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Summary

Metabolomics, the qualitative and quantitative analysis of metabolites is a valuable approach
for understanding the biochemical processes in the cells. Particularly important are the
intracellular metabolites that supply the cell with energy, serve adirmyiblocks and act as
signaling moleculesThe analytical tools applied for analysis of intracellular metabolites
should becapable to cope with the largeimber of metaboliteto be analyzed and the
complex matrixin the samples. Therefore the combinatiof separation and detection
techniques is commonly applied for analysis of intracellular metabolites with liquid
chromatography mass spectrometry {MS) as the most commonly used.

The primary goal of this Ph.D. study wasdvelopan LGMS method togeer with sample
preparation for analysis of intracellular metabolites such as nucleotides, sugar phosphates,
organic acids, coenzymes etc.. In the studies conducted during this Ph.D. the developed
method was used to understand how the genetic maniplatiorvarious organisms,
influence the levels of their intracellular metabolites. The method development was divided
into three steps: i) optimization of the MS detection, ii) establishment and optimization of the
chromatographic separation and iii) optiation of the sample preparation. A substantial part

of the thesis was focused on the development of th&IB3nethod. For quantitative targeted
analysis of a group of defined metabolites, triple quadrupole (QqQ) MS was used. The
optimization of the MS detdion aimed to determine multiple reaction monitoring (MRM)
transitions of the analytes and to increase the sensitivity by testing differeabuore
parameters and collision energies. This resulted in optimized detection of more than 50
intracellular méabolites. During the optimization of the chromatographic separation, anion
exchange (AEC), ion chromatography (IC) and-pair reversed phase (RP) were tested

with the ionpair giving the best compromise between retention, separation and stability of

the compounds during the chromatographic separatyn.testing different types and



concentrations of iopair reagent and different concentrations of acetic acid as a counter ion
it was found that a solution of 10 mM tributylamiiEBA) and 10 mM acetiacid gave the

best compromise between chromatographic retention and separation.

Establishment of proper sample preparation (quenching and extraction) procedures for
intracellular metabolites was necessary in order to obtain meaningful metabolomicdhdata. T
main idea was to find a sample preparation method that will give the best compromise
between an acceptable energy charge ratio (ECR, usually betw&ed. ®Blow leakage
during the quenching and high recovery of the metabolites after the extractienchihg

and extraction procedures for bacteria, yeast, mammalian cells and filamentousdumngi
tested. Cold MeOH as a quenching method combined with boiling EtOH or
MeOH/chloroform as extraction method showed to work wellSaccharomyces cerevisiae

(S. cerevisiaeresulting in an ECR of 0B0.9%5 and less than 1% leakageQuenching of
bacteria and fungi showed to be challenging task due to the high susceptibility of these
organisms to leakage during quenching. Quenching using formic acid, wherellthevere

not separated from the media, was shown to work welL&otococcus lactiglL. lactis) but

not for Streptomyces coelicoldS. coelicoloy and Microbispora corallina (M. corallina).

The reason for this was speculated to be due to the filamentous growth of these organisms.
Other quenching procedures were tested Sorcoelicolorand M. corallina with -40 °C
MeOH/H,O (60/40, v/v) giving an @eptable ECR (in the range 0f80-0.95). However
leakage vas observed for both organisnir filamentous fungi, filtration in combination

with cold methanolor 0 °C salineresulted in successful quenching. In the case of cold
methanol quenching theoncentration of AMP and ADRithe quenchingupernatant was
found to be30 % of the total amount found the biomass and the supernat&#line at CC
showed to be a good quenching solution for mammalian aeNgell and was combined with

an extraction procedutmsed on the addition of cold MelGand ACN/HO (50/50, v/v).



In another study conducted during this Ph.D. a novel approach for creating an authentic
matrix that can be used for validation of analytical methods was established. This
circumvents the problem with the absence of a mate @f the analyte which is needed for
preparation of the calibration curves for quantification of intracellular metabolites. The
spiking matrix was produced by extracting biomass obtained from grdvingrevisiaén a

media that containetiC labeled glaose/noAabeled glucosé50/50, w/w). The advantage of

this matrix was that the pools of the compounds with &7@yor **C carbons were very low

or even not measurable agkdowed minimal or no interference to the spiked amount of non
labeled standardmnd their stablesotope-labeled internal standards (SI8).

Finally the developed HRP LGMS method was coupled to a quadrupole time of flight (Q
TOF) MS for multitargeted analysis, detection and identification of as many known unknown
metabolites asgssible in different biological matrice$he feasibility of using the {OF

MS was evaluated by analysis of extracts from three different organ&ntgrevisiagM.
cordlina and S. coelicolor The screening concept in this study was based on two
appro&hes: i)aggressive dereplicatioof the full scan high resolution MS (HRS) data

using search lists of known compounds and ii) high resolution tandem MS (MS/HRMS) data
searched iMMetabolite Lirk (METLIN) library.

The data presented here show that the methods developed during this Ph.D. study were
successfully applied for targeted and multitargeted analysis of different classes of
intracellular metabolites such as nucleotides, sugar phosphates, coeznymes anaaddganic

In addition sample preparation methods were established for different microorganisms
capable of extracting broad rangeoétabolites Finally these methods have shown to be
YDOXDEOH DGGLWLRQ WR WKH pTRPLFVYT gdliRgOthe XVHG

metabolism and the regulation in the biological systems.



Sammenfatning

Metabolomics, den kvalitative og kvantitative analyse af metabolitter er en veerdifuld metode
til forstdelsen af de biokemiske processer i cellerne. Seerligt vigtige antrdeeiluleere
metabolitter, der supplerer cellen med energi, bruges som byggeklodser og fungerer som
signalmolekyler. De analytiske redskaber anvendt til maling af intracellulaere metabolitter bar
veere i stand til at handtere den store maengde af metabalitteskal analyseres og den
komplekse matrix i prgverne. Derfor anvender man normalt kombinationen af separation og
detektion, til analysen af intracelluleere metabolitter med flydende kromatografi og masse
spektrometri (LEMS) som den mest almindeligt\@ndte.

Hovedformalet med dette Ph.D. studium var at udvikle eAME metode sammen med
prove forberedelse til analyse af intracelluleere metabolitter sasom nukleotider, sukker
fosfater, organiske syre, ®@mzymer etc.. | studierne udfgrt under denheDP blev den
udviklede metode brugt til at forstda hvordan den genetiske manipulering i forskellige
organismer pavirker niveauet af deres intracelluleere metabolitter. Metode udviklingen blev
inddelt i tre trin: i) optimering af MSdetektionen, ii)etableing og optimering af den
kromatografiske separation og iii) optimering af prgve forberedelse. En betydelig del af
afhandlingen fokuserede pa udviklingen af denneME metode. Triple quadrupole (QqQ)

MS blev anvendt til kvantitativ malrettet analyse afgrnppe af definerede metabolitter.
Optimeringen af MS detektionen stilede imod at bestemme multiple reaction monitoring
(MRM) i.f.t. overgange af analytterne og mod at forgge fglsomheden ved at teste forskellige
ion-kilde parametre samt kollisions energi@ette resulterede i optimeret detektion af af
mere end 50 intracelluleere metabolitter. Undervejs i optimeringen af kromatografisk
adskillelse blev anion bytning (A, ion kromatografi (IC) og iopar omvendt fase (HRP)

testet med det iopar der gav €t bedste kompromis mellem retention, adskillelse og

stabilitet af stofferne igennem den kromatografiske adskillelse. Ved testning af forskellige

Vi



typer og koncentrationer af igrar reagent og forskellige koncentrationer af eddikesyre som
en modbalance ioMlev det vist at en oplgsning af 10 mM tributylamine og 10 mM
eddikesyre gav det bedste kompromis mellem kromatografisk retention og adskillelse.
Etableringen af ordentlige preve forberedelse (quenching og ekstraktion) procedure til
intracelluleere metabitler var ngdvendig for at kunne opna betydningsfulde data.
Hovedformalet var at finde en metode, der ville give det bedste kompromis mellem et
acceptabelt energi ladnings forhold (ECR, normal mellen®-0.%5), lav lseekage under
guenchingen og hgj gendatsee af metabolitterne efter ekstraktionen. Quenching og
ekstraktions procedure for bakterier, geer, mammale celler og filamentigse svampe blev
analyseret. Quenchingen af bakterier og svampe viste sig at veere en udfordrende opgave pa
grund af den hgje modtaelighed af disse organismer overfor lsekage under quenchingen.
Quenching med myresyre, hvor cellerne ikke blev adskilt fra mediet, blev pavist at virke godt
for Lactococcus lactigL. lactis), men ikke forStreptomyces coelicoldS. coelicoloy eller
Microbispora corallina(M. caallina). Arsagen til dette blev antaget at veere p& grund af
organismernes filamentigse vaekst. Andre quenching procedurer blev teSetctmiicolor

og M. corallina med-40 °C MeOH/HO (60/40, v/v), resulterende i en accéatiaECR (i
omradet 0.8-0.90). Dog blev leekage observeret for begge organismer. For filamentigse
svampe blev filtrering i kombination med kold metanol brugt til quenching. Men
koncentrationerne af AMP og ADP i quenching supernatanten var omkring 30 % tatale
maengde fundet i biomassen og supernatanten. Kold MeOH som en quenching metode i
kombination med EtOH eller MeOH/kloroform som ekstraktions metode viste sig at fungere
godt for Saccharomyces cerevisié8. cerevisiag Saltvand ved 0 °C viste sigpm en god
guenchings oplgsning for mammale celler imens ekstraktions proceduren var baseret pa

tilsaetning af kold MeOH og ACNA®D (50/50, v/v).
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| et andet studie udfegrt under denne Ph.D. blev en ny tilgang etableret til dannelsen af en
kunstig matrix somkan bruges til validering af analytiske metoder. Med dette omgas
problemet med mangel af en matrix fri for analytterne, som er ngdvendig til forberedelsen af
kalibreringskurverne til kvantificering af intracelluleere metabolitter. Spiking matricen blev
produceret ved at ekstrahere biomasse opnaet fra voksg&nderevisiadé et medie, som
indeholdt**C maerket glukogamaerket glukosé50/50, w/w). Fordelen ved at bruge denne
matrix var, at puljerne af stoffer med ki€ eller*C kulstoffer var meget lavelet naesten

ikke malbare og viste minimal eller ingen interferens af den spikede maengde af umaerkede
standarder og deres stabile isotopiske meerkede interne standareks)(SIL

Til slut blev den udviklede IFRRP LGMS metode koblet til en quadropol time ofyfit (Q-

TOF) MS til multimalrettet analyse, detektion og identifikation af s& mange kendte ukendte
metabolitter, som muligt i forskellige biologiske matricer. Gennemfgrligheden ved brugen af
Q-TOF MS blev evalueret ved at analysere ekstrakter fra tre éitiggk organismer:sS.
cerevisiagM. corallinaogsS. coelicolor Screenings konceptet i dette studie, var baseret pa to
tilgange: i) aggresiv dereplikation af fuldt scannet hgj oplgsning MSNISiRdata ved brug

af sggningslister med kendte stoffer og hgj oplgsning tandem MS (MS/HRMS) data
gennemsggt i Metabolite Link (METLIN) biblioteket.

Den data, som er blevet praesenteret her viser at metoderne udviklet under dette Ph.D.
studium blev succesfuldt anvendt til malrettet og multimalrettet analyse &éllays klasser

af intracelluleere metabolitter sasom nukleotider, sukker fosfater, coenzymer og organiske
syre. Endvidere blev prgve forberedelses metoder etableret til forskellige mikroorganismer
der let kan ekstrahere et bredt udvalg af metabolitter goeldgendannelse. Slutteligt blev
GLVVH PHWRGHU SnYLVW DW Y UH HQ Y UGLIXOG WLOI{MF

afslgrer nggle informationer angdende metabolismen og reguleringen i biologiske systemer.
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1. Introduction to the work done during this thesis

The primary aim of this thesis wastablishmenbf LC-MS based analytical methsdor
gualitative and quantitative analysis of intracellular metabolites from various
microorganismsThe establishmenprocess covered all aspects from sample preparation to
detection by complementary separateomd mass spectrometry detectidime method was
subsequently utilized in targl approaches tauantify the changes in intracellular
metabolite concentrations as a response of gene alteration or stress corfeititresmore,
multitargeted approach was als@onducted in order to identify as many intracellular
metabolites as poss$é The ability to measurehe intracellular metabolitesan help in
understanding the various biological and biochemical processes in the living organisms
The thesis is divided tn two sections: i) introductiomnd ii) results and discussion. The
introduction sectiondescribesthe importance and theelevant terms in the field of the
intracellular metabolites analysis with a focus on #@malytical and sample preparation
challenges. Resent developments in mass spectrometry and separation teasgdquies
metabolomicsstudies arealsocovered The results and discussion section covers the results
from the analytical and sample preparatiomethod development and the findings from
application of the methad for measurement of intracellular metabditéen various
microorganisms.

The work in this thesis resulted Gnpeer reviewed and 1 nqeer reviewed papers

Paper 1coveredthe development of the separation and detection method which is applied for
the analysis of nucleotides iactococcus lactis.

Paper 2 applied the developed method for analysis afi@MP, a signaling molecule
responsible for the shifts between the motile and sessile Re@geria mobilis.

Paper 3 applied the method in the analysis aftargeted group of intracellular metabe#t

involved in the production ofanillin- -glucosidein Saccharomyces cerevisiae



Paper 4applied the method for measurement of the central carbon metabolites to investigate
the effects of the recombinant protein production on the metabolism.

Paper 5describes an approach for creating a blank matrix that can be used for spiking and
validation of analytical methods for measurement of intracellular metabolites.

Paper 6 covers themultitargetedanalysis of the intracellular metabolites extracted from
various organisms

Paper 7 (non-peer reviewep covers the different steps and challengeshe analysis of

intracellular metabolites.



1.1 Introduction to metabolomics

Metabolomicscovers theanalytical approaches and data evaluation to obtain information
aboutthe metholites in a biological systefa-5]. It can be considered as tbemprehensive
gualitative and quantitative analysis oflallv molecular weight (<1000 Da) metabolites both
intracellular and extracellulajl-5]. However due to the physicochemical and structural
diversity of the metabolites which include small organic compounds such as organic acids,
inorganic ionic species, monosaccharides, amino acids, nucleotides, sugpingtes etc.,

this goal has not been reaclyet Despite thgrimary metabolites, which armportant for

the life of the cellsa wide rangeof secondary metabolites exist as well, resulting in
approximatelyl000 metabolites i1$. cerevisiag6,7] or upto 200.000 in plant§,3,8]. The

work in this thesis was focused on the measurerokttie primary metabolites that occur
inside the cell. Therefore the following section focuses on the importance of intracellular

metabolites.

1.1.1Intracellular metabolitesand their importance

In industrial biotechnology, cell factories are used for productioa cdnge of valuable
products such as protei{enzymes obiopharmaceuticajsantibiotics, food additives etf®-

13]. The production rate and the amounts of the produced productsuaiyconnected with
the primary metabolism inside the cebgcause the primary central carbon metabolism
provides precursors, cofactors, energy in the forrDds H Q R MrlpRokiphafe ATP) and
redox equivalents such ascotinamide adenine dinucleotide phosphate, redudédPH)

for the synthesis of theadustrially relevant produc{®,12]. The central carbon metabolism is
a network of reactions thabnvert the main carbon source iftwilding blocksandenergy
According to the classical textbookbe central carbon metabolisimcludesthe Embden

MeyerhotParnas (EMP) pathway of glycolysis, the pentose phosphate pa{RR&) and



the tricarboxylic acid cycle (TCA)(Figure 1) with individual variations depending on the

ecological position in which the organism li\jag-16].

Figure 1. Central carbon metabolism



The relevant intracellulametabolites that are involved in the central carbon metabolism can

be classified into

x carboxylic acids (e.g., pyruvate),

X phosphorylated compounds including sugar phosphategliecose 6phosphatéG6P),

X phosphecarboxylic acids (e.gphosphoenolpyruvat@®EP) and

X nucleotides such as ATmjcotinamide adenine dinucleotid®&lAD*) and nicotinamide
adenine dinucleotide phosphaADP*) [17].

Besidesbeingenergy sources arulilding blocks forDNA and RNA nucleotidesan actas

signaling moleculesas well.Cyclic nucleotidesuch asyclic di-3',5-guanylate ¢-diGMP),

cyclic di-3',5*adenylate ¢-diAMP), adenosine 3',%yclic phosphatecAMP) and guanosine

3',5-cyclic phosphatedGMP) have key roles in signaling processesll domains of lifg 18-

21].

Understanding of the primary cellular metabolisan be utilizedo increase the production

of precursors for the industrially relevant metabolites dod optimization of the

biotechnological processas general The measurement de intracellular metabolite pools

together with the metabolic flux analystan help in understanding how the genetic

manipulations affect the metabolism of the cell, to identify bottlenecks in target pathways and

to predicttargets for metabolic engineerif2g,23]. Combining the metabolomics data with

those from the genomics, transcriptomics and proteoamabysis helps in understanding the

metabolism and the regulations in the cglg.

1.1.2 Challenges in measuringntracellular metabolites

Three properties of thatracellular metabolitemaketheir analysis challengin@4,25):

1) The rapid turnover - due to the fast turover rate of the metabolic pools, the

intracellular metabolite concentrations can be adjusted rapidly to new levels. Turnover



timesof for example the central carbon metabolism are in the range of seconds whereas
for amino acidst is in the range of minutes. Therefore, fast sampling and metabolism
arrest is necessary for analysis of these metab{@®4e29];

Il) The varied abundance the levels of the intracellular metabolites in the cell are
determined by the function of the enzymes #merefore at a certain metabolic state,
some of the metabolites can be present in very high amounts, whereas others will be

present in trace amourfts24,25);

lii) The physicochemical diversity- the intracellular metabolites exhibit different
physicahemical characteristics and cor examplecontain one or more phosphate or
carboxylic groups or botfFigure 1) Furthermore distinguishing between some of the
metabolites can also be difficult due to the similarities in tfleimental compositioand
structureg1, 24 25 28,30].

The following sections will cover the approaches and the steps in the analysis of intracellular

metabolites.

1.2 Designing a metabolomics experimenrtargetedversusuntargeted approach

Metabolomics can be mainly divided intewo approaches: targeted and untargeted. Which
approach will be applied depends on the question that needs to be ar{Soagkd

A substantialpart of this Ph.D. study was based on the targeted approatiere a
predetermined set of metabolites related to a specific metabolic pathway of imterest
measuredThis approach answsthe questioaconcerninghe level of a specific analyte in a
sample and enables quantification of the metabolites of interest by employing authentic
standards for creating calibration cury@®,33] Consequently this approach is focused on the
guantitative changes of the mea=imetabolites in the cellhe advantages of the targeted

metabolomicswith QQQ are the increased specificity and sensitiwihere metabolites



present in very low amounts can be quantifigdd-33]. Howeverit fails in detecting
previously uncharacterized compounds because only selected metabolites are measured.
There is a wealth of literature wheselectedintracellular metabolites are targeted and
measured in order t@ddress metabolic responses causedelny genetic engineering,
modified growth conditions et¢34-38]. For e.g. the responses $f cerevisiag¢o the redox
perturbations caused by overexpressiigptinamide adenine dinucleotide, reduced (NADH)
oxidase, NADH kinase and transhydrogenase has been investigated using the targeted
approach,  measurement of ATRdenosiné&'-diphosphat€d ADP) and the redox cofactors

[34]. Targeted metabolomics was also applied in the study conduct&bdayet al.[37]

where intracellular metabolites were measureé®.ircerevisiado investigate the pathways
linking the nutrient environment to growth rate. The measurements showed that some of the
intracellular metabolites limiting growth include glutamine, ATP, pgte anduridine 5'-
triphosphateUTP). Targeted LEMS metabolomics was also applied for investigating the
changes in the metabolite poalse to nutrient depletiom S. coelicolo. Decrease of the
phosphorylated metabolite pools was observed in the phosphate and glutamine limited
cultures, while decline in the amino acid and organic pools was observed in the glutamine
limited cultureq38].

Untargeted metabolomics is consideredbie a hypothesis free or hypothesis generating
approach[31,32]. This approach has the aim of measuring as many known and unknown
metabolites as possibl® answer the question what is the metabolic profile of a biological
sample [31,32] High resolution instruments are traditionally applied for untargeted
metabolomics[31]. Using these instrumentspformation on the accurate mass, isotopic
pattern and isotope abundances of the compounds in the sample of interest can be obtained
This togetherwith the gecific retention timeand the accurate mass of the fragments

facilitates the identification of the unknowriEhe untargeted approach offers the advantage



of less method development compared to targeted approach, but the data generated is more
complex andtherefore requires additional data analyi®9]. Hundreds of peaks can be
detected in a sample thus the manual inspection of the peaks is very time consuming.
However with the recent developments within bioinformatics tools, identification of the
metabolic peaks has become a relatively automated pro€essaccurate mass of the
metabolite detected by the MS is searctoedn a metabolite database such as METI[4N]

(for electrospray ionization tandem mass spectrométtps://metlin.scripps.edadex.php

or national institute for standard and technolobyST) databasg41] (for electron impact
ionization mass spectrometrttp://www.nist.gov/srd/nistl.htyn The database match is
considered as a putative identification of the metabolitbssthe result must be confirmed

by comparing the fragmentation pattern of the compound that has been assigned to the peak,
to themeasuredragmentation pattern for the particular compound in the sample of interest
[31,40. Untargeted metabolomics has beesedl to study the changes in the intracellular
metabolic profile of the human liver cell line HEPG2 as a response to the exposure to a
selected toxicarjg2].

Despite of the approach chosen and the question that needs to be answered the analysis of the
intracellular metabolites can be divided into three st@psample preparation, igample
analysis and iii) dat analysis and interpretatioburing method developmerftvhich was the

main part of this thesjsthe work flow usually starts with optimizah of themetabolite
detectionfollowed by establishment of the sample preparation mefhlogrefore techniques

for analysisof the intracellular metabolites will be discussidt followed by the most

commonly used sample preparation methods.

1.3 Analytical platforms usedin metabolomics

Mass spectrometry in combination with a separatioethodis the key technology for

analysis of intracellular metabolitesThe recent significant progress in MS based
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metabolomics gives the reseanchepportunities to choosketween different separation
techniques such as capillary electrophoresis (CE), gas chromatography (GC) and liquid
chromatography (LC)[1,4,4345]. MS in combination with a sample preparation and
separation technigue has high sensitivity and wide lidgaamicrange and is therefore often
used for analysis of intracellular metabolites.

Nuclear magnetic resonance (NMR)another technology applied for metabolomics studies.
The advantage of NMR ishe minimal requirement for sample preparatidn,js not
destructive, iis useful in structural characterization of unknownsit has low sensitivity1,

[46 ,47].

1.3.1 Separation techniques

The use of a separation technique is essential for metabolomics studies due to the large
number of metabolites to be anadyl andthe complexity of the biological sample3he
choiceof separatiortechnique(GC, CE orLC) to be applieddepends on the initial goal of

the study and the metabolite class of inter&sible 1 lists some of the advantages and

disadvantagesf themost commonly used separation techniques in combination with MS



Table 1. Advantages and disadvantages of

techniques in metabolomi¢$,17,4850].

the most commonly used mass spectrometry based analytical

Technique Advantages

Disadvantages

Metabolites analyzed

GC-MS

xSuitable for volatile and semr
volatile analytes
xGood

separation

and reproducibl
xDatabases available due to t
reproducibility of the

fragmentation

xNot suitable for notvolatile
and thermally labile compound
xRequires derivatization which i
time consuming
xDerivatization can caus
difficulties in the identification

of unknowns

Amino acids
Carboxylic acids
Purines and
pyrimidines

Sugar phosphates

CEMS

xGood separation

xRequires small sample volume
xNo buffer gradient is appliet
thus no fluctuation in the

electrospray ionization

xInterfacing difficulties with MS
xIncompatible buffersvith MS
xPoor sensitivity

x Migration time shifts

Organic acids
Sugar phosphates
Nucleotides

Coenzymes

LC-MS

xDerivatization not necessary

xSuitable for polar, semi pola
and nonrpolar metabolites

x Offers

stationary phases with differer

a wide range o
functionalities (RP, hydrophilic
interaction chromatography
ion-exchange)

xAllows analysis of thermally

labile analytes

xElectrospray ionization suffer
from matrix effects
xRestrictions on eluents (onl
volatile buffers and additive:
can be used)

xFragmentdabn not reproducible
as in GGMS

Organic acids
Sugar phosphates
Nucleotides

Coenzymes

GC is widely used in metabolomics studies due tchtbk separation efficiency and the easy

interfacing with MS[150,5]. GC is primarily used for thermally stable and volatile

metabolites Chemical derivatization (e.g. silylation) is necessary forsemivolatile

compounds which is considered as a time consuming dtegt complicates the sample

preparation and increases the variances in the and#gisin addition, a considerable

number ofvery polar metabolites cannot be analyzka to the nowvolatlity . Simultaneous

analysis of amino and organic acids using -8 was shown to be possible using
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chlordformate derivatizatiofg0], while for sugar phosphatassingsilylation [51]. Sellick et

al. [52] described arotocol for analysis oseveral intracellular metabolitesing GCMS,
howeverit was not possible to analyzlee thermally labile metabolites such as ATP, ADP,
NAD", nicotinamide adenine dinucleotide, reducséDH).

CE provides efficient separation of charged metabolites and has the advantage of a small
volume required for analysifi.is not often used in metabolomics analysis big ltecoming

a promising techniqueas shown by several publish€ZE-MS methods for aalysis of
intracellular metaboliteg3053,54].

Bisher et al [44] made an extensive comparison ®@C-MS, CEMS and LGMS for the
analysis of 75 intracellular metabolites such as sugar phosphates, nucleotides, coenzymes,
redox cofactors, amino and organic aciblse three separation techniques were compared in
terms of metabolite coverage, matrix effects, separation of rsosensitivity, analysis time

and reproducibility, with LC giving the best compromise between the tested parameters.

The coupling of LC with MS wasacilitated with theintroduction of atmospheric pressure
ionization techniques such as electrospray ionization (ESI) and atmospheric pressure
chemical ionization (APCI)The coupling of LC with MS requires compatible elueisn

volatile buffers and additives (phosphati’, K* etc.)should not be useasit canaffect the
evaporation thus reducing the signal intendtgversed phase chromatograpisgs solvents
compatible with MS (volatile buffers e.g. ammonium acetate, organic solvents e.g. methanol,
acetonitrile) The canbination of RPand acidic mobile phases has been shown to woré for
number of nitrogen containing compounds such as amino acids, purine and pyrimidine bases
and monophosphorylated nucleotides, but not for di and triphosphorylated comjpggjnds

The alternatives to RP for separation of intracellular metabolites are: hydrophilic interaction
chromatography (HILIC), AE, IC andIP-RP. Each of thee separatiormodes has its own

advantages and disadvantages and some of them are summarized i Table
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Table 2. Advantages and disadvantages of the most commonly applieddd@sfor separation of intracellular
metabolite§17 56-59]

Advantages Disadvantages
HILIC x enhanced sensitivity with  M¢ x cannot distinguish betweestructural isomers
detection(compared to RP) x reproducibility issues

x poor peak shape

AEC x can retain anionic compounds x high content of salt in the eluent n
compatible with ESI
x difficulties in elution of well retained

compoundswvith multiple charges

IC x can retain anionicompounds x some metabolites are not stable at the high
x good reproducibility required for elution

x MS not compatible solventsuppressor needet

lon pair  x can retain anionic compound x system contamination
x can separate structural isomers x long equilibration time
x more reproducibleand better peal x operation in onlyone MS mode (positive or
shapethan HILIC negative)
x MS compatible eluents

IP-RP was used during this Ph.D. study for separation of the intracellular metabolites of
interest and is therefore discussed in more ddRRP is an alternative to ieexchange
chromatography and is usually considemsia modification of RP chromatogaphy for
retention of ionized compounds.-BP has been shown to be more reproducible, to give
better separation especially for structural isomers and better peak shape thafilABz|C
Hydrophobic stationary phases and solvents containingaonreagents are used to separate
the ionic compounds in {RP. For retention of negatively charged compounds, alkylamines
are typically used. The nevolatile tetraalkylammonium salthat were used in the past as
ion-pair reagents,have nowadays been replaced by more volatile reagents such as
dibutylamine(DBA) and tributylaming TBA) [17,57,60-63]. The alkyl chains of the iepair
reagent interact with the hydrophobic functionalities from the stationary phase while the

amino group intacts with the negatively charged analyte. One of the hypotfasd#3RP

12



retention assumes that the formation of thepams happens the solution, which then

partitions between the mobile and the stationary p(fageare ) [60].

Figure 2. Schematic representation of ttveo mechanisms of retention in igrair chromatography

The second proposed mechanism, that is most commonly accepted, assumes that the
hydrophobic part of the ion pair reagent adsorbs on the hydrophobic stationary phase to form
a dynamic iorexchange surface. The analyte is then retained on this surface éxcimange
mechanism antbrmation of ionpairs between the ionic compounds and the ion pair reagents
with opposite charge as shown in Fig@e[60].

IP-RP has been widely applied for the analysis of intracellular metabdliteset al [17]
reported simultaneous analysis of the central carbon metabolitesEgsoherichia coli(E.

coli) using IRRP-LC tandem mass spectromettM$/MS). This paper als@overssome of

the most important method development steps iRFPsuch as type and concehtm of the
ion-pair reagent, the pH of the mobile phase, as well as type and strength of the organic
solvent. The analysis of nucleotides in yeast usingpainng for separation has also been
previously reported byseifar et al.[61], while Coulier et al. usesthe IRRP separation

method for analysis of the same metabolites in bad&sja
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Despite the advantages of-HP over the other separation techniques for intracellular
metabolites, several issues need to be taken into account before choasitgpehof
chromatographic separation. This technique can retainepatate only charged molecules.

The ion pair reagent can never be fully washed from the column and the LC system, thus one
should dedicate a particular column and LC to-pair applicabn. Furthermore, since the
ion-pair reagent can cause ion suppression, the MS needs to be operated in an ionization

mode opposite to the charge of the-pmir reagent used in the mobile phase.

1.3.2 Massspectrometry detection

Varioustypes of masspectrometers are nowadays used in metabolomics approaches. They
generally differ in the ionization source and the mass analyzer. The commonly used ion
sources are electron ionization (El), APCI and BSK7]. El is used in connection with GC
andisaso FDOOHG pfKDUGTY LRQL]DWLRQ VLQFH LW FDXVHYV IL
fragmentations are characteristic and reproducivl@ch allows identification of the MS

peaks by comparison to those in public and commercial databases (e.ghdt&dntain

generalized collection of chemicals or FiehnLib for metabglifds$,64]. ESI (for polar

molecules) and APCI (for less polar moleculeB)UH FRQVLGHUHG DV pYVRIV
techniques due to the low energy to which the analytes are exposedttariogization thus

resulting in lesgragmentatiori45,65]. ESI works well with polar molecules and is thus well

suited for the intracellular metabolitda. ESI theliquid sample is nebulized, evaporated by

applying heat and nitrogen gas and ionizedler atmospheric pressure in a strong electric

field (Figure3) [65].
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Figure 3. Scheme of electrospray ionization

A well-known problem with ESI is the matrigffect (ion suppression or enchancement)
caused by interfering compounds tkaite at the same time as the metabolite of int¢gejst
The matrix effects are usually corrected by ussig1S [61,66,67] which will be discussed in
more detail in the method validation part

The mass analyzer provelseparation of the ions accordino their mass$o-charge ratio
(m/z). The most important criteria for the mass analyzers are: sensitivity, mass resolution,
accuracy, scan speed or acquisition eastd MSMS capabilitieg65]. The most commonly
applied analyzers in metabolomics studies are the quadrupole and tkef-fligkt (TOF).
The quadrupole mass analyzers ayeust,relatively cheap andeasy to uselt can act as a
filter and let only ions with a certain m/z pass tocan act as a scanning instrument where
ions of different m/z are detected consecutivibigreby amass spectrum is obtained (full
scan mode)65]. The operation principle in TOF involves measuring the time reqdirean

ion to travel down a flight tube to the detector. TOF provides high resolution and mass
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accuracy which allows reliable assignment of the measured masses to the elemental
composition of &aompound45,65].

The mass analyzers can be combined tandem mass spectrometer (MS/MS), where two
mass analyzers are combined with collision cell in between. The tandem mass
spectrometersised during this?h.D.werethe QgQ and th€-TOF MS. Instrumentally the

QQgQ contains two quadrupoles mass analyaeranged in series, with a collision cell in
between which cabe a quadrupole or a hexapdgkgure 4). QqQ offers high specificity,

sensitivity and high dynamic ranggs].

Figure 4. Schematioverview of a QqQ masspectrometerFigure modified fronAgilent 6400Series Triple

Quadrupole LC/MSConcepts Guids9].

When compared to the QqQ, in theTQF instrument the third quadrupole has been changed

by TOF mass analyzdFigure5). Q-TOF can be operated asTOF or as a tandem mass
spectrometer where a precursor ion is isolated by a quadrupole mass analyzer, fragmented in
the collision cell and the fragment spectrum is acquineghe TOF mass analyzer. ATDF
instrument combines the high mass resolutadha TOF instrument with the MS/MS

capabilityfacilitating thetentativeidentification ofunknowncompounds.
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Figure 5. Schematic overview of a QTOWS instrumentFigure modified from 6200Series TOF and 6500

Series QTOF LC/MS System, Concep&Guide[70].

1.3.2.1 Multiple reactionsmonitoring versusfull scan high resolution MS

QqQ MS are traditionally applied in the targeted approact are typically operated in
MRM mode(Figure @&\) [43]. In development of an MRM methaal precursor ion, product
ion and collision energy are optimized for eaamalyte to give the best signaareful
selection of the product ions is necessary especially sfarctural isomers as these
compounds often produce very similar product ions.nivlRM modethe first quadrupole
selects the precursor ion ioterestthe second quadrupole fragmetite precursor ion, while

the third quadrupole isolates the proper produc(agure &\).
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A. MRM

B. Full scan HRMS

C. Targeted MS/HRMS

D. Auto MS/HRMS

E. All lons MS/HRMS

Figure 6. Schematic overview of the different acquisition modes used durin@thi3. showing the difference

in the data obtained
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This process is repeated for eavletabolite in a cyclic manner and has the advantage to
determine selected metabolites in a few minutes from a small amount of s@melef the
disadvantages of the MRM is that the number of metabolites that can be measured is limited.
By introducing toomany MRM transitios into the method, thecan time per MRM nesdo

be lowered. This will compromise thsgnal to noise (S/Njatio and the number of data

points across the peakdeally 1020) important for reliable quantificatio(Figure 7 [43].

Figure 7. Overlaid chromatograms showing 11 data points (red color) and 3 data points (black color) across a

chromatographipeak

The so called yhamic MRM (DMRM) acquisition modeof the Agilent QgQ (called
ScheduledMRM ™ in the QqQ from AB Sciey offers an increasd number ofmetabolites
monitored per runiln DMRM or ScheduledMRM™ mode the chromatographic ruis
divided into time segments whetee MRM transitions of a specific compouade monitored
only in the time segment where thgarticular compound elute§he advantage of this
operatirg mode islower number of concurrent transitionsnger dwell times peparticular
MRM, better peak symmetrincreased sensitivity and better S/N.

Another approach tancrease the number ohetaboltes monitored is the full scan MS
experimentswhere all ionggenerated from the sample are meas(Fegure 6B). However,
full scan measurements on a low resolutimial low scan speddstrument such as the QgQ
instruments are not optimatspecially for low mass compounds, due to interference from

contaminants with the same nominal mgs}. Furthermorethe signal of the low abundant
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compounds will be hidden by the high background noise compromising the quantification.
Full scan measureemts on a high resolution instrumesuch as QrOF MS (or Furrier
Transform MSsuch asOrbitrap) overcome these issues due to the high mass accuracy and
the mass based separation.

Q-TOF offersboth full scanHR-MS (Figure 8) and MS/HRMSmeasurementg~igure &C,

D and E). The HRMS measurements are conducted wheturate mass MS data or
determination of precursor ion masses for subsequent MS/MS are néhdddS/MSdata

can be obtained e targeted MS/MS, auto MS/MS or all isMIS/MS (MSF in WatersQ-
TOFinstruments)

Targeted MS/MS involvemanual selection of the precursor is&sed on the MS data aisd

used when the precursor ion of interedtriown (Figure6C). Using targeted approach better
selectivity can be achieved and by comparthg fragmentation pattern with those in a
database, identification of the compound can be achig\te].

Auto MS/MS approachis used forobtaining MS/MS data of complex samples where the
operator does not know which precursor ions to choose. The auto MS/MSoudies MS

and MS/MS data from a single run, by combining MS scan cycles with MS/MS scans of
selected precursor ions dependingtiogir abundance in the MS scéfigure @) [65]. The
disadvantage of this mode is that not all metabolites detected will be fragmented and the
more concentrated metabolites will be preferred for fragmentation than the less concentrated.
However,exclusionor inclusion liss for selection of precursor ions can help in increasing the
fraction of metabolites that can be fragmented thus providing useful MS/MS data.

The advantage ofllaons MS/MS approach is thadll the ionsdespite of their intensity will

be fragmented whickliminates the need of specifying the precursor igigure 6E) [64].

