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Protein scaffolds direct the organization of amorphous precursors that transform into
mineralized tissues, but the templating mechanism remains elusive. Motivated by mod-
els for the biomineralization of tooth enamel, wherein amyloid-like amelogenin nano-
ribbons guide the mineralization of apatite filaments, we investigated the impact of
nanoribbon structure, sequence, and chemistry on amorphous calcium phosphate
(ACP) nucleation. Using full-length human amelogenin and peptide analogs with an
amyloid-like domain, films of -sheet nanoribbons were self-assembled on graphite and
characterized by in situ atomic force microscopy and molecular dynamics simulations.
All sequences substantially reduce nucleation barriers for ACP by creating low-energy
interfaces, while phosphoserines along the length of the nanoribbons dramatically
enhance kinetic factors associated with ion binding. Furthermore, the distribution of
negatively charged residues along the nanoribbons presents a potential match to the
Ca—Ca distances of the multi-ion complexes that constitute ACP. These findings show
that amyloid-like amelogenin nanoribbons provide potent scaffolds for ACP mineraliza-
tion by presenting energetically and stereochemically favorable templates of calcium
phosphate ion binding and suggest enhanced surface wetting toward calcium phos-
phates in general.
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Hierarchical organic—inorganic hybrid structures, such as in tooth enamel and bone, are
ubiquitous in biominerals yet challenging to synthesize in vitro. In tooth enamel, mineral-
ization is thought to begin with the nucleation of amorphous calcium phosphate (ACP)
in an amelogenin (Amel)-rich extracellular protein matrix, with the ACP transforming
into ribbon-like crystals that evolve to highly aligned bundles of apatite (AP) fibers with
less than 2% residual protein in the mature stage (1-3). Numerous studies on mineraliza-
tion by Amel, an intrinsically disordered protein, start from a widely explored model in
which Amel assembles into supramolecular nanospheres. However, the pathway by which
these nanospheres assemble into a scaffold of bundled fibers that template discrete AP fila-
ments is unclear (4-8). In contrast, recent reports demonstrate that full-length Amel can
adopt an amyloid-like (cross-B-sheet) quaternary structure and self-assemble into nanorib-
bons (NRs) 17 nm wide and 3 to 4 nm in thickness (9, 10), thus providing a conceptu-
ally simple scaffold for AP filament formation. Supporting this model, in vivo studies
revealed the presence of highly aligned bundles of ribbon-like B-sheet protein assemblies
in the developing enamel matrix of various mammals, including humans (9, 11-17), and
these NRs match the morphology and quaternary structure of ribbons assembled in vitro
from both recombinant human Amel (rH174) (18-20) and synthetic peptides (9). In
vivo observations suggest that Amel NRs are involved in the mineralization of AP fila-
ments that form during the secretory stage of amelogenesis (14), while recent in vitro
experiments demonstrate that synthetic NRs can indeed template the growth of AP
filaments starting with an amorphous precursor formed in the presence of acidic macro-
molecules (13). However, the extent to which Amel NRs facilitate ACP nucleation, the
mechanism that leads to NR templating of ACP, and the basis of that mechanism in the
relationship between NR and mineral structure remain unknown.

To address these knowledge gaps, we performed in situ atomic force microscopy
(AFM) analyses of calcium phosphate nucleation on self-assembled NRs of the full-length
protein, as well as evolutionarily conserved subsegments hypothesized to be important for
1) self-assembly, 2) stabilizing ACP, i.e., phosphoserine-16, and 3) binding to AP, i.e.,
the C terminus, which is cleaved by matrix metalloproteinase-20 (MMP20) during amelo-
genesis at the site indicated in Fig. 14 (9, 21-23). To further understand the underlying
chemical interactions and correlate NR and mineral structures with energetics, we
performed molecular dynamics (MD) simulations of the conformational states of
NRs formed from these peptide subsegments using the INTERFACE force field
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Significance

Understanding how protein
scaffolds direct mineral
morphogenesis is crucial for
engineering bone and tooth and
would open new vistas in
materials design. In the case of
tooth enamel, which is the hardest
tissue in the body and consists of
organized bundles of coaligned
apatite crystals, amyloid-like
amelogenin nanoribbons are
hypothesized to provide the
scaffold. We show that these
nanoribbons are far more potent
calcium phosphate nucleators
than other amelogenin motifs or
collagen, which provides the
scaffold for bone. This potency
stems from a periodic array of
charged sites that provide a
template for calcium phosphate
ion binding on a low-energy
interface. The ubiquity of B-sheet
protein structures suggests that
this mechanism can be adopted
for the design of synthetic
mineralization-directing scaffolds.
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Fig. 1.

Sequences and assemblies of full-length Amel and peptide analogs on HOPG. (A) Location of functional domains in human Amel, (B) self-assembling

14P2 domain, (C) and 14P2Cterm (14P2 appended with truncated C terminus, which is important for AP binding). (D-H) In situ AFM images of ordered NRs
assembled on HOPG using 0.1 mg/mL diluted from 1 mg/mL aged for 48 h and characterized in pure water: (D) 14P2; (E) 14P2Cterm; (F) and (G) phosphory-
lated versions p14P2 and p14P2Cterm, respectively; (H) recombinant full-length Amel, rH174; inset shows higher magnification of ribbon structure recon-
structed using 2-dimensional (2D) fast-Fourier transform (FFT) filter (Scale bar, 10 nm). (/) In situ AFM on HOPG in fresh 0.01 mg/mL solution of 14P2 at pH
1.94 reveals 100% coverage with multiple layers: two types, R1 and R2. (/) Structure of R2 in fresh 0.05 mg/mL solution of 14P2 solution at pH 1.94; dashed
blue lines delineate the boundary of a second layer over the first on HOPG. Bottom: original image; Top: after reconstruction with 2D FFT filter. (K) Structure
of R1 in indicated region of (/). Bottom: original image; Top: after reconstruction with 2D FFT filter.

