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ABSTRACT

ABSTRACT

Qualitative and quantitative analysis of intracellular metabolites is a valuable approach for
characterizing and understanding the biochemical processes in cellular systems. Their
composition and level represent the molecular phenotype of an organism in response to
genetic or environmental conditions. However, analysis and quantification of intracellular
metabolites is a challenging task due to their high turnover rates and chemical diversity. Thus,
absolute quantification of intracellular metabolite levels requires well-validated sampling
techniques that instantaneously stop the metabolic activity of the cell to avoid change in
concentration of those metabolites. Furthermore, the analytical tools applied should be
capable to cope with the large number of metabolites to be analyzed and the complex matrix

in the samples.

The general aim of this thesis was to perform detailed physiological and omics-level
characterization of Pseudomonas taiwanensis VLB120 and mutant strains constructed for
biofuel production. In order to achieve the goal of the study, the first step was the
development of a metabolomics work flow which was mainly focused on sample preparation
as it is one of the fundamental and important steps in such studies. The developed technique
was then applied to quantify the key intracellular metabolites of P. taiwanensis VLB120 in
order to understand how genetic manipulations and environmental changes,influence the

level of intracellular metabolites in Pseudomonas.

In Paper I, new quenching/extraction techniques (cold ethanol, boiling ethanol, cold
methanol: acetonitrile: water mix and hot water) were introduced that combines both
quenching and extraction procedures in one single step. Their efficiency was evaluated based
on energy charge (EC) ratio, recovery of the metabolites and experimental reproducibility.
Based on those evaluation criteria, a fast filtration system followed by boiling ethanol
quenching/extraction proved to work well for P. taiwanensis VLB120 metabolome analysis.
Applying this technique, more than 100 intracellular metabolites were quantified for P.
taiwanensis VLB120. These metabolites are not representative of the entire metabolome of

P. taiwanensis VLB120, however, they have an essential role in central metabolism. The
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ABSTRACT

main chemical classification of these metabolites includes sugars phosphates, amino acids,

organic acids, redox cofactors, nucleosides/bases and nucleotides.

In Paper I, the developed metabolomics tools were applied to evaluate the metabolic
response of P. taiwanensis VLB120 towards biomass hydrolysate derived inhibitors. P.
taiwanensis responded to these inhibitors in various ways including detoxification, efflux,
repair and tolerance to protect themselves against harsh environmental conditions. These lead
the strain to go through metabolic rearrangement to generate more cellular energetics (e.g.
adenosine triphosphate, ATP) and redox carrier (e.g. nicotinamide adenine dinucleotide

phosphate-oxidase, NADPH) in an effort to mitigate the stress imposed by inhibitors.

The data presented in this thesis show that the method developed during this PhD study was
successfully applied for multi-targeted analysis of different classes of intracellular
metabolites. The best-suited method was further applied to understand and confer tolerance
to stress through genetic engineering. The work presented in this PhD thesis has shown to be
a valuable addition to the “omics” tools used to reveal key information regarding metabolism

and regulation in biological systems.
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Kvalitativ og kvantitativ analyse af intracelluleere metabolitter er en verdifuld tilgang til
karakterisering og forstaelse af biokemiske processer i cellen. Deres sammensatning og
koncentration repraesenterer den molekylaere fenotype af en organisme som reaktion pa
genetiske eller miljgmassige forhold. Analyse og kvantificering af intracellulaere
metabolitter er imidlertid en udfordrende opgave pa grund af deres hurtige omsatning og
kemiske forskellighed. Saledes kraever absolut kvantificering af intracelluleere
metabolitniveauer velvaliderede prgveudtagningsteknikker, der gjeblikkeligt stopper cellens
metabolismeaktivitet for herved at undga fortsat &ndring i metaboliske produkter. Desuden
skal de anvendte analytiske veerktgjer veere i stand til at analysere det store antal metabolitter

og kunne handtere prgvernes komplekse matrix.

Det generelle formal med denne afhandling har vaeret at udfere en detaljeret fysiologisk og
omics-niveau karakterisering af Pseudomonas taiwanensis VLB120 og mutantstammer
konstrueret til produktion af biobreendstoffer. For at nd malet med undersggelsen var det
forste skridt udvikling af metabolomics veerktgj, der primert fokuserede pa
praveforberedelse, da det er et af de grundleeggende og vigtige trin i metabolomics studier.
Den udviklede prgveforberedelsesteknik blev senere anvendt til at kvantificere de vigtigste
intracelluleere metabolitter af P. taiwanensis VLB120 og til at forstd, hvordan genetiske og

miljemassige @ndringer pavirker niveauet af intracelluleere metabolitter i Pseudomonas.

| Paper I blev der introduceret en ny quenching/ekstraktionsteknik (kold ethanol, kogende
ethanol, kold methanol:acetonitril:vand blanding og varmt vand), der kombinerer bade
quencing og ekstraktionsprocedurer i et enkelt trin. Effektivitet af de forskellige teknikker
blev vurderet baseret pa energi-ladnings ratio, genfinding af metabolitterne og eksperimentel
reproducerbarhed. Baseret pa evalueringskriterierne viste det hurtige filtreringssystem
efterfulgt af den kogende ethanol quenching/ekstraktionsteknik at fungere bedst til metabolit
analyse af P. taiwanensis VLB120. Ved anvendelse af denne teknik blev mere end 100
intracelluleere metabolitter kvantificeret fra P. taiwanensis VLB120. Disse metabolitter er

ikke repraesentative for hele metabolomet af P. taiwanensis VLB120, men de har en
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afgarende rolle i den central metabolisme. Den vigtigste kemiske Kklassificering af disse
metabolitter omfatter sukkerfosfater, aminosyrer, organiske syrer, redox co-faktorer,
nukleosider/baser og nukleotider.

| Paper 11 blev de udviklede metabolomics veerktgjer anvendt til at evaluere det metaboliske
respons af P. taiwanensis VLB120 imod inhibitorer udskilt ved nedbrydning af biomasse
hydrolysat. P. taiwanensis reagerede pa disse inhibitorer pa forskellige mader, f.eks. ved at
gge afgiftning, udpumpning, reparation og tolerance for at beskytte sig mod de harde
miljgforhold. Disse beskyttelsesmekanismer medfarer at stammen producere mere cellulaert
energi (f.eks. adenosintrifosfat, ATP) og redoxbarer (f.eks. nikotinamid-adenin-dinukleotid-

fosfat, NADPH) i et forsgg pa at afhjaelpe stressresponset der udlgses af inhibitorerne.

Dataene der fremlaegges i denne afhandling viser at metoden, der blev udviklet under dette
PhD studie, kunne anvendes til succesfuld og malrettet analyse af forskellige klasser af
intracellulaere metabolitter. Den bedst egnede metode blev yderligere anvendt til at forsta og
bekreefte en gget stress tolerance ved anvendelse af genteknologi. Arbejdet i denne PhD
afhandling har vist at veere en veerdifuld tilfgjelse til de nuveerende "omics" -verktajer, der

bruges til at afklare vigtig information om metabolisme og regulering i biologiske systemer.
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INTRODUCTION AND THESIS OUTLINE

Concentration of intracellular metabolites play a key role in driving and maintaining the
cellular metabolism of living systems. The ability to quantify these intracellular metabolites
can help to understand various biological and biochemical processes in the living organisms.
The main aim of this thesis was to perform detailed physiological and omics-level
characterization of Pseudomonas taiwanensis VLB120 and mutant strains constructed for
biofuel production. This includes the development of metabolomics tool and the

characterization of the metabolic response to genetic and environmental change.

The metabolomics tool development mainly focused on sample preparation as one of the
fundamental and most important steps in such studies (Paper ). The metabolite profile of P.
taiwanensis VLB120 was also investigated with the objective of providing a useful reference
dataset of absolute intracellular metabolite concentrations. The absolute quantification of
metabolites was mainly focused on primary metabolites that occur inside the cell. The main
chemical classification of these metabolites include amino acids, sugar phosphates, organic

acids, nucleotides and redox cofactors.

The developed technique was subsequently utilized in targeted approaches to quantify the
changes in intracellular metabolite concentrations as a response to stress conditions (Paper
I1). The technique was further used to investigate alternative carbon uptake pathways in
Pseudomonas putida by applying *3C tracer experiments (Paper 111). Similar, the technique
was applied (with minor modification) to determine the redox state of P. taiwanensis
VLB120 mutant strains constructed for biofuel production (Paper 1V, not included in this
thesis).

The thesis is mainly divided into two sections: i) introduction and ii) results and discussion.
The introduction section describes the importance and the relevant terms in the field of
metabolomics with a focus on the sample preparation challenges. Recent developments in
mass spectrometry and separation techniques used in metabolomics studies are also covered.

Furthermore, the general characteristics of Pseudomonas with emphasis on P. putida KT2440
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INTRODUCTION AND THESIS OUTLINE

and P. taiwanensis VLB120 strains were discussed. Similarly, the composition and
utilization of biomass hydrolysate as a fermentation media was summarized and discussed.
The results and discussion section covers the results from method development and the
findings from application of the methods for quantification of intracellular metabolites in P.

taiwanensis VLB120 and P. putida KT2440.
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. METABOLOMICS

All living cells undergo characteristic combination of enzymatic reactions to derive energy
and building blocks required for growth and maintenance. All these chemical reactions taking
place within a cell are known as metabolism, and the chemicals involved in metabolism are
considered metabolites. Metabolites provide a direct information of cellular activity and
physiological status of the cell at a given condition [1]. As shown in Figure 1,
transcriptomics, proteomics and genomics can provide relevant information regarding the
genotype but deliver limited information about phenotype. Metabolites are the closest link to
phenotype and their concentration levels reflect a snapshot of the physiological status of the
cells, which shows how the metabolic profile of a complex biological system is changed in

response to stress like adverse factors and environmental alterations [2-8].

What can happen | Genome ]&[ Genomics ]

!

| Transcriptome ]&[ Transcriptomics |

!

What make it happen | Proteome ]PIL[eins Proteomics |

!

What has happened and Metabolites -
is happening | Metabolome J————— Metabolomics |

What appears to be
happening

Phenotype
Figure 1. The ‘-omics’ cascade. Modified from Dettmer et al. [9].

Metabolites are often classified as either primary or secondary metabolites. Unlike secondary
metabolites, primary metabolites are directly involved in survival and existence of the
organism as it provides precursors, cofactors and energy for growth [10]. The relevant
primary metabolites that are involved in the central carbon metabolism include organic acids,
sugar phosphates, nucleotides and redox cofactors (Figure 2) [11]. Thus, understanding how

these metabolites interact will be very valuable for the microbial cell factory design process
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[12]. The work in this thesis was mainly focused on intracellular metabolites that are involved
in different metabolic pathways including the Embden-Meyerhof-Parnas (EMP) pathway of
glycolysis, the pentose phosphate pathway (PPP), and the tricarboxylic acid cycle (TCA)
(Figure 2).

Analysis and quantification of the metabolome is one of the most exciting and challenging
investigations compared to other omics techniques such as genome, proteomics and
transcriptome analysis. Each metabolite even from the same pathway is unique and
characterized by its individual chemical structure that determines the physical and chemical
properties of the metabolite [13]. These chemical and physical diversities of metabolites and
the differences in abundance make it difficult to analyze the entire metabolome [14].
Therefore, a number of different approaches need to be established in order to quantify and

identify as many metabolites as possible.

Metabolomics is an omics science that characterizes endogenous and exogenous metabolites
produced by active and living cells. These analysis provide useful information to speed up
the understanding of metabolic behaviors, characteristics of metabolic mechanisms and

identification of metabolic biomarkers at a given biological conditions [8].
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Figure 2. Key metabolites involved in central carbon metabolism. Modified from Magdenoska [10].
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1.1  Application of metabolomics

Like other omics technologies such as genomics, transcriptomics and proteomics,
metabolomics has been extensively used in in various fields, including microbiology, plant,
animal, medical and food sciences [15-17]. In microbiology, metabolomics has been used to
characterize the interactions of organisms with their environment at the molecular level and
[18]. It can also provide a useful information how cells function and changes in specific
metabolites [18-20].

1.2 Metabolomics approach

Several approaches exist for the analysis and quantification of metabolites from different
samples depending on the aim of the study. These include targeted, semi-targeted and
untargeted approaches. These approaches differ in terms of sample preparation, experimental
precision, number of metabolites detected, and quantification level [21] as shown in Figure
3.

Features Targeted Semi-targeted Untargeted
Approach Approach Approach

Effort of method

development M Low
Metabolite coverage  Low T >
Quanitaive accuacy g Lo
and reproducibility

Complesity of a1 gy T
processing

Figure 3. The properties of metabolomics approaches used in metabolite quantification illustrated by
four features. Modified from Zhou and Yin [22].

The untargeted metabolomics approach is a non-hypothesis driven technique and widely
applied to analyze a large number of metabolites simultaneously and to investigate unknown
compounds found in a biological sample [23, 24]. Since there is no single analytical

technique to detect all of the metabolites in a biological system, it is necessary to combine
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multiple analytical techniques to maximize the number of metabolites detected and increase
coverage of the metabolome [25, 26]. Other limitations in untargeted approaches are the
identification of metabolites and the necessity for complex bioinformatics tools to interpret
the results [27, 28].

The targeted approach is widely used to analyze and quantify relatively small and specific
number of known metabolites. The identities of these metabolites are initially established
based on the available databases and confirmed by analyzing the pure compounds [29].
Quantification of the metabolites can be done through the use of internal or external standards
[28]. Since the targeted approach has a greater selectivity and sensitivity than untargeted
methods, it eases successful method development [30]. Furthermore, sample preparation
techniques in the targeted approach can be optimized depending on metabolites of interest
and downstream analysis [24]. This simplifies the analysis of the data and interpretation of
the biological significance. This approach was used in the studies conducted during this PhD

thesis.

The semi-targeted approach, also known as “metabolomic profiling”, falls in the middle
between the untargeted and the targeted approaches. It focuses on quantifying a set of
metabolites whose identity is pre-defined prior to data acquisition. This approach uses a
single calibration curve for all metabolites that have similar chemical structure, rather than

applying a single calibration curve for each metabolite [21, 26].
1.3  Metabolomics workflow

The metabolomics workflow can vary widely depending on the question that needs to be

answered. The common procedures used in a metabolomics study are outlined in Figure 4.
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Figure 4. Commonly used metabolomics workflow. Adopted from Daniel et al. [31].
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1.3.1 Experimental design

Experimental design is the first step in the development, validation and standardization of
metabolomics studies [32]. It is one of the important steps to make sure that the samples
collected reflect and represent the biology in question. Factors like sample size, quenching
and extraction techniques, number of replicates, storage and randomization must be taken
into account to minimize erroneous variability based on the selected model organism, types

of metabolites and metabolomics approaches [33].
1.3.2 Sample preparation

Sample preparation is one of the most important steps in metabolomics studies as it
influences the final composition of the analyzed extract, which can consequently influence
the obtained metabolome [31, 34]. This step is generally considered as the limiting step in
metabolomics studies since it is an important source of error which affect the quality of the
study [13]. Sample preparation is quite different comparing different cellular systems such
as e.g. eukaryotic and prokaryotic cells, and even within the eukaryotic kingdom due to the
differences in cell structures. Thus, sample preparation techniques in metabolomics studies
are organism-dependent or cell-structure-dependent [13] and it is not possible to establish a

general method for sample preparation in metabolome analysis.

Prior to performing experiments, there are certain factors that need to be considered when
selecting sample preparation techniques for metabolomics studies. These should be: non-
selective, simple and rapid with a minimum number of steps, highly reproducible, incorporate
metabolism quenching and metabolite extraction steps [35, 36]. The most common steps
involved in sample preparation for microbial metabolome analysis include biomass
cultivation, sampling, quenching of metabolic activity, metabolite extraction and sample
processing [31, 37-39].
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1.3.2.1 Biomass cultivation

In microbial metabolomics studies, the common methods for culturing microbial cells
include batch liquid culture, continuous culture in a chemostat, and batch culture on a filter
support (filter culture). Batch liquid culture is commonly used because of its simplicity and
ease, whereas chemostats offer great advantage for controlling culture conditions and
reproducibility. Some of the main advantages of filter culture are; the easy sampling

possibility and the possibility to manipulate the cellular nutrient environment [40].
1.3.2.2 Sampling techniques

Sampling can be performed using direct quenching, centrifugation or fast filtration [41-47].
Direct quenching is usually is achieved by an immediate decrease or increase in temperature
or pH by subjecting the sample broth to hot, cold, acidic or alkaline solutions [13, 31].
Initially, this technique was designed to quench the cellular metabolism of eukaryotic cells
using organic solvents such as methanol and ethanol at low temperature [48]. Later, the
method was used to quench the metabolism of different bacteria including Escherichia coli
[49], Lactococcus lactis [50] and Lactobacillus bulgaricus [51] as well as filamentous fungi
such as Penicillium chrysogenum [52] and Aspergillus niger [53]. However, the major
drawback of this technique is leakage of intracellular metabolites due to cell lysis or
permeabilization of the cellular membrane during the quenching process, thus making an
accurate assessment of their intracellular concentrations challenging [50, 54-58]. Direct
guenching might be effective if it is used for combined intracellular and extracellular

metabolite analysis; however, salts in the media might affect the subsequent analysis.

Centrifugation is another widely used harvesting technique for metabolomics studies. This
technique has been used for separate quantification of intracellular and extracellular
metabolites. If absolute quantification is needed, it is important that cells retain their integrity
during the centrifugation process [31, 59]. Due to the uncontrolled reaction of metabolism
and physiological stress during centrifugation, this technique is not that much considered for
harvesting cells for absolute intracellular metabolite quantification [31, 60]. As an alternative
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sampling technique, fast filtration followed by organic solvent based quenching and
extraction techniques were developed [61, 62].

Fast filtration is performed either manually (using syringe) or on a vacuum filtration device
to separate the cells from the medium before quenching and thus avoid the leakage of
metabolites into the medium [31, 41, 46, 47, 60, 63, 64]. It can be done close to the respective
experimental conditions to minimize the disturbing influences of the sampling process [31].
Fast filtration techniques were successfully employed to harvest various organisms including
E.coli [47], Pseudomonas taiwanensis [46] and Bacillus subtilis [41] for leakage free
intracellular metabolite analysis. The main drawbacks of this method are its limited
suitability for high cell densities which affect the filtration speed and sometimes requires

additional washing steps to remove residual medium from retained cells [65].
1.3.2.3 Quenching of metabolic activity

Following fast filtration and centrifugation, it is essential to quench cellular metabolism
rapidly to minimize the reduction of unwanted variance caused by ongoing metabolic activity
during sample preparation [66]. This is usually achieved by a rapid change of sample
temperature to either low or high temperatures, or by applying extreme sample pH to either
high (alkali, KOH or NaOH) or low (acid, perchloric acid, HCI or trichloroacetic acid) [13,
46]. Due to the high turnover rate of some of the metabolites (mainly primarily metabolites),
quenching of metabolism is an extremely important step for metabolome analysis, and it
should be seriously considered during establishment/development of the sample preparation
method [54, 61, 67-70].

The effectiveness of the applied quenching technique is typically evaluated based on the
adenylate energy charge (EC) which describes the relationship between ATP, ADP and AMP
[71]. A physiological meaningful range of EC for growing cells is 0.80-0.95 depending on

nutritional and environmental conditions has been described [59, 71-74].

EC = ([ATP] + 0.5[ADP])/([ATP] + [ADP] + [AMP])
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Table 1. Summary of commonly used quenching and extraction protocols for intracellular metabolites
analyses of different microorganisms

Quenching/Extraction  Temp.  Microorganism References
techniques °C

Quenching techniques

60% (v/v) -40 L. lactis, S. cerevisiae, [50, 63, 75-77]
Methanol/water M. ruber

60% (Vv/v) 3 : .

Methanol/water —40/-50  E. coli, C. glutamicum [49, 56, 78, 79]
60% (v/v) .

Methanol/water -5 A. niger [53]

Liquid nitrogen -150 E. coli, M. ruber [77, 80, 81]

Extraction techniques

75% Ethanol > 80 S. cerevisiae, E. coli, M. [77, 82, 83]
ruber, P. chrysogenum

Perchloric acid —-25,-80 S. cerevisiae, M. ruber, [77,78, 81, 84,
E. coli 85]

Tris-H2SO4/EDTA 90 E. coli [80, 81]

Water 100 E. coli [86]

Potassium hydroxide Ambient  S. cerevisiae, M. ruber, [53, 77, 81, 84,
E. coli, A. niger 85]

Chloroform - M. ruber, L. lactis [50, 77]

1.3.2.4 Extraction of metabolites

Following quenching, the intracellular metabolites need to be extracted applying an
appropriate extraction technique that lyses the cells [59]. This can achieved by high
temperature, extreme pH, organic solvents, mechanical stress, or combinations of thereof
[87]. The extraction technique should not only extract metabolites, but also be able to stop
all chemical and enzymatic conversions [59, 87]. As summarized in Table 1, different

extraction procedures have been developed including cold and hot methanol [52, 88], boiling
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ethanol [82], methanol/chloroform mix [48], hot water [86], perchloric acid and potassium
hydroxide [80, 85]. However, most of these techniques were designed for specific classes of
metabolites and microorganisms. This indicates that there is no universal extraction protocol
available for global metabolomics studies. Thus, a proper extraction procedure will need to

be developed and tested based on the goals of the experiment.
1.3.3 Analytical tools

Metabolomics studies depend on the latest advances in the field of separation sciences
including high-performance liquid chromatography (HPLC) with UV detection [89], Fourier
transformed infrared (FT-IR) spectroscopy [90, 91], mass spectrometry (MS) [92, 93] and
nuclear magnetic resonance (NMR) (Figure 5) [94-96]. MS and NMR are the techniques
utilized most commonly since both are able to detect a wide range of metabolites with

relatively high specificity and reproducibility [97-101].

