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The skeleton of the oldest multicellular animals, the spicules from siliceous sponges (the classes of
Hexactinellida and Demospongiae), is composed of amorphous hydrated silica. The most outstanding
feature of these spicules is that they are synthesized by the enzyme silicatein. After having studied the
largest biosilica structures on earth, the up to 3 m long (diameter of 8.5 mm) spicules from the deep-sea
hexactinellid Monorhaphis chuni, we describe that this silica material has the quality of quartz glass.
Although such silica can be produced chemically only at high temperature and with aggressive chemicals,
the animals fabricate this biomaterial physiologically and at low temperature (around 4 °C). These giant
spicules are composed of almost pure silica. Likewise surprising is the fact that this biosilica contains a
proteinaceous matrix, which is silicatein. Because these composite structured spicules also function as
excellent light waveguides, our results may open new perspectives for the production of nanostructured
materials and devices in the opto- and microelectronics industry.

Introduction

Sponges [Phylum Porifera] are simple and the evolutionary
oldest animals that appeared approximately 800—600 million
years ago, as the first metazoans on our planet.' This
important phylum remained enigmatic for a long time.
However, during the last 12 years, our studies, mainly by
application of molecular biological and cell biological
techniques, revealed that sponges share most features with
other metazoans, such as the cell communication and
adhesion systems,* the immune system,” the mechanisms of
apoptotis, or the body plan.® These characteristics qualify
the sponges as the basal taxon of all metazoan phyla, which
allows exploring the “common roots” of all animals.’
Nevertheless, sponges are distinguished by one unique feature
from all other metazoans: they synthesize their siliceous
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skeleton enzymatically by silicatein.®!' These amazing
results were obtained with siliceous sponges, which are
grouped into the classes of Demospongiae and Hexactinel-
lida. Recently, first evidence has been presented that silica
formation might require collagen'? and/or chitin.'> Major
progress had been achieved with the discovery that Demo-
spongiae, with the species Tethya aurantium®® and Suberites
domuncula'® as models, have the unique property of being
able to synthesize their skeleton [spicules] of amorphous
biosilica, enzymatically at the body temperature of the
animals."" A boost toward a practical application of sponge
biosilica came from studies of Aizenberg et al.'"* and us,”
which revealed that spicules, especially from hexactinellids,
can be used as optical fibers with exceptional properties. For
those studies, some relatively small spicules from Euplectella
aspergillum or Hyalonema sieboldi, with lengths of 5—8 cm
(fragments) and diameters of <0.5 mm, had been used. These
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Figure 1. Hexactinellid Monorhaphis (M. chuni/M. intermedia) with its giant basal spicule. (A) Schematic growth pattern of this animal. Small specimens
surround the giant basal spicule completely. During growth, the body (bo), displaying one row of atrial openings that harbor the excurrent canals of the
aquiferous system, elongates and grows along the centrally arranged giant spicule (gbs) to reach a final size of 3 m. (B) 1 m long spicule, shown being held
by a person. The atrial openings are at one side of the animals. (C) A series of atrial openings (at). (D) Polished cross section through a giant basal spicule,
displaying its three parts (i) the axial canal (ac), (ii) the axial cylinder (cy) and (iii) the lamellar region (la). (E) Comparison between the tip of a giant basal
spicule (diameter of 7 mm) and a pin/needle. (F) A white light source (wls) focused onto one end of the monaxial giant basal spicule (sp), showing the
transmission of light within the spicule. (G) Higher magnification of the illuminated spicule, uncovering the axial canal (ac), which appears brighter because
of the higher reflection. (H) Comparatively small spicules stabilize the body of the animal; among the 10 different types of spicules is the pinular pentactine

that is shown. Length of this spicule (bar): 20 um.

hexactinellid spicules had been described to be constructed
hierarchically from nanometer-sized building blocks, and to
grow by apposition of lamellae.'®!”

