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SUMMARY 

Phosphorus (P) is considered one of the most essential elements for living 

organisms. Due to its natural reactivity P only exists chemically bonded either as 

organic or inorganic phosphate (Pi), the preferred source of P for organisms. 

Ocean surface waters are often Pi limited and depend on exogenic fluxes to fuel 

marine ecosystems with this much-needed nutrient. Upon entering ocean waters, 

all sources of P enter the marine P cycle, a huge network that describes the various 

transformations and removal of P in the marine ecosystem. Oceans regulate the 

climate and represent an important sink for greenhouse gases. Therefore, climate 

change is no longer considered a danger for mankind alone, but there is increasing 

evidence that it will also dramatically impact our most important ecosystem. 

Because of this, it is necessary to fully understand marine nutrient cycles to allow 

more precise predictions for the future. My PhD project aimed to develop a better 

understanding of enzymes that are involved in Pi acquisition from organic P 

compounds in the marine environment and particularly, to understand how 

bacterial and archaeal membrane phospholipid headgroups are used as a source 

of P. I utilised a proteomic approach to identify key enzymes that are involved in 

the degradation and transport of these phospholipid headgroups. In addition, 

protein overexpression, enzyme activity assays, and substrate specificity 

evaluations were performed to characterise some of these prominent proteins 
found in the proteomics data. This thesis describes the identification and 

characterisation of two novel substrate-binding proteins (SBP) in the marine 

Roseobacter Phaeobacter sp. MED193 (MED193) that are essential for the 

transport of the phospholipid headgroups phosphoryl-ethanolamine (PE), glycerol-

1-phosphate (G1P), and glycerol-3-phosphate (G3P). The SBP MED193_10041 

component of a TRAP-transporter is required for the uptake of ethanolamine, a 

degradation product of PE. Not only does this SBP form a new cluster within the 

TRAP-transporter family, but the corresponding gene was found highly expressed 

in the Tara Oceans metatranscriptomics database. The SBP MED193_19449 

component of an ABC-transporter can bind dihydroxyacetone phosphate, an 

oxidation product of G1P and G3P. Furthermore, I describe the degradation 

pathway of phosphocholine (PC) in MED193. However, the SBP of PC or choline 

remains unknown. In addition, this work focused on phosphatases from MED193 

and the marine phototroph Synechococcus sp. WH8102 that are required for the 

hydrolysis of organic P compounds. I used biochemical methods to describe these 

proteins and bioinformatics was deployed to identify key metals that are required 

for enzyme activity, confirming the requirement of an iron-calcium cluster for the 

activity of PhoX-type phosphatases. The combination of these methods allowed 

us to discover new enzymes and describe new pathways within the marine P cycle. 
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CHAPTER 1 INTRODUCTION 

“Life can multiply until all phosphorus is gone, and then there is an 

inexorable halt which nothing can prevent.” 

Isaac Asimov (1919-1992) 

 Importance of phosphorus for living organisms 

It was the chemist Isaac Asimov who recognised the significance of 

phosphorus (P) for living organisms. P is one of the most common 

elements in the Earth’s crust (Benitez-Nelson, 2000; Paytan & McLaughlin, 

2007). However, P-availability is limited (Benitez-Nelson, 2000; Lougheed, 

2011). Due to its high reactivity, P naturally only occurs in chemically 

bonded form, either as organic or inorganic phosphate (Pi) (Pasek, 2008; 

Pandey & Parveen, 2011).  

Pi is essential for DNA and RNA, where it forms the backbone of both 

molecules in connection with a quintuple sugar (Benitez-Nelson, 2000; 

Koolman & Röhm, 2019). It also provides energy to cells as adenosine 

triphosphate (ATP) (Gajewski et al., 1986; Paytan & McLaughlin, 2007; 

Koolman & Röhm, 2019). ATP is the most important form of chemical 

energy and the input molecule of Pi into cellular metabolism. The 

incorporation of Pi into organic molecules and energy production occurs 

through hydrolysis of ATP, leading to the dissociation of one of the three 

Pi groups (Gajewski et al., 1986). This group can further bind to another 

substrate and transfer it to a higher energy level (Paytan & McLaughlin, 

2007; Karl, 2014), a process known as phosphorylation (Lin et al., 2016). 

For example, kinases transfer Pi from ATP onto other molecules, converting 

ATP into adenosine diphosphate (ADP). ADP can be converted back to ATP 

by phosphorylation, thereby closing the cycle (Kornberg, 1957; Gajewski 

et al., 1986). Additionally, Pi is an important element of cell membranes. 

Phospholipids form a lipid bilayer, enabling membrane proteins to move in 

the fluid mosaic model (Paytan & McLaughlin, 2007; Koolman & Röhm, 

2019). Although Pi is essential for intracellular processes, high 

concentrations can be harmful to the organism (Kulaev et al., 2005). For 

example, excess cytosolic Pi disrupts Mg2+-dependent processes in 

Salmonella enterica serovar Typhimurium, leading to an overproduction of 
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ATP and ribosomal RNA, sequentially inhibiting bacterial growth and 

viability (Bruna et al., 2021). If the intracellular Pi concentration rises 

above a certain threshold, bacteria can either restrict Pi uptake (Bruna et 

al., 2021) or accumulate Pi as polyphosphates (Kulaev et al., 2005; 

Achbergerová & Nahálka, 2011). Polyphosphates are linear and 

unbranched chains of two up to 106 Pi groups and chemically linked by 

energy-rich phosphoanhydride bonds. The cleavage of Pi groups from 

polyphosphates releases the chemical energy stored in these 

phosphoanhydride bonds, which can sequentially be used for 

phosphorylation reactions, as described above (Kulaev et al., 2005; 

Achbergerová & Nahálka, 2011). In addition, polyphosphates are a 

common form of Pi storage, that can be used when P-availability declines 

(Achbergerová & Nahálka, 2011; Martin et al., 2014). 

 The marine phosphorus cycle 

The marine P cycle has been studied extensively (Figure 1.1) (Föllmi, 

1996; Benitez-Nelson, 2000; Baturin, 2003; Paytan, 2007; Sebastián & 

Ammerman, 2009; Moore, 2013; Karl, 2014; Van Mooy et al., 2015; 

Ruttenberg, 2019). Methods to estimate fluxes of various forms of P within 

the global oceans have been established over many years, summarised by 

Karl and Björkman (2001). Rivers transporting P from continental 

weathering events and P generated through human activities account for 

the highest influxes of P into the global oceans, around 60-100 x 1010 mol 

P per year (Föllmi, 1996; Carpenter et al., 1998; Delaney, 1998; Compton 

et al., 2000; Bennett et al., 2001; Migon et al., 2001). P from continental 

weathering processes and anthropogenic sources consist primarily of 

particulate inorganic P (PIP) and particulate organic P (POP), along with 

smaller fractions of dissolved P (Paytan & McLaughlin, 2007). Although 

high amounts of P enter the oceans, a large proportion of particulate P is 

deposited in coastal areas and is no longer available to the marine biota 

(Wollast, 1983). Higher salinity is required to desorb P from particles, 

thereby returning P to the marine P cycle (Froelich, 1988; Sundareshwar 

& Morris, 1999). While riverine and anthropogenic P influxes play a crucial 

role in retaining and altering the marine P cycle, atmospheric influxes 

account for 20 times less P input (Duce et al., 1991; Prospero et al., 1996). 
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Atmospheric P influxes from dust and volcanic ashes contain inorganic and 

organic P varieties (Yamagata et al., 1991; Bergametti et al., 1992; Resing 

& Sanson, 1999; Ridame & Guieu, 2002). Although atmospheric inputs are 

considered to alter P concentrations only locally, they are believed to be a 

relevant short-term input of P and adhered metal ions to nutrient-depleted 

open ocean regions as well (Yamagata et al., 1991; Resing & Sanson, 

1999; Benitez-Nelson, 2000; Ridame & Guieu, 2002).  

Upon entering the water column, P passes through a wide range of 

transformations. These include inorganic and organic variations of 

particulate or dissolved P (Paytan & McLaughlin, 2007). Particulate P (PP) 

can be separated from dissolved P (DP) by filtering (0.2 or 0.45 µm) and 

is composed of dead and living plankton and P that either precipitated as 

minerals or adsorbed to particles (Paytan & McLaughlin, 2007). Contrary 

to this, DP passes through a filter.   displays known inorganic and organic 

forms of the DP pool. For example, orthophosphate (Pi) is the most 

common form of inorganic P in the DIP pool (~87%) and is bioavailable to 

organisms (Benitez-Nelson, 2000; Mahaffey et al., 2014). However, 

specific uptake systems and enzymes are necessary to utilise inorganic P 

compounds like phosphite and hypophosphite (e.g., Polyviou et al., 2015; 

Van Mooy, 2015; Bisson et al., 2017; Frischkorn et al., 2018). In addition, 

organic compounds that contain a C-P (phosphonates) or C-O-P 

(phosphate monoesters or phosphate diesters) bond and inorganic 

substrates that consist of more than one Pi group (polyphosphates or 

pyrophosphates) require hydrolysis before uptake (e.g., Ahn & Kornberg, 

1990; Kulaev, 2005; Quinn et al., 2007; McGrath et al., 2013; Seweryn et 

al., 2015; Tian-Tian et al., 2019; Stosiek et al., 2020). All these variations 

and transformations of P are part of the marine P cycle. 

Briefly described, Pi enters the marine P cycle through assimilation 

by phytoplankton, followed by transformation steps converting Pi to 

organic P compounds (Cotner & Wetzel, 1992). Phytoplankton is ingested 

by zooplankton or detritivores, and P is subsequently excreted as DIP or 

DOP (Cotner & Biddanda, 2002) or released through cell lysis of 

phytoplankton (Anderson & Zeutschel, 1970).
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Figure 1.1: The marine phosphorus cycle.  
Fluxes are given in italics and marine P cycle is described in the text. Adapted from Föllmi, 1996, Benitez-Nelson, 2000, and Paytan, 2007. 
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While DIP is instantly assimilated by phytoplankton again, some DOP 

is hydrolysed by specific enzymes of heterotrophic bacteria or 

phytoplankton, thereby releasing more DIP (Azam et al., 1983; Cotner & 

Biddanda, 2002). DIP and DOP can adsorb to particles to form PP, 

sequentially desorbs again, or sinks in the water column. PP is either 

remineralised in the sinking process or reaches the ocean floor (Delaney, 

1998; Faul et al., 2005). Consequently, P that arrives at the ocean floor is 

buried as labile PIP, POP, or authigenic P (Figure 1.1, Faul, 2005; Paytan, 

2007). Here, labile PIP represents the fraction of PP subjected to 

transformations into DOP, making it bioavailable to microorganisms again. 

The opposite of the labile fraction is the refractory fraction subjected to 

permanent burial (James et al., 2002). Some PIP is converted into 

authigenic P, specifically remineralised organic P that reprecipitates as 

calcium fluorapatite (Faul et al., 2005). Finally, around 9.3-34 x 1010 mol 

P per year is deposited in sediments (Berner & Berner, 1996; Filippelli & 

Delaney, 1996; Benitez-Nelson, 2000). Burial and remineralisation 

processes of P in marine deep-sea sediments are quite complex. For 

example, the transformation of labile PIP into authigenic P, as described 

above, is known as sink switching (Delaney, 1998). Recent studies 

estimate the residence time of P in the marine P cycle to be around 10,000-

20,000 years (Ruttenberg, 2019). Given this, an “average” P atom is 

believed to cycle the global oceans ten times before it is ultimately 

removed (Karl, 2014). 

 Varieties of inorganic and organic phosphorus 

A wide variety of inorganic and organic P exists in the global oceans, 

as listed in  . The P-atom in all these variations occurs in different oxidation 

states (Paytan & McLaughlin, 2007; Pasek, 2008; Walsh, 2020). The P-

atom of the most common form of Pi, orthophosphate, is in the fully 

oxidized P5+ state (Pasek, 2008; Van Mooy et al., 2015; Walsh, 2020). 

Noteworthy, a small fraction of the DIP pool contains hypophosphites and 

phosphites, which possess a P1+ and P3+ atom, respectively (Pasek, 2008; 

Van Mooy et al., 2015; Bisson et al., 2017; Walsh, 2020). Recent studies 

have described novel hypophosphite and phosphite transporters (Bisson et 

al., 2017), facilitating a new P pathway in the marine environment. 
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However, not many marine bacteria that use phosphite as a sole source of 

P have been described (Poehlein et al., 2013; Bisson et al., 2017). High 

energy events like radioactive decay or photolysis can reduce 

orthophosphate to phosphite. These events frequently occurred in the 

reducing environment of the early Earth. It seems likely that the ability to 

exploit these reduced P compounds is a remainder of the ancient planet 

Earth, shaping a small but prolific niche of P (Pasek, 2008).   

 

Figure 1.2: Variety of inorganic and organic phosphorus, including oxidation state 
of the P-atom.  
Organic phosphates have a C-P or C-O-P bond; R, residues containing at least one C-atom. 
Adapted from (Paytan & McLaughlin, 2007; Pasek, 2008). 
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are formed in the turnover process and sequentially reconverted into fully 

functional phospholipids or further degraded (Sahonero-Canavesi et al., 

2019). In marine bacteria, around 10-20% of the cellular P content is 

integrated into phospholipids (Van Mooy et al., 2008), a lucrative source 

of P upon cell lysis. In addition, phosphonates (C-P), with a P3+ atom, 

account for around 5-10% of the DOP pool (Young & Ingall, 2010). Unlike 

the straightforward hydrolysis of monoester and diester bonds, a so-called 

C-P lyase machinery is indispensable to degrade phosphonates (e.g., 

Wanner & Metcalf, 1992; Quinn, 2007; Villarreal-Chiu et al., 2012; Sosa 

et al., 2017; Stosiek, 2020). A study conducted by Sosa et al. (2017) 

revealed that around 20% of analysed isolates from surface water samples 

of the North Pacific Subtropical Gyre possess complete C-P lyase pathway 

operons. The phosphonate degradation pathway in Escherichia coli (E. coli) 

involves a one-step mechanism that includes a redox reaction at the P 

centre, including a phosphite intermediate (Wanner & Metcalf, 1992).   

While different forms of inorganic and organic P are essential to 

maintain a functional marine P cycle, the global P redox cycle also 

contributes majorly to the biogeochemical cycling of P (Van Mooy et al., 

2015). The marine biogeochemical P cycle forced the development of 

adaptation mechanisms to the various forms of inorganic and organic P in 

living organisms. Since Pi is the preferred bioavailable form of P a 

regulatory system had to evolve to allow for Pi concentration 

measurements, Pi uptake control, P recycling, and the degradation of 

different P compounds.  

 Phosphate limitation in the marine environment 

As mentioned above, Pi plays a crucial role in living organisms. For a 

long time, other nutrients such as nitrogen and iron (Fe) were considered 

the sole limiting nutrients in the marine environment (Björkman & Karl, 

2003; Karl et al., 2001; Suzumura et al., 2012). However, regular inputs 

of trace metals through winds can supply enough Fe to temporarily support 

photosynthesis of phototrophs and thereby primary production in some 

regions (Kremling & Streu, 1993; Wu et al., 2000; Morel & Price, 2003). 

Contrary to this, areas like the Equatorial Pacific are considered high 

nutrients-low chlorophyll (HNLC) environments (Behrenfeld et al., 1996). 
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Although macronutrients like nitrate are never significantly depleted in 

HNLC environments, spring phytoplankton blooms rarely occur (Martin et 

al., 1994). Here, the lack of Fe inhibits photosynthesis, thereby reducing 

primary production, keeping the biomass at a relatively constant level 

(Pitchford & Brindley, 1999). In addition, nitrogen fixation by bacterial 

diazotrophs is a key process to introduce new nitrogen into ocean surface 

waters (Sellner, 1986; Ammerman et al., 2003; Moore et al., 2013), a 

process that requires high amounts of Fe (Benitez-Nelson, 2000; Morel & 

Price, 2003). Recent studies showed that Pi contributes majorly to the 

control of bacterial growth and primary production in the global oceans 

(Karl et al., 2001; Ammerman et al., 2003; Paytan & McLaughlin, 2007). 

