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Abstract
Amelogenin is the predominant protein found during enamel development and has been shown to
be essential to proper enamel formation. Leucine-rich amelogenin peptide (LRAP) is a naturally
occurring splice variant that preserves the charged N- and C-termini of full length amelogenin,
regions thought to be crucial in interacting with hydroxaypatite. Particularly, the highly charged C-
terminal hexapeptide (KREEVD) is thought to be the region most intimately interacting with
hydroxyapatite (HAP). The structure of this charged region was investigated, along with the
proximity to the surface and the mobility of two of the residues. The structure was found to be
consistent with a random coil or more extended structure, as has been seen for more internalized
residues in the C-terminus. The backbone K54(13C′), V58(13C′), and V58(15N) were all found to be
close to the surface of HAP, ∼ 6.0 Å from the nearest 31P atom, suggesting a strong interaction and
emphasizing the importance of these residues in interacting with HAP. However, both ends of the
hexapeptide at residues K54 and V58 experience significant mobility under hydrated conditions,
implying that another portion of the protein helps to stabilize the strong LRAP-HAP interaction.
Interestingly, the backbone of the C-terminal third of the protein is consistently 6.0 Å from the HAP
surface, providing a model in this region of the protein lying flat on the surface with no three-
dimensional folding. The combination of these features, that is, a random coil structure, a significant
mobility, and a lack of three-dimensional folding in this region of the protein, may have an important
functional role, possibly allowing maximum crystal inhibition at low protein concentrations.

Introduction
Biomineralization proteins have been found to be critical in the formation of hard tissues such
as bone, teeth, and mollusk shells and result in materials with highly controlled properties such
as crystal phase, crystal morphology, and high strength and hardness.1 Enamel is a unique
example of biomineralization, where the protein matrix that controls the formation of the highly
elongated hydroxyapatite crystals is enzymatically removed prior to final maturation, resulting
in crystals which are >99.9% mineral.2 Amelogenin is a highly hydrophobic biomineralization
protein that controls the formation of enamel.3 It has been demonstrated to be critical in the
proper development of enamel using ribosomal,4 genetic,5 and antisense
oligodeoxynucleotide6 knockout mice. It is observed that single amino acid mutations result
in amelogenisis imperfectas,7 a group of naturally occurring diseases which result in enamel
defects, yielding a wide range of anomalies from discoloration to the wearing away of the
enamel. The dramatic loss of function resulting from this small change in primary structure
suggests a role for structure in the amelogenin-hydroxyapatite (HAP) interaction and also
suggests a very specific interaction between amelogenin and HAP.
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A great deal of experimental effort has been invested in understanding the role that amelogenin
plays in enamel development, and roles in nucleation,8 growth inhibition,9,10 crystal
aggregation,10 and crystal spacing have been proposed based on these studies.11 The specific
interaction with HAP, the predominant phase of developing enamel,12 is not well defined;
however, the charged residues, which are thought to interact with charged surfaces such as
HAP, are localized primarily in the C-terminus (Table 1) of the protein. The resulting charge
distribution is thought to contribute to an important functional quaternary structure,3 called
nanospheres, which place the charged C-terminus on the nanosphere surface,13 enabling
protein–HAP interactions. Removal of the C-terminus reduces the affinity for HAP14 and also
reduces HAP inhibition,10 strongly implicating this region as a HAP binding site.
Unfortunately, the protein–crystal interface is largely uncharacterized at a molecular level,
including little secondary or tertiary structural information for amelogenin bound to
hydroxyapatite. The secondary and tertiary structures, as well as the protein orientation are
thought to govern the formation of biominerals and their determination is essential to revealing
these fundamental formation mechanisms.1

Leucine-rich amelogenin peptide (LRAP) is a naturally occurring splice variant of amelogenin
with only 59 residues.15 LRAP consists of the charged N- and C-termini of the full protein
while lacking the hydrophobic polyproline rich region (Table 1). These two regions contain
13 of the 14 charged residues from the full protein, are highly conserved across many species,
and are thought to be responsible for protein–protein and protein–surface interactions,
respectively.11 These characteristics suggest a specific function for LRAP in the
biomineralization process, though experimental data provide conflicting evidence. LRAP was
not seen to recover the phenotype for an amelogenin null mouse;16 however, mouse molar
explant studies showed a role for LRAP in enamel growth.17 For the present study, LRAP
serves as a model for amelogenin. LRAP shares many of the features of the parent protein.
LRAP has the ability to form nanospheres,18 is seen to bind similar amounts of calcium per
protein as amelogenin,19 and both proteins inhibit HAP crystal growth.10 More importantly
for our studies, the smaller size allows easy incorporation of selectively labeled isotopes which
are essential for site specific investigation of structure, dynamic, and orientation studies of an
immobilized biomineralization protein.20–22

