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Summary

This study introduces a method for multiparallel analysis of small organic compounds in the
unicellular green alga Chlamydomonas reinhardtii, one of the premier model organisms in cell
biology. With the recent completion of the Chlamydomonas genome project, a systems biology
perspective to develop an understanding of how the numerous components in a living system interact
to comprise a functioning whole comes into focus for this model organism too. The comprehensive
study of the changes of metabolite composition, or metabolomics, in response to environmental,
genetic or developmental signals is an important complement of other functional genomic techniques
in the effort to develop an understanding of how genes, proteins and metabolites are all integrated into
a seamless and dynamic network to sustain cellular functions.

The sample preparation protocol was tailored for the application to suspension cultures and optimized
to quickly inactivate enzymatic activity, achieve maximum extraction capacity and process large
sample quantities. As a result of the rapid sampling, extraction and analysis by gas chromatography
coupled to time-of-flight mass spectrometry (GC-TOF) more than 800 analytes from a single sample
can be measured, of which over a 100 could be positively identified. As part of the analysis of GC-
TOF raw data, aliquot ratio analysis to systematically remove artifact signals and tools for the use of
principal component analysis (PCA) on metabolomic datasets are proposed.

Cells subjected to nitrogen (N), phosphorus (P), sulfur (S) or iron (Fe) depleted growth conditions
develop highly distinctive metabolite profiles with metabolites implicated in many different processes
being affected in their concentration during adaptation to nutrient deprivation. All treatments could be
clearly discriminated by PCA which also indicated that P depleted conditions induce a deficiency
syndrome quite different from the response to N, S or Fe starvation, possibly due to the availability of
internal P reserves in Chlamydomonas cells.

Metabolite profiling allowed characterization of both specific and general responses to nutrient
deprivation at the metabolite level. Modulation of the substrates for N-assimilation and the oxidative
pentose phosphate pathway, including glutamate, glutamine, glucose-6-phosphate, and 6-
phosphogluconate, indicated a priority for maintaining the capability for immediate activation of N
assimilation even under conditions of decreased metabolic activity and arrested growth. Fe-deprivation
led to an increase of the organic acids citrate and succinate, which could well be related to their iron-
chelating properties, while the rise in 4-hydroxyproline in S deprived cells could be related to
enhanced degradation of proteins of the cell wall, which has been shown to be rearranged under S
limitation. A number of analytes linking important circuits of primary metabolism such as pyruvate
and 2-oxoglutarate were similarly affected in the different nutrient deplete conditions and could be
related to the adjustment of metabolic activity in cells exposed to unfavourable growth conditions to
match their potential to grow and divide.

In a metabolomics approach that used both identified and unidentified metabolite signals, the

adaptation to sulfur deficiency was analyzed with greater temporal resolution and responses of wild-



type cells were compared with mutant cells deficient in SACI, an important regulator of the sulfur
deficiency response. Multivariate data analysis techniques revealed five main types of response
patterns of metabolite pools under sulfur deprivation, of which the most prominent is the gradual
decline of metabolite pools as S depletion continues. Whereas concurrent metabolite depletion and
accumulation occurs during adaptation to S deficiency in wild-type cells, the sac! mutant strain is
characterized by a massive incapability to sustain many processes that normally lead to transient or
permanent accumulation of the levels of certain metabolites or recovery of metabolite levels after
initial down-regulation. Modulation of individual metabolites confirmed the inability of sacl cells to
enhance sulfur uptake and scavenging activity and to adjust metabolic activity in response to S
deprivation.

For most of the steps in arginine biosynthesis in Chlamydomonas mutants have been isolated that are
deficient in the respective enzyme activities. This presents the unique opportunity to probe the
potential of metabolite analysis for elucidating regulation of amino acid biosynthesis in a
photosynthetic eukaryote by analyzing the effects of the introduction of selective breakpoints in a
well-defined biochemical module through the specific loss of enzymatic activity. Three strains
deficient in the activities of N-acetylglutamate-5-phosphate reductase (arg/), N’-acetylornithine-
aminotransferase (arg9), and argininosuccinate lyase (arg?2), respectively, were analyzed with regard
to activation of endogenous arginine biosynthesis after withdrawal of externally supplied arginine.
Enzymatic blocks in the arginine biosynthetic pathway could be characterized by precursor
accumulation, like the amassment of argininosuccinate in arg2 cells, and depletion of intermediates
occurring downstream of the enzymatic block, e.g. N*-acetylornithine, ornithine, and argininosuccinate
depletion in arg9 cells. The unexpected finding of substantial levels of the arginine pathway
intermediates N-acetylornithine, citrulline, and argininosuccinate downstream the enzymatic block in
argl cells provided an explanation for the residual growth capacity of these cells in the absence of
external arginine sources. The presence of these compounds, together with the unusual accumulation
of N-Acetylglutamate, the first intermediate that commits the glutamate backbone to ornithine and
arginine biosynthesis, in argl cells suggests that alternative pathways, possibly involving the activity
of ornithine aminotransferase, may be active when the default reaction sequence to produce ornithine
via acetylation of glutamate is disabled.

The results of this study suggest that Chlamydomonas may be highly suitable as a model for
metabolomic research, especially in the context of photosynthetic processes. The possibility to control
growth conditions precisely and to obtain large amounts of homogeneous sample material is a clear
advantage in the attempt to study complex metabolic changes in fine-scaled gradients of conditions or

with high temporal resolution.
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Zusammenfassung

Entwicklung und Anwendung von Methoden zur multiparallelen Analyse von Metaboliten in der
einzelligen Griinalge Chlamydomonas reinhardtii, einem der wichtigsten Modellorganismen der
Zellbiologie, sind Gegenstand dieser Arbeit. Insbesondere seit der Verfiigbarkeit des Chlamydomonas-
Genoms ist eine systembiologische Perspektive, wie eine Vielzahl an Komponenten im lebenden
System zusammenwirkt und ein funktionierendes Ganzes bildet, auch fiir diesen Modellorganismus
ins Blickfeld der Forschung geriickt. Metabolomanalyse, die umfassende Analyse von Veridnderungen
der Konzentrationen von Stoffwechselprodukten durch Umweltreize oder genetische und
entwicklungsbedingte Signale, ist ein wichtiges Komplement anderer Genomanalysemethoden, um die
Integration von Genen, Proteinen und Metaboliten in ein nahtloses und dynamisches Netzwerk zur
Aufrechterhaltung der Lebensfunktionen eines Organismus zu verstehen.

Die Methode wurde fiir die Metabolitenanalyse von Material aus Suspensionskulturen entwickelt und
im Hinblick auf schnelle Inaktivierung enzymatischer Aktivitit, Maximierung der
Extraktionskapazitit und Behandlung groBer Probenmengen optimiert. Im Ergebnis der
Probenaufarbeitung, Extraktion und Analyse mittels Gaschromatographie und Time-Of-Flight-
Massenspektrometrie konnten mehr als 800 analytische Signale in Einzelproben dargestellt werden,
von denen iiber 100 identifiziert werden konnten. Die Arbeit stellt methodische Innovationen zur
systematischen Erkennung von Artefakten in GC-MS Chromatogrammen und Werkzeuge zur
Anwendung der Hauptkomponentenanalyse auf Metabolom-Daten vor.

Zellen unter Stickstoff- (N), Phosphor- (P), Schwefel- (S), oder Eisen- (Fe) Mangel zeigen deutliche
Unterschiede in ihrer Metabolitenausstattung. Die einzelnen Mangelsituationen konnten durch
Anwendung der Hauptkomponentenanalyse auf die Metabolitenprofile deutlich unterschieden werden.
Die Ergebnisse der Hauptkomponentenanalyse deuten auerdem darauf hin, dass Phosphat-Mangel,
moglicherweise durch die Verfligbarkeit intrazellulirer P-Reserven, durch ein deutlich anderes
Mangelsyndrom gekennzeichnet ist als N-, S- und Fe-Mangel. Die Anpassung an die einzelnen
Nihrstoffmangelsituationen ist durch spezifische Anderungen einer Reihe von Metaboliten zentraler
Prozesse des Primérstoffwechsels gekennzeichnet. Die Konzentrationsdnderungen von Substraten fiir
die Stickstoffassimilation und den oxidativen Pentosephosphatweg, wie z.B. Glutamat, Glutamin,
Glukose-6-phosphat und 6-Phosphogluconat, deuten darauf hin, dass die Fahigkeit zur schnellen
Aktivierung der N-Assimilation auch unter Bedingungen herabgesetzter Stoffwechsel- und
Wachstumsaktivitdt aufrecht erhalten wird. Eisenmangel fiihrte zu einer Zunahme organischer Sduren
wie Citrat und Succinat, die im Zusammenhang mit den Eisen-komplexierenden Eigenschaften dieser
Stoffe stehen konnte. Die Akkumulation von 4-Hydroxyprolin unter Schwefelmangel konnte im
Zusammenhang stehen mit der Degradation von Proteinen der Chlamydomonas-Zellwand, deren
wesentlicher Bestandteil hydroxyprolinreiche Glykoproteine sind und die unter Schwefelmangel aktiv
umgebaut wird. Die Anpassung an Schwefelmangel wurde mit groBerer zeitlicher Auflésung und
unter Einbeziehung sowohl von identifizierten wie nicht identifizierten Metaboliten in Wildtyp-Zellen

und Zellen des sacl-Stammes untersucht. SAC/ ist ein zentraler Regulator der

111



Schwefelmangelantwort in Chlamydomonas. Durch Anwendung multivariater Analysemethoden wie
Cluster- und Hauptkomponentenanalyse konnten fiinf Haupttypen der Regulation von Metaboliten bei
der Anpassung an Schwefelmangel identifiziert werden. Der quantitativ bedeutsamste Prozess in
Bezug auf Anzahl der beteiligten Metabolite und Stiirke der Anderungen ist die allméihliche Abnahme
der Konzentration mit zunehmender Dauer des Schwefelmangels. Zeitgleiche Ab- und Zunahme von
Metaboliten ist ein charakteristisches Element der Anpassung an Schwefelmangel in Wildtypzellen.
Die Reaktion von SACI-Mutanten auf Schwefelmangel ist durch weit reichenden Verlust zur
Steuerung von Prozessen gekennzeichnet, die normalerweise zur voriibergehenden oder dauerhaften
Anreicherung bestimmter Metabolite fithren. Des Weiteren konnte die Unféhigkeit von sacl-Zellen
zur Aktivierung verstirkter Sulfat-Assimilation und zur Drosselung der Stoffwechselaktivitét als
Reaktion auf Schwefel-Entzug bestétigt werden.

Die Verfiigbarkeit von Chlamydomonas-Stimmen mit fehlender Enzymaktivitét fiir fast jeden der
Schritte der Argininbiosynthese erdffnet die Moglichkeit, das Potential der Metabolitenanalyse zur
Untersuchung der Regulation der Aminosdurebiosynthese in photosynthetischen Eukaryoten zur
Anwendung zu bringen und die Effekte zu untersuchen, die das Einfligen spezifischer Stopppunkte in
einem wohldefinierten biochemischen Modul zur Folge hat. Drei Stimme, mit fehlender Aktivitat fiir
N-Acetylglutamat-5-phosphat Reduktase (argl), ~ N*-Acetylornithin-Aminotransferase (arg9)  be-
ziehungsweise Argininosuccinat Lyase (arg2) wurden in Bezug auf die Aktivierung ihrer endogenen
Argininbiosynthese nach Entzug externer Argininquellen analysiert. Die einzelnen enzymatischen
Blocks konnten durch Precursor-Anreicherung, wie die Anhdufung von Argininosuccinat in arg2-
Zellen, und Erschopfung von Intermediaten nachgelagerter Reaktionen, beispielweise die deutliche
Abnahme von N*-Acetylornithin, Ornithine und Argininosuccinat in arg9-Zellen charakterisiert
werden. Das unerwartete Vorhandensein von zum Teil das Wildtyp-Niveau iiberschreitender Mengen
von N’-Acetylornithin, Citrullin und Argininosuccinat, die Produkte bzw. Substrate dem
enzymatischen Block nachgelagerter Reaktionen in argl-Zellen sind, bot eine Erkldrung fiir eine noch
vorhandene Restkapazitdt zum Wachstum des argl-Stamms auch ohne &uBere Arginingabe. Der
Nachweis dieser Verbindungen sowie die ungewdhnliche Anreicherung von N-Acetylglutamat, der
ersten Verbindung, die das Glutamat-Gertist fiir die Ornithin- und Argininsynthese bindet, in argl-
Zellen konnte auf alternative Reaktionen, mdglicherweise unter Beteiligung von Ornithin-
Aminotransferase, zur Synthese von Ornithin hindeuten, die in Erscheinung treten, wenn die
Synthesekette nach Acetylierung von Glutamat blockiert ist.

Die Ergebnisse kennzeichnen Chlamydomonas als ein iiberaus geeignetes Modell fiir
Metabolomanalysen, das insbesondere fiir die Untersuchung von Prozessen der Photosynthese und
nachgelagerter Stoffwechselaktivitdten von groBem Interesse sein diirfte. Die Moglichkeit zur prazisen
Einstellung von Wachstumsbedingungen und zur Gewinnung grofler Mengen homogenen
Probenmaterials erweist sich als bedeutender Vorzug, wenn Verdnderungen des Stoffwechsels auf
komplexer Ebene und in eng abgestuften Gradienten &uflerer Parameter oder hoher zeitlicher

Auflosung untersucht werden sollen.
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Abbreviations

Compounds

20G 2-oxoglutarate

3PGA 3-phosphoglycerate

AMP adenosine monophosphate

APS adenosine phosphosulfate

ArgSuc argininosuccinate

ATP adenosine triphosphate

BSA N, O-bistrimethylsilylacetamide

BSTFA N, O-bistrimethylsilyltrifluoroacetamide
CIT citrate

DMF dimethylformamide

DNA desoxyribonucleic acid

FopP fructose-6-phosphate

FBP fructose-1,6-bisphosphate

GI1P glucose-1-phosphate

G6P glucose-6-phosphate

GAP glyceraldehyde-3-phosphate

Glu-y-P glutamyl-y-phosphate

GlyP sn-glycerol-3-phosphate

GSA glutamate-5-semialdehyde

GSH glutathione (reduced form)

Hyp 4-hydroxyproline

IbGAL inositol-p-galactoside

MCW Methanol-Chloroform-Water

MI myo-inositol

MSTFA  N-methyl-N-trimethylsilyltrifluoroacetamide
NAD nicotinamide-Adenine Dinucleotid (NADH: reduced form)
NADP nicotinamide-Adenine Dinucleotid Phosphate (NADPH: reduced form)
NAG N-Acetylglutamate

NAGS5P N-Acetylglutamate-5-phosphate
NAGSA  N-Acetylglutamate-5-semialdehyde
NAO N*-Acetylornithine

OA oxaloacetate

OAS O-Acetylserine

P2C A'-pyrroline-2-carboxylate

P5C A'-pyrroline-5-carboxylate

PAPS 3’-phosphoadenosine-phosphosulfate
PEP phosphoenolpyruvate

P; orthophosphate

PP; pyrophosphate

PYR pyruvate

S17P sedoheptulose 1,7-bisphosphate

SUC succinate

TAP TRIS-Acetate-Phosphate

THRa threonate

TMBS trimethylbromosilane

TMCS trimethylchlorosilane

T™S trimethylsilyl group

TRIS 2-Amino-2-(hydroxymethyl)-1,3-propanediol

Proteinogenic amino acids are abbreviated by their three-letter code.

Enzymes

APR
ARS

adenosine phosphosulfate reductase
aryl sulfatase



ASL argininosuccinate lyase

ASS argininosuccinate synthase

ATS ATP sulfurylase

CM chorismate mutase

GOGAT glutamine-2-oxoglutarate aminotransferase
GS glutamine synthetase

NAGK N-Acetylglutamate kinase

NAGPR  N-Acetylglutamate-5-P reductase

NAGS N-Acetylglutamate synthase

NAOAT  N’-Acetylornithine aminotransferase

NAOGACT N*-acetylornithine:N-acetylglutamate acetyltransferase

NR nitrate reductase

OAS-TL  O-Acetylserine (thiol) lyase

OTC ornithine transcarbamoylase

PEPc phosphoenolpyruvate carboxylase
PK pyruvate kinase

SAT serine acetyltransferase
Miscellaneous

CSC cysteine synthase complex

DTD Direct Thermal Desorption

FT-MS Fourier Transform mass spectrometry
GC Gas Chromatography

GC-MS  Gas Chromatography [coupled to] Mass Spectrometry
HCA Hierarchical Cluster Analysis

HPLC high performance liquid chromatography

LC-MS Liquid Chromatography [coupled to] Mass Spectrometry
LHCI Light Harvesting Complex I

LOD Limit Of Detection

MS Mass Spectrometry

NMR Nuclear Magnetic Resonance

OPPP Oxidative Pentose Phosphate Pathway

PC Principal Component

PCA Principal Component Analysis
PSI Photosystem I

RT Room Temperature

TCA TriCarboxylic Acid

TOF Time Of Flight

Chlamydomonas strain characterization

arg arginine requiring
cwW cell-wall deficient
mt mating type

shf short flagella

wt wild-type

Genetic nomenclature

Type/ Origin Chl;:;y;z’l(;n’zznas Prokaryotes  S. cerevisiae Animals
Gene (DNA), wild-type allele ABCI abc/ abcA ABCI ABCI
Gene (DNA), mutant allele abcl abcl/ abcAl abcl abcl
Gene product (protein) Abcl abc gene product ~ Abclp Abcl
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1 Introduction

The unicellular green alga Chlamydomonas reinhardtii is one of the premier model organisms in cell
biology. With the recent completion of the Chlamydomonas' genome project, a systems biology
perspective to develop an understanding of how the numerous components in a living system interact
to comprise a functioning whole comes into focus for this model organism too. To this end,
investigation of the world beyond mRNA abundance will be essential: genes, proteins and metabolites
are all integrated into a seamless and dynamic network to sustain cellular functions' 2.

Metabolomic analysis aims at the unbiased representation and quantitative determination of the suite
of metabolites in a biological sample®. It complements transcript profiling and proteomic approaches
in functional genomics™”.

Metabolic profiles reflect the dynamic response of the network of biochemical reactions to
environmental, genetic or developmental signals. As such, they are a valuable integrated measure of
how a living system adjusts to a changing environment. This property has led to the successful
application of large scale analysis of metabolites in distinguishing between silent plant phenotypes®, or
characterization of freezing tolerance in plants’. It is also of considerable interest in biomarker

recovery®, biotechnological engineering” '° or disease profiling''.

1.1 Chlamydomonas as Model Organism
Chlamydomonas reinhardtii was established as a laboratory model organism in the 1940s and 50s.

C. reinhardtii laboratory strains were the subject of pioneering studies on sexual differentiation, cell
motility and regulation of the cell cycle'>. The possibility to obtain viable non-photosynthetic mutants
made Chlamydomonas reinhardtii early on an excellent system to study synthesis and assembly of the
photosynthetic machinery and to dissect photosynthetic electron transport. The cells have the capacity
to grow with light as a sole energy source (photoautotrophic growth) or on acetate in the dark
(heterotrophically), facilitating detailed examination of genes and proteins critical for photosynthetic
or respiratory function. Flagellar structure and function, genetics of basal bodies (centrioles), light
perception, cell-cell recognition and cell cycle control are other principal areas of current

investigation.

1.1.1 Molecular genetic techniques and resources

C. reinhardtii is amenable to a diversity of genetic and molecular manipulations' and the toolbox of

d"™'7. This includes methods for

molecular genetics techniques has been continuously expande
transformation of the nuclear genome by agitation with glass beads'®, electroporation' and particle
bombardment™ as well as transformation of chloroplast’’® and mitochondrial DNA*. Selectable

markers that are routinely used for nuclear transformation include the endogenous Chlamydomonas

i Chlamydomonas will be used as a proper noun in this work to refer to the common laboratory species,
Chlamydomonas reinhardtii. Other species will be named specifically.
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genes ARG7*?% and NITI? as well as the bacterial resistance genes such as the ble gene™ coding for
zeocin resistance or an engineered version of the aph7’’ conferring hygromycin resistance”. A
number of reporter constructs to study promoter function have been developed. Reporter genes include

3132 and a green fluorescent protein® adapted to C. reinhardtii codon usage.

arylsulfatase3 0 luciferase
Targeted disruption of nuclear genes in Chlamydomonas reinhardtii is not effective due to the rarity of
homologous insertion. Post transcriptional gene silencing, or RNAi, is a promising tool for
inactivating the expression of specific genes™.

The Chlamydomonas genome project’” marks the beginning of the post-genomic era in
Chlamydomonas research. Various sequencing efforts have been bundled and the 3™ version of the
draft genome sequence, which is subject to a massive manual curation effort, has been released
recently™. The availability of the genome sequence has enabled the construction of cDNA- and

13, 37

oligonucleotide microarrays for global transcript profiling and has already led to a multitude of

gene expression studies on the effects of various environmental stimuli’®, including the response to

39,40 o 41 4 o . -
*™, acclimation to phoshorus™ and sulfur™ deprivation, the dissection

low or high CO, concentrations
of cell cycle regulatory genes™ or flagellar regeneration™. The availability of genomic sequences
dramatically reduces the knowledge required to identify and study proteins® and methodological
advances have fueled a number of studies on the Chlamydomonas proteome®. Topics studied include
specific compartments such as the flagellar proteome®’, specialized protein classes like thylakoid
membrane protein complexes®, protein phosphorylation® or the response to highlight stress®’. With
the extensive cDNA and genomic sequence information new data mining techniques are enabled. This
is highlighted by the identification of genes implicated in human disease such as the Bardet-Biedl
syndrome™', polycystic kidney disease® or primary cilia diskinesis®as a result of the application of
comparative genomics to the flagellar/ basal body proteome of Chlamydomonas.

This haploid organism grows rapidly in axenic cultures, on both solid and liquid medium, with a
sexual cycle that can be precisely controlled. C. reinhardtii is heterothallic and isogamous: Sexual
reproduction involves fusion of two gametes of different mating types (+ and —) that appear
morphologically identical. Differentiation into sexually competent gametes can easily be triggered by
growth in nitrogen-limited media. The mitotic cell cycle is characterized by division into two equal
daughter cells with two or more mitotic divisions taking place in rapid succession. Daughter cells are
retained within a common mother cell wall and released simultaneously on secretion of a vegetative
lytic enzyme acting specifically on the sporangial mother cell wall®*. Cells can be synchronized in
their cell cycle progression by maintaining cultures in 12:12, 14:10, or 16:8 light-dark cycles.
Vegetative diploids are readily selected through the use of complementing auxotrophic markers and
are useful for analyses of deleterious recessive alleles. These genetic features have permitted the
generation and characterization of a wealth of mutants with lesions in structural, metabolic and

regulatory genes.



Chlamydomonas as Model Organism

1.1.2 Adaptation of Chlamydomonas reinhardltii to its nutrient
environment
Due to its simplicity and tractability the Chlamydomonas experimental system has been used

extensively to characterize mechanisms and regulation of nutrient uptake and response to nutrient
stress situations.

Acclimation to nutrient limitation involves responses specific for the limiting nutrient as well as
responses that are more general and occur when an organism experiences different stress conditions.
Specific responses enable organisms to efficiently scavenge the limiting nutrient and may involve the
induction of high-affinity transport systems and the synthesis of hydrolytic enzymes that facilitate the
release of the nutrient from extracellular organic molecules or from internal reserves. General
responses include changes in cell division rates and global alterations in metabolism to adjust for
nutrient availability and growth potential. In photosynthetic organisms, for example, there must be
precise regulation of photosynthetic activity since when severe nutrient limitation prevents continued
cell growth, excitation of photosynthetic pigments could result in the formation of reactive oxygen

species, which can severely damage structural and functional features of the cell.

