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Abstract

The availability of nitrogen varies greatly in the ocean and limits primary productivity over large
areas. Diatoms, a group of phytoplankton that are responsible for about 20% of global carbon fixation,
respond rapidly to influxes of nitrate and are highly successful in upwelling regions. Although recent
diatom genome projects have highlighted clues as to the success of this group, very little is known
about their adaptive response to changing environmental conditions. Here we compare the proteome
of the marine diatom Thalassiosira pseudonana (CCMP 1335) at the onset of nitrogen starvation with
that of nitrogen replete cells using 2-dimensional gel electrophoresis. In total 3310 protein spots were
distinguishable and we identified 42 proteins increasing and 23 decreasing in abundance (fold change
>1.5, P <0.005). Proteins involved in the metabolism of nitrogen, amino acids, proteins and
carbohydrates, photosynthesis and chlorophyll biosynthesis were represented. Comparison of our
proteomics data to the transcriptome response of this species under similar growth conditions showed
good correlation and provided insight into different levels of response. The T. pseudonana response to
nitrogen starvation was also compared to that of the higher plant Arabidopsisthaliana, the green alga
Chlamydomonasreinhardtii and the cyanobacterium Proclorococcus marinus. We have found that
the response of diatom carbon metabolism to nitrogen starvation is different to that of other

photosynthetic eukaryotes and bears closer resemblance to the response of cyanobacteria.
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I ntroduction

Nitrogen is an essential nutrient for all organisms and is required for the biosynthesis of
macromolecules, such as proteins, nucleic acids and chlorophyll. The availability of nitrogen in the
ocean varies dramatically on spatial and temporal scales due to physical and biological processes. As
for terrestrial plants, nitrogen is a major limiting nutrient for primary production in the ocean, with

consequences for marine food webs (Falkowski 1997).

Diatoms, characterised by their silica frustules, are a key group of the eukaryotic phytoplankton and
are found throughout the world’s oceans from polar to tropical latitudes. This group is particularly
successful in upwelling environments, where they are able to rapidly respond to nitrate influx and out-
compete other marine phytoplankton while this nutrient and silicate are abundant (Estrada and Blasco
1979). As much as 20% of global net primary productivity can be accounted for by diatoms, which is
more than all terrestrial rainforests combined (Nelson et al. 1995; Field et al. 1998), and the sheer
magnitude of their productivity in upwelling regions provides the basis of short, energy-efficient food
webs that support large scale coastal fisheries (Mann 1993). Diatoms are also important contributors

to biological carbon pump that draws carbon down into the deep ocean through the settling of cells.

Diatoms belong to the heterkont algae, which arose from a secondary endosymbiotic event when a
photosynthetic eukaryote, thought to be a red alga, was engulfed by a heterotrophic eukaryotic host
(Falkowski et al. 2004). The pathway of nitrate assimilation in diatoms is comparable to that of other
eukaryotic photoautotrophs (Armbrust et al. 2004; Bowler et al. 2008) and there is evidence that some

elements are of endosymbiont origin (Bowler et al. 2010).

Nitrate is taken up into the diatom cell, where it is first reduced to nitrite by a cytosolic NADH-
dependent nitrate reductase (NR) (Gao et al. 1993; Berges and Harrison 1995; Allen et al. 2005).
Nitrite is then transported into the chloroplast and further reduced to ammonium by a cyanobacterial-
like ferredoxin-dependent nitrite reductase (Fd-NiR) (Milligan and Harrison 2000; Bowler et al.
2010). The joint action of glutamine synthetase (GS) and glutamate synthase (GOGAT) is thought to
be the main route of ammonium assimilation into amino acids and other nitrogenous compounds
(Dortch et al. 1979; Clayton and Ahmed 1986; Zehr and Falkowski 1988). Diatoms possess a plastid
localised glutamine synthetase 11 (GSII) that is of red algal origin (Robertson et al. 1999; Robertson
and Tartar 2006; Siaut et al. 2007) and thought to be responsible for the assimilation of ammonium
produced by nitrate reduction. Transcript levels of ginll (encoding GSII) are higher in diatom cells

assimilating nitrate than in those assimilating ammonium directly (Takabayashi et al. 2005). Diatoms
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appear to have an NADH-dependent glutamate synthase (NAD(P)H-GOGAT) and also a ferredoxin-
dependent (Fd-GOGAT) form for this enzyme, that is thought to be plastid localised (Clayton and
Ahmed 1986; Zadykowicz and Robertson 2005), however our knowledge on this enzyme is limited.
The activity of the GS/GOGAT cycle requires input of carbon skeletons in the form of 2-oxoglutarate,
while oxaloacetate is also important in the production of amino acids. These are both intermediates of
the tricarboxylic acid (TCA) cycle and provide an important link between nitrogen assimilation and

carbon metabolism.

A number of genes of bacterial origin have been identified in diatom genomes (Armbrust et al. 2004;
Bowler et al. 2008) and these are thought to have been acquired by horizontal transfer (Allen et al.
2006). They include a cytosolic NAD(P)H-dependent nitrite reductase (NAD(P)H-NiR) which is
homologous to nirB of bacteria and fungi, along with a mitochondrial glutamine synthetase 111 (GSIII)
(Robertson and Alberte 1996; Armbrust et al. 2004; Allen et al. 2006; Siaut et al. 2007). Neither of
these enzymes has been found in green algae or plants. Genome projects have also revealed that
diatoms possess a full urea cycle (Armbrust et al. 2004; Bowler et al. 2008), which had not been
found previously in eukaryotes outside the Metazoa. This pathway is thought to be involved in
mobilising nitrogen and carbon produced by cell processes back into central metabolism (Allen et al.
2006). The presence of other bacterial-like genes in the diatom genome, such as an ornithine
cyclodeaminase, which catalyses the conversion ornithine to proline in arginine degradation, might

expand the function of the urea cycle (Bowler et al. 2010).

Diatoms have an evolutionary history, which is distinct from plants and green algae and this has
brought together a unique combination of genes, providing the potential for novel biochemical
processes in this group. Although genome and proteome studies offer clues as to the success of
diatoms (Armbrust et al. 2004; Bowler et al. 2008; Nunn et al. 2009), further investigation is now
required to understand the adaptive responses of diatoms to dynamic environmental conditions such

as nutrient availability.

Here we compare the proteome of the diatom Thalassiosira pseudonana (CCMP 1335) at the onset of
nitrogen starvation to that of nitrogen replete cells with the aim of gaining insight into the global
regulation of metabolic pathways in response to nitrogen starvation. We assess our dataset alongside
the results of a whole genome tiling-array analysis of T. pseudonana (CCMP 1335) in which the
response to a comparable nitrogen starved condition was measured in a study of biosilification (Mock
et al. 2008). This enables us to obtain a more detailed picture of the processes affected by nitrogen

starvation in diatoms, and also gain insight into the levels of their regulation. In addition, through



150

155

160

165

170

175

180

comparison of our findings to higher plants, green algae and cyanobacteria, we demonstrate that the
distinct evolutionary history of the diatoms has resulted in a fundamentally different metabolic

response to nitrogen starvation compared to other eukaryotic photoautotrophs studied to date.

