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Section 4.1 Concerning Coral Skeletal Proteomes

To kill an error is as good a service as, and sometimes even better than, the
establishing of a new truth or fact.
Charles Darwin

4.1 Concerning	
  Coral	
  Skeletal	
  Proteomes	
  
In an interesting work published in PNAS [156], Drake et al. present a proteomic
study of the skeleton from the stony coral Stylophora pistillata. This study
identifies proteins associated to the mineral phase that reputedly contribute to the
building of the coral skeleton. In other words, this set of proteins is supposed to
represent the so-called “biomineralization toolkit” of the coral. Although some of
the 36 proteins described in Drake et al. appear to be genuine extracellular matrix
(ECM) proteins related to biomineralization, such as coral acid-rich proteins
(CARPs) or carbonic anhydrase, some others are obvious intracellular
contaminants that should not be considered as skeletal organic matrix proteins
(SOMPs).
Drake et al. observed indeed proteins from the cytoskeleton such as actins, tubulins
and myosin. These proteins are obviously intracellular and should not be named
SOMPs: as far as we know, there is no scientific evidence that they interact directly
with the growing biomineral. We consider that the integration of intracellular
components to the growing list of SOMPs is misleading and detrimental to our
understanding of biocalcification mechanisms as well as to the elaboration of
molecular models, and this problem aims at being carefully appreciated.
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the Characterization of Biomineral Proteomes
In our hands, when similarly investigating SOMPs from the coral Acropora
millepora (see Chapter 3), we observed that cytoskeletal proteins were
contaminants from cellular debris together with other intracellular proteins (Table
4.1). These contaminants could be simply removed by extensive and appropriate
cleaning of the biomineral (Figure 4.1).

	
  
Figure 4.1: Comparison of the proteins identified by proteomics on the skeletal organic matrix
of Acropora millepora in two different conditions. “Simple bleaching” consisted in treating the
skeletal fragments with NaOCl once (5% v/v, 72 h), while “Extended bleaching” consisted in the
“simple bleaching” followed by cleaning with a NaOCl solution (10% v/v, 5 h) on skeletal sieved
powder (< 200 µm). * - Proteins that were reported as SOMPs in Drake et al.’s study.

By using two types of sample treatment (see Sections 3.3.1 and 3.3.2), we
demonstrated convincingly that the presence of cytoskeletal and, more generally,
intracellular proteins, is indicative of an inadequate cleaning of the coral skeleton
(Table 4.1), which typically holds superficial contamination from soft tissues
(Figure 4.2), symbionts and other boring organisms.
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Table 4.1: List of the 30 proteins identified in the samples from coral skeleton treated by
“Simple bleaching”, which were removed by “extended bleaching”. * - similar proteins to those
reported as ECM proteins in Drake et al.’s study.
Transcript references

BLASTP SwissProt reference

E value

1*

>gi|379118176|gb|JT015846.1|

0.0

2

>gi|379125045|gb|JT022715.1|

3*

>gi|379099717|gb|JR997386.1|

4

>gi|379084254|gb|JR981923.1|

5

>gi|379076599|gb|JR974268.1|

6

>gi|379089391|gb|JR987060.1|

Actin
sp|P12716.1|ACTC_PISOC
Tubulin alpha-1C chain
sp|P68365.1|TBA1C_CRIGR
Tubulin beta-4
sp|P30883.1|TBB4_XENLA
Tubulin alpha-1C
sp|Q9BQE3.1|TBA1C_HUMAN
Tubulin alpha
sp|P10872.1|TBA_TETPY
Tubulin alpha
sp|P41351.1|TBA_TETTH

