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The sea urchin embryo develops a calcitic endoskeleton through intracellular
formation of amorphous calcium carbonate (ACC). Intracellular precipitation
of ACC, requires HCO; /CO3 ™ concentrating as well as proton export mechan-
isms to promote calcification. These processes are of fundamental importance
in biological mineralization, but remain largely unexplored. Here, we demon-
strate that the calcifying primary mesenchyme cells (PMCs) use Na*/H"-
exchange (NHE) mechanisms to control cellular pH homeostasis during
maintenance of the skeleton. During skeleton re-calcification, pH; of PMCs is
increased accompanied by substantial elevation in intracellular [HCO;3]
mediated by the Nat/HCOj cotransporter Sp_Slc4al0. However, PMCs
lower their pH; regulatory capacities associated with a reduction in NHE
activity. Live-cell imaging using green fluorescent protein reporter constructs
in combination with intravesicular pH measurements demonstrated alkaline
and acidic populations of vesicles in PMCs and extensive trafficking of large
V-type H'-ATPase (VHA)-rich acidic vesicles in blastocoelar filopodial cells.
Pharmacological and gene expression analyses underline a central role of the
VHA isoforms Sp_ATP6V0al, Sp_ATP6V01_1 and Sp_ATPal-4 for the process
of skeleton re-calcification. These results highlight novel pH regulatory
strategies in calcifying cells of a marine species with important implications
for our understanding of the mineralization process in times of rapid changes
in oceanic pH.

1. Background

To generate CaCO; shells and skeletons, calcifying organisms must accumulate
Ca**ions and dissolved inorganic carbon (e.g. HCO; and CO3") by cellular trans-
port mechanisms [1-3]. During this mineralization process, protons are liberated
that need to be removed from the calcification front to allow further mineral pre-
cipitation [1]. Thus, efficient trans-membrane transport systems that regulate pH
and deliver calcification substrates to the calcification front are a fundamental
requisite of all calcifying systems with the underlying mechanisms not clearly
understood. This mechanistic knowledge will have important implications for
our understanding of the mineralization process in marine calcifiers, and their
ability to cope with rapid changes in the seawater carbonate system due to the
phenomenon of ocean acidification (OA) [4].

For more than a century, the sea urchin larva has been used by biologists to
study mechanisms and gene regulatory networks underlying the formation of
an elaborate calcitic endoskeleton [5-7]. The larval skeleton is produced by pri-
mary mesenchyme cells (PMCs) that form syncytial cables through cell fusion
surrounding the skeletal rods [8,9]. Amorphous calcium carbonate (ACC) is pro-
duced in intracellular vesicles of PMCs and is exocytosed into the luminal space of
the syncytial cables to promote skeletal growth [10,11]. A range of matrix proteins
that regulate crystal nucleation, ACC stabilization and recruitment of Ca** ions
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[12-14] are required for the proper development of the larval
skeleton. The current model denotes that Ca”* is acquired
by the PMCs from the highly permeable primary body cavity
[15] through endocytosis of seawater-like fluids [3,16].
Carbon isotope studies demonstrated that approximately
60% of dissolved inorganic carbon (DIC) is used to build
the larval skeleton derived from metabolic CO,, whereas the
remaining 40% are acquired from the seawater [1]. Here,
the SLC4 family bicarbonate transporter Sp_SLC4al0 has
been identified to be critically involved in the cellular accumu-
lation of HCO; from the seawater [17]. By using a combination
of metabolic CO, as well as HCO; from the seawater as a DIC
source, 1.6 moles of H* are liberated for each mole of CaCO;
precipitated that need to be removed from the site of calcifica-
tion to allow further precipitation. This requires acid fluxes that
are comparable to those found in acid-secreting cells including
osteoclasts, renal tubular cells and gastric parietal cells [18].
Thus, the present work aims at identifying acid-base transport
mechanisms in PMCs that are critically involved in the
calcification process of the sea urchin larva.

In the sea urchin larva, potential candidates for proton
transport including Na*/H"-exchangers (NHEs), V-type H'-
ATPases (VHAs) and a putative H" /K*-ATPase (HKA) have
been described [17,19,20]. Four NHE isoforms are found in
the sea urchin genome of which only two are expressed in
PMCs [21]. Of these two isoforms only Sp_SLC9a2 is expressed
in endodermal tissues and PMCs and increased expression
levels were detected under acidified conditions resembling
near-future OA scenarios [22,23]. A pharmacological approach
using the specific HKA inhibitor SCH28080 demonstrated
decreased calcification through impaired PMC fusion
accompanied by reductions in the pH; of PMCs [20]. Despite
this pharmacological evidence for the existence of the HKA
in PMCs, the gene for the HKA has not been found in basal
deuterostome genomes, including those of sea urchins,
hemichordates and ascidians [19]. Seven VHA V, subunit
isoforms are found in the sea urchin genome database, of
which all are expressed in PMCs [21]. Despite their existence
in PMCs and an upregulation of some of these isoforms
during skeletogenesis it remains unknown whether a proton
pump expressed by PMCs contributes to the calcification
process or serves other cellular functions.

