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ABSTRACT: The two-dimensional (2D) homogenous assembly of nanoparticle monolayer arrays onto a broad range of substrates
constitutes an important challenge for chemistry, nanotechnology and material science. a-Synuclein (aS) is an intrinsically disordered
protein associated with neuronal protein complexes and has a high degree of structural plasticity and chaperone activity. The C-
terminal domain of aS has been linked to the non-covalent interactions of this protein with biological targets and the activity of aS in
pre-synaptic connections. Herein, we have systematically studied peptide fragments of the chaperone-active C-terminal sequence of
aS and identified a 17-residue peptide that preserves the versatile binding nature of aS. Attachment of this short peptide to gold
nanoparticles afforded colloidally stable nanoparticle suspensions that allowed the homogenous 2D adhesion of the conjugates onto
a wide variety of surfaces, including the formation of crystalline nanoparticle superlattices. The peptide sequence and the strategy
reported here describe a new adhesive molecule for the controlled monolayer adhesion of metal nanoparticles and sets a stepping-

stone towards the potential application of the adhesive properties of aS.

Introduction

The controlled assembly of nanoparticles (NPs) onto surfaces
of materials is of great importance to exploit their chemical and
electrical properties. In particular, the two-dimensional (2D) or-
ganization of NP arrays on appropriate substrates is key for the
fabrication of high-performance nanodevices for future optoe-
lectronic, biosensing, and energy-harvesting applications.'”* Re-
cently, different strategies have been explored to construct 2D
NP arrays on various surfaces such as glass, metal, or carbon
substrates by employing chemical, polymeric, or biomolecular
linkers.*? However, these methodologies have been restricted
to particular types of substrates, which limit their widespread
applications. Particularly for biomolecular linkers, DNA tem-
plates have been employed for the controlled positioning of
metal NP networks and superlattices.'®!! Additionally, proteins
have emerged as a versatile alternative strategy to organize NP
coatings.'?'® Protein methodologies benefit from the control of
molecular conformation afforded by fine-tuning external stim-
uli such as pH or ionic strength, to modulate the multivalent and
non-covalent interactions of the conjugate with the substrate of
interest.'>!7 Inspired by mussel proteins polydopamine scaf-
folds were shown to bind onto wide range of substrates's and
find applications in lithium-ion batteries,' cell-culturing?, and
omnifluidic devices.?! However, polydopamine mediated NP
immobilization gave rise to heterogeneous surface absorp-
tion.?>?* Recently, a-synuclein (a.S) has been employed to func-
tionalize gold nanoparticles (AuNPs)**% and the resulting con-
jugates were employed as an adhesive composite for a wide

range of substrates,'? which showed excellent electronic, opti-
cal, and catalytic properties.®

oS is an intrinsically disordered protein of 140 residues that is
abundant in presynaptic terminals?® and has been implicated in
the pathogenesis of neurodegenerative disorders such as Parkin-
son’s disease.?’ aS promotes the assembly of the SNARE com-
plex, in which the N-terminal domain of aS binds to synaptic
vesicles, and the C-terminal region concurrently interacts with
a vesicle-associated protein.?® These multiple binding events are
mainly attributed to the aS structural plasticity,?**° which has
been shown to allow binding of the protein to multiple mole-
cules,? and to interconvert between different structures depend-
ing on external conditions (i.e. pH, membrane interactions).’!
The primary structure of aS can be divided into three domains,
a basic N-terminus (residues 1-60),%? a hydrophobic central seg-
ment of non-amyloid-p component (NAC, residues 61-95),%
and an acidic C-terminus domain (96-140).>* The N-terminal
domain forms amphipathic o-helices upon binding to lipid
membranes through its seven imperfect 11-residue repeats.>
The NAC segment has a high propensity to self-assemble and
adopt a B-sheet conformation, leading to amyloid fibril for-
mation.* In contrast, the C-terminal region, enriched in acidic
residues (10 glutamates and 5 aspartates) maintains a disordered
structure, thus participating in neither a-helices®® nor B-sheets.?’
Yet, this highly anionic flexible C-terminal domain is responsi-
ble for aS thermosolubility,®® chaperone activity**** regulation
of aggregation,*** and multiple interactions with various mol-



