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C-terminal Amidation of an Osteocalcin-derived Peptide
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Background: A natural motif sequence was used as substrate to template hydroxyapatite (HA) formation.

Results: HA crystal formation is attributed to C-terminal amidation of a natural peptide derived from osteocalcin.
Conclusion: The chemical structure of the peptide controls HA crystal formation and growth.

Significance: HA-binding peptides are relevant for biomimetic bone synthesis, hard tissue regeneration, and improvement of

osseointegration of biomedical implants.

Genesis of natural biocomposite-based materials, such as
bone, cartilage, and teeth, involves interactions between organic
and inorganic systems. Natural biopolymers, such as peptide
motif sequences, can be used as a template to direct the nucle-
ation and crystallization of hydroxyapatite (HA). In this study, a
natural motif sequence consisting of 13 amino acids present in
the first helix of osteocalcin was selected based on its calcium
binding ability and used as substrate for nucleation of HA crys-
tals. The acidic (acidic osteocalcin-derived peptide (OSC)) and
amidic (amidic osteocalcin-derived peptide (OSN)) forms of this
sequence were synthesized to investigate the effects of different
C termini on the process of biomineralization. Electron micros-
copy analyses show the formation of plate-like HA crystals with
random size and shape in the presence of OSN. In contrast,
spherical amorphous calcium phosphate is formed in the pres-
ence of OSC. Circular dichroism experiments indicate confor-
mational changes of amidic peptide to an open and regular
structure as a consequence of interaction with calcium and
phosphate. There is no conformational change detectable in
OSC. It is concluded that HA crystal formation, which only
occurred in OSN, is attributable to C-terminal amidation of a
natural peptide derived from osteocalcin. It is also proposed that
natural peptides with the ability to promote biomineralization
have the potential to be utilized in hard tissue regeneration.

Most natural biomaterials composed of organic and inor-
ganic components, such as bone, cartilage, and teeth, are diffi-
cult to synthesize. The ability to control the formation of inor-
ganic crystals using natural peptides would be a valuable tool in
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tissue engineering for the restoration and regeneration of hard
tissues. The formation of natural bone is thought to be regu-
lated by templated mineralization of hydroxyapatite (HA)? and
proteins such as osteonectin, bone sialoprotein, osteocalcin,
and collagen type I (1, 2). Proteins play a significant role in
crystal nucleation, growth, and morphology (3-5) and enable
the process of biomineralization to occur under ambient tem-
perature and pressure conditions (6). Therefore, biological
templated mineralization could be employed to synthesize
bone mimetic materials. This process is thought to occur by
binding the acidic groups of peptides with calcium ions and
aligning them in an orientation that matches the crystal struc-
ture of HA (7). Studies have shown that a peptide motif could
promote the nucleation and growth of HA crystals (8-10).
Enhancing HA-binding peptides could promote biomimetic
osteogenesis.

Peptide motifs are usually categorized on the basis of their
origin. They could be derived from native proteins having con-
served fragments in different organisms or created by artificial
evolution (11). Several groups have used artificial evolutionary
systems to identify HA-binding peptides (12—14). On the other
hand, natural peptides are mostly fragments of bone tissue pro-
teins that are known to be involved in the mediation of HA
formation. The amino acid sequence in these proteins is capa-
ble of binding to HA and makes a template for the structural
integration of organic and inorganic matrices. Noncollagenous
proteins involved in this process are rich in amino acids with
acidic residues that have the capacity to bind with metal ions
and initiate the mineralization process (15). For example, calci-
um-binding peptides derived from dentin matrix protein 1
(DMP1) affect in vitro nucleation of HA (16), and the glutamic
acid-rich region of bone sialoprotein is involved in HA nucle-

3 The abbreviations used are: HA, hydroxyapatite; OC, osteocalcin; OSC, acidic
osteocalcin-derived peptide; OSN, amidic osteocalcin-derived peptide;
Fmoc, 9-fluorenyl-methoxy carbonyl; TFE, 2,2,2-trifluroethanol; TEM, trans-
mission electron microscopy; cryo-TEM, cryogenic-TEM; GRAVY, grand
average of hydropathicity; ACP, amorphous calcium phosphate; SAED,
selected area electron diffraction.
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ation (17). Although much research has been devoted to the
application of HA-binding peptides for HA mineralization,
there has been little investigation of natural peptides derived
from osteocalcin.

