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Bioavailable calcium is maintained by some crustaceans, in
particular freshwater crayfish, by stabilizing amorphous calcium
carbonate (ACC) within reservoir organs—gastroliths, readily pro-
viding the Ca2þ needed to build a new exoskeleton. Despite the
key scientific and biomedical importance of the in situ molecu-
lar-level picture of biogenic ACC and its stabilization in a bioavail-
able form, its description has eluded efforts to date. Herein, using
multinuclear NMR, we accomplish in situ molecular-level character-
ization of ACC within intact gastroliths of the crayfish Cherax
quadricarinatus. In addition to the known CaCO3, chitin scaffold
and inorganic phosphate (Pi), we identify within the gastrolith
two primary metabolites, citrate and phosphoenolpyruvate (PEP)
and quantify their abundance by applying solution NMR techni-
ques to the gastrolith “soluble matrix.” The long-standing question
on the physico-chemical state of ACC stabilizing, P-bearing moi-
eties within the gastrolith is answered directly by the application
of solid state rotational-echo double-resonance (REDOR) and trans-
ferred-echo double-resonance (TEDOR) NMR to the intact gastro-
liths: Pi and PEP are found molecularly dispersed throughout the
ACC as a solid solution. Citrate carboxylates are found <5 Å from
a phosphate (intermolecular C⋯P distance), an interaction that
must be mediated by Ca2þ. The high abundance and extensive
interactions of these molecules with the ACC matrix identify them
as the central constituents stabilizing the bioavailable form of
calcium. This study further emphasizes that it is imperative to char-
acterize the intact biogenic CaCO3. Solid state NMR spectroscopy
is shown to be a robust and accessible means of determining com-
position, internal structure, and molecular functionality in situ.

biomineralization ∣ stabilized amorphous calcium carbonate

Calcium carbonates have enormous importance within the field
of biomineralization. Within numerous organisms the ability

to tailor the biomineralization of calcium carbonate to achieve a
variety of functionalities, e.g., structural-mechanical, optical, sto-
rage has evolved (1, 2). These organisms exert exquisite control
over the mineral production process, from the initial steps of clus-
tering and/or prenucleation—through bulk formation with the
desired composition, polymorph, and morphology—to the higher
hierarchical arrangement of the final biomineralized material
(3, 4). In this process inorganic and bioorganic agents are in-
volved, including biomacromolecules (e.g., proteins and polysac-
charides) (5–7), serving diverse roles of regulation and control.
En route to the formation of the final biomineral, an evolutiona-
rily favored set of these agents—inorganic ions, bioorganic
molecules, and proteins—are entrapped at specific levels and
become an integral part of the resulting biomineral, in effect tun-
ing the final (targeted) properties that enable functionality (8).
Organisms accomplish this high-level synthesis, intra- or extracel-
lularly, at ambient conditions and, by far, exceed all current
state-of-the-art synthetic capabilities.

There are five crystalline polymorphs of CaCO3, yet the amor-
phous form, amorphous calcium carbonate (ACC)—thermody-
namically the most unstable and most soluble form with wide
structural variability, was shown to play the most critical and
diverse roles in the mode of action of biomineralization. For in-
stance, ACC has been shown to serve as a transient form designed
to spontaneously evolve into a preset specific crystalline form
with sculptured morphology (9–11). It has also been shown that
ACC can be stabilized to remain in a highly soluble amorphous
state, in which case the calcium can be readily retrieved, thus
establishing its bioavailability (12, 13). These properties of ACC
attract extensive scientific, technological, and biomedical inter-
est. However, the detailed molecular modes of interaction of
various additives that are implicated in ACC stabilization, such as
phosphate, magnesium (14) and phosphorylated proteins, are
as yet unidentified. One inherent difficulty is that the lack of
long-range order in amorphous systems impedes structural data
obtained through diffraction. Thus, in vitro (15–17) experiments
or alterations of the biogenic structures (18) have been turned to
in order to gain knowledge of the “individual” roles of such
agents (alone and together). Although the importance of such
approaches for materials science cannot be overestimated, they
cannot directly address the characterization of the intact biogenic
matter. Because of this difficulty, identifying the central chemical
agents involved in stabilization of ACC in situ, e.g., organic vs.
inorganic phosphates, and whether present as separated phases
or in a form of solid solutions, has remained a long-standing open
question (9). In order to gain insight into the interactions of these
agents with the CaCO3 host, and to establish the mechanisms of
stabilization, it is imperative to study these biogenic systems as
they are, intact and unperturbed, in situ.

