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An analysis of the expression and activity of silicon transporters (SITs) was done on synchronously growing
cultures of the diatom Thalassiosira pseudonana to provide insight into the role these proteins play in cellular
silicon metabolism during the cell cycle. The first SIT-specific polyclonal peptide antibody was generated and
used in the immunoblot 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 incor-
poration into cell wall substructures. Quantitative real-time PCR on each of the three distinct SIT genes
(TpSIT1, TpSIT2, and TpSIT3) showed that mRNA levels for the most highly expressed SIT genes peaked
during the S phase of the cell cycle, a period prior to maximal silicon uptake and during which cell wall
silicification does not occur. Variations in protein and mRNA levels did not correlate, suggesting that a
significant regulatory step of SITs is at the translational or posttranslational level. Surge uptake rates also did
not correlate with SIT protein levels, suggesting that SIT activity is 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 it provides novel insight into SIT

regulation.

Silicon is an important element in biology, from bacteria to
humans (7). The hydrated form of silicon, called silicic acid, is
considered an important nutrient for plant growth (23, 54), 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 (5) in
addition to being essential for proper bone and collagen for-
mation (12, 57). Despite the 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 is diatoms, uni-
cellular, 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 (49, 63), and
because they are estimated to contribute 20% of global pri-
mary production (49), they play an important role in the global
carbon cycle. Because most diatom species have an obligate
silicon requirement for growth (19) 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. Thecae 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
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in the region overlapping the two thecae. Vegetative cell divi-
sion in certain diatom species begins with the mother cell
expanding by synthesizing girdle bands (52). Cytokinesis fol-
lows, and on adjacent areas of the two daughter cell proto-
plasts (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 (18, 53, 56). 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 pre-
dominantly as silicic acid (20). Although the average oceanic
concentration of silicic acid is 70 wM, in surface waters, where
diatoms are most common, levels can be less than 10 pM (63).
In contrast, intracellular concentrations of silicic acid can be
several hundred millimolar depending on the species (45);
therefore, diatoms must posses an efficient uptake system to
overcome this 1,000-fold difference. Data suggest that silicon
uptake in diatoms follows Michaelis-Menten saturation kinet-
ics with K values between 0.2 and 7.7 uM and the maximum
rate of uptake ranging from 1.2 to 950 fmol Si cell ' h™* (6, 39,
40, 45, 59, 60, 64). The coupling of the diatom cell cycle and
silicon metabolism (9, 13, 17, 55) has an effect on transport.
Rates of silicon uptake vary during synchronized growth of
cultures, suggesting that silicon uptake is cell cycle dependent
(59), which has led to the understanding that uptake parame-
ters measured for exponentially growing cultures are underes-
timates because cells are at different stages of the cell cycle and
not necessarily utilizing maximum uptake rates (9).

Chemostat studies monitoring silicon uptake have revealed
three modes of uptake: surge uptake, externally controlled
uptake, and internally controlled uptake (15, 16). Surge uptake
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occurs upon the initial addition of silicon to silicon-starved
cells, with uptake rates maximal 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 (15, 16). On longer time scales (hours),
uptake is largely internally controlled (15, 16, 30). On shorter
time scales (minutes), silicon transport is a dynamic process,
involving both uptake and efflux (46, 60).

Diatom silicon transporters (SITs), first identified in the
marine pennate diatom Cylindrotheca fusiformis (32, 34), are
membrane-associated proteins that directly interact with and
transport silicic acid (34). SITs are a novel family of transport-
ers with no known homologs, although a silicon transporter in
rice homologous to aquaporins, but with no homology to
diatom SITs, was recently described (42). Five SIT genes
(CfSIT1-5) in Cylindrotheca fusiformis were identified, each
with a distinct level or pattern of mRNA expression during cell
wall synthesis. Cylindrotheca fusiformis SITs are predicted to
contain 10 transmembrane segments, an intracellular N termi-
nus, and an intracellular C-terminal coiled-coil motif, a struc-
ture known to play a role in protein-protein interactions.
Genome sequencing of the centric diatom Thalassiosira pseu-
donana led to the identification of three distinct SIT genes
(TpSIT1I-3). Similar to CfSITs, TpSITs are predicted to contain
10 transmembrane segments, with intracellular N and C ter-
mini. However, they are not predicted to contain a coiled-coil
motif (61). Phylogenetic analyses of TpSIT genes suggest that
TpSITI and TpSIT2 are related through a relatively recent
lineage-specific gene duplication and that TpSI73 is evolving at a
rate significantly different from that of TpSITI or TpSIT2 (61).