This work aims to identify proton transport processes in
PMCs that are of fundamental importance in the biomineraliza-
tion process. Here, we first address differences in pH regulatory
mechanisms of PMCs with a special focus on Na*/H" exchange
and HCOj; transport mechanisms. Intracellular as well as
intravesicular pH measurements were performed to character-
ize pH conditions in these compartments during skeleton
re-calcification, suggesting an important contribution of bicar-
bonate accumulation and vesicular pH homeostasis in the
calcification process.

2. Results

(a) Na*/H*—exchange mechanisms in primary
mesenchyme cells and their contribution
to calcification

Pharmacological inhibition of H" transport mechanisms by
5-(N-ethyl-N-isopropyl)amiloride (EIPA) and Bafilomycin A1,
targeting NHE and the VHA revealed a strong impact of EIPA

on PMC pH regulatory capacities (figure 1a—c). The compen- [ 2 |

sation reaction after removal of NH; was inhibited by 1 pM
EIPA down to less than 10% compared to PMCs only exposed
to the vehicle dimethyl sulfoxide (DMSO). EIPA inhibition fol-
lowed a sigmoidal dose-response curve with an ICs, value of
0.066 pM (figure 1d). While 80% of PMCs (1 =25 larvae; 137
cells) significantly reduced pH regulatory capacities in the pres-
ence of 1 pM EIPA, 20% showed only a mild, non-significant
response to the inhibitor (figure 1a—). To assure the correct
identification of PMCs, intracellular pH measurements were
performed in combination with PMCs expressing the reporter
construct ALX1-green fluorescent protein (GFP). This transcrip-
tion factor serves as a marker for PMCs [24,25] and confirms that
ALX1 expressing PMCs indeed have differential sensitivities to
EIPA (electronic supplementary material, figure S1). Compen-
sation of an intracellular acidosis was insensitive to the VHA
inhibitor Bafilomycin Al at a concentration of 1 uM (electronic
supplementary material, figure S2). Calcein pulse-chase exper-
iments in combination with EIPA demonstrated a significant
decrease in Ca®* incorporation by 10% and 20% into the spicule
in the presence of 0.1 pyM and 1 pM EIPA compared to a control
group only exposed to the vehicle DMSO (figure 1e). Here, it
should be noted that EIPA has been demonstrated to inhibit
macropinocytosis [26], and thus reductions in calcification
rates under the inhibitor treatment may be a result of reduced
Ca®* uptake by vesicular pathways.

Our findings suggest that NHE proteins participate in the
regulation of pH in PMCs and therefore we searched for potential
gene candidates. A Stongylocentrotus purpuratus specific antibody
designed against the sea urchin NHE-2 (Sp_SL.C9a2) revealed a
distinct signal in PMCs as well as in cells of the larval gut
(figure 1f). In prism stage larvae (2 days post-fertilization (dpf))
Sp_SLC9a2 was localized to the developing gut. In early pluteus
larvae (3 dpf) Sp_SLC9a2 protein was detected in sub-cellular
compartments whereas in older larvae high concentration of
this protein were found in the plasma membrane, cytosol as
well as in the cytoplasmic sheath of PMCs covering the mature
spicule (figure 1f,g). In pluteus larvae SP_SL.C9a2 was colocalized
with Sp_SL.C4al0 (electronic supplementary material, figure S3).
Negative controls using the immunization peptide demonstrated
no unspecific binding of the antibodies and western blot (WB)
analyses revealed major immune-reactivity with a protein in
the predicted size range of 95 kDa (figure 14,i).

In summary, we observed a significant role of NHEs in
the pH regulatory mechanism of PMCs under resting con-
ditions, and identified SLC9a2 as a potential candidate that
mediates this function.