Solid state NMR, being a highly local probe of molecular
environment, not hindered by lack of long-range order, and non-
perturbing to the chemical state of the system, stands as one of
the most powerful techniques for studying the internal, fine struc-
ture of biogenic materials in situ. Recently, employing solid state
NMR techniques, we have shown (19) that coccolithophores
(Emiliania huxleyi, Pleurochrysis carterae, and Gephyrocapsa ocea-
nica) actively direct the incorporation of minute quantities
(≤0.1 mol %) of inorganic phosphate (Pi) and nitrate into their
sculpted calcitic coccoliths (20). The inorganic anions were shown
to be incorporated as intracrystalline structural defects that do
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not disrupt the “perfect” calcite structure, yet induce reduced
lattice rigidity across about a fifth of the entire bulk crystalline
material. These fine in situ solid state NMR observations
selectively detect intermolecular interfaces within the biomineral
bulk. Inspired by this characterization, we have exploited and tai-
lored these insightful, yet robust, NMR techniques to elucidate
the molecular details of how the fresh water crayfishCherax quad-
ricarinatus stabilizes bioavailable calcium. Both the amorphous
form (compared to crystalline) and the inability to enrich the gas-
troliths with stable isotopes (as employed to enhance sensitivity of
the coccoliths) make this study far more demanding.

Biomineralization in crustaceans is a subject of intensive study
(21) due to the key role of calcium metabolism in the periodic
shedding of the exoskeleton and its subsequent replacement.
Several crustacean species form temporary extracellular calcium
carbonate storage deposits during the premolt stage (22). In
freshwater crayfish, including our subject organism—C. quadri-
carinatus, these deposits include a pair of disc-like structures
known as gastroliths that are located on each side of the stomach
wall (23). In these calcium reservoirs CaCO3 is deposited on a
chitin scaffold and is stabilized as ACC (24). Crustaceans in
general take advantage of the higher solubility of the ACC (25)
with the calcium readily bioavailable for deposition onto a newly
formed exoskeleton. These gastroliths contain high phosphorous
levels (up to 18 mol %P∕Ca) (9, 26, 27) and a number of proteins
(approximately 1 wt %), with only a few highly phosphorylated
(17, 28–32). All constituents may be implicated in the ACC
stabilization. In particular, the highly phosphorylated gastrolith
proteins, as well as phosphoserine and phosphothreonine, were
shown to induce the formation of stable ACC in vitro (17).
Parallel to the current report, the presence of small molecular
weight metabolites [phosphoenolpyruvate (PEP), 3-phosphogly-
cerate (3PG), and citrate] were identified in the exoskeleton and
gastroliths of the crayfish Procambarus clarkii, (33) and using in
vitro experiments their relative potency to induce stabilized ACC
formation were shown. In our work, applying solution NMR to
the soluble fraction of the gastrolith, we identify the major small
molecular weight components that are integrated within the gas-
trolith—Pi, PEP, and citrate—and quantify their levels. Applying
solid state NMR to the intact gastrolith we identify their mole-
cular interactions with the ACCmatrix in situ and determine their
individual roles in stabilizing bioavailable calcium. These direct
observations further emphasize the critical importance of in situ
characterization (compared to in vitro) when studying complex
biogenic materials.