ecules such as tau,* oxidized glutathione (GSSG),* phthalocy-
anine tetrasulfonate (PcTS),*” eosin®, and dequalinium (DQ),*
among others.”® This intriguing promiscuous binding to these
different molecules has been shown to facilitate either the fibril-
lization**" or oligomerization*®* of oS in vitro. Furthermore,
the acidic C-terminus of aS results in pH-dependent behaviors
such as accelerated self-assembly at low pH*!'*? and transloca-
tion to the cellular membrane upon intracellular acidification.>
As previously mentioned, the identification of these stimuli re-
sponsive non-covalent interactions of aS has prompted new op-
portunities for the bio-conjugation of aS onto AuNP surfaces,
resulting in hybrid materials with adhesive properties.'> How-
ever, the inter-particle distance was limited to the hydrodynamic
radius of the protein, which resulted in the formation of a thick
organic layer between the surface adhered particles. Further-
more, the time-consuming and high-cost process required for
the expression and purification of this intrinsically disordered
protein restricted the design optimization and the potential ap-
plications of the technology. All in all, the binding mode of the
aS to biomolecules suggested a potential adhesive functional
role of the radially extended C-terminal domain of this intri-
guing protein."

The C-terminal domain of aS includes a 16-residue sequence
125YEMPSEEGYQDYEPEA 4, which is crucial for the chap-
erone activity of aS.*> The chaperone function has also been re-
lated to the structural plasticity of the C-terminal domain that
allows the promiscuous binding to substrates.*¢ In fact, re-
moving the C-terminal domain leads to the loss of the chaper-
one activity of the S protein.*? Therefore, we hypothesized that
this C-terminal sequence would constitute a peptide motif capa-
ble of mimicking the protein’s adhesive behavior. Here we have
systematically studied short anionic peptide sequences of the C-
terminal domain and identified a 17 amino acids peptide se-
quence that retained the protein’s adhesion capabilities without
the synthetic and size limitations of the full length protein. The
short peptide sequence allowed the straightforward and pH-
controlled deposition of a tightly packed large-area single layer
of AuNPs over a range of different material substrates. In addi-
tion, this peptide showed the potential crystalline adhesion of
AuNPs on mica surfaces into close-contact superlattices, which
has not yet been possible with any peptide-related biomaterial.
The adhesive behavior was characterized in detail by scanning
electron microscopy (SEM) and atomic force microscopy
(AFM) in the presence of different substrates. The discovery of
this new aS-derived peptide puts forward a new design strategy
for the development of soft molecular binding peptides.

Results and Discussion

Adhesive Peptide Derived from C-terminal Domain of a-
Synuclein (aS). A highly anionic 16-residue peptide
(YEMPSEEGYQDYEPEA-NH,; aSP) of the C-terminal do-
main of aS was chosen as initial peptide fragment due to its key
role in protein chaperone activity and its potential involvement
in the adhesive behavior of aS (Fig. 1a). Analysis of the peptide
sequence revealed a 37.5% of enrichment in anionic (i.e. car-
boxylate) residues and a high content of hydrophobic/aromatic
amino acids (43.75%), which would allow a high water-solubil-
ity in physiological conditions and could enhance non-covalent
interactions (e.g. van der walls) with the surface after acidifica-
tion. A series of truncated peptides and control sequences were
also designed and prepared (see peptide nomenclature in Table
S1). The peptide sequences were equipped with a N- or a C-

