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Chapter 2

Sandra Hazelaar, Han J. van der Strate, Winfried W.C. Gieskes & Engel G. Vrieling

Published in Biomolecular Engineering 20: 163-169 (2003), reprinted with permission from Elsevier

Possible role of ubiquitin in silicon
biomineralization in diatoms: identification of a

homologue with high silica affinity



Introduction

Silicon is one of the most abundant elements in the earth’s crust, but impurities of
natural silicas due to contamination with reactive/catalytic elements preclude
many industrial applications. Therefore, silica-based compounds have to be
synthesized artificially in large quantities necessary for the production of modern
filter agents, washing powders, tooth paste, and car tires (Vrieling et al. 1999a;
Parkinson & Gordon 1999). Because of the growing demand for such products,
innovative synthetic processes have to be developed, preferably not at the high
temperatures, increased pressure, and extreme acid conditions used in industry
(Morse 1999), but under ambient conditions as in unicellular algae of the group of
diatoms. In these organisms polymerization of the more than 10,000 species
(Round et al. 1990) results in a highly characteristic, species-specific siliceous cell
wall architecture. Artificially synthesized silica products do not match the superior
meso- to macroporous structure of diatoms or the properties of the silica of sponges
and higher plants. It would therefore be of considerable economic interest to be
able to mimic natural biomineralization processes, given the enormous variety of
silica structures resulting from the way nature proceeds. 

To use organisms such as diatoms as a model for silica mineralization, much
more has to be known about the physico-chemical, biochemical, and molecular
mechanisms of biogenic silica formation. However, the synergism of these distinct
mechanisms in natural silification processes of diatoms is still hardly understood.
Silaffins and also polyamines appear to be involved in silica precipitation (Kröger
et al. 2000, 2001, 2002). It is also known now that the same chemical reaction
conditions which control artificial silica polymerization play a role in silica
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Abstract

In diatom silicon biomineralization peptides are believed to play a role in silica precipitation and

the consequent structure direction of the cell wall. Characterization of such peptides should

reveal the nature of this organic-inorganic interaction, knowledge that may eventually well be

used to expand the existing range of artificial silicas (“biomimicking”). Biochemical studies on

Navicula pelliculosa revealed a set of proteins, which have a high affinity for a solid silica matrix;

some were only eluted from the matrix when SDS-denaturation was applied. One of the proteins

with an affinity for silica, about 8.5 kDa, is shown to be a homologue of ubiquitin on the basis of

its N-terminal amino acid sequence; ubiquitin itself is a highly conserved 8.6 kDa protein that is

involved in protein degradation. This finding is in line with a model on silicon biomineralization

in diatoms that implies the removal of templating polypeptides when pores in the growing cell

wall develop. Western blotting with specific anti-ubiquitin antibodies confirmed cross-reactivity.

Immunocytochemical localization of ubiquitin indicates that it is present along the diatom cell

wall and inside pores during different stages of valve formation.



formation in diatoms: presence of salts and pH (Vrieling et al. 1999b, 1999c; Iler
1979). Further accumulation of knowledge of diatom exoskeleton morphogenesis is
necessary to gain insight in the combination of biological/organic and
chemical/inorganic processes involved in silicification of diatom cell walls.

Recently, we have used several model organic compounds, polypeptides,
proteins, and polymers (e.g. polyethylene glycol, polyethylene imidine, and
derivatives thereof) to synthesize silica from waterglass, following silica
transformations in the products by ultrasmall, small and wide angle X-ray
scattering (Sun et al. 2002; Vrieling et al. 2002, 2003). Using this technique it was
possible to obtain nano-structural information on silica aggregation, the primary
particle size, and occurrence of phase separation processes for the different
combinations of model compound and the compound:silica ratios (Sun et al. 2002;
Vrieling et al. 2003). Based on these experiments, a model was derived for silica
polymerization in diatoms (Vrieling et al. 2002). According to this model, small
peptides (such as silaffins; Kröger et al. 1999, 2000, 2002) and/or polyamines and
silica precursors are present at the start of cell wall growth; the silica precursors
form silica sols, which aggregate rapidly to silica spheres induced by the small
peptides and/or polyamines, the acidic environment, and the continuous import of
silica (Vrieling et al. 2002). With densification of the silica, the small peptides and
polyamines become encapsulated in the silica; next larger organic compounds
induce phase-separation in which a silica-rich mesophase interacts with a protein-
rich mesophase during formation of the nanoscale pores within the amorphous
silica framework of the valves. When the silica cell wall is nearly finished, the
larger compounds are removed, leaving pores (Vrieling et al. 2002). The
mechanism by which the larger proteins are removed remains obscure.