(b) pH; requlatory capacities during skeleton

re-calcification
To study pH regulatory dynamics in actively calcifying PMCs
we used the re-calcification assay where the skeleton is
dissolved and completely rebuilt within few days. To conduct
the re-calcification assay we exposed pluteus larvae for 12 h to
2-(N-Morpholino)ethanesulfonic acid hemisodium salt (MES)
buffered filtered natural seawater (FSW) adjusted to pH 6
which led to complete dissolution of the skeleton. After 2
days in FSW (pH 8.1) larvae started to rebuild their skeletons
with most rapid re-calcification of the spicule between day 1
and day 3 (figure 2a). Skeleton re-calcification was initiated
by a thin spicule in the mid-region of the body rod and was
extended towards the anterior and posterior ends of the
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Figure 1. Pharmacological and immuno-histological evidence for Na*™/H* exchanger (NHE) dependent pH regulation in PMCs. (a,b) Intracellular pH measurements
in combination with the ammonium pulse technique demonstrated differential sensitivities of PMCs to the NHE inhibitor EIPA (n =8-11 larvae) (electronic sup-
plementary material, figure S1). (c) Exemplary measurement of pH regulatory abilities of single PMCs sitting along one spicule. Real time traces of pH; recordings in
the presence of 0.1% DMSO (upper graph) or under 1 uM EIPA treatment (lower graph). (d) Dose—response curve for the recovery rate in the presence of different
EIPA concentrations in EIPA sensitive cells (n = 6-9). (e) Calcein pulse-chase experiments in the presence of different EIPA concentrations. (f) Localization of the
NHE-2 in PMCs of the sea urchin larva (4 dpf) using a custom made antibody raised against the sea urchin SP_SL(9a2 protein. (g) Higher magnification of
SP_SLC9a2 immunoreactivity in PMCs of an early pluteus larva (3 dpf). (h) Peptide compensation assays are used as negative controls. (i) Western blot analysis
demonstrates major immunoreactivity with a 100 kDa protein. All values are presented as mean + s.e.m. Asterisks indicate significant differences (*p < 0.05; **p <

0.001). (Online version in colour.)

larva. This re-calcification often resulted in abnormal branch-
ing in the apex region of the regenerated spicule (figure 2a).
After 6 days, re-calcification was completed with only slight
irregularities in the spicule rods. pH; regulatory capacities of
PMCs during the re-calcification phase were measured by a
direct CO,-induced acidification using out-of-equilibrium sea-
water solutions (2.5%CO,/pH 8.0) (figure 2b) and the
ammonia pulse method (electronic supplementary material,
figure S4). Under control conditions (no de-calcification) pH;
of PMCs was restored at a rate of 0.0041 +0.0003 pH units
min~'. During the early re-calcification phase (D1+2) pH;
regulatory capacities were dramatically decreased by —0.027
+0.004 and —0.038 + 0.005 pH units min~" compared to PMCs
of control larvae (figure 2c). After 3 and 6 days of re-calcifica-
tion PMC pH; regulatory abilities almost recovered back to
control conditions. During the re-calcification phase (D1 +2)
pH; was significantly (p =0.003) increased by 0.31 +0.07 and

0.22 +0.09 pH units. This increase in pH; was accompanied
by an elevation in intracellular HCOj levels calculated based
on pH; and literature values for intracellular pCO, of marine
invertebrates [27].

To address the molecular mechanisms underlying the
differences in pH; regulation during skeleton re-calcification
we blocked putative ion transporters using a pharmacological
approach. The negative slope of pH; min~"' during the CO,
induced acidosis in re-calcifying PMCs was even further
decreased by the addition of 500 pM 4,4’-diisothiocyano-2,2’-
stilbenedisulfonic acid (DIDS) and 1 pM Bafilomycin inhibiting
bicarbonate transporters and VHAs, respectively (figure 2f,g).
However, in this re-calcification stage 1 M EIPA had no
effect on pH regulatory abilities of PMCs (figure 2h). Compari-
sons of compensatory slopes during acidification by 2.5% CO,
in control PMCs, control PMCs exposed to 1 pM EIPA and
re-calcifying  PMCs demonstrate similarly decreased pH;
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Figure 2. pH requlatory capacities of PMCs during skeleton re-calcification. (a) Re-calcification of the larval skeleton after dissolution within 6 days indicated by the
primary rod length (PRL) (n = 5). (b) CO, pulse experiments using out of equilibrium solutions (OEE; 2.5% (0, and pH 8.0) were used to characterize cellular pH regulatory
capacities at different time points of re-calcification (n = 8—10). Determination of pH regulatory capacities (c), baseline intracellular pH (pH,) (d) and calculated intra-
cellular [HCO, ] (e) along the re-calcification period. Sensitivity of pH regulatory capacities to the HCO; ™ transport inhibitor DIDS (f) the V-type H'-ATPase inhibitor
Bafilomycin (BAF) (g) and the NHE inhibitor EIPA (h) during re-calcification (n = 5—6). (/) Comparison of pH regulatory capacities of PMCs under control conditions,
in the presence of EIPA and in the re-calcification phase (n = 5—6). Schematic model illustrating shifts in transporter activity in resting and mineralizing PMCs.
Values are presented as mean = s.e.m. Asterisks denote significant differences (**p < 0.001; *p < 0.05) between treatments. (Online version in colour.)