To better understand the structure of the hexactinellid
spicules, our group has introduced the giant basal spicules
from Monorhaphis chuni/Monorhaphis intermedia [(perhaps)
synonymic species] (Porifera: Hexactinellida: Amphidis-
cosida: Monorhaphididae) as model. Specimens of this
species form one giant spicule each, the giant basal spicule,
which can reach lengths of 3 m and diameters up to 8.5
mm.'®'® This size qualifies those silica structures to be
exceptionally suitable for morphological and detailed inor-
ganic and organic analytical studies. The first specimens of
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this giant sponge species were discovered by dredging at a
depth of 1600 m, during the Valdivia Expedition off the coast
of East Africa (Somalia basin) in 1904 by Schulze.'® They
were also found in the South Chinese Sea and around New
Caledonia in the deep pelagic zone.'®'”

Results and Discussion

Giant Basal Spicules of Monorhaphis. The body of one
Monorhaphis specimen is organized around one giant basal
spicule, earlier termed basalia, as shown schematically in
Figure 1A. In addition, ten much smaller spicule types are
found in the body, with the relatively tiny 10—70 um long
pinular pentactines as an example (Figure 1H). The osculi,
which merge the excurrent canals of the aquiferous system,
are arranged in atrial openings that are aligned at the side of
the sponge body facing low current (Figure 1A—C). The
remaining surface displays the much smaller incurrent canals
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Figure 2. Lamellar organization of the giant basal spicules. (A) Cross fracture through a spicule revealing the stepwise arrangement of the lamellae (la). (B)
Longitudinal axial cut disclosing the concentric organization of the lamellae (la). (C) Opening of a pile of the concentric sheets/lamellae (la), after cutting
the spicule in axial direction. (D) Etching of the cross-section with HF vapor results in the dissolution of the dense biosilica lamella (la), leaving behind the
proteinaceous palisade-like scaffold protein (pr). (E) Higher magnification of this protein construction showing that the fibers are interconnected, leaving
open holes (h) whose rims are reinforced by densely arranged 10 nm spheres. (F) Analysis of the protein, existing in the spicules, by NaDodSO4-PAGE.
After being stained with Coomassie brilliant blue, one band (25 kDa) becomes visible (lane a, thin line). This 25 kDa band cross-reacts with anti-silicatein
antibodies after Western blotting (lane b). In parallel, protein markers were run (M). (G) After heating the spicules to 450 °C, perforation bubbles (bu) on

the surfaces are seen that disclose concentric 1 #m large holes.

(Figure 1C). The spicule that we used for the experiments
here was about 110 cm long and had a maximum diameter
of 7 mm (Figure 1E). Scanning electron microscopic [SEM]
inspection of cross-sections through giant basal spicules
reveals their lamellar organization. In the center of the
spicules is located the axial canal, which harbors the axial
filament. This canal is surrounded by the axial cylinder with
a diameter of about 100 um, around which the lamellar zone
is concentrically arranged (Figure 1D). The appositional
growth of these spicules, lamella upon lamella, has recently
been described.'® Each lamella is 3—7 um thick (in Monorha-
phis). Hence, more than 500 lamellae can be counted around
the axial cylinder. The axial filament, existing in the axial
canal, is formed from self-assembled silicatein molecules as
has been demonstrated in S. domuncula.?>*' The monaxonal
giant basal spicules from Monorhaphis function as optical
waveguide (Figure 1F), which transmits, like in Hyalonema
sieboldi,"® incident light efficiently between 800 and 1200
nm. The axial canal becomes visible because of the reflection
of the light (Figure 1G).

Cross fractures through a giant basal spicule show a
stepwise layering of the ~5 um high silica-lamellae (Figure
2A), reflecting the appositional growth, which is also
corroborated by a longitudinal cut (Figure 2B). If the giant
basal spicule is sectioned along its axis, the concentrically
arranged sheets/lamellae open up and unfold (Figure 2C).
This observation supports earlier findings,'®** that the contact
between the lamellae is not tight, thus allowing an individual
breakage of the lamellae. If siliceous spicules are exposed
to hydrofluoric acid (HF), the biosilica is dissolved.”?
However, if they are exposed to HF vapor, as shown here
with the giant basal spicules, a proteinaceous palisade-like
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scaffold can be uncovered (Figure 2D). This fibrous structure
is interspersed with holes that are formed by the intercon-
necting fibers. Interestingly, at higher magnification and by
using the high-resolution SEM technique, it becomes overt
that the rim of each hole is reinforced by densely arranged
10—15 nm large spheres (Figure 2E), as reported.'**? The
total protein from the lamellar zone of the spicules was
obtained by dissolving the biosilica with HF; the residual
protein was quantified by the Bradford method** and found
to account for 4.6% [w/w] of the total weight of the spicules.

