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Diatoms, a major group of primary producers in the ocean, are estimated to be 

responsible for over 40% of oceanic carbon fixation. As one of the predominant 

biosilicifying organisms in the world, diatoms are a model system for studying 

biological interactions with silicon. This research has focused on characterizing a 
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novel family of transporters, called silicon transporters (SITs), that are specific for the 

uptake and efflux of silicon in diatoms. 

SIT sequences were isolated from evolutionarily diverse diatom species. Multi-

gene copies were identified in most species, and phylogenetic analysis showed SITs 

grouped according to species. Structural analysis suggested SITs evolved through an 

internal gene duplication. Comparative sequence analysis revealed repeats of a 

conserved sequence motif, GXQ. A model of silicon transport consistent with known 

aspects of uptake was developed based on this motif.  

Analysis of SIT protein and mRNA expression, as well as measurements of 

uptake activity, was done on synchronously growing cultures of the diatom, 

Thalassiosira pseudonana. Immunoblot analysis using a newly developed SIT-

specific antibody showed peaks in SIT protein levels correlated with active periods of 

silica incorporation. Quantitative PCR showed each T. pseudonana SIT (TpSIT1-3) 

peaked prior to cell wall synthesis. However, a disconnect between protein and mRNA 

levels suggested SITs were primarily regulated at the translational or post-translational 

level. In addition, rates of surge uptake suggested SIT activity was internally 

controlled by the rate of silica incorporation. 

Silicon uptake kinetics in diatoms were measured to determine the extent of 

nonsaturable uptake and the role of SITs. In all diatom species examined, a time-

dependent transition from nonsaturable to saturable uptake kinetics was observed. In 

addition, both forms of uptake were affected by the SIT-specific antibody suggesting 

SITs were the predominant means of silicon uptake into the cell. Under some 

conditions, SITs had enormous flexibility in their rate of transport and appeared to act 

 xvi



 

as selectivity gates rather than controlling agents in uptake. A model of diatom silicon 

uptake, consistent with this and previously published data, was developed based on the 

interplay between SITs, intracellular soluble silicon pools, and cell wall silica 

incorporation.  
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chapter I  

Introduction
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Silicon, the second most abundant element in the Earth’s crust after oxygen, is 

an important element in biology (Birchall 1995). In higher plants, silicic acid, the 

soluble form of silicon, is an important nutrient for growth, while silica, the 

polymerized form of silicon, is used for rigidity, pathogen resistance, drought 

tolerance, and defense against grazers (Epstein 1999; Richmond and Sussman 2003). 

In animals, silicon participates in a variety of metabolic processes (Carlisle 1978) and 

is required for proper formation of bone, cartilage, and connective tissue formation 

(Schwarz and Milne 1972; Carlisle 1974, 1981). 

The predominant form of silicon in the ocean is silicic acid, produced from the 

chemical weathering of sediments and rocks and transported to the ocean by rivers and 

streams (Tréguer et al. 1995). Other minor sources of silicic acid to the ocean include 

aeolian and hydrothermal input, and seafloor weathering (Tréguer et al. 1995). In the 

surface layer of the ocean, silicifying organisms take up silicic acid and process it into 

silica that is used as part of their skeletal structures. Prior to the evolution of silicifying 

organisms, the world’s oceans were nearly saturated with dissolved silicon (1.7-2.5 

mM) (Iler 1979; Holland 1984). Today, because of utilization by siliceous organisms, 

that number has decreased to a global average of 70 µM, but is generally <10 µM and 

sometimes <1 µM in surface waters (Tréguer et al. 1995; Martin-Jézéquel et al. 2000). 

The major silicifying organisms are sponges, radiolarians, silicoflagellates, and 

diatoms; together, they convert 6.7 gigatons of soluble silicon into silica annually 

(Tréguer et al. 1995; Bäuerlein 2003). Diatoms are by far the largest of these groups; 

they are unicellular, eukaryotic phytoplankton estimated to contribute up to 40% of 

marine primary productivity (Nelson et al. 1995).  
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Diatoms have long been admired for the intricate and diverse microstructure of 

their cell wall, or frustule, composed primarily of silica. The silicified diatom cell wall 

is composed of two overlapping halves with the upper half called the epitheca and the 

lower half the hypotheca. Theca consist of a valve, the species-specific structure 

capping each end, and girdle bands, a series of overlapping siliceous strips extending 

on the sides and in the region overlapping the two halves. The reproducibility of a 

diatom species’ silica morphology indicates the process of cell wall synthesis is 

genetically controlled. 

The silica component of the diatom frustule can account for up to 50% of the 

dry weight of the cell depending on the species (Lewin and Guillard 1963); as such, 

there is a high demand for silicon to be taken up from the environment. However, 

intracellular concentrations of silicic acid, ranging from 19 to 340 mM, are nearly 

1000 fold higher than extracellular concentrations (Martin-Jézéquel et al. 2000). Thus, 

diatoms must have an efficient mechanism for transporting limiting amounts of silicic 

acid into the cell against a steep concentration gradient (Fig. 1.1). Silicon uptake in 

diatoms has been reported to follow Michaelis-Menten type saturation kinetics with Ks 

values between 0.2 and 7.7 µM and Vmax ranging from 1.2 to 950 fmol Si cell-1 hr-1 

(Lewin 1954, 1955; Sullivan 1976, 1977; Bhattacharyya and Volcani 1980; Martin-

Jézéquel et al. 2000; Tréguer and Pondaven 2000). The predominant transported form 

of silicon is orthosilicic acid, but there is evidence in one species, Phaeodactylum 

tricornutum, that the anionic form SiO(OH)3
- can also be transported (Reidel and 

Nelson 1985; Del Amo and Brzezinski 1999). Silicic acid is co-transported with 

sodium in marine diatoms (Fig. 1.1) and it may be sodium and potassium coupled in 
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freshwater species (Sullivan 1976; Bhattacharyya and Volcani 1980). However, in 

freshwater species, higher Ks values and increased silicon requirements (Olsen and 

Paasche 1986) bring into question the extent of ionic coupling (Hildebrand and 

Wetherbee 2003). Regardless, transport under marine conditions has the 

characteristics of a sodium/silicic acid symporter and appears to be electrogenic with a 

1:1 ratio of Si(OH)4:Na+ (Bhattacharyya and Volcani 1980). Exposure to sulfhydryl 

blocking reagents inhibits transport (Lewin 1954; Sullivan 1976). 

After silicic acid enters the cell, it must be maintained in an unpolymerized, 

soluble form. The chemistry of silicic acid is such that, at cytoplasmic pH, it 

autopolymerizes at concentrations > 2 mM (Iler 1979). Maintenance of supersaturated 

levels of soluble silicic acid is proposed to occur by association with organic silicon 

binding components or proteins (Fig. 1.1; Hildebrand 2000; Martin-Jézéquel et al. 

2000). Although the mechanism of intracellular transport of silicic acid is relatively 

unknown, electron spectroscopic imaging shows silicic acid is found throughout the 

cytoplasm (Rogerson et al. 1987) and not in cytoplasmic vesicles as previously 

suggested (Schmid and Schulze 1979). Silica polymerization and new cell wall 

formation occurs in the silica deposition vesicle (SDV), a slighty acidic vesicle 

(Vrieling et al. 1999) surrounded by a membrane called the silicalemma (Fig. 1.1; 

Drum and Pankratz 1964; Reimann et al. 1966; Schmid et al. 1981; Crawford and 

Schmid 1986). Details of how silicic acid enters the SDV are unknown, although it 

may occur through direct transport, ionophore-mediated diffusion, or electrophoretic 

transport (Fig. 1.1). 
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A major step towards understanding the mechanism of cell wall formation was 

the discovery of two species-specific components directly involved in silica 

polymerization, silaffins and polyamines (Kröger et al. 1999,  2000, 2002). Siliffins 

are highly post-translationally modified, lysine and serine rich peptides associated 

with the cell wall and capable of rapidly polymerizing silica nanospheres in the 

presence of silicic acid (Kröger et al. 1999, 2001). Long-chained polyamines 

consisting of repeated oligo-N-methyl propylamine units are also associated with 

diatom biosilica and are capable of rapid polymerization of silica (Kröger et al. 2000). 

It is proposed the ratio of silaffins and polyamines may direct silica patterning of the 

diatom cell wall, although a mechanism for the formation of specific micro-scaled 

structures has not been determined. 

Silicon efflux is an often overlooked and under-appreciated aspect of balancing 

the overall cellular silicon budget (Azam et al. 1974; Sullivan 1976; Milligan et al. 

2004). Efflux only occurs in the presence of external silicic acid and increases with 

increasing external silicic acid (Sullivan 1976). This may occur because as silicic acid 

concentrations outside the cell rise, surge uptake would increase leading to increased 

levels of intracellular silicic acid and inducing efflux to a greater extent.  

Three modes of silicon uptake have been proposed based on chemostat studies: 

surge uptake, externally controlled uptake, and internally controlled uptake (Conway 

et al. 1976; Conway and Harrison 1977). Surge uptake occurs when silicate-starved 

cells are replenished with silicon. Under these conditions, intracellular silicon pools 

are depleted resulting in a steep silicon concentration gradient into the cell. Uptake 

rates during this time are maximal. Externally controlled uptake occurs when 
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extracellular levels of silicon are low and the rate of uptake is controlled by the 

external substrate concentration. In internally controlled uptake, the rate of silica 

incorporation into the cell wall controls the rate of uptake (Conway et al. 1976; 

Conway and Harrison 1977; Hildebrand and Wetherbee 2003; Hildebrand et al. in 

press). Thus, there is a temporal coupling between uptake and incorporation that is 

seen in most diatoms (Chisholm et al. 1978). 

Measurements of uptake kinetics in whole cells and extracts have provided 

critical information about silicon transport, but understanding details of the transport 

mechanism requires characterizing the molecular components, specifically, the genes 

and proteins involved in silicon recognition and transport. The first step towards 

developing a molecular model for silicon transport was the cloning and 

characterization of silicon transporters (Hildebrand et al. 1997, 1998). 

Diatom silicon transporters (SITs) were first identified in the marine pennate 

diatom Cylindrotheca fusiformis (Hildebrand et al. 1997, 1998). Because uptake 

assays suggested silicon transport was tightly coupled to the cell cycle (Sullivan 

1976), synchronously growing cultures of C. fusiformis were used to identify cell-

cycle regulated genes (Hildebrand et al. 1993). Using subtractive cDNA library 

techniques, SITs, as well as other silicon-responsive genes, were identified and cloned 

(Hildebrand et al. 1993, 1998). Five distinct SIT genes (CfSIT1-5) were found in C. 

fusiformis, each with a distinct level or pattern of expression during cell wall synthesis 

(Hildebrand et al. 1998). CfSIT function is sodium-dependent, specific for silicon and 

germanium (a commonly used radiotracer for silicon), and sensitive to sulfhydryl 

blocking reagents (Hildebrand et al. 1997), consistent with diatom whole-cell uptake 
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experiments. SITs are a novel family of transporters with no known homologs, 

although a silicon transporter homologous to aquaporins, but with no homology to 

diatom SITs, was recently described in rice (Ma et al. 2006). Although SITs were 

among the first silicon-responsive genes to be identified in any organism (Hildebrand 

et al. 1993), other silicon-interacting proteins have since been identified (Shimizu et 

al. 1998; Kröger et al. 1999, 2000; Poulsen and Kröger 2004). However, SITs are 

unique in that they are the only known proteins that recognize silicon, but do not 

induce its polymerization; thus SITs are a model system for understanding biological 

interactions with silicon. 

CfSITs range between 538-557 amino acids in length and are comprised of two 

major domains; a region predicted to contain ten transmembrane segments (TMS) and 

a C-terminus predicted to form a coiled-coil motif, a structure known to play a role in 

protein-protein interactions (Fig. 1.2). Based on other even-numbered TMS 

transporters, both the N- and C-terminal ends are proposed to be intracellular (Fig. 1.2, 

Seckler et al. 1983; Davies et al. 1987). Within the transmembrane domain, CfSITs are 

highly conserved, having 87-99% amino acid identity. The C-terminus is less 

conserved with 39-67% amino acid identity. In other transporters, the C-terminus has 

been shown to play a role in regulating transporter activity, determining intracellular 

localization, or controlling conformational changes during transport (Verhey et al. 

1993; Holman and Cushman 1994; Due et al. 1995; Verhey et al. 1995; Caspari et al. 

1996). The sequence disparity within this region among the five SITs may be 

responsible for functional differences.  
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Genome sequencing of the centric diatom, Thalassiosira pseudonana, led to 

the identification of three distinct SIT genes (TpSIT1-3, Armbrust et al. 2004). Similar 

to CfSITs, TpSITs are predicted to contain ten TMS with an intracellular N- and C- 

terminus. In contrast, the C-terminus is not predicted to form a coiled-coil motif 

(Thamatrakoln et al. 2006).  

Identification of SITs was an important step in elucidating a key aspect of the 

molecular mechanisms involved in diatom silicon metabolism. However, since their 

initial identification, SITs have remained relatively uncharacterized. The goal of this 

project has been to understand the role of SITs in diatom silicon metabolism through 

molecular and biochemical characterization of their function and regulation. This 

dissertation is organized into five subsequent chapters summarized below. 

Chapter II describes the identification and comparative sequence analysis of 

new SIT sequences from evolutionarily distinct diatoms with the goal of identifying 

conserved residues likely to play a role in the direct recognition and binding of silicic 

acid. Phylogenetic analysis revealed SITs generally group according to species. 

Results indicated the presence of a conserved sequence motif proposed to directly 

coordinate silicic acid. Based on this information, a model for silicon uptake, 

consistent with known aspects of silicon transport, was developed. 

Chapter III describes a multi-level analysis of SIT expression and silicon 

uptake activity in Thalassiosira pseudonana during the course of the cell cycle. 

Development and characterization of the first SIT-specific antibody, anti-TpEL4, is 

also described. Analysis of SIT mRNA and protein expression suggests SIT regulation 
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is predominantly at the translational or post-translational level and uptake data suggest 

SIT activity is largely controlled through an intracellular mechanism. 

Chapter IV investigates silicon uptake kinetics in diatoms and the role of SITs 

in transport. Previous studies have reported both nonsaturable and saturable Michaelis-

Menten type kinetics, although mechanistic explanations for nonsaturable uptake are 

lacking. Time-course measurements of Si(OH)4 uptake in different diatoms showed a 

transition from nonsaturable to saturable uptake. Use of anti-TpEL4 suggested 

Si(OH)4 uptake occurred primarily through SITs and that SITs exhibit enormous 

flexibility over their transport rate. A model of Si(OH)4 uptake in diatoms, consistent 

with current as well as previous results, is presented.  

Chapter V synthesizes results presented in the previous chapters and discusses 

implications of this research as well as areas for future study. 

