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ABSTRACT Amelogenin is the predominant protein found during enamel development and is thought to be the biominer-
alization protein controlling the unique elongated hydroxyapatite crystals that constitute enamel. The secondary structure of
biomineralization proteins is thought to be important in the interaction with hydroxyapatite. Unfortunately, very little data are
available on the structure or the orientation of amelogenin, either in solution or bound to hydroxyapatite. The C-terminus
contains the majority of the charged residues and is predicted to interact with hydroxyapatite; thus, we used solid-state
NMR dipolar recoupling techniques to investigate the structure and orientation of the C-terminus of LRAP, a naturally occurring
splice variant of full-length amelogenin. Using 13Cf15Ng Rotational Echo DOuble Resonance (REDOR), the structure of the
C-terminus was found to be largely random coil, both on the surface of hydroxyapatite as well as lyophilized from solution. The
orientation of the C-terminal region with respect to hydroxyapatite was investigated for two alanine residues (Ala46 and Ala49)
using 13Cf31Pg REDOR and one lysine residue (Lys52) using 15Nf31Pg REDOR. The residues examined were found to be 7.0,
5.7, and 5.8 Å from the surface of hydroxyapatite for Ala46, Ala49, and Lys52, respectively. This provides direct evidence that the
charged C-terminus is interacting closely with hydroxyapatite, positioning the acidic amino acids to aid in controlling crystal
growth. However, solid-state NMR dynamics measurements also revealed significant mobility in the C-terminal region of the
protein, in both the side chains and the backbone, suggesting that this region alone is not responsible for binding.

INTRODUCTION

Biominerals such as bone, enamel, and mollusk shells are

formed with unusual strength and morphological properties

when compared to their mineral counterparts. Although the

proteins present during formation have been found to be

critical in the resulting biominerals, it is not clear how the

proteins interact with the crystal surface and what role protein

structure plays in this interaction, though secondary structure

is thought to be critical to protein affinity and the ultimate

biomineral properties (1–5). Enamel, in particular, is a fas-

cinating noncollagen-based, extracellular biomineral that

results in hydroxyapatite (HAP) crystals that are ;3000

times longer than those found in bone (6). It has been dem-

onstrated that amelogenin, the predominant protein found

during enamel formation (.90%), is essential in proper

enamel formation (7–12), yet how this control is achieved is

not well understood.

Amelogenin is a 180-residue protein, and unlike other

biomineralization proteins, it is very hydrophobic, having

only eight acidic and five basic amino acids in the entire

sequence, located almost entirely in the N- and C-termini

(Table 1) (13). Experimental studies indirectly demonstrated

the importance of the charged C-terminus in HAP interac-

tions when C-terminal deleted proteins showed reduced HAP

interactions (14,15) and growth inhibition (15,16). Leucine-

rich amelogenin protein (LRAP) is a naturally occurring 59-

residue splice variant of amelogenin that includes only the

charged N- and C-termini (Table 1) (17) from the full protein.

The sequence conservation of these regions among species in

the full protein (18–20) and the combination of the only

likely protein-HAP interacting regions into a reduced peptide

suggest that this protein may have a significant, though as yet

unidentified, function of its own in enamel development.

LRAP has not been as well studied as the parent protein, but

is seen to be a strong HAP crystal growth inhibitor (20,21),

and LRAP and full-length amelogenin were both found to

bind the same number of calcium ions from solution (22),

providing further support that the regions comprising LRAP

are responsible for the interaction of the full-length protein

with HAP. In addition to a possible functional role of its own,

the truncated LRAP protein serves as an excellent model for

the full protein because of its sequence homology with full-

length amelogenin and its conservation of residues with the

potential to interact with HAP. Additionally, its smaller size

allows easy incorporation of selective isotopic labels, which

is not possible using the recombinant techniques necessary

for larger proteins, enabling experiments which allow the

site-specific, molecular-level determination of protein struc-

ture and protein-surface interactions for this important class

of proteins.

Both LRAP (21,23) and amelogenin (24,25) are seen to

form into nanospheres comprised of multiple monomers,

which is thought to play a role in the function of the protein

and has been studied in some detail. The secondary structure

of the protein is likely very important in both the ultimate

quaternary structure as well as the resulting function of

amelogenin. Unfortunately, very little quantitative secondary

structural information has been available in past years due to

the lack of available experimental techniques for large,

noncrystallizable proteins such as amelogenin (26,27). The
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importance of the structure of amelogenin to its function is

perhaps best highlighted by the fact that in two separate ca-

ses, X-linked amelogenesis imperfecta (AIH1) with single

amino acid modifications (Tyr21 with Ile or Pro41 with Thr)

(12) results in dramatically malformed enamel. Clearly, the

protein-crystal interaction has been altered due to these mu-

tations. The observation that the quaternary structure is al-

tered for these mutants (28,29) would suggest that either the

secondary or tertiary (or both) structures are also disrupted,

but have not yet been investigated. This physiological ex-

ample demonstrates the critical need for secondary structural

information in understanding protein-surface interactions

that control biomineralization processes. Infrared (30), cir-

cular dichroism (CD) (30,31), solution NMR (32), small-

angle neutron scattering (33), and Raman (34) spectroscopic

techniques have all been used to look at the secondary

structure of full-length amelogenin, but have only provided a

very qualitative insight into the overall structure. The results

of these studies suggest that the solubilized protein contains

some b-sheet and some random-coil regions with little

a-helical structure, though determination of the location of

these structural motifs within the protein is not possible with

most of these techniques. The secondary structure of LRAP

was studied by solution-state 1H NMR and CD at low pH and

was observed to be random coil under these conditions. The

authors were unable to maintain enough solubility to repeat

the NMR experiment at more biologically relevant pH, so a

quantitative solution structure is unavailable, though the CD

spectrum only changed modestly at pH 7.4 (22). Signifi-

cantly, all of these studies focus on the solubilized protein,

not on the protein bound to hydroxyapatite, its functional

form in controlling crystal growth processes.

