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The role of phosphorylation and
dephosphorylation of shell matrix proteins in shell
formation: an in vivo and in vitro study+

Jinzhe Du,$? Guangrui Xu,12¢ Chuang Liu @ *°° and Rongging Zhang**®

Protein phosphorylation is a fundamental mechanism regulating many aspects of cellular processes. Shell
matrix proteins (SMPs) control the crystal nucleation, polymorphism, morphology, and organization of cal-
cium carbonate crystallites during shell formation. SMP phosphorylation is suggested to be important in
shell formation but the mechanism is largely unknown. Here, to investigate the mechanism of phosphory-
lation of SMPs in biomineralization, we performed in vivo and in vitro experiments. By injection of an anti-
body against the anti-phosphoserine/threonine /tyrosine sites into the extrapallial fluid of the pearl oyster
Pinctada fucata, phosphorylation of matrix proteins was significantly reduced after 6 days. Newly formed
prismatic layers and nacre tablets were found to grow abnormally with reduced crystallinity and possibly
changed crystal orientation shown by Raman spectroscopy. In addition, regeneration of shells is also
inhibited in vivo. Then, protein phosphatase was used to dephosphorylate SMPs extracted from the shells.
After dephosphorylation, the ability of SMPs to inhibit calcium carbonate formation has been reduced. Sur-
prisingly, the ability of SMPs to modulate the crystal morphology has been largely compromised although
the phosphorylation extent remained as at least half that of the control. Furthermore, dephosphorylation of
SMPs changed the distribution of protein occlusions and decreased the amount of protein occlusions in-
side the crystals shown by confocal imaging, indicating the interaction between phosphorylated SMPs and
crystals. Taken together, this study provides insight into the mechanism of phosphorylation of SMPs during
shell formation.

the crystal nucleation, polymorphism, morphology, and orga-
nization of calcium carbonate crystallites during shell forma-

Biomineralization is the process by which living organisms
produce minerals, and includes the formation of silicates in
algae and diatoms, carbonates in invertebrates, and calcium
phosphates and carbonates in the hard tissues of vertebrates.
Macromolecules have been reported to play central roles in
the formation of various biominerals.> Shells, made of cal-
cium carbonate, are typical examples of biominerals. For ex-
ample, nacre possesses superior mechanical and biological
properties compared to its counterpart minerals.® Shell matrix
proteins (SMPs), extracted from shells, play important roles in

“ Institute of Marine Biotechnology, School of Life Sciences, Tsinghua University,
Beijing 100084, China

b Department of Biomaterials, Max Planck Institute of Colloids and Interfaces,
Potsdam 14476, Germany. E-mail: Chuang. Liu@mpikg.mpg.de,
rqzhanglab@mail.tsinghua.edu.cn; Tel: +86 10 62772630

¢ Department of Biotechnology and Biomedicine, Yangtze Delta Region Institute of
Tsinghua University, Jiaxing, Zhejiang Province, 314006, China

t Electronic supplementary information (ESI) available. See DOI 10.1039/
c8ce00755a

1 These authors contributed equally.

This journal is © The Royal Society of Chemistry 2018

tion.”® Previous studies have been focused on studying the
role of SMPs expressed in host cells such as Escherichia coli in
mineralization while the role of protein post-translational
modifications (PTMs) in shell formation is still lacking.”™*
For example, previously, our group demonstrated that PfN23
increased the rate of calcium carbonate deposition and in-
duced the formation of aragonite crystals.” Bahn So Yeong
et al. showed that Pif80 participated in the formation of
polymer-induced liquid precursor-like amorphous calcium
carbonate granules and stabilized these granules.™

It is noted that some SMPs have PTMs such as glycosyla-
tion, phosphorylation and sulfation, which are crucial for
their functions.'> Among them, phosphorylation is one of the
most widespread protein PTMs and also occurs in the organic
matrix of biominerals.'®"” Previously, Fam20C was found to
be a serine protein kinase located in Golgi and was able to
phosphorylate proteins that regulate biomineralization.'®
Interestingly, osteopontin (OPN), a secreted, glycosylated
phosphoprotein found in mineralized tissues such as bones
and teeth,'® has been intensively studied. It is found that
phosphorylation of OPN is required for inhibition of vascular
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smooth muscle cell calcification. Moreover, phosphorylated
OPN peptides can inhibit mineralization of calcium phos-
phate*® and calcium oxalate.>" OPN is also a major compo-
nent of the calcium carbonate-containing egg shell, which
inhibited calcite growth and produced altered crystal mor-
phology in vitro.*

Some studies attempted to probe the role of protein phos-
phorylation in invertebrate biomineralization. Borbas et al.
showed that a phosphorylated shell matrix was more effective
in inhibiting crystal growth than a dephosphorylated ma-
trix.>® Interestingly, one third of the Ser/Thr phosphorylated
sites with family with sequence similarity 20C (Fam20C) rec-
ognition site Ser-x-Glu were found in the Lottia gigantea shell
matrix proteome,”* indicating their potential function in bio-
mineralization. However, the detailed mechanism for the ef-
fect of phosphorylation on shell formation or calcium car-
bonate formation is limited. Previously, we have shown that
knockdown of Fam20C, which can phosphorylate biomineral-
ization related proteins in vivo, resulted in abnormal stacking
of calcium carbonate crystals at the edges of nacre tablets.>
These results suggest that phosphorylation is important in
shell formation.

