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Abstract: Extracellular matrix proteins regulate hard tissue growth by acting as adhesion sites for cells, by
triggering cell signaling pathways, and by directly regulating the primary and/or secondary crystallization
of hydroxyapatite, the mineral component of bone and teeth. Despite the key role that these proteins play
in the regulation of hard tissue growth in humans, the exact mechanism used by these proteins to recognize
mineral surfaces is poorly understood. Interactions between mineral surfaces and proteins very likely involve
specific contacts between the lattice and the protein side chains, so elucidation of the nature of interactions
between protein side chains and their corresponding inorganic mineral surfaces will provide insight into
the recognition and regulation of hard tissue growth. Isotropic chemical shifts, chemical shift anisotropies
(CSAs), NMR line-width information, 13C rotating frame relaxation measurements, as well as direct detection
of correlations between 13C spins on protein side chains and 31P spins in the crystal surface with REDOR
NMR show that, in the peptide fragment derived from the N-terminal 15 amino acids of salivary statherin
(i.e., SN-15), the side chain of the phenylalanine nearest the C-terminus of the peptide (F14) is dynamically
constrained and oriented near the surface, whereas the side chain of the phenylalanine located nearest to
the peptide’s N-terminus (F7) is more mobile and is oriented away from the hydroxyapatite surface. The
relative dynamics and proximities of F7 and F14 to the surface together with prior data obtained for the
side chain of SN-15’s unique lysine (i.e., K6) were used to construct a new picture for the structure of the
surface-bound peptide and its orientation to the crystal surface.

Introduction

The regulation of biomineralization in teeth, bone, sea urchin
spines, mollusks’ shells, and mineralized algae together with
the material properties of the mineral component of these
structures are all controlled by proteins.1-10 In humans, os-
teopontin, bone silaoprotein, and other acidic protein compo-
nents of the extracellular matrix (ECM) play key roles in
promoting or inhibiting the growth of the apatitic mineral
component of bone and tooth enamel. Fundamental to under-

standing the functional role of ECM proteins in hard tissue repair
and modeling is knowledge of the structural and dynamical basis
for how these macromolecules interact with inorganic surfaces.

In addition to investigating the molecular-level basis for the
recognition of biomineral surfaces and the control of hard tissue
growth by proteins, the development of materials with enhanced
biocompatibility is a major focus of the materials and tissue
engineering communities. Answers to such fundamental ques-
tions, such as what is the structure of a surface-bound protein,
what part of a protein interacts with the surface, how is the
protein oriented on the surface, and what role might molecular
dynamics play in protein function, continue to elude the fields
of bioengineering, medicine, and dentistry, mainly because few
high-resolution structure-function studies have been performed
on protein-mineral complexes.

Salivary statherin is a 43 amino acid proline and tyrosine-
rich phosphopeptide found in the sub-mandibullar saliva.
Statherin has the dual function of inhibiting both nucleation and
crystal growth of hydroxyapatite [Ca10(PO4)6(OH)2, (HAP)] in
the oral environment.11 Statherin also acts as a boundary
lubricant and has been found to have bacterial binding domains
for Porphyromonas gingiValis12 andActinomycesViscosus.13 The
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structure of statherin has been studied by solution-state NMR,14

solid-state NMR,15-20 and circular dichroism,21-23 and its
affinity for HAP surfaces has been determined by binding
isotherms.24,25 The primary structure of statherin is

where the three-letter amino acid abbreviations are used and
the lower case p in front of the serine residues indicates a
phosphorylation of those amino acids. For the remainder of this
paper, we will use the single letter amino acid abbreviations
and the numbered position from the N-terminus to designate
the amino acid residues being studied (e.g., K6 or F7).