 

 

Chapter I, in part, is reproduced from the Journal of Nanoscience and Nanotechnology 

5:158-166 and Science First Hand 5:56-60. The dissertation author was the primary 

investigator and author on these manuscripts. Mark Hildebrand was a co-author.
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Figure 1.1. Schematic of diatom silicon metabolism. 1) Extracellular silicon, as silicic 
acid (black circles), is co-transported with sodium (Na+) across the plasma membrane 
through silicon transporters (SITs). 2) Supersaturated levels of silicic acid are 
maintained in soluble form by binding to an intracellular Si-binding component 
(horseshoe shaped structure). 3) Silicic acid is transported through the cytoplasm to 
the silica deposition vesicle (SDV), where it is polymerized into silica and molded into 
the new cell wall. 4) The mechanism by which silicic acid enters the SDV is unknown, 
but may occur through direct transport by SITs, ionophore-mediated diffusion, or 
electrophoretic transport. 5) Silicic acid efflux also occurs through SITs, allowing 
further control over intracellular silicon levels.
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Figure 1.2. Cartoon of computer-based model of silicon transporter topology. SITs are 
comprised of ten membrane-spanning segments (numbered, white cylinders) 
connected by hydrophilic loops. The intracellular C-terminus is predicted to form a 
coiled-coil motif (dashed box) in C. fusiformis, but not in T. pseudonana.
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ABSTRACT 

A multi-level analysis on expression and activity of silicon transporters (SITs) 

was done on synchronously growing cultures of Thalassiosira pseudonana to provide 

insight into the role these proteins play in cellular silicon metabolism during the cell 

cycle. A SIT-specific polyclonal peptide antibody was generated and used in Western 

blot analysis of whole-cell protein lysates to monitor SIT protein levels during 

synchronized progression through the cell cycle. Peaks in SIT protein levels correlated 

with active periods of silica incorporation into cell wall substructures. Quantitative 

PCR on each of the three distinct SIT genes (TpSIT1-3) showed mRNA levels of each 

SIT peaked prior to cell wall synthesis, with mRNA levels of TpSIT1 having an 

additional peak during girdle band synthesis. Protein and mRNA levels did not 

correlate, suggesting a significant regulatory step of SITs is at the translational or post-

translational level. Surge uptake rates also did not correlate with SIT protein levels 

suggesting SIT activity was internally controlled by the rate of silica incorporation. 

This is the first study to characterize SIT mRNA and protein expression and cellular 

uptake kinetics during the course of the cell cycle and cell wall synthesis and provides 

novel insight into SIT regulation. 
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INTRODUCTION 

Silicon is an important element in biology, from bacteria to humans (Birchall 

1995). The hydrated form of silicon, called silicic acid, is considered an important 

nutrient for plant growth (Epstein 1994; Richmond and Sussman 2003) and silica, the 

polymerized form of silicon, is used by certain plants for rigidity, fungal resistance, 

and defense against grazers. In animals, silicon has a wide range of systemic effects 

(Bendz and Lindqvist 1978) in additional to being essential for proper bone and 

collagen formation (Schwarz and Milne 1972; Carlisle 1981). Despite the obvious 

importance of silicon to life on Earth, the molecular details of biological interactions 

with silicon and regulatory mechanisms are poorly understood. One of the largest 

groups of silicifying organisms are diatoms; unicellular, eukaryotic phytoplankton that 

use silica as a cell wall material. These organisms are found predominantly in aquatic 

environments, but are capable of living in soils and ice. Diatoms play a dominant role 

in silicon biogeochemistry (Nelson et al. 1995; Tréguer et al. 1995), and because they 

are estimated to contribute 40% of global primary production (Nelson et al. 1995), 

they play an important role in the global carbon cycle. Because most diatom species 

have an obligate silicon requirement for growth (Darley and Volcani 1969) and 

naturally process large amounts of silicon, they are an excellent model system for 

investigations into biological interactions with silicon.  

The silicified diatom cell wall, or frustule, is composed of two overlapping 

halves with the upper half called the epitheca and the lower half the hypotheca. Theca 

consist of a valve, the species-specific structure capping each end, and girdle bands, a 

series of overlapping siliceous strips extending on the sides and in the region 

 



 35

overlapping the two theca. Vegetative cell division in certain diatom species begins 

with the mother cell expanding by synthesizing girdle bands (Pickett-Heaps et al. 

1990). Cytokinesis follows and on adjacent faces within the two daughter cell 

protoplasts (still contained within the mother cell), new valves are formed. Silica 

polymerization occurs within an organelle called the silica deposition vesicle, bounded 

by a membrane called the silicalemma (Reimann et al. 1966; Schmid et al. 1981; 

Crawford and Schmid 1986). Once the valve is completely formed, it is exocytosed 

and the daughter cells separate. This intimate connection between cell wall synthesis 

and the cell cycle results in a tight coupling of silicon metabolism and cell division.  

In diatoms, silicon is taken up from the environment predominantly as silicic 

acid (Del Amo and Brzezinski 1999). Although the average oceanic concentration of 

silicic acid is 70 µM, in surface waters, where diatoms are most common, levels can 

be less than 10 µM (Tréguer et al. 1995). In contrast, intracellular concentrations of 

silicic acid can be several hundred millimolar depending on the species (Martin-

Jézéquel et al. 2000); therefore, diatoms must posses an efficient uptake system to 

overcome this 1000 fold difference. Data suggest silicon uptake in diatoms follows 

Michaelis-Menten saturation kinetics with Ks values between 0.2 and 7.7 µM and Vmax 

ranging from 1.2 to 950 fmol Si cell-1 hr-1 (Lewin 1954; Lewin 1955; Sullivan 1976; 

Sullivan 1977; Bhattacharyya and Volcani 1980; Martin-Jézéquel et al. 2000; Tréguer 

and Pondaven 2000). The coupling of the diatom cell cycle and silicon metabolism 

(Crawford 1981; Brzezinski 1992; Schmid 1994; Claquin et al. 2002) has an effect on 

transport. Rates of silicon uptake vary during synchronized growth, suggesting silicon 

uptake may be cell-cycle dependent (Sullivan 1976), which has led to the 
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understanding that uptake parameters measured in exponentially growing cultures are 

underestimates because cells are at different stages of the cell cycle and not 

necessarily utilizing maximum uptake rates (Brzezinski 1992). 

Chemostat studies monitoring silicon uptake revealed three modes of uptake: 

surge uptake, externally controlled uptake, and internally controlled uptake (Conway 

et al. 1976; Conway and Harrison 1977). Surge uptake occurs upon initial addition of 

silicon to silicon-starved cells, with maximal uptake rates during this time. Externally 

controlled uptake occurs when extracellular levels of silicon are low and the rate of 

uptake is controlled by the external substrate concentration. In internally controlled 

uptake, the rate of silica deposition into the cell wall is proposed to control the rate of 

uptake (Conway et al. 1976; Conway and Harrison 1977). On longer time scales (h), 

uptake is largely internally controlled (Conway et al. 1976; Conway and Harrison 

1977; Hildebrand 2000). On shorter time scales (min) silicon transport is a dynamic 

process, involving both uptake and efflux (Sullivan 1977; Milligan et al. 2004).  

Diatom silicon transporters (SITs), first identified in the marine pennate diatom 

Cylindrotheca fusiformis (Hildebrand et al. 1997; Hildebrand et al. 1998), are 

membrane-associated proteins that directly interact with and transport silicic acid 

(Hildebrand et al. 1997). SITs are a novel family of transporters with no known 

homologs, although a silicon transporter homologous to aquaporins, but with no 

homology to diatom SITs, was recently described in rice (Ma et al. 2006). Five SIT 

genes (CfSIT1-5) were identified in C. fusiformis, each with a distinct level or pattern 

of mRNA expression during cell wall synthesis. CfSITs are predicted to contain ten 

transmembrane segments (TMS), an intracellular N-terminus, and an intracellular C-
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terminal coiled-coil motif, a structure known to play a role in protein-protein 

interactions. Genome sequencing of the centric diatom, Thalassiosira pseudonana, led 

to the identification of three distinct SIT genes. Similar to CfSITs, TpSITs are 

predicted to contain ten TMS with an intracellular N- and C- terminus. However, they 

are not predicted to contain a coiled-coil motif (Thamatrakoln et al. 2006). 

Phylogenetic analyses of TpSITs suggest TpSIT1 and TpSIT2 are related through a 

relatively recent lineage-specific gene duplication and that TpSIT3 is evolving at a 

significantly different rate than TpSIT1 or TpSIT2 (Thamatrakoln et al. 2006).      

T. pseudonana is an excellent model system for investigations into SIT 

regulation and function because the exact number of SIT genes is known (Armbrust et 

al. 2004; Thamatrakoln et al. 2006), and a synchronized growth procedure has been 

recently developed (Frigeri et al. 2006; Hildebrand et al. in press). Synchronized 

growth enables evaluation of cell cycle effects, providing a unique opportunity to 

perform a comprehensive investigation into the molecular details of SIT function. In 

this study, molecular and biochemical analyses of TpSITs, as well as measurements of 

silicon uptake rates, on synchronously growing cultures of T. pseudonana revealed 

distinct levels SIT regulation.  

 

MATERIALS AND METHODS 

Culture conditions 

Thalassiosira pseudonana  Hasle et Heimdale clone 3H CCMP1335, 

Thalassiosira weissflogii (Grunow) Fryxell et Hasle CCMP1336, Skeletonema 
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costatum (Greville) Cleve CCAP1281, Cyclotella meneghianana CCMP338, 

Bacillaria paxillifer (O.F. Müller) N.I. Hendey 1951 CCAP1006/2, Cylindrotheca 

fusiformis Reimann et Lewin CCMP343, Ditylum brightwellii (T. West) Grunow ex 

van Heurck 1883 CCAP1022/1, Navicula pelliculosa (Bréb.) Hilse SAG1050-3 (a 

freshwater strain referred to in the text as N. pelliculosa FW), Navicula pelliculosa 

(Breb. et Kuetzing) Hilse CCMP543 (a marine strain referred to in the text as N. 

pelliculosa M), and Phaeodactylum tricornutum Bohlin CCMP1327 were grown in 

batch culture under continuous illumination with cool white fluorescent lights at 150 

µmole quanta m-2 s1at 18 to 20° C. N. pelliculosa FW was grown in fresh water 

tryptone (FWT) medium (Reimann et al. 1966). T. pseudonana was grown in sterile 

artificial seawater medium (ASW) (Darley and Volcani 1969) supplemented with 

biotin and vitamin B12, each at 1 ng L-1, with or without Bacto Tryptone added to 1 g 

L-1. All other diatom species were grown in sterile ASW medium, or f/2 medium made 

with 0.2 µm filtered and autoclaved local seawater (Guillard and Ryther 1962; 

Guillard 1975). 

 

Silicon starvation and synchronized cell growth 

For gradual silicon starvation, exponential phase cultures of T. pseudonana 

were harvested under sterile conditions by centrifugation at 3,000 x g for 12 min in a 

Composite KA-14.250 rotor and washed with sterile silicon-free ASW. Cells were 

resuspended at a concentration of 0.8-1.0 x 106 cells ml-1 in ASW containing 25 µM 

sodium silicate, which was enough silicon to allow the cells to complete one division 

before becoming silicon-starved. Over the next 24 h, 750 ml of cells were harvested 
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every 4 h by centrifugation at 12,600 x g for 10 min, washed once with 3.5% (w/v) 

NaCl, and stored at -80°C.  

Synchronized growth of T. pseudonana was performed as previously described 

(Frigeri et al. 2006). Briefly, exponential phase cultures of T. pseudonana were 

harvested by centrifugation as above, and washed with silicon-free ASW. Cells were 

resuspended in silicon-free ASW at 0.8-1.0 x 106 cells ml-1 and allowed to incubate in 

the light with aeration for 24 h in a polycarbonate bottle. After 24 h, 200 µM sodium 

silicate was added to initiate synchronized progression through the cell cycle. Samples 

(750 ml) were harvested by centrifugation as above every hour, washed in 3.5% (w/v) 

NaCl and stored at -80°C. Formation of specific cell wall structures was monitored by 

visualization of Rhodamine 123 (Sigma, St. Louis, MO) staining, as described 

(Frigeri, et al., 2006), or by 2-(4-pyridyl-5-((4-(2-

dimethylaminoethylaminocarbomoyl)methoxy)-phenyl)oxazole (PDMPO, Molecular 

Probes, Carlsbad, CA) used at 100 nM in the culture. 

 

mRNA extraction, cDNA synthesis, and quantitative PCR 

Total RNA was isolated using TriReagent (Sigma, St. Louis, MO) as described 

(Hildebrand and Dahlin 2000). Aliquots of total RNA were subjected to DNase 

treatment using an RNeasy kit (Qiagen, Inc. Valencia, CA) according to the 

manufacturer’s protocol. cDNA was prepared from equivalent amounts of DNase-

treated RNA using SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA). 

Quantitative PCR (QPCR) was performed using a LightCycler® System and 

LightCycler® DNA Master SYBR Green I (Roche Applied Science, Indianapolis, IN). 
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Because of the high sequence conservation of TpSITs, primer sets were designed to 

amplify different size fragments and PCR was used to verify each primer set only 

amplified the SIT of choice. Primers used were as follows: for TpSIT1, TpSIT1 5’ (5’-

AGATGGAAGGGTATTTGACAGAG) and TpSIT1 3’-2 (5’-

TATCTTCACATGCATCCTTGGG), for TpSIT2, TpSIT2 5’ (5’-

GTCCGTTCAACAAGGCAGAA) and TpSIT2 3’-2 (5’-

CATCTTCACGTGCATTCTCGGA), for TpSIT3, TpSIT3 5’-2 (5’-

CATCCGGAGTAGTTACTCGTG) and TpSIT3 3’ (5’-

GACGTCCAAGATGCGAAGAG). Standards for QPCR were as previously 

described (Frigeri et al. 2006) using dilutions of T. pseudonana genomic DNA. This 

resulted in genome equivalent ng values for mRNA levels rather than an absolute 

amount of RNA per cell. Replicates of QCPR data were normalized to the mean of 

individual experiments. The normalized means were plotted along with standard error. 

Dilutions of cDNA were done to ensure that amplification was in the linear range. 

Duplicate technical replicates were performed for each SIT during silicon starvation; 

triplicate technical replicates were done for TpSIT1 and TpSIT2 during synchronized 

cell division. 

 

Anti-TpEL4 production 

The sequence of a 15 residue region corresponding to amino acids 318-322 of 

TpSIT1 (sequence PANERGTSFFGRKTC) was provided to Sigma Genosys (The 

Woodlands, TX) and used to generate a peptide conjugated to KLH. This peptide was 

used as antigen to generate polyclonal antibodies in rabbits (Sigma Genosys, The 
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Woodlands, TX). The antibody was designated anti-TpEL4 because the peptide 

corresponds to a region of extracellular loop 4 (Thamatrakoln et al. 2006). 