regulatory abilities in re-calcifying and EIPA treated control
PMCs (figure 2i). DIDS inhibited pH; regulatory capacities
during the CO, pulse in control larvae leading to a decrease
in the compensatory slope from 0.004+0.001 to —0.016 +
0.002 pH units min~! in control and DIDS treated PMCs,
respectively (electronic supplementary material, figure S5a,b).
Bafilomycin had no effect on pH; regulatory capacities using
the CO, pulse method (electronic supplementary material,
figure S5c,d). Figure 2j depicts differences between resting
and calcifying PMCs that have an elevation in intracellular
HCOj levels accompanied by a reduction in sensitivity to the
NHE inhibitor EIPA. This suggests a minor contribution of
NHE:s to the calcification process.

(c) Interaction of blastocoelar filopodial cells with
primary mesenchyme cells and characterization
of vesicular pH

During the phase of skeleton re-calcification, the number of
large blastocoelar filopodial cells (BFCs) highly increased in

the extracellular space of the primary body cavity and
BFCs interacted with PMCs and their syncytium (figure 3a).
Tagging of PMCs using the ALXI-GFP bacterial artificial
chromosome (BAC) demonstrates that BFCs are not of skeleto-
genic mesenchyme origin. BFCs endocytose fluorescence
labelled dextrans into large vesicles that are transported by
the extensive filopodial network (figure 3b, electronic sup-
plementary material, videos S1 and S2). The dynamic
network of filopodial cells is strongly associated with PMCs
by membrane interactions of both cell types (figure 3a—c).
Because BFCs are strongly associated with PMCs, pH regulat-
ory capacities as well as vesicular pH determinations of these
two cell types were compared to see if their physiology
shows similar responses during skeleton re-calcification or
not. pH; recordings performed during the re-calcification pro-
cess demonstrated decreased pH; regulatory capacities and
increased cytosolic pH in PMCs (figure 3d,e R2-R6) whereas
large vesicle-rich BFCs (figure 3d,e R1) have significantly
(p<0.001) higher pH; regulatory capacities of 0.005=*
0.0003 pH units min~" and a pH; of 6.92+0.05 (figure 3f).
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Figure 3. pH; regulatory abilities of blastocoelar filopodial cells (BFCs) and characterization of vesicular pH during skeleton re-calcification. (a) During re-calcification
a large number of BFCs (indicated by arrows) occur in the extracellular matrix of the primary body cavity that are associated with the regenerating skeleton. BFCs are
of non-PMC origin as indicated by the expression of the GFP tagged skeletogenic mesenchyme cell marker ALX7. (b) Confocal time-lapse recording of BFCs that
endocytosed TexasRed (TR) 10 KDa dextran (red) into large vesicles. Arrow indicates a BFC that migrates and attaches to a PMC. (¢) BFCs attach to PMCs and
transport endocytosed vesicles across their filopodial network (electronic supplementary material, videos S1 and S2). (d,e) BCECF-AM loaded cells along a regen-
erating spicule for the determination of pH; regulatory abilities of BFCs (R1) and PMCs (R2-R6) after 2 days (D2) of skeleton re-calcification using the (O, pulse
method. (f) Comparison of pH requlatory capacities of BFCs and PMCs during re-calcification (D2) (n = 6). (g) Determination of intravesicular pH (pHye) in PMCs
and BFCs using endocytosed BCECF-FA conjugated with a 10 kDa dextran molecule. (h) Calibration of pHye, in the presence of nigericine and 150 mM [K*] seawater
solutions adjusted to different pH values (n = 3-4). (/) Quantification of alkaline (>pH 7.5), neutral (pH 6.5-7.5) and acidic (pH < 6.5) vesicles (n = 27) from
PMGs. () Inhibition of vesicular acidification in large endocytotic vesicles of BFCs by the V-type H*-inhibitor Bafilomycin (n = 4). (k) Re-calcification rates measured
as skeletal rod-growth per day under different concentrations of Bafilomycin and EIPA (n = 4). Values are presented as mean = s.e.m. (Online version in colour.)

