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Abstract

The formation of biogenic materials requires the interaction of organic molecules with the mineral
phase. In forming enamel, the amelogenin proteins contribute to the mineralization of
hydroxyapatite (HAp). Leucine-rich amelogenin protein (LRAP) is a naturally occurring splice
variant of amelogenin that comprises amelogenin's predicted HAp binding domains. We
determined the partial structure of phosphorylated and non-phosphorylated LRAP variants bound
to HAp using combined solid-state NMR (ssNMR) and ssNMR-biased computational structure
prediction. New ssNMR measurements in the N-terminus indicate a largely extended structure for
both variants, though some measurements are consistent with a partially helical N-terminal
segment. The N-terminus of the phosphorylated variant is found to be consistently closer to the
HAp surface than the non-phosphorylated variant. Structure prediction was biased using 21
ssNMR measurements in the N- and C-terminus at five HAp crystal faces. The predicted fold of
LRAP is similar at all HAp faces studied, regardless of phosphorylation. Largely consistent with
experimental observations, LRAP's predicted structure is relatively extended with a helix-turn-
helix motif in the N-terminal domain and some helix in the C-terminal domain, and the N-terminal
domain of the phosphorylated variant binds HAp more closely than the N-terminal domain of the
non-phosphorylated variant. Predictions for both variants show some potential binding specificity
for the {010} HAp crystal face, providing further support that amelogenins block crystal growth
on the a and b faces to allow elongated crystals in the c-axis.
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Introduction

Proteins play an important role in the formation of hard tissues and other structural and
functional materials in vivo.1:2 Some examples include the silica-based optical waveguide of
the sponge spicule, magnetite compasses of magnetotactic bacteria,* and hydroxyapatite
(HAp)-based dental and skeletal tissues in vertebrates.® Proteins can directly bind to crystal
faces to accelerate® or inhibit crystal growth,”-8 altering the resulting crystal morphology.®-10
Because the structure of interacting biomolecules influences function and mechanism,
determining the structure of mineral-associated proteins is important.

"Correspondence: wendy.shaw@pnl.gov; jgray@jhu.edu.
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Amelogenin and its proteolytic and genetic variants constitute over 90% of proteinaceous
mass in developing tooth enamel.11 Several groups demonstrated the importance of
amelogenin in healthy enamel formation in vivo using genetic knock-out,2 transcription
regulation,13 and mutagenesis.1* Amelogenin also binds HAp1® and alters HAp crystal
growth kinetics16:17in vitro. In vivo, in the presence of amelogenin, HAp crystallizes in
highly elongated crystals that are ~3000 times longer than the HAp crystals in bone.18 The
observed growth along the c-axis suggests a specific interaction with the {100} and {010}
faces.

Typically, proteins involved in biomineralization have a high content of charged amino
acids which interact with the charged mineral surface; however, of amelogenin's 180
residues, only 13 are charged. Most of amelogenin's charged residues are in the N- and C-
terminal domains, suggesting these regions bind to the charged HAp surface. Only one of
the charged amino acids is phosphorylated, phosphoserine at position 16. The
phosphorylation status of S16 can vary in wild-type amelogenin, making the role of
phosphorylation in contributing to HAp interaction unclear.

Biomineral-associated protein structure cannot be determined by X-ray crystallography or
solution NMR; as a result, the mechanism of protein biomineralization is not well
understood. Many experimental methods exist for studying proteins adsorbed to solid
surfaces, but cannot resolve atomic features.19 Using dipolar recoupling techniques such as
DRAWS and REDOR, solid-state NMR (ssNMR) is uniquely suited for determining the
distance between a pair of spin-1/2 nuclei at the protein-surface interface, providing
molecular-level structure and orientation detail.20-23 However, the requirement for isolated
spin pairs limits studies to proteins that can be chemically synthesized (~60 amino acids or
less), which precludes investigating full-length amelogenin. Leucine-rich amelogenin
protein (LRAP) is a 59-residue naturally occurring splice variant of amelogenin, comprising
amelogenin’s N- and C-terminal domains,24 the domains that are thought to bind HAp.
Because LRAP contains amelogenin's HAp interaction regions and can be chemically
synthesized, it provides a tractable model for structural studies of the surface-bound protein
using ssSNMR. Using this technique, we previously determined the partial structure and
orientation of LRAP's C-terminal domain adsorbed to HAp.20:23

While ssNMR is a good tool for investigating surface immobilized proteins, high-resolution
ssNMR data exists for only two protein-biomineral complexes: LRAP20:21.23 gnq
statherin.25-31 Typically, a single isolated isotopic pair gives one or two data points, such as
one backbone distance measurement and one orientation measurement. This requires the
preparation of many samples to investigate even a small region of any given protein, and
lengthy experiment times make thorough structure analysis time consuming and incomplete.

Computational methods have the potential to reduce experiment time. For instance, methods
combining solution NMR and computational structure prediction have drastically reduced
the amount of NMR data required to solve high-resolution protein structures in
solution.32-34 |n particular, the Rosetta structure prediction method was combined with
chemical shift,3* nuclear overhauser effect,3® or residual dipolar coupling NMR data.36:37 In
these studies, protein structures predicted by Rosetta were at or near atomic-level accuracy
relative to the corresponding crystal structures.