(IFF)/Chemistry at Harvard Macromolecular Mechanics force
field (CHARMM36) and compared them with the growth unit
of ACP (the Ca,(HPOy);)* ™ dimer).

Based on the above hypotheses, five sequences were designed.
Three were nonphosphorylated sequences: one recombinant
full-length human Amel (rH174) and two peptide analogs con-
sisting of the domain that drives self-assembly (14P2) and this
14P2 domain with the truncated C terminus appended to it
(14P2Cterm), as shown in Fig. 1 A-C. Phosphorylated versions
of both peptides, p14P2 and p14P2Cterm, were also synthe-
sized with phosphoserine sites as highlighted in Fig. 1 A-C.
The variable, histidine- and proline-rich central domain and
other segments of Amel may also play a role in self-assembly or
mineralization (23, 24); however, their structures and functions
are unclear and were not investigated here.

Results and Discussion

Large Films of NRs. The previously reported in vitro protocol
for NR self-assembly is unsuitable for in situ AFM analyses of
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calcium phosphate nucleation because it leads to multiple NR
polymorphs and has preexisting calcium and phosphate salts in
solution that preclude measurements of nucleation rates at
known supersaturations. Therefore, the protocol was modified
to exclude these salts and polymorphs while promoting the
assembly of Amel NRs. In this study, NRs were generated from
0.1 mg/mL solutions taken from 1 mg/mL stock solutions aged
for 48 to 336 h at pH 1.94 (see Materials and Methods). With
this protocol, all sequences were observed to assemble into NRs
both in solution and on the surface of highly ordered pyrolytic
graphite (HOPG) and remain stable in water (Fig. 1 D-H)
over a pH range of 1.94 to 7.4. While the NR dimensions for
each sequence (Table 1) were distinct, the self-assembled NR
films were similar in morphology, consisting of individual NRs
or NR arrays with well-aligned rows, although the film mor-
phology was unclear in some areas.

Higher-magnification analysis of the baseline sequence 14P2
showed that, at a sufficientdy high concentration (fresh 0.01 mg/
mL solution), HOPG was indeed completely covered, supporting
NR layers of two types, referred to as R1 and R2 (Fig. 11), both of
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Table 1. Dimensions of NRs measured from in situ AFM
images shown in Fig. 1 and S/ Appendix, Fig. S2

Sequence NR type Height (nm) Width (nm)
14P2 R2 0.65 + 0.04 5.81 + 0.60
R1 0.33 £ 0.07 2.51 £ 047
p14P2 R2 1.11 + 0.1 7.57 £ 0.5
R1 0.75 + 0.08 3.64 + 1
14P2Cterm R2 0.67 + 0.08 6.16 + 1.51
R1 0.30 + 0.04 3.53 + 0.36
p14P2Cterm R2 1.36 + 0.26 935+ 1.24
R1 0.82 + 0.05 4.08 + 0.36
rH174 R2 0.63 + 0.05 15.00 + 2.10

Erroris SD, n > 5.

which were in direct contact with HOPG. Of the two, R2 was by
far the dominant morphology and formed multiple layers at a suffi-
cienty high concentration (> 0.05 mg/ml) without any involve-
ment of R1 NRs (Fig. 1)). In contrast, R1, which was rarely
observed for the peptides and was never observed for rtH174, only
formed single highly crystalline layers and was only observed at con-
centrations < 0.01 mg/mL (Fig. 1K). In all cases, the NRs were
aligned with the three HOPG < 1010 > directions (Fig. 1F and
SI Appendix, Fig. S1).

Because all mineralization experiments were performed with
R2 NRs, further discussion of NR structure is restricted to this
type, although basic morphological information on the Rl
layers can be found in Table 1 and the SI Appendix, Fig. S2.
The width and height of peptide R2 NRs ranged from 5.81 +
0.60 nm to 9.35 + 1.24 nm and from 0.65 + 0.04 nm to
1.36 + 0.26 nm, respectively, depending on the sequence
(Table 1). For rH174, the measured R2 NR width and height
were 15 + 2.1 nm and 0.63 + 0.05 nm, respectively. (Note
that a 0.5 to 1.0 nm spread in dimensions measured on soft
matter, particularly for features below 2 nm, is common due to
variations in tip-sample interactions; see SI Appendix, Method 1
for details.)

The dimensions of the R2 NRs are consistent with those of
the B-sheet precursors of cross-B-sheet NRs. At 0.5 to 2.0 nm,
their thickness is roughly half that of cross-B-sheets depending
on the sequence investigated and the AFM substrate and imag-
ing parameters used (25-27). Because P-sheet NRs typically
have a hydrophilic and hydrophobic interface on opposing
faces, they self-assemble in an anti-parallel fashion on the two
hydrophobic interfaces to form the cross-p-sheet structure,
which is the motif of in vivo Amel NRs. Here, the HOPG sur-
face is expected to provide one of the hydrophobic surfaces,
leading to the formation of B-sheet NRs rather than cross-
f-sheets but maintaining the same NR-solution interface as
obtained with cross-p-sheet ribbons.

The similarity between the structure and homology of NRs
assembled at pH 1.94 and those of previously reported Amel
NRs assembled at various pH values, as well as their integrity
upon binding to HOPG, was further assessed by a combination
of AFM and MD simulations, supported by in situ synchrotron
X-ray diffraction (XRD). Deconvolution of the high-resolution
structure of the R2-type NRs of 14P2 on HOPG (Fig. 24)
revealed distinct 0.4 to 0.6 nm periodicities at the center of the
NRs (Fig. 2B, Middle), consistent with the ~0.47 nm
d-spacing of the p-sheet backbone obtained from bulk solution
XRD measurements with or without graphite (SI Appendix,
Figs. S3 and S4) and previous reports on 14P2 and rH174
NRs (19, 20, 28). For detailed methods of deconvolution and
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XRD, see SI Appendix, Methods 2 and 3, respectively. (Note that
in contrast to the R2 NR, the measured periodicities of the R1
NR do not match any p-sheet models or XRD d-spacings.)