Phosphorylation of proteins can affect their interaction
with calcium and possibly their occlusion inside the crystals.
Occlusion of proteins or organics have been observed in many
biominerals including nacre,”*>® sea urchin spines® and
coccoliths.” The occlusion of proteins or organics is related to
their remarkable mechanical properties.>® However, the rela-
tionship between protein phosphorylation and protein occlu-
sion is still unknown. Therefore, in this study, we aim to in-
vestigate the role of SMP phosphorylation during shell
formation by using both in vivo and in vitro experiments.

Materials and methods
Sample preparation

All pearl oysters Pinctada fucata used in this study were col-
lected from Zhanjiang, Guangdong province of China, and
were cultured at 20 degrees centigrade in artificial seawater
(3% salinity).

Injection of antibody into the extrapallial fluid of P. fucata

2 pg of anti-phosphoserine/threonine/tyrosine antibody (Bei-
jing Biosynthesis Biotechnology Co., LTD.) were diluted in
200 pL PBS. The diluted antibody was injected into the
extrapallial fluid of ten oysters as the experimental groups. At
the same time, diluted anti-BSA (Abcam) was injected into the
extrapallial fluid of ten oysters as the control group. PBS was
also injected into the extrapallial fluid of ten oysters as a neg-
ative control. Injection was carried out by using a 0.8 x 50
mm syringe needle through the byssal foramen per day for 6
days. The extrapallial fluid of five oysters was extracted after 3
days and the extrapallial fluid of another five oysters was
extracted after 6 days to examine the phosphorylation level of
matrix proteins. Then, the oysters were executed. The inner
surface of the newly formed shells of oysters after injection
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for 3 days and 6 days was naturally dried and sampled to be
observed by SEM. Representative pictures were chosen to be
presented.

Shell notching experiment

The shell notching of pearl oysters was performed as de-
scribed by Mount et al.*' Five anti-phosphoserine/threonine/
tyrosine injected oysters, five anti-BSA injected oysters and
five PBS injected oysters were notched without injuring the
mantle tissues. Injection was carried out per day for 6 days.
Notching was performed immediately following the first day
injection. The extrapallial fluid of half of the oysters was
extracted after 3 days and the extrapallial fluid of the other
half of the oysters was extracted after 6 days to examine the
phosphorylation level of matrix proteins. The regenerated
shells were observed after notching for 6 days.

Raman spectroscopy

The Raman spectra were recorded at an excitation wavelength
of 532 nm. The spectra were scanned three times for 60s in
the range of 100-1400cm " using a LabRAM HR Evolution
spectrometer (HORIBA Jobin Yvon).

Extraction of SMPs from the shells of P. fucata

The procedure is according to a previously established proto-
col in our group.*? Briefly, the cleaned shells of P. ficata were
immersed in a 5% NaOH solution for 24 h followed by rins-
ing with distilled water to avoid possible contamination from
soft tissues. The inner aragonite nacreous layer was separated
mechanically by abrasion after air-drying. The fragments
were pulverized (30g) and then were decalcified using 0.8 M
EDTA (pH = 8.0) at 4 °C for 60h under continuous stirring.
For the extraction of the EDTA soluble matrix (ESM) of the
nacreous layer, the supernatant was collected by centrifuga-
tion at 13 000 rpm at 4 °C for 30 min and then desalted by ul-
trafiltration (3 kDa, 4000 rpm, 1-2 h). For the extraction of the
insoluble matrix (EISM), the above precipitates were thor-
oughly rinsed with water and were incubated with denaturing
solution (30 mM Tris-HCl, pH 8.0, 1% SDS, 10 mM dithio-
threitol) at 100 °C for 30 min. The concentration of proteins
was determined using a Nanodrop 2000 (ThermoFisher Scien-
tific, USA) or the bicinchoninic acid assay method.

Dephosphorylation of SMPs by lambda protein phosphatase
(PPase)

Extracted proteins were incubated with PPase (New England
Biolabs, USA) following instructions. 20 pg of proteins were
incubated with 400 units PPase in a 50 pL system at 30 °C for
30 min. 5 pL phosphatase buffer, 5 uL. 1 mM MnCl, and 0.5
pL protease inhibitor were also added. After reaction,
dephosphorylated proteins were dialyzed overnight using a
mini D-tube (Novagen, cutoff 3 K) to remove the buffer.