Solid-state NMR has recently been demonstrated as a

technique providing quantitative, site-specific structural (35–

40) and orientation (41,42) information for biomineralization

proteins under biologically relevant conditions both off the

surface and bound to HAP and is not limited by the formation

of nanospheres. Recently, using solid-state NMR (41) and neu-

tron reflectivity (43), we demonstrated that the C-terminus

of LRAP is close enough to hydroxyapatite to control mineral

growth, providing some of the first direct evidence of the

importance of the charged C-terminus in the protein-crystal

interaction. This work extends those studies to investigate

not only the orientation of additional residues within the

C-terminus but also the secondary structure of the protein in

this important interaction region. In this work, we utilized

Rotational Echo DOuble Resonance (REDOR) to study the

secondary structure and orientation of LRAP under biologi-

cally relevant conditions. In addition to structural and ori-

entation studies, protein dynamics ranging from 10�3 to 10�5 s

were measured using relaxation measurements, cross-polar-

ization efficiencies, and a Herzfeld Berger (HB) analysis to

characterize the mobility of LRAP on HAP, an important

component in understanding the protein-mineral interface.

EXPERIMENTAL METHODS

Materials

Labeled amino acids were purchased from Cambridge Isotopes (Andover,

MA) and used as received. Solvents were used without further purification.

Fmoc-protected labeled amino acids were prepared according to standard

procedures (44,45). Briefly, 5.6 mmol amino acid was stirred with 30 mL

10% warm Na2CO3 in a 100-mL round-bottom flask. Fmoc-O-succinimide

(6.6 mmol) was added in 20 mL dioxane and stirred. After 24 h, 1.7 mmol

Fmoc-O-succinimide was added and the solution was stirred for an additional

24 h. After this stirring, 150 mL of water was added to the solution, which

was then washed three times with ether. Then, 150 mL of ethyl acetate was

added and the pH was adjusted to 2 with concentrated HCl. The ethyl acetate

was washed two times with 1 MHCl and two times with water, after which it

was dried over magnesium sulfate and removed under vacuum. The purity of

the residual solid was checkedwith thin-layer chromatography (10:1 toluene/

acetic acid) and the amino acid was used without further purification.

Protein preparation, purification,
and characterization

Proteins were prepared using standard Fmoc chemistry by United Bio-

chemical Research (Seattle, WA). Proteins were purified using prep-scale

reverse-phase high-performance liquid chromatography: buffer A, 0.1%

trifluoroacetic acid in water; buffer B, 0.1% trifluoroacetic acid in acetoni-

trile. LRAP eluted at 54% B. Proteins were analyzed for molecular weight

and purity using electrospray mass spectroscopy. Previously, the effect of the

phosphoserine at position 16 was investigated to confirm that it was not in

close proximity to the C-terminal residue beingmeasured, both off and on the

surface (41). Since the alteration of the phosphoserine to serine did not affect

the orientation of the C-terminus for LRAP-A46, LRAP-A49, and LRAP-K52

were synthesized with a serine replacing pS16, under the assumption that

there would again be no effect on the structure.

Sample preparation of the free protein

To prepare a solid-state sample of the free protein, 30 mg of LRAP was

dissolved into 1 mL of phosphate buffer, consisting of a solution with 0.15M

NaCl and saturated with respect to hydroxyapatite (PB), diluted to 20 mL

with water, and the pH adjusted to 7.4. This was frozen in liquid nitrogen and

TABLE 1 Primary structures of amelogenin and LRAP

LRAP MPLPPHPGSPGYINLpSYEVLTPLKWYQSMIRQP PLSPILPELPLEAWPATDKTKREEVD
Amelogenin MPLPPHPGSPGYINLpSYEVLTPLKWYQSMIRQP#PLSPILPELPLEAWPATDKTKREEVD

#YPSYGYEPMGGWLHHQIIPVLSQQHPPSHTLQPHHHLPVVPAQQPVAPQQPMMPVPGHHSMTPTQHHQPN

IPPSAQQPFQQPFQPQAIPPQSHQPMQPQSPLHPMQPLAPQPPLPPLFSMQ

Note the conservation of the primary structure of the N- and C-termini in LRAP. The central portion of amelogenin is indicated by #. Charged residues are

shown in bold type.
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lyophilized, and the entirety of the resulting powder was packed into the

NMR rotor.

Sample preparation of the protein bound to HAP

To prepare the protein sample bound to HAP, 30 mg of LRAP was dissolved

into 92 mL of PB (0.33 mg/mL) and the pH was adjusted to 7.4. The protein

was added to 100 mg of HAP. The 50-m2/g HAP, prepared (46) and char-

acterized using standard techniques, was washed three times with 10 mL of

PB immediately before contacting the protein solution. The protein was al-

lowed to bind for 1 h, after which time the protein-HAP complex was

centrifuged, and washed three times with 5 mL of PB. 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

(l ¼ 275 nm). Typically, 4–6 mg of protein was bound to 100 mg of HAP.