Solid-state NMR (SSNMR) has emerged as a technique uniquely suited to investigating
biomineralization proteins bound to surfaces and allows the investigation of these systems
under biologically relevant, hydrated conditions.20,21,25,26 Previously, SSNMR was used to
aid in identifying the structure and orientation of a large region of the C-terminus of LRAP
(L42 through T53) bound to the surface of HAP.21,22 These studies demonstrated that this
portion of the C-terminus was interacting closely with the surface and was also unstructured.
Investigation of the dynamics of surface-immobilized LRAP revealed that the backbone was
very mobile, suggesting a less rigid interaction than might be expected if this region were the
only region critical to binding.22 Rather than collocalized charged residues, LRAP has 9
charged residues dispersed throughout the C-terminal 15 residues of the protein, which may
play a role in LRAP's observed mobility. However there is a region with higher charge density
in the far C-terminus, -KREEVD, which has not previously been investigated. Studies with
the biomineralization protein statherin revealed a motionally restricted backbone in its highly
charged, acidic binding region (DpSpSEEK), but dynamic mobility outside of that region.26,
27 To address the question of the importance of a high concentration of consecutive charged
residues to the binding interface, this work extends the previous studies to the most charge
concentrated, and possibly the most important crystal interaction region of the C-terminus, the
terminal hexapeptide, KREEVD. The structure was investigated from K54 to V58, the dynamics
of the backbone at K54(13C′) and V58(13C′) and the distance of the K54(13C′), V58(13C′), and
V58(15N) atoms from the nearest 31P atoms in the surface of HAP.
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Experimental Methods
Materials

Labeled amino acids were purchased from Cambridge Isotopes and used as received. Solvents
were used without further purification. FMOC-protected labeled amino acids were prepared
according to standard procedures28,29 and used without further purification.

Protein Preparation, Purification, and Characterization
Proteins were prepared using standard FMOC chemistry by United Biochemical Research
(Seattle, WA) and Alpha Diagnostics Intl. Inc. (San Antonio, TX). Proteins were purified using
prep. scale reverse phase HPLC, buffer A, 0.1% trifluoroacetic acid in water and buffer B,
0.1% trifluoroacetic acid in acetonitrile. LRAP eluted at 54% B. Proteins were analyzed for
molecular weight and purity using electrospray MS.

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 of 0.15 M NaCl and saturated with respect to
hydroxyapatite (PB), and diluted to 20 mL with water. This was frozen in liquid nitrogen,
lyophilized, and the entirety of the resulting powder packed into the NMR rotor.

Sample Preparation of the Protein Bound to HAP
The protein sample was bound to HAP as described previously.22 Briefly, 0.33 mg/mL LRAP
at pH 7.4 was bound to 100 mg of 94 m2/g HAP for 1 h. The amount of protein bound was
determined by measuring the change in concentration before and after binding and for each
wash using UV absorbance measurements (λ = 275 nm). Typically, 10–14 mg of protein was
bound to 100 mg of HAP. The sample was packed into an NMR rotor as a wet paste for the
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 experiments were always done on the hydrated
sample first, followed by the lyophilized sample.

NMR Experiments
NMR experiments were performed on a 3-channel Chemagnetics Infinity console operating at
300 MHz proton frequency. A 3-channel, VT Chemagnetics probe was used, employing a 6
μs 90° pulse for 1H and a 0.5–1 msec contact time for cross polarization experiments.
Temperatures in the rotor were calibrated using 207Pb(NO3)2.30 Chemical shifts were
referenced to glycine, 177.0 ppm.31

Dynamics
For Herzfeld-Berger (HB) analysis, a spinning speed of 1.5 kHz was used and 28 800 scans
were taken for each sample to allow direct intensity comparisons. The hydrated, surface bound
samples were also run with additional signal averaging to allow more accurate fitting of the
CSA parameters. For 13C T1ρ analysis, 10 lock times were used from 0.05 to 4.55 msec with
a radio frequency field of 42 kHz and were fit to the following equation: Mt = M0e−(t/T1ρ).
Spectra and 13C T1ρ measurements were taken at both −80 °C (frozen) and at RT (20 °C).

