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Abstract
Protein scaffolds direct the organization of amorphous precursors that transform into mineralized
tissues, but the templating mechanism remains elusive. Inspired by a model of tooth enamel, wherein
amyloid-like amelogenin nanoribbons guide apatite mineralization, we investigated the impact of
nanoribbon structure and chemistry on amorphous calcium phosphate (ACP) nucleation. Using
amelogenin sub-segments including an amyloid-like domain, nanoribbon conformation and function
were determined by in situ atomic force microscopy and molecular dynamics simulations. All sequences
substantially reduce nucleation barriers by creating low-energy interfaces, while phosphorylation
dramatically enhances kinetic factors associated with ion binding. Furthermore, the predicted distribution
of hydrophilic residues in the amyloid domain matches the structure of the multi-ion clusters comprising
ACP. These �ndings provide crucial insights into structure-function relationships underlying amelogenin
biomineralization and a generalizable system for synthesizing hybrid materials for various applications.

Main
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, mineralization is thought to begin with
nucleation of amorphous calcium phosphate (ACP) in an amelogenin (Amel)-rich extracellular protein
matrix and evolve to highly aligned bundles of apatite (AP) �laments with less than 2% residual protein1-

3. Recent reports demonstrate that full-length Amel, an intrinsically disordered protein (IDP), can adopt an
amyloid (cross β-sheet) quaternary structure and spontaneously self-assemble into nanoribbons (NR) 17
nm wide and a few nm in thickness4,5. In vivo studies revealed the presence of ribbon-like assemblies in
the developing enamel matrix of various mammals, including humans4, 6-8, and these NR match the
dimension and morphology of ribbons assembled from both recombinant human Amel (rH174)9 and
synthetic peptides4. In vivo observations suggest Amel NR are involved in mineralization of AP �laments
which form during secretory stage of amelogenesis4, while recent in vitro experiments demonstrate that
synthetic NR can indeed template growth of AP �laments starting with an amorphous precursor formed
in the presence of acidic macromolecules5. However, the mechanism that leads to NR templating of ACP
and its basis in NR and mineral structure remain unknown.

To determine the mechanism of mineral templating by human Amel NR, we performed in situ AFM
observations of calcium phosphate nucleation on self-assembled NR of the full-length protein, as well as
evolutionarily-conserved sub-segments hypothesized to be important for: 1) self-assembly; 2) stabilizing
ACP (i.e., phosphorylated serine-16); and 3) binding with the AP surface (i.e., the C-terminus)4,11,12. To
relate mechanism to structure we performed molecular dynamics (MD) simulations of the
conformational states of NR formed from these peptide sub-segments.

Five sequences were designed. Recombinant full-length human Amel (rH174) and two peptide analogs,
consisting of the domain that drives self-assembly (14P2) and 14P2 with truncated C-terminus appended
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to it (14P2Cterm) shown in Fig. 1, a to c. In addition, phosphorylated versions of both peptides, p14P2
and p14P2Cterm, were also synthesized with phosphorylated serine sites highlighted in Fig. 1, a to c. The
variable, histidine- and proline-rich central domain of Amel may also play a role in self-assembly or
mineralization however its structure and function is unclear and was not investigated here.

All sequences assembled into NR on the surface of highly ordered pyrolytic graphite (HOPG) and
remained stable in water (Fig. 1, d to g) for a pH range of 1.94 - 7.4 (Supplementary Fig. 1). NR
dimensions for each sequence (Supplementary Table S1) were distinct, but �lms of the NR are similar in
morphology, consisting of individual NR or islands with well aligned rows of NR. Further analysis of 14P2
(Fig. 1d) and other sequences (Supplementary Figs. 1b to e and 2) shows that, at high enough peptide or
protein concentration, HOPG was completely covered, consisting of multiple layers of NR of 2 types, R1
and R2 (Fig. 1i) in contact with HOPG. R2 is the dominant morphology and can stack above one another
(Fig 1j) whereas R1, rarely observed, forms a single highly crystalline layer (Fig 1k). R2 row widths and
heights were roughly twice that of R1; e.g., for 14P2, the width and height of R1 rows are 2.51± 0.47 nm
and 0.33±0.07 nm, respectively, while those of R2 rows are 5.81±0.60 nm and 0.65±0.04 nm. In all cases,
the NR were aligned with the three HOPG   directions (Fig. 1f and Supplementary Fig. 3).