The sample was packed into an NMR rotor as a wet paste, by transferring a

small quantity into the rotor, spinning to 4 kHz, removing the excess water,

and repeating this process until the rotor was full (;50–70 mg of sample),

resulting in a hydrated, surface bound sample.

For the lyophilized, surface-bound sample, the packed hydrated sample

was frozen with liquid nitrogen in the rotor and lyophilized. The NMR ex-

periments were always done on the hydrated sample first, and then on the

lyophilized sample.

NMR experiments

NMR experiments were performed on a three-channel Chemagnetics Infinity

console (Chemagnetics, Fort Collins, CO) operating at 300 MHz proton

frequency. A three-channel, variable-temperature Chemagnetics probe was

used, employing a 6-ms 90� pulse for 1H and a 0.5- to 1-ms contact time.

Temperatures in the rotor were calibrated using 207Pb(NO3)2 (47). Chemical

shifts were referenced to glycine, 177.0 ppm (48).

Dynamics

Spectra and T1r measurements were taken at both �80�C (frozen) and at

room temperature (RT) (20�C). For HB analysis, a spinning speed of 1.5 kHz

was used and 28,800 scans were taken for each sample to allow direct in-

tensity comparisons. The room temperature hydrated, surface-bound samples

were also run with additional signal averaging to allow more accurate fitting

of the chemical shift anisotropy (CSA) parameters. For T1r analysis, 10 lock
times were used, from 0.05 to 4.55 ms.

REDOR

XY8 phase cycling was used on both observe and dephasing channels for

REDOR experiments (49,50). For all three types of REDOR experiments,
13Cf31Pg, 15Nf31Pg, and 13Cf15Ng, 180� pulses of 13.0–15.0 ms were used

for both the observe and dephasing nuclei, and samples were spun at 4 kHz.

Two-pulse phase-modulated decoupling (TPPM) (51) with a 65-kHz de-

coupling field was used throughout. Hydrated samples were run at �80�C,
whereas lyophilized samples were run at�45�C. Typically, 4096 scans were
taken for shorter dephasing periods and 8192–16,384 scans were taken for

longer dephasing times, with a 3-s pulse delay. Data were collected at every 8

or 16 rotor periods, out to 104 rotor periods for 13Cf31Pg and 13Cf15Ng. In all
cases, the final dephasing curve represents the average of at least three to five

repetitions. For the 15Nf31Pg experiments only, data were collected every 24

rotor periods, out to 104 rotor periods, with a 1-s pulse delay: 42,300 scans

were collected for early dephasing times and 84,600 scans for longer de-

phasing times. For the hydrated 15Nf31Pg bound to HAP, only 14 ms of

dephasing was collected due to a significant loss in signal/noise. REDOR

dephasing curves were fit by simulations generated using SIMPSON (52).

RESULTS

Dynamics

Table 2 compares the chemical shift and relaxation parame-

ters determined for several residues in the C-terminus of

the protein. For the proteins with labeled methyl group

A46(13Cb) and a-carbon, A49(13Ca), the T1r values were.10

ms under lyophilized conditions, consistent with no mobility

on the timescale of the T1r experiment. For the hydrated

samples bound to HAP, A46(13Cb) had a relaxation time of

4.3 ms, and A49(13Ca) had a faster observed relaxation of 2.5

ms. When frozen, the samples containing backbone carbonyl

labels, L42(13C9) and A49(13C9), had relaxation times of.20

ms, as expected for a rigid carbonyl group. Under hydrated

conditions, L42(13C9) had a relaxation time of 4.2 ms, and

A49(13C9) had a relaxation time of 8.0 ms.

The spectra taken for L42(13C9) and A49(13C9) for the HB

analysis are shown in Fig. 1. The arrows indicate the isotropic

resonance, and the asterisks indicate spinning side bands. The

cross-polarization efficiency decreases significantly for both

hydrated RT samples (Fig. 1, middle), as compared to the fro-

zen counterparts (Fig. 1, upper), as evidenced by the decreased
signal/noise ratio. A significant averaging of the CSA,which is

characterized by the changes in the relative height and breadth

of the spinning side-band pattern, was also observed, best seen

in the comparison of the upper (frozen) and lower (RT) spectra

ofFig. 1, aswell as in the reduced span (V¼jd11� d33j) shown
in Table 2. The bottom spectrumwas signal averaged longer to

allow more accurate fitting of the CSA parameters.

Structure

Structural studies in this work were focused on the

C-terminus, where two regions were investigated using the

TABLE 2 Chemical shift and relaxation parameters for the

C-terminus of LRAP

LRAP-L42(C9) LRAP-A49(C9) LRAP-A46(Cb) LRAP-A49(Ca)

T1r (msec)

Hydrated 4.2 6 1 8.0 6 1 4.3 6 1 2.5 6 1

Frozen 19.5 6 1 19.5 6 1 10.5 6 1 12.2 6 1

V (ppm)

Hydrated 82 6 20 81 6 20 — —

Frozen 140 6 20 154 6 20 — —

h

Hydrated 0.7 6 0.1 0.7 6 0.1 — —

Frozen 0.6 6 0.1 0.6 6 0.1 — —

siso (ppm)

Hydrated 173.7 6 0.5 175.7 6 0.5 17.4 6 0.5 50.5 6 0.5

Frozen 173.3 6 0.5 175.2 6 0.5 16.8 6 0.5 50.3 6 0.5

Lyophilized 173.9 6 0.5 174.6 6 0.5 17.1 6 0.5 49.8 6 0.5

Linewidth (ppm)

Hydrated 3.1 6 0.2 4.5 6 0.2 3.3 6 0.2 7.3 6 0.2

Frozen 5.5 6 0.2 5.2 6 0.2 5.4 6 0.2 8.9 6 0.2

siso ¼ (1/3)(s11 1 s22 1 s22), h ¼ (s22 � s11)/(s33 � siso), where js11 �
sisoj # js33 � sisoj and V ¼ js11 � s33j.
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solid-state NMR dipolar recoupling technique REDOR.

