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Chapter 5

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

Thalassiosira pseudonana’s ferredoxin-NADP
reductase: a homologue of carbonic anhydrase and

sponge silicase lacking action on solid silica



Introduction

A major focus in diatom research today is on molecular and physico-chemical
mechanisms that are involved in silicon biomineralization in order to understand
the formation and hierarchical structuring of their well-ordered silicon exo-
skeletons (Kröger & Sumper 1998; Vrieling et al. 2003; Montsant et al. 2005;
Hildebrand 2005b; Lopez et al. 2005). These exoskeleton structures are species-
specific and have been used to taxonomically classify the huge variety of well over
10,000 different species (Round et al. 1990). The diatom cell wall, the “frustule”, is
composed of two overlapping valves interconnected by 1 or more girdle bands. It
has often been compared to a petri-dish (Pickett-Heaps et al. 1990; Round et al.
1990). 

During growth each parental cell divides, forming two daughter cells within its
own frustule; these daughter cells each produce a new hypovalve in a so-called
silica deposition vesicle (SDV) before they separate (Simpson & Volcani 1981;
Pickett-Heaps et al. 1990; Round et al. 1990). Formation of the hypovalve proceeds
in two stages. The first stage is the two-dimensional growth, which appears to be a
very rapid process (Hazelaar et al. 2005). The second one is three-dimensional
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Abstract

In our search for proteins that play a role in diatom silicon biomineralization, affinity for silica

was chosen to identify potential candidates. Several of the detected proteins function in cellular

processes such as photosynthesis (carbonic anhydrase), protein degradation (ubiquitin), or

protein movement (actin), none of which has been linked so far to silicon biomineralization. In

Navicula pelliculosa (Brébisson et Kützing) Hilse ferredoxin-NADP reductase was also detected. It

appeared to be a homologue of carbonic anhydrase and silicase. The latter is found in sponges,

where it is involved in silica restructuring and maintenance. We hypothesized that N. pelliculosa

ferredoxin-NADP reductase (FNR) could also function in this way in diatom biosilica

maintenance and resorption. In order to test this hypothesis we have analyzed FNR in more detail

by searching the genome of Thalassiosira pseudonana Hasle and Heimdal for homologues of N.

pelliculosa FNR. Expression of the three different FNR homologues present in T. pseudonana

(denoted as Tp_FNR31, Tp_FNR39, and Tp_FNR91) was examined by quantitative PCR (Q-PCR)

for three defined growth conditions. The mRNA expression patterns of these genes did not

correlate with stages of valve and girdle band formation. Because of FNR’s role in photosynthesis

it was difficult to assign clear silicification events to FNR expression. FNR’s role in silica

restructuring was tested in vitro by incubating diatom biosilica with a homologue, spinach FNR,

and monitoring both the release of silicic acid and the nanostructural changes of the frustule

material. Spinach FNR did not enhance release of silicic acid from the biosilica, while the

nanostructural characteristics also remained intact. In conclusion, no convincing evidence has

been found that ferredoxin-NADP reductase is involved in silica restructuring or maintenance. 



thickening, during which detailed hierarchically ordered structures are formed.
Both stages, however, are not clearly separated events and may even occur
simultaneously, since three-dimensional thickening starts when the center of the
valve has been established as the first stage of 2-D expansion (Pickett-Heaps et al.
1990; van de Poll et al. 1999; Hazelaar et al. 2005). During cell division new
hypovalves are always developed within the SDV and the set of organic and
inorganic constituents in combination with the reaction conditions inside the SDV
control the morphosynthesis of the siliceous frustule parts. At present, isolation
and purification of immature SDVs for a full characterization of its constituents is
not feasible and consequently knowledge on the exact role of proteins in silicon
biomineralization is limited. 

Silicon transport proteins (SITs) were first identified in Cylindrotheca fusiformis
Reimann et Lewin (Hildebrand et al. 1997). They play a role in uptake and
transport of silicic acid from the environment across cellular membranes and thus
far have only been isolated from diatoms. The expression of the 5 different SIT
genes identified in C. fusiformis is regulated independently during cell division
and cell wall synthesis (Hildebrand et al. 1998, 2000, 2003; Hildebrand &
Wetherbee 2003). Small proteins and peptides such as silaffins and long-chain
polyamines (LCPAs) were also first identified in C. fusiformis (Kröger et al. 1999),
and in the biosilica of other diatom species such as Nitzschia angularis W. Smith,
Chaetoceros debilis Cleve, Chaetoceros didymum Ehrenberg, Eucampia zodiacus
Ehrenberg, and Stephanopyxis turris (Greville and Arnott) Ralfs in Pritchard
(Kröger et al. 2000; Sumper & Kröger 2004; Wong Po Foo et al. 2004). Silaffin-1A
and LCPAs precipitate silica in vitro. In particular when they are mixed in different
ratios with native silaffin-2 a variety of silica structures can be formed (Kröger et
al. 1999, 2002; Poulsen et al. 2003; Sumper & Kröger 2004; Wong Po Foo et al.
2004). 

Marine sponge proteins are also implicated in the biomineralization of silica; in
particular in the formation of sponge spiculae, silicatein appears to be essential
(Shimizu et al. 1998; Schröder et al. 2003). Recently, the enzyme silicase has been
identified in the sponge Suberites domuncula. It dissociates solid silica by releasing
silicic acid (Schröder et al. 2003). Silicase has not been found in diatoms, but
homologous proteins do exist. One of these is carbonic anhydrase (CA), which
besides its activity in forming carbonic hydrogen carbonate (HCO3

-) from CO2 and
H2O, - similarly to silicase -, affects the nanostructure of silica in vitro (Vrieling,
Tyl, van der Strate, & Sun, unpublished results). The proposed mechanism of
action for both silicase and CA involves a zinc ion functioning as a so-called Lewis
acid, able to hydrolyze the ester linkage between silicon and oxygen. Due to this
activity it has been proposed that silicase plays a role in skeleton maintenance in
sponges (Schröder et al. 2003), just like bone maintenance takes place in the
mammalian skeleton although this is of course a different mechanism (Alberts et
al. 1983). Carbonic anhydrase is homologous to silicase and may have a similar

THALASSIOSIRA PSEUDONANA’S FERREDOXIN-NADP REDUCTASE

65



secondary function in diatoms, as suggested by the in vitro studies on artificial and
diatomaceous silicas (Vrieling, pers. comm.). This may well explain the location of
CA, as it is associated with the cell wall of Thalassiosira weissflogii (Grunow) G.
Fryxell et Hasle (Milligan & Morel 2002). 

