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CONSPECTUS

ature has evolved sophisticated strategies for engineering hard

tissues through the interaction of proteins, and ultimately cells,
with inorganic mineral phases. This process, called biomineralization, is
how living organisms transform inorganic materials such as hydrox-
yapatite, calcite, and silica into highly intricate and organized struc-
tures. The remarkable material properties of shell, bone, and teeth
come from the activities of proteins that function at the organic—inorganic
interface. A better understanding of the biomolecular mechanisms used to
promote or retard the formation of mineral-based structures could provide
important design principles for the development of cldfication inhibitors
and promoters in orthopedics, cardiology, urology, and dentistry. With the
knowledge of the structural basis for control of hard tissue growth by
proteins, scentists could potentially develop materials using biomimetic
prindples with applications in catalysis, biosensors, electronic devices, and chromatographic separations, to name a few. Additionally,
biomineralization also has potential applications in electronics, catalysis, magnetism, sensory devices, and mechanical design. Where
man-made hard materials require the use of extreme temperatures, high pressure, and pH, biological organisms can accomplish these
feats at ambient temperature and at physiological pH.

Despite the fact that many researchers want to identify and control the structure of proteins at material and biomineral
interfaces, there is a dedided lack of molecular-level structure information available for proteins at biomaterial interfaces in general. In
particular, this holds for mammalian proteins that directly control caldfication processes in hard tissue. The most fundamental questions
regarding the secondary and tertiary structures of proteins adsorbed to material surfaces, how proteins catalyze the formation of biomineral
composites, or how proteins interact at biomaterial interfaces remain unanswered. This is largely due to a lack of methods capable of
providing high-resolution structural information for proteins adsorbed to material surfaces under physiologically relevant conditions.

In this Account, we highlight recent work that is providing insight into the structure and crystal recognition mechanisms of a
salivary protein model system, as well as the structure and interactions of a peptide that catalyzes the formation of biosilica
composites. To develop a better understanding of the structure and interactions of proteins in biomaterials, we have used solid-
state NMR techniques to determine the molecular structure and dynamics of proteins and peptides adsorbed onto inorganic crystal
surfaces and embedded within biomineral composites. This work adds to the understanding of the structure and crystal recognition
mechanisms of an acidic human salivary phosphoprotein, statherin.

Introduction and Background

Biomineralization is the process by which living organisms
control the formation of inorganic materials like hydrox-
yapatite, calcite, and silica into highly intricate and orga-
nized structures." A better understanding of the biomole-
cular mechanisms used to promote or retard mineral growth
could provide important design principles for the develop-
ment of calcification inhibitors and promoters in orthopedics,

2136 = ACCOUNTS OF CHEMICAL RESEARCH = 2136-2144 = 2013 = Vol. 46, No. 9

cardiology, urology, and dentistry.> In addition to biomedical
applications, current interest in biomineralization also derives
from its potential applications in electronics, catalysis, mag-
netism, sensory devices, and mechanical design,*~ ' where in
contrast to anthropogenic synthesis of hard materials, which
requires extremes in temperature, pressure, and pH, biological
organisms accomplish impressive feats of hard tissue engj-
neering at ambient temperature and at physiological pH.
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FIGURE 1. ssNMR data used to constrain Rosetta simulations. (a) '>C signal decay (S/S,) from recoupling of the '*C—"°N dipolar couplings in a REDOR
experiment. (b) Graphic visualization of dipolar interaction parameters in the C(P33)—C(Y34)—N(Y38) spin triad. (¢) The contour plot of the parameter
12 (rep33)-niy3g) for fits to CN REDOR data as a function of the angle a. and the distance repss)_nyas) and (d) graph of the y(reyvza)nvas) function for fits
to CN REDOR data plotted as a function of internuclear distance. () '>C signal decay (S/So) from recoupling of the '>*C—"°F dipolar couplings in a
REDOR experiment. The fits to these decay curves are used to extract the structural parameters. (f) Dipolar coupling parameters in the C(P33)—
C(Y34)—F(P23) spin triad. Here, we denote the two carbons as C' and C” since they are indistinguishable in the '2C spectrum. Plots of the (g) y*(rc _rpa3)
function and (h) y2(rc'_gp23) function calculated from CF REDOR data plotted as a function of C—F distance.