Conformation and Interfacial Chemistry of NRs Used for
Mineralization. To gain insights into the identity and distribu-
tion of exposed residues arising from the R2 NR assembly, we
performed MD simulations using the INTERFACE Force
Field (IFF) in combination with the Chemistry at Harvard
Macromolecular Mechanics force field (CHARMMS36) with
more than 50 conformations for all peptides in solution and on
HOPG, including the use of virtual 7 electrons on graphite
and in aromatic amino acids, which was shown to be critical to
reproducing solvent and organic interfacial interactions (29-31).
Systematic simulations for 13 to 15 ns predicted the stable f-
sheet conformations in solution at pH 1.94 for both the basic
14P2 sequence (Fig. 2C) and the three modified versions (Fig.
2D and SI Appendix, Fig. S5). The equilibrated structures of the
monomers, which exhibit parallel orientation, showed that
YINESY domains for all sequences were periodic (indicated by
dashed green brackets in Fig. 2 Cand D), while the N terminus,
which was relatively flexible, displayed transient pairing of adja-
cent N to N termini in a single B-sheet. In contrast, the Cterm
domains (DKTKREEVD) in the 14P2Cterm and p14P2Cterm
were flexible, tended to twist away from the backbone, and
showed pairing of the adjacent C to C termini in a sin-
gle B-sheet.

On graphite, the calculated energies of adsorption for a
single monomer of all sequences range from —23 to —26 +
8 kcal/mol, indicating that binding is energetically favorable (87
Appendix, Method 4.4). The experimentally observed shortest
length of the 14P2 R2 NR was ~10 nm. Therefore, an equiva-
lent length of a 14P2 B-sheet with 21 monomers was placed on
graphite based on the R2 NR structure and orientation shown
in Fig. 2B. Simulations performed for 13.5 ns showed an equi-
librium conformation that matched the AFM morphology and
~1 nm height (Fig. 2E). In addition, the relative amino acid
flexibility near the N terminus in the simulations (Fig. 2 C and
E) and the overlay of the simulated structure on the AFM
images indicated that the 0.9 to 1.2 nm periodicity (Fig. 24)
and corresponding bright features at the NR edges (Fig. 2B,
Bottom) can be due to pairing of N to N terminus between
every two monomers within a NR.

A similar analysis for the p14P2, 14P2Cterm, and p14P2Cterm
NRs was limited to six monomers on graphite due to the compu-
tationally intensive nature of simulations for the higher number of
atoms involved. Despite the limitation, simulations showed that
modifying 14P2 with phosphoserine (Fig. 2G) or appending the
Cterm domain (87 Appendix, Fig. S6 D and E) generated similar
ordered packing in the YINFSY segment of the 14P2 domain on
graphite. However, the Cterm domains (DKTKREEVD) in the
14P2Cterm and pl4P2Cterm were more disordered than their
14P2 domains and paired up to twist away from the backbone,
indicating flexibility at the C-terminal end of the ribbons, consis-
tent with the simulations in solution (Fig. 2D). To further resolve
the structure of the Cterm sequences on graphite, we overlaid the
simulated f3-sheet structure of the 14P2Cterm in solution onto the
high-resolution AFM image (Fig. 2F). The overlay showed an
excellent match in the width of the B-sheet and the gap between
two adjacent NRs, both of which were larger than those for 14P2
NRs (Fig. 2B).

In addition to showing that the most stable predicted struc-
tures match that of the single p-sheet structure deduced from
AFM and XRD measurements, the MD simulations also

https://doi.org/10.1073/pnas.2106965119 3 of 10


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106965119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106965119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106965119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106965119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106965119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106965119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106965119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106965119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106965119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106965119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106965119/-/DCSupplemental

14P2 R2 NR FFT

2]
o

Intensity (a.u.)
wW
o
5748

15 ns g

o " o
Chpoooopoooooon

nunnunununn% 14P20term
20 | ! A
10 | e
0 ] : I
04 08 12 16 -
V(r) (nm)

s QASHOSRMIM — ~F 57 <o T el (S
2 4R

Fig. 2.

yRredicted 14RP2Ctermie
o :
- model

pilAR2

Lowest-energy p-sheet conformations of peptides in solution and on HOPG (0001) facet at pH 1.94 from all-atom MD simulations. (A) Radially inte-