Results and Discussion
Gastrolith Composition. The composition and structural character-
istics of the intact gastrolith are first addressed by solid state
13C NMR (Figs. 1 A–C). The major component, ACC, is clearly
identified by its carbonate peak seen in the 13C direct excitation
(DE) magic angle spinning (MAS) spectrum (Fig. 1A) of the
intact gastrolith (Fig. 1D). This fully relaxed spectrum (Fig. 1A)
reports quantitatively all carbon species present in the unper-
turbed solid. The absence of any other peaks of coexisting bioor-
ganic content from the spectrum implies they are below the
spectral noise level (approximately 5%) and clearly indicates that
the carbonate carbons (of CaCO3) are the most abundant carbon
constituent in the gastrolith. The carbonate peak is centered
at 168.6 ppm, calcite chemical shift, and its width is 3.5 ppm
(FWHM). The large peak width reflects the extent of the distri-
bution of chemical environments and local order around that of
calcite, typical of disordered systems including synthetic ACC.
The chemical shift and the very broad linewidth therefore identify
the CaCO3 as ACC, with an average short-range order similar to
that of calcite. Such a direct interpretation is well established and
within the spectral resolution of 13C solid state NMR (34–37)
and has been well correlated with X-ray absorption spectroscopy

(11, 38, 39). In order to enhance carbon peaks arising from the
bioorganic (hydrogen-rich) content of the gastrolith, 13C CP
(cross-polarization) MASNMR spectroscopy was employed. This
gives rise to a spectrum (Fig. 1B) in which an intense ACC car-
bonate peak and a collection of bioorganic carbon peaks appear.
The similarity of the carbonate peak between the CP and the DE
13C MAS experiments indicates that all carbonate environments
are uniformly represented by CP and that they all reside in hydro-
gen-rich environments. This observation is consistent with the
fact that stabilized biogenic ACC is highly hydrated (CaCO3∶
H2O ¼ 1∶1) (35, 40).

In addition to this most pronounced carbonate peak, the
13C CP MAS spectrum (Fig. 1B, vertical expansion) of the intact
gastrolith reveals a large set of peaks that arise from its bioorgan-
ic content. The identification of the molecules that give rise to
these peaks and their complete assignment was done by combin-
ing solid state and solution NMR techniques. Decalcification of
the intact gastrolith by its immersion in an EGTA solution dis-
solves the CaCO3 and some of the matter contained within it,
creating a solution denoted “soluble matrix” (SI Text). The chitin
scaffold and nonsoluble matter left behind as a solid is denoted
the “insoluble matrix” (Fig. 1E). The 13C CP MAS spectrum of
the rinsed and dried insoluble matrix (Fig. 1C) is that of α-chitin,
known to constitute the gastrolith polysaccharides scaffold
(25, 41). All chitin peaks are also seen in the spectrum of the in-
tact gastrolith (Fig. 1B). The soluble matrix was then character-
ized by 1D and 2Dmultinuclear (1H, 13C, and 31P) solution NMR
spectroscopy as described in detail in SI Text. This characteriza-
tion resulted in the identification of the primary metabolites PEP
and citrate, in addition to Pi. Their identification was confirmed
by spiking experiments with PEP, citrate, and Pi (SI Text). Peaks
that arise from PEP and citrate are clearly seen for the intact
gastrolith (Fig. 1B); however, they are absent from the spectrum
of the insoluble matrix (Fig. 1C). These observations therefore
locate PEP and citrate primarily in the soluble matrix. If they also
occur within the insoluble matrix, their residual levels are below
the experimental sensitivity. PEP and citrate are primary meta-
bolites, of which only citrate is well known in connection with
biomineralization activity for its ability to chelate calcium ions
(12, 42).