Silicatein. The (major) protein existing in the spicules of
Monorhaphis was analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (NaDodSO4-PAGE).
Only one band with a size of 25 kDa could be visualized
after staining with Coomassie brilliant blue; and again only
this 25 kDa protein reacted with the anti-silicatein antibodies
raised against the S. domuncula protein (Figure 2F, lanes a
and b).?® This result can be taken as a first indication that
silicatein is the major protein in the spicules in hexactinellids
as well. This assumption can be supported by deducing/
calculating from the size of the 10—15 nm spheres visualized
by SEM, to the size of the molecule(s). In reference to human
serum albumin with a size of 65 kDa and a dimension of
3— 8 nm,? the 10— 15 nm spheres framing the holes of the
proteinaceous scaffold within a silica lamella would cor-
respond to a size of 130 kDa. This figure corresponds to
approximately five silicatein molecules, a number that had
been experimentally shown to assemble if native samples
from S. domuncula are analyzed.>'?° In addition to the
organic components and inorganic minerals, the sponge
biosilica also contains water.>”?® Monorhaphis spicules were
determined to contain 9% water.?” The existence of the
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interstitial water molecules between the biosilica nanospheres
can also be visualized by SEM after heating the spicules to
450 °C.* Although the surfaces of natural spicules and
lamellae are smooth and nonstructured (Figure 20),'¢ the
lamellae in heated spicules obtain a distinct perforation
composed of 1—2 um large bubble craters (Figure 2G),
which can be attributed to the evaporated interstitial water
and to the organic material existing in the spicules.

The silicateins, members of the cathepsin L family,® were
identified and isolated, and the gene was cloned — until now
— only from demosponges.” ' Silicateins are distinguished
from the proteinases by two characteristic sites, the catalytic
triad [in the silicateins Ser-His-Asn, and in cathepsins Cys-
His-Asn], and a conserved Ser cluster, which is located at
the active site His, toward the N-terminal region. We have
designed degenerate primers against the conserved regions
of silicateins to isolate DNA sequences coding for silicatein
from demosponges by polymerase chain reaction.’® This
technique was also successful for the first isolation of
hexactinellid silicatein (shown here). At present, DNA from
Monorhaphis could not be obtained from the ethanol-
preserved tissue samples, which are older than 20 years.
Therefore, longer segments of a cDNA or a gene coding for
silicatein from Monorhaphis cannot be identified. Hence, we
had to choose another hexactinellid sponge, Crateromorpha
meyeri (Porifera, Hexactinellida, Lyssacinosida), for the
isolation of the silicatein gene. The cDNA was isolated and
that part, which had been previously shown to be sufficient
for the preparation of recombinant and enzymatically active
silicatein, was cloned (Figure 3).1131 The coding region,
spanning the deduced protein from the beginning of the
mature, enzymatically active protein to the end of the
conserved region, including the third amino acid of the cata-
Iytic triad, was cloned; the sequence (cDNA) is deposited
inthe database (EMBL/GenBank; accession number AM920776).
The deduced polypeptide possesses all characteristic sites
known from the silicateins from demosponges;™'' for
example, the typical catalytic triad amino acids [Serz»-Hisje1-
Asnig;], and the “conventional” Ser cluster [aaj4s to aa;sg]
located adjacent to His, toward the N-terminus. Surprisingly,
the hexactinellid silicatein protein comprises, in addition to
this “conventional” Ser cluster, a second ‘“hexactinellid-
specific” Ser cluster that is located between aa g and aa,;73
of the deduced C. meyeri polypeptide. Model prediction of
the C. meyeri silicatein protein was performed using a
comparative modeling process/procedure and complying with
allowed regions of the Ramachandran areas.*>* The model
prediction in Figure 4A unambiguously reveals that the
“conventional” Ser cluster is spatially separated from the