The development of MS techniques has provided a multitude of different platforms for the
analysis of metabolites in biological samples. It provides a blend of sensitive, rapid, and
selective qualitative and potentially quantitative analyses with the ability to identify
metabolites [102]. Mass spectrometry can be used alone or coupled to a chromatographic
technique including liquid chromatography (LC), gas chromatography (GC), or capillary
electrophoresis (CE). W.ithout chromatographic separation, direct injection mass
spectrometry (DIMS) comprises the injection or continuous infusion of sample directly into
the mass spectrometer with no prior separation. In this case, the MS serves as a separator and
detector of the metabolites. The composition of the sample can be classified by the mass

spectrum or mass list (m/z vs. detector response) [76, 103].

PhD thesis by Gossa G. Wordofa
13



METABOLOMICS

METABOLITE PROFILING & METABOLITE TARGET ANALYSIS (& METABOLOMICS)

Automated, sensitive detection, chromatographic separation, quantification and metabolite identification. Analysis times of 5-140 minutes

Sample dried and chemical derivatisation Sample dilution or further metabolite isolation
(SPE, liquid-liquid extraction)
= 14 1 ! GC-MS , || LC-MsS
e l [ | | f |
‘ | ‘ 1\ “ l J 4 ’l"h‘ I\I
| | | ( ¥ WA
="t J".,Jur \_,LJ'J‘_‘_U,\_,u'\,m?,n,u,‘. MU 1 ““ A ,J";:‘..,,,A, . s, b 8 _
Biofluids T Intra-cellular metabolites
METABOLOME
Metabolic footprint l Tissues

METABOLIC FINGERPRINTING & METABONOMICS

Automated, rapid, high throughput global analyses with minimal sample preparation, used for sample classification.
Limited ability for metabolite identification and quantification except for NMR

FTIR . bms NMR

A
Sera ™~

Urine /\\"\

.. \\\\ ——
_../ .

4000 3500 3000 2500 2000 1500 1000 500 1 {
Wavenumber (cm ') [ i

Absorbance (arbitrary)

Figure 5. Summary of the analytical platform used in metabolomics studies. Adopted from Warwick
et al. [102].

GC-MS, LC-MS and CE-MS have become a sensitive and robust analytical method in
metabolomics, with specific software packages available for metabolite identification. GC-
MS offers very high chromatographic resolution, but sample preparation requires significant
effort, as many metabolites require derivatization prior to analysis except volatile compounds
[104].

CE is another useful analytical technique that has higher separation efficiency. It is suitable
to detect different classes of metabolites (mainly charged metabolites) from complex samples
[105]. The major limitations associated with this technique are its relatively poor
concentration sensitivity due to low volume of sample injection. The concentration detection
limit of CE-MS is relatively too high for metabolomics application. Other drawbacks
associated with CE-MS include the interface to combine CE with MS and limitations in
electrolyte selections [106]. The use of LC-MS might overcome these drawbacks with

extremely high efficiency and peak capacities [107, 108].
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Although LC-MS has lower chromatographic resolution compared to GC-MS, this separation
technique can be used for large-scale targeted metabolomics analysis [22, 109]. In the studies
conducted during this PhD thesis, quantification of intracellular metabolites was performed
using ion-pairing LC-MS operating in multiple reaction monitoring (MRM) mode. MRM
allows a better identification and quantification of metabolites in a very complex matrces as
it provides one or several unique fragment ion that can be easily be monitored [110]. This
characteristic makes the MRM sensitive and capable of separating isomeric compounds (e.g.
glucose 6-phosphate and fructose 6-phosphate) that are normally difficult to separate.
However, utilization of this technique in metabolomics studies has been limited as the
specific MRM transitions allow to discriminate some of the metabolites [22].

Currently, there is no single chromatographic technique suitable for all classes of metabolites,
which differ in physical and chemical properties [111]. In this PhD study, ion-pairing
separation technique was applied, as this technique improves the chromatographic resolution
of many polar compounds (e.g. nucleotides, redox cofactors and sugar phosphates) that are
generally poorly retained and exhibit poor peak shape by conventional reverse phase

chromatographic techniques [112].

NMR is also one of the most commonly applied analytical tools in metabolomics studies. It
can identify and quantify almost all kinds of metabolites with the same efficiency, and in this
sense, NMR can be considered as a universal detector [113]. NMR is the only detection
technique which does not depend on separation of the analytes, and the sample can be
recovered for further analysis using GC-MS or LC-MS [114, 115]. In general the NMR
technique can provide the most reliable structural and quantitative information of metabolites
with simple sample preparation, but the sensitivity is lower compared to MS based assay [37,
116, 117].

1.3.4 Data analysis

Like other "omics" technologies, metabolomics studies produce large and complex datasets.
This data may contain various experimental artifacts, which may require complex data

processing workflows to remove systematic bias and explore biologically significant
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findings. Based on the goals and designs of studies, it may be necessary to use a variety of
data analysis techniques or a combination of them in order to obtain an accurate and

comprehensive result [118].

Metabolomics data analysis usually consists of feature extraction, compound identification,
quantification and statistical analysis [118, 119]. Feature extraction is the process of finding
and extracting all relevant spectral and chromatographic information. In order to give
biological or scientific meaning to these extracted spectral peaks, compound identification
need to be performed using reference database (e.g. METLIN and mzCloud) for searching or
spectral library matching [118]. Statistical metabolomics data analysis are most often
performed using chemometrics approaches including principal components analysis (PCA)
and partial least squares (PLS) regression [120, 121].

PCA is a statistical modeling technique to visualize the variance in a data set and explore the
relationship between variables by reducing high dimensional dataset to lower dimensional
set of variables while retaining most of the information [122, 123]. This can be done by
converting a number of possibly correlated variables into a smaller number of linearly
uncorrelated variables, which are known as principal component [124]. The number of
principal components equals to the number of variables; however, only a limited number of
principal components are interpreted [119]. In most of the cases, the first principal
components explain a large proportion of the variation in the data. The data is visualized
using scores or loadings plots [122]. The scores plot is mainly used to discover groupings in
the data while the loadings plot is mainly used to find variables that are responsible for
separating the groups [119]. This technique was applied in Paper Il as an initial explorative
method to investigate the effect of different inhibitors on P. taiwanensis VLB120 metabolite

levels.

Partial least squares (PLS) regression is another commonly used chemometric technique that
can also be considered as a dimension reduction method. It reduces the dimension of the
predictors to a smaller set of uncorrelated components by constructing a sequence of linear

combinations of the original predictor variables. This technique combines features from
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principal component analysis (PCA) and multiple linear regression. Its main goal is to predict
a set of dependent variables from a set of independent variables (or predictors) [125, 126].
However, it is not usually appropriate to use this technique for screening out factors that have

a negligible effect on the response [125].
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Il. THE GENUS PSEUDOMONAS

Pseudomonas is one of the most thoroughly studied and ecologically important groups of
bacteria, containing many validly described species [127-129]. These species isolated from
different sources ranging from plants to contaminated soils and water to human clinical
samples [128]. Its genus represents a group of Gram-negative bacteria that are non-spore-
forming, motile and rod-shaped. The taxonomy of the genus Pseudomonas has been revised
extensively on the basis of phenotypic features,[130] 16S rRNA gene sequence
similarity,[131] gyrB and rpoD gene sequences [132] and chemotaxonomic data [127, 133—
135].

Species form the genus Pseudomonas can live under a wide range of environmental
conditions due to their metabolic diversity that allow them to resist to adverse conditions
caused by abiotic and biotic factors [129, 136]. Furthermore, it utilizes a wide range of
compounds as sole carbon and energy source, and are even able to survive in nutrients limited

environment [127].
2.1  Pseudomonas putida

One of a commonly investigated Pseudomonas strain is P. putida KT2440, which isa TOL
plasmid cured derivative of P. putida mt-2 [137, 138]. The sequencing of the P. putida
KT2440 genome has revealed the genomic repertoire of the organism, provided novel
insights into its inherent capabilities and facilitated genetic engineering of the organism
[139]. The use of P. putida KT2440 is interesting in an industrial setting as the strain has
been approved as safe biological strain [136]. The strain is well known for its versatile
metabolism, grows fast with simple nutrient requirement and robustness against harsh
environmental conditions such as high temperature, extreme pH or the presence of inhibitory
compounds [127, 140]. P. putida KT2440 is able to grow using a number of other substrates
including fatty acids, polyols such as glycerol, amino acids, and aromatic compounds [141].

Although the physiological behavior and biochemical capabilities of P. putida KT2440 are

well known, there are still unanswered questions regarding glucose uptake/metabolism. It
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has been reported that besides the direct import of glucose into the cytoplasm and subsequent
phosphorylation to glucose-6-phosphate via glucokinase (glk), an oxidative pathway exists,
in which glucose is oxidized in the periplasmic space to gluconate and 2-ketogluconate via
glucose dehydrogenase and gluconate 2-dehydrogenase. Both gluconate and 2-ketogluconate
can be transported into the cell and catabolized to 6-phosphogluconate, the initial metabolite
of the Entner-Doudoroff pathway [142-144]. Even though these growth phases can be
observed, the uptake fluxes of glucose, gluconate and 2-ketogluconate cannot be determined
directly from their extracellular concentrations profiles. Thus, an alternative carbon uptake

pathways by P. putida requires further investigation.
2.2  Pseudomonas taiwanensis

P. taiwanensis is another species of the genus Pseudomonas species that has been isolated
from soil at the Institute of Microbiology, University of Stuttgart, Germany [145-148]. It can
thrive in diverse habitats and is known for its ability to colonize soil and participate in soil
biochemical processes [149, 150]. The potential of P. taiwanensis for the degradation and
bioremediation of a wide variety of chemicals, including natural and synthetic compounds
such as caprolactam [151], naphthalene [152] and toluene [152] has attracted a great research
interest [148]. Furthermore, the strain can utilize a wide range of organic molecules as carbon
sources including pentose/hexose sugars and aromatic hydrocarbons.[146] Thus, it has a

great potential for applications in industrial biotransformation processes [146, 154-157].

In contrast to other Pseudomonas putida strains with an industrial potential, like P. putida
KT2440, P. putida DOT-T1E and P. putida S12, Pseudomonas taiwanensis VLB120 is able
to utilize xylose naturally without any genetic modifications [146]. This is the only known
Pseudomonas strain with the ability to grow on xylose as the sole carbon and energy source
[146]. Thus, the physiology of P. taiwanensis VLB120 matches the basic requirements for
growth on biomass hydrolysate, which is the most abundant renewal resource on earth [146,
158-160]. However, the exposure of this strain to biomass hydrolysate-derived inhibitors has

not yet been characterized.
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I11. LIGNOCELLULOSIC BIOMASS

Lignocellulosic biomass such as agricultural waste and forestry residues is considered to be
the most abundant and renewable feedstock available on earth. It consists of cellulose,
hemicellulose, lignin and other extractable components that are strongly bonded by non-
covalent forces as well as by covalent cross-links [161-163]. Cellulose is the major structural
component of lignocellulosic biomass, which is responsible for mechanical strength while,
hemicellulose is a macromolecules with repeated polymers of pentoses and hexoses. Lignin
mainly contains aromatic alcohols such as coniferyl alcohol, sinapyl alcohol and p-coumaryl
alcohol [164, 165].

3.1 Production of biomass hydrolysate

The biological conversion of lignocellulosic biomass to value-added chemicals and polymers
requires pretreatment and hydrolysis steps in order to break down the biomass structure to
form fermentable liquid, known as biomass hydrolysate [166, 167]. These steps alter the
structure of lignocellulosic biomass to release free simple sugars and make them more
accessible for microorganisms [168, 169]. Several pretreatment techniques including
acid/alkali treatment, hydrothermal processing, oxidative methods, ammonia explosion have
been successfully employed for generating cost-effective fermentable biomass hydrolysates
[170].

3.2  Composition of biomass hydrolysate

The composition of biomass hydrolysate is determined by the biomass type and pretreatment
technique used [171]. Most of the biomass hydrolysates consist of simple sugars including
hexoses (glucose, mannose, galactose and rhamnose) and pentoses (xylose and arabinose)
and other compounds including weak acids, furan and phenolic compounds [172-174].
Pentose sugars result from hydrolysis of cellulose and hemicellulose, while hexoses can
be generated from cellulose. Weak acids and phenolic compounds are released from
cellulose and hemicellulose during hydrolysis while furans arise from further dehydration of
pentose and hexose monomers (Figure 6) [175-179].
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Figure 6. Degradation products from lignocellulosic biomass as a result of pretreatment. Adopted
from Leif et al. [170].

3.3  Biomass hydrolysate as fermentation substrate

Very few microorganisms can use biomass hydrolysate directly for growth and production
due to the presence of other compounds including weak acids, furan and phenolic compounds
[172-174, 180]. These compounds influence the growth of microorganisms in various ways,
including DNA mutation, membrane disruption, intracellular pH drop, and other cellular
targets (Table 2) [170, 179]. To overcome this, various physical and chemical detoxification
methods including dilution, adsorption, and precipitation have been developed. However,
these techniques have substantial drawbacks in terms of cost, waste generation and loss of
fermentable sugars [159]. In order to achieve high fermentation efficiency with no or
minimum detoxification steps, one potential solution is the use of microbes that are highly
resistant to the effects of those inhibitors in processes where biomass hydrolysates are

applied [170, 172, 179]. In Paper 11, the effects of some of these inhibitors including weak
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acids (e.g. acetic acid, formic acid and levulinic acid), furans (e.g. furfural and 5-HMF) and

phenolic aldehyde (e.g vanillin) on the physiology of P. taiwanensis VLB120 were evaluated.

Table 2. Lignocellulose derived inhibitors and their toxicity effect [176]

Inhibitors Mode of action
e Decrease cellular pH
Weak acids e Decreases cellular ATP

Acetic acid, formic acid, levulinic acid

Inhibit macromolecule
biosynthesis

Inhibits DNA synthesis/repair
Inhibits glycolytic enzymes

Furans

Furfural, 5-hydroxymethylfurfural (5-HMF)

Damages membranes
Oxidative damage

Damages nucleic acids
Damages proteins

Limits sulfur assimilation
Reduces NADH/NADPH pools

Inhibit enzymes

Phenolics

Vanillin, ferulic acid, coumaric acid

Damages membranes
Decrease cellular pH
Decreases cellular ATP
Inhibit translation
Oxidative damage
Denatures proteins
Damage cytoskeleton
DNA mutagenesis

Induces apoptosis
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1. AIMS OF THE RESEARCH

4.1  Development of metabolite profiling and metabolomics tools for Pseudomonas
taiwanensis VLB120

Strain development for the production of chemicals has relied on measurements of product
metabolite titers to assess the performance of engineered strains [181]. The broader
measurements of the cellular metabolic state are considered as the most significant
contributor to assess the metabolic state of the cell, identify bottlenecks in cellular
metabolism, and assess toxicity-derived impacts [181]. Nowadays, there are numerous
metabolomics tools available to identify and quantify the metabolome of different
microorganisms. However, the majority of these tools were designed for specific classes of
metabolites and microorganisms. In many cases, these techniques are directly applied without
validating them for the given conditions and the investigated organism, which might lead to
highly biased results [75]. Thus, the aim of Paper | was to conduct a comprehensive
examination of different sample preparation techniques with the objective of identifying a
better quenching and extraction techniques for P. taiwanensis VLB120 metabolome study.
Furthermore, this study was also aimed at identifying and quantifying the intracellular
metabolite of P. taiwanensis VLB120 to provide a reference dataset that can be used for

strain design.

4.2  Tolerance and metabolic response of Pseudomonas taiwanensis VLB120

towards inhibitory compounds derived from biomass hydrolysates

Bioconversion of lignocellulosic biomass to biofuels and other valuable chemicals involves
a pretreatment step that facilitates the conversion of polysaccharides to free sugars. A major
drawback of the pretreatment process is the formation of lignocellulose-derived by-products
including weak acids, furans and phenolic compounds, which inhibit the downstream
enzymatic hydrolysis and microbial growth during fermentation. In order to achieve high
fermentation efficiency with no or minimum detoxification steps, one potential solution is

to use microbes that are more resistant to those inhibitors for processes where biomass
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hydrolysates are applied [172]. Thus, understanding how naturally occurring toxic tolerant
microbes, like Pseudomonas, respond to inhibitors and identifying which metabolic
pathways and metabolites are involved will help to design toxic tolerant microorganisms.
Hence, the tolerance and metabolic response of P. taiwanensis VLB120 towards biomass

hydrolysate derived inhibitory compounds was investigated in Paper I1.

4.3  Towards elucidation of the metabolism of glucose in Pseudomonas putida
KT2440 by C metabolic flux analysis

The bacterium Pseudomonas putida is a promising microbial host for industrial processes
such as production of fine chemicals due to its high ability to adapt to external influences.
This includes the high tolerance towards solvents and the flexible utilization of substrates.
Though the physiological behavior and biochemical capabilities of P. putida are well known,

there are still some open questions regarding glucose uptake.

P. putida growing on medium containing glucose exhibits different growth phases, which
differ with respect to biomass yields and growth rates. The first phase is characterized by the
conversion of glucose to gluconate as well as to 2-ketogluconate. The second phase starts,
when glucose is depleted. In this phase, gluconate is consumed while the 2-ketogluconate
concentration further increases. The third phase is characterized by the utilization of 2-
ketogluconate [142]. In well resolved growth curves, a reduction of the growth rate is
apparent simultaneous with the shift between the growth phases [182]. Even though these
growth phases were observed, the uptake fluxes of glucose, gluconate and 2-ketogluconate
cannot be determined directly from their extracellular concentrations profiles. Thus, *C
tracer experiments were performed to disclose the activity of the alternative carbon uptake

pathways, Paper I11.
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V. METHODS

5.1 Chemicals and Strains

All chemicals and reagents used in this study were purchased from Sigma-Aldrich (Chemical

Co., USA), unless otherwise specified.

In Paper | and 11, Pseudomonas taiwanensis VLB120 strain was employed. This strain is a
wild-type phenotype VLB120 strain isolated from soil at the Institute of Microbiology,
University of Stuttgart, Germany. The strain was kindly provided by Prof. Dr. Andreas
Schmid (Department of Solar Materials, The Helmholtz-Center for Environmental Research,
UFZ, Germany). In Paper I11, Pseudomonas putida KT2440 and mutant strains (Aglk and
Agcd) were used. P. putida KT2440 Aglk, and P. putida KT2440 Agcd are a mutant
deficient in glucokinase and glucodehydrogenase, respectively. In Paper 1V (not included in
this thesis), Pseudomonas taiwanensis VLB120 wild type strain and five mutant strains with
deleted gene were employed. Prior to the experiments, all the strains were stored in glycerol
(30% v/v) at —80 °C.

5.2 Media and Cultivations

The growth medium used in this study contains 2.12 g NaH2PO4-2H20, 2 g (NH4)2SOs4, 10
mg EDTA, 0.1 g MgCl2-6H20, 2 mg ZnSO4-7H-0, 1 mg CaCl>-2H.0, 5 mg FeSO4-7H-0,
0.2 mg Na2Mo0O4-2H>20, 0.2mg CuSO4-5H,0, 0.4 mg CoCl2-6H20 and 1 mg MnCl2-2H.0

per liter.

In Paper I and 1V, aerobic cultivations of P. taiwanensis VLB120 and mutant strains were
carried out from an initial optical density (ODegoonm) Of 0.05 in 250 mL shake flask (working
volume of 25 mL) at 30 °C with shaking at 250 rpm in minimal medium supplemented with

4.5 g L of glucose.

In Paper I1, cultivations were performed in growth profiler and bioreactor. Growth Profiler
960 (EnzyScreen, Heemstede, The Netherlands) was used to evaluate the threshold
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concentration of the inhibitors affecting growth of P. taiwanensis VLB120. Once the
inhibitors threshold concentration was identified, bioreactor-batch cultivations were
performed to characterize the metabolic response of P. taiwanensis VLB120 under stress
conditions. The experiments were performed in 1.3 L bioreactors (SARTORIOUS ®) with
0.5 L working volume. Cultures were inoculated at ODeoonm Of approx. 0.05 and fermentation
temperature, stirrer speed and pH were set at 30 °C, 800 rpm and 7.0, respectively.