The phosphorous content of the intact gastrolith, apparent
in the 31P CP MAS spectrum (Fig. 2A, Bottom), is expressed

Fig. 1. 13C MAS NMR spectra of intact gastrolith of the crayfish
C. quadricarinatus (A and B) and of the decalcified gastrolith (C). (A) DE
MAS, fully relaxed spectrum (40-min repetition delay); (B) CP MAS spectrum
and its vertical expansion (×4) with peak assignment of the bioorganic con-
tent. (C) CP MAS spectrum of the decalcified gastrolith showing the insoluble
matrix. (Top) Molecular structures of the chitin repeat unit and of PEP and
citrate. (D and E) Photos of the intact and of the decalcified gastrolith.
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as two main, partially resolved peaks. The increased resolution of
the 31P solution NMR spectrum of the soluble matrix (Fig. 2A,
Top) clearly shows both peaks, identified as Pi and PEP (SI Text).
Our characterization of different gastroliths showed that the total
P content in the “soluble” fraction was found to vary between
6 and 18 P∕Ca mol %, a range similar to an earlier inductively
coupled plasma atomic emission spectroscopy (ICP-AES) report
(17). The Pi level within the soluble fraction was 4–16 mol %
(Pi∕Ca), whereas the PEP level was 0–4 mol %. Relative PEP∕Pi
ratios varied in the range of 0–70% (SI Text, p. 5).

The fact that also in the absence of PEP the characteristics of
the ACCwere alike in all gastroliths indicates that Pi is the critical
constituent employed by the organism for ACC stabilization. PEP
may therefore play additional roles and the dependence of its
abundance within the gastrolith on other factors is the subject
of a separate study. Variability of citrate levels in all gastroliths
analyzed was 2–4 citrate∕Ca mol % (SI Text, p. 5). It is noted that
the low level of additional known proteinaceous content of the
gastrolith (28, 29) is below our current experimental sensitivity.
Independent of the current work, the presence of PEP, 3PG,
citrate, and phosphate in the exoskeleton and the gastroliths
of P. clarkii was reported (33). Following this report, further
examination of our solution NMR spectra showed detectable
peaks consistent with 3PG for only a small number of the gas-
troliths, albeit their very low intensities indicate a much lower
concentration than Pi or PEP. Interestingly, the total P∕Ca mol
ratio for P. clarkii reaches only 4%, a value that is much lower
than found in C. quadricarinatus (18%). Future study will aim
at in-depth characterization of this wide variability across or-
ganisms.

Internal Structure of the Gastrolith ACC. Having the molecular
agents within the gastrolith identified, the next step is to gain
insight into how they are chemically and physically organized
to stabilize the bioavailable calcium. To probe for spatial proxi-
mity (<6 Å) between the ACC carbonates and either Pi or PEP,
we used a 2D NMR experiment, 31P → 13C 2D-HETCOR (het-
eronuclear correlation) (24 × 24TR TEDOR (transferred-echo
double-resonance) mixing, SI Text) (43–45). The 2D-HETCOR
NMR spectrum (Fig. 2B) clearly shows a cross-peak between both
Pi and PEP to the carbonate of ACC. This suggests that both
species are molecularly dispersed within the ACC, as is illustrated
schematically in Fig. 2C.

For a more comprehensive and quantitative evaluation, we
turn to rotational-echo double-resonance (REDOR) NMR spec-
troscopy (19, 46), a solid state NMR technique that enables

identification of all carbon species—carbonates and bioorgan-
ics—that interact with P atoms of P-bearing molecules. Moreover,
interatomic distance constraints of the occurring intermolecular
geometry can be determined. The 64TR

13Cf31Pg CP-REDOR
reference spectrum (Fig. 3A; S0) of the intact gastrolith shows
all 13C carbons, as seen previously in the 13C CP MAS spectrum
(Fig. 1B, vertical expansion). Its REDOR difference spectrum
(Fig. 3B; ΔS) reveals only those carbons (of all molecular com-
ponents) that lie within ca. 9 Å of a phosphorous atom of Pi or
PEP; 9 Å is the maximal detectable distance (SI Text, p. 1). Most
pronounced in this REDOR difference spectrum is the carbonate
peak (Fig. 3C) whose relative intensity,ΔS∕S0, is about 50%. This
observation indicates that over half of the carbonate carbons of
ACC report such proximity. Conducting the REDOR experiment
as a function of REDOR dipolar evolution time shows a mono-
tonic increase (Fig. 3D) of the carbonate difference peak
(ΔS∕S0). These observations can be interpreted only in terms
of a phosphorous—the minor component of the gastrolith—
being molecularly dispersed within the major component—ACC.
The envisioned situation of a phosphorous (Pi, PEP) surrounded
by a “sea” of carbonates indicates a distribution of 31P⋯13C dis-
tances. Calculated REDOR evolution curves (SI Text, p. 2) for
model spheres of CaCO3∶H2O (1∶1) where a 31P is placed at
their center show that spheres of 8–9 Å radii agree well with
the experimental data (Fig. 3D). The unequivocal conclusion
then is that phosphorous-bearing molecules are dispersed within
the entire ACC, with most carbonates within 8–9 Å from a phos-
phorous atom.

