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and John Spencer Evans*,†

†Laboratory for Chemical Physics, Division of Basic Sciences, and Center for Skeletal Biology, New York University, 345 East 24th
Street, New York, New York 10010, United States
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ABSTRACT: The mollusk shell nacre layer integrates mineral
phases with macromolecular components such as intracrystal-
line proteins. However, the roles performed by intracrystalline
proteins in calcium carbonate nucleation and subsequent
postnucleation events (e.g., organization of mineral deposits)
in the nacre layer are not known. We find that AP7, a nacre
intracrystalline C-RING protein, self-assembles to form
amorphous protein oligomers and films on mica that further
assemble into larger aggregates or phases in the presence of Ca2+. Using solution nuclear magnetic resonance spectroscopy, we
determine that the protein assemblies are stabilized by interdomain interactions involving the aggregation-prone T31−N66 C-
terminal C-RING domain but are destabilized by the labile nature of the intrinsically disordered D1−T19 AA N-terminal
sequence. Thus, the dynamic, amorphous nature of the AP7 assemblies can be traced to the molecular behavior of the N-terminal
sequence. Using potentiometric methods, we observe that AP7 protein phases prolong the time interval for prenucleation cluster
formation but neither stabilize nor destabilize ACC clusters. Time-resolved flow cell scanning transmission electron microscopy
mineralization studies confirm that AP7 protein phases delay the onset of nucleation and assemble and organize mineral
nanoparticles into ring-shaped branching clusters in solution. These phenomena are not observed in protein-deficient assays. We
conclude that C-RING AP7 protein phases modulate the time period for early events in nucleation and form strategic
associations with forming mineral nanoparticles that lead to mineral organization.

The biomineralization process in the mollusk shell is a
complex bioengineering feat that leads to the formation of

oriented, dimensionally controlled calcium carbonate mineral
polymorphs of either calcite, aragonite, or both.1−7 Of
importance to this shell engineering process is the formation
of the organic extracellular matrix (ECM), which oversees the
mineralization process and tailors the formation of the
prismatic (calcite) and/or nacre (aragonite) shell layers for
the survival of each mollusk species.8,9 To date, more than 50
different molluscan ECM prismatic and nacre protein genes
have been identified, which indicates just how complex the shell
formation process may be.8−14 An important subset of these
proteins, known as the intracrystalline proteome,15−20 are
found as occluded species within nacre aragonite tablets. The
other protein subset, known as the framework proteome, is
associated with the β chitin−silk gel phase that coats the outer
regions of the aragonite tablets.8,12,13 Together, both proteomes
participate in aragonite tablet formation and contribute to the
fracture toughening properties of the nacre.8,12,13,15−20 To
understand this outcome, we need to determine framework and
intracrystalline proteome involvement within the early events in
the nucleation process and in subsequent postnucleation events
leading up to incorporation of protein within the mineral phase.

Unfortunately, this information is not yet available, and as a
result, our present understanding of the mollusk shell
biomineralization process and our ability to harness it for
materials applications are very limited.
In the nacre layer of the Pacific red abalone gastropod

(Haliotis rufescens), there exists a group of intracrystalline
proteins known as the AP proteome.15,16 The most studied AP
protein is AP7 (66 amino acids, 7565 Da),15 a non-
phosphorylated, nonglycosylated member of the Zn(II) binding
C-RING superfamily of proteins that are associated with
protein−protein interaction and intracellular signaling.21,22

Within in vitro settings (carbonate vapor diffusion experi-
ments), AP7 is known to inhibit calcite formation and forms
lamellar and clustered single-crystal aragonite.21,22 However,
the efficiency of AP7 in stabilizing aragonite in vitro is low, and
the process requires high protein concentrations (i.e., 100
μM).21 This suggests that AP7 may not function as a true
aragonite stabilizer in vivo but perhaps plays other important
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roles related to nacre tablet formation. Structurally, the AP7
protein consists of residually structured (C-terminal) and
intrinsically disordered (N-terminal) regions (Supporting
Information, Figure S1).21−23 Intrinsic disorder, or the absence
of internal stabilization and presence of unfolded structure(s) in
protein sequences, is an important asset for protein−protein
interaction and promoting internal protein mobility. AP7 also
possesses three amyloid-like aggregation-prone cross-β strand
domains (Supporting Information, Figure S1), two of which are
found within the C-terminal domain.24 Under mineralization
conditions, this interesting combination of disordered and
aggregation-prone sequence features leads to the formation of
AP7 assemblies that contain mineral deposits22 and introduce
organized nanomineral deposits and subsurface nanoporosities
into calcium carbonate crystals.25 We note that protein
oligomerization or aggregation has been documented for
other aragonite-associated proteins,26−29 so the self-associative
behavior of AP7 is significant. However, the details of the AP7
oligomerization process and its relevance to pre- and
postnucleation events in the nonclassical nucleation path-
way30−37 are not known. Thus, our understanding of the
participation of intracrystalline proteins in nacre tablet
formation, organization, and occlusion is largely incomplete.
To address these shortcomings, we present a new study that

