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The energetics of protein–mineral interactions is a crucial but
poorly characterized factor underlying the hierarchical struc-
ture of mineralized tissue. During mineralization, organized
protein matrices direct formation of mineral components. As
with all assembly processes, the free-energy change provides
the underlying thermodynamic driver, in this case reflecting
protein interactions with the nascent mineral. However,
despite the importance of obtaining face-specific free ener-
gies of mineral binding to establish a molecular-level under-
standing of biomineral organization, to date no direct
measurements have been reported. Computational
approaches struggle with the complexities of proteins, the
inadequacies of model water potentials and effects of back-
ground electrolytes. Herein we present a novel application of
force spectroscopy in which an atomic force microscopy
(AFM) tip, functionalized with Amelogenin protein (Amel)
C-terminal fragment, is used to directly determine the single-
molecule, face-specific free energy DGB of Amel binding to
hydroxyapatite (HAp), the mineral phase in tooth enamel.[1]

We then use complementary molecular dynamics (MD)
simulations to compare binding energies at different faces
and surface terminations and to identify the key interactions
controlling face-specific binding and crystal morphology.

Amelogenin (Table 1), a largely hydrophobic protein rich
in proline, self-assembles to form oblate nanoparticles[2]

comprised of approximately 100 monomers.[3, 4] Recent in-

vitro crystallization experiments show that Amel stabilizes
calcium phosphate (Ca-P) clusters, which assemble as com-
posite Amel-Ca-P nanoclusters.[5] These clusters co-assemble
as chains of nanoparticles that evolve into long co-aligned
crystals resembling those found in biological enamel.[5]

Crystal-growth experiments,[6, 7] NMR spectroscopy stud-
ies,[8–10] and neutron scattering[11] demonstrate a specific
interaction between Amel and HAp crystal faces, with the
Amel C-terminal region implicated as essential, and with the
latter two techniques providing direct evidence that the C-
terminus is close enough to the HAp surface to direct growth.
Amel-assisted HAp formation leads to expression of elon-
gated prismatic (100) crystals with the basal (001) faces
defining the enamel/saliva interface.[12] This crystal habit
differs from that of uninhibited, inorganically grown HAp,
which exhibits short, prismatic (100) or stubby (001) mor-
phologies,[13] or HAp crystals grown during bone formation,
which are thin plates elongated along the c-axis.[14, 15] Thus, it is
suspected that Amel binds to the (100) face, thereby inhibit-
ing HAp growth along (100) and inducing c-axis elonga-
tion.[16]

Solid-state NMR spectroscopy studies of LRAP, which is
both a naturally occurring splice variant of Amel with
preserved N- and C-termini (Table 1) and an inhibitor of
HAp growth,[17] have established that the last approximately
18 residues of LRAP�s C-terminal region lie flat on the HAp
surface with significant mobility and without three-dimen-
sional folding.[8–10] LRAP�s role in enamel development has
not been established, but promotion of enamel growth has
been proposed.[18] MD studies, which have also provided some
insights into the geometry of Amel-HAP binding,[19] can in
principle delineate the energetics of binding. However, while
NMR data provide a good experimental constraint on the
structural aspects of simulations, no such constraints on
energetics are available. Assays based on inhibition of growth
are indirect and qualitative. Experimental approaches that
quantitatively probe interaction free energies are typically
based on bulk measurements that average over all faces,
edges and corners, and the free energies obtained are relative
to standard state conditions. These are difficult to relate to
computations of face-specific binding free energies for a
single-molecule.