The data are acquired at both low and high collision energy. The low value madece

precursor ions for the compounds and the higlue generates the precursor and their
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product ionsThe fragmentation patters can ted to reveal structural information about the
known and unknownsHowever this approaclas not very suitable for the analysis of
intracellular metabolites since many of them prodsioglar fragments which complicatke
identification of the metabolites.

During thisPh.D.study MRM Paper 1-5), HRMS or MS/HRMS(Paper 6 measurements

were used. MRM was used for the quantitative measurement of the selected list of
metabolites relevant for the particular studliie high resolution measurementgre used for
detectionand putative identificatiorof as many metabolites as possible in theogical

extracts

1.4 Sample preparation

Due to differences in cell structure the sample preparation is organism dependent and it is
therefore difficult to establish a general sample preparation method for both prokaryotes and
eukaryoteg25]. During thisthesis | have worked with organisritom both domains thus an
overview of the sample preparation techniques for both prolagmad eukaryotewill be

given. The sample preparatidior intracellular metabolites analyst®nsists offour steps

rapid sampling,querching, extraction and sample concentratiomhe rapid sampling is
usually achieved by #house developed devices and not commercially availaids The

main characteristics of these devices are the sampling time andpitwelucibility of the

sampling[28,73].

1.4.1 Quenching

After sampling the metabolism of the cells neettsbe inactivated (quenched) in order to get
a representative sample of tiphysiological state of interestThe quenching is usually
evaluated by the adenylate energy charge ratio (ECR) given by the formula

Erdqv ;o E E : [74,75]. For a growing cell th&CR is in the range

21



of 0.80-0.95 and indicates high amount of ATP relative to ADP and AMP, thus a
physiologically healthy cell75]. In generakhere are twa@uenching strategig28]. The first
strategy allows separation of the quenching supernatanmt the biomass, whereas the
second one does not allow that separation, thus the quenchirextaaction are combined

In both cases the quenching is usually done by changes in the pH (below 2 or above 10) or
temperature-@0°C or 80°C)[25]. During this study, quenching using cditeOH /water,

cold MeOH/glycerol, formic adil, coldbuffered and noiuffered saline (0.9%w/v) NacCl)

were tested.

In the literature there is no agreement on which quenching technique gives the best balance
betweenthe main problems that arise durinfgetquenching such as physical or chemical
alterations of the metabolites, metabolite leakaggcontaminationTable 3 lists some of the
guenching procedurefsound in the literature together with their @dvantage and

disadvantages.
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Table 3. Advantagesdisadvantages and applications of commonly used quenching procedures

Quenching Organism Advantages Disadvantages References
Acid/bases xBacteria xCombined quenching and extractic xMedia components can interfergith [76-78]
xYeast therefore no losses due to leakage the analysis
x Extracellular and intracellula
metabolites are not separated
Cold MeOH xBacteria x Reproducible and simple xLeakage especially whemapplied to [35-37,61,79-
xYeast x Allows separation of the intracellule bacteria 83

xFilamentous fungi

metabolitefrom the extracellular

Glycerol (combined

with  methanol

saline)

or

xBacteria
xYeast

xCryoprotectanho harm to cells anc
membranes
x Lower temperatures thad0 °C can be

obtained when combined with MeOH

xHigh boiling point, difficult to remove
it from the quenching supernatar
leakage cannot be evaluated

xResidues of glycerol result in viscot
extracts difficult to inject in LEMS

xRequires washing step for removing t

glycerol residues

[84,85]

Cold saline

xMammalian cells

xThe temperature applied (0 °C) are mi
xCombined with filtration suitable fo

amino acids analysis

xIt is not suitable for metabolites wit

fast turn over (e.g. phosphorylated)

[24, 86]
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One importantequiremenfor the quenching approaatito avoid losses of the metabolites

due to leakage or residual metabolic activithe chemical alteration of the metabolites
during the sample preparation is also an issue it is not always$aken into consideration

during the methodlevelopmentOrtmayr et al [87] and Sporty et al[88] showed that the
sample preparation procedure is the major contributor to the overall measurement uncertainty
of the redox cofactorsTherefore detailed stydon the stability of the analytes during the
sample preparation is necesstmybetter accuracy

Yeast has been considered to be more stable during the quenching when compared to the
bacteria. The first attempt at separation of the quenching supernatant from the yeast cells was
done bySaezandLagunag89 by using fast filtration followed by washirbe cells with-40

°C MeOH/HO (60/40, v/v). LateDe KoninandVan Dam[90] improved this technique by
sampling yeast directly inted0 °C MeOH/HO (60/40, v/v) followed by centrifugation to
separate the cells. Nowadays this quenching technique is ahe ofiost frequently used
methods for sub second arrest of the enzymatic activities in the cells. However it has been
shown that yeast is also prone to leakage during the conventional cold MgDéleinching

which can be reduced by using pure MeOH4& °C or lower[81]. Furthermore, decreasing

the exposure time of the yeast cells to the cold MeQ8/guenching solution will decrease

the loss of the intracellular metabolites as a result of leakage during the quenching. Several
other alternatives to the ebimethanol technique have alseehesuggested in the literature.
Villas-Bboaset al. [84] showed that by using cold glycerol/saline solution for quenching of
yeast and bacteria better metabolite recoveries can be obtained when compared to the
MeOH/H;O. Link et al.[85] showed that the combination of glycerol and methanol is a better
option due to the lower viscosity of the quenching solution as well as possibilities for sample
handling at temperatures lower tha#0 °C. The glycerol/MeOH combination showed

reduced leakage especially for ATPENcoliwhen compared to the Me@H,O quenching.
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Today bacteriaand filamentousfungi are known to benore susceptible to leakage when
using the currentquenching procedures than for example yaast thus the quenching of
bacteriais a challenging tas|83,91]. If possible cell separation from the quenching solution

is usually avoidedor bacteria. Thus the measurement of the intracellular metabolites requires
preparation of two different samplesne from the entire culture and one from the culture
supernatant. The intracellular metabolites are then determined by subtraction of the levels of
extracellular metabolites from the sum of intra @axtracellular metabolige[82]. However

this has beenh®wn to suffer from large standard deviatioMore recent example of a
guending method based on pH change, where the quenching and the extraction were
combined,was reported bylendersen et afor L. lactis using cold 10M formic acid[92].
Thequenchingshowed to be suitable fanalysis ohucleotide phosphates.

Due to the low amount of the intracellular metabolites and high amount ektraeellular
compounds e.gmedia components, the separatioh the cels from the quenching
supernatant is a critical issue. In geneha separation of the biomass from the quenching
supernatant is achieved by either centrifugation or filtrg@tah In this respect, the time used

for separation is the crucial parameteuring the centrifugation the cells are exposed to low
temperatures and a cold shock phenomenon might induce leak of the metabolites in the
guenching supernataf#tl]. Fast filtration of the bacterial celgithout quenchindgollowed

by wash using salinsolution have been shown to laereliable quenching method for
analysis of amino acid poo[91]. However, the washing stepat is usedo remove the
residuesfrom the extracellular metabolites can aldoduce leakage andoss of the
intracellular metabolites[93,94]. Some studies showed that filtration is natfast enough
guenching method for analysis of the metabolites with fast-duen rate such as the
phosphorylated metabolitg91]. Furthermore blockage of the filtelimits the amount of

biomass that can be separated from the quenching superadjadare mustlsobe taken
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regarding the pore size of the filters that might result in loss of the cells into the filtrate.
respect to the quenching of flamentousdiidonge et al[95 showed that cold MeOHAD

used for arresting the yeastetabolism can also be appliedfor quenching ofPenicillium
chrysogenumIn this study decreasing the MeOH percentage from 60% to 40% (v/v),
consequently the temperature fref@ to -25°C, resulted in reduced leakage.

Mammalian cells havbeenshown to bemore fragile than bacteria and yeast due to the lack
of a cell wall [24]. Thus, a rapid quenching method for animal cells should retain cell
integrity and be compatible with tteeparation steps used to remove culture medium from
the cells. The conventional cold MeOHA® method has been shown to damage the cell
membrane of the mammalian cells resulting in leakage and loss of the intracellular
metaboites in the quenching mediurj24]. Dietmar et al.[24] tested several derent
guenching solutions for mammalian sekuch as buffered and ndffered -40 °C
MeOH/H,O (60/40, viv) and).9 % (w/v) NaCl (0°C), with the latter showing the least
damage of the cell membrane and lowlesikage of the intracellular metabolitego the
guenching solutionfFurthermore, the centrifugation has been shown to be more suitable for
the cell separation from the quenching supernataan tihe filtration. The reason for the
reduced efficiency othe filtration when compared to centrifugation was speculated to be the
threeway interaction among cells, filter, and the quenching solution.

Other quenching procedures given in the literature oslel EtOH/HO mixture orliquid

nitrogenasquenchingsolutions[96,97]

1.4.2 Extraction

The step following the metabolism arrest is the extraction of the intracettelabolites that
aims to disrupt the cell structure and release the metabolites from the interior of thbaeell.
extraction method should extract the metabolites in their original state in a quantitative

manner and should prevent any chemical or physical alterafierier the quenchinthere is
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no standardized extractianethod anda range of diffeent solutiols and procedures have
been describeth the literature(for references see Tablg. 4urthermore, due to the high
chemical and physical diversity of the intracellular metabol#esh solution and condition

for extraction may favor a limited range of mabétes and work best with a certain cell type.
Combinations of different organic solvents, elevated temperature in combination with boiling
solvent(H,O, EtOH or MeOH), acidic or basic solutiorsnd freezehaw cyclesaresome of

the extraction methods fantracellular metabolitegfor references see Table. 4jable 4
summarizes the advantagesd disadvantagesf the commonly usedprocedurestheir

advantageand disadvantages.
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Table 4. Advantages and disadvantages of the most commonly used extraction procedures as well as their applications

Extraction Organism Advantages Disadvantages References
Boiling EtOH xYeast xEasy and fast procedure xSome metabolites are not stable at h [35-37,62,8]
xBacteria xHigh temperature increases efficiency a temperatures
xFilamentous fungi denaturation of enzymes
xEthanol is ot toxic
MeOH/chloroform xYeast xExtraction of both polar and nepolar xLabor intensive [27,34
xBacteria metabolites xChloroform is toxic

xDenaturation of proteins by chloroform
xExtraction at low temperaturesuitable for
thermally labile compounds

Acid/bases xBacteria xUsually  combines  quenching ar xSome metabolites are not stable uni [77,98-100
extraction therefore no losses due  extreme pH
leakage xNeutralization step is required for e.
perchloric acid and can result in reduc
recovery
xFreeze/thawnecessary to increase tl

efficiency of the extraction

Cold pure methanol xBacteria xEasily removable by evaporation xLow recoveries [97]
xExtraction at low temperature suitable f
thermally labile compounds
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Combination of different polar and ngolar organic solvents is frequently used for
extraction ofintracellular metabolites. The combinationkafffered methanelater mixture
together with chlorform at low temperaturebas been used for extraction of intracellular
metabolites fromyeastand bacteria[27,34,10]. The advantage of this extraction is tliat
allows extraction oftwo big groups of ratabolites, polar and negwolar, under mild
conditionsat low temperaturebut it has been considered as tedious and time consuming.
Although some studies report that this combination of solvents result in poor recovery of
some of the metabolit§$07, others find this method to be optimaidacomparable with the
other extraction methodg4,101. Boiling ethanol is avery popularextraction method
especially for yeaq35-37,61,8]1. The high temperature increases the extraction efficiency of
ethanol as well as the denaturation of the enzymes. Furthesti@eolis less toxic than
chlordorm. However somestudieshave reportedpoor recoveries of the phosphorylated
metabolites and tricadxylic acids due to high temperata@pplied during extractiof24,27].

On the contrary, Canelas € al. [101] reportedthat the metabolite recoveries were similar
when boiling ethanol andMeOH/chloradorm were used for extraction of the intracellular
metabolites from yeastAcids (perchloric and hydrochloric acid) or alkali solutions
(potassium and sodium hydroxidedve also been used for extraction of the metabolites that
are stable at extreme high owopH. Losses of many primary metabolites have been
demonstrated by using the extraction at extreme[PH)]. Furthermore e acidbase
methods due to salt productioiiring neutralization are problematic for mass spectrometry
applications[27,99,10]]. To increase the permeability of the cellsgdzethawingis often
included in the extraction processes &adalsobeen combined with the approaches where
the cells are not separated from the quenclsngernatant prior to extractiofy6,92].

Mechanical disruption of the cell with a bead beater was useS8ployty et al [88] for
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analysis of NAD and NADH from yeasin combination with ice cold nitrogen saturated
ammonium acetate to reduce the oxidation of NADH to NAD

However,it should be noted thaitis practically impossible to avoid losselsthe metabolites
during theextraction. Furthermore the diversity of the analytes makes the simultaneous
extraction and determination of all intracellular metabolites impossibherdore the
extractionmethod applied should becampromise between the reproducibilitgetabolite

recoveriesand compatibilitywith the analytical methad

1.4.3 Concentration of the extract

The most commonly used approaches for sample concentration is forgre
(Iyophilization), vacuum and nitrogen evaporation. Fredegng is commonly used for
agueous samples and has the advantages that the solvent is evaporated without using heat
which reduces the possibility of heat degradation of the metabdltesever the freeze

drying can be time consuming and is not very suitable if organic solvents have been used
during the extractiofe5].

An dternative to the freezdrying is thevacuum or nitrogen evaporatioimhis type of
evaporation ignoresuitable for organic solventsanaqueous samples. The evaporation of

the aqueous samples can takenger time and usually requires heating which is not suitable

for thermally labile compounds.

For sample purification solid phase extract{&PE DSPH is commonly applid especially

in the case of complex matrices such as biofluids, tissue samples and environmental samples
(lake sedimentwhere the quantification can be hampered by matrix eff@@8s105]. Anion
exchange SPE has also been shown to welkfor phosphate removal, which can interfere

with the analysis of the intracellular metabolites causing ion supprdasigjn Charcoal has

been used in dispersive solid extraction to separate the aromatic from tHagonwatic

intracellularmetaboliteg78,92].
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1.5 Analytical method validation and quantification

The main objective of any analytical measurement is to obtain reliable and reproducible data
avoiding false positive or negative resulbie validation of the analytical methogsovides
information o the quality, reliability and reproducibility of the established analytical
method.When using LEMS, the general validation approaatvolves determination ofi)
linearity, ii) precisionand accuracy/recoveryiji) limit of detecton, iv) matrix effects[106-

109].

Linearity. The linearity of the analytical method is investigated by creatiagoration
curves in at least three orders of magnitudegeneralthree approachedor creating the
calibration curves were used during thi®h.D: i) external calibration, ii)the standard

addition approachnd iii) calibration using internal standax(ésgure 8)[110].

A B C

Figure 8. Schematic illustration of the calibrations using the A. external calibration; B. standard addition and C.

calibration using internal standard

In the extracellular calibration approach, the calibration curve is prepared in a surrogate
matrix. The surrogate matrix can be a neat solution, growth media, extract from aehutant
that does not contain the compound or contains traces of it. Inpihrisaeha stock solution

of the compound of interest is prepared in the surrogate malrigh is then diluted to

prepare the calibrants.
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Luo et al. [17] and Bennette et al[57] usedthe standard addition miedbd to quantify
metabolites fromthe central carbon metabolism i&. coli and Synechococcus sp.,
respectively where known increasing concentrations of analytereadded to individual
aliquots of the sample of interesthe concentratiorof the analyte in the sample was
determined fronthe intercept of the calibration curgEigure 8B) However, the standard
addition approaclean be quite laborious, time consuming and require extensive amounts of
samples, especially when multiple sanspleeed to be quantifiedFurthermore, dr
compoundghat are present in high amounts in the sample such as ATP, saturation of the
detector might occur at the high concentragadwhen using the standard addition method.

The approacthusing internal standards usuailywolves addition of known amounts ofLSIS

to each of the calibration solutions and to the samples to be quantified. The quantification is
then based on the construction of a calibration curve by plotting the ratio of the peak area of
the unlabeled and labeled analyte versus the concentjétio

Precision and accuracy/recovery.The precision and accuracy/recovery can be assessed
using spiked and unspiked samples that are processed through the sample preparation that are
guantified against ealibration curve. The unspiked samples in this case are used to check for
any presence of the analyte in the spiking matrix. Usuallyptkeisionand the accuracy
recovery are determined on three different levels in triplicates and on thirerenlifdys in

order to check for interand intrabatchvariability.

Limit of detection (LOD). LOD is the smallest amount of analyte in the sample that can be
detectedThere are several approaches for determination of the LOD such as using the S/N
ratio, fromthe standard deviation of the blank or from the calibration dan.

Matrix effects. As previously mationed when ESI is usedfor ionization suppression or
enchancemenfmatrix effects)of the analyte signamight be observedlue to coeluting

compounds present in the biological sanip&76,112]. When using externalalibration, die
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to differences in the matrithe obtainedS signals will bedifferentfor the same compound

in the calibrants and the samples This can cause over or underestimation of the
concentration.The suppressionraeenhancemendf the signalis especiallyobserved when
guenched wholéroth samples of leaky cells are analyzed and even more prominent when
rich media is used for cultivatisnTherefore the validation and quantification methods for
intracellular metabolites are more complicated and less straightforward since it is difficult if
not impossible to fin@dtrue biological matrix that will be free of the analytes of interest.

The standard addition method corrects for possible matrix effects because it uses the
authentic matrix to prepare the calibrants. The method using internal standards is also capable
of correcting for matrix effectsBoth the standard and its SI& will be equallyaffected by

the matrix effects resulting in unchanged pestio that is plotted against the concentration to
create the calibration curve.

The suppression/enhancement of the signal depends on the chemical structure of the molecule
thus SIL-IS areused due to their structurahd physicechemicalsimilarity with the analyte

of interest. However, SHS are not always availablend theycan be very expensive
therefore structural analogues are sometimes used as internal stghtrdstokvis et al

[67] compared the use of structural analogues andlSfbr several anticancer agents using
ESFMS and MS/MS techniques. SIS showed to be preferred over the structural analogue
for accurate quantification. In some of the case stugedprmance othe assay improved
significantly after substitution of well-functioninganalogous internal standard with a SIL

IS. Due to the unavailability of SHS for many of the intracellular metabolitddashego et

al. [113] proposed an alternative way albtaining SIL by cultivating microorganisms on U

13C labeled substrates and subsequent extraction of the metabolites.-F8eldbeled
extracts can serve as SI& and can be added before the extraction to the unlabeled cell

samples to correct for any ®ilsle losses during the sample preparatoml for matrix
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effects. However it should be noted that some of the labeled metabolites can be present in
very small amounts in the cell extracts and this can create difficulties related to their

detection and theuse as SIHS.

1.6 Dataanalysis

The workflow used for analysis of the data deandthe question that needs to be answered
and the type of the data acquiréithe metabolomics studies udlyaaim for assessingr
discovering important diffrencesbetween groups of samplebBhe analytical technologies
used inmetabolomics sth as LGMS producelarge amourstof data where statistical and
computational methods are used to evaluate this. d&tia typically includesunivariate
(ANOVA, t-tests etc.) omultivariate statistical approach@grinciple component analysis
(PCA), clustering partial least square regressi®tLE) etc) [44,114].

During this PID. study, software by the instrument vendor (Agilent Technologves3used

for data processing.g. Mass Hunter Qualitative and Quantitative analy§isr targeted
analysis, galitative analysis software was mainly used rariewing chromatogramgeak
finding, evaluation of baseline etdor the multitargeted approach this software was used for
putatve identification of the known unknowns extracted from different matribeghis
respectdata were processed using the find by formula algorithm where the empirical formula
was used to find matching masses in the datantitative analysis program wased for
creating calibration curves and quantification. For the multitargeted appttoiagbrogram
was usedast screening afompounddetween different samples.

Although statistical data analysis was not performed duringthiB, it is worthmentioning

the application of the commonly used statistical tools for mass spectrometry data analysis.
Clustering (shown as a heat map)a statistical method that involves dividing observed
datasets into several subclasses or clusiEngs method was use hiyilou et al.[34] to

investigate the impact of decreased NADH levels to the concentration of the metabolites
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involved in the central carbon metaboligrhen grown on glucose and ethanol. The statistical
analysis showed that the growabnditions had a bigger impact on the metabolic profiles than
the perturbationg-urthermore whegrown on glucose the concentration of many glycolytic
and TCAmetabolites wascreasecdompared tavhen grown on ethanol

Principlecomponent analysi®®CA) is another statistical tool used to discover and visualize
important differences between groups of samp€3A together with lastering were used to
investigate theeffects of i) loss of cytosolic superoxide dismutase function and ii) chemical
induced oxidative stress as well as iii) the metabolic profiles of different fly species of
Drosophila melanogasteis6]. Clustered heat map was also usedBoguer et al [115] to
investigate the changes in the concentrations of the intracellular metabol8esarevisiae

andE. coliafter glucose and nitrogen starvation.
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2. Results and discussion

2.1 Targeted metabolomics
2.1.1 Optimization of liquid chromatography QqQ method

The primary focus in developing the presented method was qualitative and quantitative
analysis of various intracellular metaboliteBetermination and optimization of the
compound specific multiple reaction monitoring (MRM) transitioRager 1) was the first

step in the establishment of the methddost of the intracellular metabolitesre
phosphorylated or carboxylated, producing mainly-HiJ1 ions. Thereforethe observed
similarities in their fragmentation patternsere expected Phosphorylaad compounds
generatedH,PQy]” and [POs] ionsas the most intense fragments, while loss of, @@s
observed in the spectra of the carboxylated compounds. Thaspid false positive results

due to norspecific transitions, specific fragmerfesg. corresponding to purine or pyrimidine
groups of the nucleotidesyere used when possible. This was especially necessary when
faced with analysis o€ompounds with the same elemental composition such as ATP and
deoxyguanosine'&riphosphat€dGTP)

Taking into considerationthe anionic nature of the intracellular metabolites several
possibilities were tested faheir chromatographiseparationMixed-mode chromatography
($FFODLPS 7U)L@btmesEndtiple retention mechanisms sucha®nexchange

anion exchange and reverse phase mechanism of retention. The possibility for separation of
compounds with different functionalities made this type of chromatography very attractive
and it was therefore tested for separation of the intracellular megabaliith sugar
phosphates as model compounds. Retention on the column, was obtained (Figure 9), but both

a salt and a pH gradient did not give a sufficient separation of these compounds.
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Figure 9. Chromatogramsshowing similarities in RT between theigar phosphates F6P, G6P and F
obtained using mixed mode EQGgQ. , OMHFWLRQ YROXPH O QALK ACEMIN Drivity

P1. Eluent A50 mM ammonium formatg@H 3.5; Eluent B: ACN. Gradient: @ min 760 % B; 34 min 0 %

B; 4-4.1 min 870 %B; 4.1-5 min 70 % B.F6P, fructose fphosphate; G6P, glucosepBosphate; R5P, ribos
5-phosphate.

Furthermorethe high concentration of sg60 mM ammoniumformate necessaryo elute

the sugar phosphates was antESIMS friendly mobile phasecGusedcontamination of the
ion-sourceresulting insuppression of the MS signal). This was an additional reason not to
proceed with further optimizations of the mixed mode based chromatographic separation.
Interfacing IC with a Bruker €JOF to investigate thepalicability of this type of liquid
chromatography for separation of the intracellular metabolites was a part of a master project
in which | was involved as a supervidai6]. Compounds ranging from nucleotides, sugar
phosphates, organic acids and coerzymwere taken as model compounds. The main issues
encountered when using IC for separation were related to the instalbilggme of the
intracellular metabolites under the extreme high pH used in the eluent. Multiple unknown
chromatographic peaks wereteleted in the chromatograms of the redox compounds. Flavin

adenine dinucleotide (FAD) showed to tdeegradedo AMP under the high pH conditions,
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while hydrolysis of acetyl coenzyme A (ACoA) resulted in only one peak in the
chromatogram that correspondeéd CoA. Dihydroxyacetone phosphate (DHAP) and
glyceraldehyde phosphate (G3P) showed to be unstable during the chromatography as well.
Phosphate was the main peak detected in the DHAP standard, while two peaks were detected
in the chromatogram of G3P, ooerresponding to G3P and the other one to phosphate.

Due to the lack of time no further experiments were carried out using tQeTICGF MS
technique. Despite the issues regarding the instability of some of the intracellular metabolites,
IC showed a promising potential as a technique for analysis of intlacethetabolites. It

gave good retention and separation of the various phosphorylated and carboxylated
metabolitesand showed to be suitable for analysis carboxydrates as well. In future it can be

considered as a complementary technique to tHeRP

2.1.1.1 lon-pair chromatography

lon-pair chromatography has previously been proven to be a good separation technique for
phosphorylated and carboxylated compoufidss7,62,63,80land was also used during this
study.Paper 1outlines the main part of the work redd to the development of the ipair
chromatographic method. Several parameters such as typemdiroreagent, concentration

of ion-pair reagent and acetic acid, pH, organic solvent and column chemistry were
previously shown to influence the retenti@h the anionic compounds when ipair
chromatography was us¢t7]. Therefore during the development process these parameters
had to be tested.

Volatile alkylamines with diverse alkyl chain length such as triethylamine JTEBA and

TBA, were firstly tested in order to find the best compromise between the retention and
separation of the metabolites of interest. Ten millimol&A gave slightly increased
retention but not enough to be able to sepa@texample the sugar phosphates. Increasing

the comrentration of the TEA in the agueous mobile phase (from 10 to 35 mM) and the

38



addition of the ion pair reagent into the organic mobile phase did not increase the RT of for
example G6P. Neither the incorporation of an isocratic part at the beginning oithnerr

the lowering of the percentage of organic solvent during the run improved the retention. The
length of the alkyl chain was considered to be responsible for the poor retention of the
metabolites, therefore two other ipair reagents with longer hyaphobic chains were
tested: DBAand TBA. Bothe DBA and TBA resulted in improved retention. In the case of
DBA the intensity of the nucleotides was decreased when compared to TBA. In addition
better separation for AMP and deoxyguanosien@ophosphate (d@P) was obtained

with TBA than with DBA when using the same gradient. Therefore TBA was chosen for
further optimizations. The changes of the TBA concentration while keeping the ratio between
the ionpair reagent and the acetic acid unchanged, in ordeedp the pH constant, gave

interesting results on the retention of the different groups of compounds tested (Fjgure 10
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Figure 10. Chromatogramshowing the effect of increased concentration of TBA in the eluent on the rete
of different intracellular metabolites, while keeping the ratio between TBA and acetic acid co@stantn:
Luna 2.5 pl C18 (ZHST (100 x 2 mm)Eluent B wa®©0 % MeOH containing the same concentration of TE
and acetic acid as eluent fespectivelyGradient: 65 min 0 % B; 510 min 62 % B; 1611 min 29 % B; 11

16 min 9 % B; 1618 min 925 % B; 1819 min 2550 % B; 1923 min 50 % B; 2324 min 500 % B; 2429

min 0 %B. GMP, guanosine 'smonophosphateG TP, guanosine SriphosphateAc-CoA, acetyl coenzyme A

In the case of the early eluting compounds such as F6P and G6P, decrease of the retention
was observed with the increase of the TBA concentration in the eldefD QRVLQH
monophosphate (GMP) and dGMP showed only slight decrease in the retention by increasing
the concentration of the i@ DLU UHDJHQW Z KiipBddphade BEIR)Vdhadd I
slight increase. The late eluting compound aeetgnzyme A (AeCoA) showed increase in

the retention by increasing the TBA concentration.
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As described irPaper 1the concentration of the acetic acabnsequently the pHhadalso

an influence on the retention and separation of the intracellular metabolites. Due to the
competitive effect of the acetate ion, by increasing the concentration of the acetic acid,
decrease of the retention was obsenfadthermore, by changing the pH fmo5.5 to 7.5
changes in the intensity ratio between the monophosphates, diphosphates and triphosphates
occurred. At lower pH the MS signal intensity of the monophosphates and diphosphates was
higher than the triphosphates while an opposite trend was elbseith higher pHHowever

taking into account the investigations made with changing the concentration of TBA and
acetic acid, 10 mM TBA and 1M acetic acid was found @ive a reasonable compromise
between elution time, resolution and sensitivity.

Isopropanol and MeOH were tested as organic solvents. Due to the stronger elution power of
isopropanol, the separation of the compounds was affected and therefore MeOH was chosen
for further optimizations. In addition, different reverse phase columns wer¢eatsd such

as Phenomenex Lunag2)-HST, Onyx Monilithic Gg, Agilent Zorbax extended ;¢ and
Poroshell120 PhenyHexyl. The effect of the column chemistry was mostly on the peak
shape and the spreading of the compounds Rattoshell120 PhenyHexyl column giving

the best performance.

It should be mentioned that, a newly installed column on the system was equilibrated
overnight with the eluent containing the TBA. Furthermore, it was noted that when using the
36 min. gradientFaper 1) shifting of retention times occurred only when changing to new
eluents. There was a shift in the RT for the compound eluting in the middle of the gradient
e.g. monophosphorylated compounds. This was assumed to be due to the very slow gradient
in the regon where the monophosphorylated compounds were usually eluting.

Furthermore, the effect of thEBA addition in the injection vial on the analysis of the

nucleotides was tested as well. By injecting a mixture of the nucleotides with and without
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TBA, at least2x increasan the signal intensity was observed when injegtithe samples

with TBA (Figure 11).

Figure 11. Chromatogramshowing the effect of addition of TBA in the injection vildjection volume:10
pl; Concetration:10 pg/mlL Column: LUNA 2.5um C18(2)HST. Eluent A:10 mM TBA and 1M acetic
acid, eluent B: 90 MeOH containing 10 mM TBA and 1®M acetic acidGradient: 65 min 0% B, 510
min 0-2 % B, 1011 min 29 % B, 1216 min 9% B, 1618min 325% B, 1819 min 2550% B, 1923 min 50
% B, 2324 min 500 % B, 24-34 min 0 % B. UDP-Glc, uridine 5-diphosphatedATP, deoxyadenosing'-

triphosphate

This has been explained by a displacement mechanism, whetertimmon potassium and
sodiumadducts are displaced by alkylamine adducts wimcheases the signal of the singly
charged molecular ions [fH] ' [17, 117]

In the case of the NADH and NADPH, it was noticed that when injecting pure standards of
these two compounds, peak of NAas detected in the NADH standard and NADRs
detected in the NADPH standard. This indicated that oxidation was happening in the vial and
was noted when injecting the standards both with and without TBA in the injectiod\sial.
previously reported in the literature [87] ammonium acetate pH 8 hashewam to improve

the stability of NADPH and reduce the oxidation. In order to investigate this, the standards of
NADH and NADPH were prepared in 5 mM ammonium acetate pH 8, which indeed reduced
the oxidation of these two compounds. However the additidiBaf in theinjection vial was
SURYHQ WR LQFUHDVH WKH VHQVLWLYLW\ RI WKH QXFOHRW

and NADP was prepared by diluting the ammonium acetate stock solutions (pH 8) of these
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two compounds into eluent A which containE8A. It was noted that the addition of TBA

did increase the sensitivity especially for NADPH, while the intensity of NADH was
practically not affected. Furthermore, there was a minor increase biABE LC-MS peak

in the NADH standard, while no peak of NAD®/as detected in the NADPH standard.
However further investigations are necessary in order to check the long term stability of the
NADH and NADPH solutions prepared in the ammonium acetate as wilé aslutions of

these stocks into TBA.

Within the intracellular metabolites, there are many compounds (sugar phosphates,
ATP/dGTP, sugar nucleotides etc.) with the same elemental compaoshioh has been a
challenge during the method development.sEheompoundgan often be indistinguishable

by MS due to their identical elemental composition as well as similar fragmentation pattern.
Therefore the gradient used during the analysis was crucial for the separation especially for
the sugar phosphates. Thenin isocratic run at the beginning of the 36 min gradient given in
Paper 1was necessary for achieving the separation of the sugar phosphates. By introducing
even 5 % of the organic phase at the beginning of the gradient, the separation of the sugar
phoghates was impaired. In addition, increasing the percentage of the organic phase up to
100 % and keeping it for 1.5 min was necessary for a complete elution of the more retained
compounds.

In the case of the nucleotides, some of the isomers such as AMP/dGere
chromatographically separated, while that was not the case for ATP/d&iEPto the fact

that ATP and dGTP were chromatographically not separated, specific fragments that
correspond to the guanine or adenine moiety were chosen in order to leqidetify these
compounds.

The thirty six minutes gradient allowed a good separation of many of the isomers, but in

general it was considered as time consuming and not very practical when long lists of
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samples had to be analyzed. Therefore, compromisgebr the analysis time and the
separation of the nucleotides was found by a 19.5 min gradfape( 5. However this
gradient could not be used for separation of the sugar phosphates. The separation of the
isomers was also considered as a parametéhdégoerformance of the column. The impaired
separation for example of the sugar phosphates was a sign that the column had to be changed.
The retention of the compounds when usingpair chromatography depends on the number

of charged groups present iretmolecule that could interact with the ipair reagent. In the

case of the phosphorylated and/or carboxylated compounds, correlation between the retention
time (RT) and the number of the phosphate and/or carboxylic groups was observed. The
order of eluton for example of the phosphorylated nucleotides was monophosphates <
diphosphates < triphosphates. The same was observed for the carboxylated compounds.
Understanding the mechanism of the chromatographic retention allowed prediction of the RT
of the knownunknowns and helped in their identification in the sample extract although
standards for these compounds were not available in hBaper(6).

The fact that the reversed phase mechanism of action is also involved in the retention was
shown by the analys of the amino acid€@per 6. The aromatic amino acids, tyrosine (RT

1.3 min) and phenylalanine (RT 2.2 min) were retained usingp&dn chromatography

(Figure 13, although their overall charge was 0.
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Figure 12. Chromatogranmshowing the reversed phase mechanism of retention during 4R€ IBy retaining
the tyrosine (RT 1.3min) and phenylalanine (RT 2.2 mimhich overall charge was 0. (Dead volume = |
min). Column used: Poroshell 120 Pheiiigxyl. Eluent A:10 mM TBA and @ mM acetic acid, eluent B: 9
% MeOH containing 10 mM TBA and 1M acetic acidGradient: 65 min 0% B, 510 min 62 % B, 1011
min 2-9 % B, 1116 min 9% B, 1624 min 950 % B, 2428 min 50% B, 2828.5min 100% B, 28.530 min

100% B, 30-30.5min 1000 % B, 30.536 min 0% B.

This could be explained by the reversed phase interactions between the aromatic part of the
amino acids and the phenyl hexyl groups from the stationary phase. Although the column was
covered by the iopair reagent, the reverse phase mechanism of int@magtas also
responsible for the retention. Furthermore the tyrosine was eluting earlier due to the presence
of the polar hydroxyl group.

Summary of the tested conditions during the optimization of theainseparation of the
intracellular metabolitesra the results obtained is given in Table 5. Furthermore, a list of

standard metabolites for which detection was optimized is given in Supplementary material.
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chromatography.

Tested conditions

Result

Type of ion pair reagent

RT increases by an increase of the number and the le
of the alkyl chains (TEA<DBA<TBA)
xTEA - not enough RT to achieve gosdparation

xDBA- lower intensity of the nucleotides when
compared to TBA

xTBA - gives better separation of the isomers AMP ¢
dGMPthan DBA

Increasing the concentration of TBA

while keeping the pH constant

xEarly elutingcompounds RT decreases

xCompound®luting in the middle of the gradienRT
slightly affected

xLate elutingcompounds RT increases

ChangingpH while keeping the

concentration of TBA constant

xpH 5.4: NMPsandNDPs higher intensity than NTPs

xpH 7.7: NMPsandNDPs lower intensity than NTPs

Column chemistry

Affects peak shape and separation

Organic solvent

xIsopropanol stronger elution power than MeOH

xBetter compromise between the retention ¢

separation with MeOH than isopropanol

Addition of TBA in theinjection

solvent

In general increases the intensity of the analytes

Isocratic run at the beginning of the

run

Necessary to separate the sugar phosphates

Keeping 100 % of organic phase
during the gradient

Necessary for complete elution of the more regdin
compounds

Column equilibration

Overnight equilibration with the eluent containing the

ion-pair reagent is necessary

NMPs- nucleotide monophosphates; NDPsucleotide diphosphates; NTRsiucleotide triphosphates

Table 5. Summary of the tested conditioasd the results obtained from the optimization of the-jair
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2.1.2 Establishment of quenching and extraction procedures

This section outlines the work done during this Ph.D. study related to the testing of different
sample preparation methods for yeast, bactBlaaentousfungi and mammalian cells. ECR

of 0.800.95 wa taken as criteria for a successful quenching. The organisms for which
several different quenching and extraction procedures were tested during this Ph.D. study as

well as the aim of the studies are given in Table 6.
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Table 6. Quenching and extraction procedures tested, the obtained energy charge ratio and the aim ofahehstiiffgrent organisms during thigh.D.