Using a silica affinity-based isolation method, several proteins have been
purified from fractionated cells of Navicula pelliculosa; the proteins positively
identified so far are: RuBisCO, actin, oxygen-evolving enhancer protein, ubiquitin
(Hazelaar et al. 2003) and most recently ferredoxin-NADP reductase (FNR).
Interestingly, N. pelliculosa FNR appeared to be homologous to the aforementioned
sponge enzyme silicase (Fig. 5.1), and to carbonic anhydrase. FNR catalyzes the
transfer of an electron from ferredoxin to NADP+ in photosynthesis I (Shin et al.
1963; Shin 1971; Karplus et al. 1991). However, its function is not restricted to
photosynthesis, because it is also found in heterotrophic organisms such as
bacteria, animals, and yeast (Carrillo & Ceccarelli 2003).
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Figure 5.1 Amino acid sequence alignment of the ferredoxin-NADP reductase gene newV2.0
genewise.31.175.1 (further denoted as Tp_FNR31) of Thalassiosira pseudonana with the sponge
silicase from Suberites domuncula (SIA_SUBDO; Schröder et al. 2003). Identical amino acids are
indicated in black boxes, conserved strongly related amino acids (strong groups) are indicated in
dark grey boxes, and less conserved amino acids (weak groups) are indicated in light grey boxes
with black symbols. Non-conserved amino acids are not highlighted. The asterisks indicate the
position of the three zinc-binding histidine residues of SIA_SUBDO.

Tp_FNR31    1   DQSNVPVN~~~~~~~~~~~~~~~~~~~~~~~~~~~VYKNKAPFTGKVVST  
SIA_SUBDO   1   LKRNVPIQRVGLPLTSYVSRWASALPTRTHPFYKLVDDSTTPVTRSTLLS  
 
Tp_FNR31    24  KRIVGPQATG~~ETCHIVIDHQGNFPYWEGQSWGVIPPGTREKDGKPHSV  
SIA_SUBDO   51  AHMVDTLLDENQQSRHENQHTDTSYKMYQGLKFVVKTLFTPSKCHRHFST  
   
Tp_FNR31    72  RLYSIASSRYGDDFTGNTGSLCVRRATYWCPELKADDPAKKGICSN~~~~  
SIA_SUBDO   101 SAHLSAMGRHQSPINIITSSTTKGPSLKPLKFSKSWDKPVIGTCKDTGYY  
 
Tp_FNR31    117 ~~FLCDTTAGDEVMMTG~~~~~~~~~~~~~~~~~PAGKVMLMPEEDPKTD  
SIA_SUBDO   151 LKFAPESAAEKCTLHTYNGEYILDHFHYHWGKKDGEGAEHFIDGKQYDIE  
            * * 
Tp_FNR31    149 YIMVATGTGIAP~~FRGFVRRLFFESTPAAKAYQGQAWLFLG~~~~~~~~  
SIA_SUBDO   201 FHFVHKKVGLTDPDARDAFAVLGVFGKADPRLKINGIWELLSPSTVLTVD  
       * 
Tp_FNR31    188 ~VANSDALLYDDEFQEAKSKFPDN~~~~~~~~~~~~~~FRLDYALSREQN  
SIA_SUBDO   251 STRNVADVVPSKLLPSARDYFHYEGSLTTPTYGEVVHWFVLNEPIAVPSE  
 
Tp_FNR31    224 NKKGGKMYIQDKVEEYADEVFNKLNNGAHIYFCGLKGMMPGIQDMLAEVC  
SIA_SUBDO   301 YLSALRQMQADKEGTVIDSNYRELQEVHNRPVQRFKSDEQG~RGEFDDIS  
 
Tp_FNR31    274 KSKGLDYDEWIKELKG~~KKQWHVEVY  
SIA_SUBDO   350 KNE~~DIVEDLSKLSGNFIRELVRKIY  
 



In view of the homology and FNR’s affinity to silica, the question arose whether
FNR could also be involved in restructuring and maintenance of diatomaceous
silica. The availability of the genome sequence of Thalassiosira pseudonana
(Armbrust et al. 2004) allowed us to identify FNR homologues in this species and
to assess the functionality of FNR by examining gene expression levels at different
environmental conditions and different stages of cell division, and by studying
FNR’s action on solid diatom biosilica. 

Materials and methods

Culturing conditions
For the different experiments, batch cultures of Thalassiosira pseudonana were
established separately under equal conditions; the cells were always grown under
continuous light at 16°C in artificial sea water (ASW) medium (Darley & Volcani
1969). Each batch culture was stirred magnetically and aerated continuously.
Silicon limitation was initiated by harvesting the cells by mild centrifugation
(5,000 x g, 4 min, at 4°C), washing the cells in silicon-free ASW, and subsequently
resuspending the cells in polycarbonate bottles containing silicon-free ASW to a
final cell density of approximately 5 x 105 cells/mL. The cells were incubated
overnight to arrest cells at the G1/S phase (Hildebrand, pers. comm.) before silicon
was readded to initiate synchronized growth. Two experiments were conducted on
synchronized cells: the synchronized cell division experiment and the silicon
limitation experiment. For a third experiment an exponentionally growing batch
culture was used in a light-dark regime. These experiments were done as described
as following:

SYNCHRONIZED CELL DIVISION. To monitor FNR and silaffin mRNA expression
during cell division a silicon limited culture (8 L) was established to which silicon
was added to a final concentration of 250 µM to initiate cell division and cell wall
formation. Samples of 750 mL were taken every hour over a 9 h period and cells
were harvested by centrifugation, using a Sorvall ultracentrifuge and a GSA rotor
(10 min, 13000 x g, 4°C). The pelleted cells were washed once with 3.5% (w/v)
NaCl, centrifuged (13000 x g, 5 min, 4°C), and stored at -80°C until further analysis. 

