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ABSTRACT: Salivary statherin is a highly acidic, 43 amino acid residue protein that functions as an inhibitor
of primary and secondary crystallization of the biomineral hydroxyapatite. The acidic domain at the
N-terminus was previously shown to be important in the binding of statherin to hydroxyapatite surfaces.
This acidic segment is followed by a basic segment whose role is unclear. In this study, the role of the
basic amino acids in the hydroxyapatite adsorption thermodynamics has been determined using isothermal
titration calorimetry and equilibrium adsorption isotherm analysis. Single point mutations of the basic
side chains to alanine lowered the binding affinity to the surface but did not perturb the maximal surface
coverage and the adsorption enthalpy. The structural and dynamic properties of the single point mutants
as characterized by solid-state NMR techniques were not altered either. Simultaneous replacement of all
four basic amino acids with alanine lowered the adsorption equilibrium constant by 5-fold and the maximal
surface coverage by nearly 2-fold. The initial exothermic phase of adsorption exhibited by native statherin
is preserved in this mutant, along with theR-helical structure and the dynamic properties of the N-terminal
domain. These results help to refine the two binding site model of statherin adsorption proposed earlier
in our study of wild-type statherin (Goobes, R., Goobes, G., Campbell, C.T., and Stayton, P.S. (2006)
Biochemistry 45, 5576-5586). The basic charges function to reduce protein-protein charge repulsion on
the HAP surface, and in their absence, there is a considerable decrease in statherin packing density on the
surface at binding saturation.

The primary role of the salivary protein statherin is to
regulate the re-mineralization of hydroxyapatite (HAP1), the
prevalent inorganic component of tooth enamel, by inhibiting
both the nucleation and growth of HAP in the calcium
phosphate supersaturated environment of saliva (1-7).
Statherin also serves as an important boundary lubricant
(8, 9) and as a mediator of bacterial adhesion in periodonto-
pathologies (10, 11). Recent studies have correlated cancer-
ous lesion diagnosis in the oral cavity with deficiencies of
statherin in salivary glands (12). The molecular mechanisms
underlying the interaction of statherin with HAP have been
extensively studied to deduce how proteins recognize and
function at the organic-inorganic biomineral interface.

The primary structure of statherin (Table 1) exhibits charge
asymmetry with most of its ionizable amino acids located

in its amino-terminal region (residues 1-13) (1). The
sequence of the first five negatively charged amino acids,
DpSpSEE (where pS denotes a phosphorylated serine), is
directly involved in hydroxyapatite binding (5, 13). The
presence of acidic amino acid segments is a common motif
in proteins controlling biomineralization processes. It is
followed by a segment that is rich in positively charged
residues with one lysine at position 6 and three arginines at
positions 9, 10, and 13. The only additional charged amino
acid is glutamic acid at position 26.

Structural and dynamic studies of statherin and statherin
fragments adsorbed onto hydroxyapatite have been carried
out by our group using high-resolution solid-state nuclear
magnetic resonance (ss-NMR) (14-20). The results dem-
onstrated that the N-terminal domain of the protein (residues
1-12) adopts anR-helical structure upon adsorption and that
the acidic residues are in close proximity to the HAP surface.
The helix is amphipathic with the side chains of the charged
amino acids pointing in a direction opposite to that of the
neutral amino acids. Figure 1a illustrates the orientation of
consecutive side chains along the helical axis of the N-
terminus of statherin. The importance of theR-helical motif
in the recognition of HAP by statherin is analogous to the
role of a similar motif in the binding of osteocalcin to HAP
(21). Relaxation measurements of carbonyl atoms along the
backbone illustrated that the acidic statherin N-terminus is
immobilized on the HAP surface, whereas the rest of the
N-terminal domain is more mobile and, therefore, might
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interact more weakly with the HAP surface (17). Recently,
ss-NMR measurements have shown that statherin adopts a
compact folded conformation upon binding to HAP with a
secondR-helical motif at the C-terminus of the protein that
interacts with the proline-rich domain in the protein (20).

In a recent study, we proposed a more detailed adsorption
model that connected thermodynamic binding parameters to
the electrostatic interactions between the charged amino acids
and the mineral surface (22). These measurements and the
model were in accordance with the direct role of the acidic
motif at the N-terminus of statherin binding to HAP (5,
13, 17). Here, we have probed the role of the corresponding
basic segment in hydroxyapatite recognition by studying
single point and multiple mutations. These positively charged
residues were systematically replaced with alanine, and the
binding of the mutants to HAP was studied using equilibrium
adsorption isotherm analysis and isothermal titration calo-
rimetry (ITC). The structure of the adsorbed proteins was
characterized using ss-NMR rotational echo double resonance
(REDOR) (23, 24), and dynamics were characterized using
cross-polarization magic angle spinning measurements with
Herzfeld-Berger analysis of the sideband manifolds (25) and
rotating-frame relaxation (T1F) measurements (26). It was
found that single point mutations lowered the binding affinity
to HAP but did not significantly alter the packing density of
statherin at binding saturation, whereas the simultaneous

mutation of all four basic amino acids substantially reduced
the binding affinity and the maximum surface coverage
without modifying the secondary structure and dynamic
properties of the N-terminal domain.