Organism Aim of the study Quenching Extraction ECR (SD} Metabolites
measured
Saccharomyces Is the difference inthe 1. -40 °C MeOH/ HO (60/40, v/v) 1.1. Boiling EtOH/H,O (75/25, viv) 1.0.91 (0.01) ATP, ADP, AMP,
cerevisiae production ofvanillin- - ) redox cofactorsUDP,
glucoside between two 1.2. MeOH/CHCI (2:1, vIvf 1.2.0.91 (0.006) UDP-Glc and UTP
yeast strains related to
the differences in their
intracellular metabolite
pools?
Lactococcus lactis  Dispersive solid phase 10 M HCOOH 3x freeze/thaw 0.97(0.0001) Nucleotides
extraction of nucleotides
Ruegeria mobilis Are shifts between 1. 10 M HCOOH 1. 3x freeze/thaw - c-diGMP
motile and sessile life . . .
correlated to intracellular 2: €ooling on ice 2. Boiling EtOH/H,O (75/25, viv) -
concentrations of-c
diGMP?
Microbispora Is the improved 1. 10 M HCOOH 1. 3x freeze/thaw 1.0.80(0.004); 028 (0.1) ATP, ADP, AMP,
corallina® production of lantabiotic . . redox cofactors
correlated to the change 2.-40 °C MeOH/glycero(60/40, v/v) 2. Boiling EtOH/H,0 (75/25, viv) 2.0.06(0.01)
n the energy  3,-40 °C MeOH/glycero(40/60, v/v) 3. Boiling EtOH/H,0 (75/25, viv) 3.0.06(0.02)
metabolism?
4. Phosphate buffered saline (PBS) 4. CH;COONH, and bead beater 4.0.16(0.03)
5.-40 °C MeOH/10 mM HEPE®0/40, v/v) 5. Boiling EtOH/H,0 (75/25, viv) 5.0.62 (0.03)
6.-40 °C MeOH/ HO (60/40, v/v) 6.1. Boiling EtOH/H,O (75/25, v/v) 6.1.058(0.07)
6.2. MeOH/CHCI (2:1, v/v) 6.2.0.87(0.01)
Streptomyces The effects of alterec 1.10 M HCOOH 1. 3x freeze/thaw 1.0.54(0.01) ATP, ADP, AMP,
coelicolor redox and energy level . - redox cofactors
on the production of twc 2.-40 °C MeOH/ HO (60/40, v/v) 2.1. Boiling EtOH/H,0O (75/25, v/v) 2.1.052(0.12)
antibiotics. 2.2. MeOH/CHCI (2:1, vIv) 2.2.0.89(0.03)
Chinese  hamstel Are the differences in  Ice cold 0.9 %w/v) NaCl MeOH and ACN 0.92(0.02) Glycolytic
ovary cells (CHO)  erythropoietin intermediates, ATP,
productivity between ADP, AMP, redox
two clones related to th cofactors

difference in their centra
carbon metabolism?

*The numbers in the brackets indicate standardation(SD)
2This extraction method was applied on yeast but not duringgthiéin- -glucosideproject

& The Microbispora corallinaproject was called LAPTOP and was funded from the Euroffeammission contract no. 245066 for FRBBE-2009-3.
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Table 6.Continued

Organism Aim of the study

Quenching

Extraction

Metabolites
measured

ECR (SD)

Aspergilus nidulans Testing different

quenchingand extraction
procedures (master thesis

project)

1. -40 °C MeOH/ HO (40/60, v/v)
2. 0°C 0.9%(w/v) NaCl

1.1 CentrifugationMeOH/H,O (40/60, v/v)3x freeze/thaw
1.2 Filtration, MeOH/H,O (40/60, v/v)3x freeze/thaw

1.3 Centrifugation, MeOH/CECI (2:1v/v)
1.4. Filtration, MeOH/CHCI (2:1y/v)

2.1 CentrifugationMeOH/H,O (40/60, v/v) 3x freeze/thaw
2.2 Filtration, MeOH/H,O (40/60, v/v)3x freeze/thaw

2.3 Centrifugation, MeOH/CECI (2:1y/v)
2.4. Filtration, MeOH/CHCI (2:1y/v)

0.79 (0.01)
0.24

0.80 (0.04)
0.85(0.02)

ATP, ADP, AMP

0.79 (0.08)
0.24
0.85 (0.02)
0.84
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Yeast.Establishment of quenching and extraction procedureS fmrevisiaehas been a part

of the work during this thesisS. cerevisiags a widely studied organisij27,34-37,7981].

One of the most commonly applied quenching method for this organis#@ i¥C MeOH/
H,O (60/40, v/v) In order to check the leakage during the cold MeOH quenching, four
different types of. cerevisiasamplesvere quenched and extracted: whole broth, quenching

supernatant, culture filtrate and the biomass. The results are shown in Figure 13.

ATP concentrations in S.cerevisiae

10.0 -
% 8.0 1 I { ® MeOH/chlorophorm
g 6.0 1 Boiling EtOH
S 4.0 -
IS
S 2.0
0.0 - = o —— )
Culture  Whole Broth Quenching Intracellular
filtrate supernatant

Figure 13. Concentrations of ATP measured in the culture filtrate, the whole broth, quenching supernatant and
in the biomas®f S. cerevisiaaising-40 °C MeOH/ HO (60/40, v/v)as aquenchingcombined withboiling

EtOH/H,O (75/25, v/v)or MeOH/chloroform (2:1, v/vasextraction

The low concentration measured in the quenching supernatant indicated that the leakage
percentage was very low. This was confirmed with the similar concentrations measured
intracellular and in the whole broth.

This method was applied o different studiesRaper 4 and 5 in combination with two
different extraction methods: boiling ethanol and MeOH/chloroform. In both cases high ECR
was obtained (in the range of 0-8M®5).

Bacteria. As previously mentioned in the introduction pdbpecteria are more prone to
leakage during the quenching when compared to for example[§2&df. Thus approaches
where the cells are not divided from the medium were tested firstly. Charige pH by

addition of 10 M formic acid followed by 3x freezeaiv was shown to work very well for
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guenching ofL. lactis (Paper 1), giving an ECR 00.970+£0.001 Since the cells were not
separated from the growth medpyrification of the samples using dispersive solid phase
extraction (DSPE) with charcoalasperformed. This was done in orderremluce the matrix
effects from he growth media and to separate the nucleotides from the otheromatic
intracellular compounds. The retention of the nucleotides on the charcoal was based on the
interaction of thearomatic ring electrons fronthe purine or pyrimidine moiety of the
QXFOHRWLGHY ZLWK WKH & Héndtésen @R §92] used Mgh\pkiidi FKD U F I
combination with ethanol to elute the nucleotides from the charcoal. During this Ph.D. study
other organic modifiers (MeOH, isopropanol and acetonitrile) as well apaonreagent

(DBA) were tested in order to investigate the possibilities of improvement of the recovery of
the nucleotides. It was found that acetonitrile in combination with higlgipels the best
elution of the nucleotides from the charcoBhe quenching using low pH proved to be
efficient for quenching oL. lactis and was therefore tested for the other bacteria of interest
during this Ph.D. study such Rsiegeriamobilis (R. mobilis), M. corallinaandS. coelicolor

When the formic acid quenching method was appliedRomobilisfollowed by 3x freeze

thaw cycles and charcoal sample purification, rddi@MVP was detected in the extract. The
reason for this was considered to the low intracellular concentrations ofddGMP that

might be lost during the sample preparation. Furthermore, strong matrix suppression was
observed even after the purification of the samples using DSPE with charcoal due to the
complex media used for gréfv This was assumed to be due to the unspecificity of the
charcoal as a sorbent. Many of the media components were not removed after the purification
and were concentrated with the evaporation. After the injection of the samples into-the LC
MS, depositionof the salts on the iesource was observed that caused clogging of the ion

source. Therefore an alternative sample preparation method was tested by cooling the cells on

51



ice followed byaddition of boiling EtOH/H,O (75/25, v/v)which resulted in more clea
samples andetection of the intracellular@iGMP inR. mobilis(Paper 2.

As previously mentioned, formic acid was also tested for quenching of the metabolic
activities inM. cordlina and S. coelicolorbut without acceptable results. Rdr cordlina

the main problem was the reproducibility of the acceptable values for the ECR (Table 6).
Different values for the ECR were obtained on different days and were in the range between
0.280.80 showing that the method was not reproducible. The reason fowréneproducible

results was speculated to be morphology reldéectordlina is flamentous bacteria that can
exist in more dispersed or pelleted form depending on the nitrogen source used for growth.
When sampling from the fermentors with pelleted gho{igure 14), the cells settled on the

bottom of the spin tube immediately after the sampling.

Figure 14. Microscopic pictures ofl. coralline pellets (magnified 60x)

This together with the pelleting itself was speculated to result irrganoducible dispersion

of the formic acid around the cells thus non reproducible quenching (ECR between 0.28
0.60). When existing in more dispersed phase better ECR was obtained wag not
reproducible (ECR in the ran@64-0.80). It was speculated that this was dugrtuping of

the filaments.

S. coelicoloris also a filamentous bacteria thakimp formation by the filaments was

expected. Similar as fd. coralina the clumpformation resulted in less effective quenching

2 pPictures taken from Subir Nandy, PostDoc at the section for Eukaryotic Biotechnology, Department of Systems Biology,
Technical University of Denmark arobllaboratorin the Microbispora corallinaproject.
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thus low ECR quenching with formic acid as a quenching solution. The low pH applied
resulted in ECR of 0.54 which was not within the acceptance criteria (ECR 00.0580
Therefore other quenching and extran methods wertested.

As previously mentioned in the introduction patiycgrol combined with saline or MeOH

has been shown to be a promising quenching mixture for microbial [84)85] and was
therefore chosen for testing. However during 8tigdy, several problems were encountered
with the glycerol based quenching solution: i) difficulties to determining leakage ii) longer
time for separation of the cells from the supernatant by centrifugation; and iii) residues of the
glycerol in the extractThe high amouns of glycerol preset in the quenching supernatant
could not be removed due to the high boiling point of glycerol. Therefore it was impossible to
check the leakage during the quenching. Furtherntloeehigh viscosity of the saline/glycéro
solution slowed down the decanting process and removal of the quenching supernatant from
the cells. This was considered as a major drawback of this procedure due to the longer
exposure of the cells to the quenching solution and therefore increasingobabifty of
leakage. Even exchanging the water with MeOH to decrease the viscosity and to allow
operation at even lower temperatures did not improve the whole quenching process.
Furthermore, the residues of the glycerol in the samples made them mase\ader the
concentration causing problems in the analggp ({t was impossible to inject the samples

into the LGMS). Therefore the cells were washed twice with ol % (w/v) NaClin order

to remove the glycerol residuddowever,the ECR obtainedas extremely low showing that

the quenching was not successful. Due to the technical problems encountered, the
MeOH/glycerol quenching was not further investigated as a quenching solutio8. for
coelicolor.

Since one of the aims of the studiesNorcorallina andS. coelicolorwas also measurement

of the redox pairs, quenching and extraction methods that will prevent the
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oxidation/reduction of the redox compounds were necessary. Theasfareple preparation
procedure previouslyeported bySporty etal. [88] for accurate measurement of NABnd

NADH redox state was tested fdd. corallina. Phosphate buffered saline was used for
guenching the cells while the nitrogen saturated ammonium acetate used during the extraction
was expected to prevent tgidation of NADH to NAD. However the concentrations of
NAD™ and NADH obtained with this method were similar to the ones obtained with the other
quenching methods. Furthermore, slightly higher concentration of NADE quite low

ECR values were obtainadith this method when compared to the other quenching and
extraction procedures tested Mr corallina

Kassama et al[97] applied the commonly used quenching method for yeaki {C
MeOH/H,0O (60/40, v/v)) to quench the metabolismawnfother speciesdm theStreptomyces
genus but the authors did not present data regarding the leakage. Due to the difficulties to
find a method that will give an acceptable ECR valueMorcorallina andS. coelicolorthe

yeast quenching method was further tested althtesjtage was expected to occur. This was
done in order to inspect if the low ECR obtained using the previous quenching methods, were
due to physiology reasons or due to the method used for quenching. When testing the cold
-40 °C MeOH/HO (60/40, v/v) quenching in combination with boiling EtOH as an
extraction methodECR of 0.6 was obtained. This was unexpected result since it is well
known that this type of quenching is able to stop the metabolic activities within a second and
the problems are mainlelated to the leakage. It was suspected that the high temperatures
used during the extraction might cause conversion of ATP to ADP and AMP, leading to a
low ECR. An additional attempt for improving the ECR value was done by changing the
boiling EtOH extraton with MeOH/chloroform instead, which resulted in EQ&ues of
around 0.87.1 order to check the leakage the quenching supernatants were collected. Since

the biomass pellet obtained after centrifugation was easityspended in the quenching
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solution, some of the biomass was lost during decanting. Thus there was a limited number of
guenching supernatant samples that were free of the cells that could be used to check the
leakage. However, the peak area of ATP, ADP and AMP detected in the superraetainée w

same as in the biomass, indicating a severe leakage.

Since sever leakage was observed Nbrcorallina an attempt was made to decrease the
possible leakage that might occur in the caseSfocoelicolor As previously reported by
Wellerdiek et al.[118] the metabolic reactions in quench€drynebacterium glutamicum

were stopped at20 °C. FurthermoreJonge et al [95] showed that by increasing the
temperature of the cold MeOH frord0 to -25 °C, successful quenching Benicillium
chrysogenunwas &hieved with decreased leakage. Therefore the Me@®i{d0/40, v/v)
guenching method was tested using two temperat#t@sind-25 °C both with boiling EtOH

and MeOH/chloroform as an extraction methods. AdMfocorallina, an acceptable ECR was
observednly when MeOH/HO (60/40, v/v) was combined witleOH/chloroform. Similar
concentrations were obtained for ATP, ADP, AMP and the redox compounds despite of the
guenching temperature used for extraction. In all cases ECR aD@BQvas obtained. To
investigate if any significant leakage occurs durirg gnenching, the adenylates ATP, ADP

and AMP were measured in the quenching supernatant. Leakage was observed despite of the
temperature tested and there was not difference in the leakage percentage between the two
different temperatures. The highest leg&awas observed for AMP (Figure 15). The
differences in leakage between the compounds was explain by the fact that relatively smaller
molecules permeate the cell membrane more easily than the larger polar molecules

[28,81,82]
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Figure 15. Concentrations of ATP, ADP and AMP measured intracellular and in the quenching supernatant

from the WT strairof S. coelicolorat three time points during the exponential phase. The data presented are

from the quenching a0 °C. The error bars indicate standard deviations from tteelenicalreplicates

The high concentration of AMP measured in WT time point (TP) 3 (Figure 15) was probably
due toquenching problems. This was also reflected in the lower concentration of ATP
measurd in the same sample.

Mammalian cells. The work related to the mammalian CHO cells was a part of a master
project which main goal was to investigate if the additional metabolic burden induced by
recombinant protein production affects the central carbdaboksm Paper 3 (the analysis

of the intracellular metabolites in this project was supervised by metmar et al.[24]
showed that ice cold 0.9 % (w/iWaCl did not to damage the membrane of the mammalian
cells and was capable of arresting the medtabolism. Therefore ice cold 0.9 % (w/v) NaCl

as a quenching solution was combined with cold MeOH and A@DI/FB0/50, v/v) as
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extraction solvents which resulted in ECR values ranging from 0.8 to 0.9. No further
optimization of the sample preparation wiltme due to the limited time that was available

for this project.

Filamentous fungi. Testing different quenching and extraction methods for filamentous
fungi in this caseAspergillus nidulanswas a part of a master proj¢t19] in which | was
involved as a supervisor. For this purpose, two types of quenching proceduré®:°(}
MeOH/H,O and ii)0 °C 0.9% (w/v) NaCl were combined with two extraction procedures i)
MeOH combined with freeze thaw in liquid nitrogen and ii) MeOH/chloroform as given in
Table 6. In addition both centrifugation and filtration were tested for separating the cells from
the quenching solution.

The reason for testing cold MeOH as a quenching method was due to the wide applicability
of this method for quenching the metabolisth \arious microorganisms including
Penicillium chrysogenur{®5]. On the other hand, the isotonic water was considered to be a
less aggressive quenching method consequently less leakagjeexpectedduring the
guenching. Furthermore isotonic water has mmasty been shown to be a good quenching
method for mammalian cell®éper 3.

In general the problems that occurred were related to the technique itself and the leakage.
The incomplete separation of the biomass from the quenching supernataen
centriugation was usednade the measurements of the leakage unreliable. Therefore all the
methods that included centrifugation as separation were not taken into account for further
optimization. From the methods that used filtration as a separation techhiebest energy
charge ratio (~ 0.8) was observed with both-#@ °C MeOH/HO (40/6Q v/v) and isotonic

water combined withMeOH/CHCI (2:1, v/v) as an extraction methodhe -40 °C
MeOH/H,O (40/60, v/v)was further investigated fdeakage by comparing the amounts of

the ATP, ADP and AMP detected in the quenching supernatant with those measured in the
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biomass. Leakage was observed and was more pronounced for AMP and ADP than for ATP.
Theamounts of ADP and AMP found in the supernataare around 30 % of the sum of the
amounts detected in the supernatant and the biomass while for ATP it was 3 %. Furthermore,
the concentrations of AMP and ADP in the supernatant were 10 times higher than those
detected for ATP. This was considered tocaee to the higher diffusion rate of smaller
metabolites with lower net charge.

This study showed that isotonic water can also be used for quenching of filamentous fungi.
However further investigations regarding the reproducibility of this method antettkage
percentage will be beneficial.

The work covered in this section once more demonstrates the challenges related to the
establishment of quenching and extraction methods, especially for bacteria and filamentous
fungi. Furthermore, the transfer of galen preparation methods from the literature to the lab

iS not an easy task due to: i) the difference in the microorganism of interest, ii) sampling
technique, iii) quenching equipment and ogerator. Validation of the quenching method is
necessary for th different organisms in order to obtain reliable data that represent the
metabolic state of interest. When the cells are not separated from the quenching supernatant,
special care needs to be taken due to the contaminants introduced to the fearepdnple

from the growth media. As shown fB: mobilis the analysis might be significantly impaired

by the sample preparation method, thus minimal growth media are preferred over complex
media when the quenching and extraction is combined. Yeast has shdartte easiest
organism to work with however leakage during the quenchirgs docur as previously

reported by other groug8l].

2.1.3Method validation and quantification

In this section, the approaches for preparing the calibration curves and the quiit} c

samples, used for quantification and validation are discussed. All the validation and
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guantification experiments during this Ph.D. were based on i) the standard addition or ii) the
external calibration approach (either matrix matched or calibramsaped in the neat
solution). In each of the approaches commercially availabldSikere used.

Paper 1discusses the challenges related to the quantitative measurement of the nucleotides
in L. lactis. In this paper the validation and the quantitative measurements were performed
using: i) the standard addition approach as suggestetisibgs et al[108] and ii) the
external calibration approach where the growth media was used as a matrix for spiking and
preparing the calibration cursend the quality control samples. Furthermore-SLwere

used in both approachesich showed to be very important fonprovement of the linearity,
accuracy/recovery and precision of the analytical method.

The two major challenges when the standard addition approach was used were: i) the choice
of the spiking concentrations and ii) the Aorearity of the calibration awes.Tsikas et al.

[108] approach was used to determine the spiking concentration levels and the amounts added
were approximately ranging from 850 % of the analyte concentration determined in the
matrix, using an external calibration approach and abeckfor the recovery.

A narrow linear range, due to the detector saturation at the high concentration end of the
calibration curve was especially prominent for the nucleotides that were present in a high
concentration in the spiking matrix. The additmfiSIL-1S improved the linearity (Figure 16)

and resulted in calibration curvesth correlation coefficients higher than 0.99, for most of

the nucleotides.
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Calibration curves of dATP obtained with and without addition of
[*N]dATP as SILIS
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Figure 16. Graph showing the comparison of the calibration curves for dATP obtained using the standard

addition methods with and without addition of the $8_[*Ns]dATP.

For the compounds such as ATP, GTP and Um& were present in high amounts in the
matrix, it was noted that the intensity of their S8 decreased by increasing the
concentration of the coeluting ndabeled analyte. This was considered to be due to an ion
suppression of the SIIS signal by te highly concentrated coeluting ntabeled analyte.
Consequently notinear calibration curve was obtained even when using thelS1The
problem of suppression of the SI& by the coeluting netabeled analyte has previously
been described b$ojo et & [120] and was solved by addition of higher amounts of the SIL

IS. Howeveyfor the compounds for which no SIS was available, linearity improvement of

the calibration curve was not possible. In the case of-GlkPthe saturation of the detector

due tothe high amounts of this compound present in the spiking matrix resulted in accuracy
and precision out of the acceptance criteria (acceptance criteria: accuracy WAft#0980
SUHFLVLRQ 56" " $SSURSULDWH GLOXW Like@tblerh WKH V S
with the nonlinearity of UDRGIc calibration curve. However thisowld require separate
validation and quantification for this compound, whishows that the validation and
guantification of the intracellular metabolites is less straightfowand might require

additional steps for obtaining reliable results.
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In the case of the external calibration approach (with the growth media as a spiking matrix),
the major problem was considered to be related to the difference in the matrix effects
between the matrix used to prepare the calibration standards and the matrix in which the
compounds of interest needed to be quantified. In the standard addition approach the matrix
effects were corrected. Howeydhis was not the case for the external catibraapproach,

since the matrix used for preparation of the calibration standards was not the authentic one.
Neverthelessthe addition of SIHS corrected for the possible differences in the matrix
effects between the calibrants and the samples. Thefefaitee compound for which SHS

was addegdsimilar concentrations were obtained with the standard addition and the external
calibration approach. However, this was not the case for the compounds for whichISo SIL
was added. This was considered tadbe to the difference in the matrix effects between the
calibrants and the samplds the case of UDR5Ic the validation failed when using the
standard addition approach due to the high background amounts of this compound in the
spiking matrix. This wasat the case with the external calibration since UEIP was not
present in the spiking matrix. Good linearity was obtained in the concentration range between
0.1-1.2 pg/ml.

An example of an application where matrix matched calibration was used for ipadiotif is

given inPaper 2 Since more than one sample needed to be quantified, the standard addition
approach was not taken into account in this study. A mutant that contained small amounts of
c-diGMP was obtained and therefore the extract of this muiastused as the spiking matrix

for preparing the calibrants. The advantage of having such a matrix allowed preparation of
matrix matched calibration curve {Bf 0.99, Figure 8) without having saturation problems of

the detector and linearity issues agha case with UD5lc. Additionally, the results from

the intraday precision experiments showed an RSD <15 % (n=3)SSilr ¢diGMP was

not available. Therefore matrix matched calibrants that are processed through the sample
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preparation were necessary order to correct not only for the losses during the sample
preparation procedure but also for the possiblesigopression as a result of the matrix
effects. Furthermore, the approach used for quantification is more straightforward when
compared to thestandard addition. The standard addition approach becomes more time
consuming and requires masample volume when multiple samples need to be quantified as
in the case witlRuegeria mobilis

However, it is not always possible to create a mutant thatiosritav background amounts

of the compound of interest. Alternative to this could be use of a fully **C labeled
biomass to spike the standards for the calibration c{8¥g0,113] In that respect the
standards will be prepared in the authentic matrix. However, in order to be able to use the
commercially purchasetfC SIL-IS e.g. {°C1JATP that were already available-house an
alternative approach for creating an authentic imatas investigatedPaper 5). The
authentic matrix was prepared by growiigcerevisiaén a medium that contained®Cq]-
glucose/non labeled glucose (50/50, wiMhich, as expectedesulted in pools of metabolites
with labeling in different carbon positions. The advantage of this matrix was that the pools of
the compounds with only’C or *C carbons were very low or even not measurable and
showed minimal or no interference to th@ked amount of nofabeled standards and their

SIL-IS (Figure 16).

Figure 16. Measured (dashed line) and calculated (bars) isotopic patter of ATP extracte8.famrevisiae

cultivated in medium containing 50 % (w/wWjCs]glucose/norabelled glucose.
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As a result of this, both the ndéabeled and SHIS standards could be spiked in the matrix
resulting in more straightforward validation and quantificatidme highest interferendeom
the matrix wago the MS signals of*°NsJADP and {°NsJAMP while the lowest was to the

coenzymes and the redox compou(fgure 17.

Figure 17. Superimposed chromatograms 6NsJADP, [**NsJAMP, ATP and MalCoA in the blank matrix
(dashed line) and matrix spiked (solid line) with twgresponding standards with concentrations as given i

figure.

As expected, increase in tieonoisotopic massf 5 Da was observed for tH&\ labeled

ADP and AMPwhen compared to the ndabeled compound standardehis increase was
also detectednithe biological matrix obtained by growil®) cerevisiaén media containing
[*Cg]glucose/noAabeled glucose (50/50, wiw) (Figut®). Thereforechoosing™*C instead

of N labeled ADP and AMP would have resulted in less interference. How&@gADP

and [°C,AMP were not commercially available when the study was conducted.

The resuls from the validation showed good linearity over the inspected concentration range
(R>>0.99) as well as acceptable accuracy and precigd’'( ” DQG DFRMBDF\ Z
120 %) for all the compounds investigated. In the case ofCad, the difference in the
monoisotopic mass between the #Aabeled AcCoA and its SIEIS was only 2 Da. This

resulted in a cross signal contribution due to isotopic interference asreéasng
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concentration of the SHS in the calibrants by increasing the concentration

labeled AeCoA (Figure 18A).
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Figure 18 Response curves for A. ABoA and 3 pgml [**C,] Ac-CoA and B.Ac-CoA and 10 pgml [©C;]

Ac-CoA as a function of the A€oA concentration.

The cross signal contributiocaused significant nelnearity at high concentration levels,

when low amounts of SHS were used (Figure 19). However, the lingants improved by

increasing the amount of SIS added to the calibrani&g21] (Figure 19).

Ac-CoA calibration curves obtained using three different concetration efSIL
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Figure 19. Calibration curves for A€0A obtained usinghreedifferent concentrations of the corresponding

SIL-IS in this case'fC;]Ac-CoA.
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Inspectionof the matrix effects showeithat the signal suppression at the beginning of the
gradient (83 min) was related to the ngatained compounds that elute at the beginning of

the analysis (Figure 20).

Figure 20. Overlaid chromatograms of post column infusion of 10 pg/ml ATP into the MS after injecting ¢

A or matrix blank with superimposed chromatograms of all the analyzed compounds.

The suppression of the signal between87min. was due to the elution BIPES, one of the
buffering agents used during the extraction. Phosphate and EDTA affected-tignials of

AMP and ADP, respectively. The phosphate was coming from the sample itself, while EDTA
was used as a second buffering agent during the extraétisthermore, the validation
showed that the SHS successfully corrects for any matrix suppression and loss of analytes
during the sample preparation, which indicates #&edlibration curve could be prepared in
the neat solution for the compounds fdrigh SIL-IS is available.

Due to the absence of a matrix free of the analyte, the quantitation of the anaBageiir8
andPaper 4was done using external calibration with standards prepared in the clean solvent.
The main disadvantage of this appro&ithat the loss of the compounds during the sample
preparation procedure and the matrix suppression will not be corrected unlessXisSIL

added to both the samples and the calibration standards.
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As previously mentioned in the introduction part, thelidaion and quantification
approaches for the intracellular metabolites are less straightforward. Finding an appropriate
approach and matrix for preparation of the calibration curves was one of the biggest
challenges during this Ph.D. thesis. Furthermdne, inspection of the recoveries and the
matrix effects was shown to be a very important step during the validation of the method in
order to get reliable data especially for the compounds for whichSSlkere not available.

The use of SIUS showed to & a very powerful approach for i) overcoming the issues with
losses of metabolites during the sample preparation method, ii) preventing the over or
underestimation of metabolite levels due to matrix effects and iii) improving the overall

performance of thenethod.

2.1.4 Summary of thefindings using the targeted analysis with iorpair LC -QqQ
This section summarizes the results obtained from the application of the develojpeadr ion

LC-QqQ method.

2.1.4.1 Measurement of theintracellular metabolites in S. cerevisiae

The two most commonly use®l cerevisiaetrains as cell factories at€EN.PK and S288C

[122]. When these two strains were engineered to produce vaniffincoside (VG),

difference in the VG level produced was observed. In order to investigatpofisthle
UHDVRQV IRU WKLV YDULRXV pfRPLFVTY WRROV ZHUH DSS
of intracellular metabolites such as ATP, ADP, AMP, NAINADH, NADP*, NADPH,

UDP, UDRGIc and UTP (Figure 21).

It should be noted that ATP, NADPH abidDP-Glc were directly involved in the production

of VG. Three biological replicates for each strain were quenched and the intracellular

metabolites were extracted with the most commonly used methods for quenching and

extraction of yeast40°C MeOH/HO (6040, v/v) and boiling EtOH/ED (75/25, viv). The
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high energy charge ratio of 0.91 obtained for all of the samples ensured good quenching of

the metabolism and high quality metabolomics data.

Comparison of the intracellular metabolites concentrations in CEN.PK and
S288C VG producing strains
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Figure 21.Diagram showing the measured intracellular conegions of the metabolites extracted from GE

PK and S288C vanillin -glucoside producing strains during steady state growth.

The concentrations of the intracellular metabolites between the VG producing CEN.PK (C
VG) and S288C (&/G) strains appeared telvery similar. A slight difference was observed
only for ATP (Figure 21).Canelas et al123] reported concentrations for ATP in the
CEN.PK and S288C yeast strains which were not genetically engineered to produce VG. The
ATP concentration ratio between theMG and SVG strains in our study was found to be
very similar to the oneeported byCanela et al.[123]. Therefore it was assumed that the
differences in the ATP concentrations betweelW®& and SVG strains is not related to the
differences in the VG production.

In the same studZanelas et al[123] reported concentrations for ADP, AMP, UTBDP-

Glc, NAD', NADP*, and NADPH as well. When looking at the absolute values, the
intracellular concentrations of ATP and AMP measured in th&a3Cand S-VG were slightly

higher than theones reported in the literature, while ADP was slightly lower. UTP
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concentrations were found to be very similar to the literafl28], while 5 times lower
concentrations of UD#SIc were measured in our study.

The slightly higher absolute values for A&Rd AMP were speculated to be due to lab to lab
differences. The slightly lower concentration of ADP measured in our study was speculated
to be due to the absence of IS. Thue losses during the sample preparataanwell as the
possible ionization qapressionwere not corrected which might lead to underestimation of
the concentration. The same was speculated for-GRBPThereforeinspection of the HR

MS spectra of the samples was performed. This was done, in order to investigate if there is
anothercompound that elutes at the same time as ADP and-GIDRvhich might cause
suppression and therefore underestimation of the concentration. At an RT where ADP elutes
no other major ions were detected except for m/z 426.@22 corresponds to ADP. Thus,

the slightly lower concentration measured in our study might be due to losses during the
sample preparation. However, at the RT where WEelutes high intensity peak with m/z

of 96.96 was observed which corresponds to phosphate, thus causing straegssoppf

the UDRGIc MS signal. Regarding the concentrations of the redox compoGadglas et

al. [123] reported only relative amounts and there was no clear explanation how these
amounts were calculated. Therefore it was not possible to compardubge ehtained for the

redox compound in our study to those in the literature.

2.1.4.2 Measurement of nucleotides irL. lactis

The applicability of the developed igrair LC-QqQ method was assessed by measurement of
ribo- and deoxyribonucleotides ih. lactis In the current study 15 nucleotides were
guantified including ATP, ADP and AMP which allowed determination of the ECR as a
measure for the quality of the metabolomics data. In general, the intracellular pools of the
ribonucleotides were higher than the dedxynucleotides. The deoxyribonucleotides were

either close to the limit of detection or ndetectable. However, the concentrations of all
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measured nucleotides using the-air LCG-QqQ method were higher than the concentration
obtained using th&’P lateling followed by thin layer chromatography (TL@®R] (Figure

22).

Figure 122. Comparison of the measured intracellular concentrations bypaonLCiMS/MS using two
quantification approaches with the concentrations determined d¥meabeling followed by TLC (dCMP,

CMP, TMP, and UMP were not measured by TI[@3].

Furthermore, the ratio between cytidiretriphosphate (CTP) and deoxycytidines'-
triphosphatddCTP) has been found to be between 5 and 8 in the[t24ls however in this

case slightly higher concentration of dCTP was measured giving a CTP/dCTP ratio close to
1. Even by growind-. lactisin a media that contained cytidine that should boost the CTP
pool, the same ratio was obtained. On the conttaeyCTPACTP ratio inS. cerevisiaand

CHO cells was found to have the expected value (between 5 and 8). In adiitdar
concentration for CTP and dCTP were obtained with the two different quantification
approaches (standard addition and external calibjatibnerefore, the difference in the
CTP/dCTP ratio between the current study and the literature was assumed to be due to

physiology difference and not a technical error related to the analytical method.
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2.1.4.3 Measurement of ediGMP in R. mobilis

The main idea of this studfPaper 2 was to investigate whether the shift between motile and
sessile life in the marine bacteri®. mobilis F1926 is correlated to the intracellular
concentration of -@iGMP. It has previously been shown thatliGMP reglates the
transition between planktonic and attached phenotype in other badi2%ia Therefore
intracellular levels of @iGMP were measured in: i) the wild type (WT) strainthig pYedQ
plasmidcarying mutant thatontained a gene encodiegliGMP synthesizing diguanylate
cyclase iii) the pYhjH plasmid carryng mutant thatontained a gene encodicegdiGMP-
degrading phosphodiesterase and iv) vector control stiREl826 pRK404A and F1926
pBBR1MCS3.It should be noted that for all of therahs, both shaken and static cultures
were grown in order to mimic the motile and sessile lifestyle. In general for all the strains, the
film forming static cultures contained higher amounts-di@MP than the shaken cultures,
where no film was formed.Ufthermore, the introduction gfYedQ plasmidinto Ruegeria
mobilisF1926 increased the levels afitMP under both shaken and static conditions when
compared to the other strains. In addition, more aggregates were formed piyet®
plasmidcarrying mutants than in the WT in both shaken and stagnant cultures. The static
cultures ofpYhjH plasmid carrying mutant, showed decreased concentrationsliGiMP

when compared to the vector control strain. The addition ofptfigH plasmid caused
formation of more motile cells in the static cultures and prevented formation of aggregates in
the static cultures. The data obtained showed that the developd? ILl2-QqQ method was
capable of detecting the altered levels ediGMP in the mutants. Moreovethe data
obtained, confirmed the hypothesis thatdiGMP is the key second messenger in the

transition between motile and sessile life alsB.imobilis.
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2.1.4.4 Measurement of theintracellular metabolites in CHO cells

The aim of this study was to investigéihe effect on the central metabolism of an additional
metabolic burden induced by recombinant protein production. Therefore seven clones with
different EPO productivities were quenched followed by extraction of their metabolites.
Different intracellular m&&bolites from the central carbon metabolism ranging from sugar
phosphates, redox compounds as well as nucleotides were measured using the developed ion
pair LCG-QqQ method. As described PPaper 3 no differences in th&CR were detected
among the CHO cellsshowing that the cells energy metabolism is keeping up with the

energy demand.

2.1.4.5 Measurement of intracellular metabolites inM. cordlina

It should be mentioned that this was an EU project in collaboration with an italian company
and due to confidentidli issues and lack of information, the data will be discussed only from
analytical point of view.

The main idea of thiproject was to develop an economically viable production process for
lantibiotic which is produced by. cordlina. Two differentstrains were used: i) WT that
was able tgroduce thdantibiotic and ii)a null strain that did not produce thentibiotic.

When growing on nitrate as a nitrogen source, the two strains showed difference in the
production of the lantabiotidn order to check if the differences in the lantibiotic production
between the twatrains results in angifferences in the energy metabolisiia;RP LC-QqQ

was used to determine the intracellular pools of ATP, ADP, AMP and the redox pairs:
NAD*/NADH and NADP*/NADPH. For this purpose both the WT and thal strain were
grown in the same minimal medium with glucose as a carbon source in continuous

cultivationsand samples were taken from the chemostat when steady state was reached. The
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samples were quenchedsing -40 °C MeOHH,O (60/40, v/v) and extracted using
MeOH/CHCI (2:1, viv)

The results from the measuremeuaitshe intracellular metabolites are given in Table 7.

Table 7. Intracellular concentration of the measured metabolitedincordlina expressed in

nmol/mgDW.

nmol/mgDW
Strain ATP ADP AMP NAD” NADH NADP* NADPH
WT 29(1.4f 1.7(0.8) 02(0.1) 14(0.7) ND 0.3(0.1) 0.03(0.009)

Null strain  1.5(0.8) 05 (0.3) 0.1(0.03) 0.7 (0.6) 0.05(0.04) 0.2(0.03) 0.03(0.01)

YThe numbers in therackets are the standard deviatioakulated from three technical replicates and two biological replicates

The main problems encountered during this study were both organism and sample
preparation method related. The organism dependent problemsrelated to the slow
growth of this organism. The generation of the biomass was a long prdoesdir(g time~

35 h), thus creating difficulties in the cases when some of the fermentations needed to be
repeated. Consequently the frequency of sample g@nreraas not as high as with the other
organisms during this Ph.D. study, thus limiting the number of different sample preparation
protocols that could be tested. The method dependent problems were related to the
centrifugation as a technique for separatbrihe cells from the quenching supernatant. As
explained in the sample preparation part, the pellet formed during the centrifugation was very
easily re suspended in the quenching supernatiauns resulting in losses of the biomass
during the decanting.This was considered to be the reason for the big standard deviations
observed between the technical (n=3) and the biological (n=2) replicates (Table 7). Longer
time than 5 minfor centrifugation was not considered in order to avoid exposure of the cells

to the quenching supernatant and loss of the metabolites due to leakage. Furthermore,
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guantification of the NAD/NADH and NADP/NADPH pairs was considered to be very
challenging. As previously explained in the development eéRfPpart, oxidation of NADH

and NADPH into NAD" and NADP, respectively was happening in the injection vial. This
resulted in very high NADNADH and NADP/NADPH ratios. As previously explained-re
dissolving the pure standards of NADH and NADPH in ammonium acetate pH 8, prevented
the oxdation of these two compounds. Thereforalissolving the extracts into ammonium

acetate pH 8 might solve the probldmwever this needs to be further investigated.

