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Abstract

The designer self-assembling peptide RADA16-1 forms nanofiber matrices which have shown
great promise for regenerative medicine and 3-dimensional cell culture. RADA16-1 has a -strand-
promoting alternating hydrophobic/charged motif, but arrangement of -strands into the nanofiber
structure has not been previously determined. Here we present a structural model of RADA16-I
nanofibers, based on solid-state NMR measurements on samples with different schemes for 13C
isotopic labeling. NMR peak positions and line widths indicate an ordered structure composed of
B-strands. The NMR data show that the nanofibers are composed of two stacked p-sheets
stabilized by a hydrophobic core formed by alanine sidechains, consistent with previous proposals.
However, the previously proposed antiparallel f-sheet structure is ruled out by 13C-13C dipolar
couplings. Instead, neighboring p-strands within B-sheets are parallel, with a registry shift that
allows for cross-strand staggering of oppositely charged arginine and aspartate sidechains. The
resulting structural model is compared to nanofiber dimensions observed via images taken by
transmission electron microscopy and atomic force microscopy. Multiple NMR peaks for each
alanine sidechain were observed and could be attributed to multiple configurations of sidechain
packing within a single scheme for intermolecular packing.

Keywords

Self-assembling peptide; peptide nanofiber design; solid-state NMR spectroscopy; structure
determination; molecular modeling

RADAL6-1 (COCH3-RADARADARADARADA-CONH,) forms nanofiber matrices in
water with adaptive properties that make them attractive for biomedical applications. The
formation of nanofiber networks in physiological conditions allows for use as an
extracellular matrix capable of providing mechanical support for tissue regeneration®: 2 or 3-
dimensional cell culture.3: 4 High effective porosities allow diffusion of nutrients or drug
molecules.® The ability to add functional motifs further expands the utility for tissue
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engineering.5-8 Dynamic reassembly following nanofiber fragmentation confers a “self-
healing” property and may allow RADAL6-1 nanofiber networks to adapt to stimuli such as
cell division or migration.? Injection of RADA16-1 nanofibers has been shown to stop
bleeding in surgery and repair severed neurons to restore axon function.1%: 11 The purely
synthetic nature of RADAL6-1 avoids uncontrollable composition issues with natural
products such as Matrigel.}2 RADA16-I has the potential for harmless degradation in
vivo,13: 14 eliciting little immune response when compared to other materials used in
surgery.10

The RADA16-1 sequence was discovered through combinatorial analysis of short amino
acid sequences with alternating charged and hydrophobic residues.1® This pattern was
originally observed in a segment of yeast protein1>-18 and tends to promote p-strand
formation. Self-assembly occurs through formation of hydrogen bonds between backbones
of peptide molecules in extended conformations.1® Alternation of hydrophobic and
hydrophilic residues also promotes formation of hydrophobic and hydrophilic faces for -
sheets, resulting in a hydrophobic nanofiber core and a hydrophilic nanofiber surface when
two p-sheets stack into a basic fibril unit.20 These features are consistent with the general
knowledge that sequence patterning can affect secondary structure as well as the cores and
solvent exposed regions of proteins. Sequence patterning, however, is not sufficient to fully
determine the 3-dimensional structure; many sequences with similar patterning resulted in
different structures and self-assembly behaviors.1® 21 Furthermore, naturally occurring
proteins that fold into p-strand domains or self-assemble into 3-sheet fibrils rarely exhibit
such simple patterning.22 23 It has been proposed that RADA16-1 forms antiparallel p-
sheets, which would allow inter-strand staggering of positively and negatively charged
sidechains.®

We have employed solid-state nuclear magnetic resonance (NMR) spectroscopy to
characterize the structure of RADAL6-I nanofibers. Measurements on samples with different
schemes for 13C isotopic labeling allowed us to determine a structural model that describes
how RADA16-1 molecules are arranged within nanofibers. Peak positions within NMR
spectra indicate that RADA16-1 nanofibers consist of molecules in $-strand conformations,
consistent with previous circular dichroism® and Raman scattering2* experiments. Distance-
dependent 13C-13C dipolar couplings in selectively labeled samples, however, are not
consistent with the antiparallel B-sheet model. Instead, the results point to a structure
consisting of parallel B-sheets, in which staggering of oppositely charged sidechains is
achieved by a registry shift between -strands in each p-sheet. We also compare nanofiber
dimensions predicted by this model with those observed in images taken by transmission
electron microscopy (TEM) and atomic force microscopy (AFM). The present structural
characterization of RADAL6-1 nanofibers contributes to understanding self-assembling
peptide design and provides a basis for improving the use of designer peptide nanofibers in
biomedical applications.25-27

RESULTS AND DISCUSSION

Imaging of Nanofiber Dimensions

RADA16-I nanofiber morphologies observed by TEM and AFM are shown in Figures 1 and
S1, respectively. Nanofiber widths observed via TEM range between 3 and 8 nm. Many
nanofiber widths are less than previously reported width values near 10 nm measured by
TEM.28. 29 However, RADA16-I nanofiber widths have been observed by TEM to increase
with time in solution,2? suggesting lateral association of multiple subunits. AFM imaging,
which directly reports height values of nanofibers deposited on mica surfaces, exhibits
heights of mostly 1.5 nm. While the observed nanofiber heights are less than expected for a
double layer of B-sheets with extended sidechains,? the observation that heights can vary in
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distinct steps along the length of single nanofibers or between nanofibers has been used to
infer the existence of multiple p-sheet layers. 24 In our AFM images, small segments within
nanofibers have heights of 0.75 nm (Figure S1).