REDOR
For Rotational Echo DOuble Resonance (REDOR) experiments,32,33 XY8 phase cycling was
used on both observe and dephasing channels. For all three types of REDOR
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experiments, 13C{31P}, 15N{31P}, and 13C{15N}, 180° pulses of 13.0–15.0 μs were used for
both the observe and dephasing nuclei and samples were spun at 4 kHz. Two Pulse Phase
Modulated (TPPM) decoupling34 with a 65 kHz decoupling field was used throughout. Data
for the hydrated samples were collected at −80 °C, while lyophilized samples were run at −30
°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 was collected at every 8 or
every 16 rotor periods, out to 104 rotor periods for 13C{31P} and 13C{15N} REDOR. In all
cases, the final dephasing curve represents the average of at least 3–5 repetitions. For the 15N
{31P} experiments only, data was collected every 24 rotor periods out to 104 rotor periods with
a 1 s pulse delay. A total of 8192–16 384 scans were collected for early dephasing times and
65 538 scans for longer dephasing times. REDOR dephasing curves were fit by simulations
generated using SIMPSON.35 The contribution of the natural abundance background (58
backbone carbonyls and 7 side chain carbonyls, or 40%) was removed from the 13C{31P}
and 13C{15N} dephasing curves.

Results and Discussion
Two samples were prepared to investigate the structure, dynamics and orientation of the C-
terminal hexapeptide of LRAP (Table 1). LRAP-K54V58 was used to determine the structure
of LRAP in the charged binding region (from K54 through V58), the dynamics at K54(13C′),
and the distances from K54(13C′) and V58(15N) to the surface. LRAP-V58 was used to measure
the dynamics at V58(13C′) and to measure the distance from V58(13C′) to the surface.

Secondary Structure
The secondary structure was determined using REDOR by measuring the distance from the
backbone 13C′ and backbone 15N, incorporated at the i and i + 4 residues, respectively. This
represents the distance between backbone atoms of residues involved in a hydrogen bond for
a protein in an α-helical structure. The REDOR dephasing curve for an α-helix is easily
distinguished from random coil and β-sheet structures (Figure 1). The structure across the
charged hexapeptide region of LRAP (K54 to V58) for both the protein bound to HAP and
hydrated, as well as bound to HAP and lyophilized, was found to be in a random coil or extended
structure based on the measured distance of 5.5 Å, as shown in Figure 1. The distance for
LRAP-K54V58 off the surface of HAP was also found to be 5.5 Å (data not shown). The
relatively constant chemical shifts for these residues as a function of preparation (Table 2) are
also indicative of little change in structure whether bound to the surface or lyophilized from
solution, and their linewidths, 4–6 ppm, are consistent with the interpretation of a disordered
structure. These results are consistent with previous structural studies of LRAP from L42
through T53 which also show a largely unstructured protein, with no observable change in
structure when LRAP is bound to the surface of HAP. Often, it is proposed that a specific
structural motif is necessary for biomineralization proteins to interact with their biologically
relevant surface, or for proteins to function in general. However, there is a growing body of
evidence that suggests that unstructured proteins are also functional and in fact critical to
function.36–40 Unstructured regions in proteins have been proposed to serve many functions
such as allowing flexibility in a catalytic site,36 allowing binding site recognition,37–39

providing the ability to recognize a wide range of proteins,37 or allowing access to a site that
would be prevented by the steric hindrance of a globular protein.40 In this case, the lack of
structure may allow a necessary protein–protein interaction, expose a binding site for protein–
crystal interaction, or allow structural flexibility to optimize the interaction of the dispersed
carbonyls with the oppositely charged Ca2+ in the surface. It is also possible that a relaxed
structure in this region works in concert with a more structured region elsewhere in the protein
to serve a functional purpose, as has been observed elsewhere.39 While the functional purpose
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for disorder in LRAP's backbone remains unclear, it is clear that a specific traditional structure
is not necessary for orienting the C-terminus of LRAP next to the HAP surface.

