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ABSTRACT: Extracellular matrix proteins adsorbed onto
mineral surfaces exist in a unique environment where the
structure and dynamics of the protein can be altered profoundly.
To further elucidate how the mineral surface impacts molecular
properties, we perform a comparative study of the dynamics of
nonpolar side chains within the mineral-recognition domain of
the biomineralization protein salivary statherin adsorbed onto its
native hydroxyapatite (HAP) mineral surface versus the dynamics
displayed by the native protein in the hydrated solid state.
Specifically, the dynamics of phenylalanine side chains (viz., F7
and F14) located in the surface-adsorbed 15-amino acid HAP-
recognition fragment (SN1S: DpSpSEEKFLRRIGRFG) are
studied using deuterium magic angle spinning (*H MAS) line
shape and spin—lattice relaxation measurements. “H NMR MAS

spectra and T, relaxation times obtained from the deuterated phenylalanine side chains in free and HAP-adsorbed SN1S are
fitted to models where the side chains are assumed to exchange between rotameric states and where the exchange rates and a
priori rotameric state populations are varied iteratively. In condensed proteins, phenylalanine side-chain dynamics are dominated
by 180° flips of the phenyl ring, i.e., the “x flip”. However, for both F7 and F14, the number of exchanging side-chain rotameric
states increases in the HAP-bound complex relative to the unbound solid sample, indicating that increased dynamic freedom
accompanies introduction of the protein into the biofilm state. The observed rotameric exchange dynamics in the HAP-bound

complex are on the order of 5—6 X 10° s~

, as determined from the deuterium MAS line shapes. The dynamics in the HAP-

bound complex are also shown to have some solution-like behavioral characteristics, with some interesting deviations from

rotameric library statistics.

1. INTRODUCTION

There is growing interest in the structures of proteins at
biomineral interfaces and how the secondary and tertiary motifs
assumed by these surface-adsorbed molecules regulate the
forms and properties of mineral-based hard tissues such as
diatom frustules, mollusk shell nacre, bones, and teeth.! When
adsorbed onto calcite or hydroxyapatite (HAP) surfaces or
introduced into solutions of silicic acid, these proteins act as
catalytic collection points or provide structural templates®
which induce or in some cases inhibit formation of the solid
biomineral phase. In addition a number of spectroscopic studies
including NMR, SFG, and NEXAFS indicate that the side
chains of these proteins provide the direct means by which
interactions with these mineral phases are formed.*~®

It is also well-known that proteins in many biological
contexts do not exist as static forms but undergo internal
motions that modulate both their secondary and tertiary
structures. In many cases these internal motions result in
structural rearrangements that are necessary for function.
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Models of biomineralization proteins adsorbed onto mineral
surfaces obtained recently by structural computations provide a
picture of protein—surface recognition based on patterns of
interactions between polar side chains of the protein and
surface phosphate triads.” Structural computations guided by
solid-state NMR structural data suggest that these interactions
provide a basis for crystal face specificity if the surface
recognition domain is well-structured.>* These models also
suggest that binding to different crystal faces is accompanied by
changes in the conformations of protein side chains in close
proximity to the mineral surface, so the structures of
biomineralization proteins and the amino acid side chain
within these proteins must retain a degree of mobility to adapt
to different surface conditions. To better understand the nature
of the interactions between protein side chains and biominerals
and the role that motions of the protein main chain and side
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chains play in the formation of interactions with biomaterial
surfaces, we explore the following: (1) the degree to which
surface-adsorbed protein structures are modulated by motions;
(2) how these motions differ from the movements of the same
structural moieties in the native proteins; (3) the degree to
which proximity to the surface and interactions with the surface
are reflected in perturbations of molecular motions; (4) the
degree to which the surface adsorption restricts or enhances
motions of the protein structure.

Solid-state NMR is now widely used to study the dynamics of
proteins in various physical states including hydrated
amorphous powders,'’ microcrystals,"" fibrils,"> as well as
membrane-associated proteins and peptides.">'* Quantifying
dynamic rates and amplitudes is especially strai_ghtforward using
deuterium solid-state NMR (*H ssNMR).">~'” To a very good
approximation, the solid-state *H ssNMR spectrum is
dominated by a single interaction: that of the electric
quadrupole moment of the *H nucleus with surrounding
electric field gradients. The magnitude of this interaction is
quantified by the deuterium quadrupolar coupling constant
(ie., QCC= (¢’qQ/h), which is on the order of ~160—200 kHz
for deuterons in carbon—deuterium bonds'® and about 180
kHz for phenylalanine ring carbon—deuterium bonds of interest
in this work.'” Given the magnitude of the anisotropy of the
deuterium quadrupolar interaction, very fast motions (correla-
tion times 7, < 100 ns) can be probed by Zeeman spin—lattice
(ie, T,z) and quadrupolar (T,q) relaxation measurements,
while motions with longer correlation times dynamically
perturb *H NMR line shapes. In addition protein motions
can be probed by solid-state deuterium NMR at individual
amino acid side chains using site-specific deuteration.

