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ABSTRACT: The conditions present during enamel crystallite development ‘ |
change dramatically as a function of time, including the pH, protein /. S\Y N
<~ 15 h

concentration, surface type, and ionic strength. In this work, we investigate the
/

(HAP). Using solid-state NMR dipolar recoupling and chemical shift data, we NN A

investigate the structure, orientation, and dynamics of three regions in the N- : |

terminus of the protein: L' to V*°, V* to 1%, and K** to S?*. These regions

(LRAP(—P) vs LRAP(+P)) were also investigated. All of the regions and QQ

conditions studied for the surface immobilized proteins showed restricted OQ

motion, with indications of slightly more mobility under all conditions for

region L'*V'?(+P) did not change significantly as a function of pH or ionic strength. The structure and orientation of the region

VL»(+P) were also stable to changes in pH, with the only significant change observed at high ionic strength, where the region

becomes extended, suggesting this may be an important region in regulating mineral development. Chemical shift studies also

the LRAP—HAP interface. All of the three residues investigated (L', V'°, and K**) are closer to the surface in LRAP(+P), but

only K**S?® changes structure as a result of phosphorylation, from a random coil to a largely helical structure, and V'*L* becomes

more extended at high ionic strength when phosphorylated. These observations suggest that ionic strength and

role that two of these changing conditions, pH and ionic strength, have in s

are also near the only phosphorylated residue in the protein pS'®; therefore,

L5(+P) and K**(—P). The structure and orientation of the LRAP—HAP interaction in the N-terminus of the phosphorylated
suggest minimal changes in all three regions studied for both LRAP(—P) and LRAP(+P) as a function of pH or ionic strength,
dephosphorylation may provide switching mechanisms to trigger a change in the function of the N-terminus during enamel

modulating the interaction of the amelogenin, LRAP, with hydroxyapatite \ 13C.

changes in the LRAP—HAP interaction as a function of phosphorylation

protein is very stable to changing solution conditions. From REDOR dipolar recoupling data, the structure and orientation in the
and also reveal that K** has multiple resolvable resonances, suggestive of two coexisting structures. Phosphorylation also alters
development.

ental enamel is the hardest tissue in the human body,

with a high mineral content and crystals which are
elongated along the c-axis." Amelogenins comprise more than
90% of protein in the developing enamel matrix and are
thought to be a key constituent in shaping the resulting crystal,
despite their predominantly hydrophobic composition. The
eight acidic, five basic, and one phosphorylated amino acid
residues that are present in full-length amelogenin are located
almost entirely in the N- and C-terminal domains (Table 1).!
Because of the charge localization, both domains are believed to
be important for interaction with developing enamel crystals,
and there is significant experimental evidence to support this
hypothesis.”> Solid-state NMR (SSNMR) studies have
demonstrated that both the N- and C-terminus of the naturally
occurring amelogenin splice variant, leucine-rich amelogenin
protein (LRAP), are close enough to the HAP surface to play a
role in binding and crystal growth.*”” In vitro studies show a
reduction of the crystal—amelogenin interaction in the absence
of the C-terminus, demonstrating its importance.&9 Adsorption
isotherms of peptides of the N- and C-termini of amelogenin,
as well as the full length protein, show that the C-terminus does
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not bind well to HAP without the rest of the protein,
demonstrating that both the N- and C-terminal regions are
important in the interaction of amelogenin with HAP.'
During normal enamel development, large changes in the
environmental conditions are observed, including changes in
solution pH (5.8 to 8.5),"' ™" ionic strength (up to 0.165
M),"" ™' crystal type (OCP and HAP),' and protein
concentration (up to 200 mg/mL). These conditions have
been observed to significantly affect the quaternary structure of
amelogenin (nanospheres), resulting in changes in average size
(5—100 nm) as well as the size distribution.>™*® Additionally,
solution-state NMR studies have shown differences in
secondary structure as a function of pH."”~** Phosphorylation
has also been shown to influence a conformational change in
amelogenins, in solution, and on the surface, ¥ suggesting that
phosphorylation may play a role in regulating protein—mineral
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Table 1. Primary Structures of Mouse Amelogenin and LRAP“

Amelogenin

LRAP-L®V"(-P)
LRAP-L®V'(+P)
LRAP-VL®(-P)
LRAP-VVL?(+P)
LRAP-K*S*(-P)
LRAP- K*S®(+P)

Central portion of
amelogenin (#)

MPLPPHPGSPGYINLPSYEVLTPLK WyQsMIRQpP#PLSPILPELPLEAWPATDKTKREEVD

MPLPPHPG SPGYINLSYEXLTPLKWYQSMIRQPPLSPILPELPLEAWPATDKTKREEVD
MPLPPHPGSPGYINLp SYEXLTPLKWYQSMIRQPPLSPILPELPLEAWPATDKTKREEVD
MPLPPHPGSPGYINLSYEVLTPLKWYQSMIRQPPLSPILPELPLEAWPATDKTKREEVD
MPLPPHPGSPGYINLD SYEVLTPLKWYQSMIRQPPLSPILPELPLEAWPATDKTKREEVD
MPLPPHPGSPGYINLSYEVLTPLKWYQ§MIRQPPLSPILPELPLEAWPATDKTKREEVD
MPLPPHPGSPGYINLD SYEVLTPLKWYQEMIRQPPLSPILPELPLEAWPATDKTKREEVD