This journal is © The Royal Society of Chemistry 2018
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Detection of phosphorylation by enzyme linked
immunosorbent assay (ELISA)

Corning high affinity EIA/RIA 96 well plates (Corning Inc.,
NY, USA, #9018) were coated with 500 ng SMPs or
dephosphorylated SMPs per well at 4 °C overnight. Wells
coated with PBS were used as a negative control. After
blocking with 5% BSA in PBS at 25 °C for 2 h, 500 times di-
luted rabbit anti-phosphoserine/threonine/tyrosine (Beijing
Biosynthesis Biotechnology Co., LTD.) used as the primary
antibody was incubated on the plate for 2 h at 25 °C. HRP-
coupled goat anti-rabbit-IgG (Sino Biological Inc.) was used as
the secondary antibody and was incubated for 2 h at 25 °C be-
fore addition of the 3,3',5,5"-tetramethylbenzidine (TMB) super
sensitive one component HRP microwell substrate
(Surmodics, USA). 2 M H,SO, was used to terminate the reac-
tion. The plates were analyzed with a spectrophotometer (Bio-
Rad 680) at 450 nm. The wells were washed five times with
ELISA-washing buffer (PBS with 0.05% Tween 20) between
each step of the ELISA. All antibodies were diluted in ELISA
incubation buffer (PBS with 0.05% Tween 20, 0.5% BSA).

Inhibition of calcium carbonate precipitation assay

The effect of dephosphorylated SMPs on the rate of calcium
carbonate precipitation was tested according to the method
of Suzuki et al.®>® with some modifications. The protein (the
final concentration was 10 ug mL™') was mixed with 100 pL
of 100 mM sodium bicarbonate, pH 8.5. After the addition of
100 pL of 100 mM calcium chloride to the mixed solution,
the formation of calcium carbonate precipitate was moni-
tored by recording the changes in the turbidity every 30 sec-
onds for 5 min based on the absorbance at 570 nm measured
using a spectrophotometer (Bio-Rad 680).

Labeling ESM proteins by Cy5

The procedure is according to a previous protocol.*>
N-Hydroxysuccinimide (NHS) esters and other activated esters
(sulfo-NHS; sulfotetrafluorophenyl, STP) are reactive com-
pounds suitable for the modification of amino groups. To la-
bel proteins with Cy5, 0.14 mg of NHS-Cy5 (LiTTLE-PA Sci-
ences Company, China) was first dissolved in 100 pL of
DMSO. Proteins were dissolved in 0.1 M sodium bicarbonate
buffer (pH = 8.2). One hundred microliters of NHS-Cy5 ester
was added into 900 pL of the 1.0 mg mL™" protein solution,
and the mixed solution was vortexed well, followed by incu-
bation at room temperature for 4 h. To remove unreacted
agents, the conjugates were dialyzed against water for 48 h at
4 °C under agitation in the dark. The resultant proteins were
designated Cy5-ESM and Cy5-ESM-DP.

In vitro calcite crystallization experiment by the ammonium
carbonate method

In general, calcium carbonate was deposited onto cleaned
cover glass or a glass bottom cell culture dish (Nest, HK) by
the slow diffusion of approximately 2 g of (NH,),CO; vapor in
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a closed desiccator for approximately 12h at room tempera-
ture. Each drop on the glass or the dish contained 180 uL of
20 mM CacCl, and 20 uL of proteins (200 ug mL™). The proteins
are ESM, dephosphorylated ESM, EISM and dephosphorylated
EISM. DI water or BSA was also added as the control. The sam-
ples for further tests were rinsed twice with DI water and air-
dried. In the literature, we found that the concentration of
CaCl, ranges from 7.5 mM to 25 mM, depending on different
crystallization methods. In our previous study, we have showed
that in the presence of 20 mM CaCl, and in the absence of pro-
teins, uniform crystals can be produced.

For confocal laser scanning imaging (CLSM), the Cy5-
labeled ESM proteins (the final concentration was 10 pg
mL™) were added in the crystallization systems under the
same experimental conditions.

Confocal laser scanning imaging (CLSM)

The CLSM images were obtained using an LSM 710 META
confocal microscope (Zeiss, Germany), and the excitation
wavelengths for Cy5-labeled samples were set at 647 nm. The
gray value of fluorescence in crystals was quantified using
software Image].

Scanning electron microscopy (SEM)

The morphologies of the samples were observed using a
scanning electron microscope (SEM, JEOL JSM-6460LV, Ja-
pan) after sputter-coating with a thin layer of gold nano-
particles for 60 s.

Phosphorylation site prediction

Serine, threonine or tyrosine phosphorylation sites were pre-
dicted using the NetPhos 3.1 Server (http://www.cbs.dtu.dk/
services/NetPhos/). Nine EDTA-soluble matrix proteins
(Nacrein, N16, Pif, Mantle gene 4, Heat shock protein 70,
PNU7, PNU8, NU6 and MSI80) were tested.

Statistical analysis

The T test method has been used for statistical analysis in
this study using GraphPad Prism 6 software.