Recently, we developed Rosetta to predict protein structure at the biomineral interface
(RosettaSurface)38-42 and added the ability to bias structure prediction using sSNMR
(RosettaSurface.NMR).43 As has been seen for solution NMR, RosettaSurface.NMR can
enhance the utility and scope of relatively sparse sSNMR data. In a test case, we predicted
the structure of HAp-adsorbed statherin, a 43 amino acid enamel protein, and obtained
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similar results with or without sSSNMR bias, demonstrating the power of RosettaSurface to
complement experimental studies.*® Structures predicted from ssNMR-biased
RosettaSurface.NMR provide a means to visualize data, extrapolate data to nearby regions
of the protein, and to focus subsequent experimental studies on the most relevant regions of
the protein-crystal interface.

Here we extend these computational studies to understand and complement the
experimentally determined structure of LRAP bound to HAp. First we use sSNMR to
determine the partial HAp-adsorbed structure and orientation of LRAP's N-terminal domain
(in the context of full-length LRAP). Then, we investigate the structure and preferential
adsorption of LRAP using ssNMR-biased RosettaSurface. NMR predictions at five HAp
crystal faces. We also investigate the effect of phosphorylation at S16 on LRAP's structure
and binding orientation to address the importance of phosphorylation on HAp interaction.

Materials and 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 procedures and used without further purification.*4

Protein preparation, purification and characterization

Proteins were prepared using standard FMOC chemistry®® by the University of Texas,
Southwestern Medical Center (Dallas, TX). Proteins were purified using prep scale reverse
phase HPLC, buffer A: 0.1% trifluoroacetic acid in water, 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, 20 mg of LRAP was dissolved into 1 mL
of phosphate buffer, consisting of a solution of 0.15M NaCl and saturated with respect to
hydroxyapatite (PB), and diluted to 20 mL with water. The pH was adjusted to 7.4, the
solution 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. HAp crystals were prepared
according to published procedures6 and had the expected needle-shaped morphology with
approximate dimensions of 50 x 50 x 200 nm, with the c-axis elongated. Briefly, a solution
of 0.33 mg/mL LRAP at pH 7.4 was bound to 75 mg of 94 m2/g HAP (protein to HAp
weight ratio of 1:3) for 1 hour. 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 (A=275 nm). Amounts bound were: 12.8, 15.3, 13.1, 15.3, 14.5,
15.9 and 16.4 mg for G8-Y12(pS), G8-Y12, L15-V19(pS), L15-V19, V19-L23(pS), V19-
L23 and K24-S28 respectively, to 100 mg of HAp. The sample was packed into an NMR
rotor as a wet paste for the hydrated, surface bound sample.

NMR experiments

NMR experiments were performed on a 3-channel Chemagnetics Infinity console operating
at 300 MHz proton frequency. A 3-channel, variable temperature Chemagnetics probe was
used, employing a 6 us 90° pulse for 1H and a 0.5-1 ms contact time for cross polarization
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experiments. Temperatures in the rotor were calibrated using 297Pb(NO3),.4” Chemical
shifts were referenced to glycine, 177.0 ppm.

For Rotational Echo DOuble Resonance (REDOR) experiments, XY8 phase cycling was
used on both observe and dephasing channels. For both REDOR experiments, 13C{31p}
and 13C{15N}, 180° pulses of 13.0-15.0 ps were used for both the observe and dephasing
nuclei and samples were spun at 4 kHz. Two Pulse Phase Modulated (TPPM) decoupling*®
with a 65 kHz decoupling field was used throughout. Data for the hydrated samples were
collected at —80 °C. Typically, 4096 scans were taken for shorter dephasing periods and
8192-16384 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{3!P}

and 13C{1>N} REDOR. In all cases, the final dephasing curve represents the average of at
least 3-5 repetitions. The contribution of the natural abundance background (58 backbone
carbonyls and 7 sidechain carbonyls) has been removed from the 13C{31p} and 13C{15N}
dephasing curves using the following equation:

S
—=(S = S0o" (%NA)) / (%L)
So

where S is the signal from the dephasing experiment and Sy is the control experiment
without the dephasing pulses, %NA is the percent of the signal resulting from the natural
abundance background (39.6%) and %L is the percentage of the signal resulting from the
isotopic label (60.4%). Simulated REDOR dephasing curves were calculated using
numerical methods that incorporated chemical shift anisotropies and experimental
parameters. 3-spin models assumed a 90° orientation between the C-P vectors.

The Algorithm

For this study we used our recently developed RosettaSurface.NMR protocol.*3 Briefly,
each execution of RosettaSurface.NMR begins by folding a protein from a fully extended
conformation in solution using a united-atom model. At this low-resolution stage, protein
intramolecular ssNMR constraints are applied, but protein-surface intermolecular constraints
are not. Next, the high-resolution (all-atom) representation of the protein is refined in
solution and adsorbed to the surface in a random orientation. The fold and orientation of the
protein are refined on the surface, resulting in one candidate adsorbed-state structure. All
calculations on the surface include the biasing influence of both protein intramolecular and
protein-surface intermolecular ssNMR measurements. High-resolution refinement includes
backbone, side-chain, and rigid-body optimization using a Monte Carlo-plus-minimization
protocol.