7*

>gi|379122351|gb|JT020021.1|

0.0

8

>mf105_rep_c206

9

>gi|379098186|gb|JR995855.1|

10*

>gi|379075456|gb|JR973125.1|

11

>gi|379082904|gb|JR980573.1|

12

>gi|222798399|gb|EZ026787.1|

13

>gi|379114242|gb|JT011912.1|

14

>gi|379095792|gb|JR993461.1|

15

>kb8_rep_c51392

16

>kb8_rep_c29387

17

>gi|379104815|gb|JT002485.1|

18

>kb8_rep_c63048

19

>gi|379073448|gb|JR971117.1|

20

>kb8_c48899

21

>gi|379105500|gb|JT003170.1|

22

>gi|379096620|gb|JR994289.1|

23

>gi|379108785|gb|JT006455.1|

24

>gi|222803727|gb|EZ032115.1|

25

>gi|379104892|gb|JT002562.1|

26

>gi|222782586|gb|EZ011257.1|

27

>gi|379122454|gb|JT020124.1|

28*

>gi|379079965|gb|JR977634.1|

29

>gi|222799407|gb|EZ027795.1|

30

>kb8_c30860_frame-3

Tubulin beta-4B
sp|P68371.1|TBB4B_HUMAN
ATP synthase beta
sp|Q4FP38.1|ATPB_PELUB
ATP synthase alpha
sp|Q5R546.1|ATPA_PONAB
Myosin heavy chain
sp|P24733.1|MYS_AEQIR
Myocilin
sp|O70624.1|MYOC_MOUSE
Histone H2A
sp|P35061.2|H2A_ACRFO
Histone H2B
sp|P35067.1|H2B_ACRFO
Histone H4;
sp|P35059.2|H4_ACRFO
Heat shock protein 90
sp|O44001.1|HSP90_EIMTE
Heat shock protein 90
sp|O44001.1|HSP90_EIMTE
Heat shock protein 90
sp|O57521.2|HS90B_DANRE
Heat shock protein 70
sp|Q9S9N1.1|HSP7E_ARATH
Heat shock protein 70
sp|P63018.1|HSP7C_RAT
Heat shock protein 70
sp|P11144.2|HSP70_PLAFA
Zinc transporter ZIP14
sp|Q75N73.1|S39AE_MOUSE
Calpain-9
sp|O35920.1|CAN9_RAT
Photosystem II precursor
sp|P49472.1|PSBC_ODOSI
Voltage-dep. channel protein 2
sp|P81004.1|VDAC2_XENLA
Peroxiredoxin-1
sp|P0CB50.1|PRDX1_CHICK
Succinate Dehydrogenase
sp|Q7ZVF3.2|DHSA_DANRE
Endoplasmin
sp|Q66HD0.2|ENPL_RAT
Integrin
sp|P16144.5|ITB4_HUMAN
Transaldolase
sp|B6JNZ3.1|TAL_HELP2
No hit
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0.0
0.0
0.0
6e-85
4e-161

0.0
0.0
4e-06
7e-29
1e-26
2e-76
2e-65
0.0
0.0
0.0
3e-66
0.0
0.0
1e-75
0.0
0.0
5e-122
9e-100
2e-65
0.0
0.49
5.4
-
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Figure 4.2: SEM images from polished transversal sections of Acropora millepora skeleton. Both
surfaces (A-B) focus on two distinct pores covered with residual soft tissue that remained after
cleaning the fragments by “Simple bleaching”.