Results

Phosphorylation of shell matrix proteins is critical for shell
formation: in vivo experiment

First, phosphorylation sites based on protein sequences were
predicted using the NetPhos 3.1 Server,*® with phosphoryla-
tion potential above 50% considered as valid. Nine typical
SMPs (Nacrein, N16, Pif, Mantle gene 4, Heat shock protein
70, PNU7, PNUS8, NU6 and MSI80) extracted from the shells
were predicted (Fig. S1t). These proteins were identified in
the shell proteome® and some of them played critical roles in
shell formation. For example, Pif, which was proved to regu-
late nacre tablet formation, was predicted to possess a large
amount of phosphorylation sites.> The results showed that

CrystEngComm, 2018, 20, 3905-3916 | 3907
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these proteins all have phosphorylation sites especially in
MSI80 and Nacrein (Fig. S17).

To examine the role of phosphorylation of SMPs during
shell formation in vivo, we performed injection of an anti-
body against the anti-phosphoserine/threonine/tyrosine sites
into the extrapallial fluid and observed the morphology of
newly formed shells. The extrapallial fluid has been demon-
strated to contain matrix proteins that play important roles
in the formation of shells.*® Especially, it can facilitate the
formation of a multilevel layered nacre-like structure on the
pearl nucleus.?” The diagram of this experiment is shown in
Fig. S2.t After injection, the phosphorylation of extrapallial
fluid proteins by ELISA was detected, and the phosphoryla-
tion level of anti-phosphoserine/threonine/tyrosine injection

control
3 day

100 ym

control
6 day

Fig. 1 The morphology of the prismatic layer of P. fucata after
antibody injection. SEM images of the newly formed inner surface of
the prismatic layer in the anti-BSA injected group after 3 days (A and B)
and 6 days (C and D). SEM images of the newly formed inner surface
of the prismatic layer in the anti-phosphoserine/threonine/tyrosine
injected group after 3 days (E and F) and 6 days (G and H).

3908 | CrysttngComm, 2018, 20, 3905-3916

View Article Online

CrysttngComm

oysters was reduced significantly by nearly 45% after 3 days
and by 87% after 6 days (Fig. S3AT). The inner surface of the
newly formed shells was observed by SEM. In the anti-
phosphoserine/threonine/tyrosine injected group, compared
with the control group (Fig. 1A-D), the morphology of the
prismatic layer was not disturbed and showed a normal
prism structure after antibody injection for 3 days
(Fig. 1E and F), while after 6 days, the boundaries of prisms
became unclear and some holes appeared within the prisms
(Fig. 1G and H) and the growth of the prismatic layer was
greatly disturbed. However, the morphology of the nacreous
layer changed a lot when injecting anti-phosphoserine/
threonine/tyrosine compared with the control group (Fig. 2A-

control
3 day

control
6 day

E 3day | F
10 pm
G 6.day H
10 pm 5 um

Fig. 2 The morphology of the nacreous layer of P. fucata after
antibody injection. SEM images of the inner surface of the newly
formed nacreous layer in the anti-BSA injected group after 3 days (A
and B) and 6 days (C and D). SEM images of the inner surface of the
newly formed nacreous layer in the anti-phosphoserine/threonine/
tyrosine injected group after 3 days (E and F) and 6 days (G and H). The
arrowheads in F and H refer to the overgrowth of nacre tablets.

This journal is © The Royal Society of Chemistry 2018
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D). After 3 days, overgrowth crystals accumulated randomly
on the edge of the nacre tablets (Fig. 2E and arrowheads in
2F). And after 6 days, the number of random crystals became
higher and even covered the whole nacre tablets (Fig. 2G and
arrowheads in 2H). Some tablets became interconnected and
lost normal hexagonal structures. We also measured the
length of overgrowth crystals and calculated the ratio of the
abnormal crystal to the whole nacre. It showed that the ratio
of abnormal nacre increased significantly to about 20% after
3 days and 40% after 6 days (Fig. S47).

To confirm the polymorph of crystals in the newly formed
prismatic layer and nacreous layer, we tested the abnormal
prisms and abnormal nacre by Raman spectroscopy. The re-
sults showed no polymorph change in abnormal prisms and
nacre compared with normal shells (Fig. 3A and C), but the
Raman peaks at 157 cm™* and 282 cm™* declined in the ab-
normal prismatic layer (Fig. 3B), and at the same time, the
Raman peaks at 144 cm™', 190 cm ™', and 272 cm™" declined
in the abnormal nacreous layer (Fig. 3D). From the above, it
is suggested that the degree of crystallinity in the abnormal
prismatic layer and nacreous layer was decreased and the
growth of newly formed shells became weakly regulated when
the phosphorylation level of the extrapallial fluid proteins
was reduced. The ratio of Raman peak intensity at 144 cm™
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and 154 em ' was also changed after the injection of anti-
bodies (Fig. 3D), indicating a change of crystal orientation.*®
However, this correlation is only empirical and as far as we
know, the quantitative relationship between the orientation
change and the intensity of Raman spectra is unknown. It is
noted that this change is not consistent in different individ-
ual oysters as shown by different changes of Raman peak
intensity (Fig. 3D).

