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Abstract: Macromolecules are a minority but important component of the minerals formed by living
organisms, or biominerals. The role these macromolecules play at the early stages of biomineral formation,
as well as their long-term and long-range effects on the mature biomineral, is poorly understood. A 42-
amino acid peptide, asp2, was derived from the Asprich family of proteins. In this study we present X-ray
absorption near-edge structure spectroscopy and X-ray photoelectron emission microscopy data from the
asp2 peptide, the calcite (CaCO3) crystals, and the peptide + crystal composites. The results clearly show
that asp2 is occluded in fully formed biomineral crystals and slightly but permanently disorders the crystal
structure at short- and long-range distances.

Introduction

Biominerals are composites of organic molecules and minerals
that serve a variety of functions in different organisms. Despite
the small percentage of organics (0.1-5 wt %1,2), biomineral
composites have vastly different materials properties compared
to their geologic counterparts. In the past 2 years, several
unexpected observations have been reported: the existence of
prenucleation clusters in calcium and carbonate solutions,3

organic-mineral templation at the nanoscale,4 multiple amor-
phous precursor phases,5 the effect of organic molecules on Mg/
Ca concentration ratios,6 and lamellar self-assembly of a single
peptide and aragonite resembling natural nacre.7 All this work
addressed the possible steps that occur during the dynamic
process of biomineral formation; however, the role played by
organic molecules in the process remains elusive.

The molecular-scale interaction between the organic and the
mineral components throughout biomineral formation is key to
understanding the formation mechanism of biomineral com-
posites. Due to the complexity of biomineralizing organisms,
it is extremely difficult or impossible to identify individual

participants and events during biomineralization. A tractable
alternative is to use a limited number of key components under
controlled conditions and to examine the formation of model
biominerals in the laboratory. While model biomineral systems
convey limited information due to their inherent simplicity, such
systems have been shown to provide much-needed insight into
the roles organic molecules play in stabilizing amorphous
calcium carbonate (ACC),6,8,9 in polymorph selection,10-12 in
crystal growth inhibition,13-15 and more.

Here we examine the role of the organic-mineral interaction
during and after the biomineral formation process in a model
biomineral system. Many recent studies have highlighted the
importance of acidic amino acids in enabling the organic-mineral
interaction.16,17 One family of seven proteins, Asprich a-g
(Figure S1, Supporting Information), extracted from the pris-
matic layer of Atrina rigida shell, was found to have a highly
acidic, conserved, 42-amino acid domain at its C-terminus,18
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termed asp2, as shown in Figure 1. Our model biomineral system
consists of the initial growth of a seed calcite crystal and
subsequent overgrowth of calcite in the presence of asp2. This
overgrowth strategy enables the simultaneous analysis of the
inner control crystal and the model composite biomineral on
the outer zone of the same crystal, thus providing a unique
opportunity to quantitatively compare the inner and outer zones,
and thereby establish the effect asp2 has on calcite crystal
growth.

To examine the molecular-scale interactions between the
organic and mineral components, we used X-ray absorption
near-edge structure (XANES) spectroscopy and X-ray pho-
toelectron emission microscopy (X-PEEM), which provide
spatial resolution and information about the electronic and
molecular structure in the immediate vicinity of the atoms
probed spectroscopically. The use of XANES and X-PEEM
on model overgrown biominerals directly addresses several
questions: whether and how the organic molecule is incor-
porated in the forming crystal, how the mineral and the
organic molecule affect one other, and whether and how
the interactions at the organic-mineral interface change at
the onset and during the course of biomineral formation, that
is, how they evolve in the outer zone as a function of distance
from the inner zone.