Results and Discussion

Physiological Effects of Nitrogen Deprivation

The onset of nitrogen starvation in T. pseudonana cultures grown with an initial nitrate concentration
of 30 uM was identified by comparing daily cell counts and Fv/Fm values to nitrogen replete cultures
grown with an initial nitrate concentration of 550 pM. Cultures grown with 30 uM nitrate were yield-
limited by nitrogen availability at a maximum density of ca. 1 x 10° cell mI™ on day 4 of the
experiment, whereas cultures with 550 M nitrate continued to grow to ca. 3 x 10° cell mI™. From day
3 to 5 the growth rate of low nitrate cultures was 0.21 d™* compared to a growth rate of 0.51 d™* in the
nitrogen replete control cultures. The efficiency of photosystem Il (Fv/Fm) of the low nitrate cultures
decreased as growth became yield-limited. Fv/Fm was 0.57 in low nitrate cultures on day 4 compared
to 0.63 in the nitrogen replete cultures and continued to decline, relative to that of nitrogen replete

cultures, throughout the experiment (fig. S1).

Intracellular levels of nitrogenous molecules, such as free nitrate, amino acids and protein give a good
indication of the nitrogen status of the cell. As the growth of the low nitrate cultures became yield-
limited (day 4), levels of free nitrate and free amino acids were 3-fold lower than in the nitrogen
replete control cultures (fig.1) and protein content was 2.2-fold lower. For the purpose of this study
this point is considered to be the onset of nitrogen starvation. Furthermore, assuming a total nitrogen
content of 1 pg per T. pseudonana cell (Berges et al 2002 and S. Chollet, University of East Anglia,
personal communication), we calculate that, based on cell numbers, the medium of the low nitrate
cultures would have been completely depleted of nitrate and that to support the cell density achieved
the total cell nitrogen must be reduced, as suggested by the decline in the cellular content of

nitrogenous compounds reported.

Proteome Comparison

Proteins are the biochemically active components that define the flux through metabolic pathways.
Therefore, monitoring changes in their abundance provides good insight into how the cell is adapting
to a specific condition. Here the proteomes of T. pseudonana cultures at the onset of nitrogen

starvation were compared to those of nitrogen replete cultures using 2-dimensional gel electrophoresis
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(fig. 2). Following filtering to remove speckling and background 3310 distinct protein spots were
detected and taken for further analysis, of which 146 spots had a greater than 1.5-fold increase or
decrease in relative abundance between the two treatments (P<0.005, based on t-test). These were
picked from the gel and their MALDI-TOF MS analysis after trypsin digestion resulted in the
identification of 94 spots belonging to 65 unique proteins, of which 42 were increased and 23
decreased at the onset of nitrogen starvation (table S1). Several of these proteins were present as
multiple spots (fig. 2), most probably due to post-translational modifications, such as phosphorylation
affecting the isoelectric point (pl) of the proteins. It should also be noted that not all regulated proteins
can be identified using this kind of analysis. For example 2-dimensional gels are not optimised for
membrane bound proteins and very low abundance proteins might also not be detected. Also, if the
protein mass or pl were outside the range of the gel the protein would not be seen. While a broader pH
range was tested (data not shown), we found that pH 4-7 gave the best spot separation and the
maximum number of spots detected (fig. 2). The lack of identification of a specific protein thus does

not prove its stable abundance under the growth conditions tested.

Functional Characterisation of Proteins

We were interested in the biological significance of changes in relative protein abundance associated
with the onset of nitrogen starvation and proteins were therefore grouped according to the KEGG
(Kyoto Encyclopedia of Genes and Genomes) categorisation (fig. 3). Proteins involved in nitrogen
and protein metabolism decreased in abundance along with those of photosynthesis and chlorophyll
biosynthesis. Carbohydrate and amino acid metabolism were highly represented in both the increasing
and decreasing groups of proteins, making these processes potentially important in the adaptation of

the cells to nitrogen starvation.

In an independent study on diatom silicon processing Mock et al (2008) compared the transcriptomes
of the same T. pseudonana isolate grown under comparable, nitrogen starved and control, growth
conditions by whole-genome tiling array. By assigning the same KEGG categorisation as described
above to differentially regulated transcripts under nitrogen starvation (fold change>2, P<0.05) we
demonstrate that the functional categories represented by differentially regulated transcripts (Mock et

al 2008) are similar to those of the proteins described in the present study (fig. 3).

Nitrogen Assimilation
Proteins involved in the reduction of nitrate and nitrite to ammonium, such as NR (ProtID 25299),
NADPH-NIR (ProtID 26941) and Fd-NiR (ProtID 262125) decreased by 2.5- to 9.5-fold in abundance

in T. pseudonana at the onset of nitrogen starvation (fig. 4; table 1). Mock et al (2008), however,
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detected no change in the transcript levels of genes encoding these proteins under comparable growth
conditions, indicating post-transcriptional regulation of protein accumulation. Indeed, NR is known to
be under multiple levels of regulation in diatoms as in other photosynthetic eukaryotes (Vergara et al.
1998; Parker and Armbrust 2005). Using GFP fused promoter and terminator elements, it has been
demonstrated that the transcript levels of nia (encoding NR) are maintained under nitrogen limited
conditions in the diatom Cylindrotheca fusiformis, but that nitrate is required for its translation
(Poulsen and Kroger 2005). The decreased abundances of Fd- and NAD(P)H-NIR and the lack of
change in transcript levels of the corresponding genes implies that they might be under similar

regulation.

Despite a decrease in the abundance of proteins for nitrate and nitrite reduction, members of the
GS/GOGAT cycle increased in abundance. We measured a 1.6- and 2.2-fold increase in GSIII (ProtID
270138) and NAD(P)H-GOGAT (ProtID 269160) abundance respectively. GSIII is not thought to
contribute to the assimilation of ammonium derived from nitrate reduction since gInN (encoding
GSIII) does not follow the diurnal expression pattern of genes involved in nitrate assimilation (NR,
Fd-NiR and GSII) in the diatom Skeletonema costatum (Brown et al. 2009). Interestingly, GSIII is
also induced in the cyanobacterium Synechococcus during the early stages of nitrogen deprivation
(Sauer et al. 2000). In addition, Mock et al (2008) measured increased transcript levels of two
NAD(P)H-GOGAT genes (ProtlDs 29861 and 269160) along with a ferredoxin-dependent form of
this enzyme (ProtID 269900). Increased capacity for ammonium assimilation thus appears to be
important in the response of T. pseudonana to nitrogen starvation. There has been limited research
into diatom GOGAT isoforms, but it seems possible that NAD(P)H-GOGAT and GSIII might act
together in the assimilation of ammonium produced by cellular processes, such as protein catabolism

under this growth condition.