MATERIALS AND METHODS

Hydroxyapatite Preparation. Hydroxyapatite seed crystals
with a density of 0.032 g/mL were generously provided by
Allison Campbell, Battelle Pacific Northwest National
Laboratory (27). X-ray powder diffraction (Phillips) con-
firmed the formation of HAP and the absence of other
unwanted calcium phosphate phases. BET (Quantachrom)
measurements showed a specific surface area of 53 m2/g.
The calcium (Ca) to phosphorus (P) ratio, measured by
inductively coupled ion plasma (ICP) spectroscopy, was
determined to be 1.67. Crystal morphology as determined
by electron microscopy (using scanning and transmission
modes) was as expected for hydroxyapatite.

Protein Synthesis. Statherin and its mutants were synthe-
sized using standard Fmoc solid-phase synthesis as previ-
ously described (22). L-Leucine-N-Fmoc (1-13C,99%) and
glycine-N-Fmoc (15N,98%) were purchased from Cambridge
Isotope Laboratories and incorporated into the solid-phase
peptide synthesis without further treatment.

Protein Purification and Characterization. Protein puri-
fication was performed as previously described using a
10mmD/100mmL, 7.9 mL POROS HQ/M strong anion
exchange column plumbed to a BioCAD SPRINT Perfusion
Chromatography System (22). Briefly, the mobile buffer
consisted of A with 50 mM Tris-HCl at pH 8.5, B with buffer
A + 0.5 M NaCl, and C with 30% acetonitrile. A linear
gradient of 0% to 70% B in 14.7 column volumes was used
to elute the protein. Stath(WT), stath(R9A), stath(R10A), and
stath(R13A) eluted at 35% buffer B. Stath(K6A) and stath-
(KRA) eluted at 43 and 53% buffer B, respectively. The pure
proteins (>90%) were characterized by electrospray ioniza-
tion mass spectrometry, and their concentrations were
determined from amino acid analysis. The calculated iso-
electric points (PI) of stath(WT) and stath(KRA) are 4.41
and 2.07, respectively. The calculated PIs of the single
mutated proteins are 4.01 (28).

Equilibrium Adsorption Binding Isotherm. In adsorption
experiments, known amounts of statherin and its mutants
(5-70 µM) were equilibrated for 4 h with HAP suspension
(0.5 mg/0.5 mL) at 25°C in phosphate buffer (PB) with the
following composition: 100 mM NaCl, 40 mM KCl,
4.3 mM Na2HPO4, and 1.4 mM KH2PO4, pH 7.4. Samples
were prepared in triplicate for each protein concentration.
After incubation, the protein concentrations in the supernatant
were determined using a Micro BCA protein assay reagent
kit (Pierce). The amount of protein on the HAP surface was
determined by subtracting the measured quantity from the

Table 1: Amino Acid Sequence of Native Statherin and the Mutants Studieda

stath(WT) DpSpSEEKFL*RRIG*RFGYGYGPYQPVPEQPLYPQPYQPQYQQYTF
stath(K6A) DpSpSEEAFL*RRIG*RFGYGYGPYQPVPEQPLYPQPYQPQYQQYTF
stath(R9A) DpSpSEEKFL*ARIG*RFGYGYGPYQPVPEQPLYPQPYQPQYQQYTF
stath(R10A) DpSpSEEKFL*RAIG*RFGYGYGPYQPVPEQPLYPQPYQPQYQQYTF
stath(R13A) DpSpSEEKFL*RRIG*AFGYGYGPYQPVPEQPLYPQPYQPQYQQYTF
stath(KRA) DpSpSEEAFL*AA IG*AFGYGYGPYQPVPEQPLYPQPYQPQYQQYTF

aAll proteins were labeled at positions L8 (13CdO) and G12 (15N) for ss-NMR structure and dynamics measurements (indicated by *). The residue
positions mutated to alanine are indicated in italics in the wild-type sequence and highlighted in bold in the mutated sequences.

FIGURE 1: (a) Representation of the side-chain orientation of stath-
(WT) along the helical axis of the protein’s N-terminus illustrating
its amphipathic nature. The amino acid side chains are colored as
follows: basic, blue; acidic, red; and neutral, green. (b)R-Helical
representation showing the structural measurement made across the
i and i + 4 residues.
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initially added amount. Matlab function FMINS, which
minimizes a function of several variables using the Nelder-
Mead simplex method, was used to calculate theø2 function
to fit the experimental data (29).

