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ABSTRACT: Manipulating the size and shape of non-
covalent multivalent assemblies is an ongoing challenge in
the field of supramolecular polymers. Following a
mechanistic approach, we reasoned that nucleation—
elongation kinetics presents unique opportunities for
controlled growth since the final outcome is likely to
depend on the structure and dynamics of critical-nucleus
formation. Taking fibrillar assembly of amyloid f (Af)
peptide as the model system of nucleation-dependent
supramolecular polymerization, here we report multivalent
polymer—peptide conjugates (mPPCs) that redirect
fibrillar assembly of Af to form discrete nanostructures.
The mPPCs were rationally designed to target Ap
intermediates formed prior to critical nucleation. Atomic
force microscopy and transmission electron microscopy
studies show that in the presence of mPPCs, Af self-
assembles into zero-dimensional discrete nanostructures
with lateral dimensions approximately in 5—35 nm, while
Ap alone self-assembles into one-dimensional fibrils in
micrometer. Thioflavin T kinetics fluorescence assays
demonstrate that mPPCs suppress Af fibrillogenesis.
The mPPCs may thus represent a prototypical molecular
design of multivalent macromolecules able to control the
final shape of supramolecular polymers assembled via a
nucleation-dependent mechanism.

elf-assembly of fibrillar structures via nucleation-dependent

mechanisms occurs ubiquitously in biological systems such
as protein aggregation, and in synthetic materials such as
supramolecular gels and synthetic polymers." Compared to the
well-studied controlled covalent polymerization, control of
supramolecular polymerization to form structurally well-defined
assemblies remains largely unknown and challenging.> Mech-
anistically, fibrillar self-assembly is a supramolecular polymer-
ization process which consists of two phases: a slow nucleation
phase followed by a rapid chain growth phase.®> During
nucleation, the noncovalent interactions between monomers
are weak and the initial oligomerization is energetically
disfavored. Since the size and shape of the final assemblies
are likely to be sensitive to both the structure of the nucleus
and its kinetics of growth, we reasoned that molecular specific
interactions at this stage presented an opportunity to
manipulate and control the assembly process. Here we report
rationally designed multivalent polymer—peptide conjugates
(mPPCs) that modulate nucleation-dependent assembly of
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amyloid f (Af) peptide, redirecting the formation of normal
Ap fibrils into discrete nanostructures. For Af assemblies, it is
widely accepted that during the nucleation phase of
aggregation, metastable prefibrillar intermediates form through
hydrophobic collapse with development of $-sheet interactions
between the central hydrophobic sequence Af,,_,; (LVFFA).*
Taking advantage of this nature of Af aggregation, we designed
and synthesized multivalent polymer-iAf; (mP-iAf;) con-
jugates in which LPFFD (iAfl;) was selected as the peptide
fragment for the mPPCs, given its known binding with
specificity to Apy5_,,.° Thioflavin T (ThT) fluorescence assays,
atomic force microscopy (AFM), and transmission electron
microscopy (TEM) studies show that mP-iAfl; conjugates
effectively modulate Ap,, aggregation and redirect the
formation of one-dimensional Af fibrils in microscale into
zero-dimensional discrete nanostructures.