Solid-state NMR studies previously performed on the full-
length native protein and on a 15 amino acid N-terminal peptide
fragment (SN-15) measured both the structure and dynamics
of the N-terminal HAP recognition domain in the bound state.
The model surface used in all these studies was synthetically
prepared HAP. The major difference between the enamel apatite
and mineral hydroxyapatite is the presence of 3 wt % CO3

2- in
the enamel apatite. The actual positions of the carbonate ions
cannot be directly determined because the enamel apatite crystals
are too small for single-crystal structure determination.26 The
high surface area of the HAP used ensures that the crystallites
of HAP used in the study are small enough to mimic enamel
apatite, while providing some control over the composition.

Double Quantum Dipolar Recoupling with a Windowless
Sequence (DQ-DRAWS) NMR,27 DRAWS NMR,28 and Rota-
tional-Echo-Double-Resonance (REDOR) NMR29-31 measure-

ments were used to characterize and contrast the structure of
both the full-length statherin protein and the SN-15 fragment.
These measurements demonstrated that the full-length protein
is R-helical from pS2 to G12,20 whereas SN-15 is in an extended
conformation from pS3 to F7 andR-helical from residues L8
to G12.18

Dynamics along the backbone of both statherin and SN-15
were examined to determine the degree to which the protein
and peptide were immobilized by interactions with the HAP
surface.19,20 In these studies, both chemical shift anisotropy
(CSA) measurements and13C T1F measurements were performed
on the backbone13C carbonyl spins. In both cases, the backbone
carbonyl13C CSA and the13C T1F decreases as one moves from
the N-terminus toward the C-terminus, indicating that the acidic
pentapeptide region is closely associated with the HAP, whereas
the rest of the peptide is less strongly associated with HAP.
13C T1F measured at all six positions (pS2, pS3, F7, L8, I11,
and G12) were almost identical in both SN-15 and statherin,
suggesting a similar trend in correlation times for backbone
motions in both systems. On the other hand, the CSA measure-
ments, which are indicators of dynamic amplitudes, were not
the same for SN-15 and statherin. In the case of SN-15, the
backbone carbonyl CSA correlated well with the13C T1F values
as one moved from the N-terminus to the C-terminus, indicating
an increase in amplitude of motion along with an increase in
the frequency of motion.19 Statherin, in contrast, demonstrated
almost no change in carbonyl13C CSAs from amino acids at
the N-terminus to amino acids at the C-terminus. The lack of
amplitude was attributed to restriction of spatial motion by the
presence of the larger protein on top of the 15 amino acid
fragment. It was suggested that the mobility of statherin could
allow it to block more nucleation sites than a rigidly bound
protein and might account for the observation that statherin
required lower than expected surface coverage when compared
to a theoretically determined surface area of a fixed globular
protein.20,24

To further our understanding of the orientation and binding
of statherin and SN-15 to HAP, careful examination of the side
chain interactions with the surface is required. Previously, we
used15N{31P} REDOR NMR to demonstrate that the K6 in the
peptide fragment interacted with the HAP surface.32 Here, we
examine and compare the phenylalanine side chains, of which
there are two in the peptide sequence. Among the hydrophobic
amino acids, phenylalanine has been shown to have the strongest
binding affinity for HAP and is the strongest growth inhibitor
for HAP.33 In view of these facts, it has been suggested that
phenylalanine acts as an electron donor to the HAP surface
through its aromatic ring. This observation of a weak bond
between the singular phenylalanine amino acid and HAP
provides the motivation for our study of interactions between
phenylalanine side chains in SN-15 and HAP.

In addition to the orientation of the peptide side chains,
measuring dynamics of protein side chains yields information
about their behavior in the binding process. Solid-state NMR
T1F and CSA measurements have been frequently used to probe
the dynamics of amino acids, proteins, and polymers,34-40 and
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1 Asp-pSer-pSer-Glu-Glu-Lus-Phe-Leu-Arg-Arg-Ile-Gly-
Arg-Phe-Gly 15