#YPSYGY EPMGGWLHHQIIPVLSQQHPPSHTLQPHHHLPYVPAQQPVAPQQPMMPYPGHHSMTP
TQHHQPNIPPSAQQPFQQPFQPQAIPPQSHQPMQPQSPLHPMQPLAPQPPLPPLFSMQ

“The charged residues are highlighted in red (acidic) and blue (basic) in the full length structure, showing the localization in the N- and C-termini.
The hydrophobic central portion of amelogenin is indicated by “#” and is shown at the bottom of the table. The six isotopically labeled samples
prepared for these studies are shown, with isotopic labels indicated by bold (**C’) and bold-underlined (**N), and phosphorylation indicated by a

red pS at position 16.

interactions. The sensitivity of the quaternary structure of
amelogenin to changing solution conditions and phosphor-
ylation suggests that these conditions may also change the
secondary structure and the interaction of amelogenins with
HAP, where the protein is in its functional form. Understanding
how each of these factors influences the amelogenin—HAP
interaction is important in developing a mechanism for the
organized growth which results in enamel crystals.

In our lab, we have demonstrated that solid-state NMR is a
powerful technique to study the structure, orientation, and
dynamics of biomineralization proteins bound to surfaces under
biologically relevant conditions.*”” We have used LRAP, shown
in Table 1, which contains only the highly conserved N-
terminus (first 33 residues) and C-terminus (last 26 residues)
of amelogenin. With this truncated amelogenin, we have
provided the first molecular level structural insight into an
amelogenin—HAP interface. We have shown that the LRAP C-
terminus is largely random coil when adsorbed to HAP and is
very close to the HAP surface (**C’ is 5.7—7 A from the HAP
surface for the sites studied). Although the LRAP C-terminus
interacts closely with HAP, it also exhibits a significant mobility,
prompting our investigation of the N-terminal region. In the
un-phosphorylated protein, the N-terminus has a more helical
character than the C-terminus and the backbone is further from
the surface of HAP (8—9 A), but still close enough to interact.
Upon phosphorylation of S', a naturally occurring site of
phosphorylation, regions near the pS'® residue moved closer to
the surface of HAP (5.3—7.0 A), with no accompanying
structural changes in this region (L'* to L*)) due to
phosphorylation.* However, binding LRAP to HAP did result
in an increase in the helical nature of LRAP in this region. In
this work we extend the solid-state NMR studies of the N-
terminal region of LRAP and investigate the role of the
changing conditions during enamel growth. We investigate the
effects of pH, ionic strength, and phosphorylation on the
secondary structure, dynamics, and protein orientation, using
both dipolar recoupling and chemical shift SSNMR measure-
ments.
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B EXPERIMENTAL METHODS

Materials. Labeled amino acids were purchased from
Cambridge Isotopes (Andover, MA). Fmoc-protected labeled
amino acids were prepared as previously described’ using
standard procedures.”**> The HAP (90 m?/g) used for binding
was made and characterized according to literature prepara-
tion?® and stored as a slurry (28.9 mg/mL) to maintain the
high surface area.

Protein Synthesis and Purification. Site-specifically
labeled LRAP proteins were prepared by solid phase peptide
synthesis using Fmoc chemistry by the Protein Chemistry
Technology Center, University of Texas (Dallas, TX).
Phosphorylated LRAP (LRAP(+P)) and non-phosphorylated
LRAP (LRAP(—P)) were synthesized with an isotopically
labeled backbone carbonyl carbon (**C’) and amide nitrogen
("*N) introduced in the i and i + 4 positions, respectively
(Table 1). Three labeling schemes were incorporated, resulting
in six protein samples: LISVY(=P), LSVP(+P), VPLB(-P),
VPLB(+P), K*S*(—P), and K**S*(+P). Each sample was
purified by reverse phase HPLC using buffer A, 0.1%
trifluoroacetic acid in water; buffer B, 0.1% trifluoroacetic acid
in acetonitrile. LRAP eluted at 54% B. Mass spectroscopy was
used to characterize the purity and molecular weight of the
proteins. After purification, proteins were lyophilized for
storage until ready for use.

Protein Solutions. For each labeled protein sample, the
protein was bound to HAP under five different solution
conditions (Table 2). The “standard condition” is defined as
pH = 7.4 and IS = 0.15, and the solution was prepared as
follows. A buffer saturated with respect to HAP (SCP) was

Table 2. The Five Sample Conditions Used To Study LRAP
Bound to HAP (Marked with an X)

pH
IS (M) 5.8 7.4 8.0
0.05 X
0.15 X X X
0.2 X
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prepared by stirring excess HAP in a 0.15 M NaCl (pH 7.4)
solution, maintaining pH. After 12—24 h, the undissolved HAP
was filtered (0.22 pm, Isopore, Millipore). LRAP (16.8 mg) was
then dissolved into S0 mL of SCP (326 ug/mL), and the pH
was adjusted to 7.4. For solutions with a different pH, the same
procedure was followed, but the initial pH was adjusted to
either 5.8 or 8.0. For solutions with different ionic strength, the
same procedure was followed, but the NaCl concentration was
adjusted to obtain the desired ionic strength (0.05 or 0.2 M).

Protein Adsorption to HAP. HAP was prepared for
protein adsorption by washing 54.3 mg of HAP three times
with 10 mL of SCP immediately before adding it to one of the
above protein solutions. Upon addition of the protein solution,
the mixture was stirred for 3 h at room temperature to allow
binding. The mixture was centrifuged, and the LRAP—HAP
complex was washed three times with 5 mL of SCP to remove
nonspecifically bound protein. The amount of protein bound
was determined by measuring the change in concentration
before and after binding and for each wash using ultraviolet
absorbance measurements (1 = 277 nm).