The membrane-impermeable pH-sensitive dye BCECF-FA
conjugated to a 10 KDa dextran is taken up into PMCs by endo-
cytosis and localized within vesicles (figure 3g). Calibration of
the dye in intracellular vesicles using a high potassium solution
in combination with the H*/K"-ionophore nigericine resulted
in a sigmoidal function between 440 and 486 nm fluorescence
ratio and intravesicular pH (figure 3k). Determination of intra-
vesicular pH in PMCs of pluteus larvae under control
conditions (no re-calcification) demonstrated a share of 51.8%
alkaline (>pH 7.0), 14.8 neutral (pH 6.5-7.0) and 33.3% acidic
(<pH 6.5) vesicles (figure 37). The pH of large vesicles in
BFCs was acidic (pH 5.5+0.1) and vesicular acidification
was sensitive to the VHA inhibitor Bafilomycin (figure 3j).
Re-calcification capacities determined by the growth rate of
the primary rod after skeleton dissolution demonstrated a
full inhibition of skeletal re-calcification in the presence of
1 pM Bafilomycin (figure 3k). By contrast, re-calcification was
not impacted by EIPA at a maximum concentration of 1 pM
(figure 3k). After the inhibitor treatments, all larvae were
alive and showed no signs of collateral effects (i.e. swimming
ability, swallow movements) by the inhibitors up to a concen-
tration of 1 pM.

(d) Modulation of acid—base transporters during

skeleton re-calcification
Our findings indicate that Na*/HCO3 co-transporters (NBCs)
and NHEs might play a role in the regulation of the re-calcifica-
tion process. We, therefore, measured the change in the mRNA
level of relevant genes during this process. During re-calcifica-
tion positive immunoreactivity of the Sp_Slc4al0 (NBC)
antibody was found throughout PMCs and their syncytial
cables (figure 4a). NBC protein levels increase by 2.27-fold
and 1.79-fold at the time points D0 and D1 of re-calcification,
respectively (figure 4b). Protein concentrations return to control
levels at D2 and 3 of skeleton re-calcification. Quantitative
polymerase chain reaction (QPCR) analysis of putative calcifica-
tion related genes coding for ion transporters and pumps
revealed dynamic changes along the re-mineralization period
of 3 days (figure 4c). mRNA levels of Sp_Slc4a10 (NBC) were
significantly increased throughout the entire re-mineralization
period with highest expression levels at D2. By contrast
Sp_Slc9a2 (NHE) mRNA levels were not significantly
affected during the re-calcification phase. mRNA expression
revealed differential expression patterns between the seven
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Figure 4. Modulation of acid—base transporters during skeleton re-calcification. (a) Immunolocalization of the Na™ /HCO,  cotransporter (NBC; Sp_Slc4a10) in re-
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low pH treatment. NBC protein levels were normalized to the total protein intensities. (c) qPCR analyses of NBC and NHE (Sp_Slc9a2) as well as the seven H*-ATPase
VO isoforms identified in the sea urchin genome. Values are expressed as fold-change (log,) relative to control larvae. (d) Positive immunoreactivity of the
mammalian ATPV0a4 antibody (kindly provided by Dr Carsten Wagner/Dr Soline Bourgeois) in sub-cellular vesicles of blastocoelar filopodial cells during skeleton
re-calcification (D2) (green) and DraQ5 as a counterstain for nuclei (red). Negative controls were performed by omitting the primary antibody (e). Western blot
performed with samples from mouse PCT, (D and whole larvae from S. purpuratus (SP) using the ATP6V0a4 antibody (). Values are presented as mean + s.e.m.
(n=3-6). Asterisks denote significant differences (**p < 0.001; *p < 0.05) between treatments. (g) Schematic summary of cellular processes in PMCs and
blastocoelar filopodial cells (BFCs) during skeleton re-calcification in the sea urchin larva. (Online version in colour.)

VHA V0 subunit isoforms. While the majority, including
Sp_ATP6V0al_1,al_2,al_3 and al_a were significantly down-
regulated at the time point of d1 an upregulation pattern with
significant increases in ATP6V0al, al_4 and aol transcripts
were found at the later time points of D2-3 (figure 4c). Using

a polyclonal antibody raised against the VO subunit of the
human ATP6V0a4 protein, strong immunoreactivity was
found in BFCs during re-calcification (D2) (figure 4d, upper
panel). At a higher magnification, immunoreactivity was loca-
lized to sub-cellular structures surrounding the nucleus (red)
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and within filopodial extensions of BFC (figure 4d lower panel).
These vesicle-enriched filopodia come in close contact to
PMCs that have no positive immunoreactivity to this antibody.
Negative controls performed by omitting the primary antibody
demonstrated specific binding of the secondary to the primary
antibody (figure 4e¢). Western blot analyses demonstrate
specific immunoreactivity of the ATP6V0a4 antibody with a
116 kDa protein in samples from mouse proximal convoluted
tubules (PCT) and collecting duct (CD) as well as in extracts
from S. purpuratus larvae (SP) (figure 4f). In addition to the
116 kDa band found in all samples the sea urchin homogenates
had a second band with higher molecular mass of ca 150 kDa.
The findings demonstrated a stimulation of bicarbonate trans-
port by Slc4al0 in PMCs accompanied by increased H*
transport capacity by multiple VHA isoforms during skeleton
re-mineralization.

