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Introduction

The properties of polymeric materials are often defined by
molecular disorder. Dense liquid states of silicates form glasses
that acquire the mechanical properties of a solid while maintain-
ing the disorder of a liquid. Naturally occurring silks contain
ordered B-sheet domains for strength dispersed within a flexible
disordered protein matrix." Such disorder in polymeric materials
may arise from subtle quantum defects and/or large scale
conformational and covalent heterogeneities,>* all contributing to
the material properties. Living systems have evolved special strat-
egies to exploit this property. Intrinsically Disordered Protein (IDP)
domains, which occur in 30-40% of eukaryotic proteins,* exist in
a condensed liquid state that orders in response to distinct
binding partners.® This signaling function has evolved to amplify
and extend the information encoded in genetic networks.® Such
signaling information is also implicated in protein misfolding
diseases’ through the oligomer cascade hypothesis where disor-
dered proteins mediate cellular transfection.® We imagined
transforming conformational disorder by chemically triggering
ordering of polymeric materials.’

We began with our initial kinetic model for peptide phase
transitions incorporating the Flory-Huggins parameter (x),
oligomer growth rate constants (k,), and peptide stacking
energy (AG)," when validated with the amyloid peptide Ac-
KLVFFAE-NH,, identified solubility of the initial dense liquid
state as a critical point of control. As with general glass transi-
tions, significant hysteresis can accompany phase changes of
peptide assemblies,' consistent with the recent demonstration
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in polymeric materials and provide a proof-of-principle minimal peptide phase network captured with

of dynamic nuclei pre-existing within the solute-rich phases.”
The ability to nucleate the growth of distinct structures from
these phases with other polymers* highlights the potential to
externally regulate the growth of specific structural order in
polymeric materials'* and thereby capture the encoded confor-
mational preferences.

Given the sophisticated process by which eukaryotic cells
enzymatically tag disordered proteins for clearance,'® we sought
an analogous process, a chemical tagging strategy to capture the
ordering potential of disordered polymer phases. Here we
report a proof-of-principle approach where oligomer peptide
phase transitions'*"” are initiated by direct chemical tagging.

Results and discussion
a. Phase network design

The low complexity domain (LCD) proteins regulating RNA
processing®>' contain repetitive amino acid dyads facilitating
ready access to both the solute-rich liquid phases and the cross-
B assemblies of RNP granules.'®?' The amino acid threonine (T)
is a polar amino acid whose solubility should limit initial
condensation, but maintain a propensity*>** for stabilizing -
sheets. To evaluate concatemer assembly, a series of TT dyads
(H-TTF),~NH, (n = 2, 3) which included phenylalanine (F) to
stabilize stacking in cross-f assemblies, were constructed.
When these peptides (2 mM) are incubated in 40% acetonitrile
(ACN) with an apparent pH of 8 at 24 °C, the nonapeptide H-
TTFTTFTTF-NH,, (TTF);, undergoes an initial condensation to
form particles that subsequently transition to nanotubes with
diameters of 38.4 + 7.4 nm (Fig. 1la-c and Fig. S1}). FT-IR
analyses of these (TTF); assemblies (Fig. S2af) confirmed
amide I stretches at 1621 ecm™*, characteristic of extended p-
sheets®*?* with a weaker transition at 1693 cm ' supporting
anti-parallel strand arrangements.>® The cross-f architecture
was confirmed by powder X-ray diffraction (XRD) d-spacings at
4.7 A and 10.1 A (Fig. S2bt).”
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Fig.1 Transmission electron microscopy analyses of (TTF)z and (TTF),
peptides. The peptides were incubated at 2 mM in 40% ACN/water,
24 °C, and pH,pp 8. TEM micrographs of (a) (TTF); particles at 1 h, (b)
growing ribbons at 24 h that transform into (c) mature nanotubes after
2 weeks compared with (d) (TTF), solution at 1 week.