2.1.4.6 Measurement of intracellular metabolites inS. coelicolor

The main idea behind the development of a method for quenching and extraction of
intracellular metabolites fror. coelicolorwas to investigate the effects of altered redox and
energy levels in the metabolism on the production of the antibiotic actinori(adT).
However both the establishment of the sample preparation method (quenching and
extraction) as well as the analysis of the redox compounds were challenging as explained
previously.

ACT synthesis is a high energy demanding process, where 6 molecules of NADPH, 16
molecules of AeCoA and 16 molecules of ATP are utilized to produce one molecule of
ACT. Consequently, it was expected that the production of ACT will be affected when the
enggy levels are perturbed. In this respect, two mutants were constructed by: i)
overexpression of aox gene that encodes an NADH oxidase that can oxidize NADH to
NAD" (oxp-noxX and ii) overexpression of pos5gene that encodes an NADH kinase that
catalyzes the conversion of ATP and NADH into ADP and NADPH {uwogh. The
measurements of ACT in the two strains showed that thenoxgtrain had an increased
production of ACT while the oxpos5 showed decreaseACT production. Since the
perturbations made were expected to also have an impact on the energy metabolism, the

concentrations of ATP, ADP, AMP and the redox compounds were measured in the WT, the
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oxp-nox and oxppo$ strains. The sampling was done at 6fedlent TP during batch
fermentation: i) 3 TP during the exponential and ii) 3 TP during the antibiotic producing
phase.lt should be mentioned that the data regarding the redox compounds were not
processed at the time when the thesis was written due tadk of time. Therefore, only the
concentrations of ATP, ADP and AMP are presented in this thesis.

As explained previously in the part regarding the establishment of the quenching and
extraction procedureseakage was observed wh&n coelicolorwas qenched with the cold
MeOH. Figure 23 shows the measured concentrations of the ATP, ADP and AMP in the
biomass and the supernatant of the WT andipnox mutant. It shouldalsobe notedthat

due to lack of time the supernatants from the-p&p5 strain were not processed and
therefore data on the leakage is presented only for the WT anggm®x. Although leakage

was observed, when looking at Figure 23, trend could be seen for the measured

concentrations of ATP, ADP and AMP in the WT anddikp-noxmutant.
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Figure 23. Concentrations of ATP, ADP and AMP measured intracellular and in the quenching supernatant at 3

TP in exponential phase from the WT and alxp-noxstrainof S. coelicolor The error bars indicate standard

deviations from thretechnicalreplicates

Furthermore, the data from the measured concentrations of ATP, ADP and AMP in the
biomass form the three strains (Wdxpnox oxpposy at 3 TP (TP43) during the

exponential and 3 TP during the antibiotic production phase are given in Table 8.
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Table 8. Concentrations of ATP, ADP and AMP in the Wdxp-nox and theoxp-pos§ measuredn the

biomass sampleat 3 different TP duringthe exponential phasad 3TP during the antibiotic production phase

Sampling Strain nmolimgDwW ECR!
phase ATP ADP AMP
WT TP1 3.82(0.18)? 149(0.18) 0.13(0.09) 0.84
WT TP2 486(054) 1.65(043) 0.35(0.07) 0.83
WT TP3 404(069 1.32(0.08) 0.33(0.15 0.83
_ oxp-noxTP1 059 (0.05) 0.24(0.02) 0.02 (0.003) 0.83
Exponential
phase oxp-noxTP2 0.74(0.14) 0.28(0.04) 0.06 (0.03) 0.8
oxp-noxTP3  1.09 (0.30) 0.46 (0.07) 0.07 (0.005) 0.82
oxp-pos5TP1 2.04 (0.80) 0.83 (0.15) 0.68 (0.02) 0.69
oxp-possTP2  1.17 (0.29) 0.49 (0.12) 0.41 (0.04) 0.69
oxp-pos5TP3  1.04 (0.33) 0.39 (0.16) 0.31 (0.05) 0.71
WT TP1 4.34(0.14)  0.37 (0.02) 0.38 (0.02) 0.89
WT TP2 3.24(0.08) 0.26 (0.02) 0.30(0.01) 0.89
WT TP3 1.83(0.04) 0.19 (0.03) 0.23 (0.04) 0.85
Antibiotic oxp-noxTP1 1.66 (0.16) 0.79 (0.09) 1.40 (0.08) 0.53
production oxp-noxTP2 1.89(0.28) 1.22 (0.71) 1.82 (0.17) 0.51
phase oxpnoxTP3  1.32 (0.34) 1.19 (0.36) 2.06 (0.63)  0.42
oxp-pos5TP1 1.88 1.09 0.92 0.62
oxp-pos5TP2  1.66 1.26 0.99 0.59
oxp-pos5TP3  2.08 (0.02) 1.20 (0.16) 1.21 (0.02) 0.60
'ECR Energy charge ratio calculated as  Erav ;o E E ;

2The numbers in the brackets are the standavihtionscalculated from three technical replicates.

®No standard deviation given due to lack of replicates

In the exponential phase, thexpnox strain showed lower ATP concentrations when
compared to the WT. This was dueao increased oxidation of NADH armmbnsequently
lower production of ATP during oxidative phosphorylation. In the antibiotic production phase
there was an increasétbe ATP ©ncentration due to thtaecreased growth.

In comparison to the oxpox mutant, increased concentration of ATP was detected in the
oxp-posSmutant and was speculated to be due the higher NADPH production. In order to
maintain the NADPH/NADP ratio, higher™ is produced. Howevgwe could not explain

why the ATP concentration decreased during the antibiotic phase of tipsigtrain.

Crucial part for this study will be the comparison of the data for NADH/NADd

NADPH/NADP* pools between the mutantdathe reference strains. As previously explained
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in the thesis, problem with the oxidation of NADH and NADPH was observed. Since re
dissolving the standards of these compounds into ammonium acetate pH 8 decreased the
oxidation, redissolving the extract to the same solution might be taken into consideration

in order to inspect if this will reduce the oxidation in the samples as well. Howewsder

to get reliable datand confirm the assumptions presented hguenching methothat will

result in less leakag@eed to be established.

2.2 Multitargeted approach using IP-RP LC-Q-TOF MS

The main idea of the coupling the #pair method to the OFMS instrument was to
explore the applicability of the high resolution instrument for simultan&bargification of

as many intracellular metabolites as possiBlaper 6. The feasibility of using the QOF

was evaluated with identification of compounds from three different organ&mssrevisiag

M. corallinaandS. coelicolor

The multitargeted @roach in this study included: i) aggressive dereplication of the full scan
HR-MS data using search lists of known compounds and ii) MS/HRMS data searched in
METLIN library. Both auto anadll ions MS/MS approaches were investigated for obtaining
fragmentéion spectra. As previously explained in the introduction part, the auto MS/MS
approach was based on the selection of a precursor ion by the quadrupole that is further on
fragmented in the collision cell, while in t#l ions MS/MS(MSF) approach all théons
generated are fragmented using low and high CE values. Howevedll ttoens MS/MS
approach was not suitable for the current study due to the similarities in the fragmentation
patterns between the intracellular metabolites. For example all phosphdryetabolites

gave m/z 96.96 and m/z 78.959 and were primarily chosen by the software as qualifier ions.
These two ions were considered to not be specific enough to confirm the identity of the

compounds. Therefore, auto MS/MS approach was used for iacgtiie MS/HRMS data.
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The principe of the screening method wésstly to analyzethe sample extract from the
organism of interest using the ipair QTOF MS. Aggressive dereplication was done as
described inKildegaard et al [126] by creating *.csv files that contained the empirical
formula and the name of the compounds listed in amourse database created in the ACD
chemfolder format. This database was created by importing the online available metabolom
databases dEscherichiacoli (E. colimetabolome databad&p://www.ecmdb.cd/and yeast
(Yeast Metabolome Databasehttp://www.ymdb.cg/ in the sdf format Tentative
identification was based on matching the accurate mass and isotopic pattern of the
compounds in the search lists to that measured by the instrument. If a compound from the
search lists was detected in the samples, the chromatographic peakrspacwls to that
compound was colored. The aggressigeplication was shown to befast approach for
tentative identification of hundreds of compounds by using their accurate mass and isotopic
pattern. The search lists could easily be changed and made specific, which was an
advantage when screening for only one group of compounds (e.g. nucleotides) was needed.
Furthermore, the aggressive dereplication using search lists pt@ndability to quickly get

an overview of the possible isomers assigiweshe peak.

Although the data analysis approach described in this study yielded putative identifications
for several hundreds of compounds in a very short time, one should also be aware of the
pitfalls of this approach. Very often one peak was assigmadore than one compound and

vice versa. If the adduct of one compound had the same mass as the molecular ion of another
compound, the software was reporting two hits for the same peak. Therefore a manual
inspection of the results was required which waisstdered as a bottleneck of the approach.
Even though the approach was helpful in giving a quick overview of the structural isomers
present in the sample, it was not able to distinguish between them unless an RT was

available. Furthermore, an -source fagmentation was also shown to lead to miss
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identification This was the casghen an irsource fragment of one compound llae same
elemental compositionas the molecular ion of another compouras shown for

ADP-ribose 1\ -2\ cyclic phosphateand NADP, where an irsource fragment of NADP
had the same mass as AlDBose 1\ -2\ cyclic phosphateln this respect the RT woulae

beneficial for identificationhowever a standard of ADBfbose 1\ -2\ cyclic phosphate

was not available Hmouse

To overcome the above mentioned issues HRMS/MS dereplication was performed. This
dereplication procedure was based on usage of HRMS/MS library for screening of the data
acquired in auto MS/MS mode. The library allows the user to compare both the acagste m
and fragmentation data acquired form the sample with those from the library. The spectral
library was created by analyzing the standards availabHeuse at three different collision
energies (10, 20 and 40 eV) due to thierent energyneeded torhgment the different
compounds. It should be noted that the creation of the library itself is a labor intense work
since all the standards need to be analyzed usingi{R® LGCQTOFMS methods and their
fragmentation patterns are manually added intdikinary. However due to the fact that only
limited number of primary metabolite standards were availabf®use, the online METLIN
library was mainly used. The HRMS/MS dereplication approach improved the efficiency and
the confidence of the identificatioresults. However, in the case of structural isomers that
generated similar fragmentation patterns, (e.g. sugar phosphates) RT was the key parameter
to differentiate between them. The limiting factor of the HRMS/MS dereplication was the
size of the libray and therefore when an MS/MS spectrum for a certain compound was not
available in METLIN, manual inspections of the fragmentations spectra was performed for
losses of e.g. phosphate, carboxylic groups etc.

Figure 24 shows the chromatograms of some of ittentified intracellular metabolites i8.

cerevisiaeM. corallinaandS. coelicolor
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Figure 24. Extracted ion chromatograms of the most intense peaks identifledderevisiagM. corallina and
S. coelicolorusing the aggressive dereplication in combination with the MS/HRMS data searched in METLIN

library.

In general the coupling of the igrair chromatography with QOFMS was shown to
provide an opportunity to detect and identify many compsusdving tre full scan HRMS

data is very beneficial since they allow retrospective data analysis and search for other
interesting target compounds that have been measured but have not been of interest for the

current study. Processing the data using statisticas twol help in finding metabolites which
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concentrations have been changed due to genetic manipulations or stress conditions.
Furthermore, having the HRIS and MS/HRMS data identification of the compounds can
often be achieved without the need of standamdpmunds. The full scan data can help to
identify the causes for suppression/enhancement of the MS signal. This information may help

in improvement of the sample preparation method.
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3. Future perspectives

Despite the great progregsthin the microbialmetabolomics, further researaspecially on

the sample preparation techniguisshighly required. This will help in understanding which
sample preparation method$ould be used for which type of organisms and analysis.
Furthermore knowing the shortcomings of the methods applied will help in understanding
the limitations of the data collected. To minimize the variability between the laboratories and
analysts, more standardized methods are highly needed.

In order to improve the quenching of the bacteria the alternatives could include: i) measuring
the intracellular metabolites in the total broth using the cold methanol quenching or ii) fast
filtration since it could also solve the problem with instabibfythe biomass pellet d¥l.
corallina obtained after centrifugatiowhich resulted in biomass losses during decanting.
Furthermore, standardized sampling system is highly required for future analysis of
intracellular metabolites. This will increase the géing frequency and will decrease the
variations in the sample volume taken.

For improving the analysis, lowering the amount of buffers used during the sample
preparationwould be very beneficial, especially in the MeOH/chloroform extraction. In the
casewhen organic acids need to be analyzed a selective removal of phosphate using anion
exchange SPE and low pH could be considered as a sdtLakjn

Ammonium acetate (pH 8) showed to reduce the oxidation of NADH to Nakid NADPH

to NADP'. By processingthe standards prepared in the ammonium acetate through the
sample preparatiorone can investigate if oxidation occurs during the sample handling.
Furthermore, ralissolving of the sample extracts into ammonium acetate (pH 8) instead of
TBA might improve he analysis of these compoun#awever further investigation of the

long term stability of these compounds in the ammonium acetate solution is highly required.
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Moreover, standardized analytical method validation strategies and reference materials for
intracellular metabolites are sorely missing. These strategies are highly needed in order to
confirm the accuracy and validity of the quantitative data acquired. Therefore, a debate in
order to define the conditions and the metabolites for which this mateitile produced is
necessary in future. In respect to the validation of the analytical methods, the approach
reported byMashego et al[113] which is an alternative to the SIS approach used during

this thesis, could be taken into consideration for future studies. In this approach extracts form
cells grown onC labeled glucose are used as-8L The advantage of tHdashego et al.

[113] approach is that SHIS will be obtained for compound for which there are no
commercially available SHLS, thus improving the reliability of the quantitative data for
those compounds.

Finally, as proposed bMielsenand Oliver [127] and Griffin [128], building a database that

will contain accurately measured metabolites under standardized conditions can serve as a
good reference and a good assessment of the developed methods used for quantifying

intracellular metabolites.
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4. Conclusion

An IP-RP LGMS based method was established for targeted and multitargeted analysis of
intracellular metabolites from various microorganisms.

The optimization of the detection resulted in optimized MRM transitions for more than 50
metabolites including nucleotides, cagmes, sugar phosphates and organic acid®RP
chromatography showed to give a good compromise between the retention and the separation
of the metabolites of interest. The-RP method allowed separation of compounds with the
same elemental compositioa.. sugar phosphates, AMP/dGMP, G3P/DHAP) which was an
advantage due to their similar fragmentation pattern.

Several different quenching and extraction methods were tested for yeast, bacteria,
filamentous fungi and mammalian cells. High ECR values ¢0.88) were obtained for

yeast when cold MeOH was combined with either boiling EtOH or MeOH/chloroform as
extraction methods. Formic acid showed to be a good quenching methoddotis but not

for the filamentous bacterM. corallinaandS. coelicolor The reason for this was speculated

to be morphology relate®everal other quenching techniques were tested for the filamentous
bacteria based on saline, glycerol or cold methanol. The main problems observed were either
low ECR or leakage during the quema As in the case for the filamentous bacteria,
leakage during the cold methanol quenching was also observed for filamentouddengi.

cold 0.9 % (w/v) NaCl combined with MeOH/ACN as an extraction was shown to be able to
stop the mammalian cell metalssh (ECR of (®2). In this study, metabolites from
glycolysis, TCA and PPP pathway were analyzed.

The sample preparation showed to be very important step not only for obtaining meaningful
metabolomics data but also for the analysis step itself. The Imgffagents (e.g. EDTA or
PIPES) used in the sample preparation as well as the highly abundant compounds present in

the cells such as phosphatsere shown to cause suppression of theM.& signal.
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The addition of SILS after the quenching was shown to be very important for i) correction

of metabolites losses during the sample preparation, ii) correction of suppression caused by
coeluting compounds and iii) improvement of the linearity. It was shthah for good

linearity the amount of the SILS should be in sufficient amount, either close to the amount

of nonlabeled metabolite that need to be quantified or close to the middle concentration point

on the calibration curve. The validation approadmesd along this study shown acceptable
accuracy/recovery (80 DQG SUHFLVLRQ 656" 7 DV ZHOO D!
confirming the reliability of the data obtained.

An approach for creating a spiking matrix based@nlabeling was established as well. This

allowed preparation of the quality control samples in the matrix, by spiking botl5Sihd

nonlabeled standards. One of the requirement here is thdf@h8IL-IS should be used

instead of°N labeled in orderat minimize the matrix interferences.

Finally, coupling of the IFRP to a QTOF showed to be a powerful tool for identification of

known unknows without the need of a standard. The analysis resulted in identification of 60
compounds from different microganisms such a$. coelicoloy M. cordlina and S.

cerevisiae The identification was based on their & and MS/HRMS spectra.

The data presented in this thesis, showed that the established analytical and sample
preparation methods are a valuable add®Q WR WKH pYfRPLFV WRROVY{YT X

information regarding the biochemical processes within the cells.
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abstract

Analysis of intracellular metabolites in bacteria is of utmost importance for systems biology and at the
same time analytically challenging due to the large difference in concentrations, multiple negative
charges, and high polarity of these compounds. To challenge this, a method based on dispersive solid
phase extraction with charcoal and subsequent analysis with ion-pair liquid chromatography coupled
with electrospray ionization tandem mass spectrometry was established for quanti“cation of intracellu-

lar pools of the 28 most important nucleotides. The method can handle extracts where cells leak during
the quenching. Using a Phenyl-Hexyl column and tributylamine as volatile ion-pair reagent, suf‘cient
retention and separation was achieved for mono-, di-, and triphosphorylated nucleotides. Stable isotope
labeled nucleotides were used as internal standards for some analytes. The method was validated by
determination of the recovery, matrix effects, accuracy, linearity, and limit of detection based on spiking
of medium blank as well as standard addition to quenched  Lactococcus lactissamples. For standard addi-
tion experiments, the isotope-labeled standards needed to be added in similar or higher concentrations
as the analytes. L. lactis samples had an energy charge of 0.97 £ 0.001 which was consistent with litera-

ture, whereas some differences were observed compared with legacy data based on 3P labeling.

2013 Elsevier Inc. All rights reserved.

The nucleotides are particularly important parts of the intracel-
lular metabolome not only because of their role as substrates in the
synthesis of RNA and DNA but also because they are involved in
virtually every metabolic pathway either directly as providers of
energy or as allosteric effectors. Cyclic nucleotides have been
shown to be a part of many signaling pathways, guanine nucleo-
tides are involved in protein synthesis, and adenosine 5 “triphos-
phate serves as a primary energy supply for transport, cell
motion, and many biosynthetic processes [1...4] Thus, knowing
the intracellular concentration of nucleotides is important for
understanding many biological processes within the cell.

For quantitative measurement of nucleotide pools, the sample
preparation is of utmost importance because instant quenching
of the cell metabolism is required due to the very fast turnover
rates of the nucleotide pools within the cell  [5,6]. This step can eas-
ily be a source of errors due to the possible enzymatic change of
nucleotide pools as well as cell leakage in cases where the cells
are separated from the growth medium [7]. Thus, merging the
quenching and extraction steps is a solution for leaky cells, as
shown by Martinussen and coworkers [8], where formic acid was

Corresponding author. Fax: +45 45 88 41 48.
E-mail address: olima@bio.dtu.dk (O. Magdenoska).

0003-2697/$ - see front matter 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ab.2013.05.023

added to Lactococcus lactiscells and subsequently three freeze...
thaw cycles were used to extract the intracellular metabolites [91.
Puri“cation of the extracted intracellular metabolites is a dif*-
cult task, considering both the wide range of concentrations and
the diverse physiochemical properties of the intracellular metabo-
lites. Solid phase extraction (SPE)* is a widely used method for
either sample cleanup or trace enrichment in a variety of matrices,
from environmental to biological samples  [10...12] Anastassiades
and coworkers [13] proposed an SPE method for cleanup of food
and environmental samples called dispersive solid phase extraction
(DSPE). In DSPE, the sorbent material is added to the extract to sep-
arate the compounds of interest from the matrix components and
then is removed from the extract by centrifugation. One of the main
advantages of using DSPE is the small amounts of sorbent and sol-
vent that are required, reducing handling and costs  [11]. In this re-
gard, charcoal has been proven to be a suitable sorbent that is able

1 Abbreviations used: SPE, solid phase extraction; DSPE, dispersive solid phase
extraction; TLC, thin-layer chromatography; LC, liquid chromatography; MS, mass
spectrometry; MS/MS, tandem mass spectrometry; TBA, tributylamine; HCI, hydro-
chloric acid; DBAA, dibutylamine acetate; ESI, electrospray ionization; IS, internal
standard; SA, synthetic amino acid; UHPLC, ultra high-performance liquid chroma-
tography; QTOF, quadrupole time-of-"ight; LOD, limit of detection; RSD, relative
standard deviation.
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to retain nucleotides from biological extracts [9,14]. Nucleotide
adsorption on charcoal is based on interaction of the aromatic ring
electrons from the purine or pyrimidine moiety with the p electrons
from the charcoal.

Quanti“cation methods for nucleotides, given in the literature,
involve incorporation of radioactive phosphate followed by one-
or two-dimensional thin-layer chromatography (TLC) [9,15] as well
as less sensitive and selective ion-pair, ion-exchange, and ion chro-
matography with "uorescence, ultraviolet, and conductivity detec-
tion [16...19] In addition, the combination of liquid
chromatography (LC) and mass spectrometry (MS) has been shown
to be a powerful analytical technique for quantitative analysis of
nucleotides in Saccharomyces cerevisiagBacillus subtilis, Escherichia
coli, human plasma, and animal tissue [20...23] In addition, LC...
MS/MS (tandem mass spectrometry) with porous graphitic carbon
as a stationary phase has been used for analysis of araCTP, CTP,
and dCTP [24]. LC...MS/MS ful“lls three important requirements
when dealing with analysis of intracellular metabolites: (i) sensitiv-
ity, (i) wide linear range, and (iii) no need to form thermally stable
derivatives of the tri-, di-, or monophosphorylated nucleotides as re-
quired for gas chromatography mass spectrometry  [6,25]. Duetothe
high polarity and multiple charges, nucleotides are not well retained
under reversed phase conditions, and therefore methods such as
hydrophilic interaction chromatography (HILIC) and ion-exchange
chromatography are needed for their separation [26,27] . A subtype
of the latter is ion-pair chromatography that is made by dynamic
modi“cation of a reversed phase separation by coating the surface
with charged but still hydrophobic ion-pair reagent added to the
mobile phase [20,21,28,29] . lon-pair chromatography is a promising
alternative especially when dealing with isomeric compounds that
any other chromatography technique fails to separate. Furthermore,
the hydrophobic parts of the nucleotides can also interact with the
hydrophobic parts of the reversed phase column, thereby giving
mixed-mode conditions. For compatibility with atmospheric ioniza-
tion techniques used for LC...MS, volatile ion-pairing reagents such
as tributyl-, dibutyl-, and triethylamine are required because the
ion source will clog within minutes of operation if a nonvolatile re-
agent such as tetrabutylamine is used [30].

When using LC...MS as a detection technique for analysis of
complex biological extracts, enhancement or suppression of the
ionization is often observed, resulting in different responses for
the compounds of interest than are seen from pure standard solu-
tions [31,32]. This occurs when target compounds coelute with
matrix interferences and, therefore, the modulation of the LC...MS
signal (i) affects reproducibility, (ii) leads to systematic errors,
and (iii) can obscure the detection of the target compound in ex-
treme cases.

To prevent the signal modulation especially observed in electro-
spray ionization (ESI), four alternatives exist: (i) development of
more selective chromatographic separation, (ii) better sample
puri“cation (e.g., by SPE), (iii) use of more sensitive MS instru-
ments that allow sample dilution, and (iv) use of stable isotope-la-
beled internal standards (ISs) that can compensate for matrix
effects [33] . Due to the similar physicochemical properties, the iso-
tope-labeled ISs also correct for losses and decomposition during
sample preparation.

In this study, we present an ion-pair LC isotope dilution MS/MS
method combined with charcoal sample puri“cations for analysis
of nucleotide pools. Tributylamine (TBA) was used as ion-pair re-
agent to modify the mobile phase and facilitate the retention of
the nucleotides. Subsequently the applicability of the method
was demonstrated by analysis of nucleotide pools in L. lactis. To
the best of the authorse knowledge, there is no previous report
regarding the combination of DSPE puri“cation using charcoal
and ion-pair LC...MS/MS analysis for determination of nucleotide
pool sizes.

Materials and methods
Materials

Nucleotide standards were purchased from Sigma...Aldrich
(Steinheim, Germany). Uniformly isotope-labeled (  **C and/or *°N)
nucleotides were used as ISs and were purchased from Silantes
(Munich, Germany) and Sigma...Aldrich. The chemical purity and
isotope enrichment of the isotope-labeled nucleotides were more
than 90 and 98%, respectively, except for [U- *CJATP, [U3C]GTP,
and [U-*C*N]CTP, which had a chemical purity of 95%. Amino
acids, vitamins, glucose, inorganic salts, active charcoal (C3345),
hydrochloric acid (HCI), TBA (puriss. plus grade), 0.5 M dibutyl-
amine acetate (DBAA) concentrate (LC...MS grade), ethanol, metha-
nol, acetonitrile, and acetic acid (LC...MS grade) were obtained from
Sigma...Aldrich. Water was puri“ed using a Milli-Q system (Milli-
pore, Bedford, MA, USA).

Stock solutions

Stock solutions of the nucleotides with concentration of 1 mg/
ml were prepared in water and stored under ...20  C until use. Ali-
quots of the stock solutions were used to prepare the daily working
solutions by further dilution in 10 mM TBA and 10 mM acetic acid
solution. Stock solutions (1 and/or 0.2 mg/ml) of labeled ISs were
prepared in water and kept under ...20 C until use. The concentra-
tion of the labeled nucleotides used to prepare the IS mixture for
spiking the calibration standards and the extracts is given in
Table 1.

Cell growth and sampling

L. lactis wild-type strain was grown overnight at 30 C on agar
plates containing M17 broth medium obtained from Oxoid sup-
plied with 1% glucose (GM17) [34]. Ten single colonies were used
to inoculate synthetic amino acid (SA) medium  [35] containing
0.5% glucose. The culture was subjected to 10-fold dilution series
(up to 10 J and grown overnight at 30  C. Then 50 ml of culture
from the dilution where the cells were still in exponential growth
was transferred into 500 ml of preheated SA medium at 30 C. The
ODys5¢ Of the cultures was measured continuously, starting from
0.03 until 0.5, when 5ml of culture was quenched with 1 ml of
10 M cold formic acid, followed by the addition of 65 | 1 of IS mix-
ture. After vigorous mixing, the cultures were stored at ...80  C. For
extraction of the metabolites, the cultures were subjected to three
freeze...thaw cycles by placing the samples from a ...80 C freezer to
an icewater bath, followed by mixing. Then the samples were cen-
trifuged at 4248 g and the supernatant (6.0 ml) was transferred to a
chilled Falcon tube.

Charcoal sample cleanup

Activated charcoal (0.75 g) was suspended in 5 ml of 96% etha-
nol and 45 ml of water and was vortexed. The suspension was cen-
trifuged for 20 min at 4248 g and 4 C, and the supernatant was
discarded. The pellet was then mixed with 1.5 ml of 1 M HCI and
centrifuged. After discarding the supernatant, the charcoal pellet
was washed with 10 ml of water three times and “nally resus-
pended in 1 ml of water.

The quenched bacterial sample was transferred to a chilled tube
containing 0.6 ml of the activated charcoal suspension and was
vigorously mixed and kept on ice. The suspension was centrifuged
for 20 min at 4248 gand 4 C. The supernatant was transferred to a
chilled Falcon tube and stored at ...80 C. The charcoal pellet was
washed two times with ice-cold water and centrifuged for
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Table 1
Precursor and product ions of the labeled and unlabeled standards used in the analysis.
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Nucleotide RT(min) Precursor Product Collision Fragmentor Cell acceleration Labeled Precursor Product Concentration
ion (m/z) ion (m/z) energy (V) voltage (V) voltage (V) nucleotides ion (m/2) ion (m/z) (I g/mi) @

AMP 22.1 346 79 20 130 3 [U- *N]JAMP 350.8 79 2.5

ATP 26 505.9 273 30 95 3 [U- *ClATP 515.9 278 100

CMP 18.5 322 79 40 120 4 [U- 3CISNICMP 334 79 25

CTP 25.6 481.9 159 30 125 4 [U-13CSNICTP 493.9 159 6

dATP 26.2 489.9 158.9 35 130 3 [U- **N]dATP 495 158.7 2

dCmP 19.8 306 79 40 130 4 [U- B’C'®N]dCMP 318 79 1.25

dcTP 25.6 465.9 158.9 25 120 3 [U-3CISN]dCTP  477.9 158.9 5

dGMP 21.8 346 79 30 90 4 [U- *CSN]JdGMP  361.1 79 2

dGTP 25.8 505.9 257 35 115 3 [U- 3 C*®N]dGTP  521.1 262 2.5

TMP 21.9 321 124.9 20 110 4 [U- B3CISNJTMP 333 131.8 1.5

GMP 20.8 362 79 25 110 4 [U- *CNIGMP 377.1 79 25

GTP 25.7 521.9 159 35 100 3 [U- *ClGTP 531.9 159 60

TTP 26 480.9 159 25 100 3 [U- BCNITTP 493 159 15

UMP 20 323 79 40 100 4 [U- 3CNJUMP 334 79 2.5

uTP 25.8 482.9 159 30 95 4 [U- *NJUTP 485.1 158.9 50

ADP 24.7 425.9 134 25 115 3

cAMP 21.1 328.1 134 25 115 4

c-diGMP 235 689 149.9 35 100 4

CcDP 24.4 401.9 79 40 90 4

cGMP 19.3 344 150 25 115 3

duMP 21.1 307 195 15 110 4

IMP 21 347 79 35 115 4

OMP 24.4 367 79 25 95 3

UDP-Glc 21.8 564.9 323 30 120 3

uDP 24.4 402.9 79 40 115 3

XMP 24.5 363 211.1 20 100 4

ZMP 20.7 337 78.9 35 115 3

GDP 24.3 442 159 30 120 3

Note: Retention time (RT), optimized collision energy, fragmentor voltage, and cell acceleration voltage of the multiple reaction monitoring transitio
table. c-di-GMP, cyclic diguanylate; UDP-Glc, uridine diphosphate glucose; GTP, guanosine-5

ns are also given in the
Ctriphosphate; ATP, adenosine-5 “triphosphate; dGTP, deoxyguanosine tri-

phosphate; dATP, deoxyadenosine triphosphate; UTP, uridine-5 “triphosphate; CTP, cytidine-5 triphosphate; TTP, thymidine triphosphate; dCTP, deoxycytidine triphos-
phate; GDP, guanosine-5%diphosphate; ADP, adenosine-5 %diphosphate; UDP, uridine-5 %diphosphate; CDP, cytidine-5 %diphosphate; OMP, orotidine-5 “monophosphate;
XMP, xanthosine monophosphate; GMP, guanosine-5 %monophosphate; IMP, inosine-5 ®monophosphate; AMP, adenosine-5 “monophosphate; dGMP, deoxyguanosine

monophosphate; cGMP, guanosine cyclic-3 %5%monophosphate; ZMP, 5-aminoimidazole-4-carboxamide ribotide; cAMP, adenosine cyclic-3

052monophosphate; UMP, uri-

dine-5 “monophosphate; CMP, cytidine-5 %monophosphate; TMP, thymidine monophosphate; dUMP, deoxyuridine monophosphate; dCMP, deoxycytidine monophosphate.

The experimental details are given in Materials and Methods.

2 Concentration of the labeled nucleotides in the IS mixture used to spike the calibration standards and the extracts for the quanti“cation experiment S.

20 min at 4248 g and 4 C. The nucleotides were eluted from the
charcoal with ice-cold solvent containing 2% NH 3 and 50% acetoni-
trile in water. The samples were evaporated under nitrogen and “-
nally resuspended in 325 | | of 10 mM TBA and 10 mM acetic acid
solution.

UHPLC...MS/MS analysis

Analysis was performed on an Agilent 1290 binary ultra high-
performance liquid chromatography (UHPLC) system coupled with
an Agilent 6460 triple quadrupole system (Torrance, CA, USA)
equipped with an Agilent jet stream ESI source and was operated
in negative ion mode. Nitrogen was used as collision gas. The
source and fragmentation parameter were optimized for each of
the nucleotides using 10 | g/ml single standard dissolved in mobile
phase A (10 mM TBA containing 10 mM acetic acid), bypassing the
column. The most intense product ions were selected by increasing
the collision energy voltage in the product ion scan and monitoring
the intensity of their MS signal. The optimized ion-source-depen-
dent parameters were as follows: gas temperature, 300  C; sheath
gas temperature, 400 C; nebulizer gas "ow rate, 8 L/min; nebu-
lizer pressure, 50 psi; and capillary voltage, 4500 V. The entrance
potential ( DEMV, electron multiplier voltage) was kept at 500 V
for all of the transitions. The mass spectrometer resolution was
set to eeunites in both Q; (“rst quadrupole) and Q 3 (third quadru-
pole). Unless otherwise stated, separation was performed by using
an Agilent Poroshell 120 Phenyl-Hexyl column (2.7 |m,
100 2.1 mm, operated at 40 C). An Agilent 1290 In“nity in-line
“lter (0.3 | m) was used to protect the column. Mobile phase A
was 10 mM TBA and 10 mM acetic acid (pH 5.5), and mobile phase

B was 90% (v/v) methanol containing 10 mM TBA and 10 mM acetic
acid. The gradient used was as follows: 0 to 5 min of 0% B, 5 to
10 min of 0 to 2% B, 10 to 11 min of 2 to 9% B, 11 to 16 min of
9% B, 16 to 24 min of 9 to 50% B, 24 to 28.5 min of 100% B, 28.5
to 30 min of 100% B, 30 to 30.5 min of 100 to 0% B, and 30.5 to
36 min of 0% B. The injection volume was 10 | I. The LC...MS/MS
run was divided into three time segments. During the “rst (O...
11 min) and third (32...36 min) time segments, the valve from the
mass spectrometer was diverted to waste in order to minimize
the contamination of the source. The intracellular concentrations
were determined assuming an intracellular volume of 1.67 ml for

1 g (dry weight) of cells [36] .

UHPLC accurate mass veri“cation

Toinvestigate sample purity and adduct pattern and to verify the
dCTP/CTP ratio, few representative extracts were analyzed by pass-
ing the ef’uent coming from the Agilent 1290 binary UHPLC system
to an Agilent 6550 quadrupole time-of-"ight (QTOF) instrument
operated in ESIin the 2-GHz extended dynamic mode at a resolu-
tion of 25,000 full width at half-maximum (FWHM). The QTOF
instrument was tuned for fragile molecules by lowering all of the
potentials in the ion path by 5 V relative to the autotune values.

Method validation and quanti“cation

For calculating the accuracy/recovery and precision, two ap-
proaches were used: (i) the standard addition approach for endog-
enous compounds proposed by Tsikas [37] and (ii) validation based
on spiking of the medium used for growing the cells. For the “rst



Table 2

Accuracy and precision of the standard addition experiment including the determined intracellular nucleotide amounts in L. lactis.
Nucleotide R LOD Measured? Added amount ® (I g) Day 1 Day 2 Day 3 nmol/mg Intracellular
(9 (9 Accuracy®(%)  Precision®(RSD%)  Accuracy Precision Accuracy Precision dry_ °°“°ez‘ tration
%) (RSD%) (%) (RSDw) ~ veight Q)

With IS AMP 0.992 0.004 0.07 0.05 0.11 0.16 0.22 0.27 87 17 95 9 87 2 0.4 0.2
ATP 0.995 0.004 4 166 333 499 6.66 832 88 17 88 15 87 15 16 10
CMP 0.995 0.03 0.01 0.08 0.16 0.24 0.32 0.40 94 7 84 19 94 6 0.1 0.1
CTP 0.985  0.001 0.3 011 021 032 043 053 88 16 85 17 82 19 1 0.6
dATP 0.987  0.001 0.1 002 005 0.07 0.09 012 95 6 95 1 94 10 0.4 0.2
dCMP 0.994  0.002 0.005 0.02 0.04 006 008 010 91 13 91 14 88 8 0.03 0.02
dCTP 0.993  0.003 0.3 017 033 050 0.67 083 93 9 90 11 93 10 14 0.9
dGMP 0.990 0.015 ND 017 033 050 067 084 94 4 93 12 94 7 ND ND
dGTP 0.95 0.008 0.01 010 020 29 039 049 92 5 89 17 86 23 0.04 0.03
dTMP 0.991 0.003 0.05 0.08 15 023 030 038 95 7 94 8 90 7 0.3 0.2
GMP 0.992  0.005 0.02 003 007 010 013 0.16 89 2 84 18 89 12 0.1 0.05
GTP 0.994  0.003 3 168 336 504 672 840 93 8 86 11 96 0.4 10 6
TTP 0.991  0.001 0.2 017 034 051 068 085 84 19 92 9 85 11 0.8 0.5
UMP 0.991  0.001 0.1 009 017 026 035 043 86 11 92 14 89 8 0.5 0.3
uTP 0.992 0.001 1 079 159 238 317 3.96 84 22 98 1 86 13 5 3

Without ADP 0.975  0.004 0.4 0.02 o4 006 0.08 0.10 87 2 95 1 99 2 1.7 1

IS cAMP 0.987  0.001 ND 0.02 o4 007 009 011 92 14 76 14 89 7 ND ND

cdiGMP 0.988  0.001 ND 005 010 015 019 024 87 6 91 14 91 11 ND ND
CDP 0.99 0.009 0.003 008 016 025 033 041 85 19 66 34 84 6 0.02 0.01
cGMP 0.986  0.001 ND 002 004 005 007 0.09 86 12 85 19 88 14 ND ND
dumpP 0.982  0.002 ND 008 17 025 033 041 84 4 84 4 96 8 ND ND
IMP 0.798  0.002 0.1 0.05 010 g15 020 025 79 7 80 2 80 8 0.6 0.4
OMP 0.981  0.003 ND 006 012 017 023 0.29 85 9 84 15 91 8 ND ND
UDP-Glc Failed  0.00001 0.04 008 012 016 020 255 59 115 87 862 173
UDP 0.987  0.004 0.04 007 014 022 029 036 89 11 95 1 83 21 0.2 0.1
XMP 0.984  0.002 0.1 016 (32 049 065 081 89 3 86 20 86 16 0.5 0.3
ZMP 0.923  0.09 0.02 015 30 045 060 0.75 88 16 86 5 85 2 0.12 0.07
GDP 0.99 0.003 0.002 004 008 012 016 020 85 18 91 9 91 13 0.003 0.002

o

Amount measured in the sample before spiking.
Externally added amounts of a particular nucleotide.
¢ Accuracy and precision of the measurement of the underlined added amount of a particular nucleotide on 3 different days.