T. pseudonana is an excellent model system for investiga-
tions into SIT regulation and function because the exact num-
ber of SIT genes is known (3, 61) and a synchronized growth
procedure has recently been developed (25, 33). Synchronized
growth enables the evaluation of cell cycle effects, providing a
unique opportunity to perform a comprehensive investigation
into the molecular details of SIT function. This is the first study
to investigate molecular and biochemical aspects of SITs and
relate that information to silicon uptake rates. Using this ap-
proach on synchronously growing cultures of T. pseudonana
revealed distinct levels of SIT regulation.

MATERIALS AND METHODS

Culture conditions. T. pseudonana Hasle et Heimdale clone 3H CCMP1335,
Thalassiosira weissflogii (Grunow) Fryxell et Hasle CCMP1336, Skeletonema
costatum (Greville) Cleve CCAP1281, Cyclotella meneghianana CCMP338,
Bacillaria paxillifer (O. F. Miiller) 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 (Brébisson) Hilse
SAG1050-3 (a freshwater strain referred to in the text as Navicula pelliculosa
FW), Navicula pelliculosa (Brébisson et Kuetzing) Hilse CCMP543 (a marine
strain referred to in the text as Navicula pelliculosa M), and Phaeodactylum
tricornutum Bohlin CCMP1327 were grown in batch culture under continuous
illumination with cool white fluorescent lights at 150 wmol m 2 s~ ! at 18 to 20°C.
N. pelliculosa FW was grown in fresh water-tryptone medium (53). 7. pseudonana
was grown in sterile artificial seawater medium (ASW) (19) supplemented with
biotin and vitamin B, each at 1 ng liter ', with or without Bacto tryptone added
to 1 g liter~'. All other diatom species were grown in sterile ASW with 0.1%
Bacto tryptone [ASW(T)] or /2 medium made with local seawater filtered
through a 0.2-pwm-pore-size filter and autoclaved (27, 28).
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Synchronized cell growth. Synchronized growth of 7. pseudonana cultures was
carried out as previously described (25, 33). Briefly, exponential-phase cultures
of T. pseudonana were harvested by centrifugation and washed with silicon-free
ASW(T). Cells were resuspended in silicon-free ASW(T) at 0.8X 10° to 1.0 X
10° cells ml~! and allowed to incubate in the light with aeration for 24 h in a
polycarbonate bottle. After 24 h, a sample was harvested (representing 0 h), and
sodium silicate was added to the remaining culture at a final concentration of 200
M to initiate synchronized progression through the cell cycle. Samples (750 ml)
were harvested by centrifugation at 3,000 X g for 12 min in a Composite KA-
14.250 rotor every hour, washed in 3.5% (wt/vol) NaCl, and stored at —80°C. The
formation of specific cell wall structures was monitored by visualization with
rhodamine 123 (Sigma, St. Louis, MO) staining as described previously (25) or
with  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 real-time PCR. Total
RNA was isolated using TriReagent (Sigma, St. Louis, MO) as described previ-
ously (31). 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
by using SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA). Quan-
titative real-time reverse transcription PCR (qQRT-PCR) was performed using a
LightCycler system and LightCycler DNA master SYBR green I (Roche Applied
Science, Indianapolis, IN). Because of the high level of sequence conservation
among TpSIT genes, primer sets were designed to amplify different-size frag-
ments and PCR was used to verify that each primer set amplified only the SIT of
choice. Primers used were as follows: for TpSIT1, TpSITI 5' (5'-AGATGGAA
GGGTATTTGACAGAG) and TpSITI 3'-2 (5'-TATCTTCACATGCATCCTT
GGG); for TpSIT2, TpSIT2 5' (5'-GTCCGTTCAACAAGGCAGAA) and
TpSIT2 3'-2 (5'-CATCTTCACGTGCATTCTCGGA); and for TpSIT3, TpSIT3
5'-2 (5'-CATCCGGAGTAGTTACTCGTG) and TpSIT3 3' (5'-GACGTCCAA
GATGCGAAGAG). Standards for qRT-PCR were as previously described (25),
using dilutions of T. pseudonana genomic DNA. This resulted in genome equiv-
alent nanogram values for mRNA levels rather than an absolute amount of RNA
per cell to avoid possible artifacts generated by using rRNA, whose levels change
during the cell cycle (47), as a standard. Equivalent amounts of DNase-treated
RNA were used as material for cDNA synthesis (11). Dilutions of cDNA were
done to ensure that amplification was in the linear range. PCR amplification of
RNA samples not treated with reverse transcriptase did not produce an ampli-
fication product, indicating that there was no genomic DNA contamination.
qRT-PCR measurements of mRNA levels were done on two independent cul-
tures (biological replicates). For the first culture (denoted Syncl), independent
qRT-PCRs with the same set of cDNA samples were performed in triplicate for
TpSITI and TpSIT2 while a single qRT-PCR was performed for TpSI73. In the
second culture (denoted Sync2), duplicate qRT-PCRs were performed for each
SIT. To compare the patterns of mRNA changes for each SIT gene, replicates
from each culture were normalized to the mean value for all time points for a
given SIT. The mean of the normalized values was plotted along with the
standard error. For Syncl, one of the triplicate results for 1 h was removed
because it was approximately 2 standard deviations away from the mean.