Osteocalcin (OC) is one of the noncollagenous proteins of
bone tissue secreted by mature osteoblasts and osteocytes (18,
19). The most important functions assigned to OC are regula-
tion of glucose homeostasis and bone mineralization. It has also
been postulated that uncarboxylated osteocalcin is involved in
glucose metabolism (20, 21). However, most OC is found in
bone tissue, and OC level in serum is considered a specific
marker of bone formation (22). Gla side chains of OC bind
strongly to hydroxyapatite (23) through mineral interactions
(24). Determination of the crystal structure of OC has clearly
shown excellent correspondence between the prism face of HA
crystals and the calcium-coordinating sites of OC (25). The
presence of three glutamates in the first helix of OC allows for
calcium binding (26). It should be noted that OC is sensitive to
several common proteases, and the proteolytic activity of these
enzymes may produce fragmentation in the serum (27-29).
However, the first helix of OC is located in the middle region
and is resistant to fragmentation because of the structure of the
molecules and protease inaccessibility (26). All fragments of
OC found in vivo are acidic forms with no amidated fragments
reported to date (29, 30).

C-terminal a-amide is present in the majority of peptide hor-
mones, particularly in the nervous and endocrine systems (31).
In comparison with C-terminal acids, C-terminal amides con-
siderably enhance peptide activity. Therefore, amidation ofa C
terminus has been correlated to peptide bioactivity (32). Several
researchers compared the molecular conformation and inter-
molecular interactions of C-terminal amidated peptides
(C-amide) and C-terminal acidic peptides (C-acid) (33, 34). It
was shown that C-terminal amidation largely influences the
molecular conformation of the peptide and in turn the interac-
tion with a receptor (35). The peptides used in such studies
were, however, mostly antimicrobial and hormone peptides.
Thus, the effect of C-terminal amidation on the process of
biomineralization is unknown.

In our study, a natural motif sequence consisting of 13 amino
acids present in the middle region and first helix of OC was
selected based on its calcium binding ability. This peptide motif
sequence was synthesized using the solid phase peptide synthe-
sis method in both acidic and amidic forms to investigate the
effect of C-terminal amidation (transformation of terminal
COOH groups into C-terminal CONH,, groups) on HA crystal
formation.

EXPERIMENTAL PROCEDURES

Peptide Synthesis, Purification, and Characterization—Com-
parison of OC from different organisms shows that the first
helix of OC is highly conserved. The amino acid sequence of
this region is LEPRREVCELNPD. We synthesized this
sequence in both amidated C-terminal (Leu-... -Asn-Pro-
Asp-NH,) form and free C-terminal acid (Leu- ... -Asn-Pro-
Asp-OH) form. From this point on, we shall refer to these forms
as OSN and OSC, respectively. OSC and OSN were constructed
manually by stepwise solid-phase synthesis. Peptide coupling
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was performed on a Fmoc-Asp-Wang resin and Fmoc amide
resin according to the standard Fmoc chemistry (36, 37). The
C-terminal amide was obtained using Rink amide (4-(2',4'-
dimethoxyphenyl-Fmoc-aminomethyl) phenoxy) resin. After
each coupling reaction, the Fmoc group was removed by 20%
piperidine in dimethylformamide for 15 min. For the final
deblocking and cleavage, the dried protected peptide resin was
suspended in trifluoroacetic acid (TFA), water, and triisopro-
pylsilane (95, 2.5, and 2.5) for 2 h at room temperature with
constant agitation. The peptide was filtered, and ice-cold dry
diethyl ether was added to the filtrate for precipitation. The
peptides were purified by reverse-phase HPLC (Pfizer Inc.,
Stockholm, Sweden) using C18 column with a flow rate of 3.0
ml/min and the linear gradient of solvents A (0.05% TFA in
H,0) and B (0.05% TFA in CH;CN). The UV detector mea-
sured absorbance at 215 and 280 nm. OSC and OSN were
checked for homogeneity by analytical reverse-phase HPLC,
which indicated a purity >95%. Molecular weights were con-
firmed by matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF; Mass Spectrometry
Services, Nanyang Technological University).