In Paper 111, the main cultures were cultivated in 1.3 L bioreactors (Eppendorf ®) with a
working volume of 500 mL at 750 rpm and 30 °C. The medium was complemented with 10
mM of U-3C glucose and 10 mM of gluconate or 2-ketogluconate, respectively. This
experiment was performed at Institute of Applied Microbiology (IAMB), RWTH Aachen

University, Germany.
5.3  Sampling techniques

Samples for extracellular and intracellular metabolite analysis were collected by
centrifugation and fast filtration, respectively, unless otherwise stated. Samples for
extracellular metabolite analysis were spun down at 10 000g for 5 min and stored at —20 °C
for further use. In Paper I, 11, and 111, fast filtration followed by combined quenching and
extraction methods were employed for intracellular metabolite analysis. In Paper 1V, direct
broth quenching were performed for redox-balance analysis. The samples collected for
intracellular analysis were concentrated by evaporating the extraction solvent using a vacuum
concentrator (SAVANT, SpeedVac, Thermo Fisher Scientific, San Diego, CA, USA)
followed by lyophilization (LABCONCO, FreeZone, Kansas City, MO, USA). All dried
extracts were stored —80 °C until analysis or re-suspended in LC-MS grade water for LC-MS

analysis.
5.4  Analytical techniques

Extracellular metabolites including sugars, organic acids and aldehydes were measured by
high-performance liquid chromatography (HPLC). Aldehydes and their corresponding acid
were measured by a Dionex Ultimate 3000 HPLC equipped with a Supelco Discovery HS
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F5-3 HPLC column (150 x 2.1 mm x 3 um) and a UV detector (260, 277, 304 and 210 nm).
Sugars and organic acids were analyzed using a Dionex Ultimate 3000 HPLC with an
Aminex® HPX-87X lon Exclusion (300 x 7.8mm) column (BioRad, Hercules, CA) and RI-
150 refractive index detector. In Paper I, D- glucose and D-gluconate/D-glucono-6-lactone
test kits (R- BIOPHARM AG, Germany) were also used particularly to measure glucose and

gluconate.

Intracellular metabolites were measured on AB SCIEX Qtrapl 5500 mass spectrometer (AB
SCIEX, Framingham, MA, USA). The mass spectrometer was run in negative ion mode
applying multiple reaction monitoring (MRM) An XSELECT HSS XP (150 mm x 2.1 mm
x 2.5 um) (Waters, Milford, MA, USA) column with ion-pairing technique was used for the

chromatography separation.
55  Data Processing

Peak integration of HPLC and LC-MS data were performed using Chromeleon™ 7.1.3
(Thermo Scientific™) and Multi-Quant™ 3.0.2 (AB SCIEX™), respectively. For absolute
quantification of intracellular metabolites, isotope-ratio based approach was used. This
approach was performed using cell extracts grown in fully U 3C-labeled glucose as internal
standard for quantifying the intracellular metabolites of the strain grown on naturally labeled
glucose. The calibration curve was also prepared by adding fully U 3C-labeled cell extract
as internal standard to the unlabeled calibration standards, and linear calibration curves were
obtained by plotting the height ratios between the U 3C and 12C metabolites against the
known concentrations of 2C metabolites in the calibration standard. All statistical analyses
were performed using R (R Development Core Team [183]) and SIMCA (Umetrics, Umea,

Sweden).
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VI. RESULTS AND DISCUSSION

In Paper I, a combined quenching/extraction technique was introduced. The idea was to stop
the biological reactions in a cell and, at the same time, to extract as many metabolites as
possible in an unbiased and non-destructive manner. A comprehensive examination of
different hot and cold combined quenching/extraction approaches was performed to extract
and quantify the metabolome of P. taiwanensis VLB120. In of the remaining publications,
this developed tool was used to study the physiology of P. taiwanensis VLB120 under
different stress conditions (Paper I1). The method was further applied to analyze glucose
uptake by P. putida KT2440 (Paper I11) and redox balance of P. taiwanensis VLB120 and

mutant strains (Paper 1V, not included in this thesis) with minor modification.

6.1  Metabolomics tool development

The suitability of a pressure driven fast filtration system followed by cold ethanol (CE)
extraction, cold methanol/acetonitrile/water mix (MeOH:ACN:H20) extraction, boiling
ethanol (BE) extraction, and hot water (HW) extraction were assessed for P. taiwanensis
VLB120 metabolome analysis (Table 3). The suitability of each approach was evaluated
based on quenching efficiency, intracellular metabolite concentrations and experimental
reproducibility. For all quenching/extraction approaches, cells were obtained from the same
shake flask and each quenching/extraction procedure was performed using five independent

shake flasks as biological replicates.

Table 3. Combined quenching and extraction techniques for P. faiwanensis VLB120

metabolome analysis.

Quenching/ extraction Concentration in Temperature
techniques water °C
Ethanol 75% (v/V) —40and +70
Methanol:Acetonitrile:Water 40:40:20% (viviv) —40
Water 100% +90
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6.1.1 Quenching of metabolic activity

Quenching procedures must be able to rapidly stop the cellular metabolism of the cells to
retain a valid snapshot of the metabolism at the point of harvest. The quenching effectiveness
of cold ethanol, boiling ethanol, cold methanol: acetonitrile: water mix, and hot water
techniques was evaluated based on the adenylate energy charge (EC) ratio. As indicated in
Figure 7, the tested quenching/extraction techniques have a considerable effect on the proper
quenching of cellular metabolism. Organic solvent based quenching/extraction techniques
were found to be highly effective in deactivating cellular metabolism since the EC was within
a physiological meaningful range. The highest energy charge was obtained for the BE

quenching/extraction procedure (0.93 + 0.01).
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Figure 7 (Paper I). Effect of different quenching/ extraction techniques on adenylate concentrations
and energy charge ratio of P. taiwanensis VLB120 grown in minimal media supplemented with 4.5
g Lt of glucose. CE: cold ethanol/water (75:25, v/v); CM: cold methanol/acetonitrile/water
(40:40:20, viviv); BE: boiling ethanol/water (75:25, v/v); HW: hot water. The error bars indicate
standard deviations from five biological replicates.

In contrast to other organic solvent based quenching/extraction techniques such as CE, CM
and BE, HW-based quenching/extraction resulted in a low EC (0.48 + 0.014) which implies

that this method was not efficient in deactivating cellular metabolism.
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6.1.2 Extraction of metabolites

The efficacy of the quenching/extraction approaches was also evaluated based on the
intracellular concentrations of key metabolites including sugar phosphates, organic acids,
amino acids, nucleotides, redox cofactors and nucleosides/bases. The hot extraction methods
appeared to extract high quantities of metabolites (molar basis) compared to the cold
extraction techniques. The statistically most significant changes were found in the metabolite
classes comprising redox-cofactors, nucleotides, nucleosides and bases as shown in Figure

7.
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Figure 8. Classes of metabolites that separate the tested quenching/extraction techniques. (A)
nucleosides/bases (adenine, adenosine, cytidine, guanine, guanosine and uracil), (B) nucleotide tri-
phosphates (UTP, ITP, dATP, GTP, CTP and ATP), (C) NAD(P)(H) (NAD, NADH, NADP and
NADPH) and (D) co-enzymes (acetyl CoA and co-enzyme A). Abbreviations: CE, cold ethanol/water
(75725, v/v); CM, cold methanol/acetonitrile/water (40:40:20, v/v); BE, boiling ethanol/water (75/25,
v/v) and HW, hot water. The error bars indicate standard deviations from five biological replicates.
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Some of these metabolites were changed more than threefold between hot and cold
quenching/extraction techniques. This suggests that temperature is an important factor in the
metabolite extraction for Ptaiwanensis VLB120. This could be related to the strain’s intrinsic
solvent resistance compared to other less resistant organisms such as E. coli where cold

quenching/extraction methods turned out to be favorable [47, 184, 185].
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Figure 9. Effect of hot water (HW) and boiling ethanol (BE) on nucleotide extraction. (A) Nucleotide
tri-phosphates (NTP’s), (B) Nucleotide di-phosphates (NDP’s) and (C) Nucleotide mono-phosphates
(NMP’s). BE, boiling ethanol; HW, hot water. The error bars indicate standard deviations from five
biological replicates.

There was also a remarkable difference between the two tested hot quenching/extraction
techniques (boiling ethanol and hot water). The boiling ethanol based quenching/extraction
technique appeared to extract more nucleotide triphosphate and redox-cofactors whereas
nucleosides/bases were better extracted by hot water, as shown in Figure 8. Furthermore, the

hot water quenching/extraction approach appeared to be more efficient in extracting

nucleotide monophosphates (NMPs) than nucleotide triphosphates (NTPs) compared to other
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evaluated quenching/extraction techniques (Figure 9). This is not directly related to the
efficiency of the extraction technique but to the incomplete quenching of cellular metabolism
resulting in increased amounts of lower-grade phosphorylated nucleotides as also observed
from the energy charge evaluation. This pattern of metabolite losses and gains is detrimental
in metabolome studies, leading to underestimation of triphosphate levels and overestimation

of less phosphorylated nucleotides.
6.1.3 Experimental reproducibility

The reproducibility of each of the techniques was evaluated based on percent relative
standard deviation (RSD, %). The mean RSDs of the quantified metabolites for CE, CM, BE
and HW were 30, 27, 20 and 28% respectively, implying the highest reproducibility for BE
(Figure 10). The majority of extracted classes of metabolite by the BE method possess low
RSDs (below 20%) compared to the other three quenching/extraction methods applied. Based
on those findings, BE is the most robust method applied amongst the used

quenching/extraction techniques which is likely due to a more complete extraction of

metabolites.
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Figure 10 (Paper I). Reproducibility of tested quenching/extraction techniques. The bars show total
number of metabolites that have a RSD below 20%, between 20 and 30% and above 30%:; solid line
represents the mean RSD (%) of all quantified metabolites for each quenching/extraction technique.
Abbreviations: CE, cold ethanol/water (75/25, v/v); CM, cold methanol/acetonitrile/water (40:40:20,
v/v); BE, boiling ethanol/water (75/25, v/v); HW, hot water; RSD, relative standard deviation (n=5,
biological replicates).
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Table 4. Summary of tested combined quenching/ extraction techniques

Quenching/ Concentration Temp. Energy Charge Overallyield Median
extraction (VIv) °C (0.80-0.95) (umol/gCDW) RSD (%)
Ethanol 75% in H,O —40 0.90 165 28.19
MeOH:ACN:H,O  40:40:20% —40 0.86 170 24.05
Ethanol 75% in H,0 +70 0.93 187 19.50
Hot water 100% +90 0.48 163 27.72

The results from this study indicate that each method has its own advantage and disadvantage,
depending on their physical properties. For P. taiwanensis VLB120 metabolome analysis, a
pressure driven fast filtration approach followed by boiling ethanol quenching/extraction
seems to be an adequate technique based on quenching efficiency, extraction yields of

metabolites, and experimental reproducibility.
6.1.4 Thermal degradation of metabolites

In Paper I, the negative effect of the applied quenching/extraction temperature was also
addressed by estimating the recovery of the '3C-labeled internal standard. Compared to both
cold quenching/ extraction techniques, the peak height of ATP in the '*C labeled internal
standard was reduced in both hot extraction/quenching procedures while both ADP and AMP
increased under the same conditions (Figure 11). This suggests degradation of ATP to lower-
grade phosphorylated compounds during the hot quenching/extraction process. However, this
thermal degradation has no contribution to the overall results presented in Paper I as the
added '*C-labeled internal standard accounts for all possible losses including thermal

degradation.
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Figure 11 (Paper I). Effect of quenching/extraction temperatures on ATP, ADP and AMP of *C-
labeled internal standard (IS) which was added to quenching/extraction solution prior to the
quenching/extraction process. Abbreviations: CE, cold ethanol/water (75:25, v/v); CM, cold
methanol/acetonitrile/water (40:40:20, v/v); BE, boiling ethanol/water (75:25, v/v); HW, hot
water. The error bars indicate standard deviations from five biological replicates.

6.2  Composition of the core P. taiwanensis VLB120 metabolome

Knowledge of concentration levels of intracellular metabolites along with information about
Kinetic properties of the enzymes involved in specific pathways is of fundamental importance
for the characterization of microbial metabolism [186, 187]. In Paper I, metabolite profiling
of P. taiwanensis VLB120 was performed to provide a reference dataset of absolute
intracellular metabolite concentrations. More than 100 metabolites were quantified mainly
from the Embden-Meyerhof-Parnas (EMP) pathway, the pentose phosphate pathway (PPP),
and the tricarboxylic acid cycle (TCA). These metabolites may not be representative of the
entire metabolome of P.taiwanensis VLB120, however, they cover all the highly abundant
metabolites on a molar basis. Among the quantified intracellular metabolites, most are related
to the central carbon metabolism, energy and redox metabolism as well as amino acid

metabolism.

The metabolome of P. taiwanensis VLB120 was dominated by a small number of highly
abundant compound classes on a concentration basis: amino acids (52%), central carbon
intermediates including sugar phosphates and organic acids (22%), nucleotides (13%) and

redox cofactors (9%). The fifteen most abundant compounds (Figure 12) comprised 81% of
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the total content of the quantified metabolome, whereas the less abundant half of the

quantified metabolites includes metabolites of all classes together comprised only 2.5%.
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Figure 12. Top fifteen abundant metabolites of P. taiwanensis VLB120 growing in minimal media
supplemented by 4.5 g L. Abbreviations: aspartate (asp), glutamate (glu), ornithine (orn), 6-
phosphogluconate (6pgc), glucose 6-phosphate (g6p), reduced glutathione (gthrd), adenosine
triphosphate (ATP), hexose pool (fructose and glucose-D), glutamine, fructose 6-phosphate (f6p),
oxidized glutathione (gthox), uridine triphosphate (UTP), sedoheptulose 7-phosphate (s7p), serine
(ser), guanosine triphosphate (GTP).

6.3  Utilization of biomass hydrolysate derived sugars by P. taiwanensis
VLB120

Biomass hydrolysates consist of complex mixtures of hexose and pentose sugars, as well as
organic acids, aldehydes and phenolic compounds. In most cases, these mixtures can only be
metabolized partly or sequentially and require organisms that utilize them and are tolerant to
the inhibitory compounds. In Paper Il, the utilization of the most abundant biomass
hydrolysate sugars by P. taiwanensis VLB120 was evaluated. Cultivations were performed
in 24-well clear bottom microplate (EnzyScreen, Heemstede, The Netherlands) working
volume 750 pL at 30 °C, 225 rpm.
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Figure 13 (Paper II). Growth profiles of P. taiwanensis VLB120 in biomass derived (A) and non-
biomass derived (B) carbon sources. Error bars are the standard deviation of three biological replicate

cultur

As described in Paper Il, P. taiwanensis VLB120 has shown the potential to efficiently
utilize glucose, xylose and galactose regardless of a longer lag phase in case of galactose
(Figure 13A). However, no growth of P. taiwanensis VLB120 was observed when using
mannose, arabinose and rhamnose as sole carbon source. Other carbon sources including
sodium acetate, sodium benzoate, glycerol were assessed for their effectiveness in growth of
P. taiwanensis VLB120. The study showed that P. taiwanensis VLB120 was able to grow on

these compounds as sole source of carbon and energy (Figure 13B). Mixing those carbon

€s.

sources improved the specific growth rate of P. taiwanensis VLB120 (Figure 14).
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Figure 14. Growth profile of P. taiwanensis VLB120 in mixed carbon sources (A) and the specific
growth rates (B). Error bars are the standard deviation of three biological replicate cultures.
Abbreviations: glucose (glc), sodium benzoate (SB), sodium acetate (SA), galactose (gal), glycerol

(gly) and xylose (xyl).
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6.4  Effect of inhibitors on P. taiwanensis VLB120 growth

As it is explained in (Paper I1), the inhibitory effect of the tested compounds varied with
respect to lag-phase, specific growth rate, and biomass yield compared to the control sample.
Furfural and 5-HMF resulted in mainly longer lag-phase and lower final cell densities,
respectively. It was also observed that both furfural and 5-HMF significantly reduced the
specific growth rate compared to the reference medium not containing inhibitors. Acetic acid
and formic acid slightly increased the final biomass of P. taiwanensis VLB120 (Figure 15),
but reduced the growth rate as their concentration increased. The main difference of acetic
acid and formic acid was observed as the concentration of acetic acid exceeded 6 g L where
after the lag-phase was clearly elongated compared to formic acid.

In similar study (Paper I1), the inhibitory threshold concentrations that reduce the growth of
P. taiwanensis VLB120 by 50% (IC50) after 24 hours of cultivation were examined. Based
on these values, 5-HMF provided the strongest inhibition followed by furfural and vanillin,
respectively. Surprisingly, IC50 values for acetic acid and formic acid were above the highest
tested values (10 g L), which means this concentration was not sufficiently high to reduce
the growth of P. taiwanensis VLB120 by 50%.
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Figure 15. Growth curves of P. taiwanensis VLB120 in the presence of furfural, 5-HMF, levulinic
acid (LA), formic acid (FA), acetic acid (AA) and vanillin. Aerobic cultivations were carried out in
24-well clear bottom microplate (EnzyScreen, Heemstede, The Netherlands) working volume 750 pL
at 30 °C, 225 rpm. Concentration: [g L™]. Error bars are the standard deviation of three biological

replicate cultures.
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6.5 Detoxification mechanism of inhibitors in P. taiwanensis VLB120

In order to evaluate the degradation capacity of inhibitory compounds by P. taiwanensis the
extracellular metabolome study was performed as described in Paper Il. Since some of the
biomass hydrolysate inhibitors have structural similarity and share the same degradation
pathway, only acetic acid, levulinic acid, furfural and vanillin were considered. For both
extracellular and intracellular metabolite analysis, cultivations were performed in 1.3 L

bioreactor (working volume 0.5 L) as described in chapter V.

P. taiwanensis VLB120 responded to the tested inhibitors in various ways including
detoxification, tolerance and efflux to protect themselves against hostile environmental
conditions. Inhibitors such as furfural and vanillin were oxidized to their corresponding acids,
while acetic acid was directly utilized as an additional carbon and energy source. Levulinic
acid was neither consumed nor converted and remained at constant levels in the broth

throughout the fermentation process.

There was no noticeable growth of cells observed during the conversion of vanillin and
furfural to vanillic acid and 2-furoic acid, respectively. This indicates that the presence of
these inhibitors in the media obstructed the growth of P. taiwanensis VLB120, but their
corresponding acids seem to be less toxic which is also in agreement with previous studies
showing that aldehyde is the most toxic compounds for microorganisms, whereas the

corresponding acids were less toxic [171, 188-190].

The specific glucose uptake rate was substantially reduced when vanillin and furfural were
added to the cultivation medium (Figure 16). In contrast, when growing P. taiwanensis
VLB120 with acetic acid and levulinic acid added to the medium, the specific glucose uptake
rate was increased approx. by 40% and 9%, respectively, compared to that of the control
condition. The decreased specific growth rates and increased specific glucose uptake rate
possibly reflects the additional energy required to export inhibitors that enter the cells through

the plasma membrane [191].

PhD thesis by Gossa G. Wordofa
39



RESULTS AND DISCUSSION

mmm specific glucose uptake rate  ==mspecific growth rate
14.00 - - 0.80

12.00 A

10.00 4 - 0.60
8.00 1

- 0.40
6.00 A

4.00 - L 0.20

Specific glucose uptake rate
[g (g of CDW h)1]

Specific growth rate [h1]

2.00 A

0.00

0.00
Furfural Vanillin Control Levulinic Acetic
acid acid

Inhibitors

Figure 16. Effect of inhibitory compounds on specific growth and glucose uptake rates of P.
taiwanesis VLB120 grown on minimal medium supplemented with 4.5 and 2 g L? of glucose and
inhibitory compound, respectively, at stirrer speed of 800 rpm, temperature 30 °C and pH 7. Specific
growth and glucose uptake rates were calculated during the glucose phase as P. taiwanensis VLB120
exhibits biphasic growth (glucose and gluconate phase). Error bars indicate standard deviations of
three independent cultures. CDW, cell dry weight.

6.6  Metabolic response of P. taiwanensis VLB120 towards inhibitors

In this part of the study (Paper I1), the developed metabolomics tools (Paper I) was applied
to study the relationship between the change of intracellular metabolite levels of P.
taiwanensis VLB120. Since the mechanism of detoxification, energy and co-factor
requirement for cells are different while being exposed to different inhibitors, the intracellular
metabolite response of the microorganism may also vary greatly depending on the chemistry
of these inhibitors [176, 192-194]. In order to investigate change of intracellular metabolite
levels between treated and untreated samples, principal component analysis (PCA)

(Figure 17) and heatmap analysis (Figure 18) were performed.
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Figure 17 (Paper I1). Principal component analysis (PCA) of metabolic profiles of P. taiwanensis
VLB120 treated under different conditions including acetic acid, levulinic acid, vanillin and furfural.
(A) Score plot shows the statistical discrimination between the tested conditions. (B) Loading plot
illustrates the metabolites that contribute strongly to statistical separation between the conditions.
Abbreviations: furfural (Fur), vanillin (Van), levulinic acid (Lev), acetic acid (Ac) and control (Con).

The principal component analysis model (PCA) generated from intracellular metabolite data
showed a clear separation between the control and treated groups (Figure 17A), indicating

an adjustment of intracellular metabolism of the P. taiwanensis strain in response to
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inhibitors. The changes in concentration levels of nucleotides, redox-cofactors and sugar
phosphates particularly contributed to separate the groups (Figure 17B). Samples treated
with vanillin, furfural and levulinic acid are located on the upper part of PC(1), indicating
relative similarity of their effect on metabolite levels. This is corroborated by a heatmap
cluster analysis based on the degree of similarity of metabolite abundance profiles (Figure
18). Levulinic acid and vanillin were positioned closer together, indicating their effect on

metabolite level was comparable.

Nucleotide monophosphates and acetyl-CoA seemed to have high influence in separating the
samples treated with acetic acid from the rest of the groups. This could be related to the
conversion of acetic acid to acetyl-CoA that requires adenosine triphosphate, which results

in production of adenosine monophosphate [195, 196].
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Figure 18. Heatmap of metabolites extracted from P. taiwanensis VLB120 under different stress
conditions. Metabolites abundance differences were clustered according to trends measured across
all biological replicates (n = 3).

