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Abstract: Calcium oxalate (CaC2O4) is the major component
of kidney stone. The acidic osteopontin (OPN) protein in
human urine can effectively inhibit the growth of CaC2O4

crystals, thereby acting as a potent stone preventer. Previous
studies in bulk solution all attest to the importance of binding
and recognition of OPN at the CaC2O4 mineral surface, yet
molecular level insights into the active interface during CaC2O4

mineralization are still lacking. Here, we probe the structure of
the central OPN fragment and its interaction with Ca2+ and
CaC2O4 at the water–air interface using surface-specific non-
linear vibrational spectroscopy. While OPN peptides remain
largely disordered in solution, our results reveal that the
bidentate binding of Ca2+ ions refold the interfacial peptides
into well-ordered and assembled b-turn motifs. One critical
intermediate directs mineralization by releasing structural
freedom of backbone and binding side chains. These insights
into the mineral interface are crucial for understanding the
pathological development of kidney stones and possibly
relevant for calcium oxalate biomineralization in general.

Calcium oxalate (CaC2O4) is one of the most common
biominerals in nature. It also occurs as an abundant organic
mineral found in sediments, hydrothermal vents, and plants.[1]

CaC2O4 has three hydrated phases: calcium oxalate mono-
hydrate (COM), calcium oxalate dehydrate (COD), and
calcium oxalate trihydrate (COT). Of these, COM is the
thermodynamically most stable form, and constitutes the
major mineral components of kidney stone[2]—a chronic
human disease affecting 10% of the population in developed
countries. Due to the substantial pathological importance,
different types of molecules have been applied for the
inhibition of COM growth, including polyprotic acid,[2d, 3]

polyacid polymers[4] and peptides,[2c,e, 4, 5] and proteins.[2-

d, 3a,b, 5b, 6] Much effort has been aimed at elucidating the
inhibition mechanism of specific molecular functional
groups,[3b–d, 7] peptide sequence[5d] and its modification,[2c,5c]

etc.
In the urinary system of the human body, a remarkably

low concentration level of urinary proteins can effectively
inhibit the growth of supersaturated CaC2O4 crystals, thereby
avoiding larger stones.[2c–e,3b, 8] Understanding the mechanism
underlying the biological control of those urinary proteins
over CaC2O4 mineralization is essential for developing novel
therapies for kidney stone treatment. The most potent stone-
inhibiting protein in urine is osteopontin (OPN). OPN
features peptide domains with acidic serine and aspartate-
rich motif (ASARM).[9] Previous studies in bulk solutions
have shown that ASARM peptides derived from OPN are
capable of inhibiting CaC2O4 mineralization in vitro.[2c,e,10]

Hoyer et al. have found that the ASARM peptides derived
from the sequence 62–85 of human OPN inhibit the growth of
COM crystals regardless of the phosphorylation of the serine
amino acids.[2c] The authors further conclude potent inhibition
requires specific charge density distribution. A similar con-
clusion was reached by Clark et al. in a study of the binding of
protein G charge mutants to COM crystals. This study showed
that the distribution of binding carboxylate groups from
acidic side chains determines the binding site and orientation
of the adsorbed protein.[11] Clearly, direct interactions
between OPN and oxalate mineral surfaces are quintessen-
tial,[2c,d, 3b, 11] yet the molecular structure and interaction of
OPN sequences specifically at the interfaces relevant for
CaC2O4 mineralization remain missing. Here, we show that,
owing to the surface-activity of OPN, the water–air interface
can be ideally used to study the OPN/Ca2+ binding interface
as well as OPN/CaC2O4 composite interface. While both the
distribution of charge density and binding residues are
affected by the folding structure of OPN protein,[12] the
question arises: how is OPN folded at the above active
interfaces for CaC2O4 mineralization?