Despite its usefulness as a probe of molecular dynamics, *H
ssNMR has practical limitations. The large anisotropy of the
quadrupolar interaction and the small size of the deuterium
spin magnetic dipole moment result in low sensitivity which
makes difficult the extension of *H ssNMR to large macro-
molecular systems with high deuterium dilution, such as
selectively deuterated proteins adsorbed onto biomaterial
surfaces. Deuterium magic angle spinning (*H MAS) NMR
has emerged in recent years as a viable alternative to static
quadrupolar echo spectroscopy. Spinning a deuterated sample
rapidly around a goniometer, whose axis is oriented at 54.74°
(ie, the magic angle) relative to the direction of the static
external magnetic field, breaks the ’H NMR solid-state line
shape into side bands separated by intervals of the spinning
frequency vy, where typically 1 kHz < v < 20 kHz. Because the
integrated intensity of the “H NMR spectrum is concentrated
into a small number of side bands in a MAS experiment,
sensitivity enhancements of 20—30 are easily achievable. This
feature makes *H MAS NMR a potentially powerful approach
for studying the dynamics of very small quantities of selectively
deuterated biopolymers. At the same time, we note that parallel
approaches such as deuteron QCPMG experiments have also
been used in recent work by Vugmeyster, Vold, and co-workers
to elucidate side-chain dynamics of residues in the hydrophobic
core of a chicken villin headpiece subdomain.”®~>*

We have shown that H MAS NMR yields high signal-to-
noise spectra for so-called LK peptides adsorbed at monolayer
coverage on polystyrene and carboxylated polystyrene surfaces.
In these model systems the MAS line shape is indicative of the
orientation of LK 2pepticles adsorbed onto functionalized
polymer surfaces.”**** In this manuscript we extend “H MAS
NMR to the study of amino acid side-chain dynamics in a

biomineralization protein adsorbed onto its native mineral
surface. Salivary statherin is a 43-amino acid proline- and
tyrosine-rich phosphopeptide found in the submandibullar
saliva.”>™** Statherin has the dual function of inhibiting both
nucleation and crystal growth of hydroxyapatite
[Ca,o(PO,)s(OH),, (HAP)] in the oral environment.*
Statherin also acts as a boundary lubricant and has been
found to have bacterial binding domains for Porphyromonas
gingivalis®* and Actinomyces viscosus.>> The N-terminal 15 amino
acids (i.e, SN1S5: DpSpSEEKFLRRIGRFG, pS = phosphoser-
ine) constitute the HAP recognition domain of statherin.**7%°
If SN15 is deleted from statherin, the HAP binding affinity is
markedly decreased. The HAP binding affinity of SN15 itself is
almost as large as that of statherin.*

The structures of both SN1S and statherin adsorbed onto
HAP crystals have been studied by solid-state NMR dipolar
recoupling techniques.*®*” The segment of statherin containing
SN15 when bound to HAP is helically structured, although the
secondary structure is distorted from a classical a-helix. The
distorted helical structure appears to optimize exposure of
several polar amino acid side chains to the HAP surface
including E4, K6, R9, and R10.%3® Molecular modeling with the
program RosettaSurface constrained by ssNMR dipolar
recoupling data shows that the majority of the nonpolar side
chains in statherin’s HAP recognition domain: F7, L8, I11, F14,
are more remote from the HAP surface.® In SN15, however,
distortion of the helical structure near the C-terminus allows
the phenyl ring of F14 to orient close enough to the HAP
surface to produce a *C{*'P} REDOR response.*® Analysis of
the REDOR data shows that the phenyl ring of F14 is around
4—S5 A from HAP surface phosphate groups. No REDOR signal
is observed for the phenyl ring of F7 in SN15 so the "*C spins
in this phenyl ring are >7 A from the nearest HAP surface
phosphate groups.

It is the differing surface exposure of the two phenylalanine
side chains in SN1S (compared to statherin where both
phenylalanine rings are distant from the HAP surface) that
presents us with the opportunity to study the effects of the
mineral surface environment and surface proximity on side-
chain dynamics: specifically, we can understand the behavior of
differently oriented hydrophobic side chains in the presence of
a hydrophilic surface. The interest in phenylalanine rings is
further heightened by the observation that phenylalanine was
found to have highest affinity to HAP among four amino acids
with hydrophobic side chains.> In this manuscript, we obtain
*H MAS line shapes for microcrystalline SN15 molecules
selectively deuterated on the phenyl rings of F7 and F14
unbound, as well as bound to HAP crystal surfaces. We analyze
these dynamically averaged line shapes and T, data by assuming
side-chain motions consist of exchange between discrete
rotameric states of the phenylalanine side chains. We show
the degree to which surface adsorption perturbs side-chain
mobility in proteins and the more subtle effects exerted in
HAP-adsorbed proteins when phenylalanine side chains are
exposed to the HAP surface to differing degrees. This study
gives a high resolution view of how the mineral surface impacts
protein side-chain motions and how these motions differ very
strikingly from motions of phenylalanine side chains in solid,
hydrated proteins. Finally, another reason for choosing SN15
over statherin is the availability of data from a recent NEXAFS
study of the same side chains in SN1S adsorbed onto a planar
HAP surface,” and we compare and contrast our results to
these. We also compare the choice of rotameric states obtained
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herein to the computational models obtained from Rosetta-
Surface NMR® and to a previous solution-state study™® of
phenylalanine conformers. We find similarities between the
statherin computational models and the solution conformers,
with a noteworthy deviation in the case of our models for F14
in SN1S. Close proximity to the surface, as for F14 in SNIS,
simultaneously increases conformational freedom relative to the
unbound solid-state while not entirely reflecting solution-like
behavior.