Table 3 shows the two labeling schemes employed to study

the structure by incorporating a backbone 13C¼O (C9) at the
i residue and a backbone 15N at the i1 4 residue. The best-fit

distance, determined with a x2 analysis, is also shown. Each

structure was determined under conditions of 1), the protein

bound to the surface, hydrated; 2), the protein bound to the

surface, lyophilized; and 3), the protein off the surface.

The 13Cf15Ng REDOR dephasing curves are shown in

Fig. 2, where the experimental data are represented by

symbols and the fits are drawn as lines. Standard deviations,

which are based on multiple measurements, are shown only

for the lyophilized data for clarity, and represent a maximum

error. Fig. 2 a shows the dephasing curves for LRAP-L42A46

which, bound to the surface of HAP, had a measured distance

of 5.66 0.5 Å under hydrated conditions (open circles), and
an indistinguishable distance of 5.5 6 0.5 Å under lyophi-

lized conditions (solid diamonds). Off the surface, the dis-

tance was 5.36 0.5 Å (solid squares). Random-coil a-helical
and b-sheet structures are shown for comparison.

The distances measured for LRAP-A49T53 (Fig. 2 b) were
slightly longer than for LRAP-L42A46, with a distance of

6.9 6 1 Å bound to the surface of HAP under hydrated

conditions. After lyophilizing, the distance was slightly

shorter at 6.16 0.5 Å. Off the surface, the distance was 5.96
0.5 Å.

Orientation

Table 3 and Fig. 3 show the results orienting three of the

residues in the C-terminus of LRAP to the surface of HAP,

using either 13Cf31Pg or 15Nf31Pg REDOR. Distances

shown assume an isolated spin pair, as discussed further (vida

infra). For these experiments, a single isotope, either a

backbone 13CH (A49) or a sidechain 15NH2 (K52), was in-

troduced and the distance measured from the label to the HAP
31P groups. For both samples off the surface (solid dia-
monds), there was no measurable dephasing, as expected

with no nearby phosphate groups. Shown in Fig. 3, top, the
distance from the surface for LRAP-A49(13Ca) under ly-

ophilized conditions (open circles) was 5.7 6 0.5 Å. The

signal/noise ratio for LRAP-A49(13Ca) hydrated and surface-

bound was inadequate to obtain a statistically significant

dephasing curve. LRAP-K52(15Nz) under lyophilized condi-

tions (solid squares) was found to be 5.8 6 0.5 Å from the

nearest 31P in the surface of HAP (Fig. 3 b). The first 14 ms of

FIGURE 1 Cross-polarization magic angle spinning spectra of carbonyl-labeled proteins hydrated on HAP. (a) LRAP-L42A46. (b) LRAP-A49T53. Upper

spectra, frozen (�80�C); middle spectra, RT, lower spectra, RT with more scans for accurate fitting of CSA parameters. Arrows indicate isotropic resonances

and asterisks indicate spinning side bands. The carbonyl resonances at both amino acid positions (L42 and A49) show a significant reduction in cross-

polarization efficiency (as seen by the loss in signal/noise in the RT spectrum as compared to the frozen spectrum) as well as a significant averaging of the CSA

(seen best by comparing the CSA of the upper and lower spectra), indicating significant mobility of the protein backbone in the binding region.

3250 Shaw et al.
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dephasing for LRAP-K52(15Nz) bound and hydrated (open
circles) resulted in a measured distance of 4.0 6 1.0 Å.

DISCUSSION

Structure

The secondary structure of LRAP was determined using

REDOR by measuring the distance between isotopically la-

beled backbone 13C¼O (C9) and 15N in the i / i 1 4 resi-

dues, the distance across a putative hydrogen bond of an

a-helix (4.2 Å), as shown (Fig. 2). The dephasing curves are

clearly very different for helical structures compared to ran-

dom-coil and b-sheet structures, and this measurement pro-

vides a quantitative determination of global secondary

structure. If a b-sheet structure is present, the longer distance
(10.6 Å) is outside of the range of the REDOR experiment,

allowing for a positive distinction between helical and non-

helical secondary structures. The dephasing curve for a

random-coil structure (5.8 Å) is also shown, where the curve

TABLE 3 Labeling schemes used for structure and orientation samples

Distances (assuming an isolated spin pair)

Name Labeling scheme Off Bound, lyophilized Bound, hydrated

(Structure, 13C-15N)

LRAP-L42A46 LRAP-PELPLEAWPATDKTKREEVD 5.3 6 0.5 5.5 6 0.5 5.6 6 0.5 Random coil

LRAP-A49T53 LRAP-PELPLEAWPATDKTKREEVD 5.9 6 0.5 6.1 6 0.5 6.9 6 1.0 Random coil

(Orientation, 13C-31P or 15N-31P)

LRAP-A46* LRAP-PELPLEAWPATDKTKREEVD .12 6 1.0 7.0 6 0.5 8.0 6 0.5 Next to HAP

LRAP-A49 LRAP-PELPLEAWPATDKTKREEVD .12 6 1.0 6.0 6 0.5 — Next to HAP

LRAP-K52 LRAP-PELPLEAWPATDKTKREEVD .10 6 1.0 5.8 6 0.5 4 6 1.0 Next to HAP

Residues in bold indicate isotopic labels. For the structure samples, bold residues represent backbone 13C9, bold underlined residues represent backbone 15N.