Intracellular metabolites analysis revealed that the concentrations of most of the quantified
metabolites in P. taiwanensis VLB120 exposed to inhibitors were changed with respect to

the control group, (Paper I1). This can be the consequence of changes in cellular energy
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content (e.g. ATP) and redox balance (e.g. NADPH), because they involve in many important
metabolic reactions. It has also reported that these metabolites have key functions in the

survival of microorganisms in a stressful environment [197].
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Figure 19 (Paper I1). Effect of inhibitors on energy state and redox-carrier of glucose-utilizing P.
taiwanensis VLB120. The bars indicate the peak ratio of ATP and NADPH/NAD; the line represents
the concentration of acetic acid, levulinic acid, vanillic acid and 2-furoic acid at the time of sampling.
Peak ratio is the height ratio between the U *C and **C metabolites normalized to biomass. Error bars
indicate standard deviations of three independent cultures.

As indicated in Figure 18, the levels of ATP and the NADPH/NADP ratio were markedly
increased in the cells subjected to oxidative stress compared to that of the control. This
indicates P. taiwanensis VLB120 requires both NADPH dependent detoxification and ATP-
dependent efflux to cope with the inhibitors. ATP was mainly used to pump out the inhibitors
from the cells, whereas NADPH provides reducing power to deal with the oxidative stress
[176, 198, 199]. Under acetic acid stress, the NADPH/NADP ratio was slightly impaired,
while the concentration of remained ATP unchanged, which is in reasonable agreement with

a previous study [200].

Overall, there appeared to be a metabolic shift in P. taiwanensis to generate more ATP and
NADPH in order to cope with the stress imposed by inhibitors. Thus, adequate supplies of
these metabolites are essential for the survival and reproduction of P. taiwanensis in the

presence of biomass derived inhibitors
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6.7 Investigation of alternative glucose uptake by Pseudomonas putida KT2440

Glucose uptake in P. putida KT2440 was investigated using KT2440 wild type strain and
two KT2440 mutant strains including KT2440 Aglk (a mutant deficient in glucokinase) and
KT2440 4gdc (a mutant deficient in glucose dehydrogenase). As indicated in Figure 20, the
investigated strains were fed with equimolar amounts of U-3C glucose and naturally labelled
gluconate. Extracellular metabolite analysis revealed that both KT2440 and KT2440 Aglk
oxidized labelled glucose to gluconate and 2-ketogluconate via glucose dehydrogenase (gcd)
and gluconate dehydrogenase (gad), respectively. The labelling was incorporated into the
resulting compounds. On the other side, P. putida KT2440 4gdc can only transport the
labelled glucose to the cytosol via an ABC uptake system, indicating there are more options

for glucose uptake in the wild type KT2440 strain.

In order to determine the activity of the alternative carbon uptake pathways by P. putida
KT2440, labelling changes in intracellular metabolites resulting directly from labelled
glucose were investigated. Thus, the labelling of glucose 6-phosphate (g6p), fructose 6-
phosphate (f6p) and 6-phosphogluconate (6pg) was determined and compared for all tested
strains. Since this part of the work is not fully completed, the results presented in this section
is based on the preliminary data obtained.
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Figure 20. Metabolic pathways involved in the utilization of substrate by P. putida KT2440, modified
from Nikel et at. [142]. The routes consist of the peripheral pathway, the pentose phosphate pathway
(PPP), the Entner-Doudoroff (ED) pathway, the Embden-Meyerhof-Parnas Pathway (EMP) and the
tricarboxylic acid (TCA) cycle. Abbreviations: glucose 6-phosphate (G6P), fructose 6-phosphate
(F6P), 6-phosphogluconate (6PG), 2-keto-3-deoxy-6phospho-gluconate (KDPG), glyceraldehyde 3-
phosphate (G3P), fructose 1,6-bisphosphate (F-1,6-P), phosphoenolpyruvate (PEP), 3-
phosphosglycerate (3PG).

The fractional labelling of g6p and f6p in P. putida KT2440 Aglk was below 25% after 2
hours of cultivation and gradually increased to 63% after 5 hours of the growth experiment
(Figure 21A). This is an indication of more pronounced uptake of naturally labelled gluconate
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and/or 2-ketogluconate by KT2440 Aglk during the first phase of growth. Furthermore, the
observed equal labelling pattern of g6p and f6p in case of KT2440 Aglk indicates that g6p
can only originate from f6p, which was derived from either from the PP pathway or a cyclic

ED pathway activity.

—&— 6p ——f6p —@—6pg B —&— 6p ——f6p —@—6pg
1.00 1.00 - .
! =) 1
£ 080 ! £0.80 - !
2 2 ————y g
2o = \M
= ©
S 0.40 5040 A ,
L 0.20 £ 0.20 1 !
1
0.00 f .
0.00 . . . . .
0 2 4 6 8 10 0 2 48 8 10
Time [h] Time [h]
C —&—6p —— f6p —@—06pg
1.00 .
g) 1
=0.80 !
> 1
o
<0.60
< 1
©0.40 !
*6 1
S 1
£ 0.20 !
1
0.00 T 1 T T 1
0 2 4 6 8
Time [h]

Figure 21. Time course of fractional labelling pattern of glucose 6-phosphate (g6p), fructose 6-
phosphate (f6p) and 6-phosphogluconate (6pg) in case of KT2440 Agik (A), KT2440 Aged (B) and
KT2440 (C) using U *C glucose and *2C gluconate as initial carbon sources. The broken lines indicate
the turning point of labelling pattern.

In case of KT2440 Agcd, the fractional labelling of f6p was lower than that of g6p (Figure
21B) indicating f6p was produced from both g6p via phosphoglucose isomerase and the PP
pathway, hence can originate from both glucose and gluconate. A partially cyclic ED
pathway flux is also conceivable, in which the formed glyceraldehyde-3-phosphate (g3p) is

recycled back to f6p, enabling formation of g6p and 6pg from gluconate, as well. The
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fractional labelling of 6pg and f6p in case KT2440 Agcd was reduced during the first 4 hours
of growth. This reduction indicates the strain uptake more gluconate than labelled glucose

until gluconate almost depleted from the medium.

The fractional labelling of g6p in wild type KT2440 strain was identical with that of KT2440
Agcd for the first 3 hours of growth (Figure 21B and 21C). In the second phase of growth,
when labelled glucose was almost completely oxidized to gluconate and 2-ketogluconate, the
fractional labelling of both g6p and fép was reduced. This indicates that gép was mainly
generated from glucose during the first phase of growth. Furthermore, a co-utilization of

labelled glucose and naturally labelled gluconate was observed in all tested strains.

Since the evaluation of g6p, f6p and 6pg labelling did only allow for few statements
concerning the uptake of differently labelled substrates, the labelling of the remaining
intracellular metabolites including r5p, g3p and pyruvate must be considered for gaining
more information. This information will help to investigate the labelling pattern of ED-
Pathway and PP-Pathway metabolites.

PhD thesis by Gossa G. Wordofa
48



CONCLUSION AND FUTURE PROSPECT

VIlI. CONCLUSION AND FUTURE PROSPECT

The importance of sample preparation in metabolomics studies was demonstrated in Paper
I. The tested quenching and extraction techniques significantly affected the performance of
intracellular metabolite profiling. Fast filtration followed by organic solvent-based
quenching/extraction techniques proved to be a good quenching method for P. taiwanensis.
In contrast, the hot water based quenching/extraction technique resulted in a low EC ratio
(0.48 £ 0.014), which implies that this method was less effective in deactivating the cellular
metabolism of P. taiwanensis. The different outcome seen with different
quenching/extraction techniques indicates that there is no universal technique that is suitable
for all types of microorganisms and metabolites. Applying fast filtration system followed by
boiling ethanol quenching/extraction technique, more than 100 intracellular metabolites of P
taiwanesis VLB120 were quantified with the objective of providing a reference dataset that
can be used in the development of microbial cell factory.

Despite the great progress within microbial metabolomics, there are still some problems
related to sample preparation, mainly quenching of the cells to stop all metabolic activity.
The high turnover rate of intracellular metabolites requires a rapid quenching procedure that
stops cellular metabolism in a fraction of a second. Among several existing quenching
techniques, direct quenching is the fastest method for arresting metabolism of the cells.
However, this method has been highly criticized due to the leakage of metabolites while
quenching. The reason for this is not yet clearly understood, but it could be related to
quenching solution, quenching temperature or both. Future work should test and optimize
this technique in order to minimize (or prevent) leakage of intracellular metabolites into the
extracellular medium during quenching process. Another approach could be measurement of
metabolites in the culture supernatant as well as in total broth samples to calculate the

intracellular levels by subtraction.

The study in Paper Il has demonstrated that metabolomics is a powerful tool to characterize
microbial metabolism. The developed metabolomics tool was applied to characterize the

metabolic response of P. taiwanensis VLB120 towards biomass hydrolysate derived
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inhibitors including weak acids, furan and phenolic compounds. The characterization was
done with the objective of providing helpful data for further strain design steps. The tested
inhibitors affected the growth of P. taiwanensis in various way; prolonged the lag-phase,
reduced the specific growth rate and biomass yield. In order to cope with these hostile
environmental conditions, P. taiwanensis went through metabolic rearrangement to enhance

the level of cellular energy and redox balance that provides reducing power.

The natural ability of P. taiwanensis VLB120 to tolerate inhibitors and to utilize C5 and C6
sugars as sole carbon and energy source matches the basic requirements for growth on
biomass hydrolysate. However, this strain never tested against mixed inhibitory compounds
and real biomass hydrolysate. Thus, it requires further investigation to improve its

fermentation performance in biomass hydrolysates.
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ABSTRACT: Absolute quantification of free intracellular metabo-
lites is a valuable tool in both pathway discovery and metabolic
engineering. In this study, we conducted a comprehensive
examination of different hot and cold combined quenching/
extraction approaches to extract and quantify intracellular
metabolites of Pseudomonas taiwanensis (P. taiwanensis) VLB120
to provide a useful reference data set of absolute intracellular
metabolite concentrations. The suitability of commonly used
metabolomics tools including a pressure driven fast filtration system
followed by combined quenching/extraction techniques (such as
cold methanol/acetonitrile/water, hot water, and boiling ethanol/

s

goaew,) ;T

Quenching/Extraction

Metabolite level

water, as well as cold ethanol/water) were tested and evaluated for P. taiwanensis VLB120 metabolome analysis. In total 94 out of
107 detected intracellular metabolites were quantified using an isotope-ratio-based approach. The quantified metabolites include
amino acids, nucleotides, central carbon metabolism intermediates, redox cofactors, and others. The acquired data demonstrate
that the pressure driven fast filtration approach followed by boiling ethanol quenching/extraction is the most adequate technique
for P. taiwanensis VLB120 metabolome analysis based on quenching efficiency, extraction yields of metabolites, and experimental

reproducibility.

M icrobial cells have been used as biocatalysts for hundreds
of years in the production of alcoholic beverages,
fermented foods, and chemicals from naturally available carbon
and energy sources. However, one factor limiting the
application of whole cells as biocatalysts, especially for biofuel
production, is the toxicity of the corresponding products, which
typically have detrimental effects on cellular membranes." This
results in low product titers as well as limited process stability,
both having a negative impact on overall productivity and
feasibility of such processes.” Different Pseudomonas species are
known to have an increased inherent solvent tolerance and are
therefore a promising host for the biotechnological production
of such solvents."”

Pseudomonas taiwanensis (P. taiwanensis) VLB120 is an
obligate aerobic, biofilm-forming organism that was isolated
from soil at the Institute of Microbiology, University of
Stuttgart, Germany.”* The strain can utilize a wide range of
organic molecules as carbon sources including pentose/hexose
sugars” and aromatic hydrocarbons such as styrene.” P.
taiwanensis VLB120 is a solvent-tolerant Pseudomonas strain
exhibiting the ability to utilize pentose sugars (mainly D-
xylose)® as carbon source which is one of the most abundant
sugars in hemicellulose accounting for up to 30% of the

-4 ACS Publications  © 2017 American Chemical Society

8738

lignocellulosic biomass.” Those two features are highly
beneficial regarding bulk production of solvents and biofuels
from renewable feedstocks using cell factories.

As this wild type isolate does not natively produce any high-
value products, engineering native pathways leading to the
desired products or expressing heterologous production
pathways are therefore common means to generate high-level
production strains. As most of these bioprocesses require a
detailed understanding of cellular metabolism, absolute
quantification of free intracellular metabolites is a meaningful
tool to assess the metabolic state of the cell, identify bottlenecks
in cellular metabolism, and assess toxicity derived impacts.”
However, analysis and quantification of intracellular metabolites
is a challenging task due to their high turnover rates and
chemical diversity. Reliable and accurate methods for
quenching cellular metabolism and metabolite extraction to
investigate the in vivo metabolic state of a cell at a given specific
condition are vital in metabolome studies, as they significantly
affect the number and quantity of metabolites detected.®

Received: March 3, 2017
Accepted: July 20, 2017
Published: July 20, 2017

DOI: 10.1021/acs.analchem.7b00793
Anal. Chem. 2017, 89, 8738—8747


pubs.acs.org/ac
http://dx.doi.org/10.1021/acs.analchem.7b00793

Analytical Chemistry

1 TS 7 2 <«— Plunger
VY ——Plunger tip
V//y/

a /i <«— Syringe barrel

(((, )
A A A 21 Y/

Sample
Filter holder

Filter pad

Rapidly remove filter pad with captured cells and
drop into 50 mL conical with 25 pL of *C labelled IS

3

1.5 mL of quenching/
extraction solution Vortex to remove the

” | cels from filter pad X

for re-extraction
~

Combine quenching/ extraction
solution and cell lysate from step 3

4

Fiter pad with Tr <pnfsfer the filter pad

caplured cells

Vortex
~

N\

Aliquot into three Eppendorf tubes, and spin

2.5 mL of quenching/
extraction solution

Filter pad with
captured cells

W—@J

Concentrate the sample by
evaporating the organic
soivent

Re -suspend dned extracts
with total volume of 250 pL

for 5 min, at 17000g and save supernatants

and discard cel derby

water and pool
The sample is ready for| | --» LC}MS
analysis Anaiysis

Figure 1. Work flow for cell sampling, quenching/extraction, sample processing, and analysis of the metabolites. Abbreviation: IS, internal standard.
(1) Aerobic cultivations of P. taiwanensis VLB120 were performed in a 250 mL shake flask (working volume of 25 mL) at 30 °C with shaking at 250
rpm in Delft minimal media. (2) A 2 mL aliquot of cell broth was transferred to a S0 mL syringe barrel attached to a Swinnex filter (Merck Millipore,
Hertfordshire, UK) with the plunger removed. The plunger was reinserted into the syringe barrel, and air was rapidly expelled through the filter. (3)
The filter pad with captured cells was quickly removed from the filter holder (from step 2) and placed with *C-labeled IS in the 50 mL conical tube
containing 2.5 mL of preheated or precooled extraction solvent and vortexed for 30 s. The filter pad was re-extracted with 1.5 mL of extraction
solvent without IS. (4) The extraction solvent and cell lysate from step 3 were pooled and aliquoted into three 1.5 mL size Eppendorf tubes, and
centrifuged for S min, at 17000g and 4 °C, after which the supernatants were stored in —80 °C and the remaining cell derby was discarded. (5)
Samples from step 4 were concentrated by evaporating the organic solvent for about 5 h at 25 °C using a speed vacuum followed by freeze-drying at
—40 °C (overnight). All dried extracts were resuspended in 250 uL of LC-MS grade deionized water and stored at —80 °C until analysis. The same

procedure was repeated for each biological replicate.

Cold methanol quenching at —40 °C is widely used to
quench the cellular metabolism of yeast cells.” This method has
also been applied in other studies on different bacteria
including Escherichia coli (E. coli),'"® Lactococcus lactis (Lc.
lactis),"" and Lactobacillus bulgaricus (Lb. bulgaricus)'* as well as
filamentous fungi such as Penicillium chrysogenum (Pe.
chrysogenum)'® and Aspergillus niger (A. niger)."* In contrast
to yeast cells, intracellular metabolites have been shown to leak
from bacterial cells when applying this method, making an
accurate assessment of their intracellular concentrations
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challenging.'""*~"7 As an alternative to cold methanol
quenching, the fast filtration system followed by combined
quenching/extraction proved to be effective in minimizing the
losses of intracellular metabolites.”'* *° The ideal combined
quenching/extraction technique must stop the biological
reactions in a cell and, at the same time, extract as many
metabolites as possible in an unbiased and nondestructive
manner.”’ McCloskey et al.*’ reported on a pressure driven fast
filtration system followed by cold extraction as a fast sampling
and quenching method for E. coli cells. The authors showed
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that the method excels in being fast enough to provide an
accurate snapshot of intracellular metabolism while also
reducing matrix effects from the media. However, this
promising technique has not been tested on organisms other
than E. coli.

Several authors proposed different solvent extraction
techniques including hot methanol for endothelial cells,*
cold methanol for Pe. chrysogenum,13 boiling ethanol for
Saccharomyces cerevisiae (Sa. cerevisiae),23 Monascus ruber (M.
ruber),24 and E. coli*® methanol/chloroform combinations for
yeast,” perchloric acid, and potassium hydroxide for A. niger, S.
cerevisiae, and E. coli,'¥**™*® and hot water for E. coli®’
Although most of these techniques were designed for specific
classes of metabolites and microorganisms, they are often
applied directly in another context without validating them for
the given conditions and the investigated organism, which can
lead to highly biased results.*> Thus, sampling, quenching, and
extraction protocols need to be validated for each micro-
organism and metabolite of interest. To the best of our
knowledge, no strategies were developed or tested for sampling
and quantifying the central metabolites of P. taiwanensis.

In this study, we have conducted a comprehensive
examination of different hot and cold combined quenching/
extraction approaches to extract and quantify the metabolome
of P. taiwanensis VLB120. In addition, we provide a useful
reference data set of absolute intracellular metabolite
concentrations for this organism. This was done by assessing
commonly used metabolomics tools including a pressure driven
fast filtration system and four different combined quenching/
extraction approaches such as cold ethanol/water, cold
methanol/acetonitrile/water, and boiling ethanol/water, as
well as hot water. As far as we know, some of these techniques
including hot water, cold ethanol, and boiling ethanol have
never been tested or used as combined quenching/extraction
techniques in metabolome studies even though they have been
widely used for extraction of intracellular metabolites after
quenching the cell culture either in liquid nitrogen'”***" or in
cold methanol/water (60%, v/v).>>>*303273%

B EXPERIMENTAL SECTION

Chemicals and Strain. All chemicals and reagents used in
this study were purchased from Sigma-Aldrich (Chemical Co.,
USA). P. taiwanensis VLB120 was obtained from the Institute of
Applied Microbiology, RWTH Aachen, Germany.

Growth Conditions. Aerobic cultivations of P. taiwanensis
VLB 120 were initiated using glycerol stocks. Single colonies
were obtained after plating onto solid Luria—Bertani (LB)
medium after overnight incubation at 30 °C. An isolated colony
was inoculated in a 12 mL tube with 4 mL of minimal medium
and grown overnight at 30 °C and 250 rpm. The main culture
was carried out from an initial ODgg, of 0.05 in a 250 mL shake
flask (working volume of 25 mL) at 30 °C with shaking at 250
rpm in minimal medium.”> The medium contained the
following (L7'): 2.12 g of NaH,PO,2H,0, 2 g of
(NH,),SO,, 10 mg of EDTA, 0.1 g of MgCl,-6H,0, 2 mg of
ZnSO,-7H,0, 1 mg of CaCl,-2H,0, S mg of FeSO,-7H,0, 0.2
mg of Na,MoO,2H,0, 0.2 mg of CuSO,-5H,0, 04 mg of
CoCl,-6H,0, 1 mg of MnCl,-2H,0, and 4.5 g of glucose as a
carbon source.

Sampling Procedure. Cells were separated from the
growth medium by pressure driven fast filtration described
for E. coli’® Since this method was designed for cold
quenching/extraction, the technique was slightly modified to
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be compatible with both hot and cold quenching/extraction
approaches. The complete procedure is shown in Figure 1.
Briefly, the cells were grown to mid-exponential phase (CDW =
0.4 g/L, corresponding to an ODgy, of approximately 1), and 2
mL of culture broth was rapidly harvested with an electronic
pipet and carefully released into a 50 mL syringe barrel attached
to a Swinnex filter with the plunger removed. The plunger was
carefully reinserted into the syringe barrel, and the cells were
separated by manual filtration from the culture broth and
retained on the filter pad (0.45 um pore size, 25 mm diameter
PVDF Durapore membrane) by rapidly expelling the culture
and extra volume gas through the filter housing and into a
collection vessel. Unlike the original procedure,” the filter pad
with captured cells was quickly removed from the filter holder
and placed in quenching/extraction solvent.

Quenching/Extraction Procedure. Four different
quenching/extraction approaches were validated and assessed
for P. taiwanensis VLB120 metabolome analysis. These include
the following: (1) cold methanol/acetonitrile/water (CM;
40:40:20, v/v/v) at —40 °C; (2) hot water (HW) at 90 °C; (3)
boiling ethanol/water (BE; 75:25, v/v) at 70 °C; (4) cold
ethanol/water (CE; 75:25, v/v) at —40 °C. The original
procedures of some of these techniques were slightly modified
to make the techniques easier and straightforward to perform
quantitative metabolome analysis of P. taiwanensis VLB120.
The modifications include an exclusion of formic acid from
CM*® and buffer (HEPES) from BE** to minimize downstream
steps and its potential interference in the analysis of the derived
samples. The quenching/extraction temperature was also
lowered (below the azeotrope boiling point of the solvent) to
avoid/minimize loss of solvent or extraction solution during hot
quenching/extraction procedures.

