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The discovery of RNA as both informational template and natural
catalyst questioned the strict functional division of labor implicit
in the Central Dogma and gave substance to an intermediate RNA-
world view of life’s origins.'* The structural and functional features
of RNA have now been explored extensively,® allowing nucleic
acid polymers to accurately template synthetic reactions.*”” The
emergence of prions as epigenetic genes and templates for amyloid
self-assembly® suggests the possibility of structurally merging RNA
and protein elements to extend further the functions of each
biopolymer class. Here we demonstrate incorporation of nucleic
acid structural building blocks into amyloid to control morphology
and create novel template scaffolds for information storage.

Amyloid assemblies, higher-order protein structures potentially
accessible to all a-amino acid polymers,”~'" are known to mediate
epigenetic events in many organisms.® These structures contain a
characteristic cross- architecture'®'? with orthogonal d-spacings
at 0.47 and ~1 nm arising from repeating 3-strands and f3-sheet
laminations, respectively.'* We extended molecular dynamics (MD)
simulations'> on amyloid to include purine and pyrimidine substitu-
tions'® and found that cytosine—cytosine base pairs, similar to
classic i-motifs,'”-'® could be accommodated without backbone
distortions (Figure 1). Previously we found'® that Zn?*-histidine

Figure 1. Proposed homocytosine base pairing with hydrogen bonds
(dashed lines) developed using MD of the amyloid fibril for AS(13-21)cc.
Only cytosine (c) side chains are shown for clarity.

coordination at the N-terminus of the Alzheimer’s Disease Af
peptide congener "HHQKLVFFA, or AB(13-21),'° 2! could extend
[-sheet lamination and transform amyloid fibers into ribbons/tubes.
Here we have replaced the N-terminal His—His dyad to test
cytosine—cytosine base pairing as an innate extension of this
strategy.
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Accordingly, B-(cytosine-1-yl)-alanine (c)**~2° was synthesized

and substituted for H13 and H14 via solid phase synthesis within
the Af congener to yield ccQALVFFA-NH,, AB(13-21)cc (MAL-
DI, [M + H'] 1155.38; calcd, [M + H'] 1154.28), where “cc”
indicates the first two residues are 5-(cytosine-1-yl)-alanine. HPLC
purified AB(13-21)cc (0.3 mM) was assembled in 25 mM MES
buffer across a range of pH values. Since i-motifs are comprised
of hemiprotonated C—C" based pairs,'”'® the pH dependent
assembly of ccQALVFFA was explored. As shown in the transmis-
sion electron micrographs (TEM) in Figure 2, little assembly was

Figure 2. TEM micrographs of 0.3 mM ApS(13-21)cc assembled in 25
mM MES buffer: A, pH = 2; B, pH = 3.3; C, pH = 4.3; D, pH = 5.5
(scale bar = 200 nm).

observed at low pH; however, at pH 3.3 and 4.3, in the range of
the expected pK, of cytosine, AB(13-21)cc forms large homoge-
neous structures that appear very similar to hollow nanotubes.?”>°
At pH 5.5, the assemblies are more heterogeneous with the
appearance of ribbons and the more typical 10 nm diameter fibrils.
Single cytosine substitution, AB(13-21)H13c or AB(13-21)Hl14c,
under the same solution and pH conditions, gave only fibrils
(Supporting Information, Figure S1). Together these results are
consistent with the cc i-motif driving formation of hollow nanotubes.

To define the AB(13-21)cc nanotube architecture, small-angle
X-ray scattering (SAXS) and wide-angle X-ray diffraction (XRD)
experiments were performed at the 12-ID beam line at Argonne
National Laboratory. Figure 3 shows a monodisperse hollow circular
cylinder form factor?” fit to the scattering data of the peptide
assembly at pH 4.3 with an outer radius of 12.4 nm and a wall
thickness of ~3.3 nm.

Assignment of peptide secondary structure in the nanotube
assemblies was not readily accessible by standard peptide circular
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Figure 3. SAXS of 0.3 mM AS(13-21)cc assembled in 25 mM MES buffer
at pH 4.3. Data fits to a hollow cylinder form factor (red line) with a length
of 500 nm, an outer radius 12.4 £+ 0.3 nm and wall thickness 3.3 4+ 0.4
nm. Although the peak positions in the SAXS data are well captured by
the derived parameters, the intensity remains compromised by the unde-
termined fraction of small aggregates contributing at these Q values.
dichroism assignments as the peptide amide electronic transitions
overlapped with transitions from the cytosine bases. However, XRD
of lyophilized Na,SO, stabilized AS(13-21)cc assemblies exhibited
a cross-f3 pattern consistent with amyloid assemblies, containing
d-spacings at 4.6 and 10.3 £ 0.6 A (Figure S2).

Cytosine stretching modes also complicated FTIR analyses, but
strong amide I absorption at 1635 c¢cm™!, most consistent with
parallel 3-sheet rich structures, were apparent (Figure S3). Isotope-
edited FTIR*°>" with '*C-labeled carbonyls incorporated at Alal6,
Leul7, and Vall8 exhibited amide I bands split into distinct
transitions (Figure S3). The magnitude of the splitting and the band
positions, which ranged from 1641 to 1638 and from 1610 to 1605
cm™ !, were again most consistent with a parallel in-register 3-sheet
orientation throughout the center of the peptide.'®

BC—13C distances between '*C-labeled F19 carbonyl carbons in
adjacent peptides were measured using solid-state NMR double-
quantum-filtered DRAWS?*?** (DQF-DRAWS) (Figure 4a). The
DQ buildup curves were fit to a three-spin model that includes the
effects of measured®* double quantum relaxation (Figure S4) and
approximates an infinite array of H-bonded amide groups with
13CO—1BCO distances of 4.6 £ 0.3 A (Figure 4b). Therefore, the
peptides form parallel in-register S-sheets, and initial studies with
Ag nanoparticle binding® place the cytosines on the outer surface
of these nanotubes.