Our current research focuses on the proteins involved in silicon biominerali-
zation which have a clear affinity for silica and can induce phase-separation
during silica transformation. Based on our model (Vrieling et al. 2002), we believe
that during cell division different proteins are expressed in the course of valve
formation and maturation. Consequently, more insight must be gained about which
proteins are involved at different times during cell division. Because there are
many candidate proteins, a selection is necessary. It seemed a matter of common
sense to use silica affinity to select proteins of interest for further characterization.

Materials and methods

Cultures and growth conditions 
A mass culture of 40 L of the benthic pennate diatom Navicula pelliculosa
(Brébisson et Kützing) Hilse (strain CCMP543) was established in artificial
seawater (Veldhuis & Admiraal 1987) with a salinity of 32.5 practical salinity units
(PSU). The culture was grown at 16°C, under a 16 h light: 8 h dark cycle using
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illumination of 10-25 photons·m-2·s-1 (fluorescent tubes, Osram Biolux, Germany),
and under continuous aeration for 9 days. After the airflow was stopped, the
culture was allowed to sediment for two days, this procedure was not expected to
interfere with the condition of the cells. The cells were harvested by decanting
most of the culture medium, followed by centrifugation (20 min, 4000 x g, 5°C).
The cell pellet was stored at -20°C until further processing. In additional
experiments, N. pelliculosa cells were synchronized by silica starvation (Coombs &
Volcani 1968). In this case a 40 L mass culture was harvested after sedimentation
by decanting most of the culture medium followed by mild centrifugation (10 min,
409 x g, 5°C). Following centrifugation, the cells were washed once with silicon-
free medium, resuspended in 5 L silicon-free artificial seawater, and divided over
five 1 L polycarbonate bottles (Nalgene, Neerijse, Belgium). To establish cytokinetic
arrest, the cells were incubated for 50 h under the same conditions described
above. Synchronized growth was initiated by repleting the culture with silicic acid
to a final concentration of 0.15 mM. Also, half the amount of the nutrients
normally used for 1 L was added to each of the five bottles. Cells were harvested at
t = 0, 1, 2, 4, and 6 h by centrifugation (10 min, 921 x g, 5°C). The cells were
washed once with silica-free medium and the pellets were stored at -20°C until
further processing.

Cell fractionation
Thawed cells were suspended in 50 mM Tris-HCl (pH 8) containing 1 mM CaCl2
(buffer A) and PMSF (final concentration of 1 mM) and the Complete protease
inhibitor cocktail (Roche Applied Science, Indianapolis, USA)) were added. The
pellets were disrupted with glass beads by vortexing six times for 1 min, putting
the samples 1 min on ice between vortexing. The samples were centrifuged (8 min,
1360 x g) and the pellets (mainly cell walls and debris) were separated from the
glass beads and stored at -20°C. Protein amounts were estimated using the Bradford
protein assay (Bradford 1976).