Previous analysis of the β-sheet structure of amyloid ribbons by X-ray Diffraction (XRD) shows that
dominant diffraction peaks lie at d-spacings of ~4.7 Å and ~10 Å13,14. The R2 NR prepared using our
protocol exhibit similar diffraction patterns in bulk solution with and without HOPG, indicating that the
structure is retained (Supplementary Fig. 4). To gain insight into the identity and distribution of exposed
residues arising from the NR assembly, we performed MD simulations with the Interface-CHARMM force
�eld with over 50 conformations for all peptides on HOPG, including virtual π electrons on graphite and
aromatic amino acids which was shown to be critical to reproduce solvent and organic interfacial
interactions (Supplementary Method 2)15-17.

The simulations predict the most favorable β-sheet conformation occurs in solution for both the basic
14P2 sequence (Fig. 2a) and the three modi�ed versions (Supplementary Fig. 6). On HOPG, the standard
β-sheet conformation is relatively less stable, with monomers beginning to spread after 7.5 ns
(Supplementary Fig. 7). Further simulations with longer duration (10 ns) show that adopting a quasi-β-
sheet conformation with a slightly larger backbone gap in the central YINFSY domain (~1 nm vs ~0.5
nm) and lower height (~0.8 nm vs. ~1.2 nm) — nearly identical to R2 NR AFM topography — is most
favorable, stabilizing the otherwise transient sheet (Fig 2a and Supplementary Fig. 8). 

In both the transient and stabilized states, phenyl residues in the 14P2 domain are bound to the surface
by π-π interactions with graphite while adjacent, parallel ribbons formed hydrogen bonds between the N
and C termini (Supplementary Fig. 8). In the stabilized conformation, hydrogen bonding is possible
between -OH groups of Tyr5 and Tyr10 and the O=C- of the adjacent monomer backbone. Modi�cation of
14P2 by phosphorylation (Fig. 2b) or appending the C-terminus (Fig. 2c and Supplementary Fig. 9)
generated similar packing in the 14P2 domain. However, the DKTKREEVD domain extends into the
solution, lacks the N and C terminus interaction with adjacent ribbons (Supplementary Fig. 8), and is
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more disordered than the 14P2 domain (Fig. 2c). Further analysis reveals that nearly all hydrophilic side
chains (in both transient and stabilized conformations), including phosphorylated serine, protrude into
the solution with a periodicity that transverses the long axis of the nanoribbon (thick lines in Fig. 2a, b
and c).

To quantify the impact of this structural motif on calcium phosphate nucleation rates, we used in situ
AFM to investigate nucleation using substrates with the dominant R2 NR, identical to those in Fig. 1, at
pH 7.4 and 25 ºC for a range of supersaturations σ (Supplementary Tables 2 and 4) over timescales for
which nucleation was absent both in solution and on bare HOPG (Supplementary Fig. 10). The value of σ
was determined in two ways (Supplementary Table S4): from the value of the equilibrium constant Ksp

reported previously at a different ionic strength18 and using the ionic activity product at which the post-
nucleation growth rate extrapolated to zero (Supplementary Method 8).

Time-lapse images (Fig. 3, a to e and Supplementary Videos 1 to 5) revealed that ACP ((Ca2(HPO4)3)2-)
was the �rst phase to form at all values of σ explored here for all �ve sequences, as validated by in situ
AFM and electron microscopy (Supplementary Figs. 11 to 13) and observed previously for nucleation on
a number of proteins18-20. The ACP particles grew in size (Supplementary Table S3) before transforming
to �ber- or plate-shaped mineral (Fig. 3, a to e panel 5 and Supplementary Fig. 13).