1.1.2.1 Nitrogen

Wild-type strains of C. reinhardtii can assimilate nitrogen as nitrate, nitrite, ammonium, or other small
molecules such as urea or acetamide'?. NOjs is the major source of inorganic N in the soil and serves as
a substrate for N assimilation. Chlamydomonas synthesizes several transport systems that are
specifically involved in acquisition of NO; and NO,”. The accumulation of transcripts from the
components of these systems is repressed by NHy4", whereas the transcripts are most abundant when
cells are exposed to NO;. Nitrate uptake is mediated by high- and low-affinity proton symporters. In
the cytosol, nitrate is reduced to nitrite by NAD(P)H-dependent nitrate reductase. Further reduction of
nitrite to ammonium by nitrite reductase takes place in the plastid. Most of the nitrate assimilatory
genes are regulated at the transcriptional level. Ammonium is a key regulator repressing the
expression of genes encoding nitrate and nitrite reductase and the nitrate/ nitrite transporters.
Ammonium, whether transported directly into the cell or generated by nitrate/ nitrite reduction enters
metabolism via the glutamine synthetase (GS)/ glutamine-2-oxoglutarate aminotransferase (GOGAT)
system. Chlamydomonas possesses two GS isoforms. GS1 is localized in the cytosol, while GS2 is
present in the chloroplast. GOGAT is present in two isoforms as well, differing in the co-factor used
for reduction, NADH and ferredoxin, respectively. Both activities are localized in the chloroplast.

Cells no longer grow and divide upon N depletion and concurrent with metabolic adaptations to low
nitrogen differentiation into gametes in initiated’®. It appears that one or more of the changes that
facilitate survival during nitrogen starvation has been co-opted as a signal for the programme of
gametic differentiation as gametes are metabolically adapted to survive prolonged periods of nitrogen

starvation and sexually competent cells of opposite mating type fuse to form zygotes which are
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specialized to endure harsh environmental conditions. When conditions become more amenable to
growth, the zygotes germinate into haploid vegetative cells.

Mature gametes can return to the vegetative state by addition of nitrogen. Low nitrogen levels trigger
the formation of pregametes, cells which are competent to respond to blue light as second independent
extrinsic signal for the transition into mature gametes. Competence for the blue light signal is attained
only after five hours of continuous N deprivation’’. Gametogenesis, if cells are exposed to light,
usually is completed ten hours after transfer to nitrogen-free medium.

Carbon and nitrogen metabolism are linked because they must share organic carbon and energy
supplied directly from photosynthetic electron transport and CO, fixation, or from respiration of fixed
carbon via glycolysis, the tricarboxylic acid (TCA) cycle and the mitochondrial electron transport
chain. The integration of these two important metabolic processes involves extensive regulation
between the two pathways™".

Nitrate reductase (NR) and phosphoenolpyruvate carboxylase (PEPc) have been described as two
major metabolic checkpoints for coordination of primary N and C assimilation®. NR, controlling flux
into N assimilation is regulated by many factors including light, nitrate, Gln, and sugars. PEPc
catalyses carboxylation of phosphoenolpyruvate (PEP) to form oxaloacetate (OA) and enables the
provision of C-skeletons through the TCA cycle for inorganic N assimilation. Ammonia incorporation
requires 2-oxoglutarate (20G) and amino acid synthesis downstream the GS/GOGAT system relies on
appropriate allocation of assimilated carbon.

The initial steps in nitrogen assimilation result in metabolite changes that activate glycolysis at the
level of pyruvatekinase (PK) and PEPc. This activation causes metabolite changes that signal the need
to direct carbon to respiration from either starch, sucrose, or the reductive pentose phosphate pathway,
depending on the tissue. During photosynthesis, the metabolic demands of nitrogen assimilation are
transduced to the photosynthetic apparatus to balance ATP and NADPH production with the energy
requirements. The extra reductant demanded in assimilating NO; changes the initial priority of carbon
flow in tissues where photosynthetic energy is inadequate to meet the electron demands. In such cases,
the oxidative pentose phosphate pathway (OPPP) is activated to provide reducing power. The nitrogen
and carbon metabolic pathways are interconnected through regulatory signals that include allosteric
metabolite effectors, phosphorylation, and redox regulations. Carbon and nitrogen metabolism are
interdependent processes, so neither can continue to operate to the detriment of the other. Nutrient
status, either of carbohydrate levels or nitrogen compounds are important factors in determining the

priority of resource use between these two pathways.

1.1.2.2 Iron

Chlamydomonas reinhardtii was shown to exhibit a similar response to iron deficiency as strategy I
plants, that involves an inducible Fe’*- reductase activity and regulated iron uptake®”®'. Iron reduction
at the cell surface is a key step in mobilizing iron for uptake®. Genetic and biochemical evidence

suggests that the multi-copper oxidase Fox1 and the putative permease Ftrl are additional components
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in the high-affinity iron uptake system®. While there is evidence that copper deficient cells are unable
to activate high-affinity iron uptake in response to removal of iron from growth medium®, copper
deficiency does not lead to chlorosis®, which is typical for the iron deficient phenotype. This
implicates the existence of additional iron transport systems in Chlamydomonas, highlighted by the
crd2 mutant that shows conditional high iron requirement in copper-deficient but not copper replete
medium®.

Activation of assimilation pathways is logically a first line of defense in response to iron deprivation.
Indeed, FOXI and FTRI expression is increased substantially when the iron content of the medium is
reduced to 1 uM. Iron-deficiency symptoms such as chlorosis and inhibition of cell division become
evident only after iron content is reduced to sub-micromolar amounts, at which point iron supply is
insufficient for the maintenance of all iron-containing enzymes.

Besides activating iron assimilation pathways, iron-deficient Chlamydomonas cells re-adjust
metabolism by reducing light delivery to photosystem I (PSI) to avoid photo-oxidative damage
resulting from compromised FeS clusters’. In an iron-replete cell, the light harvesting complex I
(LHCI) is well “coupled” to PSI so that the energy of the photons absorbed by chlorophyll bound to
Lhca subunits migrates effectively to the special pigments in PSI where photochemistry occurs. In the
iron-deficient state, the structure of PSI is modified so that part of the LHCI pigments are no longer
effectively connected. Under severe iron limitation, Chlamydomonas cells initiate sequential
degradation of the LHCI subunits and both photosystems. The signal transduction pathways for these
responses are completely unknown, but it has been deduced that they directly sense iron nutrition
rather than damaged PSI because transfer to iron deficient conditions can save PSI-defective mutants

that are light sensitive in iron replete medium®’.

1.1.2.3 Phosphorus

Phosphorus (P) is assimilated and utilized mainly as phosphate ion (P;). P; is an important structural
component in nucleic acids and phospholipids and has a critical role in energy conversion in the form
of high-energy phosphoester bonds. It is an important substrate and regulatory factor in photosynthesis
and respiration and protein phosphorylation/ dephosphorylation is one of the central mechanisms of
regulation of protein activity. Due to its low solubility and high sorption capacity in soil, P supply is
often limiting to plant growth. Chlamydomonas responds to phosphorus limitation with induction of
high-affinity phosphate transport and the expression of extracellular phosphatases that can cleave
phosphate from organic compounds in the environment™. Alkaline phosphatase activity starts to
increase rapidly 20 hours after exposure to P-free conditions and reaches a maximum after 48 h with a
300fold increase relative to unstarved cells®™. PHOX encodes a calcium-dependent periplasmic
alkaline phosphatase that accounts for more than 80% of alkaline phosphatase activity. PHOX mRNA
levels increase dramatically during P deprivation®'.

Chlamydomonas cells possess electron dense vacuoles containing large amounts of pyrophosphate

i) ana s ort an ong cnain po osphate alongside with ma nesium, calcium and zinc . €
PP)) and sh d long chain polyphosphate alongside with magnesi Ici d zinc®. They
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presumably serve as P; storage and buffer a critical P; concentration in the cytoplasma, although also
P-starved cells contain polyphosphate bodies of the normal size™ and most of the inorganic phosphate
taken up by P;-starved Chlamydomonas cells is still accumulated as polyphosphate’'. Therefore, it has
been suggested that apart from P; storage these organelles may serve also as internal calcium stores
and may have a role in inositol-1,4,5-trisphosphate/ calcium signaling’’.

The Chlamydomonas reinhardtii transcription factor Psrl is required for the control of activities
involved in scavenging phosphate from the environment during periods of phosphorus limitation’.
PSRI appears to exert transcriptional control on the P; transporters identified in the Chlamydomonas
genome as well as on PHOX. Psrl also controls genes encoding proteins that can serve as alternative
electron acceptors that help prevent photodamage caused by overexcitation of the photosynthetic
electron transport system. For example, transcript levels of the alternative oxidase gene AOXI increase
in wild-type cells, while the psr/ mutant shows only a transient increase in 4OX1 levels after 4 h of P
deprivation that is not maintained. In accordance with this finding, phosphorus-starved psr/ mutants
die when subjected to elevated light intensities; at these intensities, the wild-type cells still exhibit
rapid growth*!.

Acclimation to phosphorus deprivation also involves a reduction in the levels of transcripts encoding
proteins involved in photosynthesis and both cytoplasmic and chloroplast translation as well as an
increase in the levels of transcripts encoding stress-associated chaperones and proteases''. The onset
and intensity of these transcriptional changes suggests that psr/ mutant cells need to activate the
general stress response more rapidly than wild-type cells, possibly because of the inactivity to
scavenge P from external resources or internal stores. Regulation of photosynthetic electron transport
has been characterized as a general response to adjust metabolism and sustain viability when nutrient

1°. Both P and S limitation, result in a 75% decrease of maximal O, evolution that correlates

levels fal
with the reduction of electron flow through photosystem II, although with P-deprivation a longer
treatment is needed to observe the effect’”. Decline in PS II electron flow is, besides loss of reaction
center activity, a consequence of the formation of Qg nonreducing centers to resist photoinhibition and
possibly dissipate excess absorbed light energy. P- or S-limited cells also exhibit increased non-
photochemical quenching and undergo a transition to state Il with regard to localization of chlorophyll

antennae.

1.1.2.4 Sulfur

Sulfur (S) is an essential element for all organisms and is present in proteins, lipids, carbohydrates,
and various metabolites. S is mostly taken up as sulfate anion (SO,*). The first step of assimilation
into organic compounds is activation of sulfate by the enzyme ATP sulfurylase (ATS). Adenosine
phosphosulfate (APS), the activated form of SO,*, can serve as a substrate for reduction or can be
phosphorylated by APS kinase to yield 3’-phosphoadenosine-phosphosulfate (PAPS). PAPS can be
used by sulfotransferases to catalyze the sulfation of choline, glucosides, proteins and other

metabolites. In the reductive sulfate assimilation pathway, the S of APS is reduced to sulfite by APS
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reductase (APR). Sulfite is further reduced to sulfide and incorporated into the amino acid cysteine,
which is the main hub for synthesis of S-containing compounds including methionine, the methyl
donor S-adenosylmethionine, and the antioxidant glutathione.

Cysteine is synthesized by condensation of O-Acetylserine (OAS) and sulfide. OAS is formed from
serine and acetyl-CoA. The sequential reaction is catalyzed by two enzymes, serine acetyltransferase
(SAT) and O-acetylserine (thiol) lyase (OAS-TL) which are integrated into the hetero-oligomeric
cysteine synthase complex (CSC)"™. The reversible association of the CSC, accompanied by activation
of SAT and inactivation of OAS-TL, in response to changes of cellular concentrations of the key
effector metabolites sulfide and OAS provides an intricate mechanism for regulation of sulfate uptake
and reduction in plants.

C. reinhardtii synthesizes a prominent, extracellular arylsulfatase (ARS) in response to S
limitation” ’®. The extracellular location of ARS allows it to hydrolyze soluble SO4* esters in the
medium, releasing free SO,> for assimilation by the cells. Both transcripts and activity for enzymes
involved in the uptake and assimilation of SO,* increase substantially during S deprivation, including
ARS, ATS, APR, SAT, and OAS-TL, although mRNA levels for sulfite reductase and APS kinase
change very little** 77, S starvation of C. reinhardtii causes a 10fold increase in the V., and a 7fold
decrease in the K, for SO,> transport78.

The sac mutants of C. reinhardtii are deficient in the response to sulfur-limiting conditions’. The sac!
and sac? mutants are deficient in inducing arylsulfatase, whereas sac3 constitutively expresses
arylsulfatase in sulfate-replete medium. All three mutants are unable to increase sulfate transport to the
same extent as wild-type cells when deprived of sulfate. In addition, sacl, but not sac2 or sac3, is
unable to down-regulate photosynthesis in response to sulfur starvation®’. SACI sequence shows
characteristics of Na'/SO,*" transporters and is an important regulator of many aspects of both the
specific and general response to S starvation®'. Many of the enzymes of the S assimilation pathway,
such as ARS, ATS, APR and sulfite reductase are regulated in a SACI dependent manner*.
Furthermore, the sac! mutant exhibits lower sulfate transport activity and dies much more rapidly
under conditions of S deprivation than wild-type cells™.

The Chlamydomonas cell wall consists primarily of hydroxyproline-rich glycoproteins and is known
to be extensively sulfated®’. The accumulation of cell wall polypeptides which have no or very few
sulfur-containing amino acids during S deprivation suggests that restructuring of the cell wall upon the
imposition of sulfur starvation may be important for the efficient utilization of sulfur-containing amino
acids and possibly for reallocation of sulfur present in cell wall components of unstarved cells®. Sacl
mutants fail to accumulate transcripts for these specialized cell wall constituents, which highlights the

pivotal role of SAC! in the response to S starvation.

1.1.3 Amino acid metabolism: arginine biosynthesis

Arginine  biosynthesis has been one of the first metabolic processes studied in

Chlamydomonas reinhardtii'>. The reaction sequence resembles the Arg biosynthesis pathways in
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yeast, Neurospora crassa® and higher plants®® with synthesis of ornithine from glutamate and
synthesis of arginine from the ornithine intermediate (Figure 1). Orn is synthesized from Glu via a
series of acetylated intermediates by sequential activity of N-Acetylglutamate synthase (NAGS), N-
Acetylglutamate kinase (NAGK), N-Acetylglutamate-5-P reductase (NAGPR) and N*-Acetylornithine
aminotransferase (NAOAT). Acetylation of Glu commits it to Orn biosynthesis. Orn is formed as the
acetyl moiety of N*-acetylornithine (NAO) is transferred to glutamate, regenerating N-acetylglutamate
(NAG), in a reaction catalyzed by N’-acetylornithine:N-acetylglutamate acetyltransferase
(NAOGACT). This step completes the so-called “cyclic pathway” for Orn synthesis, which conserves
the acetyl moiety that is contributed in catalytic amounts to this pathway by NAGS. Synthesis of Arg
from Orn proceeds via enzymes of the urea cycle. Ornithine transcarbamoylase (OTC) catalyzes
carbamoylation of the d-amino group of O forming citrulline. Argininosuccinate synthase (ASS) and

Argininosuccinate lyase (ASL) activities transform the citrulline backbone to Arg.

Acetyl-CoA
Glutamate
ATP N—Acetylglutamate Ornithine Carbamoyl
phosphate
ADP
p;
N-Acetylglutamate N—Acetylornlthlne
5- phosphate Citrulline
Aspartate
— argl _> 2-Oxoglutarate ATP
NADPH arg9
< _—arg AMP + PP.
N-Acetylglutamate \ + PP
S-semialdehyde Glutamate Argininosuccinate
NAD™P,
arg7
/ h Fumarate
Arginine

Figure 1:Synthesis of Arg in Chlamydomonas. N-Acetylglutamate is synthesized from glutamate mainly by
transacetylation from N*-Acetylornithine (bold arrow). Position of enzymes deficient in the arg!/, arg7 and arg9
mutant strains which have been characterized in this study are indicated.

Feedback inhibition of NAGK by Arg appears to be the major checkpoint for metabolic control of the
pathway. Expression of NAGS, NAGK, NAOGACT appears to be coordinated in response to changes
in Arg demand. Allocation of the common carbamoyl-P intermediate coordinates synthesis of Arg
with pyrimidine nucleotide synthesis. In Saccharomyces cerevisiae NAGS/NAGK are integrated into a
functional complex (metabolon) with co-ordinated catalytic activities and feed-back regulation by
Arg®. An additional layer of control which links sensing of global nitrogen status to Arg synthesis
appears to be exerted by modulation of NAGK activity through binding of a PII regulatory protein as
has been demonstrated in Arabidopsis thaliana® and cyanobacteria™.

In Chlamydomonas, Arg is the only amino acid with a regulated carrier-mediated uptake®, possibly

due to its eligibility as generic N-source. Although substantial evidence in favour of uptake of a
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number of amino acids has been presented'?, to date Arg is the only amino acid for which auxotrophic
mutants could be isolated. Mutants for six of the individual steps in the biosynthetic pathway for Arg
have been described'>. Among these are mutants affected in the loci for ARG (deficient in NAGPR),
ARGY (deficient in NAOAT) and ARG7 (deficient in ASL) (Figure 1). In Chlamydomonas, only ASL
has been characterized in detail’®* *°. The gene is 7.8 kb long and is thought to contain 14 exons. Both
the genomic and cDNA have been used to engineer constructs to exploit Arg auxotrophy as selectable

marker for transformation and for gene tagging.

1.2 Metabolomic Analysis
Metabolites form an integral part of the molecular interaction network and play diverse roles from

structural building blocks to energy sources and signaling molecules. The comprehensive study of the
changes of metabolite composition, or metabolomics, in response to environmental, genetic or
developmental signals is an important complement of other functional genomic techniques in the
effort to develop an understanding of how genes, proteins and metabolites are all integrated into a
seamless and dynamic network to sustain cellular functions. The unbiased and complete representation
and quantification of the suite of metabolites in a biological sample is an ambitious concept and recent
improvements of analytical performance, innovative bioinformatics tools and new data mining
strategies are just beginning to extend the relevance of metabolomic data from the observation of
global or systemic properties and responses to more refined analyses of metabolic regulation and

control.

1.2.1 Scope and objectives

The proximate objective of metabolomic analysis is to obtain measurements that truly reflect the in-
vivo amounts of cellular metabolites. Metabolites can be detected directly or as chemical derivates
specific for the individual compounds. Several issues regarding this proximate goal are important to
consider: The analysis should include as many metabolites as possible, ideally all, and avoid bias
towards certain compound classes defined by molecular structure or physicochemical properties such
as polarity or volatility. Furthermore, artifact signals, which can be of various origin, should be
avoided or must be removed from the set of measurements. Dynamic range presents a further
challenge for the correct quantification of metabolites as individual components can vary in
concentration seven to nine orders of magnitude within tissue extracts’'. Depending on the analytical
platform, some metabolites may be below their limit of detection, while others may be present in
significant amounts and be out of the range of linear detection or even of the detection capacity of the
hardware.

Ideally, quantification would allow establishing absolute amounts of the different compounds. Due to
largely different analytical sensitivity of individual metabolites which depends on the detection system

used, relative quantification can be restricted to comparisons of the amounts of individual metabolites
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between differently treated samples, rather than allowing the comparison of the amounts of different
metabolites in one or more samples.

A major challenge to the generation of metabolomic data is the diverse chemical nature of small
organic compounds which limits the number and type of metabolites that can be extracted, detected
and identified with any single method of sample preparation and measurement. Depending on the type
of question asked, the scope of metabolite analysis should be adapted to the cause, as the general
notion in metabolite analysis is that with currently available technology comprehensiveness and
accuracy are partly conflicting objectives. For example, adaptation of the sample preparation protocol
and detection method to the physicochemical properties and in-vivo abundance of a certain compound
class of special interest will be suitable to determine these compounds with high precision while other
compounds may not be adequately extracted or detected. Consequently, metabolite analysis may be
restricted to the substrate(s) or product(s) of a particular enzyme or metabolic process (metabolite
target analysis), e.g. when hypotheses on specific metabolites are tested, or to a group of metabolites
implicated in a metabolic pathway of interest or belonging to certain compound classes defined by
molecular structure (metabolite profiling). If compounds are not selected in advance, the resulting data
will contain a broad spectrum of metabolites (metabolomics) and will, besides recognized molecules,
include a substantial number of analytes without an assigned chemical structure due to current
limitations in compound identification (see 1.2.2.2). Metabolomic data which is not or only to a small
degree annotated has worthwhile applications, notably for sample classification or the general
characterization of metabolite changes in response to environmental or genetic perturbations; such
metabolic phenotypes have been shown to very sensitively differentiate biological samples® and for a
number of purposes sample classification in itself is of great importance. When sample classification
is the main focus, identification or even separation of individual analyte signals may not be needed
(metabolic fingerprinting). However, depending on the methodology used, classification can identify
metabolites accounting for the difference between samples and lead to targeted identification efforts
for the most relevant analytes.

The capability of metabolomic approaches to cover potentially important novel or unknown
compounds is generally regarded as an advantage and analytes without assigned chemical structure
still convey information on global changes of metabolism or highlight the impact of individual
unknown compounds. However, to exploit metabolomic data to its fullest, to integrate it with other
datasets of genomic scale and with the vast body of experimental evidence from established targeted
biochemical analyses, identification is a key step. Identification therefore can be seen as the link
between the proximate (metabolite measurement) and the ultimate objective of metabolomic analysis
which is to apply metabolite measurements to study regulation and control of metabolism, to identify
regulational circuitries and determine how the flux of energy and matter is conducted and coordinated

within and between metabolic pathways.
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1.2.2 Methods

Harvest, extraction and preparation of the extract for metabolite measurement are the first steps of
metabolomic analysis and are crucial for the quality of the result. Important parameters during sample
preparation are rapid inactivation of metabolism to preserve in-vivo metabolite concentrations
(quenching), quantitative and comprehensive extraction of metabolites, prevention of metabolite
degradation or modification, complete and reproducible derivatization and comparability between
samples. Studies which provide a synthetic view on the many parameters entailed in the sample
preparation process for metabolite analysis and compare alternative methods for quenching,
extraction, or derivatization have begun to appear only recently, including studies on sample
preparation and derivatization of Arabidopsis thaliana”® and microorganisms such as
Saccharomyces cerevisiae® or Escherichia coli’* *°. A range of analytical techniques such as gas
chromatography coupled to mass spectrometry (GC-MS), H-1 NMR spectroscopy, liquid
chromatography-mass spectrometry (LC-MS), Fourier Transform mass spectrometry (FT-MS), high
performance liquid chromatography (HPLC) and electrochemical array (EC-array) have been applied
to maximize the number of metabolites that can be identified in a matrix’® °’. GC-MS in particular has
been widely used due to unsurpassed sensitivity, chromatographic separation power, high dynamic
range and reproducibility and is employed also in this study. The following paragraphs highlight the

methodology of metabolomic analysis and in particular methods in GC-MS based approaches.

1.2.2.1 Sample preparation for metabolite measurement

Environmental stimuli of any kind are suitable to provoke rapid changes in metabolite concentrations,
especially for intermediates which participate in reactions with high turnover rates. To generate an
authentic picture of the metabolic composition of a biological system it is therefore crucial to stop
biochemical activity instantly as the material is removed from the original growth conditions for
harvest. Enzyme inactivation can be reached by protein denaturation or rapid freezing. Denaturation
occurs after sudden pH change, e.g. mixing with strong acid (perchloric or trichloroacetic acid) or
alkali reagents (NaOH or KOH), or mixing with organic solvents. Treatments with acids or alkali
reagents have often been applied to inactivate enzymes and extract metabolites at the same time.
Acidic and alkalinic extraction methods have commonly been used for the extraction of acid and
alkaline stable compounds, respectively (see below).

Rapid freezing to low temperatures will slow and eventually stop enzymic reactions. Freezing does not
eliminate the need for permanent destruction of enzyme activity but enables rapid quenching of
metabolism in larger objects such as organs, or objects which have structural barriers (e.g. cell walls)
which prevent rapid mixing with acids, alkali, or organic solvents and require homogenization prior to
the application of denaturing agents. During homogenization and until application of denaturing
agents the material must be kept at low temperatures.