 

SDS-PAGE 

During the course of a synchrony, 13 ml samples were harvested by 

centrifugation at 16,500 x g in an HB-4 rotor at 0 min, 5 min, and every 30 min 

thereafter for 8 h. Cell pellets were stored at -80°C until ready for use. Either equal 

cell numbers or equal protein amounts were analyzed. For equal cell numbers, cells 

were resuspended in 2X SDS-sample buffer (Invitrogen, Carlsbad, CA) and heated to 

95°C for 5 min. Thirty microliters of each sample were separated by electrophoresis 

on 4-20% gradient gels (Bio-Rad, Hercules, CA). For experiments where equal protein 

concentration was loaded, 50 µl of 2% SDS was added to each sample and protein 

concentration was measured using a DC Protein Assay kit (Bio-Rad, Hercules, CA) 

according to manufacturer’s instructions. Ten micrograms of total protein were added 

to 2X SDS-sample buffer, heated at 95°C for 5 min, and electrophoresed as described. 

Protein lysates from species other than T. pseudonana were obtained using the same 

method as described for equal protein concentration experiments, but samples were 

electrophoresed on 10% polyacrylamide gels (Bio-Rad, Hercules, CA).  

 

Peptide competition 

TpEL4 peptide used as antigen for antibody production was generated and 

provided by Sigma Genosys (The Woodlands, TX). TpEL4 was reconstituted in 0.2 M 

boric acid pH 8 to a concentration of 1 mg/ml. Varying concentrations of peptide were 
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preincubated with 2.5 µl of anti-TpEL4 at 4°C overnight with mixing. This mixture 

was used as primary antibody for Western analysis as described below. 

 

Western blot  

Electrophoretically separated proteins were transferred to PVDF membrane in 

blotting buffer containing 25 mM Tris, 192 mM glycine, pH 8.3. Transfer efficiency 

was visualized by using SeeBlue® prestained protein standards (Invitrogen, Carlsbad, 

CA). Membranes were blocked in 1X TBST pH 7.5 (25 mM Tris HCl, 137 mM NaCl, 

27 mM KCl, 0.2% v/v Tween 20) and 3% nonfat dried milk at 4°C overnight with 

shaking. The membranes were washed 3 x 10 min in 1X TBST, then incubated in 

blocking buffer containing preimmune or anti-TpEL4 antisera , in initial experiments 

at 1:5,000 dilution but in subsequent experiments at 1:10,000 dilution, for 1 h at room 

temperature. After 3 x 10 min washes in 1X TBST, the membranes were incubated in 

blocking buffer containing horseradish peroxidase-conjugated goat anti-rabbit 

antibody at 1:10,000 dilution for 1 h at room temperature. Three additional washing 

steps were done and chemiluminescence detection was performed using a SuperSignal 

West Pico Chemiluminescent Substrate kit (Pierce, Rockford, IL) and following 

manufacturer’s protocol. 

Three Westerns were performed over two independent synchronies. Two of the 

Westerns had equal cell numbers loaded on the gel, while the third had equal total 

protein concentration. Densitometry was done for each Western whereby each blot 

was scanned using an AlphaImager® Imaging System (Alpha Innotech Corp., San 

Leandro, Ca) and the relative densitometric units (densitometric units minus 
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background) were determined using AlphaEase®FC (Alpha Innotech Corp., San 

Leandro, CA). Data were normalized to the mean intensity for all points within a 

given experiment. The normalized average for all experiments was plotted along with 

the standard error.  

 

Cloning of T. pseudonana SITs and heterologous expression in Saccharomyces 

cerevisiae 

TpSIT1, TpSIT2, and TpSIT3 were amplified by PCR using cDNA as template 

andthe following primers: EcoRI-TpSIT1, 5’ 

CCGGAATTCAAAAATGTCTACCGCTGAAATCCAA and TpSIT1-Xba, 5’ 

CTAGTCTAGAGGCATCCTCGGCAAGAGCATC; Bam-TpSIT2, 5’ 

CGCGGATCCAAAAATGTCTTCTGCCGAGGTT and TpSIT2-Xba, 5’ 

CTAGTCTAGAAGCCTGCGCGTCAACAGCCTC; Bam-TpSIT3, 5’ 

CGCGGATCCAAAAATGCGCGCTCAAAACGATGAA and TpSIT3-Xba, 5’ 

CTAGTCTAGACTTCGCCAATCCACTTTCAAC. Products were gel purified and 

ligated into the yeast expression vector, pYES2/CT (Invitrogen, Carlsbad, CA) using 

the EcoRI/XbaI site for TpSIT1 and the BamH1/XbaI site for TpSIT2 and TpSIT3. 

Clones were sequenced by SeqXCel (San Diego, CA) and verified to be in frame. 

Saccharomyces cerevisiae INVSc1 (Invitrogen, Carlsbad, CA) were 

transformed with each construct using the lithium acetate method (Gietz and Woods 

2002). S. cerevisiae was grown in YPD medium at 30°C to 2 x 107 cells ml-1, then 

harvested by centrifugation at 3,000 x g for 5 min. Cells were washed in sterile water 

and resuspended at 1 x 109 cells ml-1. An aliquot of 100 µl of competent cells was 
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transferred into a microfuge tube, to which 1 µg of each pYES2-TpSIT construct was 

added, along with 100 µg herring sperm DNA, 36 µl 1 M LiAc, and 240 µl PEG 3500 

50% (w/v). After 30 min at 42°C, the cells were centrifuged for 30 sec at maximum 

speed, resuspended in 1 ml water, and plated at various dilutions onto uracil-deficient 

synthetic medium plates. Plates were incubated at 30°C until colonies were visible 

(approximately 3 days). Clones were picked and grown in liquid selection medium. 

SIT protein expression was induced in yeast by growing cells in the presence 

of 2% galactose at 30°C. After 24 h in induction medium, cells were harvested by 

centrifugation at 1,500 x g for 5 min. Protein lysates were generated by resuspending 

cells to an OD600 = 50 in breaking buffer (50 mM sodium phosphate pH 7.4, 1 mM 

EDTA, 5% glycerol, and 1 mM PMSF), adding an equal volume of acid-washed glass 

beads (0.4-0.6 mm size, Sigma-Aldrich, St. Louis, MO), and vortexing 4 x 30 sec 

intervals at 4°C. After centrifugation at maximum speed for 10 min, the supernatant 

was removed and stored at -20°C. Proteins were separated by electrophoresis on 10% 

polyacrylamide gels and Western analysis was performed as described. 

 

Measurements of silicon in the growth medium 

Silicon disappearance from the medium was monitored during silicon 

starvation to monitor extracellular levels or during synchronized growth to measure 

silicon uptake. Samples were taken at regular intervals by centrifuging cells at 16,500 

x g for 5 min. Aliquots of supernatant were removed and stored at -20°C. Silicic acid 

concentrations were measured using the silicomolybdate assay (Strickland and Parsons 

1968) modified for a 96-well plate format. Twenty-five microliters of supernatant 
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were added to 100 µl Milli-Q water, 50 µl of molybdate reagent was added, mixed, 

and allowed to incubate for 10 min at room temperature, then 75 µl of reducing agent 

was added and mixed. Samples were incubated for 3 h at room temperature with 

occasional mixing, prior to measuring the absorbance at 810 nm on a SpectraMax M2 

Microplate Reader (Molecular Devices, Sunnyvale, CA). The standard was sodium 

hexafluorosilicate (Sigma, St. Louis, MO), used in a range of 0-50 µM. 

 

Measurements of surge uptake kinetics 

Silicic acid surge uptake during the course of a synchrony was measured using 

68Ge(OH)4 as a radiotracer for silicic acid (Azam 1974). We have determined 

(Thamatrakoln and Hildebrand, in preparation) that short term uptake (2 min) in 

silicon-replete cultures of T. pseudonana is not saturable, even at extremely high 

silicon concentrations (> 500 µM). The lack of saturability prevents determination of a 

Michaelis-Menten Vmax value; therefore uptake was monitored at 100 µM silicate, and 

V100 was determined. Cells were harvested at 3,000 x g for 5 min in an HB-4 rotor, 

washed and resuspended in silicon-minus ASW to a concentration of 2.5 x 105 cells 

ml-1. One ml of cells was added to 100 µl of 0.1 µCi 68Ge(OH)4 and 100 µM silicate 

(Sullivan 1976; Sullivan 1977), and either immediately vacuum filtered (for 0 min, 

background measurement) on a Millipore Isopore 1.2 µm RTTP membrane, or 

incubated for 2 min (surge uptake measurement), then filtered. Filters were washed 

with 5 ml 3.5% NaCl, placed in a gamma vial, and counted using a LKB Wallac 1282 

Compugamma CS Universal gamma counter (Perkin-Elmer, Wellesley, MA). 

Triplicate samples for each condition were analyzed. Subtraction of 0 min from 2 min 

 



 46

gave net uptake of label, which was converted into fmol cell-1 h-1, taking into account 

counting efficiency, dilution effects, and radioactive decay. 

 

RESULTS 

Comparison of SIT sequences 

Predicted amino acid sequences of TpSIT1, TpSIT2, and TpSIT3 

(Thamatrakoln et al. 2006) were aligned and analyzed using CLUSTAL W 

(Thompson et al. 1994; Combet et al. 2000) (Fig. 3.1). Analysis showed 44% amino 

acid identity and 75% similarity (identical plus conserved substitutions) comparing all 

three SITs. Pairwise comparison between each SIT revealed 88% amino acid identity 

and 95% similarity between TpSIT1 and TpSIT2. TpSIT1 and TpSIT3 were 46% 

identical, 74% similar, while TpSIT2 and TpSIT3 were 46% identical, 76% similar. 

Each TpSIT contained a single intron ranging in size from 97 to 124 bp, located at 

amino acid residue 108 in TpSIT1 and TpSIT2 and residue 158 in TpSIT3 (Fig. 3.1). 

 

Characterization of TpEL4 antibody 

Preimmune and anti-TpEL4 antisera were tested for reactivity to whole cell 

protein lysates of T. pseudonana. There was no reactivity with the preimmune serum 

(Fig. 3.2A), whereas anti-TpEL4 reacted with a single band at approximately 60 kDa 

(Fig. 3.2A), similar to the predicted molecular weight of TpSITs. A peptide 

competition assay demonstrated the specificity of the antibody to this band (Fig. 

3.2B). To determine whether anti-TpEL4 recognized all three TpSITs, Saccharomyces 
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cerevisiae was transformed to express individual SITs. Western analysis of whole cell 

lysates showed anti-TpEL4 recognized each TpSIT (Fig. 3.2C). To determine whether 

anti-TpEL4 recognized SITs from other diatom species or phytoplankton, whole cell 

protein lysates were analyzed by Western blot (Fig. 3.2D). Anti-TpEL4 recognized a 

protein of approximately 60 kDa in the centric diatoms, T. pseudonana, Skeletonema 

costatum, Chaetoceros gracilis, Cyclotella meneghianana, Ditylum brightwellii, and 

the pennate diatoms, Cylindrotheca fusiformis, Navicula pelliculosa M, and 

Phaeodactylum tricornutum, but did not recognize proteins in lysates from the centric 

diatom T. weissflogii, or the pennate diatoms, N. pelliculosa FW, or Bacillaria 

paxillifer. In addition, there was no reactivity with protein lysate from the 

coccolithophore, Emiliania huxleyi. For those species where SIT sequences were 

available (Thamatrakoln et al. 2006), the region corresponding to the peptide used as 

antigen was compared to TpSIT1 (Fig. 3.2E). No distinct pattern of sequence 

conservation among SITs that did or did not cross-react with anti-TpEL4 was 

apparent. For example, SIT2 of T. weissflogii (TwSIT2, Fig. 3.2E) had only one amino 

acid substitution when compared to TpSIT1, but did not cross-react with anti-TpEL4.  

 

Analysis of SIT protein expression in synchronized cultures of T. pseudonana 

SIT protein was monitored through a synchrony using anti-TpEL4 and 

Western blot (Fig. 3.3, upper panel). For the same synchrony, net silicic acid uptake 

was determined by measurement of silicon disappearance from the medium (Fig. 3.3, 

middle panel). Densitometry analysis for three Westerns was performed and 

normalized relative densitometric units (see Materials and Methods) were compared 
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between experiments (Fig. 3.3, lower panel). This analysis showed SIT protein was 

expressed throughout the synchrony, but at variable levels. SIT protein levels 

increased approximately 1.5 h after silicon replenishment and then decreased to a 

minimum at t = 3.5 h (Fig. 3.3). At t = 4.5 h, protein levels again increased and 

remained high until the end of the experiment. The timing of cellular processes during 

the synchrony, shown in Fig. 3.3 (bottom) were determined in repeated synchronies by 

observation of Rhodamine 123 incorporation coupled with flow cytometric analysis to 

determine cell cycle stage (Hildebrand et al. in press) 

 

Analysis of SIT mRNA levels during silicon starvation and synchronized growth 

mRNA levels of each SIT were monitored during gradual silicon starvation and 

synchronized cell division using quantitative PCR (QPCR) (Fig. 3.4). During silicon 

starvation, mRNA levels of each TpSIT peaked at t = 4 h, coincident with decreased 

silicon in the medium (Fig. 3.4A). TpSIT1 and TpSIT2 had an additional peak at t = 

12-16 h, with mRNA levels 12 fold higher than initial levels for TpSIT1 and 5 fold 

higher for TpSIT2 (Fig. 3.4A). At the end of the starvation phase, when silicon was 

minimal in the medium, TpSIT1 and TpSIT2 levels decreased, but remained 6 and 3 

fold higher than initial levels, respectively (Fig. 3.4A). Levels of TpSIT3 mRNA were, 

on average, 30 fold lower than those of TpSIT1 or TpSIT2 (Fig. 3.4A).  

During synchronized cell growth, mRNA levels of each SIT peaked at t = 3 h, 

increasing relative to t = 0 h by 8 fold for TpSIT1, 12 fold for TpSIT2, and 1.5 fold for 

TpSIT3 (Fig. 3.4B). A transient 2.5 fold increase in TpSIT1 mRNA was also measured 

at t = 1 h (Fig. 3.4B). By t = 4 h, mRNA levels of each SIT returned to levels similar to 
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t = 0 h. TpSIT1 and TpSIT2 mRNA levels were relatively constant for the remainder of 

the experiment, whereas TpSIT3 mRNA had a slight increase at t = 8 h (Fig. 3.4B). 

TpSIT3 mRNA levels were, on average, 200-300 fold lower than those of TpSIT1 and 

TpSIT2 (Fig. 3.4B).  

