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ABSTRACT: C5-(PEP ™M), (PEPAM°* = AYSSGAPPM*PPF) is shown to direct the assembly of single-helical gold nano-
particle superstructures. Transmission electron microscopy (TEM) and cryogenic electron tomography (Cryo-ET) results
indicate that the single-helices have a periodic pitch of approximately 100 nm and consist of oblong gold nanoparticles.
These helical architectures exhibit exceptionally strong chiroptical activity at the plasmon frequency with absolute g-factor
values up to 0.04. The morphology and assembled structure of C,s-(PEP5,M°*), are studied using TEM, atomic force mi-
croscopy (AFM), Fourier infrared (FTIR) spectroscopy, circular dichroism (CD) spectroscopy, X-ray diffraction (XRD), and
solid-state nuclear magnetic resonance spectroscopy (ssNMR). TEM and AFM reveal that C,s-(PEPA,M%), assembles into
linear 1-D helical ribbons having structural parameters that correlate to those of the single-helical gold nanoparticle super-
structures. FTIR, CD, XRD, and ssNMR indicate the presence of cross-f and polyproline II (PPII) secondary structure. A
molecular assembly model is presented that takes into account all experimental observations and that supports the single-
helical nanoparticle assembly architecture. This model provides the basis for the design of future nanoparticle superstruc-

tures.

INTRODUCTION

Chiral nanoparticle assemblies are an emerging class of
materials.”# They have the potential to serve as nanoscale
circular polarizers,’s ® chiroptical sensors,”7" and they rep-
resent an important new entry into the metamaterials cat-
alogue.? Peptides, which can assemble into chiral architec-
tures, are attractive molecular building blocks that can be
used to direct the assembly of nanoparticles into chiral su-
perstructures.? 2> We have developed peptide-based nano-
particle assembly methods, where tailored peptide conju-
gate molecules are used to direct the assembly of nanopar-
ticles.33> We have used these methods to assemble gold
nanoparticles into double-helical arrays having tailorable
structures and chiroptical properties.?® Gold-binding pep-
tide conjugate molecules, R-PEP 4, (R = organic tail; PEP4,
= AYSSGAPPMPPF33 34), play a dual role in this methodol-
ogy: they bind to gold nanoparticle surfaces during particle
synthesis and they direct their assembly. While significant
progress has been made toward i) understanding how
AYSSGAPPMPPF associates with gold nanoparticle sur-
faces3+39 and ii) understanding how both R- groups and in-
trinsic secondary structure influence R-PEP,, assembly,>
323t we have yet to establish a molecular-level understand-
ing that accounts for the dual role that R-PEP A, conjugates

play in the context of constructing nanoparticle super-
structures. Significant questions remain unanswered: How
does AYSSGAPPMPPF associate to nanoparticles within a
nanoparticle superstructure? How do R-AYSSGAPPMPPF
conjugates assemble within a nanoparticle superstructure?
And, how do these conjugates simultaneously assemble
and bind to gold nanoparticle surfaces? Uncovering an-
swers to these questions is paramount to advancing pep-
tide-based methods for assembling nanoparticle super-
structures.

In this study, we make considerable progress toward an-
swering these important questions. First, we report the
preparation of unique gold nanoparticle single helices that
exhibit exceptionally strong plasmonic chiroptical activity.
Motivated by these results, we rigorously examine the un-
derlying molecular basis of these superstructures and ulti-
mately arrive at a structural model that thoroughly ac-
counts for their assembly and provides a springboard for
developing future peptide design strategies for the rational
construction of chiral nanoparticle superstructures.