Isothermal Titration Calorimetry. ITC experiments were
carried out on a VP-ITC system (Microcal, LLC.) at 25°C.
All experiments were performed in PB with both the protein
and mineral initially in the same buffer. For all experiments,
protein (0.14-0.16 mM) was injected in 25µL increments
into the isothermal calorimeter cell (1.42 mL) pre-filled with
a HAP suspension in buffer. To determine the enthalpy at
the initial steps of adsorption, 6 mg/mL of HAP was titrated
with 4 injections of 25µL protein solution, and the amount
of free and adsorbed protein was determined. Full titration
experiments were performed with stath(WT) and stath(KRA)
and with HAP suspensions of 2 and 4 mg/mL, respectively.
HAP was titrated using 17 to 22 injections of 25µL protein
solution. To minimize the error associated with diffusion
from the syringe during baseline equilibration, the first
injection was only 5µL, and the associated small heat signal
was not included in data analysis. A 4-min interval was
allowed between injections for equilibration of the adsorbed
protein; this period was sufficient for the complete return of
the heat signal to baseline. A blank experiment where the
protein was injected into a HAP suspension’s supernatant
(no HAP) was carried out and was used to correct the data
due to dilution.

Solid-State NMR. All NMR experiments were performed
on a Chemagnetics Infinity console at 300 MHz proton
frequency with a Chemagnetics triply resonant variable
temperature probe. Chemical shifts were referenced to
glycine 13CdO (177 ppm) (30). Rotational echo double
resonance (REDOR) (23, 24) data were collected at
-35 °C at a spinning speed of 4000 Hz and a 1 srecycle
time, using the XY8 pulse sequence with a typical set-
up utilizing a 14.3µs π-pulse for carbon (observe) and a
12.9µs π-pulse for nitrogen (dephasing). The cross-polariza-
tion (CP) condition utilized a 6µs 90° 1H pulse and a
0.8 ms mixing time, with a two-pulse-phase-modulated
(TPPM) decoupling field of∼65 kHz used throughout.
Thirteen data points were collected out to 104 rotor cycles,
averaging 1024-10240 scans and repeating 5-7 times.
A typical protein-HAP sample was approximately 50-90
mg. REDOR dephasing curves were simulated using a C++

code operating in a Matlab environment, which incorporated
the chemical shift anisotropy of the carbonyl carbon spin
and experimental parameters of the applied radiofrequency
pulses.

T1F and Herzfeld-Berger (HB) analyses were used to
extract protein dynamics (25, 26). Both experiments utilized
a 42 kHz CP field with a contact time of 0.5-1 ms and a
pulse delay of 3 s and were measured at both room
temperature and-35 °C. The HB experiment utilized a
1500 Hz spinning speed and collected 28800 scans at each
temperature. The asymmetry (η ) |(σ22-σ11)|/(σ33-σiso)) and
the anisotropy (Ω ) (σ33-σ11)) were determined by modeling
the observed center and side band peak intensities. TheT1F

data were taken at 10 spin-lock intervals ranging from
0.05 to 4.55 ms and at a spinning speed of 4000 Hz.
Typically 1024 scans were collected at-35 °C and 4096
scans at room temperature. Errors in the reported NMR
parameters were computed from experimental signal-to-noise

ratios and from standard deviations of the values in repeated
experiments.

Protein/HAP Surface Binding for NMR Measurements. A
typical surface binding protocol for the NMR measurements
follows. Protein synthesis yielded different amounts of pure
protein for the different mutants. To standardize the adsorp-
tion to HAP, the weighed proteins were dissolved in PB to
achieve a protein concentration of 3.6× 10-5 ((0.1) M for
all mutants. The hydroxyapatite suspension (1 mg/mL)
volume used for adsorption of the different mutants was
adjusted as well to maintain a w/w ratio of 3 to 10 between
the protein and the mineral. An aliquot of the HAP
suspension was centrifuged, washed 3 times with 5 mL PB,
and subsequently added to the protein solution. After binding
while stirring for 4 h atroom temperature, the sample was
quickly spun down, washed 3 times with 10 mL PB to
remove any nonspecifically bound protein, and left hydrated
with the consistency of a thick paste.

RESULTS

The amino acid sequences of native statherin and the
various mutants studied here are given in Table 1 (see
Figure 1a for residue locations in the structure). The specific
positions on the protein backbone isotopically labeled for
the NMR measurements are also indicated in Table 1.

Equilibrium Adsorption Isotherm Measurements. The
equilibrium isotherms for the adsorption of native statherin
and the various mutants (Table 1) onto HAP at 25°C are
shown in Figure 2 as the number of moles adsorbed per unit
of surface area,N, versus the equilibrium concentration of
free protein in solution [C]. The measured data points were
collected sequentially with increasing [C], allowing 4 h for
equilibration at each concentration.