Whereas plant material can be freeze-clamped or flash-frozen in liquid nitrogen directly, the situation

is different for analysis of microbial cells from suspension cultures. Although freezing of entire
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microbial cultures with subsequent analysis of the metabolite composition have been reported®,
separation of the cells from the medium is highly desirable. The separation is a prerequisite for
differentiation of intra- and extracellular metabolites and enables sample concentration in view of the
usually small ratio between biomass and culture medium. In addition, it provides the possibility to
eliminate large amounts of constituents of the growth medium from the sample, which may not be
compatible with the use of highly sensitive separation or detection methods.

A commonly used method for metabolite analysis of yeast cultures that enables separation of cells
from the culture medium while stopping cell metabolism is based on rapid sampling into a cold
methanol solution as proposed by de Koning and van Dam®. Cells can then be collected by
centrifugation'® or filtration'”' requiring sample handling at low temperatures to minimize turnover of
metabolites prior to cell extraction.

A critical factor for the use of cold aqueous methanol solution for quenching is the preservation of the

102194 are sensitive to cold methanol solutions

integrity of the cells. Yeast cells”, like bacterial cells
(50% v/v final methanol concentration) in that leakage of certain intracellular metabolites, e.g.
significant amounts of glucose-6-phosphate (G6P), ATP and NAD", is observed during quenching'®.
Methanol concentrations as low as 25% v/v appear to compromise membrane stability of yeast cells,
although it is not known whether this results in significant metabolite leakage’. Minimizing exposure
time to cold methanol solution reduces the amount of metabolite leakage in yeast®.

To extract metabolites efficiently from plant tissues, the tissue must be homogenized properly first.
Various techniques have been applied for this, e.g., grinding with a mortar and pestle together with
liquid nitrogen, homogenization with a ball mill with pre-chilled holders'®”, a metal pestle connected
to an electric drill', and ultra-turrax devices'’. In Chlamydomonas simple freezing and thawing is
sufficient for the release of soluble enzymes'®. Sonication, the French press, homogenization with
glass beads, and grinding of cell pellets with mortar and pestle are used to prepare more particulate
homogenates'>. Mostly, these cell disruption techniques have been applied in Chlamydomonas without
special regard or need to preserve metabolite levels during homogenization and have been described
for aqueous extraction solutions rather than organic solvent extractants.

The most common way to extract metabolites is to incubate and agitate the homogenized material at

low or high temperatures in organic solvents, solvent mixtures'® '* '°

or perform sequential
extractions with different solvents. For polar metabolites, methanol, ethanol, and water are often used,
while for lipophilic compounds chloroform is commonly applied. A number of techniques has been

" microwave-

used to increase extraction efficiency including supercritical fluid extraction (SFE)
assisted extraction''> "> (MAE), and pressurized liquid extraction (PLE)'"*'"*.
De Koning and van Dam” adapted a methodology originally designed for extraction of total lipids

. . 116
from animal tissues

based on buffered methanol-water mixture and chloroform to extract polar
metabolites from a yeast cell suspension. Their method has recently been applied for intracellular

metabolite analysis of a variety of microorganisms’” '°"> 1% 1" 18 "The combination of methanol,
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water, and chloroform has been shown to yield excellent recoveries of amino acids, organic acids and
sugar alcohols, and, in contrast to using pure or diluted methanol, is able to adequately recover
phosphorylated compounds” ' ''®,

Metabolite extraction at extreme pH is suited for the measurement of acid-stable and alkali-stable
compounds, respectively. These methods have been widely used in the extraction of metabolites from

120122 tissues and microorganisms’ ** ' '** Acidic extraction is commonly used for

animal''® and plant
the extraction of nucleotides and water-soluble metabolites” '**, but for metabolome studies it is
evident that not all metabolites are stable at the extreme pH, and destruction of some nucleotides has
been reported during acidic extractions'>. Data acquisition methods should be carefully chosen in
order to eliminate the interferences of high salt concentrations that may occur as a result of
neutralizing the extraction solution. Compounds such as pyruvate, nucleotides, and phosphorylated
sugars are poorly recovered under extreme acidic or alkaline pH °*. In addition, the neutralization of
the extracts may increase the losses of metabolites by absorbing to the KCIO, precipitate. When both
acid- and alkali-stable metabolites have to be determined, the extraction has to be carried out on two
separate samples, making it difficult to reproduce cell sampling and quenching. Furthermore, there are

100 Metabolite extracts are

metabolites which are unstable in both high and low pH extraction solutions
concentrated prior to GC-MS measurement by lyophilization or solvent evaporation’. Removal of
polar solvents is also usually a prerequisite for chemical derivatization to increase volatility of polar
compounds for GC-MS analysis.

Many of the constituents of a crude metabolite extract are nonvolatile and are in their underivatized
form not amenable to GC analysis’>. The most common way to derivatize polar compounds containing
acidic protons as in —OH, —SH, or —-NH groups, is to introduce a trimethylsilyl (TMS) group, and form
TMS ethers, TMS sulfides or TMS amines, respectively'>. For monosaccharides TMS derivatization
usually results in five tautomeric forms (open chain, two pyranose, and two furanose anomers) of the
reducing sugars'?® '*’. This causes major problems for the identification and quantification of complex
mixtures of carbohydrates due to equilibrium shifts and separation constraints in complex matrices.
The number of tautomeric forms can be reduced by conversion of the aldehyde and keto groups into
oximes using hydroxyamines or alkoxyamines before forming TMS ethers. This results in the
formation of only syn and anti forms due to the limited rotation along the C=N bond'®. The choice of
reagents for oximation and silylation is guided by setting priorities between maximizing reaction
efficiency, to ensure that as few metabolites as possible remain underivatized, and minimizing
formation of unexpected side products'*®. Evidence suggests that alkoxyamine and TMS derivatization
are more suitable for the identification of compounds by GC/MS compared to hydroxylamine and

TMS derivatization'®

. MSTFA (N-methyl-N-trimethylsilyltrifluoroacetamide) has been widely used
for silylation of sugars and plant metabolites in combination with oximation'® ' '*°. The silylation
donor power of MSTFA is similar to that of BSTFA (¥, O-bistrimethylsilyltrifluoroacetamide) and

BSA (N, O-bistrimethylsilylacetamide), but MSTFA is more volatile and thus more suitable for direct
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GC analysis of the derivatization reaction'”. Reagents, such as potassium acetate, pyridine, TMCS,
and TMBS, can enhance the silylation power of silylation reagents'>. The choice of solvent can also
affect the silylation efficiency'*" ',

GC-MS analyses easily yield peak information reaching and exceeding 1000 separate analytical
signals. As illustrated with reducing sugars above, original metabolites can produce several derivate
peaks due to tautomeric conversions or varying degrees of derivatization. Other chromatographic
peaks may be the result of compound degradation or modification during extract preparation due to
metabolite instability under extraction conditions, e.g. oxidation"' or allomerization'*. Side reactions
and residues of the TMS derivatization reaction are detected as numerous signal in GC-MS

analyses'”®

. A further source of bogus peaks may be contamination of reagents, solvents and reaction
vessels used. Rarily, systematic strategies are reported to differentiate and eliminate these artifact
signals which is especially important if conclusions are based on the analysis of both known and

unknown peaks.

1.2.2.2 Metabolite measurement with GC-MS:
detection and identification
GC-MS is a combined system where compounds are first separated by GC and then detected

traditionally by electron-impact mass spectrometers. The combination of these analytical techniques
provides high chromatographic resolution and high sensitivity. Typically, limits of detection are in the
pico- or nanomolar range. A diverse array of small organic compounds is amenable to analysis by GC-
MS, but this range is, in general terms, restricted to thermally stable volatile compounds or compounds
that can be chemically transformed into stable volatile derivatives. Non-volatile, high-MW compounds
or certain polyphosphorylated or activated intermediates may therefore not adequately be covered.
Volatile, low-MW metabolites have been sampled and analyzed directly, without further need for

134135 yolatiles.

derivatization including breath'** and plant
Small aliquots of derivatized samples are analyzed by split and splitless injection setups on GC
columns of differing polarity. In metabolomic analyses, the goal is to maximize the number of
metabolites analyzed in a single GC-MS run, and therefore extracts usually are not fractionated, in
contrast to procedures for analyzing specific metabolites from complex matrices. This results in a
complex data output, containing hundreds of analyte peaks. Although extending run times increases
GC separation power", complete chromatographic resolution is difficult or impossible to achieve
under these conditions. Recent studies probe the potential of two-dimensional gas chromatography for

. . L - 137-140
a substantial enhancement of chromatographic resolution in metabolomics approaches .
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Several bioinformatics tools have been introduced to process GC-MS raw data
proprietary software offered by suppliers of GC-MS systems, such as ChromaTOF (Leco Inc.,
St. Joseph, MI, USA). Data transformation algorithms include automated computation of peak apexes
and mass spectra, peak deconvolution, which aims at the mass spectral correction for co-eluting

analytes, calculation of retention time indices and automated assignment of mass fragments suitable
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for selective quantification. Alignment of chromatographic peaks from large sample series is required
when metabolite responses are to be compared for a large number of samples or conditions. Tools
proposed for the simultaneous processing of large chromatographic data sets include the software
packages MSFACTS'?, MetAlign'* and the curve resolution approaches by Jonsson et al."** '**,
However, no generally adopted procedure to transform metabolite raw data has yet been proposed that
can be used independently from its technological platform which is due to the dependency of GC-MS
data on a significant number of technical parameters and sample-specific requirements. Currently, no
automated tool appears to be an adequate substitute for expert input to correct wrong assignments
during annotation and identification of peaks.

With appropriate external and internal calibration GC-MS can provide exact absolute quantification of
the level of a given metabolite in a concentration range of up to four orders of magnitude®. External
calibration is labour intensive and not all metabolites are commercially available to enable preparation
of standard solutions. General and substance-specific losses can occur during all stages of sample
preparation and measurement and are matrix-dependent’ **. Stable isotope labeling with isotopomers
for each compound or xenobiotic stereoisomers which can be differentiated by specific mass
fragments and different retention behavior, respectively, would be ideally suited for
standardization'*> '*.

Currently, the vast majority of analytes in a typical GC-MS analysis remains unidentified. Though

147. 198 identification usually relies on

there have been advances in de-novo structure elucidation
comparison of both the chromatographic retention times or indices and mass-spectrum of sample
peaks with those of authentic standard compounds in mass spectral libraries'*. These libraries are
created in identification efforts in many laboratories and are often adapted to the specific analytical
set-ups in use”*"**. Recent efforts to develop resources that facilitate exchange of metabolomic data
and integrate mass spectral collections from different laboratories highlight the importance of mass

spectral libraries as a reference for compound identification™ '>> '*°,

1.2.2.3 Metabolomic data analysis and applications

To study metabolism, analysis of metabolite concentrations are one approach complementary to the

157,158

analysis of metabolic fluxes and of enzyme activities' .

Metabolite levels are regarded as a “downstream” result of gene expression and as more direct

1'. Changes in the metabolome

indicators for relating genes to functions at a cellular or systems leve
are expected to be amplified relative to changes in the transcriptome and the proteome'®'. In addition,
both theoretical®> '® and empirical'®* evidence indicates that although changes in the quantities of
individual enzymes might have little effect on metabolic fluxes, they can have significant effects on
the concentrations of individual metabolites.

Metabolomic data is in its nature multivariate and in many investigations the number of variables

(metabolites) exceeds the number of observations (samples) by far. A variety of multivariate

techniques has been tested to exploit metabolomic data, detect and explain statistically significant
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structural dependencies and derive hypotheses on the origin of sample variance. Cluster analysis, e.g.
hierarchical cluster analysis (HCA) is widely used for classification of samples'®. Factor analytic
techniques like principal components analysis (PCA) and partial least squares (PLS'®) or independent
components analysis (ICA'®) can be used to extract common factors which account for orthogonal or
independent sources of variance and to reduce the dimensionality of the data. Self-organizing maps

170 171 are additional tools that have been

(SOM'®" %) “mutual information'®, and machine learning
applied to detect dependencies between the variates measured.

Probably due to its firm anchorage in basic statistical theory and well-developed understanding
regarding terms of use and significance, the concept of linear correlation is a popular measure of the

6, 172-174

dependency of pairs of individual metabolites though in the context of metabolic control it may

be inadequate to detect many types of dependencies occurring in the biochemical network of the
cell'”.

To date, metabolomic data is often used for sample classification with or without determination of the
most discriminative metabolites and for the characterization of differences of individual metabolites or
sets of metabolites between different conditions. Metabolomic data allow the detection of effects of
genetic or environmental perturbations on the metabolite level which are not known or presumed a
priori. This allows to assess the effectiveness of heterologous expression that aim at the accumulation
or depletion of specific compounds and monitor, apart from the desired effect, the formation of side
products'”®. Transformation of tomato with a stilbene synthase from grape'”’ resulted in the
accumulation of trans-resveratrol and its glucopyranoside but also of ascorbate and glutathione. As an
extension of this concept, global metabolite data has been interrogated to associate quantitative trait
loci with metabolic loci that have potential for crop breeding'”. The comprehensive analysis of
metabolite levels and the comparison of metabolic phenotypes have been suggested as a possible
measure for substantial equivalence to assess the degree of similarity/ of difference between transgenic
and wild-type plants. In this way, substantial equivalence of genetically modified potatoes which,
apart from the targeted changes, had similar total metabolite composition as conventional varieties was
established. Apart from applications in bioengineering the broad scope of metabolomic analysis has
potential for the analysis of the regulation and control of metabolism on a complex level. The
inducible activation of a cytosolic invertase from yeast in growing potato tubers and comparison with
the effects of constitutive overexpression of the same gene allowed primary effects of increased
sucrose mobilization to be distinguished from pleiotropic secondary effects such as switch from starch
synthesis to respiration'’®. The analysis of tissue specific metabolic phenotypes can suggest their
possible biochemical roles in whole-organism processes and, vice versa, distinction of cellular areas

179 Global metabolite levels are

by metabolite composition can point to different biochemical function
a valuable tool to characterize biochemical effects during developmental or environmental transitions
like the adaptation to cold-stress’ or sulfur starvation which leads to enhanced glucosinolate

biosynthesis'. The complementary nature of metabolomic analysis in functional genomics
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approaches is illustrated by the temporal offset of transcriptional changes and reactions on metabolite
level after infestation of tomato plants with Tetranychus urticae''. Cellular processes are regulated at
several layers and the integration of metabolomic data with transcriptomics or proteomics aims to
capture the regulational properties of the molecular interaction networks more appropriately'®*. This

183, 184

can aid in determining gene functions or regulatory metabolites and genes'®. The comprehensive

analysis of metabolite levels has supported a paradigm change from pathways to reaction and

regulation networks'®’

and a major goal of metabolomics is to adequately describe complex traits like
optimized carbon partitioning or protein content and develop an understanding of the underlying
metabolic network. For example, heterologous, seed-specific expression of a bacterial PEPc in beans
lead to a flux shift from sugars and starch to organic acids and free amino acids'®. Sulfur deficiency in
Arabidopsis thaliana leads not only to a rebalancing of cellular sulfur, but also of carbon and nitrogen
resourses'*’.

The network model of cellular metabolism implies that the concept of biochemical engineering may be
fundamentally flawed and will work only efficiently when metabolic pathways and their mutual
dependencies are fully understood and a dedicated strategy for genetic modification can be
designed'’. Accordingly, reconstruction of the metabolic network, deduction of reaction routes and
regulational circuitries from metabolomic data is a major focus. A variety of theoretical approaches
have been suggested for how metabolomic data can be employed to develop models of metabolism
either based on metabolic fluxes or biochemical stoichiometry®. Metabolic control analysis'® provides
a fundament on which current extensions like co-response analysis'™® or elementary flux modes'** '*°
are used to reveal stoichiometric constraints that restrict possible network topologies. Network

motifs'" 192

are arrangements of reactions with recurrent types of regulational control, including
feedback and feed-forward loops'”® and are being exploited to unravel possible network topologies
too. Algorithms like correlation metric construction have been developed for the reconstruction of
metabolic networks from metabolomic data after perturbations'* or from time series data'”” but are
currently restricted to reaction systems which do not reach the complexity level of cellular

metabolism.

1.3 Objectives

To date, genome-scale analyses in Chlamydomonas reinhardtii are centered on transcript profiling and
proteomic approaches. This work sets out to extend the scope of available functional genomics
techniques for this important model organism and develop and apply a metabolite profiling technique
for multiparallel analysis of small organic compounds. Being a well studied model organism, a wealth
of physiological and molecular genetic techniques and well characterized mutants with defects in
structural, metabolic or regulatory genes are available and allow expanding the characterization of the
affected cellular processes by comprehensive analysis of metabolite levels. As a test case for
metabolite profiling in Chlamydomonas, the response to macro-nutrient and iron deficiency will be

characterized. The adaptation to sulfur deficiency will be analyzed with greater temporal resolution
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and responses of wild-type cells will be compared with mutant cells lacking SACI, an important
regulator of the sulfur deficiency response. For most of the steps in Arg biosynthesis in
Chlamydomonas mutants have been isolated that are deficient in the respective enzyme activities. This
presents the unique opportunity to probe the potential of metabolite analysis for elucidating regulation
of amino acid biosynthesis in a photosynthetic eukaryote and analyze the response to withdrawal of
externally supplied Arg and activation of endogenous Arg biosynthesis by determining the levels of

the pathway intermediates.
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2 Material and Methods
2.1 Cell Culture

Chlamydomonas reinhardtii strains CC-125 wt mt+ and CC-400 cwl5 mt+ were acquired from the
Chlamydomonas Genetics Center (CGC). The arginine-requiring strains CC-48 arg2 mt+ (deficient in
argininosuccinate lyase'”®)’, CC-861 argl mt+ (deficient in N-acetylglutamate-5-phosphate
reductase'”’) and CC-2958 arg9-2 shfl-253 mt— (deficient in N>-acetylornithine-aminotransferase'”®)
were also obtained from CGC.

Generally algae were cultured in TRIS-acetate-phosphate (TAP) medium'? at 25°C under constant
illumination with cool white fluorescent bulbs at a fluence rate of 90 pmolxm?xs' and with

continuous shaking.

Analysis of macronutrient and iron deficiency

Single colonies were used to inoculate a starter culture which was harvested at late log-phase and used
to inoculate a new culture at a starting density of 5x10° cells/ml. After 48 h, cells were harvested by
centrifugation, washed twice with sterile 20 mM TRIS pH 7.0 supplied with 300 uM CaCl,, 400 uM
MgCl, and 7 mM KCI, and resuspended at a starting density of 1x10° cells/ml in TRIS buffered media
depleted of nitrogen'”, sulfur’, phosphorus® or iron® prepared as described earlier, grown for 24 h

and harvested at final densities of 5-8x10° cells/ml.

Metabolomic analysis of S deprivation
For the detailed analysis of sulfur deficiency a sac/ mt+ mutant and the parental strain CC-1690 mt+

79.80 Jsolated

were used. The mutant sac/ strain was generated by backcrossing the original sacl cells
from a mutagenized population of strain CC-425 cwl5 arg7-8 mt+ three times to the wild type strain
CC-1690. Both mutant and parental strain were obtained from Jeffrey Moseley (Carnegie Institution,
Stanford, CA, USA).

For each strain, single colonies were used to inoculate a TAP starter culture which was harvested at
late log-phase and used to inoculate a new culture at a starting density of 5x10° cells/ml. Cells were
grown for 24 h to late log-phase, harvested and used to inoculate a 1 L culture at the same starting
density to yield sufficient cellular material for the experiment. Cells were harvested after 24 h and
resuspended twice in ice-cold Tris-buffered medium depleted of sulfur. After each round cells were
collected by centrifugation for 5 min at 2000g and 4°C. Cells were then resuspended in ice-cold
sulfur-deplete medium at a high concentration and stored on ice. An appropriate amount of cells was
used to make a culture stock in sulfur-depleted medium at RT which was then used to inoculate

separate 200 ml culture flasks to be harvested after 2, 5, 10 and 24 hours sulfur deprivation. Sulfur

replete control samples were generated by resuspending the needed amount of the washed and

" The arg? allele (=arg7-8) is considered to be an allele at the ARG7 locus, showing intragenic complementation
with various arg7 alleles in diploids.
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resuspended cell concentrate into standard TAP medium (200 ml final volume). For each strain,
condition and time point the cell concentration to start the culture were adjusted so that each culture
was harvested at mid-log phase (OD-sy between 0.4-0.5). The required starting concentrations for each
strain, condition and time point were experimentally determined in advance. Cultures were handled
sterile until the individual flasks were harvested. The entire experiment was conducted three times
independently. Correlation between turbidity and cell density was verified in advance by
hemocytometer cell count with an optical density (A=750 nm) of one corresponding to 1.5x10’
cells/ml. Chlorophyll a and b levels were determined spectrophotometrically'> **°. Growth of arginine
auxotrophic strains was maintained by addition of 50 mg/l L-Arginine to liquid media prior to

sterilization. Solid media were supplemented with 4 g yeast extract per liter medium.

2.2 Harvest, Quenching, and Extraction

At the incubation site the cell suspension was injected into a quenching solution (40% methanol in
water). The quenching solution was pre-chilled at —32°C and used at a ratio of 7:1 v/v of quenching
solution to cell suspension for rapid cooling of cells. During injection, the quenching solution was
stirred to facilitate rapid mixing and cooling. Centrifuge tubes were cooled throughout the harvest
procedure in an ethanol/ dry ice bath to keep sample temperature below —20°C. Cells were collected
by centrifugation at 2500 g for 20 min with centrifuge and rotor pre-cooled at —20°C. Supernatants
were decanted and residual liquid carefully removed. Pellets were flash frozen in liquid nitrogen. Cells
were resuspended in 125 ul extraction solution (methanol:chloroform:water 10:3:1 v/v/v) per milliliter
cell suspension based on unit optical density of the harvested cell culture; extraction volume for more
dilute cultures was adjusted accordingly. Five microliter of a 0.2 g/L [U-">C]-sorbitol (Isotec,
Miamisburg, OH, USA) in H,O stock solution were added per milliliter extraction solution prior to its
use. Resuspended material was transferred to new tubes containing 1 ml glass beads (0.25-0.3 mm
diameter, B.Braun Biotech, Melsungen, Germany), vigorously vortexed and incubated for 30 min at
—25°C with occasional vortexing to facilitate extraction. Extracts were transferred to new
centrifugation tubes and particulate material was pelleted by centrifugation for 30 min at 50000 g and
—20°C and the clear supernatant was used for aliquotation of GC-MS samples. Polar phase separation
and derivatization for specialized analysis of hydrophilic compounds only were essentially carried out
as described earlier'*. In brief, extracts were separated into a lipophilic and polar phase by adding 0.4
volume parts water to the clear extract and centrifugation for 15 min at 25000 g and —20°C using a
swing-out rotor. Aliquoted samples were dried by vacuum evaporation over night, flushed with argon,
tightly capped and stored at —20°C until GC-MS measurement.