RESULTS AND DISCUSSION

Single Helix Synthesis and Chiroptical Properties.
We recently reported that the divalent peptide conjugate
Cis-(PEPay). (Figure Sia) directs the assembly of double-



helical gold nanoparticle superstructures when mixed with
gold salts, assembly buffers, and reducing agents (Scheme
1a).3° In subsequent studies, single-helical gold nanoparti-
cle superstructures, rather than double helices, were, at
times, observed as the sole product. These confounding re-
sults prompted us to investigate the origin of the single he-
lix architecture. Since the synthetic procedures used to
prepare the double helices and single helices were virtually
indistinguishable (e.g. identical gold salt, identical buffer,
identical reagent concentrations), we carefully character-
ized the Cy3-(PEPay), used in each synthesis, reasoning
that a small impurity or chemical change to the conjugate
may have led to the observed results. High resolution lig-
uid chromatography mass spectrometry (HR-LCMS) re-
vealed that the molecular weight of the conjugates that di-
rected the formation of the single helices was 32 m/z larger
than expected. The thioether functional group of methio-
nine can undergo oxidation to the sulfoxide;+ a 32 m/z in-
crease would result if both methionine residues of Cs-
(PEPay)» were oxidized (Figure Sib). Therefore, we hypoth-
esized that oxidation of C,g-(PEPay), to Cig-(PEP A MX),
(PEP s M* = AYSSGAPPM*PPF) results in the formation of
single-helical superstructures. To test this hypothesis, we
chemically oxidized C,s-(PEPay). conjugates that were
shown to direct the synthesis of the double-helical nano-
particle superstructures. LCMS data for these oxidized
conjugates confirmed the 32 m/z increase over C-
(PEPa4). (Figure S2). The oxidized conjugates exclusively
directed the assembly of single-helical gold nanoparticle
superstructures (Scheme 2b). This fascinating result hints
at the richness of peptide-based nanoparticle assembly
methods, indicating that small and sometimes subtle mod-
ifications to the amino acids comprising the peptide can
dramatically affect the structure of the product nanoparti-
cle assembly.

We next proceeded to characterize the single-helical
gold nanoparticle assemblies. Transmission electron mi-
croscopy (TEM) images (Figures 1a-c and S3) reveal that
the single helices have an average pitch of 94.4 + 6.6 nm
(Figure 1d) and are composed of individual rod-like nano-
particles with lengths of 16.6 + 3.0 nm and widths of 9.6 +
1.9 nm (Figure S4). At early stages of the synthesis and as-
sembly process, the nanoparticles are spherical, but over
time they grow into oblong rod-like nanoparticles (Figure
Ss5). Negative stained TEM grids indicate that the particles
assemble along 1-D C,5-(PEP A,M%),-based fibers (Figure
1c). Cryogenic-electron tomography (cryo-ET) was em-
ployed (Figure 1e,f) to determine the 3-D architecture of
the 1-D assemblies. The reconstructed tomographic vol-
ume confirms that the helices are left-handed, which can
be attributed to L amino acid residues comprising the pep-
tides.?® Structural parameters were also gathered from the
3-D reconstruction of the helices. The pitch is 102.0 + 2.5
nm, within error of the measured data from 2-D TEM im-
ages, and the rotation angle per particle is 34.3 + 4.9 de-
grees, corresponding to approximately 10-11 nanoparticles
per pitch length (Figures S6a,b). The inner diameter of the
helical superstructure is 10.1 + 0.6 nm (Figures 1e and S6c).

This distance corresponds to the measured width of the fi-
bers (vide infra).

Circular dichroism (CD) spectroscopy was used to char-
acterize the chiroptical activity of the single helices. The
single helices exhibit a strong bisignate peak centered at
approximately 60o nm, near the collective plasmonic ex-
tinction band for the assemblies (Figure 1g). Others have
reported a visible plasmonic CD peak for peptide-capped
gold nanoparticles.# However, gold nanoparticles capped
with PEPA,M %%, showed only a weak CD signal (Figure S7).
Therefore, we can reasonably conclude that the strong
plasmonic CD signal for the single helices originates from
the chiral helical arrangement of gold particles; indeed, the
observed signal is consistent with previous theoretical pre-
dictions.? It is important to compare the chiroptical activ-
ity of the single helices to other reported chiral nanoparti-
cle assemblies. The anisotropy factor, g, is typically used as
a benchmark value for assessing the chiroptical activity.
Optimized assemblies (Figures S8a,b), for which synthetic
conditions were tuned to increase particle dimensions,
have an absolute g-factor up to ~0.04 (Figure S8e), which,
to our knowledge, is one of the highest reported to date for
comparable nanoparticle assemblies.? 3 4 42

Peptide Conjugate Assembly Studies. The single hel-
ices’ intense chiroptical activity prompted us to examine
the assembly and structure of C,g-(PEPA,M%),. Under-
standing the underlying molecular structure of the fibers
and how it correlates to the final nanoparticle assembly
will allow for rational design of peptide conjugate building
blocks and precise control over nanoparticle superstruc-
ture assembly and properties.