Diatoms possess a complete urea cycle, which may allow more efficient use of alternative nitrogen
sources taken up and produced by cellular processes. The increased abundance of a urease (ProtID
30193) was seen in the present study, which could enable the cell to use urea as a nitrogen source in a
reaction that yields ammonium. However, this protein spot coincided with another protein in the gel
making it impossible to calculate an accurate fold-change. Mock et al (2008) found decreased
transcript levels of a carbamoyl phosphate synthase (ProtID 40323), which directs ammonium into the
urea cycle (Mock et al. 2008). This is in agreement with an increase in transcript level of carbamoyl
phosphate synthase with the resupply of nitrogen to nitrogen starved Phaeodactylum tricornatum
(Allen et al. 2011). Despite the decrease in transcript levels of this key enzyme of the urea cycle, an

N-acetylornithine aminotransferase (ProtID 270136) and an N-acetyl-gamma-glutamyl-phosphate
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reductase (21290), also members of this pathway, increased in protein abundance. These enzymes are
considered to be involved in ornithine, and therefore arginine, biosynthesis and their increase might
represent an up-regulation of this process. An upregulation in the production of ornithine may be a
strategy to conserve reduced nitrogen since, unlike ammonium, this compound does not leak from the
cell. Alternatively, under certain conditions these enzymes might function in the opposite direction
and the enzyme acetylornithine aminotransferase has been shown to catalyse the transamination of
ornithine in Pseudomonas aeruginosa and Pseudomonas putida in the catabolism of arginine
(Voellmy and Leisinger 1975). The up-regulation of these enzymes might be therefore correlated with

the degradation of amino acids discussed above.

A urea transporter (ProtlD 24250) and an amino acid transporter (ProtID 262236) also increased in
transcript level, suggesting that T. pseudonana increases its capacity to take up these alternative forms
of nitrogen when nitrate availability is limited. Any source of intra- or extracellular nitrogen must first
be converted to ammonium before assimilation to amino acids and other nitrogenous compounds.
This may explain why although nitrate assimilation decreases at the onset of nitrogen starvation,

ammonium assimilation remains important.

Protein and Amino Acid Metabolism

There is evidence for the remobilisation and redistribution of intracellular nitrogen in T. pseudonana
at the onset of nitrogen starvation. The cellular protein content of T. pseudonana decreased and
correspondingly, the abundance of two ribosomal proteins (ProtIDs 21235 and 15259) and a
translation factor (ProtID 269148) decreased by 1.8- to 3.1-fold in abundance, suggesting that protein
biosynthesis was decreased. Mock et al (2008) found that the transcript levels of a number of
aminoacyl-tRNA synthetases, which bind specific amino acids to be added to the polypeptide chain
by the ribosome, decreased under nitrogen starvation in this species. Protein degradation may also be
increased given that a serine carboxypeptidase (ProtID 15093) increased 2-fold in protein abundance,
and transcript levels for this gene and a further three proteases (ProtIDs 16390, 17687 and 38360) also
increased (Mock et al. 2008). On the other hand, four other proteases (ProtIDs 29314, 866, 1738 and
31930) decreased in transcript level (Mock et al. 2008); this may be a response to the reduced protein
content of the cell or alternatively differential expression of proteases with different substrate

specificities may play a regulatory role in the response of T. pseudonana to nitrogen starvation.
While the total free amino acid content of T. pseudonana decreased at the onset of nitrogen starvation

the abundance of individual amino acids showed different responses to this growth condition (fig. 5).

The steady-state levels of many amino acids decreased; notably the most abundant members such as

10
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glutamate, histidine, aspartate and serine decreased by 2.9- to 22.8-fold, contributing substantially to
the decrease of total amino acids seen. On the other hand, leucine, cysteine, isoleucine and valine
increased by 2.1- to 5.4-fold.

Correspondingly, the proteomics and transcriptomics analyses provide evidence for increased amino
acid catabolism; the most highly increased protein in the current study was a branched chain
aminotransferase (ProtID 260934) which changed 6.4-fold. This enzyme catalyses the first step in the
degradation of the amino acids valine, leucine and isoleucine. Transcript levels of this gene and one
other branched chain aminotransferase (ProtID 20816) also increased (Mock et al. 2008). Valine,
leucine and isoleucine degradation proceeds via a number of oxidation steps, ultimately yielding the
TCA cycle intermediates acetyl- or succinyl CoA. The transcript levels of an alpha-keto acid
dehydrogenase complex (ProtlDs 795, 32067 and 36291), and a short-chain acyl-CoA dehydrogenase
(ProtID 269127) that catalyse steps of this pathway, also increased (Mock et al. 2008). The increased
intracellular valine, leucine and isoleucine levels in T. pseudonana at the onset of nitrogen starvation
could be responsible for triggering the up-regulation of genes encoding enzymes catalysing their

degradation.

A class V aminotransferase (ProtID 22208), which may be involved in amino acid degradation,
increased 1.9-fold in protein abundance. However, the transcript level of this gene decreased, as did a
number of others involved in amino acid catabolism, including genes involved in glycine, serine and
threonine metabolism and degradation (Mock et al. 2008). The cellular content of these amino acids
decreased 3- to 4-fold at the onset of nitrogen starvation and may have reached such a level that
transcription of genes involved in their degradation had ceased. The degradation of proteins and
amino acids produces ammonium, which might be reassimilated by GS/GOGAT enzymes, as
discussed above. Various carbon skeletons, many of which are also TCA cycle intermediates are also

produced by this process (fig. 6).

It is noteworthy that intracellular levels of the amino acid proline decreased 2.5-fold in T. pseudonana
at the onset of nitrogen starvation, since this is a major osmolyte in some marine diatoms (Dickson
and Kirst 1987). Interestingly, we measured a 2.6-fold increase in intracellular
dimethylsulphoniopropionate (DMSP), from 1.6 mM in nitrogen replete T. pseudonana cultures to 4.3
mM in cultures at the onset of nitrogen starvation. In addition to being the precursor of the
environmentally important volatile sulphur compound, dimethylsulphide, DMSP is a compatible
solute that does not contain nitrogen and Andreae (1986) suggested that it might replace nitrogen-

containing osmolytes under nitrogen deprivation. Keller et al (1999) also found that DMSP increased

11
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in T. pseudonana under nitrogen limited conditions, whilst the nitrogenous osmolytes including
glycine betaine and amino acids were depleted. The proteins involved in the DMSP biosynthesis
pathway have yet to be identified, although it is thought that the first step involves the transamination
of methionine, to yield the 2-oxo acid 4-methylthio-2-oxobutyrate (MTOB) (Gage et al 1997). As
discussed above, we identified a branched chain aminotransferase (ProtID 260934) as the most highly
increased protein at the onset of nitrogen starvation and this may therefore be a candidate for the

enzyme catalysing this step.

Photosynthesis

The down-regulation of photosynthesis is a universal response to nitrogen starvation among
photosynthetic eukaryotes and accordingly we measured a reduction in the efficiency of photosystem
Il (Fv/Fm) in T. pseudonana under this growth condition. Carbon and nitrogen metabolism are closely
linked, since the assimilation of nitrate to amino acids and nitrogenous compounds is an energy
consuming process that requires reducing equivalents and carbon skeletons. Reduced nitrate
assimilation causes excess of these components to accumulate, and the resultant metabolic imbalance
leads to increased oxidative stress (Logan et al. 1999). Furthermore, photosynthetic carbon fixation
requires nitrogen in proteins that facilitate electron transport and catalyse photosynthetic reactions.
Lower protein content due to nitrogen starvation could therefore limit the flow of electrons though the
photosynthetic apparatus, causing increased production of reactive oxygen species (ROS) and thus

oxidative stress.