grated FFT of 14P2 R2 NR structure on HOPG (/nset in B) by AFM shows distinct ~0.5 and ~1 nm periodicities. a.u. is arbitrary unit. (B) 21-monomer f-sheet
of 14P2 overlaid on high-resolution AFM structure of 14P2 R2 NRs. Inset FFT shows high-intensity points (in magenta) used to deconvolute the raw image at
Top; Middle, 2D-FFT filtered p-sheet structure with ~0.5 nm periodicities (green boxes in FFT) and without noise and 0.92 to 1.18 nm features; Bottom, only
periodic 0.92 to 1.18 nm features (blue boxes in FFT), with highest intensity at edges of the NR (FFT scale bar, 1 nm~"). (C) Snapshot of lowest-energy back-
bone conformation for 6-monomer p-sheet of 14P2 in bulk solution simulated for 15 ns. (D) Snapshot of 14P2Cterm p-sheet conformation in bulk solution
simulated for 13 ns. See S/ Appendix, Method 4.3 for details on energies. (E) Top view and side view of 21-monomer 14P2 -sheet on HOPG simulated for 13.
5 ns shows that structure is stable. (F) Comparison of 14P2 model in (B) and simulated 14P2Cterm in (D) overlaid on AFM image of 14P2Cterm; Bottom: origi-
nal image; Top: 2D-FFT filtered. (G) Top view and side view of a 6-monomer simulation (only 3 displayed) for p14P2 p-sheet on HOPG after 20 ns. Water hid-
den for clarity in all images. All sequences on graphite have a well-ordered central domain (YINFSY, green brackets in C, D, and G) and hydrophilic sites
(thicker bond lines in E and G highlighted by yellow circles), including phosphoserine, that face the solution. Colors of atoms in B to G: cyan is carbon, red is
oxygen, blue is nitrogen, white is hydrogen, brown is phosphorous. N- is N terminus and C- is C terminus.
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predicted that for all peptides investigated, the phenyl residues
are bound to the graphite surface by m—x interactions (Fig. 2 E
and G, Side View, and SI Appendix, Fig. S6), whereas nearly all
hydrophilic side chains, including phosphoserine, glutamic
acid, and asparagine, protrude into the solution with a 0.43 to
0.52 nm periodicity that transverses the long axis of the NR
(highlighted by dashed yellow circles in Fig. 2 E'and G). While
detailed in situ physicochemical studies on R2 NRs on HOPG
at the molecular level to confirm these predictions are currently
not possible, from the simulations and their comparison to the
AFM and XRD results, we again conclude that the R2 NRs
formed on HOPG are single f-sheets, which are precursors to
the cross-p-sheets both formed in bulk solution and observed
in vivo, and they present a similar (hydrophilic) NR surface to
the solution. Thus, they provide a suitable NR—solution inter-
face for AFM-based nucleation studies.

Calcium Phosphate Nucleation, Growth, and Phase Transformation.
To quantify the impact of Amel NR-solution interfaces on cal-
cium phosphate nucleation rates, we used in sitcu AFM to inves-
tigate nucleation using substrates with R2 NRs, identical to
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those in Fig. 1 D-H, at pH 7.4 and 25 °C for a range of super-
saturations 6 (Table 2) over timescales for which nucleation
was absent both in solution and on bare HOPG (87 Appendix,
Fig. S7). The value of 6 was calculated using an equilibrium
solubility determined in 2 ways: 1) from the value of the equi-
librium constant K, reported previously at a different ionic
strength (32), and 2) using the ionic activity product at which
the postnucleation growth rate extrapolated to zero (87
Appendix, Method 5).

Time-lapse images revealed that for all values of 6 explored
here, all five sequences nucleated similarly shaped spherical
cap-shaped calcium phosphate particles (Fig. 3 A-E), though at
different rates (Fig. 3F). Additional postnucleation characteriza-
tion by in situ AFM, supported by transmission electron
microscopy, revealed that ACP was the first phase to form in
all cases (SI Appendix, Figs. S8-S11 and Methods 7-9). These
ACP particles grew in size before transforming to fiber- or
plate-shaped crystals (Fig. 3 A-E, Panel 5) with sequence-
specific growth rates (Fig. 3G) and lifetimes of 14P2Cterm:
~39 min < pl4P2Cterm: 56.63 min < 14P2: 56.71 min
< rH174: 125.71 min < pl4P2: ~218.9 min (S/ Appendix,
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Table 2. lon activities and supersaturations with respect to ACP for the three sets of solutions used for
mineralization

Activity (mM) at pH 7.4

oacp (Ksp = 1.155 x 107> M? oace (Ksp = 8.03 x 1077 M from

Ca%* HPO,2~ from growth rates) Habraken et al. [32])
0.2826 3.526 0.221 0.75
0.2618 3.227 0.138 0.67
0.239 2.916 0.04 0.57

Fig. S11). The analysis of the radially integrated electron dif-
fraction data of the initially formed particles confirmed the
absence of 0.25 to 0.33 nm d-spacing corresponding to

octacalcium phosphate (OCP) or AP found in late-stage min-
eral (87 Appendix, Fig. S10). The results obtained here are consis-
tent with the identity and dynamics of nuclei formed under
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Fig. 3. Kinetics and energetics of ACP nucleation on peptide and protein NRs. (A-E) Time-lapse of AFM images using constant supersaturation, cacp = 0.221
(oap = 3.37), at 25°C and pH 7.4, with t = 0 min defined as the time when solution is introduced into the flow cell. Dotted lines indicate ACP aligned with
direction of NRs (arrows). (F) Plot of nuclei number density over time measured for all sequences at sacp = 0.22. Error bar is smaller than data points.
(G) Average growth rate of particle height (V) at 64cr = 0.04, 0.138, and 0.221. (H) Comparison of nucleation rates for different proteins: Amel nanospheres
(Amel sph) coassembled without (50:0) and with (50:1) Enamelin (Enam) at cacp = 0.1295, collagen (Col) at 6acp = 0.128, and Amel NRs at cacp = 0.128 (from
fits to data in /). (/) Linear fits to Ln(/,) (nuclei m~2 s~') measured at different ACP supersaturations (1/6%4cp) according to Eq. [1]. (/) Ratio of interfacial energy
(aacp) and (K) ratio of kinetic prefactor (A) of sequences with respect to 14P2 (aacp of 14p2 = 1.58 mJ M2, Aispz = 1.1 x 10'%) for each sequence vs. ratio of net
charge of sequences with respect to 14P2 (—1.4) at pH 7.4. Dashed line in / shows location of ascr of 14P2 and in K shows linear fit. In all cases, the values of
oacp Used here are based on the activity product at which growth rates extrapolate to zero. See S/ Appendlix, Table S6 for ascp calculated based on the K,
from a previous study (32) and statistics section of Materials and Methods for error analysis and n.
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identical experimental conditions—with or without proteins—
previously characterized using multiple techniques (6, 32, 33).
The composition of ACP was previously reported to be
Cay(HPOg)3)*~ (32).