The prepared sample was packed into the NMR rotor by first
transferring it to a 1 mL pipet tip in which the tip end was
sealed. The tip was centrifuged for 10 min at 12 000 rpm to
remove residual liquid, resulting in a tightly packed hydrated
LRAP—HAP complex. The sealed end was then cut open, and
the pellet was transferred to a S mm NMR rotor using a
centrifuge. The rotor was spun in the probe at 6—7 kHz to
remove the excess water, resulting in a >100% hydrated, surface
bound sample. A thin layer of parafilm or a rubber disk was
positioned before the end-cap to keep the sample fully hydrated
during NMR data collection.

Protein off the Surface. To prepare protein samples off
the surface, 20 mg of protein was dissolved in 1 mL of SCP and
diluted to 20 mL with water, and the pH was adjusted to 7.4.
This was frozen and lyophilized, and the entirety of the sample
was packed into an NMR rotor.

NMR Experiments. NMR experiments were conducted on
a three-channel Chemagnetics Infinity spectrometer (Chem-
agnetics, Fort Collins, CO) with an Oxford 7.05 T (v,('H) =
300 MHz) wide-bore magnet, operating at resonance
frequencies of vy(**C) = 75.78 MHz and vo(*N) = 30.54
MHz. For chemical shift and Herzfeld—Berger (HB)*” analysis
measurements, a double-resonance HX magic-angle spinning
(MAS), variable temperature Chemagnetics probe was used.
For REDOR measurements, a triple-resonance HXY MAS,
variable-temperature Chemagnetics probe was used. Temper-
atures in the rotor were calibrated using 2’Pb(NO?),*
Chemical shifts, which reflect differences in the absorption
frequency depending on the electronic environment around a
given nucleus, were referenced to the adamantane CH peak at
4026 ppm,”® which was referenced to 2,2-dimethyl-2-
silapentane-S-sulfonate (DSS).

Deconvolution of the 1D spectra was performed with
Dmfit.*

Dynamics. Proton-decoupled *C cross-polarization magic-
angle spinning NMR spectra were acquired with a spinning
speed of 1.5 kHz. To allow direct intensity comparisons
between the hydrated sample at room temperature (23 °C) and
at —45 °C, 28 672 scans were taken for each sample. Carbon
chemical shift tensor (CSA) parameters were extracted using
HB analysis. Only chemical shifts are reported for K** samples
due to overlapping resonances rendering HB analysis
unreliable.
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REDOR. XY8 phase cycling was used on both observe (**C)
and dephasing channels ("*N or *'P) for REDOR experi-
ments.>">> For all REDOR experiments, 180° pulses of 13.0—
15.0 ps were used for both the observe and dephasing nuclei
with a 65 kHz TPPM decoupling field*® during the recoupling
and acquisition periods. Both *C{**N} and "*C{*'P} REDOR
data were obtained for each sample preparation condition for
LB5VP(4+P) and VPL*(+P). REDOR data were also collected
for several other samples, shown in Table 3, chosen based on a
significant measured difference in chemical shift for a given
sample compared to the chemical shift for either the standard
condition or the phosphorylated protein. Data were acquired at
—80 °C to eliminate contributions due to motion and at a
spinning speed of 4 kHz. For *C{"*N} REDOR, dephasing
points were collected for LVY(+P), VL®(+P), and
K*S?8(4+P) at 8, 24, 40, 56, 72, 88, 104, 128, and 152 rotor
periods, where the two longest dephasing points, 128 and 152,
were acquired to provide added confidence for longer measured
distances. For LV'?(=P) and V”L*(=P), a reduced set of
data were collected, with points at 8, 40, 72, 104, 128, and 152
rotor cycles. 4096—8192 scans were taken for 8, 24, and 40
rotor periods, 8192—10240 scans for 56, 72, and 88 rotor
periods, and 16384—20480 scans for 128 and 152 rotor
periods. For *C{*'P} REDOR, dephasing points were collected
for L'VY(+P), VL3 (+P), and K**S?*(+P) at 8, 24, 40, 56, 72,
88, and 104, with a reduced set collected for L'*V**(—P) and
VPLP(—P), with points at 8, 40, 72, and 104 rotor periods.
4096 scans were taken for 8, 24, 40, and 56 rotor periods, and
8192—16 384 scans were taken for 72, 88, and 104 rotor
periods. All data were collected with a 1 s pulse delay. Each
point in the dephasing curve represents the average of at least
five repetitions. REDOR dephasing curves were corrected for
the natural abundance back%round and were fit by simulations
generated using SIMPSON.** The contribution of the natural
abundance background (59 backbone carbonyls and 10 side-
chain carbonyls, or 41% of the total signal) was corrected for in
the REDOR simulations.

B RESULTS

Binding Ratios of LRAP to HAP. The amount of LRAP
bound onto the HAP crystal surface under each of the five
conditions (Table 1) was determined using ultraviolet
absorbance measurements (4 = 277 nm) of the protein
solutions before and after binding. On average, non-
phosphorylated variants had ~10% more protein bound to
HAP than the phosphorylated variants, with values of 0.26 and
0.23 ug/cm?, respectively (the initial ratio of LRAP to HAP was
16.8 mg:543 mg), with little deviation as a function of
condition (Table S1). Slightly lower binding was observed at
pH = 8.0 for both phosphorylated and non-phosphorylated
LRAP. Each of the reported values was averaged from 3 to 4
different preparations.

