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ABSTRACT Proteins play an important role in the bio-
logical mechanisms controlling hard tissue development, but
the details of molecular recognition at inorganic crystal
interfaces remain poorly characterized. We have applied a
recently developed homonuclear dipolar recoupling solid-
state NMR technique, dipolar recoupling with a windowless
sequence (DRAWS), to directly probe the conformation of an
acidic peptide adsorbed to hydroxyapatite (HAP) crystals.
The phosphorylated hexapeptide, DpSpSEEK (N6, where pS
denotes phosphorylated serine), was derived from the N
terminus of the salivary protein statherin. Constant-
composition kinetic characterization demonstrated that, like
the native statherin, this peptide inhibits the growth of HAP
seed crystals when preadsorbed to the crystal surface. The
DRAWS technique was used to measure the internuclear
distance between two '3C labels at the carbonyl positions of the
adjacent phosphoserine residues. Dipolar dephasing mea-
sured at short mixing times yielded a mean separation dis-
tance of 3.2 = 0.1 A. Data obtained by using longer mixing
times suggest a broad distribution of conformations about this
average distance. Using a more complex model with discrete
a-helical and extended conformations did not yield a better fit
to the data and was not consistent with chemical shift analysis.
These results suggest that the peptide is predominantly in an
extended conformation rather than an «-helical state on the
HAP surface. Solid-state NMR approaches can thus be used
to determine directly the conformation of biologically relevant
peptides on HAP surfaces. A better understanding of peptide
and protein conformation on biomineral surfaces may provide
design principles useful for the modification of orthopedic and
dental implants with coatings and biological growth factors
that are designed to enhance biocompatibility with surround-
ing tissue.

The biological mechanisms that control hard tissue construc-
tion have attracted a great deal of recent attention in fields
ranging from biology and chemistry to materials science and
bioengineering (1, 2). A better understanding of the biomo-
lecular mechanisms used to promote bone and tooth growth
could provide important design principles for the development
of biocompatible implant materials. Increasing interest is also
being paid to nature’s processing strategies by materials sci-
entists looking for bio-inspired methods to engineer unique
ceramics coatings or composites for use in magnetic, optical,
biomedical, and protective coatings applications. The crystal
engineering capabilities of proteins play an important role in
many of these biomineralization processes. An important class
of proteins directly involved in biomineralization is the non-
collagenous, acidic proteins found in bone tissue, salivary
fluids, and urinary compartments. Key examples are osteocal-
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cin, osteonectin, bone sialoprotein, and osteopontin from bone
tissues, and the proline-rich acidic proteins such as statherin
found in salivary fluids (3-9). Considerable insight has been
gained into these proteins’ functional activities, and their
ability to control crystallite growth processes, orientation, and
morphology is well documented. Similarly remarkable crystal
engineering properties have been documented in marine or-
ganisms, where soluble proteins have been shown to control
crystal phase switching and to regulate the growth of specific
crystal faces (10-16). Little is known, however, of the detailed
structure—function relationships used by such proteins to
mediate hard-tissue growth processes.

Statherin, a small protein isolated from salivary compart-
ments, functions as an effective inhibitor of hydroxyapatite
(HAP) primary and secondary crystallization (17, 18). The
statherin primary amino acid sequence is characterized by a
negatively charged N terminus consisting of a DSSEEK se-
quence, and the serines are post-translationally phosphory-
lated (19). There is no direct three-dimensional structure
information available for statherin, but secondary structure
predictions suggest that the N terminus has a propensity for
a-helix formation, and circular dichroism studies demonstrate
the presence of some a-helical conformation in solution (20,
21). The existence of secondary structure in other acidic
proteins has also been predicted and hypothesized to play a
role in crystal recognition through lattice-matching mecha-
nisms (22-24). As initially demonstrated by Hay, Nancollas,
and coworkers, peptides from this N terminus of statherin bind
effectively to HAP seed crystals and inhibit their further
growth in metastable supersaturated solutions (25, 26).

Solid-state NMR has yielded important insight into the
structure and dynamics of biomolecules in mesogenic or
amorphous solids where x-ray crystallographic approaches are
not applicable (27-33). Cross-polarization with magic-angle
spinning (CPMAS) and dipolar recoupling experiments pro-
vide an opportunity to characterize biomolecular structure at
solid surfaces of relevance to biology and to the many existing
and developing technologies that use immobilized biomol-
ecules. We report here an initial solid-state NMR study that
uses the recently developed dipolar recoupling solid-state
NMR technique, dipolar recoupling with a windowless se-
quence (DRAWS) (34), to directly probe the conformation of
an acidic N-terminal peptide from statherin on the surface of
HAP crystals. This N-terminal statherin peptide binds tightly
to HAP crystals and strongly modulates the secondary nucle-
ation and crystal growth rates in analogous fashion to the
parent protein.