OPN protein is an intrinsically disordered protein.[13] The
ASARM OPN peptides are also disordered and lack a defined
(e.g., a-helical or b-sheet) secondary structure.[5c,14] However,
the open and flexible motif for OPN allows for strong Ca2+

binding, which is expected to affect CaC2O4 mineralization.
To determine the structure of OPN in contact with Ca2+ ions,
and the molecular interactions involved in CaC2O4 mineral-
ization, we probe the OPN-derived peptides at the interfaces
with Ca2+ binding and within CaC2O4 composite using
surface-specific vibrational sum-frequency generation (SFG)
spectroscopy. SFG has been successfully applied to probe
different molecules (e.g., proteins, peptides, and water) at
various interfaces.[15] The SFG experiment relies on the
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frequency mixing of infrared (IR) and visible laser pulses.
Molecular resonances excited by the IR pulse enhance the
signal and yield a vibrational spectrum of interfacial mole-
cules. The selection rules dictate that SFG signals can only be
generated from ordered interfacial molecules for which, on
average, centrosymmetry is broken.[16] As such, SFG is well
suitable to probe the structure and interaction of OPN
molecules, specifically at the interface and in situ. Here, we
investigate a representative ASARM peptide derived from
region 62–85 of human OPN
(H2NSNESHDHMDDMDDEDDDDHVDSQDCOOH),
abbreviated as OPN peptide below.

Before focusing OPN peptides at the interface, we first
perform CD measurements (180–260 nm) to determine the
secondary structure content of unbound OPN peptides in
bulk water and potential changes when adding Ca2+ and
subsequently C2O4

2� for CaC2O4 mineralization. As seen in
Figure 1a, the CD spectra of OPN peptides all exhibit one
dominant negative ellipticity at 200 nm and a small secondary

band at 230 nm. These two bands correspond to the p–p* and
n–p* transition of the amide bond, respectively.[17] In agree-
ment with studies on disordered oligopeptides, the signatures
reflect a major contribution from random coils and b-turns,[18]

while lacking in defined secondary structures such as a-helix
or b-sheet. The structure inferred from CD measurement is in
good agreement with previous studies on OPN peptides.[5c,14]

Multivariate secondary structure analysis was performed
using the partial least squares method fitted against standard
proteins (i.e., lysozyme, cytochrome c) within the JASCO
library.[19] The secondary structures remain essentially
unchanged upon adding Ca2+ and subsequently C2O4

2� ions.
A secondary structure analysis shown in Figure 1b reveals
approximately 21 % a-helix, 7% b-sheet, 25 % b-turns, and
47% random coils.

The secondary structure for OPN peptides in solution
does not necessarily represent their structure at the interface.
Figure 2 illustrates our strategy tackling OPN structure at the
interface during CaC2O4 mineralization: The peptides were
firstly allowed to adsorb at the air–water interface (top
panel). The peptides at the air–water interface provide an
ideal two-dimensional “soft” interface,[20] allowing us to study

the interfacial interaction of OPN peptides with Ca2+ ions and
further CaC2O4 minerals. Adding Ca2+ cations is expected to
bind and refold interfacial peptides (middle panel). The
subsequent addition of C2O4

2� anions will initiate interfacial
mineralization within refolded peptides (bottom panel).
Surface pressure measurements show that the adsorbed
peptides reach a surface pressure of 25 mNm�1. The surface
pressure decreases only slightly with the addition of Ca2+ and
C2O4

2� ions, suggesting the nearly constant density of
interfacial peptides throughout the mineralization process
(Figure S1).

Interfacial mineralization is expected to complete within
20 minutes after injecting C2O4

2� anions.[21] A thin nanosheet
consisting of CaC2O4 minerals and OPN peptides can be lifted
off the interface with a transmission electron microscopy
(TEM) grid using the Langmuir–Schaefer approach.[21a]

CaC2O4 mineralization by peptides in solution has been
extensively reported, while interfacial mineralization, result-
ing in a peptide/CaC2O4 composite, has not been well
studied.[21a] We applied TEM and X-ray photoelectron
spectroscopy (XPS) to characterize the obtained interfacial
nanosheet composites. Figure 3 a shows the TEM image of the
nanosheet, intact over micrometers. The obtained thin
peptide–oxalate nanosheet provides an ideal platform to
study interfacial CaC2O4 mineralization by OPN peptides.
The chemical composition of the composite nanosheet was
confirmed by XPS: distinct Ca2p and N 1s emission peaks
(Figure S2) indicate the presence of peptides and oxalate
minerals. The high-resolution TEM image in Figure 3b
highlights the nanocrystalline CaC2O4 particles within the
sheet. The obtained nanocrystals indicate that OPN peptides
are highly efficient nucleators for interfacial mineralization.
The exact crystal composition (e.g., COM or COD) could not
be well determined from diffraction measurements, which

