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Tuning protein assembly pathways through
superfast amyloid-like aggregationt

Chen Li,? Lu Xu,? Yi Y. Zuo® and Peng Yang @ *2

Amyloid formation of proteins is not only relevant for neurodegenerative diseases, but has recently

emerged as a groundbreaking approach in materials science and biotechnology. However, amyloid

aggregation of proteins in vitro generally requires a long incubation time under extremely harsh con-

ditions, and the understanding of the structural motif to determine amyloid assembly is extremely limited.

Herein we reveal that the integration of three important building blocks in typical globular proteins is

crucial for superfast protein amyloid-like assembly including the segment required for high fibrillation

propensity, abundant a-helix structures and intramolecular S-S bonds to lock the a-helix. With the
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Introduction

Protein assembly has demonstrated its marvellous value in the
fields of supramolecular chemistry, biomimetics, materials,
synthetic biology, biomedicine, and chemical biology."™* One
unique and important protein assembly approach in nature is
protein amyloidosis, which is closely related to neurological
diseases® and host defense,® as well as recent breakthroughs
to produce novel nanohybrids.® However, the detailed amyloid-
like assembly pathway and kinetics are poorly understood,”
and an overly slow amyloid assembly process is generally
required for proteins, with a frequent need for stringent dena-
turing conditions to unfold and/or degrade the biopolymer
chain. Accordingly, a methodology for superfast amyloid
protein assembly, albeit technically challenging, is highly
necessary and significantly valuable in various fields.

Initially, amyloid-like protein assembly requires noticeable
protein unfolding, followed by a structural transition from an
unfolded monomeric conformation to an insoluble f-sheet-
rich fibrillar structure.® For the conventional amyloid assembly
of stable globular proteins, attainment of the unfolded state
requires a transition from the native state across an energy
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reduction of the S-S bond by tris(2-carboxyethyl)phosphine (TCEP), the a-helix was rapidly unlocked
from the protein chain, and the resultant unfolded monomer underwent a fast transition to p-sheet-rich
amyloid oligomers and protofibrils in minutes, which further assembled into a macroscopic nanofilm at
the air/water interface and microparticles in bulk solution, respectively.

barrier (E,;) for unfolding to occur (Scheme 1a).’ In such a
process, slow nucleation from native proteins, typically includ-
ing denaturation to form unfolded or even hydrolyzed poly-
peptide fragments (monomers) and the subsequent transition
to p-sheet-rich oligomers and protofibrils (E,,), plays a key role
in the conventional amyloid aggregation,'® which typically
relies on harsh unfolding conditions such as an organic
solvent, extreme pH, high temperature and ionic strength.
Then, the monomers join the nucleus end to grow slowly into
a mature fibril, and the entire process is typically described as
a sigmoidal curve in which a lag phase of nucleation is fol-
lowed by a growth phase (Scheme 1b). Although a few oligomers
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Scheme 1 Schematic process for the conventional amyloid aggrega-
tion (a, b) and superfast amyloid-like assembly (c, d).
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and protofibrils could be observed by the conventional way on
a time scale of minutes, effective assembly to generate tailored
materials with statistical significance usually requires a time
scale of hours and harsh denaturation conditions."" Using tri-
fluoroethanol as a mild denaturant, Plakoutsi, Chiti and
Dobson suggested the formation of amyloid fibrils from some
native-like globular proteins with high content of f-sheets in
their folded state.'”> Our present design finds a way to
induce mild and fast protein unfolding (E',;) in aqueous
quasi-physiological buffer without the use of an organic
solvent (Scheme 1c). Then the resultant unfolded monomers
can rapidly transform into amyloid-like oligomers and protofi-
brils in a few minutes (E',;), which consequently drives fast
assembly under mild conditions to form novel a macroscopic
nanofilm at the air/water interface and microparticles in bulk
solution (Scheme 1d). This strategy thereby exhibits its capa-
bility (being different from existing systems) for the spon-
taneous and efficient formation of scalable amyloid-based bio-
materials (e.g. nanofilms).