Results

The crystal inner zone was grown from a 10 mM CaCl2
solution and ammonium carbonate diffusion. The outer zone is
the result of overgrowth from the same solution, to which asp2
was added to a final concentration of 100 µM. The calcite + asp2
growth resulted again from ammonium carbonate diffusion. The
final two-zone crystals were embedded in epoxy and polished
until the crystal section could be observed with visible light
microscopy (VLM), as shown in Figures S2 and S8 (Supporting
Information). This preparation made both the inner and outer
zones of each crystal accessible to X-PEEM/XANES spectros-
copy. Comparison of carbon, oxygen, and calcium spectra of
the inner and outer zones of the crystals shows clear and
dramatic spectral differences, due to the interaction of the
organic and the mineral components. We examined a total of
25 crystals from two different crystal growths with X-PEEM
and 75 crystals with VLM; the spectra, sizes, and shapes were
consistent with those presented in Figures 2 and S2.

In the carbon K-edge spectrum (Figure 2A), the asp2 peptide
exhibits peaks well-known to be associated with organics: a
strong π* peak at 288.2 eV associated with the CdO amide
and carboxylate bonds and a weak σ* peak at 287.2 eV
associated with the C-H bond.19 The carbon spectrum from
the inner control crystal has peaks well-known to be associated
with calcium carbonates, namely, a π* peak at 290.3 eV and a
series of three σ* post-edge peaks at 295.5, 298.4, and 301.5

eV that are all associated with the CO carbonate bond.17,20 The
control crystal spectrum also exhibits peaks at 288 and 287 eV,
which are consistently observed in calcite and aragonite17,20 but
have not yet been assigned. Notice that the outer-zone carbon
spectrum reveals a distinctly different line shape compared to
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Figure 1. Sequence of the Asprich fragment 2 (asp2) peptide.48 This
sequence is the C-terminus domain in all Asprich proteins a-g (Figure S1,
Supporting Information).18 Asp2 is highly acidic, containing 23 acidic amino
acids, Asp (D) and Glu (E), highlighted in red, out of the total 42 amino
acids.

Figure 2. Spectra extracted from the asp2 peptide (magenta), the calcite
crystal (inner zone, blue), and the overgrown calcite + asp2 composite
crystal (outer zone, green). The inner zone represents a control calcite crystal,
grown in solution with no additives, while the outer zone is the model
biomineral composite of calcite and occluded asp2 peptide. The regions
from which the spectra were extracted are shown in Figure S7 (Supporting
Information). (A) Comparison of outer-zone carbon K-edge XANES
spectrum to the inner-zone and asp2 peptide spectra. Spectra extracted from
regions throughout the outer zone (not shown) exhibit no spectroscopic
differences. Organic peaks are shown by vertical lines in magenta; carbonate
peaks are shown by vertical lines in black. Quantitative peak-fitting results
can be found in Figure S3 and Table S1 (Supporting Information). (B)
Oxygen K-edge XANES spectrum extracted from the outer zone of the
crystal compared to the crystal inner zone and peptide spectra. Once again,
organic peaks are highlighted by magenta vertical lines and carbonate peaks
by black vertical lines. Quantitative spectral differences are highlighted by
peak fitting, shown in Figure S4 and Table S2 (Supporting Information).
From the intensity of peak 1 in Figure S4B, we can estimate the amount of
asp2 in the outer zone. (C) Un-normalized calcium L-edge XANES spectra
from the inner and outer zones show a decrease in Ca concentration in the
composite outer zone. Unexpectedly, the peptide also exhibits a low-intensity
calcium signal, most likely from solution contamination, which demonstrates
the peptide’s strong affinity for calcium binding; this spectrum is dramati-
cally different from the other two, with noticeable peak 2 and peak 4 lower
intensity and energy splitting from peaks 1 and 3. The three spectra were
divided by the background but not normalized in intensity. They were
overlapped to the same baseline intensity here for a visual comparison of
their different intensities. (D) Inner- and outer-zone calcium L-edge XANES
spectra, normalized to have intensity 1 at peak 1. This comparison highlights
the small differences in all peak widths, which are broader in the outer
zone. Correspondingly, the dips between the L2 peaks (peaks 1 and 2) and
the L3 peaks (peaks 3 and 4) are less deep. Because of the larger separation
in energy of peaks 2 and 3, the depth of the dip between them is unchanged.
Quantitative parameters from peak fitting can be found in Figure S5 and
Table S3 (Supporting Information).
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what would be expected from a simple linear combination of
control calcite crystal (inner zone) and asp2 (Figure S6,
Supporting Information). Specifically, the outer-zone spectrum
shows a decrease in the intensity of the carbonate peaks
compared to the control crystal, an increase in the C-H peak
compared to both the asp2 peptide and control crystal, and the
appearance of a π* peak at 285 eV that is known to be
associated with CdC bonds in amino acids.19