Concentration determined assuming an intracellular volume of 1.67 ml for 1 g dry weight of cells [29]. ND not detected.
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approach, a mixture containing 28 target nucleotides at different
concentrations was prepared in levels of approximately 0, 40, 80,
120, 160, and 200% of the mass (Table 2) determined in L. lactis
samples via external calibration. For the compounds that were
not detected in the L. lactis samples, the concentration in the mix-
ture was approximately 50 times the limit of detection (LOD) in
spiked growth medium.

For the standard addition approach, a 500-ml batch of L. lactis
culture was quenched by transferring 20 ml of culture into 100-
ml Erlenmeyer "asks containing cold 4 ml of 10 M formic acid, fol-
lowed by freezing at ...80 C. After thawing, all cultures were pooled
together. The pooled culture was divided by pipetting 6 ml into 15-
ml Falcon tubes. These cultures were used in the spiking experi-
ments done on 3 different days by spiking 0, 30, 60, 90, 120, and
150 | | (each level in triplicates) of the concentrated nucleotide
mixture and 65 | | of IS mixture ( Table 1), resulting in 54 validation
samples in total.

For the spiked growth medium validation approach, three
groups of samples were prepared: (i) in the neat solution (eluent
A), (ii) spiking the medium after charcoal puri“cation and (iii) spik-
ing the medium before charcoal puri“cation by adding 65 I 1ofIS
mixture and all target nucleotides to concentrations of 0, 0.1, 0.3,
0.6, 1.2, and 6| g/ml. The samples were prepared in triplicates
and analyzed by UHPLC...MS/MS on 3 different days.

The calibration curves, for the nucleotides for which isotope-la-
beled analog was added, were constructed by plotting the peak
area ratios of the unlabeled nucleotide standard to the correspond-
ing labeled one versus the concentrations of the nucleotide stan-
dard added. For the nucleotides where no IS was added, the
calibration curves were constructed by plotting the peak area of
the nucleotide versus the concentration of the nucleotide standard
added. The quanti“cation was done in Excel. The LOD for the nucle-
otides was determined at a signal-to-noise (S/N) ratio of 5 from
samples spiked in the medium, followed by charcoal puri“cation.

Assessment of matrix effects from growth medium

The approach of Matuszewski and coworkers [32] was used for
determination of the matrix effects coming from the medium. Two
groups of samples were prepared: (i) in the neat solution (eluent A)
and (ii) in the medium after charcoal puri“cation (in triplicates) by
adding 65 | | of IS mixture and all target nucleotides to concentra-
tions of 0, 0.1, 0.3, 0.6, 1.2, and 6 | g/ml. The samples were analyzed
by UHPLC...MS/MS on 3 different days.

The matrix effects were determined by the ratio of the slope of
the calibration curve (1/ x weighting) of standards in the neat solu-
tion and in the medium spiked after charcoal puri“cation.

Assessment of matrix effects of ATP by T-piece infusion test

To study the total ion suppression, a T-piece infusion test was
conducted [38] using 10 | g/ml ATP standard prepared in the mo-
bile phase. This was continuously infused in the eluent from the
UHPLC using a syringe pump at 5 | I/min. While monitoring the
signal from the infusion, three different samples were injected
and separated on the “nal gradient method: (i) mobile phase, (i)
medium used for growing the cells previously puri“ed with char-
coal, and (iii) L. lactis extract puri“ed with charcoal.

Results and discussion
Optimization of MS parameters

Due to the strongly ionizing TBA in the eluents, it was only pos-
sible to operate the mass spectrometer in negative mode, where all

target compounds generated [M...H] ~as the most intense ion. The
nucleotides with similarities in their structure (e.g., those contain-

ing purine base or mono-, di-, or triphosphate groups) showed a
common fragmentation pattern. The fragments used for quanti“-
cation as well as the optimized collision energy, fragmentor, and
cell accelerator voltage values for each fragment are given in
Table 1.

Optimization of ion-pair chromatography

To “nd the separation conditions for the nucleotides, two vola-
tile ion-pair reagents were tested: 10 mM DBAA (pH 7.3) and
10 mM TBA containing 10 mM acetic acid (pH 5.5). Both ion-pair
reagents gave suf“cient retention for both deoxy- and ribonucleo-
tides that increased in the order of monophosphates < diphos-
phates < triphosphates, as reported previously by others [20]. The
number of phosphate groups, interacting with the ion-pair reagent,
determined the elution pattern. As expected, DBAA gave less reten-
tion of the nucleotides compared with TBA, which was explainable
by the one fewer alkyl chain. During method optimization, various
reversed columns were also tested: Phenomenex Luna C 15(2)-HST
and Onyx Monilithic C g, Agilent Zorbax extended C ,g, and Poro-
shell 120 Phenyl-Hexyl. It was noted that the Onyx Monolithic col-
umn was signi“cantly less retentive than the other columns and
gave broader chromatographic peaks. In general, the Poroshell
120 Phenyl-Hexyl column gave better spreading and less tailing
of the chromatographic peaks (data not shown) and, thus, was se-
lected as our standard column.

For the separation, Buescher and coworkerse chromatographic
gradient [39] was taken as a starting point, but because interfer-
ence was observed from A+l isotopomer on compounds with a
1-Da higher mass (e.g., UMP and CMP with [M...H] -ions of 323
and 322, respectively), a better separation was needed and it was
necessary to use a less steep gradient between 16 and 24 min.
For total elution of the nucleotides, it was necessary to increase
phase B to 100%.

When conducting the experiments with TBA and dibutylamine,
it was noticed that the analysis in which TBA was used as ion-pair
reagent gave at least a 5-fold increase in intensity of all the nucle-
otides. To investigate the effect of the pH of the eluents, additional
experiments were performed at pHs 7.3 and 5.5 for both dibutyl-
amine and TBA. In these experiments, the concentration of the acid
was changed, whereas the concentration of ion-pair reagent was
kept constant. As expected by reducing the acetic acid concentra-
tion in both TBA and dibutylamine eluent, there was an increase
of nucleotide retention due to the reduced competitive effect of
the acetate [29]. When compared, the results obtained with dibu-
tylamine at two different pHs showed only minor differences in the
nucleotide signal intensities. The decrease in the acetic acid con-
centration (pH 7.3), when TBA was used as eluent, led to a decrease
of the MS signal for the monophosphates and diphosphates when
compared with the analysis obtained with pH 5.5 TBA, but better
peak shape and increased MS signal for the triphosphates were ob-
tained with pH 7.3 TBA. Due to a lack of reproducibility of the chro-
matography obtained using pH 7.3 TBA as eluent and the lower
signal intensity obtained with dibutylamine as ion-pair reagent,
pH 5.5 TBA was chosen as eluent for further experiments.

In addition, the effect of the solvent used to prepare the samples
on the UHPLC...MS/MS analysis was investigated. It was noted that
when standard solutions were prepared in mobile phase A, a 2-fold
increase of the signal intensity for the nucleotides was observed
compared with the standards prepared in water/methanol mix-
ture. This effect was more prominent when higher injection vol-
umes were used. Not only an increase of the intensity but also a
reduction of the peak tailing was observed when preparing the
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standard solutions in mobile phase A, which corresponded to basic the contribution of the [M...H] A+1 isotopic ion of CMP ( m/z 322)
chromatographic rules for achieving better peak shape. to the [M...H]ion of UMP (m/z 323). The same was achieved for
Due to their identical elemental composition, ATP and AMP dTMP (m/z 321), dUMP (m/z 307), and dCMP (m/z 306), IMP (m/z
had the same precursor m/z as dGTP and dGMP, respectively. 347), AMP (m/z 346), and dGMP (m/z 346), and XMP (m/z 363)
AMP and dGMP were separated, which was not the case for and GMP (m/z 362). Suf‘cient separation was obtained for CTP
ATP and dGTP. MS separation was achieved for the latter two (m/z 482) and dTTP (m/z 481) as well, but not for UTP ( m/z 483)
by identifying fragments generated as a result of loss of adenine and CTP (n/z 482). Therefore, inspection of the chromatograms
and guanine units, respectively. Fig. 1 shows the chromatograms and manual correction of the software automatic integration of
of the nucleotides obtained by measurement of 1.2 | g/ml stan- the peaks needed to be done. The latter one was applicable for
dard mixture. UDP and CDP as well.
Due to the one mass unit difference between UMP and CMP, it Fig. 2 shows the chromatograms of the unlabeled nucleotides
was hecessary to achieve baseline separation in order to eliminate from L. lactis together with the added isotope-labeled analogs.
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Fig. 1. Chromatograms of the nucleotides obtained from the analysis of 1.2 | g/ml standard mixture. The second time segment, when the nucleotides elute from the column,

is shown in the “gure. The experimental conditions are given in Materials and Methods. For abbreviations, see note in Table 1.
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Fig. 2. Chromatograms of the unlabeled nucleotides from L.

The retention times of the nucleotides detected in the extract were
consistent with those from the standard mixture.

Optimization of sample charcoal puri“cation

Jendresen and coworkers [9] used charcoal for sample puri“ca-
tion in combination with TLC detection of radioactively ~ **P-labeled
nucleotides. On the basis of their “ndings, more detailed investiga-
tion was performed on each step of the charcoal cleanup proce-
dure. By analyzing the second step of elution, it was found that
only a small amount of the nucleotides remained bound to the
charcoal. For ATP, this amount was less than 10% when compared
with the whole amount eluted in the “rst and second elutions
(data not shown). To avoid the possible elution of undesired impu-
rities in the second elution step, further experiments were per-
formed with only one elution step. Moreover, to determine the

lactis together with the added isotope-labeled analogs.

amount of unbound nucleotides, the supernatant was subjected
to a second charcoal extraction step. The analysis showed that an
insigni“‘cant amount (e.g., for ATP, <2% of the total amount de-
tected) of the nucleotides remains in the supernatant unretained
by the charcoal (data not shown).

In addition, different organic modi“ers such as ethanol, metha-
nol, isopropanol, and acetonitrile in combination with 2% ammonia
or 30 mM ion-pair reagent were tested as solvents for eluting the
nucleotides from the charcoal. Fig. 3 summarizes the results ob-
tained using different eluents for the elution of the nucleotides
from the charcoal. It is shown that in combination with 2% ammo-
nia, 50% (v/v) acetonitrile showed slightly better elution power
when compared with the other organic modi“ers. For example,
15% more ATP was eluted from the charcoal by using 2% ammonia
and 50% acetonitrile compared with the ethanol/ammonia mixture.
On the other hand, the combination of organic modi“er and ion-
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Fig. 3. Relative abundances of the metabolites detected in the L. lactis extracts after charcoal puri“cation using different solvents for elution from the charcoal. Bar heights

show the averages and standard deviations of duplicate samples. The bars show the differences in metabolite levels related to the different eluents u sed for elution of the
metabolites from the charcoal relative to the amounts obtained when ethanol was used as organic modi“er (relative abundance of 1). Legend for bars in u pper graph: black,
50% acetonitrile and 2% ammonia in water; gray, 50% isopropanol and 2% ammonia in water; white, 50% methanol and 2% ammonia in water. Legend for bars in | ower graph:

black, 50% acetonitrile containing 30 mM DBAA; gray, 50% isopropanol containing 30 mM DBAA,; horizontal lines, 50% methanol containing 30 mM DBAA.

pair reagent was not suf“ciently strong for elution of most of the
nucleotides from the charcoal in a quantitative manner, indicating
that the high pH was more important than the nature of the
organic modi“er. Fully 50% less ATP was eluted from the charcoal
by using an acetonitrile/DBAA mixture when compared with the
amount of ATP eluted when using the acetonitrilie/ammonia
mixture.

Method validation and assessment of matrix effects

Due to the large difference in the intracellular concentration,
the validation was performed at different concentration levels to
assess the variation at relevant concentrations. Due to the lack of
commercially available isotope-labeled analogs for all of the nucle-
otides, only those available were used and, thus, the results are di-
vided into two groups: metabolites measured with IS and those
measured without IS. Table 2 summarizes the validation data from
the measurement of the lowest externally added amounts of a par-
ticular nucleotide that were measured with acceptable accuracy
and precision. The bolded values, in the columns with the added

amounts, represent the levels that fall into the accepted range of
+20% deviation, whereas the shown accuracy and precision data
are from the measurement of the underlined values.

As expected, better recovery/accuracy, precision, and R were
obtained for the compounds quantitated using stable isotope ana-
logs as ISs. It is important to mention that in order to obtain good
linearity and acceptable precision and accuracy for all of the levels
in the standard addition experiment, it was necessary to add IS at a
concentration equal to or higher then the concentration of the
compound detected in the sample. For example, ATP, UTP, and
GTP are compounds present in higher amounts in the cell, and
the externally added amounts of these compounds brought the
concentration into a range where the IS was not capable of correct-
ing for the variations unless it was present in a suf‘cient amount.
When the amounts of the [ *CJATP, E°N]JUTP, and [**C]GTP were
increased 10, 25, and 12 times, respectively, the linearity was im-
proved from 0.966 to 0.992 for ATP, from 0.973 to 0.992 for UTP,
and from 0.992 to 0.995 for GTP. This suggests that the IS should
be added in similar concentrations as the target compounds,
although this will be very costly ( U.S. $250/sample). An alterna-
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tive could be to use intracellular metabolites extracted from cells
grown on 3C-labeled glucose, as published previously [20,33]. In
our setup with the DSPE, we believe that it will not be an option

in this analysis due to the additional impurities that will be intro-
duced into the samples and will further affect the measurement.

Only UDP...glucose had accuracy and precision outside the al-
lowed range of £20% for all of the levels. The reason for the inaccu-
rate measurement of UDP...glucose was assumed to be the high
concentration of this compound present in the cell along with
the externally added amounts in the standard addition experiment,
which brought the concentration levels into the nonlinearity range.
The latter, combined with the absence of isotope-labeled IS for this
compound, resulted in the validation failing. To solve this problem,
one could dilute the samples, which would require the sample to
be analyzed twice due to the low concentration of some of the
nucleotides.

Second validation approach was preformed by spiking the
growth medium in concentrations ranging from O to 6 | g/ml be-
fore charcoal puri“cation ( Table 3). For the compounds for which
IS was available, the measurements of the samples prepared by
spiking the medium before charcoal puri“cation showed linearity
across the entire range with acceptable accuracy (80...120%) and
precision (relative standard deviation [RSD] of £20%). Due to the
lower concentration of the nucleotides in the spiking samples,
the IS was able to correct for both the matrix effects and the losses
during the sample preparation. Regarding the nucleotides for
which IS was not added, the linearity was in the range between
0.1 and 1.2 | g/ml in most of the cases. UDP...glucose also showed
acceptable accuracy and precision in the range between 0.1 and
1.2 | g/ml, which adds to the previous assumption that the valida-
tion with the standard addition experiment failed due to the con-
centrations exceeding the linearity range.

Table 3
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In addition, the matrix effects were evaluated from the neat
standards and the samples prepared by spiking the medium with
standards and IS after charcoal puri“cation. The reason for choos-
ing the medium is due to the sample preparation procedure, where
the cells are kept in the growth medium during the extraction and
some of the medium components can interfere with the targets of
interest.

The results are given in Table 4.

The classic T-piece infusion test [38] shown in Fig. 4 shows the
drops in the signal intensity of ATP ( m/z 505.9 > 407.9) in the chro-
matograms, indicating the presence of interfering compounds
causing ion suppression. The strongest suppression was observed
at the beginning of the gradient, presumably caused by salts.
Although the nucleotides elute later in the method, they can still
be affected by some impurities present in the samples due to the
contamination of the ion source after several injections. In addi-
tion, Fig. 4 shows the effect on the signal intensity of ATP caused
by injection of L. lactis sample puri“ed with charcoal. As expected,
more suppression is observed in this case, which can be assigned to
both the medium and all of the other extracted metabolites from
the cell during the sample preparation as well as self-suppression
coming from the coeluting nucleotides.

Comparison with legacy data

The measured intracellular concentrations are given in  Table 2.
As mentioned in Materials and Methods, the intracellular concen-
trations were estimated assuming an intracellular volume of
1.67 ml for 1 g (dry weight) of cells [36] . Fig. 5 shows the compar-
ison of the determined intracellular concentration by the ion-pair
LC...MS/MS method with the data obtained using 3P labeling fol-
lowed by TLC.

Repeatability and reproducibility of the measurements done by spiking the medium before charcoal puri“cation.

R Repeatability (%6)*° Reproducibility (%)
01lgm  03lgm 061lgm 121gm 6 1gml 01lgm 03lgm 06lgm 12lgm 61gml
Compound Acc RSD Acc RSD Acc RSD Acc RSD Acc RSD Acc RSD Acc RSD Acc RSD Acc RSD Acc RSD
With 1S AMP 0.995 97 7 98 4 94 4 104 6 100 13 99 8 98 2 93 6 105 9 100 10
ATP 0.994 105 7 94 12 99 5 102 8 101 11 105 10 99 13 99 5 103 9 102 11
CMP 0.994 104 11 89 7 93 9 106 8 100 7 105 10 88 7 95 10 107 7 100 6
CTP 0.996 100 11 90 8 87 11 89 4 103 15 99 10 91 8 83 10 90 3 100 12
dATP 0.994 99 13 91 14 85 7 95 5 102 10 102 13 90 13 83 8 95 5 101 9
dCMP 0.998 102 12 94 5 9% 8 103 5 100 5 102 12 95 5 98 6 102 4 100 4
dCTP 0995 98 11 92 15 97 10 100 8 102 4 102 15 89 14 96 12 99 8 102 4
dGMP 0.991 110 10 90 11 86 5 92 6 103 10 111 11 9% 14 88 6 93 7 102 8
dGTP 0.996 110 10 90 11 86 5 92 6 103 10 111 11 96 14 88 6 93 7 102 8
dTMP 0.998 102 7 92 7 95 10 104 7 100 5 102 9 91 7 95 9 105 6 100 4
GMP 0.991 116 19 81 19 88 6 96 5 102 6 108 16 85 18 89 6 9% 5 101 5
GTP 0.992 94 12 90 18 84 11 84 11 106 5 92 19 82 15 90 11 90 11 107 5
TTP 0.992 97 11 93 5 88 6 96 4 102 9 98 11 93 5 87 6 97 4 102 9
UMP 0995 97 8 93 9 88 6 104 5 103 5 97 8 93 8 88 5 104 5 100 4
uTP 0.992 90 16 94 8 105 8 95 7 9% 7 91 15 95 10 103 12 101 7 94 20
Without IS ADP 0.999 105 16 96 10 118 6 104 1 99 6 101 18 94 9 101 6 104 2 9 5
cAMP 0990 97 5 105 6 93 20 108 2 104 7 106 5 88 18 108 5
cdiGMP 0.989 106 15 98 11 92 9 104 7 104 13 96 12 93 8 103 5
CDP 0.943 ... 95 15 106 7 98 7 . 95 13 108 9 97 6
cGMP 0.988 103 8 99 10 97 18 103 2 102 8 99 9 91 18 103 2
dumpP 0.990 108 12 9% 5 98 8 114 5 92 12 94 5 9% 6 115 4
IMP 0.989 92 14 103 17 112 18 94 17 88 16 102 17
OMP 0973 91 17 107 18 103 12 97 9 96 20 103 17 101 11 98 8
UDP-Glc 0.992 102 10 100 11 104 12 101 5 101 9 99 9 98 10 100 4
UDP 0.970 99 16 97 14 97 14 102 7 100 18 9% 14 97 12 102 7
XMP 0.993 103 11 100 14 95 8 102 4 102 9 99 11 95 7 102 3
ZMP 0.997 110 16 101 15 102 6 109 15 95 14 102 8
GDP 0.988 95 8 99 9 105 5 95 12 98 8 107 10
2 The intraday repeatability and interday reproducibility were determined by analyzing triplicates of “ve different concentration levels at 3 diffe rent days.

 The accuracy was determined as 100  [(added-measured)/measured 100].
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Table 4

Matrix effects from the medium expressed as the ratio of the slope of the calibration
curve constructed from standards spiked in the charcoal-puri“ed medium, before the
analysis, to the standards prepared in the neat solution multiplied by 100.

Nucleotide  Slope from the linear regression analysis Matrix
h I effects®
Neat Standards spiked in the puri“ed %)
standards  medium before injection into the LC...
MS

c-diGMP 12.8 8.0 63
UDP-Glc 109 80.9 74
GTP 53.8 37.9 71
ATP 49.7 37.0 74
dGTP 10.3 5.6 55
dATP 262 155 59
uTP 305 90.7 30
CTP 201 105 53
dTTP 338 133 39
dCTP 25.4 155 61
GDP 167 142 85
ADP 49.1 26.4 54
UDP 48.7 41.7 86
CDP 48.7 35.1 72
OMP 57.9 46.5 80
XMP 61.6 30.8 50
GMP 44.4 30.7 69
IMP 36.0 23.8 66
AMP 117 715 61
dGMP 57.4 225 39
cGMP 204 130 63
ZMP 15.4 7.9 51
cAMP 375 201 54
UMP 112 112 100
CMP 47.3 32.9 70
dTMP 103 51.7 50
dumpP 57.2 32.3 56
dCMP 63.6 57.5 90

Note: For abbreviations, see note in Table 1. The experimental details are given in
Materials and Methods.
2 100% corresponds to no matrix effect.

Two different quanti“cation approaches were used: (i) standard
addition and (ii) external calibration by using calibration standards
prepared by spiking the medium before charcoal puri“cation. For
the compounds for which IS was used, similar concentrations were
obtained independent of the quanti“cation approach. This once
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more con“rms that the IS is capable of correcting the losses and
the matrix effects during the analysis if present in a suf‘cient
amount, as mentioned before. Regarding the compounds for which
quanti“cation was done without the addition of IS, different con-
centrations were obtained depending on the quanti“cation ap-
proach used. The differences could be explained by the different
matrix effects between the samples and the standard in the exter-
nal calibration experiment and the absence of the IS in general.
However, as has been previously published by Liu and coworkers
[40], even the addition of isotope-labeled analog will not always
improve the accuracy.

For most of the nucleotides for which IS was added, no statisti-
cal difference (proved by two-tailed t test [data not shown]) was
observed for the amounts found in L. lactis with standard addition
versus quanti“cation based on spiking the medium ( Fig. 5). How-
ever for compounds with no isotope-labeled standard, big differ-
ences were observed; thus, standard addition is essential for a
correct quanti“cation, whereas spiked medium will easily work
for mutant or growth condition comparisons for all compounds
quanti“ed using isotope-labeled standards (at a similar analyte
concentration).

The energy charge de‘ned as (ATP + 0.5ADP)/(ATP + AD-
P + AMP) was determined from the quanti“ed amounts of ATP,
ADP, and AMP and was 0.97 + 0.001, as reported previously in
the literature [41].

The ratio between CTP and dCTP has been found to be between
5 and 10 [8], which is a general trait of many organisms, including
mammalian cells [15]. To investigate whether the low CTP pool
size was due to partial CTP starvation, L. lactis cultures were grown
in SA medium with the addition of 200 | g/ml cytidine. This addi-
tion should boost the CTP pool of CTP-starved cells because cyti-
dine is readily converted into CTP [15]. The results from the
latter measurement showed the same trend. In addition, the ex-
tracts from the cells grown in a medium with and without the
addition of cytidine were analyzed by the same UHPLC method
now coupled to a QTOF instrument (high-resolution MS) to inves-
tigate the possible presence of coeluting compounds that might
impair the analysis. The accurate mass UHPLC...MS measurement
veri“ed the dCTP/CTP ratio and showed that it was the two major
ionizable compounds eluting at the speci“c time window, indicat-
ing no ion suppression. Finally, analysis of extracts from mamma-

b 2 4 6 8 10 12 14
Time (min)

~
0
© 4

Fig. 4. Inspecting ion suppression by monitoring ATP signal from continuous infusion of ATP standard solution and injection of: i) mobile phase; ii) medium p
L. lactis sample. Legend: red signal, injection of mobile phase; blue signal, injection of

charcoal; iii) and puri‘ed
growing the cells puri“ed with charcoal.

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

Time (min)

uri‘ed with
L. lactis extract; green signal, injection of medium used for
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Fig. 5. Comparison of the measured intracellular concentrations by ion-pair LC...MS/MS using two quanti“cation approaches with the concentrations determi
labeling followed by TLC (dCMP, CMP, TMP, and UMP were not measured by TLC) [9].

lian cells (Chinese hamster ovary [CHO] cells, saline quenched
[42]) as well as S. cerevisiag60% cold methanol, quenched) showed
the expected CTP/dCTP ratio (results not shown), suggesting that
the unexpected CTP/dCTP ratio is caused by cell physiology and
not a technical error. When compared with the amounts of the
nucleotides determined by TLC detection of radioactively  *3P-la-
beled nucleotides by Jendresen and coworkers [9] (Fig. 5), higher
concentrations were measured with the LC...MS/MS method for
most of the compounds. Because both LC...MS/MS calibration meth-
ods gave the same results, this supports the results obtained here
and substantiates that the cells may have been in different physi-
ological states in the two experimental setups. We are currently
pursuing an explanation for these issues.

Conclusion

An analytical method for 28 nucleotides in L. lactis has been
established. The method can, via charcoal puri“cation, handle ex-
tracts where the fragile cells leaks during the quenching. In addi-
tion, separation of isobaric and most of the compounds that
differ in one mass unit (e.g., dTMP, dUMP, dCMP) was achieved
either by MS/MS (speci“c fragments) or chromatographically. The
combination of ion-pair LC...MS/MS together with charcoal sample
preparation proved to be suitable for simultaneous analysis of
mono-, di-, and triphosphorylated deoxy- and ribonucleotides
and partly sugar nucleotides. The method was successfully applied
for analysis of nucleotide pools in L. lactis but also showed that for
the standard addition experiment the isotope-labeled standards
needed to be added in similar or higher concentrations as the
analytes.
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Summary

In many species of the marine  Roseobacter clade,
periods of attached life, in association with phyto-
plankton or particles, are interspersed with planktonic
phases. The purpose of this study was to determine
whether shifts between motile and sessile life in the
globally abundant Roseobacter clade species
Ruegeria mobilis are associated with intracellular con-
centrations of the signal compound cyclic dimeric
guanosinmonophosphate (c-di-GMP), which in bacte-

ria regulates transitions between motile and sessile

life stages. Genes for diguanylate cyclases and
phosphodiesterases, which are involved in c-di-GMP
signalling, were found in the genome of R. mobilis
strain F1926. lon pair chromatography-tandem mass
spectrometry revealed 20-fold higher c-di-GMP con-
centrations per cell in biobIm-containing cultures than

in planktonic cells. An introduced diguanylate cyclase
gene increased c¢-di-GMP and enhanced biobIm
formation and production of the potent antibiotic
tropodithietic acid (TDA). An introduced phospho-
diesterase gene decreased c-di-GMP and reduced
biobIm formation and TDA production. tdaC, a key
gene for TDA biosynthesis, was expressed only in
attached or biobPIm-forming cells, and expression was
induced immediately after initial attachment. In con-
clusion, c-di-GMP signalling controls bioPIm forma-
tion and bioPIm-associated traitsin ~ R. mobilis and, as
suggested by presence of GGDEF and EAL domain
protein genes, also in other  Roseobacter clade
species.
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Introduction

The Roseobacter clade (Alphaproteobacteria) accounts
for a signibcant part of the microbiota in the oceans,
especially in coastal zones and surface waters (Gonzalez
and Moran, 1997; Buchan et al., 2005; Brinkhoff et al.,
2008; Newton etal., 2010; Wietz etal., 2010).
Roseobacter clade species are metabolically and ecologi-
cally diverse, comprising aerobic anoxygenic phototrophs,
sulphur metabolizers, carbon monoxide oxidizers and
degraders of aromatic compounds (Shiba et al., 1979;
Sorokin and Lysenko, 1993; Moran and Hodson, 1994;
Buchan et al., 2001; Allgaier et al., 2003; Moran et al.,
2003; 2004). However, most species of the Roseobacter
clade are classibed as ecological generalists (Moranet al.,
2004; Newton etal., 2010). Abundance and activity of
many Roseobacter clade members are correlated with
phytoplankton population densities, and one prominent
ability of many Roseobacter clade members is the conver-
sion of the phytoplankton osmolyte dimethylsulfonio-
propionate to the volatile dimethyl sulphide, which inBu-
ences the local and global climate (Charlson et al., 1987,
Gonzalez and Moran, 1997; Gonzalez et al., 2000; Moran
et al., 2003; Geng and Belas, 2010b).

Belas and colleagues (2009) noticed that many
Roseobacter clade species have a Obiphasic swim-or-stick
lifestyle® that enables their symbiosis with phytoplankton,
and suggested that a central regulation mechanism
coordinated the shift between planktonic and attached
phenotype. Accumulating evidence indicates that bis-(3 -
5)-cyclic dimeric guanosinmonophosphate (c-di-GMP)
functions as a nearly universal second messenger in bac-
teria, regulating transitions between planktonic and sed-
entary phases by controlling phenotypic features such as
Ragellar motility and production of extracellular polymeric
substances (EPS) (Hengge, 2009; McDougald et al.,
2012). Above that, c-di-GMP regulates important func-
tions that are associated with either one of the lifestyles,
such as virulence or antibiotic production (Schmidt et al.,
2005; Cotter and Stibitz, 2007; Tamayo et al., 2007). The
intracellular pool of c-di-GMP is balanced by diguanylate
cyclases (GGDEF-domain proteins) that synthesize the
compound and by specibc phosphodiesterases (EAL-
domain proteins) that degrade it (Ausmees et al., 2001;
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Ryjenkov etal., 2005; Gjermansen etal., 2006). The
activity of these antagonistic enzymes is controlled by
sensory domains or proteins that allow external or internal
stimuli to act on the intracellular pool of c-di-GMP and thus
inBuence the decision between sessile and motile life.
Here, we hypothesized that the transition between plank-
tonic and attached lifestyle in Roseobacter clade species
is induced by intracellular c-di-GMP levels. To test this, we
introduced the plasmids pYedQ and pYhjH that have been
used as tools to demonstrate that c-di-GMP signalling
regulated Pseudomonas putida biobIm formation and dis-
persal (Gjermansen et al., 2006). The plasmids contain
either one of the Escherichia coli genes yedQ and yhjH,
which encode a diuguanylate cyclase that synthesizes
c-di-GMP and a c-di-GMP-degrading phosphodiesterase
respectively. Intracellular levels of c-di-GMP in Ruegeria
mobilis F1926 wild-type and plasmid-carrying mutants
were assessed using ion pair liquid chromatography-
tandem mass spectrometry (lon-Pair UHPLC-MS/MS).

The Roseobacter clade genera Ruegeria and
Phaeobacter have been of particular interest due to
their ability to form the potent antibacterial compound
tropodithietic acid (TDA). Phaeobacter strains have been
isolated from coastal zones, especially from biobPIms in
pbsh and invertebrate larvae cultures, and have been
studied for their antibacterial activity and as probiotics for
marine aquaculture (Ruiz-Ponte etal., 1998; Brinkhoff
etal., 2004; Hjelm etal., 2004; Planas etal., 2006;
Porsby etal., 2008; DOAlviseetal., 2010). Ruegeria
(Silicibacter) sp. TM1040 is a symbiont of the dinof3agel-
late P steria piscicida and was the brst TDA-producing
bacterium in which parts of the TDA biosynthetic pathway
were elucidated (Alavi et al., 2001; Miller and Belas, 2006;
Bruhn et al.,, 2007; Moran et al., 2007; Yi etal., 2007;
Geng et al., 2008; Geng and Belas, 2010a). R. mobilis
(Ruegeria pelagia) has been isolated in surface ocean
waters in most climatic zones, except Arctic and Antarctic
waters, and it occurs in both coastal zones and open
oceans (Gram etal., 2010; Lai etal.,, 2010). Several
strains of R. mobilis, which all produce TDA, have been
isolated from microalgae cultures, highlighting their pref-
erence for phytoplankton (Porsby et al., 2008).

TDA production is inBuenced by culture conditions, and
Bruhn and colleagues (2005) found that TDA production
by Phaeobacter sp. 27-4 in Marine Broth (MB; Difco Labo-
ratories, Detroit, Ml, USA) only occurred under static
growth conditions but not in shaken broth cultures. TDA
production coincided with formation of a thick layer of
biobIm at the airbliquid interface consisting of multicellular,
star-shaped aggregates. To our knowledge, Ruegeria
strains can only produce TDA in static liquid cultures,
where a biobIm at the airbliquid interface is formed,
whereas most Phaeobacter strains are able to produce
TDA in shaken liquid cultures as well. This makes

Phaeobacter sp. 27-4 an exemption among the TDA-
producing Phaeobacter strains (Porsby et al., 2008). A
later study, also using strain 27-4, demonstrated that
attachment to an inert surface was affected by culture
conditions as well (Bruhn et al., 2006). However, although
the tight association between biobIm formation and TDA
production strongly indicates that TDA is only produced by
attached or biobIm-forming cells, this was never veribed.
In the present study, we demonstrate that c-di-GMP plays
a major role in the transition from motile to sessile state in
R. mobilis, and this led us to hypothesize that formation of
TDA, which is associated with bioPIms, could be corre-
lated with c-di-GMP. Consequently, investigating whether
TDA production was affected by altered c-di-GMP levels
became a second aim of this study. Therefore, we meas-
ured the impact of changed c-di-GMP levels on antibac-
terial activity and TDA production and studied the
expression of the tdaC gene in attached and planktonic
cells.

Results
Bioinformatic analysis

The genome of R. mobilis F1926 was lllumina-sequenced
and assembled into 1065 contigs with a total length of
about 4.5 Mb. One hundred ten contigs were larger than
10 kb and contained together 2.5 Mb. For comparison,
the closest genome-sequenced relative (on 16S-rRNA-
gene-level) of strain F1926, Ruegeria sp. TM1040 (Sup-
porting Information Fig. S1), contains 4.2 Mb of genomic
DNA, a megaplasmid of 0.8 Mb and a large plasmid of
0.1 Mb (Moran etal.,, 2007). Nine genes encoding
diguanylate cyclases and c-di-GMP-specibc phosphodie-
sterases were identiPed in R. mobilis F1926 based on
Prokaryotic Genomes Automatic Annotation Pipeline
(PGAAP) annotation, which was manually controlled by
Pfam classibcation (Table 1). Six of these encoded pro-
teins that contained both a GGDEF and an EAL domain.
This could indicate that these enzymes have alternating
c-di-GMP synthesizing or degrading activity; however,
there are examples of proteins that contain both GGDEF
and EAL domains, but act only as either diguanylate
cyclase or phosphodiesterase, or have no c-di-GMP con-
verting activity at all, but act as signalling proteins
(Christen et al., 2005; Matilla et al., 2011; Newell et al.,
2011).

c-di-GMP analysis by ion pair UHPLC-MS/MS

The plasmids pYedQ and pYhjH, as well as the respective
vector controls pRK404A and pBBR1MCS-3, were intro-
duced into R. mobilis F1926 with the aim of manipula-
ting intracellular c-di-GMP concentrations, which was

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology
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Table 1. GGDEF- and EAL-domain protein genes identibPed in Ruegeria mobilis F1926.