In this Account, we discuss work that provides insight
into the structure and crystal recognition mechanisms of
an acidic human salivary phosphoprotein, statherin. In
addition, we will show ssNMR data that give us the first
molecular-level indication of how basic peptides derived
from the biosilicification protein silaffin direct biosilica com-
posite morphology.

Solid-State NMR Studies of Salivary Statherin
on HAP Crystal Surfaces

Statherin is a small 5.38 kDa phosphoprotein, and the only
salivary protein that has been found to inhibit both the
nucleation and the growth of hydroxyapatite (HAP).'>~'8
Statherin is expressed at its active length and post-transla-
tionally phosphorylated at serines 2 and 3.'° It is then
excreted by the sublingual and submaxillary salivary glands
where it travels to the mouth. Statherin is composed of 43
amino acid residues with primary sequence H,N-DpSpSE-
EKFLRRIGRFGYGYGPYQPVPEQPLYPQPYQPQYQQYTF-COOH.

In addition to two phosphoserines (i.e., pS) statherin con-
tains four aspartic/glutamic acid residues and four basic
amino acids, almost all of which occur close to the N-terminus.
Previous studies of statherin fragments by Nancollas and
co-workers?®?! showed that the N-terminal 15 amino
acid fragment (SN-15, HoN-DpSpSEEKFLRRIGRFG-COOH) is

essential for binding to HAP crystal surfaces. Removal of the
DpSpSE moiety (i.e., resulting in SN-11, EKFLRRIGRFG) re-
duces the HAP binding affinity by a factor of 4.5 compared
with SN-15. Mutation of both phosphoserines to simple
serine reduces the HAP binding affinity by a factor of almost
nine. Mutation from serine to aspartic acid restores the
binding affinity to 70% that of SN-15, indicating that the
phosphoserine residues and acidic amino acid side chains
are important for the binding of statherin to HAP. Initial
ssSNMR studies of HAP-bound statherin measured a number
of torsion angles and internuclear distances within the
N-terminal 15 amino acid segment of native statherin and
within the 15 amino acid SN-15 peptide. These data indicate
that the N-terminus HAP binding domain in HAP-adsorbed
statherin is an a-helix.*>~2* Subsequent solid-state NMR
studies of labeled HAP-bound statherin molecules yielded
measurements of backbone torsion angles (residues 33—34)
and i to (i + 4) carbonyl—amide distances (residues 34—38)
indicating that the C-terminus receptor site for bacterial
adhesion adopts an o-helical conformation on HAP crystal
surfaces.”” See Figure Ta—d.

To probe tertiary folding, we measured long-range dis-
tances between carbonyl carbons in the Cterminus
(residues 33—34) and a fluorine nucleus incorporated into
aproline ring (residue 23) showing that this motif closes back
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FIGURE 2. (A) Representative statherin structure on the 001 face of hydroxyapatite from the final phase of ssNMR-constrained RosettaSurface
refinement. Opacity represents statherin's molecular shape; ribbons represent regions of helical structure. (B) individual amino acid side chains within
the N-terminus that interact with the surface are shown as stick models with distances indicated between side chain '3C or '>N spins and 3'P surface

spins. Reproduced from ref 27. Copyright 2010 Elsevier.

onto the protein's proline-rich region (16—28) through a
series of backbone turns. These results elucidated the struc-
ture of the region in the protein that is recognized by
pathogens and provided data on the overall fold of the
protein when it binds to its natural solid substrate, hydroxy-
apatite. Some of these ssNMR data are summarized in
Figure 1e—h.

The total number of distances between nuclei within
statherin that reflect secondary and tertiary structure in the
HAP-bound protein together with distances between nucle-
ar spins in protein side chains to *'P spins in the HAP surface
that reflect surface proximity and orientation is insufficient
to fully constrain statherin's surface structure. However, the
body of ssNMR-derived structural measurements can be
used to guide a molecular modeling computation, which
provides an experimentally constrained model of the HAP-
bound structure of statherin. Professor Jeffrey Gray and co-
workers at Johns Hopkins University have developed a
novel algorithm (RosettaSurface.NMR) as part of the Rosetta
molecular modeling package for modeling the interactions
of proteins with HAP crystal surfaces (i.e., ref 26). The algo-
rithm uses experimentally derived ssNMR distance data
to guide calculation of the structure and orientation of
HAP-bound statherin. With this combined computational—
ssNMR approach, analysis was made at a sufficiently
high resolution to begin understanding residue- and atom-
specific contributions to the process of biomineralization
and hard tissue formation. Results of the RosettaSurface
calculation indicate that when adsorbed onto HAP crys-
tals, statherin has a stable C-terminal helix and a helical
N-terminal HAP-binding domain with a local helix axis
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oriented more or less perpendicular to the local surface
normal, see Figure 2A.