We first studied the morphology of the C,s-(PEP s, M%),
fibers. Lipidated peptide amphiphiles are known to assem-
ble into two principal helical morphologies: twisted rib-
bons and helical ribbons (Figures 2a,b).## Both assem-
blies are defined by a cross-p-sheet amyloid-like structure.
Twisted ribbons are characterized by their saddle-like cur-
vature with a C2 symmetry axis and both ribbon faces
equally exposed. Helical ribbons, on the other hand, have
cylindrical curvature and one face of the ribbon is directed
toward the interior of the helical coil and the other is di-
rected to the exterior. In both cases, the helicity originates
from the chirality of the peptide-based molecular building
blocks.5® The observed single helix architecture suggests
that C,g-(PEP s, M¥), fibers assemble into helical ribbons,
and the gold nanoparticles decorate the exterior face of the
helical ribbon. The twisted ribbon morphology would
likely favor the formation of a double-helical superstruc-
ture, where the particles would associate with either both
edges or both faces of the ribbon.

To precisely determine the fiber morphology, samples
were analyzed using numerous microscopy techniques.
TEM verifies the presence of 1-D fibers, in addition to small
pseudospherical aggregates, which are always present, in
varying amounts, depending on the length of time allowed
for assembly process. The fiber widths, measured via TEM,
are 10.2 + 0.8 nm, which is consistent with the cryo-ET data
that defined the inner diameter of the nanoparticle super-
structure to be approximately 10.1 nm (vide supra) (Figure



2d). Distinct morphological features of the fibers, such as
their helicity, were indistinguishable using traditional
TEM imaging. Cryogenic electron microscopy (Cryo-EM)
of the fibers suggest a helical nature, but the exact mor-
phology (twisted vs. helical ribbon) could not be unambig-
uously determined (Figure Sg9). Tapping-mode atomic
force microscopy (AFM) images clearly reveal that the fi-
bers adopt the helical ribbon morphology (Figures 2e and
S10). The pitch, measured via AFM, is 96.2 + 4.8 nm, con-
sistent with the pitch of the single helices. The vertical
thickness of the ribbon is ~4 nm (Figure 2f). Height traces
of the coil suggest that they compress onto the mica sub-
strate (Figure Sioe), which is not surprising as such com-
pression/collapse is common for soft assemblies having a
hollow interior.5* 5> The morphological similarities be-
tween the helical ribbons and the gold nanoparticle single
helices imply similarities between C,g-(PEPa,™%), assem-
bly in both the presence and absence of gold nanoparticles.
While we acknowledge that the gold nanoparticles will
likely affect the molecular organization within the fibers,
we can reasonably draw comparisons between the undec-
orated helical ribbons and the nanoparticle-decorated hel-
ical ribbons (single helices). Moreover, studying and un-
derstanding the underlying molecular structure of the C,s-
(PEP M%), helical ribbons can provide insights into the
nature of the nanoparticle assembly and can provide a ba-
sis for future studies aimed at modifying the single-helical
structure.