Single-molecule force spectroscopy can circumvent both
problems by providing a clear definition of states at the
molecular level and allowing direct control over the location
of interaction. To this end, we functionalized the tip of an
AFM cantilever with the 13-mer terminal fragment of Amel
(Table 1) and collected force–distance curves associated with
binding to the (100) HAp face (Figure 1a). The peptide was
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linked to gold-coated Si3N4 AFM tips through a heterobifunc-
tional cross-linker LC-SPDP (Thermo Scientific) consisting of
a pyridyl disulfide, which adsorbed to the Au, and an N-

hydroxysuccinimide (NHS) ester
that reacted with the N-terminal
amine or lysine residues of the
peptide to form an amide bond.
(See Section S2 of the Supporting
Information for details.) Deproton-
ated primary amines (such as Lys
and N-terminus) react with NHS
ester through nucleophilic attack to
form a stable covalent bond.
Hydrolysis of the NHS ester com-
petes with this reaction, and the rate
of hydrolysis increases with increas-

ing pH value. Therefore we performed peptide linking to the
NHS ester-bearing tips in phosphate buffered saline solution
(PBS; Sigma Aldrich) at pH 7.4. This pH value facilitated a
preference for linking to the N-terminal amine, which had a
greater probability of existing in the deprotonated form,
owing to a pKa value much lower than the pKa of the Lys
residues (ca. 10.5). In addition, a limited concentration of
peptide was used to functionalize tips in order to optimize the
chances of linking a single molecule at the tip. As a result,
several prepared tips gave little to no interaction with the
crystal face, consistent with the control tips, which also gave
very little interaction (Figure 1b, two top curves). Figure 1b
shows representative force–distance trajectories for each
level of chemical functionalization. We found independent
measurements with peptide-functionalized tips gave strong,
consistent interaction forces. Figure 1b, bottom curve, shows
data for one of these experiments. (Between 40 and 100
individual force curves were collected and analyzed for each
data point. For further data, see Figure S1, Supporting
Information.)

The force–distance curves can be converted directly into
the work W associated with breaking the Amel–HAp bond by
integrating over the shaded area in Figure 1b. Because the
bond rupture process is time-dependent, this work is greater
than the equilibrium free energy of binding DGB by an
amount of dissipated heat, which decreases with decreasing
loading rate dF/dt. As dF/dt approaches zero, the rate of bond
breaking approaches its equilibrium value and the work done
on the system should approach DGB. Figure 1c shows the
mean work hWi versus dF/dt and the corresponding normal-
ized frequency histograms for each loading rate. As expected,
hWi falls with decreasing loading rate and extrapolates to a
finite value at dF/dt = 0.

The solid curve in Figure 1c is a fit to the data according to
a theoretical model that accounts for the kinetics of forced
desorption from the adsorbed state (see Section S5 of the
Supporting Information for details). The model predicts two
major regimes with loading rate: a non-linear regime at large
loading rates, characterized primarily by the kinetics of forced
desorption, and a linear regime at small loading rates where
the desorption and adsorption rates are comparable. The
linear regime appears as a plateau in the plot of hWi versus
log(dF/dt) and tends asymptotically to the equilibrium free-
energy difference between the adsorbed and desorbed states.
The fit to the data is excellent, and the asymptote gives DGB =

�27.6� 1.5 kcalmol�1. Data for a second peptide-functional-

Figure 1. Determination of the free energy of binding of the C-terminal
sequence of Amelogenin adsorbed to the (100) face of HAp. a) The
peptide is linked to a gold-coated AFM cantilever by way of a
bifunctional linker. The tip is placed directly on the (100) face of
individual HAp crystals, which were visible under bright-field optics.
Inset: typical AFM scan of an HAp crystal used to characterize the
surface before force measurements (scale bar 4 mm). b) Representative
force–distance curves for each level of functionalization (Au coating,
LC-SPDP linker, and peptide) at approximately equivalent loading rates
(4.7, 3.6, and 5.3 nNs�1, respectively). The hatched region indicates
the work, W, measured upon moving the cantilever tip from the
surface to the minimum of the pulling potential. c) Means (solid
squares) and corresponding histograms (solid bars) of work measured
from repeated force–distance trajectories for a peptide-functionalized
tip (spring constant 93 pNnm�1) from the (100) face of HAp. Solid
curve is a fit to a two-state theoretical model given in the Supporting
Information. The mean work tends asymptotically to a finite value
given by the free-energy difference (dashed line) of
DGB =�27.6 kcalmol�1. The normalized histograms for increasing
loading rate (0.93, 5.25, 29.5, 165.9, and 933 nNs�1) are offset for
clarity using identical ranges along the two axes.