This evidence distinctly describes a solid solution of P within
ACC, as opposed to separate phases, thus cleanly resolving a
long-standing question (9). We emphasize that the resulting
structural description of the ACC is a comprehensive one. The
presence of a single P moiety within the ACC sphere of 8–9 Å
radius is straightforwardly translated into a capacity of P∕Ca∼
3–4 mol %. Because the average P concentration in the gastro-
liths of C. quadricarinatus is significantly higher (up to 18 mol %)
and nonuniform (2–25 mol % from energy dispersive spectro-

Fig. 2. (A) 31P NMR spectra. (Bottom) 121.5-MHz CP MAS spectrum of intact
gastrolith of C. quadricarinatus showing two partially resolved peaks
assigned to Pi and PEP. (Top) 161.3-MHz solution NMR of the soluble matrix.
Solution chemical shift values of phosphates are pH dependent and are
different from the in situ values (SI Text). (B) 31P → 13C 2D-HETCOR MAS
NMR spectrum of intact gastrolith of the crayfish C. quadricarinatus showing
connectivity between Pi to ACC carbonate and between PEP phosphate to
ACC carbonate. 1H to 31P contact time of 2 ms and 24 × 24TR TEDOR mixing
were employed. (C) A schematic drawing of ACC with Pi and PEP molecularly
dispersed.
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Fig. 3. 13Cf31Pg CP-REDOR MAS NMR spectra (64TR; 12.8 ms) of intact gas-
trolith of the crayfish C. quadricarinatus. (A) S0 reference spectrum: accounts
for all carbon species; (B) ΔS difference spectrum: shows peaks only for spe-
cies that are within 9 Å from a P atom of Pi or PEP. (C) Expanded
carbonate region: shows a 50� 2% REDOR difference peak. (D) Experimental
(points; two gastroliths) and simulated REDOR ΔS∕S0 evolution curves; simu-
lations are for 1∶1 CaCO3∶H2O spheres (R ¼ 7, 8, 9, 10 Å) with a central P
atom, accounting for 13C⋯31P distance distribution (SI Text).
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scopy measurements) (17), the emerging conclusion is that excess
of P-rich phases must be present as well. It has been previously
reported that separated phases of amorphous calcium phosphate
occur in calcium storage structures of the terrestrial crustacean
Orchestia cavimana (17, 47).

In order to focus on the bioorganic content and identify its
interactions with phosphorous-bearing moieties, we examine
the remaining 13C NMR peaks from the 13Cf31Pg CP-REDOR
experiment (Fig. 3 A and B). The three carbons of the abundant
phosphorylated metabolite, PEP, bear intramolecular proximity to
the phosphate. C2, the closest (approximately 2.7 Å) to the phos-
phate of PEP, shows the expected 100% REDOR difference
peak (148.5 ppm). The C1 and C3 resonances of PEP (172 and
103 ppm, respectively) are overlapped by the peaks of carbonate
ACC and C1 of chitin, respectively, and therefore the relative in-
tensity of their REDOR peaks cannot be accurately determined.
Next, the citrate carboxylates (C1 and C4, centered at 182 ppm)
exhibit a REDOR difference peak of 75� 5% (Fig. 3). The other
citrate carbons, C2 and C3, also show REDOR difference peaks;
however, they cannot be quantified due to the limited S/N and the
partially overlapping chitin peaks. The geometric implication of
the REDOR data for the carboxylate carbons is that either 75%
of them are approximately 4.5 Å from 31P species, or all are
approximately 5 Å from P species (SI Text, p. 2). This tight inter-
molecular arrangement of the citrate carboxylates with Pi and/or
PEP phosphate, both being negatively charged, must be mediated
by a cation, a likely candidate being the most abundant Ca2þ.
Whether also citrate is dispersed within the ACC or present as
a separated phase cannot be determined by the current data.