 

Surge uptake rate through the cell cycle 

Surge uptake rates were measured using radiolabeled germanic acid as a tracer 

for silicic acid (Fig. 3.5). The rate was low at t = 0 h, but increased and was relatively 

constant between t = 2-4 h of the synchrony at approximately 30 fmol cell-1 h-1. At t = 

5 h, the rate increased and eventually peaked at t = 8 h at 147 fmol cell-1 h-1. At t = 9 h, 

the rate decreased to 113 fmol cell-1 h-1.  

 

DISCUSSION 

Biochemical, molecular, and physiological tools were used to determine the 

relationship of SIT protein and mRNA expression to silicon uptake during progression 

through the cell cycle in T. pseudonana. Because of the tight coupling between silicon 

uptake and the cell cycle, it is only with the ability to synchronize growth of T. 

pseudonana that these analyses were possible. Interpretation of the data requires 

discussion about events occurring during synchronized growth of T. pseudonana, 

details of which are the subject of a manuscript in press (Hildebrand et al.), but are 

summarized here. T. pseudonana starved for silicon for 24 h arrest predominantly in 

the G1 stage of the cell cycle. Upon silicate replenishment, cells progress through G1 

for 3 h while girdle band synthesis occurs. As the cells enter S-phase (t = 3-4 h), girdle 
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band production ceases. Cytokinesis follows and valve synthesis is observed between t 

= 4-6 h, although the exact timing of this can vary between synchronized cultures. The 

timing of valve synthesis in a given synchrony can be monitored either by direct 

visualization by fluorescence microscopy of Rhodamine 123 or PDMPO stained cells, 

or by a characteristic 5 fold increase in net silicic acid uptake over that occurring 

during girdle band synthesis (Hildebrand et al. in press). Upon completion of valve 

synthesis, cells separate and additional girdle bands are synthesized. The net rate of 

silicic acid uptake during this process, measured by silicate disappearance from the 

medium, is 4 fmol cell-1 h-1 for the first phase of girdle band synthesis, 20 fmol cell-1 h-

1 for valve synthesis, and 4 fmol cell-1 h-1 for the second phase of girdle band synthesis. 

Similar to other diatom species (Brzezinski et al. 1990), synchronized growth in T. 

pseudonana does not result in all of the cells entrained at the same stage of the cell 

cycle; typically, 80% are arrested under silicate starvation in G1 and the remaining 

20% in G2+M (Hildebrand et al. in press).  

In general, the pattern and levels of SIT protein determined by Western 

analysis (Fig. 3.3) correlated with active periods of silica incorporation into cell wall 

substructures. Upon silicate replenishment, SIT protein levels increased coincident 

with girdle band synthesis, until t = 3 h (Fig. 3.3). During S-phase (t = 3-4 h) cells are 

not making silica structures (Hildebrand et al. in press), and SIT levels are minimal 

(Fig. 3.3). Considering that 20% of the cells may not be in S-phase at that time, it is 

possible that SIT protein levels are even lower or undetectable in S-phase cells. 

During valve synthesis when silicon demands are high, SIT protein levels increased to 

maximal levels measured (Fig. 3.3).  
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SIT protein levels and silicon uptake were not strictly correlated. Comparing t 

= 0.5-2.5 h with t = 5-8 h, SIT protein levels were not substantially different, yet net 

silicic acid uptake, as measured by its disappearance from the medium (Fig. 3.3, 

middle panel), and surge uptake, as measured by short-term uptake of radiolabeled 

68Ge(OH)4 (Fig. 3.5) increased 5 fold. Furthermore, comparison of surge uptake rates 

with net uptake suggests the cells are capable of taking up 7.5 fold more silicon than 

they actually do on longer time scales. These observations are consistent with net 

uptake being largely dictated by the rate of silica incorporation, as in internally 

controlled uptake (Conway and Harrison 1977), in which case, the cell may rely more 

on regulating the activity of SITs rather than the actual amount of SIT protein. 

Alternatively, because Western analysis only measures total SIT protein, some of the 

SITs measured may not be present at the plasma membrane. If, as has been 

demonstrated for glucose transporters (Bryant et al. 2002; Dugani and Klip 2005), 

SITs cycle between the plasma membrane and intracellular vesicles as part of a 

regulatory mechanism, changes in uptake rates without a concomitant change in total 

protein could result.  

Care must be taken when interpreting mRNA expression patterns during 

silicon starvation (Fig. 3.4A) because the cells are initially unsynchronized and at 

different stages of the cell cycle. However, it is nonetheless important because data 

obtained from unsynchronized cultures are more likely representative of natural 

environmental conditions where cells may experience periods of gradual starvation. 

One conclusion that can be made is that SIT mRNA levels were not strictly controlled 

by extracellular silicon concentrations. Between t = 0-4 h, silicon concentrations were 
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relatively similar, but there was almost a 7 fold increase in TpSIT1 and TpSIT2 mRNA 

levels and a 2 fold increase in TpSIT3 mRNA. TpSIT1 and TpSIT2 were induced when 

extracellular silicon dropped to lowest levels (t = 12 h) and remained elevated until t = 

16 h, suggesting cells upregulated TpSIT1 and TpSIT2 mRNA in response to the 

immediate absence of silicon. At the end of the silicon starvation phase, mRNA levels 

of TpSIT1 and TpSIT2 decreased, possibly as a response to longer term starvation or 

because the cells were becoming arrested at the same stage of the cell cycle. TpSIT3 

showed a different response, increasing slightly in response to immediate silicon 

starvation and possibly increasing at the end of the starvation phase (Fig. 3.4A), 

suggesting TpSIT3 may be induced in response to prolonged exposure to silicon 

starvation. However, standard error between replicates at the later timepoint makes 

interpretation of the data tenuous. One interesting feature unique to TpSIT3 is the 

presence of additional N-terminal sequence when compared to TpSIT1 or TpSIT2, 

however, BLAST search (Altschul et al. 1990) using this sequence did not reveal 

significant similarity to known proteins, nor were any conserved functional domains 

identified. In addition, SignalP (Nielsen et al. 1997) did not predict the presence of a 

signal peptide cleavage site. 

One goal of this study was to gain insight into the regulation of SITs during the 

cell cycle using synchronously grown cells. This requires analysis and comparison of 

protein and mRNA expression data. Due to the number of manipulations required, it is 

not technically feasible to analyze both protein and mRNA on the same synchrony; 

however, synchronies are quite reproducible with the only variation being the timing 

of valve structure formation (Hildebrand et al. in press). Thus, data obtained from 
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separate synchronies can be related by comparing the timing of valve formation as 

indicated either by fluorescence microscopy examination of Rhodamine 123-stained 

cells, or by a characteristic 5-fold increase in net silicic acid uptake (Hildebrand et al. 

in press). Valve formation in the synchrony used for mRNA analysis began at t = 4 h; 

for protein analysis, it began one hour later at t = 5 h. Considering this, the 2 fold 

increase in TpSIT1 mRNA at t = 1 h (Fig. 3.4B) occurs prior to the 2 fold increase in 

SIT protein levels between t =  0.5-2.5 h (Fig. 3.3). In addition, the large increase in 

mRNA level seen for each SIT at t = 3 h (Fig. 3.4B) may occur prior to the increase in 

SIT protein between t = 5-8 h (Fig. 3.3), however, in this case, the fold increase in 

mRNA (5-8 fold) did not result in a similar fold increase in SIT protein (2 fold) and 

levels of SIT protein remained high well after SIT mRNA decreased. These data 

suggest a disconnect between mRNA and protein levels and are consistent with the 

hypothesis that a significant regulatory step over SIT expression is at the translational 

or post-translational (protein degradation) level. Differentiating between the two 

possibilities would require pulse-labeling techniques which are not well-developed for 

diatoms.  

One interesting result from the QPCR analysis was the low levels of TpSIT3 

mRNA compared with the other TpSITs (Fig. 3.4). This and other data, lead us to 

hypothesize that TpSIT3 may serve as a silicon sensor in T. pseudonana. In addition to 

being able to transport silicon, diatoms could also have a mechanism for sensing 

silicon; for example, to evaluate whether enough extracellular silicon is present to 

complete a round of valve and girdle band synthesis. Specific members of other 

transporter families have been shown to function as substrate sensors that regulate the 
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expression of other members in the family through a signal transduction cascade 

(Özcan et al. 1996; Iraqui et al. 1999). While some sensors do not themselves exhibit 

transport capability, they are critical in the cells’ ability to adapt to changing 

environments. Some known substrate sensors have distinct characteristics that 

differentiate them from the functional transporters (Forsberg and Ljungdahl 2001; Van 

Belle and André 2001). One of these features is the lack of sequence conservation of 

sensors to other members of the transporter family. In the ammonium transporter 

family in yeast, Mep1 and Mep3 share 80% amino acid identity, but are only 41% and 

39% identical, respectively, to the ammonium sensor, Mep2 (Dubois and Grenson 

1979; Marini et al. 1994; Marini et al. 1997; Lorenz and Heitman 1998). Similarly, the 

yeast glucose sensors Snf3p and Rgt2p are only 26-30% identical to other members of 

the family, HXT1-4 (Ko et al. 1993), while the other members share 64-87% identity 

(Ko et al. 1993; Kasahara and Kasahara 2003). In addition to low sequence similarity, 

genes encoding Snf3p and Rgt2p are weakly expressed compared to HXT1-4, 

approximately 100-300 fold lower (Neigeborn et al. 1986; Özcan et al. 1996). 

Structural differences have also been identified in known substrate sensors. For 

example, Snf3p and Rgt2p have an extended C-terminus compared to the other 

glucose transporters (Özcan et al. 1996), and the amino acid permease sensor, Ssy1p, 

has a 140 amino acid longer N-terminus and an extra 25-35 amino acid region in a 

hydrophilic loop (Iraqui et al. 1999). 

 Sequence analysis of TpSITs revealed TpSIT1 and TpSIT2 shared 88% amino 

acid identity, but only 46% to TpSIT3 (Fig. 3.1). QPCR data also showed TpSIT3 

mRNA was expressed 200-300 fold lower than TpSIT1 and TpSIT2 (Fig. 3.4). In 
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addition, the predicted amino acid sequence based on genome data for TpSIT3 

indicates a 34 amino acid extension at the N-terminus when compared to TpSIT1 and 

TpSIT2 (Fig. 3.1). These points are consistent with the possibility of TpSIT3 being a 

silicon sensor, although one alternative hypothesis could be that TpSIT3 plays a 

specialized role in uptake (e.g. specific intracellular targeting). High expression levels 

for TpSIT1 and TpSIT2 suggest they are active transporters, but amino acid 

differences between them could result in differing affinities or capacities for silicic 

acid. For example, one could be a high-affinity/low capacity transporter and the other 

a low-affinity/high capacity transporter allowing the cell to take advantage of a wider 

range of silicic acid concentrations. Definitively determining whether TpSIT3 is a 

silicon sensor and whether TpSIT1 or TpSIT2 have different affinities or capacities for 

silicic acid will require additional investigations. 

In conclusion, data obtained in this study indicate a major regulatory step for 

SIT expression is at the translational or post-translational level and SIT activity is 

controlled largely by intracellular requirements and not by protein levels. 

Circumstantial data suggests TpSIT3 may be a silicon sensor and future work focusing 

on determining the transport capacity and silicon affinity of SITs should provide 

further insight into the roles each SIT plays in meeting the overall transport needs of 

the cell. In addition, the first SIT-specific antibody is now available, which will be 

integral in future investigations into SIT function and regulation. 
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Figure 3.2. Characterization of anti-TpEL4. Molecular weight markers (kDa) are 
shown for each Western blot. A. Western blot of T. pseudonana whole cell protein 
lysates using preimmune serum and anti-TpEL4. B. Western blot on protein lysates 
using anti-TpEL4 preincubated with 0, 1, or 50 µg of EL4 peptide. C. Western blot of 
S. cerevisiae transformed to express TpSIT1, TpSIT2, or TpSIT3. D. Western blot on 
protein lysates from various diatom species and the coccolithophore, Emiliania 
huxleyi. E. Amino acid alignment of SITs from different diatoms in the region used to 
generate anti-TpEL4. TpSIT1 is shown on the first line. SIT sequences are identified 
by the initials for genus and species as follows: Tp, Thalassiosira pseudonana; Tw, T. 
weisflogii; Sc, Skeletonema costatum; Cf, Cylindrotheca fusiformis; NpFW, Navicula 
pelliculosa FW; NpM, N. pelliculosa M; Pt, Phaeodactylum tricornutum. Dashes 
indicate residues identical to TpSIT1. Stars indicate those species that cross-reacted 
with anti-TpEL4.
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Figure 3.3. Analysis of SIT protein levels during synchronized cell growth. Time (h) 
during synchronized cell growth is shown. Top panel is Western analysis of whole cell 
protein lysates of equal cell number using anti-TpEL4. Middle panel is net silicic acid 
uptake during the synchrony. Bottom panel shows the mean fold induction based on 
relative densitometric units of three separate experiments (see Materials and Methods). 
Error bars are standard error. Cellular events during the synchrony are denoted at 
bottom.
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Figure 3.4. mRNA levels of TpSIT1, TpSIT2, and TpSIT3 determined by QPCR during 
a gradual silicon starvation experiment (A), or a synchronized growth experiment (B). 
Top graphs in A and B are the mean value of triplicate measurements of silicon 
concentration in the medium with error bars showing standard deviation. A. Bottom 
three graphs are QPCR data for cells harvested during gradual silicon starvation. Time 
zero represents cells harvested just after inoculation. Mean values of duplicate 
technical replicates are shown with standard error. B. Bottom three graphs are data 
obtained during synchronized cell division. Time zero represents cells harvested prior 
to the addition of silicon. Mean values of triplicate technical replicates are shown for 
TpSIT1 and TpSIT2, with the exception of t = 1 h for TpSIT1 which is mean value of 
duplicate experiments. Errors bars represent standard error. Data from a single 
experiment for TpSIT3 is shown. Note the difference in scale of the y-axis for TpSIT3 
in both panels. mRNA levels are plotted as normalized ng equivalents of standards of 
genomic DNA (see Materials and Methods). Cellular events during the synchrony are 
shown at bottom. (Frigeri et al. 2006).
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Figure 3.5. Maximum rates of surge uptake at 100 µM silicate (V100) during 
synchronized cell growth. Average values from triplicates are shown, with error bars 
as standard deviations. Numbers above bars are V100 values. 
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ABSTRACT 

Previous work measuring Si(OH)4 uptake in diatoms demonstrate both 

nonsaturable and Michaelis-Menten type saturable kinetics. Reasons for this are 

unclear and mechanistic explanations for nonsaturable kinetics are lacking. Using 68Ge 

as a radiotracer for Si(OH)4 uptake, we showed a time-dependent transition occurred 

from nonsaturable to saturable uptake kinetics in multiple diatoms species, including 

Thalassiosira pseudonana. Use of a specific antibody against T. pseudonana silicon 

transporters (SITs) affected both nonsaturable and saturable kinetics, suggesting SITs 

are the predominant means of Si(OH)4 transport in diatoms. Cells grown under Si-

replete conditions showed nonsaturable short-term uptake kinetics, while those 

prestarved for silicon were saturable. Data suggest nonsaturability was due to surge 

uptake when intracellular silicon pool capacity exceeded the requirement of silica for 

cell wall incorportion, and saturability occurred when these two factors became 

equilibrated. In addition, at low Si(OH)4 concentrations, when pool capacities were 

high, saturable kinetic features indicative of SITs were visible. SITs appeared to have 

enormous flexibility in transport rate and, if left unregulated, allowed Si(OH)4 uptake 

into the cell very quickly at high substrate concentrations. We also demonstrated that 

zinc is not directly involved in Si(OH)4 uptake, as was previously suggested. A model 

for Si(OH)4 uptake in diatoms based on the interplay between SITs, intracellular 

pools, and cell wall silica incorporation was developed and consistently explains 

results in this and previous investigations. Data suggest previous studies most likely 

measured kinetics of cell wall silica incorporation, but that these values could still 

reasonably correspond with the uptake kinetics at low Si(OH)4 concentrations. 
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INTRODUCTION 

 
For decades, models of Michaelis-Menten type saturable kinetics of nutrient 

uptake and assimilation in phytoplankton have guided our understanding of how the 

cell translates nutrient availability into growth (Eppley et al. 1969; Sullivan 1976; 

1977; McCarthy 1981; Del Amo and Brzezinski 1999). However, several studies 

suggest uptake, under certain conditions, is nonsaturable and in some cases, biphasic 

(Wheeler et al. 1982; Collos et al. 1992; Watt et al. 1992; Collos et al. 1997; Lomas 

and Glibert 1999). Conclusions regarding uptake kinetics of nutrients have been 

variable, due in part to differences in the methods applied, making comparison of data 

difficult. Factors contributing to these variations include species-specific or cell size 

differences, the physiological state of cultures, the incubation period, and nutrient 

concentration range over which uptake is measured (Sullivan 1976; Wheeler et al. 