The full-atom energy (E) used for decoy discrimination is a linear combination of attractive
and repulsive Lennard-Jones interactions (E4t and Eyep), solvation (Esy), hydrogen bonding
(Enp), electrostatics (E¢qyp), and a term to enforce sSNMR constraints (Econstraint):

E:Ea:t+Erep+Esol +Ecout+ Enbond +WE constraint 1)

where:

n
Econs'(mi nt— Z Ei\;ons(min\
= )
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where:

0, if Xjmeasured — O <Xjpredicted
and

Xjmeasured +0"> Xjpredicted

else

(

In equation 3, xjmeasured and xjpredicted are the it ssNMR determined distance and
RosettaSurface. NMR predicted distance, respectively; o; is the experimental error of the it
measurement; n is the number of biasing constraints used during structure prediction
(equation 2). Figure 1 shows the functional form of the constraint energy. During biased
structure prediction, the constraint weight w (equation 1) modulates the strength of the bias
toward experimental measurements; the units of the weight are kcal/mol. Because the
RosettaSurface energy function used for structure generation in this study includes a
constraint energy term, a true binding energy is not calculated.

E jeonsrin =

Xmeasured —;predicted
a;

- 1): ®)

For all predictions, 10° candidate HAp-adsorbed LRAP structures were generated using
RosettaSurface.NMR, each resulting from ~35x103 sampled conformations. Each candidate
structure is assessed using the constraint energy Econstraint (for all n sSNMR measurements).
Structures with the smallest constraint energy are used for further analysis and model
representation.

LRAP Models

For the starting structures, we built extended molecular structures of phosphorylated and
non-phosphorylated LRAP variants using PyMol.4° The atomic parameter set was
previously reported in Masica et al.3°

Hydroxyapatite Models

Results

We built monoclinic hydroxyapatite crystals using CrystalMaker.%0 In total, five HAp
surfaces were used in this study: {001}, {010}, {101}, and two differentially terminated
{100} faces (Figure 2). The atomic parameter set was previously reported in Masica et al.3

Experimental data

Previously, we determined the partial structure of LRAP's C-terminal domain adsorbed to
HAp using ssNMR. Here, we chemically synthesized seven new constructs labeled at unique
positions for acquisition of sSNMR derived distance measurements and subsequent sSSNMR-
biased computational structure prediction. The labels were incorporated at atomic pairs of
amino acids in the N-terminal and middle domain of full-length LRAP, and include: G8-
Y12, G8-Y12(pS), L15-V19, L15-V19(pS), V19-L23, V19-L23(pS), and K24-S28, where
pS indicates that the labeled pair was incorporated into the LRAP variant phosphorylated at
residue S16. In each labeled pair, the ito i + 4 residues were labeled at the backbone
carbonyl carbon (13C’) and backbone amide nitrogen (}°N) atoms respectively. This labeling
scheme allowed us to probe for helix, extended, and B-sheet secondary structure in the
measured regions, which have distinctly different REDOR dephasing curves as shown in
Figure 3. In addition, all labeled constructs were subjected to measurements between the 13C
" isotopes and HAp-31P phosphorus atoms to determine proximity to the HAp surface; in
total, 14 new ssNMR measurements were acquired for this study. Table 1 shows results for
the new set of sSNMR distance measurements and all previously published measurements.
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The structure of the N-terminus in both the phosphorylated and the non-phosphorylated
proteins bound to HAp is consistent with a largely extended structure (5.5 A and longer),
with the L15-V19 region showing a loosely helical structure (4.9 A-5.4 A). The shorter
measured distance for L15V19 could be consistent with either a less coiled helix resulting in
weaker i to i+4 contacts, or multiple structures, one population which is helical and one
which is not helical. These are indistinguishable based on the REDOR experiment as has
been discussed previously.2? The non-phosphorylated REDOR dephasing curves are shown
in Figure 3 as symbols and the fits are shown as dashed lines. Solid lines shown for an a-
helix (4.2 A) and a p-sheet (10.4 A) for comparison, as indicated, demonstrate the ease of
distinguishing between an a-helix and a B-sheet using the designed labeling scheme.

While there is little difference in structure as a function of phosphorylation, there are
significant structural changes in the N-terminus as a function of binding the protein to HAp,
which are different for each construct. For the phosphorylated protein, the G8-Y12 region
becomes more extended on the surface, while the region from L15 to L23 becomes more
helical. For the non-phosphorylated construct, the most remarkable change is in the K24-
S28 region, where this region of the protein changes from nearly a perfect helix to an
extended structure on the surface. Two of the other three regions investigated for the non-
phosphorylated protein also exhibit a structural change upon binding to HAP: the regions at
G8-Y12 and V19-L.23 become more helical while L15-V19 has little change from its loose
helical character.