Analysis of the early stage of mineralization on all sequences
showed that nucleation rates and nuclei number density
were highest on the phosphorylated peptides, p14P2 and
pl14P2Cterm (Fig. 3F and SI Appendix, Fig. S12), which had
particles concentrated along the length of the NRs (Movie S6).
In contrast, ACP growth rates were higher on nonphosphory-
lated peptides than on their phosphorylated versions (Fig. 3G).
Furthermore, appending the C terminus to the 14P2 and
pl4P2 sequences resulted in an increase of 1.3 to 2 times in
nucleation rates and a factor of 1.5 to 2.3 in (vertical) growth
rates. A comparison to previous results using conformationally
dissimilar Amel nanospheres 8 to 9 nm in size (Amel sph) and
Amel sph coassembled with enamelin (Enam), a highly charged
protein also associated with enamel formation, showed that all
NR sequences drive higher nucleation rates than do nano-
spheres and that the phosphorylated NRs outperform the
mixed Amel sph—Enam system, even at lower supersaturations
and for the optimal Amel sph:Enam ratio (Fig. 3H, Amel sph:
Enam, 50:0 and 50:1) (6). Interestingly, phosphorylated NRs
induced ACP nucleation rates 1.9 to 2.8 tmes larger than
observed even on bovine Type I collagen protein (Fig. 3H, Col.
o4cp = 0.128) (32), which is also rich in proline and phosphoser-
ines and has an extended acicular morphology. These findings
show that both sequence and conformation strongly impact tem-
plate activity and that phosphorylated Amel NRs are the most
potent ACP nucleators investigated to date.

Energetics of NR Interface. To determine the mechanism and
underlying energetic factors through which Amel NRs drive
ACP nucleation, the data on nucleation rates vs. 6 were ana-
lyzed using classical nucleation theory (CNT), which has been
used previously to analyze heterogeneous nucleation on organic
templates (6, 32, 34-36) and has been shown to effectively
describe ACP nucleation kinetics (32). CNT predicts that the
heterogeneous nucleation rate (J,) varies exponentially with the
effective interfacial energy (@4cp) and 64¢p according to:

B

In(/,) = In(d) -
ACP
_ 8aw’a 2]
3(kT)*

where A is the kinetic prefactor, which depends on the density
of possible nucleation sites (37), attachment rates, and barriers
to ion desolvation (38); @ is the volume of the ACP growth
unit, % is Boltzmann’s constant, and T is the absolute tempera-
ture (87 Appendix, Method 10 for details).

Fitting the data for all values of 64¢p revealed two key ener-
getic features of Amel NRs (Fig. 3)). First, the values of @4cp
for all NR sequences are remarkably small when compared to
either nucleation on collagen (40 mJ m?) or in bulk solution
(100 to 150 mJ m ™ ?) (32) ranging from either 1.4 to 2.4 m]
m™? or 12 to 20 mJ] m~?, depending on the method used to
determine K, Hence, we 1nfer that nucleation is highly favor-
able on Amel NRs due to the low interfacial energy. The data
also show that both the addition of the C term domain to
14P2 and the phosphorylation of the analogs have minor effects
on a4cp, with the induced change ranging from a factor of 0.9
to 1.5 (Fig. 3)). The second key feature, which stands in stark
contrast to the uniformity of @4cp, is a 15- to 19-fold increase

(1]
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in the kinetic prefactor A with phosphorylation (Fig. 3K).
Comparison of the relative values of A with the relative increase
in the net charge of the peptide revealed a positive linear scal-
ing, likely reflecting higher rates of Ca ion binding or lifetimes
of bound Ca ions at the NR—solution interface.

Structure-Function Relationship. From the perspective of
chemical kinetics, the presence of phosphate groups on surfaces
should lead to strong binding of multi-ion Ca complexes and a
larger kinetic prefactor (36). However, this does not explain
why phosphorylated 14P2 NRs have low interfacial energies.
Therefore, we investigated structural contributions from the tem-
plate by comparing the geometric arrangement of the NR charged
side chains with the dimer structure of the Ca(HPO4)3 ~ multi-
ion complexes shown previously to be the incipient species lead-
1ng to the formation of ACP through the binding of an additional
Ca” ion as well as to the formation of OCP and AP (32)
through further ion binding reactions.

The Ca-Ca distance in the (Caz(HPO4)3) ~ dimer is
approximately 1 nm, and the overall size of the dimer is 1.2 +
0.2 nm. The superposition of Ca®* ions in this dimer onto the
predicted pl4P2 R2 NR conformation shows an excellent
match with the spacing of the periodic hydrophilic residues
that span the long axis of the NR (Fig. 44). The dimer could
form either over 3 to 4 protein monomers at the phosphoserine
sites or over a single protein monomer between phosphoserine
and glutamic acid. Thus, the binding of Ca* ions to the period-
ically repeating phosphoserine residues may provide a means to
stabilize the dimers of calcium triphosphate and promote the for-
mation of ACP by enhancing kinetics without a drastic impact
on interfacial energy (otycp). Interestingly, the protonated a
(010) and b (110) facets of OCP and AP have d-spacings of
0.92 nm (or a/2 = b/2 = 0.47 nm), which coincides with the
periodicity of hydrophilic residues in Amel NR (Fig. 24). There-
fore, when ACP transforms, the NR may continue to act as a
template for OCP or AP due to the structural matching, consis-
tent with both recent studies showing that negatively charged
residues likely remain bound to AP phases (39) and the Amel
NR model proposed in Carneiro et al. (9), wherein every alter-
nate phosphoserine is available for interaction with the mineral.