We therefore next proceeded to examine the secondary
structure within the C,3-(PEP4,™M°), fibers. An amide I ab-
sorption peak at 1630 cm™, characteristic of parallel 3-sheet
secondary structure,? 54 was observed in the Fourier trans-
form infrared (FTIR) spectrum (Figure Su). In addition, a
peak at 2922 cm™ corresponding to C-H stretches was ob-
served, signifying relatively ordered packing of the alkyl
chains within the assembly (Figure Su).5 Solution CD
spectra for C,s-(PEPA,M°¥), were collected under condi-
tions that promote fiber assembly. 5° A prominent negative
band centered at ~211 nm and a positive band centered at
~238 nm (Figure S12a) were observed. Negative peaks cor-
responding to the presence of B-sheet structure are typi-
cally observed around 215-220 nm for peptide amphiphile
assemblies.5” 58 We speculate that the blue-shifted negative
peak could be due to the presence of multiple secondary
structures within the assembly. Molecular simulation stud-
ies of PEPa, have shown that the proline residues near the
C-termini adopt a polyproline IT (PPII) conformation when
free in solution.3s PPII helices typically display a strong
negative CD band at ~205 nm.5> % We observe a negative
band at 205 nm for C,s-(PEP M%), under conditions that
do not promote fiber assembly (i.e. no -sheet formation;
Figure S13). Therefore, we conclude that the observed sig-
nal in the CD spectrum of C,g-(PEP M), fibers is a su-
perposition of bands deriving from both B-sheet and PPII
secondary structure in the assembled fibers.

While CD and FTIR spectroscopy provided information
about the secondary structure, X-ray diffraction (XRD) ex-
periments were conducted to probe the molecular-level
packing of C,g-(PEP o,M¥), within the fibers. XRD patterns

of aligned C,s-(PEPA M%), fibers displayed the prototypi-
cal pattern observed for cross-B amyloid-like structure
(Figures 3 and Si14).%> ©* An intense meridional reflection
corresponding to a d-spacing of 4.6 angstroms is attributed
to the H-bonding distances between peptide backbones.
The off-meridian reflections corresponding to a d-spacing
of 4.2 is attributed to the distance between diagonal planes
(Figure Si4b).% Equatorial peaks with d-spacings of ~6.5,
~9, and ~18 angstroms correspond to repeat distances be-
tween B-sheets (Figures 3 and Si4a).

The CD, FTIR, and XRD data revealed that the peptide-
based core of the assemblies is stabilized by substantial -
strand formation, but the location of the B-strand within
the peptide is uncertain. To address this we applied ssNMR
to site-specifically labeled C,s-(PEP M%), assemblies. To
probe the very N-terminal end of the peptide, we applied
13C, 5N-labeling to the A1 residue. To probe the Pro-rich C-
terminal half of the peptide, we also included in the same
peptide a 3C, N-labeled P10 (Figure 4a). Figure 4b shows
a 2-D magic-angle spinning (MAS) ssNMR spectrum ob-
tained for labeled C,g-(PEPA,M**), assemblies. The off-di-
agonal cross-peaks provide residue-specific assignments of
each labeled residue. The Pio peaks (black dashed lines)
have chemical shifts indicative of a PPII helix structure
(Figure S15a).%4+ % The observation of a single set of peaks
shows that P1o has the same PPII structure in all the Cs-
(PEP M%), in the sample. In contrast, A1 features multiple
sets of peaks, indicating the presence of multiple struc-
tures. The dominant A1 peaks (Aia and Aib), accounting for
~90% of the signal, have chemical shifts that indicate A1 to
be part of the B-sheet structure (Figure 4c). The Aic con-
former is present at much lower intensity (~10% of the total
signal), lacks B-sheet shifts, and presumably reflects pep-
tide that failed to incorporate into the amyloid-like core
(e.g. the pseudospherical aggregates observed in TEM im-
ages). Motion-sensitive ssNMR experiments (not shown)
indicate that all sites are relatively rigid and immobilized
in the peptide assemblies. Therefore, two structurally dif-
ferent peptide conformers, present at 1:1 ratio, make up
~90% of the sample (Figure 4d). The ssNMR shows that the
B-sheet structure extends to the very N-terminal residue
A1. At the other end, P10 is outside the B-sheet, forming
instead part of a PPII helix that presumably involves much
of the Pro-rich C-terminal peptide end. We note a strong
analogy to our studies of fibrillar huntington exoni, which
also has a peak-doubled amyloid core followed by a PPII-
helical Pro-rich domain.% In that system the transition
from B- to PPII-structure occurs over a single residue, mak-
ing it reasonable that a similarly compact B-sheet/PPII-
helix interface may occur here. This leads to the two
equally populated B-sheet/PPII peptide building blocks
shown in Figure 4d.