RADA16-1 NMR Peak Positions are Consistent with Ordered Linear B-Strands

Solid-state NMR spectra from RADA16-1 nanofiber samples are shown in Figure 2. Isotopic
labeling of RADA16-I nanofibers with uniform 13C (and 1°N) on R9, A10, and D11
residues (Sample A, see Table 1) allowed assignments of NMR peaks to specific labeled
sites and assignment of -strand secondary structure. Sample A was analyzed by 2-
dimensional (2D) finite pulse radio frequency driven recoupling (fpRFDR), which yields
off-diagonal peaks (crosspeaks) corresponding to directly bonded 13C nuclei (Figure 2a).30
As indicated by colored horizontal and vertical lines in Figure 2a, crosspeak patterns were
used for spectral assignments following 13C-13C bonding patterns within each uniformly
labeled sidechain. Detailed analysis of crosspeak positions and line widths was performed
via nonlinear fitting of Gaussian functions using Mathematica (Table S1). Secondary
chemical shifts (peak positions relative to those of corresponding sites in random-coil model
peptides) of carbonyl (CO), a-carbon (C), and B-carbon (Cp) sites, are consistent with -
strand secondary structure (Tables 2 and S1).31 This interpretation is based on negative
secondary shifts for R9, A10, and D11 of greater than 1.3 ppm for CO and C,, and positive
secondary shifts of greater than 1.9 ppm for Cg_Line widths on the order of 1 ppm (full
width at half maximum) are similar to previous line widths observed for amyloid fibrils,
indicating similar levels of structural order.32 We also note that, like amyloid fibrils,
RADAL6-I nanofibers exhibit hydration-dependent line narrowing without any loss of signal
associated with hydration-dependent molecular motion (see Figure S2).

We observed 3 distinct 13C peaks with line widths less than 1 ppm for each alanine Cy site.
This observation indicates that distinct ordered structures coexist in the samples, and is
clearly seen in Figure 2 for A10 Cg labeled in Sample A (between 20 and 24 ppm). We also
observed 3 peaks with similar positions and line widths in samples selectively labeled at A4
Cp, A8 Cg, and A14 Cg (Samples C, D, and E, respectively; see Table 1 and Figure S3).
Three peaks at similar chemical shifts from alanine Cg sites were also observed in the
natural abundance H-13C cross polarization magic angle spinning (CPMAS) spectrum from
Sample B (Table 1 and Figure 2b). It should be noted that alanine Cg sites are the only
methyl carbon atoms in the peptide; other 13C sites in RADA16-I are not expected to show
signals at these chemical shifts.33 In addition to the 3 prominent alanine Cp peaks, there is a
weak broad shoulder in the methyl signal below 20 ppm. This broad signal is observed on
the diagonal of the 2D-fpRFDR spectrum from Sample A (Figure 2a) and in the CPMAS
spectra from Samples A, C, D, and E (Figure S3), suggesting a minor population with
disordered conformations throughout the amino acid sequence. We estimate that this minor
signal represents less than 5% of the total RADA16-1 population. Although this peak
position is not inconsistent with B-strand secondary structure, further characterization of
structure is precluded by the low signal intensity.

Comparison of CPMAS NMR spectra from Samples A and B indicates that a consistent [3-
strand secondary structure extends throughout the RADAL6-1 amino acid sequence (Figure
2b). As Sample B is not isotopically labeled, its natural abundance CPMAS NMR spectrum
is due to equal contributions from 1% 13C atoms distributed evenly throughout all C sites in
the sample. We performed a nonlinear fit of the CPMAS spectrum of Sample B, with initial
conditions based on the positions and line widths of spectral components determined
precisely from the 2D-fpRFDR spectrum of Sample A (Figure S4 and Table S2). The natural
abundance peak positions and line widths for arginine, alanine, and aspartate, compared to
those of corresponding labeled sites within Sample A, indicate that spectral components
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observed in Sample A are sufficient to fit the spectra in Sample B and allow full assignment
of the natural abundance signals (Figure S5). The observation that chemical shifts for 13C
nuclei within arginine, alanine, and aspartate residues do not vary significantly across the
primary structure (Tables S2 and S3) indicates that secondary structure is also uniform
throughout the molecule. Further confirmation of uniform secondary structure is seen in
Table S3, which indicates little deviation in peak positions between natural abundance
signals (Table S2) and signals from selectively labeled Samples C, D, and E (also see Figure
S3). When the natural abundance peak positions were input into the TALOS software,3* we
obtained estimates for ¢ and y backbone torsion angles (Table S4) that are consistent with -
strand secondary structure.