Chlorophyll is a nitrogenous macromolecule and reducing its synthesis reduces the nitrogen demand
of the cells and also diminishes the light capturing capacity and ROS production. Therefore it is not
surprising that five proteins involved in the synthesis of chlorophyll and its precursors decreased by
1.5- to 2.5-fold in abundance under nitrogen starvation; including a geranylgeranyl reductase (ProtID
10234), which has been shown to catalyse a critical step in chlorophyll synthesis in vascular plants
(Tanaka et al. 1999). Transcript levels of six genes involved in chlorophyll biosynthesis (ProtIDs
32201, 26573, 32431, 5077, 262279 and 31012) were also found to decrease (Mock et al. 2008) and
reduced chlorophyll content (Mock and Kroon 2002) and chlorophyll degradation (D. Franklin,

personal communication) have previously been measured in T. pseudonana under nitrogen starvation.

In agreement with increased oxidative stress, a superoxide dismutase (ProtID 40713) and a
mitochondrial alternative oxidase (ProtID 38428) both increased approximately 2.2-fold. The increase
of intracellular levels of DMSP in T. pseudonana under nitrogen starvation might also be linked to

oxidative stress. In addition to its role as a compatible solute DMSP is thought to be part of a cellular

12
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antioxidant system (Sunda et al. 2002) and its synthesis and excretion might dissipate excess energy,

carbon and reducing equivalents under nutrient limited conditions (Stefels 2000).

Carbon Metabolism

Reduced demand for carbon skeletons in nitrogen assimilation along with the production of carbon
skeletons from catabolic processes, as described above, are expected to impact on central carbon
metabolism. Indeed, in the proteome comparison we see evidence for increased glycolytic activity in
T. pseudonana at the onset of nitrogen starvation that would direct carbon from intracellular
carbohydrate stores to central carbon metabolism. The abundance of a phosphoglycerate mutase
(ProtID 27850), enolase (ProtID 40391) and fructose-1,6-bisphosphate aldolase (ProtIiD 270288)
increased by 1.5- to 2.9-fold (Fig. 6). Although these enzymes can also catalyse the reverse reactions
of gluconeogenesis, transcript levels of a phosphofructokinase (ProtID 31232) and two pyruvate
kinase genes (ProtlDs 22345 and 40393) also increased, while one pyruvate kinase (ProtID 4875)
decreased (Mock et al. 2008). These enzymes are specific to glycolysis, indicating that this is the
direction of carbon flow.

Pyruvate, the product of glycolysis, can be converted to acetyl CoA through the activity of the multi-
enzyme complex pyruvate dehydrogenase. In our study the protein abundance of three subunits of this
complex (ProtIDs 268374, 8778 and 268280) increased by around 2.0-fold. This enzyme is also
unidirectional, further supporting an increase in glycolytic activity. Acetyl CoA is used in fatty acid
biosynthesis and as a carbon input to the TCA cycle, which is a source of energy and reducing
equivalents, but also provides carbon skeletons for nitrogen assimilation and the biosynthesis of
compounds, including fatty acids. In this proteomics study many of the proteins of the TCA cycle
increased by 1.6- to 2.5-fold in abundance (fig. 6), suggesting that the carbon from glycolysis might
be channelled through acetyl CoA and then into this pathway.

Regulation

Regulating the balance between carbon and nitrogen metabolism is crucial, particularly under
changing nitrogen availability, and there are a range of regulatory elements known to be involved in
coordinating this response. The transcript levels of a number of other regulatory elements were altered
in T. pseudonana at the onset of nitrogen starvation (Mock et al 2008). These include a NarL family
histidine kinase (ProtID 24704), which increased in abundance, and also an alkaline phosphatase
(ProtID 20880) and a phosphate transport system substrate binding protein (ProtID 262506), which
both decreased in transcript level. These are all required for a two-component signal transduction

pathway and might therefore act together in regulating the cell response to nitrogen starvation.

13
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Inter-Species Comparison

This novel combined analysis of the proteome and transcriptome of T. pseudonana at the onset of
nitrogen starvation has revealed that nitrate assimilation is reduced, which would reduce demand for
energy, reducing equivalents and carbon skeletons, and in response photosynthetic carbon fixation is
decreased. In higher plants and green algae photosynthetic carbon fixation is also reduced in response
to nitrogen deprivation and excess carbon is generally stored in molecular pools that contain little or
no nitrogen. In higher plants this is usually in the form of starch (Diaz et al. 2005; Wingler et al. 2006)
and Peng et al (2007) described increased transcript levels of two genes involved in starch
biosynthesis in Arabidopsisthaliana under nitrogen starvation. In the fresh water green alga
Chlamydomonasreinhardtii, on the other hand, excess carbon is reportedly directed to fatty acid
biosynthesis (Wang et al. 2009; Moellering and Benning 2010), and Miller et al (2010) found
increased expression of genes involved in lipid biosynthesis in C. reinhardtii when nitrogen was not
available. Diatoms are known to store carbon as chrysolaminaran (a B-1,3 glucan) or as lipids
(Armbrust et al. 2004; Kroth et al. 2008), however proteins directly related to the synthesis or
degradation of these compounds were not identified in the present study. The increase in glycolytic
proteins and their transcripts in T. pseudonana seems opposed to the patterns described in higher
plants and green algae; while they are increasing carbon stores, T. pseudonana appears to be

remobilising them.

In addition, in both A. thaliana (Peng et al. 2007) and C. reinhardtii (Miller et al. 2010) transcript
levels of genes associated with the TCA cycle either decreased in abundance or remained unchanged
in response to nitrogen deprivation (fig. 7; table S2). This is very different to T. pseudonana, where
the abundance of proteins and transcripts (Mock et al. 2008) associated with the TCA cycle increased
at the onset of nitrogen starvation (fig. 6 and fig. 7). Comparison of proteins of the TCA that changed
in abundance with changes in their transcript level under other growth conditions tested by Mock et
al. (2008) (-Si, -Fe, -N, -CO, and decreased temperature) suggests that this response is specific to

nitrogen starvation.

If photosynthetic carbon fixation is decreased in T. pseudonana due to reduced demand for carbon
skeletons, reducing equivalents and energy, why are glycolysis and the TCA cycle, which are a source
of these components, up-regulated? Interestingly a similar expression pattern, with increased levels of
TCA cycle transcripts, is seen in the marine cyanobacterium Prochlorococcus marinus subsp. pastoris
(strain CCMP1986, previously MEDA4) under nitrogen limited conditions (fig. 7) (Tolonen et al.