As was previously observed for statherin (4, 5, 22), the
adsorption data of the native protein and the mutants exhibit
a reasonably good fit to a simple first-order Langmuir
adsorption isotherm according to the following equations:

and

whereNmax is the maximum number of binding sites per unit
surface area,K is the equilibrium binding constant, andθ )
N/Nmax is the fractional coverage. The best-fit values forK
andNmax are reported in Table 2, with observed values for
stath(WT) that are similar to those previously reported (22).
The standard Gibbs free energy change (∆G0) calculated
from the equation∆G0 ) -RT ln K is also reported in
Table 2, together with the∆∆G0 values calculated relative
to that of wild-type statherin. From Table 2, it is notable
that the equilibrium binding constants for the single point
mutants are 1.5-2.5-fold lower than that for stath(WT) and
that there is no significant difference in theNmax values. For
the multiply mutated protein stath(KRA), there is a 5-fold

N )
KNmax[C]

1 + K[C]
(1a)

θ )
K[C]

1 + K[C]
(1b)

K ) θ
(1 - θ)[C]

(1c)
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decrease in theK value relative to that of the wild type, which
is reflected by the requirement for much higher free stath-
(KRA) concentrations to achieve the same coverage relative
to saturation (see Figure 2). Moreover, stath(KRA) adsorption
is saturated at anNmax value that is about twice as low as
the maximal coverage observed for stath(WT).

In a recent article (22), we have proposed that the
adsorption process of statherin onto HAP occurs through at
least two distinct processes. The initial processA is described
by a simple Langmuir model that is associated with a
measurable molar enthalpy of adsorption (as observed from
calorimetric measurements). The subsequent processB does
not exhibit a measurable heat of adsorption and is more
adequately described by a coverage-dependent binding model
with favorable protein-protein interactions. The adsorption
isotherm measurements reported here had to employ smaller
HAP samples with the mutant statherins, with a surface area
of only 0.026 m2, 2 to 5 times lower than that in the previous
work. Consequently, the sensitivity of the determination of
the free and bound mutant protein concentration is markedly
lowered, as seen in the error bars calculated for each point
in the isotherms in Figure 2. For this reason, the adsorption
thermodynamic comparisons between the mutants and the
native protein are insensitive to differential changes in

adsorption with increasing coverage, and the data sets have
all been fit with a simple first-order Langmuir model.

Isothermal Titration Calorimentry. In order to study the
effects of the basic amino acids on the enthalpy related to
the initial adsorption onto site A, we have used ITC to detect
the heat exchanged during the titration of HAP with stath-
(WT) and stath(KRA) (Figure 3). Note that becauseNmax

for stath(WT) is ca. 2-fold higher than that of stath(KRA)
(Table 2), a larger amount of mineral is used for the mutant
(Figure 3) in order to maintain the same total molar
concentration of adsorption sites (Mt′) on the mineral surface
per unit volume in the ITC cell (22):

where SA is the specific surface area of the HAP (per gram)
obtained from BET measurements, and D is the amount of
HAP placed in the ITC cell (in grams) per unit volume of
the ITC cell. Figure 3a displays the detected heat per mole
of injected protein as a function ofCt/Mt′, whereCt is the
total concentration of the protein in the ITC cell. It is seen
in Figure 3a that the initial adsorption of both stath(WT)
and stath(KRA) onto HAP is driven by an exothermic

FIGURE 2: Adsorption isotherms of native statherin (blueb), stath(K6A) (red2), stath(R9A) (green9), stath(R10A) (aqua2), stath(R13A)
(brownb), and stath(KRA) (magenta[) on HAP at 25°C. The data points represent the average of three independent measurements. The
solid lines represent the best fit to a first-order Langmuir model (eqs 1a-c).

Table 2: Thermodynamic Parameters for Adsorption of Statherin and Its Mutants onto HAP at 25°Ca

protein
Nmax

(10-7mol/m2)
K

(105/M)
∆G0

(kcal/mol)
∆∆G0

(kcal/mol)
∆Hinitial

b

(kcal/mol adsorbed)

stath(WT) 6.2( 0.7 7.0( 0.9 -7.9( 0.1 -3.3( 0.4, 90%
stath(K6A) 7.3( 0.9 2.8( 0.6 -7.4( 0.1 0.5( 0.1 -3.7( 0.5, 85%
stath(R9A) 6.8( 0.3 2.8( 0.5 -7.4( 0.1 0.5( 0.1 -3.2( 0.3, 85%
stath(R10A) 5.7( 0.8 4.5( 1.2 -7.6( 0.2 0.3( 0.2 -3.8( 0.4, 85%
stath(R13A) 6.4( 0.8 4.0( 1.0 -7.6( 0.2 0.3( 0.2 -3.1( 0.3, 85%
stath(KRA) 3.0( 1.2 1.5( 0.8 -7.0( 0.3 0.9( 0.3 -3.7( 0.4, 45%

a Nmax, K, ∆G0, and∆∆G0 were obtained from equilibrium adsorption binding isotherms.∆∆G0 is given relative to stath(WT).∆Hinitial was
obtained from ITC and is defined as the initial enthalpy of adsorption onto site A given per mole of protein adsorbed. The errors reported are based
on two standard deviations in theø2 (Nmax ,K) analysis of the binding isotherms data. Construction of theø2 function took experimental error into
account.b The percentage of the total injected protein that adsorbs in the first calorimetric injection is given (with the rest remaining in solution in
the cell of the calorimeter).