The experiments performed here differ from a number of
calcium phosphate mineralization studies, which utilized a
polymer-induced liquid precursor (PILP) phase produced by
the addition of acidic macromolecules, such as polyaspartic acid
(40-42), including a study that demonstrated that synthetic
NRs can template the growth of AP filaments (13). Our results
do not rule out the involvement of PILP during ACP nucle-
ation in vivo. However, the stereochemical relationship
between Amel NR and calcium phosphate ion complexes, the
low interfacial energies, and the enhanced ion binding kinetics
are expected to promote ACP nucleation, regardless of whether
the ions are delivered from an ion-rich PILP droplet or a less-
concentrated calcium phosphate solution like that used in our
study. As concluded in these previous studies, PILP likely pro-
vides a means for the liquid-phase infiltration of ions into the
protein scaffold, but the nucleation of a solid ACP phase is still
promoted by charged residues on the scaffold or the complexa-
tion of PILP molecules with the scaffold (41). The low energy
interface presented by Amel NR likely promotes the binding of
the PILP liquid phase, which then creates a high local supersat-
uration due to the high concentration of calcium and phos-
phate ions around the acidic macromolecules (43). Because
higher supersaturation leads to a higher nucleation rate (Eq. [1]
and Fig. 31), nucleation rates can be dramatically higher with
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Fig. 4. Proposed mechanism for full-length Amel NR-guided mineralization. (A) Cartoon of prenucleation clusters (Ca;(HPO4)3)*~ superimposed on p-sheet
conformation of p14P2 NR shows potential sites for Ca’*ion docking to allow formation of (Cax(HPO,4)3)?>~ dimers with 1 nm Ca-Ca distance; negative: glu-
tamic acid (E) and phosphoserine (pS); positive: histidine (H). (B) Proposed role of phosphorylated, cross-g-sheet full-length Amel NR based on energetics
and kinetics; NR lowers the barrier (AG) for nucleation of ACP by stabilizing dimers of (Ca(HPO4)s*") on 14P2 domain and following a multistep crystallization
pathway. Phosphorylated 14P2 domain induces ACP to nucleate and spread laterally. ACP eventually transforms to a crystalline phase (OCP or AP), along
with binding of C terminus cleaved by MMP20. The template structure is retained, the crystal continues to grow along the c-axis, and NR is finally enzymati-
cally digested by Kallikrein-4 (KLK-4) (58). In presence of ion-rich PILP, Amel NRs may promote binding of PILP to further enhance the local supersaturation

and ACP nucleation rates along the NR long axis.

PILP. Thus, wetting by PILP may lead to the rapid formation
of ACP along the length of the NR following the energetics pre-
sented here, while the transformation of the ACP, guided by the
Ca-binding sites, may then result in a single crystal AP filament.

Conclusions

The above experimental findings show that the amyloid struc-
ture of Amel NRs, especially the evolutionarily conserved 14P2
self-assembly domain (9, 44), drastically lowers the thermody-
namic barrier for ACP nucleation. The atomistic-scale simula-
tions highlight that Amel NR presents a periodic template of
hydrophilic residues for mineral formation—without the
involvement of non-Amel proteins—that correlates with our
experimental results (Fig. 4B). The presence of periodic phos-
phoserines in NRs dramatically enhances the kinetic prefactor,
likely through enhanced Ca®t ion binding at charged residues,
whereas the addition of the hydrophilic Amel C terminus domain
has little impact on these two factors, suggesting that amyloid-like
Amel NR can retain its structure and mineralizing function even
after cleavage of the C terminus domain by MMP20. Whether the
C terminus domain then independently acts to inhibit the growth
of AP (100) or (010) facets as previously proposed (22, 45), com-
plexes with mineralizing ions to form PILP-like droplets used in
previous NR mineralization experiments to produce aligned AP fil-
aments (13), or both, remains to be explored.

The results also provide evidence that one domain of an
intrinsically disordered matrix protein can drive self-assembly
into a template that stabilizes a mineral phase while leaving
another domain flexible to interact with nonmatrix proteins,

ions, or crystals (46, 47). The use of such domain-specific
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interfacial behavior toward crystal nucleation along with careful
control of supersaturations can, in principle, be expanded
beyond proteins to understanding and engineering crystalliza-
tion on block copolymer, peptoid, and other amphiphilic poly-
mer templates (48-50).

Beyond fundamentals, the link between the self-assembled
molecular structure of Amel NR templates and mineral nucleation
points toward a range of translational opportunities. The ability
to readily assemble peptides with control over orientation on crys-
talline surfaces like graphene (51), mica (52), or MoS; (30), or to
array proteins on surfaces patterned at the nanoscale using block
copolymer films (53), as well as nanolithography (54), provides a
potential path to organizing Amel NRs for engineering mineral-
ized tissue and the synthesis of hybrid materials. Alternatively, the
periodic organization of nucleation sites on the NRs suggests a
means for creating patterns of quantum dots or oriented crystals
of other materials by tailoring the site chemistry. More broadly,
achieving predictive hierarchical growth of inorganic crystalline
arrays directed by an organic scaffold, inspired by nature, is a
long-sought-after vision of bioinspired material science. The
robust hierarchical design of amyloid NRs arrayed with modular
functional groups around a self-assembling domain provides a
general scaffold design upon which that vision may be realized.

Materials and Methods

Synthesis of Peptide Analogs and rH174. The peptides GHPGYINFSYEVLT
(14P2), GHPGYINF(pS)YEVLT (p14P2), GHPGYINFSYEVLTDKTKREEVD (14P2Cterm),
and GHPGYINF(pS)YEVLTDKTKREEVD (p14P2Cterm) were commercially synthe-
sized, purified with HPLC (95% purity), and lyophilized at Elim Biopharma Inc.
(Hayward, CA). Recombinant human Amel (rH174) was expressed in Escherichia
coli BL21 (DE3) and purified according to a previously reported protocol (55).
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This rH174 lacks the first amino acid residue (Met1) and phosphorylation at
Ser16 compared to native human Amel.