This domain interacts with the HAP surface via both basic
and acidic residues. Predicted by RosettaSurface*®~?2 and
confirmed by our ssNMR?%3° and calorimetric measure-
ments,33? of three acidic and two phosphoserines within
this binding helix, only pS3 and E5 interact directly with the
HAP surface, while basic residues K6, R9, R10, and perhaps
R13 interact directly with phosphate oxygen triad groups
within the HAP surface.?° 22 See Figure 2B.

To explore preferential face binding, RosettaSurface. NMR
calculations were performed on five stable HAP crystal faces:
001, 010, 101, and two differentially terminated 100 faces
(100-T1 and 100-T2), for a range of values of w, the para-
meter that weights sSNMR experimental constraints in the
Rosetta Surface energy functional. Resulting calculations,
shown in Figure 3, right, indicate significantly greater con-
gruency at three of five tested HAP crystal surfaces, suggest-
ing some specificity. One of the preferred faces is 001, the
kinetically favored growth plane of HAP*3~3° and a face to
which fluorescence microscopy experiments show HAP
regulation proteins like statherin adhere.3>

Our studies show that the basis for statherin's preferential
face binding is the complementarity between the patterns of
open phosphate oxygen triads (i.e., POTs) and the relative
positions of side chains in statherin's N-terminal binding
domain. Figure 3B—F delineate the smallest periodic pattern
of POT's used to determine on each HAP crystal face the
trends in Econstraint With w. POT patterns on the 001 and 010
faces best facilitate simultaneous binding of E5, K6, R9, and
R10. At the 100-T1 surface, binding via statherin's basic
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FIGURE 3. (A—G, left) Stable HAP crystal faces used to calculate statherin structures and binding specificity. (right) NMR constraint energy, Econstraint,
plotted as a function of weighting parameter w and HAP face. Reproduced from ref 27. Copyright 2010 Elsevier.

residues is preferred at the expense of binding via E5. The
101 surface has a unique POT geometry, whose dimensions
are larger than other surfaces used for these predictions.
Binding via basic residues and E5 are compromised at the
101 surface. The 100-T2 surface is identical to the 010
surface with the addition of a calcium atom deposited into
each phosphate cluster. Binding via E5 is among the best at
that the 100-T2 surface, but binding of basic residues is
disproportionately low at this surface.

Solid-State NMR Studies of Biosilicification
Peptides

Silica-based materials find numerous applications in insula-
tors, coatings, cosmetics, catalysis, and sensors>’~4° so
nature-inspired methods for controlled silica morphogensis
have been studied widely.*' Diatoms, a unicellular micro-
algae, take in silicon as silicic acid (Si(OH)4) and catalyze its
deposition as silica (SiO-), incorporating it into their cell walls,
which become a mixture of organic material and self-
produced silica. Proteins play an important role in the
regulation of silica formation in diatoms. One of the most
widely studied silica-regulating proteins is silaffin from the
species Cylindrotheca fusiformis.**~° It is hypothesized that
within the diatom, silaffins self-assemble into a matrix,
which serves as a template for silica deposition. In vitro
and in the absence of additional organizing components,
addition of silaffins to silicic acid solutions results in the
formation of silica nanospheres.*?

The primary structure of the silaffin protein has been
determined and displays a highly repetitive peptide se-
quence from residues 108 to 271, broken into homologous
repeats R1—R7. Particular focus has been paid to the R5
sequence (SSKKSGSYSGSKGSKRRIL) because this peptide

shows in vitro silica hanosphere formation activity that is
similar to the parent silaffin but occurs at neutral pH and
without the need for the post-translational modification of
serines and lysines.*” ~%° Elucidating the structure of R5
within a biosilica composite is a valuable step toward undet-
standing how small peptides direct the formation of silica
structures and thus mimic the behavior of biosilicification
proteins like silaffin. Here we demonstrate the use of solid-
state '>C two dimensional magic angle spinning (2D MAS)
NMR to probe directly structural features of the R5 peptide
within a biosilica composite.