(29) Pisera, A. Microsc. Res.Tech. 2003, 62, 312-326.
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“hexactinellid-specific” Ser cluster; the position of the latter
one (5 Ser residues) can be narrowed down to the outer loop
of the exposed f3-sheet (Figure 4A). In detail, Serjso—17; are
part of the 3-sheet, whereas Ser;7,—173 are located in the loop.
Earlier considerations with diatoms led to the conclusion that
the Ser and Thr residues in the cell walls of diatoms are
involved in the interaction with the silicic acid residues.* >’
The authors proposed a cross-link between a silicic acid
molecule and the hydroxyl-containing side-chains of a
serine—serine dipeptide from the silicalemma. Applying this
standing model of an organic—inorganic interface to the
potential function of the Ser cluster in the hexactinellid
silicatein enzyme, we might suggest, in line with a previous
report,*> =7 that the Ser dipeptides interact with the biosilica
surfaces that pre-existed or were formed during the biosi-
licification reaction (Figure 4A). The five Ser residues (aa g9
and aa,73) are supposed to interact with a polycondensated
silica surface; an additional stabilization of this interaction
is achieved by a further interaction with a Ser dipeptide (aa;s
and aa, ), existing in the “conventional” Ser cluster. Those
interactions might occur at pH values lower than 7, a pH
which is reached within some sponge cells.*® Phylogenetic
analysis of the new C. meyeri silicatein was performed
including related silicateins/cathepsins and Arabidopsis
thaliana papain as a founding member of the cysteine
protease family (Figure 3). The C. meyeri silicatein falls into
the group of silicateins, forming with silicateins-ss the basis
of the sponge silicateins. The cathepsins form a separate
cluster with the Aphrocallistes vastus and the C. meyeri
cathepsin-2 at the basis.

Inorganic Material of the Spicules: Quartz Glass. The
hitherto described physical and chemical properties of the
spicules showed that the composition of biosilica both in
demosponges and hexactinellids is largely similar,”® e.g., the
density (2.1 g/cm?), the transition temperature [T,] (onset
of T, around 500 °C and first prominent exothermic event
at 1000 °C), and the infrared spectra. Previously, the average
chemical composition of the spicule was determined to be
85.2% for SiO,, 12.3% water, and 2.5% other elements
(mainly S, Al, K, Ca, and Na).?®>° By Microprobe analysis,
an at that time sensitive technique, Monorhaphis had been
described to contain about 1% K,O and 0.2% Na,O.?° Now,
focusing on the hexactinellid Monorhaphis, the protein
content was 4.6% [w/w] of the total weight of the spicules
(this contribution), and 9% water:;2’ the remaining material,
mainly SiO, (86.4% [wt]), is inorganic components. The
method of choice to determine trace elements in inorganic/
organic fiber composite material quantitatively is the laser
ablation-inductively coupled plasma-mass spectrometry (LA-
ICPMS), because of the extreme sensitivity of the method
(detection limits lower than ng g~ ' range) and the possibility
to measure a large array of elements simultaneously.*® The
unique and exceptional feature of the Monorhaphis giant

(35) Hecky, R. E.; Mopper, K.; Kilham, P.; Degens, E. T. Mar. Biol. 1973,
19, 323-331.