Because of this, the focus shifted towards the availability of this essential 

nutrient. 

 

 

 

 

 

 

 

 

 

 

 

 

Giant and anticyclonic subtropical gyres, which dominate global 

oceans, are critical for marine bacterial diversity and primary production 

Figure 1.3: Changes in the Pi 
concentration (µM) in the water 
column to a depth of 1,000 m.  
The upper fraction (0-150 m) represents 
the production of particulate matter, 
which sinks to the ocean floor. The lower 
fraction (> 150 m) represents the 
remineralisation of Pi from particulate 
matter. From Karl, 2014. 
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contributions. These gyres are chronically Pi deplete (Ammerman et al., 

2003; Paytan & McLaughlin, 2007; Mahaffey et al., 2014; Karl, 2014). 

Whereas the concentration of bioavailable DIP is chronically low (Karl, 

Bidigare, et al., 2001; Zubkov et al., 2007; Browning et al., 2017), the 

DOP pool dominates the total dissolved P reservoir in surface waters 

(Björkman et al., 2000). The vertical profile of the water column shows 

that bioavailable Pi (DIP) decreases drastically in surface waters (Figure 

1.3, Karl, 2014). Here, bacteria transform DIP into DOP that then sinks to 

the ocean floor as DOP or POP, as described in section 1.2. During the 

sinking process, both DOP and POP are remineralised by bacteria and 

archaea. In doing so, bioavailable DIP is generated. The vertical profile 

above represents only a minor fraction of the marine P cycle (Figure 1.1). 

However, it clarifies the importance of adaptations of marine bacteria to Pi 

limitation. The adaptation to limited Pi concentrations required the 

development of a sensitive stress response system which has been 

discovered and studied first in E. coli. 

 The Escherichia coli phosphate stress response  

E. coli has a two-component regulatory system to gauge cellular Pi 

concentration and react to changes in external Pi (Figure 1.4) (Wanner, 

1996; Baek et al., 2007; Karl, 2014). This two-component system consists 

of a transmembrane sensor histidine kinase (PhoR) and a transcriptional 

activator (PhoB). Together, PhoB and PhoR regulate the transcription of 

the Pho regulon. Genes of the Pho regulon include phoA, which encodes 

an alkaline phosphatase, pstS, encoding the Pi binding protein of the high-

affinity Pst transporter and pitA and pitB, both genes encoding low-affinity 

Pi transporters (Wanner, 1996). During growth or Pi-limitation, the 

expression of Pho regulon genes can increase by a hundredfold (Wanner, 

1996; Tetu et al., 2009). Conversely, an extracellular excess of Pi inhibits 

the expression of the Pho regulon (Wanner, 1996). When Pi becomes 

limiting, PhoR senses a decrease in the Pi concentration (Figure 1.4). PhoR 

autophosphorylates on a conserved histidine residue. The subsequent 

transfer of this phosphate group to an aspartate residue on PhoB leads to 

the activation of the latter. Activated PhoB facilitates transcriptional 
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activation by enabling the protein to bind to Pho boxes within the Pho 

regulon (Peterson et al., 2005; Baek & Lee, 2006). These so-called Pho 

boxes are specific regions on the E. coli genome that either activate or 

repress the transcription of genes (Santos-Beneit, 2015). Pho boxes 

comprises two 7-nucleotide direct repeat units that are separated by four 

non-conserved nucleotides, forming a 18-nucleotide sequence (Makino et 

al., 1988; Monds et al., 2006; Santos-Beneit, 2015). 

 

Figure 1.4: Schematic representation of the Pho regulon in Escherichia coli.  
The system gets activated when the Pi concentration in the periplasm is below 4 µM. PhoR: 
transmembrane sensor histidine kinase, PhoB: transcriptional regulator factor, PstS: 
periplasmatic phosphate-binding protein, PstA: permease, PstC: permease, PstB: ATPase, 
PhoU: negative regulator. From Karl, 2014. 

As stated above, several genes involved in cellular Pi metabolism 

are activated during the Pi-stress response. Noteworthy, pitB is a 

constitutively expressed transporter and is not sensitive to Pi-

concentrations like the high-affinity Pst transporter (Wanner, 1996; Baek 

& Lee, 2007). The Pst system belongs to the superfamily of ABC 

transporters, which, as a mutual feature, all share an ATP-binding 

cassette. The binding and hydrolysis of ATP allows the transport of ions up 

to macromolecules through the membrane (Wanner, 1996; Rees et al., 

2009). The Pst system of E. coli consists of a periplasmic Pi binding protein 

(PstS), two permeases (PstA and PstC) and a cytoplasmic ATPase (PstB). 

PstS activity is closely monitored by the PhoBR system, informing the cell 
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about the current Pi concentration (Peterson et al., 2005). In addition, the 

protein encoded by the gene phoU represses the autophosphorylation of 

PhoR if Pi is in excess (Wanner, 1996). The high-affinity and low-affinity Pi 

transport systems allow E. coli to acquire Pi across a wide range of Pi 

concentrations. Marine bacteria, especially species that inhabit low Pi 

environments, have a very similar Pi-stress response. These phototrophic 

and heterotrophic bacteria are irreplaceable for the marine food web and 

ecosystem maintenance. 

 General strategies to overcome phosphate limitation 

Low Pi conditions in the global oceans have forced marine bacteria 

to develop strategies for survival. There are two main strategies microbes 

elicit in nutrient-limited environments:  

1) increase the acquisition of Pi from organic sources for example 

organic phosphates or phospholipids 

AND/OR 

2) reduce their Pi requirements by altering cell physiology, e.g., 

decrease cell growth or adjust protein/DNA/macromolecule 

composition. 

 To facilitate these alterations the advancement of specific Pi 

acquisition systems (Scanlan et al., 1993; Hirani et al., 2001; Pitt et al., 

2010; Cox & Saito, 2013), the ability to utilise alternative organic P-

sources (Tetu et al., 2009; Cox & Saito, 2013; Lin et al., 2018), or the 

development of mechanisms to reduce P-requirements, e.g., lipid 

remodelling (Van Mooy et al., 2006, 2009; Sebastián et al., 2016), was 

required.  

 Significance of marine bacteria for the global ocean 

biogeochemistry 

Microorganisms catalyse the vast majority of biogeochemical 

transformations of energy and matter on Earth (Chróst, 1990; Falkowski 

et al., 2008; Strom, 2008). These marine microbes account for 90% of the 

aquatic biomass (Biddanda et al., 2021). In ocean surface waters, marine 

food webs are fuelled by photosynthesis. Here, single-celled cyanobacteria 
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and algae provide virtually all energy and carbon (Carr & Wyman, 1994; 

Legendre et al., 2015). How this energy and carbon are then shared 

between a consortium of archaea, heterotrophic bacteria, fungi, protists, 

and higher organisms is still not fully understood. The microbial loop, which 

comprises more than 95% of all processes involved in aquatic metabolism, 

is the main route by which surface ocean bacteria and archaea acquire 

dissolved organic carbon (DOC) and DOP (Li, 1998; Karl et al., 2001; 

Buchan et al., 2014; Biddanda et al., 2021). Furthermore, the microbial 

loop resembles the activities that occur in the upper water column of the 

marine P cycle (Figure 1.1) and summarises the interactions between 

phytoplankton, bacteria, protozoa, archaea, viruses, and zooplankton in 

the euphotic zone. Marine microbes significantly influence the 

biogeochemistry of the ocean and the atmosphere by controlling the 

microbial loop, including the fluxes of carbon, P, and other important 

elements (Falkowski et al., 2008).  

Marine cyanobacteria form the most diverse and widespread group of 

photosynthetic prokaryotes and possess a photosynthetic apparatus that 

is similar to eukaryotic chloroplasts (Carr & Wyman, 1994). The two 

genera Synechococcus and Prochlorococcus dominate the global oceans. 

They contribute around 25% to the oceanic net primary production and 

are responsible for roughly half of the overall oxygen production (Morel & 

Price, 2003; Thomson et al., 2003; Flombaum et al., 2013). Cyanobacteria 

produce dissolved organic matter (DOM) as a ‘waste’ product. DOM serves 

as a nutrient source for heterotrophic bacteria that cannot fix carbon. More 

DOM is released through cell lysis induced by viruses, and during sloppy 

feeding of zooplankton (Scanlan & Wilson, 1999; van den Meersche et al., 

2004; Diaz et al., 2019). Heterotrophic bacteria can recycle DOM through 

respiration (Cotner & Biddanda, 2002; Biddanda et al., 2021), thereby 

releasing CO2 that re-enters the atmosphere and is re-used by 

phytoplankton for sequential primary production (Carr & Wyman, 1994). 

However, this sensible and well-organised system of ‘giving and taking’ is 

endangered by climate change. Models suggest that climate change will 

most likely reduce the solubility of nutrients, slow down the biological 

pump, and lead to increased ocean stratification (Falkowski et al., 2008; 
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Deppeler & Davidson, 2017). The reduced availability of nutrients in 

surface waters will bring about lower productivity and smaller cell sizes 

(Peter & Sommer, 2015). Oceans are predicted to experience 

tropicalisation, with extensions of gyres towards the polar regions, reduced 

ice extent, higher sea levels, higher acidity, and lower oxygen levels than 

at present (Duarte, 2014). In addition, marine organisms will be impacted 

by temperature changes with many species approaching their thermal 

capacity (Burrows et al., 2014).  

As demonstrated in this section, marine microorganisms are crucial 

for conserving our global oceans and the climate. Human-induced climate 

change will potentially change the biogeochemistry of the oceans over an 

incredibly short period. Because of this, it is essential to fully understand 

the current nutrient cycles in marine ecosystems to allow for the prediction 

of future changes.  

 The genus Synechococcus 

As stated above, cyanobacteria play an important role in marine 

primary production (Field et al., 1998; Flombaum et al., 2013; Grob et al., 

2013). The two major primary producers in the global oceans are members 

of the phototrophic genera Synechococcus and Prochlorococcus 

(Waterbury et al., 1986; Coleman & Chisholm, 2007; Scanlan et al., 2009). 

Even though Synechococcus is wider distributed, its abundance is about 

one order of magnitude lower than Prochlorococcus (Li, 1995; Ahlgren & 

Rocap, 2012; Flombaum et al., 2013). Species of the genera 

Synechococcus are characterised as small, unicellular, and ovoid to 

cylindrical cyanobacteria (Waterbury et al., 1986). In marine systems, 

habitats range from tropical waters to the polar circle. Their wide 

distribution required an adaptation to various environmental conditions, 

resulting in a rich diversity of strains and ecological niche adaptation 

(Scanlan et al., 2009; Palenik, 2012). Furthermore, the development of 

specialists and generalists has formed genomic variants within the genus. 

Based on 16S rRNA gene sequences, the Synechococcus lineage can be 

divided into three sub-clusters, with the major sub-cluster 5.1 being 

further subdivided into at least 10 genetically distinct clades (Figure 1.5, 
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Scanlan et al., 2009). Recent metagenomic studies suggest that all 

Synechococcus strains compromise a shared ‘core’ genome, a potential 

clade-specific genome and a strain-specific genome, that is variable and 

dominated by gene transfer (Dufresne et al., 2008; Palenik, 2012). 

 
Figure 1.5: Phylogenetic relationships among marine members of the genera 
Synechococcus and Prochlorococcus. 
Neighbor-joining tree which is based on 16S sequences, bootstrap values >70% are shown. 
Sub-cluster 5.1 represents the largest cluster and is further subdivided into various clades. 
From Scanlan et al., 2009.    
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 Phosphate stress regulation in Synechococcus sp. WH8102 

Synechococcus sp. WH8102 (Syn. WH8102) is a model organism of 

Synechococcus clade III (Figure 1.6). Isolated from the North Atlantic 

Gyre, this lineage appears restricted to low nutrient conditions (Palenik et 

al., 2003; Scanlan et al., 2009). The development of a high-affinity Pi 

uptake mechanism was required for survival in these oligotrophic 

environments. Syn. WH8102 doesn’t have the low-affinity pitAB system, 

like some other cyanobacterial species (Moore et al., 2005), which is 

consistent with the oligotrophic environment it inhabits. Furthermore, a 

homologous sequence to PhoU, a repressor of the PhoBR system at high 

Pi conditions, wasn’t found (Morohoshi et al., 2002; Moore, 2005). Tetu et 

al. (2009) examined the Pho regulon in Syn. WH8102 and revealed several 

genes which have counterparts in E. coli. These genes include multiple 

putative alkaline phosphatase genes (SYNW0120, SYNW0196, SYNW2391, 

SYNW2390) and multiple, non-identical copies of pstS genes (SYNW1018, 

SYNW1815, SYNW2507). PstS encodes the periplasmic high-affinity Pi 

binding protein component of the Pst transporter system (Palenik, 2003; 

Moore, 2005; Tetu, 2009). The expression of genes encoding for alkaline 

phosphatases and PstS is upregulated during Pi starvation in Syn. WH8102 

and other cyanobacterial genera  (Aiba & Mizuno, 1994; Hirani et al., 2001; 

Suzuki et al., 2004; Moore, 2005; Tetu, 2009) and rapidly repressed after 

reintroducing Pi (Zeng & Chisholm, 2012). 

Ostrowski et al. (2010) suggested a two-tiered response to Pi 

limitation in Syn. WH8102. First, the expression of the Pst system, 

including pstS genes, via the PhoBR regulatory system is activated (Figure 

1.4). Subsequently, and potentially when Pi-concentrations reduce further, 

another transcriptional activator PtrA is induced by PhoBR. PtrA regulates 

and enhances the expression of various putative alkaline phosphatase 

genes, specifically SYNW0196 and SYNW2390 (Moore, 2005; Ostrowski et 

al., 2010). Even though Su et al., 2007, predicted SYNW2390 and 

SYNW2391 to be one transcriptional unit with two tandem Pho boxes (Su 

et al., 2007), the putative phosphatase SYNW2391 is directly induced by 

PhoB (Ostrowski et al., 2010). In addition to genes that are directly 

involved in Pi metabolism, genes that are linked to several cellular 
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processes, including metal ion transportation, are impacted by PtrA. One 

of these genes is SYNW2477, encoding a putative Zn2+ ABC transport 

system (Ostrowski et al., 2010). Previous work has shown that Zn2+ is 

required for the activity of phosphatases in E. coli (Coleman, 1992) and 

other model organisms (Shaked et al., 2006; Cox & Saito, 2013). The 

requirement of Zn2+ could explain the upregulation of gene SYNW2477, as 

more Zn2+ is needed to saturate some of the phosphatases (Ostrowski et 

al., 2010). Additionally, Cox and Saito (2013) showed that the relative 

abundance of SYNW2391 increased during Pi starvation when Zn2+ was 

added to Pi depleted cells. Whilst it is believed that Zn2+ appears to play a 

crucial part in the Pi-metabolism of marine cyanobacteria (Shaked et al., 

2006; Cox & Saito, 2013), there is little or no information on the metal 

cofactors required for phosphatase activity in Syn. WH8102.  

Given that no genes for the transport of organic phosphates have 

been identified so far, it is likely that Syn. WH8102 acquires Pi from 

alternative organic P sources through hydrolysis via ‘alkaline’ 

phosphatases (Grossman et al., 1994; Moore, 2005). In summary, zinc is 

believed to be a metal cofactor for most ‘alkaline’ phosphatases. As zinc 

concentrations in the oceans can drop dramatically (Jakuba et al., 2008), 

marine bacteria require zinc-independent phosphatases to secure their Pi-

demands. A recently discovered alkaline phosphatase PhoX (Majumdar et 

al., 2005; Zaheer et al., 2009; Kathuria & Martiny, 2011; Yong et al., 

2014), which shows no homology to the PhoA-type phosphatases, requires 

calcium and iron for activity. Studies suggested that alkaline phosphatases 

of the PhoX-type have a wider distribution in marine bacteria than PhoA-

type phosphatases (Sebastián & Ammerman, 2009).   