Figure 4 displays a SEM image obtained from the pre-
cipitation of silica from a silicic acid solution in the presence
of the R5 peptide. The SEM images show that the silica
precipitates are approximately spherical with diameters of
500-750 nm. The size and morphologies of these particles
are consistent with those observed for precipitates formed
by native silaffin proteins.*? Spectrophotometric measure-
ments of the supernatant peptide solution along with gravi-
metric analysis of the resulting solid indicate that the
precipitates are typically 25—30% peptide by weight, also
in agreement with reported R5—silica composite composi-
tions reported in the literature.*®

Prior studies of surface-adsorbed biomineralization pro-
teins like statherin and amelogenin®’2%3959-53 were con-
ducted with standard solid-state NMR dipolar recoupling
pulse sequences applied as one-dimensional experiments.
The high abundance of R5 peptide within the biosilica
composite enables the efficient application of two-dimen-
sional ssNMR techniques based on '>C—"3C dipolar-assisted
rotational resonance (DARR). Using DARR one is able to
resolve and site specifically assign the '3C spectrum of R5
in silica containing up to three uniformly enriched amino
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FIGURE 4. SEM image of the R5—silica coprecipitates, showing the
formation of biosilica nanospheres with diameters of 500—750 nm.

acids, requiring the study of seven isotopically enriched
samples. With this approach virtually all the '3C and '°N
spins in R5 can be assigned in silica, whereas from the 1D '3C
MAS spectrum of R5, only a few of the '3CO peaks can be
unambiguously assigned. Although the line widths are typi-
cally in the 1—3 ppm range, the large number of resolved
cross-peaks allowed the average chemical shift to be deter-
mined to a much higher accuracy, typically 0.3—0.5 ppm.

Uniformly labeled '3C and >N enriched amino acids are
incorporated into the 19 amino acid R5 peptide via solid
phase synthesis. The labeled samples are precipitated from
silicic acid as a silica—R5 complex at 25 °Cand pH 7.0 in a
phosphate—citrate buffer. Two-dimensional ssNMR is per-
formed on the lyophilized neat peptide sample and the dried
biosilica composite sample. Dilution of the peptide within
the composite causes lower signal-to-noise of those samples
compared with the neat peptide samples. However, the
peptide '3C line widths are comparable for all samples. By
2D NMR methods, virtually all peaks in the R5 peptide and
composite samples are resolved and assigned.

Figure 5 depicts the supetimposed DARR spectra of the
neat and biosilica associated R5 peptide with the G10, S11,
and K12 residues uniformly enriched with 3C and "°N. A
small subset of cross-peaks are labeled and assigned to
demonstrate that all carbon resonances are resolved in the
2D spectrum. The solid vertical and horizontal lines in
Figure 5 delineate networks of dipolar-coupled '3C spins
via cross-peaks, which allows assignment of the NMR peaks
with known chemical shifts to specific '>C spins within the R5
peptide. The neat sample shows the 3Ca. of the lysine and
glycine and the '3Cg of the serine used to determine the
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FIGURE 5. ">C—"3C DARR spectrum of the R5 peptide SSKKSGSYSGSK-
GSKRRIL with uniformly enriched '*Cand "N amino acids incorporated
at positions G10,S11, and K12. The DARR spectra of the neat R5 peptide
and the biosilica incorporated peptide are superimposed to emphasize
chemical shift changes that occur due to conformational differences
between the free peptide and the peptide in the biosilica composite.

exact peaks of each residue's carbonyl (black inset.) Note
that the serine cross-peak indicated is the '3C8 to the
carbonyl, illustrating the through space contact of DARR. A
13Co contact for the serine carbonyl and a '3Cg to '*Ca
serine contact are also present in the cross-peaks but not
indicated explicitly in the figure.

The R5-biosilica composite sample is labeled to show
the differentiation of the lysine side chain. In the composite,
K12 showed less side chain '3C chemical shift dispersion
than for the same spins in the neat peptide. The shift
dispersion of K12 is less than the other lysine side chain
13C chemical shifts in the silica-associated peptide, which will
be discussed later. The backbone '3Ca has cross-peak con-
tacts with '3Cg, '3Cy, and '3Ce where 3CS and '3Cy are
stronger. '3Cg also interacts with '3Cy and '3Ce. '3Cy and
13Ce also show cross-peaks indicating interaction. The '3Co
peak is weak at this mixing time; therefore cross-peaks to
other side chain carbons do not appear in this spectrum.