(36) Lobel, K. D.; West, J. K.; Hench, L. L. Mar. Biol. 1996, 126, 353—
360.
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Figure 3. Silicatein protein, deduced from the Crateromorpha meyeri [Hexactinellida] cDNA (accession number AM904718). (A) The cDNA (CMSILCA)
was isolated and the protein (SILCA_CRAME) was deduced. The hexactinellid silicatein was aligned with the two forms of silicatein both from the marine
demosponges Tethya aurantium silicatein-o. (SILCAa_TETYA; AAD23951) and silicatein-f3 (SILCAS_TETYA; AF098670) and from Suberites domuncula
silicatein-a. (SILCAa_SUBDO; AJ272013) and silicatein-f3 (SILCAb_SUBDO; AJ547635.1). In addition, one isoform of silicatein-at from the freshwater
demosponges Lubomirskia baicalensis [a—2] (SILCAa2_LUBAI, AJ968945) and the cathepsin L sequence from hexactinellid Aphrocallistes vastus
(CATL_APHRVAS, AJ968951) was used for this alignment. Residues conserved (similar or related with respect to their physicochemical properties) in all
sequences are shown in white on black and those in at least four sequences in black on gray. The characteristic sites in the sequences are marked; the
catalytic triad (CT) amino acids, Ser (+) in silicateins and Cys in cathepsin, as well as His (+) and Asn (+). The borders within the mature silicatein [mature
peptide] of the following domains are given: the peptidase-C1 papain family cysteine protease domain (papain), and the thiol-protease-His signature (=thiol=).
The “conventional” serine cluster (#Ser#), and the “C. meyeri specific” serine cluster (Ser) are marked. (B) From these six silicatein proteins, together with
the hexactinellid cathepsin sequence from A. vastus and the three additional silicateins-o from the freshwater sponge L. baicalensis [o—1, a—3, and o.—4]
(SILCAal_LUBAI, AJ872183; SILCAa3_LUBAI, AJ968946; SILCAa4_LUBAI, AJ968947) as well as the newly described cathepsin deduced proteins
from C. meyeri (CAT1_CRAM, AM904719; CAT2_CRAM, AM904720; CAT3_CRAM, AM904721 and CAT4_CRAM, AM904722) the radial tree was
constructed after the alignment. The numbers at the nodes are an indication of the level of confidence for the branches as determined by bootstrap analysis
[1000 bootstrap replicates].

basal spicules is that a complete series of LA-ICPMS
analyses can be performed on the same spicule within ym
areas. We have chosen a 7 mm thick spicule (Monorhaphis
from Qingdao [sample termed Q-B]) and determined 38

elements in individual 120 um craters (depth of about 100
um), from the axial canal toward the surface of the spicule
(Figure 4B). We have chosen Si as the internal standard
element, and accepted a SiO, content of 86% (wt) as

(39) Levi, C.; Barton, J. L.; Guillemet, C.; Le Bras, E.; Lehuede, P. J.
Mater. Sci. Lett. 1989, 8, 337-339.

(40) Jochum, K. P.; Stoll, B.; Herwig, K.; Willbold, M. J. Anal. Atom.
Spectrom. 2007, 22, 112-121.
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(aajg))], are highlighted in red. In addition, the residues of the “hexactinellid specific” Ser cluster [Seriso—173] are in blue; they are located at the large
ss-sheet. It is proposed that these Ser residues interact with polycondensated silica surfaces within the lamellae of the spicules; an additional stabilization of
this interaction is achieved by a further interaction with a Ser dipeptide [in green, Serjss and Serj46] of the “conventional” Ser cluster. (B) Cross section
through a spicule showing the alignment of the craters (cr) produced during the LA-ICPMS analyses; the axial canal (ac) is marked. (C) Scheme outlining
the two selectivity barriers that control the synthesis of the pure biosilica product. The Na*-bicarbonate-/silicic acid- cotransporter mediates the uptake of
silicate, allowing a strong selective enrichment of silicate in the cells and in the tissue of the sponges (first selectivity control). Na* is pumped out via the
Na*/K" ATPase pump under the consumption of ATP. The second selectivity control is on the level of silicatein, which will accept — substrate specifically
— only silicate under formation of biosilica. Biosilica deposition is controlled by the organic scaffold, formed by silicatein and galectin.'®