Locus tag Predicted gene product Pfam domain E-value (Pfam) Length [aa]

K529_01085 diguanylate cyclase GGDEF 4.1 x10%° 313

K529_06935 diguanylate cyclase/phosphodiesterase GGDEF 2.5 x 105 684
EAL 5.4 x 10%6

K529_19462 diguanylate cyclase/phosphodiesterase GGDEF 1.7 x 10%° 700
EAL 1.7 x 10%°

K529_09228 diguanylate cyclase GGDEF 3.3 x 105 342

K529_12495 diguanylate cyclase domain-containing protein GGDEF 2.8 x 10 674
EAL 6.4 x 10%7

K529 13194 diguanylate cyclase/phosphodiesterase GGDEF 6.9 x 10% 393
EAL 7.6 x 1057

K529_15333 diguanylate cyclase/phosphodiesterase GGDEF 7.7 x 1033 496
EAL 2.3 x 10%7

K529_15543 diguanylate cyclase/phosphodiesterase ammonium transporter GGDEF 5.7 x 10 904
EAL 4.4 x 1059
Ammonium_transp 1.8 x 105

K529_20992 response regulator receiver modulated diguanylate cyclase GGDEF 8.0 x 10 467

subsequently veribed by ion pair chromatography-MS/MS
in extracts of 24 h old shaken and static MB cultures. The
compound was detected in all extracts with the same
retention time as an authentic standard. A chromato-
graphic plot of a standard and a sample is given in the
Supporting Information Fig. S2. Concentrations in the
extracts ranged from 26 to 770 nM and were divided by
the optical density (OD600) of the original culture to obtain
a relative measure of c-di-GMP per cell (Fig. 1). Care was
taken to break up the bioPIms of the static cultures before
sampling and OD measurement to allow comparison of
cell density to shaken cultures. Static cultures of the wild
type, where thick air liquid interface biobIms were
observed, contained 20 times more c-di-GMP per cell
than shaken cultures, where no biobIms were formed.
Plasmid pYedQ increased c-di-GMP per cell to the 30-fold
concentration of the vector control under shaken condi-
tions (P <0.001) and to the threefold concentration in
static cultures (P <0.001). In the static cultures of the
mutant carrying plasmid pYhjH, c-di-GMP concentration
per cell was reduced to about half of the respective vector
control; however, this was not signipcant (P >0.05), and
under shaken conditions, no further reduction in c-di-GMP
was found. Regardless of the introduced plasmids, culti-
vation conditions inBuenced c-di-GMP levels. For all
strains, c-di-GMP concentrations per cell were higher in
static cultures than in shaken cultures (P < 0.001).

Phenotypic effects of altered c-di-GMP levels

Shaken cultures of R. mobilis F1926 wild type were domi-
nated by single cells, and about half of these were motile
(Fig. 2A). Introduction of pYedQ, which increased c-di-
GMP concentrations, caused disappearance of motile
cells and increased formation of multicellular aggregates
in shaken cultures (Fig. 2C). R. mobilis F1926 pYhjH,

which contained less c-di-GMP, grew almost exclusively
as single motile cells in shaken cultures (Fig. 2E). Static
cultures of the wild type were dominated by biobIms con-
sisting of multicellular, star-shaped aggregates (rosettes),
but also, motile single cells were present (Fig. 2B). In
static cultures of the pYedQ-carrying mutant, even thicker
rosette-containing bioblms were formed, and no motile
cells were observed (Fig.2D). Introduction of pYhjH
increased the proportion of motile cells and prevented
formation of rosettes in static cultures (Fig. 2F). However,
no difference in motility on population level could be
detected in a motility-agar test (data not shown).

Fig. 1. Cyclic di-GMP concentrations in extracts of 24 h old shaken
and static cultures of Ruegeria mobilis F1926 wild type, F1926
pYedQ, F1926 pYhjH and the respective vector control strains
F1926 pRK404A and F1926 pBBR1MCS3, divided by OD600 of
the cultures. Given values are averages of three independent
replicates.
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Fig. 2. Phase-contrast micrographs of shaken (A, C, E) and static (B, D, F) Marine Broth cultures of Ruegeria mobilis F1926 wild type (A, B),
F1926 pYedQ (C, D) and F1926 pYhjH (E, F). All scale bars indicate 10 m. The vector control strains were similar to the wild type (not

shown).

BiobIm formation and attachment were assessed in the
plasmid-carrying strains and wild type (Fig. 3). BiobkIm for-
mation (Fig. 3A) was signibcantly increased in F1926
pYedQ (P <0.001), whereas in F1926 pYhjH, it was

reduced as compared with the respective vector controls
and the wild type (P > 0.001). Attachment of planktonic
cells from shaken cultures was measured as stained
biomass of cells attaching to polystyrene pegs within

© 2013 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology



Fig. 3. BiobIm formation (A) and attachment (B) of Ruegeria
mobilis F1926 wild type, F1926 pYedQ and F1926 pYhjH, and the
respective vector control strains F1926 pRK404A and F1926
pBBR1MCS3, measured in crystal violet assays. Cells from shaken
cultures were used in the attachment assay. Sterile medium (1.5
YTSS) was used as control. Given values are averages of two
independent replicates.

1 min (Fig. 3B). The wild type attached most efficiently,
whereas the attachment was reduced in both the pYhjH-
carrying strain and the strain carrying pYedQ, indicating
that both a decrease and an increase of intracellular c-di-
GMP levels interfere with attachment. Although attach-
ment was also reduced in the vector controls, which might
be an effect of the tetracycline in the medium, the reduc-
tion of attachment conferred by the introduced GGDEF-
and EAL-domain proteins was signipPcant (P < 0.001).
The antibacterial effect of the plasmid-carrying mutants
and the wild type was compared in agar-diffusion-
inhibition assays, and TDA production was measured by
ultra-performance liquid chromatography high-resolution
mass spectrometry (UHPLC-TOFMS). In static cultures,
the pYedQ-carrying mutant caused inhibition zones of
equal or larger size than the wild type and vector controls,

c-di-GMP signalling in Ruegeria mobilis 5

whereas the mutant carrying pYhjH was less inhibitory
(Table 2). As opposed to the wild type, vector controls and
the pYhjH-carrying mutant, the pYedQ-carrying mutant
caused inhibition also in shaken cultures. As indicated by
the inhibition test, TDA production was inBuenced by intra-
cellular c-di-GMP concentrations (Fig. 4). Brown pigmen-
tation of the cultures, which is indicative of TDA production
(Bruhn et al., 2005), was correlated with inhibition and
TDA production (not shown).

Expression of tdaC on single-cell level

TDA production has been suggested to be regulated on
community level by auto-induction (Geng and Belas,
2010a) or by quorum sensing (QS) (Berger et al., 2011).
However, the observation that inhibitory activity was inf3u-
enced by intracellular c-di-GMP levels, which can be dif-
ferent between attached and planktonic cells of the same
community, suggested that TDA production could differ in
cells within the same culture. This prompted us to study
the expression of a key gene involved in TDA biosynthesis
(tdaC) on single-cell level by using a promoter-gfp fusion.

In shaken cultures, R. mobilis F1926 pPDA11 (PtdaC::
ofp) cells were predominantly planktonic (Fig. 5B), and
approximately half the cells were motile, as described
above for the wild type. tdaC was not expressed, as
indicated by lack of green RBuorescence (Fig. 5A and B),
correlating with a lack of antibacterial activity and TDA
formation (Table 2, Fig 4). Yet a few small multicellular
aggregates in which tdaC was expressed were found
(Fig. 5A and B). In contrast, major proportions of the
cells from static cultures were situated in bioPIms or
multicellular aggregates and expressed the tdaC gene
(Fig. 5C and D). However, a part of the single cells in the
samples from static cultures was not Buorescent, and a
fraction of these was motile. No expression of tdaC, as
indicated by green Ruorescence, was observed in motile
cells. This indicated that tdaC, a gene encoding a central
enzyme in the TDA biosynthesis pathway, is expressed
differently in adjacent cells within the same cultures, and

Table 2. Inhibition of V. anguillarum 90-11-287 by cell-free superna-
tants of R. mobilis F1926 wild type, F1926 pYedQ, F1926 pYhjH,
F1926 pRK404A and F1926 pBBR1MCS-3 cultures, grown in shaken
(200 r.p.m.) or static MB for 72 h at 25;C.

Inhibition zone diameter
without well diameter
[mm] £ standard deviation

Strain Shaken cultures  Static cultures
R. mobilis F1926 wild type 0+0 13.5+0.7

R. mobilis F1926 pYedQ 15+0.7 15+0

R. mobilis F1926 pYhjH 0+0 8+14

R. mobilis F1926 pRK404A 0+0 12+0

R. mobilis F1926 pBBR1MCS-3 0+0 12+14
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Fig. 4. Concentrations of TDA in shaken and static cultures of
Ruegeria mobilis F1926 wild type, F1926 pYedQ, F1926 pYhjH and
the respective vector control strains F1926 pRK404A and F1926
pBBR1MCS3, grown in shaken or static MB for 72 h at 25;C.
Values are averages of two independent replicates.

that its expression coincides with attachment and is
enhanced in biobPIms or aggregates where high c-di-GMP
levels are found.

Induction of tdaC expression in response to attachment

When a sample of a shaken R. mobilis F1926 pPDA11
culture was prepared for microscopy, some of the non-
motile single cells attached immediately to the cover
glass. A time series of Buorescence and phase contrast
micrographs showing newly attached cells on the cover
glass was recorded (Fig. 6). Gfp expression was initiated
in the newly attached cells, and green RBuorescence
could be observed already 10 min after preparation of the
microscope slide. Maximal Ruorescence of the initially
attached cells was reached about 15920 min after start of
the experiment. Considering the time needed for gfp gene
expression and maturation, this suggests that expression
was initiated immediately when the cells attached. This
instant initiation of tdaC expression may indicate a regu-
latory connection between TDA production and initial
attachment, which is likely accompanied by rising c-di-
GMP levels.

Discussion

Attachment to surfaces and biobIm formation are charac-
teristic features of many Roseobacter clade species, and
a more comprehensive understanding of the transition
between motile and sessile life stages in the Roseobacter

clade is needed to understand carbon and nutrient cycling
in the oceans (Slightom and Buchan, 2009). Also, produc-
tion of the antibacterial substance TDA in Phaeobacter
spp. has been associated with biobIms (Bruhn et al.,
2005), and since TDA is a key component for their
probiotic effect on bsh larvae (DOAlviseet al., 2012),
understanding the transition between motile and
sessile stages may provide new perspectives on their
application.

Many bacteria have two distinct lifestyles, a sessile or
biobIm stage on a substrate or within a host, which is
mostly characterized by increased metabolic activity and
proliferation, and a mobile stage, where the cells are
metabolically less active, disperse into the wider environ-
ment and persist until a new substrate or host is found.
The transition between these two distinct states is in many
bacteria controlled by a pool of intracellular c-di-GMP that
exerts control on every level of regulation. C-di-GMP
binds to transcriptional regulators and also exerts control
at translational and allosteric levels, regulating a multitude
of phenotypic traits, e.g. motility, EPS production,
extracellular appendage formation, virulence or produc-
tion of secondary metabolites (Hengge, 2009; McDougald
et al.,, 2012). The results of our study suggest that c-di-
GMP signalling plays a similar role in R. mobilis. Intracel-
lular concentrations of c-di-GMP changed with cultivation
conditions that favoured or prevented biobIm formation.
Manipulation of c-di-GMP levels seemed to alter the pro-
portions of motile and sessile cells under different culture
conditions and affected expression of phenotypes that are
associated with either planktonic or attached lifestyle.
Increased levels of c-di-GMP promoted biobPIm formation,
whereas a decrease in c-di-GMP concentrations pre-
vented formation of star-shaped aggregates and reduced
TDA production. The Pnding that an introduced GGDEF
domain protein increased biobIm formation and interfered
with motility is consistent with previous studies (Ausmees
et al.,, 2001; Simm et al., 2004; Gjermansen et al., 2006;
Wolfe and Visick, 2008; Hengge, 2009; McDougald et al.,
2012) and indicates a functional c-di-GMP signalling
system in R. mobilis. This is conbrmed by presence of
genes encoding GGDEF and EAL domain proteins in the
genome of R. mobilis F1926. Presence of similar genes
annotated as diguanylyl cyclases and c-di-GMP-specibc
phosphodiesterases in the closely related strains
Ruegeria sp. TM1040, Ruegeria sp. R11 and
Phaeobacter gallaeciensis DSM17395, as well as
in more remote Roseobacter clade species such as
Roseobacter litoralis Ochl149, Roseovarius sp. 217,
Octadecabacter arcticus 238 and Dinoroseobacter shibae
DFL12 (Supporting Information Table S1), suggests
that c-di-GMP signalling is a universal feature of the
Roseobacter clade. We conclude that in the Roseobacter
clade, in analogy with many other bacteria, intra and
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Fig. 5. Expression of tdaC in Ruegeria mobilis F1926 grown in shaken (A, B) and static (C, D) MB cultures, monitored using a plasmid-bound
reporter fusion of the tdaC-promoter with a promoterless gfp-gene (pPDA11). Fluorescence (A, C) and phase contrast (B, D) micrographs

were each recorded using the same settings.

extracellular cues are integrated via a c-di-GMP second

messenger system and that expression of phenotypic

traits specibc for either planktonic or attached life is regu-

lated in response to c-di-GMP concentrations. Belas and

colleagues (2009) have introduced the term Oswim-or-stick
switch® for the molecular mechanism that regulates tran-
sitions between motile and sessile stage in Roseobacter

clade species. We think that the intracellular concentra-

tion of c-di-GMP is the swim-or-stick switch.

Recently, Zan and colleagues (2012) revealed that in
Ruegeria sp. KLH11, a sponge symbiont, motility and
biobIm formation are controlled by N-acyl homoserine
lactone-based QS. Similarly, Sule and Belas (2012) found
that in Ruegeria sp. TM1040 motility and biobIm formation
are controlled by a QS-like system based on a diffusible
signal compound with a molecular mass of about 226 Da.
R. mobilis strain F1926 may utilize the same or a similar
QS system as Ruegeria sp. TM1040, and since in this
case QS and c-di-GMP signalling control the same phe-

notypes, the two regulation systems are likely connected
at some level. In a review of connections between QS
and c-di-GMP signalling, Srivastava and Waters (2012)
propose that QS signals are generally integrated into the
epistatic c-di-GMP signalling system, allowing information
about local cell density to be merged with other environ-
mental cues for making a decision between attached and
planktonic life. Thus, studying the connection between QS
and c-di-GMP signalling may provide further insight into
how moatility and bioPIm formation are controlled.

Most studies of c-di-GMP signalling have approached
the role of the compound using bioinformatic and tran-
scriptional tools or genetic manipulation. Few studies
actually measured concentrations of c-di-GMP to sub-
stantiate their bndings (e.g., Weinhouse et al., 1997,
Waters et al., 2008; Merritt et al., 2010; Spangler et al.,
2010). However, due to the ionic nature of c-di-GMP, it
used to be difficult to obtain reproducible retention times,
as well as sharp symmetrical peaks using conventional
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Fig. 6. Time series of tdaC expression in newly attached Ruegeria mobilis F1926 pPDA11. The images were recorded 1 min (A, B), 10 min

(B, C) and 20 min (E, F) after preparing the specimen. Fluorescence (A, C, E) and phase contrast (B, D, F) micrographs of the same area
were each recorded using the same settings. The focal plane was set right beneath the cover slip to record attached cells. White arrows
indicate the position of the same attached cell in all images. Right after preparing the specimen, the freshly attached cells were not Buorescent
(A), yet green Ruorescence indicating expression of tdaC was observed in attaching cells after 10 min. All scale bars indicate 10 m.
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reversed phase chromatography (Werner, 1991; Simm different cells of the same cultures. This argues against a
etal.,, 2004). LC-MS/MS with tributylamine as ion pair regulation mechanism based exclusively on community
reagent was chosen due to its sensitivity and higher vola- level. Two regulation mechanisms for TDA production
tility of the tributylamine (Magdenoska et al., 2013) when were identiPed on community level. QS was found to
compared with tetrabutylammonium (Witters et al., 1997) activate production of TDA in P. gallaeciensis (Berger
which reduces background and ion-source pollution et al., 2011), and also TDA itself was observed to act as
(Holcapek et al., 2004). an autoinducer, causing increased expression of genes
A relative of the Roseobacter clade within the necessary for its own production (Geng and Belas,
-Proteobacteria, Caulobacter crescentus, has a very 2010a). However, both mechanisms fail to explain how
sophisticated variant of c-di-GMP-mediated Oswim-and- tdaC can be expressed differently in adjacent cells. The
stickd life (Violliert al., 2002; Aldridge et al., 2003; Paul hypothesis that TDA production is regulated by c-di-GMP
et al., 2004; Huitema et al., 2006; Duerig et al., 2009; Abel provides an alternative explanation for how TDA produc-
et al.,, 2011). The cell cycle comprises a stage of 3agel- tion can be different in cells within the same culture, and
lated swarmer cells, in which replication is inhibited via for how it can, on single-cell level, be spontaneously
low c-di-GMP levels, and a stage of sessile, stalked cells induced by attachment despite absence of TDA.
that form new swarmer cells at their non-attached end. In The tdaC gene is expressed only in bioPIms or aggre-
the stalked cells, c-di-GMP is unequally distributed as an gates, and its expression could be initiated in planktonic
effect of antipodal location of GGDEF and EAL domain cells by physical attachment to a surface. Thus, tdaC was
proteins, restricting cell division to the non-attached pole. expressed where high or rising levels of ¢c-di-GMP would
In the present study, star-shaped rosettes were not probably be found. Geng and Belas (2011) showed that
formed in a mutant with lowered c-di-GMP levels, indicat- the TdaA protein, a LysR-type transcriptional regulator,
ing an involvement of the compound in producing binds to the tdaC promoter and activates tdaC expres-
that phenotype. Rosette formation in Roseobacter clade sion. The ligands of LysR-type transcriptional regulator
species could be the result of a process involving polar are small molecules (Schell, 1993), and it could be specu-
differences in c-di-GMP contents, where cell division is lated whether c-di-GMP is the ligand of TdaA, or whether
possibly restricted to one pole of the rosette-forming cell intermediate steps are involved.
and its daughter cells. In conclusion, our study adds organisms from the
Bruhn and colleagues (2007) demonstrated that cells of Roseobacter clade to the list of bacteria that use c-di-
Phaeobacter sp. 27-4 from static cultures attached better GMP as a key secondary messenger. Notably, c-di-GMP
to a glass surface than cells from shaken cultures. The may be the key molecule in the often described Ostick-and-
same pattern was observed in this study. However, com- swimO lifestyle of several roseobacters.

paring attachment between shaken cultures of wild type
and mutants with altered c-di-GMP levels, we found that
initial attachment was compromised both by increased
and decreased c-di-GMP levels. Miller and Belas (2006) Strains, plasmids and media
demonstrated that in Ruegeria sp. TM1040, motility is
crucial for initiating the RuegeriabdinoRagellate symbio-

Experimental procedures

An overview of strains and plasmids is provided in Table 3.
R. mobilis F1926 was isolated from the central Indian Ocean

sis. Consequently, the strain with increased c-di-GMP (coordinates $31.4061, 91.17758) during the Galathea IlI
levels may have a reduced capability of attaching to sub- expedition and was identibed by its 16S rRNA gene sequence
strates because motility was repressed. Interestingly, (L. Gram, P. DOAlvise, C. Porshy, J. Melchiorsen, J. Heilmann,
attachment of the pYhjH-carrying strain with decreased M. Jensen, etal., unpublished data) using procedures
c-di-GMP and increased motility was reduced as well, described in Gram and colleagues (2010). The strain was

revived from frozen stock cultures (S80;C) on half-strength
marine agar ['6MA; 27.6 g Difco 212185 marine agar (Difco
Laboratories, Detroit, Ml, USA), 159 sea salts (Instant

even if not to the same extent. This might be caused by a
reduced ability to turn off Bagellar motility in response to

initial surface contact by c-di-GMP-mediated allosteric Ocean, Vernon, Canada), 7.5 g agar, 1| deionized water].
inhibition of the Ragellar motor as known from Plasmids pYedQ and pYhjH were obtained from Tim Tolker-
C. crescentus (Christen et al., 2007). Nielsen (University of Copenhagen) and electroporated into

Antibacterial activity, production of the brown pigment R. mobilis F1926, as described below. Half-strength yeast-
and TDA production were reduced by decreased intracel- tryptone-sea-salts broth (*&YTSS) [2 g yeast extract (Bacto

Laboratories, Sydney, Australia), 1.25g tryptone (Bacto
Laboratories, Sydney, Australia), 20 g sea salts (Sigma-
Aldrich, St. Louis, MO, USA), 1l deionized water] and agar

lular c-di-GMP levels, suggesting that the association
between the biobIm phenotype and TDA production could

be c-di-QM?-mediated. This led u§ to study expression of (Gonzalez et al., 1996) containing 50 g mi of tetracycline
tdaC as indicator of TDA production on single-cell level, were used for selecting transconjugants after the electro-
and we found that tdaC is expressed differently within porations and for routine culturing of the plasmid-carrying
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Table 3. Bacterial strains and plasmids used in the present study.

Strain or plasmid

Genotype or relevant markers

Source or reference

Strain

Ruegeria mobilis F1926 Wild type

Gram et al. 2010; L. Gram, P. DOAlvise,
C. Porsby, J. Melchiorsen, J. Heilmann,
M. Jensen, et al., unpubl. data

E. coli TransforMax EC100D pir* pir* Epicentre
Plasmids

pRK415 Conjugative broad host range vector, Tet® Keen et al. 1988

pPDA11 tdaCp::gfp ligated into pRK415, Tet® This study; DOAlviseet al 2012

pYedQ E. coli gene yedQ (diguanylyl cyclase) ligated into Ausmees et al. 2001; Gjermansen
pRK404A, Tet? et al. 2006

pYhjH E. coli gene yhjH (c-di-GMP-specibc phosphodiesterase) Gjermansen et al. 2006
ligated into pPBBRIMCS-3, Tet®?

pRK404A Standard broad host range cloning vector, TetR, control for Ditta et al. 1985
pYedQ

pBBR1MCS-3 Standard broad host range cloning vector, TetR, control for Kovach et al. 1995

pYhjH

mutants. Cultures for microscopy and for chemical measure-
ments of c-di-GMP were grown in full strength MB that con-
tained 50 g mlS of tetracycline for the plasmid-carrying
mutants. For inhibition testing and TDA analysis, all strains
were cultured in MB without addition for 3 days. A 1.5 YTSS
with and without tetracycline was used for biobIm and attach-
ment assays. All cultures were grown as 20 ml batches in
250 ml glass bottles at 25;C, except as noted otherwise, and
shaking velocity was 200 r.p.m.

Genome sequencing

Genomic DNA was obtained from strain F1926 by successive
phenol-chloroform puribcation steps (Sambrook and Russel,
2001). Mate pair library preparation and lllumina Hi Seq 2000
(lllumina, San Diego, CA, USA) sequencing were carried out
by the Bejing Genomic Institute (Shenzhen, China). Contigs
were assembled using CLC Genomic Workbench (CLC
Bio, Aarhus, Denmark). The genomic DNA sequence has
been submitted to the National Center for Biotechnology
Information (NCBI) database under accession number
AQCHO00000000.1.

Detection of genes with GGDEF and EAL domains

The genome draft was annotated by NCBI using the PGAAP,
and genes encoding diguanylate cyclases and phosphodie-
sterases were identibed (Table 1). The sequences of these
genes were used to search the Pfam database (Punta et al.,
2012), and the e-values of the Pfam-identipcation of the
GGDEF- and EAL-domain proteins are stated in Table 1.

Electroporations

The electroporation method was adapted from Miller and
Belas (2006). Recipient cells were grown in 50 ml 1BYTSS
(R. mobilis) or LB medium (E. coli, 37;C) until OD600 was
about 0.5, chilled on ice for 30 min, harvested by centrifuga-
tion at 2380 x g, washed twice in 10 ml autoclaved, ice-cold

MilliQ-water (Merck Millipore, Billerica, MA, USA) and
resuspended in 0.5 ml ice-cold 10% glycerol. Aliquots of 70 |
were stored at S80;C until use. Electrocompetent cells were
mixed with 180D230 ng plasmid DNA, incubated 30 min on
ice, transferred to a 0.2 cm electroporation cuvette (165D
2086 Biorad, Hercules, CA, USA) and electroporated at
25kvcem®, 200 , 25 F using a Biorad Gene Pulser
(Biorad). The cells were immediately transferred to liquid
growth medium without antibiotics, recovered for 2b4 h and
plated on selective agar.

c-di-GMP extraction

Shaken and static cultures of R. mobilis F1926 wild type
and the plasmid-carrying mutants were inoculated from
OD-adjusted overnight precultures and grown for 24 h in
triplicates. The cultures were cooled on ice, and static cul-
tures were shaken brieRRy to break up the biobPIms. One mil-
lilitre was sampled and vortexed vigorously to further break
up aggregates before measuring OD600. Cultures were har-
vested (5000 x g), and the pellets were extracted with 10 ml
75% (v/v) boiling ethanol/water containing 10 M HEPES
[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]. The
pellets were resuspended in 75% ethanol, and the suspen-
sions were left in an 80;C water bath for 5 min. Subsequently,
the suspensions were centrifuged (4250 x g), and the super-
natants were evaporated to dryness under nitrogen. The
samples were dissolved in 100 | mobile phase A
and Pltered through 0.2 m PTFE (polytetraBuoroethylene)
hydrophilic blters before analysis.

lon pair UHPLC-MS/MS analysis of c-di-GMP

The analysis was carried out on an Agilent 1290 (Agilent,
Torrance, CA, USA) binary UHPLC system coupled with a
6460 triple quadrupole mass spectrometer (Agilent). The MS
was operated in negative electrospray using the [M-H] m/z
689.1 as parent ion, and m/z 149.9 and 537.9 as quantiber
and qualiber ions respectively. Separation of 10 L samples
was performed by ion pair chromatography, as described
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in detail in (Magdenoska et al., 2013), using 10 mM tributyla-

mine as ion pair reagent. The gradient used was 0B12 min
0-50% B, 12D12.5 min 50-100% B, 12.5913 min 100% B,
13D13.1 min 100b0% B, 13.1D18 min 0% B. Three hundred
and sixty milliliters of shaken cultures of the pYhjH-carrying

mutant were split into eighteen 50 ml falcon tube and used for

matrix-matched calibration. One mg/ml c-di-GMP in water

was used to prepare the spiking solutions. After centrifugation

and removal of the supernatants, 75% boling EtOH was

added to the tubes followed by spiking with, 100 | of 0 ng/ml,

35 ng/ml, 100 ng/ml, 200 ng/ml, 600 ng/ml and 1000 ng/ml

c-di-GMP standard in triplicates. The spiked cultures were

extracted and prepared for analysis as described above. The

amount of c-di-GMP detected in the blank was subtracted

from the spiked calibrants, and the analysis was calibrated by

linear regression (r? = 0.993). To obtain a relative estimate of

c-di-GMP concentrations per cellular biomass, c-di-GMP con-

centrations were divided by the measured OD600 of the

original cultures.

Bio Im and attachment assay

BiobkIm formation inR. mobilis F1926 wild type, F1926 pYedQ
and F1926 pYhjH was measured by a crystal violet method
(0OToolet al., 2000). BrieRy, shaken precultures were diluted
with fresh medium to an OD600 of 0.1, pipetted into a 96-well
microtiter plate and incubated for 24 h. Culture liquid was
removed, and biobPIms were washed and stained in 1% (w/v)
crystal violet solution. After washing, the crystal violet was
extracted from the stained biobIms with 96% ethanol and
guantibed by measuring absorption at 590 nm.

Attachment to an inert surface was measured in a modibed
crystal violet assay. Static cultures were grown in 96-well
plates as described above. Shaken cultures were grown in
glass bottles for 24 h; OD600 was adjusted to 1.0, and 200 |
were pipetted into the wells of a micotiter plate. A lid with 96
polystyrene pegs (Innovotech, Edmonton, Canada) was
placed on the plate, and the cells were allowed to attach to
the pegs for 1 min. Adherent biobPIms on the pegs were
washed twice by dipping into water, dried for 5 min and
stained in crystal violet solution. After triple washing in water,
the crystal violet was extracted from the stained bioPIms on
the pegs in each 200 | of ethanol, and absorption was meas-
ured at 590 nm. Both assays were conducted in duplicates
and reproduced independently.

Measurement of antibacterial activity

Inhibition of Vibrio anguillarum 90-11-287 in a standard well-
diffusion assay was measured as an approximation to
TDA production as adapted from (Hjelm etal., 2004).
V. anguillarum 90-11-287 was grown in MB for 1 day at 25;C
with aeration at 200 r.p.m. A 50 | of the V. anguillarum
preculture was added to 50 ml molten Instant Ocean agar
[1.5 g of Instant Ocean sea salts, 0.1 g of casamino acids
(Bacto Laboratories, Sydney, Australia), 0.2 g glucose, 0.5 of
g agar] at 41.5;C and poured into a 14 cm Petri dish. Wells of
6 mm diameter were punched into the solidiped agar and
blled with 50 | of R. mobilis F1926 culture supernatant. The
assay was incubated for 1 day at 25;C, and diameters of
inhibition zones were measured. The results are based on
two independent replicates.
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TDA extraction and analysis

A 1 ml of each MB culture was mixed with 3 ml ethyl acetate
containing 1% formic acid and extracted for 30 min on a
shaking table at room temperature. A 2.5 ml of the organic
phase was evaporated to dryness under nitrogen Row at
35;C and redissolved in 100 | 85% acetonitrile/15% MilliQ
water. Blank medium samples spiked with 0.139100 M pure
TDA (BioViotica, Dransfeld, Germany) served as standard.
UHPLC-TOFMS analysis was conducted on an Agilent 1290
UHPLC coupled to an Agilent 6550 qTOF (Agilent) equipped
with a dual electrospray source. Separation was performed at
40iC on a 2.1 mm ID, 50 mm, 1.8 m of Eclipse Plus Cis
(Agilent) column using a water-acetonitrile gradient solvent
system, with both water and acetonitrile containing 20 mM of
formic acid. Using a Bow of 0.8 ml/min, the gradient was
started at 15% acetonitrile and increased to 60% acetonitrile
within 1.8 min, then to 100% in 0.2 min, keeping this for
0.8 min, returning to 15% acetonitrile in 0.2 min and equili-
brating for the next sample in 1.5 min (total runtime is
4.5 min). TDA was determined in ESI* mode and quantibed
from its [M + H]" ion 212.9674 + 0.005 with the same reten-
tions as the authentic standard (0.97 min). Quantibcation was
done using 1/x weighted linear regression based on the peak
area in the MASSHUNTER QUANT 5.0 software (Agilent). Dupli-
cate cultures were used for TDA analysis, and the experiment
was reproduced independently.

Statistics

Cellular c-di-GMP concentrations and TDA concentrations
were compared by t-tests. Differences in average crystal
violet absorption values in the biobIm and attachment assays
were examined by one-way ANovA with TukeyOs multiple
comparison test using the software PRism version 4.03
(GraphPad Software, La Jolla, CA, USA). All average values
and standard deviations are based on biological replicates.

Construction of a tdaCp::gfp reporter fusion

A transcriptional fusion between the promoter of tdaC and a
promoterless gfp gene was constructed similarly to pHG1011
(Geng and Belas, 2010a). The promoter sequence of the
tdaC gene was amplibped using the primers ptdacF (5-
GTCCCAGAGACCAACGCAATGAGTAAAGGAGAAGAA-3)
and ptdacR (5 -TTCTTCTCCTTTACTCATTGCGTTGGTCTC
TGGGAC-3). The gfp open reading frame in pAKN137
(Lambertsen et al., 2004) was ampliped using the primers
gfpF (5 -GTCCCAGAGACCAACGCAATGAGTAAAGGAGAA
GAA-3) and gfpR (5 -TGATAAGCTTTTATTTGTATAGTTCAT
CCATGCCATGT-3). Primer ptdacF created a Pstl-restriction
site, and gfpR created a Hindlll-site. Primer ptdacR and gfpF
created identical 36-bp-sequences in the adjacent ends of
the two amplicons, each containing the end of the promoter
and the start of the gfp open reading frame. This allowed
seamless cloning of promoter and gfp gene by overlap-
extension polymerase chain reaction. The product was
cloned into the broad-host range vector pRK415 (Keen et al.,
1988) after both had been digested with Pstl and Hindlll (New
England Biolabs, Ipswich, MA, USA) to yield plasmid
pPDAL11.
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Microscopy

Shaken and static cultures of R. mobilis F1926 wild type and
the mutants carrying pYedQ and pYhjH were grown in dupli-
cates for 24 h and were compared by phase contrast micros-
copy. Before specimen preparation, static cultures were
agitated brieRBy to break the biobIms into smaller pieces for
sampling. Images that were representative of the specimen
were recorded. Screening the whole specimen, rosette for-
mation, and the proportion of single cells and cells in biobIms
were registered. The proportion of motile cells was estimated
visually. Absence of motile cells or rosettes was stated if no
motile cell or rosette was observed in either of the duplicate
samples.

Gfp-Buorescence of R.mobilis F1926 pPDA1l was
detected by microscopy using a long-pass Buorescence cube
(Olympus, Tokyo, Japan; WIB ex. 460D490, em.>515).
Shaken and static cultures were grown for 3 days. Again,
static cultures were brieR3y shaken before specimen prepara-
tion. Representative [Ruorescence micrographs were
recorded with 1.5 s exposure, and a phase contrast image of
the same area was recorded right thereafter. To record a time
series showing the onset of gfp expression in response to
attachment, a 3 day old shaken culture was diluted 1:2 with
fresh medium and grown for 4 h at the same conditions. A
specimen was prepared, and a time series of Buorescence
micrographs was recorded as described above. For better
display, contrast of the phase, contrast pictures and bright-
ness of the Ruorescence micrographs were enhanced using
Photoshop (Adobe, San Jose, CA, USA). The same adjust-
ments were made on all images of the same type.

Motility agar

Motility agar was prepared based on half-strength and 1/10-
strength YTSS (0.4 g Bacto Yeast extract, 0.25g Bacto
Tryptone, 20 g Sigma sea salts, 1l deionized water) with
different agar percentages (0.5, 0.45, 0.4, 0.35, 0.3 and
0.2%) and 5 ml/l 1% tetrazolium red solution, and Stab agar
tubes and Petri dishes were prepared. The Petri dishes were
inoculated with 5 | of OD-adjusted (OD600 = 0.5) 1.5 YTSS
precultures, and the stab agar cultures were inoculated with
a needle dipped into the same OD-adjusted precultures. The
diameters of growth were compared after 1, 2 and 5 days.
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Supporting information

Additional Supporting Information may be found in the online
version of this article at the publisherOs web-site:

Fig. S1. Phylogenetic tree of Ruegeria mobilis constructed
from 16S rRNA gene sequences. R. mobilis F1926 is
compared with the R. mobilis type strain NBRC 101030
(accession number NR_041454), other R. mobilis isolates
(accession numbers HQ338144.1, HQ338146.1,
HQ338142.1, HQ338140.1, HQ338148.1, HQ338141.1,
HQ338145.1, HQ338143.1) and other species from the
Ruegeria/Phaeobacter subcluster (Newton et al., 2010) of
the Roseobacter clade (accession numbers NR_074151.1,
NR_042675.1, NR_043449.1, GU176618.1, HQ_908721.1,
NR_029273.1, NR_027609.1, NR_042761.1, AJ536669.1,
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NR_074150.1, FJ872535.1). Rhodobacter capsulatus
ATCC11166 and Rhodobacter sphaeroides ATTC BAA-808
(accession numbers DQ342320.1 and NR_074174.1) served
as outgroup. The 16S sequences were aligned using
ClustalW (Thompson et al., 1994), and the neighbour-joining
tree was constructed using MEGA version 5 (Tamura et al.,
2011). Numbers at the nodes are bootstrap values from 500
replications.

Fig. S2. Cyclic di-GMP detection in extracts of Ruegeria
mobilis F1926. Example chromatograms of F1926 pYhjH
shaken culture spiked with c-di-GMP (top) and F1926 wild
type static culture (bottom). The MRM transition monitored is
m/z 689.1 149.9. The counts on the y-axis are relative to the
highest peak in the respective sample; thus, the bgure does
not allow for quantitative comparison.

Table S1. Guanylate cyclase and phosphodiesterase genes
in TDA-producing and non-TDA-producing Roseobacter
clade species.
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ABSTRACT

Chinese hamster ovary (CHO) cells are the preferred production host for many therapeutic
proteins. The production of heterologous proteins in CHO cells imposes a burden on the host
cell metabolism and impact cellular physiolagy a global scale. In this work, a mudtnics
approach was applied to study the production of erythropoietin (EPO) in a panel eKCHO
cells under growthimited and unlimited conditions in batch and chemostat cultures.
Physiological characterization aghe EPQGproducing cells included global transcriptome
analysis, targeted metabolome analysis, including intracellular pools of glycolytic
intermediates, NAD(P)H/NAD(P) adenine nucleotide phosphates (ANP) and extracellular
concentrations of sugars, orgaacids and amino acids. Potential impact of EPO expression
on the protein secretory pathway was assessed at multiple stages using quantitative PCR
(qPCR), reverse transcription PCR (qRTR), western blots (WB) and global gene
expression analysis to asseEPO gene copy numbers, EPO gene expression, intracellular
EPO retention and differentially expressed genes functionally related to secretory protein
processing, respectively.