2006). These authors propose that under nitrogen limited conditions the breakdown of intracellular
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stores is a more efficient source of carbon for the reassimilation of nitrogen than photosynthesis. As
discussed above, photosynthesis is a nitrogen demanding process, which can also increase oxidative
stress. This hypothesis fits with the proposed protein and amino acid catabolism and increased
GS/GOGAT enzymes for ammonium assimilation seen in the current study. In common with
cyanobacteria, diatoms possess a complete urea cycle (Armbrust et al. 2004), which has the potential
to increase the efficiency of nitrogen reassimilation from catabolic processes (Allen et al. 2006)
thereby leading to a higher demand for carbon skeletons than in organisms that lack a urea cycle.
Changes in both protein abundance (table 1) and transcript levels of enzymes associated with the urea
cycle were seen in T. pseudonana at the onset of nitrogen starvation. Allen et al. (2011) have
demonstrated that in nitrogen starved P. tricornatumthe urea cycle metabolites proline and urea are
closely coupled to intermediates of the TCA cycle in their response to the addition of this nutrient.
The authors propose that these pathways are linked through the aspartate-argininosuccinate shunt, as
in animal cells, in which argininosuccinate is produced from aspartate dervived from oxaloactetate
and citrulline. Argininosuccinate in turn is used in the production of arginine, with fumarate as a by-
product that feeds back into the TCA cycle. Accordingly the effect of RNA interference-mediated
knockdown of the key urea cycle enzyme carbamoyl phosphate synthase on fumarate and malate in
this diatom was similar to that of urea cycle metabolites, while upstream TCA cycle intermediates
were not as severely affected (Allen et al. 2011). In T. pseudonana at the onset of nitrogen starvation
enzymes for fumarate and malate synthesis increased in abundance and this link between the urea and
TCA cycles may therefore also have a role in the T. pseudonana response to nitrogen starvation.
However, the transcript level and protein abundance of TCA cycle enzymes upstream of the aspartate-
argininosuccinate shunt also increased in abundance suggesting that the TCA cycle may have

additional or alternative functions in this response.

There are reports of increased lipid and fatty acid production in diatoms and many other microalgae
under nitrogen starved conditions (Collyer and Fogg 1955; Mock and Kroon 2002; Palmucci et al.
2011). Although we found no changes in the abundance of proteins associated with this pathway and
there were few changes in transcript levels (Mock et al. 2008), these studies provide an alternative
hypothesis to explain responses to nitrogen starvation seen here. Indeed the protein and transcript data
discussed here were collected in the early stages of nitrogen starvation and it is possible that fatty acid
biosynthesis increases at a later stage in the response. The changes in protein abundance observed do

suggest increased synthesis of acetyl CoA, which is a precursor for fatty acid biosynthesis.

But why break down carbohydrates while building fatty acid stores? Palmucci et al (2011) have

shown that the diatoms P. tricornutum and Thalassiosira weissflogii reduce carbohydrate stores whilst
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increasing levels of fatty acids under nitrogen starvation. They propose that fatty acids are more
energy and reductant demanding than carbohydrates and that moving between these carbon stores
increases the intracellular sink for these components. No change in either carbon store was found in T.
pseudonana, but also no change in protein content (Palmucci et al. 2011). This suggests that nitrogen
levels were not low enough to instigate a response to nitrogen starvation, and given a more severe

starvation treatment, as used here, changes in carbon storage might occur.

If acetyl CoA is directed into fatty acid biosynthesis, how can the increase TCA enzymes be
explained? It should be noted that most enzymes of the TCA cycle are not unidirectional and, under
certain circumstances, can catalyse the reverse reaction. In their review Sweetlove et al (2010)
propose that the flux of the TCA cycle is highly adaptable and is likely to reflect the physiological and
metabolic demands of the cell. They discuss that in higher plants the ‘conventional’ cyclic flux of
TCA, which produces reducing equivalents for ATP synthesis, is thought only to be active in the dark.
In illuminated leaves of Spinacia oleracea the TCA cycle forms two branches, converting acetyl CoA
to 2-oxoglutarate, for nitrogen assimilation, and oxaloacetate for aspartate biosynthesis (Hanning and
Heldt 1993). Furthermore in Brassica napus seeds cultured with the amino acids alanine and
glutamine as a nitrogen source, the carbon skeletons produced by their catabolism enter the TCA
cycle and this directs the carbon in both the forward and, to a lesser extent, the reverse reactions to
form citrate, which is then converted to acetyl CoA and used in fatty acid elongation (Schwender et al.
2006; Junker et al. 2007). The suggested catabolism of amino acids in T. pseudonana under nitrogen
starvation would yield various TCA intermediates that could feed into the TCA cycle in this way (fig.

6) and be directed to fatty acid biosynthesis.

Concluding Remarks

Changes in the abundance of proteins identified in the current study, especially the increase in
glycolytic and TCA cycle enzymes, suggest that the central carbon metabolism response of T.
pseudonana to nitrogen starvation might differ considerably from that seen in other eukaryotic
photoautotrophs studied to date. These pathways could be involved in providing carbon skeletons, for
nitrogen reassimilation, or in the diversion of excess carbon into fatty acid biosynthesis. It is possible
that both processes might have a place, with the TCA cycle acting as a hub, balancing the demand for
specific carbon skeletons with the input of excess carbon from catabolic process in the cell. The
similarity between the TCA cycle responses of T. pseudonana and the cyanobacteria P. marinus, both
of which possess a urea cycle, suggests that the presence of this pathway might be closely related to
the response of the TCA cycle seen here. The releationship between central carbon metabolism and

the catabolic processes of the cell could play an important role in the success of diatoms in the ocean,
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where nitrogen availability is highly dynamic. Given the potential for manipulation of nitrogen and
carbon metabolism these findings also have relevance for algal and plant biofuels and crop nutrition

research.

Materialsand M ethods

Culturing

Axenic cultures of Thalassiosira pseudonana (CCMP 1335) were grown in batch culture in ESAW
(enriched seawater, artificial water) medium (Harrison and Berges 2005) at 15 °C, with a 14:10
light:dark cycle, at 115 pmol photons m? s based on an immersed measurement with a Scalar PAR
Irradiance Sensor QSL 2101 (Biospherical Instruments Inc., San Diego, USA). Cultures were
regularly checked for bacterial contamination by 4’,6-diamidino-2-phenylindoledihydrochloride
(DAPI) staining (Porter and Feig 1980). Cell number and volume were measured with a Beckman
Coulter Multisizer 3 Analyser (Beckman Coulter Ltd, High Wycombe, UK) and variable to maximum
fluorescence ratio (F./Fn) with a Walz Phyto-Pam phytoplankton analyser (Heinz Walz GmbH,
Effeltrich, Germany). Preliminary tests showed that when T. pseudonana cultures with an initial
concentration of 550 uM nitrate were still in logarithmic growth cultures started with 30 uM nitrate
were yield-limited at ca. 1x10° cell mI™. Hence, triplicate cultures were started with initial
concentrations of 550 UM nitrate (standard ESAW) or 30 uM nitrate. Samples were taken as low
nitrate cultures reached the onset of nitrogen starvation (around 1x10° cell mI™), with 250 ml filtered
onto a 1.0 um pore, 47 mm diameter nucleopore membrane (Whatman Plc, Maidstone, UK) at a

pressure of 40 Kpa. Filters were immediately snap frozen in liquid nitrogen and stored at -80 °C.