For the orientation samples, bold italic residues are 13Cb (A46), 13Ca (A49), or 15Nz (K52).

*Labeling scheme reported previously (41).

FIGURE 2 REDOR dephasing curves for (a) LRAP-

L42A46 and (b) LRAP-A49T53: off the surface (solid

squares); on the surface, hydrated (open circles); and on

the surface, lyophilized (solid diamonds). Error bars,

determined from multiple measurements, are shown only

for on the surface, lyophilized data, for clarity, and indicate

a maximum error. Dephasing curves for random coil

(short-dashed curve), a-helical (dash-dotted curve), and

b-sheet (long-dashed curve) structures are also shown for

comparison. For both regions studied, the best fits for each

set of data are shown with solid lines that are consistent

with a largely random-coil structure, with no change in

structure when the protein is bound to the surface.

Structure and Orientation of LRAP 3251
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was generated by taking a linear combination of every dis-

tance at 0.1-Å intervals from 4.2 Å to 10.6 Å, and is distin-

guishable from both b-sheet and a-helical structures.
The measured distances found for LRAP-L42A46 are

consistent with a largely random-coil structure (Fig. 2), with

essentially no change under all conditions investigated (off

the surface, on the surface hydrated, and on the surface ly-

ophilized) indicating that no structural change occurs in this

region during binding. Based on a distance slightly shorter

than that expected for a random-coil structure, there is pos-

sibly a slight helical content in this region of the protein

(36,37). Here, random coil is defined as a large distribution of

structures (from 4.2 to 10.6 Å) rather than a single unique

structure. However, dephasing curves that include the best-fit

average with a distribution of 1 or 2 Å (i.e., 5.6 6 1 Å in the

case of LRAP-L42A46, bound to HAP, hydrated) also fit the

data well, suggesting that the random-coil state may not ex-

perience all torsion angles equally but may merely consist of

a distribution about an average that does not fall into either an

a-helix or a b-sheet secondary structure. A distribution of

structures may also be supported by the large observed car-

bonyl linewidths of .3 ppm (Table 2). A single unique

structure would typically have linewidths of,2 ppm, though

it should be noted that other broadening mechanisms could

be responsible (53).

LRAP-A49T53 off the surface and bound to HAP, lyophi-

lized, have slightly longer measured distances than LRAP-

L42A46 whose fits are indistinguishable from the dephasing

curve for a random coil. The experimental data for hydrated

LRAP-A49T53 bound to the surface have enough experi-

mental uncertainty to make the distinction between random

coil and b-sheet less clear. However, based on the random

coil observed in the residues immediately to the N-terminus

of these residues (L42A46), coupled with the fact that LRAP-

A49T53 both off the surface and bound to the surface, ly-

ophilized, are clearly best fit with a random coil and are not in

a b-sheet conformation, and that distinct dephasing is ob-

served that would not be observed for the b-sheet structure,
we hypothesize that the hydrated sample also has a random-

coil structure.

To provide additional support to this interpretation, the

chemical shifts of both A49C9 and A49Ca were compared

under hydrated and lyophilized conditions. Although abso-

lute chemical shifts are difficult to interpret on a highly

charged surface such as HAP, relative chemical shifts can be

compared for qualitative insights. The C9 and Ca chemical

shifts change very predictably, from 2 to 4 ppm or even more

(54,55), in the presence of a structural change. For alanine,

the chemical shift for both of these carbons would be ex-

pected to change by ;2–2.5 ppm in the event of a confor-

mational change from random coil to b-sheet (54). However,
the chemical shifts of both the C9 and Ca were found to be

unchanged in going from the hydrated to the lyophilized state

(Table 2). The absence of any significant change in chemical

shift for the lyophilized and hydrated surface-immobilized

samples provides strong support for our interpretation that

the hydrated, surface-immobilized protein at the LRAP-

A49T53 position is best described by a random-coil structure.

The nearly unchanged chemical shift for the surface-

immobilized hydrated and hydrated/frozen samples (Table 2)

for both proteins is an additional (qualitative) indication of

an unchanged secondary structure. The observation of a

random-coil structure is consistent with previous computa-

tional models (17) and CD solution studies of LRAP, which

indicated a largely random-coil structure (22). The data

presented in this work represent some of the first quantitative,

FIGURE 3 (a) 13Cf31Pg REDOR dephasing curves for LRAP-A49(13Ca)

off the surface (solid diamonds) and on HAP, lyophilized (open circles).