Dynamics
The mobility of a protein can reveal important functional roles. For the charged hexapeptide
region with a potential role in protein–crystal interaction, less motion is expected for regions
or residues which are more strongly interacting with HAP.26,27 By investigating the
isotopically labeled, backbone carbonyl carbons, relative comparisons of the strength of the
interaction of the protein with the surface can be made. The mobility of the backbone carbonyls
K54(13C′) and V58(13C′) was investigated with three techniques: 13C T1ρ relaxation, cross
polarization efficiency, and Herzfeld–Berger (HB) analysis. These techniques can provide
insight into motion on the time scale of 10−3 to 10−5 sec for carbonyl carbons, specifically by
observing a faster relaxation time, a loss in cross polarization efficiency, and/or an averaged
spinning sideband pattern. Previous studies have found that these motions in the protein
backbone can be on the NMR time scale,22,26 making it an effective diagnostic tool for protein–
surface interaction strength.

The data are summarized in Table 2 and Figure 2. Both of the samples were measured under
hydrated, room temperature conditions, as well as hydrated and frozen conditions, which
provides a “rigid” comparison. On the basis of all three types of experiments, both K54(13C′)
and V58(13C′) are undergoing significant motional averaging. The significant loss in signal-to-
noise ratio, which represents a loss in cross polarization efficiency, is observed when
comparing the spectra of the frozen samples (Figure 2A,C) to the spectra of the hydrated
samples (Figure 2B,D). This is a strong indication of dynamics on the NMR time scale.
The 13C T1ρ relaxation time is faster in the presence of water (Table 2) and provides a more
quantitative measure of motion, placing the motion on the kilohertz time scale. The spinning
sideband pattern is also motionally averaged for both K54(13C′) and V58(13C′) under hydrated
conditions (Figure 2B,D). The frozen spectra (Figure 2A,C) demonstrate the expected spinning
sideband pattern of a rigid backbone, while a single isotropic line would represent a completely
motionally averaged spectrum (i.e., a liquid like spectrum). A particularly useful parameter
obtained from analyzing the spinning sideband pattern is Ω, or span, a parameter that defines
the width of the spinning sideband pattern (Table 2). As the spectrum becomes motionally
averaged, the value will become smaller, until in the fast motion limit (i.e., a liquid, or
isotropically rotating nucleus) the spinning sideband pattern would be completely absent. The
partial averaging seen here, where the span is reduced by 30–50% and the isotropic line begins
to dominate the spectrum, suggests motion with a significant amplitude on the kilohertz time
scale.26,27

The experimental observations from all three of these techniques provide evidence of mobility
in the backbone at these residues of the protein. The 13C T1ρ and cross polarization efficiency
for K54(13C′) and V58(13C′) are consistent with previous dynamics results at residues L42(13C
′) and A49(13C′). Qualitatively, however, the spinning sideband pattern is not as motionally
averaged at K54(13C′) and V58(13C′), based on the larger Ω values (88 and 105 ppm) observed
for these residues than for residues further from the charged hexapeptide (∼80 ppm).22 Because
the 13C T1ρ is most sensitive to the frequency of motion and the spinning sideband pattern is
sensitive to both the frequency and amplitude of motion,26,27 this observation suggests that
while the frequency of motion is similar, the amplitude of the motion becomes somewhat more
restricted toward the charge dense portion of the protein, as might be expected for a region
with multiple acidic residues.
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Orientation
To provide direct insight into the importance of the hexapeptide region in interacting with
HAP, the distances of the backbone K54(13C′), V58(13C′), and V58(15N) were measured.
Measurement of the distance of a particular residue from the surface provides a quantitative
measure of the orientation of the protein on the surface, yielding insight into a possible role in
protein–HAP interaction. Clearly, if a particular residue is oriented away from the surface, it
is not important in protein-surface interactions. If, however, it is oriented next to the HAP
surface, this suggests that it, or nearby residues, are important in the protein–surface recognition
mechanism. Using the SSNMR REDOR technique, a distance of up to 10 Å can be measured
from a 13C isotopic label to a 31P atom in the surface of HAP. Table 2 and Figure 3 show that
the distances from the three backbone positions investigated to the nearest 31P in the surface
of HAP were nearly identical, at 6.0 ± 0.5 Å under lyophilized conditions, placing the charged
hexapeptide region close enough to HAP to allow this region to influence crystal growth. (The
reported distances consider only 1 nearby 31P. Previous studies have shown that at longer
distances (>5.5–6 Å), multiple 31P groups do not change the value of the shortest measured
distance.22) This is consistent with previous work which also found the backbone at
A49(13Cα) to be 6.0 Å from the surface under lyophilized conditions. The slightly shorter
distance seen for LRAP-V58(13C′) may indicate a stronger interaction with the surface or may
be the result of the backbone conformation naturally aligning this residue closer to the surface.
Under hydrated conditions, the distances for both LRAP-K54(13C′) and LRAP-V58(13C′) are
slightly longer. The effect of hydration on the surface interaction has been observed before22

and suggests that water plays a role in the interaction mechanism of LRAP with HAP. The lack
of change in secondary structure with hydration level suggests that the primary role of water
is in stabilizing the protein–surface interaction, and not stabilizing the structure.