SILICON LIMITATION. To monitor FNR mRNA expression during silicon
limitation a silicon limited culture (8 L) was established by resuspending the batch
cultured cells in medium containing a final silicic acid concentration of 25 µM
silicic acid instead of Si-free ASW. This amount was sufficient for each cell, at the
applied cell density, to produce at least 1 new hypovalve (Hildebrand, pers.
comm.). Samples of 750 mL were taken every 4 h over a 24 h period and cells were
harvested by centrifugation, using a Sorvall ultracentrifuge and a GSA rotor (10
min, 13000 x g, 4°C). The pelleted cells were washed once with 3.5% (w/v) NaCl,
centrifuged (13000 x g, 5 min, 4°C), and stored at -80°C until further analysis.
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LIGHT-DARK-LIGHT REGIME. A light-dark-light regime was applied to monitor the
FNR mRNA expression in exponentially growing cells. For this, a batch culture (3
L) of T. pseudonana was established, which was placed in complete darkness for a
period of 4 h and back into the light again for another hour. Over the light-dark-
light regime samples of 500-750 mL were taken before placing the culture in the
dark, after 1, 2, and 4 h in darkness and after 1 hr when the culture was placed
back into the light. The cells in these samples were also harvested by
centrifugation using a Sorvall ultracentrifuge and a GSA rotor (13000 x g, 10 min,
4°C). The pelleted cells were washed once with 3.5% (w/v) NaCl, centrifuged
(13000 x g, 5 min, 4°C), and stored at -80°C until further analysis.

Silicic acid analysis
From the synchronized cell division experiment additional samples of 13 mL were
taken from which cells were removed by centrifugation (10 min, 13000 x g, 4°C).
The supernatants were analyzed in order to determine the clearance of silicic acid
from the medium, which is indicative for the uptake of silicic acid by the cells.
Reactive silicic acid was assayed spectroscopically according to the molybdate
method of Strickland and Parson (1972).

PDMPO fluorescence
During a separate synchronized cell division experiment (but similar to the one
described above) samples were also taken up to 9 h after silicon addition to
synchronized cells in order to follow valve formation and cell separation by
fluorescent probing (Shimizu et al. 2001; Hazelaar et al. 2005). In this experiment
2 - ( 4 - p y r i d y l ) - 5 - ( ( 4 - ( 2 - d i m e t h y l a m i n o e t h y l - a m i n o c a r b a m o y l ) -
methoxy)phenyl)oxazole (PDMPO; LysoSensorTM yellow/blue DND-160, Molecular
Probes Inc., Eugene, USA) at a final concentration of 100 nM was added
simultaneously with silicon. In the course of valve formation, samples of 13 mL
were taken and centrifuged (5,000 x g, 4 min, 4°C). The collected cells were
immediately stored at -20°C in pre-chilled absolute methanol until the cells were
analyzed further using a Zeiss Axioscope (Zeiss, Oberkochen, Germany)
fluorescent microscope, equipped with a bandpass filter for excitation at 365 nm
and a longpass filter to observe emitted light at wavelengths above 397 nm.

FNR gene identification in T. pseudonana
N-terminal sequencing of a ~35 kDa protein of N. pelliculosa with high silica
affinity revealed the following 11 amino acids of the N-terminus: GKQDFLEAEPY.
This sequence was compared using BLAST (Altschul et al. 1997) and revealed a
81% homology to chloroplast ferredoxin-NADP reductase of Isochrysis galbana
Parke. The protein sequence of I. galbana was further compared using the genome
sequence database of T. pseudonana (available online at URL: http://genome.jgi-
psf.org/thaps1/thaps1.home.html). Three FNR homologues appeared to be present
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with the following gene model names: newV2.0.genewise.31.175.1, newV2.0.gene-
wise.39.343.1, and newV2.0.genewise.91.65.1. These genes are denoted further as
Tp_FNR31, Tp_FNR39, and Tp_FNR91 respectively (Table 5.1).

Sample conditions and RNA isolation
From the harvested cells at the specified intervals of each of the three
aforementioned experiments, RNA was isolated as described previously
(Hildebrand & Dahlin 2000). In short, 3 mL of Sigma Tri Reagent (Sigma-Aldrich
Co., St. Louis, USA) was added to the frozen cell pellets and upon melting samples
were mixed and incubated for 5 min at room temperature (RT). Next, 0.3 mL 100%
(v/v) chloroform (Sigma-Aldrich Co.) was added and the tube was vortexed
immediately, before it was incubated for another 5 min at RT. Then the samples
were centrifuged (13000 xx g, 15 min, 4°C) and the aqueous phase was transferred to
a new tube. Subsequently, 1.5 mL 100% (v/v) isopropanol (Sigma-Aldrich Co.) was
added and the tubes were vortexed immediately before incubation (again 5 min at
RT). Following incubation the samples were centrifuged (8 min, 13000 xx g, 4°C),
the supernatants removed, and the remaining pellets were washed once with 1 mL
of 75% (v/v) ethanol before they were air-dried. The dried pellets were
resuspended in 200 µL RNase-free water and DNA was removed from these
samples using the RNeasy mini protocol for RNA cleaning based on DNase
digestion (Qiagen Inc, Valencia, USA). After DNA removal all samples were stored
at -80°C until further analysis.