Similarly, the oxygen K-edge spectrum of the outer zone
(Figure 2B) is different from the asp2 peptide spectrum, the
inner-zone spectrum, or a linear combination of the two (Figure
S6). The asp2 peptide spectrum contains two π* peaks, located
at 532.5 and 534.6 eV, which are associated with the oxygen
atoms in the amide and the carboxylate bonds, respectively,21

and a broad post-edge hump. The spectrum of the inner-zone
control crystal consists of a π* peak at 534 eV, a post-edge
hump, and three prominent σ* peaks at 540.6, 542.2, and 545
eV, all assigned to the oxygen in the CO carbonate bond. As
observed for carbon, in the outer zone the carbonate oxygen
peaks decrease in magnitude compared to the inner zone. In
addition, upon peptide-mineral binding, a small π* peak
associated with the amide bond in the asp2 peptide appears in
the spectrum of the outer zone. Consistent with its much smaller
amplitude in asp2, the π* carboxylate peak does not appear in
the outer zone. The amplitude of the small amide peak (peak 1
in Figure S4 and Table S2, Supporting Information) is 3% of
that in the pure asp2. This indicates that 3% of the oxygen atoms
present in a probed voxel (3 nm deep, 200 nm × 200 nm wide)
are in an asp2 peptide. With simple algebra, this result is
converted to the statement that there are 2 mmol of asp2 per
mole of calcite in the composite outer zone. This corresponds
to 9.2 wt % asp2 in calcite.

The spectral changes in the calcium spectrum are small in
magnitude but are nonetheless significant. In Figure 2C, the un-
normalized calcium L-edge XANES spectra of the asp2 peptide,
inner zone, and outer zone are reported. In these spectra the
peak intensities are directly proportional to the Ca concentration
in each sample. While the asp2 peptide should, in theory, have
no calcium, the spectrum shows that there is a calcium signal.
The presence of calcium in the asp2 peptide indicates calcium
contamination of one of the solutions during peptide synthesis.
However, the amount of calcium in the asp2 peptide is
significantly smaller than that in the inner-zone and outer-zone
crystals. As shown in Figure 2C, comparison of the inner- and
outer-zone calcium spectra shows that both inner and outer zones
are calcite5,7,22,23 and the outer zone has a lower concentration
of calcium than the inner zone. In Figure 2D we present the
normalized spectra from the inner and outer zones of the crystal.
There is slight broadening of all peaks in the outer zone, which
is due to greater disorder in the CaO bonds.24

Component analysis was done for Ca spectra, and the
resulting component maps are shown in Figure 3. In these maps
two spectral components were selected: the inner- and outer-