calculated above. Choosing an interspace of 150 ym, as much
as 24 independent determinations across the same spicule
could be performed (Table 1). The data reveal that the portion
of Si in spicules accounts for 4.0 x 10° ug/g. It is of prime
interest that the contribution of the trace elements to the total
inorganic components in the spicules is less than 0.005-fold
with respect to Si (Figure SA). This implies that the quality
of biosilica in the spicules is in the range of quartz grade,*’
with respect to the low concentrations of the elements other
than silicon and oxygen. These trace elements are split as
follows; among the monovalent counterions Na™ contributes
to 86% (wt) [0.21% (wt) with respect to total inorganic
material in the biosilica] and among the divalent ions Ca®"
to 12% (wt) [0.03% (wt)] (Figure 5B). All other 35 remaining
elements contribute with <2% (wt) only unimportantly to
the inorganic composition of the trace elements in biosilica
(see the section of the pie diagram in Figure 5B). We have
performed the same analyses with five different spicules,
from different regions, and found no considerable differences
in the chemical composition (to be published). The impact
of this finding becomes even more meaningful in comparison
with the element composition of seawater. Referring to
natural seawater Na and CI are dominant with 32.4% and
58.5% [solid material], respectively.** Mg contributes 3.9%,

(41) Foissy, A.; Persello, J. Surface group ionization on silicas. In The
Surface Properties of Silicas’ Legrand, A. P., Ed.; John Wiley:
Chichester, U.K., 1998; pp 365—414.

(42) Kennish, M. J., Ed. Practical Handbook of Marine Science; CRC Press:
Boca Raton, FL, 1994.

Ca 1.2%, and Si only 0.006% (Figure 5C). The present day
seawater contains very little Si,**** in contrast to aqueous
environment in the geological time when the sponges evolved
in the late Proterozoic, approximately 500—800 million years
ago.45 In that era, the marine environment was rich in silicon
and very suitable for the earliest metazoans [Urmetazoa],
the Porifera, to develop a siliceous skeleton. Amazingly, the
experimental data shown here demonstrate that the sponges
produce almost pure biosilica in an aqueous environment,
which contains only trace levels of Si.***¢ The other very
significant outcome of our LA-ICPMS analyses was the
finding that the distribution of the elements across the axis
of the spicule does not change considerably (Table 1). The
graph shows (Figure 5D) that the dominant elements, the
alkali metals Na and Rb as well as the alkaline earth metals
Mg, Ca, and Sr, do not change markedly from the axial canal
to the surface of the spicule.

The data of this contribution show that Hexactinellida have
developed the fascinating ability to produce enzymatically
amorphous quartz glass as the material to construct their
biosilica skeleton, and perhaps also chitin'® and collagen.'?
In contrast, the industrial fabrication of this ultrahard (almost)
pure silicon dioxide material requires processes involving

(43) Maldonado, M.; Carmona, M. C.; Uriz, M. J.; Cruzado, A. Nature
1999, 401, 785-788.

(44) Maldonado, M.; Carmona, M. C.; Veldsquez, Z.; Puig, M. A.; Cruzado,
A. Limnol. Oceanogr. 2005, 50, 799-809.

(45) Miiller, W. E. G.; Li, J.; Schroder, H. C.; Qiao, L.; Wang, X.
Biogeosciences 2007, 4, 219-232.

(46) Miserez, A,.; Weaver, J. C.; Thurner, P. J.; Aizenberg, J.; Dauphin,
Y.; Fratzl, P.; Morse, D. E.; Zok, F. W. Adv. Funct. Mater. 2008, 18,
1241-1248.
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Figure 5. LA-ICPMS analyses. (A) Concentrations (xg/g) within the
Monorhaphis spicule Q-B; the elements are arranged according to their
abundance. Please note the logarithmic scale of the abscissa. (B) Pie diagram,
showing the abundance of SiO,, protein, and water, in comparison to the
low portion of trace elements (sector part), including Na- and Ca-oxides,
and further trace components. (C) A comparative diagram showing the
distribution of these elements in seawater; there, Si exists as a trace element,
as seen in the sector piece, whereas Cl, Na, Mg, and Ca are abundant. (D)
Distribution of selected alkali metals (Na and Rb) as well as alkaline earth
metals (Mg, Ca, and Sr) along the cross axis of a spicule. The distance
from the axial canal to the surface of the spicule where the 24 individual
element analyses were performed is given in millimeters. The element
concentrations have been determined in the 120 um areas.