Understanding the metal requirements of these phosphatases will aid 

in identifying whether key metal micronutrients are also important in 

regulating the abundance of these organisms in situ. This feature is well 

known for iron (Kolber et al., 1994) which is a major requirement for many 

proteins of the photosynthetic machinery (Morrissey & Bowler, 2012).  
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 Phaeobacter sp. MED193 

The Roseobacter group belongs to the family Rhodobacteraceae and 

accounts for around 20-30% of marine bacterial communities (Brinkhoff 

et al., 2008; Luo & Moran, 2014; Simon et al., 2017). Until recently, the 

Roseobacter group was referred to as a clade. However, the latest 

phylogenetic studies demonstrated that this group is not monophyletic 

(Simon et al., 2017). Members of the Roseobacter group primarily inhabit 

marine environments but also found in less common habitats like sea ice 

and soil/sediments, or attached to surfaces (Buchan et al., 2005; Brinkhoff 

et al., 2008; Luo & Moran, 2014; Simon et al., 2017). Most Roseobacters 

follow a heterotrophic lifestyle, but a few members are also capable of 

phototrophy (Luo & Moran, 2014; Simon et al., 2017). In addition, 

Roseobacters can utilise various forms of organic and inorganic compounds 

and play a crucial role in the degradation of dimethylsulfoniopropionate 

(DMSP) (Chen & Schäfer, 2019), sulphur oxidation (Wang et al., 2021), 

and the synthesis of secondary metabolites (Brinkhoff et al., 2008; Daniel 

et al., 2018). To date more than 50 Roseobacter genomes have been fully 

sequenced, with most of these strains readily cultured (Luo & Moran, 

2014). Recently, single-cell genomics allowed to (partially) sequence 

genomes of uncultivated Roseobacter strains (Feng et al., 2021). Studies 

have shown that members of the Roseobacter group closely interact with 

phytoplankton (Buchan et al., 2014), making them optimal candidates for 

microbial interaction studies (e.g., Christie-Oleza et al., 2015, 2017; Kaur 

et al., 2017). 

In recent years, members of the Roseobacter group were used to 

investigate membrane lipids and lipid alterations as an adaptation 

mechanism to nutrient limitations (Sebastián et al., 2016; Smith et al., 

2019, 2021). For example, Ruegeria pomeroyi DSS-3 compensates for the 

lack of phospholipids under P-limiting conditions by synthesising glutamine 

and ornithine lipids instead (Smith et al., 2019). A novel sulphur-

containing amino lipid was recently described in R. pomeroyi DSS-3 (Smith 

et al., 2021). Lipid remodelling was discovered not long ago in Phaeobacter 

sp. MED193 (MED193) (Sebastián et al., 2016), but was previously 

described in phytoplankton and members of the SAR11 clade (Van Mooy 
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et al., 2006, 2009; Carini et al., 2015; Shemi et al., 2016). Thus, the 

capacity for lipid remodelling is widely distributed in the marine 

environment though not present in all marine Roseobacter. The 

replacement of phospholipids in MED193 requires a manganese-containing 

phospholipase C (Wei et al., 2018). It is noteworthy that strains of the 

genus Phaeobacter are widespread in marine environments, are easily 

cultivated, and can grow at high substrate concentrations (Brinkhoff et al., 

2008). In addition, Phaeobacter strains are associated with biofilm-

formation, adherence to surfaces, formation of aggregates, and fast cell 

growth making them optimal candidates for laboratory studies (Brinkhoff 

et al., 2008; Buchan et al., 2014). 

 Membrane lipids of marine Roseobacter 

 The E. coli lipid bilayer is primarily composed of two 

glycerophospholipids, phosphatidylethanolamine (PtdEtn) and 

phosphatidylglycerol (PtdGro), and small amounts of cardiolipin (Zhang & 

Rock, 2008). Phospholipids consist of two fatty acid chains linked to an sn-

glycerol-3-phosphate backbone via an ester bond and a headgroup (Figure 

1.5) (López-Lara & Geiger, 2017). Only recently more lipids were 

discovered in the membranes of the Roseobacter group (Sohlenkamp & 

Geiger, 2015; López-Lara & Geiger, 2017). This discovery includes a third 

glycerophospholipid, specifically phosphatidylcholine (PtdCho). Other 

glycerolipids, like sulfoquinovosyl diacylglycerol (SQDG) and diacylglyceryl 

trimethylhomoserine (DGTS), share the diacylglycerol (DAG) backbone but 

have a P-free headgroup. Both SQDG and DGTS commonly replace 

phospholipids under P-limitation (Van Mooy et al., 2006; Sebastián et al., 

2016). Another group of lipids was reported in marine Roseobacters: 

amino lipids contain an amino acid headgroup that is linked to a fatty acid 

chain via an amide bond, as in ornithine lipids (OL) and glutamine lipids 

(QL) (Geiger et al., 2010; Smith et al., 2019). Not long ago, a novel 

sulphur-containing amino lipid (SAL) was discovered in the membranes of 

Roseobacters (Smith et al., 2021). Here, homotaurine (3-aminopropane 

sulfonic acid) or a 2-aminopropane sulfonic acid is connected to two fatty 

acid chains via an amide bond. Glycerophospholipids are used as an 

internal source of P, allowing for survival during P-limited conditions.   
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Figure 1.6 Chemical structures of selected membrane lipids of Phaeobacter sp. 
MED193. 
P-containing glycerolipids: PtdEtn, PtdGro, and PtdCho; P-free glycerolipids: SQDG and 
DGTS; amino lipids: OL, QL, and SAL with two possible headgroups: 3-aminopropane 
sulfonic acid (homotaurine) or 2-aminopropane sulfonic acid (in brackets). Adapted from 
López-Lara & Geiger, 2017; Smith et al., 2021. 

But also other environmental stressors, such as changes in pH, 

temperature, or medium osmolarity, can alter the membrane lipid 

composition (Sohlenkamp & Geiger, 2015; López-Lara & Geiger, 2017). 
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Research investigating the intracellular and extracellular membrane lipid 

turnover is still scarce (Sahonero-Canavesi et al., 2019).  

Sufficient reasons advised to use MED193 as a model organism for 

lipid-related studies in this work: 1. MED193 undertakes lipid remodelling 

as a P-stress response (Sebastián et al., 2016), 2. the MED193 membrane 

composition has been decoded (Sebastián et al., 2016), 3. MED193 is a 

specialist for P-limitation originating from the partially P-limited 

Mediterranean Sea (Brinkhoff et al., 2008), and 4. the cultivation of this 

strains has been optimised.  

 The role of phospholipids in the marine P cycle 

 Lipids are more resistant to degradation than other compounds of 

the DOM. They are frequently used as biomarkers to study recent and 

ancient biogeochemical cycles in marine environments and examine the 

composition of bacterial and archaeal communities (Law & Zhang, 2019). 

In marine heterotrophs, 20% of the cellular P content is stored in 

membrane phospholipids. In phytoplankton, phospholipids incorporate 

around 10% of the cellular P content (Van Mooy et al., 2008). Given this, 

phospholipids represent a lucrative source of organic P, and recent studies 

have estimated that phospholipids account for around 1.5% of the 

particulate organic carbon pool (Gašparović et al., 2018). Depending on 

the marine environment, between 10% and 55% of the total lipid pool are 

phospholipids (Frka et al., 2011; Marić et al., 2013; Gašparović et al., 

2014). Latest studies on the lipid composition of POM have identified 

familiar phospholipids (see Figure 1.5), including PtdEtn, PtdGro, and 

PtdCho, but also novel and unknown saturated and unsaturated 

phospholipids. These novel phospholipids are not degraded in the ocean 

surface waters, but are transported to the deep sea (Suzumura, 2005; 

Gašparović et al., 2018). In marine sediments, the genus Psychromonas 

seems to be a crucial primary degrader of these lipids and proteins (Pelikan 

et al., 2021). In conclusion, phospholipids represent a viable source of P, 

but also carbon, nitrogen, and sulphur. Because of this, more research is 

needed to fully understand lipid degradation in the global oceans and their 

contribution to the marine food web. 
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 PhD project overview and aims 

The aims of this project were as follows: 

1. To study the phosphate stress response in wild type Phaeobacter 

sp. MED193 and a phoB deletion mutant in which the Pho regulon is 

silenced (Chapter 3). 

2. To investigate the ability of Phaeobacter sp. MED193 to utilise 

phospholipid headgroups as a sole source of P (Chapter 4).  

3. To investigate the degradation pathway of glycerol-1-phosphate and 

glycerol-3-phosphate in Phaeobacter sp. MED193 (Chapter 5).  

4. To determine the metal requirements of different phosphatases in 

Phaeobacter sp. MED193 and Synechococcus sp. WH8102 (Chapter 

4 and Chapter 6).  

Specific questions include: 

1. Does the phosphate stress response of Phaeobacter sp. MED193 

possess novelties due to its occupation of ultra-low Pi environments? 

2. Is there genomic evidence that Phaeobacter sp. MED193 can utilise 

a variety of organic phosphates? 

3. Does Phaeobacter sp. MED193 possess specific transporters for 

organic P compounds, such as phospholipid headgroups, or is an 

extracellular phosphatase required for cleavage before uptake? 

4. Can marine bacteria utilise the archaeal lipid glycerol-1-phosphate? 

5. What metal cofactors are required for phosphatase activity of 

Phaeobacter sp. MED193 and Synechococcus sp. WH8102? 

6. What are the putative substrates of these phosphatases? 
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CHAPTER 2 MATERIALS & METHODS 

 Strains used and culture conditions 

All strains that were used in this work are listed in Table 2.1. Stocks of all 

isolates were kept at -80 °C in 20% (v/v) glycerol.  

Phaeobacter sp. MED193: 

Glycerol stocks of Phaeobacter sp. MED193 (hereafter WT MED193) were 

revived by streak plating cells on 1.5% marine broth (MB) agar (A, 

Formedium Ltd., Norfolk, UK) plates followed by incubation at 30 °C for 24 

to 48 hours. Colonies were then inoculated into 5 ml MB and incubated at 

30 °C for 24 hours at 150 rpm shaking. For the MB media, 37.4 g L-1 of 

DifcoTM Marine Broth 2216 (Becton, Dickinson and Company, Franklin 

Lakes, NJ, USA) was dissolved and autoclaved. For the maintenance of WT 

MED193, 100 µl of a 10-6 dilution was spread on MBA, incubated at 30 °C 

for 24 hours and kept at 4 °C afterwards. The same procedure applies to 

Phaeobacter sp. MED193 ∆phoB (hereafter ∆phoB). However, a final 

concentration of 10 µg ml-1 gentamicin was used for selection.  

Table 2.1: List of bacterial strains used in this work.  
The antibiotic resistance is given for overexpression strains and deletion mutants. 

 

E. coli: E. coli strains BL21, BL21(DE) and DH5-Alpha were revived on 

Lysogeny Broth agar (LBA) and incubated at 37 °C for 24 hours. These 

colonies were then initially inoculated into 5 ml LB before following the 

protocol to make competent cells (see section 2.2.5). All E. coli strains 

containing overexpression plasmids were selected on LBA with 100 µg     

Strain Antibiotic resistance

Phaeobacter sp. MED193

Phaeobacter sp. MED193 ∆phoB 10 µg ml-1 gentamicin

E. coli BL21

E. coli BL21 (DE3)

E. coli DH5-Alpha

E. coli BL21                     
SYNW0196 in pMAL-c4x    
SYNW2391 in pMAL-c4x

100 µg ml-1 ampicillin

E. coli BL21(DE3)            
SYNW1799 in pET-22b(+) 
SYNW2390 in pET151/D-TOPO  
MED193_05784 in pET151/D-TOPO

100 µg ml-1 ampicillin

1
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ml-1 ampicillin. Details of growth conditions for these strains can be found 

in section 2.2.6. 

 Defined culture conditions for the growth of Phaeobacter sp. MED193 

and ∆phoB 

For the growth of WT MED193 in defined media, cells were revived by 

streak plating cells on MBA followed by incubation at 30 °C for 24 to 48 

hours. Isolated colonies were picked and inoculated into 5 ml MB for 

overnight growth at 30 °C with shaking at 150 rpm. To achieve optimal 

growth afterwards, a dilution series was prepared and 100 µl of the 10-5, 

10-6 and 10-7 dilution was plated on MBA and incubated overnight at 30°C. 

As before, one single colony was inoculated into 10 ml MB and grown 

overnight at 30 °C in a shaking incubator. A 1% (v/v) inoculum of this 

initial culture was then transferred into artificial seawater (ASW). The 

defined media for MED193 (see Table 2.2 for details) derived from ASW 

medium in Wilson et al. (1996) was modified with a carbon source (10 mM 

sodium succinate), vitamins (1 ml L-1 MAMS vitamins, see Table 2.13) and 

a different nitrogen source (8.8 mM ammonium chloride). Growth was 

monitored by measuring the optical density (OD) at 540 nm (OD540) on a 

Jenway 7305 (Cole-Parmer, Stone, UK) spectrophotometer. The same 

procedure applied to ∆phoB. However, a final concentration of 10 µg ml-1 

gentamicin was used for selection. 

 Culture conditions for phosphate starvation of Phaeobacter sp. 

MED193 and ∆phoB 

After 24 hours of growth of WT MED193 and ∆phoB in MB, the medium 

was visibly cloudy, and a 1% v/v inoculum of this culture was inoculated 

into 100 ml ASW (50 µM K2HPO4), and growth continued for another 24 

hours. To prepare cultures for starvation, a 12.5% (v/v) inoculum of the 

overnight culture was spun down at room temperature (RT) for 10 min at 

3,220 x g and inoculated into 100 ml P-free ASW. Cultures were then 

grown for 48 hours at 30 °C with shaking at 140 rpm to completely starve 

them for P. The growth was monitored by measuring OD540. Again, a final 

concentration of 10 µg ml-1 gentamicin was used for ∆phoB. 
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Table 2.2: Composition of ASW medium. 

 

 Growth on phospholipid headgroups 

For the growth experiment on phospholipid headgroups, biological 

triplicates of WT MED193 and ∆phoB were prepared according to sections 

2.1.1 and 2.1.2. Six conditions were used for the experiment and are 

described here: 

o Pre-starved cultures supplemented with a phosphate source (final 

concentration of 172.3 µM) 

o phosphocholine (CAS no 72556-74-2, hereafter PC) 

o phosphoryl-ethanolamine (CAS no 1071-23-4, hereafter PE) 

o glycerol-phosphate (CAS no 927-20-8, hereafter PG) 

o inorganic phosphate (K2HPO4, hereafter +P) 

o Pre-starved cultures as a negative control (hereafter -P) 

o Cultures grown in ASW with a final concentration of 344 µM 

inorganic phosphate as a positive control (K2HPO4, hereafter HP 

control)

Chemical Stock    
solution       

(g L-1)

Stock conc. Molecular 
weight          

(g mol-1)

Final conc. 
in 1 L of 

ASW

ml for 1 L        
of ASW

NaCl 58.44 420.0 mM 25 g

MgCl2 * 6 H2O 200 0.98 M 203.30 9.8 mM 10

KCl 

CaCl2 * 2 H2O

100 

100

1.34 M 

0.68 M

74.55 

147.01

6.7 mM         

3.4 mM
5

MgSO4 175 1.42 M 120.37 14.2 mM 10

K2HPO4 12.00 69.00 M 174.20 50 µM       

172.3 µM

724.64 µl     

2.5 

HEPES 43.32 0.182 M 238.30 1.0 mM 5.5

NH4Cl 47.08 0.88 M 53.49 8.8 mM 10

C4H4Na2O4 * 6 H2O 270.14 1.00 M 270.14 10.0 mM 10

Trace metals

H2BO3 2.86 46.26 mM 61.83 46.26 µM

MnCl2 * 4 H2O 1.81 9.15 mM 197.91 9.15 µM

ZnSO4 * 2 H2O 0.222 1.24 mM 179.46 1.24 µM

Na2MoO4 * 2 H2O 0.390 1.89 mM 205.92 1.89 µM 1

CuSO4 * 5 H2O 0.008 32.04 µM 249.69 32.04 nM

Co(NO3)2 * 6 H2O 0.0494 169.74 µM 291.03 169.74 nM

FeCl3 * 6 H2O 3.00 11.09 mM 270.30 11.09 µM

EDTA(Na2Mg) 0.50 1.39 mM 358.49 1.39 µM

1
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The phospholipid headgroups were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). A timeline for the experimental setup can be found in 

Figure 2.1 and is described hereafter. The optical density of the pre-

starved cultures was measured and inoculated into 400 ml ASW, 

containing either PC, PE, PG, Pi, or no P, to reach a final starting OD540 of 

0.015. These cultures were incubated at 30 °C with shaking at 140 rpm 

and growth was monitored by measuring the OD540 over 48 hours. 