integrates biophysical and in situ experiments to clarify both the
AP7 protein oligomerization process and the participation of
these assemblies in prenucleation and postnucleation events.
We find that AP7 spontaneously forms phases (oligomers and
films) in solution and these phases undergo further
oligomerization in the presence of Ca2+ and mineral assay
solutions, similar to the agglomeration behavior observed for
other nacre proteins.26,28 Using nuclear magnetic resonance
(NMR) spectroscopy, we find that the protein phases are
stabilized by C-RING−C-RING domain interactions22 yet
destabilized to a certain extent by the intrinsically disordered
D1−T19 N-terminal sequence, and thus, the AP7 phases
appear to be amorphous and mobile under solution conditions.
Using potentiometric titration methods,30−35 we determine that
AP7 phases do not affect ACC formation or stability but do
influence early nucleation events by extending the time
intervals for PNC formation relative to the control scenarios.
Finally, time-resolved in situ flow cell scanning transmission
electron microscopy (STEM) mineralization studies confirm
that AP7 phases delay the onset of nucleation and assemble and
organize mineral nanoparticles into ringlike or branching
clusters, thereby mirroring a similar process that occurs when
these same protein phases organize mineral nanoparticles on
calcite surfaces.25 Collectively, these results demonstrate that
disordered, aggregation-prone intracrystalline proteins such as
AP7 form protein phases that influence early nucleation
events30−35 and establish strategic associations with the forming
mineral phase that lead to mineral organization.

■ EXPERIMENTAL PROCEDURES
Chemical Synthesis, Recombinant Expression, and

Purification of AP7. Chemically synthesized AP7 (cAP7) was
obtained and purified as described in previous reports.21,22 In
experiments that utilized cAP7, the protein solutions were
prepared by dissolving the appropriate amount of lyophilized
cAP7 directly into the required buffer solutions. For
heteronuclear 13C−15N NMR experiments with AP7 oligomers,
the gene synthesis, cloning, bacterial expression, and
purification (94%) of uniformly labeled 13C/15N recombinant

AP7 (rAP7, 67 amino acids, His tag-free, with a Gly residue
occupying position 1 at the N-terminus after TEV protease
cleavage of the Trx-His6-TEV-AP7 fusion protein) were
performed by GenScript USA (Piscataway, NJ) using their
proprietary OptimumGene system and Bio-Express Cell
Growth Media [U-13C, 98%; U-15N, 98% (Cambridge Isotope
Laboratories, Andover, MA)].26−28 An advantage of using the
thioredoxin (Trx) tag in rAP7 expression is the antioxidant
protection that Trx affords against unwanted oxidation of AP7
Cys thiol groups during expression and purification. The extent
of double labeling was verified to be 98.9% using ESI-MS TOF.
The purified, free thiol cAP7 and rAP7 proteins were
subsequently dissolved in H2/N2-flushed unbuffered deionized
distilled water (UDDW).11,15,16 Aliquots were then stored at
−20 °C in airtight sealed vials that were preflushed with high-
purity N2 gas to avoid disulfide bond formation and/or thiol
oxidation during storage. For subsequent NMR experimenta-
tion, rAP7 samples were created by exchanging and
concentrating appropriate volumes of the protein stock solution
into the appropriate buffer using Amicon Ultra 0.5 ultra-
filtration concentrators (3 kDa molecular weight cutoff,
Millipore Corp.) and determining the final protein concen-
tration via absorption spectrophotometry at 230 nm.

Atomic Force Microscopy (AFM) Imaging of AP7
Assemblies. We investigated the dimensional and morpho-
logical characteristics of AP7 assemblies captured from solution
onto mica substrates. The following samples were investigated.
cAP7 samples (380 nM and 1.3, 5, and 13.3 μM) were imaged
in 10 mM Tris-HCl, pH 8.0 buffer. In the case of the 380 nM
and 5 μM samples, additional imaging was performed in 10
mM Tris-HCl and 10 mM CaCl2 (pH 8.0). Note that imaging
of Ca2+ samples utilized Tris-HCl as the buffering species
instead of carbonate or bicarbonate, because carbonate ions will
combine with Ca2+ ions and form inorganic precipitates that
make protein complex detection and interpretation difficult to
achieve via AFM. The rAP7 NMR sample (see below) was
imaged at a protein concentration of 33 μM in UDDW (pH
7.5). For comparison with our potentiometric experiments, a
parallel 1.3 μM cAP7 sample was imaged at pH 9.0 in 10 mM
glycine instead of Tris-HCl or carbonate/bicarbonate buffers
because Tris exhibits poor buffering capacity at pH 9.0 and
carbonate/bicarbonate buffers in the open AFM cell are prone
to pH drift.
AFM experiments were conducted at 25 °C using an Asylum

MFP-3D atomic force microscope operating in tapping mode
in a buffer solution.26,28 V-Shaped Si3N4 cantilevers (reported
spring constant of 0.09 N/m) were used for imaging. A precise
drive frequency in fluid (∼9 kHz) was calculated for each
cantilever prior to imaging by overlaying the thermal spectrum
over the frequency sweep. All samples were aliquoted onto a
freshly stripped surface of mica (0.9 mm thick, Ted Pella, Inc.)
and incubated for a period of 15 min at ambient temperature
prior to measurement. Igor Pro version 6.01 (http://www.
wavemetrics.com) was used for image acquisition at a scan rate
of 2 Hz. Gwyddion was implemented for image processing,
noise filtering, and analysis, including the calculation of Rq, i.e.,
surface roughness of the imaging surface.26,28