Besides showing how the cross-peaks in a 2-D spectrum
help elucidate otherwise ambiguous chemical shift assign-
ments, this overlay also shows that there are perturbations
in the chemical shifts occurring at some of the '3C spins
within the silica-associated R5 peptide. The perturbations in
the chemical shift of the backbone '3C spins ('3CO, '3Ca,
13Cp), amide >N spins, and side chain '3C spins observed
when the R5 peptides is coprecipitated with silica from silicic
acid solution are shown in Figure 6. Because the histograms
indicate chemical shift changes (i.e., ACS) obtained by sub-
tracting the chemical shift of the 'C or '>N spin in the neat



10 15

'I'ﬁi— +.'l+'i!il

cO

|

"
CB I
JLLLI B
.I I+III-I-II

NH .l-

T i

1 5 10 15

Studies of Biomineralization Peptides and Proteins Roehrich and Drobny

5 ppm M Positive Change
M Negative Change
T 1ppm
3 4 12 15 18
- I
o™ &l
l . ! [
. + ! - N
l =5} —— + Ce
g
3 4 12 15 18

FIGURE 6. Perturbations of the chemical shifts of the '3CO, '3Ca, '3Cp, and "N amide nitrogen spins (left) and the side chain '3C spins (right) in R5
coprecipitated with silica referenced to the native peptide. The R5 sequence is SSKKSGSYSGSKGSKRRIL, and the horizontal numbers indicate residue
by sequential number. Blue bars indicate a positive change in shift, while red bars indicate a negative change.

peptide from the chemical shift of the same spin in the R5—
silica complex, a positive ACS indicates that the chemical
shift of a given spin has moved downfield, and a negative
ACS indicates an upfield shift. While no simple trend of shifts
for examining the secondary structure can be seen in the
table,>*>> significant perturbations in the chemical shifts of
the backbone carbons and nitrogen are observed. These
shifts are sensitive to the local environment backbone
conformation, so the observed perturbations indicate a
change of the backbone structure.

Figure 6 shows that the '>Cy, '3C9, and ">Ce spins of K3
are shifted upfield by several ppm in the R5—silica compo-
site compared with the neat peptide; however, other '3C
spins in other lysine side chains in the R5—silica complex do
not have large upfield shifts. Observed upfield '3C shifts by
the side chains in polylysine upon adsorption onto silica is
attributed to the proximity of the side chain 'C shift of lysine
to the negatively charged silica surface in '3C ssNMR
studies.>®~>8 This interaction has been also shown in ssNMR

dipolar recoupling®® and SFG>° studies via the positively
charged side chain functional groups, that is, the NH5™* group
of the lysine. Therefore, perturbations in the 13C chemical
shifts of the side chains are likely to indicate contacts with
silica.

The R16, R17, and I18 residues are also observed in
Figure 6 to have chemical shift perturbations in their side
chains. These residues fall into the C-terminal RRIL moiety,
indicating a change in environment for these residues. The
R16 chemical shifts of '3Cy, '3Co, and '3C¢ are moved
upfield upon coprecipitation by silica, while R17 and 118
show downfield changes in side chain '>C chemical shifts.
The '3C¢ of R17 is the exception. These perturbations are
more complicated than the lysine interaction. Studies of
silica precipitation by R5 mutants indicate the C-terminal
RRIL moiety is necessary for silica formation activity.*”#® R5
peptides with the RRIL moiety are observed by light scatter-
ing to form aggregates about 825 nm in diameter, and no
aggregates are observed without the RRIL moiety. It has
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been suggested that the pattern of arginine's positively
charged guanidium groups in proximity to the hydrophobic
leucine and isoleucine residues are likely involved in the
micelle-like self-assembly.?°

The pattern of chemical shift changes observed in R5 and
portrayed in Figure 6 may therefore result from the forma-
tion of micellar-like peptide aggregates where positively
charged amino acid side chains near the peptide N-terminus
are exposed at the surface of the aggregate and interact with
the surrounding silica matrix. This being the case, the side
chain of K3 would dearly be most affected, K4 shows less
significant perturbations, while K12 and K15 are buried within
the aggregate and are removed from the silica matrix. The RRIL
chemical shifts are likely due to the effect of peptide—peptide
interactions, which are the basis for aggregate formation.