Quantitative Polymerase Chain Reaction
Quantitative PCR (Q-PCR) was performed using a LightCycler and LightCycler
DNA master SYBR Green I reagents according to the manufacturer’s instructions
(Roche Applied Science, Indianapolis, USA). cDNA was synthesized using
SuperScript II RT (Invitrogen, Carlsbad, USA). For amplification, specific primers
were designed to amplify a fragment of approximately 200-bp for each of the three
FNR genes of T. pseudonana. For a comparison also the silaffin-3 gene, which is
present in T. pseudonana (Poulsen & Kröger 2004), was examined. The used
forward- and reverse primers are listed in Table 5.1.
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Table 5.1 

Gene Forward primer Reverse primer

Tp_FNR31 5’-CTC TCG TTA CGG TGA TGA TTT TA-3’ 5’-ACC ATT ATG TAA TCA GTC TTA GG-3’

Tp_FNR39 5’-TTT GAG TGT TAT TCC TCC AGG AA-3’ 5’-TAC TGT ATC ACC TGG ATT CAC AT-3’

Tp_FNR91 5’-AGG TAC GGA GAC GAC ATG A-3’ 5’-CGG TGG CTA CCA TGA TGT A-3’

Sil-3 5’-ACT GAG ATG TTC ATG GCA AAG GCC - 3’ 5’- CGT ACC TGA GGC TGT GAG CGG AGC - 3’



The amplification reaction was generally programmed as following: heating at
20 °C/s to 95°C for 30 s, followed by 45 cycles of heating at 20°C/s to 95°C with no
hold, cooling at 20°C/s to 60°C with 10 s hold, and heating at 20°C/s to 72°C with 8
s hold. Detection of the fluorescent products was set at the last step of each cycle.
Melting curves were acquired by heating the products at 20°C/s to 95°C with no
hold, cooling at 20°C/s to 63°C with 15 s hold, and slowly heating at 0.1°C/s to 95°C
with detection of the fluorescent products at 0.1°C intervals. The amounts of
mRNA were determined using a DNA calibration curve and presented as ng
equivalents (ng eq.) according to Hildebrand (2005a).

Ferredoxin-NADP reductase (FNR) interaction with amorphous silica
Spinach FNR’s interaction with amorphous silica was determined using the
method described by Schröder et al. (2003). Because diatom FNR was not available
in sufficient quantities we used commercially available spinach FNR (Sigma-
Aldrich, Zwijndrecht, The Netherlands); spinach FNR appeared to be homologous
to T. pseudonana FNR (Fig. 5.2). This homology was determined using Clustal W
version 1.81 (Thompson et al. 1994). Biddulphia spp. biosilica cleaned with SDS
and HNO3 (Boyle et al. 1984) was used as silica source. In a 2 mL Eppendorf tube 3
mg cleaned biosilica was resuspended in 1 mL of 50 mM Tris-HCl (pH 7.2),
containing 100 mM DL-dithiothreitol (DTT), 100mM NaCl, and 0.5 mM ZnSO4

(buffer A). Lyophilized Spinach FNR (Sigma-Aldrich) was diluted to 1 µg/µL in
Milli-Q water and 0, 1, 3 or 5, 10, and 20 µL spinach FNR together with either 100
µL 150 µM NADP (Sigma-Aldrich), 100 µl 150 µM NADPH (Sigma-Aldrich) or 100
µl Milli-Q water was added to the tubes. The biosilicas were incubated for 1 h at
RT under continuous mixing on a rotor, whereafter they were centrifuged (14,000 xx
g,  5 min, 4°C) before the supernatants were transferred to a clean tube and again
centrifuged. The second supernatants were again transferred to a clean tube and
stored at -20°C, until the concentration of reactive silicic acid was determined
using the aforementioned molybdate assay.

Additionally, 20 mg of Biddulphia spp. biosilica was incubated with 4 units
(200 µL of a 1 µg/µL diluted solution) spinach FNR in 20 mL buffer A. As a control
200 _L Milli-Q water was added instead of FNR. During incubation samples of 1
mL were taken sequentially at: t = 0, 0.25, 0.5, 1, 1.5, 2, 4, 6, 8, and 24 h. These
samples were processed as aforementioned before reactive silicic acid was
determined also using the aforementioned molybdate assay.

X-ray scattering analysis
Small angle X-ray scattering (SAXS) was performed at station BM26 (DUBBLE) of
the high brilliance European Synchrotron Radiation Facility (ESRF, Grenoble,
France) in order to analyze the nanostructural changes of amorphous biosilica
during incubations with spinach FNR. Well-defined silicas were used at two
different camera lengths. Diatom biosilicas of Thalassiosira punctigera (Castracane)
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Hasle and Ditylum brightwellii (West) Grunow were analyzed at a camera length of
8.5 m, allowing acquisition of data over a d-range of 3 < d < 70 nm. Synthetic
silicas (MCM-41 and hollow spheres), each displaying distinct crystalline Bragg
reflections, were studied at a short camera length (1.5 m); this allowed data
acquisition over a d-range of 0.1 < d < 9 nm. Experiments were adapted from
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Figure 5.2 Amino acid sequence alignment of the three identified ferredoxin-NADP reductase
homologues newV2.0.genewise.31.175.1 (denoted as Tp_FNR31), newV2.0.genewise.39.343.1
(denoted as Tp_FNR39), and newV2.0.genewise.91.65.1 (denoted as Tp_FNR91) of Thalassiosira
pseudonana and spinach FNR. Related amino acids are indicated similarly as in Fig. 5.1.