Mineral-Free Self-Assembly of NRs. All solutions were prepared in polypro-
pylene microcentrifuge tubes (Eppendorf and Ted Pella, Inc, USA). Lyophilized
peptide or protein was dissolved in 10 mM HCl pH 1.94 (37 wt.% HCl in H,0,
99.999% trace metals basis, Sigma-Aldrich CAS:7647-01-0 diluted with ultrapure
deionized water purified by MilliQ Elix Essential 3 and Advantage A10). Solutions
were vortexed and sonicated for 15 to 30 min in a Branson ultrasonic bath
(M5800H, 40 kHz frequency) until a clear stock solution was obtained. For all
AFM experiments, the stock solutions were 1 mg/mL in concentration and molar-
ities of 626.2 pM for 14P2, 596 uM for p14P2, 370.75 pM for 14P2Cterm, 360
uM for p14P2Cterm, and 50.08 uM for rH174. Solutions were further diluted
immediately or aged and then diluted based on their application described
below in substrates for AFM-based nucleation and high-resolution AFM and S/
Appendix. For more details on protocol design, see S/ Appendix, Method 11.
Substrates for AFM-based nucleation measurements. First, 1T mg/mL stock
solutions were vortexed and used after 48 h and up to 336 h of incubation at
room temperature (25 °C). Aliquots of 0.1 mg/mL were then diluted from the stock
using 10 mM HCl (pH 1.94). Next, 50 pL 0.1 mg/mL solution was drop-cast on
freshly cleaved HOPG ZYB quality (Mosaic Spread 1.2° + 0.2°, from Ted Pella or
Bruker) and incubated at 37 °C in a sealed chamber (~100% relative humdity
[RH]) for 12 h for consistency with all samples. After incubation, solutions on
HOPG were exchanged with 1 mM HCI (pH 3.1) first and then H,0, 3 times each,
to remove unbound protein/peptide without disassembly.

High-resolution AFM. Dilute aliquots were prepared using freshly dissolved
1 mg/mL stock solutions and immediately used. Concentration of 0.01 mg/mL
was used for imaging R1-type NRs of 14P2 and other peptide sequences (Fig. 1
I'and K and S/ Appendix, Figs. ST and S2), while 0.05 mg/mL was used for
R2-type NRs of 14P2 (Figs. 1J and 2B) and 14P2Cterm (Fig. 2F).

In Situ AFM. Detailed methods for AFM image processing, NR height and width
measurements, nucleation rate, and density analysis are provided in S/
Appendix, Method 1.

For high-resolution AFM. For peptides (Fig. 1 /-K), silicon nitride tip cantilevers
(Bruker; OTR4, spring constant k: 0.08 N/m or OTR8, spring constant k: 0.15 N/m)
were plasma treated for 1 min before use to make them hydrophilic. Substrates
were placed on the AFM stage (Cypher VRS, Asylum Research) and the surface
was imaged in liquid at room temperature (25°C). Images of 14P2 R1 NRs
(Fig. 1 /and K) were obtained by drop-casting the 0.01 mg/mL onto the freshly
cleaved HOPG (ZYB quality, Ted Pella or Bruker) surface and immediately
imaged using the tapping mode. A similar process was used for images of R2
NRs with 0.05 mg/mL (Figs. 1J, 2 Band F) by using contact mode.
Self-assembled films on HOPG. For peptides (Fig. T D-H), silicon nitride cantile-
vers with a silicon tip (Applied Nanostructures HYDRA4V-100NG, spring constant
k: 0.088 N/m or Bruker SNL-10, spring constant k: 0.24 N/m or 0.12 N/m) were
treated with ultraviolet (UV)/ozone for 15 min. Substrates were placed on the
AFM stage (MultiMode 8, Bruker) and operated in the tapping mode, and the
surface was imaged in liquid at room temperature (25 °C). For imaging rH174
(Fig. 1H and Inset), silicon tip cantilevers (Arrow UHF, NanoWorld) were treated
with UV/ozone for 15 min prior to performing the high-speed tapping mode
(5to 10 Hz scan rate) on the Cypher VRS (Asylum Research).

For nucleation and growth with supersaturated solutions. Nucleation experi-
ments for all sequences were performed after analysis of the self-assembled NR
films using the above method for peptides on the MultiMode8 (Bruker). The pro-
tocol for mineralization experiments at constant composition (supersaturation)
and analyses are identical to the procedures used for collagen- and Amel
nanosphere-functionalized mica in previous publications (6, 32). Three sets of
calcium and phosphate solutions at pH 7.4, 2 mM CaCly, and 19 mM KH,P0,
(oace = 0.221); 1.75 mM CaCl, and 16.95 mM KH,PO, (oacp = 0.138); and
1.5 mM CaCl, and 14.9 mM KH,P04 (opp = 0.04) before mixing were calcu-
lated using activities from Visual MINTEQ and experimentally obtained K, as
well as previously reported K, (32) while maintaining a log (activity of Ca**/
activity of PO,*) of 3.87 (Table 2 and S/ Appendix, Method 5 and Tables S1-S3).
All solutions were independently prepared and filtered 3 times with a cellulose
acetate filter (pore size 0.22 pm) before immediate use. The filtered CaCl, and
KH,PO, solutions were independently and continuously pumped at 25 pL/min
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for opp = 0.221, at 31.25 pl/min for 6,p = 0.138, and at 37.25 ul/min for
opp = 0.04 and combined at the inlet of the AFM liquid cell using a custom
T-junction. The flow rates were experimentally optimized to avoid diffusion-
limited nucleation, and solutions were buffered by a high phosphate concentra-
tion for at least 3 h after mixing without bulk solution-formed precipitates. The
scan size, rate, and sample lines/frame were optimized with several experiments
for each sequence and supersaturation to optimize the imaging time and
image quality.