Anti-TpEL4 production. The sequence of a 15-residue region corresponding to
amino acids 318 to 332 of TpSIT1 (sequence PANERGTSFFGRKTC) was
provided to Sigma Genosys (The Woodlands, TX) and used to generate a
peptide conjugated to keyhole limpet hemocyanin. This peptide was used as an
antigen to generate polyclonal antibodies in rabbits (Sigma Genosys, The Wood-
lands, TX). The antibody was designated anti-TpEL4 because the peptide cor-
responds to a region of extracellular loop 4 (61).

SDS-polyacrylamide gel electrophoresis. During the course of synchronized
growth, 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 sodium
dodecyl sulfate (SDS)-sample buffer (Invitrogen, Carlsbad, CA) and heated to
95°C for 5 min. Thirty microliters of each sample was separated by electrophore-
sis on 4 to 20% gradient gels (Bio-Rad, Hercules, CA). For experiments in which
equal protein concentrations were loaded, 50 ul of 2% SDS was added to each
sample and the protein concentration was measured using a DC protein assay kit
(Bio-Rad, Hercules, CA) according to the manufacturer’s instructions. Ten mi-
crograms of total protein was added to 2X SDS-sample buffer, heated at 95°C for
5 min, and electrophoresed as described above. Protein lysates from species
other than T. pseudonana were obtained using the same method described for
equal-protein-concentration experiments but samples were electrophoresed on
10% polyacrylamide gels (Bio-Rad, Hercules, CA).
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FIG. 1. Predicted amino acid alignment of 7. pseudonana SITs. Residue numbers are shown on the left. Black shading indicates identical
residues, and gray shading represents conserved substitutions. Black lines and numbers above the alignment denote transmembrane segments as
predicted by HMMTOP (65) with a multiple-sequence alignment of 10 SIT sequences (61). Arrows indicate the locations corresponding to introns

in each SIT gene.

Peptide competition. The TpEL4 peptide used as the antigen for antibody
production was generated and provided by Sigma Genosys (The Woodlands,
TX). TpEL4 was reconstituted in 0.2 M boric acid, pH §, to a concentration of
1 mg/ml. Various concentrations of peptide were preincubated with 2.5 pl of
anti-TpEL4 antiserum at 4°C overnight with mixing. This mixture was then used
as the primary antibody for immunoblot analysis as described below.

Immunoblot analysis. Electrophoretically separated proteins were transferred
onto polyvinylidene difluoride membrane in blotting buffer containing 25 mM
Tris and 192 mM glycine, pH 8.3. Transfer efficiency was monitored by using
SeeBlue prestained protein standards (Invitrogen, Carlsbad, CA). Membranes
were blocked in 1X TBST, pH 7.5 (25 mM Tris-HCI, 137 mM NaCl, 27 mM KCl,
0.2% [vol/vol] Tween 20), and 3% nonfat dried milk at 4°C overnight with
shaking. The membranes were washed three times for 10 min each in 1X TBST
and then incubated in blocking buffer containing preimmune or anti-TpEL4
antisera at a 1:5,000 dilution in initial experiments but at a 1:10,000 dilution in
subsequent experiments for 1 h at room temperature. After three 10-min washes
in 1X TBST, the membranes were incubated in blocking buffer containing
horseradish peroxidase-conjugated goat anti-rabbit antibody at a 1:10,000 dilu-
tion 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 the manu-
facturer’s protocol.

Three immunoblot analyses were performed on two independent cultures
during synchronized cell growth. For two of the immunoblots, equal cell numbers
were loaded onto the gel, while for the third analysis, equal total protein con-
centrations were loaded. Similar results were obtained using either method.
Densitometry was done for each immunoblot whereby each blot was scanned
using an Alphalmager imaging system (Alpha Innotech Corp., San Leandro, CA)

and the relative densitometric units (densitometric units minus background)
were determined using AlphaEaseFC (Alpha Innotech Corp., San Leandro,
CA). Data were normalized to the mean intensity for all points within a given
experiment, and the change relative to the mean was plotted. The normalized
average for all experiments was plotted along with the standard error.