Tp_FNR31     1   ~~~~~~~~~~~~~~~~MPPAALAAKKAKEVVEVVDTAANTQKLLAAGAAL  
Tp_FNR39     1   ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~MDRVNGGAAYTL  
Tp_FNR91     1   ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  
Spinach_FNR  1   MTTAVTAAVSFPSTKTTSLSARSSSVISPDKISYKKVPLYYRNVSATGKM  
 
Tp_FNR31     35  VAGGAVLTKLTGGGAKEQNFLEAEPYWDQSNVPVNVYKNKAPFTGKVVST  
Tp_FNR39     13  APPKVTVDAPPFGAEIKETQAFLEHLDANGELPLNFAKPQAPATATVLGR  
Tp_FNR91     1   ~HPSIPLSLHRTSLNLKQDFLEAEPYYSQDTVKTNTYKNKAPFTGKVVST  
Spinach_FNR  51  GPIRAQIASDVEAPPPAPAKVEKHSKKMEEGITVNKFKPKTPYVGRCLLN  
 
Tp_FNR31     85  KRIVGPQATGETCHIVIDHQGNFPYWEGQSWGVIPPGTREKDGKPHSVRL  
Tp_FNR39     63  TKLIADDAPGDIEHVIMKLPEGFHYVEGQSLSVIPPGTDAKSGRNHKPRL  
Tp_FNR91     50  KRIVGPKATGETCHIIIDHNGDFPYWEGQSWGVIPPGTREKDGKPHSVRL  
Spinach_FNR  101 TKITGDDAPGETWHMVFSHEGEIPYREGQSVGVIPDGED~KNGKPHKLRL  
 
Tp_FNR31     135 YSIASSRYGDDFTGNTGSLCVRRATYWCPELKADDPAKKGICSNFLCDTT  
Tp_FNR39     113 YSIASTRYGDTLDGTTISLCVRRAEFIDPVTGEKDPEKQGVCSNFLCNVN  
Tp_FNR91     100 YSIASSRYGDDMTGKTGSLCVRRATYWCPELKADDPAKKGICSNFLCDTE  
Spinach_FNR  150 YSIASSALGDFGDAKSVSLCVKRLIY~~~~TNDAGETIKGVCSNFLCDLK  
 
Tp_FNR31     185 AGDEVMMTGPAGKVMLMPEEDPKTDYIMVATGTGIAPFRGFVRRLFFEST  
Tp_FNR39     163 PGDTVSVAGPVGKTMLLPE~DPTKDVIMVATGTGIAPFRGFMHRLFMENT  
Tp_FNR91     150 PGAEVMMTGPAGKVMLMPEEDPKTDYIMVATGTGIAPFRSFVRRLFFEDT  
Spinach_FNR  196 PGAEVKLTGPVGKEMLMPK~DPNATIIMLGTGTGIAPFRSFLWKMFFEKH  
 
Tp_FNR31     235 PAAKAYQGQAWLFLGVANSDALLYDDEFQ~EAKSKFPDNFRLDYALSREQ  
Tp_FNR39     212 LARHMFGGSAWLVLGVPVSGGLLYKEEFDCMLRNASPNQLRIDYAISREM  
Tp_FNR91     200 PAAAAYKGEAWLFLGVANSDALLYDDEFQ~DAKARYPENFRLDYALSREQ  
Spinach_FNR  245 D~DYKFNGLAWLFLGVPTSSSLLYKEEFE~KMKEKAPDNFRLDFAVSREQ  
 
Tp_FNR31     284 NNK~KGGKMYIQDKVEEYADEVFNKLN~NGAHIYFCGLKGMMPGIQDMLA  
Tp_FNR39     262 TNTIDGGKLYVQHVIAQNGKELFNRLD~NGAHIYFCGLKGMLPGILESLE  
Tp_FNR91     249 ENK~NGGKMYIQDKVEEYADEVFNKLD~NGAHIYFCGLKGMMPGIQDMLA  
Spinach_FNR  293 TNE~KGEKMYIQTRMAQYAVELWEMLKKDNTYFYMCGLKGMEKGIDDIMV  
 
Tp_FNR31     332 EVCKSKGLDYDEWIKELKGKKQWHVEVY  
Tp_FNR39     311 GVAKEQGVDWTAKLSELKKNNQWHVEVY  
Tp_FNR91     297 EVCKSKGLDYEEWIKELKGKKQWHVEVY  
Spinach_FNR  342 SLAAAEGIDWIEYKRQLKKAEQWNVEVY  
 



Schröder et al. (2003), but only 50 mM Tris-HCl (pH 7.2) containing 0.5 mM
ZnSO4 (buffer B) was used. Five mg biosilica was incubated with 1 unit spinach
FNR in 5 mL buffer B. In parallel experiments, 10 mg biosilica was incubated with
10 mg bovine carbonic anhydrase (Sigma-Aldrich) in 20 mL buffer B. For all
incubations subsamples (0.5 mL) were sequentially taken for SAXS analysis over
an 8 h incubation period at RT. These subsamples were mounted in rotating cells
using mica windows as described previously (Sun et al. 2002; Vrieling et al. 2002).
In controls, silica was incubated with buffer B only. Following subtraction of
background (Vrieling et al. 2000), the SAXS spectra were plotted as Log intensity
(log I) vs. Log scattering vector Q (logQ) in order to determine: i) the location and
length of straight regions (assigning fractal regions and fractal dimension based on
the slopes), ii) the location of transition points between straight regions (for
estimating pore dimensions), and iii) oscillation patterns (indicative for regularity
in pore distributions). Details on these typical assignments for diatom biosilica
have been described elsewhere (Vrieling et al. 2000; 2003; 2004; 2005).

Results

The N-terminal amino acid sequence, GKQDFLEAEPY, of the ~35 kDa protein of
Navicula pelliculosa with a high silica affinity revealed a positive hit (81%
identical) with chloroplast ferredoxin-NADP reductase of Isochrysis galbana. When
this protein sequence was further compared using the T. pseudonana translated
nucleotide database, three different ferredoxin-NADP reductase homologues were
identified in the diatom genome (Table 5.1; Fig. 5.2): newV2.0.genewise.31.175.1
(further denoted as Tp_FNR31), newV2.0.genewise.39.343.1 (further denoted as
Tp_FNR39), and newV2.0.genewise.91.65.1 (further denoted as Tp_FNR91). The
mRNA levels of these three FNR homologues were determined over a light-dark-
light cycle to investigate whether FNR could be involved in processes other than
photosynthesis. The level of Tp_FNR31 mRNA and Tp_FNR91 mRNA fluctuated
mildly during the light-dark-light cycle (Fig. 5.3). The Tp_FNR39 mRNA level
remained approximately constant throughout the light-dark-light regime, with only
a slight increase after the dark period (at t = 5h, Fig. 5.3). However, no significant
change in mRNA levels was found for all three genes (r2 < 0.5).