Net Charge of Monomers at pH 7.4. The net charge for each sequence was
calculated (S/ Appendix, Tables S5 and S6) using the bioinformatics toolbox,
Prot pi, available at https://www.protpi.ch/Calculator/ProteinTool. The net charge
relative to 14P2 reflects the net charge of sequence/net charge of 14P2.

Molecular Dynamics Simulations.
Simulation models. Materials Studio (BIOVIA) was utilized to build all-atom

models of the peptides and HOPG surfaces. Peptide models were built using the
morphology and structural conformation from the AFM and XRD data of Amel
NRs assembled at pH 1.94 for 14P2, p14P2, 14P2Cterm, and p14P2Cterm. The
entire systems remained charge-neutral by the addition of chloride anions. Vir-
tual & electrons were included for graphite C atoms and C and N atoms in aro-
matic rings of peptide residues-tyrosine, histidine, and phenylalanine side
chains—to precisely describe the features of x electron clouds (S/ Appendix, Fig.
S14) (31). The IFF parameters for HOPG and virtual & electrons were used as
developed earlier using the energy expressions of CHARMM36 and the consis-
tent valence force field (CVFF) for compatibility, which accurately reproduce lat-
tice parameters, surface energies, and hydration energies, following the principle
of thermodynamic consistency (29, 31). The force field parameters for the phos-
phate species were from IFF and the force field parameters for the peptides were
from CHARMM36 (56). Further details are given in SI Appendix, Method 4.1.
Peptide assembly in bulk solution. First, pristine p-sheets (consisting of 6 pep-
tide strands) of all peptide sequences-14P2, p14P2, 14P2Cterm, and
p14P2Cterm-with a backbone distance of 0.47 nm were simulated in water at
pH 1.94 without HOPG for 13 to 15 ns to reach the equilibrium state (Fig. 2 C
and D and S/ Appendix, Fig. S5). The total energies of the systems at equilibrium
states were then corrected to the target temperature of 298.15 K by utilizing the
heat capacity of each system. For a comparative analysis of energy and stability
over time for B-sheets vs. other conformations, random coil structures of all
sequences were also simulated at the same conditions. Simulation settings and
observations are described in S/ Appendix, Method 4.2 and 4.3.

Adsorption energy of peptides on HOPG. Second, the conformations and
adsorption energies (E.q) of fully extended single-strand peptides on HOPG (S/
Appendix, Fig. S6A) were analyzed using a 2-box method (57). Two systems with
the same number of atoms and a difference only in peptide position were estab-
lished for each peptide: the surface system and the away system. The simula-
tions were carried out for 8 ns to reach equilibrium. Simulations of each system
were repeated 3 times to obtain average total energies, which were corrected to
the target temperature of 298.15 K by utilizing the heat capacity. The E,4 was
calculated using the following equation:

Eads = anay — Egr, [3]

where 4 is the adsorption energy, Eauy is the total energy of the away system,
and g, represents the total energy of the surface system. Details are described
in SI Appendix, Method 4.4.

Assembly and stability of peptide p-sheets on HOPG. Finally, conformations
of B-sheets for all sequences were analyzed on the surface of HOPG to investi-
gate the assembly and stability of NRs. The B-sheets were placed on the HOPG
(0001) facet with an angle of 30° from the HOPG < 1100 > directions prior to
simulation. Models of the 14P2 B-sheet containing 21 peptide strands (box size
73.8000 x 89.4768 x 50.0000 A°) were simulated on the HOPG surface for
13.5 ns (Fig. 2E). Models of B-sheets for all sequences containing 6 peptide
strands (SI Appendix, Fig. S6 B-E) were simulated on the HOPG surface for ~20
ns and are discussed further in SI Appendix, Method 4.5.

Statistics.

Growth velocity. Average particle height was measured for n particles that had
minimum number of neighboring particles. The error bar in Fig. 3G is the SE
(range). For oacp = 0.04: 14P2 n = 5; p14P2 n = 6; 14P2Cterm n = 4;
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p14P2Cterm n = 4; and tH174 n = 9. For opcp = 0.138: 14P2 n = 10;
p14P2 n = 8; 14P2Cterm n = 7; p14P2Cterm n = 6; and rH174 n = 5. For
oace = 0.221: 14P2 n = 7; p14P2 n = 8; 14P2Cterm n = 7; p14P2Cterm
n=6;andH174n=17.

Nucleation rates and surface energy. Nucleation was repeated at least 5 times
on each sequence for each supersaturation (Figs. 3 G and / and S/ Appendix,
Fig. S11 and Table S4. Data sets with modal slope values, negligible instrumen-
tal artifacts, and minimal variations in substrate topography were selected to cal-
culate averages, and error bars represent SD. For 64cp = 0.04: 14P2 n = 2;
p14P2 n = 2; 14P2Cterm n = 2; p14P2Cterm n = 2; and rH174 n = 2. For
oacp = 0.138: 14P2 n = 3; p14P2 n = 3; 14P2Cterm n = 2; p14P2Cterm
n = 3; and rtH174 n = 2. For 6pcp = 0.221: 14P2 n= 4; p14P2 n = 2;
14P2Cterm n = 4; p14P2Cterm n = 2; and rH174 n = 2.

Relative interfacial energy and kinetic prefactor. Error bars represent SE
(range) in Fig. 3 J and K and S/ Appendix, Tables S5 and Sé. The error for kinetic
prefactor A was calculated from the error of the intercept In(4) in Fig. 3/ and
SI Appendix, Tables S5 and Sé, using the following expression: Error of A =
(e™e"®P' % Error of intercept from fitting). Errors of the ratios for each modified
sequence reflect the error range of the modified sequence and that of 14P2.
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