Silica affinity experiments 
The extracted cell contents were each incubated for 2 h at room temperature (RT)
or 4 h at 4°C with silica gel 60 (extra pure, 0.063-0.200 nm, 70-230 mesh, Merck).
The silica was eluted with buffer A to remove unbound proteins, followed by
sequential step-elutions of one column volume with 50 mM NaCl in buffer A, 500
mM NaCl in buffer A, 100 mM Na2F6Si (pH 5.0) in buffer A, 100 mM
Na2SiO3·9H2O (pH 12.6) in buffer A, 100 mM HAc (pH 3.0) in distilled water, and
pure methanol. In between all these different solutions the silica was eluted with
one column volume buffer A. Fractions of 2 ml were collected and the protein
amounts were estimated using the Bradford protein assay (Bradford 1976). In
additional experiments limited step-elutions were applied; loaded silica was
washed eight times with buffer A, divided over 0.5 ml portions, and incubated 30
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min with either 100 mM Na2SiO3·9H2O (pH 12.6) or 0.2 M KCl (pH 13). The silica
was again washed eight times with buffer A. After the elutions the silica was
heated 5 min at 96°C in 150 µl SDS sample buffer (Laemmli 1970).

SDS-PAGE
All collected soluble fractions were precipitated with tricloroacetic acid (TCA)
before SDS-PAGE. To 500 µl sample, 100 µl 50% TCA was added and incubated on
ice for 2h. After centrifugation (30 min, 10600 x g, 4°C) the pellet was resuspended
in 250 µl of 10% TCA and again centrifuged (30 min, 10600 X g, 4°C). Then the
pellet was washed with 250 µl 99.5% ice-cold acetone and centrifuged (30 min,
10600 X g, 4°C). The supernatant was removed and the pellet was air-dried. Finally,
the protein pellets were resuspended in SDS sample buffer and heated for 5 min at
96°C before the proteins were separated by SDS-PAGE according to Laemmli
(1970), using a Mini Protean III System (Biorad). Polyacrylamide percentages of
10%, 15%, 18% and 20% (w/v), and 15 % (w/v) tricine/polyacrylamide were used
to cover a wide range of properly separated protein masses. The protein gels were
stained with Sypro Ruby gel stain (Biorad) unless they were blotted. 

Western blotting 
Following SDS-PAGE, the proteins were blotted semi-dry on a PVDF membrane
according to Kyhse-Anderson (1984), but only one solutions was used: for the
polyacrylamide gels a blotting solution containing 25 mM Tris, 190 mM glycine,
and 20% methanol and for the trycine gels the blotting solution contained 100mM
Tris and 100mM tricine. The blots were stained with Sypro Ruby blot stain
(Biorad) to identify protein bands that were cut out for amino acid sequencing. N-
terminal sequencing and homology searches were carried out by the Protein
Service Laboratory of the University of British Columbia (Vancouver, Canada). 

Immunocytochemistry
Because one of the sequenced protein band appeared to be a ubiquitin homologue,
immunochemical studies were performed using sheep anti-ubiquitin (Abcam,
Cambridge, UK). Different fractions were analyzed to determine which of them
contained ubiquitin. After blotting, the blots were washed with Tris-buffered-saline
(TBS) and blocked in blocking buffer (TBS containing 5% (w/v) milk powder and 1
mM Na(N3)) for 1 h. After blocking, the blots were washed three times for 5 min
with TBS containing 0.05% (w/v) Tween 20 (TBST). The blots were incubated with
anti-ubiquitin (1:1500 in blocking buffer) for 2.5 h at RT, washed three times 10
min with TBST, and incubated with rabbit anti-sheep IgG conjugated with alkaline
phosphatase for 90 min. Afterwards the blots were washed three times with TBST
for 10 min and two times 5 min with 1.3 M Tris (pH 9.5) containing 0.1 M NaCl
and 5 mM MgCl2. For staining, a 5-bromo-y-chloro-3-indolyl phosphate/ nitroblue
tetrazolium solution (Roche) was used. Staining was stopped by putting the blots
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for 5 min in stop buffer, containing 3.9 mM EDTA and 26 mM Tris (pH 8), followed
by washing two times for 5 min with MilliQ water before drying in air.