3. Discussion

(a) pH; requlatory states of primary mesenchyme cells
The first set of experiments addressed the presence and role of
proton transporting enzymes, including NHEs and VHAs in
pH; regulatory capacities of PMCs. Interestingly, PMCs
within one larva responded with different sensitivities to
EIPA. Calcein pulse-chase experiments of the present work in
combination with the NHE inhibitor EIPA suggest a moderate
(10-20%) EIPA sensitive incorporation of Ca®" mainly in the
mid-region of the primary rods, while Ca** incorporation is
less affected in the aboral tips of the spicule. It seems that differ-
ent PMCs have a different function that is related to their
position along the body rods. The ones at the tip use EIPA
insensitive mechanisms for calcification while the ones located
away from the tips show EIPA sensitive incorporation of Ca*".
This strongly correlates with the observation that PMCs have
different functions in the normal calcification process where
calcification is promoted at the tips and inhibited along the
rods [28]. Further evidence for different functional states of
PMCs is provided by in situ hybridization analyses in combi-
nation with calcein pulse-chase experiments [29]. Here,
different expression levels of calcification related genes
between cell bodies within one PMC syncytium were associ-
ated with differences in Ca®" incorporation rates at distinct
locations within the larval skeleton [29]. These findings in the
sea urchin larva resemble those of mammalian systems,
where two functional states of osteoblasts were identified
[30]. Inactive osteoblasts form a thin epithelium lining the
bone whereas active cuboidal osteoblasts are only found in
active bone mineralizing regions expressing high concen-
trations of NHE-1 in basolateral membranes. These analogies
suggest that also in the sea urchin larva, the formation of an
elaborate skeleton is associated with a dynamic modulation
of functional states in mineralizing PMCs.

In situ hybridization experiments demonstrated expression
of NHE (Sp_SLC942) in PMCs [17] and our S. purpuratus
specific Sp_Slc9a2 antibody confirms strong immunoreactivity
with PMCs. NHEs have been associated with calcifying cells
from algae [2] invertebrates [31] and mammals [18] with a
predominant localization in the plasma membrane. In minera-
lizing osteoblasts the concept of proton removal by NHEs is
supported by the upregulation of NHEI and 6 during mineral-
ization [18]. By contrast, the present work did not find a
substantial change in Sp_SIlc9a2 mRNA levels during skeleton

re-calcification. Although the genetic basis remains unre-
solved, our pharmacological
demonstrated that NHEs are part of the pH regulatory machin-

and biochemical studies
ery of PMCs. However, our results also demonstrate that Na*/
H" exchange activity mainly serves pH, regulatory processes of
PMCs during maintenance of the skeleton with only a minor
contribution to the calcification process.

(b) pH; requlatory dynamics of primary mesenchyme
cells during skeleton re-calcification

Decalcification experiments of the present work confirmed ear-
lier studies demonstrating the ability of sea urchin larvae to
fully re-calcify their calcitic endoskeleton after dissolution by
acidic conditions [32]. This assay was used to stimulate calcifi-
cation rates of PMCs allowing us to study pH regulatory
capacities and mechanisms of PMCs during active calcification.
The re-calcification phase was accompanied by substantial
changes in pH; regulatory abilities of PMCs. Against our initial
hypothesis that pH; regulatory abilities should be increased
during the re-calcification process, we found them to be
dramatically decreased. However, during this phase, intra-
cellular pH and [HCO;] levels were increased supporting
the concept of substrate accumulation during an extensive
re-mineralization event. This observation is supported by the
substantial increase of NBC (Sp_SLC4a10) on the mRNA and
the protein level, as well as an inhibition of cellular HCO;
transport by DIDS. Similar observations were made in
human osteoblasts, that elevate pH; from 6.62 to 7.35 when
switching from a non-mineralizing to a mineralizing mode
[30]. However, mineralizing osteoblasts increase pH; regulat-
ory capacities accompanied by an upregulation of NHEI and
NHE6 mRNA levels [18]. By contrast, PMCs reduce pH;
regulatory capacities and become insensitive to the Na*/H"
exchange inhibitor EIPA, suggesting a reduction in NHE-
based pH regulatory capacities during skeleton re-calcification.
Although decreased proton extrusion capacities of PMCs
during active mineralization seem counterintuitive, low pH
regulatory abilities of calcifying cells have been documented
for other marine organisms. In the coccolithophore Emiliania
huxleyi, decreases in seawater pH led to an uncompensated
intracellular acidification [33]. OA simulations demonstrated
that increases in environmental pCO, reduce pH; of calicoblas-
tic cells in three hermatypic coral species in an uncompensated
manner [34]. Based on these observations and findings of the
present work it can be concluded that cellular DIC accumu-
lation is strongly stimulated during skeleton re-calcification.
However, unlike the situation in vertebrates where the acid-
load generated by the mineralization process is compensated
by increased NHE activity, PMCs seem to use another route
to remove protons from the calcification front.