2. MATERIALS AND METHODS

Peptide Synthesis. Materials. Protected amino acids and Fmoc-
Gly-Wang resin were purchased from Calbiochem Novabiochem
Corp. (San Diego, CA). [Ring-’H;] L-phenylalanine was purchased
from Cambridge Isotope Laboratories, Inc. (Andover, MA). HAP (5S
m?/g) was synthesized by Allison Campbell at Pacific Northwest
National Lab as published previously.*®

Peptide Synthesis and Characterization. Both [ring-*H5]-labeled
phenylalanine SN15 samples were prepared as follows. [Ring-*HS] L-
phenylalanine was FMOC protected using standard procedures.*'
From a preloaded Fmoc-Gly-Wang resin (substitution 0.60 mmol/g),
the SN15 peptide was synthesized on a Rainin PS3 automated solid-
phase peptide synthesizer (Protein Technologies, Inc.), where the
solvent was N,N-dimethylformamide (DMF), the activator was 0.4 M
N-methylmorpholine in DMF and the deprotector was 20% (v/v)
piperidine in DMF. The acidic portion of SN15 (D1 to K6) was
double coupled, while the rest of the peptide was built through single
couplings. The peptide was cleaved from the resin using a 9.5
TFA:0.25 H,0:0.25 TIS (triisopropylsilane) solution following
method 3-18 described in the Novabiochem 2002/3 catalog.52.
Using a Waters HPLC C-18 reverse phase column, the peptide was
purified with an acetonitrile/water solvent system with 0.1% TFA,
eluting at 35.4% acetonitrile, lyophilized, and then analyzed by MALDI
mass spectrometry to establish composition and purity.

Peptide Adsorption to HAP. SN1S was physisorbed to HAP by
mixing a solution composed of 0.05 mM of peptide in a phosphate
buffer with about 100 mg of HAP (55 m2/g). The pH of the mixture
was adjusted to 7.4 with NaOH and HCI. The phosphate buffer was
100 mM NaCl, 40 mM KCl, 1.4 mM KH,PO,, and 4.3 mM Na,HPO,.
After 4 h of mixing, the unbound peptide was separated from the
peptide—HAP complex though centrifugation. The peptide—HAP
sample was washed several times with buffer, lyophilized, and then
packed in the rotor for solid-state NMR studies.

NMR Experiments. Solid-state NMR experiments were performed
on a home-built solid-state NMR spectrometer equipped with a 9.4 T
magnet (61.5 MHz. deuterium Larmor frequency) using a Varian
T3MAS probe and 4 mm sample rotors. For MAS experiments,
samples were spun at 8 kHz (regulated to within =5 Hz by a spin-rate
controller). A single 77/2 pulse (2.5 ps in length) was applied followed
by acquisition of the rotary echo train. After left-shifting to the peak of
the first echo, FIDs were Fourier transformed and phase corrected. All
line shapes have a Lorentzian broadening of 1 kHz. All measurements
were made at three different temperatures, —30 °C, 20 °C, and 60 °C.
For the T, experiments, we used a simple inversion—recovery pulse
sequence with a 7 pulse length of 5.5 ys. The 7 pulse was followed by
a delay which is used to recover the magnetization. Then the single 7/
2 pulse was applied followed by acquisition. For the free peptide, the
delay time was set to nine different time points, and the relaxation time
between acquisitions was carefully chosen to be 4 s; for the bound
peptide, the delay time was also set to nine different time points, but
the relaxation time between acquisitions was set to 0.4 s.

Deuterium MAS Line Shape and T, Simulations and
Dynamic Models. Simulation Algorithm. *H NMR MAS spectra
and inversion—recovery experiments were simulated with an in-house
program, KLDMAS. The theory of KLDMAS, based on an approach
developed by Duer and Levitt," has been described in detail in
previous publications,”** and we provide a brief summary in the
Supporting Information. The process of MAS line-shape simulation
was automated following the general strategy of Nielsen and co-

workers** and involves comparison of the experimental spinning side
bands’ intensities to simulated intensities. To optimize fits to
experimental data, a set of parameters was varied iteratively, and the
acceptance of a new parameter set is determined by annealing
methods.* In addition to line-shape simulations, KLDMAS is also
used to simulate inversion recovery MAS experiments.

Models for Phenylalanine Side-Chain Dynamics in Unbound and
HAP-Bound SN15. The motion of the phenylalanine ring could
potentially involve the multiaxial dynamics resulting from a
combination of backbone and side-chain flexibility. However, previous
work in the group has shown that, in both unbound and HAP-bound
SN15 samsples, lyophilization results in a fairly rigid peptide
backbone.® In that study, it was found that while *C CSA and *C
T,, measurements on the backbone carbonyl groups of the hydrated
sample did indeed show motions in the C-terminal end of the SNI5,
corresponding measurements on lyophilized samples indicated that the
molecule did not exhibit any significant motions on a time scale less
than 1072 5. Also, as shown below, the T; relaxation times reported
in this manuscript for the bound molecule did not show the existence
of two or more components, implying that there is no evidence for
multiple populations of either backbone carbonyl bonds or the fast-
flipping ring bonds in the HAP-bound molecule. The remaining
possibility that differing hydration states for the surface-bound
molecule lead to multiple rotameric distributions, such as a bound
(rigid) and an unbound (mobile) population in the same sample, is
unlikely given REDOR measurements on F7 and F14: Gibson et al?
were able to fit the data for a single average distance. Finally, we do
advise that the models herein are subject to the same limitations as any
well-justified model-based approach.

Thus, in our current work we focus only on models involving side-
chain conformational changes. As shown in Figure la, the conforma-

(@) (b) F7

Figure 1. (a) Model of phenylalanine. The deuteration sites are
denoted in black, along with the two rotational axes. (b) A model of
SN15, indicating the close proximity of the phenylalanine residue at
position 14 to the HAP surface.

tional state of the phenylalanine side chain is quantified by two-bond
dihedral angles: y, and jy,. y; is defined as the angle between the N—
C,—Cp and C,—C4—C, planes and thus quantifies the rotational state
of the C,—Cj bond. The rotational state of the C;—C, bond is
described by y,, which is defined as the angle between the C,—C;—C,
and the C;—C,—C;; planes. Motions of the phenylalanine side chain
are quantified by ascribing time dependence to one or both of these
angles.