In the synchronized cell division experiment, cells were arrested in the G1/S
phase by lack of silicon and cell division of T. pseudonana was monitored using
PDMPO (Fig. 5.4). Via this fluorescent probing approach we were able to identify
the different stages of girdle band and valve formation that took place prior to
separation of the two daughter cells. In the first 3 h after silicon replenishment to
Si-limited T. pseudonana cells girdle band formation was observed (Fig. 5.4A-H).
Just 1 h later (4 h) valve formation was observed (Fig. 5.4I-J) with a rapid two-
dimensional growth within ~1 h. The three-dimensional thickening of the valve
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appeared occurred quite simultaneously (Fig. 5.4K-L). After 6 h the first cells of T.
pseudonana already had completed cell separation (Fig. 5.4M-N). 

In an independent synchronized cell division experiment, mRNA levels of the
three T. pseudonana FNR genes were determined during a period of 9 h following
readdition of silicon (Fig. 5.5). This period thus includes cell wall formation and cell
separation according to the PDMPO study (Fig. 5.4). In addition the silaffin-3 mRNA
level was also measured in order to determine whether its expression correlated to
the clearance of silicic acid from the medium. The mRNA level of silaffin-3
increased slightly after 1 h to 44 ng eq., whereafter it decreased in the next 2 h to 19
ng eq. (Fig. 5.5). The change correlated well with the process of girdle band synthesis
as clearly was observed in the PDMPO-probed cells (Fig. 5.4C-H). Between 3 and 4 h
the level elevated slightly to 21 ng eq. and subsequently increased steeply between 4
h and 6 h to 119 ng eq. (Fig. 5.5). This steep increase coincided well with the rapid
valve formation in PDMPO-probed cells (Fig. 5.4I-L). In the remaining 3 h the
silaffin-3 mRNA level decreased towards 92 ng eq. The mRNA levels of both
Tp_FNR31 and Tp_FNR39 hardly varied over time and apparently the expression of
these genes was not regulated by silicon (Fig. 5.5). In contrast, a positive linear
correlation was observed for the expression levels of Tp_FNR91 over the 9 h after
silicon addition to Si-limited cells (solid line in Fig. 5.5; r2 = 0.67, α = 0.05),
indicating that this gene was expressed increasingly in the course of cell division.

To determine if FNR expression was regulated during silicon limitation, a batch
culture was established in medium containing a limited amount of silicon (see
materials and methods section). Within 8 h following inoculation the soluble
silicic acid concentration in the medium dropped steeply from 23 to 5 µM and after
10 h soluble silicic acid was not detected anymore (Fig. 5.6). Over this same 18 h
period the mRNA level of Tp_FNR31 increased slightly in 4 h from 22 to 32 ng eq.
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Figure 5.3 Expression patterns of the three Thalassiosira pseudonana ferredoxin-NADP reductase
genes based on mRNA levels during the applied light-dark-light regime.
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and remained at this level until 12 h after the cells were transferred to medium
containing a limited amount of silicon. After 16 h the mRNA level increased from
about 26 to 59 ng eq. and returned at t = 24 h to approximately the starting value
(20 ng eq.; Fig. 5.6). The mRNA level of Tp_FNR39 remained quite constant during
the whole incubation period of 24 h (Fig. 5.6). The Tp_FNR91 mRNA level also
varied little, although it decreased steadily from 84 to 55 ng eq. during the 24 h
that monitoring lasted.
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Figure 5.4 Girdle band and valve formation in Thalassiosira pseudonana visualized by PDMPO
fluorescence. All images were taken by viewing cells at the girdle side. In the left columns PDMPO
fluorescence (A, C, E, G, I, K, and M) is shown, while in the right columns the corresponding
phase contrast images are presented with an overview of the whole cells (B, D, F, H, J, L, and N).
The sequence of stages in girdle band and valve formation is indicated as following: before
addition of silicic acid to Si-limited cells (A, B), and subsequently 1 (C, D), 2 (E, F), 3 (G, H), 4 (I, J),
5 (K, L), and 6 h (M, N) after simultaneous addition of silicic acid and PDMPO to these cells.
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Alignment of the amino acid sequence revealed similarity between the T.
pseudonana FNR and spinach FNR (Fig. 5.2). Because of this similarity and the
commercial availability of spinach FNR, the latter was used to determine FNR's
capacity to release silicic acid from and to restructure solid amorphous biosilica.
Different combinations were applied to incubate acid-cleaned biosilica of the
diatom Biddulphia spp.: namely, i) solely FNR, ii) FNR in the presence of NADP,
and iii) FNR in the presence of NADPH, and biosilica incubated with increasing
amounts of spinach FNR (Fig. 5.7). For all these combinations significant negative