Abbreviations: HAP, hydroxyapatite; DRAWS, Dipolar Recoupling
with a Windowless Sequence; N6, the N-terminal hexapeptide of
statherin; CPMAS, cross-polarization with magic-angle spinning.
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MATERIALS AND METHODS

Materials. Protected amino acids and fluorenylmethoxycar-
bonyl-lysine-(¢-butoxycarbonyl) resin were purchased from
NovaBiochem. Carbonyl 3C-labeled serine was purchased
from Cambridge Isotope Laboratories (Cambridge, MA).
Crystalline HAP was purchased from Clarkson Chromatog-
raphy Products (South Williamsport, PA).

Peptide Synthesis and Characterization. The N-terminal
hexapeptide of statherin (N6), DSSEEK, was synthesized by
standard fluorenylmethoxycarbonyl procedures by using flu-
orenylmethoxycarbonyl-lysine-(¢-butoxycarbonyl) Wang resin
(substitution 0.4 mmol/g) on an automated Applied Biosys-
tems 433A peptide synthesizer. Carbonyl 3C-labeled serine
was protected by using 9-fluoroenylmethyl succinimidyl car-
bonate before incorporation into the peptide. The peptide was
phosphorylated by using di-fert-butyl-N,N-diisopropylphos-
phoramidite, followed by oxidation with 80% ¢-butylhydroper-
oxide to yield the t-butyl-protected phosphate moiety. The
phosphopeptide was then cleaved from the resin by using a
standard trifluoroacetic acid cleavage cocktail, purified to
homogeneity by HPLC, and verified by mass spectrometry.
Circular dichroism analysis of N6 was conducted on a model
62A DS circular dichroism spectrometer (Aviv Associates,
Lakewood, NJ) at 25°C. Spectra were collected in a 4-ml
cuvette at 60 rpm with 26 uM N6 peptide in 10 mM NaCl/2.5
mM potassium phosphate buffer, pH 7.5, and then under the
same conditions with CaCl, at 0.4, 2.0, or 8.0 mM.

Peptide Adsorption to HAP. HAP was characterized by
x-ray powder diffraction to confirm the absence of other
calcium phosphate phases. Crystal-specific surface area was
determined to be 63 m?/g by using N, Brunauer-Emmett-
Teller measurements. Phosphopeptide was physisorbed to
HAP by dissolving an excess of peptide in a saturated HAP
solution containing a suspension of 100 mg of HAP crystallites
buffered to pH 7.5. After 4 h of equilibration, the HAP
crystallites were separated from the peptide in solution by
centrifugation and were washed repeatedly with buffered
saturated HAP solution. NMR samples were subsequently
lyophilized.

Constant-Composition Kinetics. Supersaturated HAP so-
lutions at pH 7.4 and ionic strength of 0.01 mol/liter were
prepared in glass vessels at 25°C. Nitrogen gas, saturated with
respect to the background electrolyte, was continuously bub-
bled through the solution to exclude carbon dioxide. The
solution pH was measured by using a pH electrode (Corning)
and Radiometer (Copenhagen) pH meter. Metastable super-
saturated HAP solutions were prepared by the slow addition
of stock solutions with constant stirring to minimize local
regions of high concentrations. Triply distilled, deionized
water was added to the reaction vessel first, followed by the
addition of the background electrolyte (NaCl, final concen-
tration 0.01 M), KH,POy (final concentration 4.50 X 10~4 M),
and CaCl, (final concentration 2.69 X 10~* M) solutions,
respectively. The pH was adjusted to the final value by the slow
addition of KOH. On reaching a stable pH, the potentiostat
(Radiometer) was set to the desired pH. Crystal growth was
initiated by the addition of seed HAP crystals to the super-
saturated solution. For experiments with adsorbed protein,
pretreated crystallites were added to the reaction vessel in the
form of a suspension (0.01 M NaCl). On introduction of seed
crystals, the onset of growth resulted in a decrease in calcium
ions in solution, triggering the potentiostat to simultaneously
add titrant solutions to the supersaturated solution, thereby
restoring the lattice ion activities to their preset value. The
preparation of titrant solutions took into account both lattice
depletion due to crystal growth and dilution effects caused by
the addition of multiple titrants. Typically, lattice ion concen-
trations were maintained to within approximately 2% of their
original value, thus keeping the solution supersaturation con-
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stant throughout the duration of the experiment. To verify
supersaturation consistency, aliquots were periodically with-
drawn from the reaction mixture, filtered, and analyzed for
calcium (atomic absorption) and phosphate (UV) ion concen-
trations.