Results and discussion

The unfolding approach in our system starts from the efficient
reduction of the intramolecular disulfide bonds of proteins.
The disulfide (S-S) bond is an important covalent bond in pro-
teins, and a lack of S-S bonds is generally related to a decrease
of protein stability and the consequent unfolding of its sec-
ondary structure.'® Nonetheless, the understanding of the S-S
bond in the formation of amyloids is still limited."” Herein,
tris(2-carboxyethyl)phosphine (TCEP) was used as a reducing
agent due to its very high reaction efficiency towards the S-S
bond and stability at different pH values.'®'® In the Raman
spectra of lysozyme as a model globular protein, the intra-
molecular S-S peak at 505 cm™' significantly decreased over
6 minutes after the addition of TCEP, which reflected the high
reaction efficiency towards the reduction of the S-S bond
(Fig. 1a).?° The corresponding anilino-1-naphthalene sulfonate
(ANS) assay presented a rapid enhancement of fluorescence at
470 nm after the addition of TCEP at different pH values,
which suggested that the breakage of S-S bonds stimulated
fast protein unfolding and subsequent aggregation of hydro-
phobic residues (Fig. 1b).”>" Hydrophobic aggregation of mis-
folded species is a crucial and common feature of amyloid for-
mation,”" and the latter was directly monitored by the thiofla-
vin T (ThT) assay as a well-established method to characterize
amyloid assembly.>* Different from the traditional sigmoidal
curve,”® a rapid increase in ThT fluorescence was observed in
our system after 2 min upon the addition of TCEP (Fig. 1c).
Both ANS and ThT fluorescence intensified with increasing
PH, and a plateau was observed in these curves at ~10 min.
The pH-sensitive behaviours indicated that hydrophobic aggre-
gation was mediated by the net charge of protein colloids, and
by increasing the pH to approach the pI of the protein (11 for
lysozyme), the resultant amyloid assembly was enhanced
through attenuation of electrostatic repulsion among the col-
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Fig. 1 (a) Raman spectra of the reduction of S-S bonds of lysozyme by
TCEP; (b, c) ANS (b) and ThT (c) fluorescence of lysozyme during the
reduction of S—S bonds by TCEP at different pH values; (d) IR spectra of
lysozyme after the reduction of S-S bonds; (e, f) TEM images of oligo-
mers (e) and protofibrils (f) formed after the reduction of S-S bonds by
TCEP at 1 and 2 min; (g) SDS-PAGE of native lysozyme (lane 1), TCEP-
reduced lysozyme (lane 2), and conventional lysozyme amyloid fibrils
(lane 3); (h) schematic for conventional and superfast amyloid
aggregation.

loids.>* The transparent solution then became turbid after
4-10 min due to the formation of microparticles in bulk solu-
tion (Fig. S1t). This drastic phase separation of amyloid struc-
tures from the solution attenuated the ANS and ThT fluo-
rescence to a plateau, followed by a drop in these fluorescence
signals (Fig. S2at). Such a phase separation could be largely
attenuated at low pH (4) with a still effective amyloid assem-
bly-induced ThT fluorescence enhancement (Fig. S2bt). In
contrast, the conventional amyloid aggregation of lysozyme on
a short time scale only exhibited an increase of ANS fluo-
rescence and no increase of ThT fluorescence was observed,
which indicated that the protein just aggregated randomly (to
enhance the ANS fluorescence) without B-sheet stacking to
produce the enhancement of ThT fluorescence (Fig. S37). The
protein assembly in our system was further supported by circu-
lar dichroism (CD) (Fig. S41)*® and infrared (IR) spectra
(Fig. 1d and Fig. S5%),>® which showed a successive helicity
loss with a gradual increase of p-sheet structure after the
addition of TCEP. Then, oligomers with a diameter of 20 nm
and protofibrils that were hundreds of nanometers in length
were directly visualized using TEM after 1-2 min of superfast
amyloid-like aggregation (Fig. 1e and f).
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In one kind of classical in vitro amyloid aggregation of glob-
ular proteins, short polypeptide chains, which are cleaved by
hydrolysis (Fig. 1g), are defined as monomers for the nuclea-
tion of building blocks.?” The monomer concentration for con-
ventional amyloid aggregation then closely depends on the
hydrolysis rate.*® The nucleation kinetics for conventional
amyloid aggregation is commonly described as an ncorder