Furthermore, technical triplicates of each culture were loaded in a FalconÒ 

96-well clear flat bottom TC-treated culture microplate (Corning Inc., 

Corning, NY, USA) and growth was monitored in a FLUOstar Omega 

microplate reader (BMG Labtech, Ortenberg, Germany) over 48 hours. 40 

ml samples for proteomics analysis (cellular and extracellular) and 1 ml 

samples for lipid analysis were taken shortly after cultures entered 

exponential growth, as well as late exponential phase and stationary 

phase. Samples were spun down at 3,220 x g at 4 °C for 10 min and the 

supernatant was poured into a new falcon tube. The pellets as well as the 

supernatant were snap-frozen in dry ice and kept at -20 °C until used.  

2.1.3.1 Glycerol-phosphate degradation 

To clarify the role of MED193_19449 (annotated as a periplasmic 

phosphonate binding protein) biological triplicates of WT MED193 and 

∆phoB were prepared according to sections 2.1.1 and 2.1.2. These pre-

starved cultures were then grown in ASW supplemented with either sn-

glycerol-1-phosphate (CAS no 5746-57-6, hereafter G1P, Sigma-Aldrich) 

or sn-glycerol-3-phosphate (CAS no 17989-41-2, hereafter G3P, Sigma-

Aldrich) with a final concentration of 172.3 µM. Cultures grown on 

inorganic phosphate (K2HPO4, hereafter +P) were used as a positive 

control and pre-starved cultures (hereafter -P) as a negative control. The 

growth experiment was performed according to the protocol described in 

section 2.1.3 and Figure 2.1. 
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 Protein overexpression 

 Plasmid synthesis 

Plasmids for the phosphatases from Synechococcus sp. WH8102 namely 

SYNW2390 (RefSeq WP_011129243,), SYNW2391 (RefSeq 

WP_011129244), SYNW0196 (RefSeq WP_011127072) and SYNW1799 

(RefSeq WP_011128659) and from Phaeobacter sp. MED193 namely 

MED193_05784 (RefSeq CH902583) were synthesized via GeneArtTM 

(Thermo Fisher Scientific, Waltham, MA, USA). Initially, the 

overexpression cloning vector pET151/D- TOPO (Figure 2.2A) was used for 

all phosphatases except SYNW1799 (see section 2.2.3). pET151/D- TOPO 

contains a T7 and lacO promoter for high-level expression, an ampicillin 

resistance cassette, an N-terminal 6x polyhistidine (His)-Tag and a TEV 

protease recognition site, to cleave off the His-Tag after purification. As a 

non-constitutive system, the vector can be induced using Isopropyl b-d-1-

thiogalactopyranoside (IPTG). Synthesizing a plasmid with GeneArtTM 

allows to codon optimize the gene sequence for E. coli to better guarantee 

good gene expression (Appendix 2.1 - Appendix 2.3). The phosphatase 

SYNW1799 was codon-optimized (Appendix 2.4) and cloned into pMA-T, a 

non-expression vector. More details on SYN1799 can be found in section 

2.2.3. 

 Cloning work  

2.2.2.1  SYNW2391 & SYNW0196 

Overexpression of phosphatases encoded by the genes SYNW2391 and 

SYNW0196 in pET151/D- TOPO resulted only in the production of insoluble 

protein. Therefore, both genes were cloned into a pMAL™ vector which 

contains an N-terminal maltose-binding protein (MBP) fusion protein to 

help solubilise the protein (Figure 2.2B). The pMAL-c4x plasmid contains a 

Xa cleavage site to remove the MBP after purification as well as a tac 

promoter, which can be induced by IPTG. The plasmid was kindly provided 

by Dr Richard J. Puxty. The plasmid was cut with the restriction enzymes 

EcoRI and BamHI according to the manufacturer’s instructions. It was then 

purified by running the entire 50 µl reaction on a 1% (w/v) agarose gel, 

stained with ethidium bromide, for 30 min at 120 V. A 1 kilobase DNA 
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ladder (New England Biolabs (NEB), Ipswich, MA, USA) was used to verify 

the size of the fragments. 

  

Figure 2.2: Plasmids used for the overexpression of SYNW2390 and SYNW2391. 
(A) pET151/D-TOPO vector containing the gene for SYNW2390, synthesized with 
GeneArtTM. The plasmid contains a T7 promoter, N-terminal His-Tag and a TEV cleavage 
site. Cell selection through ampicillin resistance. (B) pMAL-c4x vector containing the gene 
for SYNW2391. The plasmid contains a tac promoter but was modified with a T7 promoter, 
N-terminal maltose-binding protein (MBP) and a Xa cleavage site. Cell selection through 
ampicillin resistance. 

The bands on the gel were visualised on a UV visualiser and the strong 

plasmid band was removed with a clean scalpel and transferred to a 1.5 

ml Eppendorf tube. The QIAquick gel extraction kit (Qiagen, Hilden, 

Germany) was used for the gel extraction. The Phusion polymerase high-

fidelity PCR master mix with HF buffer (Thermo Fisher Scientific) was used 

to amplify both genes (SYNW0196 & SYNW2391). For more information 

about primer and PCR conditions see Table 2.3. Products were digested 

with DpnI for 1 hour at 37 °C before an inactivation step at 65 °C for 20 

min. The PCR product was then purified from the reaction mix using the 

QIAquick PCR purification kit (Qiagen). The concentration of the DNA (PCR 

fragment and plasmid) was measured using a NanoDrop 2000 (Thermo 

Fisher Scientific). The following calculation was used for the estimation of 

the fragment concentration for the cloning step: 

!"#$% = '()*ℎ,	).	.* ∗ 1000
%)2(	#3	456	).	7! ∗ 650	:;$,#.% 

A B 
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The recommended concentration of DNA fragments for the Gibson 

assembly of 2-3 fragments is 0.02-0.5 pmols. The highest efficiency is 

reached by assembling 50-100 ng of the vector with a 2-fold molar excess 

of the insert. 

Table 2.3: List of primers (A) and PCR conditions (B, C) used for amplification and 
control of genes for Synechococcus sp. WH8102 phosphatases SYNW0196 & 
SYNW2391.  
PCR conditions used for amplification of (B) genes SYNW0196 and SYNW2391 (30 cycles) 
and (C) the T7 promoter (25 cycles). 

 

The NEBuilder HiFi DNA assembly (NEB) mix was prepared according to 

the manufacturer’s instructions. A concentration of 0.025 pmol vector and 

0.05 pmol insert was used. The mixture was incubated at 50 °C for 1 hour. 

After the incubation step, the vector was transformed into chemically 

A

Primer name Product Sequence 5’-3’

SYNW0196_fw SYNW0196 with 
homologous regions 
to pMAL c4x

GATCGAGGGAAGGATTTCAGAATTCACCGCAAGCTTTCGTCATG

SYNW0196_rv CCTGGCAGGTCGACTCTGAGGATCCTTAAATCAGTCCTTCAACCTGTTC

SYNW0196_PI_fw SYNW0196 control 
primer from pMAL 
c4x into insert

GACGCGCAGACTAATTCGAG

SYNW0196_I1_rv SYNW0196 control 
primer1 insert

GCATCACTACCTGCCAGACC

SYNW0196_I2_rv SYNW0196 control 
primer2 insert

GAATATCTGCGGTGGTGGTT

SYNW0196_IP_rv SYNW0196 control 
primer from insert 
into pMAL c4x

GTTTCCCAGTCACGACGTT

SYNW2391_fw SYNW2391 with 
homologous regions 
to pMAL c4x

GATCGAGGGAAGGATTTCAGAATTCGCACGTATTAGCGATAGC

SYNW2391_rv CCTGCAGGTCGACTCTAGAGGATCCTTATGCCAGATCTGCCTG

SYNW2391_PI_fw SYNW2391 control 
primer from pMAL 
c4x into insert

TCGATGAAGCCCTGAAAGAC

SYNW2391_I_rv SYNW2391 control 
primer insert

CCAGGTCTTTTGCACGAACT

SYNW2391_IP_rv SYNW2391 control 
primer from insert 
into pMAL c4x

CCAGGGTTTTCCCAGTCAC

T7_fw T7 promoter TAATACGACTCACTATAGGG

T7_rv T7 terminator GCTAGTTATTGCTCAGCGG

B

Temperature Time

Initial denaturation  98 °C 30s

Denaturation 98 °C 10s

Primer annealing 60 °C 20s

Extension 72 °C 30s

Final extension 72 °C 5m

C

Temperature Time

Initial denaturation  95 °C 1m

Denaturation 95 °C 15s

Primer annealing 54 °C 15s

Extension 72 °C 10s

Final extension 72 °C 5m

1
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competent NEB 5-alpha E. coli high-efficiency cells (NEB) according to the 

manufacturer’s instructions. Transformants were selected by plating 100 

µl cells on LBA – ampicillin (100 µg ml-1). Furthermore, the remaining 900 

µl were spun down at 435 x g for 5 min, supernatant eliminated, the cell 

pellet resuspended in 200 µl SOC media, and the whole suspension plated 

on LBA with ampicillin (100 µg ml-1). Transformants were screened using 

T7 promoter primers (see Table 2.3A and B) and the MyTaqTM Red Mix 

(Bioline, London, UK). Colonies that showed the right product size were 

inoculated into 5 ml LB with ampicillin (100 µg ml-1), plasmids were 

extracted by using the QIAprep spin miniprep kit (Qiagen), and plasmid 

was sent for sequencing (Figure 2.3), using the control primers listed in 

Table 2.3A. 
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Figure 2.3: Multiple sequence alignment of SYNW0196 overexpression plasmid 
and sequenced fragments. 
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 SYNW1799 

Synechococcus sp. WH8102 possesses a phosphatase of the PhoX-type 

(SYNW1799) which has a signal peptide in its sequence and is predicted 

to be secreted. To ensure the transport of the PhoX protein into the E. coli 

periplasm, the original signal peptide was replaced with one that is 

compatible with E. coli. Therefore, the Synechococcus sp. WH8102 phoX 

gene was cloned into a pET-22b(+) vector, which provides an N-terminal 

pelB signal sequence and a C-terminal His-Tag, kindly provided by Prof 

David I. Roper (Figure 2.4). The signal sequence of the SYNW1799 gene 

was determined using SignalP 3.0, SignalP 4.0, SignalP 4.1 and SignalP 

5.0 (DTU Health Tech, Lyngby, Denmark). All servers predicted different 

cleavage sites. According to the result of SignalP 5.0, the cleavage site 

which cleaves off a signal sequence of 25 amino acids was used. For the 

cloning of the codon optimised SYNW1799 gene, firstly, the pET-22b(+) 

vector was sequenced. Secondly, two sets of primers were designed to 

amplify the plasmid in two fragments with homologous regions for ligation. 

Primers for the amplification of SYNW1799 had homologous regions to 

allow ligation into the multiple cloning site of the vector and a TEV cleavage 

site was added, which allows cleavage of the C-terminal His-Tag (see Table 

2.4A). The PCR was performed using a proofreading Phusion polymerase. 

The conditions can be found in Table 2.4B.  

 
Figure 2.4: pET-22b(+) vector containing the gene for SYNW1799. 
The plasmid contains a T7 promoter, N-terminal pelB signal sequence and a C-terminal His-
Tag with TEV cleavage site. Cell selection through Ampicillin resistance. 
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Table 2.4: List of primers (A) and PCR conditions (B) used for amplification of the 
Synechococcus sp. WH8102 PhoX gene SYNW1799 and the pET-22b(+) backbone.  
Annealing temperature for SYNW1799 (B, 1) and pET-22b(+) backbone (B, 2) primers. 30 
cycles were used for amplification.  

 

After purification of PCR products (QIAquick PCR purification kit), the 

concentration of the three fragments was measured using a NanoDrop. 

According to the formula stated in section 2.2.2.1, the concentration for 

the cloning step was calculated with a ratio of 1:1:2 of both vector 

fragments to the insert, using a final concentration of 0.046 pmol of each 

vector fragment and 0.092 pmol insert. The master mix was prepared 

according to the manufacturer’s instructions and left for an incubation 

duration of 1 hour at 50 °C. The construct was cloned into DH5-Alpha high-

efficiency competent E. coli cells (NEB) and plated on LBA with ampicillin 

(100 µg ml-1). Transformants were screened using T7 promoter primers 

(see Table 2.3A). Colonies that showed the correct product size were 

inoculated into 5 ml LB with ampicillin (100 µg ml-1), plasmids were 

A

Primer name Product Sequence 5’-3’

pET-22b_frag1_fw pET-22b(+) 

backbone fragment 

1, homologous to 

SYNW1799 amplicon

CTTGGAGCGAACGACCTACA

pET-22b_frag1_rv CGGATCCGAATTAATTCCGATATCC

pET-22b_frag2_fw pET-22b(+) 

backbone fragment 

2, homologous to 

SYNW1799 amplicon

TGCGGCCGCACTCGAGCACC

pET-22b_frag2_rv TGTAGGTCGTTCGCTCCAAG

1799_pET-22b_fw SYNW1799 with 

homologous region 

to pET-22b(+)

TCGGAATTAATTCGGATCCGTGTGTTGCACCGAGCGGTAATAGGGTG

CGAGTGCGGCCGCAAGCT

1799_pET-22b_rv TTCCCTGAAAATACAGGTTTTCGGCTCCAGCAGCGGCTG

1799_left_fw SYNW1799 control 

primer from 

pet22b(+) into insert

ATGAAATACCTGCTGCCGAC

1799_right_rv SYNW1799 control 

primer from insert 

into pet22b(+)

TTAGCAGCCGGATCTCAGTG

B

Temperature Time

Initial denaturation  98 °C 30s

Denaturation 98 °C 10s

Primer annealing (1) 
(2)

64 °C          
72 °C 

30s

Extension 72 °C 1m 30s

Final extension 72 °C 10m

1
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extracted using the QIAprep spin miniprep kit (Qiagen) and sent for 

sequencing using control primers which can be found in Table 2.4A. 

2.2.3.1 Site-directed mutagenesis 

Overexpression of the Synechococcus sp. WH8102 PhoX using the pET-

22b(+) vector did not produce any protein product (see section 2.2.3). 

This was potentially due to removing five amino acids that were part of the 

mature protein rather than the signal sequence. To assess this, these five 

amino acids were re-introduced by site-directed mutagenesis using the 

Q5® site-directed mutagenesis kit (NEB).  

Table 2.5: List of primers (A) and conditions (B) used for the insertion of five 
amino acids (highlighted in red) into the pET-22b(+) plasmid containing the gene 
SYNW1799 via site-directed mutagenesis.  
25 cycles were set for the PCR to insert five amino acids into pET-22b(+)_SYNW1799. 

 

According to the manufacturer’s instructions, primers were designed that 

contained the sequence of these five amino acids (see Table 2.5A). The 

PCR reaction conditions can be found in the same Table (B). After the PCR, 

the product was incubated with T4 kinase, DNA ligase and Dpnl at RT for 

5 min. The ligation mix (5 µl) was then transformed in E. coli DH5-Alpha 

chemically competent cells (NEB) according to the manufacturer’s 

instructions (see section 2.2.4). Transformants were selected on LBA with 

100 µg ml-1 ampicillin. Extracted plasmids were sent for sequencing (Figure 

2.5) to confirm the correct insertion of the amino acids using the control 

primers that can be found in Table 2.4A. 