Mt′ ) Nmax
moles

m2
× SA

m2

g
× D

g
L

(2)
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enthalpy. However, the detected heat upon the titration of
HAP with stath(KRA) is about half that of the native protein.
For both proteins, the heat signal drops to close to zero at a
Ct/Mt′ ratio of 0.3. Repeated experiments with half the
amount of HAP in the ITC cell (2 mg/mL) for stath(KRA)
gave similar titration curves.

The basic model used to derive the expression for a typical
ITC titration curve is identical to a first-order Langmuir
adsorption model (eq 1c), as previously shown (22). The
equilibrium binding constant for A sites and the apparent
adsorption enthalpy were determined from the ITC titration
curves (Figure 3a). These thermodynamic parameters, to-
gether with the Gibbs free energy and binding entropy, are
reported in Table 3. The values for stath(WT) are consistent
with previously reported values (22). The equilibrium binding
constant to HAP A-sites for the stath(KRA) protein is of
the same order of magnitude as that for the wild type but
with a relatively large uncertainty in the recovered value

resulting from a low signal-to-noise ratio in the ITC
experiment. Therefore, it is difficult to determine whether
differences in binding constants to A sites exist for stath-
(KRA) relative to native statherin. For both proteins,
however, theK values for the A-sites are higher than the
overall equilibrium constant determined independently from
the adsorption isotherm (Table 2). We had previously shown
that the binding isotherm predominantly measures the binding
to the thermoneutral B sites, which constitute the majority
of binding sites on HAP (22). We, therefore, conclude
that the overall equilibrium constant for stath(KRA) is 5-fold
lower relative to that for the native protein as was calculat-
ed from the adsorption binding isotherm (Figure 2 and
Table 2).

The calorimetric results were combined with the equilib-
rium adsorption isotherm data to calculate the enthalpy per
mole of adsorbed protein versus the fractional coverage of
surface sites,N/Nmax (normalized toNmax of stath(WT) for
both proteins), as shown in Figure 3b. Interestingly, both
proteins adsorb to the mineral with a similar enthalpy per
mole of adsorbed protein in the initial adsorption steps,
∆Hinitial (first injections) (Table 2). However, the heat of
adsorption drops close to zero at∼30% of binding saturation
(maximal molecules per unit area) for the native protein,
whereas the heat signal for stath(KRA) saturates at only
∼7.5% of the total sites for stath(WT). Thus, the saturation
coverage of this mutant on A sites (i.e., the sites for initial
adsorption that have a measurable heat of adsorption) is only
about one-quarter of that for stath(WT). Nevertheless, the
initial heat of adsorption (approximately-3 kcal/mol) is
about the same (Table 2), implying that the contribution of
the basic amino acids to the enthalpy of adsorption via
specific interactions with the mineral is not significant.

Statherin mutants with only one of the basic acids mutated
to alanine show an overall adsorption behavior that is very
similar to that of the native protein (Figure 2 and Table 2).
We performed ITC measurements with these mutants to
determine the initial enthalpy of adsorption onto the proposed
A sites. An excess of HAP crystals (6 mg/mL) in the ITC
cell were titrated with four repeated injections (25µL) of
each protein (0.14-0.16 mM) at 25°C. The amount of HAP
used was sufficient to ensure the detection of a constant heat
signal before reaching saturation, and the experiment was
performed up to aN/Nmax ) 0.05 value. The apparent heat
detected for all of these mutants was very similar to that
detected for stath(WT), resulting in a very similar initial
enthalpy per mole adsorbed protein (Table 2).

These results indicate that the individual basic amino acids
contribute very little to the enthalpy of statherin adsorption
onto HAP A sites. Although the simultaneous mutation of
the basic amino acids does not affect the adsorption enthalpy
of individual statherin molecules onto HAP (i.e., enthalpy
per mole protein), it lowers the total heat associated with
the adsorption process only because fewer stath(KRA)
molecules compared to the number of wild type or single
mutants adsorb onto the mineral in total (Figure 3b).