reaction with a rate r; (Fig. 1h and Appendix I1).2*°
k e
ro= é {[NJe~™}

where k, is the association rate constant, kq is the dissociation
rate constant, [N] is the initial concentration of the native
protein, k, is the hydrolysis rate constant, k, (=k./kq) is the
nucleation rate constant, ¢ is the reaction time, and 7. is an
effective reaction order of nucleation. For the superfast
amyloid-like aggregation, unfolded lysozyme was generated by
the rapid breakage of the S-S bond and defined as monomers.
Therefore, the rate constant of &, is analogous to the reaction
of TCEP towards S-S bonds with a fast process.'® On the other
hand, excess TCEP was always utilized towards such a reduc-
tive reaction. In the above context, the unfolded lysozyme
without S-S supported was actually formed at the very early
stage of the assembly process, which further served as the
starting point for next-step amyloid-like assembly. Accordingly,
the monomer concentration (for the amyloid-like assembly)
was estimated to be close to [N] (initial protein concentration)
and much higher than that in the conventional amyloid aggre-
gation, which then drove a much faster assembly (Fig. 1h). As
reflected by SDS-PAGE (Fig. 1g), the molecular weight of the
unfolded protein chain remained the same as that of the
native protein, which indicated the absence of chain cleavage
during the unfolding process. Moreover, as reflected by the
ANS and ThT assays (Fig. 1b and c), when the pH was
increased towards the pI of lysozyme, the gradual attenuation
of the net charge on the protein colloids®® reduced colloidal
self-repulsion to decrease kq.*' Therefore, the nucleation rate
constant k, (=ki/kq) is largely promoted. On the other hand,
when the lysozyme concentration (0.2 mg ml™") was 10 times
lower, the aggregation rate barely decreased. Therefore, we
consider that there is a critical concentration that is crucial to
the aggregation rate, and further quantification of the detailed
kinetics is in progress in our group.

In conventional amyloid aggregation, long and rigid mature
fibrils are generated after tens of hours under harsh con-
ditions by oligomers and protofibrils. However, in our super-
fast protein process, an abundance of monomers was formed
in a few minutes to facilitate assembly into substantial oligo-
mers and protofibrils, which can proceed further via unique
assembly pathways under mild conditions.?* First, oligomers,
as charged colloidal particles that consist of a few protein
monomers, tended to assemble at the air/water interface
driven by the reduction of interfacial free energy.*® This
process led to a 2D amyloid nanofilm at the air/water inter-
face.”” As characterized via Constrained Drop Surfactometry
(CDS) (Fig. 2a),>* the surface tension of the lysozyme solution
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Fig. 2 (a) Schematic of the CDS integrated with closed-loop axisym-
metric drop shape analysis (ADSA) and in situ Langmuir—Blodgett (LB)
transfer; (b) the surface tension decrease with the adsorption of native
lysozyme at the air/water interface; (c) the surface tension decrease with
the adsorption of the oligomers at the air/water interface; (d) constant
surface tension during the exchange of the solution inside the droplet
with HEPES buffer; (e—g) TEM images of the oligomers (e), the resultant
negatively stained nanofilm (f) and the corresponding AFM image (g);
(h) schematic process for the interfacial assembly of the oligomers at
the air/water interface.