NMR Spectroscopy. Lyophilized rAP7 was dissolved in
UDDW containing 10% (v/v) D2O (99.99 atom % D,
Cambridge Isotope Laboratories), and the pH was adjusted
to 7.5 using microliter volumes of NaOH. Note that base-
catalyzed amide backbone exchange kinetics at pH ≥8.0
prevents the collection of interpretable NMR data for rAP7
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under mineralization conditions. Thus, we performed experi-
ments at pH 7.5, which is close to the assay pH of 8.0 and
permits maximal detection of exchangeable backbone and side
chain N−H spin systems. The final protein concentration was
33 μM. Under these conditions, AP7 forms a soluble protein
phase or aggregate that does not precipitate out as evidenced by
the absence of detectable turbidity at 380 nm and confirmed by
AFM imaging on freshly cleaved mica (Supporting Information,
Figure S2). Samples were loaded into 5 mm symmetrical D2O-
matched Shigemi NMR microtubes (Shigemi, Inc., Alison Park,
PA). Periodic 15N HSQC experiments were conducted to verify
that decreased signal intensities or line width broadening
associated with precipitation did not occur. The rAP7 1H NMR
spectra were compared to the cAP7 1H NMR spectra acquired
in a previous study22 and found to be nearly identical (data not
shown). 1H−15N and 1H−13C HSQC NMR experiments were
conducted on rAP7 at 25 °C using a Bruker AVANCE 800
MHz spectrometer equipped with a four-channel 5 mm
cryoprobe. Bruker TOPSPIN was used to process all data.
The spectra were referenced with respect to the temperature-
corrected water resonance, and 13C, 15N, and 1H chemical shifts
were referenced on the basis of the IUPAC guidelines using the
unified chemical shift scale.38 Secondary structure estimates for
select HSQC spin systems (Gly and Thr) were determined
using 15Nα,

13Cα protein database chemical shift referenc-
ing.38−40

Potentiometric Ca2+ Titration. Potentiometric titration
experiments were performed at room temperature by using a
computer-controlled titration system operated with the
supplied software (Tiamo version 2.2, Metrohm GmbH,
Filderstadt, Germany). The experimental setup has been
described previously.30−35 A polymer-based ion-selective
electrode and a flat-membrane glass electrode were used to
monitor the free Ca2+ concentration and pH, respectively.
During a titration run, a CaCl2 (10 mM) solution was dosed at
a constant rate of 0.01 mL/min to 10 mL of the protein
solution in carbonate buffer (10 mM), which was constantly
stirred at 800 rpm and room temperature. Parallel runs were
conducted on 1.3 and 13.3 μM cAP7 samples. Titrations were
performed at a constant pH value of 9.0 that were maintained
by countertitration of NaOH (10 mM). Reference and
calibration experiments were performed by dosing CaCl2 (10
mM) into carbonate buffer (10 mM, pH 9.0) and water (pH
9.0), respectively.30−35

STEM Liquid Flow Cell Imaging of Mineralization. To
monitor the dynamics of formation of the protein−mineral
complex, fluid cell scanning transmission electron microscopy
experiments were performed using a three-port Poseidon 200
liquid flow cell holder (Protochips, Inc.) in an aberration-
corrected JEOL 2200 FS instrument. The microscope was

operated in scanning transmission electron microscopy
(STEM) mode with spot size 3C at 200 kV using a high-
angle annular dark-field (HAADF) detector. The calcium- and
carbonate-containing assay solutions for both protein-contain-
ing and protein-deficient assay were prepared from 20 mM
CaCl2·2H2O and 20 mM NaHCO3, respectively (the final assay
solution being a 1:1 mixture; the final pH being 8.1−8.3).25,28,29
In protein experiments, a final assay concentration of 13.3 μM
cAP7 was utilized. For the mixing experiment, 500 nm spacers
and flow rates between 90 and 180 μL/h were used. The TEM
holder was first flushed with the cAP7/carbonate solution, and
STEM imaging was performed to confirm that no precipitation
took place in the absence of the calcium solution. Once
injection of the calcium solution had been initiated through the
second inlet port, continuous imaging was performed. We
repeated this experiment once to control the reproducibility
and found a similar precipitation behavior in both cases.

■ RESULTS

In this study, we utilized two different forms of AP7. The
chemically synthesized version (95% pure), which has been the
subject of previous studies,21,22,25 was used in all experiments
except for the NMR studies, where the uniformly labeled
13C/15N recombinant His tag-free form (rAP7, 67 amino acids,
Gly at position 1, 94% pure) was employed at higher protein
concentrations required for NMR sensitivity (i.e., 33 μM). Both
forms of the protein oligomerize to form phases (Supporting
Information, Figure S2). Note that AP7 is oligomeric over the
pH range of 4−9,22 which encompasses the pH ranges utilized
in our AFM, NMR, STEM, and potentiometric experiments.

AP7 Spontaneously Forms Oligomeric Particles and
Films on Mica Surfaces. Previously, AP7 self-association was
studied as a function of pH using dynamic light scattering
(DLS).22 Understandably, these studies required the use of
filtration, and thus, any >0.2 μm protein oligomers, not to
mention protein films, would have evaded analyses. Thus, we
utilized tapping mode AFM imaging to more definitively
monitor apo-AP7 (i.e., calcium-free) oligomerization at pH 8,
which corresponds to the pH range for most in vitro calcium
carbonate mineralization assays (Figure 1).21−23 Here, we
observe apo-AP7 oligomerization over the protein concen-
tration range of 1.3−33 μM (Supporting Information, Figure
S2). In general, apo-AP7 oligomers present on mica surfaces as
nanometer-sized particles that possess rounded to angular
morphologies, which are readily seen at 5 μM (Figure 1A,B).
These angular features were not caused by tip artifacts as
evidenced by parallel imaging on two other nacre proteins,
n16.328 and PFMG1,26 using the same tips and AFM
instrument (Supporting Information, Figure S3). The AP7
oligomers are mobile and sometimes translate on mica surfaces

