sequence.
Hydrophobic aggregation of C12 chains is the primary mecha-
nism for self-assembly. C12,-HEG, forms the largest structures,
appearing somewhat like star micelles, but with a parallel, in
register, arrangement of interdigitated chains in the core. HEG-
C12-C12-HEG also forms micelle-like structures, with parallel C12
chains, but smaller in this case since each chain has a hydrophilic
section at both termini and thus spans the whole assembly.
C12-HEG-HEG-C12, on the other hand, mainly folds back on itself
to satisfy hydrophobic aggregation, giving smaller structures,
although on occasion this folding does not occur, resulting in
cross-linking with a second aggregate. (C12-HEG), appears to
be sufficiently able to shield its hydrophobic sections without
extensive self-assembly.

This is the first time that self-assembly of non-nucleosidic
polyphosphoesters has been studied at this level of detail and
the results highlight new motifs which could support the
future, bottom-up design of protein-like phosphoestamers that
take advantage of the possibilities of the phosphoramidite
method.
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