An extensive literature search shows that in solid monomeric form
and in solid peptides and proteins, the dynamics of the phenylalanine
side chain is dominated by exchange of the phenylalanine ring between
two discrete states of y, related by 180°, the so-called “z flip”*~*
which changes drastically the orientation of the § and € C—D bonds
but leaves invariant the { C—D bond orientation. Accordingly, in this
manuscript we use the “7 flip” dynamic model of phenylalanine side-
chain motion to simulate the motions of the aromatic rings of F7 and
F14 in the microcrystalline, unbound SN15. The NMR observables are
assumed to be powder-averaged.

To fit fully and partially relaxed deuterium line shapes for
phenylalanine side chains in unbound SNIS, the parameter set
consists of the deuteron QCC and the “z flip” exchange rate. In the 7
flip model the two values of y, are assumed to have equal a priori
populations. No other motions need be invoked to simulate the *H
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line shapes and relaxations times for deuterated F7 and F14 in
unbound SN15. See Supporting Information.

However, the “H MAS line shapes and spin—lattice relaxation times
observed for the F7 and F14 side chains in HAP-adsorbed SNI1S
indicate that the motions of these moieties differ markedly from the
motions of the same side chains in unbound SN15. To simulate the
line shapes for deuterated F7 and F14 in HAP-bound SN1S, a model
was designed that includes rotational motions around both the C,—Cjy
bond (where the y, dihedral angle varies) and the C4—C, bond (where
the y, dihedral angle varies) in addition to the 7z flip of the C4—C,
bond. We assume that the rotational motions of the C,—Cg and Cy—
C, bond consist of rotameric exchanges. The parameter set for our
model of phenylalanine side-chain dynamics in HAP-bound SNIS
includes the deuteron QCC, the # flipping rate, rotameric-state
populations, side-chain bond dihedral angles that characterize each
exchanging rotamer, and the rates of exchange between side-chain
rotamers. Initial values for rotameric-state populations and dihedral
angles are obtained from the backbone-dependent rotamer library of
Shapovalov and Dunbrack.*®

Dynamic models based on rotameric exchange have been used
widely to simulate solid-state “H NMR line shape and relaxation data
acquired from amino acid side chains in proteins, notably deuterons
within the side chains of leucines and valines. In some cases exchange
is restricted to side-chain rotamers that are observed to be dominant in
crystal structures as was done by Torchia and co-workers'* and more
recently by Vugmeyster, Vold, and co-workers.”>*** To generalize
this approach, we have utilized protein side-chain rotamer libraries
which show that for bonds between sp>-hybridized carbons, dihedral
angles occur in tight clusters typically around angles of 60°, 180°, and
300° (ie., gauche+, trans, gauche—). Depending upon the amino acid
side chain in question, the exact location and shape of maxima in the
side-chain bond dihedral distributions vary by at most 20° with
standard deviations usually less than 10° in high-resolution
structures.*® In the case of phenylalanine, for a-helical secondary
structures (ie., ¢ = —50°, y = —40°) the C,—Cj bond dihedral angles
are clustered near ideal rotameric values, ie. y; = 179.8 &+ 9.1° with a
probability of 0.721, y; = 286 + 10.8° with a probability of 0.254, and
X1 = 754 + 8.1° with a probability of 0.025. In contrast, bonds
between sp*- and sp*hybridized carbons in protein side chains exhibit
broad and often asymmetric probability density distributions.
Accordingly, the rotamer library of Shapovalov and Dunbrack shows
that the dihedral angle y, for the C4—C, bond in phenylalanine is
broadly distributed among nonrotameric values within the interval
—30° < y, < 150°.

To simulate the H MAS line shapes for the bound peptide, we
attempted fits to the data with models that included the three primary
conformers, ie., y; = 179.8° (trans), y; = 286° (gauche—) and y; =
75.4° (gauche+). However, for both F7 and F14, when setting initially
all three conformer populations to 1/3, the fitting procedure
eventually drove the population of one of the three conformers to
zero. Thus, we find that two conformers are sufficient for the purposes
of fitting the data in this manuscript, without any a priori bias toward
any of the rotamers.

The ), angle for each conformer was explored as follows: we set up
boundaries of +30° around the rotamer library values mentioned
above; then we allowed the search algorithm to take steps of size o X
rand, where ¢ is the standard deviation of that conformer (given above
for each of the three conformers), and rand is a random number in the
interval [—1, 1]. If the new angle provided a better match to the line
shape, this angle was accepted and the process was iterated with this as
the new starting point. Over time, the step size was decreased by a
simulated annealing parameter. If the search algorithm was unable to
improve the fit significantly after several steps, and remained close to
one of the +30° boundary walls, we expanded the walls to a larger
value and repeated the procedure. Because the y, angle in
phenylalanine is not confined to specific rotameric values, this angle
was freely varied. With regard to the /e deuterons, the resulting
model consists of a four-site exchange, which combines a conjoint
rotameric exchange motion of the C,—Cj; and C;—C, bonds between
two sites together with a 7z flip of the C4—C, bond. The impact of

these exchanges between rotameric states on the deuterium line shape
is significant. Although the orientation of the C—D bond containing
the { deuteron is invariant to rotations around the C4—C, bond axis,
including the 7 flip motion, its orientation varies when the C,—Cy
bond exchanges between the rotameric states.