In Vitro Biomineralization—Lyophilized peptides were
weighed and dissolved in Tris-HCl buffer (pH = 7.4) to achieve
a 2 mg/ml concentration. Calcium- and phosphate-containing
solutions were prepared using reagent-grade CaCl, and
Na,HPO, (Sigma-Aldrich, >99.0% purity) with a concentra-
tion of 10 and 5 mw, respectively. The pH of the Na,HPO,
solution was subsequently adjusted to 7.4. To investigate the
effects of OSC and OSN on HA nucleation, 5 ul of each peptide
solution was added to a micro test tube followed by the addition
of 5 ul of CaCl, and Na,HPO, solutions to achieve a final con-
centration of 1.6 mm Na,HPO, and 3.3 mMm CaCl,, which are
close to physiological concentrations (pH = 7.4) (38, 39).

Electron Microscopy Analysis—Conventional transmission
electron microscopy (TEM), cryogenic-TEM (cryo-TEM), and
scanning electron microscopy (SEM) were used to characterize
the formation of HA crystals in the presence of OSC and OSN
peptides. Cryo-TEM enables the direct imaging of self-aggre-
gation in liquid systems as samples can be rapidly frozen, thus
avoiding damage from the formation of ice crystals, which pre-
serves ultrastructure without chemical staining or drying arti-
facts. This technique allows the visualization of fully hydrated
samples, which is otherwise impossible in TEM. For analysis in
conventional TEM, 10 ul of each solution containing OSC and
OSN was immediately pipetted onto a carbon-coated Cu TEM
grid. For the negative control experiments, the same concen-
tration of CaCl, and Na,HPO, in Tris-HCl buffer in the
absence of peptides was used. The grids were incubated for 30,
60, 90, and 120 min at room temperature. To minimize evapo-
ration, all grids were placed in a sealed wet chamber. Three sets
of each sample including OSC, OSN, and control were prepared
as described and then observed in TEM and SEM analysis. TEM
images were obtained using a FEI Tecnai 12 at 120 kV equipped
with an AMT XR-80C charge-coupled device camera system.
Samples were prepared using a similar method for SEM analy-
sis. SEM images were taken using a Hitachi S-4700 field-emis-
sion SEM. For imaging in cryo-TEM, mineralized suspensions
were applied to Quantifoil grids (Quantifoil Micro Tools
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FIGURE 1. The amino acid sequence of osteocalcin. The osteocalcin
sequence and the 13 amino acids in the first helix (underlined) that were
selected to build the OSC and OSN are shown.

GmbH, Jena, Germany) and blotted and rapidly frozen in liquid
ethane using a FEI Vitrobot Mark IV (FEI Co., Eindhoven, The
Netherlands). Imaging of the samples was done with a FEI Tec-
nai G F20 cryo-STEM at 200 kV equipped with a Gatan 626
single tilt cryotransfer system and Gatan UltraScan 4000 (4k X
4k) charge-coupled device camera.

Negative Staining—Negative staining was performed by
pipetting 5 ul of each peptide, as well as peptides incubated
with 10 mm CaCl,, onto a Formvar grid for 60 s. 10 ul of 2%
uranyl acetate was then pipetted onto the grid and let stand for
1 min, and excess liquid was blotted with filter paper. Speci-
mens were examined with a FEI Tecnai 12 TEM.

Circular Dichroism—All circular dichroism (CD) spectra
were obtained using a JASCO J-810 spectropolarimeter
(JASCO Corp., Tokyo, Japan) in a 1-mm quartz cell at 25 °C.
The instrument was calibrated with d,,-camphorsulfonic acid.
Peptide stock solutions were diluted with Tris-HCl buffer
(pH = 7.4) to yield a final concentration of 0.2 mg/ml. A 2,2,2-
trifluroethanol (TFE) titration experiment was carried out with
10, 50, and 90% v/v of TFE. To investigate the effects of calcium
and phosphate ions on the secondary structure of OSC and
OSN, each peptide was incubated with 10 mm CaCl, and 5 mm
Na,HPO, separately. The spectra were recorded with a wave-
length scan of 185-250 nm with the appropriate buffer and
solvent background subtraction. Each spectrum is reported as
the average of five scans using 1 nm bandwidth and 0.5 nm/s
scanning rate. In all CD spectra, the mean residue ellipticity [6]
is expressed in degrees cm® dmol ™.