Chemical Shift Measurements. Changes in chemical shift
indicate an alteration in the electronic environment around the
nucleus. The electronic environment may be altered in many
ways, and with proteins, it is commonly due to structural
changes.35_37 Indeed, the deviation of backbone and *Cp
chemical shifts from random coil values is an established
method for predicting secondary structure in proteins.*® For
example, relative to random coil values, backbone carbonyl
carbon chemical shifts can chan§e by 2—3 ppm as a function of
changing secondary structure,™ " moving downfield (larger
ppm values) in a-helical regions and upfield in f-strand regions.

dx.doi.org/10.1021/bi40007 1a | Biochemistry 2013, 52, 2196—2205
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Figure 1. Changes in chemical shift as a function of preparation condition for the six samples vs the standard condition, for the *C’-labeled L', V**,
and K** proteins. The most significant changes (extending outside of the red dashed lines) are observed for L'*(+P) and V'°(+P). Error bars on the
A(chemical shift) are +£0.7 ppm. The values for K** are based on the average chemical shifts.

The electronic environment may also be altered at the interface
of protein binding, so chemical shift deviations could also be a
result of protein—protein and/or protein—HAP interactions.
Thus, chemical shift measurements are used as a relatively rapid
(24 h) screening method for determining which conditions
result in a change in the overall LRAP—HAP interaction.

The backbone carbonyl carbon (**C’) chemical shifts at the
three amino acid positions in the N-terminus (L', V' and K*,
Table 1) were measured for each of the phosphorylated and un-
phosphorylated samples for each of the five different
conditions. Typical spectra of the *C’ resonances are shown
in Figure S1, and the chemical shift data are tabulated in Table
S2 and show small condition-dependent variations: L'*: 174.2—
175.6 ppm, V*: 173.9—175.2 ppm, and K**: 178.3—179.1 ppm.

To investigate changes in the LRAP—HAP interface as a
function of binding condition, chemical shift deviations relative
to standard conditions (pH = 7.4 and IS = 0.15 M) were
calculated; the results are shown in Figure 1 and Table S3. Of
the 24 samples, four showed significant changes (Ad > 0.6
ppm): L(+P) at pH = 5.8, V'?(+P) at IS = 0.05 and 0.2 M,
and for V*(=P) at pH = 5.8. The error bars for the A(chemical
shift) are 0.7 ppm, indicative of the inherent error in
determining chemical shifts for broad lines that are externally
referenced. To avoid overlooking potential changes as a
function of condition, we considered any >0.6 ppm as
significant enough for the more quantitative REDOR study.
Interestingly, the same condition does not consistently produce
the same effect at each residue. For instance, changing the ionic
strength from 0.15 to 0.2 with pH held constant (7.4) produced
a large effect at V'*(+P), small effects at L'(—P), L'*(+P), and
K**(=P), and almost no effect at V'°(=P) and K*(+P).
Changes outside of experimental error were not observed under
any condition tested for L'S(—P), K*(—P), or K*(+P)
compared to the standard condition.

Chemical shift differences were also characterized by
determining perturbations as a function of phosphorylation.
As seen in Figure 2 and Table S4, all of the 13C’ chemical shifts
have a positive shift compared to the non-phosphorylated
variant prepared under the same conditions. Significant
chemical shift perturbations (>0.6 ppm) are observed for
three conditions at residue L'* and two conditions at residue
V", with minimal changes observed at K**.

Structure and Orientation. Chemical shift perturbations
relative to our standard condition serve as a qualitative indicator
of residues in the N-terminus which might alter the LRAP—
HAP interface as a function of binding condition, by either a
structural change or a change in protein orientation on the
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Figure 2. Differences in '*C’ chemical shift between phosphorylated
and non-phosphorylated LRAP as a function of residue and condition.
Phosphorylation produced significant chemical shift perturbations
(above the red dashed line) for several conditions at L'* and V*°. Error
bars on the A(chemical shift) are +0.7 ppm. The values for K** are
based on the average chemical shifts.
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Figure 3. REDOR dephasing curves for V?L?*(+P) as a function of
ionic strength (pH = 7.4). The distance becomes measurably more
extended, possibly to a f-sheet structure, at high ionic strength (red
circles, 8.3 A) when compared to standard conditions (blue diamonds,
5.9 A), while the low ionic strength does not show a significant
difference (green triangles, 6.2 A). Error bars are only shown for one
data set for clarity but are representative of the errors in each data set.
The standard canonical structures are also shown: dots (a-helix), dot-
dash (random coil), and dash (f-sheet).

surface. To establish the physical basis for the observed
chemical shift perturbations, the LRAP samples with the most
significant ">C’ chemical shift changes were investigated using

dx.doi.org/10.1021/bi40007 1a | Biochemistry 2013, 52, 2196—2205
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Table 3. Summary of the Data Obtained Using REDOR (New Data in Bold)®