Validation of B-strand secondary structure is shown in the circular dichroism spectrum in
Figure S6 (see also Supplementary Methods). As observed previously,® this spectrum
exhibits characteristic maxima and minima at 198 nm and 217 nm, respectively.

13¢-13C Dipolar Recoupling NMR Data Constrain Intermolecular Packing and Rule Out In-
Register Parallel B-sheets

Solid-state NMR measurements of 13C-13C dipolar couplings were performed using the
PITHIRDS-CT pulse sequence in order to probe proximities between selectively 13C-labeled
sites and test models for p-strand organization into B-sheets.3% 36 Decays in PITHIRDS-CT
data are sensitive to interactions between proximate 13C nuclei in the sample because of the
strong distance dependence of the dipolar interaction: coupling strength scales with r=3,
where r is the inter-nuclear distance. When arrangements of 13C atoms are characterized by
multiple distances, PITHIRDS-CT decays are most sensitive to the shortest 13C-13C
distance, which we define here as the “nuclear spacing.” It should be emphasized that shapes
of PITHIRDS-CT curves are also significantly affected by the 3-dimensional arrangement
of 13C-labeled sites separated by distances close to the nuclear spacing.3® Samples prepared
for PITHIRDS-CT measurements were labeled with 13C at selected alanine Cg and CO sites
(Samples C, D, E, and F, Table 1). The large chemical shift difference between methyl and
CO NMR signals allows a single sample to be isotopically labeled at a Cg and a CO site
without affecting PITHIRDS-CT measurements on each site, as long as the Cg and CO sites
are separated by more than 1 nm.

PITHIRDS-CT data from selectively 13C-labeled samples are shown in Figure 3. As an
experimental reference for a known distance, data are also shown for selectively labeled
amyloid fibrils of the 42-residue Alzheimer’s B-amyloid peptide in Figure 3a. These amyloid
fibrils are composed of molecules arranged into in-register parallel f-sheets.3” As a result,
selective 13C labeling at the V36 CO or A21 Cg of B-amyloid fibrils yielded PITHIRDS-CT
decays that are consistent with linear arrangements of 13C nuclei with a constant nuclear
spacing of 0.48 nm.37 The distance of 0.48 nm is the minimum distance between equivalent
sites near backbones on adjacent molecules within a f-sheet. In comparison, only Sample F,
which was labeled at two carbonyl sites (A4 and A6 CO), exhibited a nuclear spacing at this
distance (Figure 3a). RADA16-I nanofibers labeled at the A4 C (Sample C) and A8 CO
(Sample E) exhibited PITHIRDS-CT decays that are significantly faster and slower than that
of Sample F, respectively (Figure 3b). Furthermore, all 3 NMR peaks for the A4 Cg decay
similarly (see inset, Figure 3b). Data in Figure 3 are compared to simulated curves38 for sets
of 9 13C atoms arranged in straight lines equally spaced by the indicated nuclear spacings.
By comparing the PITHIRDS-CT decays for Samples C and E to amyloid fibril and
simulated data, we estimate that these labeled sites correspond to 13C nuclear spacings of
approximately 0.4 nm and 0.6 nm, respectively. Caution must be taken in the quantitative
interpretation of PITHIRDS-CT decays: they are not simple measurements of inter-atomic
distance because of effects introduced by nonlinear arrangements of atoms expected within
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RADA16-I nanofibers. We attribute a conservative error tolerance of = 0.1 nm in our
estimated nuclear spacings. In addition to numerical estimates of nuclear spacing, our
structural interpretations are based on analysis of relative PITHIRDS-CT decay strengths for
samples labeled at different sites.

It is immediately apparent that the PITHIRDS-CT decay for Sample E is measurably slower
than that observed for Sample F, indicating that RADA16-I nanofibers are not composed of
in-register parallel B-sheets. Furthermore, the faster decays for Sample C compared to the
amyloid fibril decays are not possible within isolated B-sheets and will be discussed in terms
of stacking of multiple B-sheets.