zone spectra presented in Figure 2D. Component maps were
produced using the Gilbert group (GG) macros, a set of XANES
spectromicroscopy analysis code written by our group for IGOR
Pro, available free to interested researchers.25 Stacks of X-PEEM
images were collected while scanning the photon energy across
the Ca L-edge. Thus, each pixel contains the full XANES
spectrum. A linear combination of the two component spectra
is calculated, enabling energy shifts, to best-fit each pixel
spectrum, and then the proportion of each component is
displayed in a different color (see Figure 3 labels) and combined
according to the additive color mixing rules.26 The component
map of Figure 3 shows that the outer zone of the crystal is
spatially distinct from the inner zone of the crystal, therefore
confirming that the spectrum from the outer zone is spectro-
scopically distinct from the inner-zone spectrum. Specifically,
notice that the outer zone of the crystal forms a thick border
around the inner zone, indicating that each pixel of the crystal
grown in the presence of asp2 exhibits a modified spectrum
representative of an organic-mineral interaction and that the
results presented in Figure 2 are extremely consistent and
statistically representative of the entire model biomineral. The
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Figure 3. Component map of the inner and outer zones. This map was
obtained by best-fitting the spectrum from each pixel with two spectral
components: the Ca spectrum from the inner (blue) and the outer (green)
zones, respectively. The component map shows a sharp separation between
the inner and outer zones and no mixing of the two (cyan). Further evidence
of spectroscopic differences in the inner and outer zones is presented in
Figure S2 (Supporting Information).
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Ca components map shows an abrupt and sharp separation of
the inner and the outer zones. The absence of cyan pixels in
Figure 3 indicates that no mixture of the green and blue
components is present at the 200-nm pixel resolution of this
map.

To further explore the interaction of the asp2 peptide with
calcium carbonate during the early stages of crystal formation,
we performed molecular dynamics simulations at an elevated
calcium carbonate concentration and at a temperature of 300
K.27 Simulating the entire 42-residue peptide would be very
computationally expensive; thus, we modeled a five-residue
portion of the sequence, DEADA, which is repeated three times
in asp2. This portion was terminated using an acetyl group at
its N-terminus and an N-methyl group at its C-terminus. This
DEADA peptide was placed in a box of 6985 water molecules
along with 32 randomly distributed calcium ions and 32
randomly distributed carbonate ions s a concentration of 0.251
mol/L. Figure 4 shows that amorphous calcium carbonate
clusters form during the simulation, as was seen in the absence
of peptides in ref 27, and that these CaCO3 amorphous clusters
attach themselves to the peptide. This suggests that the peptide
binds strongly to prenucleation clusters.

Discussion

The data of Figures 2 and 3 provide clear evidence that the
asp2 peptide is occluded in the fully formed mineral and
quantitative information on the organic-mineral interaction
within the biomineral. Specifically, the presence of a small CdO
amide peak in the O spectrum of the outer zone (Figure S4B,
Supporting Information) can only be assigned to a small
concentration of peptide in this overgrown model biomineral.
Oxygen spectra from pure calcite do not show this peak.
Similarly, the concentration of Ca in the outer zone is
significantly lower than in the inner zone, yet the calcium
spectrum is clearly similar to that of calcite.5,7,22,23 The only
possible explanation for a decreased “calcite calcium” density
in a calcite crystal is the presence of another non-calcite
component, and this can only be asp2.

The occlusion of organic molecules has been previously
observed in natural biominerals, such as the LSM34 protein

occluded in calcitic sea urchin spicules,28 the unidentified
proteins in mollusk shell nacre and prismatic crystals,29-31 or
the protein occluded in a model sea urchin skeleton biomineral
system.32 However, the work presented here is the first direct
evidence of occlusion inside a model, polished, mollusk shell
biomineral. Examination of the polished crystal cross-section
provides the unique capability of examining the bulk of the
crystal, rather than the surface, as is done in scanning electron
microscopy (SEM) or fluorescence experiments.