terminal cysteine residue (aSPx or aSPc for parent peptide) for
the attachment of the sequence to AuNPs (~ 20 nm) (Fig. 1b and
1c), which were used as a model target for the characterization
of the potential adhesion properties (see supporting infor-
mation). Rink amide solid phase peptide synthesis®’*® was em-
ployed to prepare the different peptides capped with an amide
group in the C-terminus, followed by HPLC purification and
characterized by mass spectrometry and nuclear magnetic reso-
nance (NMR) spectroscopy (Section S2.4, Fig. S25-32). To pre-
pare the peptide/NP conjugates, AuNPs were incubated with the
different peptides and the resulting conjugates were centri-
fuged, thoroughly washed with 20 mM MES (pH 6.5) and Mil-
1iQ water (three cycles) followed by re-suspension in aqueous
buffer (Fig. 1). Following this protocol, the peptide/AuNP con-
jugates showed a well-dispersed colloidal state during all puri-
fication steps and after the final aqueous resuspension at neutral
pH (Fig. S1). As shown by the gold plasmonic band and con-
firmed by a flocculation assay (Fig. S2), the colloidal suspen-
sions were perfectly stable at neutral pH even at a high ionic
strength (i.e. 1.25 M NaCl).

To investigate potential surface adhesion, the pH of these sus-
pensions was acidified by re-suspension in 50 mM citrate buffer
(pH = 4.5) and each colloidal solution was immediately placed
onto a silicon wafer substrate (Fig. 1d). In order to ensure that
the peptide-surface interactions controlled the adhesion process
while minimizing potential defects in the resulting monolayer
the incubation was performed for a sufficient time window of 3
hours. After incubation with the conjugates, the surface was
thoroughly washed with 20% methanol and purged with N, (see
supporting information). Incubation of the C-terminus-to-
AuNP conjugates (aSPc-AuNPs) onto the silicon wafer sub-
strate resulted in disordered and amorphous aggregation of the
particles on the surface (Fig 1¢). By contrast, drop casting of the
silicon surface with the N-terminus-to-AuNP conjugates (a.SPn-
AuNP) showed smooth adsorption of AuNPs onto the surface,
forming a high-density single layer coat (Fig 1b). The con-
trolled acidification of the aSPn-AuNPs dispersion (to pH 4.5)
triggered the instantaneous adhesion of the particle monolayers
onto the substrates and also onto the tip used for pipetting,
which was immediately covered with a thin purple AuNP layer
(Fig. S3). The silicon surfaces consequently showed a perfectly
extended large-area single layer of aSPn-AuNPs adsorbed on
the silicon surface. Notably, the homogenous particle mono-
layer area could be extended as large as the conjugate droplet
covering the surface and in the current study a 1-cm? sized sur-
face was straightforwardly prepared (Fig. S4). Interestingly,
while the acidified (pH 4.5) peptide/particle conjugates attached
by the N-terminus (aSPnx-AuNPs) remained in colloidal state,
the C-terminus functionalized particles (aSPc-AuNPs) showed
a much stronger aggregation and precipitation tendency at this
pH after incubation at 40 °C, as revealed by naked eye observa-
tions and dynamic light scattering measurements (Fig. S5 and
S6). It should be noted that the positioning of the N-terminal
cationic ammonium moiety, located in the internal core of the
N-terminal functionalized particles or in the external layer of
the C-terminal conjugates, could impact the potential electro-
static interactions between particles after acidification. Never-
theless, the optimal N-terminal orientation of the peptide at-
tached to the particles was consistent with the orientation of the
aS
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Figure 1. aSPy and its conjugation with AuNPs to adhere onto substrates. (a) Amino acid sequence of aSP (blue box) located in C-
terminal region of aS protein (anionic amino acids in red and hydrophobic/aromatic in black). Conjugation of AuNP with either (b)
aSPx (blue) or (c) aSPc (purple). SEM images of each conjugate deposited onto silicon wafer after incubation at pH 4.5 (in 50 mM
citrate at 40°C for 3hr) are presented. (d) Schematic representation for high-density single layer adhesion of aSPx-AuNPs onto a

diverse set of substrates by acidification to pH 4.5.