Table 1: Sequences of Amelogenin, LRAP, and C-terminal 13-mer.[a]

Amelogenin PLPPHPGHPG YINFSYEVLT PLKWYQNMIR HPYTSYGYEP MGGWLHHQII PVVSQQTPQS

HALQPHHHIP MVPAQQPGIP QQPMMPLPGQ HSMTPTQHHQ PNLPLPAQQP FQPQPVQPQP

HQPLQPQSPM HPIQPLLPQP PLPPMFSMQS LLPDLPLEAW PATDKTKREE VD

LRAP PLPPHPGHPG YINFSYEVLT PLKWYQNMIR HPSLLPDLPL EAWPATDKTK REEVD

13-mer[b] W PATDKTKREE VD

[a] Porcine.[35, 36] The splice variant LRAP sequence is indicated in blue and red. [b] Note that the MD
simulations were performed using the 12-mer which is identical to the 13-mer with the removal of the W
at the N-terminus.
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ized tip (Figure S1, Supporting Information) yields DGB =

�29.5� 1.3 kcalmol�1, giving an average value of hDGBi=
�28.6� 1.4 kcalmol�1, a value larger than but comparable to
the �7 to �10 and �18.3 kcalmol�1 calorimetric values
reported for the statherin/HAp[20] and biotin/streptadivin[21]

systems, respectively.
These measurements were complemented by molecular

dynamics (MD) adaptive biasing force (ABF) simulations in
which the same Amel fragment (minus the N-terminal
tryptophan) was gradually lifted from the HAp surface to
obtain potential of mean force (PMF) adsorption free
energies. Unlike the experiments, in which the elongated
habit of the HAp crystals prevented direct measurement of
DGB on the (001) face, the simulations enabled a direct
comparison between binding to the (100) and (001) faces.

Figure 2 shows the computational models for various
(100) and (001) surface terminations. Figure 3 shows the PMF
free-energy profiles for lifting the 12-mer from these surfaces.
The results predict the 12-mer binds more strongly to (100)
than to (001) surfaces for both explicit and implicit water
models (see also Table S1 of Supporting Information), and
the preference is significant. For reference, a difference in
binding energies greater than 4 kcal mol�1 implies a prefer-
ence of over 1000:1 at room temperature. The 12-mer binds
most strongly to termination 2 of the (100) surface indicated
in Figure 2, in which the uppermost layer of calcium ions are
stripped away. Moreover, this surface gives the best agree-
ment between simulation distances and NMR data, Table 2,
with a root mean squared (RMS) error of 1.1 � for the
peptide-to-surface distances. Distance measurements for

binding orientations on all other flat surfaces give signifi-
cantly poorer results (see Table S2 in Supporting Informa-
tion) with RMS errors over 3.4 �. Thus, the simulations
provide a plausible model for the LRAP terminal fragment
bound to the (100)-2 surface. (See Figure S3 of Supporting
Information for detailed geometry). In addition, while there is

Figure 2. Initial orientations of the 12-mer on the calcium-terminated (100)-1 (left) and (001)-1 (right) HAp surfaces. Calcium ions are depicted in
blue (ball), hydroxide ions in red and white (CPK), and phosphates in red/orange (tube). The 12-mer backbone is depicted in rainbow as a tube,
with blue representing the N-terminus (P-1) and red representing the C-terminus (D-12); selected nonpolar hydrogen atoms are hidden from view.
Five carboxylate moieties of the 12-mer account for the strong ionic attraction to the Ca2+-terminated surfaces. Other (100) surface terminations 2,
3, 4A, and 4B, and an alternate (001) termination 2 are indicated (as dashed black lines). The hydroxide ions in the HAp lattice are emphasized
as CPK models to highlight the random orientations of the hydroxide columns. Insets: The solvated systems under periodic boundary conditions
are shown, with water molecules represented as transparent isosurfaces.