Amino Acid Measurements

Cells were washed from the filter with 410 pl of methanol:buffer (3.5:0.6 v/v; buffer: 20 mM HEPES,
pH 7.0,5 mM EDTA, 10 mM NaF) and 150 pl chloroform was added. Samples were shaken at 4 °C
for 30 min and 300 pl water was added, before shaking for a further 30 min at 37 °C. Samples were
then centrifuged for 15 min at 11100 g at room temperature and the upper aqueous phase was taken.
The lower chloroform phase was re-extracted with 300 pl water. Samples were dried in a speed vac at
37 °C and resuspended in 500 ul water. Of this, 15 pl was derivatised according to the AccQ Tag
chemistry package (Waters Ltd, Elstree, UK) and 10 pl of the final solution was injected into a
Waters 2695 HPLC, fitted with an AccQ-Tag (3.9 x 150mm) column and a 474 fluorescence detector
(Waters). The values were calculated as intercellular concentration using the cell number and cell

volume data.
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Nitrate Measurements

Twenty five mg aliquots of polyvinylpolypyrrolidone (PVPP) were incubated with 1 ml deionised
water over night at 4 °C. Diatom cells were washed from the filter with 500 I of deionised water and
centrifuged at 1500 g at 4 °C for 5 min. The supernatant was removed and cells were resuspended in
500 ul of the PVPP water mix. They were then disrupted by sonication (three times for 10 sec at ca.
15 microns on ice with a Soniprep 150 probe; MSE, London, UK). The homogenised sample was
returned to the water-PVPP mix. Samples were shaken at 4 °C for 1 hour and then heated at 95 °C for
15 min. Finally they were centrifuged at 11100 g for 15 min at 4 °C and 100 pl was injected into a
Waters 2695 HPLC, fitted with an ION-Pack ion exchange column (Waters). The ions were resolved
in an isocratic flow (0.8 mI™ min™) of Li-gluconate buffer and detected with a conductivity detector
(Waters) as described in (North et al. 2009). The values were calculated as intercellular concentration

using the cell number and cell volume data.

Protein extraction

Proteins were extracted based on Contreras et al (2008). Cells were washed from the filter with 800 pl
extraction buffer (1.5 % w/v polyvinyl pyrrolidone, 0.7 M sucrose, 0.1 M potassium chloride, 0.5 M
Tris-HCI pH 7.5, 250 mM EDTA and 0.5 % 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS)) and 8 pl protease inhibitor cocktail for plant and tissue extracts (Sigma-
Aldrich Company Ltd, Dorset, UK) was added. Cells were disrupted by sonication (detail above),
followed by the addition of 16 1 mercaptoethanol. An equal volume of Tris-HCL pH 8 saturated
phenol was added and samples were shaken on ice for 20 minutes. Samples were then centrifuged at
6600 g and 4 °C for 30 minutes. The upper phenol phase was removed to a 15 ml glass tube and kept
on ice, while the lower buffer layer was re-extracted with phenol. Protein was precipitated by addition
of 7.5 ml ice cold 0.1 M ammonium acetate in methanol and 3 hours incubation at -20 °C, followed by
20 min centrifugation at 10000 g and 4 °C. The supernatant was removed and the pellet was
resuspended in 2 ml ice cold 0.1 M ammonium acetate in methanol, and incubated for a further 20
minutes at -20 °C. The protein was collected by 5 min centrifugation at 6600 g and 4°C. The pellet

was rinsed 4 times in ice cold acetone and stored at -80°C.

Two-dimensional gel electrophoresis and protein identification

For the first dimension, 100 pg protein (extracted as above and quantified with an Ettan 2-D Quant
kit; GE Healthcare, Chalfont, UK) were mixed with immobilized pH gradient (IPG) rehydration
buffer (7 M urea, 2 M thiourea, 2% CHAPS, 18 mM dithiothreitol (DTT), bromophenol blue (trace

amount to give blue colour) and 2% pH 4-7 IPG buffer; final volume 450 ul) before loading onto
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24 cm pH 4-7 Immobiline DryStrips (GE Healthcare). Following overnight rehydration, isoelectric
focusing was performed for 44.7 kVh at 20 °C over 8 h 45 min using the IPGphor system (GE
Healthcare). Prior to the second dimension the focussed strips were conditioned in 122 mM Tris-
acetate equilibration buffer supplemented with 5 mg mI™ SDS, 360 mg ml™ urea and 300 mg ml™*
glycerol. To reduce and alkylate cysteine residues, the strips were sequentially treated with
equilibration buffer containing 8 mg ml™ DTT, and then equilibration buffer containing 25 mg ml™
iodoacetamide (each treatment consisted of 9 ml of buffer, 30 min with gentle shaking). For the
second dimension, 10% Duracryl gels (28 x 23 cm; 1 mm thick) were prepared for use in the
Investigator 2nd Dimension Running System (Genomic Solutions, Huntington, UK); with cathode
buffer (200 mM Tris base, 200 mM Tricine, 14 mM SDS,) and anode buffer (25 mM Tris/acetate
buffer, pH 8-3). Electrophoresis was carried out using 20 W per gel. Proteins were stained with Sypro-
Ruby (Invitrogen Ltd, Paisley, UK), according to the manufacturer’s instructions, and gel images
were captured with a Pharos FX+ Molecular Imager with Quantity One imaging software
(Invitrogen). A 532 nm excitation laser was used with a 605 nm band pass emission filter and gels
were scanned at 100 um resolution to produce a 16 bit image. Gel images were compared using
Progenesis SameSpots analysis software (v4.1; Nonlinear Dynamics Ltd, Newcastle Upon Tyne, UK)
and protein spots with altered levels of expression under nitrogen limitation versus control conditions

were excised from the gel using a ProPick excision robot (Genomic Solutions).

The protein was then manually in-gel trypsin digested by first washing in 100 pl 400 mM ammonium
bicarbonate : 100% acetonitrile (1:1) for 20 min to equilibrate the gel to pH 8 and to remove the stain.
This was repeated. Aqueous solutions were then removed by washing briefly with 100 pl acetonitrile.
The gel was then washed again in 100 pl acetonitrile for 15 min to shrink the gel before air drying for
10 min. The protein was digested by the addition of 50 ng Trypsin in 5 gl 10 mM ammonium
bicarbonate (Modified porcine trypsin, Promega, Madison, USA) and samples were incubated at 37
°C for 3 h. Samples were acidified by incubating with 5 pl 5% formic acid for 10 min, before flash

freezing and storing at -80°C.

Tryptic digests were analysed by peptide mass fingerprinting (Pappin et al. 1993). The acidified
digests were spotted directly onto a pre-spotted anchor chip (PAC) target plate (Bruker UK Ltd,
Coventry, UK) which is pre-coated with a-cyano-4-hydroxycinnamic acid matrix. Mass analysis was
carried out on an Ultraflex MALDI-ToF/ToF mass spectrometer (Bruker UK). A 50 Hz nitrogen laser
was used to desorb/ionise the matrix/analyte material, and ions were automatically detected in

positive ion reflectron mode first with and then without the use of fuzzy logic programming. The
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calibrated spectra were searched against a monthly updated copy of the SPtrEMBL database, using an

in-house version (v2.2) of the MASCOT search tool (reference: http://www.matrixscience.com).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Growth and photosystem Il efficiency (Fv/Fm) of nitrogen starved T.
pseudonana cultures compared to nitrogen replete cultures.

Supplemental Table 1. Proteins that changed in abundance in nitrogen starved T. pseudonana,
compared to nitrogen replete cultures.