In contrast, the hexapeptide H-TTFTTF-NH,, (TTF),, did not
transition to particles or transition to higher-order assemblies
under these conditions (Fig. 1d). These two concatemers, (TTF);
and (TTF),, then provide phase networks positioned on either
side of the particle solubility threshold, and the (TTF), peptide
concatemer provides a scaffold to explore N-terminal tagging
strategies that direct liquid-liquid phase transitions.

b. Chemical network design

Building on successful imine polymerization chemistry,?®>>

sought a monomer capable of condensation but not polymeri-
zation. Based on the LCD designs above, the di- and tri-peptide
aldehydes TF-CHO and TTF-CHO were envisioned as potential
bifunctional tagging reagents for either C-terminal aldehydes or
N-terminal Ser, Thr, Asn, or Cys residues via the cyclic N, X-
backbone acetal linkage shown for Thr in Fig. 2a. We antici-
pated that the 5-membered N,O-acetal of Thr would be
compatible with B-sheet assembly but with greater solubility,
making it less available for initial condensation and subsequent
template-directed polymerization."”

As shown in Scheme S1} for the TTF-CHO monomer, prep-
aration occurs via the N-Boc phenylalanine Weinreb amide® to
allow for reduction to the aldehyde® and protection as the
dimethyl acetal. Peptide coupling follows standard solution-
phase activation protocols with Fmoc-protected amino acids*
allowing the dynamic chemical network (DCN) to be generated
with HCI deprotection of the acetal. This reaction mixture can
be dried in vacuo, and the TTF-CHO monomer re-suspended in
40% ACN/water at an apparent pH of 8 for dynamic assembly
(Fig. 2a). While the TF-CHO monomer reversibly cyclizes to
a product that is susceptible to irreversible oxidation to the
pyrazine (Scheme S27), the TTF-CHO monomer does not suffer
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Fig.2 N,O-acetallinkage on peptide backbone. (a) N,O-acetal linkage
generated by condensation of the phenylalanine aldehyde and with
the threonine N-terminus amine and sidechain alcohol. (b) Of the two
possible cyclic N,O-acetals, the (R,S)-cis configuration places the ring
substituents at C-2 and C-4 in quasi-equatorial orientations. (c)
Modelling N,O-acetal associations on the minimal scaffold of
AAAAOXAAAA and H-AAAAAAAA-H showing H-bonding (left) and
parallel in-register strands (right).

this side reaction. Rather, TTF-CHO generates a dynamic
chemical network (DCN) dominated by the cyclic dimer with
minor amounts of cyclic trimer and cyclic tetramer (Fig. S3 and
Table S1t), but no higher-order oligomeric assemblies are
detected. Consistent with the design, this system does not
access liquid-liquid phases or template paracrystalline
assembly under these conditions.

c. Structural models for peptide backbone N,O-acetals

There are two possible cyclic N,O-acetals as shown in Fig. 2b.
The (R,S)-cis configuration places the ring substituents at C-2
and C-4 in quasi-equatorial orientations, and the acetal
stereochemical preference for the N,O-derivatives were analyzed
via condensation of N-Boc-L-Phe-CHO with r-Ser and r-Thr
methyl ester in benzene to approximate the hydrophobic
particle environment. A single N,0-acetal hydrogen resonance is
observed by NMR, and irradiation of this acetal H-2 resonance
in the t-Thr product gives significant Overhauser enhancement
of H-4 intensity relative to H-5 (Fig. S4at), consistent with the
acetal hydrogen and H-4 located on the same face of the acetal
ring. The 1-Ser product also gives a single acetal proton, and
again irradiation of the acetal proton significantly enhances the
H-4 resonance (Fig. S4bt). These results are consistent with
a single dominant conformation adopting a ring pucker posi-
tioning the backbone substituents in pseudo-equatorial posi-
tions in the (R,S)-cis stereoisomer (Fig. 2b). Initial model
building with this structure in a peptide backbone suggests that
an H-bond acceptor and amine donor are both suitably