16 Tyr-Gly-Tyr-Gly-Pro-Tyr-Gln-Pro-Val-Pro-Glu-Gln-
Pro 28

29 Leu-Tyr-Pro-Gln-Pro-Tyr-Gln-Pro-Gln-Tyr-Gln-Gln-
Tyr-Thr-Phe 43
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the motions of aromatic rings have been extensively studied by
solid-state NMR in a variety of systems.41-44 In free proteins,
dynamic solid-state NMR studies demonstrate that the aromatic
rings of phenylalanine almost always undergo 2-fold “π-
flipping” motions.41 Here, we determine the detailed dynamics
of phenylalanine side chains in SN-15 peptide adsorbed onto
HAP crystals. By correlating side chain dynamic data with side
chain-to-surface distance measurements, we probe the degree
to which phenylalanine side chain dynamics report the local
environments of the F7 and F14 side chains at the HAP surface.

To determine the orientation of the SN-15 peptide on the HAP
surface, we use13C{31P} REDOR to measure distances from
13C spins in the side chains of F7 and F14 to31P spins in the
HAP surface. REDOR has been used previously to measure
secondary structure in free proteins45-48 and proteins bound to
surfaces15,16,18,20as well as recently to measure distances from
organic matrices to crystal surfaces.32,49,50We also use13C T1F,
CSA, and line-width measurements to investigate the motion
of the side chains of F7 and F14 in SN-15, and we compare
and contrast these motions with similar measurements of the
dynamics of backbone carbonyl13C spins, described previ-
ously.19

Materials and Methods

Materials. Protected amino acids and Fmoc-Gly-Wang resin were
purchased from Calbiochem-Novabiochem Corp. (San Diego, CA).
[Ring-13C6] L-phenylalanine was purchased from Cambridge Isotope
Laboratories, Inc. (Andover, MA). The labeling scheme for phenyla-
lanine is shown in Figure 1. HAP (55 m2/g) was synthesized by Allison
Campbell at Pacific Northwest National Lab as published previously.18

Peptide Synthesis and Characterization.Both [ring-13C6]-labeled
phenylalanine SN-15 samples were prepared as follows. [Ring-13C6]

L-phenylalanine was FMOC protected using standard procedures.51

From a preloaded Fmoc-Gly-Wang resin (substitution 0.60 mmol/g),
the SN-15 peptide was synthesized on a Rainin PS3 automated solid-
phase peptide synthesizer (Protein Technologies, Inc.), where the solvent
wasN,N-dimethylformamide (DMF), the activator was 0.4 MN-methyl
morpholine in DMF, and the deprotector was 20% (v/v) piperidine in
DMF. The acidic portion of SN-15 (D1 to K6) was double coupled,
while the rest of the peptide was built through single couplings. The
peptide was cleaved from the resin using a 9.5 TFA:0.25 H2O:0.25
TIS (triisopropylsilane) solution following Method 3-18 described in
the Novabiochem 2002/3 catalog.52 Using a Waters HPLC C-18 reverse
phase column, the peptide was purified with an acetonitrile/water solvent
system with 0.1% TFA, eluting at 35.4% acetonitrile, lyophilized, and
then analyzed by MALDI mass spectrometry to establish composition
and purity.

Peptide Adsorption to HAP. SN-15 was physisorbed to HAP by
mixing a solution composed of 0.05 mM of peptide in a phosphate
buffer with about 100 mg of HAP (55 m2/g). The pH of the mixture
was adjusted to 7.4 with NaOH and HCl. The phosphate buffer was
100 mM NaCl, 40 mM KCl, 1.4 mM KH2PO4, and 4.3 mM Na2HPO4.
After 4 h of mixing, the unbound peptide was separated from the
peptide-HAP complex though centrifugation. The peptide-HAP
sample was washed several times with buffer and was packed in the
rotor for solid-state NMR studies. It was later lyophilized after hydrated
data were acquired.