Structure. A strong secondary structural determinant in
proteins is thei f i + 4 backbone carbonyl carbon to
backbone amide nitrogen distance. In the helical structure,
this distance is as short as 4.2 Å (illustrated in Figure 1b)
because of the hydrogen bond formed between the carbonyl
oxygen and the amide proton, whereas in theâ-sheet

FIGURE 3: ITC titration curves of HAP (2 mg/mL) with stath(WT)
(0.16 mM) (b) and HAP (4 mg/mL) with stath(KRA) (0.14 mM)
(O) performed at 25°C in PB. The curves were corrected for heat
of dilution and plotted as (a) heat released per mole of injected
protein as a function of the molar ratio between the total injected
protein concentration,Ct, and the molar concentration of adsorption
sites on HAP,Mt′. (Note thatMt′, calculated from eq 2, is similar
for both proteins.) The data points aboveCt/Mt′ ) 0.4 illustrate
the scattering of the data that together with the relatively low heat
signal result in∼15% uncertainty in the detected heat of adsorption
for stath(KRA). The data points were fit (solid line) as described
previously (22). (b) Heat released per mole of adsorbed protein vs
coverage. Note thatNmax of stath(WT) was used in (b) for both
proteins.

Table 3: Apparent Thermodynamic Parameters for the Adsorption
of stath(WT) and stath(KRA) onto HAP A Sites Obtained from ITC
at 25°C

protein
∆Happ

(kcal/mol)
T∆S

(kcal/mol)
∆G0

(kcal/mol)
KA

(1/M)

stath(WT) -3.0( 0.4 6.1( 0.4 -9.2( 0.6 (5.4( 5.7)× 106

stath(KRA) -1.7( 0.3 7.3( 0.6 -9.0( 0.6 (4.8( 4.0)× 106
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structure, it is greater than 10.0 Å, making it an ideal probe
for local structural measurements. Structural studies in the
N-terminal domain of the statherin mutants probed the
distance and, consequently, the secondary structure from L8

f G12, backbone13C carbonyl labeled to backbone15N
amide, respectively (Table 1). Previous studies have shown
this region to be helical for the surface-immobilized statherin
(17) and thus a good indicator of a change in structure for
mutants encompassed within or close to this region.

The (13C)L8-(15N)G12 distances measured from the CN-
REDOR dephasing curves (Figure 1 in Supporting Informa-
tion) for the adsorbed statherin mutants are summarized in
Table 4. These distances in statherin and in all of its mutants
range between 4.2 and 4.6 Å. Within the error in these
measurements ((0.5) Å, all mutants exhibit similar short
(13C)L8-(15N)G12 distances, indicating that the helical back-
bone fold in the vicinity of the mutation sites is preserved.

Chemical shift values can also be qualitative indicators
of structural changes, though absolute values are difficult to
interpret on a charged surface such as hydroxyapatite. The
L8

13CdO chemical shift of each of the adsorbed proteins
was measured both when frozen and at RT. The spectra are
referenced to glycine (177.0 ppm), and the results are
summarized in Table 4. The measured chemical shift is very
similar for the protein-HAP complexes both when frozen
and at RT, with the average shifting slightly downfield at
room temperature from 176.4 to 177.1 ppm. The line widths
of the carbonyl carbon resonance in the different proteins
are 6.1-7.9 ppm at-35 °C (Table 4), possibly indicating
structural dispersion, but other inhomogeneous broadening
could also be a contributing factor, as has been suggested
previously (16). For all of the mutants, the line narrows to
3.6-7.3 ppm at RT (Table 4), possibly due to the increase
in dynamics with temperature. Within the certainty in the
line width determination, no substantial change that might
indicate change in secondary structure is detected in the
chemical shift of the L8 13CdO carbonyl line in the mutants
relative to the native protein. On the basis of the distance
measurements and the chemical shift information, we
conclude that there is no major change in structure for the
mutants compared to that of the native protein.

Dynamics. The dynamics of statherin and mutants were
measured on the13C carbonyl of L8 in the backbone of the

protein usingT1F and Herzfeld-Berger (HB) analysis of the
side band manifold (25, 26). All dynamics were measured
both when frozen and at RT, hydrated under both conditions
(Table 5 and Figure 2 in Supporting Information). The frozen
stath(WT) showed a typical side band pattern for an
immobile carbonyl chemical shift anisotropy (CSA), with
an η of 0.7 and an anisotropy of 137 ppm. TheT1F for the
frozen protein-HAP complex was also typical of an im-
mobile carbonyl, with a decay of 26.2 ms. At room
temperature, neitherη nor Ω changed significantly, with
values of 0.7 and 131, respectively. However, the signal
intensity dropped substantially by a factor of∼10 for
the RT sample compared to that for the frozen sample
(Figure 4), andT1F decreased to 11.4 ms for the RT sample,
indicating an increase in mobility. The observations are
consistent with an interpretation that the frequency, but not
the amplitude of protein motion is increasing when the
protein/HAP complex is not frozen (17).