droplet decreased to a minimum (56 mN m™") before adding
TCEP, due to the adsorption of amphipathic proteins at the
air/water interface (Fig. 2b). With the addition of TCEP, the
surface tension decreased rapidly again within the first 10 min
and reached 46 mN m™" in 60 min (Fig. 2c). Such a decrease of
surface tension was ascribed to the enrichment of oligomers at
the air/water interface via superfast amyloid-like aggregation.*”
This conclusion was supported using an AFM observation of
the interfacial aggregate prepared via Langmuir-Blodgett (LB)
transfer from the drop surface (Fig. S61), after carefully exchan-
ging the subphase inside the droplet with HEPES buffer under
a constant surface tension of 46 mN m™" (Fig. 2d). The internal
structure of the resultant interfacial aggregate was further
revealed by TEM and AFM images of the nanofilm formed at
the air/water interface (Fig. 2e-h and Fig. S77). This evidence
demonstrated that oligomers that formed in the solution
could preferentially assemble at the air/water interface to form
a nanofilm. Alternatively, the oligomers in bulk solution would
further propagate very quickly to protofibrils, which sub-
sequently aggregated and fused into microparticles
(Fig. S11).>* In accordance with the pH-dependent effect on
the ANS and ThT assays (Fig. 1b and c), the assembly process

This journal is © The Royal Society of Chemistry 2018
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of the protofibrils also exhibited a pH-dependent morphology
evolution from irregular to well-defined microparticles on
increasing the pH towards the pI of the lysozyme (Fig. S8a—cT).
By contrast, soluble protofibrils without further agglomeration
were also observed by TEM at low pH (e.g., 4.5) (Fig. S8df).
According to the AFM image of the protofibrils formed at pH
4.5, the protofibrils were composed of a few oligomers
(Fig. S8eft). This result supported the conclusion that the oligo-
mers could assemble into one-dimensional fibrils in bulk solu-
tion (being in contrast to two dimensional nanofilms at the
air/water interface). Moreover, protofibrils did not assemble
into long and rigid mature fibrils with long time incubation
(10 days, room temperature). We believe that unfolded lyso-
zyme as the monomer for amyloid-like assembly was rapidly
consumed for assembly into oligomers and protofibrils in a
short time. Therefore, no monomers further took part in the
elongation of amyloid fibrils.

Our present work proposed a three-in-one principle towards
a rational and general design of superfast amyloid-like protein
assembly including (1) a high fibrillation propensity (HFP)
segment, (2) abundant alpha-helices and (3) the reduction of
S-S bonds by TCEP (Fig. 3). First, lysozyme belongs to typical
amyloid proteins that are widely used for amyloid studies.*®*”
Previous studies have resolved this feature into specific func-
tional segments with a HFP in the primary structure of the
protein, allowing self-complementary p-sheets to form the
spine of an amyloid structure.*®*° Second, the secondary struc-
ture of lysozyme is mainly composed of o-helices (54%). The
a-helix in globular proteins generally represents one type of
amphipathic structure, in which non-polar residues are mainly
on one side of the a-helix, with polar and charged residues on
the other side.’’ Accordingly, plentiful o-helix structures in
globular proteins provide many hydrophobic cores, which are
exposed to the polar solvent and enhance hydrophobic aggre-
gation of proteins during misfolding. In fact, this helical inter-
mediate is an important structural block that promotes
B-sheets stacking,*"*> and the resultant « to B transition has
been associated with amyloid fibrillization.*>** Third, the
intramolecular S-S bond is a key element that initiates super-
fast amyloid-like aggregation. In previous studies, the effects
of S-S bonds on conventional protein amyloid aggregation and
helix destabilization were complicated by harsh denaturation
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Fig. 3 Schematic to show the three key elements in a protein structure
leading to superfast amyloid-like assembly.
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conditions e.g. heating and extreme pHs.’® In some cases,
harsh conditions unfolded and compacted protein chains, and
the S-S bonds even remained intact in the mature fibrils,
which revealed that the direct relationship between the S-S
bonds and amyloid aggregation required more straightforward
study.’ In our system, molecular dynamics simulations for
200 ns proved that a helical domain (residues 18-24) in a
native lysozyme underwent a significant conformational
change from a-helix to random coil and fB-sheet after cleavage
of S-S bonds, which indicated the rapid « to § transition
(Fig. 4). The sulfur atoms of the Cys6-Cys127 S-S bond showed
a significant separation, which indicated that the Cys6-Cys127
S-S bond probably played a role in the unfolding process
(Fig. S97). Previously, Wang et al. reported the formation of
native-like lysozyme fibrils via reduction of a Cys64-Cys80 S-S
bond under UV illumination.*> Therefore, it is interesting to
experimentally study the location role of S-S bond on our
superfast amyloid-like aggregation, and more global effects are
needed to be considered in this context.