aggressive chemicals [3N HCI or SN H,SO4] and extreme
temperatures [above 1800 °C]. Excitingly, prior to the
discovery of “enzymic glass” in sponges, it was unthinkable
that such amorphous glasses could be produced at temper-
atures below 30 °C. Among the siliceous sponges the first
class of Porifera, the Hexactinellida, comprises one species
[Monorhaphis chuni] that builds its bodies around one
gigantic spicule [giant basal spicule], reaching heights of
3 m.'"® Because of their enormous size, the giant basal
spicules from Monorhaphis provide the exceptional op-
portunity to study the distribution of elements even across
one spicule section. Similar experiments should follow with
spicules from the taxa Hyalonema, or Farrea.

Conclusions

In conclusion, our data show unexpectedly and fascinat-
ingly that the giant basal spicule(s) from the hexactinellid
Monorhaphis are composed of almost pure SiO; (>99.5%).

Miiller et al.

Considering the fact that the present day oceans are poor in
Si and rich in Na this extreme disproportion asks for a
biochemical explanation, which we can give here. The
extreme enrichment of Si in the cells/body of the sponges is
the result of two “selectivity barriers/fractionation sites”, (i)
an energy dependent pumping system which we described
earlier*’” and (ii) the substrate specificity of the enzyme
silicatein. We could demonstrate that in membranes of
sponge cells a Na*/HCO;~ [Si(OH)4] cotransporter exists
that pumps Si(OH), into the cells probably on expense of
energy, very likely generated by the arginine kinase.*”** The
pump, which overcomes the membrane gate for silicic acid,
is certainly substrate/ion-specific and hence specifically
concentrates silicon/silicate (Figure 4C). Second, because
(intracellularly) the synthesis of biosilica of the spicules from
hexactinellids is mediated by silicatein, this enzyme will
certainly catalyze substrate specifically.'’ On the basis of
these two “selectivity barriers”, the formation of the pure
silica glass product becomes mechanistically obvious (Figure
4C).

Quartz glasses of the quality of the material in spicules,
because of their exceptional optical and chemical properties,
are ideally suited for the fabrication of complex designs in
semiconductor lithography and three-dimensional microscale
processing techniques.**° At present, the application of
quartz glasses is limited because of the lack of technologies
to manufacture quartz glass structures by chemical methods
at micro- and nanoscale, and especially at organo-compatible
temperatures. One major progress can be expected in this
field from the present report, which provides the reaction
mechanism by which nature — sponges — accomplishes the
formation of biosilica of quartz glass grade at physiological
temperature and pH conditions. This mechanism, driven by
silicatein, may surely be applicable for biotechnological
purposes in the nearest future. This optimistic view is
strongly supported by the fact that the crucial enzyme,
silicatein, is available in an active recombinant form.'' The
biotechnological application of this process will allow the
synthesis of pure quartz glass useful for the fabrication of
semiconductors (at microscale) on organic matrices. Fur-
thermore, silicatein has the potential to synthesize titania-
and zirconia-doped silica glasses or fibers that are known to
show low thermal expansions and low variations in thermal
expansion. The likely proof of concept for the latter
application has been given earlier.*

Experimental Section

The relevant methods have been described earlier.®'16-2°

Spicules (giant basal spicules). Spicules from the hexactinellids
Monorhaphis chuni/M. intermedia have been provided by the
Marine Biological Museum of Chinese Academy of Sciences in

(47) Schroder, H. C.; Perovi-Ottstadt, S.; Rothenberger, M.; Wiens, M.;
Schwertner, H.; Batel, R.; Korzhev, M.; Miiller, I. M.; Miiller, W. E. G.
Biochem. J. 2004, 381, 665-673.