NMR Experiments. Solid-state NMR experiments were performed
on two spectrometers. CPMAS of the free phenylalanine, free F7
peptide, and both bound peptides, REDOR of the free F7 peptide, and
all T1F experiments were performed on a home-built spectrometer
attached to a 11.7 T superconducting magnet and operating at Larmor
frequencies of 500.32 MHz for1H, 202.53 MHz for31P, and 125.74
MHz for 13C. Samples were spun at rates of 16 000, 8000, or 4000 Hz
and regulated to(1 Hz by a home-built spin-rate controller. CPMAS
of the free and bound F14 peptide and REDOR of the free F14 peptide
were performed using a 4 mm HXYtriple-resonance Varian/Chemag-
netics magic-angle spinning probe on a Chemagnetics spectrometer
attached to a 7.1 T superconducting magnet operating at Larmor
frequencies of 300.16 MHz for1H, 121.44 MHz for31P, and 75.44
MHz for 13C. NMR experiments were performed at 7.1 T with a 5 mm
HXY triple-resonance Varian/Chemagnetics magic-angle spinning
probe, spinning at 8000( 1 Hz. REDOR measurements on the bound,
hydrated peptides at room temperature were performed on both
spectrometers at 8000( 1 Hz. CPMAS and REDOR experiments on
the hydrated and lyophilized samples were performed at both room
temperature and at-30 °C, controlled with an FTS cooler.T1F

experiments were performed using an FTS cooler under all conditions
in order to maintain temperatures at either 20 or-30 °C.

For all samples and spectrometers, the version of REDOR with only
a single refocusing pulse and multipleπ-pulses on the dephasing
channel was used with XY-8 phase cycling on the dephasing channel,
as shown in Figure 2a. This sequence was chosen to reduce SEDRA-
type interactions between multiple13C labels on the observe channel.53-56

Because13C homonuclearJ-coupling can create inaccuracies over long
dephasing times,57,58 REDOR dephasing was restricted to 5 ms. Pulse
lengths were as follows: 3.5µs for the1H π/2 pulse, 200µs for the
contact time, 15µs for the 13C π pulses, and 12.5µs for the 31P π
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Figure 1. A chemical drawing of phenylalanine is shown, with the
incorporated ring labels noted.
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pulses. TPPM decoupling59 was utilized throughout all REDOR
experiments and during the acquisition of CPMAS andT1F experiments
at a field of 100 kHz during the pulse sequence and acquisition. A
pulse delay of 5 s was used in most experiments other than those
involving a bound, lyophilized F7-labeled sample, which required a
10 s pulse delay, and free phenylalanine, which required a 45 s pulse
delay.

In the13C T1F experiments (Figure 2b), the spin-lock time was varied
from 1 to 5 ms, and in the1H T1F experiments (Figure 2c), the spin-
lock time was varied from 100 to 500µs. The same1H π/2 pulse and
CP times described for the REDOR experiments were also utilized for
the T1F experiments. Spin-locking fields of 46 kHz for the13C spins
and 30 kHz for the1H spins were used for both the CP experiments
and theT1F experiments, with ramped CP on the13C spin from 42 to
50 kHz for the 8 and 16 kHz experiments, and ramped CP on the13C
spin from 30 to 38 kHz experiments for the 4 kHz spinning experiments.

Simulations and Data Fitting. Theoretical REDOR curves were
calculated using the simulation program SIMPSON.60 Simulations were
performed using the direct algorithm, along with a set of 54 Euler
angles, specified by the Zaremba-Conroy-Wolfsberg61,62scheme, and
10 γ angles. For the sake of simplicity, simulations were performed
with only a single31P spin. The short dephasing time necessitated by
theJ-coupling also allows us to ignore any31P-31P homonuclear dipolar
coupling contributions to the REDOR dephasing curve. Three different
orientations of the phenylalanine ring relative to the planar HAP surface
were considered, as shown in Figure 3. In the first case, the ring was
oriented parallel to the HAP surface. In the second case, the ring was
oriented perpendicular to the HAP surface such that a line drawn
perpendicular to the C2-C3 and C5-C6 bonds is also perpendicular to
the HAP surface. In the third case, the ring was oriented perpendicular

to the surface such that a line drawn from C1 to C4 is also perpendicular
to the HAP surface. For a single31P spin, the spin was assumed to be
oriented such that a line drawn from the center of mass of the phenyl
ring to the 31P spin is perpendicular to the HAP surface. Simulated
data were then based on an average of the five different resulting
REDOR curves. Reducedø2 values were calculated with the same
method as reported by Karlsson et al.63 in order to determine the error
limits of the calculated distances.