The proposed three factors were further supported by
designing positive and negative controls (Table 1 and
Table S1t). In commercially available samples, we just found
that insulin, bovine serum albumin and a-lactalbumin could
serve as positive controls, as they share all three factors with
lysozyme. In the future, we would make use of gene engineer-
ing to deliberately express/design more positive control pro-
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Fig. 4 (a)—(d) The conformation change of lysozyme triggered by the
breakage of S-S bonds; (e) the root mean square deviation (RMSD) of
native lysozyme and lysozyme without S—S bonds from the initial struc-
ture as a function of time for the simulations.
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Table 1 Different proteins for the control experiments

Fibrillation a-Helix Intramolecular

Proteins propensity? rich? S-S bonds?
Positive Insulin High Yes 3

a-La High Yes 4

BSA High Yes 17
Negative B-Lg High No 2

RNAse A High No 4

Myoglobin High Yes 0

Cytc High Yes 0

a-Amylase Low Yes 4

HRP Low Yes 4

Pepsin Low No 3

teins. Similar to lysozyme, all of positive controls exhibited
superfast amyloid-like assembly with the treatment of TCEP at
room temperature, as supported by the ANS, ThT, CD and IR
characterizations (Fig. S10-131). The cleavage of protein
chains was not observed in these processes except for insulin,
because the A-chain and B-chain of insulin are linked by two
interchain S-S bonds, resulting in molecular cleavage during
the TCEP treatment (Fig. S147). These processes at different
pHs generated macroscopic nanofilms at air/water interface
and microparticles in bulk solution with a morphology similar
to those from lysozyme (Fig. S15-207). By contrast, a series of
proteins with partial three factors or without all three factors
was selected as negative controls (e.g. p-lactoglobulin, ribo-
nuclease A, pepsin, horseradish peroxidase, myoglobin), which
showed no interfacial nanofilm or microparticles after the treat-
ment by TCEP, and the clear solution did not show any obvious
amyloid transition, as reflected by ANS, ThT fluorescence assay
(Fig. S21t) and AFM characterization (Fig. S22).

Conclusion

In conclusion, cumulative evidences herein demonstrate that a
class of proteins with at least three building blocks can induce
superfast preparation of amyloid-based biomaterials. We
propose that globular proteins with a high fibrillation propen-
sity (HFP) and abundant o-helix structures locked by intra-
molecular S-S bonds can undergo rapid amyloid-like assembly
after unlocking the S-S bonds by a reducing agent TCEP. The
oligomers and protofibrils are generated in a few minutes after
triggering fast amyloid-like aggregation, which further pro-
ceeds to produce macroscopic nanofilms at the air/water inter-
face and microparticles in bulk solution. This controlled,
unique pathway may offer a rational design towards protein
assembly and functional materials. Future work is expected to
focus on a remarkably diverse set of roles to capitalize on the
unique properties and rich chemistry of proteins.*®
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