With a 4.6 A distance between adjacent cytosines along each
[-sheet face (Figure 4c), homopyrimidine base pairing is inacces-
sible, but s-stacking could direct propagation along the f3-sheet.
As well, cc H-bonding between adjacent 3-sheets may well orient
the cytosine bases. Flow-oriented linear dichroism (LD) of the
nanotubes evaluated the relative orientation of the 7—sa* peptide
backbone amide (Anx = 207 nm) and the cytosine in-plane (Amax
= 267 nm) electronic transition dipoles (Figure 5). Although some
cytosine and peptide backbone amide electronic transitions overlap,
the AP(13-21)cc positive LD signal centered at 207 nm is
characteristic of the 3-sheet rich amyloid fibers®>® and confirms the
peptide backbone H-bonds are roughly parallel to the tube axis, as
seem in the AB(16-22) tubes.?® In contrast, the negative 267 nm
LD transition arises only from cytosine, placing its transition dipole
perpendicular to the S-sheet H-bond direction. Time-dependent
DFT? electron structure calculations*® indicate that the low energy
267 nm transition dipole of the hemiprotonated homocytosine base
pair is ~35° away from a potential central N*H—N? intermolecular
H-bond and colinear with the long axis of each base of the
homobase pair (Figure S5). These data position the cytosine bases
roughly perpendicular to the tube long-axis.

Self-assembly of the S-sheet-rich amyloid structure results from
many weak noncovalent interactions directing growth both along
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Figure 4. (a) *C DQF-DRAWS of 1 mM [1-"*C]F19 AB(13-21)cc peptide
assembled in 25 mM MES buffer at pH 3.3. The solid line is the simulated
DQF-DRAWS curve for an infinite array of 3C—'3C distances of 4.6 A
with a Topg = 9.4 ms. (b) Three in-register parallel S-strands; black spheres
represent the F19 carbonyl *C. (c) Schematic S-sheet diagram showing
peptide registry and residues displayed on each f3-sheet face. The front
peptide is colored black and '3C labeled F19 residues are shaded red.
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Figure 5. Ultraviolet (UV) and linear dichroism (LD) spectra of mature
nanotubes assembled from 0.3 mM AS(13-21)cc in 25 mM MES at pH
4.3. In the UV spectrum (black), the peak at 207 nm is assigned to amide
m—or* transitions and the peak at 267 nm arises from cytosine in-plane
m—or* transitions. In the LD spectrum (red), the nanotubes were aligned
using a Couette flow cell. The positive peak around 207 nm is consistent
with the peptide amide transition dipole being more parallel to the tube
axis, and the negative peak at 267 nm suggests that the cytosine transition
dipole is more perpendicular to tube axis.

the -sheets® and orthogonally along the sheet—sheet stacking
(lamination) planes.'* The native peptide cassette AB(16-22),
CH;CO-KLVFFAE-NH,, forms nanotubes where assembly is
driven by the inherent complementarity of the [-sheet
faces.'**7-%° AB(13-21)K16A, HHQALVFFA-NH,,'*-*" benefits
from a metal switch where Zn?"—His chelation impacts nucleation,
propagation, and overall laminate stability of the nanotubes.
Covalent incorporation of molecular recognition elements, in this
case nuclear bases, directly into the peptide framework even more
profoundly impacts nanotube assembly and architecture. While
amyloid fiber S-strand registry can be parallel,** antiparallel,>**'
out of register*? or even involved in folded S-sheets,** AB(13-21)cc
assemblies represent the first amyloid nanotube architecture with
confirmed parallel [3-sheets. Moreover, the 3.3 £+ 0.4 nm wall
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thickness determined from SAXS establishes the wall as being a
single AB(13-21)cc peptide thick (S-strand peptide length is 3.1
nm), significantly different from the bilayer tubes formed with other
Ap(16-22) congeners.?”>?*° And finally, the concentration depen-
dence for assembly is reduced by a factor of almost 107, underscor-
ing the enhanced sheet—sheet association affinity.

The structure model that emerges positions the bases roughly
perpendicular to parallel 5-sheets, consistent with i-motif-pairing
directing assembly of distinct inner- and outer-tube surfaces of a
well-defined nanotube (Figure 6). Such nanotube surface asymmetry

Figure 6. Schematic of the nanotube structure formed by the nucleobase-
modified amyloid congener peptide. The blue/red surfaces indicate the
parallel arrangement of the single-walled peptide (-sheets that result in
unique inner and outer surfaces.

is not readily accessible and such archetypal assemblies highlight
our ability to encode unique molecular information into amyloid
assemblies for the construction of new robust nanoscale scaffolds.
Of equal importance, these scaffolds extend the templates used to
encode biological information beyond the nucleic acid duplexes
and into covalent networks whose self-assembly depends on both
precise registry and side-chain complementarity.
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