LRAP-A49(13Ca) off the surface shows no dephasing, as expected. The

initial dephasing of LRAP-A49(13Ca) on HAP would suggest a distance of

5.7 Å from a single 31P in the surface of HAP under lyophilized conditions

(solid line). Fitting the data assuming two nearby 31P groups, one 5.7 Å and

one 8.0 Å away, also fits the data well (long dashed line). LRAP-A46(13Cb)

(open squares) is shown for comparison (reproduced from works by Shaw

and co-workers (41,43)), and shows a longer distance (7.0 Å) under

lyophilized conditions (long-dashed line). (b) 15Nf31Pg REDOR dephasing

curves for LRAP-K52(15Nz) off the surface of HAP (solid diamonds),
hydrated and bound to HAP crystals (open circles), and lyophilized and

bound to HAP crystals (solid squares). The hydrated data are consistent with

a 4.0-Å distance from the nearest 31P (solid line). The lyophilized data are

most consistent with a single 5.8 Å distance or a combination of 6.0 Å and

7.0 Å (dashed-dotted line) 15N–31P distances. A 6.0-Å distance is also

shown for comparison (dotted line). LRAP-K52(15NH2) off the surface

showed no dephasing, as expected.
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site-specific structural data of an amelogenin protein, bound

to hydroxyapatite under biologically relevant conditions.

Orientation

The orientation of the C-terminus of LRAP was determined

by incorporating single isotopic labels into the backbone or

side chain of LRAP (Table 3) and measuring the distance

from that labeled residue (either 13C or 15N) to any nearby 31P

groups in the surface of HAP. Under lyophilized conditions,

LRAP-A49(13Ca) was determined to be 5.76 0.5 Å from the

nearest 31P groups in the HAP surface. LRAP-K52(15Nz), a

residue more likely to interact directly with the PO3�
4 groups

in the HAP surface, was also found to be near the surface, 5.8

Å from the nearest PO3�
4 group. Previously, the 13Cb group of

A46 was determined to be close to the surface of HAP based

on the measurement of 8.0 6 0.5 Å to the surface under

hydrated conditions and 7.0 6 0.5 Å to the surface under

lyophilized conditions (41), supported by modeling studies

that showed the same alanine to be 7.3 Å from the nearest

surface phosphate group (43). Neutron reflectivity experi-

ments were also in agreement, showing that the region of

LRAP-42/49 was 5–10 Å from the surface (43). The

proximity of multiple groups in the C-terminus to the surface

of HAP demonstrated in this work confirms the importance of

the charged C-terminus in binding LRAP to the surface of

HAP.

The distances that were fit to the dephasing curves above

assume a simple isolated spin pair (i.e., 1-13C / 1-31P).

However, we know this is not the case based on the lattice

structure of HAP, where each label could be within 10 Å (the

limit of detection of REDOR) of as many as six 31PO3�
4

groups. Unfortunately, one 13C in close proximity to more

than one 31P group cannot be treated as an average of the two

distances, but has to be modeled explicitly. NMR models

incorporating multiple distances were investigated and show

that at the distances under consideration, within the error of

the measurement, at least one 31P is within the indicated

distance. For instance, a single distance of 5.7 Å or combined

distances of 5.7 Å and 7.0 Å, 5.7 Å and 8.0 Å, or 5.7 Å and

9.0 Å all fit the dephasing curves of the A49(13Ca)-31P within

experimental error. Adding a third 31P group maintains the

result that one of the 31P groups is 5.7 Å from the A49(13Ca).

Recent work has also suggested that 31P-31P homonuclear

couplings may contribute somewhat to the dephasing curve

and the resulting distance models (42,56). This was also in-

vestigated using the 600 Hz homonuclear coupling suggested

for HAP and was found to have minimal impact for the longer

distances found in our system. Interactions of K52(15Nz) with

multiple 31P groups were also investigated. Combined dis-

tances of 6.0 Å and 7.0 Å, as well as 6.0 Å and 8.0 Å or 6.0 Å

and 9.0 Å fit the experimental data equally well. Our models

also suggested that the 31P-31P coupling did not contribute

significantly to the 15Nf31Pg dephasing curve. Thus, for our

system, with distances of;6.0 Å or longer from the surface,

assuming a single, isolated spin pair does result in an accurate

measure to the nearest 31P. This allows the nearest point to

the surface of HAP to be determined independent of a

complex multispin system. In trying to describe the more

complex spin system, the distances that are proposed repre-

sent only some of the possible orientation models. However,

it should be emphasized that many different physical models

could accurately reflect our data, and in the absence of further

constraints, it would be impossible to determine precisely

which model most accurately describes this system. Due to

the structural heterogeneity, as well as the multiple faces of

HAP to which LRAP is likely to bind, it is very likely that the

best model would be a distribution of many distances, rather

than only one or two distances. However, the data unequiv-

ocally demonstrate that multiple sites in the C-terminus, in-

cluding a basic residue, are oriented next to the surface of

HAP, establishing its importance in binding LRAP to HAP.

Computational methods are currently being developed that

utilize the structural constraints determined here to produce

an energy-minimized three-dimensional model of the inter-

action of the C-terminus with the surface of HAP and should

provide insight into the possible range of conformations in

the side-chain orientations.