Particle Size and { Potential Measurements—The mean par-
ticle size of the assembled peptides in the absence and presence
of calcium and phosphate ions was determined by dynamic
light scattering using photon correlation spectroscopy. The
measurements were performed using a Zetasizer Nano ZS
(Malvern Instruments Ltd., Malvern, Worcestershire, UK)
equipped with a helium-neon laser at 25 °C and a scattering
angle of 173°. Additionally, the ¢ potential of the peptides was
measured with the same instrument at 25 °C by electrophoretic
mobility.

Statistical Analysis—Data were analyzed using one-way
analysis of variance with Tukey’s multiple comparison test to a
confidence level of p < 0.05.

RESULTS

Peptide Synthesis and Characterization—Fig. 1 represents
the sequence of OC and the 13 amino acids selected for this
study. Table 1 shows the physicochemical properties of the syn-
thesized peptides. These data are confirmed by MALDI-TOF
mass spectrometry. OSC and OSN peptides have similar
molecular mass, pl, and grand average of hydropathicity
(GRAVY), but different net charge at pH = 7.0, which indicates
that both peptides are hydrophilic (40).
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TABLE 1
Physicochemical properties of the synthesized peptides

Physicochemical properties of OSC and OSN including pI, molecular mass,
GRAVY, and net charge at pH = 7 were calculated using the Innovagen site. Both
peptides have a similar molecular mass, pI, and GRAVY.

Molecular Net charge at
mass plI pH=7.0 GRAVY
Da
0osC 1569.7 4.4 -2 —1.185
OSN 1568.8 4.6 -1 —1.185

Biomineralization—Electron microscopy was used to com-
pare the effects of the synthesized peptides on the nucleation
and growth of HA. HA nucleation and crystallization were
investigated in conventional TEM after 30, 60, 90, and 120 min
of incubation (Fig. 2). After 30 min, spherical particles were
observed both in the control sample (Fig. 2a) and in the pres-
ence of OSC and OSN (Fig. 2, b and ¢). This morphology is
usually indicative of the formation of amorphous calcium phos-
phate (ACP). Selected area electron diffraction (SAED) analysis
confirmed the amorphous nature of these nanoparticles (Fig.
2a, inset). After 1 h, the size of the nanoparticles did not change
significantly in the OSC and control groups, whereas the parti-
cles grew significantly in the presence of OSN (Fig. 2, d—f). Thin
plate-like particles started to form from the surfaces of the ACP
particles in the presence of both OSC and OSN after 1 h. These
interweaving ridges were found to be more significant in the
presence of OSN (Fig. 2f). After 90 min, the mean size of the
ACP spheres increased in the control group (Fig. 2g). Thin
plate-like particles formed at 60 min and increased in abun-
dance after 90 min on the OSC sample (Fig. 2/). Crystal forma-
tion was also substantially promoted, and plate like-crystals
formed and almost completely replaced the ACP spheres on the
OSN sample (Fig. 2i). At 120 min, thin plate-like particles
appeared in the control group from the network of amorphous
calcium phosphate (Fig. 2j). There was no crystal formation
on the OSC sample, whereas the OSN sample showed a com-
plete transformation of the ACP spheres to thin plate-like
crystals (Fig. 2, kand /). Fig. 3 shows high magnification TEM
images of the control, OSC, and OSN samples after 120 min
of incubation and clearly shows the formation of HA crystals
on the OSN.

The amorphous nature of the particles formed in the pres-
ence of OSC and in the control sample after 120 min was con-
firmed by SAED (Fig. 3, a and b). In the presence of OSN,
single crystal diffraction patterns were indexed as the HA
(002), (211), and (004) planes along the crystal c axis (Fig. 3¢).
The interplanar d-spacings of these planes relative to the
diffraction planes (002), (211), and (004) were calculated as
0.28, 0.35, and 0.17 nm, respectively, which correspond to
the crystallographic structure of HA. High resolution TEM
images of OSC and OSN samples are presented in Fig. 4.
Lattice fringes of the OSN crystals have a d-spacing of 0.36
nm, which is in agreement with theoretical data for the (211)
plane of HA (41). Energy-dispersive x-ray analysis indicated
that crystals formed in the presence of OSN had a Ca/P ratio
of 1.67 = 0.003, which matches the theoretical Ca/P ratio for
HA, whereas a ratio of 1.27 = 0.001 was obtained from the
OSC sample.
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FIGURE 2. TEM images of calcium phosphate minerals formed in the presence of OSC, OSN, and control. Calcium phosphate minerals formed in the
control sample and in the presence of OSC and OSN after 30 (a-c), 60 (d-f), 90 (g—i), and 120 (j-/) min of incubation are presented. 5 ul of each peptide solution
was added to a micro test tube followed by the addition of 5 ul of CaCl, and Na,HPO, solutions to achieve a final concentration of 1.6 mm Na,HPO, and 3.3 mm
CaCl, (pH = 7.4). 10 ul of each solution containing OSC and OSN was immediately pipetted onto a carbon-coated Cu TEM grid. For the control experiments, the
same concentration of CaCl, and Na,HPO, in Tris-HCI buffer in the absence of peptides was used. Amorphous calcium phosphate deposit was observed in
the control and OSC samples, whereas crystalline calcium phosphate was formed in the presence of OSN. In g, the inset shows a SAED pattern that represents