© 2021 The Author(s). Published by the Royal Society of Chemistry
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positioned for stabilizing B-sheet H-bonding (Fig. 2c), showing
no electrostatic or steric constraints that would violate cross-
B associations even in parallel strand arrangements.

d. DCN peptide tagging

Based on our current understanding, the energetic specificity of
the N,O-acetal may contribute positively or negatively to inter-
cepting the chemical network of H-TTFTTF-NH,. Providing
access of this TTF-CHO DCN to the peptide-rich liquid phase
(Fig. 3a) with average particle widths of 29.0 + 3.0 nm after 24 h
(Fig. S571) allows particles to form and grow in size, nucleate,
and grow fibers (Fig. 3b-d). HPLC and mass spectrometry
analyses confirm the appearance of a new product,
TTFoxXTTFTTF (Fig. S61), where H-TTFTTF-NH, has been
covalently tagged N-terminally with a single aldehyde monomer
to give the 5-membered N,O-acetal linkage (ox = oxazolidine).
Unlike the final assembly of (TTF);, which assembles as nano-
tubes, this network generates fibrils which bundle into larger
fibers over time (Fig. 3b-d).
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Fig. 3 TEM analyses and kinetic modelling of the TTF—CHO network
containing H-TTFTTF-NH,. Electron micrographs of (a) particles at
24 h, (b) fibers after 3 days, (c), mature fibers after 1 week, and (d) higher
order assemblies after 10 days. Mechanistic model (e) for the DCN and
(f) mathematic fits for kinetic data described in Experimental section.
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e. Network distribution and assembly

The fibrillar assembly can be pelleted at 16 000 x g for 30 min,
but quantitative enrichment proved to be limited by the gel-like
character of the network. Reversed-phase HPLC analyses
(Fig. S6t1) do show Gaussian peak shapes, consistent with
aggregation and hydrolysis during elution not limiting the use
of the chromatograms to estimate network composition (Table
1). Accordingly, the supernatant is dominated by the peptide H-
TTFTTF-NH, and the cyclic TTF-CHO dimer, while the
TTFoxTTFTTF condensation product is enriched in the pellet
(Table 1). The positively charged surfaces of these assemblies
restricted thioflavin staining of the pelleted fiber, and the
presence of cross-f assembly**>* was confirmed with powder
diffraction d-spacings of 4.7 A and 10 A (Figure S7b+).*>* The
amide I IR band was blue shifted to 1645 cm ™!, relative to the
1621 cm ™' observed for the model (TTF); peptide nanotubes
(Fig. S7at), consistent with the expected reduction in normal
mode delocalization for B-sheets containing backbone amide
replacements.*

f. Kinetic analysis of the TTF-CHO/H-TTFTTF-NH, network

The introduction of H-TTFTTF-NH, into the TTF-CHO network
expands the previously developed kinetic models for these
networks' to include the intermolecular N,O-acetal linkage
between TTF-CHO and H-TTFTTF-NH, (k; & k), the cyclic
dimerization of TTF-CHO (k; & k,), the phase transitions with
TTFoXTTFTTF (ks), and the templated assembly of
TTFOXTTFTTF (ke, k;, kg; Fig. 3¢, S8, Table S2, and Scheme S3+).
As illustrated in Fig. 3f, the equilibrated network (at 250 hours)
includes unreacted TTF-CHO monomer, cyclic dimer, H-
TTFTTF-NH,, and TTFoxXTTFTTF. As shown in Scheme S3,}
where Akaike Information Criterion (AIC) is used to select the
model most consistent with the experimental data,** the growth
of TTFoxXTTFTTF appears as a simple second-order reaction
with the assemblies reaching equilibrium without consuming
all the TTF-CHO and H-TTFTTF-NH, substrates. These anal-
yses suggest that a simpler model without the assembly reac-
tions may be sufficient. However, removal of the assembly
events from the model results in poor data fitting and Akaike
weights (Scheme S3 and Table S47), suggesting that templated-
assembly has an important impact on the kinetics and ultimate