Transmission electron microscopy
Ultrathin sections of UNICRYLL™ (BioCell, Cardiff, United kingdom) embedded
samples of synchronized N. pelliculosa cells (van de Poll et al. 1999) were collected
on Formvar-coated grids and labeled according to Slot and Geuze (1984). The
sections were blocked for 10 min with 0.5% (w/v) BSA in phosphate-buffered
saline containing 10 mM glycine (PBSG) and incubated overnight at 4°C with anti-
ubiquitin (Abcam, Cambridge, UK) at a 1:100 dilution in PBSG with 0.5% BSA.
After incubation, the sections were washed three times for 5 min with PBSG and
incubated at room temperature with a 1:10 dilution of rabbit anti-sheep conjugated
with 15 nm gold particles (Aurion, Wageningen, The Netherlands) in PBSG for 1h.
Afterwards, the sections were washed six times for 5 min with PBSG and four
times 5 min with double-distilled water. The sections were stained by incubating 2
min with 1% (w/v) EDTA (pH 4), washing three times 1 min with double-distilled
water and incubating 4 min with 2% (w/v) uranyl acetate. Uranyl-stained sections
were subsequently washed three times with double-distilled water, incubated 30
sec with lead citrate (Reynolds 1963) and washed again four times 1 min with
double-distilled water. As a control, ultrathin sections were treated exactly the
same way only no anti-ubiquitin was added to 0.5% (w/v) BSA in phosphate-
buffered saline containing 10 mM glycine (PBSG) in which the section were
overnight incubated. Finally, sections were air-dried and examined in a Philips CM
10 electron microscope.

Results

Although equal amounts of protein were loaded on the gel for SDS-PAGE, no clear
difference in protein patterns were observed between the harvest time intervals of
t = 0 h through t = 6 h (Fig. 2.1). The expression of the proteins with an apparent
mass of 12, 13, 20, 25, and 35 kDa (arrows in Fig. 2.1) was somewhat higher at
t = 4 h and much higher at t = 6 h when compared to others at t = 0 h, t = 1 h,
and t = 2 h.

The cell contents incubated with silica were eluted with solutions containing
high or low salt concentrations, with high or low pH, and with methanol. Protein
estimates showed that the majority of proteins were eluted from the silica by 100
mM Na2SiO3·9H2O (pH 12.6) (Fig. 2.2). To determine whether this was the effect of
the Na2SiO3·9H2O or just the high pH, the silica was also eluted with 0.2 M KCl at
pH 12.0, pH 12.6, and pH 13.0. At pH 12.0 a small amount of protein was eluted;
in contrast, at pH 12.6 and 13.0 similar and comparable amounts of proteins were
removed as when eluting with 100 mM Na2SiO3·9H2O (Fig. 2.3). Methanol is
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Figure 2.1 Tricine gel revealing the proteins of a synchronized N. pelliculosa culture; 1.2 µg of
protein was applied on the gel for each sample from the following intervals: lane 1; t = 0 h, lane 2;
t = 1 h, lane 3; molecular weight marker, lane 4; t = 2 h, lane 5; t = 4 h, and lane 6; t = 6 h.
Arrows indicate proteins, which are expressed at elevated levels at t = 4 and t = 6 h.
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Figure 2.2 Protein concentration of the collected fractions following sequential step-elutions with
different solutions.
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expected to be capable of eluting proteins from the silica, because of its very high
elutropic value on silica. The protein values show that a very small amount was
eluted from the silica this way, too small to be visualised by SDS-PAGE. Because
only a high pH appeared to remove proteins from the silica matrix, the solutions
mentioned above were used by incubating batch-wise. In total, eight protein bands
were visible on gel after SDS-PAGE analysis of the high pH fraction (Fig. 2.3). Two
protein bands, of 8.5 kDa and 12 kDa, were cut out after they were transferred to a
PVDF membrane and sequenced N-terminally. The 12 kDa protein appeared to be
N-terminally blocked. The sequence of the 8.5 kDa protein band indicates that it is
a ubiquitin homologue. The homology is based on 16 residues of the N-terminus,
MQIFVKTLTGKTITLD, which is 100% homologous to ubiquitin found in various
organisms such as the protozoan Tetrahymena pyriformis and the parasite Eimeria
bovis. A homology of 93% was found for ubiquitin from the fruit fly Drosophila
melanogaster. Western blotting was applied to confirm the homology and to ensure
the presence of ubiquitin in the cell contents and the fractions eluted by both KCl
(pH 13.0) and Na2SiO3·9H2O (pH 12.6). As a control, ubiquitin from bovine red
blood cells (Sigma-Aldrich) was used. Ubiquitin was present in all the different
fractions (Fig. 2.4). The band in the crude soluble fractions (Fig. 2.4, lane 3) was
stained less intensively due to the fact that silica chromatography concentrates
proteins, therefore rendering a higher yield of protein (Fig. 2.4, lane 2). A small
amount of ubiquitin was still present after eluting the silica with a high pH
solution (Fig. 2.4, lane 6). Perhaps a longer elution with the high pH solution
would have removed all the ubiquitin proteins. 