For the frozen protein-HAP complex, theT1F values in
the mutants and the wild-type protein are, as expected, very
similar. The asymmetry and anisotropy are also essentially
unchanged within the error of the measurement. For the
protein-HAP complex at RT, theT1F values of the mutants
vary from 8.0 to 11.4 ms, well within the range of error but
significantly faster than the frozen complex (Table 5). The
line shape in all cases has not substantially changed. The
anisotropy has consistently shifted closer to 0.6 (ranging from
0.5 to 0.7), whereas the average anisotropy of the CSA has
narrowed slightly to 127 ppm compared to 145 ppm for the
frozen sample. Although some of theη and Ω values for
individual mutants are lower, these are determined to be
within the signal-to-noise ratios of the spectra.

DISCUSSION

Perhaps the most notable property of statherin from a
primary amino acid sequence perspective is the presence of
an N-terminal acidic sequence followed by a segment with
four basic amino acids. Although the initial acidic amino
acid segment has been studied in some detail, the basic
segment is largely uncharacterized. The existence of statherin
isoforms lacking the basic residues found in the 6-15 region
has been previously reported (31). These isoforms constitute

Table 4: Summary of13C-15N Distance Measurements (-35 °C), 13C Chemical Shift, and Line Width Data (RT and-35 °C) for Statherin
and Its Mutants Bound to HAP (Hydrated)

protein
C-N distance

(Å)
chemical shift
(ppm)-35 °C

chemical shift
(ppm) RT

line width
(ppm)-35 °C

line width
(ppm) RT

stath(WT) 4.6 ((0.5) 175.2 ((0.5) 176.9 ((0.5) 7.4 7.3
stath(K6A) 4.2 ((0.5) 176.2 ((0.5) 178.3 ((0.5) 6.1 4.1
stath(R9A) 4.5 ((0.5) 176.6 ((0.5) 176.8 ((0.5) 7.6 3.6
stath(R10A) 4.6 ((0.5) 175.4 ((0.5) 176.8 ((0.5) 7.6 5.3
stath(R13A) 4.4 ((0.5) 176.1 ((0.5) 177.1 ((0.5) 7.6 5.3
stath(KRA) 4.3 ((0.5) 176.3 ((0.5) 176.9 ((0.5) 7.9 7.2

Table 5: Summary of Dynamics Data: Rotating-Frame Relaxation (T1F) and CSA (η/Ω) for Statherin and Its Mutants at RT and-35 °C

protein T1F (ms)-35 °C T1F (ms) RT η/Ω (ppm)-35 °C η/Ω (ppm) RT

stath(WT) 26.2 ((1.6) 11.4 ((1.7) 0.7 ((0.1)/137 ((20) 0.7 ((0.1)/131 ((20)
stath(K6A) 18.2 ((1.1) 10.7 ((1.6) 0.6 ((0.1)/147 ((20) 0.5 ((0.1)/138 ((20)
stath(R9A) 26.9 ((1.6) 8.0 ((1.2) 0.6 ((0.1)/143 ((20) 0.6 ((0.1)/98 ((20)
stath(R10A) 31.7 ((2.0) 8.5 ((1.3) 0.7 ((0.1)/143 ((20) 0.6 ((0.1)/134 ((20)
stath(R13A) 16.4 ((1.0) 10.3 ((1.5) 0.7 ((0.1)/145 ((20) 0.7 ((0.1)/122 ((20)
stath(KRA) 36.2 ((2.2) 11.4 ((1.7) 0.7 ((0.1)/159 ((20) 0.5 ((0.1)/143 ((20)
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a small fraction of statherin concentration in saliva and are
believed to be the result of post-translational modifications
and alternative splicing of the statherin gene (32). Although
there have been no functional studies of these statherin
isoforms, these findings provide an additional biological
rationale for studying the role of the basic amino acids.

The single basic amino acid mutants of statherin displayed
a conservedR-helical structure in the N-terminus, similar to
the native protein on hydroxyapatite, and conserved carbonyl
backbone dynamic features at position L8. They exhibit a
small decrease in binding affinity to HAP crystals, but the
single mutations do not alter the maximal binding coverage
at saturation. The stath(KRA) mutant with all basic side
chains mutated to alanine displayed conserved structural and
dynamic properties on hydroxyapatite, but had a substantially
reduced binding affinity (5-fold reduction) and lowered
maximal surface coverage (∼1/2) (Figure 2 and Table 2).

All of the proteins in Table 1 are negatively charged at
pH 7.4, with a calculated PI of 4.41 and 2.07 for stath(WT)
and stath(KRA), respectively, and a PI of 4.01 for all of the
single mutants (28). Because of its relatively higher nega-
tively charged N-terminus, stath(KRA) should have an∼3-
fold higher net negative charge at this pH than that of
stath(WT) and twice the negative charge of the single
mutants. The higher negative charge of stath(KRA) could
give rise to repulsive electrostatic interactions between
protein molecules that adsorb to the mineral surface. These
repulsive interactions would hinder the close packing of stath-
(KRA) molecules on the surface, yielding the lower satura-
tion coverage observed for this mutant.