Figure 1. a) Circular dichroism spectra of OPN peptides in water
solution (blue), with addition of Ca2+ cations (red) and subsequently
C2O4

2� anions for CaC2O4 mineralization (green). b) Secondary struc-
ture estimation of the respective OPN peptides in water solution
(blue), with addition of Ca2+ cations (red), and subsequently C2O4

2�

anions (green).

Figure 2. Scheme illustrating the OPN peptides at the air–solution
interface (top), with Ca2+ ions (middle), and CaC2O4 minerals
(bottom). Initially, OPN peptides are disordered at the air–water
interface (top), but will refold into an ordered b-turn structure upon
interfacial binding to Ca2+ (middle) and CaC2O4 minerals (bottom).
The OPN peptides show dynamic features in the solution during the
simulation. The depicted structures are generated from simulation
frames to illustrate the interaction-induced ordering at the interface.
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may be caused by the crystal decomposition as induced by the
high-energy electron beam.[22] We further examine the
CaC2O4 crystals by OPN peptides in bulk solution; the
tetragonal morphology and diffraction analysis indicate COD
crystals are obtained (Figure S3).

To glean molecular-level insights into OPN peptides when
mineralizing an interface, we applied surface-specific SFG
spectroscopy. SFG selectively probes the outermost approx-
imately 2 nm of the water surface, allowing to probe
interfacial peptides without contribution from peptide mol-
ecules in bulk solution. Figure 4a shows SFG spectra in the
CH/OH region for OPN peptides adsorbed at the air–water
interface, with Ca2+ ion interaction and further CaC2O4

mineralization. The CH bands appear at 2878 cm�1 and
2950 cm�1, corresponding to the symmetric CH3 stretch, and
a combination of CH3 Fermi resonance and CH2 stretch from
different amino acid side chains, respectively.[23] The water
response gives rise to two broad OH stretch bands centered at
3241 cm�1 and 3410 cm�1, with an overall first moment
centered at 3276 cm�1, indicating the presence of strongly
and weakly hydrogen-bonded water molecules.[15c,24] The OH
response is rather intense, owing to the negatively charged
peptides, which align the water dipoles and thereby break
centrosymmetry within the interfacial water layers. The OH
response decreases with adding Ca2+ ions, implying decreased
water alignment; the first moment value increases by 63 cm�1

(from 3276 to 3339 cm�1), suggesting weakening of the
hydrogen bond strength. The observed change in OH bands
is mainly due to Ca2+ ions, which interact at the OPN interface
and screen the peptide charge, thereby modifying the
structure of interfacial water. No obvious spectral change is
observed during CaC2O4 mineralization.

The substantial perturbation of the peptide hydration
shell prompts us to look closely at the interfacial peptides. To
this end, we record SFG spectra in the amide I region, for SSP
(S-polarized SFG and Vis, P-polarized IR) and SPS (S-
polarized SFG, P-polarized Vis, S-polarized IR) polarization
combinations, as shown in Figure 4 b,c. Both spectra for
original OPN peptides show nearly zero signal, suggesting
a complete lack of peptide order, consistent with the intrinsi-
cally disordered motif of OPN in bulk solution from CD
measurement. When adding Ca2+ ions, the SSP spectra exhibit

three distinct SFG bands: one side chain band at circa
1447 cm�1, attributed to symmetric COO� stretch from the
deprotonated acidic side-chains (e.g. of glutamic and aspartic
acid); and two backbone bands at approximately 1507 cm�1

and 1652 cm�1, assigned to amide II and amide I bands,
respectively. Similarly, the SPS spectra in Figure 4c reveal two
dominating bands for peptides with Ca2+: one at approx-
imately 1570 cm�1 from the asymmetric COO� stretch of the
deprotonated acidic side-chains and another at approximately
1611 cm�1 for backbone amide I mode. Apparently, as
sketched in Figure 2, the binding of Ca2+ ions restructures
the peptide backbone and binding side chains from a disor-
dered into a well-ordered motif. Following interfacial CaC2O4

mineralization, this order diminishes somewhat, as revealed
by the reduced intensities of the SFG peaks.