1982; Harrison et al. 1989; Collos et al. 1992; Lomas and Glibert 1999; Leynaert et al. 

2004). The attractive simplicity of a Michaelis-Menten kinetic model for uptake 

(control by the transporter itself, similar to an enzymatic process) in some cases may 

have precluded efforts to explain factors involved in nonsaturating kinetics. However, 

transporters generally do not convert a molecule from one form to another (i.e. they 

are not enzymes), but are engaged in generating what is oftentimes a non-equilibrium 

gradient of a molecule across a lipid bilayer. Thus, other factors involved in generating 

and maintaining the state of equilibrium will influence the kinetic properties of 

transport.   

Most diatoms have an obligate requirement for silicon for cell wall formation, 

with the predominant transported form of silicon being silicic acid, or Si(OH)4 (Del 
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Amo and Brzezinski 1999). Factors influencing the equilibrium state of  Si(OH)4 

uptake in diatoms include, low extracellular Si(OH)4 concentrations (less than 100 

µM; Tréguer et al. 1995; Martin-Jézéquel et al. 2000), high intracellular 

concentrations (up to hundreds of mM), and different forms of silicon - extracellular 

being silicic acid or silicate, intracellular consisting of soluble pools of free silicic acid 

and silicic acid complexed to organic compounds, and the solid form of silica in the 

cell wall (Martin-Jézéquel et al. 2000). Unlike other nutrients, silicic acid has a unique 

chemistry in that it autopolymerizes into silica at concentrations above 2 mM (Iler 

1979). Intracellular binding to organic compounds are proposed to maintain 

supersaturated levels in a soluble form (Hildebrand 2000) and the balance between 

these organic binding-components and free Si(OH)4 will also influence the 

equilibrium state of Si(OH)4 uptake. Silicon efflux is an often overlooked and under-

appreciated aspect of balancing the overall cellular silicon budget (Azam et al. 1974; 

Sullivan 1976; Milligan et al. 2004), and net uptake involves both uptake and efflux 

(Milligan et al. 2004).   

Numerous studies have reported Michaelis-Menten type saturation kinetics of 

Si(OH)4 uptake in diatoms, but occasionally nonsaturable or biphasic kinetics have 

been observed (Table 4.1). In each study documenting Michaelis-Menten type 

saturation kinetics, either, 1) cultures were preincubated in Si-minus medium prior to 

measuring uptake, 2) uptake was measured over long (h) incubation times, or 3) low 

Si(OH)4 concentrations were used (Table 4.1). When these conditions were not 

followed, nonsaturable uptake kinetics were observed (Table 4.1). Possible 
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explanations for nonsaturating kinetics have been lacking, perhaps because this has 

not been consistently (or controllably) seen. 

Silicic acid transport occurs through specific membrane-associated proteins 

called silicon transporters (SITs), originally identified in the marine pennate diatom, 

Cylindrotheca fusiformis (Hildebrand et al. 1997; Hildebrand et al. 1998). Consistent 

with data from whole cell uptake studies, SITs are specific for silicic acid and uptake 

is sodium-dependent (Hildebrand et al. 1997). SITs have since been identified in 

numerous other diatom species as well as the Chrysophytes, Synura petersenii and 

Ochromonas ovalis (Grachev et al. 2002; Sherbakova et al. 2005; Likhoshway et al. 

2006; Thamatrakoln et al. 2006). Mechanistic models for transport have recently been 

proposed (Sherbakova et al. 2005; Thamatrakoln et al. 2006), including one 

(Sherbakova et al. 2005) with an explanation for a proposed involvement of zinc in 

Si(OH)4 uptake (Rueter and Morel 1981). 

Three modes of silicon uptake in diatoms, surge uptake, externally controlled 

uptake, and internally controlled uptake, have been defined from chemostat 

experiments, (Conway et al. 1976; Conway and Harrison 1977). Surge uptake occurs 

upon initial addition of silicon to silicon-starved cells with maximal uptake rates 

occurring at this time. Externally controlled uptake occurs when extracellular silicon is 

low, and the rate of uptake is dictated by external silicon concentrations. In internally 

controlled uptake, rates are regulated by the intracellular utilization of silicon, 

proposed to be the rate of silica incorporation into the cell wall (Conway et al. 1976; 

Conway and Harrison 1977). In most diatom species tested, silica incorporation and 

silicic acid uptake are temporally coupled (Chisholm et al. 1978), and experiments 
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monitoring uptake and incorporation under different conditions confirm a direct 

correlation between these two processes (Hildebrand and Wetherbee 2003; Hildebrand 

et al. in press). Although surge uptake occurs, during which short-term uptake rates 

are higher than the cells’ need for silicon, over longer time scales, the rate of silica 

incorporation is the major controlling factor over the rate of silicon transport into cell 

(Conway et al. 1976; Conway and Harrison 1977; Hildebrand and Wetherbee 2003; 

Hildebrand et al. in press).  

 Based on previous studies, a model for silicic acid transport into the diatom 

cell has been developed, which involves control by the rate of silica incorporation 

through the intermediary of intracellular soluble silicon pools (Conway et al. 1976; 

Conway and Harrison 1977; Hildebrand 2000; Hildebrand and Wetherbee 2003). 

Intracellular pools are at extremely high concentrations in diatoms, with measurements 

ranging from 19 – 340 mM (Martin-Jézéquel et al. 2000). Such concentrations are far 

above saturability for silica polymerization (c.a. 2 mM at neutral pH – Iler 1979), 

suggesting there must be a mechanism for stabilizing silicic acid in an unpolymerized 

form, possibly through interaction with intracellular silicon-binding components 

(Hildebrand 2000; Hildebrand and Wetherbee 2003). Electron spectroscopic imaging 

of Thalassiosira pseudonana showed silicon is dispersed throughout the cytoplasm 

(Rogerson et al. 1987) and not sequestered in vesicles, as was previously suggested 

(Schmid and Schulze 1979). A hypothesis most consistent with the data is that 

intracellular silicon is bound by as yet uncharacterized organic molecules (Azam et al. 

1974; Sullivan 1979; Hildebrand 2000; Hildebrand and Wetherbee 2003). In this case, 

the chemical form of bound intracellular silicon would be different from extracellular 
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silicic acid, and this would contribute to maintenance of a high (>1,000 fold) 

concentration gradient across the plasma membrane. It was suggested that under 

conditions of internally controlled uptake the level of saturation of intracellular pools 

provided a feedback mechanism that connected silica incorporation with uptake 

(Conway and Harrison 1977). When incorporation rates were high, intracellular pools 

would be depleted and uptake stimulated, and when incorporation rates were low, 

pools would be saturated and uptake inhibited. Subsequent work (Hildebrand and 

Wetherbee 2003) showed general agreement with this, however in an experiment in 

which incorporation was inhibited, resulting in a similar inhibition of uptake, 

intracellular pools did not reach their maximum level, indicating the pools do not have 

to be saturated (at maximum levels) to control uptake. It was proposed (Hildebrand 

2000; Hildebrand and Wetherbee 2003) that the ratio of bound to unbound 

intracellular silicic regulated uptake. In the presence of excess binding component, 

uptake would be induced, and in the presence of excess unbound silicic acid, efflux 

would be induced by the favorable concentration gradient for export of the same 

chemical moiety that was transported into the cell (i.e. Si(OH)4). This is consistent 

with data showing that efflux does not occur in the absence of extracellular silicon and 

increases with increasing extracellular concentrations due to excess surge uptake 

(Sullivan 1976). The capacity of the cell to maintain soluble silicic acid in the 

cytoplasm could vary, as has been shown experimentally (Martin-Jézéquel et al. 2000; 

Hildebrand and Wetherbee 2003; Claquin and Martin-Jézéquel 2005), depending on 

the amount of binding component present. Thus, measurements of intracellular soluble 

silicon may be underestimates of the total capacity of the pools. 
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The described model for silicic acid transport deals mainly with equilibrium 

processes, and is not integrated with kinetic parameters. In order to do so, previous 

kinetic results (Table 4.1) must be clarified and specific conditions in which saturating 

or nonsaturating kinetics are observed must be determined. Because surge uptake and 

efflux over short time scales (min) are major aspects of transport (Conway et al. 1976; 

Conway and Harrison 1977; Milligan et al. 2004), measuring short term uptake kinetic 

parameters is essential. Of the available methods, the radiotracer analog of silicic acid, 

68Ge(OH)4, is ideal because it is available in high specific activity and carrier-free 

form, has a relatively long half-life of 282 days, and has well-established protocols for 

measuring silicic acid transport in diatoms (Azam 1974; Azam et al. 1974; Sullivan 

1976; 1977). The alternative 32Si is cost-prohibitive and available only in low specific 

activity, preventing its use in short-term incubations where high activity is needed. 

31Si has the drawback of a half life of only 156 min, making it technically challenging 

to use, particularly in long term (h) incubations. Using 30Si is laborious because it 

requires samples be analyzed by mass spectrometry (Nelson and Goering 1977). In 

this report, we determine the conditions that produce nonsaturable and saturable 

Si(OH)4 uptake kinetics, leading to a consistent picture of factors controlling the 

kinetics of Si(OH)4 uptake in diatoms and the role of silicon transporters. 

 

MATERIALS AND METHODS 

Culture conditions 

Thalassiosira pseudonana Hasle et Heimdale clone 3H CCMP1335 (Provasoli-

Guillard National Center for Culture of Marine Phytoplankton, Bigelow Laboratory 
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for Ocean Sciences), Thalassiosira weissflogii (Grunow) Fryxell et Hasle CCMP1336, 

Cylindrotheca fusiformis Reimann et Lewin CCMP343, Navicula pelliculosa (Bréb.) 

Hilse UTEX 688 (The Culture Collection of Algae at the University of Texas at 

Austin; a freshwater strain, referred to as N. pelliculosa FW in text), Navicula 

pelliculosa (Breb. et Kuetzing) Hilse CCMP543 (a marine strain, referred to as N. 

pelliculosa M in text), Phaeodactylum tricornutum Bohlin CCMP1327, Chaetoceros 

gracilis Schütt UTEX LB2658, and Nitzschia alba Lewin and Lewin CCMP2426 were 

grown in batch culture under continuous illumination with cool white fluorescent 

lights at approximately 150 µmole quanta m-2 s1 at 18 to 20° C. N. pelliculosa FW was 

grown in fresh water tryptone (FWT) medium (Reimann et al. 1966). All other diatom 

species were grown in artificial seawater (ASW) medium (Darley and Volcani 1969) 

with biotin and vitamin B12 added to 1 ng L-1or f/2 medium made with 0.2 µm filtered 

and autoclaved local seawater (Guillard and Ryther 1962; Guillard 1975). 

 

Si(OH)4 uptake kinetic measurements 

To avoid possible cell cycle and cell phasing effects, exponentially growing, 

non-phased cultures were used in all measurements. Cells were harvested by 

centrifugation at 3000 x g for 5 min, then washed and resuspended in Si-minus 

medium, and cell counts determined to cell cocentration. Preliminary measurements 

were done to determine the optimal cell concentration for each species that would 

result in counts significantly above background. This was 2.5x105 cells ml-1 for most 

species with the exception of Phaeodactylum tricornutum and Navicula pelliculosa 

FW, which required 2.0x106 cells ml-1. Silicic acid uptake was measured using 
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68Ge(OH)4 as a radiotracer for silicic acid (Azam 1974; Sullivan 1976). Stock 

solutions containing 1.0 µCi ml-1 of 68Ge(OH)4 and ten-fold concentrations of freshly 

made sodium silicate in 3.5% NaCl (MilliQ-treated water for N. pelliculosa FW) were 

prepared, and for a given concentration of silicate, 100 µl of 68Ge:silicate stock per 1 

ml of cells were assayed. The volume needed to cover all time points in a given 

experiment was calculated (e.g. 7 ml for 6 time points) and the amount of stock and 

cells used scaled appropriately, with the 68Ge:silicate stock being placed in the tube 

first, then cells added and mixed. For most experiments, 1, 2, 4, 8, 10 15, 30 and 100 

µmol L-1 final silicate concentrations were used, with duplicates being done for 8-30 

µmol L-1 because initial experiments indicated interesting features in this range. For 

experiments using different concentrations, these are described in the figure legend for 

the experiment. Cells were incubated in the light at approximately 150 µmole quanta 

m-2 s1 at 18 to 20° C, and aliquots removed at different times, vacuum filtered on a 

Millipore Isopore 1.2 µm RTTP membrane, and washed once with 5 ml 3.5% NaCl 

(MilliQ-treated water for N. pelliculosa FW). Background was minimal with this wash 

treatment. For measurement of background, 1 ml of cells was added to separate tubes 

containing 100 µl of 68Ge:silicate, and immediately pipetted onto a Millipore 

membrane and washed. This manipulation took 8-10 sec, so cellular binding and some 

uptake may have occurred during this time, but because this would be minimal, and a 

consistent procedure was used in all experiments, subtraction of 0 min from the longer 

time points was used to calculate net uptake for those time points. After washing, 

filters were placed in a gamma counter vial, and counted using a LKB Wallac 1282 

Compugamma CS Universal gamma counter (Perkin-Elmer, Wellesley, MA). Counts 
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per minute were converted to fmol cell-1 h-1, taking into account counting efficiency, 

dilution effects, and radioactive decay. Data obtained using this method will be 

referred to as Si(OH)4 uptake (Sullivan 1976). 