How do these peptides co-assemble into the B-sheet-
based core of our assemblies? The X-ray cross-f pattern
showed ~6.5 and ~9 A inter-sheet distances between (-
sheets. Such sheet-to-sheet interfaces in amyloid struc-
tures have been characterized as ‘steric-zipper’ interfaces
classified into distinct symmetry classes.®® The structural
data, self-assembly behavior, and chemical nature of C,s-



(PEP M%), point to a likely architecture of the assemblies.
The C,g acyl tails work to bring the peptides conjugates to-
gether to form micellar structures early in the assembly
process. Clustering of the C,s tails dictates a parallel align-
ment of the self-assembling peptides and thus facilitates
the formation of B-sheets that are co-aligned and parallel
in nature. This fits well with our FTIR data and ssNMR re-
sults. Thus, these considerations restrict us to Class 2 or
Class 3 type zipper motifs.5® Of these, only a Class 3 zipper
predicts structural differences between alternating co-as-
sembling B-sheets, and thus explains the doubled [-sheet
ssSNMR peaks and their 121 intensity ratio. Class 3 zippers
also predict the presence of two types of inter-sheet inter-
faces, which feature either the odd-numbered or the even-
numbered residues (Figure 4e). The odd-residue interface
features only small side chains (Ala/Ser/Gly), which enable
the formation of a tight inter-sheet interface that places
the sheets ~6.5 A apart (Figure Si5c). The even-numbered
interface includes the large aromatic Tyr. In amyloid-like
crystal structures with parallel B-sheets, such Tyr rings
adopt a characteristic ring-stacked orientation, as shown
in Figure S15d. The bulkiness of the aromatic rings causes
notably wide sheet-to-sheet interfaces that are ~g-10 A
apart (e.g. Figure Si5e). Thus, this kind of assembly pro-
vides an elegant rationale for the ssNMR, FTIR, as well as
X-ray results, and strongly argues for a peptide core struc-
ture that combines packed PPII helical C-termini with a
Class 3 amyloid-like assembly.

Single Helix Assembly Model. Taking into account
the accumulated data on the C,g-(PEPA,M %), assemblies,
we propose a molecular packing model for the helical rib-
bon (Figure sa). The ribbon consists of a monolayer of C,s-
(PEP M%), arranged perpendicular to the faces in a cross-
B architecture. This allows the PPII helix and negatively
charged carboxylates (at pH ~7) to be exposed on the outer
surface of the helical ribbon. The model adheres to the tape
height constraint of ~4 nm, as measured by AFM (vide su-
pra). Since the extended length of C,s-(PEP M%), is esti-
mated to be ~7 nm (Figure S16), a bilayer structure where
the alkyl chains are interdigitated in the core of the tape
would not be possible. We speculate that the aliphatic
chains, which are relatively ordered (vide supra), aggregate
with one another at the inner surface of the helical tape or
possibly fold inward with one another in-between [-
sheets.%7 In either case, the helical ribbon architecture seg-
regates the relatively hydrophobic N-terminus from the
aqueous buffer while exposing the hydrophilic C-termi-
nus.%® This is in contrast to a twisted ribbon structure
where both sides of the tape would be equally exposed. The
tape width, w, is determined by the number of [3-sheets
stacked side-by-side with regular ~6.5 and ~9 A distances.
Previous reports have shown that helical ribbon structures
typically precede the formation of nanotubes through tape
width growth,® 7° but in this case the helical ribbon likely
represents a kinetic product as no further ‘closing’ of the
helices was observed.

Based on this assembly model and the structural param-
eters of both the single helices and C,s-(PEP M), fibers,
we conclude that the gold nanoparticles decorate the outer

face of the helical ribbon (Figure 5b-d). Careful inspection
of the nanoparticle orientation within the superstructures
(Figure 5¢) indicates that the rod-like particles align in par-
allel along the width of the ribbons, which supports a
model where particle growth proceeds in one-direction
(Figure 5d) and could be limited by the width of the helical
ribbon. The regular distances between the particles could
be due to electrostatic repulsion between particles.*

Since we propose that the C-termini of C,g-(PEP M%),
is exposed at the outer face of the helical tape, we reason
then that the particles must be bound to the residues that
make up the PPII helix. Previous reports on PEP, binding
onto gold surfaces conclude that Tyr-2 and Phe-12 bind
most strongly to the 111 facets of gold nanoparticles due to
their aromatic side chains.3537 Since the Tyr-2 molecules
are integral to the parallel B-sheet structure within the core
of the peptide ribbon, the exposed phenylalanine at the C-
terminus must account for much of the binding between
the gold particles and the peptide assembly. In addition,
methionine residues, which also bind strongly, could con-
tribute to the overall binding interaction.” The inner sur-
face of the helical ribbon is sterically hindered, which pre-
vents particle binding.