The quadrupolar coupling constant (QCC) for the deuterons was
treated as a free parameter, after starting at literature-reported values of
around 180 kHz (see for example Gall et al.'”).

3. RESULTS

Model Parameters for Phenylalanine Side-Chain
Dynamics in Unbound SN15. The line shapes and relaxation
times for F7 and F14, as well as the full simulation parameters
for multiple sample temperatures, are presented in the
Supporting Information. In Table 1, we provide the simulation
parameters for unbound SN15 at T = 293 K.

Table 1. Simulation Parameters for *’H Line Shape of
Deuterons of F7 and F14 in Unbound SN15

simulation F7 static F7 flipping ~ Fl4 static ~ F14 flipping
parameter parameters  parameters parameters parameters
QCC (kHz) 175.0 175.0 175.0 175.0
asymmetry 0.06 0.06 0.06 0.06
parameter
flipping rate 0 14 x 107 0 3.0 x 107
(293 K)
intensity 75% 25% 79% 21%
percentage
(293 K)

We note that the models chosen here are the minimally
sufficient models to explain the data, i.e., we have demonstrated
that the measured line shapes and relaxation times can both be
entirely explained by previously proposed models of a
population of ﬂ—ﬂiﬂpin§ and a population of nonflipping
phenylalanine rings.'"***>>° This model does not preclude the
existence of very slow exchange motions between the two types
of rings, static and flipping, nor between different side-chain
rotamers. However, such exchange rates are likely to be much
slower than the rates accessible by the MAS line shapes, given
our ability to model our data without invoking additional
motions. We discuss our choice of unbound models further in
the Supporting Information.

Line Shapes and Simulations for Phenylalanine Side-
Chain Dynamics in HAP-Bound SN15. *H MAS line-shape
data acquired for F7 and F14 side-chain deuterons in HAP-
adsorbed SN15 at T = 293 K are shown in Figure 2, parts a and
b, respectively, with the corresponding best-fit simulations in
(c) and (d). (The line shapes for SN1S bound to HAP at
temperatures of 243 and 333 K are shown in the Supporting
Information Figure S3. However, the variation in the line
shapes as a function of temperature was not significant, and
thus the fit parameters as a function of temperature are not
shown.) The comparison with Supporting Information Figure
S1 indicates that the side chain in the surface-adsorbed protein
behaves differently from that in the unbound protein. In
particular, the line shapes in Figure 2 display clearly the absence
of the static component as in the unbound line shapes,
indicating the existence of additional motions of the side chain
that have averaged and/or attenuated the 6/¢ and ¢ deuteron
signal.

In each line-shape simulation, adjustable parameters include
the side-chain conformation populations, the exchange rate
constant, and y; and y, torsion angles. The side-chain
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Figure 2. Experimental spectra of F7/F14 in SN15 peptides bound to
HAP at room temperature vs simulations: (a) MAS spectrum of bound
F7; (b) MAS spectrum of bound F14; (c) MAS simulation of bound
F7; (d) MAS simulation of bound F14. The intense peak in the center
of the experimental spectra arises in part from surface-adsorbed HDO.

conformation populations are related in the rate matrix by R; =
k(P,/ Pj)l/ * where P, and P, are the populations of rotamers i and
j, respectively, and k is the exchange rate constant. Initial y, and
X, torsion angles are derived from the rotamer libraries and are
subject to change within preset boundaries iteratively during
each simulation.

In addition to geometric parameters for the rotameric
exchange motions of the C,—Cj and C4—C, bonds, the scale of
the 7z flip motion rate is found in a manner similar to the
unbound case. Table 2 shows T, measurements acquired for

Table 2. Spin—Lattice Relaxation Times T, for the 6/¢
Deuterons as a Function of Temperature

average T, (ms) at  average T, (ms) at  average T, (ms) at

residue T=243K T=293K T =333 K
F7 18.6 + 4.2 21.6 + 3.5 40.0 + 14.3
F14 32.5 + 5.8 464 + 6.8 50.5 + 8.3

the 6/e ring deuterons of F7 and F14 as a function of
temperature. Unlike the unbound case, the relaxation times
increase with temperature, indicating that the flipping rates
have shifted to a motion range greater than the *H Larmor
frequency, and consequently dominate the relaxation. We
justify this assumption of a predominant motion on the T time
scale on the grounds that while the # flip exchanges the ring
between essentially equivalent physical orientations, rotameric
exchange moves the entire bulk of the side chain between
discrete and distinguishable sites. Fitting the T = 293 K data for
the F7 and F14 6/¢ deuterons to a two-site jump model results
in a 7 flip of the F7 and F14 rings in the rate range 10° to 10"
s™'. The 7 flip rates determined from the T, measurements
were not adjusted further during the line-shape simulations.
Final parameter sets corresponding to the best fit are in Tables
3 and 4.