To examine the impact of phosphorylation on the ability of
shell repairing, we performed shell notching together with
antibody injection and detected the phosphorylation of
extrapallial fluid proteins by ELISA, finding that the phos-
phorylation level of anti-phosphoserine/threonine/tyrosine in-
jection oysters was significantly reduced by 5% after 3 days
and by 85% after 6 days, respectively (Fig. S3Bt). The regene-
rated shells of the anti-BSA injected group and anti-
phosphoserine/threonine/tyrosine injected group were photo-
graphed. Out of five oysters in each group, four oysters reg-
enerated shells in the control group (red arrows, Fig. 4A) and
three oysters regenerated shells in the experimental group
(red arrows, Fig. 4B). We calculated the pixel area of regene-
rated shells using the photographs and found that the area of
regenerated shells in the experimental group was 40% smaller
than that in the control group (Fig. 4C). The shell repair
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Fig. 3 Raman spectroscopy of the newly formed shell of P. fucata. The inner surface of the newly formed prismatic layer (A) and nacreous layer
(C) in the control and antibody groups after 6 days were tested by Raman spectroscopy. The zoom-in of A (100-350 cm™) and C (100-400 cm™)
is shown in B and D, respectively. The red dotted boxes indicated the changed Raman peaks between the control and antibody groups. Antibody-1
and antibody-2 are two repeats in each group. The Raman intensity and peak ratio slightly varied between individuals.
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Fig. 4 Regenerated shells after shell notching. The regenerated shells of 5 anti-BSA injected oysters (A) and 5 anti-phosphoserine/threonine/
tyrosine injected oysters (B) were photographed. The red arrow indicated a nascent shell. And the pixel area of regenerated shells was measured
using Photoshop (C). The star represented that there was a significant difference between the two groups (*p < 0.05, analyzed by multiple t-tests).

experiment showed that reduced phosphorylation of matrix
proteins in the extrapallial fluid undermined the ability of
shell repairing while the microstructure of newly formed
shells (prismatic layers of the shells) is unaffected (Fig. S51).

Phosphorylation of shell matrix proteins is critical for shell
formation: in vitro experiment

Next, to examine the role of phosphorylation of SMPs in shell
formation in vitro, lambda protein phosphatase was used to
remove phosphate groups of SMPs extracted from the shells
of P.fucata, which are composed of calcite as the outer pris-
matic layer and aragonite as the inner nacreous layer. Finally,
four groups of proteins were obtained, i.e., an EDTA soluble
matrix of prism/nacre (ESM-P/N) and an EDTA insoluble ma-
trix of prism/nacre (EISM-P/N). Then, an enzyme linked im-
munosorbent assay (ELISA) experiment was conducted to ex-
amine the extent of removed phosphate groups in SMPs. It is
found that all four matrix proteins groups were
dephosphorylated to some extent (Fig. S67). The A450 absor-
bance values represented the phosphorylation extent. It is
noted that after treatment, the A450 values of the treated
groups did not decline to zero, which could be incomplete
dephosphorylation. Based on one-way ANOVA analysis, the
phosphorylation extent of ESM-P, EISM-N and EISM-P after
protein phosphatase treatment was significantly lower com-
pared to that of the untreated SMPs. The phosphorylation ex-
tent of ESM-N after protein phosphatase treatment had no
significant difference compared to that of the untreated
SMPs, which may be due to its low phosphorylation level. Be-
cause the A450 of untreated ESM-N (~0.03) was higher than
that of treated ESM-N (~0.01), it is considered that ESM-N af-
ter treatment was also dephosphorylated. From the results, it
can be seen that the phosphorylation of SMPs in the EISM
was higher than that in the ESM and the phosphorylation of
SMPs in the prism was higher than that in the nacre. Since
the prism is composed of calcite, the effect of phosphoryla-
tion on calcite crystallization needs to be studied.

Therefore, to investigate the function of phosphorylation of
SMPs, a calcium carbonate crystallization experiment in vitro

3910 | CrysttngComm, 2018, 20, 3905-3916

(calcite reaction systems) was conducted to compare the effect
of untreated SMPs and dephosphorylated SMPs. For the con-
trol, in the presence of 20 ug mL™ BSA or H,O, typical rhombo-
hedral calcium carbonate crystals with diameters of 2.5-4.5 pm
were produced (Fig. S71). By contrast, in the presence of 10 pg
mL " ESM-N (Fig. 5A1 and A2) or ESM-P (Fig. 5C1 and C2), cal-
cium carbonate with shape modification was formed although
the sizes of crystals were not significantly changed. It is as-
sumed that the inhibition of calcite steps is due to step-specific
binding affinity that results in shape modification, similar to
the effect of otoconial proteins on the calcite crystallization.*®
Strikingly, in the presence of 10 ug mL™ dephosphorylated pro-
teins, the shape modification effects on crystals were largely
neutralized (Fig. 5B1, B2, D1 and D2). The formed crystals re-
sembled rhombohedral calcium carbonate with slightly modi-
fied surfaces (Fig. 5B2) or rounded edges (Fig 5D2). In the pres-
ence of 10 ug mL™ EISM-N (Fig. 6A1 and A2) or EISM-P
(Fig. 5C1 and C2), the shape modification of crystals was clear
but was different with that in the ESM groups. Step patterns on
the faces of the crystals indicated rounding of one certain cal-
cite step and hindering the calcium or carbonate ions from
attaching to the kink sites, which is usually associated with
preferential binding of proteins to those steps.*® Then, after de-
phosphorylation, the shape modification ability of the SMPs
was compromised, as is evident from the rhombohedral cal-
cium carbonate formed in the presence of dephosphorylated
EISMs (Fig. 6B1, B2, D1 and D2). This finding is quite interest-
ing and shows that phosphorylation of SMPs is essential for
regulating the morphology of calcium carbonate in vitro, which
could be related to the early crystallization process.