Orientation measurements from the 13C labels in the protein backbone to the 3P atoms in
the surface show that in all cases the backbone of the N-terminus was oriented next to the
surface. The backbone was consistently significantly closer to the surface for the
phosphorylated protein than for the non-phosphorylated (Figure 4). To confirm that the
presence of the side-chain phosphorous (pS16) was not resulting in a falsely low protein-
surface distance, the contribution of the side-chain phosphorous to the dephasing curves was
accounted for. The intraprotein 13C-31P distance was determined from the off the surface
sample. Three site models were then generated for the surface-bound sample to account for
the non-HAp 31P contribution. These models assumed a 90 degree orientation between the
two C-P vectors. In all cases, if the residue carbonyl-pS16 distance was assumed to remain
the same upon binding, the intraprotein contribution did not change the best fit distance
measured between the protein and the surface. This was found to be true as long as the
protein-surface distance was the shorter of the two distances, as was always the case. This
has been observed before for longer dipolar recoupling measurements.2? However, the
RosettaSurface.NMR distances for the bound protein do indicate a change in the intraprotein
distance based on the 100 lowest Econstraint structures. In the {010}-LRAP(pS) low-energy
ensemble, the L15-pS16 and pS16-V19 distances are 5.3+ 0.6 Aand 8.2+ 1.2 A
respectively. If these values are used for the intraprotein distances instead of the
experimentally measured values determined for the unbound protein, the dephasing data is
equally well fit with a 3-spin model of 5.3 A for the L15- pS16 and 7.0 A L15-HAp distance
(Figure 5). Similarly, the 13C-31p dephasing data for V19 is equally well fit by a 3-spin
model of 8.2A pS16-V19 and a 7.5 A L15-HAp distance.

RosettaSurface data

Structure prediction was biased using all new and previously published sSNMR
measurements (Table 1). We performed ssNMR-biased structure prediction at five HAp
crystal faces: {001}, {010}, two differentially terminated {100} faces ({100}-T1 and {100}-
T2), and {101}. The {100}-T2 surface terminates with a higher density of calcium ions than
the {100}-T1 surface. All other HAp surfaces were cut to expose approximately neutral
(mixed-charge) surfaces. These faces were chosen because they are expressed in stable HAp
crystals and have a range of surface geometries.>?
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For each surface, predictions were divided into 11 runs of ~9,100 candidate structures. For
each of the 11 runs at each surface, the weight w (see Materials and Methods) was set to a
number between 0 and 1 kcal/mol evenly divisible by 0.1 (i.e., 0, 0.1, 0.2 .... 1). This
resulted in a total of 10° candidate adsorbed-state structures at each of five surfaces for
phosphorylated and non-phosphorylated variants of LRAP; i.e., 10° total structures
generated from ~35x10° sampled conformations (see Materials and Methods). We
employed this approach to test whether the set of constraints is easier to match at particular
LRAP-HAp interfaces. This result would manifest as predictions at one or more HAp
surfaces exhibiting smaller Eqonstraint Versus weight relative to predictions at the other HAp
surfaces. This approach has the potential to probe surface specificity at protein-surface
interfaces while determining the experimentally biased structure of the adsorbed protein.

Figure 6 shows Econstraint VErsus weight for structures resulting from ssNMR-biased
predictions. As expected, Eqonstraint decreases with increasing weight at all five HAp
surfaces for both LRAP variants. RosettaSurface. NMR had greater difficulty meeting
experimental constraints for the phosphorylated variant (Figure 6A), relative to the non-
phosphorylated variant (Figure 6B), resulting in a higher average constraint weight for the
phosphorylated variant. On average, Econstraint 1S Smallest at the HAp {010} surface for
phosphorylated LRAP (Figure 6A) and non-phosphorylated LRAP (Figure 6B). That is, it is
easiest for RosettaSurface to create structures matching the experimental constraints when
LRAP variants bind the {010} surface, suggesting the {010} surface is more likely bound in
the ssSNMR experiments. Convergence between prediction and experiment was slowest at
the {100}-T1 surface for both LRAP variants. Structures were similar for both LRAP
variants at all five HAp crystal surfaces; here we focus on structures predicted at the HAp
{010} surface for both the phosphorylated and non-phosphorylated LRAP variants.

Figure 2 shows the dimensions of the smallest periodic motif of phosphate clusters on each
HAp surface used for these predictions ({100-T2} surface phosphate clusters are occupied
by calcium atoms). Periodic motifs of phosphates on the {100}-T1 and {010} surfaces are
similar ({010} and {100} crystal lattices are identical aside from the direction of hydroxyl
groups); however, terminations chosen here have different calcium positions. The {100}-T2
and {010} surfaces are identical except for an additional calcium atom deposited into each
phosphate cluster on the {100}-T2 surface. The {101} surface has a unique geometry,
whose dimensions are larger than other surfaces used for these predictions. The
complementarity of these motifs to the motif of LRAP's binding domain (and hence the
relative positions of binding residues) plays an important role where convergence between
ssSNMR and structure prediction are concerned (Figure 6).

Figure 7 shows ensemble structural statistics for the 100 structures with the smallest
Econstraint for HAp {010}-LRAP(pS) (Figures 7A-C) and HAp {010}-LRAP (Figures7D-F).
Figures 7A and 7D show similar secondary structure for the HAp {010}-LRAP(pS) and
HAp {010}-LRAP complexes respectively. For both complexes, there is increasing locally
hydrogen-bonded turn-like secondary structure from residues ~3-11, with some propensity
for helix formation from residues ~10-20. Residues ~18-32 form a helix-turn-helix motif at
both interfaces with P22 being a common turn initiator (see also, Figure 8A). Residues ~30—
48 are mostly extended or locally hydrogen-bonded turn-like secondary structure and the
~10 most C-terminal residues have significant propensity to form turn-like secondary
structure with some helical structure from residue 48 to 56, at both interfaces.