The data for both F7 and F14 evince a correlation between
the best-fit y; and y, angles, with the exchange between
conformers necessitating a simultaneous modification of both
angles. Possible sources of such a correlation include a change
in the steric or electrostatic interaction of the ring with other
parts of the protein and/or the surface upon transitioning from

Table 3. Exchange Rates, Quadrupolar Coupling Constants
and Asymmetry Parameters Used To Simulate the ’H MAS
Line Shapes of the Ring Deuterons of F7and F14 in HAP-
Bound SN15

parameters for HAP- F7 ¢ F7 6/¢ F14 ¢ Fl14 6/¢
bound phenylalanines deuteron  deuterons  deuteron  deuterons
QCC (kHz) 183.0 183.0 182.3 182.3
asymmetry parameter 0.06 0.06 0.06 0.06
rotamer exchange rate 5 % 10° 5 x 10° 6 x 10° 6 x 10°
constant (571)
ring flipping rate none 5.6 X 10°  none 2.6 X 10°

constant (s7*)

Table 4. Parameters for Best-Fit HAP-Bound Conformers
for F7 and F14 Residues

F7 conformers 11 (deg) 1> (deg) population (%)
conformerl 186.2 88.6 76.1
conformer2 274.7 54.8 239

F14 conformers 71 (deg) 2> (deg) population (%)
conformerl 93.1 208.8 40.9
conformer2 273.6 56.8 59.1

one conformer to the next. It is even possible that the
interaction with residual water in the local environment
changes between the two conformers.

While the results in Table 4 are presented in terms of the y,
and y, angles of the side-chain conformers, it is to be borne in
mind that fitting line shapes and relaxation data can only yield
differences in angular values and not the absolute values. The
absolute values were obtained by varying the angles near the
rotamer library values, but there can still be a small degree of
degeneracy in the models as long as the best-fit differences in
the torsion angles are maintained. Furthermore, in Figure 3 we
provide a plot of the 4 surface for F7 (Figure 3a) and F14
(Figure 3b) in the vicinity of the best-fit y; and y, angles of
conformer 2, assuming the best-fit value of the angles for
conformer 1, to provide an idea of the degree of discrimination
between alternative models in the vicinity of the minima
provided in Table 4. It can be seen from that the y* surface for
F7 is more complicated than that for F14. However, the y*
value of the final choice of angles was ~1.5 times less (F7) and
~2 times (F14) less than that of the next lowest minimum.

4. DISCUSSION

We have shown that the motions of phenylalanine side chains
in the HAP-recognition domain of statherin (i.e, SN15) differ
significantly between the unbound and the surface-bound
states, indicating that the local free energy surface of the side
chain is modified from one sample condition to another. The
side-chain motions in the unbound state of SN1S are well fitted
by a model used in a number of previous studies of
phenylalanine ring motion in solid proteins, where a fraction
of the phenyl rings execute 180° flips, while the remaining rings
are prevented from undergoing motions faster than time scales
on the order of a millisecond (the longest time scale of
sensitivity for the deuterium line shape). Surprisingly, the HAP-
bound SNI15 peptide shows a flexibility greater than that of the
unbound SN15 with the entire side chain exchanging between
different conformers by rotations around the C,—C; and Cy—
C, bonds together with all the phenyl rings undergoing ring
180° flips. We explore below some aspects of the bound models
and construct a more complete physical picture of the
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Figure 3. »* plot as a function of the y; and y, angles of “conformer 2” from Table 4 assuming the best-fit values for “conformer 1”: (a) F7 and (b)
F14. The best-fit values displayed in Table 4 are marked by a red cross. The range explored for each angle is +30° from the best-fit values. The
spacing of the contours is not fixed, with the contours of the lower values of y* being more closely spaced than those of the higher values for the sake

of clarity.

dynamical state of the phenylalanine residues in the HAP-
bound peptide using previously published results in con-
junction with our own. We will also discuss how there are
similarities between the bound-state dynamics and solution-
state dynamics of phenylalanine side chains.

HAP-Bound Dynamics. As discussed in the Supporting
Information, the existence of a population of nonflipping
phenyl rings in some solid proteins has been attributed in the
literature to the packing of the molecules in conjunction with
coordinated water. However, the HAP-bound models no longer
require the invocation of such a population, indicating in the
environment of the HAP surface that all phenyl rings undergo 7
flips. Moreover, as seen from the simulation parameters, the
rate of this flipping increases significantly in going from the
unbound to the HAP-bound state.

Our study also finds that rotameric exchange motions
(within the range of rates explored here) of the C,—C; and
C;—C, bonds are properties only of the HAP-bound SN15
peptide. The process of iteratively fitting the ’H NMR line
shapes and relaxation times of HAP-bound SN1S5 to a rotameric
model is initialized by assigning rotameric populations found in
crystal-based rotameric libraries and then subsequently
modifying the populations using an annealing algorithm. In
support of using crystal-based rotamer libraries in a surface-
bound environment, we note that RosettaSurface. NMR utilizes
such rotamer libraries (see Supporting Information in Masica et
al.>") with subsequent side-chain repacking to simulate effects
imposed by the surface. This same strategy was used in a more
recent study by Masica, Gray, and co-workers®> where
RosettaSurface was used to design de novo six peptides
intended to bind to and alter the crystallization of calcite. All six
peptides dramatically affected calcite crystal growth (as
observed by scanning electron microscopy), and the effects
were dependent on the state of the {001} growth plane as
targeted by the algorithm. Moreover, rotamer libraries are
compendia of side chains in a wide variety of intrapeptide
environments which, taken together with an allowance for
deviation (at least +30° in the case of y; and an even greater
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range for j,), justifies the use of crystal-based rotameric libraries
in our analysis.

Interestingly, F7 exhibits a change in dynamics in the bound
state relative to the solid state, even though it was found to be
greater than 7 A away from the HAP surface (and thus lacking a
BC—3'p REDOR signal).** Clearly, this implies that some
change in the free energy landscape occurs even for F7: this is a
result either of a direct interaction of the phenyl ring with the
surface, or an indirect one, where the conformation and
orientation of the molecule as a whole is modified sufficiently to
change the immediate environment of F7, or some
combination thereof. As remarked with regard to the phenyl
ring flipping, the surface binding process may interrupt
networks of intermolecular and water molecule coordination,
resulting in modified dynamics even for residues distant from
the surface.