(48) Tahir, M. N.; Théato, P.; Miiller, W. E. G.; Schroder, H. C.; Boreiko,
A.; Faiss, S.; Janshoff, A.; Huth, J.; Tremel, W. Chem. Commun. 2005,
44, 5533-5535.

(49) Xia, Y.; Whitesides, G. M. Annu. Rev. Mater. Sci. 1998, 28, 153—
184.

(50) Lee, L. P.; Szema, R. Science 2005, 310, 1148-1150.
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the Institute of Oceanography (Qingdao [China]; Chinese Academy
of Sciences) and used for the chemical and biological studies. The
spicules were cleaned from remaining tissue in sulfuric/nitric acid,
and were finally washed with distilled water, as described. 16 Protein
was isolated from the spicules by grinding the material with a Tris-
buffered saline buffer (pH 7.5, 1 mM EDTA, 1% Nonidet-P40),
supplemented with 4 M urea.'® The protein composite component
was determined as described,?" using the Roti-Quant reagent (Roth,
Karlsruhe; Germany).>* Crateromorpha meyeri was dredged in the
Sagami Bay, Japan; animals were immediately transferred into
ethanol until use for the molecular biological studies. SEM analyses
were performed with broken spicules or cross sections. For
NaDodSO4-PAGE, 10% polyacrylamide gels containing 0.1%
sodium dodecyl sulfate have been used.?® For Western blot analysis,
the polyclonal antibodies, prepared against the S. domuncula
silicatein were applied.'® Spicule dissolution was achieved with
hydrofluoric acid.®

Cloning of Silicatein. The cloning strategy for the identification
and isolation of the cDNA from the hexactinellid sponge C. meyeri
was described before.®® First, a C. meyeri cDNA library was
prepared by reverse transcribing purified mRNA; dscDNA was
ligated to an attB1 adapter and used to perform a recombination
with the pDONR222 vector (Invitrogen, Karlsruhe, Germany),
catalyzed by BP clonase. The cDNA library was obtained by
transformation of DH10B T1 phage resistant Escherichia coli cells.
Sequences were analyzed using computer programs BLAST (http://
www.ncbi.nlm.nih.gov/blast/blast.cgi) and FASTA (http://www.
ncbi.nlm.nih.gov/BLAST/fasta.html). Modeling of the C. meyeri
silicatein was approached by selecting the most similar sequence,
human cathepsin K (accession number CAI12795), and using the
improved alignment algorithm for matching biological sequences
(MODELER application). After the energy-minimized model was
calculated, the predicted stereochemical configuration was vali-
dated.”"2

Trace Elements. Analyses were performed LA-ICPMS com-
bining a sector-field ThermoFinnigan Element 2 mass spectrometer
and a New Wave UP 213 laser ablation system.*® Spot sizes used
were 120 um. The internal standard element was Si; a SiO, content
of 86% [wt | was taken, based on the data given here. Calibration
was performed with NIST SRM 612 glass, using the values
published in the GeoReM database (http://georem.mpch-mainz.

(51) Sali, A.; Blundell, T. L. J. Mol. Biol. 1993, 234, 779-815.
(52) Vriend, G.; What, L. F. J. Mol. Graph. 1990, 8, 52-56.
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gwdg.de). The detection limits range between 0.3 and 10 ng/g.
Uncertainties of the analytical data vary between 5 and 15%,
depending on the concentration.

For the alignment and the construction of the phylogenetic tree
the computer programs BLAST (2003; http://www.ncbi.nlm.nih.
gov/blast/blast.cgi) and FASTA algorithms (2003; http://www.
ncbi.nlm.nih.gov/BLAST/fasta.html) have been used. Multiple
alignments were performed with CLUSTAL W version 1.6.3
Phylogenetic trees were constructed on the basis of protein sequence
alignments by neighbor-joining, as implemented in the “Neighbor”
program from the PHYLIP package.’* The distance matrices were
calculated using the Dayhoff PAM matrix model as described.>
The degree of support for internal branches was further assessed
by bootstrapping.>* The graphic presentations were prepared with
GeneDoc.>®
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