The multivalent polymer—peptide conjugates were con-
structed by conjugating multiple copies of Af binding peptides
onto a linear copolymer backbone 3. By controlling the
stoichiometry of polymers to peptides, the polymer—peptide
conjugates with different peptide loadings were synthesized to
accomplish different multivalency. Poly(N-(2-hydroxypropyl)-
methacrylamide) (PHPMA) was selected as the polymeric
scaffold due to its water solubility, zero net charge at neutral
pH, and well-established synthesis.® The synthesis started with
the copolymerization of N-(2-hydroxypropyl)methacrylamide
(HPMA) 1 and N-hydroxysuccinimide methacrylate
(NHSMA) 2 by reversible addition—fragmentation chain
transfer (RAFT) polymerization to yield poly(HPMA-co-
NHSMA) 3 (Scheme 1).” The molecular weight and
polydispersity of 3 were determined by GPC (Figure S2),
and the degree of polymerization was approximately 300.
Peptide iAfs was conjugated to 3 using different stoichiometric
ratios, and all remaining active ester groups were then
quenched by 1-amino-2-propanol to yield mP-iAf; conjugates
4.® Three mP-iAf; conjugates were prepared having on average
3, 7, and 12 mol % of iAf; per polymer chain (Figures S5—
S10). On the basis of the degree of polymerization, these
conjugates have 9, 21, and 36 copies of iAf; per chain,
respectively. We use the notation mP-iAf-3%, mP-iAf-7%,
and mP-iAf-12% to designate the peptide loading of these
three conjugates. PHPMA polymer 5 was synthesized by
quenching 3 with 1-amino-2-propanol to serve as a control for
conjugates 4.
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Scheme 1. Synthesis of mP-iAf; Conjugates 4
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ThT assays demonstrate that the multivalent design of mP-
iAfs conjugates 4 leads to the enhanced activity against Af,,
aggregation when compared to monovalent iAf;. In ThT assays
the upturn in fluorescence follows a characteristic lag time that
is extensively used to estimate the modulatory effects of
inhibitors on Af aggregation.” A longer lag time generally
corresponds to a slower nucleation kinetics and a better
modulatory effect. In the presence of 2.1 equiv of iAf; per AB,,
(2.1 equiv of iAf; approximately equal to the amount of iAf;
copies attached to 0.1 equiv of mP-iAf;-7% 4), the lag time did
not significantly change when compared to that of Af,, control
without any modulators (green and black bars in Figure 1). In
contrast, mP-iAfs-3% conjugate 4 delayed Af,, aggregation by
83% at 0.1 equiv, increasing the lag time from 240 to 440 min.
Moreover, mP-iAfs-7% 4 delayed Af,, aggregation by 171% at
0.1 equiv, increasing the lag time from 240 to 650 min, while
mP-iAfBs-12% 4 delayed Af,, aggregation by 75% at 0.1 equiv,
increasing the lag time from 240 to 420 min. These results
indicate that mP-iAf; conjugates 4 (0.1 equiv) are much more
active than monovalent iAf; (2.1 equiv). To investigate the
effect of the PHPMA polymer backbone on Af,, aggregation,
we incubated Af,, in the presence of 0.1 equiv of control
polymer § with and without 2.1 equiv of iAf;. Our ThT data
show that both polymers control only slightly delayed A,
aggregation (red and blue bars in Figure 1). Accordingly, the
ThT assays confirm that the enhanced activities of conjugates 4
mainly result from the multivalent effect. In addition, ThT
results indicate that higher loading of conjugates 4 do not
necessarily lead to slower nucleation kinetics and better
modulatory effect. Instead, mP-iAfs-7% 4 achieves the longest
delay against AB,, aggregation, which suggests an optimal
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Figure 1. Modulatory effect of mP-iAf; conjugates 4 on Afy,
aggregation monitored by Thioflavin T fluorescence assays. Lag time
of Af,, aggregation in the absence or presence of mP-iAfs conjugates
4 (see Figures S14—S16 for ThT assays curves). A prolonged lag time
is an indicator of inhibition of Af aggregation and slow nucleation
kinetics. ThT assays were performed on 15 uM (1.0 equiv) Af,
peptide in 10 mmol PBS buffer (pH 7.4) at 37 °C with 567 rpm
shaking speed. (Results from f test, *p < 1 X 1073 **p < 1 X 1074
wEp < 1% 10 7).