Cloning of T. pseud. SIT genes and heterologous expression in Saccha-
romyces cerevisiae. TpSIT1, TpSIT2, and TpSIT3 were amplified by PCR using
cDNA as a template and the following primers: EcoRI-TpSITI, 5'-CCGGAAT
TCAAAAATGTCTACCGCTGAAATCCAA, and TpSITI-Xba, 5'-CTAGTCT
AGAGGCATCCTCGGCAAGAGCATC; Bam-TpSIT2, 5'-CGCGGATCCAA
AAATGTCTTCTGCCGAGGTT, and TpSIT2-Xba, 5'-CTAGTCTAGAAGCC
TGCGCGTCAACAGCCTC; and Bam-TpSIT3, 5'-CGCGGATCCAAAAATG
CGCGCTCAAAACGATGAA, and TpSIT3-Xba, 5'-CTAGTCTAGACTTCG
CCAATCCACTTTCAAC. Products were gel purified and ligated into the yeast
expression vector pYES2/CT (Invitrogen, Carlsbad, CA) by using the EcoRI/
Xbal site for TpSITI and the BamH1/Xbal site for TpSIT2 and TpSIT3. Clones
were sequenced by SeqXCel (San Diego, CA) and verified to be in frame.

Saccharomyces cerevisiae INVScl (Invitrogen, Carlsbad, CA) was transformed
with each construct using the lithium acetate method (26). Saccharomyces cer-
evisiae was grown in yeast extract-peptone-dextrose medium at 30°C to a density
of 2 X 107 cells ml~! and then harvested by centrifugation at 3,000 X g for 5 min.
Cells were washed in sterile water and resuspended at a density of 10” cells ml ™.
An aliquot of 100 pl of competent cells was transferred into a 1.5-ml microcen-
trifuge tube to which 1 pg of each pYES2-TpSIT construct was added, along with
100 pg of herring sperm DNA, 36 pl of 1 M lithium acetate, and 240 pl of
polyethylene glycol 3500 at 50% (wt/vol). After 30 min at 42°C, the cells were
centrifuged for 30 s at maximum speed, resuspended in 1 ml of water, and plated
at various dilutions onto uracil-deficient synthetic medium plates. Plates were
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FIG. 2. Characterization of anti-TpEL4. Molecular mass markers (kDa) are shown on the left or right side of each immunoblot derived from
SDS-PAGE separations. (A) Immunoblot of 7. pseudonana whole-cell protein lysates using preimmune serum and anti-TpEL4 indicated that the
antibody specifically recognized a protein with a size consistent with the predicted size of SITs. (B) Immunoblot of protein lysates probed with
anti-TpEL4 preincubated with 0, 1, or 50 pg of TpEL4 peptide demonstrated the specificity of the antibody for the epitope against which it was
raised. (C) Immunoblot of Saccharomyces cerevisiae transformed to express TpSIT1, TpSIT2, or TpSIT3 demonstrated that the antibody
recognized each of the three 7. pseudonana SITs. (D) Immunoblot of 10 pg of total protein lysate from various centric and pennate diatom species
and the coccolithophore Emiliania huxleyi. (E) Amino acid alignment of SITs from different diatoms in the region used to generate anti-TpELA.
The sequence of TpSIT1 is shown on the first line. SIT sequences are identified by the initials for genus and species as follows: Tp, Thalassiosira
pseudonana; Tw, Thalassiosira weissflogii; Sc, Skeletonema costatum; Cf, Cylindrotheca fusiformis; NpFW, Navicula pelliculosa FW; NpM, Navicula
pelliculosa M; and Pt, Phaeodactylum tricornutum. Dashes indicate residues identical to those of TpSIT1. Asterisks indicate proteins from species

that cross-reacted with anti-TpELA4.

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 resus-
pending cells to an optical density at 600 nm of 50 in breaking buffer (50 mM
sodium phosphate [pH 7.4], 1 mM EDTA, 5% glycerol, and 1 mM phenylmethyl-
sulfonyl fluoride), adding an equal volume of acid-washed glass beads (0.4 to 0.6
mm in size; Sigma-Aldrich, St. Louis, MO), and vortexing four times at 30-s
intervals at 4°C. After centrifugation at maximum speed for 10 min, the super-
natant was removed and stored at —20°C until ready for use. Proteins were
separated by electrophoresis on 10% polyacrylamide gels, and immunoblot anal-
ysis was performed as described above.