 

Measurements of cell wall silica and intracellular soluble silicon pools 

Aliquots of cells (approximately 1.3 x 107 each) during exponential growth 

were harvested in 14 ml Falcon 1029 polypropylene tubes and pelleted at 16,500 x g 

in an HB-4 rotor (Sorvall™, Thermo Electron Corporation, Asheville, NC, USA) for 4 

min. The supernatant was aspirated, cells were resuspended in 1 ml Si-minus medium, 

transferred to a microfuge tube, and repelleted. Supernatant was aspirated, and cell 

pellets stored at –20° C. Intracellular soluble silicon pool levels were measured using 

the boiling water method of Sullivan (1979). Frozen cells were resuspended in 1 ml 

MilliQ treated water, placed in a boiling water bath for 10 min, cooled, and then 

centrifuged for 5 min at 16,500 x g in an HB-4 rotor. Triplicate samples of supernatant 

were assayed for intracellular silicon. Cell wall silica was determined by resuspending 

the boiled cell pellet in 4 ml 0.5N NaOH (made from solid NaOH dissolved in MilliQ 

water) and placing the tube in a boiling water bath for 15 min. After cooling, 2 ml 1N 

HCl was added to neutralize the sample, which was then centrifuged for 5 min at 

16,500 x g in an HB-4 rotor. Triplicate samples of supernatant were assayed to 

measure cell wall silica. Silicic acid concentrations were measured using the 

silicomolybdate assay (Strickland and Parsons 1968) modified for a 96-well plate 

format. Twenty-five microliters of supernatant was added to 100 µl MilliQ water, 50 

µl of molybdate reagent was added, mixed, and allowed to incubate for 10 min at 
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room temperature, and then 75 µl of reducing agent was added and mixed. Samples 

were incubated for 3 h at room temperature with occasional mixing, prior to 

measuring the absorbance at 810 nm on a SpectraMax M2 Microplate Reader 

(Molecular Devices, Sunnyvale, CA). The standard was sodium hexafluorosilicate 

(Sigma, St. Louis, MO), used in a range of 0-50 µmol L-1. 

 

Statistical analysis 

Nonlinear regressions were obtained using the software program GraphPad 

Prism 4 (San Diego, CA). Best-fit curves were obtained using Michaelis-Menten 

hyperbolas, or an allosteric-enzyme model using built-in equations in the Prism 

software. 

 

Preincubation with antibody specific for T. pseudonana silicon transporters  

Anti-TpEL4 is a polyclonal antibody generated against a peptide sequence of 

T. pseudonana SIT1 that cross reacts with each of the three T. pseudonana SIT genes 

(Thamatrakoln and Hildebrand, submitted for publication). Exponentially growing 

cells of T. pseudonana were incubated with a 1:10 dilution of anti-TpEL4 for 1 h. 

Cells were then harvested by centrifugation, washed and resuspended in Si-minus 

ASW. Short-term uptake (2 min) was measured as described.  

 

Effect of zinc chelators on silicon uptake 

A control experiment was done to test the effect of the membrane impermeable 

zinc chelator CaEDTA and membrane permeable zinc chelator N,N,N',N-tetrakis(2-
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pyridylmethyl) ethylenediamine (TPEN) on growth of T. pseudonana. A stock 

solution of 25 mM CaEDTA was made in water at high pH (c.a. 12), and of TPEN in 

100% DMSO. Five milliter cultures of T. pseudonana were established with 1 x 105 

cells ml-1 in the presence of CaEDTA and TPEN concentrations ranging from 0 – 1 

mM. Culture cell density was monitored after 8 d. For both chelators, no growth 

occurred above a concentration of 25 µmol L-1, and equivalent volumes of DMSO 

alone as in the TPEN additions did not affect growth. To monitor the effect of the 

chelators on Si(OH)4 uptake, exponentially growing cultures of T. pseudonana were 

harvested by centrifugation and washed in Si-minus ASW. Cells were resuspended in 

Si-minus ASW at a cell density of 2.5 x 105 ml-1. Chelators were added to separate 

tubes at a final concentration of 50 µmol L-1. Control tubes had no addition or addition 

of an equivalent amount of DMSO as in the TPEN addition. These were allowed to 

incubate for 5 min after which 15 µmol L-1 68Ge:Si(OH)4 was added. Uptake was 

measured after 30 min as described with the 0 min timepoint used to calculate 

background. 

 

RESULTS 

Uptake rates in T. pseudonana over different incubation periods 

To determine the effect of incubation time on Si(OH)4 uptake kinetics, uptake 

rates were measured in T. pseudonana harvested from exponentially growing silicon 

replete cultures by incubating samples with various silicate concentrations and 

measuring uptake after removing aliquots at 2 min, 10 min, 30 min, 1 h, 2 h, or 3 h 

incubation. In Fig. 4.1A, curves were fitted by nonlinear regression using Michaelis-
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Menten hyperbolas. For 2 min uptake, Michaelis-Menten curves resulted in a poor fit 

of the data (r2=0.9033). At 10 min, Si(OH)4 uptake was nonsaturable. Comparing 

Michaelis-Menten plots from 30 min - 3 h, the curves gradually sloped over and 

saturation was observed between 1-2 h (Fig. 4.1A). Based on measurements of silicon 

requirements for the cell wall of T. pseudonana (Hildebrand et al. in press), Si(OH)4 

would not be depleted in the long term incubations. Data for 2 and 10 min were 

examined more closely in Fig. 4.1B. By excluding data from the higher Si(OH)4 

concentrations, kinetic parameters for 2 and 10 min could be calculated. For 2 min 

(Fig. 4.1B), two Michaelis-Menten hyperbolas could be fit, one for lower Si(OH)4 

concentrations (1-10 µmol L-1) and one for higher Si(OH)4 concentrations (10-30 

µmol L-1). For 10 min, a Michaelis-Menten curve did not fit, but an allosteric enzyme 

model could be fit to data for 1-15 µmol L-1 Si(OH)4 concentrations (Fig. 4.1B). 

Kinetic parameters (Ks and Vmax) calculated for curves shown in Fig. 4.1A for 30 min 

- 3 h, and Fig. 4.1B for 2 and 10 min are shown in Fig. 4.1C. For comparison, 

Michaelis-Menten curves plotted for 2 min (Fig. 4.1A) gave a Ks of 78 µmol L-1 and 

Vmax of 60 fmole cell-1 h-1, and for 10 min (Fig. 4.1A) a Ks of 868 µmol L-1 and Vmax of 

152 fmole cell-1 h-1. These data (Fig. 4.1) reflect nonsaturable Si(OH)4 uptake kinetics 

for incubations of 1 h or less. 

 

Nonsaturability of short-term uptake in T. pseudonana 

To determine the extent of nonsaturability of short-term uptake (defined as 2 

min) observed in Fig. 4.1, we measured uptake in cells harvested from exponentially 

growing cultures of T. pseudonana using concentrations of Si(OH)4 that ranged up to 
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500 µmol L-1 (Fig. 4.2). Saturation did not occur, and an allosteric enzyme curve fit to 

the data suggested Si(OH)4 uptake rates increased with increasing Si(OH)4 

concentrations (Fig. 4.2). 

 

Determining whether nonsaturability was a property of silicon transporters  

To determine whether short-term nonsaturable uptake (Figs. 4.1 and 4.2) 

involved silicon transporters (SITs) or another uptake mechanism, exponential 

cultures of T. pseudonana were preincubated with the SIT-specific antibody, anti-

TpEL4 (Thamatrakoln and Hildebrand, submitted for publication), prior to measuring 

short-term Si(OH)4 uptake. The hypothesis was that if SITs played a role in 

nonsaturable uptake, anti-TpEL4 would bind SITs and possibly cause a change in 

uptake rates. Comparison of antibody-treated with untreated cultures (Fig. 4.3) showed 

a similar shaped curve, however antibody-treated cultures had consistently higher 

uptake rates at higher Si(OH)4 concentrations. The difference between the curves at 

higher Si(OH)4 concentrations was statistically significant as determined by t-test (p = 

0.05), suggesting nonsaturable uptake occurred through SITs. In addition, the 

saturable component of uptake seen between 10-30 µmol L-1
 (as also seen in Fig. 

4.1B), is also affected by anti-TpEl4 suggesting this features is also a property of SITs. 

 

Uptake kinetics in Navicula pelliculosa FW and the effect of silicon starvation 

To test if nonsaturability of Si(OH)4 uptake (Figs. 4.1 and 4.2) observed in T. 

pseudonana was due to the experimental design, or was specific to this species, 

Si(OH)4 uptake was monitored in the previously studied Navicula pelliculosa FW 
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(Sullivan 1976; 1977) where short-term uptake (2 min) was shown to be saturable. To 

compare the effect of experimental design, Si(OH)4 uptake was measured using both 

the current method (exponentially growing cells with no preincubation in Si-minus 

medium), as well as Sullivan’s method (preincubation of cells in Si-minus medium). 

N. pelliculosa FW was harvested from a Si-replete exponential culture and Si(OH)4 

uptake was assayed after 2 and 30 min incubations in Si-minus medium. For 2 min 

incubation, Michaelis-Menten hyperbola resulted in a poor fit of the data (r2 = 

0.8557), indicating nonsaturable kinetics (Fig. 4.4A, right graph). However, at 

Si(OH)4 concentrations less than 30 µmol L-1, a Michaelis-Menten saturating 

hyperbola could be fit, with Ks = 17.4 µmol L-1 and Vmax = 3.2 fmol cell-1 h-1 (data not 

shown). Uptake after 30 min incubation saturated (Michaelis-Menten hyperbola, r2 = 

0.9968) with Ks = 48.5 µmol L-1 and Vmax = 5.0 fmol cell-1 h-1 (Fig. 4.4A, left graph). 

When cultures of N. pelliculosa FW were incubated in Si-minus medium 24 h prior to 

measuring short-term uptake (2 min), uptake saturated as previously observed 

(Sullivan 1976; 1977)). For short-term uptake in both experiments, Ks and Vmax were 

lower than uptake measured after 30 min (Fig. 4.4). 

 

Comparison of uptake capacity in different diatom species 

A survey of different diatom species was done to determine how common 

nonsaturable Si(OH)4 uptake on short time scales was and whether uptake saturated on 

longer time scales. Si(OH)4 uptake was measured in different diatom species using the 

same method for T. pseudonana (Fig. 4.1). For each species tested, full kinetic curves 

were obtained for each incubation period, but for simplicity, Vmax at the higher 
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Si(OH)4 concentrations for each incubation period is shown (Fig. 4.5). For T. 

pseudonana, C. fusiformis, C. gracilis, P. tricornutum, and N. pelliculosa FW, Vmax at 

100 µmol L-1 Si(OH)4 is shown. For T. weissflogii, N. pelliculosa M, and N. alba, Vmax 

at 30 µmol L-1 Si(OH)4 is shown. In each species, Si(OH)4 uptake was maximal in 2 

min incubations, and decreased with increased incubation time (Fig. 4.5). T. 

weissflogii had the highest Vmax, while N. pelliculosa FW had the lowest. Saturation 

was achieved in all species, but the timing varied. By plotting the percentage of uptake 

relative to the maximum at 2 min over time (Fig. 4.5B), the response of different 

species could be compared, and exponential decay curves were used to calculate when 

saturation (based on the appearance of the curves, defined as 15% of the 2 min value) 

was achieved. N. pelliculosa FW (4.8 min saturation time), Chaetoceros gracilis (10.8 

min), and N. pelliculosa M (13.8 min) saturated earlier than the others, and T. 

pseudonana (43.3 min) took the longest.  

 

Comparison of cell wall silica to intracellular pool size in different diatom species 

Intracellular soluble silicon pool concentrations and the amount of cell wall 

silica were measured in each species during exponential growth to determine whether 

these parameters might influence uptake characteristics, in particular the rate at which 

saturation was achieved. The ratio of cell wall silica to soluble intracellular pools is 

shown in Fig. 4.6. There were no consistent relationships between this ratio and the 

rate of saturation; however selected examples will be discussed below. 
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DISCUSSION 

The goal of this study was to re-evaluate Si(OH)4 uptake kinetics in diatoms to   

whether specifically controlled conditions could generate saturable or nonsaturable 

uptake kinetics. For all diatom species tested, exponentially growing cells isolated 

from Si-replete medium exhibited nonsaturable short-term (min) Si(OH)4 uptake 

kinetics at environmentally relevant concentrations, but saturable long-term (h) uptake 

that followed Michaelis-Menten type kinetics (Fig. 4.5A). Short-term saturable uptake 

was achieved only if cells were incubated in Si-minus medium prior to measuring 

uptake. Si(OH)4 uptake appeared to be predominantly controlled by silicon 

transporters (Fig. 4.3), which were saturable at low extracellular Si(OH)4 

concentrations, but at higher concentrations could no longer control the rate of uptake 

(Figs. 4.1-4.3). Based on changes in kinetic parameters over time (Figs. 4.1 and 4.5) or 

upon silicon starvation (Fig. 4.4) we propose the capacity of intracellular pools to 

complex free Si(OH)4 is the major determinant over whether transport is saturable. 

Transport over the longer term is controlled by the rate of silica incorporation into the 

cell wall (Fig. 4.1 and Hildebrand et al. in press). These data suggest that under some 

conditions SITs are selectivity gates more than controlling agents in Si(OH)4 transport. 

Here, we discuss these observations individually, then bring the data together to detail 

Si(OH)4 uptake in diatoms as a process involving multi-level control between SITs, 

intracellular pools, and cell wall silica incorporation.  
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Cell cycle effects on Si(OH)4 uptake 

In all experiments, cells were grown under continuous illumination to avoid 

possible cell cycle and cell phasing effects. Because Si(OH)4 uptake occurs at specific 

times in the cell cycle (Sullivan 1977), uptake parameters Ks and Vmax will be 

underestimates in exponentially growing cultures (Brzezinski 1992). However, 

because cell-cycle associated silicon requirements vary in different diatom species 

(Brzezinski et al. 1990; Martin-Jézéquel et al. 2000), non-phased cultures were 

examined. Differences in kinetic parameters determined for nonsaturable and saturable 

conditions (Fig. 4.1) are far greater than those measured as a result of cell cycle effects 

(Chisholm et al. 1978; Brzezinski 1992). 