An analysis of the adsorption thermodynamics of native
statherin previously led us to propose a mechanism that
involves two types of binding sites on the HAP surface. The
A site populates first with constant exothermic heat of
adsorption (approximately-3 kcal/mol), and the B site

displays zero heat of adsorption and is populated primarily
after the A sites are saturated. The mechanism of the entropic
adsorption to B sites was suggested to involve bound-water
release and favorable protein-protein interactions at higher
coverage (22), consistent with the tendency of statherin to
form dimers in solution (33, 34).

We show here that all mutants exhibit two-site adsorption
similar to that of the native protein. Furthermore, we show
that the initial enthalpy of adsorption to A sites for all of
the mutants is very similar to that of stath(WT) (Table 2),
implying that any contribution of the basic amino acids to
the enthalpy of adsorption via interactions with the mineral
is small enough to be undetectable by our isothermal titration
calorimeter. The ITC data in conjunction with the coverages
determined from the overall adsorption isotherm measure-
ments (Figure 3b) reveal that only∼25% as many stath-
(KRA) molecules adsorb to the A sites with this enthalpy
(approximately-3 kcal/mol) compared to amount of stath-
(WT) or single mutants. Repulsive interactions that increase
the excluded area for protein-protein interactions will only
be effective in reducing the maximal coverage if the A sites
are clustered on the surface of hydroxyapatite. The A sites
could correspond, for example, to step edges or high-energy
crystal faces of the mineral surface.

The lower equilibrium constant of stath(KRA) adsorption
to HAP relative to that of the native protein constitutes a
less favorable Gibbs free energy for this mutant with a∆∆G0

value that is∼11% of the total∆G0 of native statherin
adsorption (see Table 2). Because the binding enthalpy is
comparable between the native protein and the stath(KRA)
mutant for adsorption to both the A and the B sites, a less
positive binding entropy for stath(KRA) can be inferred.
Changes to the individual factors that contribute to the overall
adsorption entropy can explain the less favorable entropy.
Stath(KRA) adsorption may be accompanied by the release

FIGURE 4: 13C NMR spectra of statherin and mutants. The frozen wild type is shown at the top for the comparison of an immobile CSA.
Following from top to bottom are stath(WT), stath(K6A), stath(R9A), stath(R10A), stath(R13A), and stath(KRA) under hydrated conditions.
All of the mutants show a significant decrease in signal intensity as a function of hydration, indicating mobility. However, there is little
evidence of a decrease in CSA, bracketing the motion to 10-3 to 10-5 s.
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of fewer water molecules due to less favorable protein-
surface or protein-protein interactions. The adsorbed mutant
molecules may experience restricted motions relative to the
native protein molecules that are not captured in the limited
NMR dynamic studies reported here. It may also be a net
effect of the aforementioned terms and others that manifest
themselves in smaller entropy. Because we do not observe
any change in heat as B sites are occupied, we conclude
either that the enthalpic contribution from protein-protein
interactions is cancelled by other processes or that it is lower
than the detection level in the ITC calorimeter.

The results reported here are summarized in a descriptive
model for the adsorption of native statherin and the stath-
(KRA) mutant shown in Figure 5. The higher negative charge
on the mutant is denoted by aδ- close to it and by the shaded
area surrounding the protein molecule. This illustrates that
the stath(KRA) mutant could induce a larger excluded
volume due to electrostatic repulsions between proteins at
physiological pH. The exothermic adsorption of protein
molecules to A sites is illustrated in Figure 5 by orange
colored protein molecules attached to light green bound
ellipsoids. The experimentally determined ratio of 4:1
between statherin and stath(KRA) molecules occupying the
A sites as well as the ratio of 2:1 between the native protein
and the mutant occupying B sites at saturation of these
processes is also illustrated in Figure 5. The similarity in
the enthalpy for the two species is implied by using the same
colors for statherin and stath(KRA) molecules. The clustered
proteins on the mineral surface underscore differences in
protein-protein interactions between the two species in the
early adsorption process (A sites) as well as during the
adsorption to B sites.

CONCLUSIONS

The different functions of native statherin at the tooth
enamel surface rely on an efficient binding to hydroxyapatite
surfaces. We have shown here that taken individually, none
of the individual basic amino acids of statherin are crucial
for the binding of the protein to HAP crystals. However, as
a group they substantially decrease the overall charge of the
protein, reduce repulsive protein-protein interactions, and
promote an overall higher surface affinity and coverage on
the mineral. Although it is well known that the acidic groups
of statherin are important in controlling HAP growth, these

studies suggest a role for the basic groups in the function of
statherin and in its adherence to the mineral surface.
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