Figure 1. Tapping mode AFM images of 5 μM AP7 on freshly cleaved mica. (A) Apo state in 10 mM Tris-HCl (pH 8.0). Note the presence of
round-to-angular features in the apo oligomers. (B) z plot of the region depicted in panel A. (C) In the presence of 10 mM Tris-HCl and 10 mM
CaCl2 (pH 8.0). (D) Enlargement of the peripheral area depicted in panel C. (E) z plot of the region depicted in panel D.
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at a frequency faster than that of tapping mode detection. As a
result, these mobile oligomers often feature elongated
morphologies (Figure 1A) that are more clearly observed at 5
μM AP7 (because of oligomer mobilities, we did not calculate
particle diameters or heights at this time). A comparison of
surface roughness values [Rq (see Experimental Procedures)]
obtained for freshly cleaved mica surfaces in buffer (Rq = 0.078
nm) versus mica surfaces exposed to 5 μM apo-AP7 in the
same buffer [Rq = 0.15 nm, a ∼2-fold increase (Figure 1A,B)]
indicates that a protein coating or film exists on the mica
surface.26,28 From this, we conclude that AP7 exists as a two-
component phase of protein films and amorphous oligomers on
mica surfaces, similar to the findings obtained for the Japanese
pearl oyster framework nacre protein, n16.3,28 and the pearl
protein, PFMG1.26 Henceforth, we will collectively refer to AP7
oligomer films as AP7 “protein phases”.
Published dynamic light scattering (DLS) studies indicated

that the introduction of Ca2+ significantly increases AP7
oligomer dimensions.22 To be consistent with these studies,
and to avoid misinterpretations of amorphous mineral particles
and protein oligomer identities, we elected to image AP7 in the
presence of Ca2+ but in the absence of carbonate and/or
bicarbonate species. As shown in Figure 1C−E, Ca2+ induces
significant aggregation of AP7, leading to the formation of
clustered amorphous protein phases on mica surfaces (Figure
1C). The dimensional increases were so significant that we
encountered sample thickness and AFM tip positioning issues.
Thus, we were able to image only the peripheral regions
(Figure 1D,E) of the overall aggregate. In addition, we
measured an Rq value of 0.82 nm for the 10 mM Ca2+/5 μM
AP7 sample, and this value represents a 5-fold increase and a
10-fold increase over values obtained for apo-AP7 and freshly
cleaved mica, respectively (see above). This increase in surface
roughness also confirms that AP7 film formation has been
enhanced by the addition of Ca2+.
Given the extraordinary increase in AP7 phases in the

presence of Ca2+ (Figure 1B), we also imaged a more dilute
AP7 sample (380 nM) (Figure 2A−C). Although apo-AP7
oligomers were not detected at this low concentration (data not
shown), in the presence of Ca2+ we do observe individual and
clustered AP7 oligomers on the mica surface (Figure 2A). In
most cases, the oligomers feature similar round-to-angular
morphologies (Figure 2B) that we initially observed for 5 μM
apo-AP7 (Figure 1A). We conclude that Ca2+ or electrostatic
screening41,42 induces significant aggregation or clustering of
AP7 phases on mica surfaces compared to that seen under apo
conditions.

Oligomeric AP7 Possesses Labile, Disordered Protein
Domains. Previously, homonuclear 1H NMR spectroscopy
revealed that not all of the amino acid residues in oligomeric
apo-AP7 are involved in intermolecular contacts.22 This
suggests that AP7 protein molecules within assemblies possess
protein backbone regions that are unrestrained and more labile
or unstable compared to sequence regions involved in protein−
protein contact. If true, then this molecular instability may
explain why apo-AP7 oligomers appear to be amorphous and
heterogeneous in dimension (Figure 1A,B). However, previous
homonuclear NMR experiments failed to identify the location
of these labile sequences and thus could not explain the nature
of this instability.22 To address this issue, we performed
multidimensional 15N- and 13C-edited HSQC NMR experi-
ments on uniformly 13C- and 15N-labeled apo-rAP7 phases at
pH 7.5 (Figure 3). As expected, intermolecular contacts
between protein molecules lead to the attenuation of the
majority of backbone and side chain 13C−15N HSQC
resonances for this sample. The loss or broadening of NMR
signals was also observed in aggregation studies involving other
biomineralization proteins.43−46 The attenuation of NMR
cross-peaks reflects aggregation-induced changes in backbone
dynamics, intermediate time scale broadening, and signal
intensity attenuation of the HSQC resonances that are involved
in intermolecular contacts.43−46

However, a closer look at the HSQC spectra reveals that not
all of the rAP7 NMR resonances are fully attenuated or
involved in intermolecular contacts. We detected a limited
number of 1H and 15N backbone and 1H, 15N, and 13C side
chain resonances in the HSQC spectra (Figure 3) that are
consistent with the presence of labile or unrestrained sequence
regions43−46 within assembled rAP7 protein molecules.
Although NMR signal attenuation prevents us from obtaining
sequence-specific spectral assignments for observable cross-
peaks at this time, we can leverage some of the unique sequence
features of this protein to estimate the location of detectable
residues within the rAP7 sequence and establish the nature of
this polypeptide instability. One unique feature in the rAP7
sequence is the presence of six Gly residues [recombinant
positions 1, 5, 8, 10, 18, and 53 (Figure 3)]. Gly is readily
distinguishable on the basis of 1H, 13C, and 15N chemical
shifts38,47 and is a significant component of intrinsically
disordered sequences.48−51 An examination of the HSQC
spectra reveals the presence of Gly α-NH (Figure 3A) and α-
CH backbone-specific cross-peaks (Figure 3B). These Gly
backbone 15Nα and

13Cα cross-peaks resonate at 110−108 and
43.5 ppm, respectively, and we note that these values are within
±1 ppm for corresponding random coil Gly 15Nα and 13Cα