Although hydrated conditions are desirable to most accu-

rately simulate biological conditions, for both A49(13Ca) and

K52(15Nz), residual mobility of the protein at reduced

temperatures (�80�C) limited the measurement of only the

first 14 ms of dephasing for K52(15Nz) and none of the

dephasing curve for A49(13Ca), due to the severe reduction

in signal intensity. Despite this, qualitative comparisons of

the data on the hydrated surface-bound protein can still

be made. For instance, it has been observed that lyophiliza-

tion of the LRAP-A46(13Cb) sample caused a significant

decrease (1 Å) in the distance from the surface (41). LRAP-

K52(15Nz) showed a significant increase in the distance upon

lyophilization (5.8 Å, up from 4 Å) based on the first 14 ms of

dephasing. Although the significant reduction in signal in-

tensity indicates that under hydrated conditions, part of the

sample is not being observed, the observation of a significant

change in the distance from the surface in the presence of

water indicates a significant role for water. If one assumes

that these distances are representative of the entire sample,

a significant change in distance to the surface was observed.

If it represents just one (less mobile) orientation that is a

small fraction of the entire protein population, it still suggests

that water plays a significant role, as a large part of the

unobserved signal has a different orientation based on the

lyophilized data. It could also be a combination of these

two effects, and although investigating this phenomenon is

beyond the scope of this study, in either case, the orientations

of the A46(13Cb) and K52(15Nz) side chains were altered

with respect to the surface of HAP with the removal of

water, highlighting the importance of water in the interaction

of LRAP with the HAP surface. The lack of structural

change upon lyophilization suggests that water has more
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influence on the side-chain interaction than on the protein

structure.

Dynamics

To further understand the role of water, mobility was ex-

amined more critically using additional dynamic studies,

including both a HB analysis, cross-polarization efficiencies,

and T1r relaxation measurements. The HB analysis deter-

mines protein dynamics by measuring motionally averaged

chemical shift tensors. The CSA is defined by three principle

elements,s11, s22, and s33, where the isotropic chemical shift

is defined as siso ¼ (1/3)(s11 1 s22 1 s33). and can be de-

termined directly from the NMR spectrum. A very useful

parameter obtained from lineshape studies is the span, V ¼
js11–s33j. If motions are present on timescales much larger

than the CSA, �20 kHz for carbonyl carbons at 7.06 T, the

CSA will become motionally averaged (57), reducing the

magnitude of the span. Cross-polarization efficiencies and

relaxation measurements are sensitive to motions on the

timescale of 10�3–10�5 s (58), extending the timescale of

motions to which NMR is sensitive.

Relaxation measurements revealed the motion of A49(13Ca)

and A46(13Cb) to be significantly faster than the correspond-

ing lyophilized samples and, likewise, the backbones of

L42(13C9) and A49(13C9) were also shown to relax much more

quickly under hydrated conditions (Table 2), indicating mo-

tion on the kilohertz timescale in the presence of water.

Additionally, the HB analysis showed not only a large de-

crease in the cross-polarization efficiency, but also a signif-

icantly motionally averaged CSA for both L42(13C9) and

A49(13C9), as seen in Fig. 1 and Table 2, with the V reduced

by ;40%, and the spinning side-band pattern converging to

the isotropic line. These observations suggest a significant

mobility in this region of the protein, bracketing the timescale

of the motion to 10�3–10�5 s. In a previous solid-state NMR

study, it was found that 70% of the protein in the fetal enamel

matrix exhibited very fast motion (59), possibly consistent

with the observations made here. To compare to another well

studied biomineralization protein, statherin had similar T1r
values and saw significant reductions in cross-polarization

intensity, similar to LRAP and suggesting a similar frequency

of motion. However, the CSA of hydrated, surface-immobilized

statherin was not motionally averaged, unlike the observa-

tions for LRAP. This suggests that LRAP has a larger am-

plitude of motion than statherin. Statherin phosphoserine

groups, which were proposed to be responsible for binding,

were observed to be very rigid under hydrated conditions.

Mobility increased with distance from this region, but was

still found to be restricted based on the dynamics of backbone

carbonyl carbons (36,53). The motionally averaged CSA

observed for the C-terminus of LRAP indicates a different

(less rigid) binding mode from that observed for statherin,

and may also indicate a significant role for dynamics in the

function of surface-immobilized amelogenins. The dynamic,

structural, and orientation data are summarized in Fig. 4.

Interaction mechanism

It has been suggested in the literature that a well defined

secondary structure would enhance, or is possibly necessary

for, crystal regulation (2,3,5,6,60–63), though this has been

difficult to establish due to the lack of structural data for

bound proteins. In support of this hypothesis, in one of the

only quantitative structural studies for a naturally occurring

biomineralization protein, salivary statherin was found to

have a very tight helix in the protein-surface interaction re-

gion when it was bound to the surface of HAP (36,37). The

random-coil structure found for the C-terminal binding re-

gion of LRAP is not consistent with this theory, and a

comparison of the physical properties of LRAP and statherin

proved insightful. The pIs for the 15 terminal residues of the

respective proposed binding regions are similar for the two

proteins (statherin: DpSpSEEKFLRRIGRFG, pI 4.68; and

LRAP: EAWPATDKTKREEVD, pI 4.65). However, sta-

therin has five consecutive acidic residues followed by less

localized basic residues, whereas LRAP has acidic and basic

residues interspersed throughout the C-terminal 15 residues.

The charge distribution of the acidic and basic residues may

be significant for the observed structure of LRAP on HAP.

Interestingly, though, a mutation study of the basic residues

of statherin showed no change in structure when the mutant

proteins were bound to the surface (64), suggesting that these

residues are not critical in aiding structural recognition motifs

for statherin. Mutation studies, as well as studies investigat-

ing the effects of binding pH and temperature, are needed to

further understand the role of electrostatics, charge distribu-

tion, and structure for the interaction of LRAP with HAP.