protein in the formation of the SNARE complex?® and the oS-
AuNP conjugates.* Control experiments with AuNPs conju-
gated with a purely anionic control peptide, composed of a N-
terminal cysteine and 6 glutamate residues (CEEEEEE-NHo;
6EN), resulted in a well-dispersed colloidal state of the conju-
gates (Fig. S1c), which however did not show single layer ad-
sorption and randomly agglomerated on the silicon surface after
acidification (Fig. S7).

pH-controlled close-packed single layer adhesion of aSP~-
AuNPs. The adsorption of aSPn-AuNPs onto the silicon sub-
strate was studied in detail by adjusting the pH, ranging from
3.75 to 4.75 at intervals of 0.25 (Fig. 2a, see supporting infor-
mation). At the most acidic pH of 3.75, the strong degree of
protonation of peptide carboxylates triggered the amorphous
agglomeration of the conjugates onto the silicon surface. The
typical red wine plasmon color of colloidal AuNPs of the con-
jugates instantaneously turned dark blue and no material was
adsorbed on the pipette tip, which indicated uncontrolled aggre-
gation of the particles (Fig. S8). A sparse monolayer with local
agglomerations of the particles was observed at pH 4.00 and pH
4.25. The high-density single layer of aSPx-AuNPs was ob-
tained at the optimal pH value of 4.50 and a slight decrease of
particle density was found at pH 4.75. The detailed analysis of
the SEM images allowed precise quantification of the particle
density, given in number of particles per pm square (Fig 2b for
a statistical analysis see Fig. S9). Calculation of the pI by using
the algorithm #[ref] lead to an approximate value of of 3.36, in

agreement with a 17 amino acid peptide bearing 6 carboxylates
(see supporting information). Therefore, at the pH near the pl
(i.e. 3.75), the strong self-associative propensity of the neutral-
ized peptide triggered fast particle-particle amorphous associa-
tion (Fig. 2¢). In contrast, the excellent close packing achieved
at pH 4.5 could be rationalized by the balanced surface charge
of aSPn-AuNPs that allowed the particles to be in close prox-
imity with minimum repulsion and without aggregation. As ex-
pected, above pH 4.75, the packing was sparse with higher neg-
ative charges that make the particles more repulsive (Fig. S10).

Primary structural parameters determining the adhesion
properties of aSP~. To study in detail the length of the adhesive
peptide sequence, we prepared serially truncated peptides of
aSPx by removing every two amino acids from the N-terminus
of aSPy (Table S1, aSPy truncation). After conjugation with
AuNPs and deposition onto silicon surfaces, we observed that
these sequences were able to achieve certain degree of mono-
layers surface adhesion (Fig. S11 and 12). However, the shorter
peptides resulted in the lower surface coverage (i.e. approxi-
mately 35-45% for 4aSPx-g0SPN, and 55-65% for (10aSPx-
aSPy). The 17 amino acid peptide sequence (aSPn-AuNP) ex-
hibited the highest NP density (Fig. 3). Next, we studied the im-
pact in the peptide sequence of the proline and the tyrosine
amino acids, which have been confirmed in several important
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Figure 2. pH-Dependent single-layer adsorption of aSPn-AuNPs. (a) SEM images of the conjugates on silicon surface after incuba-
tion at 40°C for 3 hours in 50 mM citrate at various pHs of 3.75, 4.00, 4.25, 4.50, and 4.75. (b) Packing densities of aSPn-AuNPs
adsorbed onto the surface at different pHs. The density was obtained by counting particles of 3 different independent images (1 um
x 1 um) (c¢) Schematic drawings for a model of pH-dependent interplay between binding propensity (particles-surface) and charge
repulsion (particles-particles) regarding single-layer adhesion of the conjugates and their organization.

adhesive proteins (e.g. proline-rich proteins, curli fibers).%-¢!
The mutant sequences were prepared by replacing Tyr and/or
Pro by Ala (Table S1, aSPx mutants). Adhesion of their NP con-
jugates onto silicon surfaces evidenced poor coverage and ag-
gregation propensity in comparison with aSPy (Figure S13 and
14), indicating that Tyr and Pro amino acids were critical for
adhesion properties.
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Figure 3. Surface coverage per um? of AuNPs conjugated with
serially truncated aSPn adsorbed onto silicon substrate. The
high coverage values of NPs with aSPy, (14)aSP, (12)aSPy, and
100SPy are indicated in red, and the low coverage values of NPs
with 8)aSPy, )0SPy, and 4aSPy are marked in blue.