pH 7.4, 1S 0.05 M pH 5.8, 18 0.15 M pH 7.4,1S 0.15 M pH 8.0, 1S 0.15 M pH 7.4,1S 02 M off
13C'="5N (secondary structure)
LSV9(—p) 52+ 0.5 49 + 0.5° 49 + 0.5 5.0 + 0.5°
LSV%(+P) 4.6 + 0.5 4.6 + 0.5 48 + 0.55° 4.6 + 0.5 44 405 59 +05°
VIL3(-P) 6.1 + 0.5 56 + 0.5° 63 + 0.5 6.8 + 1.0°
VOLB(+P) 62 + 0.5 5.8 + 0.5 59 + 0.5%¢ 59 + 0.5 83 + 1.5 6.1 + 0.5°
K*s¥(-P) 57 + 05" 45 +05°
K2*S%(+P) 48 + 0.5 42 4+ 0.5
13C’-3'P (backbone to HAP distance)
L3(-p) 9.5 + 1.0 9.0 + 0.75” 9.5+ 1
L(+P) 5.4 + 0.59 53 + 0.5¢ 53 + 0.5%4 5.4 4 5.1 + 0.5¢
V*(-P) 10.0 + 1.0 9.0 + 0.757 10.0 + 1.0
V9(+P) 72+ 0.5 7.2 + 0.5 70 + 0.5° 7.0 + 0.5 7.0 + 0.5
K*(=P) 9.0 + 075"
K*(+P) 7.5 + 0.5

“Top: BC—"N distances of L"V'°(—P/+P), VL?(—P/+P), and K**S$*®(—P/+P) under selected conditions. Bottom: *C—'P distances of
L'S(—=P/+P), V'(=P/+P), and K**S*}(=P/+P) to the surface of HAP under selected conditions. “Indicates distance measurements that were
reported previously and are shown here for comparison.” “Indicates data that is slightly modified from that previously reported due to the addition of
extra dephasing points run here. “Indicates *C—>'P measurements that have a *'P nearby in the protein backbone, resulting in an overall shorter
distance then what is really present between the protein backbone and HAP.

the solid-state NMR technique rotational echo double
resonance (REDOR). REDOR utilizes the dipolar interaction
between two isolated, isotopically labeled nuclei (e.g,, "*C and
>N) to determine the structure of the protein in that region.
The distance from '*C’ in the backbone to the *P in the
surface is used to determine the distance of a particular residue
from the surface and, consequently, the orientation of the
protein with respect to HAP.

Structure. For structural determination, we introduce a
carbonyl (**C’) at the ith residue and an >N at the i + 4 residue
in the backbone of the protein. The distance measured between
the two residues is characteristic of certain structures. For
instance, a distance of 4.2 A between these two spins is
consistent with a perfect a-helical structure in this region of the
protein. A f3-sheet structure would give a distance of 10.6 A,
which is beyond the range that REDOR can accurately
measure, providing a very clear distinction between these two
extremes. The average distance that a random coil protein
would experience is 5.8 A, generated by taking an average of the
dephasing curves at each of the distances between 4.2 and 10.6
A'in 0.1 A increments. The REDOR dephasing curves for each
type of structure are shown in Figure 3.

Because the largest chemical shift perturbations as a function
of binding condition were predominantly observed for L'*(+P)
and V(+P), each of the binding conditions for these two
samples was investigated using REDOR. The data for all of the
samples are tabulated in Table 3. The “C{"*N} REDOR
dephasing curves for V'?L*(+P) at constant pH (7.4) and
varying ionic strength (0.0S, 0.15, and 0.2 M) are representative
and are shown in Figure 3, with the experimental data
represented by symbols and the fits shown as lines. Error bars
were determined from at least five measurements, and the best-
fit distances were determined by a y* analysis on the dephasing
curves compared to simulated curves. Dephasing curves for a-
helical (dotted curve, 4.2 A), f-sheet (dashed curve, 10.6 A),
and random coil (dotted-dashed curve, 5.8 A) structures are
also shown for comparison.

The structure of V'?L*(+P) does not change from that
observed under standard conditions as a function of pH but
does show variability as a function of ionic strength. This
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change is slight when the ionic strength is lowered to 0.05 M,
from 5.9 to 6.2 A, and is significant at an ionic strength of 0.2
M, from 5.9 to 8.3 A, where the measured distance changes to a
more extended or f-sheet-like structure. Structural changes are
also observed for VI?L**(—P) as a function of ionic strength,
where both low and high ionic strengths result in a slight
increase in distance (from 5.6 A to 6.1 and 6.3 A, respectively).
It is also noteworthy that phosphorylation of V'*L* results in a
significant increase in distance, from 6.3 to 8.3 A, at 0.2 M ionic
strength. Extra dephasing points, 128 and 152 (or 38 ms), were
run to confirm these long distances. The backbone distance,
and consequently the structure, of L'V'**(+P) and L'*V'*(—P)
is unchanged within experimental error under all of the
conditions studied. The distances of the same spin pairs under
standard conditions were previously reported and are shown
here for comparison.”*

The structure of K**S**(—P) was previously reported both on
and offt HAP and was observed to unfold from a nearly perfect
helix off the surface (4.5 A) to a largely unstructured form on
the surface (5.7 A).* In this work we investigated the
phosphorylated variant, K**$*(+P), both off the surface and
adsorbed to the surface using REDOR. Similar to the un-
phosphorylated variant, we observed a distance consistent with
a perfect helix off the surface (4.2 A), but in the phosphorylated
case, it maintains a largely helical structure (4.8 A) when bound
to HAP under standard conditions (Figure 4 and Table 3).