4.2 Concerning	
  Proteomes	
  Associated	
  to	
  Calcium	
  Carbonate	
  
Structures	
  in	
  Other	
  Metazoans	
  
According to the most commonly accepted view, the formation of metazoans
calcified skeletons results from the secretion of an acellular matrix that remains
occluded within the biomineral phase once precipitated [28]. During this
extracellular process, cellular contaminants can be entrapped in void structures
(such as the microcavities present all inside the aragonitic skeleton of stony corals,
Figure 4.2), and need to be removed by thorough incubation of skeleton fine
powder (< 200 µm) in concentrated sodium hypochlorite, before extraction and
further proteomic analysis of the skeletal organic matrix. This simple treatment
removes most – if not all – cellular debris, leaving intact the skeleton-associated
proteins, the true SOMPs that are part of the ‘biomineralization toolkit’.
The crucial need of a thorough cleaning of the coral skeleton, prior to any
proteomic characterization, can also be extended to other biomineral structures that
are made extracellularly, such as nacre in mollusks [213,214] and the spicules in
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Other Metazoans
sea urchin embryos [215,216]. Indeed, several discrepancies regarding the number
and nature of SOMPs identified by recent proteomic approaches have been
observed, not only in corals but also in other calcifying metazoans. When
comparing the results of high-throughput approaches - generally MS-based
proteomics combined with genomics and/or transcriptomics, applied to the skeletal
organic matrices of different metazoan species – we are faced with completely
distinct datasets that must be interpreted carefully.
Recent works have led to the identification of a few dozens of proteins
[7,54,74,88,174] that only exhibit signatures targeting to the extracellular space,
such as signal peptide, transmembrane and ECM domains, and may also include
singular primary structures like repetitive low-complexity domains (RLCDs) or
completely novel domains. In addition, to corroborate their involvement in
biomineralization, these SOMPs can also be analyzed for their expression in
skeleton-secreting tissues, either by PCR [54] or in-situ hybridization [95], or be
localized in calcifying/calcified tissues by western-blot or immunolocalization
[184].
On the other hand, other studies using similar approaches have published much
larger lists of biomineral-associated proteins (up to 200-300 proteins per model
depending on the taxa [172,175,217]). These datasets contain, besides extracellular
proteins, several proteins targeted to intracellular locations. The latter are obvious
cell constituent proteins whose presence should not be expected when biomineral
structures are adequately cleaned prior OM extraction. Hence we assert that these
proteins should be considered as contaminants and not assigned as true SOMPs
without further investigation.
To analyze this matter in more detail we made a review of the proteomic studies
published until present (2005-2013) on calcium carbonate mineralized structures
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known to be produced in an extracellular environment, and which have been
combined with transcriptome and/or genome data to deduce from dozens to
hundreds of protein sequences. The data is summarized on Table 2 for four
metazoan phyla and includes the cleaning procedure, demineralization and
extraction steps together with the corresponding tools used for protein
identification based on the MS/MS spectra. For each study the number of identified
proteins and corresponding sequences were collected to infer their subcellular
localization according to a standard protocol [218]. This latter is mainly based on
web bioinformatics tools used for targeting proteins in the cells according to their
sequence properties (see column Protein Localization, Table 4.2)
From this comparative analysis it is clear that the cleaning step may strongly
influence the number of hits, in particular, it can increase the number of
identifications corresponding to intracellular constituents and other ubiquitous
proteins. However it must be noted that there is no standard protocol to extract
skeletal organic matrices, as it should be adapted depending on the species, i.e. by
taking into account the morphology and microstructure of each biomineral. Still,
some key aspects of the proteomic approach may require special attention [75], in
particular during the cleaning step. In order to avoid protein hits of intracellular
localization it is important to use a cleaning agent such as concentrated sodium
hypochlorite in preference to acetone, sodium hydroxide or hydrogen peroxide
since it offers the compromise between being a very effective bleaching agent
without dissolving the mineral phase [162]. Equally important are the size of the
mineral fragments (preferably reduced to thin powder) and the duration of
cleaning.
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One drawback of the cleaning step is the potential to discard proteins of interest
that are weakly bound to the mineral phase but may have important functions in
biomineralization. Although, our analysis on the skeleton of Acropora millepora
indicates that mostly cytoskeletal and intracellular components are removed by
NaOCl treatment (Figure 3.3).
Furthermore, it is possible that comparative approaches with even harsher cleaning
procedures than the ones compared here, would enable to distinguish different
levels of association to the mineral phase by the biomineral-associated proteins, by
discriminating those that are slightly bound to the mineral phase, without being
trapped, from those that are embedded in the calcium carbonate nanocrystals.
In this regard we can also distinguish among the list of SOMPs [7,54,74,174],
proteins that may not be skeleton-specific and have possible roles in other
processes occurring extracellularly such as enzymes and proteins with domains of
the extracellular matrix. For instance osteopontin was detected in bone, teeth,
kidneys, epithelial lining tissues, blood plasma, egg white and eggshell. It is
therefore a ubiquitous protein that cannot be considered bone specific, although it
performs important functions in bone and eggshell formation [219]. Also clusterin
was detected in eggshell but it is present in many other tissues and is suggested to
be important in prevention of the aggregation and precipitation of eggshell matrix
components [220]. And finally calmodulin, which is a multifunctional calciumbinding protein expressed in all eukaryotic cells. In fact a member of this protein
family was identified in the prismatic layer of Pinctada margaritifera [54], which
is highly expressed in the mantle edge indicating that it might be a specific form of
calmodulin, with a role in the formation of the prismatic layer.
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Therefore these proteins, as other non skeleton-specific SOMPs, may have a direct
function in the biomineral formation such as adhesion or formation and
maintenance of the organic matrix framework.
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Table 4.2: Resume of the main MS-based proteomic approaches applied in the recent years (2005-2013) to mineralized structures of
calcium carbonate from metazoan origin. Accession numbers of identified proteins were collected from the literature and corresponding
sequence data resources. The subcellular location was predicted by means of bioinformatics tools (http://www.cbs.dtu.dk/services) according to
the protocol described in [218]. In brief, protein sequences were analyzed with TargetP, TMHMM for transmembrane domains, SignalP for the
presence of peptide signals, GPI for the presence of GPI anchors and SecretomeP for non-classical secretion. Complete protein sequences without
potential secretory and/or membrane signatures were considered intracellular without further characterization of their predicted location inside the
cell. As for protein fragments localization was predicted by gene ontology when available or considered unknown otherwise.