the ACP structure.

SEM was used to observe the morphology of the particles
formed in the presence of OSC, OSN, and control samples after
120 min of incubation. Spherical particles were formed both
in the OSC and in the control samples, having only minor
differences in shape and size (Fig. 5, a and b). The OSN
sample, however, had a completely different morphology
characterized as noticeably large crystals with rough, spicu-
lar surfaces (Fig. 5¢).

Fig. 6 is a high resolution cryo-TEM image of the nanocrys-
tals formed in the presence of OSN after 120 min of incubation.
Negative staining of OSC and OSN showed that both peptides
underwent a similar degree of assembly and aggregation in the
presence of Ca®>" (Fig. 7), which was not observed in the
absence of Ca>* (Fig. 7, a and b).

Circular Dichroism—CD measurements were performed to
ascertain the secondary structure of the synthesized peptides.
Results showed that both OSC and OSN had a random coil
structure, as indicated by the 7—7* transition band at 198 —200
nm (Fig. 8, a and b) (42). In the absence of TFE, the negative
band at 198 nm for OSN decreased to lower molar ellipticity
when compared with OSC. Different percentages of TFE were
added to the solution to investigate the ability of OSC and OSN
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to form secondary ordered structures (43). TFE is an organic
solvent that provides a suitable environment for a peptide to
adapt a structure in solution. It also has the ability to induce and
stabilize the folded structure of a peptide (43). As seen in Fig. 8,
a and b, TFE had a profound effect on the conformation of both
peptides. After increasing the TFE concentration, the band at
198 -200 nm disappeared, and two ellipticity bands appeared at
205-208 and 218 —222 nm. These bands are relative to a w—7*
transition and an n—m* transition, respectively, which are
indicative of an a-helical structure (44). This indicated that the
random coil structure of both peptides could be changed to a
regular helical structure in the presence of TFE. CD spectra
were also measured in the presence of Ca>* and HPO?~ (Fig. 8,
c and d). Although Ca*>* and HPO; ™ did not significantly alter
the random coil structure of OSC, a larger change was observed
for OSN.

Particle Size and ( Potential Measurements—{ potential
results showed a surface charge of —6.59 = 1.22 mV and
—14.4 = 0.98 mV for OSN and OSC, respectively, confirming
that OSN is more positive than OSC in its assembled form
(Table 2). The mean particle size for OSN and OSC was 444.7 +
19.48 and 450 * 15.50 nm, respectively (Table 2). The addition

VOLUME 288+NUMBER 11+MARCH 15,2013



FIGURE 3. TEM images of calcium phosphate minerals and related SAED
patterns. High magnification TEM images of the control (a), OSC (b), and OSN
(c) after 120 min of incubation are presented. The formation of HA crystals is
clear in the presence of OSN. Arrows show the projection of HA crystals
aligned perpendicular (white) and parallel (black) to the substrate. SAED pat-
terns of the particles formed in the presence of OSC and control show the
amorphous structure, whereas in the presence of OSN, single crystal diffrac-
tion patterns are indexed as the HA (002), (211), and (004) crystallographic
planes.

of calcium and phosphate ions to OSN decreased both the ¢
potential (—12.4 = 0.70 and —28.5 = 0.70 mV for calcium and
phosphate, respectively) and the mean particle size (376.2 *
14.79 and 140.3 = 12.03 nm for calcium and phosphate, respec-
tively) of the assembled peptide (Table 2). These reductions
were much more significant with the addition of phosphate
when compared with calcium ions (p < 0.006). In the case of
OSC, however, the addition of calcium and phosphate ions
increased the mean particle size of the peptide from 450 =
15.50 nm to 605.0 = 23.85 and 603.0 £ 22.55 nm for calcium
and phosphate, respectively (Table 2). The { potential of OSC
decreased after the addition of phosphate ions (from —14.4 =
0.98 to —19.4 * 1.20 mV) and increased after the addition of
calcium ions (from 14.4 = 0.98 to —10.1 = 0.80 mV) (Table
2). It is therefore apparent that the addition of calcium and
phosphate ions caused aggregation of OSC and disassembly
of OSN.