Figures 7B and 7E show the computationally determined protein intramolecular contacts for
the HAp {010}-LRAP(pS) and HAp {101}-LRAP complexes respectively. The dense
regions of i to i + 4 contacts from ~18-32 and the ~10 most C-terminal residues suggest
significant helical content (in agreement with Figures 7A and 7C). There are few contacts
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made between residues that are greater than five residues apart in primary sequence,
suggesting little tertiary structure. However, there are significant off-diagonal contacts
between residues ~30-48 owing to an abundance of hydrophobic residues in that region,
particularly at the HAp {010}-LRAP interface. Additionally, there are significant off-
diagonal contacts from residues ~20-30, particularly at the HAp {010}-LRAP(pS) interface,
owing to an abundance of hydrophobic residues in that region. Those hydrophobic contacts
help facilitate the helix-turn-helix motif in that region (see Figure 8A).

Residues ~10-20 of the phosphorylated LRAP variant bind HAp more closely than the same
region of the non-phosphorylated LRAP variant (Figures 7C and 7F respectively). Protein-
surface distances in that region are almost exclusively within 10 A at the HAp {010}-
LRAP(pS) interface, whereas the {010}-LRAP interface shows an approximately even
distribution of contacts within 15 A from residues ~10-20. Furthermore, most residues in
that region are predominately located within 3 A of the HAp {010}-LRAP(pS) interface;
these high-frequency direct contacts are mostly absent at the {010}-LRAP interface.

The C-terminal domain is tightly bound at both the HAp {010}-LRAP(pS) and HAp {010}-
LRAP interfaces. Strong binding via the C-terminal domain is predominately mediated by
the charged residues in that region, i.e., E45, D51, K52, K54, R55, E56, E57, and D59.
Which of those residues contact the surface is dictated by the conformation of the C-
terminal domain, and varies within the individual structures of the ensemble (Figures 8B and
8C).

Figure 9 shows a representative structural model from the 100 structures with smallest
Econstraint from ssNMR-biased structure prediction at the {010}-LRAP(pS) interface. This
structure was chosen because it represents a dominant ensemble conformation (Figures 7A—
C) of the ssSNMR-biased structure (Table 1). Figure 9A shows a global view of the HAp
{010}-LRAP(pS) complex; for that model, figures 9B-D show predicted distances for
which biasing was applied. These figures directly show the extent of biasing at specific
regions of the complex and the structure that was predicted in those regions. Table 1 shows
all experimental measurements and the corresponding predictions from the representative
model (Figure 9).

Figure 10 shows the local RMSD in a representative structural model (Figure 9) relative to
the 100 structures with the smallest E.gnstraint, and is useful to assess local dispersion among
models. Complementary to the ensemble statistics shown in Figure 7, Figure 10 shows that
the N- and C-terminal segments have more regular structure, compared with the middle
segment, among the 100 structures with smallest Egnstraint- BeCause LRAP's predicted
structure includes regions of extended structure, the relative global RMSD among structures
is generally large. The method used here, of comparing all overlapping fragments (see
Figure 10 caption), is useful for showing residue-specific, local structural variation while
adsorbed to the surface.

Discussion

Structure

Our ssNMR and computational results show that LRAP is largely extended on the HAp
surface, with regions of canonical secondary structure. This is observed regardless of the
phosphorylation state or crystal face investigated and suggests that LRAP does not have a
specific binding motif, but has a flexible structure to maximize surface coverage. Consistent
with this observation, solution NMR studies show that both LRAP and amelogenin are
extended in solution in their monomer form.52-56 The elongated HAp crystals found in
enamel have led to the suggestion that one of amelogenin's roles is to block growth of the
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{100} and {010} faces. The less globular structure may facilitate this function by allowing
the unfolded protein to cover more surface nucleation sites.

The new ssNMR measurements from residues 8-28 of LRAP bound to HAp reveal a largely
extended structure, with L15-V19 exhibiting some loosely helical regions in both variants
based on the shorter measured distances. An i to i+4 distance of 4.2 A would be expected
for a perfectly helical secondary structure, while distances out to 5.4 A are interpreted as
helical or loosely helical and a well-defined -sheet structure would have a measured
distance of 10.6 A. A largely extended structure is consistent with i to i+4 distances longer
than 5.5 A, based on the distance of 5.8 A resulting from a linear combination of the torsion
angles from 4.2 to 10.6 A.20.21.28 While these designations are valuable, it is important to
note that the sSNMR measurement represents an average of the ensemble of structures
present and could represent a single structure with small variations around it, a combination
of two or three structures with small variations in those structures or an ensemble of
structures with a large structural deviation.28 This distinction is difficult to make with
ssNMR, and an added challenge is that tertiary structure, such as turns, is not included in
these definitions and could modulate any of the expected distances depending on turn
location. RosettaSurface.NMR has the potential to distinguish between these possibilities
and given the prediction of turns, has the potential to significantly impact our interpretation
of the measured distances.