 

Short-term Si(OH)4 uptake in T. pseudonana is nonsaturable; long-term uptake is 

saturable and follows Michaelis-Menten type kinetics. 

We determined short-term uptake kinetics (defined as 2 min) in exponentially 

growing T. pseudonana cells isolated from silicon-replete medium was nonsaturable, 

even at Si(OH)4 concentrations as high as 500 µmol L-1 (Fig. 4.2), but that saturation 

occurred upon longer incubations (Fig. 4.1). Vmax values at 2 and 3 h are consistent 

with previous measurements of silica incorporation rates (Hildebrand et al. in press), 

but the values at 2, 10, and 30 min (calculated by Michaelis-Menten curves) are far 

higher, consistent with surge uptake transitioning to internally controlled uptake 

(Conway et al. 1976; Conway and Harrison 1977) between 30 min and 2 h. We 

propose the transition is due to a gradual equilibration of intracellular pool capacity 

(which is high in the beginning, enabling surge uptake) with silicon requirements for 
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cell wall silica incorporation. Because of nonsaturability, Ks values calculated over the 

full range of Si(OH)4 concentrations from Michaelis-Menten curves at 2, 10, 30 min 

and 1 h are not accurate indications of transporter affinity, but Vmax values do indicate 

the uptake capacity of the transporters, which is in extreme excess of cellular silicon 

requirements. High Ks values could relate to the affinity of binding of Si(OH)4 by 

intracellular pool components. 

 

Nonsaturable uptake and kinetics features of short-term uptake at low Si(OH)4 

concentrations in T. pseudonana are a property of SITs 

If nonsaturable uptake kinetics were due to non-specific transport though 

another cellular transporter protein, then saturation could possibly still occur if 

turnover rate for the non-specific transporter became limiting. This is not seen in Fig. 

4.2. If nonsaturability was due to diffusion, the curve in Fig. 4.2 should be linear 

(Reed 1990; Lobban and Harrison 1997), or even hyperbolic due to saturation of 

intracellular pools, which it is not. In addition, treatment with a SIT-specific antibody 

affected nonsaturable transport rates in parallel with untreated cells (Fig. 4.3), 

indicating nonsaturation was a property of SITs. Anti-TpEL4 was designed against a 

predicted extracellular loop in the SIT protein, and if transport occurs via an 

alternating access model as proposed (Thamatrakoln et al. 2006), then perhaps 

antibody bound to the transporter favors an open extracellular conformation (due to 

steric hindrance or mass effects) resulting in increased uptake or decreased efflux. 

Even though short-term uptake was nonsaturable at high Si(OH)4 

concentrations, examination of curves at less than 30 µmol L-1 Si(OH)4 for 2 min and 
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less than 15 µmol L-1 for 10 min revealed distinct kinetic features. For 2 min uptake, 

two Michaelis-Menten saturation curves could be fit (Fig. 4.1B). One possible 

explanation for this could be related to the presence of multiple silicon transporters 

(SITs) that may have different transport properties. Of the three SITs in T. 

pseudonana; two are expressed at mRNA levels 200-300 fold higher than the third 

(Thamatrakoln and Hildebrand, submitted for publication). The data in Fig. 4.1B may 

relate to the two highly expressed SITs, which would indicate they have different 

transport characteristics, with a slight difference in affinity (Ks), but a 3.5 fold 

difference in capacity (Vmax). In the antibody incubation experiment (Fig. 4.3), a curve 

for the proposed higher capacity transporter shifted to higher Vmax in the presence of 

the antibody, consistent with these kinetic features being a property of SITs. Data were 

ambiguous for the lower capacity transporter. 

For 10 min uptake, data for low Si(OH)4 concentrations did not fit to a 

Michaelis-Menten curve, but did fit to an allosteric enzyme curve (Fig. 4.1B). 

Allostery is a regulatory process (Monod et al. 1965) in which activation of one 

subunit of a multi-subunit protein complex affects other subunits. One interpretation 

of the data is that after initial silicic acid uptake, SITs may begin to interact with each 

other or with other cellular proteins between 2 and 10 min, and an allosteric inhibition 

regulatory process could come into play. Vmax for 10 min is lower than Vmax for 2 min 

(Fig. 4.1C), indicating uptake was reduced. If excess surge Si(OH)4 uptake (2 min) is 

detrimental to the cell, one mechanism for controlling it would be to reduce transport 

capacity  (10 min). 
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Our data (Figs. 4.1 and 4.3) are consistent with previous studies showing 

Michaelis-Menten type kinetics at low extracellular Si(OH)4, with nonsaturation 

occurring at higher concentrations (Del Amo and Brzezinski 1999), suggesting SITs 

can exert an energetic influence over transport at low Si(OH)4 concentrations. 

However, at higher concentrations, a threshold is reached (30 µmol L-1 in Fig. 4.3) 

where the Si(OH)4 concentration gradient into the cell (uptake gradient) overcomes the 

energetic limitations. The antibody data (Fig. 4.3) are also consistent with SITs being 

the predominant means of Si(OH)4 transport into the cell. 

 

Silicon starvation affects short-term Si(OH)4 uptake kinetics in N. pelliculosa FW 

Most previous measurements of silicon uptake in diatoms demonstrated 

saturable Michaelis-Menten kinetics; however in most studies, uptake was either 

measured during long (≥1 h) incubations, or after cells were starved for silicon for 

appreciable time periods prior to measuring uptake (Table 4.1). Figs. 4.1 and 4.5A 

show short-term uptake was nonsaturable, but under long-term incubations, 

saturability was achieved. These features were not species-specific, nor artifacts of 

experimental design as confirmed by results obtained with the previously studied N. 

pelliculosa FW. When cultures of N. pelliculosa FW were preincubated in Si-minus 

medium (as had been previously done by Sullivan (1976) or when uptake was 

measured in Si-replete cells over longer time periods (this study), uptake followed 

Michaelis-Menten type saturation kinetics (Fig. 4.4). Short-term uptake in Si-replete 

cells was nonsaturable as had been seen in all other species tested (Figs. 4.4 and 4.5). 
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These data support the hypothesis that reduction in intracellular pool capacity leads to 

saturable uptake.  

 

Short-term nonsaturable uptake kinetics and long-term saturable kinetics occurs in all 

diatoms tested 

The change in kinetic properties from short-term (min) nonsaturable to long-

term (h) saturable was shown in other diatom species (Fig. 4.5A), and we propose this 

occurs for the same reasons as mentioned for T. pseudonana – that the capacity of 

intracellular pools becomes equilibrated with the needs for cell wall silica 

incorporation. The rate at which saturability was achieved varied depending on the 

species (Fig. 4.5B). At least three variables could come into play regarding how fast 

saturability is achieved, the rate of uptake (how fast the pools would be replenished), 

the rate of silica incorporation (how fast the pools would be depleted), and the 

capacity of the pools to bind free Si(OH)4. The first two parameters can be measured, 

but with current approaches, the third cannot. A crude way of determining the effect of 

pools on saturability would be to compare the ratio of cell wall silica to pools (Fig. 

4.6), with the assumption that a higher ratio would mean that pools would be depleted 

more rapidly and saturation would occur faster. Analyzing data for uptake and rate of 

saturation (Fig. 4.5) and cell wall silica:pools (Fig. 4.6) did not reveal any clear trends 

in this regard; however, two interesting observations could be made. First, in 

comparing the two N. pelliculosa species, which are from the same genus and have 

similar cell sizes and shapes, N. pelliculosa FW had a 4.3 fold higher cell wall:pools 

and a 2.9 fold faster rate of saturation, consistent with the pools/incorporation 
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equilibration hypothesis. Second, there is a general correlation between cell size (data 

not shown) and rate to achieve saturation (Fig. 4.5B), which suggests cell volume or 

geometry may have an effect (because there should be a distance component to the 

rate at which silicic acid is transported to the cell wall). Direct measurements of 

Si(OH)4 uptake in C. fusiformis have shown kinetic parameters do vary with cell size 

(Leynaert et al. 2004) and depending on geometry, some cells may have a higher 

surface to volume ratio. Interestingly, C. gracilis, which has 80% of its cell wall silica 

in the form of long and narrow spines (Rogerson et al. 1986), had one of the fastest 

saturation times (Fig. 4.5B), even though its cell wall:pools ratio was near the average 

of the species examined.   

 

A model for Si(OH)4 uptake kinetics in diatoms 

Based on the data obtained, we propose the following model to explain the 

kinetic properties of Si(OH)4 uptake in diatoms (Fig. 4.7). In cells growing under Si-

replete conditions, intracellular pool capacity is relatively high, and when incubated 

with high Si(OH)4, maximum surge uptake occurs (Fig. 4.7A). Uptake is nonsaturable 

because of the high pool capacity. When cells are starved for silicon prior to 

measuring uptake (Fig. 4.4), or during long-term measurements of uptake (Figs. 4.1 

and 4.5), intracellular pool capacity is reduced or minimized, surge uptake is reduced 

or eliminated, and overall uptake is coupled to cell wall silica incorporation and is 

saturable (Fig. 4.7B). However, short-term uptake in cells growing in Si-replete 

conditions is controlled by SITs at low extracellular Si(OH)4 concentrations because 
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uptake is not yet connected to incorporation kinetics and pool capacity is not 

minimized (Fig. 4.7C). 

An important question is why is excess surge uptake of Si(OH)4 allowed to 

occur at all, even at the environmentally relevant concentrations we tested? Although 

Si(OH)4 efflux is predicted to be energetically favorable, uptake is not because of the 

energy required to pump out sodium co-transported with Si(OH)4 (Bhattacharyya and 

Volcani 1980). In addition, excess uncomplexed silicic acid in the cell could be prone 

to autopolymerization, which would be detrimental to the cell. One possible 

explanation is that surge uptake provides a means for diatoms to take advantage of 

nutrient patchiness by being able to take up silicic acid rapidly and in excess of 

immediate needs, but this would be of little use if the amount taken up induces efflux.   

 

Comparison of results with previously published data 

Data obtained in this study suggest most previous measurements of Si(OH)4 

uptake kinetics (Table 4.1) were actually measurements of kinetics of silica 

incorporation into the cell wall. Kinetic parameters for uptake controlled by SITs or 

internally controlled by silica incorporation are similar in T. pseudonana (Figs. 4.1B 

and C), suggesting that if the same is true for other diatom species, previously 

determined kinetic parameters (Table 4.1), could be reasonable estimates for uptake 

controlled by SITs. In some studies, nonsaturation was observed (Table 4.1), but 

explanations not provided. Del Amo and Brzezinski (1999) reported long-term 

nonsaturable uptake in the diatom Phaeodactylum tricornutum, however, P. 

tricornutum is a lightly silicified diatom and one of the few known to be capable of 
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transporting both silicate and silicic acid. Long-term nonsaturable uptake reported for 

T. pseudonana clone 3H (Nelson et al. 1976) contradict current results, but uptake in 

that study was only measured for Si(OH)4 concentrations up to 15 µmol L-1 so it is 

difficult to say what kinetic features would have been present at higher concentrations. 

Our results showed long-term uptake in T. pseudonana saturated at 30 µmol L-1 

Si(OH)4 (Fig. 4.1A). 

 

Zinc does not appear to be involved in Si(OH)4 uptake 

Previous work (Reuter and Morel 1981) suggested zinc may be involved in 

silicic acid transport because transport rates varied with concentration of available 

zinc. These experiments utilized long term incubations to measure uptake, and based 

on our data, this raises the possibility that the kinetics of silica incorporation were 

being measured, and not uptake. We tested whether zinc was directly involved in 

uptake by monitoring uptake in the presence of two zinc chelators, TPEN (N,N,N',N'-

tetrakis (2-pyridylmethyl) ethylenediamine), which is membrane permeable, and 

CaEDTA which is membrane impermeable (Fig. 4.8). These were used at 

concentrations approximately10 fold higher than added zinc, which were shown in 

control experiments to completely inhibit cell growth (data not shown). A control 

using the same volume of DMSO as in the TPEN stock was included in the analysis. 

Results monitoring uptake at 30 min showed no significant difference between 

untreated cells and those treated with DMSO, TPEN, or CaEDTA (Fig. 4.8), 

suggesting Si(OH)4 uptake by SITs does not involve zinc. One concern in interpreting 

these results is whether uptake could have occurred through SITs bound to zinc prior 
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to treatment with the zinc chelators. However, the zinc dissociation constant for TPEN 

is several orders of magnitude lower than that for zinc binding enzymes, including 

ZntR, the protein with the highest zinc dissociation constant known to date (Hitomi et 

al. 2001). Thus, it is reasonable to assume that any zinc previously bound to SITs 

would have dissociated upon treatment with TPEN.  

 

Implications for SIT function 

Our results indicate SITs can exert control over short-term Si(OH)4 uptake at 

low extracellular Si(OH)4 (<30 µM) concentrations (Fig. 4.1B). These concentrations 

are environmentally relevant (Tréguer et al. 1995), and control by SITs at these levels 

would provide an energy savings to the cell because sodium co-transported during 

excess uptake would require energy supplied by ATP hydrolysis to be pumped out 

(Bhattacharyya and Volcani 1980). During long-term incubation (Fig. 4.1), the kinetic 

features seen at less than 30 µM are not visible; suggesting any control SITs had on 

uptake is masked by the rate of silica incorporation into the cell wall. In addition, 

because Ks and Vmax values for long-term uptake (incorporation rate) are in close 

agreement with those for short-term uptake at low Si(OH)4 concentration (uptake 

rate), this suggests that there is not a significant difference for the cell when uptake is 

controlled by either of these processes. 

 The data indicate that SITs have enormous flexibility in their rate of transport 

and, if left unregulated, transport Si(OH)4 into the cell very quickly under high 

substrate concentration. This, coupled with their tight coupling to incorporation rates 

has implications on the regulation of their expression. Having a transporter with highly 
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flexible transport capacity would require less control over the actual amount of 

transporter present, which is consistent with recent results monitoring SIT protein 

levels in T. pseudonana (Thamatrakoln and Hildebrand, submitted for publication). 

In summary, although SITs can exert control over short-term uptake at low 

Si(OH)4 concentrations, long-term uptake is controlled by the rate of cell wall silica 

incorporation, and SITs are not capable of control during surge uptake at high 

extracellular Si(OH)4 concentrations. Thus, under some conditions, SITs function 

more as selectivity gates rather than controlling agents in diatom silicon transport. 