Molecular Modeling and Nuclear Spin Simulations Constrain Intermolecular Organization

The PITHRIDS-CT data provide important constraints on intermolecular organization,
which we compared to predictions of models for possible RADA16-1 nanofiber structures.
Models considered represent arrangements of molecules within pairs of stacked [3-sheets
stabilized by hydrophobic interfaces. Such an interface is necessary to rationalize the 0.4 nm
nuclear spacing observed for the alanine Cg sites, which is less than the 0.48 nm minimum
nuclear spacing for an isolated (in-register parallel) p-sheet. We follow the nomenclature of
Sawaya et al.,36 who defined 8 symmetry classes for possible arrangements of p-strands
organized into pairs of stacked [-sheets. We consider only 3 of the 8 classes (Classes 1, 3,
and 5), because only these models predict hydrophobic cores composed of alanine
sidechains (Figure 4). These configurations correspond to “homo zippers” in the
nomenclature of Nielsen et al 3% All other symmetry classes defined by Sawaya et al. would
position charged arginine and aspartate sidechains in direct contact with hydrophobic
alanine sidechains. Such interfaces are inconsistent with the rapid PITHIRDS-CT decays
measured for alanine Cj sites, and are also physically unreasonable. As illustrated in Figure
4a, each B-strand is characterized by 2 faces: a hydrophilic face formed by adjacent
alternating arginine and aspartate sidechains (+ and — charged at the experimental pH,
respectively), and a hydrophobic face formed by alanine sidechains. The Class 1 and Class 3
models (Figure 4b and 4c, respectively) consist of in-register parallel f-sheets, which are
inconsistent with the A8 CO PITHIRDS-CT data. However, as will be further discussed
below, the data can be rationalized with parallel B-sheets by introducing a shift in alignment
between adjacent $-strands within each p-sheet (registry shift). The Class 5 model is
composed of antiparallel B-sheets, as was previously proposed for RADA16-1.2

The PITHIRDS-CT decay for Sample C (A4 Cyp) indicates inter-sheet dipolar couplings that
are inconsistent with the Class 1 molecular model. This model predicts parallel -sheets
stacked such that p-strands in different p-sheets are oriented antiparallel. Thus, the 13C
nuclear spacing for A4 Cg sites would correspond to neighboring molecules within the same
[-sheet (white circles in Figure 4b). This distance is at least 0.48 nm (for in-register parallel
B-sheets), and is therefore too large to explain the A4 Cg PITHIRDS-CT data in Figure 3b.
Introducing a registry shift would only increase the 13C nuclear spacing for this model.
Therefore we cannot reconcile the Class 1 model with the data.

The nearly identical PITHIRDS-CT decays for the 3 peaks corresponding to A4 Cg suggest
that the underlying non-equivalent structures do not differ in p-strand intermolecular
organization. Similar behavior was observed for the GNNQQNY peptide analyzed by van
der Wel et al.: fibril samples exhibited 3 distinct sets of NMR peaks for specific amino
acids, while inter-molecular dipolar interactions indicated that all three structures
corresponded to in-register parallel f-sheets.40: 41 We suggest that the existence of 3 peaks
per labeled alanine Cg site is due to multiple stable schemes for local arginine and aspartate
sidechain packing, and that the RADA16-1 nanofibers analyzed here can be represented by a
single scheme for inter-molecular organization. We also observed identical PITHIRDS-CT
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decays for the 13C peaks observed with selective labeling of A8 Cg (Figure 5). Slower
decays for A14 Cg and A14 CO, compared to the A4 Cg and A8 CO, respectively, suggest
disorder at the end of the peptide sequence (Figure S7).

Further analysis of the PITHIRDS-CT data in Figure 3 was enabled by modeling via
molecular dynamics simulations. These all-atom explicit solvent simulations consisted of
models composed of 20 RADA16-1 molecules and allowed us to predict 3-dimensional
configurations for 13C-labeled sites within structures that are stable in silico. Figure 6 shows
predicted positions of specified sites for different nanofiber models, corresponding to sites
selected for 13C-labeling. Figure S8 includes a more comprehensive set of diagrams for
different isotopically labeled sites within the different models. As 13C nuclear spacing is the
strongest determinant of PITHIRDS-CT curves, these distances are tabulated for different
labeled sites and nanofiber models in Table 3.

To rationalize the 0.6 nm 13C nuclear spacing implicated by the PITHIRDS-CT decays of
the A8 CO in Sample E, the Class 3 model must be modified to include a registry shift of 2
amino acids between adjacent p-strands in the same p-sheet (Class 3R2; Figure 6a—c). This
modification increases the 13C nuclear spacing for singly labeled A8 CO sites from 0.48 nm
to 0.63 nm (Figure 6a-c) without affecting the closer 13C nuclear spacing for A4 Cy sites of
0.39 nm (Figure 6d). Moreover, the Class 3R2 model also explains why the 13C nuclear
spacing would decrease when both the A4 CO and A6 CO are 13C-labeled (Sample F): when
the registry shifts are introduced to the Class 3 model, the A4 CO site on each p-strand
becomes close to the A6 CO site (0.49 nm) on an adjacent -strand in the same -sheet
(Figure 6e). Based on coordinates taken from the Class 3R2 model, observed trends for the
RADAL6-1 PITHIRDS-CT decays (Figure 3b) are reproduced in the nuclear spin
simulations shown in Figure 7 (solid curves). Each simulation involves 8 13C nuclei at
positions predicted by the Class 3R2 model (see Figure S9). While these simulated curves
offer useful semi-quantitative predictions that allow comparison of relative decay strengths,
the nonlinear geometries and the limited number of simulated nuclear spins reduce the
quantitative accuracy of simulated PITHIRDS-CT data.