Conclusions
This study unravels the low molecular weight content of intact
gastroliths from C. quadricarinatus and quantitatively determines
the abundance of the different major constituents (Pi, PEP, and
citrate). Exposing their molecular interactions with the intact
ACC matrix, it also elucidates the role of each species in stabiliz-
ing bioavailable calcium as ACC. The methodological approach,
applying primarily solid state NMR spectroscopy to the intact
biomineral in situ and solution NMR to the soluble fraction,
proves to be most informative and widely applicable to biogenic
systems.

The emerging structural description of gastrolith ACC is of
carbonates whose immediate local environments span high het-
erogeneity, yet are “colored” by the chemical identity and short-
range order similar to that of calcite. These environments are
hydrogen-rich, consistent with the high hydration of biogenically
stable ACC, within which Pi and PEP are molecularly dispersed
in a form of a solid solution. Their widespread occurrence and
extent of intermolecular interactions with the ACC is therefore
concluded to be the dominant factor in stabilizing the amorphous
CaCO3. An earlier study showed that gastrolith phosphoproteins,
some of their phosphorylated proteolysis products as well as
single phosphor-amino acids, can induce ACC formation and sta-
bilization in vitro, whereas their nonphosphorylated counterparts
did not have such effects (17). Demonstrating the importance of
phosphate and phosphorylation in vitro led to attribute in situ
induction and stabilization of ACC to those phosphoproteins.
However, the abundance of the putative phosphorylated residues
of gastrolith proteins (proteins make 1 wt % of the gastrolith with
only a few showing phosphorylation level up to 12%) is very low
compared to that of Pi and PEP. The role of gastrolith proteins
may therefore be complementary to ACC stabilization. This con-
clusion is further supported by the report of Sato et al. identifying
the small molecular weight metabolites—PEP, 3PG, and citrate,
in addition to Pi, in the exoskeleton and gastroliths of a different
freshwater crayfish, P. clarkii (33). Conducting in vitro precipita-
tion experiments of calcium carbonate in the presence of soluble
gastrolith extracts that are below or above 10 kDa, they have

found that stabilized ACC is formed only in the presence of
the low molecular weight (MW) content, suggesting that only the
low MW constituents, and not the high MW gastrolith proteins,
serve for ACC stabilization. Conducting coprecipitation experi-
ments of calcium carbonate with either Pi, or PEP, or 3PG, they
showed that both PEP and 3PG are more efficient than Pi in in-
ducing stable ACC precipitation and attributed this observation
to its more critical role. However, our in situ measurements that
were performed on a large set of gastroliths (C. quadricarinatus)
clearly showed that the stabilized ACC is formed also in the
absence of PEP, therefore identifying the Pi component as playing
the most critical role in achieving the functional ACC material.
The in vitro coprecipitation experiments of Sato et al. reflect the
high mismatch of PEP and 3PG vs. the high solubility of Pi when
coprecipitated with calcium carbonate. Their in vitro potency to
induce ACC does not reflect their in situ importance. Although
these metabolites clearly contribute to the resulting stabilization
of the bioavailable calcium form, their primary role must be
attributed to the activation of the metabolic machinery within
a rapidly forming organ [approximately 14 d (48)] as the gastro-
lith. This comparison further emphasizes that comprehensive
understanding of a complex biogenic matter must be obtained
via in situ characterization.