Versatile adsorption of aSPx-AuNPs onto multiple sub-
strates. The adhesion of the peptide/NP conjugates (aSPx-
AuNP) was tested on a diverse range of substrates. Remarkably,
after incubation at pH 4.5, we confirmed that the tightly packed
single layer of particles efficiently and homogenously distrib-
uted onto a range of materials of different chemical nature such

as semiconductors (Si, boron-doped p-type Si), oxide (SiO»),
metals (Au, Ti), glass and polymers (PC, PET) (Fig. 4a and
S15a). AFM micrographs (Fig. 4b and S16) and their height
profiles (Fig. 4c) revealed the close-packed monolayer adhesion
of aSPx-AuNP with a thickness of about 20 nm that is identical
to the diameter of the particles. Intriguingly, when mica was
used as a substrate, we observed perfectly crystalline superlat-
tices of the aSPn-AuNP conjugates adsorbed on the mica sur-
face (Fig. 4d). The AFM analyses showed that the thickness of
the superlattice is consistent with the diameter of the AuNPs
(Fig 4e and f). In this case, the repulsion with the negatively
charged mica surface gives the conjugates a higher mobility on
the surface and thus allows a better packing of the particles into
superlattices. This observation is supported by the inverse de-
pendence of the optimal pH with the temperature for superlat-
tice formation (Fig. S17). Importantly, the extended single-layer
superlattices cannot be achieved with full proteins or other syn-
thetic polymers due to the steric constraints, which are intrinsic
to high molecular weight bio-adhesive molecules.®

We hypothesized that surface adhesion could be correlated with
the chaperone activity of aSP. To investigate this, we used as
control a tandem sequence ((wam)0SP, Table S1) that is found in
the C-terminal region of aS (109-124). Although its charge dis-
tribution is equivalent (Fig. S18), «am@SP has been reported to
provide much lower protection against protein denaturation
than the aS protein*?. To evaluate chaperone activity, either aSP
or amoSP were co-incubated with alcohol dehydrogenase
(ADH) at 60°C. In this assay, the higher the peptide chaperone
activity the more dehydrogenase activity is protected. aSP pre-
vented the loss of ADH activity to retain approximately 85%,
which is comparable to the protection by aS protein (~90%),
whereas in the presence of the tandem peptide (am)aSP the ac-
tivity was strongly reduced up to ~35% (Fig. 5a). In addition,
the chaperone activity of aSP was also confirmed to be higher
than am)aSP by the turbidity assays that monitor protein aggre-
gation (ADH and lysozyme) upon heat treatment in the presence
of either peptide (Fig. S19). In order to estimate its adhesive
capabilities, m)aS was conjugated to AuNP in different orien-
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Figure 4. Single-layer coating of aSPx-AuNPs on multiple substrates. (a) SEM images of the monolayer adhered onto various types
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lattice on mica surface after incubation at pH 4.5 for 3 hours at 35°C. Area indicated with white-lined box is magnified into the right
panel to show detailed superlattice morphology. (¢) AFM 3-D and (f) height profile of the superlattice monolayer.
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Figure 5. (a) Chaperone function of aSP comparing to (tm)aSP.
Chaperone activity was accessed with protection of ADH activ-
ity by co-incubating ADH with either aSP (red) or (m)aSP
(blue) during thermal treatment at 60°C for 50 min. Thermal
protection of ADH activity in the absence (black) and presence
(gray) of aS protein was provided as a control. SEM images of
(b) (tamyaSPNn-AuNPs and (¢) aSPn.AuNPs adsorbed onto silicon
surface.

tations as described for aSP ((am@SPx and amaSPc). After dep-
osition on silicon surfaces, SEM micrographs revealed lower
coverages of (um0SPn.auNP (Fig. 5b, Fig. S20-21) in compari-
son to aSPx-AuNP (Fig. 5c). Moreover, the former showed no-
ticeable vacant areas and nanoparticle agglomerations. This was
evidenced across multiple surfaces (Fig. S15b).