Solid-State NMR Studies. Solid-state NMR experiments
were carried out on a home-built spectrometer operating at a
13C NMR frequency of 100.7 MHz by using a Doty Scientific
(Columbia, SC) triply resonant magic-angle spinning probe.
CPMAS experiments used a 5-psec 'H 90° pulse and a 2-msec
mixing time. The chemical shifts were referenced relative to
crystalline [1,4-13C] succinic acid and converted to a tetram-
ethylsilane reference by the addition of 179 ppm. The DRAWS
pulse sequence is shown in Fig. 1 and consists of a series of
pulses applied in synchrony with the rotor cycle. The 90° pulses
prevent the dipolar interaction from being averaged during
magic-angle spinning while the 360° pulses serve to suppress
chemical shift interactions. The transverse magnetization is
then observed stroboscopically every four rotor cycles and
normalized with respect to the magnetization observed with-
out any mixing. A 13C rf field of 38.5 kHz, corresponding to a
6.5-usec /2 pulse, was used during the DRAWS mixing
period, and proton decoupling of >125 kHz was applied
throughout the DRAWS and acquisition periods. The sample
was spun at 4525 = 5 Hz in agreement with the 221-usec
DRAWS cycle time. The DRAWS experiment was run in
triplicate by using 2048 scans per spectrum and a repetition
time of 5 sec. Samples consisted of approximately 2 mg of
phosphopeptide adsorbed to 100 mg of HAP packed into a
5-mm rotor. The DRAWS data were obtained both on a
doubly (Dp*Sp*SEEK) and a singly '*C-carbonyl-labeled sam-
ple (Dp*SpSEEK) to determine the relevant relaxation pa-
rameters. Simulated DRAWS decay curves were calculated by
using numerical methods that incorporated the observed
relaxation and chemical shift anisotropies.

RESULTS

Peptide Characterization. Solid-phase synthesis with subse-
quent phosphorylation produced DpSpSEEK (N6) in high
yield, as verified by electrospray mass spectrometry (molecular
weight = 856.6, theoretical molecular weight = 855.6). Cir-
cular dichroism analysis verified that unadsorbed N6 exists as
a random coil in buffered solution in the presence or absence
of calcium ions (data not shown).

Effect of N6 on Secondary HAP Growth. Constant-
composition kinetic methods comparing the growth rate of the
HAP seed crystals in the presence and absence of preadsorbed
N6 indicated that the peptide inhibits crystallization >99%
relative to the uncoated control. These results are consistent
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a) The full experiment:

90°
Decouple

H |_ cp
Mixing Time ————[

Bc |ce R " "

[T, “\J ¥
b) Each rotorpericy \
360°'s 90° 90°

13¢ XEX) x| XX xv] X]| X

!‘ Tr '!

Fic. 1. Dipolar recoupling with a windowless sequence
(DRAWS). The complete sequence with a four-rotor supercycle is
shown in a. In b, the basic sequence over one rotor cycle is shown.
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Fic. 2. CPMAS and DRAWS spectra of Dp*Sp*SEEK showing
relative intensity at the indicated mixing times. ssb, spinning sidebands.

with those reported for N-terminal penta- and hexapeptides of
statherin (25, 26).

Characterization of N6 Conformation by Solid-State NMR.
The average chemical shift of the phosphoserine carbonyl
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carbons in Dp*Sp*SEEK, both neat and adsorbed to HAP, is
173 ppm (Fig. 2), and the carbonyl resonances show consid-
erable dispersion (Avy;, > 4 ppm). Chemical shift spectra of
crystalline peptides acquired under identical conditions typi-
cally show linewidths on the order of 0.5-1 ppm. This broad-
ening is probably because of structural inhomogeneity in the
peptide rather than relaxation (based on the measured Taso
value of 10 msec) or spectral overlap (the same breadth was
seen in both doubly and singly labeled samples). Variation of
the backbone torsion angles can lead to changes in carbonyl
chemical shifts of up to 7 ppm. Comparison of observed
DRAWS dephasing with simulated curves provides additional
evidence of this interpretation (Fig. 3). The calculated curves
for a-helix (¢ = —60, 3.0 A, 270 Hz dipolar coupling), B-sheet
(¢ = —120 or —140, 3.4 or 3.5 A, 200 or 180 Hz), and fully
extended (¢ = —180, 3.7 A, 150 Hz) conformations clearly
show poor agreement with the experimental data. A dephasing
curve calculated assuming a single secondary structure (phi =