The faster decay observed in PIHTIRDS-CT data with Sample F compared to Sample E
(Figure 3b) is incompatible with antiparallel f-sheets and therefore eliminates the Class 5
model. As illustrated in Figure 6f and g, the Class 5 model predicts a shorter 13C nuclear
spacing for A8 CO labeling (0.56 nm) than for double CO labeling at A4 and A6 (0.61 nm).
Correspondingly, simulated PITHIRDS-CT data (dashed curves, Figure 7) based on 8 13C
atoms arranged in the Class 5 model (Figure S9) predict a faster decay for the A8 CO data
than for double CO labeling at A4 and A6, contrary to experimental results. Indeed, a
distance as short as 0.5 nm among the labeled A4 and A6 CO sites, as required by the
PITHIRDS-CT data, is possible if the antiparallel B-sheets were to have a registry shift of at
least 6 residues. Such a large registry shift would leave residues 12-16 of every strand
without hydrogen bonding partners, resulting in a very unstable structure. Therefore, only
the Class 3R2 model remains consistent with all the PITHIRDS-CT data for CO labeling.

Further evidence in favor of the Class 3R2 molecular model is obtained by comparing
PITHIRDS-CT data for A4 Cg (Sample C) to data for A8 Cy (Sample D). Figure 5 shows
that the observed decays did not differ for these two samples. This behavior is consistent
with parallel B-sheets, which predict no change in relative positions of labeled sites for 13C
labeling at different alanine Cy sites (see Figure S9), as well as simulated PITHIRDS-CT
curves in Figure 7 (solid curves). In contrast, the Class 5 model, with antiparallel B-sheets,
predicts distinct 3-dimensional arrangements of 13C atoms for A4 Cy labeling compared to
A8 Cy labeling (Figure S9). Since A8 is in the middle of the B-strand, the Class 5 model
predicts spin interactions between an A8 Cg site and equivalent sites on neighboring
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molecules within the same B-sheet and in the adjacent -sheet. In contrast, A4 is close to the
beginning of the peptide sequence, and an A4 Cg site will not experience dipolar couplings
with equivalent sites in neighboring molecules within an antiparallel -sheet (distance > 1
nm). Distinct 3-dimensional configurations of 13C atoms spaced near the nuclear spacing are
pregcéicted to measurably affect shapes of PITHIRDS-CT decays (see dashed curves in Figure
7).

We also probed the organization of RADA16-I B-strands within nanofiber -sheets using
Fourier transform infrared spectroscopy. It has been suggested that antiparallel §-sheets
exhibit a prominent peak between at ~1630 cm™1 and a weaker resolved signal ~1695 cm™1,
whereas a parallel f-sheet structure is suggested by the absence of the latter peak.#2-44 The
spectrum shown in Figure S10 (see also Supplementary Methods) is consistent with a
parallel p-sheet structure for RADA16-I nanofibers. The absence of the feature at 1695 cm™1
is also seen clearly in the attenuated total reflectance Fourier transform infrared spectrum
reported by Arosio et al.28

Figure 8 shows our structural model of the RADA16-1 nanofiber, based on the solid-state
NMR constraints. Table S5 summarizes our experimental constraints on RADA16-I
nanofiber structure in comparison with different model predictions. Only the Class 3R2
model is consistent with the data presented here. Due to the registry shift, the parallel -
strands are predicted to be at an angle of 35° from the fiber axis. This model is harmonious
with the solid-state NMR chemical shifts, which indicate that each RADA16-1 molecule
forms a linear p-strand, as well as the PITHIRDS-CT 13C-13C dipolar coupling data, which
report on the 3-dimensional organization of selectively isotopically labeled sites near peptide
backbones. Conformations of arginine and aspartate sidechains are derived purely from
computer modeling and are not constrained by experimental data. The nanofiber model
predicts a nanofiber height of 2.5 nm and a width of 3 nm as depicted in Figure 8c. We
consider both values to be consistent with the smallest widths in TEM images (Figure 1).
Note that an extended RADA16-1 -strand would have a length of 5 nm; this dimension is
larger than the nanofiber width because of the 35° angle between the molecular axis and the
fiber axis. Observed widths of greater than 3 nm for some nanofibers (Figure 1) would
correspond to multiple layers of the fibril unit depicted in Figure 8, stabilized by interfaces
between surfaces created by arginine and aspartate sidechains. RADA16-I nanofiber heights
observed by AFM (1.5 nm) are less than the height to two p-sheets predicted by the model
(2.5nm). However, this model does not account for possible sidechain rearrangements upon
deposition on mica surfaces and drying. Step variations in nanofiber heights first reported by
Yokoi et al. and confirmed in our AFM images (Figure S1) are consistent with the existence
of stacked layers of -sheets.?