Spectroscopic and Structural Characterization. Circular di-
chroism spectra (CD) indicated that this peptide sequence
(aSPx) had mainly a polyproline II conformation, which is char-
acterized by a minimum around 205 nm and a maximum around
228 nm® (Fig. S22). No major conformational rearrangements
were observed in the pH range relevant to this study. To confirm
the polyproline II character of the peptide, we used NMR to
measure the secondary '*C chemical shifts (ASC* - ASCP).
Along the sequence and over a wide pH range, values are within
+1 ppm (Fig S23a and b). In combination with the CD data they
are indicative of polyproline II folding The full aS protein has
only 5 prolines® and 4 tyrosines® in its total sequence of 140
residues. Importantly, most of these residues (all the prolines
and 3 tyrosines) are located at the C-terminus, which has been
assigned to the binding region of the aS protein. Proline has
been found to exhibit promiscuous binding properties in pro-
line-rich proteins (PRPs) such as salivary proteins, mucins, ac-
tin-binding proteins, RNA polymerase 11, and synapsin 1.* Ad-
ditionally, the polar aromatic chemical nature of tyrosine has
also been identified in proteins that strongly adhere to different
surfaces,® and L-dopa/polydopamine was proposed as a multi-
ple coating agent.'®*! Control experiments with the inverted
natural protein sequence from N- to C-terminal (aSPc), the pep-

tide lacking proline and/or tyrosine ((p.4)0SPx and (v.4)aSPx), a



tandem peptide (wm@SPn), and a purely anionic peptide con-
taining 6 glutamates residues (6Ex) confirmed that the presence
and orientation of the tyrosine and the proline residues of the
peptide were important to promote the homogenous single layer
NP adsorption. NMR analysis of the side chain chemical shifts
allowed the calculation of the individual pKas of each of the
carboxylates of this peptide sequence (Fig. S23). The pKa range
oscillated between 4.2 and 5.0, which confirmed that around
50% of the carboxylates would be deprotonated at the optimal
pH for particle adhesion. This partial reduction of the anionic
character of the peptide is likely sufficient to enhance the van
der Walls and the hydrophobic interactions of the three tyro-
sines and the two prolines present in the short peptide sequence
described here (i.e. YEMPSEEGYQDYEPEA). Therefore, par-
tial protonation of the carboxylates in the glutamic and aspartic
residues leads to a dramatic enhancement of their surface affin-
14ys 66

1ty.

Conclusions

The objective of this work was to identify a short peptide se-
quence that could retain the intriguing adhesive properties of
the aS but lacking the synthetic and size limitations intrinsic to
the full protein. The peptide sequence described here corre-
sponding to the C-terminal region of aS, aSPy, is composed of
only 17 amino acids including 6 negatively charged carboxylate
residues, which partial protonation triggered homogenous ad-
hesion of AuNPs and even crystalline superlattices. This pep-
tide functions as a versatile adhesive agent for the guided ad-
sorption of a tightly packed single layer of NPs onto a range of
different substrates. Peptide/particle surface binding resulted in
a homogenous large area adhesion of high-density and even
crystalline monolayers of NPs. The peptide sequence discov-
ered here goes beyond the synthetic and size limitations of other
biocompatible strategies using full protein linkers. Altogether,
the results described here suggested that the C-terminal region
from residue 125-140 of aS can be responsible for the pluripo-
tent adsorption capacity of aS. Furthermore, the discovery of
this short peptide could assist in the general potential exploita-
tion of the physiological adhesive properties and the chaperone
activity of aS.
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