Measurements of silicon in the growth medium. Silicon disappearance from
the medium was monitored during synchronized cell division to measure silicon
uptake and determine the onset of valve synthesis (G,/M). The timing of cellular
processes during synchronized growth was determined previously with repeated
cultures by observation of rhodamine 123 incorporation coupled with flow cyto-
metric analysis to determine cell cycle stages (33). It was found that valve
synthesis correlated to a decrease of silicon in the medium (i.e., increased silicon
uptake into the cell); thus, replicates can be compared by measuring silicon in the
growth media and determining the timing of valve synthesis. Samples were taken

at regular intervals by the centrifugation of 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 (58) either as described previ-
ously (33) or modified for a 96-well-plate format as follows. Twenty-five micro-
liters of supernatant was added to 100-pl Milli-Q water; 50-wl of molybdate
reagent was added, mixed, and allowed to incubate for 10 min at room temper-
ature; and then 75 pl of reducing agent was added and mixed. Samples were
incubated for 3 h at room temperature with occasional mixing prior to the
measurement of the absorbance at 810 nm on a SpectraMax M2 microplate
reader (Molecular Devices, Sunnyvale, CA). The standard was sodium hexafluo-
rosilicate (Sigma, St. Louis, MO) used in a range from 0 to 50 uM.
Measurements of surge uptake kinetics. Silicic acid surge uptake during the
course of synchronized growth was measured using ®*Ge(OH), as a radiotracer
for silicic acid (4). We have determined (K. Thamatrakoln and M. Hildebrand,
unpublished data) that short-term uptake (2 min) in silicon-replete cultures of 7.
pseudonana is not saturable, even at extremely high silicon concentrations (>500
rM). The lack of saturability prevents the determination of a Michaelis-Menten
Viax Value; therefore, uptake was monitored at 100 uM silicate and the maxi-
mum rate of surge uptake at this concentration (V) was determined. Cells
were harvested at 3,000 X g for 5 min in an HB-4 rotor, washed, and resuspended
in silicon-free ASW to a concentration of 2.5 X 10° cells ml~'. One ml of cells
was added to 100 ul of 0.1 wCi ®*Ge(OH), and 100 uM silicate (59, 60) and
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either immediately vacuum filtered (for 0 min; background measurement)
through a Millipore Isopore RTTP 1.2-pm-pore-size membrane or incubated for
2 min (surge uptake measurement) and then filtered. Filters were washed with 5
ml of 3.5% NaCl, placed in a gamma vial, and counted using an LKB Wallac 1282
Compugamma CS universal gamma counter (Perkin-Elmer, Wellesley, MA).
Triplicate samples for each condition were analyzed. Subtraction of the value for
0 min from that for 2 min gave net uptake of label, and the result was converted
into fmol cell ' h™!, taking into account counting efficiency, dilution effects, and
radioactive decay.

RESULTS

Comparison of SIT sequences. Predicted amino acid se-
quences of TpSIT1, TpSIT2, and TpSIT3 (61) were aligned
and analyzed using CLUSTALW (14, 62) (Fig. 1). Analysis
showed 44% amino acid identity and 75% similarity (identical
residues plus conserved substitutions) in a comparison of 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 and 74%
similar, while TpSIT2 and TpSIT3 were 46% identical and
76% similar. Each TpSIT contained a single intron ranging in
size from 97 to 124 bp, located at positions corresponding to
amino acid residue 108 in TpSIT1 and TpSIT2 and residue 158
in TpSIT3 (Fig. 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. 2A), whereas anti-TpEL4 reacted with
a single band at approximately 60 kDa (Fig. 2A), similar to the
predicted molecular masses of 7. pseudonana SITs. A peptide
competition assay demonstrated the specificity of the antibody
for this band (Fig. 2B). To determine whether anti-TpEL4
recognized all three T. pseudonana SITs, Saccharomyces cer-
evisiae was transformed to express individual SITs. Immuno-
blot analysis of whole-cell lysates showed that anti-TpEL4 rec-
ognized each T. pseudomonas SIT (Fig. 2C). To determine
whether anti-TpEL4 recognized SITs from other diatom spe-
cies or phytoplankton, whole-cell protein lysates were analyzed
by immunoblot (Fig. 2D). Anti-TpEL4 recognized a protein of
approximately 60 kDa in the centric diatoms 7. pseudonana,
Skeletonema costatum, Chaetoceros gracilis, Cyclotella meneghi-
anana, and Ditylum brightwellii and the pennate diatoms Cylin-
drotheca fusiformis, Navicula pelliculosa M, and Phaeodactylum
tricornutum but did not recognize proteins in lysates from the
centric diatom Thalassiosira weissflogii or the pennate diatoms
Navicula pelliculosa FW and Bacillaria paxillifer. In addition,
there was no reactivity with protein lysate from the coccolith-
ophore Emiliania huxleyi. For those species for which SIT
sequences were available (61), the region corresponding to the
peptide used as the antigen was compared to TpSIT1 (Fig. 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 Thalassiosira weissflogii (Fig. 2E) had only
one amino acid substitution compared to TpSIT1, but there
was no cross-reactivity with anti-TpELA4.