Nucleation rates and total mineral coverage were highest on the phosphorylated peptides, p14P2 and
p14P2Cterm (Fig. 3 f and Supplementary Fig. 14, Supplementary Tables 5 and 6), which had particles
concentrated along the length and direction of the NR (Supplementary Video 6). In contrast, ACP growth
rates on non-phosphorylated peptides were higher than on the phosphorylated versions (Fig. 3g and
Supplementary Fig. 14, Supplementary Table S3). Furthermore, appending the C-terminus to 14P2 and
p14P2 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. Comparison to previous results using conformationally dissimilar Amel
nanospheres and nanospheres co-assembled with highly charged enamelin (Enam) (Fig. 3h, Amel sph:
Enam, 50:0 and 50:1)19 shows that all NR sequences drive higher nucleation rates than do nanospheres,
and the phosphorylated NR outperform the mixed Amel nanosphere-Enam system, even at lower
supersaturations and for the optimal Amel:Enam ratio. In addition, phosphorylated NR induced ACP
nucleation rates 1.9 to 2.8 times larger than observed on collagen (Fig. 3h, Col. σACP = 0.128)18. These
�ndings show that both sequence and conformation strongly impact template activity and that
phosphorylated NR are the most potent ACP nucleators investigated to date.

To determine the mechanism and underlying energetic factors through which Amel NR drive ACP
nucleation, the data on nucleation rates vs σ were analyzed using classical nucleation theory (CNT),
which has been used previously to analyze heterogeneous nucleation on organic templates18, 19, 21-23 and
has been shown to effectively describe ACP nucleation kinetics18. CNT predicts that the heterogeneous
nucleation rate (Jo) varies exponentially with the effective interfacial energy (αACP) and σ ACP according
to:
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where A is the kinetic pre-factor, which depends on the density of possible nucleation sites (24), on
attachment rates, and barriers to ion desolvation25, ωis volume of the ACP growth unit, k is Boltzmann’s
constant and T is absolute temperature. (See Supplementary Method 10).

Fitting the data for all values of σ ACP (Fig. 3i and Supplementary Fig. 15, Supplementary Tables 7 and 8)

results in values of αACP for all NR sequences that are remarkably small, ranging from 1.4 - 2.4 mJ m-2 or

12 - 20 mJ m-2 (depending on the method used to determine Ksp), when compared to either nucleation on

collagen18 (40 mJ m-2) or in bulk solution18 (~150 mJ m-2). Hence, we infer that nucleation is highly
favorable on Amel NR due to the low interfacial energy. The data also show that both addition of the C-
terminus to 14P2 and phosphorylation of the analogs have minor effects on αACP, with the induced
change ranging from a factor of 0.9 to 1.5 (Fig. 3j and Supplementary Tables 7 and 8). In contrast,
phosphorylation results in a 15 to 19-fold increase in the kinetic pre-factor A. Comparison of the value of
A with the net charge of the peptide reveals a strong linear trend, likely re�ecting rates of ion binding or
the lifetime of bound ions.

To understand the structural reason for why phosphorylated 14P2 NR so dramatically enhances
nucleation kinetics, we compared the geometric arrangement of the NR’s charged side chains with the
dimers of the Ca(HPO4)3

4- multi-ion complexes shown previously to be the incipient species leading to

formation of ACP through binding of an additional Ca2+ ion, as well as to octacalcium phosphate (OCP)
and AP18 through further ion binding reactions. Superposition of Ca2+ ions in the dimeric complex onto
the p14P2 NR conformation (stabilized or transient sheet) shows an excellent match with the spacing (~1
nm) of the periodic hydrophilic residues that span the long axis of the NR (Fig 4a). Thus, binding of Ca2+

ions to the periodic phosphorylation sites may provide a means to stabilize the calcium triphosphate
dimers and promote formation of ACP beyond that afforded alone by a template of low interfacial energy.