The structural model of RADA16-1 nanofibers in Figure 8, based on solid-state NMR
constraints, illustrates the complex influences of hydrophobic, Coulombic, and hydrogen-
bonding interactions on secondary, tertiary, and quaternary levels of structure.?> The Class 5
model with antiparallel B-sheets was proposed previously because this arrangement avoids
unfavorable close proximity of like-charged arginine and of like-charged aspartate
sidechains.? While previous assignment of B-strand secondary structure for RADA16-1
nanofibers is based on experimental data (e.g., circular dichroism and Raman spectroscopy),
there have been no direct measurements of inter-molecular organization.® 24 Our
PITHIRDS-CT NMR data indicate that nanofibers are uniquely consistent with the Class
3R2 model, which constitutes an alternative arrangement that also avoids close proximity
between like-charged residues. The repetitive nature of the RADA16-1 sequence allows the
registry shift to occur without compromising hydrophobic interactions between alanine
sidechains. It is likely that the observed registry shift was influenced by the size discrepancy
and Coulombic interactions between arginine and aspartate sidechains. The importance of

ACSNano. Author manuscript; available in PMC 2014 September 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cormier et al.

Page 8

sidechain Coulombic interactions is supported by previous observations of pH-dependent -
sheet registry shifts within amyloid fibrils formed by other peptides.*6: 47

In both designer peptide self-assembly and amyloid formation, a fundamental question
relates to how the amino acid sequence influences the fibril structure. Amyloid fibrils with
similar structures to RADA16-1 nanofibers, are usually composed of parallel $-sheets and
can exhibit structural features influenced by charged or polar sidechain interactions.37: 4
Hydrophobic interactions, often considered to drive amyloid formation, are usually
maximized for in-register parallel arrangements through maximal overlap between
hydrophobic sidechains. Recently, mutants of the Alzheimer’s $-amyloid peptide involving
charged amino acids (D23N and E22) have been reported to significantly affect arrangement
of p-strands within p-sheets.*8: 49 It should be noted that stabilizing interactions between
charged and polar sidechains cannot be fully understood without modeling the full 3-
dimensional configurations of atoms. Structures such as glutamine and asparagine polar
zippers influence amyloid formation for peptides that self-assemble primarily through polar
sidechain interactions.>0-53 Furthermore, combinatorial analysis of peptides with
hydrophobic/hydrophilic patterning similar to RADA16-1 yielded several alternative
structures.1® The structural model for RADA16-I presented here may contribute to our
understanding of design rules for self-assembled peptide structures.

The existence of 3 distinct NMR peaks corresponding to any alanine Cg site indicates the co-
existence of 3 distinct sub-states in the RADA16-1 nanofiber samples. The complete and
consistent decays of the PITHIRDS-CT signals (Figure 3b) further indicates that the 3 sub-
states correspond to similar 3-dimensional configuration of 13C atoms. Thus, the sub-states
are unlikely to correspond to differences at the secondary, tertiary, or quaternary structural
level. As suggested in previous studies on polymorphic amyloid fibrils, heterogeneity in
tertiary structure would lead to incomplete decay of PITHIRDS-CT signals.*® We suggest
that the 3 Cg sub-states could be explained by alternative configurations of arginine and
aspartate sidechains which in turn affect the chemical shift of alanine Cg within the
hydrophobic core. Our molecular dynamics simulations starting from different rotameric
states of arginine and aspartate all led to configurations in which an arginine at position i
forms bifurcated hydrogen bonds with the aspartate at position i + 2 of the same p-strand.
The two stacked p-sheets have registry shifts in opposite directions, resulting in the
sidechain hydrogen bonds either nearly perpendicular or parallel to the fiber axis (Figure
S11a, b). The sidechain hydrogen-bonding pattern is formed in two rotameric states of
arginine (Figure S11c, d): I, accounting for ~2/3 of arginine-aspartate pairs, has the arginine
sidechain torsion angles y1, x2, and y3 all around 180°; 11, accounting for the remaining ~1/3
of arginine-aspartate pairs, has the arginine y, torsion angle changed to around 60°.
Variations in arginine sidechain conformation do not have any significant effects on Cg-Cg
spacings of alanine sidechains packed within the inter-sheet interface (Figure 8c) and hence
are not expected to affect Cg PITHIRDS-CT decays, but could result in different
environments for the alanine sidechains, leading to distinct Cg chemical shifts. The
combination of arginine rotameric states between the two -sheets potentially gives rise to 4
types of environments for the alanine sidechains, with probabilities of 4/9, 2/9, 2/9, and 1/9,
respectively. It is tempting to assign the first three types to the central Cg peak and the two
side peaks, respectively, although we have no experimental evidence for such an
assignment. It is also possible that interactions between nanofibers along the hydrophilic
surfaces affect arginine and aspartate sidechain configurations. This environment-based
explanation, as opposed to one based on more localized structural variations, has some
experimental support. Using 2D dipolar assisted rotational resonance (DARR)
measurements (see Supplementary Methods and Figure S12), we did not observe inter-
sidechain contacts between non-equivalent alanine Cy sites, suggesting that the two
contacting alanine Cg methyls from the two opposite 3-sheets should always adopt the same
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sub-state. This finding is consistent with the interpretation that the two contacting alanine Cg
methyls sense the same environment.