Analysis of SIT protein expression in synchronized cultures
of T. pseudonana. SIT protein was monitored through synchro-
nized progression through the cell cycle by using anti-TpEL4
and immunoblot analysis (Fig. 3, top panel). In the same cul-
ture, net silicic acid uptake was determined by the measure-
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FIG. 3. Analysis of SIT protein levels during synchronized cell
growth. Time (h) during synchronized cell growth is shown. The top
panel is a representative example of immunoblots of whole-cell protein
lysates probed with anti-TpEL4. The middle panel shows net silicic
acid uptake during synchronized growth based on results for triplicate
samples, with errors bars for standard deviations. The bottom panel
shows the mean induction (fold) based on relative densitometric units
for three immunoblot analyses performed on two independent repli-
cate cultures (see Materials and Methods). Error bars represent stan-
dard errors. Approximate timing of cellular events during synchro-
nized growth is denoted at the bottom.

ment of silicon disappearance from the medium (Fig. 3, middle
panel). Results from three immunoblot analyses performed on
two independent cultures were compared by normalizing rel-
ative densitometric units (see Materials and Methods) and
determining changes in protein levels (Fig. 3, bottom panel).
This analysis showed that SIT protein was expressed through-
out synchronized cell cycle progression but at various levels.
SIT protein levels increased approximately 1.5 h after silicon
replenishment and then decreased to a minimum at 3.5 h (Fig.
3). At 4.5 h, protein levels again increased and remained high
until the end of the experiment. Based on measurements of
silicon in the medium, valve synthesis began at 4.5 h (Fig. 3,
bottom panel).

Analysis of SIT mRNA levels during synchronized growth.
qRT-PCR was used to monitor mRNA levels for each TpSIT



276 THAMATRAKOLN AND HILDEBRAND

190
185 i
180§
175 2
170 5
(]
165 €
g
160 .=
n
155
1000 2600
200 1500
1400
600
1300
400 1500
200 1100
0 0
B 600
é 500
§ 400
= 300
B 200
e
: 100
2 0
;
6
5
4
3
2
|
0
01 23456789

time (h)

| |
girdleband ' S~ valve formation
synthesis . + gb synthesis

FIG. 4. mRNA levels for TpSIT1, TpSIT2, and TpSIT3 determined
by qRT-PCR on two independent synchronized cultures (designated
Syncl and Sync2). mRNA levels are plotted as normalized nanogram
equivalents of standards of genomic DNA (see Materials and Meth-
ods). In each graph, data from Syncl are represented by a solid line
and closed circles and data from Sync2 are represented by a dotted line
and open circles. In the top graph, the means of triplicate measure-
ments of the silicon concentration in the medium are shown with error
bars indicating standard errors. Arrows (solid line for Syncl and dotted
line for Sync2) denote a decrease in silicon in the medium, indicating
the onset of valve formation, which began 1 h later in Sync2 than in
Syncl. The bottom three graphs display qRT-PCR data for each TpSIT
gene. Time 0 corresponds to cells harvested prior to the addition of
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FIG. 5. Maximum rates of surge uptake at 100 pM silicate (V)
during synchronized cell growth. Average values (in fmol cell ' h™ ')
from a sample assayed in triplicate are shown for each time point, with
error bars showing standard deviations. Numbers above bars are V,
values.

gene (Fig. 4) in two independent replicate cultures (designated
Syncl and Sync2). The timing of the initiation of valve syn-
thesis differed slightly in the two replicates as determined by
decreased silicate levels in the media (indicating increased
cellular uptake). In Syncl, valve synthesis began between 3 and
4 h, and in Sync2, it began between 4 and 5 h (Fig. 4, top
panel); from previous results (33), S phase of the cell cycle is
known to occur immediately prior to these times (Fig. 4, bot-
tom panel). For TpSIT! andTpSIT2, mRNA levels in both
replicates peaked during S phase of the cell cycle (Fig. 4). For
Syncl, a distinct peak was visible at 3 h for both TpSITI and
TpSIT2, and for Sync2, a broader peak was visible between 3
and 4 h. In both replicates, mRNA levels for TpSI7! and
TpSIT2 dropped gradually following the peak in S phase. A
significant difference in the two replicates was mRNA levels at
0 h, which were relatively low in Syncl and highly induced in
Sync2. For TpSIT3 (Fig. 4, bottom panel), mRNA responses
differed in the two replicates but generally varied slightly over
time with the exception of the large decrease in levels at 1 h in
Sync2. Comparing the means of values for all time points for
each TpSIT in both replicates indicated that TpSI7/ mRNA
levels were approximately twofold higher than those for
TpSIT2, and TpSIT3 mRNA levels were substantially lower,
approximately 40- to 80-fold lower than those for TpSIT1 and
TpSIT2.