The one-dimensional spectra of these samples provide
interesting structural insights (Figure S). Rather than existing
as a broad symmetric Lorentzian peak as observed for the other
residues (Figure S1), the '*C’ resonance for the K** samples
clearly consist of multiple, noncoincident resonances. This is
the only residue for which this was observed, consistent with a
unique structure or orientation at this residue in the protein.
Because of the significant difference in spectra for the
K**S*®(+P) sample, the protein was synthesized two times
and the sample under standard conditions prepared with each
protein preparation; identical results were obtained in both
cases. The spectrum of K**S*(+P) off the surface has two
overlapping resonances, the largest of which is downfield
(~179 ppm). In this case, the downfield chemical shift is
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Figure 4. *C{"*N} REDOR show that K**S*® changes structure as a
function of binding, and as a function of phosphorylation. The solid
lines are the best fit distances: (red 4.2 A, blue 4.8 A, and green 5.7 A).
Binding transforms the phosphorylated peptide from a perfect helix to
a combination of two structures, helix and either random coil or f-
sheet. Dephosphorylation extends the structure further and is
consistent with a combination of random coil, helix and f-sheet.*
Data generated from deconvolution are also shown (open blue
squares) with the dashed blue line fit of 4.6 A.

expected for, and consistent with, the helical structure
measured using REDOR. The upfield resonance (~174 ppm)
in this case is due to the natural abundance backbone amide
resonances. When K**S$?%(+P) is bound to the surface, the
intensity of the downfield (helical) resonance is reduced, and a
third resonance (~175.5 ppm), in between the resonances
corresponding to a helical structure and the unlabeled
backbone amides, increases. The deconvolutions for each
sample are summarized in Table SS. This strongly suggests that
LRAP has two unique structures in this region: one helical
(~85%) and one more random coil or f-sheet in structure
based on the upfield shift.>> When the un-phosphorylated
variant (K**S*®(—P)) is bound to HAP, the distribution is
further shifted to the more extended structure, as evidenced by
the shift in relative intensity (Figure 5), with the contribution
to the helical component diminished to ~45%.

Reevaluating the REDOR dephasing curves to include two
unique structures for the bound samples of K**S**(—P) and
K**S?%(+P) offers several interpretations that would be
consistent with the data. A combination of 50% helix (4.2 A)
and 50% p-sheet (10.6 A) or 40% helix and 60% random coil
(5.8 A) fits the K*S**(+P) data equally as well as a single
distance of 4.8 A. The estimate of 50% helix is lower than that
estimated by the deconvoluted area of the helical component in
the 1D spectrum (~85%) and could be due to a loose helical
structure rather than the tight helical structure (4.2 A) assumed
for the fitting. The K*S**(—P) data is fit equally well to a
random coil structure, or a mixture of 25% helix and 75% S-
sheet. Since there are two distinct resonances, it is unlikely that
it is best described only by a random coil which would give just
one resonance. The complexity of the lineshape suggests that
an even more complex mixture containing some helix, some
random coil and some f-sheet may be most consistent with the
data.

To provide further insight into the structure, we
deconvoluted each point in the dephasing curve of
K*S$®(+P) for pH = 7.4, IS = 0.15 M into two peaks, the
maximum that was appropriate given the resolution of the
REDOR resonances (Figure S2). This results in a peak at the
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) Unlabeled
Helix backbone
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K?*S%(-P) on HAP

K**S%(+P) on HAP

K**s%(+P) off the
surface

170
ppm

Figure 5. Comparison of the *C’ chemical shifts for K**S*® at 23 °C.
Bottom: K**S*(+P) lyophilized from solution. Middle: K**S*(+P)
bound to HAP under standard conditions, pH = 7.4, IS = 0.15 M.
Top: K**S*®(—P) bound to HAP under standard conditions, pH = 7.4,
IS = 0.15 M. Dark blue: experimental data; red: simulated fit; green,
pale blue and maroon: deconvoluted components.

chemical shift of the helical resonance and one that is
composed of the natural abundance backbone resonances and
the random coil/f-sheet resonance. The helical component has
a distance of 4.6 A, shorter and more helical in structure than
that determined for the composite resonance (4.8 A),
consistent with our interpretation that this resonance
represents a helical component (Figure 4). The deviation
from the distance expected for a pure helix (4.2 A) could be
due to a loose helical structure, imperfect deconvolution, or
unaccounted for background contribution. The interpretation
of a loose helix is consistent with the deviations observed with
REDOR in evaluating the composite peak and provides the
most consistent explanation for all of the data. While the exact
structure is still not entirely established, this analysis
emphasizes the power of considering both chemical shift and
dipolar recoupling in evaluating structural data to provide
deeper insight.

Orientation. In order to understand how pH, ionic strength,
and phosphorylation affect the orientation of LRAP on HAP,
solid-state NMR "*C{*'P} REDOR experiments were also
carried out to determine the distance between one of the three
backbone '*C’-labeled residues (L'5, V'? or K**) and the closest
3P on the surface of HAP. The *C—>'P distances are listed in
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Table 3 and show that the residue—HAP distances do not
change significantly for L'3(+P/—P) or V'* (+P/—P) with
solution conditions.

Both L' and V'* were previously found to move closer to the
surface upon phosphorylation. In this work, it was found that
K*, eight residues from the pS'¢, is also closer to the HAP
surface upon phosphorylation with the average distance
decreasing from 9.0 A in the un-phosphorylated variant to
7.5 A in the phosphorylated derivative (Table 3). The *C{*'P}
REDOR dephasing curves for K*(—P) and K**(+P) under
standard conditions (pH = 7.4, IS = 0.15 M) are shown in
Figure 6.

1.2
1 4
2
7}
=
2 08 3
=
3
N 061 [
©
£
5 041 4 Ko4s28
z —9.0 Angstroms
024 m K24S28(pS)
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Figure 6. *C{*'P} REDOR dephasing curves for K** and K**(pS)
bound to HAP under standard conditions showing that phosphor-
ylation results in a closer association of K** with the surface.