Figure 3. Adsorption free-energy PMFs from ABF simulations for 12-
mer/HAp systems. Potentials are derived from several independent
500 ps simulations in which the center of the biasing potential of the
12-mer was “pulled” along the z-axis, normal to the HAp surfaces. The
12-mer binds more favorably to the various terminations (see Figure 2)
of the (100) surface than to the (001) surfaces. Solid lines: (100)-
1 (green), (100)-2 (red), (100)-3 (blue), (100)-4A (gold), (100)-4B
(purple). Dashed black line: (001)-1; dot-dashed black line: (001)-2.
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no way of knowing a priori which termination of the (100)
surface is expressed, the fact that the (100)-2 surface
termination gives both the best agreement with the NMR
data and the largest free energy of adsorption lends credence
to this being the most likely termination for the HAp (100)
surface.

As an alternative scenario, we performed simulations of
12-mer binding to a stepped calcium-terminated (100)-1
surface (Figure S4 of Supporting Information). This model
likewise appears plausible, because there is also good agree-
ment with NMR data with an RMS error of 0.7 �. However,
because our AFM analysis shows the step density is only
about one per 100 nm on the (100) surface, we have not
pursued this alternative further.

Not surprisingly, the range of computed binding energies
for the (100) surfaces in explicit water (�83 to �104 kcal
mol�1) is greater in magnitude than the experimental result,
while the estimates of �6 to �15 kcalmol�1 for implicit water
(e = 80) are relatively low (see Table S2 of the Supporting
Information). Generally, interaction energies of charged
organic species on surfaces of ionic crystals are overestimated
in explicit water simulations due to a mismatch of force-field
charge assignments between the organic and mineral compo-
nents.[22, 23] The standard protocol for explicit water calcula-
tions calls for unscaled Coulombic interactions (e = 1), yet
long-range dielectric screening by an unpolarizable solvent
model is underestimated.[24] On the other hand, implicit water
(homogeneous dielectric environment, e = 80) quenches the
normally solvent-inaccessible short-range interactions which

dominate the binding energy. From inspection of both sets of
binding energies for the (100) surfaces, we see the simulation
results preserve the order of binding affinities and bracket the
experimental result. In fact, when we compute PMFs using an
intermediate dielectric constant with the explicit water model,
we find that the binding energies are scaled by a nearly
constant factor and the preference for the (100)-2 surface over
both (001) surfaces is maintained.

Previous studies[2, 5,25] have concluded that the self-assem-
bled amelogenin nanospheres present their hydrophilic C-
termini toward the exterior, away from the primarily hydro-
phobic cores.[26] C-terminus interactions should therefore
dominate Amel-HAp binding. Thus, our finding that binding
to (100) is strongly preferred over binding to (001) is
consistent with the hypothesis that Amel-assisted HAp
formation achieves elongation along (001) by selectively
inhibiting (100) growth.

Because single-molecule force spectroscopy is the only
direct experimental analogue to MD simulations of molecular
binding, this work establishes a link between experiment and
computation through the determination of the Amel free
energy of binding to specific faces of HAp. Our results show
the binding free energy is comparable to that of other strong
biomolecular interactions, such as biotin-to-streptadivin and
statherin-to-HAp. This strong interaction comes about
because the carboxylic groups of the C-terminus bind
preferentially to the calcium ions of the (100) surface in a
manner similar to that predicted for LRAP bound to (001).[19]

However, our simulations provide a structural and energetic
rationale for predicting that the (100) face is the relevant
surface for Amel binding. Moreover, from inspection of the
12-mer to the (100)-2 surface binding scenario, we conclude
that positively charged C-terminus residues may also play an
important role in binding, as was also suggested for
statherin.[20] Finally, our combined computational and exper-
imental findings link the atomic-level interactions of Amel
with specific faces of HAp to the experimentally observed
growth habit of HAp.