THALASSIOSIRA PSEUDONANA’S FERREDOXIN-NADP REDUCTASE

75

Figure 5.5 Expression patterns of the three Thalassiosira pseudonana ferredoxin-NADP reductase
genes based on mRNA levels in Si-limited T. pseudonana cells to which silicic acid was readded
and synchronized cell division was monitored over 9 h. The straight line represent a linear
correlation for Tp_FNR91 (with r2 = 0.67 at α = 0.05).
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Figure 5.6 Expression patterns of the three Thalassiosira pseudonana ferredoxin-NADP reductase
genes based on mRNA levels in T. pseudonana cells under limited availability of silicic acid
allowing one complete cell division.
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linear correlations were observed between concentration of the silicic acid released
and the amount of spinach FNR added (r2 were 0.97, 0.75, and 0.82 respectively).
This correlation suggests that the release of silicic acid from the solid silica was
inhibited at increasing spinach FNR concentrations instead of being enhanced.
Also, over an extended period (24 h) of incubating Biddulphia biosilica with or
without spinach FNR the release of silicic acid from the solid biosilica was
measured and hardly differed (Fig. 5.8). Clearly, presence of FNR did not result in
enhanced release of silicic acid in vitro.
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Figure 5.7 Silicic acid release patterns for biosilica of Biddulphia spp., which was incubated with
increasing amounts spinach FNR at three different conditions: solely spinach FNR, spinach FNR in
the presence of NADP, and spinach FNR in the presence of NADPH with amorphous diatom silica.
Significant linear regressions (α = 0.05) are shown in the same sequence as solid (r2 = 0.97), grey
(r2 = 0.75), and dashed (r2 = 0.82) lines.
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Figure 5.8 Silicic acid release pattern for Biddulphia spp. biosilica (20 mg) incubated for 24 h with
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Time resolved small angle X-ray scattering studies of nanostructural changes of
amorphous silicas revealed that spinach FNR did not affect the typical physico-
chemical properties of T. punctigera biosilica and 2 well-defined artificial silicas
(Fig. 5.9). In particular, the slopes of the short straight regions in the SAXS spectra
for T. punctigera biosilica taken at a short camera length remained constant over a
period over 6 h in the domain of 7 and 8.5 nm (marked area Fig. 5.9A). This
suggests that the fractal dimension (Ds, with Ds = - slope) and thus surface
roughness did not change upon incubations with FNR. Similarly, the nanostructure
of T. punctigera biosilica was not affected by the buffer alone (bottom spectrum Fig.
5.9A). In contrast, when T. punctigera silica was treated with carbonic anhydrase
(CA), the nanostructure was altered within 6 h, revealing a clear change in
scattering intensity > 8 nm (grey line Fig. 5.9A). For well-structured hollow silica
spheres with a multilaminellar spaced silica shell (Sun et al. 2003), a clear Bragg
reflection was observed at about 8 nm in the SAXS spectra obtained with a short
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Figure 5.9 Small angle X-ray scattering spectra obtained with a camera length of 1.5 m (0.1 < d <
9 nm). A) Spectra for acid-cleaned biosilica of Thalassiosira punctigera, displaying the scattering
patterns at the upper d-region of spinach FNR-incubated (black lines with snapshots from bottom
to top taken after 10, 68, 166, 352 min, and 24 h) and carbonic anhydrase-incubated (top grey line;
taken after 370 min) with biosilica. B) Spectra for multilamellar hollow silica spheres, with its
characteristic broad Bragg reflection (arrow; Sun et al. 2003), displaying the scattering patterns of
spinach FNR-incubated (black lines with snapshots from bottom to top taken after 20, 80, 353 min)
and carbonic anhydrase-incubated (top grey line; taken after 290 min) spheres. Note that between
silicas incubated with buffer only (bottom spectra indicated by open circles) and spinach FNR,
there are no dramatic changes observed in contrast to silicas that were treated with carbonic
anhydrase (see marked areas in A and B). For clarity reasons the spectra have been shifted
vertically.
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camera length (arrow Fig. 5.9B). The location of this peak and its relative intensity
was not affected by FNR over an incubation period of 6 h. The spectra of hollow
spheres treated with FNR also were not different from spheres incubated in the
buffer (bottom line Fig. 5.9B). However, the structured organization of the laminar
shells of the sphere disappeared upon treatment with CA, leading to a decreased
intensity of the Bragg reflection (grey line in Fig. 5.9B); the latter was in accordance
to what was seen for T. punctigera biosilica. In comparison to the well-defined
hollow spheres, the results for hexagonally ordered MCM-41 (with a sharp Bragg
reflection at ~ 4.2 nm, Vrieling et al. 2005) were similar (not shown). The peak
location and intensity remained located at the same position upon FNR treatment.

Discussion

From the marine sponge Suberites domuncula the enzyme silicase has recently been
identified and based on its interaction with silica it was proposed that this enzyme
could play a role in the maintenance of the sponge skeleton by restructuring its
siliceous components (Schröder et al. 2003). Although mineralization of silicon in
diatoms is not fully understood, it was tempting to suggest that exoskeleton
restructuring may also take place. On one hand this would allow maintenance of
the skeleton strength and on the other hand facilitate the resorption of silicon in
favor of growth under conditions where silicon concentrations are low or even
limiting.

Here, we have shown by amino acid sequence alignment that ferredoxin-NADP
reductase (FNR) and silicase are homologues (Fig. 5.1), with 12% of the amino
acids exactly identical and 41% of all amino acids identically, weakly or strongly
conserved. This similarity, its affinity to solid silica, and the knowledge that FNR is
also capable of binding zinc (Catalano Dupuy et al. 2004) – albeit without using a
zinc-finger such as present in silicase and carbonic anhydrase (Schröder et al.
2003) – made it reasonable to assume that FNR could also act on amorphous
diatom biosilica. 

One of the aspects we have tested was to examine if FNR becomes expressed
under silicon limiting circumstances in order to determine whether FNR could be
involved in resorption of silicic acid from the mature parental valves in favor of
formation and the completion of new hypovalves. This would enable growth to
continue until silicon becomes fully depleted. Under such conditions, it can be
expected that the siliceous parts of the diatom exoskeletons should become thinner
over generations. This is actually the case when silicon becomes limited (Paasche
1975; Davis 1976; Harrison et al. 1977; Tuchman et al. 1984; Brzezinski et al.
1990). Under N or P limitation growth was also hampered, but under such
conditions the siliceous parts of the exoskeleton became thicker (Claquin et al.
2002). If FNR was involved in restructuring diatom biosilica, we expected that the
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expression level of the identified FNR genes were related to silicon availability and
altered during a period of silicon starvation. Furthermore, this expression should
correlate to the process of valve formation. Only the expression level of Tp_FNR31
increased in Si-limited T. pseudonana cells. This occurred 16 h after the cells had
been transferred to medium containing a limited amount of silicon (Fig. 5.6).
Afterwards (at t = 20h) the expression decreased again. Because increased
expression was only measured at one time point and since FNR is no doubt
involved in photosynthesis (Razquin et al. 1996; Carrillo & Ceccarelli 2003), the
assignment of a clear FNR expression event correlating with silicification events
could not be made based on our data. 