Furthermore, there is unequivocal evidence for peptide-mineral
binding in C spectra of the outer zone. It is important to note
that chemical bonds are formed between the asp2 peptide and
the mineral crystal; the peptide is not simply trapped within
the mineral and therefore only physically present s it is
chemically interacting. The C-H bond peak in the outer-zone
carbon spectrum increases in magnitude in comparison to that
in the inner-zone carbon spectrum. The majority of C-H bonds
are in amino acid side chains, and one C-H per amino acid is
in the main chain of proteins and peptides, at the CR location.
In solution the asp2 peptide is unstructured and its conformation
is labile;33 thus, both the side chains and the main chain of the
asp2 peptide are disordered. In XANES spectroscopy, a higher
and narrower peak corresponds to a more ordered system, in
which all similar bonds are aligned. It is possible, as suggested
by Metzler et al.,17 that the C-H peak enhancement results from
an increase in order of the peptide side chains. It is also possible,
and perhaps more likely, that the CR-H bonds on the main chain
become more co-oriented after mineral binding, as was shown
for statherin.34,35 Although we do not know which C-H bonds
are ordering, we do know with certainty that, after peptide-
mineral binding, the peptide restructures and acquires a more
ordered secondary structure. The carbon spectra are consistent
throughout the outer zone, including the outer surface of the
crystal, indicating that the structures of the surface-bound peptide
and occluded-bound peptide must be similar. A recent study
by He et al. found that structural ordering occurs when the dental
matrix protein 1 (DMP1), which is present in the mineralized
matrix of bone and dentin, binds calcium, changing from a
random coil to a �-sheet, resulting in greater alignment of the
CR-H bonds on the main chain.36

In addition, the decreased intensity of the carbonate CO
bonds’ peaks in C and O spectra can only be interpreted as a
disruption of CO carbonate bonds’ co-orientation in the crystal
when peptides are occluded. Note that this intensity decrease
is on the order of 10-30% for the various peaks (see Table S2,
Supporting Information) and cannot correspond to an overall
decrease in calcite density, which is on the order of 9%. The
decrease in CO peaks intensity, therefore, must originate from
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Figure 4. Cluster sizes that are present in solution as a function of
simulation time. Black lines are those clusters that have one atom within 5
Å of one of the atoms in the peptide, and gray lines are those that are
farther away.
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a 10-30% lower number of co-oriented CO bonds, and not
only from a 3% lower number of overall CO bonds, however
oriented.

An important conclusion is that the modifications to the
crystal structure resulting from the interaction with the peptide
occur not only at the beginning of the peptide-crystal interac-
tion, that is, at the onset of biomineralization, but also continue
later on, in the mature biomineral. The changes in the crystal
electronic structure are permanent.

In Ca spectra, the observed decrease in the depth of the dips
between all peaks further supports the conclusion that the
interaction with the peptide disrupts the crystal structure and
ordering. The energy regions of peaks 2 and 4 in calcium
spectroscopy are affected by the crystal field, which originates
from the symmetry of atoms surrounding the calcium atom:24,37

a symmetry-altering peptide-mineral interaction would result
in a change in energy position or intensity of peaks 2 and 4,
which is not observed. We conclude, therefore, that the
peptide-mineral interaction does not alter the calcite octahedral
symmetry, and the Ca coordination remains 6 in biomineral
calcite, synthetic or biogenic.5

The Ca spectra show slight peak broadening, which is
consistent across all main Ca spectral features (see peak widths
of peaks 1-4 in Table S3, Supporting Information). This
broadening results in a less deep dip between nearby peaks 1
and 2, and peaks 3 and 4. Although this decrease in dip depth
was not previously reported in biominerals at the Ca L-edge,
in FeOOH minerals such lowering of dip depth in Fe L-edge
spectra was directly associated with a decrease in crystalline
long-range order, as detected by X-ray diffraction.38 Since
XANES spectroscopy is most sensitive to the first and second
atomic shells surrounding the atom under analysis,39 and all
peak widths are affected, not just the crystal field peaks at the
Ca L-edge, we conclude that the peak broadening observed here
is due to disruption of short-range order. In this article short-
range is defined as within 15 Å of the probed atom, as previously
determined by Farges et al.40

Long-range order disruption in natural biomineral systems
resulting from the presence of organic molecules within the
biomineral was previously reported in several high-resolution
X-ray diffraction studies.29-31 Here we provide a direct,
simultaneous, and quantitative analysis of short-range order
disruption on the same crystal; such short-range order disruption
has previously only been observed in biogenic aragonite.41

We note that the crystalline order observed by XANES at
the Ca L-edge in the synthetic calcite biomineral here, or in
biogenic calcites previously studied,5 is not as pronounced as
in pure calcite. Evidently, proteins and peptides may affect the
crystal electronic structure at the short-range, as observed here,
at the medium-range, as detected by the crystal field peaks,5

and at the long-range, as detected by diffraction in diverse
biominerals.