—90, 3.2 A, 240 Hz) shows good agreement with the initial
decay observed experimentally, but does not model the long-
time behavior well. Experiments run on a sample consisting of
20% doubly labeled peptide mixed with 80% natural abun-
dance peptide before adsorption showed identical results (data
not shown), ruling out the possibility of intermolecular inter-
actions. Simulations performed assuming an even distribution
of conformations over all reasonable values of ¢ (—30 to
—180) show better agreement. Additionally, a model gener-
ated assuming 60% pB-sheet and 40% «-helix shows good
agreement. However, no splitting is evident in the chemical
shift spectrum, so a broad Gaussian or even distribution of
conformers is more likely. Peptide backbone dynamics are
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Fic. 3. DRAWS dephasing curve observed for Dp*Sp*SEEK. The experimental data are shown, along with simulations discussed in the text.
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likely to be insignificant, since the samples are lyophilized and
adsorption of peptides to hydroxyapatite has been shown to
further restrict backbone motions (27).

DISCUSSION

We report here a determination of the conformation of a
phosphorylated peptide on the HAP crystal surface by using
CPMAS and DRAWS solid-state NMR techniques. Chemical
shift measurements provide a useful means of determining
gross structural features. Asakura et al. used serine to distin-
guish between a-helical (silk I, carbonyl carbon resonance at
173.7 ppm) and B-sheet (silk II, 172.3 ppm) conformations in
silk (28). However, phosphorylation of the serines in N6 and
adsorption to a highly ionic surface could significantly alter the
chemical shift of the carbonyls and/or increase the range of
chemical shifts observed. It is interesting to note that the
average chemical shift (173 ppm) of N6 is intermediate to
those observed in the two forms of silk. This agrees well with
the average distance of 3.2 A measured by using DRAWS,
corresponding to a ¢ angle midway between the a-helical and
B-sheet conformations. The breadth of the carbonyl reso-
nance, however, indicates that the range of possible backbone
torsional angles and/or interactions of the carbonyls with the
surface is quite broad. Direct distance measurements provide
a means of more accurate interpretation.

To obtain high-resolution, solid-state NMR spectra of rare
spin 1/2 nuclei, magic-angle spinning is applied to remove
chemical shift anisotropies. However, this technique also
attenuates dipolar interactions. This averaging of the dipole
interactions may be counteracted by introducing 180° or 90°
pulses appropriately synchronized with the spinning of the
sample. DRAWS is a homonuclear dipolar recoupling tech-
nique capable of measuring distances between spin 1/2 nuclei,
irrespective of their isotropic chemical shift separation or
chemical shift anisotropy (35). DRAWS is ideally suited to
measuring individual torsional angles in peptide systems.
Measuring distances between successive carbonyl carbons
allows direct determination of the torsion angle phi. Although
the carbonyl chemical shift anisotropies are considerably
larger than the dipolar couplings and typically have degenerate
isotropic chemical shifts, DRAWS is insensitive to either of
these factors. DRAWS may also be used for measuring
distances between nuclei with large isotropic shift differences.
Because DRAWS is insensitive to both chemical shift disper-
sion and the relative orientations of the chemical shift
anisotropies, it is well suited to studying systems that contain
an ensemble of conformations instead of crystalline regularity,
since the dipolar recoupling efficiency is independent of any
correlation between the chemical shifts in a given sample. This
characteristic is especially useful in peptides, since the corre-
lation of the carbonyl chemical shifts to secondary structure is
opposite in sign to that of the alpha and beta carbons.

The N-terminal hexapeptide of salivary statherin displays a
random coil conformation in solution, as determined from
circular dichroism studies, but it significantly affects the crys-
tallization of HAP. However, it does not adopt a single
secondary structure on adsorption to achieve this. When
adsorbed on HAP seed crystals, this peptide also shows little
structural regularity, as directly determined by solid-state
NMR. The DRAWS experiment yielded an internuclear dis-
tance of 3.2 A between the two 3C-labeled serine carbonyls in
the peptide adsorbed to HAP crystals and determined that
significant conformational heterogeneity exists.

Additional studies are being done on the N-terminal 15
amino acid fragment of statherin, which shows considerable
helical content in solution (36), to determine whether it retains
significant amounts of secondary structure on adsorption to
the HAP surface. The determination of peptide molecular
conformation in situ on biomineral surfaces should provide
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important insight into the molecular recognition mechanisms
used in biomineralization. These solid-state NMR approaches
should also prove valuable in the design and characterization
of molecules that inhibit dystrophic calcification, promote
biocompatibility in biomaterial or tissue engineering settings,
or are used in diagnostic and biosensor technologies.
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