13C T1F and 1H T1F experiments were fit to a single exponential,
creating an averageT1F time over all five observable13C spins, seen as
a single peak. CSA values were calculated using Klaus Eichele’s
Herfzfeld-Berger analysis program.64 Error limits on the CSA values
were set by calculating the value at both 4 kHz spinning and 8 kHz
spinning, as higher anisotropic values were generally calculated from
the 8 kHz spectra.

Results

13C CPMAS Spectra of Free and HAP-Bound SN-15.In
Figure 4 are shown the13C CPMAS spectra of free SN-15
peptides labeled with13C on the phenyl groups of F7/F14 and
similarly labeled SN-15 peptides bound to HAP. These spectra
are also compared to a CPMAS spectrum for uniformly13C-
labeled free phenylalanine. In all cases, the C2 through C6 carbon
atoms are represented by a single peak, although in free
phenylalanine, a shoulder is present that is assigned to C4.
Additionally, in the case of free phenylalanine, a resolved peak
was observed corresponding to C1. The C1 peaks have smaller
amplitudes than other phenyl13C spins in the CPMAS spectra
of the free peptide probably because the ring motion creates
poor CP efficiency for the single unprotonated13C spin.
Although C1 peaks were observed in the one-pulse13C MAS
spectra (not shown) for both free peptides, neither one-pulse
13C MAS nor 13C CPMAS spectra for the bound peptides had
sufficient S/N for observation of the C1 peak. Maximum
efficiency for the protonated13C spins was obtained at extremely
short mixing times.

Slow-spinning spectra for the bound samples and the free
amino acid are pictured in Figure 5 to demonstrate the sideband
pattern. Data including the line widths of the peak representing
C2 through C6, the isotropic peak values, and the observed CSAs(59) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, R. G.
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Figure 2. (a) The REDOR pulse sequence used in this study, with one
pulse on the observed (13C) channel, and pulses every half-rotor period on
the dephasing (31P) channel are shown. (b) The13C T1F pulse sequence is
depicted. (c) The1H T1F pulse sequence, with the magnetization detected
through13C spins after cross-polarization, is pictured.

Figure 3. Three different orientations of the phenyl ring with respect to
the HAP surface were considered: (a) the ring plane is parallel to the HAP
surface; (b) a line perpendicular to the C2-C3 and C5-C6 bonds is also
perpendicular to the HAP surface; and (c) a line from C1 to C4 is
perpendicular to the HAP surface.

Figure 4. 13C CPMAS spectra at room temperature for free phenylalanine,
free peptide, and peptide bound to HAP are shown. The dashed line at 130
ppm represents the center of mass of the peak for C2 to C6 for both free
peptides.
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are shown in Table 1. Asymmetry values were not calculated
because sidebands in the slow-spinning spectra have a large
contribution from the13C-13C dipolar couplings and the fast-
spinning spectra do not contain enough sidebands for an accurate
measurement of the asymmetry parameter.

Rotating Frame Relaxation Experiments.Average13C T1F

values for both HAP-bound peptides under different conditions
are listed in Table 2.

13C{31P} REDOR Experiments. 13C{31P} REDOR was
performed on both unbound peptide samples to gauge the chance
of interference from dipolar coupling between the pS side chains
and the F side chains. In this case, neither sample showed any
dephasing to 5 ms, suggesting the distance between the31P spin
on the pS side chains to a13C spin on the phenylalanine exceeds
6.5 Å. This limit is based on the fact that a 6.5 Å distance results
in a 41 Hz dipolar coupling, which yields anS/S0 value of 0.95
at 5 ms of dephasing.13C{31P} REDOR was also performed
on both bound peptides. In the case of the F7-labeled sample,
no dephasing was seen over the same 5 ms limit as for the

unbound sample. This observation was true for all three
conditions of the peptide. REDOR data on the F14-labeled
sample bound to HAP showed rapid dephasing, as indicated in
Figure 6a. Again, similar data were obtained under all three
experimental conditions.