Conclusion

We have demonstrated that oxidation of the methionine
residue in Cys-(PEPay), dramatically affects the morphol-
ogy and properties of helical nanoparticle superstructures
assembled using peptide conjugate building blocks. C,s-
(PEPa, M%), directs the formation of well-defined single-
helical gold nanoparticle assemblies having strong plas-
monic chiroptical activity that ranks among the highest
observed for comparable systems. In addition, we pro-
posed a molecular assembly model based on data acquired
from several characterization techniques that is consistent
with the structural parameters of the single helices. This
model provides foundational information for understand-
ing how peptide conjugate molecules constructed from in-
organic-binding peptides can simultaneously self-assem-
ble and bind to inorganic nanoparticles, thus enabling the
assembly of nanoparticles into intricate superstructures.
Moreover, this model serves as a launching point for rigor-
ous rational design of new peptide conjugates for directing
and precisely controlling nanoparticle assembly structures
and metrics. Collectively, the results presented herein un-
derline the utility and versatility of peptide constructs as
building blocks for directing the assembly of nanoparticles
into highly complex and well-defined nanoscale super-
structures. Finally, they point toward future studies into
peptide conjugate design strategies that incorporate spe-
cific chemical modifications to the peptide backbone, in-
cluding oxidation, hydroxylation, phosphorylation, and
glycosylation, to effect morphological changes to a nano-
particle superstructure.

Experimental Methods

Materials and Methods. All chemicals were purchased
from either Aldrich or Fisher and used without further pu-
rification. N;-C,HsCO-AYSSGAPPMPPF (N;-PEP,,) was



synthesized by Pierce Biotechnology, Inc. Triethylammo-
niium acetate buffer (TEAA) was purchased from Aldrich
(catalog number: 90358) and 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (pH = 7.3) (HEPES) buffer was pur-
chased from Fisher (catalog number: BP 299-100). Chloro-
auric acid (HAuCl,) was purchased from Aldrich (catalog
number: 520018). Peptide conjugates were purified using
an Agilent 1200 Series reverse-phase high-pressure liquid
chromatography (HPLC) instrument equipped with an Ag-
ilent Zorbax 300SB-C,s column. Peptide conjugates were
quantified based on their absorbance at 280 nm and using
the extinction coefficient for tyrosine (1280 M“cm™). UV-
Vis spectra were collected using an Agilent 8453 UV-Vis
spectrometer equipped with deuterium and tungsten
lamps. Matrix assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF MS) data were col-
lected using an Applied Biosystem Voyager System 6174
MALDI-TOF mass spectrometer (positive reflector mode;
accelerating voltage: 20kV) and using a-cyano-4-hy-
droxycinnamic acid (CHCA) as the ionization matrix. Na-
nopure water (NP H,O, 181 MQ) was obtained from a
Barnstead DiamondTM water purification system.

Preparation of N;-PEPM©O% N;-PEPA, (3 mg, 2.23
pmol) was dissolved in a 11 mixture of CH;CN: NP H,O.
To this solution concentrated H,O, was added to bring the
final H,O, concentration to 100 mM. The solution was vor-
texed and left undisturbed for 8-15 hours. This final solu-
tion was purified using reverse-phase HPLC eluting with a
linear gradient of 0.05% formic acid in CH;CN and 0.1%
formic acid in NP H,O (5/95 to 95/5 over 30 min.).