Quenching and extraction of metabolites were performed by
transferring the filter pad with captured cells to 2.5 mL of
preheated (BE at 70 °C and HW at 90 °C, for 3 min) or
precooled (CE and CM at —40 °C, for 3 min) quenching/
extraction solvents containing '*C-labeled internal standard
(IS). The filter pad was vortexed for 30 s, followed by a second
extraction step with an additional 1.5 mL of the hot or cold
extraction solvent without IS added. The two solutions were
pooled in a 50 mL conical tube and stored in —80 °C until
further analysis.

Sample Concentration and Conditioning. Samples from
—80 °C were thawed and centrifuged for 5 min, at 17000g and
4 °C, after which the supernatants were carefully collected and
the remaining cell debris was discarded. The samples were
concentrated by evaporating the organic solvent for 5 h at 25
°C using a vacuum concentrator (SAVANT, SpeedVac,
Thermo Fisher Scientific, San Diego, CA, USA) followed by
lyophilization (LABCONCO, FreeZone, Kansas City, MO,
USA) overnight at —40 °C. All dried extracts were resuspended
in 250 pL of LC-MS grade water (compatible with initial
mobile phase of the LC-MS method) and stored at —80 °C
until analysis. Prior to analyzing the samples on the LC-MS/
MS instrument, a set of dilutions (1X and 10X) of the samples
were prepared to cover the range of detection. Further details
of the protocol are explained in Figure 1.

Cell Dry Weight Determination. Cell dry weight (CDW)
was estimated by transferring 1 mL of broth sample to
preweighed dry Eppendorf tubes at specified time intervals (1
h) and spun down (17000g) for S min at 4 °C. The sample was
washed with water to remove traces of culture media in the
sample. The Eppendorf tubes containing the cell pellets were
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dried in a heating block at 70 °C until a constant weight was
achieved. The optical density (OD) at 600 nm was measured in
a spectrophotometer (VWR UV-1600PC). The correlation of
optical density (ODgy,) to CDW is given by CDW = 0.4505
(ODggo nm) g L™ for P. taiwanensis VLB120.

Metabolite Quantification. The concentrations of extrac-
ellular metabolites (glucose and gluconate) were analyzed by p-
glucose and D-gluconate/p-glucono-S-lactone test kits (R-
BIOPHARM AG, Germany) by monitoring the increase of
nicotinamide adenine dinucleotide phosphate at 340 nm in a
96-well plate format. Intracellular metabolites were determined
by an AB SCIEX Qtrapl 5500 mass spectrometer (AB SCIEX,
Framingham, MA, USA) operated in negative ion mode
applying multiple reaction monitoring as described elsewhere.*’
An XSELECT HSS XP (150 mm X 2.1 mm X 2.5 um)
(Waters, Milford, MA, USA) column with eluent A (10 mM
tributylamine, 10 mM acetic acid (pH 6.86), 5% methanol, and
2% 2-propanol) and eluent B (2-propanol) was used for the
chromatography. The oven temperature was set to 40 °C and
the gradient was for the following times (f): 0 min, 0% B; S
min, 0% B; 9 min, 2% B; 9.5 min, 6% B; 11.5 min, 6% B; 12
min, 11% B; 13.5 min, 11% B; 15.5 min, 28% B; 16.5 min, 53%
B; 22.5 min, 53% B; 23 min, 0% B; 27 min, 0% B; 33 min, 0%
B. The flow rate was 0.4 mL/min (0—15.5 min), 0.15 mL/min
(16.5—23 min), and 0.4 mL/min (27—33 min). Electrospray
ionization parameters were optimized for 0.4 mL/min flow rate
and were as follows: electrospray voltage of —4,500 V,
temperature of 500 °C, curtain gas of 40, CAD gas of 12,
and gases 1 and 2 of 50 and 50 psi, respectively.

Data Processing. Integration was performed using Multi-
QuantTM 3.0.2 (AB SCIEX), and absolute quantification of
intracellular metabolites were performed using an isotope-ratio-
based approach as previously described."** Cell extracts grown
in fully U *C-labeled glucose were used as internal standard for
quantifying the intracellular metabolites of P. taiwanensis
VLB120 grown on naturally labeled glucose. The calibration
curve was also prepared by adding fully U "“C-labeled cell
extract as internal standard to the unlabeled calibration
standards, and linear calibration curves were obtained by
plotting the height ratios between the U '*C and '*C
metabolites against the known concentrations of '*C
metabolites in the calibration standard.

B RESULTS AND DISCUSSION

Physiology of P. taiwanensis VLB120 during Batch
Growth on Glucose. P. taiwanensis VLBI20 was grown
aerobically in minimal medium supplemented with 4.5 g L™
glucose. P. taiwanensis VLB120 exhibits biphasic growth: first,
glucose was consumed (glucose phase); once glucose was
exhausted, accumulated gluconate was consumed (gluconate
phase), as shown in Figure 2. This observation may be
compared to previous findings in P. putida, which have shown
that this bacterium metabolizes glucose to gluconate in the
periplasmic space by the activity of glucose dehydrogenase
(ged), which is then transported to the cytoplasm and
subsequently converted to 6-phosphogluconate. This pathway
is known as the direct oxidative pathway which takes place
either under aerobic conditions or high substrate availability.
The authors also suggested that the strain might convert
glucose to glucose 6-phosphate in the cytoplasm, via
glucokinase and further to phospho-6-gluconate by the activity
of glucose-6-phosphate dehydrogenase. This alternative phos-
phorylative pathway predominates under oxygen or glucose
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Figure 2. Growth profile of P. taiwanensis VLB120 in minimal media:
(I) glucose phase; (II) gluconate phase. Arrow indicates the time at
which samples were taken for intracellular metabolite analyses. Error
bars indicate standard deviations of three independent cultures. CDW,
cell dry weight. Growth conditions: 250 mL baffled shake flask, 25 mL
of minimal medium, 4.5 g/L glucose, 250 rpm, 30 °C.

Table 1. Physiological Parameters of P. taiwanensis VLB120
during Growth on Glucose in Batch Culture (Only Glucose
Phase)”

specific growth rate, y h! 0.75 + 0.03
specific glucose uptake rate g (g of CDW h)™* 6.27 + 030
specific gluconate production rate g (g of CDW h)™! 5.01 + 0.58
biomass yield on glucose g of CDW g™ 0.12 + 0.01

“Cells were cultivated in 250 mL shake flasks (working volume, 25
mL) at 30 °C, 250 rpm in minimal medium supplemented with 4.5 g
L™" glucose. Errors indicate standard deviations (1 = 3). CDW, cell dry
weight.

limiting conditions.””” ™ In contrast to P. putida no further
oxidation of gluconate to 2-ketogluconate is observed in P.
taiwanensis but rather the conversion to 6-phosphogluconate
which enters the pentose phosphate pathway.

The observed low biomass yield in the glucose phase was the
consequence of the high conversion rate of glucose to
gluconate, which was accumulated in the culture medium
(Table 1). This result is in agreement to the previous study
which found that P. putida mt-2 converts the major part of
glucose to gluconate and 2-ketogluconate due to the saturation
of one or more biosynthesis key steps and availability of excess
substrate to membrane dehydrogenases.>

Understanding the physiological state of the investigated
organism is important prior to sampling in metabolomics
studies for a representative sample during the desired growth
phase. For this study, cells were harvested during the mid-
exponential growth phase (CDW = 0.4 g/L) on glucose.

Comparison of Quenching/Extraction Approaches.
The suitability of a pressure driven fast filtration system
followed by cold ethanol extraction, cold methanol/acetoni-
trile/water extraction, boiling ethanol extraction, and hot water
extraction was assessed for P. taiwanensis VLB120 metabolome
analysis. The suitability of each approach was evaluated based
on quenching efficiency, intracellular metabolite concentra-
tions, and experimental reproducibility. For all quenching/
extraction approaches, cells were obtained from the same shake
flask and each quenching/extraction procedure was performed
using five independent shake flasks as biological replicates.
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Figure 3. (A) Comparison of intracellular ATP, ADP, and AMP and
the energy charge ratio (EC = (ATP + 0.SADP)/(ATP + ADP +
AMP)) of P. taiwanensis VLB120 grown on glucose. (B) Effect of
quenching/extraction temperatures on ATP, ADP, and AMP of "*C-
labeled internal standard which was added to the quenching/extraction
solution prior to the quenching/extraction process (where, for
example, 6.0E+06 represents 6.0 X 10°). Abbreviations: CE, cold
ethanol/water (75:25, v/v); CM, cold methanol/acetonitrile/water
(40:40:20, v/v); BE, boiling ethanol/water (75:25, v/v); HW, hot
water. The error bars indicate standard deviations from five biological
replicates.

Quenching Efficiency. The effectiveness of the applied
quenching methods was evaluated based on the adenylate
energy charge (EC) to assess whether inactivation of cellular
metabolism was achieved in a reasonable time scale. This
parameter describes the relationship between ATP, ADP, and
AMP (as shown below).”” A physiological meaningful range of
0.80—0.95 for growing cells depending on nutritional and
environmental conditions has been described.”***~*

EC = ([ATP] + 0.5S[ADP])/([ATP] + [ADP]
+ [AMP])

The obtained results (Figure 3A) demonstrate that the
quenching/extraction solution has a considerable effect on the
proper quenching of cellular metabolism. CE, CM, and BE
quenching/extraction techniques were found to be highly
effective in deactivating cellular metabolism since the EC was
within a physiological meaningful range. The highest energy
charge was obtained for the BE quenching/extraction
procedure (0.93 + 0.01).

In contrast to other organic-solvent-based quenching/
extraction techniques such as CE, CM, and BE, HW-based
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quenching/extraction resulted in a low EC (0.48 = 0.014),
which implies that this method was less effective in deactivating
cellular metabolism. This finding is in good agreement with
results obtained in a previous work performed by Meyer et al.,"’
suggesting that this method is not effective in deactivating the
metabolism of Staphylococcus aureus (St. aureus; EC, 0.43 =+
0.13). Instead, the method presumably causes reversible
inactivation of the enzymes hydrolyzing ATP to the
corresponding less phosphorylated metabolites ADP and
AMP.”" The same effect was observed for other quantified
triphosphate nucleotides that get hydrolyzed to the correspond-
ing monophosphate nucleotides (Figure 4). This pattern of
metabolite losses and gains is detrimental in metabolome
studies, leading to underestimation of triphosphate levels and
overestimation of less phosphorylated nucleotides.

Intracellular Metabolite Concentrations. The efficacy of
the quenching/extraction approaches was also evaluated based
on the intracellular concentrations of the identified metabolites.
With respect to metabolite concentration changes between
quenching/extraction techniques, no statistically significant
difference was found for the two applied cold quenching/
extraction approaches (ie, CE and CM) at a p-value < 0.05,
except for NADPH and chorismate (Figure 4A).

On the other hand, a significant number of quantified
metabolites (p-value < 0.05) were present at significantly
different concentrations between hot and cold quenching/
extraction techniques (Figure 4B—E). The hot quenching/
extraction techniques were found to be superior to cold
quenching/extraction techniques when using a 2-fold change
(log, fold change > 1 or < —1) and p-value < 0.05 as a
significance threshold. These significant differences were found
in the metabolite classes comprising redox cofactors,
nucleotides, nucleosides, and bases. Some of these metabolites
changed more than 3-fold between hot and cold quenching/
extraction techniques (Figure S1). This indicates that temper-
ature is one important factor (e.g., CE vs BE, Figure 4B) in the
metabolite extraction for P. taiwanensis VLB120. This is most
likely due to the strain’s intrinsic solvent resistance compared to
other less resistant organisms such as E. coli where cold

uenching/extraction methods turned out to be favor-
able'z(),36,44

There was also a significant difference between the two
tested hot quenching/extraction techniques (BE and HW). For
instance, nucleotide triphosphates such as ATP, dATP, dCTP,
CTP, ITP, UTP, and dTTP as well as redox cofactors (NADH
and NADPH) were better extracted by the BE-based
quenching/extraction technique whereas adenine, uracil,
cytidine, and guanosine were better extracted by HW, as
shown in Figure 4F. Furthermore, hot water quenching/
extraction approach appeared to be more efficient in extracting
nucleotide monophosphates (NMPs) than nucleotide triphos-
phates (NTPs) compared to other evaluated quenching/
extraction techniques (Figure 4). This is not directly related
to the efficiency of the extraction technique but to the
incomplete quenching of cellular metabolism resulting in
increased amounts of lower grade phosphorylated nucleotides
as also observed during the EC evaluation.

A possible degradation of metabolites due to high temper-
atures during the quenching and extraction process was
addressed by estimating the recovery of the '*C-labeled IS.
The combined peak height of ATP, ADP, and AMP was within
the variation observed for CE, CM, and BE and slightly reduced
for the HW quenching/extraction procedure (Figure 3B).
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Figure 4. Volcano plots of quantitative metabolome data for the comparison of different quenching/extraction techniques: (A) cold methanol/
acetonitrile/water and cold ethanol; (B) boiling ethanol and cold ethanol; (C) hot water and cold ethanol; (D) boiling ethanol and cold methanol/
acetonitrile/water; (E) hot water and cold methanol/acetonitrile/water; (F) hot water and boiling ethanol. The x-axis is the mean ratio fold change
(plotted on a log, scale) of the relative abundance of each metabolite between the two extraction methods. The y-axis represents the statistical
significance p-value (plotted on log;, scale) of the ratio fold change for each metabolite. Metabolites that have both significant p-value (p < 0.05) and
high fold change (more than 2-fold) are marked with green on both sides of the x-axis and metabolites that have only significant statistical p-value (p
< 0.05) represented with red. Metabolites whose abundance is unchanged between the two extraction methods were plotted at the x-axis origin
(green vertical line; ratio fold change = 1). Each point represents a different metabolite. Some of the metabolites were not labeled in the figure due to
constraints of the volcano plot.
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quantified metabolites for each quenching/extraction technique.
Abbreviations: CE, cold ethanol/water (75:25, v/v); CM, cold
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water (75:25, v/v); HW, hot water; RSD, relative standard deviation
(n = 5, biological replicates).

gthrd (SHOX  Hexose
Other RFs pool
ute S TP _~Other AAs
ATP
Other
nucleotides
s7p —
g6p—"
Other SPs_~~
f6p _/’/ .
. Ornithine
Serine Glutamine
® Amino acids Nucleosides/bases

= Sugar phosphates ® Organic acids

® Nucleotides m Redox-cofactors

Figure 6. Composition of quantified metabolites of glucose-fed P.
taiwanensis VLB120 applying the BE method. The top 15 abundant
[umol/(g of CDW)] metabolites were labeled including aspartate,
glutamate, ornithine, 6-phosphogluconate (6pgc), glucose 6-phosphate
(g6p), reduced glutathione (gthrd), adenosine triphosphate (ATP),
hexose pool (fructose and glucose-p), glutamine, fructose 6-phosphate
(fép), oxidized glutathione (gthox), uridine triphosphate (UTP),
sedoheptulose 7-phosphate (s7p), serine, and guanosine triphosphate
(GTP). Abbreviations: AAs, amino acids; SPs, sugar phosphates; RFs,
redox factors. Aspartate and glutamate concentrations are extrapolated
above the calibration curve.

Besides, reduced peak heights were observed for ATP in the
13C_labeled internal standard in both hot extraction/ quenching
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procedures compared to the two cold ones while both ADP and
AMP increased during the hot extraction process. This suggests
degradation of ATP to lower grade phosphorylated compounds
during hot quenching/extraction process. However, this
thermal degradation has no contribution to the overall results
presented here as the added '*C-labeled IS accounts for all
possible losses including thermal degradation.

In general, the different outcome seen with different
quenching/extraction techniques indicates that there is no
universal technique that is suitable for all types of metabolites.
This underlines the importance of specifically developed
protocols.

Experimental Repeatability. The robustness of each
extraction method was evaluated based on their reproducibility
assessed on percent relative standard deviation (% RSD). The
mean % RSDs of the quantified metabolites for CE, CM, BE,
and HW were 30, 27, 20, and 28%, respectively, implying the
highest reproducibility for BE (Figure S). The majority of
extracted classes of metabolite by BE have low % RSDs (below
20%) compared to the other three quenching/extraction
methods applied. Based on those findings, BE is the most
robust method applied among the used quenching/extraction
techniques which is likely due to a more complete extraction of
metabolites.

On the basis of the three evaluation criteria, quenching
efficiency, intracellular metabolite concentrations (extraction
yield), and experimental repeatability, the pressure driven fast
filtration system followed by a boiling ethanol/water (75:25, v/
v) at 75 °C is the most adequate quenching/extraction
technique for P. taiwanensis VLB120 metabolome analysis
among the investigated methods.

On the other hand, the findings of this work focusing on a
proper procedure to sample the P. taiwanensis VLB120
metabolome differed remarkably from that of other Gram-
negative bacteria such as E. coli’*** and Klebsiella oxytoca,” in
which boiling ethanol was not the favorable extraction
technique compared to hot water, cold ethanol, cold methanol,
methanol/chloroform combinations, perchloric acid, and
potassium hydroxide. These differences might be due to the
inherent differences in cell wall structure and membrane
composition for these organisms,’”***” and hence it is
important to carefully assess a metabolome sampling method-
ology for the specific organism of interest.

Composition of the P. taiwanensis VLB120 Metab-
olome Extracted with Boiling Ethanol. In total 107
metabolites were identified, and 94 of them were quantified
from the Embden—Meyerhof—Parnas (EMP) pathway, the
pentose phosphate pathway (PPP), and the tricarboxylic acid
cycle (TCA). These metabolites may not be representative of
the entire metabolome of P. taiwanensis VLB120 as the total
number of metabolites present in Pseudomonas is estimated to
be around 305 (according to genome scale modeling).
However, the quantified metabolites cover most highly
abundant metabolites on a molar base and they have an
essential role in central metabolism. This is comparable to
other organisms such as E. coli*®* Among the quantified
intracellular metabolites, most are related to the central carbon,
energy, and redox metabolism as well as amino acid
metabolism.

The metabolome of P. taiwanensis VLB120 was dominated by
a small number of abundant compound classes on a
concentration basis: amino acids (52%), central carbon
intermediates including sugar phosphates and organic acids
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Table 2. Boiling Ethanol Extracted Intracellular Metabolite Concentrations of P. taiwanensis VLB120 Grown on Glucose

metabolite umol (g of CDW)™ metabolite umol (g of CDW)™ metabolite umol (g of CDW)™
L-arginine 0.211 succinate 0.360 GMP 0.438
L-histidine 0.308 L-malate 0.081 IMP 0.107
L-glutamine 5.643 citrate 0.534 UMP 0.106
L-threonine 0.937 isocitrate 0.023 dAMP 0.006
L-methionine 0.098 phenylpyruvate 0.012 cAMP 0.0001
L-tyrosine 0.195 methylmalonate 0.016 dCMP 0.011
L-phenylalanine 0.180 oxalate 0.647 dUMP 0.005
L-aspartate 23.577 chorismate 0.069 dGMP 0.015
L-glutamate 30.60 cis-aconitate 0.114 NADH 0.045
L-tryptophan 0.034 fumarate 0.030 NADP 0.323
L-ornithine 5.077 urate 0.338 NADPH 0.055
L-serine 2.178 ATP 6.385 oxidized glutathione 2.722
L-alanine 0.508 dATP 0.525 reduced glutathione 5.420
L-threonine 0.937 dCTP 0.322 coenzyme A 0.738
L-asparagine 0.069 CTP 0.654 acetyl-coenzyme A 1.094
L-citrulline 0.416 ITP 1.041 p-glucose 6-phosphate 11.94
uracil 0.007 dITP 0.246 p-fructose 6-phosphate 4.227
cytidine 0.061 dTTP 0.355 p-glucose 1-phosphate 0.767
inosine 0.010 GTP 2.023 p-fructose 1,6-bisphosphate 0.771
guanosine 0.017 uTP 2327 alpha-p-ribose S-phosphate 0.374
adenosine 0.015 ADP 0.157 sedoheptulose 7-phosphate 2.218
guanine 0.00S UDP 0.329 p-ribulose S-phosphate 1.858
xanthine 0.013 GDP 0.697 phosphoenolpyruvate 0.414
thymine 0.001 dCDP 0.095 glycerol 3-phosphate 0.179
adenine 0.012 dADP 0.063 dihydroxyacetone phosphate 1.772
uridine 0.087 UDPglucose 0.772 p-glucosamine 6-phosphate 0.638
hypoxanthine 0.003 UDP-glucuronate 0.005 pool 2pg 3pg 0.715
2-oxoglutarate 0.159 dTDPglucose 0.008 6-phospho-p-gluconate 6.528
shikimate 0.002 AMP 0.399 hexose pool” 5.736
glycolate 0.340 CMP 0.138 flavin adenine dinucleotide 0.153
S-oxoproline 0.162 dTMP 0.007
pyruvate 1.070 NAD 1510

“Hexose pool denotes the combined pools of fructose and glucose.