The above experimental �ndings show that the amyloid structure of Amel NR, especially the
evolutionarily conserved 14P2 self-assembly domain26, drastically lowers the thermodynamic barrier for
nucleation of ACP, while the simulations predict that Amel NR present a periodic template of hydrophilic
residues for mineral formation — without involvement of non-Amel proteins (Fig. 4b). Moreover,
phosphorylation of the NRs dramatically enhances the kinetic pre-factor, likely through enhanced Ca2+ ion
binding at charged residues. Addition of the Amel C-terminus has little impact on these two factors,
suggesting that amyloid-like Amel NR can retain its structure and function even after C-terminal cleavage.
Whether the C-terminus then independently acts to inhibit HAP (100) growth as previously proposed27, or
acts as a highly charged macromolecule to produce the polymer induced liquid precursor (PILP) used in
previous NR mineralization experiments to produce aligned AP �laments8, remains to be explored.
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The results also provide evidence that one region of a matrix IDP can fold to drive self-assembly into a
template that stabilizes a mineral phase while leaving another region unfolded to interact with non-matrix
proteins, ions or crystals28,29. The use of such sequence-speci�c interfacial behavior towards crystal
nucleation can, in principle, be expanded beyond proteins to block copolymers, peptoids and other
amphiphilic polymers in which different domains can control distinct aspects of nucleation through
reduction of mineral-binding energies by assembly into an ordered template and enhancement of ion-
binding at exposed charged residues30-32.

The link between the self-assembled molecular structure of Amel NR templates and mineral nucleation
points towards a range of translational opportunities. The ability to readily assemble peptides with
control over orientation on crystalline surfaces like graphene33, mica34 or MoS2

16
, or to array proteins on

surfaces patterned at the nanoscale using block copolymers �lms35 or nanolithography37, provides a
potential path to organize Amel NR for dental tissue engineering. Alternatively, the periodic organization
of nucleation sites on the NRs suggests a means for creating patterns of quantum dots of other materials
by tailoring the site chemistry. More broadly, achieving predictive hierarchical growth of inorganic
crystalline arrays directed by 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.

Methods
Synthesis of rH174 and peptide analogs

Recombinant human amelogenin (rH174) was expressed in Escherichia coli BL21 (DE3) and puri�ed
according to a previously reported protocol37. In short, soluble rH174 was extracted from the cells using
an acid/heat treatment, which was followed by extensive dialysis against 0.05% acetic acid, and
subsequent lyophilization. The purity of the protein was above 95% as assessed by HPLC and SDS-PAGE.
This rH174 lacks the �rst amino acid residue (Met1) and phosphorylation at Ser16 compared to native
human amelogenin. The peptides were synthesized, puri�ed with HPLC (95% purity), and lyophilized at
Elim Biopharma Inc (Hayward, CA).