A ø2 plot of the fits based on the geometries described earlier
is shown in Figure 6b. Using the geometry pictured in Figure
3a and a single31P spin, the best fit results in an average13C-
31P distance of 3.85( 0.15 Å. Clearly, a larger31P network is
present due to the HAP, but further simulations suggest that
we are only underestimating the distance by about 0.5-1 Å. A
recent paper also explicitly modeled multiple31P spin dephasers
and indicated this is a reasonable error estimate.65 The lower
limit on the F7 distance of 6.5 Å is also likely underestimated
by a similar amount.

Discussion

Surface Interactions.13C{31P} REDOR measurements show
that the F7 side chain is least 6.5 Å away and probably more
than 7 Å away from any single31P on the HAP surface upon
binding and is therefore oriented away from the surface and
not involved in any interaction between the peptide and the HAP
surface. The F14 side chain, on the other hand, demonstrates a
clear dephasing pattern under all conditions, and its phenyl ring
is approximately 4.3-4.8 Å away from the HAP surface. As
mentioned in the Introduction, free phenylalanine has been
shown to adsorb onto HAP.33 It was suggested that phenylala-
nine weaklyπ-bonds to HAP, and as a result, it would be
expected that the phenyl ring lies flat on the HAP surface. Our
REDOR study of the F14 side chain is consistent with this

(65) Goobes, G.; Raghunathan, V.; Louie, E. A.; Gibson, J. M.; Olsen, G. L.;
Drobny, G. P.Solid-State Nucl. Magn. Reson. 2006, 29, 242-250.

Figure 5. 13C CPMAS spectra at 4 kHz are shown for (a) the lyophilized
F14 sample bound to HAP at 20°C, (b) the hydrated F14 sample bound to
HAP at 20°C, (c) the lyophilized F7 sample bound to HAP at 20°C, (d)
the hydrated F7 sample bound to HAP at 20°C, and (e) free phenylalanine.
Hydrated data at-30 °C were similar and are not shown.

Table 1. Chemical Shift Measurements for Free Phenylalanine,
Free Peptide, and Bound Peptide under Different Conditions

sample temp condition

center of mass
isotropic chemical

shift (ppm)
line width

(ppm)
CSA
(ppm)

F rt lyophilized 131 6.5 160( 20
free F7 rt lyophilized 130 4.9 150( 20
bound F7 rt hydrated 130 3.0 150( 20
bound F7 -30 °C hydrated 130 4.0 150( 20
bound F7 rt lyophilized 130 4.4 150( 20
free F14 rt lyophilized 130 6.9 150( 20
bound F14 rt hydrated 132 5.6 160( 20
bound F14 -30 °C hydrated 132 6.2 160( 20
bound F14 rt lyophilized 132 6.6 160( 20

Table 2. 13C T1F Measurements for the Bound Peptide Samples

sample
temp
(°C)

sample
condition

13C T1F

(ms)

bound F7 20 hydrated 5.6( 0.5
bound F7 -30 hydrated 4.8( 0.5
bound F7 20 lyophilized 3.5( 0.5
bound F14 20 hydrated 5.3( 0.3
bound F14 -30 hydrated 7.5( 0.5
bound F14 20 lyophilized 10( 1.5

Figure 6. REDOR analysis of both samples bound to HAP is shown. In
(a), the experimental data and best simulated fits are shown for both samples.
In (b), a ø2 map is shown for the F14 sample based on the orientations
pictured in Figure 3.
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geometry. The distance in this case is further than what is likely
a hydrogen bond between the K6 side chain and a surface
phosphate group reported in a prior publication,32 suggesting
that the interaction between the F14 side chain and the HAP
surface is significantly weaker than the interaction between the
K6 side chain and the HAP surface, as expected. In addition,
the backbone motion described in earlier publications also
suggests that K6 would likely be a stronger candidate for
interaction with the HAP surface than F14. The combined results
of the prior backbone data,18,19prior side chain data,32 and these
data suggest that the F14 phenyl ring is close to the surface,
but only weakly interacting when compared with polar side
chains at the N-terminus.