Figure 2. (A) Tapping mode AFM amplitude image of 380 nM AP7 on freshly cleaved mica in the presence of Ca2+ [10 mM Tris-HCl and 10 mM
CaCl2 (pH 8.0)]. (B) Higher-magnification amplitude image taken of a select region in panel A, showing round-to-angular morphologies. (C) z plot
corresponding to the amplitude image depicted in panel B.
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chemical shifts.38−40 Hence, there is a high probability that
these Gly residues reside within intrinsically disordered regions
of rAP7 protein molecules. Along with Gly, we also note the
presence of 15N side chain amide HSQC cross-peaks that are
characteristic for another common structural disruptor, Asn
(Figure 3A).48−51 Interestingly, five of the six Gly residues are
located within the 30-amino acid N-terminal sequence, and,
four of the five Asn residues are partnered with Gly in -NG- or
-GN- dipeptide blocks in this same region (Figure 3). Thus, we
conclude that the observable Gly 1H, 15N, and 13C and Asn 1H
and 15N HSQC cross-peaks represent the remnant G1 residue
and N4−N6, G8−G10, and G18−N19 segments of the
intrinsically disordered N-terminal domain52 of rAP7 (Figure
3, target residues colored red using the numbering system for
the modified rAP7 sequence). Note that the -NG- rich C-

terminal T64−W98 sequence was also found to be disordered
and unrestrained with nacre framework n16.3 protein phases
under similar conditions.28

Two other findings also implicate the AP7 N-terminal
domain as a random coil disordered sequence lacking
intermolecular stabilization within protein assemblies: (a) the
appearance of Val γ-CH3 side chain cross-peaks in the 1H−13C
HSQC spectrum (Figure 3B) (note that Val occurs only at
position 14 in rAP7 where it is flanked both upstream and
downstream by the disordered G8−G10 and G18−N19
dipeptide blocks) and (b) the presence of Thr 15Nα,

13Cα

backbone and γ-13CH3 side chain cross-peaks (Figure 3A,B).
Note that two of the four Thr residues (T16 and T20) in the
rAP7 sequence flank either side of the labile G18−N19
dipeptide sequence. The observed 15Nα and 13Cα chemical
shifts for these Thr HSQC cross-peaks resonate at 114 and 61
ppm, respectively, which are within 1−2 ppm of the Thr
random coil values (15Nα = 116−114 ppm; 13Cα = 61−62
ppm)38−40 and thus are consistent with the location of these
Thr residues within an unstructured region. Thus, our
experiments confirm that the unstable region observed in our
HSQC spectra encompasses the G1−T20 sequence in rAP7
(Figure 3, yellow highlighted region), which would correspond
to the D1−T19 sequence in the native protein (Supporting
Information, Figure S1). Note that earlier NMR studies
established the presence of random coil conformation within
a model peptide representing N-terminal amino acids 1−30 of
the AP7 sequence,52 so it is possible that this disordered,
unstable region may extend beyond T19 in the assembled
native AP7 protein molecules.
In conclusion, we deduce that the N-terminal segment

containing -NG- and -GN- [D1−T19 in the native sequence
(Supporting Information, Figure S1)] exists as an unrestrained,
disordered random coil region within aggregated AP7 protein
molecules. Conversely, the aggregation-prone T31−N66 C-
RING domain22 (Supporting Information, Figure S1) is most
likely involved in intermolecular contacts between AP7
molecules based upon the following evidence. (a) We are
unable to detect C-terminally associated HSQC cross-peaks for
the protein phase sample (Figure 3), and (b) the AP7 T31−
N66 C-RING sequence possesses two aggregation-prone cross-
β strand regions24 and is known to be strongly self-associative22

(Supporting Information, Figure S1). Thus, AP7 phases are
stabilized by C-RING−C-RING domain interactions22 yet
destabilized to a certain extent by the intrinsically disordered
D1−T19 N-terminal sequence. The destabilizing nature of the
N-terminal sequence most likely leads to the amorphous
morphologies and heterogeneous dimensions that we observe
for AP7 phases (Figure 1A,B).

AP7 Protein Phases Alter Prenucleation Cluster (PNC)
Formation and Kinetics. It is known that in vitro calcium
carbonate mineralization can be described by a nonclassical
nucleation scheme that involves the initial formation of
nanometer-sized PNCs that assemble into larger clusters of
amorphous calcium carbonate (ACC).3,4,30−35 These ACC
clusters can be temporally stabilized or undergo transformation
into the crystalline phase.30−37 With this in mind, we wished to
address the role of intracrystalline AP7 protein phases in this
nonclassical nucleation process. To do this, we utilized
potentiometric experiments30−35 to monitor early nucleation
events in the presence of AP7 alongside reference experiments
[i.e., protein-deficient (Figure 4 and Table 1)] at pH 9.0. Note
that AP7 is oligomeric at pH 9.0 as confirmed by tapping mode

Figure 3. (A) 15N- and (B) 13C-edited HSQC NMR spectra of 33 μM
rAP7 in UDDW (pH 7.5). Tentative assignments of side chain and
backbone spin systems are shown in each spectrum. For evaluation,
the primary sequence of the 67-amino acid rAP7 sequence is
presented, using the numbering system that accounts for the N-
terminal Gly residue (G1) that remains after TEV protease cleavage.
The locations of predicted intrinsically disordered sequences are
underlined (see also the Supporting Information), and the labile,
disordered region identified by the HSQC experiments is highlighted
in yellow. For the sake of identification, color coding of Gly (red), Asn
(red), Val (purple), and Thr (blue) residues is provided on the spectra
and in the sequence. In panel B, note that other side chain 13C spin
systems were identified on the basis of their distinctive methyl and
methylene 13C chemical shift distributions, and these include Ile, Leu,
and Arg. Unfortunately, because these amino acids occur in both the
N- and C-terminal regions of the AP7 sequence, we are unable to
pinpoint their locations at this time.