 

Environmental relevance 

Concentrations of Si(OH)4 in most of the ocean’s photic zone average 10 µmol 

L-1 (Tréguer et al. 1995). Based on our data, Si(OH)4 uptake by field assemblages 

would be either 1) directly controlled by SITs, which would minimize the associated 

costs of excess surge uptake and efflux, or 2) controlled by the rate of cell wall silica 

incorporation because under low extracellular Si(OH)4 concentrations, intracellular 

pools should be minimized and in equilibrium with the needs for cell wall silica. In 

coastal environments or upwelling zones, conditions favoring surge uptake can occur; 

for example, cells exposed to high levels of Si(OH)4 would have a higher intracellular 

pool capacity allowing surge uptake to occur more frequently. The amount of cell wall 

silica in a given diatom species can vary up to four-fold (Lewin 1957; Paasche 1980; 

Taylor 1985; Brzezinski et al. 1990), and under conditions of chronically high Si(OH)4 

concentrations, cell wall silica content increases (Martin-Jézéquel et al. 2000). Such 

silica would become available to future generations of diatoms upon death and silica 
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dissolution. Freshwater diatoms on average have an order of magnitude more cell wall 

silica per unit area than marine diatoms (Conley and Kilham 1989), therefore, their 

rate of response from surge uptake to saturability may be quicker, as was the case with 

the only freshwater diatom in this study (Fig. 4.6B). 
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Figure 4.1. Si(OH)4 uptake kinetics of T. pseudonana. A. Effect of incubation time on 
uptake kinetics. Uptake rates were measured in cells incubated for 2 min, 10 min, 30 
min, 1 hr, 2 hr, or 3 h. Curves represent fitted Michaelis-Menten hyperbolas obtained 
by nonlinear regression. For 8-30 µmol L-1 Si(OH)4 concentrations, the average of 
duplicates is plotted. Error bars are standard error. B. Fitted curves for 2 min and 10 
min incubations for 1-30 µmol L-1 Si(OH)4 (2 min) and 1-15 µmol L-1 Si(OH)4 (10 
min). For 2 min uptake, two Michaelis-Menten hyperbolas were fit to low and high 
Si(OH)4 concentrations. For 10 min uptake, best-fit curve was based on an allosteric 
enzyme model. C. KS and Vmax calculated for each incubation period. Values are based 
on curves shown in B for 2 min and 10 min and for curves shown in A for other times. 
Errors bars are 95% confidence interval.
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Figure 4.2. Short-term (2 min) Si(OH)4 uptake kinetics of T. pseudonana over Si(OH)4 
concentrations ranging from 1 to 500 µmol L-1. Best-fit curve is based on allosteric 
enzyme model obtained by nonlinear regression.
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Figure 4.3. Effect of SIT-specific antibody on short-term Si(OH)4 uptake kinetics. T. 
pseudonana cells were preincubated in the presence (■) or absence (●) of the SIT-
specific antibody anti-TpEL4 (Thamatrakoln and Hildebrand, submitted for 
publication) for 60 min prior to measurement of uptake kinetics. Error bars for 8-30 
µmol L-1 are standard error of duplicate samples. Curves were significantly different 
between 10-100 µmol L-1 as determined by t-test (p = 0.05).  
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Figure 4.4. Si(OH)4 uptake kinetics of N. pelliculosa FW. All data were fit by non-
linear regression using Michaelis-Menten hyperbolas. A. Left graph is uptake kinetics 
for cells harvested from Si-replete medium after 2 min incubation. Right graph is 
uptake kinetics for the same cells measured after 30 min incubation. B. Cells were 
preincubated in Si-minus medium for 24 h prior to measuring short-term uptake 
kinetics (2 min incubations). Error bars for 8-30 µmol L-1 Si(OH)4 concentrations are 
standard error of duplicates. Values for Ks (in µmol L-1) and Vmax (in fmol cell-1 h-1) 
were calculated using GraphPad Prism 4.
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Figure 4.5. Maximum Si(OH)4 uptake rates and time to saturation for different diatom 
species. A. Maximum rate of Si(OH)4 uptake for different diatom species incubated 
for 2 min, 10 min, 30 min, 1 hr, 2 h, or 3 h. T. pseudonana, C. fusiformis, C. gracilis, 
P. tricornutum, and N. pelliculosa FW were incubated with 100 µmol L-1 Si(OH)4. T. 
weissflogii, N. pelliculosa M, and N. alba were incubated with 30 µmol L-1 Si(OH)4. 
Break in y-axis is shown. B. Rate of decrease in uptake for different species based on 
percent of maximal uptake at 2 min over time. Exponential decay curves were fit; 
symbols denote the different species.
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Figure 4.6. Ratio of cell wall silica to intracellular soluble silicon pools for 
exponentially growing diatom species used in this study. See Materials and Methods 
for experimental details.
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Figure 4.7. A model of silicon uptake kinetics. On the left a diatom cell is represented 
as a rectangular box and cell wall silica is represented as a gray oval. Black dots 
represent Si(OH)4. Horseshoe-shaped structures represent silicon-binding components. 
Arrows denote direction of transport with magnitude indicated by their thickness. On 
the right are stylized graphs of uptake kinetics during each mode of uptake. A. In 
nonsaturable surge uptake, cells are isolated from silicon replete conditions and 
silicon-binding components are abundant. Upon addition of high concentrations of 
silicon, uptake is in excess of silica incorporation and is nonsaturable because of 
excess binding components. B. Saturable uptake under high silicon concentrations can 
occur by two means. Cells prestarved in Si-minus medium will decrease levels of the 
binding components. Upon addition of Si(OH)4, short-term uptake saturates because 
binding components are minimized and equilibration between uptake and cell wall 
silica incorporation occurs quickly. Alternatively, saturation is achieved in Si-replete 
cells by monitoring uptake over longer incubation times. In this case, the longer 
incubation time enables equilibration between the level of binding component and cell 
wall silica incorporation leading to saturation. C. Short-term uptake controlled through 
SITs occurs at low Si(OH)4 concentrations. In T. pseudonana, uptake follows a 
biphasic curve because of the presence of two predominant SITs (denoted by the 
broken arrow) which are able to exert control over uptake at low silicon concentrations 
under conditions when uptake is not tightly coupled to cell wall silica incorporation. 
Each SIT is proposed to contribute to the separate portions of the curve.
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Figure 4.8. Effect of zinc chelators on Si(OH)4 uptake. Membrane permeable chelator 
TPEN and membrane impermeable chelator CaEDTA were added to cells at 50 µmol 
L-1 and uptake monitored after 30 min. Control cells had no addition, and another 
control had an equal volume of DMSO as used for the TPEN solution.
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 In 1891, Julius Scheiner suggested silicon may serve as a suitable alternative to 

carbon as the basis for life (Scheiner 1891). Silicon’s abundance and location directly 

below carbon in the periodic table of elements makes it one of the more obvious 

potential substitutes for carbon (Schulze-Makuch and Irwin 2004). Although it has 

been debated, silicon-based life is likely more science fiction than science fact, 

primarily due to silicon’s affinity for oxygen. The oxidized form of silicon, silicon 

dioxide (SiO2), is more commonly referred to as glass and were silicon to serve as a 

substitute for carbon, humans would find themselves needing a mechanism for 

respiring glass rather than CO2. Regardless, silicon is an important element to nearly 

every living organism on Earth. But despite its importance, relatively little is known 

about biologically-based interactions with silicon. As one of the largest group of 

silicifying organisms on the planet, diatoms are an excellent model system for 

understanding how biology interacts with silicon. In addition, diatoms play a major 

role in silicon biogeochemistry and because they are estimated to contribute 40% of 

marine primary production (Nelson et al. 1995), diatoms create the link between the 

silicon and carbon cycles. Thus, understanding how a key aspect of diatom silicon 

biology influences their growth and productivity has widespread implications.  

This dissertation has focused on the molecular and biochemical 

characterization of silicon transporters to understand their role in silicon transport. 

Specifically, this research has explored the following: 1) details of how SITs recognize 

and bind silicic acid through identification of evolutionarily conserved residues 

through comparative sequence analysis, 2) the role of individual SITs in silicon 

transport through molecular and biochemical characterization of the three SITs in T. 
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pseudonana, and 3) silicon uptake kinetics in diatoms and development of a model for 

the role of SITs in saturable and nonsaturable uptake kinetics. 

Phylogenetic analysis of SIT sequences isolated from diverse diatom species 

showed SITs grouped according to species (Chapter II). Structural analysis of full-

length SITs suggested SITs evolved through an internal gene duplication. In addition, 

SITs isolated from two pennate species were predicted to contain a C-terminal coiled-

coil motif, while SITs from two centric species were not. Comparative sequence 

analysis revealed a conserved sequence motif, GXQ, located in four regions of the 

protein. Based on this motif, a model was developed for the uptake of silicic acid that 

is consistent with known aspects of silicon transport (Chapter II). 

A peptide antibody was generated against SITs and used in Western blot 

analysis of whole cell protein lysates taken during synchronized cell division. SIT 

protein expression had two distinct peaks separated by a period of low SIT expression 

that was concurrent with the period of DNA synthesis. Quantitative PCR showed 

mRNA levels of each SIT peaked prior to valve synthesis, with TpSIT1 having an 

additional peak prior to girdle band synthesis. However, a disconnect between RNA 

and protein levels suggested regulation of SIT expression appears to be primarily at 

the translational or post-translational level (Chapter III). In addition, circumstantial 

evidence suggested TpSIT3 may act as a silicon sensor. 

Previous work measuring silicon uptake kinetics in diatoms have reported both 

nonsaturable and saturable Michaelis-Menten type kinetics. However, nonsaturable 

kinetics were often discarded as artifacts and mechanistic explanations were not 

provided. To determine the conditions producing nonsaturable uptake and the extent to 

 



 115
 

which SITs controlled uptake kinetics, silicon uptake was measured in different 

diatom species (Chapter IV). A time-dependent transition from nonsaturable to 

saturable kinetics was observed in all diatoms species investigated. Anti-TpEL4 

affected both nonsaturable and saturable uptake suggesting SITs are the predominant 

means of Si(OH)4 transport into the cell. A model for Si(OH)4 uptake in diatoms was 

developed based on the interaction between SITs, intracellular soluble silicon pools, 

and cell wall silica incorporation.  

 

Future Directions 

 Likely the most important next step in SIT research is determining the 3-D 

crystal structure of SITs using x-ray crystallography, or comparable, techniques. 

Although challenging to accomplish, 3-D structures for several membrane-associated 

transport proteins have been resolved (Toyoshima et al. 2000; Murakami et al. 2002; 

Abramson et al. 2003; Huang et al. 2003). Determining the 3-D structure of SITs 

would greatly clarify the transport mechanism and result in a detailed understanding of 

the coordination between silicic acid and interacting amino acids. 

 Identification of proteins that interact with SITs and determining whether SITs 

oligomerize to form a functional transporter will not only provide insight into how 

SITs function, but will also provide initial information on possible signaling cascades 

that may enable diatoms to respond to silicon or regulate transport. SITs in C. 

fusiformis are predicted to form a coiled-coil motif, a structure known to play a role in 

protein-protein interactions. To maintain supersaturated levels of silicic acid in a 

soluble state, silicic acid must be bound by an intracellular binding component. 
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Coordinating the uptake of silicic acid with maintenance in a soluble form may require 

the interaction of this binding component with SITs. Although SITs in T. pseudonana 

are not predicted to contain a coiled-coil motif, studies determining the 

oligomerization state of functional transporters may still prove useful. Two approaches 

to answer these questions are the split-ubiquitin system and immunoprecipitation 

techniques. The split-ubiquitin system is a recently developed genetic assay similar to 

the yeast two-hybrid, but designed specifically for detecting membrane protein 

interactions (Johnsson and Varshavsky 1994; Stagljar et al. 1998; Leeds and Beckwith 

2000; Stagljar 2003). In addition to identifying novel protein interactions, this 

approach can also be used to determine if SITs homo- or hetero- dimerize as has been 

reported for many other transporter proteins (Reinders et al. 2002; Ludewig et al. 

2003). Immunoprecipitation provides an alternative technique for identifying SIT-

interacting proteins and is now feasible with the availability of a SIT-specific antibody 

(Chapter III). 

 The initial development of a heterologous expression system in Saccharomyces 

cerevisiae (Chapter IV) is a first step towards determining the uptake kinetics of 

individual SITs. This is crucial information for understanding why diatoms contain 

multiple SITs and what the role of each is in silicon uptake. 

 Finally, localization studies on SITs will be needed to clarify their roles in 

cellular silicon transport. While SITs are clearly membrane-associated proteins, it is 

unclear if any of them are intracellular localized, for example, to the silica deposition 

vesicle. One method for determining this is to generate fluorescently tagged SITs. The 

recent development of a procedure to transform T. pseudonana (Poulsen et al. in 
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press), as well as a technique for synchronously growing cultures of T. pseudonana 

(Hildebrand et al. in press) will allow researchers to generate fusions between SITs 

and fluorescent proteins, such as green fluorescent protein (GFP) and introduce these 

fusions into the native diatom host. SIT-GFP fluorescence can then be monitored by 

fluorescent microscopy. 

 

Implications of SIT research 

 Studies on SITs have been part of a larger project aimed at developing 

biologically-based methods for the synthesis of silicon-based nanodevices. The 

complex 3-D shapes that diatoms are capable of reproducibly forming under ambient 

conditions are coveted by materials scientists and nanotechnologists who have 

struggled to design 2-D microstructures. Understanding diatom structure formation 

requires basic knowledge on all aspects of diatom silicon metabolism, including 

uptake and transport into the cell. Because of the specificity of transport, 

understanding its molecular details could be of benefit for nanotechnology. A possible 

application in which research on SITs could benefit nanotechnology is through the 

potential use of SITs as silicic acid delivery tools across membranes. Incorporation of 

SITs into lipid bilayer membranes could enable the specific transport of silicic acid 

into micellar structures or across planar membranes. By understanding the detailed 

mechanism of transport, one could adjust conditions to specifically deliver desired 

amounts of silicic acid across a bilayer membrane.  

 As mentioned, SITs are the only proteins shown to directly and specifically 

interact with silicic acid without inducing silica polymerization (Hildebrand et al. 
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1997); thus they are a model system for understanding how proteins in general 

recognize and bind silicon. This information could be useful in biomimetic approaches 

to materials synthesis, both in terms of the coordination and binding of silicon, but 

also in possible mechanisms of enzyme catalysis involving silicon. A hallmark of 

biology is the specific interaction between proteins and their substrates. In the case of 

enzymes, such interactions stabilize transition states and lower activation energies, 

resulting in catalysis under ambient biological conditions. The specificity of these 

interactions is a result of the three dimensional arrangement of amino acids in a 

protein relative to the interacting substrate. The identification of the GXQ motifs 

proposed to coordinate silicic acid to SITs is the first step towards understanding this 

biological interaction with silicon and such information could be invaluable in 

devising schemes to lower reaction energies in in vitro syntheses. 
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