Citrate, the second primary metabolite that we identified in
significant amounts within the intact C. quadricarinatus gastro-
liths, is found in situ to be in close proximity to P species
(PEP and/or Pi), an interaction that must be mediated by a diva-
lent cation, with most abundant Ca2þ being the most probable
candidate. The primary metabolite citrate may therefore have
two functional roles: (i) to bind Ca2þ and then, thereby, P moi-
eties, and (ii) given its high affinity to Ca2þ, to facilitate calcium
transport between the exoskeleton and the gastrolith. Deli-
neating whether these “complexes” of citrate-Ca2þ-P species are
dispersed within the ACC, contributing to its stabilization or
residing phase separated from the ACC is the aim of our conti-
nuing work.

This NMR study of ACC in gastroliths, along with the earlier
study of coccoliths calcite, spans two biogenic systems represen-
tative of rare extremes: thermodynamically metastable amor-
phous CaCO3 vs. the most stable crystalline polymorph, and
extra- vs. intracellular synthesis. The NMR characterization
shows how each organism, by fine-tuning the P-level incorpora-
tion directs and stabilizes very different functional structures of
calcium carbonate. The in situ application of routine and robust
NMR techniques in a straightforward manner to obtain unique,
molecular-level insights into the structural organization of inor-
ganic and small bioorganic molecules within the ACC enabling its
stabilization should influence further research and applications
ranging from rational design of functional materials to methodol-
ogies to enhance calcium bioavailability.

Methods
Gastrolith Sample Preparation. Animals and molt. C. quadricarinatus males
were grown in artificial ponds at Ben-Gurion University of the Negev under
the conditions described in Shechter et al. (25). Intermolt crayfish were held
in individual cages and endocrinologically induced to enter premolt through
removal of the X organ–sinus gland complex or ecdyson injections (28).
The progression of the molt cycle was monitored daily by measuring gastro-
lith molt mineralization index (MMI), as described by Shechter et al. (48).
Gastrolith dissection was performed around day 1 when MMI was 1.4–1.5.
For all dissection procedures, crayfish were placed on ice for 5–10 min until
they were anesthetized. Gastroliths were rinsed with water and then kept at
ambient conditions.

Intact gastrolith sample for solid state NMR characterization. A piece was
clipped off (100–200 mg) and packed into a 4- or 5-mm zirconia rotor after
minimal grinding to enable stable spinning. Solid state NMR examination of
intact gastroliths after extended periods of 6 mo and longer showed only
ACC without any detectable crystalline phase. For fractured gastroliths, onset
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of crystallization was detectable by the solid state NMR measurements
after 1 mo.

Gastrolith decalcification. A fraction of a gastrolith was weighed (up
to 200 mg) and immersed in a known volume of 0.5 M EGTA solution
(approximately 20 mL∕gr gastrolith) adjusting the pH to 7–8 with NaOH
and HCl solutions throughout decalcification (7 d). The dissolved CaCO3

and matter within it created a solution denoted soluble matrix. A fraction of
this solution (600–700 μL) was subjected to solution NMR characterization
(quantitative and semiquantitative measurements). This solution is denoted
gastrolith-EGTA. The remaining solid, the chitin scaffold and nonsoluble mat-
ter, is denoted the insolublematrix (Fig. 1E). This solid was collected by rinsing
with water followed by overnight lyophilization or a week in desiccators,
packed into a zirconia rotor and subjected to solid state NMR characteriza-
tion. Additional decalcification procedure was employed by dissolving the
gastrolith in an acidic solution of HCl (37% vol∕vol). This acidic treatment,
in addition to dissolving the CaCO3, also hydrolyzes the chitin scaffold
(49) and therefore may lead to dissolution of matter that otherwise was in-
accessible to EGTA decalcification. This dissolution occurs within approxi-
mately 1 h for a 100-mg sample (final pH 2–3). The filtered solution was
subjected to solution NMRmeasurements. The solutions from this procedure,
denoted gastrolith-HCl, were used to confirm the identity of the molecular
species probed in the soluble matrix (gastrolith-EGTA) in a simpler chemical
environment avoiding the intense spectral background by EGTA.