(22%), nucleotides (13%), and redox cofactors (9%), as shown
in Figure 6. The 15 most abundant compounds comprised 81%
of the total content of the quantified metabolome, whereas the
less abundant half of the quantified metabolites which includes
metabolites of all classes together comprised only 2.5%.

Comparison with metabolome data from E. coli indicates
clear differences for aerobic growth on glucose due to
differences in the glucose catabolic pathways in both organisms.
The F6P/G6P and the 6PGC/G6P ratios in E. coli are 0.10 and
0.11, respectively.”’ The corresponding ratios determined for P.
taiwanensis VLB120 were 0.3S and 0.55 for F6P/G6P and
6PGC/G6P. Those findings are in agreement with the
postulated way of glucose catabolism under aerobic batch
conditions. Under those conditions the oxidative pathway with
6PGC being the substrate entry point is supposed to be the
maiglgcatabolic pathway in contrast to glucose-6-phosphate in E.
coli.”

The concentration of metabolites extracted from P.
taiwanensis VLB120 with boiling ethanol is shown in Table 2.
For error estimates and comparable data from cold ethanol,
cold methanol/acetonitrile/water, and hot water quenching/
extraction, see Supporting Information Table S1.

B CONCLUSION

The present study conducted a comprehensive examination of
different hot and cold combined quenching/extraction
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approaches to extract and quantify the metabolome of P.
taiwanensis VLB120 for the first time. The overall result and
performance of intracellular metabolite profiling is significantly
affected by the specific method applied during the sampling.
Pressure driven fast filtration followed by boiling ethanol
quenching/extraction technique was sufficiently fast to provide
an accurate snapshot of intracellular metabolism of the cells
while also allowing for the most complete and reproducible
extraction of intracellular metabolites. On the other hand, hot-
water-based quenching/extraction technique is not suitable for
P. taiwanensis VLB120 metabolome analysis due to incomplete
quenching of metabolism, but good extraction results could be
obtained for some of metabolites such as amino acids,
nucleosides, and bases.

In general, this study showed that each extraction method
has its advantage and disadvantage for extraction of metabolites,
depending on their physical properties. Thus, sampling,
quenching, and extraction protocols need to be validated and
adjusted for the specific questions they should help to answer.
This is important in metabolomics studies since analytical
techniques such as LC-MS will not produce a relevant result
from poorly prepared biological samples due to detector
response and matrix effects. Thus, accurate sample preparation
techniques are required to ensure the analytical method
maintains essential elements of robustness and consistency
that are expected in any bioanalytical assay. The focus has to be
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on the compound class or classes of interest as well as the
organism itself that is investigated to decide for a reasonable
sample preparation strategy.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.anal-
chem.7b00793.

Extracted intracellular metabolite concentrations, plot of
measured intracellular concentrations, and relative differ-
ences between the two quenching/extraction methods
(PDF)

B AUTHOR INFORMATION

Corresponding Author

*Phone: +45 3056 9850. E-mail: kosc@biosustain.dtu.dk.
ORCID

Gossa G. Wordofa: 0000-0002-3218-7821

Konstantin Schneider: 0000-0001-9595-324X

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Prof. Dr. Andreas Schmid (Department of Solar
Materials, The Helmholtz-Center for Environmental Research,
UFZ, Germany) for supplying P. taiwanensis VLB120. This
research was funded by the ERA-NET SynBio/Innovations-
fonden and the Novo Nordisk Foundation.

B REFERENCES

(1) Volmer, J.; Neumann, C.; Biihler, B.; Schmid, A. Appl. Environ.
Microbiol. 2014, 80 (20), 6539—6548.

(2) Lang, K; Zierow, J.; Buehler, K; Schmid, A. Microb. Cell Fact.
2014, 13 (1), 2.

(3) Kohler, K. A. K; Blank, L. M,; Frick, O.; Schmid, A. Environ.
Microbiol. 2015, 17 (1), 156—170.

(4) Kohler, K. A. K; Riickert, C.; Schatschneider, S.; Vorhslter, F. J.;
Szczepanowski, R.; Blank, L. M.; Niehaus, K;; Goesmann, A.; Piihler,
A.; Kalinowski, J.; Schmid, A. J. Biotechnol. 2013, 168 (4), 729—730.

(5) Halan, B; Vassilev, L; Lang, K.; Schmid, A.; Buehler, K. Microb.
Biotechnol. 2017, 10, 745—758.

(6) Pei, D; Xu, J; Zhuang, Q;; Tse, H.-F.; Esteban, M. A. Adv.
Biochem. Eng. Biotechnol. 2010, 123, 127—141.

(7) Bennett, B. D.; Yuan, J.; Kimball, E. H.; Rabinowitz, J. D. Nat.
Protoc. 2008, 3 (8), 1299—1311.

(8) Villas-Béas, S. G.; Hoejer-Pedersen, J.; Akesson, M; Smedsgaard,
J.; Nielsen, J. Yeast 2005, 22 (14), 1155—1169.

(9) de Koning, W.; van Dam, K. Anal. Biochem. 1992, 204 (1), 118—
123.

(10) Buchholz, A.; Takors, R.;; Wandrey, C. Anal. Biochem. 2001, 295
(2), 129-137.

(11) Jensen, N. B.; Jokumsen, K. V.; Villadsen, J. Biotechnol. Bioeng.
1999, 63 (3), 356—362.

(12) Chen, M,; Li, A.; Sun, M,; Feng, Z.; Meng, X.; Wang, Y. J.
Zhejiang Univ,, Sci, B 2014, 15 (4), 333—342.

(13) de Jonge, L. P.; Douma, R. D.; Heijnen, J. J.; van Gulik, W. M.
Metabolomics 2012, 8 (4), 727—735.

(14) Ruijter, G. J. G.; Visser, J. J. Microbiol. Methods 1996, 25, 295—
302.

(15) Letisse, F.; Lindley, N. D. Biotechnol. Lett. 2000, 22 (21), 1673—
1677.

(16) Link, H.; Anselment, B.; Weuster-Botz, D. Metabolomics 2008, 4
(3), 240—247.

8746

(17) Wittmann, C.; Krdmer, J. O.; Kiefer, P.; Binz, T.; Heinzle, E.
Anal. Biochem. 2004, 327 (1), 135—139.

(18) Wu, L.; Mashego, M. R;; Van Dam, J. C.; Proell, A. M.; Vinke, J.
L.; Ras, C.; Van Winden, W. A.; Van Gulik, W. M.; Heijnen, J. J. Anal.
Biochem. 2005, 336 (2), 164—171.

(19) Meyer, H.; Liebeke, M.; Lalk, M. Anal. Biochem. 2010, 401 (2),
250—-259.

(20) McCloskey, D.; Utrilla, J.; Naviaux, R. K.; Palsson, B. O.; Feist,
A. M. Metabolomics 2015, 11, 198—209.

(21) Canelas, A. B.; Ten Pierick, A.; Ras, C.; Seifar, R. M.; Van Dam,
J. C; Van Gulik, W. M.; Heijnen, J. J. Anal. Chem. 2009, 81 (17),
7379—7389.

(22) Shryock, J. C.; Rubio, R;; Berne, R. M. Anal. Biochem. 1986, 159
(1), 73-81.

(23) Gonzalez, B,; Frangois, J.; Renaud, M. Yeast 1997, 13 (14),
1347—-1356.

(24) Hajjaj, H; Blang, P. J.; Goma, G.; Frangois, J. FEMS Microbiol.
Lett. 1998, 164, 195—200.

(25) Visser, D.; Van Zuylen, G. A;; Van Dam, J. C.; Oudshoorn, A
Eman, M. R;; Ras, C.; Van Gulik, W. M.; Frank, J.; Van Dedem, G. W.
K.; Heijnen, J. J. Biotechnol. Bioeng. 2002, 79 (6), 674—681.

(26) Chassagnole, C.; Noisommit-Rizzi, N.; Schmid, J. W.; Mauch,
K.; Reuss, M. Biotechnol. Bioeng. 2002, 79 (1), 53—73.

(27) Oldiges, M.; Kunze, M.; Degenring, D.; Sprenger, G. A.; Takors,
R. Biotechnol. Prog. 2004, 20, 1623—1633.

(28) Theobald, U.; Mailinger, W.; Reuss, M.; Rizzi, M. Anal. Biochem.
1993, 214, 31—37.

(29) Bhattacharya, M.; Fuhrman, L.; Ingram, A.; Nickerson, K. W.;
Conway, T. Anal. Biochem. 1995, 232 (1), 98—106.

(30) Mashego, M. R;; Wy, L,; Van Dam, J. C; Ras, C.; Vinke, J. L;
Van Winden, W. A.; Van Gulik, W. M.; Heijnen, J. J. Biotechnol. Bioeng.
2004, 85 (6), 620—628.

(31) Meyer, H.; Weidmann, H.; Lalk, M. Microb. Cell Fact. 2013, 12
(1), 69.

(32) Park, C; Yun, S; Lee, S. Y,; Park, K; Lee, J. Appl. Biochem.
Biotechnol. 2012, 167 (3), 425—438.

(33) Hiller, J.; Franco-Lara, E.; Weuster-Botz, D. Biotechnol. Lett.
2007, 29 (8), 1169—1178.

(34) Faijes, M.; Mars, A. E.; Smid, E. J. Microb. Cell Fact. 2007, 6, 27.

(35) Hartmans, S.; Smits, J. P.; van der Werf, M. J.; Volkering, F.; de
Bont, J. A. M. Appl. Environ. Microbiol. 1989, 55 (11), 2850—28S5.

(36) Rabinowitz, J. D.; Kimball, E. Anal. Chem. 2007, 79 (16), 6167—
6173.

(37) dos Santos, V. A. P. M,; Heim, S.; Moore, E. R. B.; Stritz, M.;
Timmis, K. N. Environ. Microbiol. 2004, 6 (12), 1264—1286.

(38) Lessie, T. G.; Phibbs, P. V. Annu. Rev. Microbiol. 1984, 38, 359—
387.

(39) Latrach Tlemgani, L.; Corroler, D.; Barillier, D.; Mosrati, R.
Arch. Microbiol. 2008, 190 (2), 141—150.

(40) Atkinson, D. E.; Walton, G. M. J. Biol. Chem. 1967, 242 (13),
3239-3241.

(41) Talwalkar, R. T.; Lester, R. L. Biochim. Biophys. Acta, Lipids Lipid
Metab. 1973, 306, 412—421.

(42) Poolman, B.; Konings, W. N. J. Bacteriol. 1988, 170 (2), 700—
707.

(43) Coulier, L.; Bas, R;; Jespersen, S.; Verheij, E.; Van Der Werf, M.
J.; Hankemeier, T. Anal. Chem. 2006, 78 (18), 6573—6582.

(44) Prasad Maharjan, R.; Ferenci, T. Anal. Biochem. 2003, 313 (1),
145—154.

(4S) Winder, C. L.; Dunn, W. B.; Schuler, S.; Broadhurst, D.; Jarvis,
R,; Stephens, G. M.; Goodacre, R. Anal. Chem. 2008, 80 (8), 2939—
2948.

(46) Zakhartsev, M.; Vielhauer, O.; Horn, T.; Yang, X.; Reuss, M.
Metabolomics 2015, 11 (2), 286—301.

(47) Mashego, M. R;; Rumbold, K;; De Mey, M.; Vandamme, E.;
Soetaert, W.; Heijnen, J. J. Biotechnol. Lett. 2007, 29 (1), 1—16.

(48) Kim, D. H.; Achcar, F.; Breitling, R.; Burgess, K. E.; Barrett, M.
P. Metabolomics 2015, 11 (6), 1721—1732.

DOI: 10.1021/acs.analchem.7b00793
Anal. Chem. 2017, 89, 8738—8747


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.analchem.7b00793
http://pubs.acs.org/doi/abs/10.1021/acs.analchem.7b00793
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b00793/suppl_file/ac7b00793_si_002.pdf
mailto:kosc@biosustain.dtu.dk
http://orcid.org/0000-0002-3218-7821
http://orcid.org/0000-0001-9595-324X
http://dx.doi.org/10.1021/acs.analchem.7b00793

Analytical Chemistry

(49) Park, J. O.; Rubin, S. A; Xu, Y.-F.; Amador-Noguez, D.; Fan, J.;
Shlomi, T.; Rabinowitz, J. D. Nat. Chem. Biol. 2016, 12 (7), 482—489.

8747 DOI: 10.1021/acs.analchem.7b00793
Anal. Chem. 2017, 89, 8738—8747


http://dx.doi.org/10.1021/acs.analchem.7b00793

Supporting Information for Publication

Quantifying the metabolome of Pseudomonas taiwanensis VLB120:
Evaluation of hot and cold combined quenching/extraction
approaches

Gossa G. Wordofat, Mette Kristensent, Lars Schriibbers{, Douglas McCloskeyf, Jochen Forstert and
Konstantin Schneider*{

+ Novo Nordisk Foundation Center for Biosustainability, Technical University of Denmark, DK-2800 Lyngby, Denmark
i Department of Bioengineering, University of California, San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0412, USA

Corresponding Author

*Phone: +45 30569850. Email: kosc@biosustain.dtu.dk



mailto:kosc@biosustain.dtu.dk

Table S1. Intracellular metabolite concentrations (umol/gCDW) of glucose-fed, exponentially growing
P. taiwanensis VLB120 cells that were extracted with different techniques.

Metabolite CE CM BE HW
pmol/gCDW  RSD (%) pmol/gCDW  RSD (%) pmol/gCDW  RSD (%) umol/gCDW  RSD (%)

L-Arginine 0.204 43.85 0.213 30.82 0.211 16.82 0.257 24.31
L-Histidine 0.314 47.65 0.286 34.01 0.308 12.04 0.453 27.14
L-Glutamine 5.668 22.24 5.991 9.08 5.643 15.70 3.210 42.21
L-Threonine 0.898 39.66 0.901 12.97 0.937 10.13 0.941 25.57
L-Methionine 0.077 28.42 0.074 28.17 0.098 19.67 0.143 24.63
L-Tyrosine 0.214 46.81 0.179 1491 0.195 16.61 0.372 41.45
L-Phenylalanine 0.229 28.35 0.165 26.06 0.180 29.58 0.249 37.84
L-Aspartate 21.052 9.02 26.481 26.89 23.577 17.57 23.041 24.71
L-Glutamate 35.484 15.17 33.937 15.75 30.596 17.74 32.821 23.94
L-Tryptophan 0.050 73.37 0.032 12.59 0.034 20.00 0.057 35.01
L-Ornithine 7.216 31.67 4.630 26.53 5.077 13.46 6.174 26.83
L-Serine 2.747 54.94 1.783 21.59 2.178 20.65 2.765 36.91
L-Alanine 0.697 53.04 0.571 23.29 0.508 41.26 1.260 43.58
L-Threonine 0.898 39.65 0.901 12.97 0.937 10.13 0.941 25.57
L-Asparagine 0.062 25.30 0.065 13.03 0.069 33.60 0.120 43.41
L-Citrulline 0.570 41.40 0.390 40.05 0.416 19.38 0.305 4433
Uracil 0.006 31.49 0.005 20.83 0.007 19.64 0.040 30.70
Cytidine 0.059 54.89 0.054 77.94 0.061 36.66 0.125 19.60
Inosine 0.013 40.04 0.010 32.95 0.010 10.05 0.016 16.71
Guanosine 0.018 41.87 0.019 50.48 0.017 7.88 0.044 34.32
Adenosine 0.010 35.73 0.012 24.39 0.015 28.24 0.141 43.19
Guanine 0.003 12.96 0.005 43.48 0.005 20.48 0.017 36.97
Xanthine 0.023 85.30 0.010 22.92 0.013 21.23 0.020 37.54
Thymine 0.001 21.69 0.001 20.62 0.001 18.62 0.001 27.19
Adenine 0.004 41.50 0.005 23.71 0.012 31.36 0.019 24.97
Uridine 0.115 17.73 0.095 58.82 0.087 12.52 0.078 28.89
Hypoxanthine 0.003 37.24 0.002 2541 0.003 7.09 0.005 41.84

D-Glucose 6-phosphate 10.452 3.43 10.613 11.74 11.937 7.68 10.214 12.33




D-Fructose 6-phosphate
D-Glucose 1-phosphate
D-Fructose 1,6-bisphosphate
alpha-D-Ribose 5-phosphate
Sedoheptulose 7-phosphate
D-Ribulose 5-phosphate
Phosphoenolpyruvate
Glycerol 3-phosphate
Dihydroxyacetone phosphate
D-Glucosamine 6-phosphate
Pool 2pg+3pg
6-Phospho-D-gluconate
Hexose pool

2-Oxoglutarate

Shikimate

Glycolate

5-Oxoproline

Pyruvate

Succinate

L-Malate

Citrate

Isocitrate

Phenylpyruvate
Methylmalonate

Oxalate

Chorismate

cis-Aconitate

Fumarate

Urate

ATP

dATP

dCTP

3.899
0.795
0.553
0.368
2.537
1.831
0.408
0.208
1.880
0.443
0.980
6.921
5.689
0.147
0.002
0.255
0.293
0.918
0.327
0.084
0.909
0.020
0.015
0.012
0.487
0.049
0.129
0.068
0.090
2.051
0.110

0.101

10.93
10.72
28.03
19.01
17.38

8.12
15.55
23.07
17.84
32.95

9.06
41.22
19.23
19.98
23.53
14.22
61.24
47.49

7.85
51.00
26.56
13.79
21.77
24.23
23.13
24.18
37.53
58.07
41.60
27.75
46.21

39.06

4.163
0.818
0.726
0.400
2.415
1.792
0.422
0.198
1.723
0.564
0.920
7.359
5.738
0.148
0.001
0.210
0.160
0.699
0.257
0.058
0.784
0.027
0.016
0.009
0.527
0.107
0.095
0.069
0.078
1.567
0.121

0.122

4.92
19.29
25.62

8.52
26.22
10.75
17.32
17.47
33.13
38.99
14.06
62.95
13,59
26.61
28.92
10.81
16.37
27.47
23.32
22.57
19.22
22.76
16.27
20.55

7.80
38.77
20.24
27.49
20.70
21.00
47.84

51.95

4.227
0.767
0.771
0.374
2.218
1.858
0.414
0.179
1.772
0.638
0.715
6.528
5.736
0.159
0.002
0.340
0.162
1.070
0.360
0.081
0.534
0.023
0.012
0.016
0.647
0.069
0.114
0.030
0.338
6.385
0.525

0.322

10.57
1457
19.62
25.93

8.79
13.06
2511
15.82
29.18
10.33
10.18
30.98
20.56
20.68
26.26
12.90
12.43
13.72

4.40
20.38
42.10

9.68
12.61
10.77
11.07
26.04
19.97
16.86
24.53
14.20
29.75

24.07

2.106
0.994
0.377
0.330
2.050
1.245
0.415
0.312
1.529
0.580
0.764
5.253
7.926
0.146
0.009
0.488
0.308
1.731
0.534
0.049
0.362
0.030
0.012
0.020
0.635
0.036
0.156
0.044
0.585
2.171
0.095

0.072

34.98
42.04
12.11
25.58
21.69
25.01
10.26
22.67
25.18
45.12
12.91
43.64
45.89
35.33
47.37
32.34
34.07
59.61
33.76
2941
28.25
18.88
35.67
41.32
35.75

5.52
28.65
30.16
79.19
19.90
30.04

40.41




CTP

ITP

diTpP

dTTP

GTP

UTP

ADP

UDP

GDP

dCDP

dADP

UDPglucose

UDP-D-glucuronate

dTDPglucose

AMP

CMP

GMP

IMP

UMP

dAMP

CAMP

dCMP

dUMP

dGMP

dTMP

Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide - reduced
Nicotinamide adenine dinucleotide phosphate

Nicotinamide adenine dinucleotide
phosphate- reduced

Oxidized glutathione

Reduced glutathione

0.188
0.273
0.239
0.076
0.489
0.735
0.097
0.213
0.337
0.054
0.045
0.467
0.002
0.004
0.161
0.076
0.238
0.050
0.052
0.003
0.0001
0.007
0.004
0.009
0.006
0.798
0.002
0.185

0.004

2.590

5.351

26.79
29.53
10.73
38.54
32.48
28.59
24.89
23.95
40.98
29.60
49.30
29.11
37.80
35.58
17.23
26.20
13.52
11.89

9.13
23.32
13.34
18.44
20.73
10.24
30.38
24.16
44.63
38.01

21.34

28.79

18.83

0.160
0.202
0.232
0.101
0.512
0.966
0.080
0.241
0.325
0.040
0.036
0.506
0.002
0.004
0.201
0.085
0.264
0.057
0.075
0.005
0.0001
0.009
0.005
0.011
0.008
0.992
0.001
0.185

0.009

3.177

5.614

30.26
1241
20.82
31.08
49.23
37.05
38.33
56.71
55.66
37.27
72.25
36.72
4541
30.47

8.36
29.13

1.77
12.89

2.18
1471

9.72
20.15
45.60
18.87
21.50
34.73
30.65
39.57

38.08

20.79

10.96

0.654
1.041
0.246
0.355
2.023
2.327
0.157
0.329
0.697
0.095
0.063
0.772
0.005
0.008
0.399
0.138
0.438
0.107
0.106
0.006
0.000
0.011
0.005
0.015
0.007
1.510
0.045
0.323

0.055

2.722

5.420

15.88
23.65
11.02
28.86
17.22
16.95
21.38
1791
12.90
22.61
48.19
15.92
25.85
17.02
19.93
22.58
14.06
20.98
26.36
16.49
22.35
32.08
22.84
23.94
32.71
17.75
47.49
19.27