In reasonable agreement with our sSNMR data, our sSNMR biased computational analysis
found LRAP's HAp-adsorbed fold includes extended (non-locally hydrogen bonded) and
turn-like (locally hydrogen bonded) secondary structure in the first ~18 residues. From
residues 18-21 there is increasing helical structure, which is moderately perturbed by the
presence of a proline at position 22, followed by a stable helix from residues ~24-30;
proline is known to break and initiate helix formation owing to the lack of a backbone amide
hydrogen atom and the presence of a constrained 6 angle.5” These helical segments interact
with one another via several hydrophobic residues, forming a helix-turn-helix motif from
residues 18-30. The C-terminal half of LRAP comprises extended and turn-like secondary
structure, with some propensity for helix formation in the predicted, low-energy ensemble.
LRAP's observed fold appears to have little dependence on phosphorylation at S16.

While no structural change was observed as a function of phosphorylation, SSNMR
measurements indicate surface induced structural changes for both variants. Of particular
note is the non-phosphorylated variant, where the region of K24-S28 exists as a nearly
perfect helix off the surface (4.5 A), becoming largely extended upon binding (5.7 A). This
may suggest an important turn region or interaction region of the non-phosphorylated
protein in the K24-S28 region. The RosettaSurface.NMR predictions indicate a turn away
from the surface at K24 (Figure 9C), which could be the cause of the structural change. To
increase sampling of relevant adsorbed-state structures, sSSNMR-measured off-surface
distances were not used to bias RosettaSurface.NMR structure prediction; therefore, the
change in K24-S28 distance upon binding is not present in the predicted ensembles.
Investigating surface-induced structural changes computationally is an area of future
development.

The last nine residues of LRAP contain seven charged residues, which is an unusually high
charge density for structured proteins.>8 Several residues have high contact frequency at
multiple distances from the HAp surface in the C-terminal region (Figures 7C and 7F). For
instance, E56 locates at either 2 A or 7 A; R55 has many short-range contacts at 2 A from
the HAp surface with a significant distribution centered at 6 A; K54 has a distribution
centered at 7 A in addition to a significant number of short-range contacts at 2 A.
Furthermore, LRAP's C-terminal region is predicted to adopt both helical and turn-like
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secondary structures at the HAp interface (Figures 7A and 7D); these observations suggest
the possibility of surface-induced conformational preferences in the C-terminal segment of
both LRAP variants. Figures 8B and 8C show LRAP charged residues in the C-terminal
region binding HAp differentially in a conformation-dependent manner. Because the sSNMR
distances are averages over the entire ensemble, this example highlights how
RosettaSurface.NMR has the ability to provide additional insight into the structural
conformations that these distances could represent.

Biased RosettaSurface.NMR recovers the general structural trends of the ssSNMR data
reasonably well, with the exception of the structure at K24-S28 and K54-V58.
Experimentally, these were found to be largely extended, while the computational model
predicted that these regions were largely helical. These disparities are likely due to the
sparse ssSNMR constraints and the larger size of the protein in this study relative to previous
studies.3 It highlights the challenges of modeling surface-adsorbed proteins and emphasizes
the importance of benchmarking these models with known experimental data to provide
further development.

The general difficulties in protein structure prediction, such as developing an adequate
energy function and sampling strategy, are expected to be a limitation of the RosettaSurface
protocol. The RosettaSurface protocol as implemented in this study can only sample a
fraction of the conformation space associated with folding multiple protein variants at the
interface of five crystalline solids. We used RosettaSurface.NMR under the hypothesis that
the addition of experimental bias will help compensate for some energy function limitations
and focus sampling to relevant conformation space; however, the space is likely still under-
sampled, especially with respect to compact LRAP structures. Furthermore, in the
simulation constructs, HAp atomic coordinates were held fixed and not allowed to deviate
from their lattice positions. All of these difficulties contribute to uncertainty in the models
with respect to structure, orientation, and surface specificity.

While LRAP's structure was similar for both variants when bound to HAp, the bound
orientation in the N-terminus differed. Phosphorylation of the serine side chain at residue 16
decreased the average sSNMR measured distances from the backbone to the surface at G8,
L15, and V19, and resulted in a more proximal segment from residues ~10-20 in the
ssNMR-biased RosettaSurface.NMR low-energy ensemble. This result was expected due to
the increased affinity of the additional charged residue for the charged HAp surface.
Residues ~25-44 are predicted not to make high-affinity contacts with HAp (Figure 7C).
The negatively charged segment from residues ~45-59 locate at the highly charged surface,
regardless of the phosphorylation status of the distal S16 residue (Figures 7C and 7F).
Despite the closer association with HAp upon binding, we observed 1-3 mg more protein
binding in the non-phosphorylated protein. This result was unexpected since there is no
corresponding structural change. Combined, this data suggests that phosphorylation at S16 is
not required for binding, but does alter the binding interaction.