In the pennate diatom species studied so far, silicon synchronization is an
established method to arrest cells at the S/G2 boundary. The subsequent cytokinesis
arrest enables a focused study of the period of valve formation following
replenishment of silicon to Si-synchronized cells (Coombs et al. 1967a, 1967b,
1967c; Darley & Volcani 1971; van de Poll et al. 1999). So far,  it has been reported
that centric diatoms cannot be synchronized based on light-dark synchronization
experiments (Chisholm et al. 1980; Chisholm 1981; Brzezinski et al. 1990; Brzezinski
& Conley 1994) or forced to cytokinetic arrest upon Si-limitation as seen in pennates.
However, the centric diatom T. pseudonana could be synchronized reproducibly by
enforcing a period of silicon limitation (at least 12 h) with approximately 80-90 % of
the cells getting arrested in the G1/S phase, instead of the S/G2 boundary of pennates
(Hildebrand, pers. comm.). This stage of arrest agreed with studies on batch
cultured T. pseudonana cells starved for silicon; here, 70-80 % of the cells became
arrested in the G1 phase (Brzezinski et al. 1990). The difference between the two
approaches is that in the latter the cells were starved very slowly for 12 days,
whereas in the method that we have applied here the exponentially growing cells
were transferred directly to Si-free medium and incubated for 24 h. 

In most diatoms girdle band formation occurs during the G1 phase, while valve
formation takes place just before the G2 and during the M phase (Flynn & Martin-
Jézéquel 2000). Instead, in T. pseudonana cells girdle band formation occurs just
prior and just after valve formation (Fig. 5.4; Hildebrand, pers. comm.). In the
PDMPO-probed T. pseudonana cells we observed that during cell wall formation
the production of the girdle bands occurred in the first 3 h of synchronized cell
division and that after 4 h hypovalves were formed (Fig. 5.4). The whole process of
girdle band and valve formation lasted approximately 8 h. The sequence of girdle
band and valve formation in synchronized growth of T. pseudonana well agreed to
the expression pattern of silaffin-3 mRNA. The expression level of silaffin-3
increased slightly in the first 2 h and then steeply increased after 4 h (Fig. 5.5).
This increase not only corresponded with the stages of valve formation (Fig. 5.4),
but also with the clearance of soluble silicon from the medium (Fig. 5.5). The
expression levels of the three FNR genes, however, did not show any correlation to
either girdle band or valve formation in a way we have observed for silaffin-3. 
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Over the applied light-dark-light regime the mRNA levels of the three FNR
genes of T. pseudonana did not change significantly (Fig. 5.3). Nonetheless, these
observations confirm that FNR expression is not regulated by light (Razquin et al.
1996; Wünschiers et al. 2001). This independency, however, hindered us to assign
clear silicification events that were related to FNR expression, which was also the
case for FNR expression under Si-limited circumstances. 

Instead of being able to interact with  amorphous silica, spinach FNR (with or
without NADP or NADPH) appeared to inhibit the release of silicic acid when
increasing amounts were added (Fig. 5.7); this effect appeared to be opposite to the
one observed for silicase (Schröder et al. 2003). As already mentioned FNR has a
high affinity for silica and because of that possibly “coated” the silica, inhibiting
release of silicic acid from the solid silica instead of enhancing it. Although diatom
FNR and spinach FNR are homologues (Fig. 5.2), we cannot exclude that diatom
FNR has evolved differently and as a consequence may be able to interact with
silica in vivo. Additional experiments on highly enriched or heterologously
expressed diatom FNR should be conducted to assess this possibility. 

The absence of changes in fractal dimensions of straight regions in SAXS
spectra, and the fact that the transition point between these fractal regions did not
shift, indicate that spinach FNR also did not affect the nanostructural features of
amorphous diatom biosilica. The homologous carbonic anhydrase, however, did
cause clear shifts in the location of the transition points and in the fractal
dimensions of these fractal regions (Vrieling, Tyl, v/d Strate & Sun unpubl. results).
Although FNR is capable of binding a zinc ion (Catalano Dupuy et al. 2004), it is
bound in a different way than known for CA and silicase; the latter two contain a
clear zinc-finger in which a bound zinc ion functions as a catalytic entity, a so-
called Lewis acid (Schröder et al. 2003). This Lewis acid interacts with water to
hydrolyze the ester bond between Si and O at the surface of solid silica, leading to
a release of silicic acid (Si(OH) 4-).  In pea FNR, and most probably spinach FNR, a
serine, a glutamic acid, a cysteine and a tyrosine residue near the isoalloxazine are
oriented in such a way that they form a suitable binding site for a zinc-ion
(Catalano Dupuy et al. 2004). In silicase as well as in CA, however, a triad of zinc-
binding histidine residues (marked with an asterisk in Fig. 5.1) is present (Schröder
et al. 2003). Obviously, FNR binds zinc in such a way that it is not catalytically
functional as a Lewis acid for silicic acid release. The homology between FNR, CA,
and silicase was in fact not observed for the regions of the zinc-finger. Indeed, the
percentage of amino acids with exactly matching locations in FNR and silicase is
only 12 % and most importantly they are distributed over the entire protein. The
total similarity (identically as well as weakly to strongly conserved amino acids),
however, was quite high (41%), but only for protein regions that apparently were
not related to FNR’s interaction with solid silica to facilitate release of silicic acid. 

Although we have shown that FNR was homologous to silicase (and therefore
CA), had a relatively high affinity for solid silica, and was known to bind zinc
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(Catalano Dupuy et al. 2004), we have not found convincing evidence for
involvement of FNR in restructuring silica in vitro. Therefore, we do not consider it
likely that FNR plays a direct role in silica restructuring or silicon resorption. This
does not exclude, however, that restructuring of silica occurs in diatoms, since
other proteins (e.g. CA), may well be involved in this process. 
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