Next, a calcium carbonate precipitation assay was
conducted to investigate the effect of phosphorylation on the
rate of calcium carbonate precipitation. The absorbance
values at 570 nm (A570) are positively correlated with the
amounts of calcium carbonate formed. During five minutes of
the reaction, compared with the control group (Fig. 7), all the
SMPs had an inhibiting effect on calcium carbonate precipita-
tion. Generally, ESMs (Fig. 7A) inhibited calcium carbonate
precipitation more seriously than EISMs (Fig. 7B). At the same
time, dephosphorylation alleviated the inhibiting effect of

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 The effect of phosphorylation of the EDTA soluble matrix (ESM) on the morphology of calcium carbonate. SEM images of calcium
carbonate crystals in the presence of 10 pg mL™ untreated ESM (A1, A2, C1, C2) and 10 pg mL™ dephosphorylated ESM (B1, B2, D1, D2),
respectively. ESM-N-DP and ESM-P-DP represented dephosphorylated ESM-N and ESM-P, respectively.

both ESM-N and ESM-P groups (Fig. 7A). Dephosphorylation
of EISMs had a less obvious inhibiting effect on crystalliza-
tion compared to that of ESMs. Nevertheless, it is concluded
that phosphorylation has an inhibiting effect on calcium
carbonate precipitation. This finding is in agreement with
previous studies that the phosphorylated shell matrix from
the bivalve shells was more effective in inhibiting crystal
growth than the dephosphorylated matrix,”® showing that
phosphorylation of SMPs delayed the crystal nucleation pro-
cess. In addition, the results indicate that the extent of
phosphorylation of SMPs is not proportional to their inhibi-

This journal is © The Royal Society of Chemistry 2018

tion ability; although the phosphorylation extent of EISMs is
generally higher than that of ESMs (Fig. S67), the latter has
more inhibiting effect on calcium carbonate crystallization
(Fig. 7).

Based on the experiments above, it is clear that phosphor-
ylation influences the morphology and the precipitation rate
of calcium carbonate. However, the mechanism of the phos-
phorylation effect remains unclear. A probable explanation is
that phosphorylation affects the occlusion of SMPs in crys-
tals, thus affecting calcium carbonate crystal formation. To
verify this hypothesis, we labeled ESM proteins with Cy5 and

CrystEngComm, 2018, 20, 3905-3916 | 3911
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Fig. 6 The effect of phosphorylation of the EDTA insoluble matrix (EISM) on the morphology of calcium carbonate. SEM images of calcium
carbonate crystals in the presence of 10 pg mL™ untreated EISM (A1, A2, C1 and C2) and 10 ug mL™ dephosphorylated EISM (B1, B2, D1 and D2),
respectively. EISM-N-DP and EISM-P-DP represented dephosphorylated EISM-N and EISM-P, respectively.

observed the fluorescence distribution in crystals using con-
focal microscopy. The fluorescence distribution reflected the
distribution and occlusion of proteins inside the crystals. The
fluorescence intensity was measured to quantify the amounts
of protein occlusion. By comparing ESM-N (Fig. 8A) and
dephosphorylated ESM-N (Fig. 8B), it was found that the pro-
teins were distributed most in the outer area of crystals when
dephosphorylated, and the gray value distributed in the outer
area was three times higher than that at the center (Fig. 8B4).
By contrast, untreated proteins were distributed both in the
outer area and the inner area and the gray value in outer area

3912 | CrystEngComm, 2018, 20, 3905-3916

was only 1.5 times higher than that in the inner area
(Fig 8A4). Similar results were observed in the ESM-P groups
(Fig. 8C and D). The gray value distributed in the outer area
was ten times higher than that at the center in the
dephosphorylated ESM-P group (Fig. 8D4) while the gray
value in the outer area was only 1.5 times higher than that in
the inner area in the untreated group (Fig. 8C4). Moreover,
the total amounts of protein occlusions inside the crystals
were significantly decreased in the dephosphorylation groups
(Fig. 9). It is noted that dephosphorylated ESM-N reduced

protein  occlusions much more compared to the

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 The effect of phosphorylation of SMPs on the calcium carbonate precipitation rate. The A570 absorbance value represented the calcium
carbonate precipitation extent. 20 pg mL™? BSA in water were used as a negative control. The concentration of all untreated SMPs and
dephosphorylated SMPs was 10 ug mL™. ESM (A) and EISM (B) could inhibit calcium carbonate precipitation compared with the negative control.
Dephosphorylation of ESM (A) and EISM (B) alleviated the inhibition of precipitation. Error bars, standard deviation of three independent experiments.