Collectively and considering previous data,22 these data provide a three-dimensional picture
of the protein placing the backbone of the protein from residues 49 to 58 equidistant from and
very closely associated with the surface of HAP. The side chain of residue A46 was also close
to the surface of HAP,21 and the lack of a major structural change from residues 42 to 58
suggests that this close association continues through residue 42. This model would place the
entire C-terminal third of the protein flat on the surface, as summarized in Figure 4. The lack
of vertical folding in this region of the protein would maximize the interaction of the dispersed
charged residues in the C-terminal 1/3 of the protein with the surface.

Interaction Mechanism
Interestingly, there was not a significant change in structure, orientation, or dynamics in the
charged hexapeptide region, as compared to the entire C-terminal third of LRAP.21,22 Despite
the slightly restricted amplitude of motion of LRAP in the charged hexapeptide, the protein is
still experiencing significant mobility, even in this charge dense region. It was postulated that
this region with three acidic residues (-KREEVD) might have less motional freedom due to
stronger interactions with HAP. This was based on the observation that statherin, a protein
with similar binding affinity as amelogenin,22 was found to be very immobile on the surface
of HAP in its binding region,27 which contains five consecutive acidic residues (DpSpSEEK-).
The smaller number of acidic residues, combined with the presence of two basic residues, may
contribute to the increased motional freedom seen for amelogenin.

The C-terminus of amelogenin is generally thought to be one, if not the, controlling factor for
the binding of LRAP and amelogenin to HAP,11,14 and the present data confirm that it is lying
on the surface of HAP, implying an important role in crystal regulation. This is consistent with
previous experimental evidence that has shown that the C-terminus is placed on the surface of
the nanosphere for protein–crystal interactions,41,42 and removing it results in decreased
protein–crystal interactions,10 providing strong evidence for the importance of this region.
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However, the mobility in the C-terminus is suprising when compared to previous work showing
restricted mobility in the binding site of the biomineralization protein, statherin.26,27 This may
point to another region contributing to the binding of LRAP to HAP. In agreement with this
interpretation, a study of the C-terminal decapeptide alone showed reduced adsorption and
inhibition capacity when compared to the full amelogenin protein,43 suggesting that the charge
dense C-terminal region was not the only contributor to binding. Another interpretation is that
the six acidic residues dispersed throughout the C-terminus are able to provide similar affinity
for HAP as seen for statherin's five consecutive acidic residues,22 while still allowing mobility
in the binding region which may serve an important function. Further studies are underway to
distinguish between these interpretations.

The present data clearly show that the C-terminus is important in binding the protein to HAP
based on the close proximity of the entire C-terminus to the surface of HAP. However, the data
are also consistent with the interpretation that the entire C-terminal third of the protein is critical
to binding, not just the charged hexapeptide region. This data also implies that motional and
structural flexibility serve important functional roles, perhaps to block more crystal growth
sites with a lower protein coverage or to allow structural freedom for the protein–protein
interactions which are important for amelogenin's function.