Cnidaria

Species

Acropora
millepora
[74]

Key cleaning steps
1. Washed fragments in
NaOCl 5% (v/v), 72h
2. Powder (<200 µm) in
NaOCl 1% (v/v), 5h

Skeleton

Demineralization

Acetic acid 10%
(v/v) overnight at
4ºC until pH 4

Organic
fractions

Extraction
procedure

ASM

- Centrifugation
- Ultrafiltration
- Dialysis

AIM

- 6X centrifugation
with milliQ water

ASM

- Centrifugation
- Ultrafiltration
- Dialysis

1. Washed fragments in
NaOCl 5% (v/v), 72h

Stylophora
pistillata
[156]

	
  

Calcified
tissue

Skeleton

1. Washed fragments in
NaOCl 3% (wt/v), 4h
2. Powder (<150 µm) NaOCl
3% (wt/v), 4 h

1 N HCl at room
temperature pH 7

AIM

- 6X centrifugation
with milliQ water

ASM
AIM

- Centrifugation
- Acetone 90%
- Centrifugations
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LC-MS/MS/
interrogation

LTQ –FT/
MASCOT

LTQ –FT/
X! Tandem

Data source

Proteins

Protein localization

36

ECM – 15
ECM/Membrane – 13
Membrane - 3
Intracellular - 0
Unknown – 5

52

ECM – 12
ECM/Membrane – 7
Membrane - 5
Intracellular - 14
Unknown – 14

36

ECM – 7
ECM/Membrane – 0
Membrane - 8
Intracellular - 7
Unknown – 14

NCBI
nucleotides
(101,380)
EST (15,389)

Draft genome

Chapter 4 Biomineralization Toolkit: the Importance of Sample Cleaning Prior to the Characterization of Biomineral
Proteomes

Ehinodermata

Spicules

Strongylocentrotus
purpuratus
[169–171]

Test

Spine

Mollusca

Tooth

	
  

Pinctada
margaritifera
& Pinctada
maxima [54]

Shell:
Nacre
Prisms

Haliotis
asinina [7]

Shell:
Nacre
Prisms

Isolation of spicules followed
by centrifugation interspersed
by successive re-suspensions
in:
1. NaOCl 2.3% (v/v) for 1-2
min,
2. CaCO3-saturated water
3. Ethanol, then acetone
(100%)
1. Tests cut into 2 halves and
washed
2. 3 X 200 ml NaOCl (6–14%
active chlorine), 0.5 h

Acetic acid 50%
(v/v) for 5 h at 4ºC

1. Intact shells in NaOCl 1%
(v/v) for 24 h.
2. Separated shell layers
thoroughly rinsed with water,
crushed into ∼1-mm2
fragments and subsequently
into fine powder (>200 μm).
1. Intact shells in NaOCl 1%
(v/v) for 24 h.

- Dialysis

ASM

- Dialysis

Acetic acid 50%
(v/v) overnight at
4ºC

1. Washed in water, 0.5 h
2. 3X 200 ml NaOCl (6–14%
active chlorine), 0.5 h
1. 4 × 200 ml NaOCl (6–14%
active chlorine), 1 h, with
changes after 15 min with a 2min sonication interval after
every change
2. Reduced to powder and
washed again as in 1.