dephosphorylated ESM-P group. To quantify the amount of
occluded proteins, the crystals were washed to remove
adsorbed proteins, dissolved in EDTA and then the amount
of proteins left after crystal dissolution was measured (Fig.
S8+). It can be seen that after dephosphorylation, ESM-N and
ESM-P were less occluded in the crystals. The amount of
phosphorylated proteins occluded was 2-2.5 times compared
to the dephosphorylated proteins. This result supported the
fluorescence data in Fig. 8 and 9.

Discussion

The injection of antibodies against the anti-phosphoserine/
threonine/tyrosine sites of matrix proteins greatly declined
the phosphorylation and caused abnormal growth both in
the prismatic and nacreous layers. It seems that decreased
phosphorylation causes more abnormal growth of nacre tab-
lets. Interestingly, this overgrowth of the nacre pattern is sim-
ilar to the effect of Fam20C knockdown;>’ again supporting
that Fam20C participated in the shell formation through
phosphorylating matrix proteins. The holes in the prismatic
layers resemble the effect of KRMP?® and Alv-like knockdown
(unpublished data), suggesting that the phosphorylation of
the two matrix proteins contributed more to the formation of
the prismatic layer. However, the mechanisms of crystal
growth distortion caused by antibody injection or RNA inter-
ference are still unknown. The Raman spectra especially on
the nacre showed the reduced crystallinity and crystal orien-
tation change after antibody injection. The regeneration of
shells after shell notching is a unique model for studying
shell formation. During shell regeneration, many matrix pro-
teins were upregulated.® It is found that the regeneration of
shells was slowed down, indicating that the phosphorylation
of matrix proteins is critical for shell regeneration. Previously,
it is shown that the SM fraction from foliated calcitic shells
is 12.9-15.7% phosphate by weight while SM fractions iso-
lated from other calcitic prismatic or various aragonitic

This journal is © The Royal Society of Chemistry 2018

microstructures contain 0-3.3% phosphate by weight,
suggesting that the phosphorylation level is related to the
structural difference of shells.*® Together, these in vivo stud-
ies show direct evidence that the formation of both the pris-
matic layer and nacre layer relies on the phosphorylation of
matrix proteins in the extrapallial fluid.

Besides phosphorylation, glycosylation is another form of
protein modification. However, glycosylation of EISM and
ESMs of P.fucata shells and their effects on mineralization
are currently unknown. Previously, glycosylation of shell ma-
trix proteins have been largely neglected and most of the
studies simply predicted the glycosylation status in SMPs
such as Asprich?® and Lustrin A.*' Recently, Eric P. Chang
et al. have investigated the effect of glycosylation of AP24 pro-
tein on CaCO; mineralization and found that glycosylation of
AP24 has more inhibition on nucleation and crystal modifica-
tion compared to unglycosylated AP24.*>

Through the in vitro experiment, it is found that the cal-
cium carbonate morphology modulating ability was largely
compromised for dephosphorylated SMPs in all the four frac-
tions of proteins extracted from the shells. The results were
quite surprising because the phosphorylation extent of pro-
teins is still half of the control. Phosphorylation of OPN was
required for the inhibition of vascular smooth muscle cell
calcification and inhibition of calcium phosphate®® and cal-
cium oxalate crystallization.”" Besides inhibition of mineral
crystallization, phosphorylation of proteins affected the colla-
gen assembly, an important player in vertebrate biominerali-
zation. Phosphorylated dentin matrix protein 1 and dentin
phosphophoryn (DPP) facilitated organized mineralization of
collagen fibrils.”> DPP could nucleate plate-like apatite crys-
tals whereas rDMP2 failed to mediate the transformation of
amorphous calcium phosphate to apatite crystals.** In shell
formation, a “chitin-silk fibroin gel protein-acidic macromol-
ecules” mode was proposed before,** thus, the chitin and silk
fibroin may also interact with phosphorylated SMPs, which
need further studies. From the perspective of calcium

CrysttngComm, 2018, 20, 3905-3916 | 3913
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Fig. 8 The occlusion of dephosphorylated SMPs in crystals observed by confocal microscopy. Confocal imaging of calcium carbonate crystals in
the presence of 10 nug mL™? Cy5-labeled untreated ESM-N (A1-A3), dephosphorylated ESM-N (B1-B3), untreated ESM-P (C1-C3) and
dephosphorylated ESM-P (D1-D3). Images were taken at 647 nm laser excitation (A1, B1, C1 and D1) and at bright field (A2, B2, C2 and D2). Merged
images are A3, B3, C3 and D3. The fluorescence of labeled proteins was measured along the yellow lines marked in Al, B1, C1 and D1. The gray
values of fluorescence are shown in A4, B4, C4 and D4. Dephosphorylation reduced the protein occlusion inside the calcium carbonate crystals.