Mineral-free self-assembly
1 mg of the lyophilized protein or peptide was dissolved in 1 ml of 10 mM 99.999% HCl (Sigma-Aldrich),
pH 1.94, followed by 30 minutes of sonication in a Branson ultrasonic bath (M5800H, 40 kHz frequency)
to disperse the lyophilized protein �akes, and then vortexed for 30 seconds to obtain a stock solution
concentration of 1 mg/ml. Concentration of 14P2 was 626.2 µM, p14P2 was 596 µM, 14P2Cterm was
370.75 µM, p14P2Cterm was 360 µM and rH174 was 50.08 µM. For lower concentrations, dilution was
performed immediately with 10 mM HCl. Aliquoted solutions were kept at room temperature (25 ºC)
during AFM experiments or stored at 4 ºC, viable for at least 30 days.
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AFM substrates for mineralization
Highly ordered pyrolytic graphite (HOPG) ZYB quality was purchased from Ted Pella, mounted on metal
AFM stubs (Ted Pella) using epoxy and the exposed side was cleaved with scotch tape immediately
before use. The protein or peptide solutions were used after 48 hrs of incubation at room temperature. 60
µl of the protein or peptide solution (concentrations: 14P2: 31.31 µM, p14P2: 59.67 µM, 14P2Cterm: 37.08
µM, p14P2Cterm: 36 µM, and rH174: 5 µM) was drop-casted on the surface. This substrate was
incubated at 37 ºC in a sealed chamber (RH ~ 100%) for 24 hrs. After incubation, the drop-casted solution
was exchanged with 1 mM HCl (pH 3.1) for three time to remove the unbound protein. Then, the acidic
buffer was exchanged with deionized H2O and 40 µl of H2O was left on the surface in order to prevent
drying. The substrate was stored in a sealed humid chamber (RH ~ 100%) at room temperature until
further use. Concentration of proteins was optimized for full surface coverage over several experiments.
For peptides, concentration above ~ 0.3 µM was su�cient for the fully covered monolayer and higher
concentrations resulted in additional layers. The number of layers did not affect nucleation rates during
nucleation experiments (data not shown) as long as the surface was fully covered. For rH174, low
concentrations were required to prevent the formation of large globular aggregates in high
concentrations.

Molecular dynamics simulations
Materials Studio was utilized to build all-atom models of the peptides and HOPG surfaces. Peptide
models were built based on the peptide sequences GHPGYINFSYEVLT (14P2), GHPGYINF(p)SYEVLT
(p14P2), GHPGYINFSYEVLTDKTKREEVD (14P2Cterm), and GHPGYINF(p)SYEVLTDKTKREEVD
(p14P2Cterm). See Supplementary Method 2 for detailed methods and discussion.

In situ AFM experiments

1. For monomer resolution AFM

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 surface was imaged in liquid at room temperature (25˚C).
Freshly made peptide solutions were used. Images of 14P2 R1 nanoribbons (Fig. 1i and k) were obtained
by drop casting 6.26 µM onto freshly cleaved HOPG surface and immediately imaged using tapping
mode. Similar process was used for images of R2 nanoribbons with 31.31 µM (Fig. 1j) by using contact
mode.

2. For nucleation and growth with supersaturated solutions

Silicon nitride cantilevers with Si tip (Applied Nanostructures HYDRA4V-100NG, spring constant k: 0.088
N/m or Bruker SNL-10 C, spring constant k: 0.24 N/m) were treated with UV/ozone for 15 minutes before
use to remove residual organic contaminants and improve hydrophilicity. Substrates were placed on the
AFM stage (MultiMode 8, Bruker), operated in tapping mode and surface was imaged in liquid at room
temperature (25˚C). Protocol for mineralization experiments and analysis is identical to procedures for
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heterogeneous nucleation, growth and phase transformation with collagen and amelogenin
functionalized mica in previous publications18,19. Three sets of calcium and phosphate solutions, 2 mM
CaCl2 and 19 mM KH2PO4 (σAP = 3.37), 1.75 mM CaCl2 and 16.95 mM KH2PO4 (σAP = 3.28), and 1.5 mM
CaCl2 and 14.9 mM KH2PO4 (σAP = 3.19) before mixing, were calculated using Visual MINTEQ while

maintaining log (activity of Ca2+/activity of PO4
3−) of 3.87 and solutions were independently prepared.

pH of solutions was adjusted to 7.4 using concentrated KOH or HCl, then �ltered three times with a
cellulose acetate �lter (pore size of 0.22 µm) before immediate use.

The �ltered CaCl2 and KH2PO solutions were pumped at 25 µl/min for σAP = 3.37, 31.25 µl/min for σAP = 
3.28 and 37.25 µl/min for σAP = 3.19, using a syringe pump (Harvard Apparatus) and inert tubing, and
�nally combined at the inlet of the AFM liquid cell using a custom T-junction with minimal dead volume
and residence time. The �ow rates were experimentally optimized to avoid diffusion-limited nucleation
and solutions were buffered by high phosphate concentration for at least 3 hours after mixing. Due to
continuous �ow of buffered phosphate ions and high �ow rates, the system is at constant composition
during nucleation stage as observed in previous reports and no bulk solution-formed precipitates
deposited18,19. 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.