Surge uptake rate through the cell cycle. Surge uptake rates
during synchronized cell cycle progression were measured us-

silicate. For Syncl, the means of results for three technical replicates
are shown for TpSIT1 and TpSIT2, with the exception of the value for
1 h for TpSITI, which is the mean of results for two technical replicates
(see Materials and Methods). Errors bars represent standard errors.
Data from a single qRT-PCR for TpSI73 in Syncl are shown. For
Sync2, the means of results for two technical replicates for each TpSIT
gene are shown along with standard errors. Data for TpSI77 Sync2 are
plotted on the secondary y axis. Note the difference in scales of the y
axis for TpSIT3 compared with TpSIT] or TpSIT2. The approximate
timing of cellular events during synchronized growth is shown in the
timeline at the bottom, with solid and dotted lines representing Syncl
and Sync2, respectively.
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ing radiolabeled germanic acid as a tracer for silicic acid (Fig.
5). The rate was low at 0 h but increased and was relatively
constant between 2 and 4 h, at approximately 30 fmol cell ™
h™!. At 5 h, during the period of valve synthesis, the uptake
rate increased and eventually peaked at 8 h at 147 fmol cell ™!
h™'. At 9 h, the rate decreased to 113 fmol cell ' h™1.

DISCUSSION

SITs were first identified in the late 1990s (32, 34), but until
now, tools for an in-depth characterization of protein, mnRNA,
and uptake activities during the cell cycle were not available. In
this study, biochemical, molecular, and physiological tools
were used to characterize the patterns of SIT protein and
mRNA expression and relate that information to silicon up-
take activity. Because of the tight coupling between silicon
uptake and the cell cycle, it is only with the ability to synchro-
nize the growth of T. pseudonana cultures that these analyses
were possible. Interpretation of the data requires discussion
about events occurring during synchronized growth of T.
pseudonana, details of which are published elsewhere (33) but
are summarized here. T. pseudonana cells starved for silicon
for 24 h arrest predominantly in the G, stage of the cell cycle.
Upon silicate replenishment, cells progress through G, for
approximately 3 h while girdle band synthesis occurs. As the
cells enter S phase (3 to 4.5 h), girdle band production ceases
(33). After S phase, valve synthesis is observed between 4 and
6 h, with the exact timing varying between synchronized cul-
tures. Data from different synchronized cultures can be com-
pared because the timing of valve synthesis can be monitored
either by direct visualization by fluorescence microscopy with
rhodamine 123- or PDMPO-stained cells or by measurement
of a characteristic fivefold increase in net silicic acid uptake
over that occurring during girdle band synthesis (33). Upon the
completion of valve synthesis, cells separate and additional
girdle bands are synthesized. Similar to that of other diatom
species (10), synchronized growth of 7. pseudonana cultures
does not result in all of the cells entrained at the same stage of
the cell cycle; typically, 80% are arrested under silicate starva-
tion in G,, with the remaining 20% in G,/M or S phase (33).

In general, the pattern and levels of SIT protein expression
correlated with active periods of silica incorporation into cell
wall substructures (Fig. 3). Upon silicate replenishment, SIT
protein levels increased coincident with girdle band synthesis
until 3 h (Fig. 3). During S phase (3 to 4.5 h), when cells are not
making silica structures (33), SIT levels were minimal (Fig. 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 and subsequent
girdle band synthesis, when silicon demands increase, SIT pro-
tein levels increased again (Fig. 3).

SIT protein levels and silicon uptake were not strictly cor-
related. SIT protein levels were not substantially different be-
tween 0.5 to 2.5 h and 5 to 8 h, yet net silicic acid uptake, as
measured by the disappearance of silicic acid from the medium
(Fig. 3, middle panel), and surge uptake, as measured by short-
term uptake of radiolabeled ®*Ge(OH), (Fig. 5), increased
fivefold in the later time period. These observations are con-
sistent with the idea that the abundance of SIT protein is not
a primary determinant of net uptake, suggesting that the cell
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may rely more on the regulation of the activity of SITs than the
level of SIT protein. This possibility is consistent with an in-
ternally controlled uptake mechanism (15) in which the regu-
lation of uptake is largely dictated by the rate of cell wall silica
incorporation. Surge uptake data (Fig. 5) indicated that the
cells were capable of taking up 7.5-fold more silicon than they
did on longer time scales, also consistent with an internally
controlled SIT regulatory mechanism. An alternative explana-
tion for the lack of correlation between SIT protein levels and
uptake rates could be because immunoblot analysis measures
total SIT protein, it is possible that some SITs measured may
not be localized to the plasma membrane. If, as has been
demonstrated for glucose transporters (8, 22), SITs cycle be-
tween 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.