For manual derivatization, 10 pl of a freshly prepared solution of 40 mg O-Methylhydroxylamine per
ml pyridine were added to the dried samples and incubated for 90 min at 30°C with continuous
shaking. Silylation reactions were started by adding 90 ul MSTFA and incubation for 30 min at 37°C.
MSTFA was spiked with 2 pl retention index marker mix per milliliter prior to use. Retention index

marker mix stock solution contained the fatty acid methyl ester amounts specified in Table 1 solved in
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Control of Metabolite Leakage during Quenching

25 ml chloroform and stored at 4°C. Prior to aliquotation into autosampler vials derivate solutions

were centrifuged for 10 min at 20000 g at RT to sediment any precipitates.

name sum formula CAS registry m[mg] retention index
Methylcaprylate CoH150, 111-11-5 20 262320
Methylpelargonate Ci1oH2002 1731-84-6 20 323120
Methylcaprate C11H20; 110-42-9 20 381020
Methyllaurate C13H260> 111-82-0 20 487220
Methylmyristate Ci15H3002 124-10-7 20 582620
Methylpalmitate C17H340; 112-39-0 20 668720
Methylstearate C19H350, 112-61-8 10 747420
Methyleicosanoate C21H420, 1120-28-1 10 819620
Methyldocosanoate Ca3H4602 929-77-1 10 886620
Lignoceric Acid Methylester CasHs5002 2442-49-1 10 948820
Methylhexacosanoate C27Hs40; 5802-82-4 10 1006900
Methyloctacosanoate CogHs302 55682-92-3 10 1061700
Triacontanoic Acid Methylester Cs31He202 211-113-1 10 1113100

Table 1: Composition of retention index marker mix. Retention times were converted to the indices indicated.

2.3 Control of Metabolite Leakage during Quenching
Strains CC-125 and CC-400 had been grown for 22 h from a starting density of 1x10° cells/ml in

unlabeled TAP medium to a density of 6.8x10° cells/ml.

10 pl [U-"*C]-acetate (Amersham, 200 pCixml™") were added to 10 ml of the cell suspension which
was put back to the same culture conditions. After three hours of incubation cells were harvested by
centrifugation for 5 min at 2000 g and 4°C. The culture supernatant was carefully removed and
residual medium extracted with a pipette. Cells were gently resuspended in 10 ml ice-cold (unlabeled)
TAP medium to wash off all remaining activity from medium residuals and interstitial spaces.
Resuspended cells were collected by centrifugation for 5 min at 2000 g and 4°C and the supernatant
was carefully removed. The pellet was resuspended in 10 ml of room-temperature (unlabeled) TAP
and gently agitated on a shaker for 15 min in the light at room temperature to allow for equilibration of
the cells after two rounds of centrifugation.

Aliquots of 170 ul of the cell suspension were subjected to the quenching procedure described above.
The quenched samples were prepared in six replicates: Cells from three of the samples were harvested
after 3 min by centrifugation, whereas the other three were kept for 30 min at —25°C before pelleting.
625 ul of the supernatant, corresponding to 125 pl cell suspension was used for scintillation.
Measurements of the total amount of incorporated radioactivity were made by using 125 pl of the
washed and equilibrated cell suspension with an addition of 500 ul quench solution directly for
scintillation.

Control samples for leakage inflicted by the centrifugation itself were prepared by harvesting an
aliquot of the washed and equilibrated cell suspension at 2500 g for 5 min and 4°C and subjecting the

supernatant to quenching in parallel with the cell suspension.
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Using 10 ml scintillation cocktail (Ready Safe, Beckman Coulter, Fullerton, CA, USA) per sample,
scintillation for "“C was performed on a LS 6500 Scintillation Counter (Beckman Coulter, Fullerton,

CA, USA).

2.4 GC-TOF Measurement

Analysis of polar phase extracts was performed on an HP5890 gas chromatograph with splitless
injection of 1 ul at 230°C and 15°C/min GC temperature ramping from 85°C (2 min isocratic) to
360°C, using a 30 m MDN35 column (0.32 mm I.D., 0.25 um film, Supelco), at a constant flow rate of
2 ml/min. The Pegasus Il TOF (LECO, St. Joseph, MI, USA) mass spectrometer ion source operated at
—70kV filament voltage with ion source and transfer line temperature set at 250°C. Data were acquired
at a rate of 20 spectra per second in the mass range of m/z 85 to 500.

Complete extracts were automatically derivatized prior to GC-MS measurement with 10 ul of a
40 mg/ml solution of O-methylhydroxylamine in DMF for 180 min at 42°C with continuous shaking.
Silylation reactions were started by adding 90 ul MSTFA and incubation for 30 min at 37°C. One
microliter retention index marker mix was added to each sample prior to injection. Analysis of
complete extracts was performed on an HP5890 gas chromatograph with splitless injection of 1.5 pul
into a DTD-injector at 85°C. Injector temperature increased to 290°C with a rate of 4°C/s. GC
temperature ramping extended from 85°C (210 s isocratic) to 360°C at a rate of 15°C/min, using the
same 30 m MDN35 column (0.32°mm L.D., 0.25 um film, Supelco) at a constant flow rate of

2 ml/min. Mass spectrometer settings were identical to polar phase extracts analysis.

2.5 Solvents and Chemicals
HPLC grade methanol and chloroform were supplied by Merck (Darmstadt, Germany). MSTFA was

supplied by Macherey-Nagel (Diiren, Germany). [U-">C] sorbitol was purchased from Isotec
(Miamisburg, OH, USA). All other chemicals, in the highest grade available, were supplied by Sigma-
Aldrich (Taufkirchen, Germany).

2.6 Data Analysis
2.6.1 ChromaTOF data processing methods

Chromatographic files were processed with the ChromaTOF software (version 1.0, Pegasus driver
1.6). For baseline computation and peak finding the following settings were used: Baseline offset: 1.0;
number of data points for smoothing: 10; Peak width continuously broadening from 2.5 (0 s) to 4.0
(1000 s); upper limit for peak finding: 9999. Peaks were reported above a S/N threshold of 20.0.
Retention indices were calculated based on the retention indices of the 13 retention index markers
(Table 1). Analyte spectra were searched against custom spectrum libraries and identified based on
retention index and spectrum similarity match. Best library hits for all analytes were retrieved based
on spectrum similarity match by searching the NIST spectrum library EINST MSRI 136 which

encompasses all other special purpose spectra libraries used in this study'®” '*°. Pooled sample
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chromatograms were used to generate chromatogram references against which all sample
chromatograms of the experiment were compared. Chromatogram references were checked for false
positive library hit annotations. In addition, the reference chromatogram was searched manually for
metabolites from core biochemical pathways which are represented in custom spectra libraries
acquired by the measurement of genuine pure standard substances. Unique masses identified by the
peak finding algorithm were generally used for peak area quantification. For all annotated peaks,
quantification masses were checked to represent a genuine mass fragment of the analyte spectrum.
Sample chromatograms peaks were matched to the reference within a retention index window of
+2000 RI units with a spectral similarity threshold of 700 and a S/N minimum of five. The result of
the reference comparison of all sample chromatograms was further analyzed in Microsoft Office Excel

2003 and Matlab (version 6.5, release 13; Mathworks, Natick, USA).

2.6.2 Preparative data analysis

Metabolomic Analysis of S deprivation

Peaks of the reference peak list were analyzed with respect to matching consistency. Only analytes
that were consistently found in at least one experimental class, i.e. samples corresponding to one
combination of strain, experimental condition and time point, were retained in the dataset (only
replicates with the largest aliquot volumes are considered). Analyte responses in each sample were
normalized to internal standard. Each experimental class of each independent experiment was
represented by at least two samples with different aliquot volumes (500 and 250 pl). Corresponding
samples were used to calculate peak area aliquot ratios for each analyte (large aliquot divided by small
aliquot). The distribution of the median aliquot ratios for each analyte was fitted to a non-parametric
normal fit set to auto-bandwidth and positive domain. Only analytes with ten or more calculated
aliquot ratio values were considered. The local minimum in the resulting bimodal normal fit was set as
minimum threshold of the aliquot ratio mean for analytes to be retained in the dataset.

Analytes were considered true low values below detection limit, if the peak was missing from the class
entirely, i.e. was never reported in any of the sample chromatograms derived from independent
experiments and different aliquot volumes (type I missing value). For these missing values, zero was
imputed. Missing values in sample chromatograms were regarded as missed due to failures of the
automatic deconvolution and peak detection (type Il missing value) whenever the analyte was reported
at least once for the respective class. Missing values of the second type were imputed with the median
of the normalized peak response in each class. The imputed data matrix was used for exploratory data

201

analysis with multivariate methods. Visualization of the results was aided by the Mapman™ Software

(Version 1.8.1).

Analysis of macronutrient deficiency and of Arg auxotroph strains
For arginine auxotroph strains metabolite analysis was confined to intermediates of the Arg

biosynthetic pathway and the TCA-cycle. Metabolites that were not yet represented as reference
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spectra in custom mass spectral libraries were purchased as authentic standards whenever available,
and reference mass spectra and retention information were acquired. Peaks of the target metabolites

were checked in each sample chromatogram for correct assignment and peak area integration.

2.6.3 Multivariate statistical analysis

2.6.4 Principal Component Analysis
Principal component analysis was generally performed with standardized variables, i.e. transformation

to unit variance and zero mean.

2.6.5 Hierarchical Cluster Analysis
Hierarchical cluster analysis was performed with analyte response profiles after averaging response

values in each experimental class, normalizing to the mean response of the relevant control samples

and log,-transform the normalized data.

treatment
control (+24) -2h -5h -10h -24h
1 1

PO o T Gl o YR G G o, S G G o, S G o SRR G
O OO0 =2 2 A X OO0 00 =~ =~ A 8O
A 0O 0O 0O 00O =2 2 A0 2 20 0 =
O A O 2 2 OO0 2 0O 0O A O O = =

Table 2: Excluded response profile patterns. Zero signifies response below LOD, one signifies a measured
response. Times indicate duration of S deprivation.

With respect to zero values of analytes below the limit of detection, the following imputation scheme
was used: Response of analytes below LOD in control samples was set to % of the minimum of all
available measurements for this analyte prior to normalization and log-transformation. Any other class
due to be normalized by the selected control and exhibiting analyte response below LOD is imputed
with the same value. Log-transformation requires analyte responses >0 even if the control sample
value exists. In these cases, the overall minimum value of all available log-transformed ratios minus
three, equivalent to 2 with regard to log-transformation, was imputed for the normalized and log-
transformed response to establish a uniform response value for analytes below the limit of detection.

For the purpose of clustering, profiles of an analyte in individual strains were treated as separate
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objects. To further decrease the presence of false negative observations in the data set, profiles which
showed erratic behavior with respect to detection of the analyte were removed from the dataset
(Table 2). In addition, only profiles which exhibited an absolute value <4 for the log,-transformed
response of the 2h sulfur replete sample were retained in the dataset to focus on effects due to the
imposition of sulfur deprivation, rather than effects due to handling of cell cultures. For the purpose of
clustering, the correlation metric was used as proximity measure between individual analyte response
profiles. To derive a hierarchical cluster structure, the Ward method was used. At each time point, for
each analyte, a two-way t-test was conducted to assess the significance of the relative analyte
abundance levels. Each t-test considered the unaveraged but normalized data for each analyte. The +

and — patterns displayed in Table 7 depict the significance threshold at 0=0.05.
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methanol % v/v 35 40 45 50 55 60
freezing temperature °C | -28,0 -33,6 —43,0 -51,1 -56,4 -63,4

Table 3: Freezing temperatures of methanol-water solutions. Solutions were continuously stirred while being
cooled at a rate of app. 1 K/min. The freezing temperature was determined as the temperature when first ice
particle became visible.

methanol quenching

%viv solution  Tsat  Tmax
excess

4 -25.1 -11,9

5 -25,0 -13,4

35 6,5 248 -156
8 -250 -17,8

10 -25,0 -18,8

4 -29,9 —137

5 -31,9 -17,8

40 6,5 -31,9 -20,9
8 -31,8 —22,9

10 —31,2 -24,2

4 -36,1 -17,7

5 -36,2 -20,8

45 6,5 -36,2 -23,3
8 36,2 -253

10 36,2 —27,4

4 —40,0 -19,2

5 —40,1 -23,3

50 6,5 —40,8 -26,4
—40,8 -28,6

10 -40,8 -30,9

-45,0 -20,0

5 —453 -251

55 6,5 46,2 -29,7
8 —46,6 -33,0

10 —446 -358

4 -50,0 —24.,6

5 -50,0 —28,1

60 6,5 -50,0 -31,6
8 -50,0 -33,8

10 -50,0 —36,1

Table 4: Temperature rise after quenching. A quenching solution excess of four signifies four parts
quenching solution and one part cell suspension. Ty is the temperature in °C before addition of cell suspension,
Tax 18 the maximum temperature in °C reached after cell suspension was injected.
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3 Results

3.1 A Protocol for Metabolite Analysis in Cell Cultures

3.1.1 Overview
To obtain metabolomic data which correctly measure amount of substance and reflect the levels of

intracellular metabolites a multi-step procedure was developed that conceptually can be divided into
cell harvest and extraction, sample preparation for the acquisition of GC-TOF data, and processing of
the analytical signal obtained.

Harvest and extraction essentially comprise the injection of the cell suspension into a quenching
solution to stop enzymic reactions, recovery of the cells by centrifugation, homogenization of the
material, and metabolite extraction. Extracts can be processed further by separating the crude extract
into a lipophilic and a polar phase, depending on the GC-MS injection type used. Metabolites are
concentrated and derivatized to increase compound volatility for separation of the complex mixture by
gas chromatography. Once the samples have been measured by GC-TOF the raw data chromatograms
are processed to find analyte peaks, compare individual samples and to identify analytes by mass
spectral comparison with custom mass spectral libraries of pure standards. The initial peak lists are
filtered for false negatives, artifact peaks and contaminants. Normalization to the amount of sample

material and internal standards enables comparison and evaluation of the metabolic profiles.

3.1.2 Metabolite analysis in cell cultures needs rapid quenching of
metabolism before extraction
Taking up an approach originally suggested for rapid sampling of yeast cultures” the cell suspensions

are injected into an excess of cold solution of methanol-water prior to collecting the cells to stop
metabolic activity. Methanol concentration and ratio of cell suspension to quenching solution were
optimized to allow rapid cooling and handling of cells at temperatures below —20°C throughout the
procedure. The minimum temperature a methanol-water solution can be cooled to depends on the
methanol concentration (Table 3). To measure the actual temperature rise after addition of algal
suspension culture, different amounts of cell suspension were added to quenching solutions with
various methanol concentrations cooled to just above their freezing temperatures (Table 4). The set
objective of keeping temperature below —20°C throughout harvest requires lower initial temperatures
of the quenching solution and hence increased methanol concentration for higher proportions of cell
suspensions to be quenched (Figure 2). In the effort to minimize the methanol concentration to ensure
integrity of the cells after injection while maintaining the capability to harvest even large sample
volumes methanol concentration was set to 40% v/v. This quenching solution was pre-chilled to
—32°C and used at a ratio of 7:1 (quenching solution to cell suspension) to harvest cells as described in

the material and methods.
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Figure 2: Maximum temperature of quenched cells as a function methanol concentration and ratio of cell
suspension volume to quenching solution volume (suspension ratio).

3.1.3 Chlamydomonas cells are resistant to the quenching solvent
To demonstrate that the quenching procedure does not compromise the integrity of the cells to an

extent where significant leakage of intracellular matter into the quenching solution occurs, cells of a
late log-phase culture were cultivated in TAP-medium in the presence of labeled [U-'*C]J-acetic acid as
reduced carbon source. After three hours of cultivation with the labeled substrate, cells were harvested
and the culture medium containing the labeled substrate carefully removed. After equilibration of the
cells for 15 min in TAP medium without labeled acetate, cells were subjected to the quenching
procedure. To account for leakage due to centrifugation itself, aliquots of the equilibrated cell
suspensions were centrifuged and the supernatants treated in parallel with the samples containing
whole suspension aliquots. Both the walled wild-type strain CC-125 and the wall-less strain CC-400
were tested in this way (Table 5).

After three hours of growth, 19.5% and 8.7% of the entire amount of radioactivity remains with the
cells of strain CC-125 and CC-400 after removal of the growth medium, washing and equilibration in
normal TAP medium, respectively.

Of the incorporated radioactivity, 1.9% is found in the supernatant of CC-125 cells after quenching
and immediate sedimentation of cells. Incubation of the cells in quenching solution for 30 min at
—25°C after prior to centrifugation increases this value to 2.4%. After centrifugation of the cell
suspension and addition of the supernatant to the quenching solution, 1.3% of the activity can be found
in the quenched sample.

For the wall-less strain CC-400, 4.8% of the incorporated activity are found in the supernatant of the

quenched sample. This value increases to 6.2% when the sample is stored for 30 min at
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—25°C prior to centrifugation. Addition of the supernatant of the centrifuged cell suspension to quench
solution accounts for 2.0% of the activity.

To ensure that the detection limit of '*C-scintillation would allow for spotting metabolite leakage
exceeding 1% of the incorporated label, the amount of radioactivity added (20 kBgxml' cell
suspension) and the actual volume of cell suspension used for scintillation (125 pl) were chosen
accordingly.

These results indicate that even after prolonged handling of cells during quenching, leakage of
intracellular substances is below an acceptable level. For the walled strain CC-125 this is well below
2%, whereas with the cell wall deficient strain CC-400 leakage appears to be slightly higher. Still, also
with CC-400 after 30 min suspension in methanol-water at —25°C less than 5% of the activity taken up
by the cells is lost as a result of quenching, if the activity in the supernatant of the quenched sample is

corrected by the activity found in the control accounting for leakage due to mechanical stress during

harvest.
sample CC-125 wt mt+ CC-400 cw15 mt+
Bq % Bq %

cell suspension after 3h labeling 5051.6 + 20.8 5558.2 +42.5

cells after resuspension in unlabeled medium  984.1 + 2.3 100.0 483.6+1.5 100.0
quenched cells centrifugation after 3 min 18.6 £ 0.7 1.9 23.0+1.8 4.8
quenched cells centrifugation after 30 min 24014 24 30.2+0.8 6.2
controls for leakage due to harvest 12.8 £ 0.1 1.3 9.7+0.2 2.0

Table 5: Resistance of Chlamydomonas reinhardtii suspended in quenching solution to leakage. Activities
refer to one ml of cell suspension and for the quench samples to the corresponding volume of quench
supernatant. The quenching was performed in triplicates. Mean and standard error for the measured activities are
indicated, percentage values refer to means.

3.1.4 An extraction solution for Chlamydomonas samples
Cells are collected by centrifugation at —20°C. After careful removal of the supernatant, the cell pellet

is flash frozen in liquid nitrogen, rendering it biologically inert. The material is resuspended and
homogenized at —20°C in methanol-chloroform-water (MCW) for extraction.

Composition of the extraction mixture was optimized to maximize extraction capacity, measured as
the capacity to quantitatively extract chlorophyll, and minimize the volume needed for extraction to
concentrate extracted compounds (Figure 3). As a result, the original extraction formulation of 10:4:4
v/v/v MCW, which had been used for extraction of plant material'*’, was changed to a composition of
10:3:1 v/v/v MCW. The reduced water content of the new formulation compensates for the interstitial
liquid contained in the cell pellet that led to phase separation between a chloroform containing
lipophilic phase and polar methanol-water phase already during resuspension of the homogenized
material, prior to removal of particulate material from the preparation, when the original formulation

was used for algal cells. Moderate reduction of the chloroform content to three volume parts enables
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complete extraction of cell chlorophyll with only a quarter of extractant compared to the original
extraction mix composition and performs equally well for chlorophyll extraction as the standard
protocol using 80% v/v acetone (Figure 3). MCW volumes of 2-fold or more extract app. 2.7 ug
chlorophyll per 10° cells and produce completely discolored cell pellets. Re-extraction of the pellets
with MCW and acetone produced supernatants which contained 0.037 pg and 0.048 pg chlorophyll
per 10° cells, respectively, indicating that residual chlorophyll content was less than 2% of total
chlorophyll for the MCW-extracted samples. Under these conditions extraction of smaller polar
compounds is surmised to be quantitative, as relative methanol-water content of the extraction mix is

even higher than with the original formulation.

35 -

3.0 4

25

2,0

chlorophyll a+b [ug / 108 cells]

1 2 3 4 5 6 7 8 9 10
volume extraction mix [x-fold]

Figure 3: Extraction capacity of methanol-chloroform-water (MCW). Changing the ratio of MCW from
10:4:1 v/v/v (open squares) to a ratio of 10:3:1 (closed circles) increases extraction capacity 4-fold, as assessed
by extraction of cell chlorophyll. In direct comparison with standard acetone extraction of chlorophyll (open
circles), chlorophyll extraction with MCW 10:3:1 performs equally well. Extraction mix volume relates to the
use of 3 ml of extraction mix for 1.2x10° cells. Standard errors of triplicate experiments are indicated.

3.2 Metabolite Profiling of Chlamydomonas reinhardtii under
Nutrient Deprivation

3.2.1 Polar phase extracts contain numerous analytes and a variety of
compound classes
Extracts were used to prepare polar phase samples and acquire GC-TOF data as described in material

and methods. In chromatograms of C. reinhardtii polar phase metabolite extracts, more than 800
analytes were detected routinely (Figure 4). Among the most prominent peaks were found Ala,
pyruvate, Glu, glycerolphosphate (GlyP), and AMP. Also, isotopically labeled sorbitol, which was
introduced as an internal standard and a number of unidentified analytes produced prominent peaks.
Originating from residual culture medium, TRIS (2-amino-2-(hydroxymethyl)-1,3-propanediol) and

orthophosphate were observed with very high detector signal intensities. The former regularly
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exceeded detector capacity impeding analysis of analytes co-eluting with the TRIS signal. Although
reduction of TRIS peak size can be achieved by additional washes of the pelleted cells with quench
solution (data not shown), this would require handling of cells for a prolonged period of time before
rendering the material inert in liquid nitrogen and still yield chromatograms with a prominent TRIS

peak.

8x10°

7x10° 4 TRIS

6x10° 4

glutamate
5x10° 1 | alanine

[U-"*C]sorbitol
4x10° 4 PO >

4

abundance

3x10° 4
pyjuvate

myo-inositol

2x10° 4

1x10° 4
0

200 300 400 500 600 700 800 900 1000 1100 1200
retention time [s]

Figure 4: Analytical signal for C. reinhardtii polar phase extract after GC-TOF measurement. Total ion
chromatogram (TIC) of wild type strain CC-125. In a retention time window from 180 s to 1200 s after sample
injection, fragment ion intensities for all m/z in the mass range from 85 to 500 are recorded. The TIC is a
composite signal of the sum of all m/z values in each recorded spectrum. Identity of prominent identified peaks
is indicated.

GC-TOF chromatograms contain detector signal intensities for each m/z value in the chosen mass
range for every spectrum acquired during the run. By mass spectral similarity and retention index
comparison with custom libraries of authentic compounds, more than 100 of the detected peaks could
be assigned a chemical structure, including amino acids, carbohydrates, phosphorylated intermediates,
nucleotides and organic acids. The diverse chemical nature of the compounds identified underlines the

usefulness of this technique to detect metabolites in a multi-parallel and unbiased manner.