The peptide is observed here to have a short-range effect.
This effect is not limited to the time and location of

peptide-mineral interaction during biomineral formation but
persists everywhere across the biomineral and is permanent in
time once the mineral is formed. This observation raises an
important question: How does the short-range disorder detected
here propagate to long-range distances?

The small concentration of peptide occluded in the biomineral
(9.2 wt %), which is slightly higher than other natural biom-
inerals, suggests a long-range effect. The solution to the puzzle
lies in the asp2 peptide interaction with ions in solution and
prenucleation clusters of CaCO3. The Cölfen group showed that
small clusters of calcium carbonates form in solution.3 Molecular
dynamics simulations by the Parrinello group showed that free
calcium and carbonate ions in solution quickly combine to form
calcium carbonate nanoclusters, and that the growth of these
amorphous nanoparticles is essentially diffusion-controlled.27,42

In addition, they showed that when these clusters are small (three
or four ions) they have a chain-like structure, and that with
further growth they become globular. In a separate study, they
also showed that these ions bind strongly to carboxylate
groups.43 The simulations of Figure 4 suggest that the asp2
peptide binds strongly to prenucleation clusters. The Sommerdijk
group showed experimentally that such small clusters in the
proximity of templating organic molecules aggregate to form
clusters of ACC up to a critical size and subsequently crystal-
lize.4

All these recent results, combined with the present observation
that asp2 is occluded into the crystal and significantly and
permanently affects the crystal electronic structure at the short-
range, concur and suggest the model for the early stages of
biomineral formation presented in Figure 5. In this model the
asp2 peptide binds to the ions and prenucleation clusters in the
CaCO3 growth solution rather than binding directly to the surface
of the seed crystal. As shown by the imperfect crystalline order
in Figure 5, strain, distortions, and disorder may persist on a
scale much greater than a few unit cells, as the crystal growth
is epitaxial (step 8) on a strained and distorted substrate, even
far away from the peptide. The cartoon in Figure 5 explains
how a small concentration of peptide can affect the structure of
the entire crystal, as observed in many biominerals.29-31 Future
spectroscopy and diffraction experiments, and more-detailed
simulations, based on atomistic molecular dynamics of the early
stages of biomineral formation will confirm or refute this cartoon
model.

In conclusion, we present spectromicroscopy data clearly
showing that the asp2 peptide is occluded in the fully formed
calcite + asp2 biomineral composite. Asp2 permanently disrupts
short-range order in the composite biomineral. Further epitaxial
growth preserves the disordered structure induced by just a few
organic molecules.

Materials and Methods

Extensive experimental details are provided in the Supporting
Information. We briefly describe here the sample growth, X-PEEM
experiment, and data analysis procedures.

In Vitro Mineralization. In Vitro calcium carbonate growth was
done in 10 mM CaCl2 solutions, exposed to ammonium carbonate
[(NH4)2CO3] vapors. The control seed crystal was grown for 24 h
in the absence of asp2. At the conclusion of growth, the crystals
were removed from the growth solution, washed with calcium
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carbonate-saturated methanol, and air-dried. Half of the crystals
were placed in a growth solution containing 10 mM CaCl2 and
100 µM asp2, while the remaining crystals were placed in the
control 10 mM CaCl2 growth solution, and allowed to grow for
24 h. A total of 75 crystals were examined with visible light
microscopy (VLM), and all revealed an overgrowth layer, which
was not observed in the controls. The dimensions of the overgrown
asp2 + calcite and overgrown calcite (control) samples were
consistently comparable. More crystal images are presented in
Figures S2 and S8 (Supporting Information).