There was no direct correlation between mRNA and protein
levels. mRNA levels for TpSITI and TpSIT2 in both replicates
peaked during S phase of the cell cycle (Fig. 4), at a time when
no silicification occurs (33) and when SIT protein levels were
at a minimum (Fig. 3). This indicates that although SIT tran-
script levels increased, the transcripts were not translated into
protein. The accumulation of nontranslated mRNA occurs in
other organisms (2) and may enable a cell to respond more
rapidly, or target mRNAs more specifically (37), in response to
changes in cell cycle events or environmental conditions. In
contrast, when SIT protein levels peaked during valve synthe-
sis, mRNA levels decreased, suggesting either increased trans-
lational efficiency or an inhibition of protein degradation.
These data are consistent with a translational or posttransla-
tional regulatory mechanism over SIT expression.

Interestingly, mRNA levels at 0 h were consistently higher
for each TpSIT in Sync2 than for those in Syncl, suggesting
that the cells had different responses to silicon starvation. It is
common for cells to induce nutrient transporter mRNA levels
when starved for a particular nutrient (29, 31). Because dia-
toms can accumulate intracellular pools of silicon (45), per-
haps these pools in the cells in Sync2 were more depleted than
those in Syncl, giving rise to higher mRNA levels. More rig-
orous experiments are needed to test this hypothesis.

mRNA levels for each TpSIT were also measured in a single
experiment in which the cells were grown in enough silicate to
allow one complete cell division to occur before the cells be-
came silicon starved (data not shown). These conditions may
be more representative of natural environmental conditions
where cells may experience periods of gradual silicon starva-
tion. The major conclusion from this experiment was that SIT
mRNA levels were not strictly controlled by extracellular sili-
con concentrations, as had been observed in synchronized cul-
tures (Fig. 4). In addition, TpSIT3 mRNA levels were, on
average, 30-fold lower than those of TpSITI or TpSIT2.

The low levels of TpSI7T3 mRNA compared to those of
TpSITI and TpSIT2 mRNA seen in both synchronized cultures
(Fig. 4) and a culture gradually starved for silicon (data not
shown) lead us to speculate that TpSI73 may serve as a silicon
sensor in 7. pseudonana. In addition to being able to transport
silicon, diatoms could also have a mechanism for sensing sili-
con; 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
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been shown to function as substrate sensors that regulate the
expression of other members in the family through a signal
transduction cascade (35, 51). Some known substrate sensors
have distinct characteristics that differentiate them from the
functional transporters (24, 66). One of these features is the
lack of sequence conservation between sensors and other
members of the transporter family. In the yeast ammonium
transporter family, Mepl and Mep3 share 80% amino acid
identity but are only 39 to 41% identical to the ammonium
sensor Mep2 (21, 41, 43, 44). Similarly, the glucose sensors
Snf3p and Rgt2p are only 26 to 30% identical to other mem-
bers of the family (38), while the other members share 64 to
87% identity (36, 38). Structural differences in substrate sen-
sors have also been identified. Snf3p and Rgt2p have an ex-
tended C terminus compared to those of the other glucose
transporters (51), and the amino acid permease sensor Ssylp
has an N terminus that is 140 amino acids longer and an extra
25- to 35-amino-acid region in a hydrophilic loop (35). Genes
encoding Snf3p and Rgt2p are also weakly expressed com-
pared to other family members, with expression levels being
approximately 100 to 300-fold lower (48, 51).

TpSIT1 and TpSIT2 shared 88% amino acid identity, but
TpSIT3 was only 46% identical (Fig. 1). In addition, the pre-
dicted amino acid sequence based on genome data for TpSIT3
suggests a 34-amino-acid extension at the N terminus com-
pared to TpSIT1 and TpSIT2 (Fig. 1). A BLAST search (1)
using this sequence did not reveal significant similarity to
known proteins, nor were any conserved functional domains
identified. SignalP (50) did not predict the presence of a signal
peptide cleavage site, suggesting that TpSIT3 may not neces-
sarily be differentially targeted. qRT-PCR data showed that
the level of TpSI73 mRNA was 40- to 80-fold lower than that
of TpSIT1 and TpSIT2 during synchronized growth (Fig. 4).
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 levels of expression of
TpSITI and TpSIT2 suggest that these proteins are active
transporters, but amino acid differences between them could
result in different 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 and TpSIT2 have different
affinities or capacities for silicic acid will require additional
investigation.

In conclusion, data obtained in this study indicate that a
major regulatory step for SIT expression is at the translational
or posttranslational level and that SIT activity is controlled
largely by intracellular processes and not by protein levels.
Circumstantial data suggest that TpSIT3 may be a silicon sen-
sor, and future work focusing on determining the transport
capacities and silicon affinities 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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