Experimental Section
Details of tip functionalization are found in the Supporting Informa-
tion. In brief, microlever Si3N4 AFM tips (Veeco, Plainview, NY) were
coated with gold by thermal evaporation, and then immersed in a
DMF solution containing 0.2 mm of the heterobifunctional cross-
linker LC-SPDP (Thermo Scientific), which bears a pyridyl disulfide
that binds to gold, leaving a low density of N-hydroxysuccinimide
(NHS) ester groups presented at the tip surface. After removing
unbound cross-linker, the ester-modified tips were immersed in a
peptide solution (0.2 mm in PBS) to form a stable amide bond with a
primary lysine residue or terminal amine of the peptide. Force
measurements between modified tips and HAp crystals were
performed under calcium phosphate solution at approximately
equilibrium saturation with the crystal. Measurements were made
with the MFP3D Atomic Force Microscope (Asylum Research, Santa
Barbara, CA). To account for any surface heterogeneity, a custom
routine randomly sampled points on the surface to give a represen-
tative average. A constant approach velocity of 200 nms�1 was used
for every pulling speed studied. A 2–3 nm deflection trigger was used
to contact the surface and dwell for 1 second before pulling away.

Table 2: Selected simulation distances [�] for the adsorbed 12-mer on
the (100)-2 HAp Surface.[a]

Distance (100)-2 Exp.[b]

A-49 (Ca) to surface P (A-2) 5.3�0.1 –
6.0�0.5

K-52 (Nz) to surface P (K-5) 3.5�0.1 4.0�1.0
5.8�0.5

K-54 (C’) to surface P (K-7) 5.0�0.2 6.5�0.5
6.0�0.5

V-58 (N) to surface P (V-11) 4.3�0.1 –
5.8�0.5

V-58 (C’) to surface P (V-11) 4.8�0.1 5.8�0.5
5.4�0.5

A-49 (C’) to T-53 (N) (A-2) (T-6) 10.7�0.1 6.9�1.0
6.1�0.5

K-54 (C’) to V-58 (N) (K-7) (V-11) 5.5�0.4 5.5
5.5

[a] Computational values are averages obtained over post-equilibration
periods of 500 ps. C’ denotes carbonyl carbon atom; N denotes
backbone nitrogen atom. Distances are defined using LRAP residue
numbering, with corresponding 12-mer numbering in parentheses.
[b] Solid-state NMR spectroscopic data for LRAP on indeterminate HAp
surface.[8,10] Values for bound, hydrated sample are given as first entries;
values for bound, lyophilized sample are given second.

Communications

7544 www.angewandte.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 7541 –7545

http://www.angewandte.org


Details of the simulations are given in the Supporting Informa-
tion. Briefly, Cerius2 software[27] was used to create slabs of HAp,
which has alternating positively and negatively charged layers.
Apparent cleavage planes shown in Figure 2 define the positively
charged calcium-terminated (100)-1 and (001)-1 surfaces. Because the
actual HAp surface terminations are unknown, some other termi-
nations of the (100) and (001) surfaces were modeled as indicated in
Figure 2. We assigned the CHARMM22 force-field parameter set[28]

to the 12-mer and incorporated the nonbonding parameters and atom
charges for HAp[29, 30] to set up fixed-lattice simulations of the HAp/
12-mer system using NAMD 2.7.[31] The peptide�s starting configu-
ration was an equilibrated solution-state structure (1 ns in TIP3P
water), and after preliminary docking to the HAp surface, NVT
adaptive biasing force (ABF) simulations[32–34] (500 ps) were carried
out in TIP3P water and in the gas phase (e = 80) using periodic
boundary conditions. Selected distances were averaged over the last
500 ps of a 4 ns simulation for comparisons with solid-state NMR
spectroscopy data.
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