One confounding factor in sSNMR data acquisition in the phosphorylated variant is the
uncertainty in signal origin (i.e., HAp phosphates and phosphoserine will produce similar
dephasing if they are both close to the 13C being investigated). Indeed, RosettaSurface.NMR
predictions suggest that L15-pS16 and pS16-V19 distances become shorter for the bound
protein compared to the protein off the surface (Table 1), to a degree that they become
similar to the experimentally measured distance. This is a measurement that cannot be made
independently by experiment and this computational measurement allows reevaluation of
the experimental data. Using the computationally derived intraproteinl3C-31P distances
results in longer backbone-HAp distances of 7.0 A for L15-HAp and 7.5 A for V19-HAp
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(Figure 5), in much better agreement with the computationally derived data. It is important
to note that while these distances are longer then a single spin model suggests, they are still
shorter than the non-phosphorylated variant, indicating an increased interaction when the
phosphoserine is present.

While the orientation of the representative model was largely consistent with the
experimental data, the ensemble distances were consistently longer, with 5 of the 10
distances being on average 2 A longer than the experimentally determined values. It is
difficult to determine exactly what the source of this difference might be. Differences in the
surface could be one source of error. In the experimental studies, we cannot distinguish
which face of HAp we are binding to, due to its small size, and even though we expect a
preference for {100} and {010}, it is likely that we are observing the average of protein
bound to all exposed faces. It is also possible that there is some dissolution of the surface in
solution that could alter the surface morphology in an unpredictable way. Another
possibility is that LRAP preferentially binds a step-edge, a surface that we did not evaluate
computationally and one that would be difficult to validate experimentally. Importantly, the
overall features of the protein-surface interaction have been captured with the model.
Further refinements and benchmarking of this method will be aided by further experimental
constraints.

Surface specificity

Amelogenins are thought to bind the {010} and {100} faces of mature HAp crystals.5® Our
investigation did reveal some {010}-HAp crystal face specificity for both LRAP variants.
However, the method we developed for probing specificity is novel, and it is unclear how
significant our findings are. In a previous study, using sSNMR-biased RosettaSurface. NMR,
we predicted that statherin could significantly discriminate some HAp surfaces.
Furthermore, our method predicts that LRAP and statherin prefer different HAp surfaces.*3
These predicted differences for statherin and LRAP indicate the algorithm has no intrinsic
bias for a particular face.

One factor that might contribute to the increased specificity in the case of statherin is the
existence of a single, well-defined binding interface. Statherin's binding domain consists of a
single, stable helix. In the case of LRAP there are two predicted binding interfaces from
residues ~10-20 and residues ~45-59. The predicted flexibility from residues ~30-45 and
the lack of predicted global tertiary structure results in an LRAP fold where the relative
rigid-body positions of the binding interfaces vary in the low-energy ensembles. Because the
relative rigid-body positions of the binding interfaces are not fixed, LRAP can adopt
multiple, energetically equivalent orientations on the HAp surfaces. Furthermore, our results
predict that the C-terminal residues of LRAP bind differentially, in a conformation-
dependent manner. This ability to adopt diverse conformations in the highly charged C-
terminal binding domain could facilitate the binding of diverse surface geometries, resulting
in decreased specificity and increased affinity.

Future direction

While this study represents the ambitious effort of determining the adsorbed-state structure
in a relatively large protein, the full structure remains underdetermined. One way to increase
structural resolution and certainty would be to identify residues that are distant in primary
structure, but proximal in tertiary structure, if they exist. For instance, our structures show
some hydrophobic packing in the segments intervening residues ~20-30 and residues ~30-
48. Acquiring distance measurements in these segments would reveal the compactness of
LRAP in the HAp-adsorbed state. Because the compactness of the molecule affects the
relative orientation of the binding interfaces, long-range contacts may also help confirm or
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refute the existence of surface specificity. Additionally, a greater number of LRAP-HAp
distance measurements might help address specificity.

In addition to a greater number of experimental measurements, development of
RosettaSurface could contribute to further refinement for the HAp-adsorbed LRAP
structure. Energy function calibration requires benchmarking on experimental data, which
are scarce. One obvious approach would be to increase the constraint weight; however, it is
unclear to what extent the constraint weight should dominate relative to other terms in the
physical potential. Further algorithmic development coupled with an increased number of
experimental measurements is expected to further increase the scope and utility of this novel
and rigorous approach.

Conclusions

New ssNMR data reveal that the N-terminus of the amelogenin LRAP is largely extended on
the surface of HAp. Computational data combining all of the N- and C-terminal
experimental measurements to date reproduce the experimental data reasonably well, and
suggest a very dynamic region of LRAP in the middle of the protein. Phosphorylation of the
protein did not alter the conformation of LRAP on the surface, however, the interaction with
HAp was modulated with the addition of the charged residue. The conformation was also
not sensitive to any of the surfaces studied, but predictions for both variants showed some
preference for the {010} face of HAp. Collectively, these observations are consistent with a
protein that is extended and interacting closely with HAp to maximize surface coverage. The
predicted preferential binding is consistent with blocking growth on the a and b faces,
allowing maximal growth along the c-axis to result in elongated crystals.
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Figure 1. Functional form of E¢gnstraint for a single measured distance from equation 3, showing
the flat-bottom quadratic potential used to bias RosettaSurface. NMR structure prediction

The energetic penalty is zero for predictions within experimental error, and increases
quadratically with increasing deviation from ssNMR measurement for predictions outside
the experimental error.
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Figure 2. Hydroxyapatite model

(A) Schematic of hexagonal HAp showing the five crystal faces (two differentially
terminated surfaces at the {100} crystal plane) and the smallest periodic motif of open
phosphate clusters at the (B) {001}, (C) {010}, (D) {100}-T1, (E) {100}-T2, and (F) {101}
used for biased RosettaSurface. NMR structure prediction.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2012 July 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Masica et al.