Dynamics. One-dimensional C{'H} cross-polarization
magic-angle spinning NMR spectra were obtained for each of

the LRAP—HAP complexes at two different temperatures (23
and —4$ °C), but otherwise identical experimental conditions,
in order to gain information on the dynamics of LRAP when it
is bound to the surface as a function of solution condition. In a
hydrated environment, little motion is expected at sites strongly
associated with HAP, while significant motion is expected for
weakly bound sites.*®” A representative example of the data is
shown in Figure 7 for L'3(—P) as a function of the series of
solution conditions. Each of the samples was investigated at low
temperature (Figure 7, left) and at room temperature (Figure 7,
right). In each case, LRAP shows an increase of motion at room
temperature compared to the frozen state. This is evidenced by
the decreased signal-to-noise observed for the room temper-
ature spectra, particularly evident at pH = 5.8 for L'(—P). The
loss of signal intensity is due to ineficient cross-polarization
and proton decoupling.

Dynamic information can also be extracted from the spinning
sideband pattern in the one-dimensional spectra. Both the span
(Q) of the chemical shift anisotropy and the relative intensities
of the resonances (77) are related to dynamic processes, and
these values are reported for each sample in Table S2. Using a
Herzfeld—Berger (HB) analysis, the span, Q = oy, — o33, of all
of the samples that were measurable decreases moderately from
~140 ppm at —45 °C to ~100 to ~130 ppm at 23 °C. The 5
values range from 0.5 to 0.8 and are evident in the spectra,
where the isotropic peak, indicated with an arrow, increases
moderately in intensity relative to the other spinning side
bands, seen in Figure 7 for pH = 7.4, IS = 0.2 and 0.15 M. Each
of these spectra are indicative of motion, suggesting that none
of the regions under the conditions studied have a highly stable
interaction with the surface. The lack of a dramatic change in
the chemical shift anisotropy suggests that the motion is
restricted.

The one-dimensional spectra at 23 °C for all of the
preparation conditions of the LRAP—HAP complexes studied

l

pH=7.4,15=0.2

pH=8.0, 1S=0.15

pH=7.4,15=0.15

pH=5.8, 15=0.15

pH=7.4, 15=0.05

l

pH=7.4,15=0.2

AN

pH=8.0, 1S=0.15

pH=7.4,15=0.15

pH=5.8, 15=0.15

pH=7.4, 15=0.05

320 290 260 230 200 170 140 110 80 50 20 -10 320 290 260 230 200 170 140 110 8 50 20 -10
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Figure 7. One-dimensional spectra shown for L'*(—P) under each condition, as indicated. Left, —45 °C; right, 23 °C. Each sample has reduced
signal-to-noise compared to the spectra when taken under frozen conditions, indicating mobility. The spectra at pH = 7.4, IS = 0.2 and 0.15 M also
show an increased intensity in the isotropic peak (marked with an arrow) relative to the spinning side bands, suggesting even more mobility under
these conditions; however, in all cases, the data suggest that the mobility is restricted.
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show similar features, ie., a loss of signal-to-noise, a slight
decrease of €, with no change or a relatively small change in 7
compared to the spectra at —45 °C, the frozen state. For nearly
every binding condition for L'*(+P), the signal-to-noise
decreased so significantly that obtaining good HB analyses
(values for Q and #) was not possible, suggestive of more
motion at these two residues in the protein. Conditions for
other labeling schemes also had poor signal-to-noise preventing
a HB analysis, but not for a consistent binding condition or
phosphorylation state; therefore, it does not suggest a specific
trend in the intensity of the dynamics and how it may influence
function. The CSA parameters for K**(—P) and K**(+P) were
not determined due to multiple overlapping peaks, discussed
vida infra, although decreased signal-to-noise was also observed
for these samples, particularly K24(—P) which had almost no
remaining signal at 23 °C under the analysis conditions for any
binding condition.

B DISCUSSION

During enamel formation, environmental conditions change
significantly, including the ionic strength, pH, surface type, and
protein concentration.'*”*****® The protein phosphorylation
state may also change during enamel formation. The role of
each variable is unclear, but they may result in modified protein
structure or alter the protein—mineral interface, thereby
controlling the mechanism of enamel development. To
examine this possibility, three of these variables, the ionic
strength, phosphorylation state, and the pH, were investigated
to evaluate their impact on the secondary structure, orientation,
and dynamics of LRAP bound to HAP.

The Role of Solution Conditions in Modulating the
Interface of LRAP and HAP. Under all of the pH and ionic
strength conditions studied, very few changes in structure,
orientation, or dynamics were observed based on both chemical
shift and REDOR data, suggesting a very stable LRAP—HAP
interaction overall. Under every condition and in each region,
restricted mobility is observed, implying that each region is
interacting with HAP but that the interaction is not rigid. The
increased mobility observed for L1S(+P) under all conditions
may be indicative of an important change in those regions to
assist function as the solution environment around enamel
changes.

The REDOR evaluation of the structure and orientation of
the full set of conditions for the region encompassing L'* to V*°
in LRAP(+P) shows no change as a function of sample
preparation condition outside of experimental error, and are all
found to contain significant helical content in this region, with a
distance of ~4.5—5 A, and oriented close to the surface. The
stable structure and orientation as a function of pH and ionic
strength are unexpected since protein secondary structure is
often observed to be sensitive to pH and ionic strength,*' ~**
and a change in secondary structure would have the potential to
change the orientation of the protein. This stability may suggest
an important role for this region of the protein, either in
interacting with HAP or in positioning it to interact with other
proteins.