Structural knowledge of the RADA16-1 nanofiber could provide a basis for modeling
molecular phenomena underlying technologically important properties. These properties
include environment-sensitive self-assembly and dynamic reassembly. Environment-
sensitive self-assembly refers to the effects of parameters such as pH and ionic strength on
nanofiber morphology and formation kinetics.28: 54 These effects can be harnessed to
engineer peptides which self-assemble under specific desired conditions or design processes
which avoid undesirable structures.>>->7 One could predict how pH and ionic strength affect
the stability of the assembly and whether alternative structures can be stabilized via changes
in solvent conditions. Dynamic reassembly refers to the ability of RADA16-I nanofibers to
spontaneously reassemble following mechanical damage, without the addition of new
monomeric peptide.® 2% Our structural model can be used to design specific labels or probes
to test hypothesized dynamic reassembly processes such as the sliding diffusion model
proposed by Yokoi et al.,® ultimately leading to a better understanding of the self-healing
property of RADA16-1.

CONCLUSION

Solid-state NMR peak positions, line widths, and 13C-13C dipolar couplings are consistent
with an ordered RADA16-I nanofiber structure in which linear B-strands are organized into
parallel B-sheets. A registry shift of two amino acids between neighboring B-strands avoids
close proximity between like-charged sidechains. Specifically, analysis of peak positions,
observed through CPMAS and fpRFDR NMR spectra (Figure 2), correlate with a B-strand
secondary structure. The observed NMR line widths are consistent with those observed for
amyloid fibrils, indicating a similar degree of structural order. Through use of selective 13C
labels on alanine residues, PITHIRDS-CT decays were compared via nuclear spin
simulations to candidate models. Each model consists of two stacked B-sheets with either
Class 3, 3R2, or 5 nanofiber symmetry. The stacking of B-sheets is supported by PITHRIDS-
CT decays for 13C-labeling at A4 and A8 Cg sites, which cannot be explained by an isolated
single B-sheet; these results provide direct evidence for a hydrophobic nanofiber core.
Further analysis of 13C-13C nuclear spacing and relative PITHIRDS-CT decays for samples
labeled at different sites indicated that data are inconsistent with in-register parallel (Class 3)
or antiparallel (Class 5) p-sheets. The model in Figure 8, with Class 3R2 symmetry, is
consistent with all of the experimental constraints.

METHODS

RADAL16-I was obtained following standard FMOC synthesis and purification procedures;
see Supporting Information (SI) for details. Isotopic labels (see Table 1) were incorporated
using commercial 13C-labeled protected amino acids. RADA16-1 was allowed to self-
assemble into nanofibers at a concentration of 5 mg RADA16-I in 1 mL of 10 mM
phosphate buffer (pH 4.85). For TEM imaging, a small aliquot (10 pL) of RADA16-I
nanofiber solution was taken after 24 hours of self-assembly and diluted 100-fold with
water. The details of TEM specimen preparation are described previously.2°

For solid-state NMR measurements, nanofibers were recovered by centrifugation (245,000 x
g for 25 min at 4 °C) after 48 hours of self-assembly. Solid-state NMR samples were
prepared by freeze-drying centrifuge pellets, packing dry powders into NMR rotors, and
then hydrating with 1 mg of water per mg of peptide. Measurements were performed on an
11.75 T (500 MHz *H NMR frequency) Bruker Avance 111 system with a 2.5 mm Bruker
MAS probe. Experiments included CPMAS,*® 2D-fpRFDR,3% and PITHIRDS-CT,3® with
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specific parameters detailed in SI. Reported NMR chemical shifts are relative to tetramethyl
silane, as calibrated before every experiment using a micro crystalline glycine system that
was selectively labeled at the CO site.

For computer modeling of the RADA16-1 nanofiber, a -strand with standard torsion angles
was built with Ambertools 1.5. The -strand was replicated to make parallel or antiparallel
[-sheets, and the B-sheets were paired according to the specified symmetry classes. The pairs
of p-sheets were solvated with water (explicit solvent) and the whole systems were energy
minimized and refined by molecular dynamics simulations. More details are found in Sl.