Supplemental Table 2. Interspecies comparison of changes in transcript levels of genes involved in

C-metabolism associated with nitrogen deprivation.
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Figure Legends
Figure 1. Intracellular concentration of free nitrate, amino acids, and protein in nitrogen replete (550

UM nitrate) and nitrogen starved (30 LM nitrate) T. pseudonana cultures at the onset of nitrogen

starvation. Results are shown as means of 3 biological replicates + standard deviation.
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Figure 2. Effect of nitrogen starvation on the proteome of T. pseudonana. Soluble proteins were
isolated from T. pseudonana cultures grown in nitrogen replete (550 1M nitrate) and nitrogen starved
(30 uM nitrate) conditions and resolved by 2-D electrophoresis. Gels of three biological replicates
were used for quantitative analysis and for this illustration representative gels from each treatment
were overlaid. Equal protein abundance is represented by black spots, blue spots represent proteins
more abundant in N starved cells while orange represents proteins more abundant in N replete cells.
Examples of proteins of interest (A-L) are expanded. A. Citrate synthase (ProtID 11411). B.
Aconitase hydratase (ProtlD 268965). C. Isocitrate dehydrogenase (ProtID 21640). D. Pyruvate
dehydrogenase (ProtID 8778). E. Pyruvate dehydrogenase (ProtID 268374). F. NADPH-dependent
nitrite reductase (ProtID 26941). G. Branched-chain aminotransferase (ProtID 260934). H.
Phosphoenolpyruvate carboxylase (ProtlD 268546). I. Nitrate reductase (ProtlD 25299). J.
Ferredoxin-dependent nitrite reductase (ProtID 262125). K. NAD(P)H-dependent glutamate synthase
(ProtID 269160). L. Type 11 glutamine synthetase (ProtID 270138). Where multiple spots are circled
the same protein occurs as more than one spot on the gel most likely due to pl differences caused by

post-translational modifications.

Figure 3. Categories of genes and proteins altered in expression between nitrogen starved and replete
T. pseudonana cells. Categorisation is based on KEGG, some categories were split to subcategories to
illustrate points of specific interest, whereas categories that were under represented were merged with
related groups. A. Proteins increased in abundance. Of 42 proteins increasing in abundance 32 could
be assigned a function, of which 4 are not represented by this categorisation. B. Proteins decreased in
abundance. From 23 proteins decreased in abundance, 18 could be assigned a function. C. Transcripts
more highly expressed in N starved cells (Mock et al 2008). Of 305 transcripts that increased in
abundance 101 could be assigned a function, of which 23 are not represented. D. Transcripts
decreased in expression. 362 transcripts decreased in abundance and 167 were assigned a function, of

which 27 are not represented.
Figure 4. Representation of the changes in the abundance of proteins associated with nitrogen
assimilation in T. pseudonana, brought on by the onset of nitrogen starvation. Increases are shown by

bold arrows and decreases by dashed arrows.

Figure 5. Intracellular concentration of individual amino acids in nitrogen replete (550 UM nitrate)

and nitrogen starved (30 UM nitrate) T. pseudonana cells. A. The most abundant and B. the least
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abundant amino acids were determined by HPLC. Results are shown as means of 3 biological
replicates + standard deviation.

Figure 6. Representation of the changes in the abundance of proteins associated with carbon
metabolism in T. pseudonana at the onset of nitrogen starvation. Increases are shown by bold arrows
and no decreases were seen. Boxes show where carbon skeletons from amino acid degradation feed
into the pathway.

Figure 7. A comparison of changes in transcript levels associated with nitrogen deprivation in A. T.
pseudonana, grown under conditions comparable to the current study (Mock et al 2008). B. C.
reinhardtii, 48 h after the transfer of cells from 10 mM ammonium to nitrogen free medium. (Miller et
al 2010). C. A. thaliana, at the onset of nitrogen limitation in plants grown with 3 mM nitrate (Peng et
al 2007). D. P. marinus (MED4), 24 h after transfer from 800 M ammonium into nitrogen free
medium (Tolonen et al. 2006). Genes for each enzyme were identified using the genome databases for
each species (T. pseudonana: http://genome.jgi-psf.org/Thaps3/Thaps3.home.html; C. reinhardtii:
http://genome.jgi-psf.org/Chlre4/Chlre4.home.html; A. thaliana: www.arabidopsis.org; P. marinus;
http://img.jgi.doe.gov/cgi-bin/w/main.cgi) and these were searched against the expression profiles
presented in the four publications above to identify the degree of change in transcript level. Each box
represents an isoform and multiple rows show that there is more than one enzyme responsible for a
specific step. See Supplemental Table 2 for EC numbers and accession numbers. Red shows that

transcript increased, green shows a decrease and blue shows stable transcript level.
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Table 1. Proteins involved in nitrogen, protein and amino acid metabolism with a greater than 1.5 fold change

(P<0.05) in T. pseudonana at the onset of nitrogen starvation, compared to nitrogen replete cultures. Values are
based on three biological replicates. Protein name is based on UniProtKB unless otherwise stated and Protein
IDs are from the Joint Genome Institute T. pseudonana genome version 3 (http://genome.jgi-
psf.org/Thaps3/Thaps3.home.html). Multiple values are given for any protein represented by more than one spot
on the 2-D gels. Microarray Log2 gives the fold change in transcript level of the corresponding gene under
comparable nitrogen starved conditions as described by Mock et al (2008).

. . Fold Microarray
Protein ID  Protein Name Change Log2
Nitrogen Assmilation

25299 Nitrate reductase™® -10.72 0.00001 ND
-9.69 0.00002
-8.81 0.00005
26941 NADPH nitrite reductase -3.01 0.00012 ND
262125 Nitrite reductase-ferredoxin dependent -3.67 0.00010 ND
-3.04 0.00001
-1.95 0.00095
-1.71 0.00108
269160 NAD(P)H Glutamate Synthase 2.93 0.00124 171
1.80 0.00310
1.74 0.00031
270138 Glutamine synthetase type 11 mbe 1.63 0.00090 ND
1.61 0.00233
151 0.00063
Amino Acid Metabolism
260934 Branched-chain-amino-acid aminotransferase 6.39 0.00008 3.08
28544 Dihydrodipicolinate reductase™ 1.62 0.00211 1.48
25130 D-isomer specific 2-hydroxyacid dehydrogenasembc -1.73 0.00214 ND
23175 Acetolactate synthase™ -1.97 0.00478 ND
22208 Class V aminotransferase™ 1.86 0.00203 -2.56
bd1806' DegT/DnrJ/EryC1/StrS aminotransferase™ 1.67 0.00156 ND
-2.26 0.00001
Protein Metabolism
21235 S1 ribosomal protein™ -2.01 0.00054 ND
15259 S1 ribosomal protein -3.36 0.00002 ND
-2.93 0.00137
31912 Peptidyl-prolyl cis-trans isomerase 1.65 0.00463 ND
13254 RNA helicase -2.28 0.00115 ND
269148 Translation factor tu domain 2 -1.94 0.00266 ND
-1.66 0.00500
15093 Serine carboxypeptidase 2.03 0.00093 11
Urea Cycle and Arginine M etabolism
270136 N-acetylornithine aminotransferase 2.37 0.00006 1.77
21290 N-acetyl-gamma-glutamyl-phosphate reductase 1.74 0.00048 ND
30193 Urease 1.62° 0.00271 ND

™ Manual Annotation. ® Supported by BlastP (E<1x10™). ¢ Supported by conserved domains identified through
Pfam. ' Location: bd_10x65:12123-13902. 2 Combined with another protein, making fold change imprecise. ND

not detected.
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Table 2. Proteins involved in photosynthesis and carbon metabolism, that had a greater than 1.5 fold change
(P<0.05) in T. pseudonana at the onset of nitrogen starvation, compared to nitrogen replete cultures. Values are
based on three biological replicates Protein name is based on UniProtKB unless otherwise stated and Protein
IDs are from the Joint Genome Institute T. pseudonana genome version 3 (http://genome.jgi-
psf.org/Thaps3/Thaps3.home.html). Multiple values are given for any protein represented by more than one spot
on the 2-D gels. Microarray Log2 gives the fold change in transcript level of the corresponding gene under
comparable nitrogen starved conditions as described by Mock et al (2008).