A

Primer name Product Sequence 5’-3’

pET-22b-1799_SDM_fw SDM mutagenesis of 

pET-22b(+) plasmid; 

insertion of 5 amino acids

GAGCGGTGTGTTGCACCAGCGGT

pET-22b-1799_SDM_rv AGACCTTTCGGATCCGAATTAATTTCCGATATCC

B

Temperature Time

Initial denaturation  98 °C 30s

Denaturation 98 °C 10s

Primer annealing 66 °C 30s

Extension 72 °C 4m

Final extension 72 °C 2m

1
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Figure 2.5: DNA sequence alignment confirming the insertion of five amino acids 
(red) into the SYNW1799 overexpression vector. 

 Transformation and storage 

All constructs were routinely transformed in either chemically competent 

non-expression (E. coli DH5-Alpha) or expression strains (E. coli 

BL21(DE3) or BL21) according to the high-efficiency transformation 

protocol (NEB, C2987H/C2987I). Therefore, 50 µl competent cells were 

thawed on ice and 1 µl containing 100 ng plasmid DNA was added. The 

cells were carefully mixed and placed on ice for 30 min. A heat shock at 

42 °C for exactly 30 s was performed and cells were immediately put back 

on ice afterwards. Preheated SOC media (950 µl) was added, and cells 

were incubated in a shaking incubator (250 rpm) at 37 °C for 1 hour. 

Transformants were selected on LBA with 100 µg ml-1 ampicillin. Therefore, 

100 µl of an undiluted, a 10-2, and a 10-3 dilution was spread on LBA – 

ampicillin (100 µg ml-1) and incubated for 24 hours at 37 °C. Three single 

colonies were picked and inoculated into 5 ml LB with ampicillin (100 µg 

ml-1) and incubated at 23 °C overnight with shaking at 180 rpm. These 

cultures were used to prepare 20% (v/v) glycerol stocks and stored at -80 

°C. The stocks were used to extract the vector for further work using the 

QIAprep spin miniprep kit.  

 Chemically competent cell preparation 

Chemically competent cells were either purchased from NEB or regularly 

made and stored at -80 °C. To make chemically competent cells, E. coli 

BL21(DE3), BL21 or DH5-Alpha were streaked on LBA and incubated at 37 

°C for 24 hours. Three single colonies were picked and inoculated into 5 

ml LB in a 50 ml Falcon tube and incubated for 24 hours at 37 °C with 

shaking at 250 rpm. One ml of this culture was then inoculated into 100 

ml preheated LB in a 250 ml flask and incubated at 37 °C with shaking at 
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180 rpm until OD600 reached 0.4. Cultures were cooled on ice for 10 min 

and centrifuged at 3,220 x g for 8 min at 4 °C. The supernatant was 

removed, and the cell pellet was carefully resuspended in 10 ml ice-cold 

filter sterile 0.1 M CaCl2 solution and left on ice for 20 min. Cells were 

centrifuged for 8 min at 3,220 x g at 4 °C, the supernatant removed, and 

the pellet gently resuspended in 5 ml cold filter sterile 0.1 M CaCl2 and 

15% glycerol solution. Aliquots of 300 µl in 1.5 ml reaction tubes were 

prepared and kept at -80 °C. 

 Protein overexpression 

For protein overexpression, the pET151-D/TOPO based constructs were 

transformed into chemically competent BL21(DE3) cells (NEB) per the 

manufacturer’s instructions, whereas the pMAL c4x based constructs were 

transformed into BL21 competent cells (NEB) (see 2.2.4). For the 

overexpression, 2.5 L Thomson’s Ultra YieldTM flasks (Thomson Instrument 

Company, Oceanside, CA, US) were used, prepared by rinsing them with 

70% (v/v) ethanol and three times with ddH2O before filling them with 500 

ml of expression medium (see Table 2.6 and Table 2.7) and autoclaving. 

To avoid oxygen depletion, media volume was only 20% of the total flask 

volume. Before the overexpression experiment, flasks were left in a 37 °C 

incubator overnight to pre-heat the medium. Transformants were selected 

on LBA with ampicillin (100 µg ml-1). To ensure growth of colonies 

containing the overexpression plasmid and to avoid potential satellite 

colonies, three single colonies were inoculated into 10 ml LB with 100 µg 

ml-1 ampicillin in 50 ml flasks which were incubated at 23 °C overnight 

with shaking at 180 rpm. A 2% (v/v) inoculum was then inoculated into 

the pre-heated overexpression medium and incubated for 25 hours with 

shaking at 180 rpm, using the following programme: 1 hour at 37 °C, 2 

hours at 29 °C, 4 hours at 20 °C and 18 hours at 18 °C. Three different 

recipes for self-inducing media (see Table 2.6 and Table 2.7) were tested 

to find the optimal conditions for each construct to gain the highest yield 

of soluble protein. IPTG is a lactose metabolite and triggers the 

transcription of the lac operon and is therefore used as an induction 

substrate for overexpression in non-auto inductive media.  
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Table 2.6: Composition of Terrific Broth – Auto Induction Medium*. 

 

Table 2.7: Composition of stock solutions for ZYM-5052 and MDA-5052 media*. 

 

In self-inducing media, glucose is added as a limited carbon source, which 

results in a high cell density before the protein overexpression is induced. 

Chemical Stock solution 
(g L-1)

Molecular 
weight           

(g mol-1)

Final conc. in   
1 L of Terrific 

broth

Tryptone 12 1.2%

Yeast extract 24 2.4%

MgSO4 0.15 246.48 608.56 µM

(NH4)2SO4 3.30 132.14 24.97 mM

KH2PO4 6.50 136.09 47.76 mM

Na2HPO4 7.10 268.07 26.49 mM

Glucose 0.50 180.16 2.78 mM

alpha-lactose 2.00 360.31 5.55 mM

Glycerol** 4.98 92.09 54.00 mM

* #GCM19.0500, GRiSP Research solutions, Porto, Portugal

** modified. Original recipe without glycerol.

1

Chemical Stock solution 
(g L-1)

Stock conc. Molecular 
weight           

(g mol-1)

Final conc. in   
1 L of ASW

ml for 1 L        
of media

ZY** 957 ml

Tryptone 10.00 1%

Yeast extract 5.00 0.5%

50 x M 20 ml

Na2HPO4 335.00 1.25 M 268.07 25 mM

KH2PO4 170.00 1.25 M 136.09 25 mM

NH4Cl 134.00 2.50 M 53.49 50 mM

Na2SO4 35.50 0.25 M 142.04 5 mM

50 x 5052 20 ml

Glycerol 250.00 2.72 M 92.09 54 mM

Glucose 25.00 138.77 mM 180.16 2.78 mM

Alpha-lactose 100.00 277.54 mM 360.31 5.55 mM

MgSO4 246.50 1.00 M 246.48 2 mM 2 ml

1000 x trace metals In 100 ml 0.2 ml

FeCl3 * 6 H2O 2.70 0.10 M 270.30 50 µM

CaCl2 * 2 H2O 15.80 1.00 M 158.20 20 µM

MnCl2 * 4 H2O 19.80 1.00 M 197.91 10 µM

ZnSO4 * 7 H2O 28.80 1.00 M 287.56 10 µM

CoCl2 * 2 H2O 4.76 0.20 M 237.93 2 µM

CuCl2 * 2 H2O 1.70 0.10 M 170.48 2 µM

NiCl2 * 6 H2O 4.76 0.20 M 237.69 2 µM

Na2MoO4 * 2 H2O 2.42 0.10 M 241.95 2 µM

Na2SeO3 1.73 0.10 M 172.94 2 µM

H3BO3 0.62 0.10 M 61.83 2 µM

* (Studier, 2005)

** For MDA-5052 media replace ZY with ddH2O

1
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Once the glucose is depleted, cells take up the lactose which is converted 

into allolactose. This metabolite releases the T7lac/Lac repressor which 

leads to induction of the T7 RNA polymerase/Lac promoter (Studier, 2005). 

 SDS-PAGE 

To confirm the overexpression of proteins, 500 µl of overexpression culture 

was mixed with 200 µl 2X Laemmli buffer (4% (w/v) SDS, 20% (v/v) 

glycerol, 120 mM Tris-Cl (pH 6.8), 0.02% bromophenol blue), proteins 

denatured at 98 °C for 15 min, and sample centrifuged for 5 min at 6,010 

x g at RT to remove cell debris.  

Table 2.8: Sizes of overexpressed proteins (original and expected) and plasmids 
used for overexpression. 

 

A precast InvitrogenTM NuPAGE Bis-Tris gel (Thermo Fisher Scientific) was 

placed into an InvitrogenTM mini gel tank (Thermo Fisher Scientific) and 

filled with SDS running buffer according to the manufacturer’s instructions. 

Therefore, a ten-time concentrated running buffer (30.3 g Tris base, 144.4 

g glycine, 10 g SDS, dissolved in 1 L ddH2O) was prepared and diluted in 

ddH2O. The SDS-PAGE gel was loaded with 10-30 µl of the sample, 

including a colour prestained protein standard (P7712S, NEB), and run at 

140 V for 1 hour. After staining the gel with SimplyBlueTM SafeStain 

(InvitrogenTM, Thermo Fisher Scientific) Coomassie stain, the gel was 

destained overnight in ddH2O. Table 2.8 shows the original size of the 

proteins and the expected size after overexpression, including tags.  

 Verification of protein solubility 

To verify protein solubility, cells were lysed, and soluble and insoluble 

fractions separated. The following steps were carried out on ice to avoid 

protein degradation. The overexpression culture was centrifuged at 11,325 

Protein Plasmid Original size of 
protein (kDa)

Expected size of 
tagged protein 

(kDa)

SYNW0196 pMAL-c4x 80.3 123.3

SYNW1799 pET-22b(+) 73.7 79.2

SYNW2390 pET151/D-TOPO 79.9 83.6

SYNW2391 pMAL-c4x 62.9 105.9

MED193_05784 pET151/D-TOPO 73.7 77.3

1
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x g for 15 min at 4°C and weighed afterwards. According to a 1 ml for 1 g 

ratio, cold and freshly prepared protein buffer (250 mM NaCl, 50 mM 

HEPES, 5% (v/v) Glycerol, pH 8.0) was added. The pellet was resuspended 

in the lysis buffer and sonicated using an Ultrasonic generator GM2070 

connected to an Ultrasonic converter UW 2070, and a VS 70 T (Ø 13 mm) 

extended probe (BANDELIN electronic GmbH & Co. KG, Berlin, Germany). 

Cells were sonicated in 3x 30-sec intervals (pulsed cycle 3, active interval 

0.3 sec, passive interval 0.7 sec) using 70% amplitude. Next, the lysate 

was centrifuged at 48,400 x g for 15 min at 4°C. The supernatant contains 

soluble proteins, whereas the pellet contains insoluble proteins. 50 µl 

soluble fraction was transferred into a reaction tube and 20 µl 2X Laemmli 

buffer was added. Samples were prepared and run on an SDS-PAGE gel 

according to the protocol in 2.2.7.  

 Preparation of gravity columns 

Gravity columns for the His-Tag and MBP affinity purification were 

designed by assembling an Econo-columnÒ (1.5 x 10 cm, # 7374151), an 

Econo-column funnel (250 ml, #7310003) and a 2-way stopcock 

(#7328102). The column parts were purchased from Bio-Rad Laboratories 

Inc. (Hercules, CA, USA). The column was filled with 5 ml Roche 

cOmpleteTM His-Tag purification resin (#5893682001, Merck KGaA, 

Darmstadt, Germany). The resin was capped with an Econo alpha frit (25 

mm, 30 µm, #12009472, Bio-Rad) filter to ensure resin stability when 

pouring in the sample. The column was stored in 20% (v/v) ethanol at 

4°C.  

  Sample preparation for protein purification 

After overexpressing the proteins according to the protocol in section 

2.2.6, the cultures were spun down at 11,325 x g for 15 min at 4 °C. The 

supernatant was removed, and the pellet was resuspended in resuspension 

buffer (0.3 M NaCl in PBS), using a ratio of 20 ml buffer for 1 L of culture. 

The resuspended culture was split into 5 ml aliquots in 50 ml Falcon tubes, 

flash-frozen on dry ice and kept at -80 °C until used.  
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  Affinity purification using His-Tag 

Protein MED193_05784 was overexpressed in E. coli using a pet151/D-

TOPO vector according to the protocol described in sections 2.2.6 and 

2.2.10. For every purification, 500 ml culture was used. Therefore, two 

frozen aliquots were thawed in cold water and cold and freshly prepared 

lysis buffer (pH 8.0, filtered) was added (40 ml total). The recipe for the 

lysis buffer can be found in Table 2.9.  

Table 2.9: Composition of lysis buffer (pH 8.0) for affinity purification of His-
tagged proteins. 

 

The Roche cOmpleteTM ULTRA EDTA-free proteinase inhibitor tablets were 

purchased from Sigma Aldrich (#5892791001), as well as the Benzonase® 

Nuclease, ≥250 units µl-1 (#E1014-5KU). The Merck Millipore BugBusterTM 

10X extraction buffer was purchased from Thermo Fisher Scientific 

(#10579953). After adding the lysis buffer, samples were left on a 

Luckham Multimix Model 840 tube roller for 20 min with frequent vortexing 

until the mixture was homogenous. Samples were sonicated on ice, using 

a probe sonicator and extended probe (for details see section 2.2.8). More 

sonication steps had to be done if the samples were not homogenous. In 

between the sonication steps, the Falcon tubes were inverted, and samples 

were properly cooled on ice to avoid protein precipitation. Afterwards, 

samples were centrifuged at 48,400 x g for 20 min at 4 °C. The 

supernatant, containing the soluble protein, was filtered by using a 

WhatmanÒ Puradisc 0.2 µm syringe filter (Whatman plc, GE Healthcare, 

Chicago, IL, USA). For the purification step, the column was prepared by 

washing it with five column volumes of filtered and degassed ddH2O and 

equilibrating it with five column volumes of protein buffer (50 mM HEPES, 

250 mM NaCl, 5% glycerol, pH 8.0, filtered and degassed). The filtered 

Chemical Stock conc. Volume to add 
in 40 ml

Final conc.

HEPES 1 M 2 ml 50 mM

NaCl 2.5 M 4 ml 250 mM

Glycerol 50% 4 ml 5%

Proteinase inhibitor 2 tablets

Benzonase® 1 µl

BugBusterTM 10X 4 ml 1X

ddH2O 26 ml

1
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supernatant, containing the soluble protein, was poured onto the column. 

Five column volumes of protein buffer containing 10 mM imidazole were 

used to wash off unspecifically bound proteins. Then, the MED193 PhoX 

was eluted with 6 column volumes of protein buffer containing 250 mM 

imidazole. To clean the column, it was first washed with 5 column volumes 

of 250 mM imidazole buffer, then 5 column volumes of filtered and 

degassed ddH2O, 5 column volumes of 1% SDS, water again and then 20% 

(v/v) ethanol.  

  Size exclusion chromatography 

The purified MED193 PhoX from section 2.2.11 was analysed by SDS-PAGE 

(see section 2.2.7). As the eluted protein was contaminated with several 

different proteins, the protein was sequentially purified again by gel 

filtration on an ÄKTA purification system (GE Healthcare). Only 2.5 ml 

sample can be loaded onto the column. Hence, Amicon® ultra-15 

centrifugal filter units with a 50 kDa cut-off (CAS no. UFC905024, Merck) 

were used to concentrate the protein in a 3 ml sample volume. In addition, 

some of the smaller proteins could be eliminated before the sample was 

loaded onto the gel filtration column (HiLoadTM 16/600 SuperdexTM 200pg, 

GE Healthcare). Proteins were separated by size with 2.5 column volumes 

of washing buffer using a flow rate of 0.5 ml min-1. Separated proteins 

were collected in fractions of 1 ml. Subsequently, three proteins of a high 

molecular weight gel filtration calibration kit (CAS no. 28-4038-42, GE 

Healthcare) were loaded and separated using the same conditions as 

described above. Next, plots were created for MED193_05874 (mAU 

against retention volume) and the proteins of the calibration kit. High mAU 

peaks indicate high protein concentration. Overlaying the plots of the 

separated candidate protein and proteins of the calibration kit can help to 

identify the retention volume of the candidate protein. Next, fractions of 

the identified peak containing the candidate protein were concentrated to 

2 ml using Amicon® ultra-15 centrifugal filter units and protein 

concentration measured using a NanoDrop 2000. The protein was kept at 

-80 °C until used. 
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 Protein biochemistry 

 Metal requirements of enzymes 

To determine the metal requirements of the MED193 PhoX 

(MED193_05784) a standard alkaline phosphatase activity assay was used 

to verify enzyme activity. Therefore, the MED193 PhoX was overexpressed 

and purified as described in section 2.2.6 and sections 2.2.10 - 2.2.12. 