Biochemistry Article

dx.doi.org/10.1021/bi5008854 | Biochemistry 2014, 53, 7259−72687263



AFM (Figure 4, inset). We alert the reader that potentiometric
titrations performed below pH 9.0 tend to be problematic in
that bicarbonate dominates by far and the carbonate ion is
almost nonexistent, making pH control difficult.30−35 Thus,
performing potentiometric Ca(II) titrations with nacre proteins
at pH 9.0 leads to more reproducible results.
The standard potentiometric curve (Figure 4A) provides

information about the formation and stabilities of PNCs in

solution. As free Ca2+ is added to the carbonate solution, ion
complexes (i.e., PNCs) form, and this is represented by the
initial linear region of the titration curve. Where the measured
level of free Ca2+ decreases upon further addition of CaCl2 (i.e.,
the peak region), this marks the start of solid phase nucleation
(e.g., ACC) from PNCs.30−35 As shown in Figure 4A and Table
1, the time interval (t) or difference between AP7 and reference
peak regions was significantly altered by AP7 phases at pH 9.0.
This time interval difference can be quantitated by a scaling or
retarding factor (F), which is the quotient of the average
nucleation time in the presence of the agent and that of the
respective NaCl reference53 and quantifies the nucleation
inhibition. At pH 9.0, the calculated F values are 1.3 and 1.8 at
AP7 concentrations of 1.3 and 13.3 μM, respectively. Hence,
AP7 phases prolong the time interval for PNC formation before
nucleation, with the maximal effect being nearly a factor of 2
greater (at 13.3 μM) than that of the reference state. With
respect to PNC stability, the slope of the prenucleation regime
(i.e., the initial linear region) provides indirect evidence of the
interaction between additive molecules and solute ion
associates, leading to PNC stabilization (i.e., slopeadditive <
sloperef) or destabilization (slopeadditive > sloperef).

30−35 As
shown in Table 1, the slope of the prenucleation regime in the
presence of AP7 did not differ significantly with respect to the
reference titration curve. Thus, AP7 does not affect the calcium
carbonate prenucleation cluster equilibrium; i.e., AP7 phases
neither stabilize nor destabilize PNC clusters.
With regard to the formation and stability of ACC, this

information can be extracted from the free Ca2+ titration
(Figure 4A) and the postnucleation solubility (Figure 4B)
curves. In Figure 4A, the formation of ACC commences at the
peak value and the subsequent sigmoidal curve region traces the
ACC formation process.30−35 Here, we note that the end points
for the AP7 and reference sigmoidal curves are similar, and
thus, AP7 phases do not significantly influence ACC formation
relative to the reference state. Interestingly, no detectable
Ca2+−AP7 binding was observed in any of the titration curves,
which supports our earlier findings that AP7 does not exhibit
high affinity for Ca2+.21,22 With regard to postnucleation
solubility or the stability of the ACC phase (Table 1 and Figure
4B), we observe that the solubilities of the initial mineral
deposits remain relatively constant in the presence and absence
of AP7 (i.e., the slopes and end points are the same). The
solubility values indicate that prevaterite and precalcite ACC
are the initial nucleated products in our systems as reported
previously.53,54 In conclusion, although AP7 phases prolong the
time interval for PNC formation, they do not significantly
impact the ACC formation process and neither stabilize nor
destabilize ACC clusters or PNCs.53,54

Evidence of AP7 Protein Phases Capturing and
Assembling Mineral Nanoparticles. Previously, vapor
diffusion assay experiments conducted with AP7 verified the
association of mineral particles with the protein phase.22

However, these studies suffered from three shortcomings. First,
vapor diffusion assays cannot precisely control carbonate
content, which limits reproducibility.25,28,29 Second, the need
for a >10 h nucleation time scale prevented direct assessment of
early nucleation events (i.e., <15 min) that potentially overlap
with spontaneous protein oligomerization. Third, sample
dehydration in TEM can distort AP7 protein phase−mineral
associations. To resolve this, we employed liquid flow cell
STEM imaging to directly examine early events in the
nucleation process in solution (Figures 5 and 6) at protein

Figure 4. Potentiometric Ca2+ titrations of 1.3 and 13.3 μM AP7 in 10
mM carbonate buffer (pH 9.0) as a function of time. In each plot, the
reference curve refers to parallel experiments conducted in the absence
of protein. In panel A, the plot represents the time interval (t) required
for nucleation of the initially formed calcium carbonate phase, denoted
as ηfree. For the sake of clarity, above each curve in panel A we have
marked the time intervals (t1.3 and t13.3) for each AP7 concentration
relative to the reference experiment. In panel B, the plot represents the
solubility or stability of the forming ACC phase. The inset in panel A is
an AFM tapping mode z plot image (maximum z axis height of 1.6
nm) for a 1.3 μM AP7 sample (pH 9.0) in 10 mM glycine buffer,
which confirms the presence of oligomer particles at this pH [compare
this AFM image to that obtained for 5 μM AP7 at pH 8 (Figure 1)].
Note that for the pH 9.0 imaging experiments, Tris exhibits poor
buffering capacity and carbonate/bicarbonate buffers in the open AFM
cell are prone to pH drift. Hence, we utilized glycine to minimize pH
drift issues.

Table 1. Ca2+ Potentiometric Titration Data Obtained for
cAP7 and Reference (protein-deficient) Samples

sample pH NTa (s) slopeb (mol/s2) solubility (M2)c

reference 9 5975 3.21 × 10−10 3.16 × 10−8

1.3 μM 9 8160 3.43 × 10−10 3.28 × 10−8

13.3 μM 9 10600 3.40 × 10−10 3.14 × 10−8

aNucleation time. bPrenucleation slope. cPostnucleation solubility.