7.33

48.76

22.50

0.163
0.308
0.335
0.057
1.450
0.467
0.143
0.232
0.772
0.168
0.048
0.824
0.005
0.019
2.366
0.909
2.322
0.676
0.619
0.052
0.0001
0.097
0.005
0.048
0.075
1.551
0.001
0.410

0.004

2.368

5.102

35.12
19.66
2291
13.75
14.73
28.37
17.37
19.02
14.64

9.32
48.50
10.73
14.66
32.87
18.85
26.93
13.14
21.34
13.60

9.57
33.88
42.96
34.61
45.49
38.13
17.42
38.17
14.61

18.52

40.83

24.44




Coenzyme A

Acetyl-CoA

Flavin adenine dinucleotide oxidized

D-Fructose 1-phosphate

cGMP
Riboflavin
Biotin

L-Cystine

Acetyl phosphate

Oxaloacetate
Folate

dUuTP

dIMP

dGDP
Lactate

Glutaconate

0.309
0.514
0.048

3291
33.47
35.04

0.359
0.542
0.061

Below or above quantification limit

<0.015
<1.22E-05
<0.004
<0.002
<0.001
<0.043
<0.027
<0.0002
<0.039
<0.006
>0.260
>0.531
>10.19

<0.015
<1.22E-05
<0.004
<0.002
<0.001
<0.043
<0.027
<0.0002
<0.039
<0.006
>0.260
>0.531
>10.19

36.84 0.738

36.23 1.094
43.87 0.153
<0.015
<1.22E-05
<0.004
<0.002
<0.001
<0.043
<0.027
<0.0002
<0.039
<0.006
>0.260
>0.531
>10.19

31.16 0.536

14.69 0.591
26.64 0.120
<0.015
<1.22E-05
<0.004
<0.002
<0.001
<0.043
<0.027
<0.0002
<0.039
<0.006
>0.260
>0.531
>10.19

Abbreviations: CE, cold ethanol/water (75/25, v/v); CM, cold methanol/acetonitrile/water (40:40:20, v/v); BE, boiling
ethanol/water (75/25, v/v); HW, hot water; RSD, relative standard deviation (n=5).
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Figure S1. Measured intracellular concentrations of nucleosides and bases (A), nucleotide
triphosphates (B), NAD(P)(H) (C) and cofactors (D) extracted from glucose-fed P. taiwanensis
VLB120. Abbreviations: CE, cold ethanol/water (75/25, v/v); CM, cold methanol/acetonitrile/water
(40:40:20, viv); BE, boiling ethanol/water (75/25, v/v); HW, hot water. The error bars indicate standard
deviations from five biological replicates.
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Figure S2. Relative difference between the two quenching/extraction methods. Abbreviations: CE, cold
ethanol/water (75/25, v/v); CM, cold methanol/acetonitrile/water (40:40:20, v/v); BE, boiling ethanol/water
(75/25, viv); HW, hot water.
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ABSTRACT

Background

Bio-conversions of lignocellulosic biomass to high value products offers numerous benefits;
however, their development is hampered by chemical inhibitors generated during the pre-
treatment process. A better understanding of how microbes naturally respond to those
inhibitors is valuable in the process of designing microorganisms with improved tolerance.
Pseudomonas taiwanensis VLB120 is a natively tolerant strain that utilizes a wide range of
carbon sources including pentose and hexose sugars. To this end, we investigated the
tolerance and metabolic response of P. taiwanensis VLB120 towards biomass hydrolysate
derived inhibitors including organic acids (acetic acid, formic acid, levulinic acid), furans

(furfural, 5-hydroxymethylfurfural) and phenols (vanillin).

Results

The inhibitory effect of the tested compounds varied with respect to lag-phase, specific
growth rate, and biomass yield compared to the control cultures grown under the same
conditions without addition of inhibitors. However, P. taiwanensis was able to oxidize
vanillin and furfural to vanillic acid and 2-furoic acid, respectively. Vanillic acid was further
metabolized, whereas 2-furoic acid was secreted outside the cells and remained in the
fermentation broth without further conversion. Acetic acid and formic acid was completely
consumed from the fermentation broth while concentration of levulinic acid remained
constant throughout the fermentation process. Analysis of free intracellular metabolites

revealed varying levels when P. taiwanensis VLB120 was exposed to inhibitory compounds.
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This resulted in increased levels of ATP to potentially export inhibitors from the cell and an
increased NADPH/NADP ratio that provides reducing power to deal with the oxidative stress
caused by the inhibitors. Thus, adequate supply of these metabolites is essential for the

survival and reproduction of P. taiwanensis in the presence of biomass derived inhibitors.

Conclusions

In this study, the tolerance and metabolic response of P. taiwanensis VLB120 to biomass
hydrolysate derived inhibitors was investigated. P. taiwanensis VLB120 showed high
tolerance towards biomass hydrolysate derived inhibitors compared to most wildtype
microbes reported in the literature. It adopt different resistance mechanisms, including
detoxification, efflux and repair, which require additional energy and resources. Thus,
targeting redox and energy metabolism in strain engineering may be a successful strategy to
overcome inhibition during biomass hydrolysate conversion and lead to development of more

robust strains.

KEYWORDS

Biomass Hydrolysate Inhibitors — Inhibitor Tolerance — Metabolomics — Pseudomonas

taiwanensis
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BACKGROUND

Lignocellulosic biomass is the most abundant and bio-renewable feedstock available on earth
with an annual production that has been estimated around 150-170 x 10° metric tons
worldwide [1-3]. The majority of lignocellulosic biomass is generated from agricultural,
industrial and municipal waste streams, as well as forestry residues. It consists of three types
of polymers including cellulose, hemicellulose and lignin that are strongly bonded by non-
covalent forces as well as by covalent cross-links [4, 5]. Cellulose is the major structural
component of lignocellulosic biomass, which is responsible for mechanical strength while,
hemicellulose is a macromolecules with repeated polymers of pentoses and hexoses. Lignin
mainly contains three aromatic alcohols including coniferyl alcohol, sinapyl alcohol and p-
coumaryl alcohol and forms a protective layer around cellulose and hemicelluloses [6, 7].
Cellulose is located within a lignin shell, while the hemicellulose is located within the

cellulose and between cellulose and lignin [8].

The biological conversion of lignocellulosic biomass to valuable chemicals and polymers
offers numerous benefits but its development is still hampered due to low production levels
with unsatisfactory titers, yields, and productivities [9-13]. One of the main reasons for the
low production level is the rigidity and complexity of the biomass structure [14]. In this
context, pretreatment and hydrolysis steps are required to break down the biomass structure
to form monomeric sugars, such as glucose, xylose, galactose, mannose, arabinose and
rhamnose which can be utilized by microorganisms for biotechnological production

processes [15, 16].
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During the past years various pretreatment techniques have been developed, including
acid/alkali treatment, hydrothermal processing, oxidative methods, ammonia explosion, and
others [17]. Many of these methods have proven to result in high yields of free sugars. More
than 90% of the theoretical yield were achieved for hydrolyzation of woods, grasses, and
corn [18]. However, during pretreatment of lignocellulosic biomass a wide range of
compounds which are inhibitory to microbial growth are formed [19]. They mainly include

furan derivatives, weak acids, phenolic compounds and other aromatic compounds [20-22].

During the pretreatment processes, pentoses resulting from hydrolysis of hemicellulose
can undergo dehydration to form furfural, while hexoses can be dehydrated to 5-
hydroxymethylfurfural (5-HMF). In addition, furfural and 5-HMF can be further degraded
to levulinic acid and formic acid, respectively, depending on the conditions applied during
the pretreatment process. Acetic acid is released from the acetyl groups bonded to
hemicellulose, while a large number of phenolic compounds, such as 4-hydroxybenzoic
acid, 4-hydroxybenzaldehyde, vanillin, dihydro-coniferyl alcohol, coniferyl aldehyde,
syringaldehyde, syringic acid and ferulic acid can be produced from lignin degradation

[23-25].

Since the composition and concentration of these compounds present in different biomass
hydrolysates vary depending on the feedstock as well as the pretreatment process, they
influence the growth of microorganisms in various ways, including DNA mutation,
membrane disruption, intracellular pH drop, and other cellular targets [17, 25]. To overcome
this, various physical and chemical detoxification methods including dilution, adsorption,

and precipitation have been developed. However, these techniques have substantial
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drawbacks in terms of cost, waste generation and loss of fermentable sugars [2]. In order to
achieve high fermentation efficiency with no or minimum detoxification steps, one
potential solution is the use of microbes that are highly resistant to the inhibitors in

processes where biomass hydrolysates are applied [20].

Recently, a number of strategies such as adaptive laboratory evolution, genetic manipulation,
and evolutionary engineering have been used to develop more tolerant strains with improved
growth characteristics on lignocellulosic biomass hydrolysates without additional
detoxification steps [26]. However, since these techniques are time-consuming and
technically demanding, understanding how naturally occurring toxic tolerant microbes
metabolically respond to inhibitors and identifying which metabolic pathways and

metabolites are involved may hasten the process.

Metabolites are the end products of cellular regulatory processes, and their levels are highly
affected by genetic or environmental changes [27]. Thus, detailed examination of metabolites
and associated metabolic pathways related to the phenotype provide relevant information
complementary to those obtained by e.g. transcriptomics [28]. The main aim of this work
was to determine the tolerance and metabolic response of Pseudomonas taiwanensis VLB120
toward inhibitory compounds present in lignocellulosic biomass hydrolysates including

acetic acid, formic acid, levulinic acid, furfural, SHMF and vanillin.

P. taiwanensis VLB120 was chosen as a model strain for two reasons: (i) its capability to
naturally grow on both hexose and pentose sugars which are the main component of

lignocellulosic biomass hydrolysates, and (ii) due to its native tolerance toward toxic
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compounds such as toluene and styrene [12, 29, 30] Hence, this strain is a promising host
for the biotechnological production of chemicals and biofuels from low-cost renewable

feedstocks.

MATERIALS AND METHODS

Strain and Culture Mediums

P. taiwanensis VLB120 was obtained from the Institute of Applied Microbiology, RWTH
Aachen, Germany. The cell culture medium used on this study consisted of (L?): 2.12 g
NaH2PO4-2H:0, 2 g (NH4)2S04, 10 mg EDTA, 0.1 g MgCl,-6H20, 2 mg ZnSO4-7H.0, 1 mg
CaCl>-2H20, 5 mg FeSO47H20, 0.2 mg NaxMo0O4-2H,0, 0.2mg CuSO45H20, 0.4 mg
CoCl2-6H20, 1 mg MnCl>-2H>0 and 4.5 g glucose as a carbon source.[31] Unless stated
otherwise, all chemicals and reagents used in this study were purchased from Sigma-Aldrich

(Chemical Co, USA).

Inhibitors threshold concentration test

The inhibitor threshold concentration affecting growth was evaluated using the Growth
Profiler 960 (EnzyScreen, Heemstede, The Netherlands). The inhibitory compounds were

added into minimal medium supplemented with 4.5 g L™ of glucose in different concentration
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level. The media pH was adjusted to 7.0 £ 0.03 with 5M of sodium hydroxide before

inoculation. The same medium without inhibitory compounds was used as control.

Aerobic cultivations were carried out in 24-well clear bottom microplate (EnzyScreen,
Heemstede, The Netherlands) working volume 750 pL at 30 °C, 225 rpm. The Growth
Profiler was set to generate a scan of the plate every 20 minutes. Based on this scan, the
Growth Profiler software was used to calculate the density of the cultures in each single well
of a plate (green value; G-value). A calibration curve was generated in order to convert the
G-values into optical density (OD) values. The following equation was obtained from the

calibration curve, and used throughout the study:

ODsoonm equivalent = 0.0158 x G-value!-3%4

Bioreactor batch growth experiment

Bioreactor batch cultivations were performed to characterize the metabolic response of P.
taiwanensis VLB120 under stress conditions. The experiments were performed in 1.3-L
bioreactors (SARTORIOUS ®) with 0.5 L working volume. Cultures were inoculated at an
OD of approx. 0.05 and fermentation temperature, stirrer speed and pH were set at 30 °C,
800 rpm and 7.0, respectively. Cultures were supplied with air at a flow rate of 1 slpm, and
the minimum dissolved oxygen saturation level was 40%. The whole fermentation process
was monitored by continuously measuring the CO> percentage in the off-gas. All cultures

were performed in triplicates and batch cultures were run for 24 hours.

Sample preparation for metabolome analysis
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During bioreactor batch growth experiments, supernatants were collected along the
cultivation to quantify optical density at 600 nm (Spectrophotometer VWR UV-1600PC,
USA) as well as extracellular metabolites. Samples for extracellular metabolite analysis were
spun down at 10 000 g for 5 min and stored at —20 °C for further use. Samples for intra-
cellular metabolite measurement were rapidly harvested (3 mL) with an electronic pipette at
optical density of 0.4 to 0.6 (ODsoonm), and filtered with a fast filtration system as described
previously [32]. Immediately after the filtration process, quenching and extraction of
metabolites was performed by adding 2 mL of 75% (v/v) boiling ethanol (70 °C) and 25 pL
of fully labeled 3C cell extract as internal standard (IS) to the filtered cells and heated for 1
min. The cells were re-extracted by adding additional 1.5 mL of boiling ethanol at 70 °C.
Samples were concentrated by evaporating the organic solvent for 5 h at 25 °C using a
vacuum concentrator (SAVANT, SpeedVac, Thermo Fisher Scientific, San Diego, CA,
USA) followed by lyophilization (LABCONCO, FreeZone, Kansas City, MO, USA)
overnight at —40 °C. All dried extracts were re-suspended in 250 pLL of LC-MS grade water,
which is compatible with the initial mobile phase of the LC-MS method and stored at —80

°C until analysis.

Quantification of inhibitors and extracellular metabolites

The concentration of inhibitors and extracellular metabolites was quantified by high-
performance liquid chromatography (HPLC). More specifically, quantification of furfural, 5-
HMF, vanillin and their corresponding acid in media was performed using a Dionex Ultimate
3000 HPLC equipped with a Supelco Discovery HS F5-3 HPLC column (150 x 2.1 mm x 3

pum) and a UV detector (260, 277, 304 and 210 nm). Samples (1 uL) were analyzed using a
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gradient method with mobile-phase A: 10 mM ammonium formate, pH 3 and B: acetonitrile.
A flow rate of 0.7 mL min"* was used and the column oven temperature was controlled at 30
°C. The program started with 5% of solvent B for 0.5 min and increased linearly to 60% over
5 min. The gradient was thereafter increased to 90% B over 0.5 min and kept at this condition

for 2 min. Finally, returned to 5% B and equilibrated for 10 min.

Concentrations of glucose, gluconate, acetic acid, formic acid and levulinic acid were
determined using a Dionex Ultimate 3000 HPLC with an Aminex® HPX-87X lon Exclusion
(300 x 7.8mm) column (BioRad, Hercules, CA) and RI-150 refractive index detector.
Gluconate was measured by UV monitoring at 210 nm. The mobile phase consisted of 5 mM
H2S04, the flow rate was 0.6 mL min and the temperature of the column oven was controlled

at 60 °C. Samples were cooled to 5 °C and 20 pL sample volume was injected.

Quantification of intracellular metabolites

Intracellular metabolite quantification was performed using an AB SCIEX Qtrapl 5500 mass
spectrometer (AB SCIEX, Framingham, MA, USA) ion-pairing techniques operated in
negative mode as previously described [33]. A sample of 20 puL was injected on to an
XSELECT HSS XP (150 x 2.1 mm x 2.5 um) (Waters, Milford, MA, USA) column, which
was equilibrated for 10 min before injecting with 100% eluent A (10 mM tributylamine, 10
mM acetic acid (pH 6.86), 5% methanol, and 2% 2-propanol). Gradient elution was set to
0% of eluent B (2-propanol) for the first 5 min and increased to: 2% (5—9 min), 6% (9—12

min), 11% (12—13.5 min), 28% (13.5—15.5 min), 53% (15.5—22.5 min) and returned back to

10
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0% (22.5-23 min) and equilibrated for 10min (23—33 min) with 100% eluent A. The flow
rate was 0.4 mL min(0—15.5 min), 0.15 mL min (16.5-23 min), and 0.4 mL min (27-33
min), oven temperature was set to 40 °C. The mass spectrometer was operated in multiple-
reaction-monitoring (MRM) mode. The optimized parameters for 0.4 mL min-*flow rate were
as follows: ion-spray voltage, —4.5 kV; curtain gas and CAD gas, 40 and 12, respectively.

The capillary temperature was 500 °C.

Data Processing

HPLC and LC-MS data were processed using Chromeleon™ 7.1.3 (Thermo Scientific™)
and Multi-Quant™ 3.0.2 (AB SCIEX™), respectively. For absolute quantification of
intracellular metabolites, isotope-ratio based approach was used as previously described.[34,
35] This technique was performed using cell extracts grown in fully U-*C-labeled glucose
as internal standard for quantifying the intracellular metabolites of P. taiwanensis VLB120
grown on naturally labeled glucose. All statistical analyses were done using R (R

Development Core Team[36]) and SIMCA (Umetrics, Umea, Sweden).

11
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RESULTS AND DISCUSION
Utilization of biomass hydrolysate sugars by P. taiwanensis VLB120

Hydrolysis of lignocellulosic biomass results in a mixture of sugars including the hexoses
glucose, galactose, and mannose, and the pentoses xylose and arabinose [37]. In most cases,
these mixtures can only be metabolized partly or sequentially, with glucose being the

preferred carbon source [38-42].

A
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8 20 = (Galactose
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Fig. 1 Growth profile of P. taiwanensis VLB120 on different lignocellulosic biomass
hydrolysate derived sugars A) growth curve, B) specific growth rate. Cells were inoculated

in minimal media supplemented with 4.5 g L™ of each carbon source. Error bars correspond

to the standard deviation of three biological replicate cultures.

12



235  Asshown in Figure 1A, P. taiwanensis VLB120 is able to efficiently utilize glucose, xylose
236  and galactose despite exhibiting a prolonged lag phase in when grown with galactose as
237  carbon source, which lasted for up to 21 hours. The strain converts glucose and xylose to
238  their respective sugar acids, gluconate and xylonate, respectively, in the periplasmic space
239 by glucose dehydrogenase activity, and the products are further transported to the cytoplasm
240  [12]. No growth of P. taiwanensis VLB120 was observed when using mannose, arabinose

241  and rhamnose as sole carbon source.
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242

243 Fig. 2 Growth curves of P. taiwanensis VLB120 on minimal medium with glucose (A) or

244  xylose (B) supplied at different concentration levels. Growth was quantified by optical
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density (OD) measurement at 600 nm. Error bars correspond to the standard deviation of

three biological replicate cultures.

Growth of P. taiwanensis VLB120 was also assessed on other carbon sources including
sodium acetic acid, sodium benzoate, glycerol and mixture of different carbon sources. The
results (Additional file 1 Fig. S1) indicate that P. taiwanensis VLB120 was able to grow on

these compounds as sole source of carbon and energy.

Since the initial concentration of sugars in biomass hydrolysates varies among different
biomass sources, the effect of initial glucose and xylose concentration on the growth of P.
taiwanensis VLB120 was also examined at different concentration levels (15, 25, 35, 45, 55
and 65 mM) (Fig. 2). The results indicate that the specific growth rate of P. taiwanensis
VLB120 did not change significantly with varying initial concentrations of glucose (Fig. 2A).
In contrast, the initial specific growth rate of P. taiwanensis VLB120 was increased with
increasing xylose concentrations (Fig. 2B). This is directly related to the affinity xylose
transporter which control xylose utilization. The degree to which the transporter controls the

xylose uptake rate is dependent on the substrate concentration in the medium [43].

Effect of biomass hydrolysate inhibitors on P. taiwanensis VLB120 growth

The growth inhibitory effect of acetic acid, formic acid, vanillin, furfural and 5SHMF on
growth of P. taiwanensis VLB120 was evaluated at different concentration levels using the
Growth Profiler 960 (EnzyScreen, Heemstede, The Netherlands). The results showed that the
inhibitory effect of the tested compounds varied with respect to lag-phase, specific growth

rate, and biomass yield compared to the control cultures grown under the same conditions

14



266  without addition of inhibitory compounds. Presence of furfural and 5-HMF in the media
267  resulted in a prolonged lag-phase and low cell density, respectively. The lag-phase expanded
268  from 1 to 24 hours as the concentration of furfural in the fermentation broth increased from
269 0to 3 g L?! (Table 1). 5-HMF reduced the final cell density by 73% (Fig. 3B) at a
270  concentration level of 3 g L. It was also observed that both furfural and 5-HMF reduced the
271 specific growth rate (Fig. 3A) compared to the reference medium not containing any

272 inhibitory compounds.
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274  Fig. 3 Inhibitory effects of acetic acid, formic acid, levulinic acid, vanillin, furfural and

275  5HMF on specific growth rate (A), and final biomass (B) of P. taiwanensis VLB120 grown
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on minimal medium supplemented with 4.5 g L of glucose. Error bars correspond to the

standard deviation of three biological replicates. CDW, cell dry weight.