Table 1 Product identification in unseeded and (TTF); seeded
networks
TTF-CHO/H-TTFTTF-
TTF-CHO/H-TTFTTF- NH,, (TTF); nanotubes
DCN NH,, unseeded seeded
Molar% Molar%
Species Supernatant Pellet Supernatant Pellet
Monomer 4.6 2.9 7.0 1.7
H-TTFTTF-NH, 65.8 18.9 64.5 17.1
TTFOXTTFTTF 9.1 59.6 8.1 66.3
Cyclic dimer 20.5 18.6 20.4 14.9
Chem. Sci.
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distribution in the DCN. Given the slow kinetics along with
growth of metastable particles, the network dynamics are most
consistent with two-step nucleation and template-directed
assembly, with the caveat that generalization of the kinetic
constants at this point may risk overinterpretation and will
require further substantiation.

g. Control by alternative cross-p templates

Neither H-TTFTTF-NH, nor the TTF-CHO chemical network
undergoes condensation until they are combined. After mixing,
particles form early and grow slowly with no apparent limit on
assembly as the growing particles enable the nucleation and
propagation of fibrils that mature into bundled fibers. This
additional peptide condensation, with some analogy to nucleic
acid recombination events,* here changes the solubility of the
particles. The creation of this new environment in the particles
opens the nucleation and propagation of fibers just as seen
commonly with other peptides.***® To evaluate the suscepti-
bility of the particles to external templates, nanotube seeds
prepared by mild sonication of mature (TTF); peptide assem-
blies were added to the TTF-CHO/H-TTFTTF-NH, network
(Fig. 4). These (TTF); nanotube seeds rapidly induce nanotube
growth to give diameters indistinguishable from the parent
(TTF); nanotube with no observable fiber product (Fig. 4).
Enriching the assemblies at 16 000 x g (Fig. S9, Table S5t)
confirm the presence of TTFoXTTFTTF products in the seeded
network. XRD of these enriched assemblies show the typical
cross-B d-spacings of 4.7 A and 10.1 A (Fig. S10bt) with FT-IR
amide 1 stretches at 1622 cm ' and 1645 cm™ ', supporting
the presence of both (TTF); seeds and TTFoxTTFTTF in the
observed nanotubes (Fig. S10af). The weak but diagnostic
1693 cm ! transition for anti-parallel B-sheet structures is also

Fig. 4 Adding (TTF)3 nanotube seeds to the TTF—-CHO/H-TTFTTF-
NH, network. TEM images of (a) the mature (TTF)3 nanotubes frag-
mented by sonication for 2 h prior to being added at 0.5 mM to the
fresh TTF-CHO/H-TTFTTF=NH, (2 mM/2 mM) network; (b) nano-
tubes induce the growth of the network within 10 min that (c) grow
into robust nanotubes within 24 h and (d) continue to mature into
homogeneous nanotubes. Scale bars = 200 nm.
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apparent (Fig. S10%), consistent with antiparallel strand orien-
tations being retained. While the N,0-acetal is compatible with
both nanotube and fiber morphologies, the extent of reaction is
the same with both templates (Table 1). Moreover, no evidence
for TTFoxXTTFoxTTF products is obtained with either template,
suggesting that N,O-acetal stacking energy of this isostere
within the cross-B configuration limits multiple tagging events.

Conclusions

Initial synthetic dynamic polymerization networks have been
extended from reductive amination ligation to acetal formation
for amine nucleoside polymers.”® The template-directed
approach achieves sequence specific translation via base
complementarity,”?** and expands nature's chain-growth
processes to sequence selective step-growth polymeriza-
tion.*"** Distinctly different ligation chemistries continue to be
developed,”™° opening the possibility for other reaction
networks® to be used for regulating phase behaviour®** in
polymer assembly pathways.””** Our kinetic modelling of
peptide assembly predicts several limiting states of assembly,"
and H-TTFTTF-NH,, which does not transition to higher order
assembly, and H-TTFTTFTTF-NH,, which transitions through
particle phases to achieve higher order nanotube assembly,
provided a framework for exploring the critical initial phase
transitions in multi-nucleation processes.'”*”**% Distinct from
oxidative disulfide cross-linking in protein folding®* and native
chemical ligation of peptide fragments,* our reversible tagging
strategy targets N-terminal Asn, Thr, and likely Ser and Cys
residues, to regulate biopolymer assembly*®**3*° by creating
a peptide isostere compatible with cross-B peptide supramo-
lecular assembly.***>3¢