Transmission electron microscopy revealed that ubiquitin is present along the
cell wall of N. pelliculosa. Ubiquitin seems to be localized in the proximity of
newly formed valves, as well as the mature valve (Fig. 2.5A-C), while in some
occasions it appears to be present directly on the silica of the cell wall and most
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Figure 2.3 Influence of pH on protein binding to the silica matrix; lane 1; 0.2 M KCl (pH12.0), lane
2; 0.2 M KCl (pH12.6), lane 3; 0.2 M KCl (pH13.0), lane 4; molecular weight marker, and lane 5;
100 mM Na2SiO3·9H2O (pH 12.6).
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Figure 2.4 Western blot, showing the presence of ubiquitin in different protein fractions, obtained
from the silica column incubated with the cell extract of N. pelliculosa. Lane 1; molecular weight
marker, lane 2; silica matrix after incubation with the cell extract, lane 3; cell extract prior to
incubation with the silica matrix, lane 4; ubiquitin from bovine red blood cells (positive control),
lane 5; 0.2 M KCl (pH13.0) eluted fraction, lane 6; silica matrix following eluting with 100 mM
Na2SiO3·9H2O (pH 12.6), and lane 7; 100 mM Na2SiO3·9H2O (pH 12.6) eluted fraction.

1 2 3 4 5

10 kDa

6 7

Figure 2.5 Immunocytochemical labeling of N. pelliculosa cells with anti-ubiquitin. (A) A
longitudinal section near the surface of the valve, showing the presence of gold particles at the
edges of the visible striae and the raphe. (B) A cross-section of a dividing cell showing the
intracellular localization of ubiquitin besides its confined location along the proximal side of the
cell wall. (C) A closer view on the cleavage furrow of a dividing cell showing the presence of
ubiquitin by the clear accumulation of gold particles. Abbreviations: CF = cleavage furrow, Chl =
chloroplast, R = raphe, and V = vacuole. The scale bars measure 1 µm. 
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remarkably inside the pores (Fig. 2.5A). As a negative control, sections were
incubated the same way, only without the ubiquitin antibodies. No labeling was
visible on these sections (not shown). Further detailed immunocytochemical
analysis is required to determine the exact location of ubiquitin throughout the
cells during the whole process of valve formation. 

Discussion

Our current studies on biomineralization in diatoms focus on proteins with an
affinity for silica with the aim to identify proteins with a potential to interact with
silica during diatom biomineralization. Several of these proteins could be removed
from the silica with 100 mM Na2SiO3·9H2O (pH 12.6) (Fig. 2.2), due to the high pH
(pH 12.6), not by the Na2SiO3·9H2O (Fig. 3). From the protein fraction eluted at
high pH, two proteins were purified further. The protein with an apparent mass of
12 kDa appeared to be blocked N-terminally so no sequence data could be
obtained. Alternative approaches (e.g. internal sequencing) are required to obtain
further information on this peptide. The protein with an apparent mass of 8.5 kDa
appeared to be a ubiquitin homologue as shown by its N-terminal sequence and
very high homologies to ubiquitin of other organisms. Western blotting with the
specific antibodies against ubiquitin of bovine red blood cells also confirmed that
our 8.5 kDa peptide is an ubiquitin homologue (Fig. 2.4). The localization of the
ubiquitin homologue by immunocytochemistry (Fig. 2.5A-C) is preliminary, but we
can safely state that it is located inside the cells of N. pelliculosa, predominantly
along the proximal side of the cell walls with a more random distribution within
the cells (Fig. 2.5B). A more comprehensive analysis is necessary to confirm these
results and to determine the distribution patterns or localization of ubiquitin at the
different stages of valve formation.