We found no evidence supporting the existence of production bottlenecksergyen
metabolism (i.e. glycolytic metabolites, NAD(P)H/NAD{PD Q G $ 1i8 faich cultureor

in the secretory protein production pathway (i.e. gene dosage, transcription and post
translational processing of EPQ@) chemostat culturat specific productivies up to 5
pg/cell/day. We have shown, that the metabolic response to EPO production includes a
redistribution of carbon uptake in batch culture with increased glucose demand, possibly
reflecting increased energy requirements from protein productiothdfomore, timecourse
analysis of highand low producing clones in chemostat culture reveapudl adaptation of

transcription levels of amino acid catabolic gemesavor of EPO production within 9
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generations. Interestingly, the adaptation was foltbvay an increase in specific EPO
productivity.
Keywords: Chinese hamster ovary, erythropoietin, chemostat, metabolomics, transcriptomics,

metabolic adaptation.

Introduction
Most biopharmaceuticgbroducts like monoclonal antibodies, hormones blwbdrelated
proteinsareproduced inChinese hamster ova(ZHO) cells (Walsh 2014) Studies of CHO
cells have yieldeda basic understandingf mammalian cell biology and driven the
development of mammalian cell factories for production of structurally advanced
pharmaceutical glycoproteindayapal & Wlaschin 2007For examplenumerous studies
have focused oresolvingbottlenecks in the protein production and secretory pathiiiway
transcription, translatigrproteintranslocation;folding, -modification andsecretion)which
limit the cell-specific protein productivityKim et al. 2012) Often the production bottleneck
is reported to bendependent of theheterologous darget protein, indicating a general
limitation of the secretory protein processing capagityssé et al. 2012\hile in some cases
the bottleneckis linked to the synthesis of a specific pasinslational protein modification
(Pybus et al. 2013)
In brief, protein productiorbottleneckan CHO cellshave been reported at the level
of transgene expressidiviason et al. 2012; Jiang et al. 2006; C. J. Lee et al. 2809)
stability of mMRNA transcripts(Hung et al. 2010)Numerous studies report a nbmear
correlation between mMRNA copy numbers and specific protaaretion indicating
limitations of either mMRNA translation or petsanslational processg€husainow et al.
OHDG HW DO 29&D O 0ODJKPEtQl. RMWS; D atenmayer BtHaL VL QJH

2007; Lattenmayer & Loeschel 2000ne study suggests that the translocation of mMRNA to
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the endoplasmatic reticulum (ER limiting protein production in CHO cell§Kang et al.
2014) Other studies have reported bottlenecks in protein folding capacity for specific
proteins(Y. Y. Lee et al. 2009; Borth et al. 2005; Hwang et al. 2003; Chural. &004;
Mohan & Lee 201Q)Furthermore, some studies have folbattlenecks within gsicular
transport of proteins from ER the Golgi apparatuandwithin exocytotic transporrom the
transGolgi cisternado the plasmamembrangPeng & Fussenegger 2009; Peng et al. 2011)
Finally, for specific glycoproteingvidencesuggest bottlenecks the processing of Ninked
glycan structure(Bolt et al. 2008)In generalall major stepgi.e. transcriptionfranslation,
protein translocation, protein folding, protein glycosylation and -otganelle protein
transport) have been argued to be a bottleneck. In many cases, it is possible that the
cultivation method is confounding thas one could expect that different cultivation modes
(batch, fedbatch, continuous, various forms of nutrient starvation) will have varying
requirements for native protein production, and thus influence the metabolic load on the cell.

Cultivation of recombinant cells performed in different waysiepending on the
goal of the experimentn batch cultivation, all nutrients are suppliggtially in excess;
allowing growth at maximum specific rate with maximum specific nutrient uptake and
maximum production of native proteinkr an industrial contextthe batch process is of
limited use for protein production, singeowthand productivityrapidly becomesdimited by
nutrient availability and byproduct inhibition As an alternative procesahere growth, by
product accumulation and nutrient consumptoam be controlled, antinuous cultures are
operatedvith a constant iflow of fresh mediumwhile spent medium, biomass and product
is removed at an equal rate. A popular continuous cultivation format for physiological
characterization of cells the chemostaBull 2010), which is operated at a constant dilution
rate (i.e. rate of medium flow per culture volume), thus ensuriognatantphysiochemical

environment in the bioreactor. This feat@mables the study of effects of singlegraeters
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on the cell physiologyMoreover the restricted ifflow of fresh medium allows tight control

of the growth rate of cultivated cells asailability of nutrientsbecomes limiting in the
culture.The operatin at a fixed dilution rate thuemnables the@ormalization of growth rates
between parallel cultureswhich has been shown to be a prerequisite for ajlob
transcriptional profiling as the expression level of many genes is affected by the specific
growth rde (Regenberg et al. 2006Chemostat cultuse havebeen used extensively as a
powerfultool for the study of.g. metabolism, proteiproduction, genetic stability and long

term metabolic adaptatioof microorganismgcomprehensively reviewed bgull, 2010)
However so far onlyafew studies have described the physiological characterization of CHO
cells in chemostat cultur@ee et al. 1998; Nyberg et al. 1999; Hayter et al. 1993; Hayter et

al. 1992)

7KH pRPLFV WHFKQR O Rrhhddriptorhics] prateaghRS? mEtabolomics,
glycomics and fluxomics) provide systeitesel data on the intracellular state of a biological
system crucial to elucidate the moleulbasis of CHO cell physiology (reviewdsd,
Kildegaard et al. 2013)Comparative analysis opnRPLFV GDWD JDWKHUHG
physiological conditions has reveakd differentially regulated molecular mechanisms
responsible fodesirable phenotypes isogenic clone populatierand guide the design of
improved cell factoriegYee et al. 2009; Smales et al. 2004; Chong et al. 2010; Sengupta et

al. 2011)

The metabolic burdemmposed by heerologous protein production imammalian
cells is still not well characterized and thus may offer opportunities for further improvement
of protein productivity. A recent study bMiklas et al. 2013comparing human call
H[ S U H VMhtirypsin found increasednabolicdemand for RNA and lipids in protein

producers and argued that such a phenatgpéd be caused by increased transcriptional load

X Q
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and expande&R associated witlsecretory protein productioBy simulating the theoretical

metabolite demand using a network model, they linked the metabolic changes in protein

producing cells to increased @ihit, nucleotide and lipid metabolism, whitdd to specific

adaptations in the amino acid metabolism amtteasedsecretion ofglycine and glutamate.

The authors concluded that C1 and lipid metabolism seem important targets for improvement

of protein production imammalian cells.

The glycoprotein hormoneghropoietin (EPO)s a commonly used model protein in
development of CH&ased bioprocessé€¥oon et al. 2005; Surabattula dt 2011; Choi et
al. 2007; Sung et al. 2004nd metabolic engineering of CHO cells for improved protein
production(Kim et al. 2011; Kim et al. 2004Y he typical EPO expression levels from clones
with no gene amplification are reported in the range-&0 Jpg/cell/day(Zhou et al. 2010;
Kim & Lee 2009; Yoon et al. 2003)which is substantially lower than e.g. antibody

production processes.

The aim of the current studyas todiscover bottlenecks iBPO production in CHO
cellsand characterize the burden of heterologous prpteiductionunder growth dependent
and independent conditions. For this, a panel of stably EPO expressingKCH®@nes
spanning a 2%old productivity rangewas established andharacterized in batch and
chemostat culturesWe employed a mukbmic physiological characterizatiomcluding
NMR-basedmetabolicfootprinting (exo-metabolome)of sugars, organic acids and amino
acids LC-MS based metabolite fingerprinting (endemetalmlome) of glycolytic
intermediates,NAD(P)H/NAD(P)" DQG $ 1 3¢avititate PCR(qPCR), quantitative
reverse transcription PCR (qRACR), western blotVB) and Affymetrix CHO microarrays

were usedo assess EPO gene copy numbd&®0O gene expressipmtracellular protein



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

levels and genomeide gene expression analysis of differentially expressed genes

functionally related to secretory protein processing, respectively.

Materials and methods

Cell lines and media

The EPQexpressing cell lines were devpé from the ATCC (Manassas, Virginia) CHO

K1 line cat no. CCLE61. Prior to cell line development the parental cell line was adapted for
suspension and serdimee culture ina complex animatomponent freeNovo Nordisk
proprietary mediumsupplemented witlt mM L-glutamine (Thermo Scientific, Waltham,

MA). During development of ER@xpressing cell lines the media wesgplemented with

2.5 mL anti clumping agent (Gibco) pet L medium and PenicilliStreptomycin mix

(Gibco) in concentrations af00 unit/mL of penicillin and 10 J P/ VWUHSWRP\FLQ
pg/mL Geneticin / G418 (Gibco) was applied as selection pressure one day after transfection

and throughout theell line generatioprocess.

Primers

Primers for UracHspecific excision reagent (USER) clonimpgocedure(Table ) were
designed according to the USER cloning design scherflaimd et al., 2014and purchased
from Integrated DNA Technologiet€uven Belgium). Primers for specific amplification of
target sequences INEPO, -actin (Actb) and glyceraldehyd8-phosphate dehydrogenase
(Gapdh (Tablel) were designed using the online quantitative PCR primer desadfirom
Roche, which is based on the Primer3 softwbahetergasser et al. 2013ahd gene sequences

were retrieved fromvww.chogenome.orgHammondet al. 2012)

Chemicals for analysis of intercellular metabolites
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Isotopelabeled standards were purchased from Silantes Gmbh (Munchen, Germany). All
other standards of metabolites were obtained from Silahach (St. Louis, MO) except for

acetyl coenzyme A that was produced by Santa Cruz Biotechndlbgillas, TX). High

purity solvents and reagents were used in order to reduce the background noise from
impurities as much as possible. The solvents acetonitrile and methanol used for extraction
wereHPLC grade from Sigmaldrich while the methanol used for chromatography was LC

MS grade from Fluka. All water was mil) purified. The ion pair reagent tributylamine
(TBA) (HPCL grade) was from Sigmaldrich, while the acetic acid (L®IS grade)was

from Fluka.

Plasmid construction

A vector plasmid pEPIEOR was assembledsing the uracikpecific excision reagent
(USER) based FASMediated vector assembly procedasgpreviouslydescribedLund et

al. 2014. Neomycin resistance was included in the construct as selection marker. The human
erythropoietin (EPO) genéPowell & Berkner 1986)n the plasmid construct was codon
optimized for CHO and synthesizedaiin Geneart (Regensburg, Germanyhe mammalian
expression vector pu0O0OO@ansen et al. 2011)arboring anE. coli origin of replication
element and an ampicillin resistance gene was used as plasmid backbone. The EPO gene was
under control of the human cytomegaloviff@VV) promoter and flanked by the bovine
growth hormone polyadenylation sign@GHpA), while the NEG gene was regulated by
the simian vacuolating virus 40 (SV40) promoter and polyadenylation signal (SV40pA).
USER elements harboring promoter regions, polyadenylation signals, thé ¢&E®, and

the potein backbone were produced exploiting PCR primers and protocolglftord et al.
2014. Analogously, a USER element with EPO was prepared using the-coatiining

primers found in tablel. The NEG gene was assembled with its promoter and
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polyadenylation signal in one USER cloningeat exploiting the USER enzyme mix (New
England Biolabslpswich, MA) and the competefit.coli '+ . VWUDLQ ,QYLWURJHQ
CA) as described in details (bund et al 2014. Subsequently, the formed selection marker
element was amplified by PCR and used in a second USER clomogdure for generation

of the vector plasmid pERQEOR. Plasmid sequence was verified by sequencing (Star SEQ,

Mainz, Germany).

Generation of EPO-expressing cell lines
Transfection of the parental CHL cell line with the plasmid vector pEPREQR was
performed by electroporation in a BioRad GenePulser Xcell set to deliver a single pulse of
900 pF at 300 V and infinity resistance in a 4 mm cuvette. As positive control a subset of
cells were transfected with a mammalian expression vector with the gezrehtorced green
fluorescent protein (eGFP) and neomycin resistance. The control transfection was used to
estimate transfection efficiency, follow cell death, clone expansion, and transgene expression.
Prior to each transfection 40 ug of plasmid DNA waseabdirectly to the cuvette containing
10" cells in growth medium. Twentipur hours after transfection G418 selection pressure
was added and the transfected cells were split intoSimgle clones were isolated from one
half of the transfected cells in lamiting dilution experiment with twenty 9@ell plates
containing either 500 or 1000 transfected cells/well. During two weeks of cultivation ene 96
well plate was exposed to microscope inspection daily to observe initial cell death and stable
clones expating. From the untouched 9@ell plates circular monoclonal cultures were
screened for EPO production using a dot blot procedure follow&tBwand enzymdinked
immunosorbent assay (ELISA) (see below) and expanded further.

The second half of the transted cells were maintained as a polyclonal shake flask

culture for three weeks. For the first two weeks the culture volume was gradually decreased
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in each passage to maintairviable cell density of 0.3LC° cells/ml. Single clones were
isolated from the polyclonal culture by limiting dilution into 3&4ll plates and robet
assisted single clone selection in a Cello system (TAP Biosystems, Royston, UK). The cells
were cultivated and photos were taken for Agsdwith medium change every 6 days. Single
clone cultures were screening for EPO production and scaled up to 30 ml shake flask

cultures.

Screening cell lines for EPO production

Isolated monoclonal cell lines were screened for EPO production using WB and selected
clonal cultures were upcaled and evaluated further using the Quantikine IVD ELISA kit

(R&D systems, MinneapolidN ITROORZLQJ WKH PDQXIDFWXUHUYV SURYV
The Invitragen NUPAGE system was used for WB. Samples of culture supernatant were
drawn and centrifuged at 15000 x g for 1 min and treated following the NuPage guidelines

for preparation of reduced samples and peptidgyosidase treated samples using PNGases

F (New England Biolabs). Samples were run at 12% NuPAGE Novekibisini gels with

MOPS running buffer in an Xcell SureLock mini cell at 200 V (constant) for 45 min with
ODJLFODUNE ;3 :HVWHUQ SURWHLQ WahfeQ&@nbdwGnoleCudl WU R JF
weight marker (GE Healthcare). Gel separated proteins were transferred by an Invitrogen
iBlot device to a nitrocellulose membrane with 0.45 um pore size (Invitrogeén¥% TBST,

was used as blocking buffer and for washing steps 0.5 % TTBf&s employed. The
membrane was incubated with 1 pg/ml polyclonal rabbit-BR®O antibody (AbCam,
Cambridge, United Kingdom) in 10 ml 0.5 % THSat room temperature with gentle

shaking at 45 rpm for 45 min. Following three washing steps with 0.5 % TTE&

membrane wasncubated with 0.2 pg/ml IRDye 680 goat arabbit (Li-Cor Biosciences)

fluorescent labeled secondary antibody in 0.5 % -TB®r 45 min with shaking at 45 rpm.

10
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The membrane was analyzed in ador Odyssey infrared imaging system. Supernatant from

eGFP obnes served as negative control.

Cell culture
Cell culture was performed in ventéalenmeyershake flasks (Corning, NYin a shaking
incubator operated at 36.5°C, 5 % £&nd 140 rpm. Cells were cultured in repeated batch
cultivation during the developemt of EPGexpressing cell lines. The celiverepassaged
twice a week and théable cell density was adjusted@a x 16 cells/mL

Precultures were initiated from frozen cells and cultivated as above, but without
selection pressure. The praltureswere passaged every other dayensure growth at

maximum specific growth rate.

Bioreactor cultivation and analysis

Parental and recombina@HO-K1 cells were cultivatedn 1.5 L bioreactos (Eppendorf
DASGIP multi-fermentor system Julich, Germany)with a working volume of 1 L
Temperature was maintained at 36.%ith an agitation rate of 200 rpm using two threay
segmented impellers. Dissolved oxygen was maintained &b 60 air saturation using air,

O, and CQ operated at a constant flow rate of 0.6 L/h. Culture pH was maintained at 7.15
with a deadband of 0.25 using intermittent C&aldition to the gas mix and 2M sodium
carbonateCulture pH andpO, was measured eline and calibrated to an offline reference
RAPIDpoint 500 blood gas analyzer (Siemens Healthcare Diagnostics, Erlangen, Germany)
subsequent to inoculatioell number viability, cell size and aggregatiowas measured
using a CedeX HiBs (Roche, Basel, Switzerland), extracellular concentrationgluafose,

lactate, glutamine, glutamate and ammonium was measured with a Bioprofit€1@bva

11
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Medical, Waltham, MA. Supernatant samples for extracellular EPO quaittitaterestored
at-80°C untilHPLC analysis

Batch cultures were seeded with 0.3 cells/mL and samples were drawn on a
daily basis and analyzedrf cell density viability, cell size and aggregation raiextracted
culture supernataist wereanalyzed for glucose, lactate, glutamine, glutamate, ammonium,
EPO, pH, pQand pCQ. GenomicDNA was extracted after 48 hours and analyzed for EPO
gene copy numbers by quantitative PCR. The culture was terminated after 160 hours.

Chemostat cultures were seeded with 0.3 % clis/mL and chemostat cultivation
mode was initiated 72 hours subsequéo inoculation with a constant dilution rate of 0.3
volumes per dayThe cultures were sampled daily and analyzed for cell density, viability,
cell size and aggregation rate. The supernatant was analyzed for glucose, lactate, glutamine,
glutamate, ammouam, EPO, pH, p@and pCQ. Samples for metabolic fqmtinting were
analyzed for amino acids, sugars and organic acids by quantitative NMR analysis
(Spinnovation Biologics, Nijmegen, Netherlands). Genomic DNA and RNA was extracted
and analyzed for EP@enecopy number and EP@ene expression level mPCR andjRT-
PCR respectively Selected cultures were subjected to microabbagedgene expression

analysis.

HPLC quantitation of erythropoietin

EPO from thawed supernatant samples waantified by RRHPLC on an Agilent 1200
using an XBridge C8 4.6 x 150 mm (3.5 pum) column (Waters), operated at 42°C and a flow
rate of 1 mL/min. Buffer A was composed of 0.1 % TFA in milliQ water and buffer B was
composed of 0.07 % TFA in acetonitrile. The elutgpadient consisted &0-70 % buffer B

over 16 min Protein detection was performed by UV light absorption at 214 nm and EPO

12
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concentration was determined using human erythropoietin (Cell SignBlamyersMA) as

standard.

Preparation of DNA, RNA and cDNA
Genomic DNA(gDNA) was isolated from pelletsf 3 x 18 CHO cells using a DNAeasy
blood and tissue genomic DNA purification kit (Qiagetilden, Germany following the
manufacturers instructions. DNA concentration and purity was determined uNengodrop
8000 (Thermo Scientific, Wilmington, DE, USApamples with Agprs0 UDWLRYV e ZHUF
consideredo be of sufficient purity

For total RNA isolation3 mL culture sample was eatted and centrifuged at 900 x
g for 5 min. The supernatant wassdaded and the cell pellet was homogenized in 2 mL
Trizol reagent (Invitrogen) and stored-80°C. Total RNA was extracted using an RNA plus
mini kit (Qiagen) according to the manufactu$eiinstructionsincluding columnbased
digestion of DNA. Total RNA quantity was determined spectrophotometrically using a
Nanodrop 8000 (Thermo ScientifiaVilmington, DE and RNA sample integrity was
determined using an Agilent 2100 Bio&mr (Agilent, Santa Clara, QAensuring RIN
values abové.0.

cDNA was generated from total RNA using High Capacity cDNA Reverse
Transcription kit (Applied Biosystemd-oster city, CA according to the manufacturers

instructions.

Determination of relative hEPO gene copy numbers and mRNA levels
Relative EPO transgenecopy numbers and mRNA levels were determined usingtiraal
guantitative PCRn gdONA and mRNA, respectivelyPrimer pairs were tested for specificity

and amplification efficiency. Primer dimerization and specificity was investigated using

13
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melting curveanalysis whichrevealed a singlthermal transition confirming that the primers
were specific for the target genes andicating absenceof primer dimerization Standard
curves were generatdbm serial dilutions of pooled gDNA in triplicates aadplification
efficiencies clos to 100 % were achieved for all primer paiimers targeting the
commonly used reference ger@apdhandActb were screened fomaplification efficiency
andGapdhwas selected as reference gene as the primers produced atgiifeticiencies
closer to 100 % Quantitative PCR was performed using a QuantiFast SYBR Green PCR Kit
(Qiagen) containinghe fluorescent dyeSYBR green land ROX as fluorescent reporter
Quantification of relativeePO gene dosage and expression levat carried out in 384 well
plates in a 7900HT FAST Re@lme PCR SystemApplied Biosystempswith a reaction
volume of 10 pL. All PCR reactions were run in triplicates. The assay was executed with the
following thermal profile: 10 mimeat activation othe polymerase at 95°C followed by 40
amplification cycles consisting of DNA dissociation at 95°C for 5 s and primer annealing at
60°C for 20 s. The dissociation stage consisted of a linear temperature ramp from 60°C to
95°C over the course of 10 mifihe C; values were computed using the Autadlgorithm

found in the software package SDS 2Ap(flied Biosystems For calculation of gene copy

numbers cells werassumed to beiploid.

Transcriptomics sample preparationand data analysis

Chemostatultivationsof three clones (clone 1, clone 4 and cl@)evere carried out in two
parallel cultures (biological replicates) and samples for RNA isolation were taken during the
steady state phase of each culture, as determined by constant concentfatf@ium
components (amino acids and sugaRNA samples were isolated from the culture as
described aboveRNA sample integrity was determined using Agilent 2100 Bioanalyzer and

RNA 6000 Nano LabChip kit (Agilent, Santa Clara, CA), ensuring RIN valuega.0, and

14



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

total RNA quantity was determined with a NanoDrop 3300 Adi¢ spectrophotometer
(Thermo Scientific, Rockford, IL). Using the GeneChip Hybridization, Wash and Stain Kit,
the probe preparation and hybridization to Affymetrix CHO Gene 2.0 STy#émeere
SHUIRUPHG DFFRUGLQJ WR PDQXIDFWXUHUTV LQVWUXFW]
Analysis). Washing and Staining of arrays were performed using the GeneChip Fluidics
Station 450 and scanning with the Affymetrix GeneArray 3000 7G Scanner (Affymetr
Santa Clara, CA). The Affymetrix GeneChip Command Console Software (AGCC) was used
to generate CEL files of the scanned arrays.

Differential gene expression analysis was performed using Titaascriptome
Analysis Console (TAC) 2.0 (Affymetrixyoftwae package usin@neWay ANOVA, p
values were corrected for multiple comparisons by Benjamini & Hochberg False Discovery

Rate (FDR). Transcripts with a FDRvplue <0.05 were considered statistigalignificant.

Western blotanalysis of intracellular EPO retention

Intracellular EPO retention was examined using $IA&E in conjunction withWB
analysis Intracellularproteirs wereextractedrom pellets of5 x 1¢ cellsin mid-exponential
phaseusingl mL Mammalian Protein Extractionegent with complet¥ protease inhibitor
cocktail addedThermo Scientifiy. The mixture was left to react for 10 minutes with gentle
shakingand cell debris were removed by centrifugation at 14000 x g for 15 mirkdes.
electrophoresis28 pL total protein sample wadenaturedwith 4puL NuPage Sample
Reducing Agent (Invitrogen) and 8 uL NuPage LDS Sample Buffeitogen at 80°C for
5 minues and size fractionated on a #42NuPAGE Novex BisTris mini gel withMOPS
running buffer Gel separated proteins were transésfto a0.45 pum pore sizaitrocellulose
membrane usingn iBlot (nvitroger), mouseant-rEPO RnD Systems Minneapolis, MN

was used as primary antibody anflumrescent labeledonkey antmouseantibody (icor)
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was used as secondary antibody. Tlerescence was quantified using @aysseyCLx

(Licor) with human erythropoietinQell Signaling as positive control.

Quenching andextraction of intracellular metabolites

For analysis of intracellular metabolite pools/ &6lls were extracted fromid-exponential
batch cultures anoinmediatelyquenched witifour sample volumes 0°C 0.9 % w/v NaCl on
ice (inspired byDietmair et al. 2010)The cooled cell suspension was immediately spun
down at 1000 x g for 1 min at 0°C and the supernatant discarded. 1niR°6f methanol
was added to the cell pell&llowed by additionof an internal standard mixture containing
10 pg/mL of [U*3C] ATP and [U'*N] AMP andflash freezing in liquid nitrogefinspired

by Sellick et al. 201Q) Samples were stored a&80°C before thawing on ice and two
successive extractions were performed with 1581L% v/v acetonitrile irwater(inspired by
Dietmair et al. 2010) The extraction procedure included addition of solvent solution,
resuspension of cell pellet prtexing, incubation on ice for 10 min angparation of cell
debris and liquid phase by cefugation at 4200 x g for 5 minThe pooled extraction
supernatants were filtered through a 0.45 pm teflon syringe filter @17 mm (National

Scientific Rockwood, TN). 8 mL acetonitrile was added to the filtrate to facilitate water

evaporation before drying under nitrogen atmosphere at room temperature. The extracted

metabolites were dissolved ib@ pL milliQ water containing 10 mM tributylamine and 10
mM acetic am resulting in a final concentration of 1 pg/mL of eaxfithe internalisotope
labeledstandard. Prior to the analysis the samples were filtrated usirtg45 pmteflon

syringe filter @17 mm (National Scientific).

lon-pair liquid chromatography tandem mass spectrometry

All LC-MS/MS experiments were performed on an Agilent 1290 Infinity LC coupled with an
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Agilent 6460 triple quadrupole MS analyser equipped with electrospray ionization source.

The MS was operated in negativelltiple reaction monitoringMRM) mode.

10 J P Eingle standard solutions in 10 mM TBA and 10 mM acetic acid were used
to optimize the compound specific MS and ion source paraméteestwo most intense
MRM transitions for each metabolite were determiimeal direct infusion expeanentusing a
KDS100 infusion SXPS ZLWK D [0ORZ /idi WhHen,Rdr each ¢hosen MRM
transition the collision energy (CE), fragmentor and cell accelerator voltages (CAV) were
optimizHG E\ LQMHFWLQJ singe fdndard dolRtions. Whemvestigatingthe
optimal compound specific parametds the MS/MS analysisthe following range of
voltages were tested: fragmentor voltagel30 V in steps of 10 V, CE-85 V in steps of 5
V and CAV 3 and 4 V.7KH 050V XVHG IRU WKHinDsQdplém&higy DUH Jl
materials.The best compound specific parameters were those giving the most inte® LC
peak. The ion source dependent parameters agefellows: gas temperature 300°C; sheath
gas temperature 400; nebulizer gas flow rate 8 L/min; ndlmer pressure 50 psi; and
FDSLOODU\ YROWDJH 9 1LWURJHQ ZDV XVHG DV FROOL\

and dwell time were ket 500 and 30 ms respectively for all transitions.

The chromatographic sepéican was obtained on a Luna 2.8§18(2)HST (100 x 2.0
mm) HPLC column (Phenomenex, Aschaffenburg, Germany) operated at 40°C. Eluent A was
water containing 10 mM tributylamine and 10mM acetic acid and eluent B was 90% (v/v)
methanol containing 10 mM tributylamine and 10mM acetic adi gradient was stepwise
0-5 min, 0% B; 510 min, 62 % B; 1611 min, 29 % B; 1316 min, 9% B; 184 min 9-
50% B; 2428 min, 50% B; 2828.5 min, 56100% B; 28.530 min, 100% B; 3630.5, 100
0% B; 30.536 min, 0%.The final 5.5 min wereised for equilibratio of the column prior to

the net run. The flow rate was 0.3 rhin and the sample QM HFWLRQ YROXPH ZDV V
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1 mg/mL single standard stock solutions in emtvere used to prepare 10 pg/mL
mixture of the compounds of interest in eluent A. The Hattxture was used to prepare the
calibration solutions with concentrati® ranging from 0.05 to 10 pg/mliStandard curves
used for the quantification were constructed by plotting the peak area of the compounds
against the concentration. For the compoundsvhich internal standards were available the
calibration curves were constructed by plotting the ratio of the peak area of labeled and
unlabeled compounds againstitheoncentratioa A chromatogram of detected compounds

in mammalian cell exts issupplied in supplemem@amaterials.

M etabolic network reconstruction

A draft network reconstruction of the glycolytic and amino acid catabolic pathways in CHO
cells was generated using the mouse metabolic pathways as template. Biochemical pathway
data fom mouse metabolism was retrieved from the Kyoto Encyclopedia of Genes and
Genomes databag&anehisa & Goto 2000; Kanehisa et al. 20440 homologous gene

sequences ithe CHO genomewere identifiedusing the Chinese hamster genome database

www.CHOgenome.or]gHammond etl. 2012) The draft network reconstructiamas further

refined by careful curation of gengroteinreaction relationships usinganual genome
annotation and literature evidenc&he finalized reconstructiorfeatured 319 proteins
catalyzing183 reactionswith 188 metabolitegmetabolic map is supplied in supplementary

materials)

Statistical analysis

The statistical test for determination of physiological differences between clone populations

wasperformed usingé W X G tHedtWith\a significance level of= 0.05.
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Results

Cell line generation and clone selection
Seven single cell clones were selected based on proliferation rate and EPO expoession
establish ganel of stable clones with specific EPO produiii¢s (gepo) ranging from less
than 0.2to 5 pg/cell/day(determined irexponential growh phasg thus covering a 2®ld
range of productivitFigure 3. All EPO producingclones and anontransfectedparental
clonewere adapted to the growth medium-@¥105) to exclude the influence of ongoing
medium adaptation on physiological characterizatioaring the adaptation phase, clones
were monitored for specific growth rate, specgiacose and glutamingptakerates specifc
lactate and ammoniusecretion rates argpecificEPOproductionrate. After 20 days id00
mL repeated batch culture, all measured parambtatstabilized(i.e. remainedwithin 7 %).
Thus, the clones were considered fully adapted to the growth mediidra master cell bank

was established.

EPO production has no effectgrowth, nutrient uptake or by-product secretion

Clones C1-7 and the parental clone were physiologically characterizedluplicate batch
cultivations in bioreactorsunder nutrient excess conditiort®, ensuremaximum specific
growth rate (supplementary materials)To assess the physiological impact of EPO

production the control was compared tthe EPO producing clone§lata displayed in table

I1). No significant difference was found in growth characteristics (i.e. specific growth rate

and biomass vyield), excluding major physiological stress #5® productionAn analysis
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of correlation (supplementary materials) between the cell phenotypic variation displayed in
Table Il and gpowas performed to identify patterns in clone physioltiggt might explain

the difference ingepo The analysis identified no correlations the dataset (Table II),
suggesting that an ddepth physiological analysis was required to discover phenotypic

markers for high g0

Comparison across EPO producing clones reveals no detrimental effect on glucose
metabolism
In order to assess pos®Ebmetabolic impact of differential EPO expression on energy
metabolism we performeda quantitativecharacterization oitracellularmetabolite related
to glucoseenergy and redox metabolis(ne. specific glycolytic intermediatesNAD(P)H-
INAD(P)" DQ G $)1 Bdy his,triplicate batchcultures of all EPO producing clones were
sampled in parallelduring midexponential growth phasand metabolite profiles were
generatedusing an extraction techniquehat does not differentiate between cellular
compartments, thus picturinthe averageconcentrationof intracellular metabolitesThe
differences in concentrationof adenosine phosphatesand nicotinamide adenine
dinucleotidesdid not exhibit a marked crlation to gpo(linear regression analysis? R
0.36) (Figure 2 A+C). The adenylate energy charge (AE@jJio represents the amount of
metabolically available energy storedthe adenine nucleotide po@tkinson 1968) The
catabolic and anabolic reduction chargespresent the redox state of the ¢@lhdersen &
von Meyenburg 1977)The observedlistributions (Figure 2B, D, E) indicate that EPO
production is not limited bynsufficient energy availability fromadenosine phosphates or
nicotinamide adenine nucleotid@mear regression analysis? R 0.36.

Furthermore, intracellular concentrations of several carbon metabolites from

glycolysis and acetyl coenzyme A were determined and compared between(Eigues3).
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As observed for adenosine phosphates and nicotinamide adenine nucléotidéterential
Oepo Was notreflectedin metabolite cocentrations indicating that EPO producti@nnot

limited by glucose metabolisrtiinear regression analysis? R 0.33).

Chemostat cultivation of three EPO producing clones show temporal correlations in
gene expression and EPO titer

To identify the bottleneck inthe proteinproductionpathway three clonegC1, C4 and C7)
were selected for an-depth physiologidacharacterization under growtimited conditions

in duplicate chemostat cultivationshe cultures wereontinued for 31 daysvith a fixed

specific growth rate of 0.3 daycorrespondingto 15 generationsat 30 % of maximum

growth rate The chemostatultivation modewas selected tmormalize for growtkrelated

effects on protein productivity across the three clones, thus unveiling physiological variation

in protein production efficiency regardless of maximum growth capaCiig assumption
here wasthat normalization of thepecific growth ratelead to normalization ofmetabolic
fluxes and therefore picture the intrinsic metabolic efficiency of protein produstitveen
the clonesSamples were takettaily from each chemostat culture and the secretedein
levels, EPO gene copy numbers, mRNA lev@igure 4 and amount of intracellular
accumulatedEPO were determined(supplementary materials)rhe viable cell density
(Figure 4A), stabilizedat approximately 5 million cells per mL after 10 days. lsis of
spent growth medium suggestedat the cultures reaell steadystate at day 12, as
concentrations of medium components (amino acids and sugars) and metalpobdumnts
(lactate and ammoniumyere constantin all culturesfrom this timepoint (syoplementary
materials) The dynamics of EPO titers picturdsee distinct phases (FigureB4. In phase |
(day 110) the EPO titers decrease as the cells adjust to the imposed growth linaitatitie

steady stateDuring phase Il (day 100) the cellsreach steadgtate and protein titers are
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relatively stable in all cultures. In phase Il (day2D the EPO titers increase corresponding

to an increase ofggo by 56 %, 74 % and 8% for clone 1, clone 4 antlone7, respectively

in phase Il relatived phase Il Figure 4, E+F bajs The EPO gene copy numbers were
determined by qPCR using relative quantitation @#pdhas reference gene. The dynamics

of EPO gene copy numbers feature a steady increase over the course of the cultivation
(Figure 4C). Startingwith 1.5relative EPCgene copies, the determined gene copy numbers
slowly increase towards RPOgene copiessuggesting a culturaverage absolute EPO gene
copy number of 3 at the beginning of the cultivation and 4 in theTédre@dynamics oEPO

gene expression pictured a decrease around day 12 consistent in all ¢bigunes4D). The

basis of the sudden decrease is unknown, but the timing correlates with depletion of lactate in
the growth medium From day 20, the EPO gene expression increasedll clones

throughout the cultivation, correlating well with the increased EPO titers in phase IlI.

Posttranscriptional protein processing efficiency of EPO in the protein secretory

pathway correlates withspecific EPO productivity across clones

For determination oflifferences in EPO transcription efficiency across clones, we compared
the ratios of cultur@average EPO gene expression per EPO,gentheratio of EPOMRNA

to EPO gendFigure 4E). It was noticed that theanscriptional efficiency of clone 4 and
clone 7 wasidentical throughout the experiment and that ttaemscriptional efficiency of
clonel was consistentl20 %lower than the other clones. Betermine differences in pest
transcriptional processing &PO across the clones, we comparedctitureaverageratios

of EPO titer and EPO gene expressioa. EPO titer perEPO mRNA thus reflecting the
efficiency of protein translation and secretory protein procegpiogein folding,-maturation

and -secr¢ion) across clones (Figure E). It was noticed that the pestnscriptional
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efficiency was significantly higher in clone 7 relative to clone 4 and clone 1 and
corresponded well to the aaved difference in gpo Therefore, weinvestigated whether
different amounts of EPO were retained intracellular in the clones. For this, total cellular
protein extracts were separated using $SI¥&E and analyzed for EPO contents usivig
(supplemerary materials). The differences in intracgir EPO levels corresponded to the
observed extracellular EPO tit§Fagure 4 B)indicatingthatEPO is not retained intracellular

in any clones.

Global gene expression analysimdicate adaptation of gene expressionevelsof amino

acid catabolic geneso preserve mat abundant amino acids in EPO

To identify differentially expressed genes functionally related to secretory protein processing
across the EPO producense performed a global gene expression analgsimparingthe
highest and lowest EPO producéekbone 7 and clone 1, respectivetigring the steadgtate
phase of chemost culture in phase [triplicate samples wergenerated fronday12, 15 and

18). Thedifferentialgene &pression analysis identified mmichmentin the gene expression
landscape ofjenes related tproteintranslocationproteinfolding, protein glycsylation or
vesicular transporfsupplementy material$, indicating thatneither of these processess
limiting the protein productivity. Next, we investigated whether the protein production
bottleneck waseflectedin differential expressiof metabolic gened~or thisanalysis we
generated a network reconstruction of gigcolytic pathwayand the amino acid catabolic
pathwaysas thesare themost activecatabolic pathways and thus most likely to limit energy
metabolism (the reconstructed metabolic network is displayed in supplementary materials)
The network reconstruction served as a framework for meaningful interpretation of the

differential gene expression daia apathway level.The results indicated a general-up
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regulation of glycojtic genes irclone 7 suggestinga possible increased energy demand in
this clone Interestingly, when inspecting the differential gene expressiogislesf amino
acid catabolic genes, we discovered a tendency towards preservation of the most abundant
amino acids in EPO in the high producer relative to the low producerdeeeased
transcriptionlevel of genesresponsible for degradatiasf the amino acidsmost frequently
foundin EPO)(Figure 5. Specifically, 12 of the 13 most abundant and-seareted amino
acids in EPChad reduced expression of catabolic reactiarthe high producer relative to
the low producer (Figure 5B)hus,the result indtated possibleegulatoryadaptation of
gene expressiotowards decreaseamino acidcatabolism specifidor the most abundant
amino acids in EPO, in the high producer relative to the low prodilaeas noticed that the
observation was followed by an m@ase of goo by 56 % and 83 % in thelone landclone

7, respectively (phase Ill, FigureB).