The models are also assumed to be the same across all
peptides in the sample. Given that the HAP surfaces in the
experiment were potentially heterogeneous, this assumption
could be called into question, especially for the HAP-proximal
F14. However, F14 REDOR data from Gibson et al.>¢ is well fit
by a distance that varies only by about 0.5 A, and while this may
still represent an average over rapidly exchanging positions of
the ring, it does not support a broad static distribution of ring—
surface distances. Any dynamic heterogeneity would have to
accord with this constraint on average distance. In addition, the
work of Masica et al. shows a binding preference for statherin
for three HAP crystal faces out of five tested, leading to a
further reduction in possible heterogeneity. While this still
allows for a certain degree of diversity in motion, we choose to
present a single model of motion in this paper as the simplest
possible explanation of the data.

It is helpful to examine the models used in this study in light
of other methodologies used to study HAP-bound SN15. Here
we compare the results of our *H NMR study to computational
modeling® and NEXAFS® studies of the orientations of these
same side chains for HAP-bound statherin and SN1S. The
orientations of phenylalanine side chains in the HAP
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recognition domain of statherin have been calculated by Masica
et al.® using a RosettaSurface algorithm (RosettaSurface NMR)
steered by ssNMR-derived structural constraints, and also
determined experimentally by Weidner and co-workers using
NEXAFS.®

Comparisons to Previous Studies. In the following
subsections, we try to provide consistent interpretations for our
results in light of those of three previous studies of
phenylalanine conformations and dynamics: (a) the Rosetta-
Surface NMR results of Masica et al.® for the full statherin
molecule; (b) the results of a NEXAFS study by Weidner et al.®
on SN15; (c) the solution NMR study of Bremi et al.** on the
decapeptide antamanide. The conclusions can be summarized
as follows: (i) the dynamics and conformation of F7 are
consistent with other surface-bound studies, with a great deal of
similarity to the solution studies, implying that for a
phenylalanine oriented away from the surface, the behavior is
both rotameric and similar to that in the solution state; (ii) the
dynamics and conformation of the more proximal F14 residue
differ somewhat between our results for SN1$ and those of the
computational studies of full statherin and the solution NMR
analysis, with our results showing a greater degree of
nonrotameric behavior; however, the intermediate strength
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binding of F14 to HAP (see Gibson et al. for discussion™®) still
seems to allow some similarities to solution conformers.

Comparison to RosettaSurface NMR Study. To compare
our results to those of Masica et al, we obtained the 100 lowest
energy structures of HAP-bound statherin from the authors of
the RosettaSurface NMR study. Histograms of the y; angles for
F7 and F14 residues of the 100 RosettaSurface NMR structures
are shown in Figure 4, parts a and b, respectively. In the case of
F7 the primary cluster of y, angles occurs in the range of 160°
to 210°, with a smaller cluster occurring in the range of 260° to
320° (Figure 4a). Upon overlaying the best-fit y; angles from
our analysis, we notice that the values we have obtained in our
*H NMR study fall within the values obtained from the analysis
of Masica et al. There is also a correlation between the relative
probabilities of finding the F7 y, angle within each of the
clusters, quantified by the number of structures in each cluster,
and the a priori populations observed for the two exchanging
conformers. For the F14 residue (Figure 4b), there are three
clusters of y, angles. While the highest population conformer
that we obtained (with y; = 273.6°) does indeed fall close to
the cluster peak, the second conformer falls somewhat outside
of the range of observed structural possibilities.

The comparisons of results for the y, angle (Figure S) follow
a similar pattern. For F7 (Figure Sa), the y, angles of the two
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Figure 6. Phenyl ring-plane distributions for the RosettaSurface. NMR structures overlaid with the values for the plane orientations obtained from the

NEXAFS study: (a) F7 distributions; (b) F14 distributions.

conformers fall near the primary cluster of the RosettaSurfa-
ce.NMR structures, but for F14 (Figure Sb) the conformer with
the lower population cannot be associated with any of the
RosettaSurface NMR  clusters. The primary reason for the
mismatch in the case of F14 is the difference in the proximities
of F14 to the HAP surface in the SN15 fragment and in the full
statherin molecule. On the basis of C{3'P} REDOR data
obtained for SN15 with '*C-labeled phenylalanine incorporated
at F7 and F14, Gibson et al.*® found that the phenyl ring of F14
is on the order of 4.5 A away from the phosphorus atoms on
the HAP. In a similar REDOR study of the entire statherin
protein adsorbed to HAP, Masica et al.® quote a value greater
than 7 A for the same distance. Gibson et al. state that there
was an observed fraying of the a-helical secondary structure
from residues 11—15 in the SN1S fragment which allows for
the closer approach of F14 to the surface; while Masica et al.
also observe a reduction in the helicity of the molecule in the
vicinity of F14, the absence of a termination at residue 15
means that the secondary structure of the full statherin
molecule prevents a similar close contact between F14 and
HAP. Thus, in statherin bound to HAP, both F7 and F14 are
distant from the surface, explaining why the positions of the
observed clustering of the y;, and y, angles in the
RosettaSurface NMR structures are very similar in value for
both F7 and F14 (even if the relative populations are different).