Preparation of C3-(PEPM©%),. Alkyne-terminated
aliphatic substrates and peptide conjugates were prepared
according to protocols detailed in a previous report.>°

Preparation of Single Helices. In a plastic vial, Cs-
(PEP A M%), (~18.7 nmol) was dissolved in 250 pL of 01 M
HEPES buffer and sonicated for 5 min. After sonication, the
solution was allowed to sit at room temperature for 25 min.
A fresh stock solution of HAuCl, in TEAA buffer was pre-
pared by mixing 100 pL of 0.1 M HAuCl, in NP H,O with
100 pL of 1 M TEAA buffer. The resulting mixture was vor-
texed for 1 min. To the C,3-(PEPs M), solution , 2 pL of
the freshly prepared HAuCl,/TEAA solution was added. A
dark cloud appeared 2-4 seconds after the addition of the
HAuCl,/TEAA solution; at this point, the vial was briefly
vortexed and then left undisturbed at room temperature.

Preparation of C,s-(PEPs M%), Fibers. 75 pM solu-
tions of C,g-(PEPAM¥), fibers were prepared in oa M
HEPES buffer. For CD spectroscopy studies, 10 mM HEPES
buffer was used. After one day of sitting at room tempera-
ture, the solutions were analyzed. For some CD and TEM
experiments, CaCl, was added (1 mM final concentration)
to accelerate fiber formation.

Transmission FElectron Microscopy. TEM images
were collected with a FEI Morgagni 268 (8o kV) with an
AMT side mount CCD camera system. Phosphotungstic
acid (pH 7.4) was used to stain TEM sample grids for the
peptide assembly studies. TEM samples were prepared by

drop-casting 6 pL of solution onto a 3-mm-diameter cop-
per grid coated with formvar. After 5 min., the excess solu-
tion was wicked away. The grid was washed with NP H,O
(6 pL) and wicked away after 1 min.

Cryo-Electron Tomography and 3-D Reconstruc-
tion. For the single-helical gold nanoparticle superstruc-
tures, 4 pL solution was applied to the carbon side of glow
discharged perforated Rz/2 Quantifoil grids (Quantifoil
Micro Tools, Jena, Germany) before plunge-freezing using
a manual gravity plunger. A series of images were recorded
by tilting the specimen from -60° to 70° in increments of 3°
(<45°) and 2° (>45°). Images were recorded on a FEI Falcon
IT direct electron detector camera at a nominal magnifica-
tion of 39,000x. Altogether 51 images were collected in one
tilt series with a total dose of ~50 e-/A2. Images were rec-
orded at a defocus value of ~0.5 pm using FEI batch tomog-
raphy software. The IMOD package”™ was used to align
tilted projection images and reconstruct the final 3D den-
sity map from the aligned image stack. For surface render-
ing, the tomogram was filtered to 20A resolution and dis-
played using the program UCSF CHIMERA.7

Cryo-Electron Microscopy. Assembled fiber solution
(4 pL) was applied to the carbon side of glow discharged
perforated R2/1 Quantifoil grids (Quantifoil Micro Tools,
Jena, Germany) before plunge-freezing using a manual
gravity plunger. More than 2,000 low dose projection im-
ages of fibers embedded in a thin layer of vitreous ice were
collected with a Tecnai Polara microscope (FEI Corp., OR.)
operated at 300 kV at liquid nitrogen temperature. Images
were recorded on a FEI Falcon II direct electron detector
camera using movie mode at a nominal magnification of
59,000x. The total accumulative electron dose is ~25 elec-
trons/Az, which is fractioned over 7 subframes with a total
exposure time of1.6 seconds. The defocus values were from
1.5 to 3 pm. Each movie was motion corrected using UCSF
MotionCorr.” Fibers were boxed out from the motion cor-
rected average using ezhelixboxer program in EMAN2.74 A
total 15,934 particles were extracted from these fibers and
subject to reference-free 2D classification (with 8o classes)
using Relion.”s A mask of 650 A diameter was used during
2D classification.