Analysis of ubiquitin expressed during cell division indicates that it is present
at every interval that has been examined so far (t = 0, 1, 2, 4, and 6 h after the start
of cell division). Immunocytochemistry suggests that it is located near the mature
cell wall as well as near the new valves, as if it were associated with these
structures. However, at the intervals that we have chosen, detailed analysis of the
first hour of cell division has not been included. In an approach to study the
development of the silica-deposition vesicle in vivo, a fluorescent tracer 2-(4-
pyridyl)-5-((4-(2-dimethylaminoethylaminocarbamoyl)methoxy)phenyl)oxazole
(PDMPO; Shimizu et al. 2001) was used. The goal of this experiment was to obtain
an SDV rich extract by determining a point in time where the SDV is visible but
small enough to stay intact after the cell is broken. Because cell wall formation
takes place inside the SDV, the proteins that will be found in a SDV rich extract no
doubt play a role in silicon biomineralization. The isolation of SDVs has so far
never been successful anywhere. In this experiment the concentration of the probe
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in the first stage of cell formation was not high enough to determine this time
point. What we did observe with this fluorescent tracer is that in a close but larger
relative of N. pelliculosa, the diatom N. salinarum (Grunow) Husted, the new
valves develop nearly completely in the second and probably even in the third
dimension within the first 60 minutes of cell division (Hazelaar et al. 2005). A fast
valve formation within the SDV was also reported by Reimann (1960). This
suggests that the expansion of the silica-deposition vesicle is a very fast process
while most time is spent afterwards on finishing the final structure and
composition of the cell wall. Fast initial silica synthesis also agrees with the rapid
silica precipitation induced by silaffins and polyamines (Kröger et al. 2000, 2002).
A condition for this is a sufficiently high transport rate of silica precursors and the
essential organic compounds to the silica-deposition vesicle. High internal silica
pools in diatom cells are actually available (Sullivan 1977; Martin-Jézéquel et al.
2000), favoring a fast deposition rate. 

Comparison between the different time intervals before (Fig. 2.1) and after in-
cubation with silica (data not shown) did not show differences in protein
expression pattern. However, at t = 4 h and at t = 6 h some proteins appeared to be
expressed at higher levels (arrows Fig. 2.1). Consequently, expression levels of the
proteins required in silicon biomineralization are expected to be elevated in the first
hour. In contrast, proteins that are part of the protective casing of diatom cell walls
appear to be expressed at a much later stage (van de Poll et al. 1999). Additional
experiments are now in progress for a more detailed analysis of the expression and
the cellular localization of ubiquitin in the first hour of valve morphogenesis. These
experiments are expected to lead to insight in its role directly after cytokinesis.

It is not surprising to find ubiquitin in diatoms, because it is present in all
eukaryotic cells, where it is involved in selective degradation of many short-lived
proteins (Hershko & Ciechanover 1998). Its C-terminal glycine residue covalently
binds reversibly to the lysine ε-amino group of the target protein and other
ubiquitin molecules may bind to the first ubiquitin molecule, thus forming a chain
that targets the protein ready for degradation by the proteasome (Hochstrasser
1996). The model of pore formation in diatoms recently formulated by Vrieling et
al. (2002) and discussed in the introduction implies removal of proteins or large
peptide complexes from the protein-rich mesophases when the silica has been
completely developed. Upon the removal of the protein-rich mesophase, the pores
in the cell wall remain, before the silica is finally covered by the protective casing
(van de Poll et al. 1999). Based on the results presented here, it is tempting to
suggest that the protein degradation pathway by ubiquitination is the process
involved in the removal of the protein-rich mesophase. The next step is to
determine the exact location of ubiquitin during valve formation in dividing
diatom cells from the earliest onset until the cells finally separate. For the time
being it seems safe to conclude that in N. pelliculosa ubiquitin is involved in
silicon biomineralization, although the nature of its role remains to be elucidated. 
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