Conclusions
The charged hexapeptide binding region in the C-terminus of LRAP (KREEVD) was
investigated to understand the role of charge concentration in stabilizing the protein on HAP.
Suprisingly, the charge concentrated hexapeptide was not found to have a significantly
different secondary structure, protein–crystal interaction or mobility when compared to the
charge disperse C-terminal third of LRAP. These results suggest that all of the charges
dispersed throughout the C-terminal third of the protein are equally responsible for the
interaction of LRAP with the HAP surface. The proximity of the C-terminal third of the
backbone to the surface suggests that this portion of LRAP is interacting closely with the
surface and is laying flat with no three-dimensional folding. We postulate that this elongated
orientation, along with the observed random coil structure and backbone dynamics combine
to allow maximal interaction with the surface, important in maximizing crystal inhibition. The
mobility throughout the region also suggests that another region of the protein may contribute
to the strong LRAP-HAP interaction.
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Figure 1.
13C–15N REDOR of LRAP-K54V58 on HAP, hydrated (open blue circles) and lyophilized
(closed red diamonds). The dephasing curves for a β-sheet structure (black line), α-helical
structure (long dashed green line), and random coil structure (dashed black line) are also shown.
The structure of both preparations have measured distances of 5.5 Å (solid red line) and are
most consistent with a random coil or more extended structure.
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Figure 2.
Spectra from top to bottom: (A) LRAP-K54(13C′) hydrated frozen, (B) LRAP-K54(13C′)
hydrated room temperature, (C) LRAP-V58(13C′) hydrated frozen, and (D) LRAP-V58(13C′)
hydrated room temperature. The arrow indicates the backbone carbonyl isotropic resonance,
and the asterisks indicate the spinning side bands. The loss in CP intensity (evidenced by the
decrease in signal-to-noise) and the change in the spinning sideband pattern for LRAP-
K54(13C′) and LRAP-V58(13C′) in the presence of water all indicate mobility on the NMR time
scale (10−3–10−5 sec).
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Figure 3.
Top: 13C–31P dephasing curves for LRAP-K54(13C′) and K58(13C′) to 31P in the surface of
HAP. Hydrated, the backbone 13C′ are 6.5 Å (closed blue circles) and 5.8 Å (open black circles)
from the nearest 31P nucleus in the surface of HAP, respectively. Lyophilized, these distances
are shortened to 6.0 Å (closed red triangles) and 5.4 Å (open green triangles). A fit with
multiple 31P nuclei at 6.0 and 8.0 Å away is shown for comparison (dashed red line) and fits
the lyophilized K58(13C′)-31P data well. There is no observed dephasing for either residue
lyophilized from PBS (LRAP-K54(13C′) shown, dark blue triangles), as expected.
Bottom: 15N–31P dephasing curves for LRAP-V58(15N) to the surface of HAP. Lyophilized
(red diamonds), the backbone 15N is 5.8 Å (dashed red line) from the nearest surface 31P. There
is no observed dephasing for LRAP-V58(15N) lyophilized from PBS (blue diamonds).
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Figure 4.
The structural and orientation data combine to show that the C-terminal third of LRAP (shown
in gray) is lying flat on the surface of HAP (red = oxygen, green = calcium, purple = phosphate)
in a random coil structure. One of the possible structural configurations is shown. The lack of
vertical folding in this region, along with the proteins mobility and the disordered structure,
suggest a specific functional role, possibly allowing the protein to effectively cover more sites
to enhance crystal inhibition, or to promote protein–protein interactions. The role of the
remainder of the protein (not shown) is currently under investigation to reveal contributions
to protein–crystal interactions.
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TABLE 2
Chemical Shift, Relaxation Parameters, and Distance from the Surface for the C-Terminus
of LRAPa

LRAP-K54(C′) LRAP-V58(C′) LRAP-V58(N)

T1ρ (msec)
 hydrated 6.2 ± 1 10.7 ± 1
 frozen >20 ± 1 >20 ± 1
Ω (ppm)
 hydrated 88.4 ± 20 105 ± 20
 frozen 139.2 ± 20 142.0 ± 20
η
 hydrated 0.7 ± 0.1 0.7 ± 0.1
 frozen 0.7 ± 0.1 0.7 ± 0.1
σiso (ppm)
 hydrated 174.9 ± 0.5 173.3 ± 0.5
 frozen 175.1 ± 0.5 173.6 ± 0.5
 lyophilized 174.1 ± 0.5 173.2 ± 0.5
linewidth (ppm)
 hydrated 5.0 ± 0.3 4.0 ± 0.3
 frozen 5.4 ± 0.3 4.6 ± 0.3
 lyophilized 5.9 ± 0.3 6.3 ± 0.3
distance to HAP (Å)
 hydrated 6.5 ± 0.5 5.8 ± 0.5
 lyophilized 6.0 ± 0.5 5.4 ± 0.5 5.8 ± 0.5

a
σiso = (1/3)(σ11 + σ22 + σ33), η = (σ22 − σ11)/(σ33 − σiso), where |σ11 − σiso| < |σ33 − σiso|, and Ω = σ11 − σ33.
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