3.2.2 Macronutrient and iron deficiency produce highly distinct
metabolic phenotypes
To demonstrate the relevance of the method, it was analyzed how nutrient availability is reflected in

metabolite profiles under conditions of nitrogen, sulfur, phosphorus and iron depletion, respectively.
Table 6 shows metabolite peak area normalized to cell number and the internal standard [U-'"C]
sorbitol for 77 abundant primary metabolites after 24 hours of nutrient starvation and for controls. A
large number of metabolites undergo marked changes in at least one of the conditions applied. In iron
deficient cells, the levels of succinate (SUC), threonic acid (THRa) and citrate (CIT) all rise more than
twofold. While the rise in SUC is specific for Fe-depleted cells, CIT is elevated 4-fold also under P
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Metabolite Profiling of Chlamydomonas reinhardtii under Nutrient Deprivation

deprivation and THRa levels increase 2-fold and 9-fold in S- and P-deprived cells, respectively.
THRa, but not CIT, is significantly decreased in N-deprived cultures. Fe deficiency leads to an almost
3-fold rise in 3-phosphoglycerate (3PGA). 3PGA levels are elevated also in the other nutrient stress
conditions although less pronounced in N-stressed cells. Prephenate, which is an intermediate in the
biosynthetic pathway for Phe and Tyr is increased more than 2-fold under Fe deficiency, appears
unchanged in N and P deprived cells and could not be detected under S deficiency. Interestingly,
shikimate, which is an important intermediate for the synthesis of both Trp and the other two aromatic
amino acids Phe and Tyr, is reduced under Fe deficiency and could not be detected at all in the other
stress conditions. Levels of these three aromatic amino acids dropped to half or less of the control
level. A number of other compounds is reduced too, among them the amino acids Ala, Asn, His, Leu
and Ser. Other noteworthy reductions include fructose, myo-inositol (MI) and inositol--galactoside
(IbGAL). Fructose levels are below LOD in N-deprived cultures and are similarly reduced under S-
deficiency. MI is markedly reduced as well in N- and S-deficient conditions, while IbGAL is always
significantly reduced in comparison to control. On the contrary, sedoheptulose 1,7-bisphosphate
(S17P) could be detected only in S- and P-deficient samples. The pattern of the response of the amino
acids after nutrient deprivation appears to be highly characteristic for each nutrient limitation. Phe is
reduced under Fe-, N-, and P-deficiency but slightly elevated in S-deficient conditions. Tyr is slightly
decreased also in P-deficiency, at control level in N-deficiency and markedly increased in S-
deficiency. Trp, however, is markedly increased in N-deficient cells, slightly increased in S-deficiency
and slightly reduced in —P-cells. Specific patterns are observed also for many other amino acids,
including the uniform rise in Thr except in Fe-deficient conditions, and the marked increase of Ile in
N- and S-deficiency. Ala and Lys exhibit strong reductions in N- and S-deficient conditions but only
slight reductions in P-deficient cells. Interestingly, 2-aminoadipate, which is implicated in lysine
biosynthesis and catabolism, is, on the contrary, strongly accumulated under N- and S-deficiency, with
only a slight increase in P-deficient cells. A number of metabolites implicated in nitrogen assimilation
and downstream pathways like arginine biosynthesis exhibit marked decreases in N-deficient cells,
such as Glu, GIn, Asn, N-Acetylglutamate (NAG), N*-Acetylornithine (NAO), citrulline and ornithine
(Orn). While a strong decrease of Gln and Asn is observed specifically in N-deprived cells, others
exhibit marked reductions also in other stress conditions: Glu in S-deficiency, NAG in both S- and P-
deficiency, NAO in P-deficiency and Orn in S-deficiency. Sulfur depleted cells exhibited the largest
increase of any single compound: Here, 4-hydroxyproline (Hyp) accumulated more than 50-fold
compared to control conditions while undergoing only slight changes with the other treatments.
Sulfur-containing amino acids exhibited lower levels: Cys pools were lowered to 25% while Met
decreased below the limit of detection in S-depleted cells. Met levels were reduced also in N-deplete
conditions. Under P-deficiency, however, accumulation of Met (2-fold) and Cys (25-fold) is observed.
In addition, cystine could be detected only in P-deficient cells. A number of phosphorylated
intermediates such as 3PGA, GlyP, G6P and fructose-1,6-bisphosphate (FBP) increased more than
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threefold under sulfur-depleted conditions. Decreases for a number of organic acids like malic,
citramalic, 3-isopropylmalic, 3-hydroxybutyric, galactonic and fumaric acid occurred similarly in N-
and S-deplete conditions. A number of important primary metabolites appeared to be similarly
affected by N- P- and S- deficiency. This includes marked reductions in 20G, 6-phosphogluconate
(6PG), PEP and pyruvate. Similarly, adenine and uracil exhibited reductions in all nutrient stress
situations, suggesting depletion of intermediates also in nucleotide metabolism. Taken together, many
important primary metabolic modules are affected in each of the macronutrient stress condition, but
for sulfur stress, specifically carbohydrate metabolism seemed to be more dramatically affected,
providing evidence for the hypothesis that a plethora of metabolic responses would result from
nutrient depletion. While the response of N- and S-depleted cells share a certain extent of similarity
regarding the decrease or increase of individual metabolites, the overall pattern of the metabolite
changes appear to be highly specific in response to diminishing supply of each nutrient.

A data matrix of 170 metabolites including both known compounds and unidentified analyte peaks
was manually inspected for false negatives and subsequently used for PCA. Projection of the resulting
sample scores for the first and second principal component which together account for 54% of the total
sample variance clearly separated the five experimental groups (Figure 5), indicating a high suitability

of metabolic readouts to study environmental effects in Chlamydomonas.
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Figure 5: Sample scores for the first and second principal component extracted from the normalized peak
response data of the five experimental groups. Each group is represented by five samples. The first and
second principal component account for 35.2% and 19.1% of the total sample variance, respectively.

It was apparent that the replicate analysis of samples of each individual treatment gave very similar
profiles, which validates high reproducibility of the experimental procedure from cell harvest to data
analysis. Distances between the groups of samples give a measure of the overall difference between
the metabolite profiles of different treatments. The contribution of individual metabolites to the
differences observed is quantified via the loading of the metabolite for the respective principal

component. Among the group of metabolites with high absolute loading values for the first principal
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component are G6P, Tyr, Trp (high positive loadings), glyceraldehyde-3-phosphate (GAP) and Lys
(small negative loadings). A high positive loading value usually indicates abundance of these
metabolites in samples with high score value for the corresponding principal component, whereas for
small negative loadings metabolite levels and score value are inversely correlated. This is confirmed
for Tyr (PC1 loading = 0.098) with pool ratios increasing from 0.51 (—Fe) to 1.11 (-N) and 4.51 (-S)
and GAP (PC1 loading = —0.0829) with pool ratios decreasing from 1.22 (-Fe) to 0.98 (-N) and 0.50
(-S). TAP cultured cells and —P cells, which are not very well discriminated by the first PC,
nevertheless can be clearly separated using the linear combination of metabolite responses that
constitutes the second principal component. Here, PEP and shikimate have among the highest positive
loadings, whereas NAO and maltotriose have very small negative loadings. Interestingly, score values
for the first and second principal components for the —Fe, —-N and —S samples correlate. This suggests
that the first two principal components, rather than explaining specific effects of adaptation to Fe, N or
S deprivation, measure parameters of the general response to nutrient deficiency with common effects
in all three treatments with the most severe impact observed under sulfur depleted conditions. P
deprivation, however, is transduced mainly as difference in score value for principal component two,
suggesting that adjustment to P deficiency may share the general response developing in the other
nutrient stress situations during 24 h treatment only to a limited extent. This notion is supported by the
varying growth rates (controls: 1.6 doublings per day, —Fe: 1.6, —-N: 0.7, —S: 0.7 and —P: 1.3) during
the 24 h period of treatment.

3.3 Metabolomic Analysis of Adaptation to Sulfur Deficiency
To gain insight into the adaptation of Chlamydomonas reinhardtii during sulfur deprivation both the

sacl mutant and its parental wild-type strain CC-1690 were analyzed. Cells were harvested, extracted
and the extracts measured as described under material and methods. Metabolites were extracted from
sulfur deprived cells harvested at four different times (2, 5, 10 and 24 h). Cells were grown in standard

TAP cultures and harvested after two and 24 hours served as controls.

3.3.1 One in ten analyte peaks can be positively identified
As a result of the chromatogram reference processing, library hit annotation and further manual search

for spectra of 214 metabolites from core biochemical pathways 90 of the 839 analytes in the reference
peak list could be established as derivates of known chemical compounds and hence classified as
“Knowns”. A total of 108 chromatograms were analyzed and compared to the chromatogram
reference. Of the 839 analytes in the reference peak list 305 were found to have missing values in each
class. These inconsistently found analytes were removed from the dataset. The remaining 534

analytes, including 83 of the 90 Knowns, were subject of a detailed data analysis.
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3.3.2 Aliquot ratio analysis systematically reduces the number of
artifactual peaks
In GC-TOF analysis numerous artifact peaks are observed which do not relate to compounds extracted

from the biological matrix. For metabolites genuinely extracted from a biological matrix, the
necessary condition can be set that their response must be directly proportional to the amount of
substance, provided that the response is measured in the analyte’s linear range of detection. In order to
eliminate undesired peaks the concept of aliquot ratios is introduced here and used to systematically
remove peaks from the dataset for which peak area response is not proportional to the amount of
biological material extracted. Aliquot ratios are computed as ratio of the normalized analyte response
(normalized to response of internal standard) in replicates of the same extract with different aliquot
volumes. As a consequence of the sample preparation protocol, the amount of internal standard is
directly proportional to volume of extract which in turn is directly proportional to the number of cells
harvested. Thus, extracted metabolites detected within their linear range of detection should have an
aliquot ratio of one. Deviations of the aliquot ratio from one point to violations of the condition
pointed out above. For compounds unrelated to the biological matrix, the aliquot ratio is expected to
equal the inverse of the aliquot volume ratio. The sulfur deficiency experiments used aliquot volumes
of 500ul and 250ul, respectively. Indeed are the expected aliquot ratios (one and 2) observed as

maxima of the distribution of the aliquot ratios of all analytes (Figure 6).
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Figure 6: Distribution of aliquot ratio median values. Only analytes with at least ten aliquot ratio values were
considered.

The normalized peak areas were subjected to an aliquot ratio analysis. The distribution of the medians
of the aliquot ratios of each analyte identified a local minimum in the bimodal non-parametric fit at

0.725 (Figure 6). Accordingly, only analytes were retained which had an aliquot ratio median larger
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Metabolomic Analysis of Adaptation to Sulfur Deficiency

than 0.725. Of the 346 analytes selected in this way, 52 are Knowns, including the internal standard
(Table 7). This final set of analytes contains metabolites which can be reliably quantified in the
available dynamic range and which likely originate from the cellular material, while for the excluded
analytes aliquot ratio analysis casts doubt on either their reliable quantification or biological origin.

The resulting data matrix contained 4.9% missing values of type I (true low values below detection
limit) and 23.5% missing values of type Il (false negatives) which were filled-in according to

imputation strategy detailed in material and methods.

3.3.3 Numerous metabolites undergo marked changes during $
deprivation
There were 51 metabolites for CC-1690 and 86 for the sac/ mutant for which relative levels exhibited

a >4-fold alteration for at least one time point during S starvation (see Table 7 and Table Al in
appendix). Thirty-five of these metabolites were selected for both strains. For 30 out of 35 metabolites
regulation exhibited the same direction. In four instances metabolites that increased in CC-1690
decreased in sacl, and in one instance the metabolite decreased in the parental strain while it increased
in the mutant. Thus, of the metabolites represented in the dataset used for HCA 18% for the wild-type
and 31% for sac! mutant exhibited marked changes (4-fold or more). If changes exceeding 2-fold
accumulation or depletion are considered, these proportions increase to 43% for CC-1690 and 85% for
sacl. The extremely high value in the mutant strain is due to 221 out of 280 metabolites exhibiting
ratios <0.5 for at least one time point.

Both shikimic and 2-isopropylmalic acid exhibit marked decreases after 2 h S deprivation and are
below the limit of detection after 5 h in the wild-type strain. They are depleted to levels below the
LOD also in the mutant, although the timing here is different: shikimate could not be detected already
after 2 h, while 2-isopropylmalate decreased below LOD only after 10 h. Galactonic acid y-lactone
was among the ten metabolites decreasing below LOD in CC-1690 after 24 h S deprivation, but was
only moderately decreased in the mutant. Ala, Glu, Gln and putrescine are greatly reduced in both
strains during prolonged S deprivation. The same behavior is observed for levels of malate and citrate,
which are reduced more than 4-fold after 10 and 5 h S deprivation, respectively, in CC-1690. While
malate is regulated quite similarly in sacl, citrate levels are maintained in the mutant, rather than
depleted. The terpenoid trans-squalene is also greatly reduced upon imposition of S deprivation, but
increases after 24 h almost to control levels in CC-1690 and, to a lesser extent, in sac/. 20G in CC-
1690 decreases more than 4-fold after 10 h S deprivation, but increases to control levels in the 24 h S
deplete samples. Modulation of glucose levels in CC-1690 is characterized by slight decreases below
control levels at 2 and 10 h S deprivation and a marked >4-fold increase at 5 h S deprivation. Glucose
levels in sacl exhibit only slight deviations from control levels. Proline exhibits transient >4-fold
increases in both strains, although the increase is more pronounced with respect to magnitude and
duration in the sac/ mutant. After 24 h Pro levels are markedly decreased relative to control levels in

both strains.
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Results

3.3.4 A number of metabolites are differentially regulated in the sac1
mutant

Some of the metabolites exhibiting marked changes in the wild-type background showed deviating
regulation in sacl. Among these are shikimic, 2-isopropylmalic and citric acid and galactonic acid y-
lactone, which are described also with respect to regulation in sacl in the preceding paragraph. Apart
from these metabolites, there are others that show more intense changes in the mutant strain. This is
the case, for example, for Lys, which is reduced app. 3-fold in CC-1690 and is below LOD in sacl
after 24 h S deprivation. While 3PGA exhibits slight decreases in CC-1690 after 5 and 10h S
starvation, it accumulates more than 8- and 4-fold, respectively, at these time points in sacl. In
addition, the data contains a considerable number of metabolites which show qualitative and
quantitative differences between the two strains in response to S deprivation but could not be
positively identified (see Table Al in appendix). This includes yCR5253fa36#63 which accumulates
only at 2 h after the onset of S deprivation in the sac/ strain or yCR5253fa36#296 which increases
markedly during 2, 5, and 10 h in sac/ but shows only modest increases in the wild-type strain.
Analyte yCR5253fa36#473 sets an example for early transient accumulation in the wild-type strain
(cluster 10) while this analyte is immediately depleted in the mutant (cluster 3). yCR5253fa36#299
shows permanently increased levels in the wild-type while on the contrary being significantly reduced

in the mutant.

3.3.5 § deprivation affects metabolite pools in many primary metabolic
pathways

Figures 7-10 illustrate the changes of a number of compounds represented in the dataset in the context
of important metabolic pathways of primary plant metabolism during 24 h of S starvation.

Regarding the hexose phosphate pools in CC-1690, after 2 h S deprivation G1P and F6P maintain their
control level, while the level of G6P is slightly up-regulated, as are the levels of 3PGA and its
downstream product, serine (Figure 7). Pyruvate, which is a downstream product in glycolysis,
however, is markedly decreased, as are intermediates of the TCA cycle. Also most amino acids, that
are synthesized from either pyruvate or carbon backbones of the TCA cycle show reduced levels with
the exception of Lys, which is maintained at control level, and Leu (slight increase) and Pro (marked
increase). This pattern of amino acid pool changes is generally maintained also after 5 h S starvation.
By this time, however, distinct decreases also of 3PGA and serine below control level are observed.
Glucose, mannose, and the pools of gluconate and galactonate y-lactone, in contrast, are markedly
increased after 5 h S deprivation (Figure 7). This is reversed after 10 h S deprivation (Figure 8), where
glucose, mannose and gluconic acid have reduced levels. Hexose phosphate pools, in particular G1P
and F6P are also markedly reduced. The pattern of amino acid pools is maintained also after 10 h. The
initial marked increase in proline levels, however, is not maintained after 10 h and proline levels
decrease further after 24 h S starvation. At the final time point of the experiment, the pattern of amino

acid pools is slightly different: aromatic amino acids Phe and Tyr have returned app. to control levels
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and Lys level now is clearly reduced. While citrate, malate and fumarate exhibit distinctly reduced
levels also after 24 h S deprivation, 2-ketoglutarate appears to be increased now, as are other
intermediates such as 3PGA and G6P. Slight increases above control level are also observed for
glucose, mannose and maltose.

In the sac! mutant strain no increase of hexose phosphate pools could be observed, rather, a slight
decrease of F6P could be observed after 2 h (Figure 9). 3PGA and serine, however, are strongly
increased and, in contrast to the wild-type strain, pyruvate appears to be slightly increased too. Though
the measured intermediates of the TCA cycle are decreased, the down-regulation is not as marked as
in the wild-type. The pattern of amino acid pools generally resembles that of the wild-type, though Lys
is clearly decreased in the mutant. Notably, putrescine levels are markedly decreased in the mutant but
not in the wild-type after 2 h S deprivation. After 5 h, in contrast to the wild-type situation, the strong
increase of 3PGA continues and both serine and pyruvate levels are not decreased in the mutant. Apart
from slightly elevated mannose levels, no increase in hexose backbones could be observed in the
mutant after 5 h, rather, levels of gluconic acid are distinctly reduced. Another contrasting feature is
the maintenance of high levels of citrate and 20G in the mutant, which is even more pronounced after
10 h S deprivation (Figure 10). A distinct increase of mannose is observed after 10 h S starvation and
3PGA levels are kept high, whereas pyruvate levels decrease below control levels. Proline levels are
increased in the mutant also after 10 h, but are markedly decreased below control level after 24 h S
starvation. Neither the G6P nor the 3PGA increase after 24 h in the wild-type are observed in the
mutant.

Cysteine levels are declining in both the wild-type strain and the mutant during S deprivation. During
the first 10 hours of S deprivation the decrease is moderate in CC-1690, after 24 h there is a marked
decrease in Cys levels. In the sac! strain, Cys levels appear to be depleted more rapidly than in the
wild-type. While OAS, which is a key regulatory element in the sulfur assimilation pathway, can be
readily measured with GC-MS, it coelutes with the TRIS buffer component in GC-TOF
chromatograms of Chlamydomonas reinhardtii samples and could therefore not be evaluated. OAS is
synthesized from Ser, which is represented in the data by two analytes, which differ in their
derivatization. For both analytes the general regulation pattern described above is similar which
demonstrates their equivalence for measuring serine and confirms the steps undertaken in data

acquisition and analysis.

3.3.6 Principal component analysis resolves time- and strain-specific
metabolic phenotypes
Prior to the application of factor analytic techniques, the remaining set of 345 analytes, excluding the

internal standard, was evaluated with regard to the distribution of the response for each analyte
(Figure 11). The differences in variance between individual analytes are substantial. Not only does the
variance among the variables differ greatly, analytes are also measured on individual scales, as their

analytical sensitivity can vary greatly depending on ionization efficiency and detector response in the
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mass spectrometer for each compound. To ensure that each variable is given the same weight it is
therefore highly appropriate to standardize the response for each analyte to unit variance prior to the
application of variance-optimizing techniques such as principal component analysis. Standardization
appears as prerequisite to detect variations of analyte response excited by biochemical regulation
rather than separating samples by analytes which show large variance merely due to scaling effects.

Accordingly, all data was standardized to unit variance prior to performing PCA. Principal
components were extracted for both the mutant strain sac/ and the parental wild-type strain CC-1690.
Eigenvalues of the principal components were normalized to the sum of all eigenvalues in each PCA
and multiplied by 100 to retrieve the percentage of variance explained by each component (Figure 12).
Projection of the score values of the individual samples for different pairs of principal components
successfully separates the different biological groups (Figure 13, Figure 14). While no single principal
component separates all groups, each of the selected components separates one or more classes with
respect to duration of sulfur deficiency, strain or sulfur replete/ deplete conditions. This underlines the
relevance of the factors extracted by principal components for the distinction of the metabolic
phenotypes of the different groups. Prior to interpretation of the individual factors, analysis of the
eigenvalues and of the distribution of the individual observations for each factor were conducted to
retain only factors which account for (i) a substantial percentage of total variance and (ii) describe a

biological, rather then technical cause.

sact CC-1690

Kaiser criterion 22 31
Difference criterion 9 10
Scree test 2 2

Table 8: Number of principal components to retain

3.3.6.1 The difference criterion is a generalization of the Scree test and is
useful for metabolomic data matrices to determine the number
of factors to retain

To estimate the number of components that actually measure sources of variance attributable to

common factors rather than sample to sample variation, three different criteria were used (Table 8).
The Kaiser-criterion®” retains all components with eigenvalues greater than one which essentially
stipulates that a factor explains at least as much variation as the equivalent of one original variable.
The scree test, as a graphical method””, determines where the decrease of eigenvalues or explained
variance levels off with increasing index of the factors. In applying this method to Figure 12, two
factors in each PCA are retained. While both of these criteria appear to be very useful under
circumstances where the number of samples is large and the number of variables is small, in data sets
from metabolic profiling experiments the number of variables exceeds the number of samples
considerably. Under these circumstances, the Kaiser criterion appears to select far more principal
components than appear meaningful, while the scree-test retains inappropriately few components.

Therefore, in addition to the Kaiser-criterion and the scree test, the following difference criterion is
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proposed: After computing the difference of the eigenvalues from one component to the next, the last
component which exhibits a difference >1 is determined. All preceding components and the last one
are selected. This criterion is proposed as a generalization of the scree-test in that all components
where the decrease of eigenvalues levels off with differences <1 are not retained. Application of the
difference criterion retains 30-50% of the components selected by the Kaiser criterion and thus
preserves the most distinct factors while principal components with low absolute eigenvalues and low

differences in eigenvalues are sorted out (Table 9).

PC index sac1 CC-1690
1 160,982 79,683
2 39,716 52,338
3 26,392 32,754
4 22,375 22,496
5 18,043 21,816
6 13,041 16,546
7 9,732 14,442
8 7,422 11,784
9 6,438 9,925
10 5,134 8,347
11 4,907 6,921
12 4,262 6,457
13 3,348 5,681
14 2,733 5,446
15 2,304 5,192
16 2,190 5,035
17 1,971 4,163
18 1,732 3,940
19 1,660 3,346
20 1,475 3,151
21 1,207 2,940
22 1,076 2,628
23 2,554
24 2,382
25 2,186
26 2,045
27 1,835
28 1,629
29 1,412
30 1,375
31 1,235

Table 9: Eigenvalues of the factors extracted by PCA. The table comprises all factors with eigenvalues
greater than 1 (Kaiser criterion). Factors in bold satisfy the difference criterion.

All further steps of the analysis were restricted to the first 10 components of each PCA, 10 being the

maximum number of components selected by the difference criterion for any one of the two analyses.

3.3.6.2 Range coefficients can be used to distinguish technical and
biological sources of variance

In order to distinguish between factors which exhibit large within-group variation compared to
variation between groups, range coefficients for each component were calculated as the maximum of

all group ranges of scores for that component divided by the overall range of scores for the same
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component (Table 10). By definition, range coefficient values are in the interval [0,1]. The maximum
value of 1 is reached if and only if the minimum and maximum score values are from samples
belonging to the same group of biological replicates. The hereby defined range coefficients are
proposed to distinguish between factors which describe technical (large values) and biological (small
values) sources of sample variation. Large range coefficients indicate a substantial variation of score
values within at least one biological group of replicates which points to a technical rather than
biological source for the variation explained by this factor. Vice versa, the smaller the range
coefficient, the smaller is the within-group variation in any one biological group and the more clearly

the separation between groups which indicates a biological source of the variation explained by this

factor.
PC index sact CC-1690
1 0,065 0,136
2 0,377 0,320
3 0,388 1,000
4 1,000 0,624
5 0,991 0,431
6 0,901 0,296
7 0,543 0,970
8 1,000 1,000
9 1,000 1,000
10 0,946 0,892

Table 10: Range Coefficients of principal components. Range coefficients smaller than 0.5 are printed in
bold.

To distinguish between factors that are likely to describe merely technical parameters of the
experiment, a cut-off value of 0.5 for the range coefficient was used. Only components with a range
coefficient smaller 0.5 were investigated further. The set of principal components obtained by the
chosen cut-off value was remarkably consistent with manual inspection of score plots of the principal
components and estimation of acceptable within-group variation in the plot (Figure 15). As a result,
factors 1, 2, 3 from PCA with sacl and factors 1, 2, 5, 6 from PCA with CC-1690 were selected
(Table 10). The small within-group variation of the different treatment groups associated with these
principal components allows for the substitution of individual score values by the mean score value for
each group (Figure 16). This representation shows how the intensity of the complex biological factor
defined by each principal component develops as cells continue to grow under sulfur deplete
conditions. These factors, which appear to describe biological variation related to the development of

and adaptation to sulfur starvation, were investigated in detail.