ASM

ASM

Acetic acid 50%
(v/v) overnight at
4ºC

Acetic acid 5%
(v/v) overnight at
4ºC until pH 4.2

Acetic acid 5%
(v/v) overnight at
4ºC until pH 4.2

110

ECM – 35
ECM/Membrane – 23
Membrane – 20
Intracellular - 28
Unknown – 4

LTQ-FT/
MASCOT

Predicted
annotated
protein models
(Glean3)

138

ECM – 49
ECM/ Membrane –
24
Membrane - 40
Intracellular - 21
Unknown - 4

Q-TOF/
MASCOT &
Protein-Pilot

NCBI
EST (76,790) P. margaritifera
EST +
nucleotide
(7,272) - P.
maxima

80

ECM – 51
ECM/ Membrane – 4
Membrane - 6
Intracellular - 0
Unknown – 19

Q-TOF/
MASCOT

NCBI
Nucleotides+ES
T (9.167)

14

ECM – 11
ECM/ Membrane – 0
TM - 0

Predicted
annotated
protein models
(Glean3)

LTQ-FT/
MASCOT

Predicted
annotated
protein models
(Glean3)

- Dialysis

ASM

- Dialysis

ASM

- Centrifugation
- Ultrafiltration
- Dialysis

AIM

- 6 centrifugation
with milliQ water

ASM

- Centrifugation
- Ultrafiltration
- Dialysis
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231

ECM – 72
ECM/Membrane – 40
Membrane - 51
Intracellular - 66
Unknown – 2

LTQ –FT/
MaxQuant
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2. Separated shell layers
thoroughly rinsed with water,
crushed into ∼1-mm2
fragments and subsequently
into fine powder (>200 μm).

Acetic acid 5%
(v/v) overnight at
4ºC until pH 4.2

Crassostrea
gigas [175]

Shell:
Nacre
Prisms

1. Intact shells in NaOCl, 24
h.

30 mL of acetic
acid solution 5%
until pH 4.0,
stirred overnight.

Not
specified

Lottia
gigantea
[217]

Shell:
Spherulitic
Prismatic
Crosslamellar

1. Intact shells in NaOCl (6–
14% active chlorine) for (A) 2
h at RT, (B) 2 h with
ultrasound, (C) 24 h with
ultrasound

Acetic acid 50%
(v/v) overnight at
4-6ºC

Lottia
gigantea
[174]

Shell:
Spherulitic
Prismatic
Crosslamellar

1. M+2, M+1, M and M-1
layers were crushed into
approximately 1-mm2
fragments
2. Shell fragments in NaOCl
1% (v/v), 24 h

Eggshell

1. Isolated eggshells in 5%
EDTA and then washed with
water

Otolith

1. Isolated otolith in 0,65%
sodium hypochlorite, then
sonicated and washed with
water

Chordata

Mollusca (cont.)

Haliotis
asinina [7]

	
  

Gallus gallus
[172]

Danio rerio
& Oncorhynchus mykiss
[221]

Shell:
Nacre
Prisms

Acetic acid 5%
(v/v) overnight at
4ºC until pH 4.2

ASM

Q-TOF/
MASCOT

NCBI
Nucleotides+ES
T (9.167)

-TCA 20%, 2h
- Centrifugation
- (3x) Acetone
and
centrifugation

LTQ-FT/
MASCOT

NCBI
Annotated
protein models
(26,086)

ASM
AIM

- 2X Dialysis

LTQ-FT/
MaxQuant

ASM

- Centrifugation
- Ultrafiltration
- Dialysis

Q-TOF/
MASCOT

AIM

AIM

Acetic acid 10%
(v/v)

- Centrifugation
- Ultrafiltration
- Dialysis
- 6 centrifugation
with milliQ
water

ASM

- 6X centrifugation
with milliQ water

- Centrifugation
- Dialysis

LTQ-FT/
MASCOT

14

Intracellular - 0
Unknown – 3

259

ECM – 75
ECM/ Membrane –
10
Membrane - 30
Intracellular - 135
Unknown -9

genome.jgi-psf.
org/
Annotated
protein models
(23,851)

311

ECM – 141
ECM/ Membrane –
20
TM - 31
Intracellular - 89
Unknown – 30

NCBI
Nucleotides+ES
T (252,091)
genome.jgi-psf.
org/
Annotated
protein models
(23,851)

39

ECM – 31
ECM/ Membrane – 3
Membrane - 3
Intracellular - 0
Unknown - 2

EBI
chicken IPI
protein sequence
database
(~ 25,772)

520

	
  

EDTA excess

ESM and
EISM
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- Centrifugation
- Ultrafiltration

Q-TOF/
MASCOT

NCBI, Ensembl
Fish genomes
(~ 2,106,626)

	
  

8

ECM – 226
ECM/ Membrane –
43
Membrane - 75
Intracellular - 140
Unknown - 36
ECM – 7
ECM/ Membrane –0
Membrane - 1
Intracellular - 0
Unknown - 0