Congeners of LCD proteins are used to populate the limiting
extremes of our model, and dynamic coupling of the TTF-CHO
tag with H-TTFTTF-NH, generates TTFoxTTFTTF, which
induces the liquid transition to the solute-rich particle phase
that makes possible nucleation and propagation of a new cross-
B supramolecular assembly. The resulting network is an equi-
librium mixture of soluble peptides and fibers (Table 1). The
ordered composition of this mixed state is predicted by our
model to be limited by peptide stacking energies.'® Replace-
ment of the amide with a cyclic N,O-acetal isostere then is able
to access the liquid-solid transition as it is accommodated
within cross-f architectures to produce heterologous nanotubes
following nanotube seeding. However, no oligomers containing
two backbone N,0O-acetals, TTFoXTTFoxTTF, are detected, even
in the presence of template with excess TTF-CHO. This finding
suggests that the N,0O-acetal is less well accommodated in cross-
B assemblies than 6-membered cyclic N,N-acetals,’”*" thus
enabling selective mono-tagging. Control of the molecular
disorder in diverse materials***” biased for aggregation®*° may
find its greatest potential in ribonucleoprotein granules and
intrinsically disordered protein domains regulating biological
information flow through conformational ordering.®®®* This
basic tagging strategy is nicely demonstrated in phosphoryla-
tion mediated liquid-liquid phase transitions of reflectin
proteins,® however this chemical tagging strategy can now be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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more broadly explored across polymeric materials, triggering
phase changes and nucleating crystallization for molecular
computation, catalysis, and information processing.

Experimental
General material and methods

All chemical reagents and solvents are purchased from Sigma-
Aldrich, Fisher, AnaSpec, Alfa-Aesar, and Cambridge Isotope
Laboratories without further purification. All chemical reac-
tions are performed under inert N, atmospheres unless other-
wise noted. All NMR experiments are performed on INOVA 400
MHz or INOVA 600 MHz NMR spectrometers.

H-TTFTTF-NH, (TTF), and H-TTFTTFTTF-NH, (TTF),
peptides are synthesized using standard Fmoc solid-phase
synthesis protocols on CEM Liberty Microwave Automated
Peptide Synthesizer on rink amide resin. The peptides are
cleaved from dried resin (resulting in C-terminal amine capped
peptide) by addition of cleavage cocktail (90 vol% TFA, 5 vol%
thioanisole, 3 vol% ethanedithiol and 2 vol% anisole) for 4 h at
room temperature, precipitated and washed in cold diethyl
ether then purified by reverse-phase HPLC (Waters Delta 600)
using a Waters Atlantis C-18 preparative column (19 x 250 mm)
with acetonitrile-water gradient and lyophilized. The molecular
identities of purified peptides are confirmed by MALDI-TOF
mass spectrometry. Structural models were constructed by
energy minimizing (MacroModel v9.9. Schrodinger, LLC*) H-
bonded peptides (OPLS 2005 force field®) arranged as B-
strands.

Transmission electron microscopy (TEM)

All TEM analyses are performed with a Hitachi H-7500 trans-
mission electron microscope at 75 kV. A TEM copper grid with
a 200-mesh carbon support (Electron Microscopy Sciences) is
covered with 10 pL of DCN or peptide solution for 1 min before
wicking the excess solution with filter paper. 10 pL of 2% uranyl
acetate is added and incubated for 2 min, excess solution
wicked away, and the grids are placed in desiccators to dry
under vacuum overnight. Widths measured from TEM are
converted into diameters by setting 2x width = the tube
circumference and solving for the diameter.