AFM image processing
Raw height images were processed using a polynomial �atten function and baselines corrected on
Gwyddion SPM data analysis software. In addition, a conservative gaussian smoothing �lter was applied
to Fig. 1d to h and Supplementary Videos 1 to 6 to remove pixelation from magni�cation. Particle
counting and surface coverage analysis was performed with ImageJ (NIH).

Nucleation rate and density analysis
Nucleation images were analyzed using ImageJ (NIH). Strict classi�cation rules were placed for de�nition
of a nuclei, i.e., particles that appear in a frame and stay on to grow in the subsequent frames. However,
in certain frames, nuclei disappeared or translated to another position after growth over the course of the
experiment from the original locations. These nuclei were also counted and carefully tracked, frame by
frame. The nuclei number densities in each frame were calculated by dividing number with frame sizes
and plotted against time captured at end of the scan. The relationship of nuclei number density vs
elapsed time was then linearly �t to get the slope, which is de�ned as nucleation rate for each
supersaturation on a speci�c peptide or protein sequence. (Supplementary Table 5).

Net charge of monomers at pH 7.4
Net charge for each sequence was calculated (Supplementary Tables 7 and 8) using the bioinformatics
toolbox, Prot pi, available at https://www.protpi.ch/Calculator/ProteinTool. Net charge relative to 14P2
re�ects Net Charge of sequence/Net charge of 14P2.

Statistics
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Growth velocity, Fig. 3g

Average particle height was measured for n particles that had minimum number of neighboring particles.
Standard deviation and standard error were calculated. Error bar in Fig. 3g is standard error (range).

σAP = 3.19, σACP = 0.04: 14P2 n = 5; p14P2 n = 6; 14P2Cterm n = 4; p14P2Cterm n = 4; rH174 n = 9

σAP = 3.28, σACP = 0.138: 14P2 n = 10; p14P2 n = 8; 14P2Cterm n = 7; p14P2Cterm n = 6; rH174 n = 5

σAP = 3.37, σACP = 0.221: 14P2 n = 7; p14P2 n = 8; 14P2Cterm n = 7; p14P2Cterm n = 6; rH174 n = 7

Nucleation rates and surface energy: Fig. 3, f and i and Supplementary 15a
Nucleation was repeated at least 5 times on each sequence for each supersaturation. Data sets with
modal slope values, negligible instrumental artifacts and minimal variations in substrate topography
were selected to calculate averages, and error bars represent standard deviation.

σAP = 3.19, σACP = 0.04: 14P2 n = 2; p14P2 n = 2; 14P2Cterm n = 2; p14P2Cterm n = 2; rH174 n = 2

σAP = 3.28, σACP = 0.138: 14P2 n = 3; p14P2 n = 3; 14P2Cterm n = 2; p14P2Cterm n = 3; rH174 n = 2

σAP = 3.37, σACP = 0.221: 14P2 n = 4; p14P2 n = 2; 14P2Cterm n = 4; p14P2Cterm n = 2; rH174 n = 2

Relative interfacial energy and kinetic pre-factor: Fig. 3, j and k and Supplementary 15, b and c