Comparison to the NEXAFS Study. Given that the
calculations in the current manuscript were carried out on
data that are powder-averaged, as well as the lack of
dependence of the dynamics simulation on the orientation of
the HAP surface, we did not build a global picture of the
orientation of the rings relative to the HAP normal. This means
that a direct comparison to the NEXAFS results of Weidner et
al.® is not possible. However, we can compare the orientations
of the 100 RosettaSurface NMR structures to the NEXAFS-
experimental values and subsequently use the partial corre-
spondence observed between our results and those based on
the 100 structures for the y, angles to tie together all three
analyses into one coherent picture. Essentially, we use the
backbone suggested by the RosettaSurface NMR structures for
the SN15 domain of statherin to compare our results to those
of Weidner et al.

Figure 6 shows the results of the NEXAFS experiment
overlaid on histograms for the orientations of the phenylalanine
ring-planes relative to the HAP-surface normal. Weidner et al.
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define the angle p as the angle between the normal to the ring
plane and the HAP surface normal and find values of p = 76°
for F7 and p = 61° for F14. Here we define the orientation of
the plane of the ring itself as (90° — p). As can be seen in
Figure 6a, the NEXAFS result for the F7 ring-plane orientation
very clearly matches the distribution of ring-plane orientations
from the 100 lowest-energy structures, with the NEXAFS value
lying on top of the highest population bin. The average
obtained over all 100 structures was 22.4° and so deviates from
the experimental value by over 8°. The results for F14 (Figure
6b) are a little more ambiguous. The distribution of
orientations across the 100 structures is broad, with a slight
excess for values close between 0° and 10°. The average over all
100 structures is 27.7°. Interestingly, the average in the case of
F14 is closer to the NEXAFS experimental value rather than the
magnitude of the highest population bin. We see two possible
explanations for the observed difference in the F7 and F14 data:
one, further sampling of structures may yield a preference for
orientations in F14 near 29°, indicating that both rings sample
favored ring-plane orientations; or, second, there is a genuine
difference in the behaviors of the two rings, with F7 being more
constrained to be in a particular orientation, and F14 sampling
a broad range of orientations that average to a value of 29°.

Given the fact that the proximal F14 in SNIS behaves
differently from the distant F14 in statherin, the conclusion that
we are clearly drawn to is that proximity to the surface can
greatly alter the potential energy landscape of phenylalanine
side chains. This is affirmed by observations of gas-phase
phenylalanine residues adsorbed on to various metallic
surfaces,>® where under conditions of strong binding the
phenylalanine residues prefer nonstatistical conformations to
maximize electronic overlapping.

Comparison of Phenylalanine Dynamics in Surface-
Bound and Solution States. There is an observed
correspondence between the results derived near the surface
(both in the current manuscript and in the RosettaSurfa-
ceNMR study) and those observed for phenylalanine side
chains in solution-state NMR studies of the decapeptide
antamanide (Bremi et al).** The distributions of the y, dihedral
angle exemplify this similarity well. Bremi et al. discuss two
different types of phenylalanine residues: one with a single peak
in the y, landscape, and one with three peaks. The residue with
a single peak prefers a conformation with a y; angle near —60°
(or ~300° using the conventions of our analysis here), whereas
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the residue with three peaks exchanges between y; orientations
near {—180° to —150°}, {—90° to —60°} and 60° (or {180° to
210°}, {270° to 300°} and 60° using our conventions).

This is similar to the cases of F7 and F14, with the
RosettaSurface. NMR clustering of F7 producing two peaks, and
that of F14 producing three peaks (Figure 4). The two peaks
for F7 and the three peaks for F14 occur in almost exactly the
same angular positions as those of the three-peak-residue in the
solution-state analysis.

There are a few possible explanations for this. The
correspondence seems to suggest that the restriction imposed
on the phenylalanine side chains by crystal packing is removed
near the surface by extrusion of the side chain into an almost
solution-like state of conformational freedom. The surface may
have a direct or indirect (secondary-structure-based) impact on
the distribution of conformers for F7 relative to those available
in solution, while allowing for the same geometry. This may
entail the increase of barrier size between possible conformers,
leading to two instead of three. In the F14 case, the solution-
state and RosettaSurface. NMR statherin conformers agree very
well, implying a great degree of conformational freedom at this
site in the HAP-bound compound. However, from the results
for SN1S reported in this manuscript, we see that there is some
degree of constraining of the motion due to proximity of F14 to
the surface in the fragment—HAP system. Thus, while weak or
no binding to the surface (F7) can mimic solution conditions,
stronger binding (F14) on the other hand seems to lead to an
intermediate situation where the conformational flexibility is
greater than that in crystal structures but less than that in
solution (fewer exchange partners).

The y, comparisons are a little more ambiguous: while the
solution distributions indicate differences in y, angles that are
separated by 180° flips, the statherin structures do not follow
suit. It is possible that the statherin structures have skewed flips
induced by surface adsorption, or that the RosettaSurface. NMR
structures represent average positions.

5. CONCLUSION

We have demonstrated that the dynamic behavior of phenyl-
alanine rings is modified from their unbound state versus when
they are bound to the HAP surface. In the unbound state, the
primary determinant of the line shape and relaxation times is
the 7 flip motion, with any further side-chain conformational
exchange occurring at a rate slower than that detectable
through the available experimental data. On the other hand,
fitting the line shapes and relaxation times for the HAP-bound
phenyl rings involved both a significantly faster 7 flip motion as
well as an exchange between different orientations of the C,—
Cy (1, dihedral angle) and C4—C, (y, dihedral angle) bonds.
There thus appears to be an increased flexibility of the side
chains of phenylalanine residues in the presence of certain
surfaces. Comparisons with computer simulations show
significant similarities, while simultaneously highlighting
interesting differences associated with truncation effects. This
is an indication of the need for a better understanding of the
modification of the potential energy surfaces of protein side
chains by proximal surfaces.
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