Attenuated total reflectance fourier transform infrared (FT-IR)

FT-IR spectra are acquired using a Jasco FT-IR 4100 at room
temperature and averaging 500 to 1000 scans with 2 cm™*
resolution, using an MCT detector with a 5 mm aperture and
a scanning speed of 4 mm s~ '. Aliquots (10 uL) of DCN or
peptide solution are dried as thin films on a Pike Galdi ATR
diamond crystal.

X-ray powder diffraction (XRD)

The samples are lyophilized to yield dry powder and the spectra
are obtained by loading the powder into a 0.2 mm mylar
capillary. The diffraction patterns are acquired on a Bruker
APEX-II diffractometer with graphite monochromated Cu radi-
ation K-alpha radiation, A = 1.54184 A, 40 kv and 35 mA, with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a 0.5 pinhole collimator. Exposure times are typically 300 s per
frame, and the data integration software XRD2DSCAN® is used
to convert the two-dimensional data into a theta-2theta scan.

Network generation

TTF-CHO monomer is generated by deprotecting TTF-dimethyl
acetal with 4% HCI in H,O. The solvent is removed in vacuo at
20 °C, with the TTF-CHO residue re-dissolved with H-TTFTTF-
NH, peptide to give an equimolar (2 mM) solution in 40% ACN/
H,0. The solution pH is adjusted by titrating with aliquots of
5% Et;N in H,O using a Fisher Scientific Accumet Basic AB15
pH meter, and is then incubated at 4 °C. For the template
seeding experiments, (TTF); nanotube seeds are generated by
sonicating (TTF); nanotubes for 1 h in a bath sonicator (Bran-
son ultrasonic Model 3510R-MT, 42 kHz) at room temperature
and the resulting seeds are added to TTF-CHO + H-TTFTTF-
NH, network after pH adjustment. Solution pH is re-measured
and readjusted if necessary. For HPLC analysis of assembly, the
network is pelleted at 16 000 x g for 30 min at 4 °C, and the
pellet is resuspended in 40% acetonitrile/water for analysis.

Kinetic analyses

The DCN is analyzed by sampling the DCN solution by HPLC
over 2-4 weeks. All HPLC analyses use a Waters Delta 600 HPLC
equipped with a photodiode array UV/Vis detector and a reverse-
phase HPLC column (Kromasil 100-5C18, 4.6 x 250 mm). HPLC
solvent gradient: acetonitrile: 10 mM TEAA in H,0: 0-90 min:
10% to 100%, 90-100 min: 100%, 100-101 min: 100% to 10%,
101-110 min: 10%. UV absorbance at 258 nm is recorded and
integrated for kinetics analysis, using the absorption coefficient
obtained with phenylalanine standards. Species identification
is assigned by ESI mass spectrometry at the Emory University
Mass Spectrometry Center.

To analyse the chemical reaction and physical assembly of
the network, all reactions for the TTF-CHO network as arranged
in Table S2,T including the reversible dimer and trimer forma-
tion, primary and secondary nucleation of assembly, assembly
growth, and templating of trimer formation at the end of
assembly ends, are included in kinetic modelling. The rate
equations for the individual species are then arranged in
Scheme S3.f The kinetic equations were fit to the species
concentrations, and the optimal parameter set is gained by
minimizing the sum of square error (SSE) between the calcu-
lated and experimental values10 with the fmincon function in
MATLAB 2012a (The Mathworks, Inc). The optimized parame-
ters (Table S31) and the further model discrimination are
included in the ESI} (SI).

Relative quantification of network components

Based on previous network analyses, the absorbance (4) for each
peptide is determined by integration of the peak area at 258 nm,
where the aromatic phenyl ring is responsible for the absorp-
tion. The absorbance increase is linear with the number of Phe
(F) residues and provides the relative extinction coefficient,
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based on the Lambert-Beer Law A = ecl, for the network
members as the number of monomer units increase.
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