X-PEEM. Overgrowth crystals were embedded in epoxy,
polished, and Pt-coated for X-PEEM analysis on the SPHINX
microscope as described in ref 44. In an X-PEEM experiment, the
sample is imaged while scanning the illuminating photon energy.
Therefore, each pixel in the image contains the full XANES
spectrum across the C K-edge, O K-edge, and Ca L-edge. XANES
spectroscopy is sensitive to the electronic structure surrounding the
atom under analysis (C, O, or Ca in this work) and provides
information on the presence and chemical state of elements in the
sample, including relative concentration and crystal structure.

X-PEEM spatial resolution can go down to 10 nm,45 although for
spectral analysis the pixel size is usually larger (20 nm or greater)
to reduce experimental noise.46,47 In the present work the pixel
size was 200 nm.

X-PEEM Data Processing. All data processing was done in
Igor Pro using GG macros.25 Individual spectra were extracted from
selected regions of interest (Figure S7, Supporting Information) and
normalized to a pre-edge linear background for calcium or a
simultaneously acquired background for carbon and oxygen.
Background removal was done simultaneously for both the inner
and outer zones of the crystal, with the same background spectrum
removed from each spectrum, to ensure reliability and eliminate
the possibility that the observed spectral variations might be caused
by normalization. All carbon and oxygen spectra were intensity-
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Figure 5. Schematic diagram of the early stages of biomineralization. Asp2 continuously changes conformation in solution, and it has 23 negatively charged
residues, exposing their COO- groups to solution (red). Step 1: COO- forms ionic bonds with Ca2+ ions in solution, while other small clusters of ions appear
and disappear in solution, independent of the peptide, and away from it. Step 2: Peptide-bound Ca+ ions attract more ions and clusters of ions from the
solution. These are short peptide-stabilized CaCO3 chains. Step 3: More ions and clusters from solution join the aggregate and form globular structures.
Further aggregation of CaCO3 molecules and prenucleation clusters (steps 4 and 5) eventually reach a critical size (step 6) and start ordering into an intermediate
disordered aggregate, which gradually excludes water. Step 7: The aggregate gradually becomes more ordered as more water is excluded. Step 8: The
aggregate is now in its final crystalline structure and continues to grow at the expense of more ions and clusters from solution. The crystalline order observed
is not perfect, as it would be in the absence of the peptide.
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normalized so the pre-edge was 0 and the post-edge was 1; intensity-
normalized Ca spectra were also set to a 0 pre-edge and the 352.6
eV peak to 1. After normalization, peak fitting was done to quantify
the spectral differences between the inner and outer zones, with
Gaussian or Voigt curves used for the spectral peaks and arctangents
for the ionization potentials.39 The choice of Gaussian versus Voigt
depends on the specific peak being fitted and its line shape. During
peak fitting we start with Gaussian curves for all peaks; if the fit
residue shows a large discrepancy of the fit to the left and right of
a peak, we try choosing a Voigt line shape instead, which is a linear
combination of a Gaussian and a Lorentzian, which has more
intensity on its tails. The experimental line shape of a peak depends
on the instrumental resolution and the intrinsic lifetime-related width
of the peak. As described by Stohr,39 XANES peaks could be fitted
by either curve. For all peaks the best fit was found to be with
Gaussians, while for the carbonate π* peak at 290.3 eV the best fit
is consistently found using a Voigt function, in which the mixing
is one of the fit parameter set free. The peak fitting was done first
for the inner zone and then for the outer zone using the inner-zone

coefficients as the starting point and adding in the ionization
potentials associated with the organics. The data presented in
Figures 1 and 2 were consistent with X-PEEM data acquired from
24 other crystals taken from two different growths.
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