The protein concentration (triplicates) was measured using a NanoDrop 

and protein was diluted in protein buffer (50 mM HEPES, 250 mM NaCl, 

5% glycerol, pH 8.0, filtered and degassed) to reach a final concentration 

of 25 ng protein for each reaction (100 µl). It is important to point out that 

although the NanoDrop is a time-saving method to measure protein 

concentrations, it is not a sensitive method. To allow for more accurate 

determinations, Bradford assay or inductively coupled plasma mass 

spectroscopy (ICP-MS) should be used (Bradford, 1976; Barnett et al., 

2014). In the next step, metals (see metal stock solutions in Table 2.7) 

were added to the protein with a final concentration of 1 mM. Finally, 

samples were mixed with 10 µl para-nitrophenyl-phosphate (pNPP) (10 

mM) in ddH2O, loaded into a 96-well microplate, incubated at 30 °C, and 

colour change noted. Metals were tested either solely or in combination 

with a second metal.  

2.3.1.1 Metal replacement 

The MED193 PhoX (MED193_05784) showed no enzyme activity after 

purification. However, adding CaCl2 restored enzyme activity. Previous 

studies have shown that PhoX-type phosphatases require calcium and iron 

for activity (e.g., Yong et al., 2014). To test if metals can be removed from 

the protein, a 2.5 ml sample containing 94 µM protein was mixed with 250 

µM ethylenediaminetetraacetic acid (EDTA) and kept on a tube roller at 4 

°C for 18 hours. EDTA has chelating properties and is commonly used to 

remove metals from proteins (Zaitoun & Lin, 1997). After incubation with 

EDTA, a PD-10 desalting column (GE Healthcare) was used for buffer 

exchange. Briefly, the column was washed four times with equilibration 

buffer, in this case protein buffer (see 2.3.1), loaded with 2.5 ml sample 

and eluted with 3.5 ml protein buffer. To ensure the removal of EDTA, only 
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3 ml eluate were collected. The eluate was concentrated using an Amicon 

column and protein activity was tested as described in section 2.3.1. 

 Enzyme kinetics 

To measure enzyme kinetics for the MED193 PhoX (MED193_05784) the 

protein was overexpressed and purified as described in section 2.2.6 and 

sections 2.2.10-2.2.12. For the pNPP assay protein buffer (see 2.3.1) was 

used. However, the PiPerTM assay (see 2.3.2.2) required a specific reaction 

buffer (1X) that was included in the kit and diluted in ddH2O accordingly. 

Nonetheless, both buffers were supplemented with CaCl2 with a final 

concentration of 100 mM. Additionally, the concentration of the protein 

was measured using a NanoDrop and a final concentration of 25 ng 

MED193 PhoX was used in both assays, diluted in the respective buffer. 

2.3.2.1 Assay for chromogenic phosphates – pNPP assay 

The assay is based on the rate of conversion of pNPP to para-nitrophenol 

(pNP) and is adapted from Bessey et al. (1946). pNP has a yellow colour 

with a maximum absorbance at 405 nm. Hence, colour change can be 

measured spectrophotometrically. For the generation of a standard curve, 

pNP (in ddH2O) was serially diluted in protein buffer, resulting in 

concentrations ranging from 3-267 µM (final concentration). Next, samples 

of 100 µl were loaded into a 96-well microplate, each containing 25 ng 

MED193 PhoX and serially diluted pNPP in protein buffer with final 

concentrations ranging from 9.8 µM-5 mM. Additionally, pNP samples for 

the standard curve were loaded. Samples without enzyme, with denatured 

enzyme, and without substrate were used as negative controls, and protein 

buffer was used as a blank. The plate was incubated for 1 hour at 30 °C in 

a microplate reader and colour change was monitored by continuously 

measuring OD405. 

2.3.2.2 Assay for non-chromogenic phosphates – PiPerTM assay  

The PiPerTM assay (#P22061, Thermo Fisher Scientific) is used for the 

detection of Pi released from virtually any source of non-chromogenic 

organic P. Here, this assay was used to calculate the enzyme activity of 

the MED193 PhoX towards the two phospholipid headgroups PC and PE. 
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The assay requires the interaction of four proteins. In the presence of Pi 

maltose is converted to glucose and glucose-1-phosphate by a maltose 

phosphorylase. The next step involves the conversion of glucose to 

gluconolactone and H2O2 by a glucose oxidase. Finally, a horseradish 

peroxidase catalyses the reaction of H2O2 with the Amplex® red reagent 

(10-acetyl-3,7-dihydroxyphenoxazine) to generate resorufin, which can be 

detected spectrophotometrically by measuring OD575 (Figure 2.6). 

 

Figure 2.6: Principle of the PiPerTM phosphate assay.  
The Figure shows the reaction between the three enzymes maltose phosphorylase, glucose 
oxidase, and horseradish peroxidase (HRP) in the presence of Pi. Pi leads to the release of 
H2O2 which can react with Amplex® Red to generate resorufin. From the PiPerTM assay 
manual (Thermo Fisher Scientific). 

The assay was performed according to the manufacturer’s instructions 

(assay for enzyme activity). For the generation of a standard curve, a serial 

dilution of a phosphate standard (50 mM) in 1X reaction buffer was 

performed to reach concentrations ranging from 3.91-500 µM. Next, the 

two phospholipid headgroups PC and PE were serially diluted in reaction 

buffer (1X) to reach concentrations between 98 µM and 62.5 mM and the 

MED193 PhoX was diluted in 1X reaction buffer to reach a concentration of 

50 ng. Finally, a modified working solution was prepared as listed in Table 

2.10. 

Samples were loaded into a 96-well microplate in the following 

chronological order:  

1. 100 µl 1X reaction buffer (blank) 

2. 50 µl protein or 50 µl 1X reaction buffer (negative control) 

3. 10 µl working solution or 10 µl 1X reaction buffer (negative control) 

4. 40 µl PE/PC or 40 µl 1X reaction buffer (negative control) 
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The plate was incubated in a microplate reader for 1 hour at 30°C and 

colour change was monitored by continuously measuring OD575. 

Table 2.10: Modified working solution for the PiPerTM assay. 

 

2.3.2.3 Calculation of enzyme kinetics 

Enzyme kinetics was calculated in the same way for assays described in 

2.3.2.1 and 2.3.2.2. First, all samples were normalised by the blank. Next, 

all samples were normalised by the negative controls (no colour change in 

pNPP reactions, natural colour change with time for the light-sensitive 

Amplex® red). Finally, standard curves were created by plotting the final 

concentrations of pNP or phosphate standard against OD504 or OD575 values 

retrieved from the experiment. A trend curve was added to determine the 

equation of the standard curve. Next, the slope for each sample containing 

either pNPP or a phospholipid headgroup was calculated using the simple 

linear regression function in Prism 9 (GraphPad Software, San Diego, CA, 

USA). The slope values, with R2 >0.90, were further normalised by the 

reaction time, the standard curve equation, and the protein concentration. 

The resulting values (in nmol min-1 mg-1 protein) were then plotted against 

the substrate concentration to plot a Michaelis-Menten enzyme kinetics 

curve in Prism. In addition, Prism was used to calculate Vmax and KM of 

PhoX for pNPP, PC, and PE.  

 Sample preparation for electron paramagnetic resonance (EPR) 

The MED193 PhoX protein MED193_05784 was overexpressed and purified 

as described in section 2.2.6 and sections 2.2.10-2.2.12. Next, the protein 

was concentrated in Amicon® ultra-15 centrifugal filter units to reach a 

protein concentration of 190 µM in 250 µl sample. Samples were flash-

Chemical Volume to add 
in 1 ml

Final 
concentration

Reaction buffer (1X) 730 µl

Amplex red reagent 50 µl 100 µM

Maltose phosphorylase 100 µl 4 U ml-1

Glucose oxidase 50 µl 2 U ml-1

Horseradish peroxidase 20 µl 0.4 U ml-1

Maltose 50 µl 0.4 mM

1
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frozen on dry ice and kept at -80°C until used. Upon transferring samples 

to EPR tubes, samples were thawed on ice. Protein buffer (see 2.3.1) was 

used for EPR analysis and the dithionite solution was prepared freshly.  

Six conditions were prepared for EPR analysis:  

1. Native PhoX  

2. PhoX + 5 mM dithionite 

3. PhoX + 20 mM dithionite 

4. PhoX + 50 mM EDTA 

5. PhoX + 1 mM PE 

6. Buffer 

After mixing the protein with dithionite, EDTA, or PE, samples were 

instantly transferred into EPR tubes and flash-frozen in liquid nitrogen. 

They were kept in a liquid nitrogen dewar and sent to the National EPR 

facility at the University of Manchester, where samples were analysed by 

Dr Muralidharan Shanmugam using EPR spectroscopy. The EPR spectra 

were measured at 10 K, 5 G modulation amplitude (MA) with a microwave 

power of -20 dB (~2.2 mW). Each spectrum was averaged over 4-6 scans 

to get a better signal to noise ratio.  

 MicroScale Thermophoresis (MST) assay 

MST assays were performed by Chun-Yang Li at the College of Marine Life 

Sciences, Ocean University of China, Qingdao, China.  

The MED193_19449 protein with a C-terminal His-tag was expressed in E. 

coli BL21 (DE3) and then purified by Ni2+ nitrilotriacetic acid (NTA) resin 

(Qiagen) and a Superdex-200 column (GE Healthcare). The binding affinity 

of the purified MED193_19449 to the substrate dihydroxyacetone 

phosphate (DHAP) was measured using the Monolith NT.115 (NanoTemper 

Technologies, Munich, Germany). The MED193_19449 protein was labelled 

in assay buffer (PBS buffer and TE buffer were mixed at a 1:1 volume ratio 

supplemented with 0.1% (v/v) Tween-20) using the Protein Labelling Kit 

RED-Tris-NTA (NanoTemper Technologies). For each assay, the labelled 

protein (about 2 µM) was mixed with the same volume of DHAP at 16 

different serially diluted concentrations with the highest concentration in 

the assay being 30 mM. The samples were then loaded into standard 

capillaries (Monolith NT.115 Capillaries, NanoTemper Technologies) and 

measured at 25 °C using 60% excitation power and medium MST power. 

The data was analysed using the MO. Affinity Analysis v2.3 software 
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(NanoTemper Technologies). The same protocol was used for affinity 

measurements of MED193_10041 to ethanolamine.  

 Proteomics 

 Samples preparation for cellular proteomics 

For the sample preparation of the cellular proteomics analysis, cell pellets 

of the growth experiments (see section 2.1.3) were resuspended in 1 ml 

ddH2O and 200 µl 2X Laemmli buffer was added. Samples were boiled at 

98 °C for 15 min and 5 µl was loaded on a precast NuPAGE Bis-Tris gel 

and a long run was done at 140 V for 1 hour (see section 2.2.7). 

Furthermore, a 30 µl sample was loaded on a precast NuPAGE Bis-Tris gel 

for a short run at 140 V for 15 min. After staining with Coomassie blue and 

destaining overnight in ddH2O, the bands of the short-run gel were cut into 

small pieces and transferred into 1.5 ml Eppendorf tubes.  

 Samples preparation for extracellular proteomics 

Proteins of the exoproteome (see growth experiments 2.1.3) had to be 

precipitated from the supernatant. The following protocol was used, as 

previously described (Christie-Oleza & Armengaud, 2010). First, the stock 

solutions 50% (w/v) trichloroacetic acid (TCA, CAS no. 76-03-9, Sigma-

Aldrich) and 0.15% (w/v) sodium deoxycholate (DOC, CAS no. 302-95-4, 

Sigma-Aldrich) were prepared freshly and cooled down to 4 °C. 40 ml of 

the supernatant was filtered through a Whatman® Puradisc 0.2 µm syringe 

filter. 4 ml DOC was added to each sample and vortexed. Samples were 

incubated at RT for 10 min before adding 2.4 ml TCA and vortexing again. 

The samples were kept on ice for 30 min before centrifugation for 15 min 

at 3,220 x g at 4 °C, and the supernatant was discarded. The pellets were 

resuspended in 1 ml ddH2O and transferred to a 2 ml Eppendorf tube. 150 

µl DOC was added, the samples vortexed and then incubated for 10 min 

at RT. After adding 90 µl TCA the samples were vortexed and kept on ice 

for 30 min. Another centrifugation step at 6,010 x g, 4 °C for 10 min 

followed and the supernatant was discarded. Samples were then 

resuspended in 1 ml ethanol: ether (1:1 v/v) and centrifuged at 4 °C for 

15 min at 15,871 x g. After eliminating the supernatant with a pipette, the 
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samples were dried in a fume hood. The pellet was kept at -20 °C until 

further use. For the gel run it was resuspended in ~50 µl of 2X Laemmli 

buffer. Here, the volume of the Laemmli depended on the size of the pellet. 

To facilitate resuspension, 5 min water bath sonication was alternated with 

5 min incubation at 95 °C until the pellet was completely dissolved. 

Samples were then incubated for 5 min at 95 °C, centrifuged at 6,010 x g 

for 5 min, and the samples were loaded (5 µl for a long run and 30 µl for 

a short run) on a precast NuPAGE Bis-Tris gel. The short run was 

performed at 140 V for 15 min and the long run at 140 V for 1 hour. Gels 

were stained with Coomassie blue and destained in ddH2O overnight. 

Protein bands from the short run were cut into small pieces and transferred 

into 1.5 ml Eppendorf tubes.  

 In-gel protein digestion 

The in-gel protein digestion protocol was performed as described by the 

Proteomics Research Technology Platform, SLS, University of Warwick. 

Firstly, gel pieces were destained by adding a 50% ethanol (v/v) and 50 

mM ammonium bicarbonate (ABC) solution and incubating at 55 °C with 

shaking at 650 rpm for 15 min. After removing the liquid, this step was 

repeated at least three times until all stain was removed. To dehydrate the 

gel pieces, 100% ethanol was added, and samples were incubated for 5 

min at RT with shaking at 650 rpm. The liquid was removed, and a 10 mM 

Tris(2-carboxyethyl) phosphine (TCEP) and 40 mM 2-chloroacetamide 

solution was added to the samples, vortexed gently and incubated at 70 

°C for 5 min. After washing the samples twice with a 50% ethanol (v/v) 

and 50 mM ABC solution for 20 min at RT with shaking at 650 rpm, the 

liquid was removed and the gel pieces were dehydrated with 100% ethanol 

for 5 min at RT with shaking at 650 rpm. The ethanol was removed, and a 

2.5 ng µl-1 trypsin solution was added. Samples were then incubated at RT 

for 5 min. ddH2O was added to cover the gel pieces with enough liquid to 

avoid dehydration and the samples were kept at 37 °C overnight. For 

peptide extraction, a 25% acetonitrile (ACN) and 5% formic acid solution 

was added, and the samples were sonicated for 5 min in a water bath 

sonicator. The liquid was transferred into a fresh 1.5 ml Eppendorf tube 

and the peptide extraction step was repeated another two times. To 
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concentrate the samples a SavantTM DNA SpeedVacTM (Thermo Fisher 

Scientific) was used to bring the volume down to 20 µl. Samples were kept 

at -20 °C. To prepare samples for analysis, samples were dried in the 

SpeedVacTM and then resuspended in a 2% ACN and 0.1% trifluoroacetic 

acid (TFA) solution. Before transferring the samples to a Mass Spec vial, 

CorningÒ CostarÒ Spin-XÒ centrifuge tube filters (CAS no. CLS8160-96EA, 

Sigma-Aldrich) were used to filter the samples. Samples were submitted 

to the Proteomics Research Technology Platform (Dr Andrew R. Bottrill and 

Dr Cleidiane Zampronio), SLS, at Warwick University and analysed by 

nanoLC-ESI-MS/MS using an Ultimate 2000 LC system (Dionez-LC 

Packings) coupled to an Orbitrap Fusion mass spectrometer (Thermo-

Fisher). An LC separation of 60 min for exoproteomes and 120 min for 

cellular proteomes were performed on a 25 cm column before MS/MS 

analysis using settings as previously described (Christie-Oleza, 

Armengaud, et al., 2015). 