In addition to measuring the side chain interactions, the
REDOR allows us to further refine the proposed structure for
the bound peptide. In a perfectR-helix, side chains at thei and
i + 7 positions should be oriented in the same direction.
Therefore, in SN-15, one phenylalanine side chain oriented away
from the surface and one phenylalanine oriented toward the
surface is not consistent with perfect helical structure. Prior
studies of the secondary structure of SN-15 were only performed
out to the 12 amino acid in the sequence, and through the
DRAWS experiment, it was shown that the helix at I11G12 is
already extended versus the helix at F7L8, meaning that it is
likely that the peptide loses its helicity at the C-terminus.18

Proteins in solutions have often been shown to be in random
coil near the N-terminus,R-helical in the middle, and random
coil again at the C-terminus,66 therefore our findings here are
consistent with that type of model. A new picture that accounts
for R-helical structure between residues F7 and G12 allows the
pS2, pS3, K6, and F14 side chains to be oriented toward the
surface and allows the F7 side chain to be oriented away from
the surface, as shown in Figure 7.

In addition to the aforementioned REDOR measurements
allowing high-resolution measurements of distances between the
side chains and the HAP surface, other measurements were used
to indicate general proximity to the surface. Previously, Fernan-
dez et al. had used chemical shift changes to indicate binding
to the surface.35 Additionally, we noted both an observed
REDOR effect and an isotropic chemical shift change upon
binding in our prior study of the K6 side chain.32 The isotropic
chemical shift of the F14 ring increased by 2 ppm upon binding,
whereas the isotropic chemical shift of the F7 ring remained
constant upon binding.

Dynamics of the Phenyl Rings.In addition to measuring
the proximity of the side chains to the HAP surface, we also
studied dynamic behavior of the two different phenyl rings with
a view to compare the motion of the F7 ring, which is oriented
away from the surface, to the motion of the F14 ring, which is
oriented toward the surface. CSA and13C T1F measurements
have both been used to probe molecular motions. Frey et al.
demonstrated that the13C CSA powder pattern shows a similar
CSA for an immobile ring and a 2-foldπ-flipping motion, and
a drastically reduced CSA for a free rotation.42 In all cases heres
free phenylalanine, free peptides, and HAP-bound peptidess
there is large CSA, indicating either immobile rings or a 2-fold
π-flip. While large reductions in CSA were previously observed
for carbonyls at I11 and G12 for hydrated HAP-bound SN-
15,19 we did not see such large reductions in the side chain
CSA for the phenyl ring of F14. These observations are not
mutually exclusive, and similar observations have been reported
in the literature. For example, Klein et al. studied CSAs of13C
spins in aromatic copolyesters and noted that, with increasing
temperature, the CSA of the main chain carbonyl spin was
substantially averaged, while the CSA of a nearby main chain
aromatic group was only slightly averaged.38 The authors
concluded that, although these observations did not clarify the
detailed nature of the carbonyl motions, they did confirm that
these two main chain groups do not move as a rigid entity.

In the present context, we observe that the side chain phenyl
ring of F14 and the backbone carbonyls of I11 and G12 similarly
need not move as a rigid body. Although the common
expectation for a native protein is for amino acid side chains to
be more mobile than the peptide backbone, the dynamics of
SN-15 reflect the influence of the HAP surface. Motions around
the CR-Câ and Câ-C1 bonds of the phenylalanine side chain
as well as local motions of the peptide backbone allows the
phenyl ring of F14 to remain partly immobilized on the surface
and at the same time leaves the backbone carbonyls of I11 and
G12 able to execute larger amplitude reorientations.