Discussion

Comparison acrosseEPO producing clones revealed noapparent bottlenecks in the
protein expression and secretory pathway or energy metabolism

The secretory production giroteirs in CHO cellscan be characterized as a cascade of
protein modificatiorand quality control steps catalyzing the pwahslational processing of a
nascent polypeptide into a functionally mature prot¢hussain et al. 2014)The
ovemproduction ofa heterologous proteimcreases the traffickinghrough the secretory
pathwayto the limit of the proteiprocessing capacity leid to productivity bottleneck To
increase the knowledgef the bottleneckassociated with secretory production of EPO in
CHO cells, we established a panel of GO clones spanning a Zbld rarge of specific
EPO productivity ancassessed the phenotypiahfferences at multiple stages within the

protein expression and secretion pathway.
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The comparison of trascriptional efficiency (Figure ,4 E) showed a lower
transcription rate per EPO gene in clone 1 compared to clone 4 and/dlereighout the
experiment indicating that the EPO gene was inserted in a locus with less transcriptional
activity in clone 1 While clone 4 and clone Showedidentical transriptional efficiencies,
thecomparison oposttranscriptional efficiency (Fure 4 F) revealedhat clone 1 and clone
4 were severely limiteth EPO secretion per EPO transcigpimpared to clone 123 % and
50 % of C7 at day 15, respectiveli{)was observed th#e difference in podranscriptional
efficiency corresponded tthe difference in gpo indicating that the expression bottleneck
was enrooted downstream of transcription (i.e. translation, translocation, protein felding,
glycosylation and-transport). The differential EPO expression was not reflected i
intracellular proteirconcentratioras determined by Western blas this correlated well with
the difference in extracellular protein concentratiandicating that postranslational
processing of EPO in the secretory pathway is not a bottlenHuk indication was
underlined by the fact that the global gene expressing analysis of clomkclbaa 7 found
no significant (pvalues > 0.05Qifference in expression level of single genes or expression
enrichment within a group of genes functionally rethto secretory protein producti¢ire.
genes involved itranslocationproteinfolding, -glycosylation andtransport).

The determination of gemeand transcript levels during prolonged chemostat
cultivation led to some noteworthy observatiohke slightly increasingrendof EPO gene
copy numbers was surprising. However, the effeay be explained by presence of a sub
population of cells with different copy numbers bEPO or Gapdh as previously
demonstratedy Beckmann et al. 201Z5imilarly, the sudden decrease of EPO transript
around day 12 (Figure, D) was surprising. The basis of the decrease was unknout the
timing in all 5 cultures correlated well with the depletion of lactate in the growth medium and

may be associated with a metabolic shift.
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It was investigated whether the differential EPO expression across the clones was
caused by a bottleneak carbon and/or energyietabolism. For this, intracellular metabolites
were sampled in migxponential growth phase as this was assumed to picture the maximum
metabolic capability of each clone. Comparison of intracellular concentrations of adenosine
phoghates and nicotinamide adenine dinucleotides across clones showed no correlation to
Jero (Figure 2). This observation indicated that the energy metabolism was keeping up with
the increased energy requirement in the EPO producing clamésh is in agreeent with
similar studies ofother mammalian cell type&Khoo et al. 2007; Nilas et al. 2013)
Furthermore, the lack of correlation between concentrations of glycolytic intermediates and
Oepo (Figure 3) indicated that glucose metabolism was not limiting for EPO productivity in
batch cultureHowever, in the chemostat cultureewbserved a change in the expression
landscape of metabolic genes between the two EPO producing clones. The genes in the
glycolytic pathway were generally upgulated in the high producing clone, possibly
reflecting an increased energy demand correspgntti the increased EPO productivity of
this clone. That is, the normalization of growth rates in chemostat culture normalized the
metabolic energy consumption from growth, thus allowing the quantification of energy
requirement from heterologous proteiroguction. Increased glycolytic flux in response to
protein production during glucodienited growthrestricted culture has been demonstrated in

the eukaryotic production hoBt pastoris(Heyland et al. 2010)

Heterologous protein production causes metabolic changes in favor of the produced
protein

Heterologous protein production imposesnatabolicburden on the hostelt metabolism
which causegedistribution of metabolic precursor fluxes to meet the increased anabolic

demand for e.g. nucleotides for synthesis of RNA and activated sugar precursors associated
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with secretory protein productiofNiklas et al. 2013)The same study demonstrated that
anabolic demand for nucleotide biosynthesis results in extracellular secretion of glycine and
glutamate Interestingly, we found that durirgjeadystate in chemostat culturextracellular
concentrations of glycinand glutamate were 1i8ld and 2fold higher in C7 relative to C1,
respectively. This indicated that the secretionsrafeglycine and glutamate increasetth

Oepo Suggesting that th&ndings of Niklas et al.(2013) in human cells expressing-
antitrypsinare also valid for CHO cellsxpressindg=PO.

The use of a nutrienlimited cultivation format restrictshe possibility to increase
nutrient uptake andhflict regulatory changes on cell metaboljswhich may leado flux-
redistribution in favor of the heterologous protélio. furtherincrease the knowledge on the
adaptability of CHO cell metabolism, we performed a comparative transcriptome analysis of
two clones with 25old differential EPO productivityin glucoselimited chemostat
cultivations at D = 0.3 d&y Interestingly, we oterved a change in the gene expression
landscape of catabolic genes between the clones. The genes in the glycolytic pathway
generallyshowed higher expression leveisthe high producing clone, possibly reflecting an
increased energy demand correspondimghe increased®PO productivity of this clone
Furthermorethe comparison of gene expression levelh@&amino acid catabolism revealed
a regulatory changearound theamino acids, which are most abundant in EPO and not
secreted from the cellhat is,the gene expression levels of enzymes produtiageamino
acids were generally ugegulated and expressidavels of enzymes consuming the same
amino acids were generally dowegulatedn the high producer relative to the low producer
(Figure 5. This observation indicated a comparatively larger degree of metabolic adaptation
to EPO production in the high producerich may explain the larger increase gégin the
high producer in phase lll of chemostat culture (83 % vs. 56 % in highlow produces,

respectively) Based on these data, we speculate that the amino acid metabolism in CHO cells
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may undergo adaptation in favor of the produced heterologous protein duringetong
cultivation. The adaptation of gene expression levels in amino acid otietabin favor of
heterologous protein productiaturing prolonged chemostat cultivatitvas been reported
beforein the eukaryotic proteiproductionhostS. cerevisiagKazemi Seresht et al. 2013)

In conclusion, weprovide evidencehat EPO prductionup to 5 pg/cell/days not
limited by metabolism (i.eglycolysis and associated energy metabdlitesbottlenecks in
gene dosage, transcription and pinahslationdprocessing of EPCGrurthermoreywe showed
that glutamate and glycine secretisnncreased in the high producing EPO clone, relative to
the low producing cloneschoing thdindings of Niklas et al. (2013jhus indicatng possible
anabolic demand for mileotides and lipids, which could be candidate targets for medium
supplementatioto improve protein productivity.

Finally, we demonstratéhat heterologous protein production can inflict metabolic
changes in favor of the produced protein during prolonged chemostat cultivitien
observed adaptations of glycolysis and amino acid metabelisra followed by increased
protein productivity inphase Il (83 % vs. 56 % in higland low producers, respectively)
suggesting that metabolic engineering of amino acid metabolism teereziabolism of
amino acids present in the target protein could improve specific protein productivity in
continuous culturelt was not possible to verify the reduced amino acid catabolism at the
metabolite level using metabolic foptinting, thus fiture work shouldinclude quantification
of intracellular levels of amino acid catabolic proteins or metabolic flux analysis to verify the
suggested link between amino acid catabolism and heterologous protein production in

chemostat culture.
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TABLES

Table I. List of primers and corresponding sequences used for quantitation of gene copy

numbers and gene expression levels.

Primer name Target Purpose BULPHU VHTXHQFH ¢
gene

EPOFwd hEPO Copy number determination AGAGGCCGAGAACATCACCA

EPORev hEPO Copy number determination CCCACTTCCATCCGCTTA

GAPDH-Fwd Gapdh Copy number determination AGCTTGTCATCAACGGGAAG

GAPDH-Rev Gapdh Copy number determination ATCACCCCATTTGATGTT

ActB-Fwd Actb Copy number determination CCAGCACCATGAAGATCAAG

ActB-Rev Actb Copy number determination TGCTTGCTGATCCACATCTC

EPO (CHO hEPO Plasmid construction AGTGCGAUATGGGCGTGCACGAG

optimized}Fwd TGTC

EPO (CHO hEPO Plasmid construction AGACTGTGUTAATCTATCGCCGGT

optimized}Rev CCGGC

Table 1. Raw data obtained in duplicate batch cultivations of EPO producing clon€&jC1
and the parental clone (Control) in bioreactors. Abbreviatipngx = maximum specific
growth rateJ]VCD = Integral of viable cell density (biomass yield. = maximum specific
glucose uptake ratey ,c = maximum specific lactate secretion ratg; n = maximum
specific glutamine uptake ratqg .y = maximum specific glutamate secretion rajgus =
maximumspecific ammonium secretion ra¥,,cic = yield of lactate on glucos,nuacLn

= yield of ammonium on glutaminegepo = specific EPO productivity,GIc/GLN

consumption = uptake ratio of glucose per glutamine.

Clo  Hmax IVCD Jalic OLac Jain Oalu ONHa Yiacicic  YnHaicl  Oepo
ne [day"

[10° [pmol/cel [pmol/cel [pmol/cel [pmol/cel [pmol/cel (mol/mol] n [pg/cellida
cells*h/mL] I/day] I/day] I/day] I/day] I/day]
[mol/mol] y]
C1 0.97/1.00 712/639 5.88/452 7.08/6.91 1.10/1.07 0.20/0.17 0.94/0.73 120/1.53 0.86/0.69 0.18/0.17
C2 091/1.05 627/587 6.73/5.28 7.14/759 0.96/1.05 0.16/0.16 0.80/0.64 1.06/1.44 0.84/061 0.36/0.21
C3 0.70/0.81 446456 5.78/557 7.88/9.20 0.92/0.97 0.21/0.30 1.01/0.90 1.36/1.65 1.09/0.92 0.60/0.36
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C4 0.86/0.97 544/532 458/469 6.88/7.17 1.00/1.06 0.23/0.18 0.88/0.78 1.50/153 0.88/0.73 0.76/0.54

C5 0.80/0.81 308/254 6.56/7.30 10.7/109 1.63/150 0.33/0.28 150/1.16 1.63/150 0.92/0.77 2.64/1.06
c6 0.89/1.00 585/579 5.86/5.18 596/7.42 1.05/1.00 0.20/0.21 0.87/0.72 1.02/1.43 0.82/0.71 3.05/3.39
C7 0.89/0.97 584 /500 462/6.07 7.74/8.80 1.17/1.22 0.29/0.24 0.87/0.88 1.68/1.45 0.83/0.72 4.66/5.42
Co 0.92/0.98 528/557 467/494 7.01/7.72 1.18/1.15 0.26/0.17 0.92/0.75 1.50/1.56 0.78/0.65

ntr

ol

Clone Glc/GIn Consumption Cell size Aggregation rate

[mol/mol] (Hm] (%]
C1 5.36/ 4.26 13.41/13.30 29.52/15.85
C2 7.05/5.03 1338/ 1341 18.83/12.12
C3 6271573 13.05/12.90 25.85/11.97
ca 4581440 13.40/13.06 23.70/13.38
c5 4021487 16.25/16.0L 35.04/32.18
c6 556/513 135171337 19.27/12.86
Cc7 3.95/4.96 13.94/13.60 20.03/8.61
Control 3957430 13.92/13.37 22.64/11.81

LIST OF FIGURES + LEGENDS

Figure 1. Specific EPO productivity. The error bars indicate standard deviation of two

biological replicates

Figure 2. Overview of intracellular energy and redox -related metabolites in EPO

clones. A. Intracellular concentration of adenosine phosphatesB. Adenylate energy
charge. C. Intracellular concentration of phosphorylated and nonrphosphorylated
nicotinamide adenine dinucleotides. D. Catabolic reduction charge. E. Anabolic

reduction charge. Error bars indicate standard deviation of three biological replicates.

Figure 3. Schematic representation of glycolysis and associated levels of
intracellular metabolites. Quantified metabolites are indicated with black font on the

pathway map (left). The concentrations of 3phosphoglycerate and 2phosphoglycerate

36
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were pooled, as they could not be separated in the method. Error bars indicate standard

deviation of three biological replicates.

Figure 4. Culture dynamics of clone 1, clone 4 and clone 7 during 31 days of
continuous culture in chemostat. A Viable cell densities.B Extracellular EPO titres.C
Determined EPO gene copy number® Determined EPO gene expressiorE Ratio of
determined EPO mRNA transcript per EPO gene (curves) and averaged specific EPO
productivity for phase I, phase Il and phase Il (bars) Ratio of secreted EPO per mRNA
transcript (curves) and averaged specific EPO productivity for phase I, phasedhd

phase Il (bars). Error bars indicate standard deviation of two biological replicates.

Figure 5. Differential gene expression analysis of amino acid catabolic genes i n
the high and low producer. A. Gene expression landscape of genes catalyzing the
degradation or synthesis of amino acids. Circles indicate genes next to the reaction the
encoded enzyme catalyzes. Gene expression values are shown as log-dbkhge
indicating up- or down regulated genes in clone 7 relative to clone 1. Amino acids are
colored blue, redox active metabolites are colored red and metabolites from the central
metabolism are colored yellow. Reactions that do not produce or consume amino acids
have been left out for simplicity. Dashed lines indicate multiple catalytic reactions.
B. Frequency distribution of amino acids in human EPO without signal peptide. Black
bars correspond to amino acids, which are preserved in clone 7 relative to clone 1. Grey
bars indicate amino acids, which are not preserved. Red bairsdicate amino acids that

are secreted from the cells and therefore not considered in the analysis.
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Abstract

The yeasBaccharomyces cerevisigeawidely usedeukaryoticmodel organisnmanda key cell
factory for production of biofuels and wide range of chemidaiem the broad palette of available
yeast strains, the most popular atleosederived from laboratory strain S288c and the industrially
relevant CEN.PK strain serigapbrtantly, n recent years thesevo strains have been subjected
comparative *omics_analyses pointing out significagenotypic and phenotypic differencdsis
therefore possible that the two strains differ significnivith respect to their potential as cell
factories for production of specific compounds. To examine this possihiity\ave reconstructed
de novovanillin- t-glucosidepathwayin an identical mannein S288c and CEN.PK strains.
Characterization of thewo resultingstrainsin two standard conditiongevealed that the S288c
background strain produceap to 10-fold higher amount®f vanillin- t-glucosidecompared to
CEN.PK. This study demonstrates that yeast strain background may play a major rotacdhee

of newly developed cell factories for production of a given product.

Keywords Yeast; Cell factory; Strain chai¢¢eterologous production; Vanilliglucoside; Shikimate
pathway.
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1 Introduction

The recent achievements ihe field ofsystems biologand metabolic engineeringombined with a
wide array ofmolecular biologyools has establishethe yeastSaccharomyces cerevisiasa key

cell factory for heterologous production of scientifically and industrially relegesducts Thelatter
comprise a large variety of produatsngingfrom low-value bulk chemicals and biofuetsd.,

ethanol) tofood additives €.g.,flavorsand colorant} andhigh value pharmaceuticals.g.,
recombinant proteins)1], [2]. Today a range of differen. cerevisiastrainbackgroundsre
available forthe yeast communityf whichBY(S288c), W303 and CEN.Rike the most fequently
used[3]. Thevariety of straindhasbeen developed by differediboratories tosuita range of
diverseresearch goalwithin different disciplinesuch as genetics, physiolpognd biochenstry. For
example,CEN.PK strajd], isa popular platform for physiological as well as metabolic engineering
studies whereasS288c¢the first eukaryoteto be sequenced5], wasmainly usedor genetic studies
but has in recent years been increasingly used as an alternative platform for metabolic engineering
experimentd1], [2]. Specificdl, recent surveys show that over the past ten yearstihe strains
were used in more than 50% of the analyses V@fN.PK seriéging the most populafapprox.

37%- CEN.PKs.24%- S288c and its derivativel)], [2]. The importance of the two strainas cell
factories is furthessubstantiatedby anextensivemulti-laboratory effortswhichwere made for
systematic comparis@of S288c and CEN.FX[8]. Geneticdifferencesof thesestrains were
revealed first by microarray studi¢d] andmore recently genotyp to phenotyperelation was
investigated aftemwhole-genomesequencingf the CEN.PKL3-7Dstrain[10], [11] For example, the
sequencingomparisorstudies revealed that 83 genes were absent in CEN.PK relative to B288C
andthat more than 22,000 single nucleo@golymorphisms (SNPs)istbetweenthe two strains
13,0000f the SNPs ardistributed in 1,843 open reading frames (OR¥fg)the activity of a large
number of proteingnaytherefore differ in the two strains; especially since 35 % of these SNPs result
in amincacid residue substitutionghe remaining 9,000 SNRshichare mainlydistributed in the
intergenicregions may potentiallyimpactgene expression arthereby protean levelsin the two
strains.The fact that the highest enrichment of SNPs was detected in genes involved in carboxylic
acid, organic acidgnd carbohydrate metabolism, as well as, in nitrogen, amino acid, lipid and
aromatic compound metabolism suggestatlthe basic metabolism in the two strain background
may be quite differen{10]. Importantly, basedon thecombined “omics_analyses, sveral
phenotypic differencebetween the two strainsvere assigned to these mutations, e.g., differences

in galactose uptake angkgosterol biosynthesj®tc. in two straingd10].

The fact that the two maiis. cerevisiabackgrounds for construction of cell factories are

geneticallyphenotypically quk different raises the possibiltthat heterologousproductionof a
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given compoundn CEN.PK and in S288ay result in significantly different yieldso examine this
possibility we therefore constructed comparable cell factoriésr vanillin- t-glucoside YG

production inS288c and CEN.BEckgroundslmportantly, all five relevangenesfor VG production

in S. cerevisiagseg¢FigurellandHansen et aJ12]) were integrated aphenotypically neutral and

well defined locationsn the yeastchromosomeusinga recently publisied ntegration platform[13].
Moreover, n orderfor the engineered strain® be directly comparable, axotrophieswere

eliminated bya sexualbaclcrossto the corresponding wildype strains Remarkablythe

physiological characterizatisiof both VG cell factories two different cultivation modesevealed

major differences irthe VGproduction Next, we examined the}u % E Z w4 «» § « 3« (}E
S288c and CEN.PK strdifito look forplausible reasons fahe different VG production profilem

the two genetic background3.ogether our analyses serve as a step towards a scenario where the
optimal genetic background for d¢déactory construction can be successfully selected based on a

systems biology model for yeast cell factories.

2 Materials and Methods
2.1 DNA cloning procedures

The DNAragmentsused for vector construction wer@mplified by PCR withfuX7 polymerase

developed byNgrholmet al.[14] using the primers listed ithe| Table2| Molecular coning was done

byuracite% ]. A& ]J*]}v E PasygrevituslyZdescribad [15], [16]Final constructs were
validated by sequencingtarSEQ® Gmb8ermany). The genesriituting thede novovG
pathway (:3DSD2- ACAR3-EntD 4HsOMT and 5UGT) and a set of bidirectional promoter
(pPPGK1/pTEF1) were amplified by PCR from the appropriate vector templat@r. The

pathway genes and promotergere assemblednto vectors designed to integrate on chromosome
X11[13]. A total ofthree plasmidswvere producedpXIl-23 (pPGK1::ACARTEF1::EntD), pXi52
(PPGK1UGT pTEF1::HsOMT) and pX05 (pTEF1::3BD) se¢Figure 3 For a full list of plasmids

used or constructedh this workseg Tablel

2.2 Strain construction

The genotype and source of the strains used in this study is giveg Table3| Two different

background strains CEN.PKA1C and X2180A (isogenic to S288f17]) were used as hosts for

reconstruction of the de noveanillin t-glucosidgVG) pathwayAll yeast constructs were generated
by high efficiency transformation method (lithium acetate/polyethylene glycol/single carrier DNA)

previously described by Gietz et @I8].

To construct two yeast strains containing the VG pathway, vectors-pX|iXxI1254 and pXII®1
harboring thefollowing genesACARandEntD, UGTandHsOMY) and BDSD, respectively, were

4
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digested withNotl restriction enzyme (Fermentashermo Fisher Scientific) and gplrified using
illustraGFX PCR DNA and Gel Band Purificatig®Kit.ifesciences). The widual gene targeting
substrates were transformed iteratively into both yeast strain backgrounds in three consecutive
transformations. To prevent undesired production of toxic intermediates especially protocatechuic
aldehyde (PAL), theDSDgene was clonedt the latest step. After each round of transformation the
URA3 marker was eliminated by direct repeat recombination and cotsstieiction on SFOA[19]

allowing the URA3 marker to be recycled.

Completegene deletions oBGLIand ADH6were achieved using method described by Gildener et
al[20]. PCR fragment carryitgxPKanMXloxPflanked by 40nt long segment homologous to
sequence®f Up- and Downstreamof the appropriate open reading frame (OR&)e deletedwere
amplifiedform plasmid pUG6. The KanMX marker was excised by expressing Cre recombinase from

the vector pSH4720]. All gene targeting events were validated by diagnostic PCR using specially

designed primepairs (sefTable2).

To elimirate any auxotrophies, two engineered strain¥Gaux and 6&/Gaux were sexually crossed
to S288c and CEN.PK11BD, respectivelyT hisresulted in two finaprototrophic vanillin- t-
glucosideproducing yeast strains\8G &88c based) and-¢G (CEN.PK baheGenetic cross and

selection procedures were performed dsscribed iff21]. Sclematic flowchart representing the

strain construction is depicted|Rigure 8

2.3 Media
For cloning purposdgsogeny broth (LB22] supplemented with 100ng/L ofampicillin(Sigma

Aldrich was used for growing dEscherichia colDH5r.

All media used for genetic manipulations of yeast were prepared as previously dedoyibe

Sherman et al[23], with mina modifications of synthetic medium where leucine concentration was
doubled to 60mg/L. All yeast transformants with gene integrations were selected on synthetic
complete media missing ura¢®Cura). For subsequent round of transformations URA3 marker was
recycled through direct repeat recombination and selected on synthetic complete media containing

30 mg/L uracil and 740mg/L-fuoroorotic acid (BFOA)SigmaAldrich).

Yeast transformants with nessary gene deletions were selected on Yeast Extract Peptone Dextrose
(YPD) plates supplemented with 200 mg/L of G&igniaAldrich) [20]. The medium composition is
as follows: 10 g/L of yeast extract, 20 g/L of peptone and 20 g/L of glucose and 20 g/L of agar.

A defined minimal medium previously described by Verd@#iwith glucose as a carbon saer

was used fofS. cerevisiaeultivations in batch and chemostat culturér batch cultivationthe
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medium was supplemented witBO g/L of glucosf], whereas for feed media for continuous

cultivations contained 7.5 g/L of glucoSéhe mediunwascomposed of7.5g/L (NH),SQ, 3 g/L

KHPQ, 0.75g/L MgSQ, 1.5 mL/L trace metal sdion, 1.5 mL/L vitamins solution, 0.05 mL/L

antifoam 204 (Sigmaldrich). Trace metal solution contains 3 g/L FgB®0, 4.5 g/L ZnSPH0,

4.5 g/L CagpH0, 0.84 g/L MngpRH20, 0.3 g/L CodiH,0, 0.3 g/L CuSGH,0, 0.4 g/L

NaMoQ RHO, 1 g/L KBG;, 0.1 g/L Kl and 15 g/L Na d | 1;0. Vitamins solution includes 50 mg/L

d-biotin, 200 mg/L paramino benzoic acid, 1.0 g/L nicotinic acid, 1.0 gAp&dothenate, 1.0 g/L

pyridoxine HCL, 1.0 g/L thiamine HCI and 25 mg/L minositol. Glucose was autselpardely and

Al8 u]ve *}opusJlve A E 3 EJo (]os E -Plis,)SErtosjs AGXGermanyp Jv]es E S

and added after autoclavation.

2.4 Batch and chemostat cultivations

For each biological replica separate colonies of engineered yeastssiaim YPD platevere
inoculated to the 0.5 L shake flasks with 50 mL of the previously described minimal me#i@rg(
Precultures were incubated in an orbital shaker set to 150 rpm at 30°C untiérgidnential phase
ODwC A v ]& $o Coquiatiorf.}iEhisvexperiment, batch cultivations were performed in

duplicates and continuous culturetsn triplicates.

Batch cultivations were performed under aerobic conditions in 1L fermenters equipped with
continuous data acquisitiofBartorius, B. Biun Biotech International, GmbH, Melsungen, Germany)
with a working volume of 1L. Fermenters were inoculated wvittial O.Dgy=0.05.T0 ensure

aeration astirrer speed was set to 600mpand airflow rate to 1.0 v.v.m. (60 L/Mhe temperature

was mairtained at 30°C during the cultivation and pH=5.0 level was controlled by automatic addition
of 2M NaOH or 2M }$Q. The batch cultures were sampled in regular intervals through both
glucose and ethanol growth phasé&ducosedimited chemostat cultures wergrown in the same
conditions as previously described for batch cultivations. Chemostats were initiated as batch
cultivations with starting gluca@sconcentration of 15 g/L andigy,=0.05 and switched to

continuous mode in early exponential phase. Minimg&dium was fed at a constant dilution rate of

0.1 h' [7].Theworkingvolumeof 1 Lwas kept constant by a level based outfmples were taken

after at least five residence times (50 hours) of constant biomass and carbon dioxide concentration

readings.

In both cultivationexperiments exhaust gas composition was constantly monitoreoffoyas
analyzer (1311 Fast response triple gas, Innova) combinedMeitisSectrometer (Prima Pro
Process MS, Thermo Fisher Scientific, WinsfordNiKglevated ethanol concentratian the

exhaust (less than 1.5% of Ethanol evaporatiwa$ detected.
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The biomass concentration was monitored by measuring both optical density at 608uaiength

(ODyo) and cell dry weight (DW) in the cultivation broth. gyWwas estimated using a UV mini 1240
spectrophotometer $himadzu, Kyoto, Japan), biomass samples wiutedwith distilled waterto

achieveODyo readingwithin 0.1to 0.4range DW measurements were performed using

%}0C 3Z Eepo(}v ~W e (JoS Ee A]JSZ %}E ]I }( iXdfA ..u D}vs u]o
filters were predried in a microwa® oven at 150 W and weighed. A known volume of cultivation

broth (5mL) was filtered and then washed witpprox. 15 mL ddistilled water. Finally, the filter

with biomass wredried in the microwave oven at 150 W acell DW was determine{R5].

2.5 Extracellular metabolite measurements
Extracellulametabolites were determined by high performance liquid chromatography (HPLC)
analysis Two distincHPLGnethods were applied for analysis of different groups of extracellular

metabolites

Thesubmerged cultivatiosamples for yeast primary metabolites keeentrifuged at 12000xg for 2
min, supernatant was transferred to a new tube and storeeR@t°C until further analysis. Glucose,
ethanol, glycerol, pyruvate, succinate and acetate were determined by high performance liquid
chromatography (HPLC) anatyasing an Aminex HRBYH ionexclusion column (BiRad
Laboratories, Hercules, CA). The column temperature was kept°at &0d the elution was
performedusing 5mM HSQ with constant flow rate of 0.6 minin™. Metabolite detection was
performed by a RL01differential refractometer detector (Shodex) and an UVD340U absorbance

detector (Dionex) set at 210 nm.

Samples for quantification of vanillitglucosideand its pathwaymetaboliteswere prepared as
follows: 1mL otultivationbroth and 1mL of 96% @&H was carefully mixed by vortex and
centrifuged at 12000xg for 2 misupernatant was transferred to a new tube and stored2fC

until further analysisExtracellulavanillin- t-glucosidg(VG) vanillin (VAN)protocatechuic acid

(PAC), protocatechualdehyde (PAL) and vanillic acid (VAC) were quantified using Agilent 1100
series equipment with a Synergi PeRIP 150*2 mm 4u column (Phenomenex). A gradient of
acetonitrile (ACN) with 1% tetfduoroacetic acid (TFA) and water with 1% TFA at a condtamt f
rate of 0.5 mL/min was used as mobile phase. The elution profile was as follows: 5% @M,

5% ACN to 30% ACNS8 min, 30% ACN to 100% AGN. min, 100% ACN 1 minute, 100% ACN to
5% ACNv 3 min. The column was kept at 40and metabolite detection was performed using a UV

diode-arraydetector set to 230 and 280 nm.
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2.6 Intracellular metabolite measurements

Samples for intracellularo-factor metabolitesvere takenduring steady state conditioret the end

of continuouscultivation. The samples were quenched and extracted as previously described by
VillasBoas et al[26]; 5 mL ofculture broth was sprayed into preooled ¢40°C) falcon tube
containing 20 mL of 60% methanol, spun downZ min at 5000xg in precooled centrifugéd°C)

and extracted using boiling ethanol meth{izb] followed by evaporation under nitrogeiithe
samples were raissolved in 30QIL eluent A (10nM tributylamine am 10 mM acetic acid)The
analysis was carried out on an Agilent 1290 binary UHPLC system coupled with an Agilent 6460 triple
guadrupole mass spectrometer (Torrance, CA, USA). The MS was operated in negative ion and
multiple reactions monitoring mode. Seaion of 0.5 UL samples was performed by-jmair
chromatography, as described in detaildMagdenoska et al[27] using 10 mM tributylamine as ion
pair reagent. The gradient used was12 min 650% B, 122.5 min 56100% B, 1284 min 100% B,
14-14.5 min 1060% B, 14.89.5 min 0% Bexternal standard calibration method was used for
guantification.Thecalibration curves were constructed by preparinglwalion solutions ranging
from 1 to 100 pg/mL for ATP and 0.3 to 25 pg/mL for NADPH anejlubése. Both theuenched
extracts and the calibration solutions were spiked with 6@nixture containing 150 ug/mL [JC]
ATP Thequantification was carried dwsing Mass HunteQuantitative analysis softwar@ersion
B.06.00).

3 Results

3.1 De novopathway reconstruction in CEN.PK and S288c backgrounds
Tocompare CEN.PK and S28&&ctheir ability to produce VG in a fair mannémwas necessary to
insertall geneddenticaly in both strainbackground. In the originalVGproducing strainthe
individual genesf the pathway werenserted byrepeated integrations intehe TPI1lpromoter
region in an S288c based strlr2]. Consequentlythe gene order is iflefined and not easy to
reconstruct in CEN.PK. We therefore introdutieel VG pathwayn the twostrain backgrounds
S288ciéogenicisolate X21801A[17]) and CEN.PK1413C[4] in a definedmanner.Specifically, the

five genes used by Hansen efH?] for VG production were integrated into three sites located on

chromosomeXli(segFigure2), which are part oh defined gene expression platfonve have

previously stablished13]. Importantly, prior to integration, weompared the upand downstream
sequences at these integration sites in CEN.PK and S288c and found that they differ by only a single
SNP, a @ CEN.Plind Gin S288¢which is presenin the upstream targeting sequence thie XI5

site. The five genes@ therefore inserted into a genetic context, which is essentially identical.
Additionally, two genes\DH6and EXGvere deleted in both strains tminimizeunwanted side

reactions with VG pathway metabolitdsinally, for both genetic backgrounds, auxginic markers

8
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were eliminatedby sexual back crossing to wilgpe variantsof the two strain background®s
producetwo prototrophic VG producing strain€;VG (CEN.PK based) ard® §88c based)which

we used for further analysis.

3.2 Physiological characterization of vanillin - -glucoside producing strains

during batch and continuous fermentation s
Before evaluating the VG production ability of the two strain backgrounds, we first asselsstuer
VGproductionaffectedthe overallphysiologyof the GVG and &/Gstrains Hence theywere grown
in batch andascontinuous cultures in wetiontrolled bioreactorsinder standardaboratory
cultivation conditiong7]. Like for wildtype strainsthe overallgrowth profilesexhibitedby the SVG
and GVGstrainsin batchreactorswere composedby two growth phasesOne initial growth phase

whereall glucose was fermente(GF t phasé; followed, after thediauxic shift by a second growth

phasewhereall acaumulated ethanol wasespirofermented(ERt phasg, se¢Figure3| We note

that the specifidbiomass yield on glucog&able4) appearedhigher (14%)in GVG as compared to- S

V@G butin our experimenthis difference was not significafp > 0.33. A similar difference has
previouslybeen observed fothe parental S28c and CEN.PK stragr®wnat the same conditions
[3], [7]. It has previously been shown that CEN.PK grows faster than S288c at these condlitio@s,
0.4 K'vs. .mex C 1 X% r@spectivelyf7], [10]. In contrast,GVG and &/Ggrew slower than the

corresponding wildype strains andoth strainsdisplayeddentical P E}ASZ & § * }v,FOOH }°

0.2 hY). Further analysis of theultivation broth obtained atdifferent time pdnts during growth,
showed thatthe productionprofiles of five primary metabolite@thanol, pyruvate succinate

glycero] andacetate in the central carbon metabolism of\85 and &/Gwere similar to what has

previously been observed with the correspondimidg-type strains{Figure S). Among the remaining

parametersvrgp r'em, and gy, only the latter varied between the two strains as it viagsprox. three
fold higher in the &/G (p €0.002). Finally we alsonote that SVG displayed a growth deficiency
during theERphas which was nearlywice as long with- &G (23 h) than witk-VG (12 h) partly due
to a much longer delay from the diauxic shifteponentialgrowth is resumedThis deficiency has

also beerpreviouslyreported for wildtype S288¢10].

In chemostas, steadystate conditionswvith constantproduction of biomass as well as stable
readings of carbonidxide and oxygeby the off-gas analyzewhere obtainedor both strain
backgrounds. & the GVGstrain this was achieveth less than 5 residence times (50 howafter

feeding was initiated, whereas ftie SVGstrain it tookmore than 8 residence times (80 hours)

segFigure 8| Importantly,at a dilution rate of 0.1 i, both strains propagated>elusivelyby

glucoserespiratory metabolisnf28] as no productiorof ethanol, glyceroand organic acids was

observed(se¢Tabled). The CVG strain produced significantly mggeven percentp<0.01)

9
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biomass as compared te\&5 onthe contrary, thespecific glucose uptake rate wapprox. sevebo
higher (p < 0.01) in-8G strain

3.3 High VG yields with S288c are generated during its prolonged ethanol
respiratory growth phase

VG productiorin the SVG and &/Gstrainswas initially corpared at 45 hafter both cultureshave

reachedstationary phase. In the original VG producing staainstructed by Hansen et |2],

various levels ohtermediateswere observe due to an unbalanced heterologous VG path\ykgj,

[29]. In agreement with thisanalyses of thextracellulammetabolitelevels in thecultivationbroth

showedthat PACPAL, VAC, and VAN accumulbiteboth SVG and &/Gin batch cultivation The

yields of each of the intermediategere similarin thetwo strains{Figure4) with PAC beingy far

the most prominent metabolite. In fact, PAC accounted<6@- and 75%o0f the carbon ending up as
intermediatesin GVG and $/Gstrains, respectivehHowever, when the two strains were analyzed
for VG productionwe surprisingly observethat twice as mah VG was produakwith the SVG
strain than with theG-VGstrain (p < 005). This findingorompted us to determine and compatie

production ofVGand itsintermediatesof the two strainsduringthe different growth phases

throughoutthe entire batchcultivation (Figure5A-B). The VG yields were almost identical with the

two strains during the GF pha#ieigure5(). Thetotal carbon ending up ivG pathway metabolites

(TCYis 14%ower in GVG as compared to\&G.This effect is mainlywe to less accumulated PAC
GVG(37%less in &/G,p < 0.®). In contrast, with S/G, awo-fold higher(p < 0.(5) VG yield was

generated duringhe ER phaséhan with GVG despite that the amounts of intermediates

accumulating at the end of the phase were similar in both straingKgpee50). As a resuliTCV

was 45%higher with SVGascompared to &/G Yieldsand productivities on glucose during

exponential growth and during steady state cdi@h are represented in thH@able ).

To further understand why VG yields were higher wittiGthan with 6/G we determined whether
production of \G andvVGintermediateswas proportional to biomass during all tinp@ints. Based
on this analysisive observed for both strains that the efficiencies of TCV, VAC and VG production

were higher in the ER phase as compared to the GF phase. In contrasthfestriams PAC was

produced with equal efficiency in the two phalegure6| After the diauxic shift,-&G quickly

entered a new state where these metabolites were produced in amounts proportional to biomass.
With SVG such states are also achievedT@V PAC and AC although, fofCVand VAC, more time
was required for these states to be reached in this strain as compared/t6.@ contrast, with-S

VG a state where VG was produced proportionally to biomass was never achieved as the VG

production efficiency incresed during the entire phase, §&égure6p.

10


































































































































































































































































	Dispersive solid phase extraction combined with ion-pair ultra  high-performance liquid chromatography tandem mass spectrometry for quantification of nucleotides in Lactococcus lactis