Figure 6 also shows that numerous chemical shift
changes occur for the '>NH, '3CO, '3Co, and '3Cp spins
throughout the R5 peptide upon formation of biosilica
composites. Interpretation of these chemical shift changes
is potentially complicated by the fact that the backbone '3C
chemical shifts are sensitive to conformational changes.
However, given that biosilica composite formation is only
observed in the presence of peptide aggregates and given
that the orientation of the peptides in these aggregates likely
leaves amino acid side chains beyond K3 largely removed
from the silica matrix, we assume the backbone '3C chemi-
cal shift changes observed beyond K3 are largely due to
conformational changes.>®>8

The self-assembly of peptides within biosilica-based
nanostructures is widely studied.®®~®2 Here we have shown
how solid-state NMR can probe the structures of peptides
within the biosilica composites, as well as the interaction
between the peptide side chain and the mineral phase. In
addition to work shown here, ">N—2°Si REDOR used to
quantify the proximity of the peptide to the silica phase®*
and secondary structure of the R5 peptide in silica determi-
nation are currently being explored. Further ssSNMR studies
will consider the nature of peptide assembly and its role in
silica morphogenesis.

Conclusions

In this Account, we have shown how solid-state NMR tech-
niques can provide information on the structure of proteins
and peptides within biomineral composites together with
information on protein—inorganic interactions to the level
of atomic detail. Such information provides a clear picture of
how proteins regulate the formation of these biomineral
composites. In the case of statherin adsorbed onto HAP
2142 = ACCOUNTS OF CHEMICAL RESEARCH
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crystal surfaces, direct measurements of distances between
3C and "°N spins within the protein yield constraints for
computational modeling of statherin's HAP-bound structure.
Direct measurement of distances between nuclear spins in
amino acid side chains of statherin and 3'P spins in the HAP
surface, provide information on statherin's surface orienta-
tion and the basis for its face-selective binding. Chemical
shift measurements obtained by two-dimensional sSNMR
spectroscopic studies similarly provide information on the
nature of peptide aggregates that provide templates for
biosilica morphogenesis.

Further work is required to determine the extent to which
the protein—mineral interactions derived from solid-state
NMR studies of statherin—HAP and R5-silica composites
varies for other protein—biomineral composites. Besides
statherin the only other structure of a HAP-bound protein
obtained to date is the ssNMR-derived structure of HAP-
bound amelogenin, which plays an important role in the
formation of tooth enamel.>! In contrast to statherin, which
has a well-structured helical HAP-binding domain and dis-
plays a high degree of face binding specificity, amelogenin
has a high degree of structural dispersion on HAP to max-
imize surface coverage and somewhat less face binding
specificity. With the two known structures for HAP binding
proteins differing to such a significant degree, it is clear that
more structures of surface-bound proteins need to be de-
termined before a complete picture can emerge on how
acidic proteins regulate HAP growth.

Solid-state NMR studies described here for biosilicification
peptides mainly focused on studies of secondary structure in
silica, but ssSNMR methods are ideally suited to determining
the structures of protein assemblies. To augment the quali-
tative chemical shift information presently in Figure 6,
13C—-29j and ">N—2°Si REDOR experiments can be used to
define quantitatively the interactions of the surrounding
silica matrix with R5 peptide side chains. Dipolar recoupling
ssNMR techniques applied to selectively '>C-enriched pep-
tides are widely used to determine the nature of protein
assemblies in amyloid fibrils®® and can be similarly applied
to R5 peptides in silica matrices to determine the nature of
protein aggregates in silica. Promising subjects for future
ssNMR studies are silica-forming peptides whose mode of
activity seems to differ from silaffins. An example is a class of
silica-forming peptides called silacidins.®® Although the RRIL
moiety appears necessary for R5 self-assembly, which in
turn is required for silica morphogensis, the direct role of such
arginine-containing repeats has been questioned in the
context of the precipitation of silica by silacidins. WenzI



and co-workers®® have shown that similar RRL repeats in
silacidins act as linkers between otherwise polyanionic pep-
tides. They propose that the linkers are removed to render
completely anionic chains, which can bind polyamines. It is
these complexes that are proposed to template silica. An-
other very promising direction for future exploration is the
use of solid-state NMR to determine the role of protein
assemblies in the formation of nanostructures based on
nonbiological materials including TiO,, GeO,. Thus we are
poised to apply ssNMR techniques to elucidate the structure
of proteins in both naturally occurring biological composites
as well as nonbiological nanostructures prepared using
biologically inspired strategies.
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User Facility, a member of the NSF National Nanotechnology
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