The relative binding strengths of LRAP and statherin

yielded additional insight. Both proteins are found to bind

strongly to HAP. Adsorption isotherm studies have shown

that the affinity to HAP for amelogenin (19.7 3 105 L/mol)

FIGURE 4 Structural and orientation data for LRAP determined in this

study indicate that residues L42–T53 are in a random-coil configuration in the

presence of water when bound to HAP under biologically relevant condi-

tions. Three residues within that region, A46, A49, and K52, are oriented next

to the surface of HAP, providing direct evidence that the charged residues of

the C-terminus (indicated in approximate locations by � and 1 signs) are

close enough to the HAP surface to exert influence on crystal growth. The

mobility (arrows) in this region also suggests that another part of the protein,
possibly in the N-terminus, as indicated, but as yet unidentified, is important

in stabilizing the strong protein-crystal interaction.
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(65) is slightly higher than for statherin (11.1 3 105 L/mol)

(66,67). Both LRAP (20,21) and full-length amelogenin

(15,20,68,69) are also found to be inhibitors of HAP growth.

At a coverage of Q ¼ 3.3 3 10�8 mol/m2, full-length ame-

logenin has similar or slightly higher growth inhibition

(;30% (15)) than statherin ((;20%) 70), and LRAP is an

even better inhibitor than full-length amelogenin (20). The

comparison of the relative affinity and inhibition for the two

proteins indicates that a specific structural motif does not

necessarily result in a stronger interaction and the overall

electrostatic interaction may play a more significant role in

some cases, as has also been suggested previously (71).

It is also interesting that the acidic decapeptide

(TDKTKREEVD) showed a significant reduction in binding

affinity (6.2 3 103 L/mol), providing further evidence that

this region alone is not responsible for the affinity of ame-

logenin to HAP (16). The mobility in this region of the im-

mobilized LRAP protein observed here supports this

interpretation. One explanation consistent with our work

would be that of a cooperative stabilization, such as contact

points in other parts of the protein aiding in binding, which

might lessen a requirement for a specific structure. Though

loss of structure could also explain a reduced binding affinity

for the decapeptide, and the structure was never determined,

the decapeptide would be expected to have a random-coil

structure, identical to that observed for the full LRAP protein

and removing that as a variable. Taking the combination of

both of these studies provides compelling evidence that the

C-terminus is not solely responsible for LRAP’s high affinity

to HAP.

Based on the random-coil structure observed for LRAP,

the current results are most consistent with an electrostatic

interaction mechanism, as has been suggested previously for

amelogenin (72), rather than a lattice-matching mechanism.

Previous computational models are also consistent with

multiple protein conformations and multiple side-chain ori-

entations, which still (or as a consequence) result in acidic

carbonyl groups being aligned next to Ca21 ions in the HAP

lattice (43,73). The postulation that a structural motif is

necessary for a strong interaction, although appealing, does

not appear to be the case for LRAP.With only two data points

containing quantitative structural data for biomineralization

proteins (statherin and LRAP), it is difficult to make any

sweeping conclusions. A larger structural database of pro-

teins bound to surfaces will be necessary to shed further light

onto protein-binding mechanisms. Further investigation of

amelogenin structure and specific regions interacting with the

HAP surface is currently underway and will continue to shed

light on the mechanisms of enamel formation, protein-crystal

interactions, and crystal regulation.

Extrapolating these results directly to the full protein is

tempting, but must be approached with caution. Although the

sequence conservation between LRAP and amelogenin in the

N- and C-termini is significant, the absence of the large hy-

drophobic segment could affect secondary structural char-

acteristics in the protein extremities. Particularly, the large

number of glutamine residues present in the full protein could

potentially interact with HAP, providing additional stabili-

zation or an alternate binding mechanism. However, studies

to date have demonstrated that this region is largely inter-

nalized in the full protein under biologically relevant condi-

tions, suggesting that the binding regions are restricted to the

N- and C-termini. Additionally, the large number of proline

residues in the full protein will also affect secondary struc-

ture. It remains to be seen whether the centralized proline

residues would affect the structure at the N- and C-termini.

There has been some evidence in the literature that segments

of the full protein maintain their structural conformations as

protein fragments (31), providing support in extending the

results found in this work to the full protein. Ultimately, al-

though LRAP is a very good model for the full protein, it is

only a model. Structural and orientation studies of the full

protein are currently being investigated, guided by the insight

gained with the more readily studied model protein.

CONCLUSIONS

Solid-state NMR dipolar recoupling experiments were used

to determine that the C-terminus of the amelogenin, LRAP,

has a largely random-coil structure when bound to the surface

of HAP. This structure orients three of the residues in this

region, including two alanines and one of the basic lysine

residues, next to the surface of HAP, demonstrating the im-

portance of the C-terminus in binding LRAP to the surface of

HAP, and suggesting that an electrostatic mechanism is most

consistent with the interaction of the C-terminus with HAP.

Solid-state NMR dynamics studies revealed significant mo-

bility throughout the region investigated, suggesting that this

portion of the protein is not the only region required for the

strong affinity of LRAP to HAP. Further studies are under-

way to understand the role of structure in the interaction of

the C-terminus of LRAP with HAP, as well as to determine

other protein-HAP interaction regions.
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