The region from V' to L* in LRAP(+P) was also
investigated with REDOR under the full set of conditions.
The orientation of this region with respect to HAP did not
change under any condition, nor did the structure in this region
change as a function of pH. However, the structure in this
region did change as a function of ionic strength, from largely
random coil under standard conditions to a more extended or
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f-sheet structure at higher ionic strengths (0.2 M). In
comparing the REDOR results with the chemical shift data,
the V?L*(+P) samples also had a perturbed chemical shift as a
function of ionic strength, suggesting that the change in
chemical shift is at least partially due to the change in secondary
structure.

Recent reports have shown a connection between ionic
strength and the ability of phosphorylated amelogenin to form
chainlike structures.'"® The changes observed here between
ionic strength and the structure of the V'’L**(+P) (Table 3)
may be related to the previously reported observation. The
structural flexibility in this region as the ionic strength fluctuates
may be connected to a role in regulating crystal growth as the
enamel environment changes.

Previous reports on the solution state structure of
amelogenin indicate a sensitivity to pH changes (2'”*° and
3.8”" vs 5.5°%). Specifically, at higher pH values, increased
structure was observed. Two regions in the N-terminus, -V
and K**—1%, were suggested to be structured at pH 5.5,”* while
they were not structured at lower pH values.'”~' The surface
bound sample was insensitive to pH, and additionally, our data
suggest a mixture of helical and unstructured or f-sheet regions
in the N-terminus for the surface bound sample, consistent with
the structurally dynamic nature of this protein.

The Role of Phosphorylation in Modulating the
LRAP—HAP Interface. Under standard conditions (pH 7.4,
IS = 0.15 M), the structure in the region from L' to V'* and
V¥ to L* did not change upon phosphorylation. However,
changes in structure were observed in the region from K** to
S under standard conditions as a function of phosphorylation,
shifting from a largely random coil structure to a structure with
significant helical content. The observed structural switching as
a function of phosphorylation may be indicative of an
important in vivo mechanism. Following phosphorylation, K**
was also observed to be closer to the HAP surface, an
observation that was noted for L'* and V'°, but was unexpected
here due to the distance from pS'.

In addition to the quantitative distance measurements, in
general, larger chemical shift differences were observed as a
function of phosphorylation for each of the binding conditions
than as a function of the binding condition alone (Figure 2 and
Table S4). REDOR investigations revealed that only V'?L* at
high ionic strength shows a significant change in secondary
structure upon phosphorylation, further implicating this region
to have a potential functional importance in vivo. Phosphor-
ylation has been observed to have an effect on the amount of
LRAP bound,? nanosphere formation,” the structure when
interacting with calcium,* nanosphere chain formation,'® and
ACP transformation to HAP.* This work provides evidence
that the molecular level interactions also change as a function of
phosphorylation and may be related to the macroscopic
observations.

The Special Nature of K24: Implications in Vivo. The
changes in K**S*® as a function of phosphorylation are
interesting. This region is 8—12 residues from the phospho-
serine, yet the distance from the surface was impacted as much
as it was for V'%, only three residues from the phosphoserine.
Additionally, two unique structures are observed at K**S*(+P),
consistent with 40—50% helix with the remainder random coil
or f-sheet, respectively. The un-phosphorylated variant,
K*S*(—P), contains only 25—30% helix. This significant
change in structure suggests that there may be a structural
switching mechanism occurring upon dephosphorylation.
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Preparation under different solution binding conditions alter
the relative amounts of the two structural motifs, further
pointing to a sensitive structural region that may have an
important role in regulating mineralization. Solution state data
of an N-terminal fragment of non-phosphorylated amelogenin
reported previously indicate that there is a turn between
residues V'° and K**** consistent with the data shown here that
K** is at a structurally flexible location.

These observations could point to a unique functional role
for this region upon de-phosphorylation. There are phosphor-
ylases present in the enamel environment, lending support to
this interpretation.*® It has also been recently observed that
amorphous calcium phosphate (ACP) is transformed to HAP
but that pS' in both amelogenin and LRAP stabilizes ACP
longer than the non-phosphorylated variant.*>* The mecha-
nism by which the transformation is triggered is unclear, but it
is likely that the transformation is due to a change in the
interaction of amelogenins with HAP as enamel matures, and
structural changes in the region of K** as a function of
dephosphorylation may be associated with this transformation.
Investigations as a function of surface type, protein
concentration, or other variable conditions found in the enamel
milieu could provide more insight into this potentially
important region of the protein.

B SUMMARY

The N-terminus of the amelogenin protein, LRAP, was found
to have a reasonably stable interfacial interaction with HAP as a
function of changes in ionic strength and pH during binding.
Very little structural or orientation variation was observed from
L' to L*, with the exception that V*?L*(+P) becomes more
extended with higher ionic strength. Phosphorylation does
modulate both the structure and the interaction of the N-
terminus with HAP, particularly at residue K** which undergoes
a large structure and orientation change. This observation could
be relevant to the proteins function in vivo, where
dephosphorylation or changes in ionic strength may trigger a
structural change to initiate a different growth phase of HAP.
Increased mobility as a function of phosphorylation seen for
L(+P) may also contribute to this function. Studies
investigating other conditions found to vary in enamel, as
well as investigating the highly charged region in the C-
terminus of LRAP, should provide additional insight into the
amelogenin—HAP interface and how it changes during enamel
development.
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parameters; table of chemical shift differences between the
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