We can also probe the frequency of the motions of the phenyl
rings of the bound peptides and correlate these to the surface
proximity. 13C T1F values were measured under three different
conditionsshydrated and at 20°C, hydrated and at-30 °C,
and lyophilized and at 20°C. Data are listed in Table 2. As
conditions are applied that will reduce the overall correlation
time of the bound peptides, such as reducing temperature and
removing water, the F713C T1F value decreases, whereas the
F14 13C T1F value increases. Increases in line width as these
changes are made corroborate the expected reduction in cor-
relation time. The overall relationship betweenT1F and correla-
tion time is

whereγ is the gyromagnetic ratio of the specific nucleus,ω1 is
the spin-locking field,ω0 is the Larmor frequency,τ0 is the
correlation time, andHz, Hx, andHy are the fluctuations of the
spin locking field in thex, y, andz directions, respectively.67

Becauseω0 . ω1, the first term dominates theT1F calculation,
and we will drop the second term in our analysis of theT1F

(66) Doig, A. J.Biophys. Chem.2002, 101-102, 281-293. (67) Olivieri, A. Conc. Magn. Reson. 1998, 10, 157-166.

Figure 7. A modified SN-15 model with peptide bound to HAP is
presented, in which the C-terminus loses itsR-helicity, and both the K6
and F14 side chains are within close proximity to the HAP surface.
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data.T1F andω1 are measured values,τ0 is the variable we are
interested in extracting, andHz is an unknown value. To probe
the correlation time of the phenyl rings, different values ofHz

were utilized to create log(T1F) versus log(τ0) plots. A series of
plots is shown in Figure 8, where correlation times are assigned
based on the measuredT1F value and the assumed value forHz.
With a value ofγHz ) 6000 Hz, a reasonable plot placing the
F7 ring dynamics in the high-frequency regime and the F14
ring dynamics in the low-frequency regime can be constructed.
At much lower values ofγHz, the minimum does not reach the
13C T1F values observed, and at much higher values ofγHz, the
separation between the two regimes increases drastically. A
lower limit of γHz ) 5200 Hz can be assigned based on the
13C T1F values obtained. This change between the two regimes
suggests that the phenyl ring in the F7 position remains in a
two-site jump upon SN-15 binding to the surface, whereas the
weak interaction of the F14 ring with the HAP surface hinders
the two-site jump of the phenyl ring in that position. These
dynamics data are therefore consistent with the REDOR data
demonstrating that the F14 ring weakly interacts with the
surface. In addition, this weak interaction at the C-terminus

compared to the strong interaction of the acidic penta-
peptide region allows for the previously observed backbone
dynamics.

Conclusion

We have used REDOR NMR to show that, in SN-15, the
phenyl ring in the side chain of F14 interacts with the HAP
surface, and the plane of this phenyl ring is oriented parallel to
the HAP surface. In contrast to F14, REDOR data showed that
the phenyl ring of F7 does not interact with the HAP surface.
We also used13C T1F measurements to show that the phenyl
ring oriented toward the surface is in the low-frequency regime,
whereas the phenyl ring oriented away from the surface is in
the high-frequency regime, suggesting that the ring pointed away
from the surface still undergoes a two-site jump upon binding,
whereas the motion of the phenyl ring oriented toward the
surface is more hindered. A new model for SN-15 bound to
HAP consistent with the data suggests that pS2, pS3, K6, and
F14 side chains point to the surface and F7 points away from
the surface, and indicates that some of the aromatic amino acid
side chains in statherin may be involved in interactions with
the HAP surface. Further studies involving the side chains in
the full-length statherin and a greater exploration of the role of
interfacial water in the protein-HAP binding complex are
underway.
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Figure 8. A plot of log(13C T1F) against log(τ0) is shown for various values
of γHz. The solid line represents calculation forγHz ) 12 000 Hz; the dotted
and dashed line represents a calculation forγHz ) 6000 Hz, and the dashed
line represents a calculation forγHz ) 3000 Hz. Error is contained within
the symbols.
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