Error bars represent standard error (range). Error for kinetic pre-factor A was calculated from error of the
intercept ln(A) in Fig. 3i and Supplementary Fig. 15a, using the expression: Error of A = (eIntercept x Error of
intercept from �tting). Errors of the ratios for each modi�ed sequence re�ects the error range of the
modi�ed sequence and that of 14P2.
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Figure 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) 14P2Cterm (14P2 appended with
truncated C-terminus, which is important for AP binding). (d-h) In situ AFM images of ordered
nanoribbons assembled on HOPG and characterized in pure water: (d) 14P2; (e) 14P2Cterm; (f) and (g)
phosphorylated versions p14P2 and p14P2Cterm, respectively; (h) recombinant full-length rH174 Amel. (i)
In situ AFM on HOPG in 6.26 μM 14P2 solution reveals 100% coverage with multiple layers: two types, R1
and R2. (j) Structure of R2 in 31.3 μM 14P2 solution; dashed lines delineate the boundaries of a second
layer over the �rst. (k) Structure of R1 in indicated region of (i). (j) and (k) top: original image; bottom:
processed Fast-Fourier transform �lter.
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Figure 2

Lowest energy conformation of peptides in solution and on HOPG (0001) from all-atom MD simulations.
(a) Schematic of procedure for simulations: 1. Snapshot of lowest energy conformations for 14P2
peptides generated for β-sheet structure in solution; 2. Side-view of transient β-sheet on HOPG (height
~1.2 nm); 3. Top-down view of transient β-sheet on HOPG after 7.5 ns; 4. Stabilized sheet on HOPG
simulated for 10 ns with larger gap between monomer backbones overlayed on AFM image of R2; and 5.
height reduces (side view) due to π-π interactions with HOPG. Snapshots of top and side view for
stabilized sheet on HOPG after 8 ns for (b) p14P2 and (c) 14P2Cterm. HOPG is not shown for clarity. All
peptide sequences have well-ordered 14P2 domains and hydrophilic sites (thicker lines), including
phosphorylated serine, that face the solution.
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Figure 3

Kinetics and energetics of ACP nucleation on peptide and protein nanoribbons. (a-e) Time lapse of AFM
images using constant supersaturation, σAP = 3.37, σACP = 0.221, at 25˚ C and pH 7.4, with t = 0 min
de�ned as the time when solution is introduced into the �ow cell. Dotted lines indicate ACP aligned with
direction of NR (arrows). (f) Plot of nuclei number density over time measured for all sequences at σACP
= 0.22. Error bar is smaller than data points. (g) Average growth rate of particle height (V) at σACP = 0.04,
0.138 and 0.221. (h) Comparison of nucleation rates for different proteins: amelogenin nanospheres co-
assembled without (50:0) and with enamelin (50:1) at σACP = 0.1295, collagen at σACP = 0.128 and
amelogenin nanoribbons at σACP = 0.128 (from �ts to data in (I). (i) Linear �ts to ln(Jo) (nuclei m-2 s-1)
measured at different ACP supersaturations (1/ σ2ACP) according to Equation 1. (j) Ratio of interfacial
energy (𝛼ACP) and (k) ratio of kinetic pre-factor (A) of sequences with respect to 14P2 (𝛼ACP of 14P2 =
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1.58 mJ m-2, A14P2 = 1.1 x 1010) for each sequence vs. ratio of net charge of sequences with repect to
14P2 ( -1.4) at pH 7.4. In all cases, the values of σACP used here are based on activity product at which
growth rates extrapolate to zero. See Supplementary Fig. 15 for plots for σACP based on the Ksp from a
previous study18 and Statistic section of Methods for error analysis and n.

Figure 4

Proposed mechanism for nanoribbon guided mineralization. (a) Cartoon of pre-nucleation calcium
phosphate clusters superimposed on stabilized sheet conformation of p14P2 nanoribbon shows
potential for epitaxial match. (b) Proposed role of phosphorylated Amel NR; NR lower the barrier (∆G) for
nucleation of ACP through binding of pre-nucleation complexes on 14P2 domain and following a multi-
step crystallization pathway. Phosphorylated 14P2 domain induces ACP to nucleate and spread laterally.
ACP eventually transforms to a crystalline phase (OCP or AP), followed by binding with the C-terminus
cleaved by Matrix metalloprotinase-20 (MMP20). The template structure is retained, the crystal continues
to grow along the c-axis, and NR are �nally enzymatically digested by Kallikrein-4 (KLK-4).
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