Atomic Force Microscopy. AFM images were collected
with an Asylum MFP-3D atomic force microscope using
tapping-mode. Images were obtained using ultra-sharp
AFM tips (NanoandMore, SHR-150), with 1 Hz scanning
rate. The APTES-mica was prepared by drop-casting 0.1%
APTES solution in NP H,O onto freshly cleaved mica and
after 10 min., the mica was rinsed with NP H,O. C,5-(PEPa,
M-0x) , was dissolved in 0.1 M HEPES (75 pM) and allowed to
sit at room temperature overnight. After 1 day of incuba-
tion, 20 pL of the solution was drop-cast onto the APTES-
functionalized mica. After 1 min., the sample was rinsed
with NP H,O and allowed to air dry overnight.

Attenuated Total Reflectance Fourier Transform In-
frared Spectroscopy. ATR-FTIR spectra were collected on
a PerkinElmer Spectrum 100 FTIR instrument with a uni-
versal attenuated total reflectance sampling accessory cou-
pled to a computer using PerkinElmer Spectrum Express
software. The sample was background-corrected in air. C,s-



(PEP M), was dissolved and sonicated in 0.1 M HEPES
(75 pM). After 1 day, the assembled fibers were dialyzed
three times in NP H,O using d-tube dialyzers (Millipore,
catalog number: 71505-3) to remove the buffer, and the fi-
bers were concentrated. The concentrated solution con-
taining the fibers were then drop-cast onto the ATR-FTIR
substrate and allowed to air dry.

Circular Dichroism Spectroscopy. CD measurements
were conducted on an Olis DSM 17 CD spectrometer. The
scan rate was 8 nm/min. and the bandwidth was 2 nm. All
CD experiments were carried out in 10 mM HEPES (peptide
assembly; 200-280 nm) or 0.1 M HEPES (nanoparticle as-
sembly; 450-800 nm) with a 1 mm path length quartz cu-
vette at 25°C.

Powder X-ray Diffraction. Powder X-ray diffraction
was performed on a Bruker X8 Prospector Ultra diffrac-
tometer equipped with APEX II CCD detector and an IpS
micro-focus CuKa source (A = 1.54178 A). The diffracto-
grams were recorded at a distance of 15 cm at room tem-
perature. Raw data were retrieved using PILOT plug-in in
Bruker APEX II software package and further processed in
Match! Software to obtain d and intensity values. The sam-
ple was prepared by dissolving ~1.5 mg of C,3-(PEP M),
in1mL 0.1 M HEPES and sonicating for 5 min. The samples
were left to sit overnight. After 24 hrs., the solution was
ultra-centrifuged (r'max = 213,000 x g) for 1 hr. The superna-
tant was removed and NP H,O (1 mL) was added and the
samples were ultra-centrifuged again at the same speeds.
After centrifugation, the supernatant was removed leaving
behind a clear gel. The peptide gel was loaded into a glass
capillary (¢ = 0.7 mm) and air dried.

MAS Solid-State NMR Spectroscopy. Labeled Ci-
(PEP M%), fibers (2 mg) were packed into thin wall 3.2
mm zirconia MAS rotors (Bruker Biospin, Billerica, MA)
using a home-built sample packing tool via ultracentrifu-
gation using a Beckman Coulter Optima L-100 XP ultracen-
trifuge equipped with a SW-32 Ti rotor operating at
~130,000 g. MAS ssNMR spectra were obtained with a
widebore Bruker Avance I NMR spectrometer operating at
a'H Larmor frequency of 600 MHz (14.1 T) using a 3.2 mm
MAS ssNMR probe equipped with a HCN “EFree” reduced
electric field coil (Bruker Biospin). Sample temperature
was maintained at 277K using a constant flow (800 L/h) of
cooled gas. Bruker Topspin software was used to directly
acquire the spectra. Spectra were processed using
NMRPipe software and analyzed with
CCPNMR/Analysis.”® 77 The 3C signals of adamantine were

used to externally reference samples to 4,4-dimethyl-4-si-
lapentane-1-1 sulfonic acid (DSS).7® Rigid sites within the
samples were obtained using ramped 'H-3C cross-polariza-
tion (CP) at 10 kHz MAS rate with 1.0 ms contact time be-
tween 'H and 3C and 83 kHz two-pulse phase-modulated
(TPPM) decoupling.” A total of 1024 scans were obtained
during the CP experiment and a recycle delay of 3.0 sec-
onds was used between scans.
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