binding, it was found that phosphorylation of orchestin, a
major matrix protein from crustacean, was necessary for cal-
cium binding of the protein and calcium binding only occurs
via the phosphoserine residues."® Similarly, the affinity of the
starmaker protein, a protein controlling otolith morphogene-
sis in otolith morphogenesis,” for calcium binding was de-
pendent on its phosphorylation state.” From the perspective
of crystal growth, phosphorylated OPN preferentially bound
to the [100]C, steps, which may alter mineral interfacial ener-
gies, thus delaying the formation of active steps during
brushite growth. Furthermore, the phosphorylation-deficient
form of OPN failed to inhibit brushite crystallization.>® Piotr
Dobryszycki et al. found that the dimensions of the calcite
crystals growing in the presence of the phosphorylated
starmaker protein were smaller in comparison with the con-
trol.*® These studies together with our results show that
phosphorylation of proteins affects the crystal nucleation,

3914 | CrysttngComm, 2018, 20, 3905-3916

size, morphology but not the crystal polymorph, which is in
agreement with our in vivo studies. Generally, inhibition of
calcium carbonate formation is required for the control of
shell formation. It may allow shells to grow normally in the
presence of other shell matrix proteins. Loss of inhibition of
calcium carbonate results in overgrowth and disordered
growth of shells, partially shown in the experiment in vivo
(Fig. 1 and 2).

It is common to find biomacromolecules occluded in bio-
genic crystals, such as those found in mollusk shells.*>** For
example, prisms from the calcitic layer of mollusk shells are
single crystals of calcite with an incorporated organic matrix
composed of proteins and other biomacromolecules.>” The
occlusion of biomacromolecules within individual crystals is
highly relevant to their superior mechanical properties.’® Or-
ganic occlusions could add additional energy dissipation
mechanisms at the nanoscale and microscale.”” Interestingly,

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 The fluorescence intensity of SMPs distributed in crystals. The
integral intensity represented the fluorescence intensity. The
fluorescence intensity of two dephosphorylated groups were
significantly lower (** p < 0.01, respectively, p < 0.001 and p = 0.002,
analyzed by multiple t-tests) than untreated groups. Error bars,
standard deviation of 8-10 measured crystals.

in dental mineralization, amelogenin processing by matrix
metalloproteinase 20 prevents protein occlusion inside calcite
crystals® and apatite crystals,>® in which full-length
amelogenin may bind most strongly, truncated amelogenin
binds weakly, and the C-terminus alone has the weakest
interaction to hydroxyapatite and calcite. The occlusion of or-
ganics in enamel undermine the mechanical properties of
biominerals while in shells, organic occlusions enhance the
hardness and stiffness of the materials.’>>® In this study, we
found that protein occlusion inside calcium carbonate was
greatly reduced in dephosphorylated ESM groups compared
to the phosphorylated groups, indicating that phosphoryla-
tion of SMPs was required for protein occlusion inside the
crystals. This could be due to the phosphorylated groups with
negative charges that can attract Ca®>" at the early stages of
crystallization and facilitate the interaction between proteins
and crystals. It is expected that phosphorylated proteins stick
to growing calcite crystals and consequently modify their
morphology, because the phosphate groups bind with the cal-
cium ions on the surface of the growing crystals, and thereby
inhibit crystal growth where they bind. It is also expected,
therefore, that when the phosphate groups are removed the
protein molecules will bind less to calcium, and consequently
will interfere less with crystal growth. Therefore, the phos-
phorylated proteins are found in greater amounts inside the
crystals, and are found also in the core of the crystals,
whereas the less phosphorylated molecules crowd at the crys-
tal surface. The binding of phosphorylated proteins onto the
surfaces of the crystal is also possible. But after PBS and DI
water washing, we think that this portion is limited. Last but
not the least, the phosphorylated SMPs could also be related
to amorphous calcium carbonate (ACC) stabilization®” or
transformation,”® and need further investigation. Interest-
ingly, occlusion of more proteins should decrease the crystal-
linity rather than increase it. Currently, the explanation for
this phenomenon is unknown. We speculate that it may be

This journal is © The Royal Society of Chemistry 2018
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related to the status of proteins occluded in the unit cell of
crystals, which need further studies. In addition, knowledge
of the forms of phosphorylated proteins occluded in vivo is
required to address the questions.

Conclusions

Through both in vivo and in vitro experiments, we demon-
strated that phosphorylation of matrix proteins is critical for
shell formation. Reduction of phosphorylation resulted in ab-
normal shell formation but without affecting the crystal poly-
morph and inhibited shell regeneration in vivo. In vitro re-
duction of phosphorylation caused a large loss of function of
matrix proteins on modulation of the crystal morphology and
reduced protein occlusion inside the crystals.
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