The effect of vanillin was comparable to that of furfural and 5-HMF. The lag-phase was
prolonged by 15 hours, while the specific growth rate was reduced by 38% and the final
biomass titer was decreased by 18% at a concentration level of 3 g L of the corresponding
inhibitory compounds. By increasing the concentration of vanillin to 4 g L%, the final biomass
titer was reduced by 90% and the lag-phase was prolonged to 33 hours (Table 1). A complete
inhibition of growth of P. taiwanensis was observed when the concentration of SHMF,
furfural and vanillin exceeded 3, 4 and 4 g L™, respectively (Additional file 1: Fig. S2). This
might be caused by the pH drop due to the formation of the corresponding acid form of the

added inhibitors.

Table 1 Effects of hydrolysis derived inhibitors on the lag phase of P. taiwanensis VLB120

Concentration Lag-phase (h)*
[oLY Acetic | Formic | Levulinic | Furfural | SHMF | Vanillin
Acid | Acid | Acid
0 0.98 0.98 0.98 0.98 0.98 0.98
1 2.32 2.98 2.32 2.32 6.97 1.98
2 2.32 2.98 2.32 7.58 13.99 5.98
3 2.98 2.98 2.32 24.42 21.92 15.65
4 2.98 3.65 2.65 42.80 n/a 32.63
6 2.98 5.32 2.98 n/a n/a n/a
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289

290

201

292

293

294

295

296

297

298

299

8 11.32 5.32 3.32 n/a n/a n/a

10 16.65 5.32 3.65 n/a n/a n/a

*lag-phase is defined as the time needed to reach 2% of the maximum cell

dry weight [44]; n/a: no growth in 60h

Acetic acid and formic acid showed a similar inhibitory effect on cell growth. Both
compounds slightly increased the final biomass of P. taiwanensis VLB120 as shown in
Additional file 1: Fig. S2, but reduced the growth rate as their concentration increased (Fig.
3). The main difference of these two inhibitors was observed as the concentration of acetic
acid exceeded 6 g L. This caused a prolonged lag-phase compared to formic acid (Table 1),

similar as described previously for yeast [44].

Determination of inhibitory threshold concentrations affecting P. taiwanensis

VLB120 growth

The inhibitory threshold concentration values of acetic acid, formic acid, furfural, SHMF and
vanillin that reduced the growth of P. taiwanensis VLB120 by 50% and 90% (1C50 and 1C90)
were estimated after 24 hours of cultivation (Fig. 4). The IC50 and IC90 values of each of

the inhibitory compounds were determined from inhibition curves for each inhibitor [45, 46].
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Fig. 4 1IC50 and 1C90 values of lignocellulose-derived inhibitors for P. taiwanensis VLB120
after 24 hours of cultivation. Abbreviations: IC50 and 1C90 indicate inhibitory concentrations
that reduce growth of P. taiwanensis VLB120 with 50% and 90%, respectively. Error bars

indicate standard deviations of three independent cultures.

The concentrations resulting in a 50% reduction of the specific growth rate of P. taiwanensis
VLB120 (IC50) for 5-HMF and furfural are highly comparable with reported values for
Thermoanaerobacter pseudethanolicus 39E [47], Bacillus coagulans MXL-9 [48], S.
cerevisiae CBS1200 [49] and Zymomonas mobilis ATCC 10988 [49]. Based on IC50 values,
5-HMF provided the strongest inhibition followed by furfural and vanillin, respectively.
These results are in line with previous reports which confirmed that furfural and SHMF were
identified as main inhibitors in biomass hydrolysates [19, 45, 50, 51]. In contrast, IC50 values
for acetic acid and formic acid were above the highest tested concentration (10 g L). These
values are higher compared to well-known production strains such as E.coli (IC50: 2.5 g L™
formic acid, 9.0 g L™ acetic acid) [52]. This indicates that P. taiwanensis VLB120 is highly

tolerant to acetic acid and formic acid when glucose is used as a sole carbon source.
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Degradation capacity of lignocellulosic biomass derived inhibitors by P. taiwanensis

VLB 120

A number of microorganisms have evolved different strategies including reduction and
oxidation processes to detoxify inhibitory compounds [53-56]. For instance,
Gluconacetobacter xylinus oxidizes furfural and 5-HMF directly to furoic acid and 5-
hydroxymethyl-2-furoic acid, respectively [57]. Microorganisms such as E. coliand S.
cerevisiae not possessing specific oxidative degradation pathways for furan aldehydes [38],
use their native oxidoreductases to reduce furan aldehydes to furan alcohols under anaerobic

conditions [52, 58].

In this study, the metabolic response and degradation potential of lignocellulosic biomass
derived inhibitory compounds by P. taiwanensis VLB 120 was investigated using a targeted
metabolomics approach. Since some of these inhibitors have structural similarity and share
the common degradation pathway, only acetic acid, levulinic acid, furfural and vanillin were
considered for the metabolomics study. For a reliable quantitative metabolomics analysis, 2
g L of each inhibitory compound was chosen based on half maximal inhibitor concentration
(IC50) values assuming this concentration level is sufficiently high to affect cellular

physiology and metabolism without being lethal.

19



333

334

335

336

337

338

339

340

341

A ® Acetic acid ACDW B ® Levulinic acid A CDW
2.5 1 - 1.8 3.0 - - 1.8
L - 1.6
~2-0'-§§{ } -12 o 21
- { . = uii 28383 ] -
- ¢ 1o | 220 28 - 127
RS - | = o
= 10 = | S 5. 1.0 o6
0. é 082 | g f - 082
g b L 0c P | & 10+ - 0.6 8
) 00 =
%05 - i - 0.4 Z 05 - A - 0.4
a L 0.2 it - 0.2
. ak ' 0.0 AakEE : : : 0.0
0.0 4 ' e ¢+ 00 0 5 100 15 20 25
0 5 10 15
time (h) time [h]
C ®Furfural OFuroic acid A CDW D ® Vanillin OVanilinic caid A CDW
= 2.5 1 - 14 — 237 i r 2.2
> ! L 12 4§ . x 20
=206 i 2820 1 - - 1.8
= s 8 i g 10— E i PR o - 1.6
= l o | L 147
b 15 }o };. i L os | 515 } % B 3
= i : L 1.0
& 1.0 1 EH% 06 & %10' % : [ os 2
o - 04 O E i 06 ©
Z 05 - ; 02 | 2051 % i£ 08
= - 0. £ - - 0.
= annEd - - 0.2
RN - S Y DO Y1 D SO e
0 5 10 15 20 25 - 0 5 10 s
time [h] time [h]

Fig. 5 Conversion capacity of acetic acid (A), levulinic acid (B), furfural (C) and vanillin (D)
by P. taiwanensis VLB120 grown on minimal medium supplemented with 4.5 g L™ of
glucose at a temperature of 30 °C and pH 7. Error bars indicate standard deviations of three

independent cultures. CDW, cell dry weight.

As shown in Figure 5, the concentration of acetic acid, formic acid, furfural, SHMF and
vanillin were decreased during the cultivation process, suggesting their conversion or
consumption, while the concentration of levulinic acid remained constant throughout the

cultivation process.
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Based on the supernatant analysis, P. taiwanensis VLB120 is able to oxidize vanillin and
furfural to vanillic acid and 2-furoic acid, respectively (Fig. 5 C and D). Vanillic acid was
further metabolized to protocatechuic acid and eventually entered the central carbon
metabolism via the B-ketoadipate route [59, 60], whereas the conversion of furfural to 2-
furoic acid carried out on the outer surface of the cells [61] and remained in the fermentation

broth without further transformation.

There was no significant growth observed until the majority of furfural and vanillin in the
medium were converted to their corresponding acid, which also explains the prolonged lag-
phase. This indicates that the presence of these inhibitors in the media obstructed the growth
of P. taiwanensis VLB120. However, their corresponding acids had a less toxic effect and
therefor allowed growth of P. taiwanensis VLB120. These findings are in good agreement
with previous studies that proved the aldehyde form as the most toxic one of several aromatic
inhibitory compounds, whereas the corresponding acids were less toxic while the alcohol

form was the least toxic one [44, 62-64].

Acetic acid was completely consumed from the fermentation broth after 8 hours of cultivation
(Fig. 5A). This indicates that acetate was activated to acetyl-CoA and completely
metabolized from the fermentation broth via the TCA cycle to carbon dioxide, which agrees

with findings of Matano et al [65].

Furthermore, vanillin and furfural appeared to cause a pronounced stress response, resulting
in a substantial reduction in specific glucose uptake and specific growth rates during the

oxidation process. In contrast, when growing P. taiwanensis VLB120 under acetic acid and
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levulinic acid conditions, the specific glucose uptake rate was increased approx. by 40% and
9% (Table 2), respectively, compared to the control condition. The decreased specific growth
rates and increased specific glucose uptake rates observed for P. taiwanensis VLB120 reflect
the additional energy required either for the efflux of inhibitory compound from the cell or
to transport proton through the plasma membrane in order to adjust the intracellular pH to a
threshold at which essential enzymes can function [66, 67]. P. taiwanensis VLB120
completely metabolized glucose to gluconate in the presence of acetic acid. This can be

related to the direct utilization of acetic acid as an additional carbon and energy source.

Table 2 Physiological parameters of P. taiwanensis VLB120 during growth on glucose in

the presence of inhibitory compounds

Levulinic
Physiological parameters | Unit Acetic acid |acid Furfural Vanillin Control
Specific growth rate ht 058+0.02| 045+0.06| 0.19+0.01| 0.33+0.04| 0.69 +0.03
Specific glucose uptake |g g'CDWh?' | 1045+058| 8.13+1.69| 1.72+0.12| 425+170| 7.44+0.42
Specific gluconate
production rate g g'CDW h't 10.70£0.39| 7.72+1.72| 149+0.10| 3.74+152| 6.04+0.88
Biomass yield on glucose | g glcDW 0.05+ 0.00| 0.06+0.00| 0.10+0.00| 0.12+0.02| 0.09+0.01
Note: Since P. taiwanensis VLB120 exhibits biphasic growth (glucose and gluconate phase), only glucose phase
was considered for determination of specific growth rate, specific glucose uptake/gluconate production rate and
biomass yield (Additional file 1: Fig. S4).

Effect of inhibitory compounds on the metabolome composition of P. taiwanensis

VLB120
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Comparative analyses of the primary and key intermediate metabolites were considered to
investigate the metabolic response of P. taiwanensis VLB120 to lignocellulose derived
inhibitors. For each tested inhibitor, intracellular metabolites were extracted with boiling
ethanol from exponentially growing P. taiwanensis VLB120 cultures at an optical density

(OD600 nm) of 0.4 to 0.6.

In total, 80 metabolites from different classes, including sugars phosphates, amino acids,
organic acids, redox cofactors, nucleosides/bases and nucleotides were quantified across all
conditions. These metabolites do not cover the entire metabolome of P. taiwanensis VLB120,
however, they possess an essential role in central metabolism. In order to provide
comparative information regarding the differences in intracellular metabolite levels among

each group, a principal component analysis (PCA) was performed.

Approximately, 62% of the total variance in the data was represented by the first two
principal components (Fig. 6). Samples from different treatments clearly separated from
control sample, indicating an adjustment of intracellular metabolism of the P. taiwanensis
strain in response to the exposure to the different inhibitors. Metabolites including
nucleotides, redox-cofactors and sugar phosphates particularly contributed to separate the
groups (Additional file 1: Fig. S6). Samples treated with vanillin, furfural and levulinic acid
were moved to the upper part of PC(1), indicating relative similarity of their effect on the
concentration of several metabolites including, ATP, ADP and NADPH. This is corroborated
by heat map cluster analysis based on the degree of similarity of metabolite abundance

profiles (Additional file 1. Fig. S7). Levulinic acid and vanillin treated samples were
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positioned close to each other, indicating that these compounds effected the intracellular

metabolome composition in a similar way.
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Fig. 6 Principal component analysis (PCA) score plots of metabolic profiles in P. taiwanensis
VLB120 under the treatment of multiple inhibitors. Abbreviations: furfural (Fur), vanillin

(\Van), levulinic acid (Lev), acetic acid (Ac) and control (Con).

Nucleotide monophosphates (e.g. AMP) had high impact on separating the samples treated
with acetic acid from the remaining groups. This can be attributed to the requirement of ATP
to convert acetate to acetyl-CoA which results in production of AMP. The observed low
intracellular concentration of acetyl-CoA might be mainly related to its utilization via the

TCA cycle to regenerate ATP [68, 69].

As shown in Fig. 7, the number of metabolites that showed significantly increased or
decreased levels during cultivation with levulinic acid was identical. However, the majority

of quantified metabolites exhibited lower concentrations compared to the control samples in
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the presence of furfural, acetic acid and vanillin (Fig. 7). The concentration of some of the
metabolites were decreased more than two-fold in the presence of acetic acid (e.g. fructose
1,6-bisphosphate, 6-phospho gluconate and acetyl-CoA), furfural (e.g. adenine, inosine and
glutathione, oxidized), levulinic acid (e.g. AMP, IMP and adenine) and vanillin (e.g. AMP
and UDP glucuronate) in comparison to the control samples. This indicates that there was no
unique pattern of metabolic rearrangement in P. taiwanensis VLB120 to cope with the

exposure to inhibitory compounds.

50 - B lower abundant

B higher abundant

20 -
10

number of metabolites

levulinic  vanillin acetic acid furfural
acid
inhibitors

Fig. 7 Total number of metabolites that exhibited more than 20% change in abundance

compared to the control samples.

The mechanisms that lead to the observed change of intracellular concentrations of other
classes of metabolite (e.g. sugar phosphates, organic acids and amino acids) could be the
consequence of changes in cellular energetics and redox state of the cell. Metabolites
including ATP and NADPH are generally reported to have key functions in the survival of
any organism in a stressful environment [70, 71]. This is due to the fact that microorganisms

require both NADPH dependent detoxification and ATP-dependent efflux to cope with
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inhibitors [72]. Since those metabolites are a fundamental requirement for the maintenance
of metabolism, energy generation, and growth, their perturbations may induce widespread

changes in metabolism [70, 71, 73-79].

In order to investigate the role of cellular energetics and redox carrier metabolites in P.
taiwanensis VLB120 during growth with inhibitory compounds, the level of ATP and
NADPH/NADP ratio were determined in both control sample and samples treated with
inhibitors. Since several enzymes are regulated by the ratio between reduced and oxidized
co-factors [70], NADPH/NADP ratio was rather considered instead of absolute concentration

of NADPH.

At the time of sampling, the oxidation of vanillin and furfural to their corresponding acids
was still ongoing, while acetic acid was still being consumed from the medium. The

concentration of levulinic acid remained constant throughout the entire fermentation process.

As indicated in Fig. 8, the levels of ATP and the NADPH/NADP ratio (which was directly
correlated to the absolute concentration of NADPH) were markedly increased in the cells
treated with levulinic acid, vanillin and furfural compared to that of the control. The increased
level of ATP could be related to the bacterial cells generating more ATP in order to cope
with the efflux of inhibitors from the cell, especially in the case of levulinic acid which is not
converted and therefore remains present in the supernatant during cultivation. This indicates
that levulinic acid can enter the cytoplasm, and therefore cells treated with this inhibitory
compound might require more ATP than the cells treated with other inhibitors in order to

fuel the efflux pumps to remove the inhibitory compounds from the cytosol.
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Similarly, the increased NADPH/NADP ratio provides reducing power to deal with the
oxidative stress caused by the inhibitors[80]. This observation is in agreement with a previous
study showing that Pseudomonas fluorescens produced high NADPH in order to cope with
oxidative stress [79]. NADPH diminishes oxidative stress and provides the reductive
environment necessary for cellular activities.[79] For instance, the production of ATP via
oxidative phosphorylation cannot be effective in aerobic organisms growing under stress
conditions unless there is a sufficient supply of NADPH providing a reductive environment
[74, 75, 79]. In the presence of acetic acid, the NADPH/NADP ratio was slightly reduced,
while the concentration of ATP remained unchanged, which was also in reasonable
agreement with a previous study [81]. The observed minimal effect of acetic acid on those
metabolites could be related to the direct utilization of acetate by P. taiwanensis as an

additional carbon and energy source.
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Fig. 8 Effect of inhibitors on energy state and redox-carrier ratio of glucose-utilizing P.

taiwanensis VLB120. The bars indicate the intracellular levels of ATP and the ratios of
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NADPH/NADP based on normalized peak ratios (peak ratio is the height ratio between the

U 13C and 2C metabolites normalized to biomass).

Overall, there appeared to be a metabolic shift in P. taiwanensis to enhance the levels of ATP
and NADPH/NADRP ratio in order to cope with the stress imposed by inhibitory compounds.
Thus, adequate supply of these metabolites are essential for the survival and reproduction of

P. taiwanensis in the presence of biomass derived inhibitors.

Cells grown with vanillin and furfural also exhibited increased ATP levels and an increased
NADPH/NADP ratio compared to the strain grown under control conditions without

inhibitory compounds added (Fig. 8).

28



472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

CONCLUSIONS

In this study, the tolerance and metabolic responses of P. taiwanensis VLB120 to biomass
hydrolysate derived inhibitors was investigated. The overall results suggest that the tested
inhibitors affect P. taiwanensis VLB120 physiology in various ways with respect to lag-
phase, specific growth rate, and biomass yield. In order to overcome these effects,
P. taiwanensis VLB120 adopt different resistance mechanisms, including detoxification,
efflux and repair, which require additional cellular energy and resources. P. taiwanensis
VLB120 went through metabolic rearrangement to generate more ATP and NADPH to

mitigate the stress imposed by inhibitors.

In general, efficiently use of biomass hydrolysate as fermentation media requires
microorganism that can utilize both C6 and C5 sugars and are able to tolerate the inhibitory
compounds formed during the biomass pretreatment process. P. taiwanensis VLB120
showed high tolerance towards biomass hydrolysate derived inhibitors and efficiently utilizes
glucose, xylose and galactose as a carbon and energy source. This indicates that the
physiology of P. taiwanensis VLB120 matches the aforementioned basic requirements for

growth on biomass hydrolysates.
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1. Evaluation of different carbon sources for growth by P. taiwanensis VLB120

A Scl)dimnlbenzoate B e g+ g Iy e gy ]
Glycero
. gly+xyl gle+gly+xyl
50 . =S odium acetate 50 -
. Ao v S
4.0 4.0 4 /:./_-—-—V-\M
= g [
£30 g304
3 3
2.0 4 a2.0
3] S
1.0 _/\ 1.0 1 4
0.0 B T T T 1 0.0 T T T T 1
0 10 20 30 40 0 10 20 30 40
Time (h) Time (h)
C
1.00 -
T 080 [ =
& i T
= 0.60
£ 040 -
3 a3 =
% 020 - -
0.00 T T T T T T T
" ENS BN N
Cﬁ\o c;b S\ el CJ\AS ‘Jr".\‘ x“:\’ @ﬁ:\ \Xé%
& F S
oS
substrate v

Fig. S1 Growth profile of P. taiwanensis VLB120 in different carbon source (A) and mixed carbon
sources (B). Growth rate (C) was calculated from growth curves. Aerobic cultivations were carried
out in 24-well clear bottom microplate (EnzyScreen, Heemstede, The Netherlands) working volume
750 pL at 30 °C, 225 rpm. Error bars are the standard deviation of three biological replicate cultures.
Abbreviations: glucose (glc), sodium benzoate (SB), sodium acetate (SA), galactose (gal), glycerol

(gly) and xylose (xyl).



2. Effect of biomass hydrolysate derived inhibitors on P. taiwanensis VLB120
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Fig. S2 Growth curve of P. taiwanensis VLB120 in the presence of furfural, 5-HMF, levulinic acid,
formic acid, acetic acid and vanillin. Aerobic cultivations were carried out in 24-well clear bottom
microplate (EnzyScreen, Heemstede, The Netherlands) working volume 750 L at 30 °C, 225 rpm.
Concentration: [g L™*]. Error bars are the standard deviation of three biological replicate cultures.



3. Degradation capacity of biomass hydrolysate derived inhibitors by P.

taiwanensis VLB120
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Fig. S3 Degradation capacity of acetic acid (A), formic acid (B), levulinic acid (C), furfural (D), 5-
HMF (E) and vanillin (F) by P. taiwanensis VLB120 grown on minimal medium supplemented with
4.5 g L-1 of glucose. Cultivations were carried out in 250 mL shake flask (working volume 25 mL)
at 30 °C, 250 rpm.
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4. Impact of inhibitory compounds on specific glucose uptake rate
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Fig. S4 Growth of P. taiwanensis VLB120 in minimal media supplemented with 4 g L™ of glucose
in the presence of 2 g L™ acetic acid (A), levulinic acid (B), furfural (C), or vanillin (D) and in the
absence of inhibitory compound (E). The experiments were performed in 1.3-L bioreactors
(SARTORIOUS ®) with 0.5 L working volume. The temperature, stirrer speed and pH were set at
30 °C, 800 rpm and 7.0, respectively. Cultures were supplied with air at a flow rate of 1 slpm, and
minimum dissolved oxygen saturation level was 40%. Error bars indicate standard deviations of three
independent cultures. CDW, cell dry weight. (1) glucose phase, (II) gluconate phase.




5. Venn diagram

Fig. S5 Venn diagram illustrating number of significantly (>20%) increased metabolites that overlap
between different conditions.



6. PCA loading plot
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Fig. S6 Score plots of principal component analysis (PCA) of P. taiwanensis VLB120 metabolites
under various inhibitory test.



7. Heat map based on intracellular metabolites data
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Fig. S7 Heatmap of metabolites extracted from P. taiwanensis VLB120 under different stress
conditions. Metabolites abundance differences were clustered according to trends measured across
all biological replicates (n = 3).
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