Biochemistry Article

dx.doi.org/10.1021/bi5008854 | Biochemistry 2014, 53, 7259−72687264



concentrations that are commensurate with those utilized in
our potentiometric studies [i.e., 13.3 μM (Figure 4)]. Note that
STEM flow cell experimental considerations necessitated
mineral assay conditions [CaCl2/NaHCO3 (pH 8.1−8.3) (see
Experimental Procedures)] different from those employed in
the potentiometric study [CaCl2/Na2CO3 (pH 9)]. Nonethe-
less, STEM imaging is particularly sensitive to atomic mass, and
thus, we can directly observe the formation and organization of
Ca rich mineral nanoparticles in solution and monitor
amorphous-to-crystalline transformation induced by electron
beam irradiation.
At 20 min postmixing, the first electron dense round mineral

nanoparticles are observed in the protein-deficient assays and
rapid mineralization occurs over a 23 s interval without
evidence of organization (Figure 5; Supporting Information,
Figures S3 and S4 and Movie S1). In contrast, at 45 min
postmixing, the first mineral nanoparticles are observed in the
AP7 assays and thus the time interval for nucleation is
prolonged by a factor of at least 2 in the presence of the protein
phases (Figure 5; Supporting Information, Figure S4 and Movie
S2). This is in agreement with our potentiometric titration
findings (Figure 4 and Table 1). In both assays, we determined
that the mineral nanoparticle formation was not in response to

electron irradiation because these species also occurred in areas
that had previously not been exposed to the electron beam
(data not shown). What is most striking about the STEM
assays is that mineral nanoparticles agglomerate or organize in
the presence of AP7 but not in the protein-deficient assays
(Figures 5 and 6; Supporting Information, Figures S4 and S5
and Movies S1 and S2). This AP7-driven agglomeration
process led to the formation of ring-shaped clusters that
continued to grow by further attachment of mineral nano-
particles as time evolves (Figures 5 and 6). The ringlike
structures suggest that the AP7 protein phases are organizing
the mineral nanoparticles. This organizational capability is
further supported by two other pieces of evidence: (a) the
presence of branching morphologies in the assembled clusters
(Figure 5), which most likely reflects the positioning of
individual nanoparticles that were assembled from solution by
the protein phase, and (b) previous TEM studies that showed
that AP7 phases rescued from mineralization assays feature a
branching morphology and associate with mineral nano-
particles.22 Hence, we conclude that AP7 phases are promoting
mineral nanoparticle clustering and organization. Because of the
limitations of STEM flow cell imaging, we are unable to fully
characterize the mineral phases that form in our assays in terms

Figure 5. STEM video stills of mineral nanodeposits forming in calcium carbonate solutions in the presence and absence of 13.3 μM AP7. For AP7
experiments, the sequence of images starts 45 min after injection of the calcium solution (first frame, denoted as 0 s) when mineral nanodeposits are
first detected (white arrow, first frame) and nucleation evolves slowly (i.e., 210 s). Note the formation of ringlike nanoclusters as time evolves. By
comparison, in the protein-deficient experiments, mineral nanodeposits are first observed 20 min after injection (first frame, denoted at 0 s) of the
calcium solution and evolves much more rapidly and without organization. For (+) AP7 images, scale bars are 100 nm; for (−) AP7 images, scale
bars are 50 nm. A more comprehensive series of video stills (Figures S4 and S5) and the videos themselves (Movies S1 and S2) can be found in the
Supporting Information. Qualitative evidence of calcite formation during this process is presented in Figure S6 of the Supporting Information.

Figure 6. STEM video stills of representative AP7-induced mineral ringlike cluster ensembles that form from calcium carbonate solutions. Images
were captured 60 s after the first evidence of mineral nanodeposit formation was noted. Note the ringlike structures in panel B and the internal
branching morphology in panel C.
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of crystallinity and lattice structure, although qualitative
estimates of facet angles in images obtained at later stages of
nucleation suggest that calcite, not aragonite or vaterite, is
forming in the AP7 assays (Supporting Information, Figure S6).
Nonetheless, we conclude that AP7 phases have a significant
impact on the mineralization process in solution by prolonging
the time interval for PNC formation (Figure 4) and assembling
and organizing mineral nanoparticles in solution (Figures 5 and
6).

■ DISCUSSION
Using a combination of biophysical and in situ techniques, we
have identified the participation of an intracrystalline protein
phase within the nonclassical nucleation pathway30−37 and the
subsequent postnucleation process of mineral organization. We
find that AP7 phases perform two in vitro mineralization
functions. First, AP7 delays the onset of mineral nucleation and
prolongs the time interval for PNC formation yet does not
appreciably affect PNC stabilities or ACC formation or stability
(Figure 4 and Table 1). Thus, AP7 phases are tuned to respond
to very early aspects of mineral nucleation in solution (i.e.,
PNC formation). Second, we observe that AP7 phases
agglomerate and organize mineral nanoparticles from solution
(Figures 5 and 6; Supporting Information, Figures S4−S6 and
Movies S1 and S2). This solution-based mineral assembly
process also mirrors a similar phenomenon that occurs when
AP7 protein phases contact calcite crystals and organize
clustered mineral nanoparticles on exposed crystal surfaces
and create subsurface nanoporosities.25 Thus, an intriguing
scenario emerges: AP7 protein phases focus their attention on
PNC formation (Figure 4), and once calcium carbonate
mineral nanopaticles form, the protein phases become active
in the spatial assembly and organization of the mineral phase
(Figures 5 and 6). These distinctive functions may ultimately
determine the dimensional and material properties of nacre
tablets,1−7 and we are hopeful they will be explored in more
detail.
The driving force behind these mineralization events is the