The resonance frequency of the side-chain mode is
sensitive to the COO�Ca binding geometry, and the observed
frequency of circa 1570 cm�1 reveals bidentate binding.[21a]

The well-coordinated Ca2+ ions refold the disordered back-
bone into a defined secondary structure, as evidenced by the
distinct amide I peaks. The fitting frequencies at 1652 cm�1 in
SSP spectra and 1611 cm�1 in SPS spectra (Table S1 and S2),
together with comparing analogous spectra for leucine–
glutamic acid sequences (Figure S5), suggest the b-turn
secondary structure,[12a, 21a,25] which is in agreement with

Figure 3. a) TEM image showing the nanosheet composed of OPN
peptides and CaC2O4 minerals. The red arrow marks the raptured film.
b) High-resolution TEM image of the crystalline CaC2O4 mineral nano-
crystals within the nanosheet. The red arrows highlight CaC2O4

crystals.

Figure 4. SFG spectra in CH/OH (a) and amide I region (b,c) for OPN
peptides adsorbed at the air–water interface (black), with Ca2+ ion
interaction (red), and further CaC2O4 mineralization (blue). The spectra
were acquired under SSP (a,b) and SPS (c) polarization combinations.
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previous simulation studies for OPN sequences binding at the
CaC2O4 mineral surface.[14, 26] Interestingly, the amide II band
is also well discernible in the SSP spectra (Figure 4b). The
amide II mode arises from the out-of-phase combination of
the C�N stretch and the N�H in-plane deformation.[27] It is
Raman inactive,[28] and, therefore, in principle, not SFG-
detectable since the SFG signal is proportional to a tensor
product of the IR transition dipole moment and the Raman
polarizability.[16] However, recent studies have shown that
amide II modes can be visible in SFG spectra for folding
motifs with extended tertiary structure (e.g. multi-stranded b-
sheets), where the long-range vibrational coupling from
intermolecular b-sheet contacts can enhance the amide II
signals.[29] Here the observable amide II band suggests the
assembly of well-aligned b-turn peptides, as caused by the
intercalating Ca2+ ions. The ordered peptide assemblies may
act as a critical structural intermediate that guides interfacial
mineralization, resulting in 2D-nanosheet-containing crystal-
line minerals (Figure 3). The assembled peptides can also be
fingerprinted in high-resolution TEM imaging (Figure S4).
During mineralization, the consumption of coordinated Ca2+

ions by C2O4
2� breaks the bidentate binding and results in the

decreased order in both backbone and side chains. Interest-
ingly, the concentration of OPN peptides in solution is
17.7 nm, which is below physiological conditions; adding Ca2+

and subsequent C2O4
2� ions in a higher mm range will not

change the structure of free peptides in solution, but rather
refold interfacial peptides into a well-defined b-turn motif.

In conclusion, we have applied surface-specific SFG
spectroscopy to probe the structure of the central OPN
fragment, its interaction with Ca2+, and CaC2O4 mineraliza-
tion. Contrary to the unchanged disordered structure in bulk
solution, we show that the bidentate interaction with Ca2+

ions refolds the OPN peptides into a well-ordered and
assembled b-turn motif at the OPN-covered aqueous Ca2+

solution surface, where interfacial mineralization can subse-
quently occur. Our results highlight the significantly different
behavior of OPN peptides at the interface and in bulk
solution for CaC2O4 mineralization. In particular, the critical
peptide–Ca2+ binding interface should be taken into account
in CaC2O4 mineralization, for example, for the treatment of
kidney stones; such interfacial processes may also be relevant
for calcium phosphate biomineralization in bone formation.
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