3.3.6.3 PCA reveals concurrent metabolite accumulation and depletion
as sources of sample variance
Differences in the metabolic composition correspond to differences in the score values of samples for

the individual principal components. Individual metabolites can have either a positive or negative

loading for any one principle component and hence are either positively or negatively correlated with

52



Metabolomic Analysis of Adaptation to Sulfur Deficiency

‘ O 2h @ 5h @ -10h @ -24h @ +2h @ +24h (O sacl [0 CC-1690
sac1 CC-1690
107 15¢
@ e 10) (@) 10t mE
0 o ® ®e D =
u B B
o @O o 57 : =
~ -
g 10 & ot
o o m O
o o _5 | D D
20+ @ =
o o © 0] o
o ®
-30 - - - 15 - - - -
-10 -5 0 5 -10 -5 0 5 10
PC6: 3.78% PC6: 4.8%

Figure 15: Sample scores of PC 6 vs. PC 1. (A) The substantial within-group variation of the scores in the
+24 h group of biological replicates effects a range coefficient of 0.901. (B) For CC-1690 the within-group
variation is moderate in all groups. This is reflected in a small range coefficient of 0.296. Axes labels indicate
the percentage of variance explained for the respective PC.
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Figure 16: Centroid score values for components with range coefficients < 0.5 for individual strains.
(A) sacl, (B) CC-1690. Component index in each panel is indicated in the panel’s legend. In each panel values
are normalized to the score value of the 24 h sulfur replete control.
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the factor. When comparing score value differences between time points, a positive contribution to the
total score value difference is effected by both increasing levels of positively correlated analytes and
decreasing levels of negatively correlated analytes. Negative contributions occur whenever analyte
level difference and loading have different signs. Sign of the loading and direction of change of the
analyte therefore define four different groups of analytes which contribute differently to the magnitude
of the principal components extracted: accumulating analytes with positive loadings (PP-Type),
depleted analytes with negative loadings (MM-Type), accumulating analytes with negative loadings
(PM-Type) and depleted analytes with positive loadings (MP-Type). The contributions of each of
these four types to the difference in mean score value between the control samples and every S
starvation sample for each principal component are shown in Figure 17 (sacl) and Figure 18 (CC-
1690).

For the sacl mutant the first three principal components appear to describe biological features of the
adaptation to S deficiency. The first PC, which explains almost 50% of the metabolic variation in the
sacl samples, is characterized by a steep increase in score value upon imposition of S deprivation with
score values reaching a plateau after 5 hours (Figure 16). Accordingly, S-deprived samples are very
well separated from control samples and a slight separation is achieved also between the different time
points of S starvation with maximum score values reached after 24 h of S starvation (Figure 13).
Metabolites with the ten highest and lowest loadings remain unknown apart from GlyP (-0.077). The
score value increase is almost exclusively accounted for by decreasing values of negatively correlated
metabolites, like GlyP (Figure 17). Accordingly, principal component 1 in sac! reflects the immediate
massive decrease in the levels of many metabolites with levels decreasing further as S deprivation
continues.

The second PC has a minimum value at 2 h into S deprivation and gradually increases almost to
control level after 24 hours (Figure 16) and especially differentiates —2 h samples apart from controls
(Figure 13). Three main features contribute to the score value decrease (Figure 17): (i) a constant
contribution by decreases of positively correlated metabolites, (ii) a decreasing contribution of
accumulating and negatively correlated analytes and (iii) an increasing contribution of negatively
correlated analytes that are decreasing in their levels. The gradual increase of the factor therefore
reflects the gradual decreases of metabolites which at first accumulate after the onset of S deprivation,
while the general offset with regard to control samples is effected by a substantial decrease of
metabolites during all S starvation time points.

PC 3 attains similar values in both the S deplete and replete samples harvested after 2 h. Possibly this
factor describes changes that occur due to the recent handling of cell cultures, which are unrelated to
the imposition of sulfur deficiency.

In the parental strain wild-type strain CC-1690 the principal components 1, 2, 5 and 6 were selected
for detailed analysis. The first principal component explains 23.1% of the variance and exhibits

increasing values for the progression of S deprivation and separates the samples of the corresponding
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four time points from each other (Figure 16, Figure 14). Organic acids like fumarate and malate have
among the smallest negative loadings for this component and also isopropylmalic, shikimic and
glutamic acids have negative loadings and are significant MM-type contributors. The score value
increase can be attributed mainly to the steadily increasing contribution of MM-type analytes and, to a
lesser extent, to the increasing contribution of PP-type analytes (Figure 18). Thus, this factor reflects
both steadily decreasing values for about 180 metabolites and the concurrent increase of others during
the entire course of S deprivation.

The second PC still accounts for 15.2% of the variance and separates the 2, 5, and 10 h S deprivation
samples from the controls as well as from the 24 h S deprivation samples. In comparison to the +24 h
control sample, changes in the metabolite composition of the 2, 5, and 10 h samples are characterized
by significant contributions of both PP- and MM-type with the aforementioned amino acids in the
latter group (Figure 18). After 24 h, the situation is reversed: almost 2/3 of the positively correlated
metabolites that were increased before, are now lower than in controls and app. 1/3 of the negatively
correlated metabolites that were decreased before, are after 24 h higher than in control values. Thus,
this factor sets apart processes that occur during the ten first hours of adaptation to S deficiency which
are characterized by concurrent metabolite accumulation and, more so, depletion. Low negative
loadings indicate that depletion of the pools of the aromatic amino acids Phe and Tyr as well as of Val,
Thr and the downstream product Ile may be indicative of this process.

Principal component 5 slightly sets apart the 2 h S deprivation samples (Figure 14) due to transient
increases in the levels of at least 51 of the positively correlated metabolites, proline being an example.
These PP-type contributions are high also in the 24 h S deprivation sample but are counterbalanced
there by strong decreases of the rest of the positively correlated analytes (Figure 18).

Principal component 6 differentiates both the 5 h S deprivation samples (higher score value) and the
10 h S deprivation samples (lower score values) (Figure 14). The 5 h sample is characterized by
transient increases of positively correlated analytes, which are more pronounced than in the other S
deprivation samples and similarly, transient decreases of a number of negatively correlated analytes.
In the 10 h sample, these processes are exactly reversed, i.e. positively correlated metabolites which
increase or decrease only moderately, are decreased here more strongly and negatively correlated
metabolites accumulate at 10 h whereas they might be decreasing during other time points. In
summary, this factor describes processes that are observed during 5 h into S starvation and is reversed
during 10 h. Glucose, gluconic acid and mannose have high positive loadings for this factor, indicating

that carbohydrate metabolism may play a role here.

3.3.6.4 Conclusions from PCA analysis
In summary, principal component analysis is able to separate the different biological groups by their

metabolic composition. For the mutant strain sacl, three orthogonal factors reflecting biological
sources of variance could be extracted which together account for more than 65% of the sample

variance. While the third of these factors may mirror short term changes in the algal cultures not
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related to S deprivation, the first two factors appear to illustrate the major quantitative changes in
terms of overall variance covered in the sacl strain. Imposition of S deficiency results in quick
decreases for a large number of metabolites, and the overall depletion of metabolite pools is enhanced
as S deprivation continues. The second largest independent source of variance reflects another process
which can be described as diminishing levels of accumulation or even depletion of certain metabolites
as S deprivation continues. Continuing depletion of metabolite pools also in the parental wild-type
strain accounts for much of the variance. However, in contrast to the mutant strain this is accompanied
by concurrent and continued accumulation of certain compounds. Principal component 2 shows
characteristics of adaptational processes that are active during the first 10 h of S starvation but are not
sustained after 24 h. Factors 5 and 6 can tentatively be identified as adaptational processes being most
distinct after 2 and 5 hours S starvation. Metabolite loadings for the individual components rarily
exceed absolute values of 0.2 which does not permit to pinpoint the biological processes reflected in
the principal components to individual metabolites. However, the multiple occurrences of amino acids
among metabolites with low negative loadings for factor 2 for CC-1690 data may indicate a role for
amino acid biosynthesis in the adaptation to S deficiency, where especially pools of aromatic and

branched chain amino acids are depleted.

criterion sac1 CC-1690
(1) erratic course of detection 13 22
(2) abs(+2h)>4 41 14
(1) or (2) 48 30

Table 11: Number of analyte response profiles excluded from the dataset prior to HCA.

3.3.7 Hierarchical cluster analysis reveals five main patterns of
metabolic response to S deprivation and incapability of the sac1
mutant to sustain certain adaptational responses

Hierarchical cluster analysis (HCA) was performed using log, values of the averaged analyte response

data normalized to the control response (24 h sulfur replete conditions). Object proximities were based
on the correlation distance metric and object hierarchy was computed using the Ward method. A small
number of profiles which exhibited extreme changes between the 2 h and 24 h S replete samples or
exhibited an erratic course of detection was removed from the dataset (Table 11). The resulting
partition of the dataset of 612 individual profiles into 22 clusters is shown in Figure 19. Application of
other linkage methods such as centroid, average or complete linkage identified essentially the same
cluster structures (data not shown). Application of the Ward method was advantageous in that it
successfully separated profiles which were below LOD after 2, 5, 10 and 24 h of detection into

different clusters. LOD instances are indicated by the uniformly assigned value —10.76'. HCA revealed

! As detailed in materials and methods, this corresponds to a value three log, units below the total minimum of
all data points after normalization and log-transformation.
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19 20

saci
CC-1690

E 14 15 21 22

Figure 19: HCA of analyte response profiles Clusters are indexed by descending size (number of profiles
assigned) and arranged in five main pattern groups A-E (see text). Data are shown along the x-axis in the
following sequence: +2h, +24h, —2h, —5h, —10h, —24h. Displayed are the log, values of the analyte response
normalized to the control (24h sulfur replete conditions).
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Results

five main pattern groups of metabolites responses over the entire course of experimental observation:
depletion (A), depletion and recovery (B), transient accumulation or peaking (C), accumulation (D)
and oscillation (E). Clusters could be grouped into five different pattern groups A-E according to the
general type of regulation shown by the elements of each cluster for which a descriptive summary is
given in Table 12. Group A, with the largest number of profiles, contains analytes for which the
hallmark is gradual depletion through the course of 24 h sulfur deprivation. Due to the chosen
correlation distance metric group A also comprises metabolites which show no statistically significant
response to S deprivation and retain their control levels or even exhibit slight transient increases. The
extent of the actual decrease of individual metabolites ranges from modest to below the limit of
detection. Decline below limit of detection is observed especially after 10 and 24 h S deprivation
(clusters 4 and 3, respectively) but for a small number of metabolites also after 2 (cluster 6, one
instance for each strain) and 5 h (cluster 2, 3 instances in CC-1690) S starvation. Group B combines
analytes which show moderate to marked depletion too, but for which the levels recover or even reach
the control level after 24 h sulfur deprivation. Analytes which show a distinct peak in response to
sulfur deprivation are merged into group C. The timing and duration of the transient accumulation
vary. For example, while cluster 8 contains analytes which show a sharp maximum two hours after the
imposition of sulfur deficiency, the elements in cluster 19 show a late maximum after ten hours sulfur
deprivation and cluster 17 contains elements which exhibit a broad temporal window of accumulation
ranging from 2 to 10 hours after imposition of sulfur deficiency. Group D is characterized by
accumulating substances, i.e. analyte levels after 24 h sulfur deprivation are higher than in the control.
As in group A, the values do not necessarily increase monotonically over the course of the experiment.
Group E comprises profiles which can be described as oscillating, as the relative changes are recorded
in both plus and minus directions during the time course. For some metabolite profiles assigned to this
pattern group, the amplitude of these changes is, however, relatively small and differences are only
partly statistically significant (see Table 7 and Table Al).

In the wild-type strain CC-1690, 36% of the metabolites are assigned to one of the clusters in pattern
group A (Figure 20), making modest to marked gradual depletion of metabolite pools the most
prominent feature of the adaptation to S starvation. The second largest number of metabolites (20%),
however, is assigned to pattern group D, which shows that adaptation to S starvation is a regulated
process that leads to accumulation of certain substances in varying degrees. In contrast, in the mutant
strain sacl almost 70% of all metabolites are assigned to pattern group A, while the number of
elements in groups B-D is significantly reduced, with only 2% of the metabolites being assigned to
pattern group C. The reduced share of metabolites in groups B-D is almost exclusively due to the fact
that metabolites which belong to groups B-D in the wild-type are assigned to group A in the mutant
strain (Table 13). For example, of the 52 metabolites showing transient accumulation of some sort
(group C) in the wild-type strain, 31 are assigned to group A in the mutant strain. This reflects the

massive incapability of the sac/ mutant to sustain processes that normally lead to transient or
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Figure 20: Relative contributions of response pattern groups in the metabolite response. (A) Wild-type
strain CC-1690, (B) mutant strain sac/. Pattern groups are indicated in the legend.

strain CC-1690
patterngroup| 0 A B C D E |rowsum
0(13 13 9 5 5 3 48
A|10 80 35 31 32 17 205
sact Bl 2 310 213 3 33
C| 4 7 1 7 4 3 26
D| 1 2 0 1 1 2 7
E| O 7 1. 6 9 3 26
columnsum (30 112 56 52 64 31 345

Table 13: Distribution of metabolite response profiles among pattern groups. Individual cells indicate the
number of metabolites found in the corresponding pattern groups for sac/ (in rows) and CC-1690 (in columns),
respectively. Pattern group zero indicates metabolite profiles that were excluded from the dataset prior to HCA
for either strain.
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largest deviation from control level chebychev distance
Figure 21: Comparative metabolomic analysis. (A) Cumulative density of changes in metabolite levels
induced by S starvation. For each strain, the plot shows the percentage of metabolites exhibiting a maximum
deviation from control levels larger than the indicated log, values for at least one time point. (B) Cumulative
density of dissimilarity between metabolite profiles in sac/ and the parental strain CC-1690. The plot shows the
percentage of metabolites exhibiting a maximum absolute difference in log, values (Chebychev distance) larger
than the indicated values.
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permanent accumulation of the levels of certain metabolites. The inability to maintain or elevate levels
of certain metabolites is further illustrated in Figure 21. The fraction of metabolites for which control
levels are maintained for at least one time point during S deprivation is reduced to less than 10% in the
mutant whereas this is true for almost 40% of the metabolites in the wild-type strain.

The dissimilarity of metabolite profiles of the same metabolite in the mutant and parental wild-type
strain can serve as indication of differential regulation and control by SAC!. The maximum difference
of the log-transformed relative metabolite levels at any time point was used to quantitate profile
dissimilarity (Chebychev distance). While the median of the Chebychev distance relating to the entire
set of metabolites is about 1.5, more than 10% of all metabolites exhibit differences greater than 4
(Figure 21) which indicates a prominent role for SAC/! in the regulation of certain metabolite levels
during acclimation to S deficiency.

In summary, these results demonstrate how metabolite levels react in a time dependent manner and in
different general regulation types to the imposition of sulfur deficiency. Based on cluster sizes and
feature group assignments, most analytes decrease in their levels as sulfur deprivation continues. The
response in sacl cells is characterized by the inability to sustain processes which lead to transient or
permanent up-regulation of metabolite levels as part of the S deprivation response which leads to an

even higher proportion of metabolites that decline in their levels.

3.4 Different Enzymatic Blocks of Arg Biosynthesis are Reflected in
the Pool Sizes of its Intermediates
A total of eight different strains carrying lesions in different steps of Arg biosynthesis were obtained

from CGC. Only for five of them a clear Arg requirement for growth could be established (Figure 22
and Table 14). For strains CC-48 (arg2), CC-861 (argl), CC-2000 (arg8), CC-2001 (arg9), and CC-
2958 (arg9) the Arg auxotrophic phenotype could be reproduced. CC-48, CC-2000, and CC-2958 had
a strict requirement for externally supplied Arg, while strains CC-861 and CC-2001 showed residual
growth. Both strains exhibited severely reduced growth rates without external Arg supply in liquid
cultures (Table 14). On solid media, CC-2001 did not grow while CC-861 exhibited marginal growth
(Figure 22).

In contrast, strains CC-1997 arg4 mt+, CC-2002 argl0 mt+, CC-2391 arg9-2 mt+ grew equally well
without addition of Arg, raising the possibility that the original mutations in these strains are
suppressed or reverted. From the two strains representing the arg9 mutation, CC-2958 was chosen for
further analysis as it exhibited a clear Arg requirement in both liquid and solid culture. Strain CC-
2000, in contrast to all other strains, turned out to be incompatible with the chosen quenching and
harvest procedure as cells adhered tightly to the inner wall of the centrifugation containers after
quenching and could not be collected by centrifugation (data not shown).

For the three remaining Arg auxotrophic strains that had been characterized previously as lacking N-
Acetylglutamate-5-P reductase (CC-861 argl), N*-Acetylornithine aminotransferase (CC-2958 arg9)

and Argininosuccinate lyase (CC-48 arg?2) pools of intermediates of the arginine biosynthetic pathway
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Figure 22: Growth of Arg™ strains on solid media. (A) TAP-Agar supplemented with yeast extract as Arg
source, (B) TAP-Agar without yeast extract. Numbers indicate CGC strain index. Wild-type strain CC-125 is
used as positive growth control.

strain growth rate [h'1] growth rate ratio
+Arg -Arg
CC-125 wt mt+ 0,083 0,087 1,045
CC-48 arg2 mt+ 0,080 0,008 0,095
CC-861 arg? mt+ 0,049 0,030 0,612
CC-1997 arg4 mt+ 0,063 0,042 0,658
CC-2000 arg8-1 mt+ 0,074 0,001 0,017
CC-2001 arg9-1 mt+ 0,081 0,033 0,403
CC-2002 arg10 mt+ 0,080 0,077 0,965
CC-2391 arg9-2 mt+ 0,079 0,084 1,057
CC-2958 arg9-2 shf1-2563 mt— 0,053 0,004 0,072

Table 14: Growth rates of arg™ strains in TAP medium. Growth was monitored over 48 h in liquid cultures
with (+Arg) and without (—Arg) supplementation of 50 mg/l L-Arginine. Growth rate ratio (—Arg/+Arg) is
indicated.

and of the TCA-cycle were determined 24 h after withdrawal of external Arg supply. Metabolite pools
in CC-125 were determined as wild-type reference’. Due to the unavailability of authentic standards
(N-Acetylglutamate-5-P  (NAGS5P), N-Acetylglutamate-5-semialdehyde (NAGSA)) or insufficient
compound stability during sample preparation and derivatization, some compounds could not be
measured. Notably, internal Arg levels could not be measured reliably due to fragmentation of the
molecule.

Each enzymatic block resulted in a highly specific modulation of the pools of the intermediates of the

Arg biosynthetic pathway. Compared to the wild-type reference, the changes encompass five orders of

" All Arg auxotrophic strain mentioned in the text were originally generated in the CC-125 background
(Elizabeth Harris, CGC, personal communication).
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magnitude ranging from a reduction of 20G to less than 4% to a nearly 500-fold accumulation of

argininosuccinate (Table 15).

metabolite levels ratio

CC-125wt CC-48 arg2 CC-861arg? CC-2958 arg9 arg2/wt argiiwt arg9/wt
2-Oxoglutarate 0,079+£0,002  0,0029 £ 0,0002 0,0291 +0,0008 0,0288 + 0,0004 0,037 0,368 0,364
Argininosuccinate 0,0021 £0,0004 1,023 +0,005  0,0015 +0,0001 0,00068 + 0,00007 495,244 0,742 0,330
Aspartate 0,039+0,001  0,119£0,002 0,79 £0,02 0,579 + 0,009 3,047 20,321 14,828
cis-Aconitate 0,0103 £ 0,0005 0,0045 + 0,0002 0,0187 +0,0003 0,0073  0,0003 0,432 1,805 0,708
Citrate 1,55 £ 0,01 0,242 £0,003  1,02+0,01 0,984 + 0,005 0,157 0,660 0,635
Citrulline 0,025+ 0,001 0,07 £ 0,004 0,039 + 0,001 0,0099 + 0,0004 2,752 1,542 0,389
Fumarate 0,318 £+0,004  0,038+0,002 0,494 £+0,006 0,149 + 0,001 0,119 1,555 0,468
Glutamate 0,0124 £ 0,0002 0,0072 + 0,0003 0,0508 + 0,0007 0,0326 + 0,0005 0,575 4,084 2,623
Malate 1,56 + 0,04 0,081+0,001  1£0,03 0,98 £ 0,02 0,052 0,639 0,628
N-Acetylglutamate 0,0188 +0,0005 0,074 +0,002  0,652+0,008  0,0502 + 0,0005 3,955 34,708 2,672
N?-Acetylornithine 0,0108 +0,0005 0,0067 + 0,0001 0,0394 + 0,0007 0,0012  0,0002 0,620 3,645 0,114
Ornithine 0,629 £0,005 0,165+ 0,003  0,521+0,005 0,032 + 0,001 0,263 0,829 0,050
Succinate 0,32 £ 0,003 0,0164 £ 0,0005 0,192+0,002  0,0773 + 0,0009 0,051 0,600 0,241

Table 15: Response of intermediates of Arg biosynthesis and TCA cycle to withdrawal of externally
supplied Arg. Metabolite levels are shown in arbitrary units relating to peak area integration. Standard errors are
indicated (n=5, except for CC-48 n=4).

In the context of the biochemical pathway for Arg synthesis it is evident that a block in ASL (arg?2,
arg?) results in massive accumulation of the substrate for this reaction, argininosuccinate (Figure 23).
Interestingly, while citrulline (last but one enzymatic conversion) exhibits a comparably slight
increase, Orn and NAO levels are decreased. NAG levels however, increase 4-fold. These results
indicate that, except for the disabled last step, the Arg biosynthesis pathway is highly active upon
withdrawal of external arginine supply in the arg7 mutant. Pathway flux is presumably high, with
elevated levels of the product of the first commited step, NAG, and accumulation of the last two
intermediates of the pathway, citrulline and especially ArgSuc. In addition, levels of all measured
TCA-cycle intermediates are greatly decreased, indicating reduced carbon channeling and respiration
which is consistent with the rapid cessation of growth in CC-48 arg?2.

Precursor accumulation is observed also in the CC-861 argl. The direct precursor and product of the
NAGPR reaction, N-Acetylglutamate-5-phosphate and  N-Acetylglutamate-5-semialdehyde,
respectively, could not be evaluated due to the unavailability of standards for these substances. NAG,
which commits the Glu backbone to Orn synthesis, however, increased more than 30-fold.
Interestingly, also NAO, which is considered a downstream product of the NAGPR reaction,
accumulates more than 3-fold. Not only can all other downstream intermediates of the pathway — Orn,

citrulline, and ArgSuc - clearly be detected in argl cells; their levels even appear only slightly

64



Different Enzymatic Blocks of Arg Biosynthesis are Reflected in the Pool Sizes of its Intermediates

——— |
2-Oxo0 glutarai% :|

¥

; V
)\

glutamate N—Acetylomitg
N—Acetylglutaj: Ornithine ;
5 A H

Citrulline —1 Aspartate % j|
r —a.