peptide loading (Figure 1). One possible explanation for this
observation is that the peptides in mP-iAf;-12% 4 start to self-
associate, thereby competing with their intermolecular
interactions to Af,,.'° The above results demonstrate that at
substoichiometric concentrations, mP-iAff; conjugates 4 delay
Ap, fibril formation in a loading dependent manner.
Characterizations by ThT assays, AFM, and TEM show that
mP-iAf; conjugates 4 not only modulate Af,, aggregation but
also redirect from forming long, unbranched, one-dimensional
fibrillar microstructures (Figure 2a) to the formation of zero-
dimensional discrete nanostructures (Figure 2b—d and Figures
S18, S23). When Af,, was incubated with 1.0 equiv of mP-iAf
conjugates 4, the ThT assays exhibited prolonged lag times,
suggesting the lack of mature Af,, fibrils (Figure 2, left). These
ThT results were confirmed by AFM and TEM studies (Figure
2, middle and right). More importantly, AFM and TEM studies
demonstrated that Af,, incubated with 1.0 equiv of mP-iAf;
conjugates 4 formed zero-dimensional discrete nanostructures
at the end of the ThT experiments rather than the one-
dimensional fibrils which were otherwise formed by Af,
control without any modulators. The AFM and TEM images
show that discrete Af,, nanostructures stabilized by conjugates
4 have lateral dimensions ranging from S to 35 nm (Figure 2
middle and right, Figures S28, S29). When concentrations
decreased to 0.5 equiv, mP-iAf-7% 4 and mP-iAfs-12% 4 still
stabilized Ap,, into discrete nanostructures (Figures S18c’,d’,
$23c’,d"). However, mP-iAf};-3% 4 did not fully stabilize Af,,
into discrete nanostructrures at 0.5 equiv; instead, fibrils and
nanostructures were both observed by AFM and TEM (Figures
S18b’, S23b’). Controls based on both polymer § and iAf do
not have the ability to redirect Aff aggregation to form discrete
nanostructures (Figures S15, S16, S24, and S25).
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Figure 2. Effects of mP-iAfl; conjugates 4 on Apf,, aggregation
monitored by ThT assays (left), AFM (middle), and TEM (right). (a)
Kinetics of Af,, (15 uM) aggregation was monitored by ThT assays
without mP-iAfl; conjugates 4. AFM and TEM images of Af,, (1S
uM) were recorded after incubation for 24 h in the absence of mP-
iAf; conjugates 4. Kinetics of Af, (15 uM) aggregation was
monitored by ThT assays with 1.0 equiv of mP-iAf-12% 4 (b, left),
mP-iAfs-7% 4 (c, left), and mP-iAfs-3% 4 (d, left). AFM and TEM
images of A}y (15 uM) were recorded after incubation for 24 h with
1.0 equiv of mP-iAf;-12% 4 (b, middle and right), mP-iAf-7% 4 (¢,
middle and right), and mP-iAf;-3% 4 (d, middle and right). Samples
of AFM and TEM studies were taken directly from the ThT assays.

It is surprising that Af,, peptides self-assemble into discrete
nanostructures in the presence of mP-iAfs conjugates 4.
Although the composition of the discrete nanostructures has
not been determined, we speculate that Af,, oligomers smaller
than the critical-sized nucleus complex with conjugates 4
through multiple f-sheet interactions (Figure 3). These
multivalent contacts prevent the Af nucleus from forming,
and instead confine Af,, oligomers to a compact nanostructure,
although we cannot exclude other possibilities such as
interactions between Af,, monomers with conjugates 4
which initiate the formation of the discrete nanostructures.

In conclusion, we demonstrate that synthetic multivalent
polymer—peptide conjugates are an effective strategy to
noncovalently control fibrillar assembly of Af,, a supra-
molecular polymerization governed by nucleation-dependent
mechanism. It remains to be seen if this design concept is
broadly applicable to the control of other nucleation-dependent
supramolecular polymerizations. Our results show that mP-iAf;
conjugates 4 modulate Af aggregation by redirecting the
formation of Ap fibrillar assemblies into discrete nanostruc-
tures. The composition of the nanostructures is currently under

5235

¥ iAB5: LPFFD
G Ab17.51: LVFFA

R

Ap oligomers
mP-iAf; 4 I
' tative
observed putat
discrete AB/mP-IAS; 4
complex
nanostructure

Figure 3. Hypothesis-based schematic representation of Af,-derived
nanostructure formation.

investigation and results of these studies will be published in
due course.
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