 Analysis of proteomics data 

The recorded MS/MS spectra obtained from the Proteomics Research 

Technology Platform was processed using MaxQuant (v1.5.5.1) (Max 

Planck Institute of Biochemistry, Munich, Germany), a quantitative 

proteomics software package to analyse large mass-spectrometry data 

sets. The framework of the label-free quantification (LFQ) method 

described in Cox & Mann (2008) was used. All parameters were set by 

default. However, the ‘match between run’ function was selected. MS 

spectra were searched against the protein database of Phaeobacter sp. 

MED193 (A3X963_9RHOB). Subsequently, Perseus (v1.6.5.0, MPI of 

Biochemistry), a software to interpret protein quantification, was used for 

comparative proteomics analysis (Tyanova et al., 2016). The protein 

variations between the conditions were identified by using a two-sample 

t-test. Comparisons were made between each condition and either the high 

Pi control or the pre-starved culture to which phosphate in form the of Pi 

was added back. Statistical analysis was set using a false discovery rate 

(FDR) of 0.01 and 0.05 and a minimal log2 fold change of 2. A protein had 

to be present in every replicate of at least one condition to be considered 

valid. 
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 Intact polar lipid extraction and analysis 

 Lipid extraction  

The following protocol, a modified Folch extraction method, was used for 

lipid extraction (Folch et al., 1957). To allow comparison between samples 

grown in different conditions, it was necessary to collect the same amount 

of biomass at each sampling timepoint. The amount was calculated using 

the following formula: 

Volume (ml) = 0.5 / OD540  

Samples were transferred into a clear glass wide opening screw-thread vial 

(CAS no. C4010-1, Thermo Fisher Scientific). Samples were centrifuged in 

the vials at 4 °C for 15 min at 4,025 x g and the supernatant was removed 

afterwards. 500 µl ice-cold methanol was added and the samples vortexed 

before adding 300 µl ddH2O. One ml chloroform was then added and the 

samples vortexed again, followed by a centrifugation step at 4 °C for 5 

min at 2,415 x g. Unscrewing the caps and switching off the breaks helped 

to get a clearer phase distinction. The two resulting phases are an upper 

methanol-water phase, containing hydrophilic metabolites and a lower 

chloroform phase, containing the lipids. The lower phase was transferred 

to a fresh glass vial using a glass Pasteur pipette. One ml chloroform was 

added to the remaining methanol-water phase and the lipids re-extracted. 

As before, the chloroform phase was aspirated to the same new vial. 

Samples were dried using a nitrogen stream in a Techne sample 

concentrator (Staffordshire, UK), making them storable at -80 °C. For 

immediate analysis samples were resuspended in 5% (v/v) 10 mM 

ammonium acetate (pH 9.2, reached by adding ammonium hydroxide) and 

95% (v/v) acetonitrile. 

 Analysis of intact polar lipids 

The liquid chromatography-mass spectrometry (LC-MS) method used in 

this thesis to analyse lipid extracts was based on Smith et al. (2021). 

Briefly, a Dionex 3400RS HPLC (Thermo Fisher Scientific) with a HILIC BEH 

amide XP column (2.5 µm, 3.0 x 150 mm, Waters Corp., Milford, MA, USA) 

was coupled with an amaZon SL ion trap MS (Bruker Corp., Billerica, MA, 

USA). Lipids were analysed via electrospray ionisation (ESI) in both 
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positive (+ve) and negative (-ve) ionisation modes. Solvents used in this 

protocol were A: HPLC-grade acetonitrile and B: ammonium acetate in 

ddH2O, 10 mM, pH 9.2. Samples were run on a 15 min gradient from 95:5 

(v/v) A-B ratio to 70:30 (v/v) A-B ratio, with 10 min equilibration between 

samples. The injection sample volume was set to 5 µl for the analysis. The 

flow rate was kept constantly at 150 µl min-1 and column temperature at 

30 °C. The end cap voltage was set at 4,500 V in positive and 3,500 V in 

negative mode, both with a 500 V offset. The drying condition was kept 

the same: 8 L   min-1 drying gas at 250 °C and nebulising gas pressure of 

1 psi.  

 Identification of lipid classes 

Initial lipid class identification was based on intact lipid masses. Various 

publications have identified the intact lipid masses of lipid classes (Table 

2.11).  

Table 2.11: Intact lipid masses for the identification of lipid classes.  
DGTS was identified by its [M+H]+ ion in positive mode, all other lipids were identified by 
their [M-H]- ion in negative mode. Ornithine and glutamine lipid could be identified in both 
modes. 

 

The software DataAnalysis 4.1 (Bruker Corp.), included in the Compass 

DataAnlaysis 4.1 software package, was used to identify lipid classes in 

the MS spectra. 

 Semi-quantification of membrane lipids 

An external lipid standard was required for the semi-quantification of 

different lipid classes, as described in Cífková et al. (2012). The lipid 

Lipid class Fatty 
acids

m/z Retention 
time [min]

Reference

DGTS [M+H]+ 36:2 764 10.3 (Popendorf et al., 2013) 

Ornithine lipid [M-H]+ 38:2 705 12.6 (Zhang et al., 2009)

Glutamine lipid [M-H]+ 38:2 719 9.5 (Zhang et al., 2009)

PE [M-H]- 36:2 743 12 (Han et al.,  2005)

PG [M-H]- 36:2 773 7 (Han et al.,  2004)

Ornithine lipid [M-H]- 38:2 703 13 (Zhang et al., 2009)

Glutamine lipid [M-H]- 38:2 717 9.5 (Zhang et al., 2009)

Sulphur containing 
amino lipid (SAL) [M-H]-

34:1 656 3.5 (Smith & Silvano et al., 2021)

SAL2 [M-H]- OH-34:1 672 3.7 (Smith & Silvano et al., 2021)

1
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standard chosen for the work in this thesis was N-dodecanoyl-

heptadecasphing-4-enine-1-phosphoethanolamine (sphingosyl-PE, 

d17:1/12:0), purchased from Avanti Polar Lipids (Alabaster, AL, USA). S-

PE was used as lipid standard as it ionises well in both positive and 

negative ESI-MS and, with the method used in this work, elutes between 

13.8 and 14 min, thereby separating well from other lipid classes identified 

in the LC-MS chromatogram. Lipids were extracted from culture samples 

as described in section 2.5.2 but with S-PE (final concentration of 25 µM) 

added before cell pelleting. Lipid extracts were analysed as described in 

section 2.5.2. Thereafter, QuantAnalysis (Bruker Corp.) was used to 

integrate signals of selected lipids. Here, the accuracy of the m/z was set 

to ± 0.05, the window for retention time was set to 1 min, and the 

signal/noise ratio was set at 10 for positive mode and 5 for negative mode. 

Each area was checked manually and adjusted if required. Integrated 

signals of selected lipids were extracted and normalised by the integrated 

signal of S-PE.  

 Metabolic assays – alkaline phosphatase assay 

During the growth experiment analysing the WT MED193 and ∆phoB (see 

sections 2.1.2 and 2.1.3) alkaline phosphatase activity of the cultures was 

measured. This assay was performed to determine whether the cultures 

were phosphate stressed. The assay is based on the rate of conversion of 

pNPP to pNP and is adapted from Bessey et al. (1946). For the phosphatase 

activity assay, a 200 µl culture was mixed with 10 µl pNPP (100 mM) in 

ddH2O and incubated at 30 °C until a colour change occurred. For a positive 

control, 1 µl of shrimp alkaline phosphatase (CAS no. M0371S, NEB) was 

added to 200 µl media used for the experiment and 10 µl 100 mM pNPP. 

The negative control, used as a blank, consisted of 200 µl medium and 10 

µl 100 mM pNPP. After the incubation, 790 µl medium was added, the 

reaction was centrifuged for 5 min at 14,674 x g at RT and transferred to 

a cuvette before measuring the OD405 on a Jenway 7305 

spectrophotometer. 
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 Bioinformatics – phylogenetic relationships 

Phylogenetic analyses of MED193_10041 (ethanolamine binding protein), 

MED193_10161 (C-P lyase, substrate-binding protein), and 

MED193_19449 (dihydroxyacetone phosphate binding protein) were 

performed using the NGPhylogeny.fr platform (Dereeper et al., 2008; 

Lemoine et al., 2019). Here, MUSCLE with default settings was used for 

multiple sequence alignment (Edgar, 2004b, 2004a), and sequences were 

trimmed using trimAI with default settings (Capella-Gutiérrez et al., 2009). 

Next, the IQ-TREE webserver (Nguyen et al., 2015; Trifinopoulos et al., 

2016; Hoang et al., 2017; Kalyaanamoorthy et al., 2017) was used to 

create phylogenetic trees. Here, default settings were used, and sequence 

type was set to protein. Bootstrap analysis was set on ultrafast which 

includes 1000 bootstrap alignments. Next, iTOL was used to design 

phylogenetic trees (Letunic & Bork, 2021). 

 Mutagenesis in Phaeobacter sp. MED193 

Dr Ian D.E.A. Lidbury kindly provided a Phaeobacter sp. MED193 phoB 

double cross-over mutant. The mutant was generated using a conjugation 

protocol as described in Lidbury et al., 2016 and 2017. First Gibson cloning 

(Gibson et al., 2009), using the NEBuilder HiFi DNA assembly (NEB) kit, 

was used to create a construct in pK18mobSacB, a mobilizable plasmid 

that doesn’t replicate in Roseobacters (Schäfer et al., 1994). Before 

assembly, DNA fragments for regions A and B, and a gentamicin resistance 

(GmR) cassette were generated by PCR using a high-fidelity Phusion DNA 

polymerase PCR master mix (NEB). All amplified products had 

complementary overlap regions of 25 bp either with each other or with the 

plasmid (Table 2.12). Regions A and B were amplified by colony PCR of WT 

MED193 whereas GmR was amplified from purified stocks of p34S-Gm. In 

addition, the pk18mobSacB vector was cut with the restriction enzymes 

BamHI and HindIII and gel-purified. According to the manufacturer’s 

protocol, all four fragments were mixed and incubated, as described in 

section 2.2.2.1. The vector containing the construct Region A, GmR, and 

Region B (pk18::A-GmR-B) was transformed into E. coli DH5-Alpha (see 

section 2.2.4), plated on LBA containing 10 µg ml-1 gentamicin and 50 µg 
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ml-1 kanamycin, and incubated overnight at 37°C. Transformants were 

screened using M13 forward and GmR reverse primers, as well as GmR 

forward and M13 reverse primers (Table 2.12). Colonies that showed the 

correct product size were inoculated into 5 ml LB with gentamicin (10 µg 

ml-1) and kanamycin (50 µg ml-1), plasmids extracted using the QIAprep 

spin miniprep kit (Qiagen), and plasmids sent for sequencing using M13 

primers (see Table 2.12).  

Table 2.12: List of primers used for generating a phoB deletion mutant in 
Phaeobacter sp. MED193. 

 

Correct plasmids were then transformed into electrocompetent E. coli 

S17:1. E. coli S17:1 is capable of high-efficiency conjugation (R. Simon et 

al., 1983). Therefore, 50 µl cells were thawed on ice and 10 ng mini-

prepped pk18::A-GmR-B was added. The mixture was then transferred into 

a pre-cooled electroporation cuvette (Gene Pulser®, 0.2 cm, BioRad) and 

kept on ice for a further 15 min. The cuvette was placed in a MicroPulser® 

(BioRad) and subjected to an electric pulse (2.5 kV, 25 µF, 200 Ω). Cells 

were recovered in 950 µl pre-warmed SOC medium for 1 hour at 37 °C 

with shaking before plating on LBA containing gentamicin (10 µg ml-1) and 

kanamycin (50 µg ml-1) and incubated overnight at 37 °C. Transformants 

were screened using M13 primers and single colonies that contained 

pk18::A-GmR-B were inoculated into 5 ml LB and grown overnight with 

shaking at 37 °C. Simultaneously, a single colony of WT MED193 was 

inoculated into MB and grown overnight with shaking at 30 °C. On the day 

Primer name Product Sequence 5’-3’
RegionA_fw 

RegionA_rv
Region A, homologous to 

genomic neighbourhood of 

phoB, pk18mobSacB and 

GmR

TACGAATTCGAGCTCGGTACCCGGGGTAACCTGGAGCGTATTGG


TCTAGAGTCGACAAGCCTTCTTCGCCGTTTTC

RegionB_fw 
RegionB_rv

Region B, homologous to 

genomic neighbourhood of 

phoB, pk18mobSacB and 

GmR

ACGCCGCGGCCAACAGTTTGGTGGTGCTGATC


CGTTGTAAAACGACGGCCAGTGCCACTCTTGCCGGTTTGTAGC

GmR_fw 
GmR_rv

Gentamicin resistance 

cassette, homologous to 

Region A and B

GCGAAGAAGGCTTGTCGACTCTAGAGGATCCCCGG


ACCACCAAACTGTTGGCCGCGGCGTTGTGA

M13(-21)_fw                          

M13(-40)_rv

Plasmid control primer from 

pk18mobSacB into inserted 

region (A, GmR, B)

TGTAAAACGACGGCCAGT 

CAGGAAACAGCTATGAC

Control_fw 
Control_rv

phoB control primer from 

MED193 genome into deleted 

region

AATTGTCGATTCAGCACGGG


TCAATATGACCACGCGCTTG

1
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of conjugation, a 10% (v/v) inoculum of the pre-grown WT MED193 culture 

(receiver strain) was transferred into 10 ml MAMS (Table 2.13) and 

incubated at 30 °C and 150 rpm until OD540 of 0.5 was reached. At the 

same time, a 2% inoculum of the pre-grown E. coli S17:1 with pk18::A-

GmR-B culture (donor strain) was transferred into 5 ml LB supplemented 

with gentamicin (10 µg ml-1) and kanamycin (50 µg ml-1) and grown at 37 

°C and 150 rpm until an OD600 of 0.5 was reached. Thereafter, donor strain 

and receiver strain cultures were mixed and centrifuged at 2,415 x g for 

10 min at RT, supernatant eliminated, and the pellet gently resuspended 

in 300 µl sea salts medium (-C/-N, Table 2.13). The homogenous mixture 

of donor and receiver strain was spotted on a ½ YTSS agar plate (Table 

2.13) and left until the spot was completely dry before incubating it at 30 

°C for 24 hours. 100 µl of serially diluted samples were plated on sea salts 

agar plates with 2 mM glycine betaine, 3 mM glucose, and 5 mM succinate 

(Table 2.13), containing either gentamicin (10 µg ml-1) or kanamycin (50 

µg ml-1). Since E. coli is unable to grow on glycine betaine as a sole source 

of nitrogen, it is unable to grow on the sea salts agar plates. Plates were 

incubated at 30 °C for one to two weeks until colonies were visible. These 

colonies were streaked on fresh agar plates with the same sea salts 

medium conditions. Again, one plate was supplemented with 10 µg ml-1 

gentamicin and one plate with 50 µg ml-1 kanamycin. Colonies that grew 

on gentamicin containing plates only were most likely double cross-over 

mutants. Therefore, they were screened using control primers (Table 

2.12). A fragment size of 1930 bp was expected for the WT MED193 and 

fragment size of 2284 bp was expected for ∆phoB. In the double cross-

over mutant, the phoB gene was interrupted by GmR. The deletion of the 

phoB gene in WT MED193 was confirmed by sequencing (see Appendix 

3.1). 
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Table 2.13: Composition of different media used for mutagenesis of Phaeobacter 
sp. MED193.  
Stock solutions marked with an asterisk are added after autoclaving. 