Fumarate (s

/ citrate

malate

cis-aconitate

fumarate

succinate

\ 2-oxoglutarate

Figure 23: Response of arg™ strains to withdrawal of externally supplied Arg. (A) intermediates of Arg
biosynthesis, (B) intermediates of TCA cycle. Green bars indicate level in wild-type (Arg prototroph).Yellow
bars: arg9, deficient in N*-Acetylornithine-aminotransferase, Orange bars: argl, deficient in N-Acetylglutamate-
5-P reductase, Red bars: arg7, deficient in argininosuccinate lyase. Note that a broken bar is used to indicate
extremely high levels of argininosuccinate in arg?7. Crosses indicate actual enzymatic block for each mutant
strain. Bar heights correspond to relative quantitation of GC-MS signals and allow comparison of metabolite
levels among different strains for the same compound, but not among compounds. Compounds that could not be
measured by GC-MS are shaded in grey. Standard errors are indicated (n=5, except for CC-48 n=4).

depleted (Orn, ArgSuc) or exhibit slight accumulation (citrulline). The existence of significant
amounts of these intermediates may explain the capacity for residual growth observed with strain CC-
861 argl, harboring the corresponding mutation. Glu and Asp accumulate app. 4- and 20-fold,
respectively, which may indicate alternative channeling of nitrogen into N-storage amino acids. In
contrast to arg2 and arg9 cells, intermediates of the TCA-cycle are not uniformly reduced in the arg/

cells, as fumarate and aconitate accumulate 1.5- and 1.8-fold, respectively.
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Cells deficient in NAOAT (CC-2958 arg9), show a dramatic reduction of NAO, one of the products of
the reaction. As in argl cells, Glu, which is also the donor of the amino-group in the impaired
reaction, and Asp are markedly increased, more than 2- and 14-fold, respectively. The direct precursor
of the NAO, NAGSA, could not be evaluated as no standard could be made available. Pools of all
three downstream intermediates Orn, citrulline and ArgSuc were detected, albeit at reduced levels.
Apparently, these decreased levels are insufficient to provide the Arg supply needed to sustain cellular
growth in this mutant. TCA-cycle intermediates were all reduced compared to wild-type, though the

decrease was less dramatic as in the arg?2 strain.
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4 Discussion

4.1 Overview

This study introduces a method for comprehensive analysis of metabolite levels in
Chlamydomonas reinhardtii. Drawing on protocols for metabolite analysis in yeast and vascular plants
the method was adapted for Chlamydomonas and validated especially with respect to harvest, quenching
and quantitative extraction, which, due to the diversity of cell structures even within the eukaryote
kingdom, cannot simply be adopted from procedures that were designed for a specific group of
organisms. Metabolite profiling of Chlamydomonas cells under macronutrient and iron deficiency was
used as a test case for the relevance of metabolomic approaches for the characterization of different
physiological states in Chlamydomonas.

The comprehensive study of metabolite levels was used to help elucidate the effects of S starvation in
C. reinhardtii. A metabolomic analysis was used to identify patterns of how metabolite levels are either
positively or negatively regulated as cells become starved for S and to define those metabolites that appear
to be involved in processes controlled by the transcription factor Sacl. As part of the metabolomic
analysis, peak area aliquot ratios are proposed as a tool for systematic reduction of artifact peaks.
Multivariate techniques like PCA and HCA are used to characterize the metabolite response to sulfur
starvation. A difference criterion and the concept of range coefficients are proposed in order to decide
which principal components to retain to characterize relevant biological sources of variance.

Enzyme activities are key factors determining the dynamic and structural properties the metabolic
network of the cell. To determine the effects of the loss of specific enzyme activites on the performance
of the affected biochemical pathway mutants deficient in enzyme activities in the Arg biosynthetic

pathway were examined.

4.2 Methodical Aspects of Metabolite Analysis

Due to its tractability under laboratory conditions Chlamydomonas allows for sampling of large amounts
of homogeneous cellular material with growth conditions that can be precisely controlled. Therefore,
among photosynthetic eukaryote models, the Chlamydomonas system presents unique opportunities for
the generation of high-quality metabolomic data which offers the possibility to address issues such as

reproducibility, artifact recognition or applicability of multivariate techniques.

4.2.1 Sample preparation
Sample preparation protocols for metabolite analysis in microbial cultures have been reported for both

prokaryotic and eukaryotic systems. The budding yeast Saccharomyces cerevisiae generally appears to be
a suitable reference point to adapt existing protocols for metabolite extraction for
Chlamydomonas reinhardtii. For yeast, sampling into a cold methanol solution is a widely applied

method that enables separation of cells from the culture medium while stopping cell metabolism.
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Critical parameters during the quenching process are the maximum temperature of the biomass and the
resistance of the cells to the organic solvent solution used for cooling the material. The Chlamydomonas
protocol adopts the widely used rationale to cool and handle cells below —20°C to stop enzymic
conversions and preserve metabolite concentrations. The parameters of the quenching step were measured
in detail and allow for easy adaptation of the quenching procedure to sample cells at even lower
temperatures. However, this would require either increasing the ratio between quenching solution and cell
suspension or increasing methanol concentration. Increasing the proportion of quenching solution will
reduce yield while increasing methanol concentration may lead to considerable metabolite leakage.
Leakage of significant amounts of certain intracellular metabolites has been reported for both yeast and
bacteria during exposure in cold methanol solutions containing 50% v/v methanol. Minimizing methanol
concentration while maintaining the capability to process large sample volumes up to 100 ml cell
suspension has therefore been the aim to settle on the optimal combination of methanol content and
mixing ratio. Chlamydomonas cells are quenched in 40% v/v methanol and the results of the isotope-
labeling experiments indicate that metabolite leakage is within acceptable limits and is lower than 5%
even with cell-wall deficient strains after prolonged exposure to the quenching solution. This indicates
that the protocol could be applied to a wide range of Chlamydomonas wild-type and mutant strains and
also may be an alternative for published quenching procedures for other microorganisms. However, even
though the amount of labeled compounds leaking into the quenching solution was low, the contributing
molecular species were not determined. It cannot be ruled out that integrity of Chlamydomonas cells is
compromised in a specific way that causes certain low abundant compound classes preferentially to leak
from the cells in significant amounts.

For metabolomic approaches, extraction of intracellular metabolites must be both quantitative and
comprehensive. The first requirement was measured as the possibility to completely extract cellular
chlorophyll from Chlamydomonas cells. Extraction of chlorophyll indicates extensive damage of
membranes and other cellular structures and the extraction of low-molecular weight compounds is
surmised to be quantitative under these conditions. The combination of chloroform, methanol and water

has been routinely used for comprehensive metabolite extraction in higher photosynthetic eukaryotes’ '*°

as well as in other microorganisms’* ' '®

and was characterized as an extraction method with high
recovery rates for compounds from many different compound classes including phosphorylated
compounds”. Indeed, compounds from a variety of compound classes, including phosphorylated
intermediates, can be found in metabolite profiles from Chlamydomonas in both polar phase extracts and
unfractionated extracts. While this indicates that the methanol-chloroform-water mix is generally suitable
for broadly unbiased extraction of metabolites from Chlamydomonas, proportions of the three
constituents were adapted to account for the elevated water content of cell culture samples and achieve

maximum concentration of the extract. In summary, the method presented here is suited for the

comprehensive analysis of intracellular metabolites from Chlamydomonas reinhardtii and the protocol

68



Methodical Aspects of Metabolite Analysis

has been optimized to ensure rapid inactivation of metabolite conversion, quantitative and unbiased

metabolite extraction and maximum extract concentration.

4.2.2 Artifact recognition and removal
Besides derivatives of genuine intracellular metabolites, GC-MS chromatograms contain artifact peaks

due to compound degradation or modification, side reactions and residues of the derivatization reaction,
contamination of reagents, solvents or reaction vessels. While some artifact signals like residues of the
stationary phase of the GC capillary column can be recognized by their mass spectrum, artifact peaks of
the abovementioned origins in general do not have a universal signature that would allow their distinction
by mass spectral features or retention behavior. Artifact signal recognition and removal is therefore
difficult to generalize and automate and is usually performed by manual evaluation. Attention must be
paid to the artifact issue especially in metabolomics approaches of the actual sense, i.e. where unknown
peaks are generally included to study systemic properties of the metabolite complement or search for
potentially important novel compounds. Artifact recognition is less an issue in targeted approaches or
metabolite profiling where the scope of the analysis is often constrained to a list of peaks which are
unambiguously annotated as derivates of established metabolites.

A powerful approach not only for artifact recognition but also, and even more important, for reliable
quantification and standardization is in vivo labeling with stable isotopes® *** but requires elaborate
strategies for data analysis and comparison of labeled and unlabeled extracts for the purpose of artifact
recognition.

Aliquot ratios as introduced in this study provide a straightforward means to recognize and reduce the
number of artifacts in a metabolomics dataset and retain only analytes that exhibit proportionality
between amount of substance (peak area/ peak height, whichever is used for quantification) and the
extracted biomass. The condition is satisfied if and only if the corresponding aliquot ratio reaches the
value one. Accumulating analytical errors can lead to deviation from this theoretical value. Thus aliquot
ratios set a criterion not only for the recognition of genuine metabolites but also for reliable
quantification: Detection of intracellular metabolites which are present in amounts exceeding their linear
range of detection will also result in lowered aliquot ratio values and hence be removed from the dataset.
In the experiment involving strains CC-1690 and sac!, each sample was measured in two different aliquot
volumes to provide for a broad base for calculation of aliquot ratios. Generally, a smaller number of ratio
values per analyte will be sufficient to obtain a reliable aliquot ratio value so that only a small number of
samples needs to be measured in more than one aliquot volume. As sample pairs that are used to calculate
the ratio values are derived from the same extract, aliquot ratios are independent of the experimental
conditions and thus could be used for artifact recognition across experiments provided that the analyte is
detected within linear range. Aliquot ratios appear to be suitable especially for recognition of artifacts that
are formed not stoichiometrically in relation to intracellular metabolites. Hence, preferentially artifacts

formed during derivatization as side products and residues or contaminations of the reagents and artifacts
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originating from contaminations of the reaction vessels or other sources, e.g. injector or solid phase of the
capillary column will be exposed by aliquot ratio analysis. Artifacts originating from degradation or
modification of the extracted metabolites can be identified if they are formed not stoichiometrically with
regard to the original metabolites. Contaminations of the extraction solution will generally not be
recognized by an aliquot ratio analysis. Aliquot ratio values for the same analyte calculated from different
pairs of samples differ to a certain extent which makes the median value of all calculated aliquot ratios a
more robust estimate for the aliquot ratio value of an analyte. Differences of the individual aliquot ratios
may be caused by current limitations of automatic peak annotation and quantification (see below).
Currently available algorithms may not accurately determine peak areas especially in complex samples,
which causes aliquot ratios to vary. Some metabolites may reach intensities out of their range of linear
detection under certain experimental conditions and thus produce aliquot ratios that differ significantly.
Generally, the precision of aliquot ratios is limited by the repeatability that can be achieved on the
analytical platform used for measurement.

As a result of the aliquot ratio analysis for analytes measured in the metabolomic analysis of sulfur
starvation, 64.8% of the analytes in the dataset were retained. Among the removed analytes are all added
retention index markers and a large number of peaks known to originate from residues of the stationary
phase of the capillary column (“column bleeding”), which underlines the usefulness of the approach. The
substantial number of peaks removed after aliquot ratio analysis indicates that metabolomic datasets can
contain a significant proportion of peaks which are not suitable for further analysis either because

automatic quantification is inadequate or they originate from sources other than the extracted biomass.

4.2.3 Peak annotation and identification as major bottlenecks in
metabolomic approaches
This study used both metabolite profiling and metabolomics in the actual sense to characterize effects of

environmental factors on the metabolite complement in Chlamydomonas reinhardtii. The results clearly
illustrate the advantages and limitations of either approach in metabolite analysis. Metabolite profiling of
Chlamydomonas under deprivation of nitrogen, phosphorus, sulfur and iron focused on analytes which
could actually be identified by mass spectral comparison with custom standard libraries. The current
limitations of automatic deconvolution and peak annotation become evident especially in such complex
mixtures where chromatographic separation does not suffice to resolve all analytes. The deconvolution
algorithm compares retention profiles and position of local maxima of fragment ion intensities to resolve
overlapping peaks and computationally derive true mass spectra by identification of unique ions for each
analyte peak. Identification of corresponding peaks from individual samples involves automatic peak
finding and comparison against a chromatogram reference derived from a pooled extract containing equal
amounts of extract from all experimental classes involved. Peaks from individual chromatograms are
assigned to the reference analytes by virtue of their mass spectral similarity and retention index match.

Due to the complexity of the chromatograms, for most analytes mass spectra derived by automatic
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deconvolution differ from one chromatogram to the next to a certain extent. This is especially true when
comparing different experimental groups that exhibit large differences in total metabolite composition.
When setting rigid thresholds for mass spectrometric similarities and retention index match for peak
assignment, this procedure may result in a large number of analytes not being reported from individual
samples. To exclude such false negatives and ensure that missing values indeed are the consequence of
the absence of any detectable analytical signal, all chromatograms were corrected manually for the
occurrence of false negative analytes and errors in peak area integration. The restricted scope of the
analysis made manual curation of the result of the automatic deconvolution and annotation algorithms
feasible. Thus, a complete set of measurements for more than 70 primary metabolites could be obtained.
The changes detected within this group are, however, not necessarily the most important changes, as the
majority of analytes which lacked identification, were not considered for further analysis or manual
curation.

Manual curation of a metabolomics dataset is not feasible if generally all peaks, whether identified or not,
are included in the analysis. Accordingly, data analysis has been described as the bottleneck of
metabolomic analysis”® and strategies need to be devised for artifact removal, treatment of missing values
and robust estimates of quantification errors. In this study, aliquot ratio analysis is proposed for artifact
evaluation (see above). Missing values, which are either due to failures of the automatic deconvolution
and peak detection (type II) or true low values below detection limit (type I) are dealt with in several
ways. First, this study adopted the strategy that an analyte must be found automatically in all independent
samples of at least one experimental class. Metabolites may be abundant only under certain experimental
conditions or within a restricted time window. Its signal could therefore be missing or low abundant and
therefore inconsistently found in certain classes. Indeed, metabolites whose accumulation is distinctly
modulated are of special interest and may be relevant for signaling or metabolic control. Reproducible
automatic detection in all samples of at least one class on the other hand indicates general suitability of
the analytical method for detection of the analyte which entails adequate sensitivity and restricted impact
of matrix effects which could render detection inconsistent. Imputation of missing values consists a
second level of missing values treatment in classes where analytes are reported at least once. Successful
peak annotation in one instance usually points to type II missing values for samples of the same class,
where the peak is not reported. Imputation of the latter with the median of all available measurements
from the same class provides a robust estimate for the class-specific abundance of the analyte, although
generally this will cause class-specific variance to decrease and may lead to overestimation of the
precision of the measurement. A third test comes from the conservative evaluation of response profile
patterns. Although it appears generally possible that metabolites fall below the limit of detection and are
detected again at the next time point, such discontinuous response profiles were excluded from the
analyses. This affected only a small number of analytes with each analyzed strain. As a result of the data
pre-processing, 345 analytes (41.1% of the initial reference peak list) containing 51 identified analytes

(14.7%) were retained for explorative data analysis. This data matrix contained 23.5% type Il missing
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values. These numbers illustrate that a well-defined strategy for processing of raw data is essential to
produce a dataset that can be used to discern biological causes of metabolite variation. Initial,
automatically processed chromatographic data may contain a large number of inconsistently found or
quantified peaks and the use of these data without further processing for metabolite analysis is
questionable. In both experimental setups the proportion of identified analytes contained in the pre-
processed data-sets is low, although libraries of pure standards of primary metabolites were reverse-
searched in the chromatogram references. Individual metabolites may be missed due to matrix effects,
low concentration in the biological sample, insufficient recovery during sample preparation or a general
incapability to be analyzed by GC-MS. However, peak identification is restricted mainly because there is
no efficient means for reconstruction of the chemical structures from El-generated mass spectra.
Identification usually relies on comparison with pure standards measured under the same conditions, but
such standards are not available for all metabolites implicated in cellular metabolism.

In conclusion, metabolite profiling is advantageous for a restricted set of analytes to be determined and
analyzed in greater detail and with higher precision as it allows for manual curation of the
computationally derived quantitative data and to maximize the number of identified analytes. Such an
analysis may be especially useful for the analysis of specific metabolic pathways or to test a priori
hypotheses. Inclusion of a maximal number of variables allows coverage of the main sources of variance
in the dataset which is advantageous for establishing general patterns of metabolite response. Large
numbers of variables, however necessitate the use of automated procedures for data analysis and have to
take into account a certain amount of detection and quantification errors which have to be accounted for

by robust strategies for data evaluation.

4.3 GC-MS based metabolite profiling is well suited to analyze
metabolites in Chlamydomonas and reveals a variety of
metabolic responses during acclimation to nutrient stress

Metabolite analysis of cells deprived of the macronutrients nitrogen, sulfur and phosphorus and the

essential trace element iron was used as a test case for a metabolomics approach in
Chlamydomonas reinhardtii. The GC-MS data obtained contains a wealth of analytical signals and more
than 70 metabolites from various compound classes could be positively identified. Detailed investigation
of the metabolite response revealed that most of the metabolites under investigation are differentially
regulated in response each nutrient limitation. However, some metabolites show qualitatively or even
quantitatively concordant changes in two or more of the stress situations. This involves metabolites like
pyruvate, PEP or 3PGA which participate in reactions connecting energy metabolism and provisional
routes of carbon building blocks for downstream biosynthesis. This corroborates the view that the
response to nutrient limitation comprises both specific and general metabolic adaptations. The data also
supports the notion that metabolic responses occur as results of the regulation of reaction networks which

may exhibit dynamic connectivity in terms of reaction rates and regulational dependencies, rather than as
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the result of the uniform activation or repression of entire pathways. This is illustrated by the modulation
of the response of metabolites implicated in the biosynthesis of aromatic amino acids: Shikimate, which is
a common precursor for tryptophane, tyrosine and phenylalanine, is severely reduced in Fe-deficient cells
and reduced to levels below the detection limit in the three other conditions. Chorismate mutase (CM) is
considered the committing enzyme in phenylalanine and tyrosine synthesis. Prephenate, which is the
product of the reaction catalyzed by CM accumulates under Fe-deficiency, only slightly deviates from
control levels in N- and P-deficiency and cannot be detected under S-deficiency. The amino acids
themselves also show distinct responses: Iron deprivation leads to levels of 40-50% of the control for all
three aromatic amino acids. In N-deprived cells phenylalanine is similarly reduced while tyrosine retains
the control level and tryptophane increases 5 fold. S-limitation leads to a slight increase in phenylalanine,
a 2 fold increase in tryptophane and a 4.5 fold increase in tyrosine. P deprivation results in decreases of
phenylalanine to 40% and slight decreases of tyrosine and tryptophane to about 70%. Thus, metabolite
profiling can help to characterize the metabolic response at a more complex level, although the
description remains fragmented as the intermediates of established reaction sequences are not covered
completely.

Chlamydomonas responds to N deprivation with metabolic adaptations which include up-regulation of N-
scavenging uptake systems and active turnover of proteins and nucleic acids to reallocate internal N
resources. A second response is the initiation of a developmental programme that results in the formation
of sexually competent gametes. Gametogenesis can be seen as one aspect of the cells response to N
deprivation as gametes and in particular zygotes appear to be adapted to survive periods of adverse
environmental conditions®™. Both processes appear to share components of the same regulatory gene

network>"’

and evidence suggests that ammonium may be directly involved in sensing critical internal
levels of nitrogen and initiation of the metabolic and developmental response®™. In this study, cells were
assayed after 24 h N deprivation, suggesting that they were fully differentiated gametes, although this was
not tested. Using standard TAP-medium, nitrogen is supplied to the cells as ammonium and is assimilated
via the GS/GOGAT cycle. Important intermediates of this reaction cycle such as Glu, Gln, and 20G are
severely reduced after 24 h N-starvation which may be a symptom of the general depletion of upstream
precursors of N assimilation or reflect generally reduced metabolic acitivity of the gametic state in which
the cells essentially stop growing™® **®. Chemostat experiments with autotrophically grown and N-limited
Chlamydomonas reinhardtii and the related Chlorophyceae Selenastrum minutum have investigated the
integration of carbon and nitrogen metabolism upon resupply of a nitrogen source. Resupply of nitrate,
but not ammonium to illuminated cells stimulates carbon respiration and the supply of reductant for
nitrate reduction via the oxidative pentose phosphate pathway (OPPP)**. Pathway flux is activated by
redox regulation of glucose 6-phosphate dehydrogenase (G6PDH), the key regulatory enzyme of the
OPPP** 2" Metabolic changes which accompany resupply of nitrate include the immediate and rapid

208

decrease in G6P and increase of 6PG at the onset of nitrate assimilation””. Upon NH," supply, a transient

rise in G6P levels is observed too, but 6PG changes only slightly, which is consistent with induction of
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21 NH," assimilation leads to a rapid decrease and new lower

starch breakdown as is the increase in G1P
quasiequilibrium levels for 20G and Glu and a steady increase in Gln due to provision of 20G for NH,"
assimilation via GS/GOGAT. Immediate decrease of PYR and increase in PEP is consistent with
activation of pyruvatkinase (PK) and increased carbon flow via PK through the TCA cycle for de novo
production of 20G as is the decline in malate and the increase in citrate. Furthermore, a rise in FBP,
3PGA and triosephosphate and constant levels of F6P, G6P and isocitrate are observed upon NH, supply
to N-limited Selenastrum minutum®''. The different experimental setup does not allow to relate these
observations directly to the results obtained with N-starved cells in this study; however, it is noteworthy
that the 6PG pool in N-starved cells is extremely reduced (<10%) in comparison with N-replete
conditions, while the G6P levels change only slightly (89%). Similarly, GIn and Glu are severly reduced
(<20%) while the 20G level remains relatively high (46%). These data do not allow to reconstruct the
dynamic behavior of metabolite levels or their ratios as cells switch between N-sufficient and deficient
conditions, but the fact that precursors of the reactions that meet the demands for carbon backbones
(GS/GOGAT: 20G) and electron donors for N assimilation (G6PDH: G6P) are retained at a relatively
high level in contrast to the downstream products (6PG, Gln, Glu) and other intermediates (PYR, PEP,
DAHP) may indicate a priority for maintaining the capability for immediate N assimilation as N sources
become available even under conditions of decreased metabolic activity and arrested growth.

The increase of organic acids in roots, leaves and xylem is a well documented response to Fe-deficiency
among higher plants. Specifically the accumulation of citrate is implicated in mechanisms for Fe
acquisition, formation of stable water-soluble complexes, cation/ anion homeostasis or supply of reducing
power for ferric chelate reduction®'?. Chlamydomonas reinhardtii was shown to exhibit a similar response
to iron deficiency as in strategy I plants, that involves an inducible Fe*'- reductase activity and regulated

59-61

iron uptake™ . The finding of elevated levels of organic acids is consistent with these earlier

observations. Given the variety of habitats of C. reinhardtii and the restricted bioavailability of iron in

213.214 the Fe-starvation induced increase in succinate and citrate

both terrestrial and aquatic environments
could well be related to their iron-chelating properties. Hydroxyproline is believed to be formed only in
proteins and is a prominent constituent in the Hyp-rich glycoprotein framework forming the
Chlamydomonas cell wall**>*'". In addition, cell wall proteins are known to be extensively sulfated and to

82-8 while several prolyl 4-hydroxylases are down-regulated*. Thus the

be rearranged during S-starvation
rise in 4-hydroxyproline could be the result of enhanced degradation of cell-wall proteins. An albeit much
more modest increase in Hyp has also been observed with Arabidopsis under S-deprivation'*’. Depletion
of internal S-levels is reflected in marked decreases in the S-containing amino acids Cys and Met. OAS,
which is the direct precursor in Cys biosynthesis could not be measured as it is coeluting with TRIS,
which is used as buffering compound in the TAP culture medium. TRIS produces detector signals of very
high intensity and prevents detection of any coeluting compounds. Ser levels, in contrast to the other

nutrient stress situations, was found to be slightly increased. The pattern of accumulation and depletion

for most of the amino acids is consistent with that in Arabidopsis thaliana seedlings under S
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deprivation'® with the exceptions of N-containing Asn and Gln, which are reduced in Chlamydomonas
but accumulate in S-starved Arabidopsis. Some degree of cross regulation of P- and S-response
pathways®' in Chlamydomonas has been suggested. The accumulation of S-containing amino acids Met
and especially Cys in P- but not S-deprived Chlamydomonas cells may indicate an enhanced capacity for
S-assimilation also under P-starvation. A number of metabolites is similarly affected by N-, P-, and S-
starvation. These changes, rather than pointing to specific responses, may indicate general metabolic
responses in unfavourable growth conditions. This notion is supported by the fact that a number of
metabolites linking important circuits of primary metabolism (e.g. PYR, 20G) are affected in this way.
Besides cessation of growth, the regulation of photosynthetic electron transport has been characterized as
a general response to adjust metabolism and sustain viability when nutrient levels fall>>. While the decline
of photosynthetic electron transport in N-deprived Chlamydomonas cells is due to the loss of the
cytochrome bef complex®'® during P and S limitation cells undergo a transition of the photosynthetic
apparatus to state 2 which allows them to redistribute absorbed excitation energy. Both conditions result
in a 75% decrease of maximal O, evolution that correlates with the reduction of electron flow through
photosystem II, although with P-deprivation a longer treatment is needed to observe the effect”.