(¢) Vesicular proton accumulation during skeleton re-
calcification

In a next step, we investigated the potential role of vesicular
acid sequestration as an alternative route to locally remove
protons from the cytosol. Intravesicular pH measurements
demonstrated the presence of acidic (33%), neutral (15%)
and alkaline (52%) vesicles in PMCs of the pluteus larvae.
This endocytotic uptake of seawater-like fluids from the pri-
mary body cavity and subsequent vesicular acidification
demonstrates a local, sub-cellular sequestration of protons
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from the cytosol. Furthermore, during re-calcification of the
larval skeleton, the number of large BFCs largely increase
in the extracellular matrix of the primary body cavity that fuse
with one another and connect to PMCs. These BFCs move
with high velocities within the extracellular matrix and
exchange large endocytosed acidic vesicles along their extensive
filopodial network. These findings are consistent to earlier
observations that described large multinucleated blastocoelar
cells mainly during the phase of skeleton formation [35,36].
Analyses of cell fusion specificities using fluorescently labelled
cells indicated that PMCs and blastocoelar cells (other mesench-
yme cells) remain fusion competent along the larval
development. However, this study also concluded that fusion-
competent blastocoelar cells and PMCs come in contact but do
not fuse with one another [35]. This observation is corroborated
by our time-lapse recordings that demonstrated extensive traf-
ficking of vesicles in filopodial networks but probably no
direct transfer of vesicles from PMCs to BFCs. A comparison
of PMCs and BFCs demonstrated substantially reduced pH
regulatory capacities during skeleton re-calcification while
those of BFCs resemble those of PMCs in a non-re-mineralizing
mode. This difference in pH; regulation of PMCs and BFCs
further underline different functions of these two cell types
during skeleton re-mineralization. Finally, acidification of
large (diam. >1 pm) endocytotic vesicles within BFCs is sensi-
tive to the VHA inhibitor Bafilomycin that also efficiently
inhibits re-calcification of the larval skeleton. Here, it remains
speculative if protons sequestered in these large vesicles
derive from the calcification process or have another origin.
These experiments indicate a critical involvement of the
V-type ATPase during the process of skeleton re-calcification
with the underlying mechanisms remaining speculative.

The VHA has been associated with the biomineralization
process of different species including foraminifera [37], cocco-
litophores [38], cnidarians [39], molluscs [40,41] and
crustaceans [42]. In foraminifera (Amimonia sp.), increased Bafi-
lomycin-sensitive proton secretion has been demonstrated
during chamber formation using the pH sensitive dye HPTS
[37]. In the coccolithophore E. huxleyi gene expression studies
[38], biochemical analyses [43] and flux modelling [44]
suggested that besides a direct exit of H" through a voltage
gated H' channel [45] calcification-derived protons are seques-
tered into sub-cellular compartments by a VHA. Screening of
the seven VHA V|, subunits found in the sea urchin revealed
an upregulation of the Sp_ATP6V0al, Sp_ATP6V0al_4 and
Sp_ATP6V0aol genes during re-calcification of the larval
skeleton. Among these three isoforms of the V, subunit
Sp_ATP6V0al and Sp_ATP6V0al_4 are expressed by PMCs
[46] and together with our pharmacological observations
lends strong evidence for a key role of the V-ATPase in the
mineralization process of the sea urchin larva. In addition,
using an antibody designed against the mammalian
ATP6V0a4, a strong immunoreactivity was detected in vesicu-
lar structures of BFCs corroborating our pharmacological
inhibition of vesicular acidification in this cell type. Here, it
remains unresolved which of the VHA isoforms is responsible
for the massive sequestration of protons in BFCs and what
the biological function may be. It can be speculated that this
massive transport of protons into vesicular structures of BFCs
is associated with a removal of protons liberated by the calcifi-
cation process. Acidic vesicles may then be exocytosed into the
primary body cavity or transported through the filopodial net-
work to be released into the seawater at the highly permeable

ectoderm. Furthermore, besides the possibility of direct
secretion, vesicular sequestration of protons may also serve
other cellular functions like enhanced protein degradation
and processing in acidic lysosomes or autophagosomes
during skeleton re-calcification [47].