Nuclear spin simulations of PITHIRDS-CT experiments were performed using
SPINEVOLUTION. The simulations included either 8 or 9 13C atoms, arranged linearly for
9-atom simulations (Figure 3) or in positions predicted by the molecular models for the 8-
atom simulations (see Figure S10). More details are found in SI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Negatively stained TEM image of RADA16-1 nanofibers. Nanofiber widths range from 3 to
8 nm.
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Figure2.
a) 2D-fpRFDR 13C NMR spectrum of Sample A with chemical shift assignment paths for
each of the labeled amino acids. b) CPMAS NMR spectra of Sample A (purple) and Sample
B (blue). Vertical dotted lines are drawn to guide comparison of peak positions.
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Figure 3.

PITHIRDS-CT NMR measurements on samples selectively labeled with 13C. a) Data for
Sample F compared to amyloid fibril data. b) Data for Samples C, E, and F. The estimated
error for all data points is on the order of the symbol size. The curves correspond to
simulated data for 13C atoms arranged in straight lines and separated by constant distances
of 0.4 nm, 0.5 nm, 0.6 nm, and 0.7 nm.
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Class 1 Class 3 Class 5

Figure 4.

a) A model of a RADA16-I molecule in a -strand conformation, with all atoms drawn for
the arginine (blue), alanine (green), and aspartate (red) sidechains. This conformation
creates hydrophobic (green) and hydrophilic (alternating blue (+) and red (-)) faces
represented schematically in b-d. b-d) Schematic representations of nanofiber symmetry
classes, originally defined by Sawaya et al., for RADA16-1 $-strands arranged into stacks of
2 B-sheets. The white circles represent positions of A4 Cp sites. Black arrows represent the
long axis of the nanofiber.
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Figurebs.

PITHIRDS-CT decays for A4 Cp (Sample C, orange) and A8 CB (Sample D, green). Inset is
a portion of the CPMAS NMR spectrum for A8 Cp that displays which symbol correlates to
which methyl peak. Error bars are on the order of the symbol size.
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Figure®6.

Molecular models with the indicated symmetries, showing 13C atom positions for the
specified labeled sites with selected inter-atomic distances. For each panel, an arrow or x
indicates the axis of the nanofiber (Class 3R2 p-strands at an angle of 35° from the fiber
axis). Black or red ovals indicate atom pairs within the same 3-sheet and between different
[-sheets, respectively. Molecular simulations predict variation of less than 8% for distance
between otherwise equivalent pairs of spins within a nanofiber.
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Figure7.
Simulated PITHIRDS-CT decay curves, each corresponding to 8 13C spins in positions
predicted by the indicated labeling schemes within the Class 3R2 (solid curves) and Class 5
(dashed curves) models, respectively (see Figure S10). a) Comparison of predicted decays
for carbonyl labeled Samples E (magenta) and F (black). b) Comparison of predicted decays
for Samples C (orange) and D (green), respectively.
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Figure8.

Molecular model for the RADA16-I nanofiber (Class 3R2), with peptide backbones
rendered as ribbons, and atoms shown for alanine (green), arginine (blue), and aspartate
(red) residues. a) 3-Dimensional representation of the RADA16-1 nanofiber; b) Orthographic
projection of the hydrophilic surface of a -sheet, highlighting the predicted configuration of
arginine and aspartate sidechains; ¢) Orthographic projection of the nanofiber cross section.
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RADAL6-I sample designations indicating different schemes of isotopic labeling for nanofibers prepared with

the same protocol.

Sample Designation

Uniformly 15N, 13C-labeled residues

Selectively 13C-labeled sites

A R9, A10, D11 -

B - -

c - A4Cy

D - A8 Cj, Al4 CO
E - A8 CO, Al4C;
F - A4 CO, A6 CO
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Table 3

Comparison of Experimental and predicted 13C nuclear spacing for labeled RADA16-1. Experimental values
were obtained from PITHIRDS-CT measurements and are believed to be accurate to within 0.1 nm (see Figure
3). Model predictions are based on molecular dynamics simulations, which exhibit variation in distance from
molecule to molecule between otherwise equivalent pairs of spins which is less than 8%. Each number
reported in red represents a model prediction which is considered inconsistent with the data because it differs
from the experimental nuclear spacing by more than 0.1 nm. Red boxes indicate comparisons of nuclear
spacing that predict relative PITHIRDS-CT decay strengths which are inconsistent with experimental results.

Model Predictions
Labeled Experimental
Site(s) Estimate Class 3 Class 3R2  Class 5
C A4 Cp 0.4 nm 0.39 nm 0.39 nm 0.44 nm
D A8 Cp 0.4 nm 0.39 nm 0.39 nm 0.43 nm
E A8 CO 0.6 nm 0.48 nm 0.63 nm 0.56 nm
F A4, A6 CO | 0.5 nm 0.48 nm 0.49 nm 0.61 nm
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