DISCUSSION

In this study, we show that peptide sequences composed of
the 13 amino acids present in the first helix of OC in both acidic
(OSC) and amidic (OSN) forms have significant effect on the
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mode of HA formation. Although plate-like crystals with ran-
dom size and shape are formed in the presence of OSN after 120
min of incubation, only ACP spheres are produced in the pres-
ence of OSC similar to those formed in control samples without
peptides.

HA crystallization is a sequential process whereby an amor-
phous precursor phase transforms into crystalline HA (45). Our
TEM results show that ACP was similarly formed in the OSC,
OSN, and control samples within the first 30 min of incubation.
Gradually, thin plate-like particles start to appear from the sur-
face of ACP particles in the presence of OSC and OSN. These
particles are eventually transformed to plate-like crystals in the
presence of OSN. These findings show that ACP formation is
not mediated by the peptides because it is also observed in the
control sample. Thus, we believe that OSN enhances the trans-
formation of ACP to crystalline HA. To explain why OSN
would have this effect, whereas OSC did not, we can consider
the structure and surface charge of the two peptides. The addi-
tion of TFE to the OSC and OSN solutions used in far-ultravi-
olet CD experiments shows the transition of the unstructured
conformation (coil) of these peptides to a folded structure
(helix) in aqueous solution. The effect of calcium and phos-
phate ions on the conformational state of peptides measured by
CD shows that although there is no significant effect on the
OSC structure upon the addition of calcium and phosphate,
there is a visible change in the conformation of OSN. To
address the interaction of calcium and phosphate ions with
OSC and OSN on the basis of their surface charges more pre-
cisely, { potential and particle size analyses were performed.
The significant drop of { potential and decrease in particle size
of OSN after the addition of calcium and phosphate ions sug-
gest that both ions, but particularly phosphate, inhibit the
assembly of OSN. Therefore, the number of OSN peptides in
solution that could interact with phosphate and calcium
increases. Conversely, the increasing size of OSC suggests that
the addition of phosphate and calcium ions facilitates its assem-
bly. Based on these results, therefore, larger changes in confor-
mation, surface charge, and particle size are induced in OSN,
in comparison with OSC, after the addition of either Ca®" or
HPOZ". This may be related to the fact that amidation brings
the C-terminal group to a neutral state, which in turn
decreases the repulsion of carboxyl groups in the aspartic
acid. This is known to play a key role in preventing the for-
mation of a folded conformation for the C-terminal ami-
dated peptide (46). An open conformation for OSN would
allow more side chain interaction with calcium and phos-
phate ions (35). Indeed, proteins involved in biomineraliza-
tion, such as OC, have a disordered, open conformation that
allows for enhanced intermolecular interactions at the pro-
tein-mineral interface (47, 48).

The other point that needs to be mentioned is that peptides
containing acidic residues, such as Glu, Asp, and phosphoser-
ine with a low isoelectric point, have been shown to interact
efficiently with calcium ions. Because of their increased net
negative charge, these peptides will promote nucleation and
growth of HA (49 —52). The effect of Ca™*? ions in assembly and
aggregation of both OSC and OSN was evidenced by particle
size analysis and negative stain results. These results, combined
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FIGURE 4. High resolution TEM images and energy-dispersive x-ray analysis spectra of minerals formed in the presence of OSC and OSN. High
resolution TEM image of calcium phosphate mineral formed in the presence of OSC (a) and crystal lattice fringe image of OSN (b) are shown. A d-spacing of 0.36
nm was calculated for the OSN, which is in agreement with theoretical data for the (211) crystallographic plane of HA. Energy-dispersive x-ray analysis indicated
the Ca/P ratio of 1.27 = 0.001 for OSC and 1.67 = 0.003 for OSN, which matches the theoretical Ca/P ratio for HA.