By contrast to the situation in vertebrate osteoblasts, mineraliz-
ing cells of the sea urchin embryo reduce NHE-based pH;
regulatory capacities during extensive calcification events.
However, the necessity to remove protons liberated by the calci-
fication process suggests an alternative route of proton removal
from the calcification front in PMCs. Here our vesicular pH
measurements demonstrate a sub-cellular sequestration of pro-
tons in PMCs and BFCs potentially supporting pH; regulation
during the calcification process (figure 4g). It remains a matter
of future investigations whether acidic vesicles in PMCs are exo-
cytosed into the primary body cavity or if they can be
transferred from PMCs to BFCs to be secreted or used for
other cellular processes during skeleton repair (depicted by
question marks in figure 4g). Despite these open questions
regarding the removal of protons from the calcification front
our results clearly demonstrate efficient cellular mechanisms
of DIC accumulation during the mineralization event. Accord-
ingly, reductions in seawater pH and carbonate saturation
state as predicted for the coming century (Intergovernmental
Panel on Climate Change) may represent a challenge for calcify-
ing systems associated with low pH; regulatory abilities, as
changes in environmental pH directly interfere with cellular
pH homeostasis. However, the findings of the present work
also indicate that mineralization of the skeleton in the sea
urchin larva underlies tight cellular control in terms of HCOj3
acquisition and potential sub-cellular proton removal strategies
that may counter ongoing changes in seawater carbonate chem-
istry. Here, the present work provides important mechanistic
insights and new concepts for understanding the mineralization
process in the sea urchin larva with strong implications for our
interpretation of climate change effects on marine calcifiers.

Collection and culture of adult sea urchins (S. purpuratus), as well
as preparation of larval cultures, was performed as previously
described [19,48].

The re-calcification assay was performed as previously
described by Pennington & Hadfield [32]. Briefly, larvae of
S. purpuratus (3 dpf) were exposed to 0.03M MES buffered
FSW adjusted to pH 6.0 (FSW-pH 6). To fully dissolve the
endoskeleton, larvae were exposed to FSW-pH 6.0 for 12-15 h.
To regenerate their skeletons, larvae were transferred back into
FSW (pH 8.0). The day of transfer back into FSW (pH 8.0) was
defined as day 0 (D0), while the following days are
consecutively numbered as D1, D2, D3, D4 and Dé.

pH; determinations and ammonia pulse experiments were
conducted as previously described using the ratiometric mem-
brane-permeable pH-sensitive dye 2/,7-Bis-(2-carboxyethyl)-5-
(and-6)-Carboxyfuorescein, Acetoxymethyl Ester (BCECF-AM)
[15]. Control and re-calcifying larvae were measured in an alter-
nate mode and from each larva 5-6 cells were simultaneously



recorded and treated as one replicate (1 = 1). The CO, pulse tech-
nique was performed according to Suffrian et al. [33]. A detailed
description of the experimental procedures is presented in the
electronic supplementary material.

(c) Vesicular pH measurements

The membrane-impermeable pH-sensitive dye BCECF-FA 10 kDa
dextran was used to monitor vesicular pH (pHyes). Control or re-
calcifying larvae were incubated in BCECF-FA 10 kDa at a final
concentration of 500 pM for 48 h. For vesicular pH recordings
the ectoderm was removed according to the previously described
‘bag isolation protocol’ [15,49]. Ratiometric fluorescence record-
ings were performed on an inverted microscope using a 100x oil
objective. To translate fluorescence intensity ratios into pH
values, PMCs were exposed to an artificial seawater solution con-
taining 10 pM Nigericin in combination with high external [K*]
(150 mM) (for details see [15]). This calibration solution allowed
the calibration of pHygs with our detected emission ratio of
BCECF-FA in vesicles of living PMCs.

(d) Immunohistology and westernblot analysis
Immunofluorescence and western blot analysis was performed as
previously described [19,48]. Polyclonal primary antibodies used
in this study were generated against synthetic peptides correspond-
ing to a carboxy-terminal region (CHGHHWIKEKWEEVNHK) of
the sea urchin Sp_Slc9a2 protein and the sea urchin Na*/HCO;
transporter Sp_SL.C4a10 (for detailed information on Sp_SLC4a10
antibody validation see [17]). In addition a mammalian ATP6V0a4
antibody [50] was used to localize the ATP6VO subunit in
sea urchin larvae. Detailed information for immunohstochemical
and western blot analyses are presented in the electronic
supplementary material.

(e) Microinjection of reporter constructs and time-lapse
imaging

Micro injections were performed as previously described [17].
The alx1 BAC reporter construct (Sp_BAC_042108_L) was obtained
from the S. purpuratus BAC clone library (http://www.echinobase.
org/Echinobase/bac_table/bac_table.php). BAC-GFP constructs
were injected at a concentration of 25 ng ul™" using a microinjec-
tion system (Picospritzer III, Parker) mounted on an inverse
microscope (Zeiss ObserverD1) equipped with a cooling stage.
Alx1 BAC-GFP injected larvae were raised for 3 days and then
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