The delayed response of P-deprived cells may be due to the mobilization of internal phosphate reserves.
Chlamydomonas cells possess electron dense vacuoles containing large amounts of PP; and short and long
chain polyphosphate alongside with magnesium, calcium and zinc ®. They presumably serve as P; storage
and buffer a critical P; concentration in the cytoplasma, although also P-starved cells contain
polyphosphate bodies of the normal size”® and most of the inorganic phosphate taken up by Pi-starved
Chlamydomonas cells is still accumulated as polyphosphate’'. Therefore, it has been suggested that apart
from P; storage these organelles may serve also as internal Calcium stores and may have a role in inositol-
1,4,5-trisphosphate/calcium signaling”.

Apart from investigating differences in the levels of individual metabolites, factor analytic techniques can
be used to quantitatively examine the sources of variation between different experimental conditions.
Principal component analysis serves to obtain a multivariate measure of the variability of the metabolite
profiles between different treatments and the relative homogeneity among replicate samples of each
group. It was successfully applied to separate Chlamydomonas samples from different nutrient stress
treatments with the biological variance between the groups being distinctly larger than the analytical
variance within each group. This indicates that the metabolic readouts are indeed useful to differentiate
different physiological conditions in Chlamydomonas. The positional shift of the metabolite profiles for
P-deprived cells after projection onto the PC1-PC2 plane as compared to the other treatments may reflect
the divergent alteration of metabolism due to the mobilization of internal P; reserves and alleviation of

external phosphate deficiency during the first 24 h of treatment.
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4.4 Metabolomic analysis allows to characterize both general and
specific aspects of the metabolic response to S deprivation
Metabolomic analysis conceptually differs from metabolic profiling in that it aims at the comprehensive

analysis of metabolite signals using essentially all available metabolite data. Apart from the analysis of
compounds that can be identified and mapped to specific reactions and metabolic pathways, metabolomic
approaches provide the distinctive opportunity to employ measurements of both identified and
unidentified analytes to address general, metabolome-wide features of the metabolic response for the
biological process under consideration.

The non-linear fashion in which the levels of many metabolites implicated in core metabolic pathways
were affected during the 24 h period of sulfur starvation reflects the convoluted nature of plant
metabolism and possibly changing phases of the stress response related to the duration of nutrient
deprivation and the corresponding impact on the potential to grow and divide. While early responses
could be primarily aimed at the activation of mechanisms to make the supply of sulfur more effective,
extended periods of nutrient starvation might cause a more general adjustment of metabolic activity to
ensure survival of the cell which under severe nutrient limitation may eventually lead to responses that
reflect the exhaustion of the capacity for metabolic regulation, rather than maintenance of homeostasis.
As was expected under S-limiting conditions, Cys, into which sulfur from external sources is primarily
assimilated after initial reduction, decreased in both the wild-type and the sac/ mutant strain, although
Cys levels appeared to be depleted quicker in the mutant. The sac/ mutant has been characterized as
being deficient of virtually all the specific responses to S deprivation in Chlamydomonas, including
mechanisms to upregulate elements for scavenging sulfur from extracellular sources. The marked
decrease of cysteine and the strong increase of 3PGA and serine which are both along the biosynthetic
pathway of cysteine 2 h after imposition of S deprivation may be indicative of an unabated cysteine
consumption and demand in the sac/ mutant due to the inability to adjust cellular metabolism to the
diminished S supply. Consistent with this conjecture, the only slight increases of 3PGA and serine, and
the more moderate decrease in cysteine in the wild-type strain are consistent with the adjustment of
cellular metabolism for less cysteine consumption as well as increased capacity to scavenge and
assimilate residual S through enhanced capacity for uptake and reduction and precursor accumulation.
Interestingly, wild-type cells show lowered levels of pyruvate and TCA cycle intermediates already 2 h
after imposition of S deprivation, which could indicate an quick decrease of respiratory carbon flow.
Generally, mitochondrial activity is believed to continue in the light219 to provide cells with ATP, NADH,
and TCA cycle carbon skeletons for biosynthetic activity”*?’. Regarding the production of carbon
intermediates for biosynthesis, citrate is believed to be the primary carbon skeleton exported™* and
converted in the cytosol to 20G*'***, In contrast to the reaction in wild-type cells, citrate and 20G pools
are not depleted in the mutant, which may indicate failure to adjust the rate of supply of carbon skeletons

for biosynthesis to the nutrient limiting conditions. Possibly, regulational cues that link supply of carbon
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skeletons to the rate of consumption of 20G by ammonia assimilation into glutamate and glutamine,
which exhibit rapid decreases in both mutant and parental strains, are compromised in the sac/ mutant.

Down-regulation of photosynthetic electron transport has been shown to be a critical component of the

2% and to be regulated by SACI™. In contrast to

acclimation of C. reinhardtii to S limiting conditions
wild-type cells, 3PGA levels are increased in the mutant during the first 10 h of S deprivation. Being the
primary net product of the Calvin cycle, this may be another indicator for the inability of the sac! cells to
tailor its metabolic machinery to the diminished nutrient supply by failing to adjust rates of
photosynthetic carbon fixation.

CC-1690 and the sac! mutant display different patterns of accumulation or depletion of hexose pools in
response to S deprivation. Specifically, mutant cells fail to accumulate glucose after 5 h while they show
elevated levels of mannose especially after 10 h. The SACI gene product bears similarity to anion
transporters®® and the deduced Sacl polypeptide sequence and phenotype of the sac/ mutant have some
similarities with the Snf3p polypeptide of yeast and the phenotype of the snf3 mutant, respectively™.
Snf3p is a yeast plasma-membrane localized glucose-sensing protein at the top of a signal transduction
pathway that governs expression of genes involved in hexose transport and utilization®”’. These findings
and the observed differences in the modulation of hexose pools raise the possibility that Sacl has a
regulatory role also in hexose utilization as part of the sulfur stress response.

For most amino acids the pattern of pool modulation is similar in both the mutant and wild-type strains,
which indicates that certain adaptational responses occur despite loss of function of SAC/. Whereas most
amino acids show diminishing pools, proline exhibits transient increases in both strains with sacl cells
showing a longer and higher accumulation. Accumulation of proline in plants under stress conditions has

been associated with reduced damage to membranes and proteins®™®, regulation of redox state™,

" and response to oxidative stress®-. Increased free Pro

osmoprotection”’, heavy metal detoxification®
levels were shown to provide enhanced tolerance to Cd stress in C. reinhardtii by reducing Cd-induced
free radical damage and by maintaining higher GSH levels, which facilitates Cd sequestration and
detoxification™'. Several transcripts involved in limiting oxidative stress were found to increase in both
wild-type and sac! cells following exposure to S deprivation* including glutathione peroxidase (GPX1)
and chloroplast localized iron superoxide dismutase (FSDI1), the latter catalyzing dismutation of
superoxides which can form when excess excitation energy is absorbed by the photosynthetic apparatus.
Possibly, Pro accumulation under S deficiency reflects an element of the response to encounter oxidative
stress experienced by nutrient limited cells and the even higher levels of Pro in the sac/ mutant reflect
more intense oxidative stress in the mutant strain due to the failure to adjust photosynthetic and
respiratory electron transport which may provoke formation of higher levels of reactive oxygen species.

After 24 h S starvation wild-type cells exhibit increased levels of G6P, 3PGA and 20G and levels of Phe,
Tyr, Thr and Ile recover to control values and also in the mutant strain these amino acids are distinctly

higher than in the 2, 5, and 10 h time points, although they do not reach control levels. Death of sac! cells

during S deprivation is observed after 24 to 48 h, whereas wild-type cells survive under these conditions
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for prolonged periods of time*’. Possibly, the 10 h to 24 h interval marks transition into a phase in the S
starvation response that could involve enhanced protein degradation leading to accumulation of amino
acids or direction of carbon flow into starch reserves (rise in G6P in wild-type cells). Transcripts of genes
implicated in starch synthesis accumulate under S deprivation and this response was suggested to
contribute to control redox poising in the thylakoid membrane*. While the physiological implications of
the replenishment of these compounds are uncertain, this pattern appears to be a wide-spread
phenomenon, as depletion and recovery after 24 h S deprivation is the common pattern for compounds
assigned to pattern group B in cluster analysis.

Hierarchical cluster analysis has revealed five main patterns of metabolite regulation in response to sulfur
deprivation in C. reinhardtii and the prevalence of each regulational type could be quantitated in terms of
elements per pattern group and cluster, respectively. Recovery following depletion at one or more time
points, as exemplified by the amino acids Phe, Tyr, Thr and Ile, is a common pattern found for 18% and
11% of the metabolites in the wild-type and in the mutant strain, respectively. The most prominent feature
is characterized by moderate to marked gradual decrease of metabolite levels of compounds assigned to
pattern group A comprising 36% and 69% of metabolites in the wild-type and the mutant strain,
respectively. This striking difference is accounted for by the reassignment of a large number of
metabolites assigned to one of the pattern groups B-D in CC-1690 to pattern group A in the mutant strain.
The chosen metabolomic approach therefore allows to characterize the effect of the sac/ mutation in a
semi-quantitative manner on the whole metabolic network: Inactivation of SACI results in a massive
incapability to sustain processes that normally lead to transient or permanent accumulation of the levels of
certain metabolites or recovery of metabolite levels after initial down-regulation. This is especially true
for metabolites for which accumulation above control level after 24 h S deprivation is observed (pattern
group D, 20% in CC-1690, 2% in sacl).

Sulfur deprivation leads to widespread changes in metabolite composition in wild-type cells. While both
positive and negative regulation of metabolite levels can contribute to adjustment of metabolism to
limiting sulfur, transient or permanent accumulation, due to the cost of biosynthesis, intuitively appears to
be a feature more likely observed with metabolites that exert an active role in re-shaping the metabolic
network. The HCA results allow for a quantitative estimate of the proportion of such metabolites: 17% of
the compounds analyzed are found in clusters whose elements transiently increase and 20% of the
compounds are found to increase permanently, i.e. for one or more time points towards the end of the
experiment. Reduction of these groups of metabolites to 9% and 2%, respectively in the sacl strain is
consistent with the loss of function phenotype of sac! cells and the available evidence that suggests that
SACI plays a central role in activating metabolic and physiological S deprivation responses.

When considering possible roles of metabolites in signaling or regulation of flux in metabolic pathways,
it must be kept in mind, however, that the dataset used for multivariate analysis contains only a fraction of
the suite of metabolites present in Chlamydomonas cells due to the limitations of the sample preparation

(see 1.2.2.1) and measurement by GC-MS (see 1.2.2.2) and thus, important elements of the metabolic
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reaction network, either known or unknown, may not be represented. Also, to infer causal relationships in
terms of exertion of metabolic control, patterns based on correlation of the levels of individual
metabolites need to be combined with complementary evidence from the analysis of fluxes or enzyme
activities, isotope labeling or effect of compound analogs.
Principal components analysis is frequently used as a tool for classification of samples in metabolomic
experiments. In this work, data analysis by PCA was used to actually characterize the driving principles
of adaptation to S deficiency which account for the largest source of variance in the metabolic
composition of the individual samples. Due to the high dimensionality and comparably small sample size
of metabolomic datasets, individual metabolites rarely exhibit high correlation or anti-correlation (high
and low loadings, respectively). It is therefore often not possible to single out individual metabolites to
interpret principal components. Rather, they usually reflect the correlated changes of many metabolites.
In addition to the separation of strain- and time-specific metabolic phenotypes PCA has revealed
continuous gradual depletion and transient accumulation of metabolites as the two largest sources of
variance between samples. It has also shown that the wild-type response to S deprivation is characterized
by concurrent accumulation of certain compounds and that this source of variance is virtually absent in
the sacl mutant. PCA and HCA therefore provide consistent and complementary descriptions of the
global scheme of acclimation to S deficiency by showing that the exposed response patterns are relevant
both in terms of numbers of metabolites showing the corresponding behavior and distinguishing different
metabolic phenotypes (fraction of total variance explained).
Zhang et al. conducted gene expression analysis of sac/ and a parental wild-type strain*’. They observed
changes in transcript abundance > 2-fold during 24 h S deprivation for 16.7% and 11.5% of the genes in
the wild-type and the mutant strain, respectively. In contrast, this study has established changes >2-fold
for 43% and 83% of all represented metabolites in wild-type and mutant cells, respectively. If only
changes >4-fold are considered, still 31% of the metabolites are selected in the mutant and 18% in the
wild-type. Due to a number of factors such as the use of different wild-type background strains, different
time course of analysis and incomplete representation of both genes and metabolites in either dataset, full
integration of the data from both studies appears to be difficult. Nonetheless, the proportion of genes
exhibiting altered transcript abundance following S deprivation appears to be higher in the wild-type,
whereas the proportion of metabolites exhibiting marked changes is higher in the sac/ mutant. This
observation may reflect the extensive genetic regulation being exerted in a wild-type genetic background
to encounter the nutrient stress situation and preserve metabolic homeostasis, whereas malfunction of
SACI leads to an impaired transcriptional response with less genes involved that eventually results in
widespread metabolic changes and extreme stress.
A number of metabolites have been measured under conditions of S limitation in both the metabolic
profiling experiment using strain CC-125 and in the time-resolved metabolomic approach using the
mutant strain sacl and its parental wild-type strain CC-1690. For a number of metabolites the observed

changes exhibit consistency even in terms of quantitative changes and for most metabolites measured in
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both experiments the direction of change agrees. For some metabolites, however, direction and magnitude
of change after 24 h S deprivation differs in both experiments. This includes levels of MI, IbGAL and
20G (increased in CC-1690, depleted in CC-125) and Pro, Ser, and Asp levels (depleted in CC-1690,
increased in CC-125). However, Pro and Ser exhibit transient increases during S deprivation in CC-1690
as well. When comparing the results of both experiments, the different experimental setup and possible
differences between both strains have to be taken into account. For metabolic profiling of
Chlamydomonas under N, P, Fe and S deprivation crude extracts were separated into a polar and non-
polar phase and only the polar phase analyzed. In contrast, the DTD-technology enabled analysis of
complete extracts of CC-1690 and sacl. This may affect recovery and derivatization of individual
compounds in the mixture. While both CC-1690 and CC-125 are widely used as wild-type references and
have served as parental backgrounds for the isolation of numerous mutations in Chlamydomonas
research, both strains exhibit important differences, most notably, CC-125 lacks nitrate reductase
activity'*. Taken together, the results of both experiments impart a consistent view on the adaptation of
Chlamydomonas to S deprivation. At the same time, this highlights the need for strict standardization'*®
of large scale metabolite analysis with respect to the biological system studied, experimental conditions

and methods used for sample preparation and measurement.

4.5 Metabolite analysis of Arg auxotrophy provides insight into the
regulation of Arg biosynthesis
The arginine biosynthesis pathway presents the opportunity to apply GC-MS based metabolite analysis in

Chlamydomonas to a well-defined biochemical module that can be perturbed by setting selective
breakpoints through the specific loss of enzymatic activity. The appeal of this system in Chlamydomonas
comes from the fact, that for most enzymes implicated in the pathway, mutants have been described. For
five of the arginine-requiring strains available from culture collections the arginine-auxotroph phenotype
could be confirmed. Three strains representing three different genetic loci were amenable to the sample
preparation protocol developed for Chlamydomonas in this study. Metabolite pools in each strain appear
to be regulated quite differently after withdrawal of Arg from the growth medium. Presumably, the
removal of external Arg triggers endogenous Arg biosynthesis in all the strains, as intracellular Arg levels
are depleted by incorporation into protein and other biosynthetic activity. This allows the analysis of the
regulation of the Arg biosynthetic pathway by analyzing shifts in the concentrations of the Arg
biosynthesis intermediates in comparison to the wild-type situation when individual steps in the reaction
sequence are disabled and to characterize how the effects of the genetic perturbation propagate in the
biochemical network. At the same time the methodology of metabolic profiling allows to monitor system-
wide changes and relate them to the actual biochemical block.

The enormous accumulation of argininosuccinate (500-fold) in the arg2 strain lacking ASL activity
suggests that cells channel considerable resources into Arg biosynthesis in the attempt to compensate for

externally supplied Arg. The amassment of ArgSuc suggests that synthesis of this intermediate likely is a
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metabolic cul-de-sac in the arg2 strain, as no other reactions appear to consume ArgSuc. This may
indicate that also under wild-type conditions ArgSuc is consumed only by the ASL reaction and entirely
committed to Arg biosynthesis. Also, ArgSuc appears not to have any relevance for allosteric regulation
or feedback inhibition of the Arg biosynthetic pathway, which would probably prevent accumulation of
large amounts of ArgSuc. While also citrulline accumulates in the arg2 strain, the ASS reaction appears
to sustain an equilibrium that allows for massive accumulation of ArgSuc. Levels of the intermediates of
the TCA-cycle are severely reduced in the arg2 strain which links impaired ASL-activity to the main
processes of primary metabolism. The severe pool reduction may indicate a greatly reduced overall
metabolic activity consistent with quick cessation of growth in the arg2 mutant.

Surprisingly, levels of the intermediates downstream of the block of the NAGPR catalyzed formation of
NAGSA in the CC-861 argl strain are only slightly reduced or, as is the case with NAO and citrulline,
exceed wild-type levels. The strain exhibits a residual capacity for growth without externally supplied
Arg which is consistent with existence of Arg precursor pools and hence synthesis of a certain amount of
endogenous Arg. The dramatic increase of NAG, the entry point for Orn biosynthesis, specifically seen in
argl cells supports the idea that the pathway is blocked also in this strain and intermediates start to
accumulate upstream of the blockage as NAG or, although this could not be evaluated, as NAGS5P. Which
biochemical activities could lead to a more than 3-fold increase of NAO, if the default reaction sequence
via NAGPR is blocked? Pro and Arg biosynthesis are linked by the activity of ornithine aminotransferase
(OAT) which catalyzes the interconversion of glutamate-5-semialdehyde (GSA) and Orn and raises the
possibility of an alternate pathway from Glu to Orn without acetylation® (Figure 24). Accumulation of
NAG could favor consumption of Glu by A'-pyrroline-5-carboxylate synthetase and formation of GSA
which is then metabolized to Orn. Orn could then be used as substrate for citrulline synthesis and the
ensuing steps of Arg biosynthesis. The unusual amassment of NAG could, however, at the same time shift
the equilibrium for the NAOGAcT-reaction in the reverse direction so that the acetyl-group is transferred
from NAG to Orn, leading to accumulation of NAO.

As the phenotype of strain CC-861 argl was tested on the level of Arg auxotrophy, rather than enzyme
activity, it can, however, not be ruled out, that the cells possess residual NAGPR activity which could
account for the formation of NAO and the metabolite levels observed.

OAT activity could account for the residual levels of Orn also in the CC-2958 arg9 mutant strain lacking
NAOAT activity. In contrast to CC-861 arg! this strain does not show any residual growth without
external Arg supply which suggests that the low endogenous levels of Orn, citrulline, and ArgSuc
detected do not suffice to sustain prototrophic growth. Incidently, NAG accumulation is much smaller in
this strain than in arg! cells, which could indicate that NAGSA is diverted to other biosynthetic activities
or exerts feedback control on the activity of the first steps of Orn synthesis.

Strain CC-2958 harbors besides the arg9 mutation the sAf7-253 mutant allele which leads to impaired

flagellar assembly (short flagella) at RT and stop of flagellar assembly at 34°C. Cells with this mutation
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have normal ultrastructure and motility at 25°C, so that no interference with the original arg9 mutant
phenotype is assumed.

Both argl and arg9 cells exhibit markedly increased levels of Glu and especially Asp. Generally, this
may reflect reallocation of N to these amino acids when flux into the N-containing intermediates of the
Arg-biosynthetic pathway is inhibited. Increase of Asp in arg7 is much lower than in the other two strains
which may be the result of Asp consumption by synthesis and accumulation of ArgSuc in arg” cells as

major sink for the Asp backbone.

1.

NAG-5P Glu s GlU-y-P sl GSA PSC
x Pro
NAG-SA o-Keto-8-aminovalerate <«—s» P2C

o

S ——pArg

Figure 24: Hypothetical model for synthesis of ornithine in argl cells. Black arrows designate standard reaction
routes in arginine and proline synthesis. Orange arrows designate reactions occurring when NAGPR activity (orange
cross) is disabled. Orange bars indicate metabolite levels in arg/ cells relative to the wild-type level (green bars).
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5 Conclusions

Metabolomic analysis is a well suited method to detect numerous changes of metabolite levels in response
to environmental and genetic perturbations in Chlamydomonas and to complement other functional
genomics techniques in Chlamydomonas research. The method introduced here was optimized with
regard to several critical aspects of sample preparation, metabolite measurement and data analysis to
ensure that the analytical signals represent in-vivo amounts of intracellular metabolites. The sample
preparation protocol tailored to the analysis of cells of suspension cultures is amenable to a wide range of
Chlamydomonas strains and could generally also applied to suspension cultures of other organisms. The
implementation of aliquot ratio analysis for the systematic recognition of GC-MS artifacts, range
coefficients for distinction of technical and biological sources of variance and a difference criterion for
determination of the numbers of factors to retain when metabolomic data matrices are explored by PCA
may be beneficial for the analysis of metabolite data from other biological sources as well. The level of
accuracy observed in this study suggests that Chlamydomonas may be highly suitable as a model for
metabolomic research, especially in the context of photosynthetic processes. The possibility to control
growth conditions precisely and to obtain large amounts of homogeneous sample material is a clear
advantage in the attempt to study complex metabolic changes in fine-scaled gradients of conditions or
with high temporal resolution.

Metabolite profiling is suitable for the distinction of different metabolic phenotypes. Metabolites
implicated in many different processes are affected in their concentration during adaptation to nutrient
deprivation corroborating the view that nutrient limitation leads to a system-wide rearrangement of
metabolic activity to adjust acquisition and consumption of the limiting nutrient and match its availability
with the potential to grow and divide.

Metabolomic analysis has revealed both specific and general characteristics of the response of wild-type
cells and sacl mutants to S deprivation. Specific aspects of the metabolite response could be related to
other findings, e.g. the increase of proline to oxidative stress. Five main types of response patterns of
metabolite pools are observed under sulfur deprivation, of which the most prominent is the gradual
decline of metabolite pools as S depletion continues. The metabolite response of the sac/ mutant strain is
characterized by a massive incapability to sustain processes that normally lead to transient or permanent
accumulation of the levels of certain metabolites or recovery of metabolite levels after initial down-
regulation.

Arginine auxotroph mutants were used to probe the potential of metabolite analysis for investigation of
how genetic perturbations propagate in the biochemical network. Enzymatic blocks in the Arg
biosynthetic pathway could be characterized by precursor accumulation, like the amassment of
argininosuccinate in arg? cells, and depletion of downstream intermediates, e.g. NAO, Orn, and ArgSuc
depletion in arg9 cells. The parallel examination of a number of pathway intermediates facilitated the
generation of hypotheses about alternative pathways to account for residual growth of arg/ cells lacking

N-Acetylglutamate reductase.
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