with the results obtained from the ¢ potential and CD experi-
ments, suggest that the increased conversion of amorphous cal-
cium phosphate to crystalline HA observed in OSN is due to the
interaction of the peptide with phosphate ions caused by
the conformational changes in the OSN. According to data in
the literature, the interaction of OSN with phosphate besides
calcium would create a local supersaturation of ions that con-
sequently would promote the transformation of the amorphous
phase to the crystalline phase (6). Moreover, according to ¢
potential results, OSN has a more positive surface charge when
compared with OSC and therefore has higher affinity for nega-
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tive charge. As ACP has a negative surface charge, we expect a
higher degree of interaction between OSN and ACP relative to
OSC (53). The decrease in activation energy of OSN-ACP bind-
ing would contribute to the specific nucleation and crystalliza-
tion of HA (8). Finally, images from conventional and cryo-
TEM show that HA crystals formed in the presence of OSN are
plate-like (Fig. 3¢, black arrows). In contrast to data presented
in the literature, there is no evidence of an acicular habit of HA
crystals in our study. The acicular habit often observed in TEM
images is likely the projection of HA crystals aligned perpendic-
ular to the substrate and parallel to electron beam (Figs. 3 and 6,
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FIGURE 5. SEM images of formed calcium phosphate minerals in the pres-
ence of 0SC, OSN, and control. SEM images of control (a), OSC (b), and OSN (c)
after 120 min of incubation are displayed. Spherical particles were formed both in
the OSC and in the control samples, having only minor differences in shape and
size. The OSN sample, however, had a completely different morphology charac-
terized as noticeably large crystals with rough, spicular surfaces.

white arrows). This is clear in the cryo-TEM image where the
crystals are freely oriented in the ice.

In summary, our study demonstrates that C-terminal amida-
tion improves the biomineralization activity of peptides.
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FIGURE 6. Cryo-TEM image of HA crystals formed in the presence of
OSN. For imaging in cryo-TEM, mineralized suspensions were applied to
Quantifoil grids, blotted, and rapidly frozen in liquid ethane using a FEI
Vitrobot Mark IV. Imaging of the samples was done with a FEI Tecnai G?
F20 cryo-STEM.

> S

FIGURE 7. Negatively stained TEM images of OSC and OSN. TEM images of
0OSC and OSN negatively stained with 2% (w/v) uranyl acetate (a and b) and
after incubation with 10 mm CaCl, (c and d), respectively, are presented. The
images show a similar degree of assembly in the presence of Ca®>* for both
peptides.

Although the exact mechanism of OSN-mediated crystal for-
mation is not known, our study using CD and { potential anal-
yses shows that OSN and OSC exhibit significant differences
with respect to surface charge and conformational changes.
This suggests that the transformation of COOH to CONH,,
groups affects the peptide conformational state and
enhances its interaction with both calcium and phosphate
ions, thus effectively promoting HA crystallization. How-
ever, additional structural and conformational studies using
NMR spectroscopy might provide a better understanding of
the dynamics of the molecular mechanisms involved in HA
crystallization.
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FIGURE 8. Circular dichroism analysis of OSC and OSN. CD spectra of OSC (a) and OSN (b) were obtained with 10, 50, and 90% v/v of TFE. It is revealed that
random coil structure of both peptides is changed to an a-helical structure in the presence of TFE. deg, degrees. OSC (c) and OSN (d) after the addition of 10 mm
CaCl, (red lines) and 5 mm Na,HPO, (green lines), in comparison with OSC and OSN solutions without Ca®* and HPOZ ™ ions (blue lines), show that Ca®" and
HPOZ~ did not alter the random coil structure of OSC significantly, whereas a larger change was observed for OSN.

TABLE 2
Particle size and { potential analysis

The mean * S.D. particle size and { potential values for OSC and OSN with and
without the addition of Ca®* and HPOj ~ are reported.

Group Sample Particle size { potential
nm mV

1 oscC 450.7 + 15.50 —14.4 +0.98
2 0OSC/Ca** 605.0 = 23.85 —10.1 = 0.80
3 OSC/HPO; ~ 603.0 £ 22.55 —19.4 *+ 1.20
4 OSN 444.7 * 19.48 —6.59 £ 1.22
5 OSN/Ca>* 376.2 = 14.79 —12.4 +0.70
6 OSN/HPO} ~ 140.3 = 12.03 —28.5 % 0.70
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