Solid State and Solution NMR. Solid state 75-MHz 13C and 121-MHz 31P NMR
measurements were carried out on two 300-MHz, triple-channel, solid state
NMR spectrometers—CMX-infinity (Chemagnetics/Varian) and AVANCE III
(Bruker), equipped with triple-resonance probes using 5- and 4-mm zirconia
rotors, respectively. Samples were spun at 5;000� 2 Hz. CP MAS echo experi-
ments were carried out with 5.0 and 10.0 μs π∕2 and π pulse widths, an echo
interval, τ (200 μs), identical to the rotor period TR, a 1H decoupling level of
100 kHz, Hartmann–Hahn rf levels were matched at 50 kHz, with contact
times of 1–4 and 0.7–2 ms, and relaxation delays of 1.5–3 and 2–4 s for
13C and 31P, respectively. 13C DE MAS echo experiments were carried out em-
ploying the same pulse parameters, however, with repetition delay of 2,400 s
to ensure fully relaxed, quantitative spectra.

13Cf31Pg REDOR experiments were conducted using a REDOR pulse
sequence with refocusing π pulses after each rotor period ðTRÞ on the
observed channel (13C) and dephasing π pulses in the middle of each rotor
period on the nonobserved nucleus (31P), followed by an additional 2TR per-
iod with a π-pulse in the middle to form simultaneously Hahn and rotational
echoes. REDOR π-pulses employed xy-8 phase cycling for the refocusing and
recoupling pulses (50, 51). Data acquisition employed an alternating block

scheme, collecting a single S0 transient with recoupling pulses turned off,
followed by SR transient collection with recoupling pulses turned on. Each
part was processed (with 40-Hz line broadening) to yield the respective spec-
trum. REDOR difference spectra, ΔS, obtained via S0 − SR subtraction exclu-
sively exhibit peaks of dipolar-coupled chemical species. The REDOR data
presented in the manuscript were collected using the CP excitation scheme.

A 2D-HETCOR 13C⋯31P experiment was run employing 24 × 24TR TEDOR
mixing (52). This experimental scheme (SI Text) starts with 1H → 31P CP (using
the same parameters as for the 31P CP MAS spectra above) followed by a t1
evolution period in which the isotropic chemical shift of the 31P is encoded; t1
was incremented 36 times, with Δt ¼ 0.2 ms (¼TR). The subsequent TEDOR
mixing is made up of 24TR REDOR dipolar recoupling blocks in the prepara-
tion and buildup periods, i.e., before and after the (central) coherence trans-
fer step via the two back-to-back π∕2-pulses (on the 31P and 13C nuclei). In
the 24TR TEDOR preparation the refocusing π-pulses are on the 31P channel
(recoupling pulses in the middle of each rotor period on the 13C channel), and
in the 24TR buildup period they are on the 13C channel (recoupling pulses on
the 31P). Similar to the REDOR sequence above, an additional 2TR period
with a π-pulse in the middle is added to form simultaneously a Hahn and
a rotational echo.

The chemical shifts of 13C and 31P are reported relative to tetramethylsi-
lane, and 85% H3PO4, respectively, within �0.1 ppm. REDOR simulations
were performed using SIMPSON (53). Peak areas were calculated by decon-
volution using DMFIT (54) and Topspin.

Solution NMR spectra were acquired on three different Bruker spectro-
meters at room temperature, all with two-channel, direct detection probes
with automatic tuning and matching and equipped with z gradients: (i) AV-III
600 with resonance frequencies for 1H, 31P, and 13C of 600.55, 243.11, and
151.03 MHz, respectively; (ii) AV 500 with resonance frequencies for 1H
and 13C of 500.13 and 125.77 MHz, respectively; (iii) AV-III 400 with resonance
frequencies for 1H, 31P, and 13C of 400.40, 162.08, and 100.69 MHz, respec-
tively. Bruker Topspin 2.1 was used on a personal computer (Windows-XP) for
spectral acquisition and processing. The experimental details, spectra, and
data analysis that served to identify and quantify the small MW content
of the gastrolith are described in SI Text.
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