Page 17

10.6 A (B-sheet)
% T \

-

o
®

Normalized Intensity
o
o

0.4
0-2 4.2 A (a-helix)
0
0 20 40 60 80 100

Rotor periods

Figure 3. Representative REDOR 13¢c.15N dephasing curves

Because of the similarity of the data, only the non-phosphorylated data are shown. G8-Y12
(open navy diamonds), L15-V19 (open green squares), V19-L23 (open red triangles) and
K24-5S28 (open blue circles). Error bars are shown only for L15-V19 and K24-S28 for
clarity, but are typical for all of the data. The dashed lines show fits to the data (4.9 A, dash),
(5.5 A, 5.6 A, 5.7 A, dash-dot). The solids lines are 4.2 A (o-helix) and 10.6 A (B-sheet).
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Figure 4. REDOR 13C-31p dephasing curves

G8 (open navy diamonds), G8—pS (closed navy diamonds), L15 (open green squares), L15—
pS (closed green squares), V19 (open red triangles) V19-pS (closed red triangles), K24
(open blue circles) and K24—pS (closed blue circles). Error bars are shown only for L15 and
L15-pS for clarity, but are typical for all of the data. Lines show fits to the data (5.3 A, dash-
dot-dot; 6.5 A, dash-dot; 7.0 A, solid; 8.0 A, dash; 9.0 A, dot).
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Figure 5. Modeled 13¢c.31p dephasing curves

In the phosphorylated protein, 13C-31P measured distances could be a combination of a
measurement to the sidechain phosphoserine, as well as to the surface phosphate groups. All
simulations assumed the 3 spins were oriented at 90 degrees. For the L15-V19 distance, 5.3
A and combinations of (5.3 A and 5.3 A), (5.3 Aand 6.0 A) and (5.3 A and 7.0 A) are
shown where the combination of (5.3 A and 7.0 A) is indistinguishable from a single
distance of 5.3 A within experimental error. For V19-L23, 7.0 A and combinations of (7.0 A
and 8.2 A), (7.5 Aand 8.2 A) and (8.0 A and 8.2 A) are shown and the combination of (7.5
A and 8.2 A) is indistinguishable from a single distance of 7.0 A.
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Figure 6.
Econstraint Versus weight for phosphorylated (A) and non-phosphorylated (B) LRAP at five

different HAp surfaces.
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Figure 7. Ensemble structure of LRAP adsorbed to HAp for the 100 structures with smallest

Econstraint

Distributions of three basic secondary structure motifs at the (A) {010}-LRAP(pS) and (D)
{010}-LRAP interfaces. Pair-wise LRAP intramolecular residue-residue contacts at the (B)
{010}-LRAP(pS) and (E) {010}-LRAP interfaces. Pair-wise residue-surface distances at the
(C) {010}-LRAP(pS) and (F) {010}-LRAP interfaces. The structural designations “Helix”
and “Turn” were assigned using the DSSP definitions%; classification relied on Rosetta's
hydrogen-bond function rather than the generalized hydrogen-bond function implemented
by the DSSP package. An intramolecular residue-residue contact is declared if two residues
have an inter-residue atomic pair within 4 A. A residue-surface distance reflects the closest
atomic contact for that residue and the closest surface atom. Note for comparing contacts
with ssNMR measurements: the intra or intermolecular atomic pairs that constitute a contact
are not necessarily the same atoms that were isotopically labeled for ssSNMR measurements.
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Figure 8. Phosphorylated LRAP bound to HAp {010} crystal face

(A) Helix-turn-helix motif in LRAP's N-terminal domain is partially stabilized by a
hydrophobic interaction between residues L20, L23 and Y26. Conformation-dependent
differential HAp binding of charged residues in LRAP's C-terminal domain shown using
two representative models, (B) and (C). In (B), a partially unfolded structure facilitating
simultaneous binding of K52, K54, R55, E57, and D59. In (C), a helical secondary structure
facilitating simultaneous binding of D51, K52, R55, and D59.
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Figure 9. The molecular structure of phosphorylated LRAP adsorbed to HAp {010} surface
(A) Representative structure determined with a weight w of 1 kcal/mol. Opacity represents
LRAP's molecular shape, cartoons represent secondary structure. Predicted distance
measurements at constrained atoms for the (B) N-terminal, (C) middle, and (D) C-terminal
domains. For comparison with sSNMR measurements see Table 1.
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Figure 10. Local RMSD of a representative structure (Figure 9) relative to the 100 structures
with lowest constraint energy

To show the dispersion among structures, we superimposed the C* atoms of every
overlapping 3mer in the representative structure and each of the 100 structures with lowest
Econstraint: @and calculated the RMSD of the central C* atom in the 3mer. The color bar is in
angstroms and corresponds to the opaque profile defining LRAP's shape. LRAP pictured
from C-terminus (left) to N-terminus (right).
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