ability of nacre proteins such as AP7 to form oligomeric
assemblies (Figure 1A,B),21,22 and this process is enhanced in
the presence of Ca2+-containing solutions (Figures 1C−E and
2). The AP7 oligomerization process was believed to be
promoted by the aggregation-prone T31−N66 AA C-RING
domain (Supporting Information, Figure S1),22 and in the
study presented here, we confirm this via NMR spectroscopy,
where cross-peaks specific for this region were found to be
attenuated (Figure 3); therefore, this region is most likely
involved in intermolecular contacts within AP7 oligomers. In
short, AP7 is an atypical C-RING protein that utilizes its
modified RING sequence21,22,25 for creating protein supra-
molecular assemblies that influence the mineralization process
both in solution (Figures 4−6) and on crystal surfaces.25 Note
that the specific residues within T31−N66 that are involved in
oligomeric intermolecular interactions have yet to be identified
(Figure 3), and thus, additional experimentation will be
required for their elucidation.
Our study provides new observations regarding the origins of

molecular “disorganization” in AP7 protein complexes and an
explanation for the amorphous, heterogeneous morphologies of
AP7 oligomers that were originally noted in dynamic light
scattering experiments.22 We find that the -NG- rich D1−T19
N-terminal sequence region exists as a disordered, unrestrained,
and labile region within assembled AP7 molecules (Figure 3),

and this finding parallels the recent discovery of a disordered,
labile -NG- rich T64−W98 segment within framework n16.3
protein phases.28 Thus, while the T31−N66 C-RING sequence
contributes to oligomer formation and stabilization, we believe
that some degree of oligomer destabilization is concurrently
introduced by the disordered D1−T19 N-terminal sequence.
This leads to a molecular “conflict” within AP7 assemblies
(Figure 1A,B), and this conflict manifests itself in the form of
protein oligomers that possess polydispersity,22 amorphous
morphology, and movement (Figure 1A,B). Besides molecular
destabilization, we believe that this disordered D1−T19 region
could also play several important roles in AP7 function: (a)
allowing AP7 oligomers to undergo the transition from small
complexes into larger aggregates under appropriate conditions
(Figures 1, 2, 5, and 6) and (b) facilitating protein phase
compatibility with mineral nanoparticles (Figures 5 and 6)55

that prolongs the time intervals for PNC formation (Table 1
and Figures 4−6). The finding that AP7 protein molecules
within assemblies have persistent disordered regions has
important consequences when one considers that more than
30 aragonite-associated proteins possess one or more intrinsi-
cally disordered sequence regions.24 It may be that unfolded
domains, such as the Asn, Gly repeats found within
intracrystalline AP7 and the framework n16 protein family
sequences,27,28 are important for proteomic functions related to
oligomerization, nucleation, and subsequent mineral organ-
ization in the nacre layer. We are hopeful that additional studies
will determine the identity and role(s) of other intrinsically
disordered sequences within the aragonite proteome.
Although we have documented the nonclassical nucleation

and in vitro mineral organization capabilities of AP7 in this
study, we were unable to address aragonite formation or
stabilization by this protein, which we originally reported in
earlier studies involving long-term ammonium carbonate vapor
diffusion assays.21 We believe that the absence of aragonite
formation in the study presented here is most likely due to one
or more of the following: (a) the choice of mineralization assay
conditions, which may favor calcite over aragonite in short-
duration experiments;36,37 (b) the omission of aragonite-
promoting agents, such as Mg2+55 or small metabolites,56

which may be necessary for efficient aragonite formation; and
(c) the fact that aragonite stabilization activity represents a
minor in vitro function of the AP7 protein, as evidenced by the
low efficiency (<10%) of aragonite formation generated by this
protein in long-term diffusion assays.21,22 This latter case is
interesting in light of recent reports that mollusk shell-
associated nacre proteins can actually block aragonite formation
in favor of magnesium calcite formation.53 We intend to follow
up on these initial findings with additional experiments that
probe in vitro aragonite formation in the presence of AP7 with
additional agents.
Finally, the data presented here, when contrasted alongside

results of recent studies28 of the framework protein, n16.3
(Pinctada fucata),10,12,13 reveal some interesting similarities and
differences that exist between these nacre proteome represen-
tatives. Both AP7 and n16.328 oligomerize to form protein
phases that assemble and organize mineral nanoparticles in
solution. Thus, it is likely that framework and intracrystalline
nacre proteins may have evolved a common ability to organize
mineral nanoparticles, such that ordered aragonite tablets can
eventually develop in the nacre layer. However, there are
important proteomic distinctions with regard to the nucleation
process: while AP7 protein phases prolong the time interval for
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PNC formation and have no impact on postnucleation ACC
stability or solubility, n16.3 protein phases have little effect on
PNC formation but destabilize ACC clusters by increasing their
solubilities.28 Thus, although each representative protein
organizes mineral nanoparticles, they evolved distinct prefer-
ences for influencing different stages of mineral nucleation
(AP7, prenucleation; n16.3, postnucleation) that precede the
mineral assembly process.57 The ability to selectively control
one or more aspects of the nonclassical nucleation scheme
would afford intracrystalline and framework proteins the ability
to tailor the nucleation or postnucleation processes for different
regions (i.e., AP7, intracrystalline; n16.3, framework surface) of
nacre tablets, such that the desired survival-dependent
dimensional and material properties are achieved in the mature
tissue. These concepts will be explored in subsequent studies.
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