. . Fold Microarray
Protein ID  Protein Name Change Log2
Chlorophyll Biosynthesis
258111 Glutamate-1-semialdehyde aminotransferase™ -1.61 0.00469 ND
270378 Magnesium-protoporphyrin I1X methyltransferase™® -2.69 0.00013 ND
270312 1-deoxy-D-xylulose-5-phosphate synthase™* -2.14 0.00043 ND
29228 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate -1.98 0.00050 ND
synthase™
10234 Geranyl-geranyl reductase™ -2.33 0.00059 -3.98
-1.92 0.00248
Antioxidant
40713 Superoxide dismutase 1.89 0.00307 ND
38428 Mitochondrial alternative oxidase 2.24 0.00106 ND
Glycolysis and Gluconeogenesis
40391 Enolase 1.52 0.00249 1.83
27850 Phosphoglycerate mutase 1.83 0.00241 2.99
270288 Fructose-bisphosphate aldolase™™® 1.83 0.00056 ND
1.80 0.00356
1.72 0.00188
31636 Aldose-1-epimerase -2.37 0.00106 -1.57
26678 Transketolase 1.63 0.00254 ND
21175 Transketolase -1.55 0.00450 -5.62
22301 Phosphomannomutase 1.68 0.00040 ND
Pyruvate Metabolism
268546 Phosphoenolpyruvate carboxylase 2.53 0.00104 ND
2.52 0.00013
1.79 0.00206
1.62* 0.00271
268374 Pyruvate dehydrogenase 2.27 0.00218 2.49
1.78 0.00077
8778 Pyruvate dehydrogenase 2.09 0.00013 2.99
1.76 0.00004
268280 Dihydrolipoamide s-acetyltransferase 1.95 0.00064 ND
TCA Cycle
11411 Citrate synthase 2.24 0.00429 2.09
1.76 0.00037
268965 Aconitase hydratase 2 1.70 0.00069 1.96
1.62 0.00089
1456 Isocitrate Dehydrogenase 1.62 0.00354 -1.38
21640 Isocitrate dehydrogenase™® 1.66 0.00015 1.73
1.53 0.00418
42475 Succinate dehydrogenase flavoprotein subunit 1.89 0.00417 ND
1.79 0.00196
22464 Fumarate hydratase 2.49 0.00014 ND
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™ Manual Annotation. ® Supported by BlastP (E<1x10). ¢ Supported by conserved domains identified through
Pfam. * Combined with another protein, making fold change imprecise. ND not detected.
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Figure 1. Intracellular concentration of free nitrate, amino
acids, and protein in nitrogen replete (550 uM nitrate) and
nitrogen starved (30 uM nitrate) T. pseudonana cultures at
the onset of nitrogen starvation. Results are shown as means
of 3 biological replicates + standard deviation.
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Figure 2. Effect of nitrogen starvation on the proteome of 7. pseudonana. Soluble proteins were
isolated from 7. pseudonana cultures grown in nitrogen replete (550 uM nitrate) and nitrogen
starved (30 uM nitrate) conditions and resolved by 2-D electrophoresis. Gels of three biological
replicates were used for quantitative analysis and for this illustration representative gels from each
treatment were overlaid. Equal protein abundance is represented by black spots, blue spots
represent proteins more abundant in N starved cells while orange represents proteins more
abundant in N replete cells. Examples of proteins of interest (A-L) are expanded. A. Citrate
synthase (ProtID 11411). B. Aconitase hydratase (ProtID 268965). C. Isocitrate dehydrogenase
(ProtID 21640). D. Pyruvate dehydrogenase (ProtID 8778). E. Pyruvate dehydrogenase (ProtID
268374). F. NADPH-dependent nitrite reductase (ProtID 26941). G. Branched-chain
aminotransferase (ProtID 260934). H. Phosphoenolpyruvate carboxylase (ProtID 268546). 1.
Nitrate reductase (ProtID 25299). J. Ferredoxin-dependent nitrite reductase (ProtID 262125). K.
NAD(P)H-dependent glutamate synthase (ProtID 269160). L. Type IIT glutamine synthetase
(ProtID 270138). Where multiple spots are circled the same protein occurs as more than one spot
on the gel most likely due to pl differences caused by post-translational modifications.
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Figure 3. Categories of genes and proteins altered in expression between nitrogen starved and
replete T. pseudonana cells. Categorisation is based on KEGG, some categories were split to
subcategories to illustrate points of specific interest, whereas categories that were under represented
were merged with related groups. A. Proteins increased in abundance. Of 42 proteins increasing in
abundance 32 could be assigned a function, of which 4 are not represented by this categorisation.

B. Proteins decreased in abundance. From 23 proteins decreased in abundance, 18 could be
assigned a function. C. Transcripts more highly expressed in N starved cells (Mock et al 2008). Of
305 transcripts that increased in abundance 101 could be assigned a function, of which 23 are not
represented. D. Transcripts decreased in expression. 362 transcripts decreased in abundance and
167 were assigned a function, of which 27 are not represented.
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Figure 5. Intracellular concentration of individual amino
acids in nitrogen replete (550 uM nitrate) and nitrogen

starved (30 uM nitrate) 7. pseudonana cells. A. The most

abundant and B. the least abundant amino acids were
determined by HPLC. Results are shown as means of 3
biological replicates + standard deviation.
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Figure 6. Representation of the changes in the abundance of proteins associated with carbon metabolism in 7.
pseudonana at the onset of nitrogen starvation. Increases are shown by bold arrows and no decreases were seen. Boxes
show where carbon skeletons from amino acid degradation feed into the pathway.
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Figure 7. A comparison of changes in transcript levels associated with nitrogen deprivation in A. 7. pseudonana, grown
under conditions comparable to the current study(Mock et al 2008). B. C. reinhardtii, 48 h after the transfer of cells
from 10 mM ammonium to nitrogen free medium.(Miller et al 2010). C. 4. thaliana, at the onset of nitrogen limitation
in plants grown with 3 mM nitrate (Peng et al 2007). D. P. marinus (MEDA4), 24 h after transfer from 800 uM
ammonium into nitrogen free medium (Tolonen et al. 2006). Genes for each enzyme were identified using the genome
databases for each species (1. pseudonana: http://genome.jgi-pst.org/Thaps3/Thaps3.home.html; C. reinhardtii:
http://genome.jgi-psf.org/Chlre4/Chlre4.home.html; 4. thaliana: www.arabidopsis.org; P. marinus:
http://img.jgi.doe.gov/cgi-bin/w/main.cgi) and these were searched against the expression profiles presented in the four
publications above to identify the degree of change in transcript level. Each box represents an isoform and multiple
rows show that there 1s more than one enzyme responsible for a specific step. See Supplemental Table 2 for EC
numbers and accession numbers. Red shows that transcript increased, green shows a decrease and blue shows stable
transcript level.