 

Chemical Stock solution 
(g L-1)

Stock conc. Molecular 
weight          

(g mol-1)

Final conc. in   
1 L of ddH2O

ml for 1 L       
of media

1/2 YTSS

Yeast extract 2 0.2%

Peptone 1.25 0.125%

Sea salts (Sigma) 20 2%

Sea salts agar

Sea salts (Sigma) 30 3%

Glucose 0.54 180.16 3 mM

Succinate 1.35 270.14 5 mM

Agar 15 1.5%

HEPES pH 8 238.30 1 M 238.30 10 mM 10 *

Glycine betaine 117.15 1 M 117.15 2 mM 2 *

FeCl2 0.06 0.5 mM 126.75 5 µM 10 *

KH2PO4 43.55 250 mM 174.20 1 mM 4 *

MAMS vitamins 1 *

Sea salts medium   
(-C, -N)

Sea salts (Sigma) 30 3%

HEPES pH 8 238.30 1 M 238.30 10 mM 10 *

Glycine betaine 117.15 1 M 117.15 2 mM 2 *

FeCl2 0.06 0.5 mM 126.75 5 µM 10 *

KH2PO4 43.55 250 mM 174.20 1 mM 4 *

MAMS vitamins 1 *

MAMS - succinate

NaCl 20 58.44 2%

(NH4)2SO4 100 756.77 mM 132.14 7.6 mM 10

CaCl2 * 2 H2O 29 136.05 mM 147.01 1.36 mM 10

MgSO4 * 7 H2O 20 81.15 mM 246.47 0.82 mM

FeSO4 * 7 H2O 0.2 719.40 µM 278.01 7.25 µM 10

Na2MoO4 * 2 H2O 2 8.26 mM 241.95 82.6 µM

KH2PO4 36 206.66 mM 174.20 2.67 mM
10 *

K2HPO4 234 1.34 M 174.18 13.4 mM

Trace metals          
(see table 2.2)

1

MAMS vitamins 1 *

MAMS vitamins pH 4

Thiamine hydrochloride 0.01

Nicotinic acid 0.02

Pyridoxine 
hydrochloride

0.02

P-aminobenozoic acid 0.01

Riboflavin 0.02

Calcium panthotenate 0.02

Biotin 0.001

Cyanocobalamin 0.002

Lipoic acid 0.005

Folic acid 0.005

1
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CHAPTER 3 DECIPHERING THE PHO REGULON OF PHAEOBACTER SP. 

MED193 

 Introduction 

Phosphorus (P) is a fundamental element of DNA and RNA, 

membrane phospholipids, and ATP, making it essential for living organisms 

(Koolman & Röhm, 2019). P-limitation often affects bacteria living in all 

kinds of environments. Therefore, evolution equipped these organisms 

with mechanisms to survive short-term and long-term P-shortages 

(Wanner & Chang, 1987; VanBogelen et al., 1996; Suzuki et al., 2004).  

The Phosphate regulon (Pho regulon) is a regulatory mechanism 

involved in inorganic phosphate (Pi) management in bacteria and was first 

described in E. coli (Wanner, 1996; Santos-Beneit, 2015). It contains 

proteins required for Pi uptake, acquisition of Pi from organic phosphates 

and P-storage (Wanner, 1996; Scanlan & Wilson, 1999; Antelmann et al., 

2000; Suzuki et al., 2004). In bacteria, expression of these proteins is 

regulated by a two-component system: PhoBR, composing a histidine 

kinase PhoR and a response regulator PhoB (Wanner, 1996; Antelmann et 

al., 2000). Upon Pi limitation, the histidine kinase PhoR phosphorylates the 

response regulator PhoB. PhoB sequentially binds specific regions on the 

DNA, so-called Pho boxes, to induce or inhibit gene expression (Makino et 

al., 1988; Karl, 2014; Santos-Beneit, 2015). As compared to P-replete 

conditions, gene expression can be more than 100-fold higher in P-deplete 

environments (Wanner, 1996; Suzuki et al., 2004).  

Since the discovery of the Pho regulon, the phosphate stress 

response has been studied in various bacteria (Scanlan & Wilson, 1999; 

Antelmann et al., 2000; Schwarz & Forchhammer, 2005; Baek & Lee, 

2007; Willis et al., 2019) and many proteins involved in the transport and 

metabolism of Pi and organic P have been identified. On the one hand, 

these proteins include phosphomonoesterases/phosphodiesterases (e.g., 

Larson et al., 1983; Wanner & Chang, 1987; Brzoska & Boos, 1989; 

Wanner, 1996; Antelmann et al., 2000; Baek & Lee, 2007; Pegos et al., 

2017; Sosa et al., 2019; Willis et al., 2019) and phosphonate transporter 

and degradation proteins (e.g, Wanner & Metcalf, 1992; Ilikchyan et al., 
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2009, 2010; Alicea et al., 2011; Seweryn et al., 2015; Sosa et al., 2017, 

2019; Stosiek et al., 2020).  On the other hand, it includes transporter 

systems for various organic and inorganic P compounds (e.g., Forward et 

al., 1997; Rees et al., 2009; Bisson et al., 2017) and proteins involved in 

P-storage, such as polyphosphate kinases (e.g., Ahn & Kornberg, 1990; 

Kulaev et al., 2005; Martin et al., 2014). Noteworthy, the discovery of lipid 

remodelling in P-depleted cells was found to be ubiquitous in marine 

bacteria and key enzymes have been described (Van Mooy et al., 2009; 

Zavaleta-Pastor et al., 2010; Carini et al., 2015; Ridgway, 2015; Sebastián 

et al., 2016; Wei et al., 2018). 

Much is known about the P-stress response in marine bacteria. 

However, the P-stress response of members of the Roseobacter group has 

never been described before in detail. In this study, we used various 

methods to study the P-stress response of Phaeobacter sp. MED193 

(MED193), a model organism of the Roseobacter group (Simon et al., 

2017). Methods used to decipher the Pho regulon of MED193 include the 

physiological comparison between the MED193 wild type and a phoB 

knockout mutant, as well as cellular and exoproteome, membrane lipid, 

and bioinformatics analyses. We demonstrate that MED193 induces 

several well-known proteins during P-starvation and, using bioinformatics 

to predict putative pho boxes, confirm the dependency of the induced 

proteins on the Pho regulon. 

 Results 

 The Pho regulon controls Pi acquisition systems and lipid remodelling 

in Phaeobacter sp. MED193 

In this chapter, a combination of assorted methods was exploited to 

decipher the Pho regulon of MED193 and identify proteins involved in the 

P-stress response. Wild type MED193 (WT MED193) and a MED193 phoB 

knockout mutant (∆phoB) were used. The deletion mutant was kindly 

provided by Dr Ian D.E.A. Lidbury and confirmed by sequencing (see 

section 2.8, Appendix 3.1). Here, the phoB gene is interrupted by a 

Gentamicin resistance cassette.  
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First, as described in section 2.1.2, cultures were grown in triplicate 

in ASW, containing low P (50 µM), for 24 h and then transferred into P-

free media for 48 h. Comparison of cultures grown in P-deplete media 

showed that OD540 of WT MED193 and ∆phoB cultures more than doubled 

within the first 24 hours of growth before decreasing again to the same 

final OD540 after 48 hours of P-starvation (Table 3.1). However, the OD540 

reached after 24 hours was significantly different between WT MED193 and 

∆phoB (t-test score, p<0.01). 

Table 3.1: Growth of WT MED193 and ∆phoB in P-deplete media. 
Growth was monitored by measuring OD540 over 48 hours. Asterisk marks significant 
difference (t-test score, p<0.01).  

 

A comparison of alkaline phosphatase activity towards the 

monoester para-nitrophenyl-phosphate (pNPP) and the diester para-

nitrophenyl-phosphorylcholine (pNPPC) after 48 hours of P-starvation 

confirmed that phosphatase activity in ∆phoB was nearly abolished (Figure 

3.1). This result affirms the hypothesis that most phosphatases of WT 

MED193 are Pho-regulated. 

 

Figure 3.1: Alkaline phosphatase activity of WT MED193 and ∆phoB after 48 hours 
of P-depletion. 
Alkaline phosphatase activity was measured towards the monoester pNPP (green) and the 
diester pNPPC (grey). Whereas phosphatase activity was detected in WT MED193, it was 
nearly abolished in ∆phoB (p-value <0.05). Graph shows mean ± standard deviation of 
three biological replicates. 

It has previously been reported that P-limited MED193 cells remodel 

membrane phospholipids, e.g. phosphatidylglycerol (PtdGro), to the P-free 
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betaine lipid diacylglyceryl-trimethylhomoserine (DGTS) (Sebastián et al., 

2016). To confirm the hypothesis that this process is controlled by the Pho 

regulon membrane lipids of WT MED193 and ∆phoB samples after 48 hours 

of P-depletion, and P-replete WT MED193 cultures, were extracted. These 

lipids were sequentially analysed by liquid chromatography-mass 

spectrometry (LC-MS) (see section 2.5). Detected lipids were normalised 

against sphingosyl-PE d17:1/12:0 (SPE), commonly used as a lipid 

standard, and relative abundance of lipids/SPE ratios was plotted (Figure 

3.2, Appendix 3.2). The figure displays the relative abundance of DGTS 

and the two phospholipids PtdGro and phosphatidyl-ethanolamine 

(PtdEtd). LC-MS data confirmed that lipid remodelling was non-existent in 

∆phoB, verified by a high relative abundance of PtdGro/SPE and a low 

relative abundance of DGTS/SPE compared to WT MED193 -P. In addition, 

DGTS was barely detectable in ∆phoB. However, the lipid composition of 

WT MED193 showed a reduction in phospholipids and an increase in DGTS 

compared to the P-replete MED193 culture, confirming P-stress and 

associated lipid remodelling. 

 

Figure 3.2: Membrane lipid composition as relative abundance (%) of WT MED193 
and ∆phoB, normalised by SPE. 
Cultures used included P-deplete WT MED193 (WT MED193 -P), P-replete WT MED193 (WT 
MED193 HP), and P-deplete ∆phoB (∆phoB -P). There is a significant difference (p-value 
<0.01) between WT MED193 -P (a) and ∆phoB (b) -P for DGTS and PtdGro, between WT 
MED193 -P (a) and WT MED193 HP (c) for DGTS, PtdGro, and PtdEtn, and between ∆phoB 
-P (b) and WT MED193 HP (c) for PtdGro, and PtdEtn. Graph shows mean ± standard 
deviation of biological triplicates. DGTS, diacylglyceryl-trimethylhomoserine; PtdGro, 
phosphatidyl-glycerol; PtdEtn, phosphatidylethanolamine. 
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 Overview of the Pho regulon in Phaeobacter sp. MED193 – a 

proteomic approach 

Additionally, proteomic analysis by liquid chromatography with 

tandem mass-spectrometry (LC-MS/MS, see section 2.4) of P-deplete 

cultures was used to identify proteins regulated by the Pho regulon. 

Whereas 2005 proteins were detected in the cellular proteome, only 1467 

proteins were detected in the exoproteome. The comparison of the cellular 

proteomes and exoproteomes of WT MED193 and ∆phoB revealed several 

significantly upregulated and downregulated proteins (p-value <0.05, 

minimal log2 fold change (logFC 2), Figure 3.3). Where only 62 cellular 

proteins (3% of total proteins) of ∆phoB were significantly upregulated, 

237 cellular proteins (12% of total proteins) were significantly 

downregulated (Figure 3.3A, Appendix 3.3, Appendix 3.4). A similar 

difference was found in the exoproteomes. Here, comparing the 

exoproteomes of P-deplete WT MED193 to ∆phoB, 164 ∆phoB proteins 

(11% of total proteins) were significantly upregulated and 531 proteins 

(36% of total proteins) were significantly downregulated (Figure 3.3B, 

Appendix 3.5, Appendix 3.6).  

  

Figure 3.3: Volcano plots of cellular (A) and exo- (B) proteomic data comparing P-
starved WT MED193 and ∆phoB cultures. 
WT MED193 and ∆phoB cultures were P-limited for 48 hours. Scatter points represent 
proteins. The x-axis is the fold change for the ratio between both cultures and the y-axis 
the statistical p-value. Green dots represent proteins that are significantly upregulated (A: 
62, B: 164) and red dots represent proteins that are significantly downregulated (A:237, 
B: 531) in ∆phoB (p-value <0.05, logFC 2).  

It was expected that most proteins involved in P-metabolism and 

transport would be undetectable in the ∆phoB proteomes. Therefore, it 

was hypothesised that looking into the significantly upregulated proteins 

of ∆phoB might give an idea of how the mutant handles P-stress when the 
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Pho regulon is inactive. Intriguingly, half of the ten most upregulated 

proteins in the cellular ∆phoB proteome are annotated as iron-related 

transporters, namely MED193_17504, MED193_22031, MED193_08013, 

MED193_08033, and MED193_17494 (Table 3.2). However, only 

MED193_08013 MED193_17504, and MED193_22031 share homology 

(08013/17504: protein sequence identity (Seq.ID) 29.33%, e-value 2e-08, 

08013/22031: Seq.ID 22.86%, e-value 0.002, 17504/22031: Seq.ID 

25.41%, e-value 3e-05). MED193_17504 is a homolog of Silicibacter sp. 

TrichCH4B HmuR (Table 3.3B, Seq.ID 52%, e-value 0.0). In the genome 

of Silicibacter sp. TrichCH4B two separate, neighbouring operons for 

complete heme uptake systems have been identified (Roe et al., 2013).  

Table 3.2: Top 10 upregulated proteins in the cellular and exoproteome of P-
deplete ∆phoB cultures. 
Proteins were significantly upregulated (p-value <0.05, logFC 2) in the proteomes of P-
deplete ∆phoB cultures in comparison to P-deplete wild type MED193 cultures. White 
background; cellular proteome, grey background; exoproteome.  

 
As in MED193, these operons are transcribed in opposite directions 

(Table 3.3A). It has previously been described that these operons were 

Identified proteins Accession 
number Locus tag Fold change

Putative hemin receptor protein, iron uptake HmuR EAQ47012 MED193_17504 7.17

Hypothetical protein, DUF4856 EAQ45515 MED193_07678 7.11
Outer membrane TonB-dependent receptor,               
putative Fe siderophore transport EAQ44834 MED193_22031 6.83

Outer membrane TonB-dependent receptor,                
putative Fe siderophore transport EAQ45582 MED193_08013 5.75

Hypothetical protein EAQ47013 MED193_17509 4.32
Putative ABC transporter, periplasmic binding protein,       
Fe siderophore transport FatB EAQ45586 MED193_08033 4.02

Sulfate permease, transmembrane protein Sul1 EAQ45758 MED193_08893 3.73
Predicted membrane protein, nitric oxide reduction, 
potentially required for expression of Nirk and Nor NnrU EAQ44416 MED193_10518 3.57

S-adenosyl-L-methionine (SAM) methyltransferase BioC EAQ46319 MED193_14027 3.53
ABC-type transporter, periplasmic binding protein,     
putative Fe siderophore binding TroA-like EAQ47010 MED193_17494 3.53

Glycine cleavage system/decarboxylase complex,               
H protein GcvH EAQ44238 MED193_09370 7.06

Phosphogluconate dehydrates,                                   
4Fe-4S cluster binding protein Edd EAQ46996 MED193_17424 6.95

Outer membrane TonB-dependent receptor,               
putative Fe siderophore transport EAQ44834 MED193_22031 6.44

Lipopolysaccharide (LPS)-assembly protein,                  
outer membrane protein LtpD EAQ44953 MED193_22626 5.93

UDP-N-acetylglucosamine acyltransferase,                       
lipid A biosynthetic pathway EAQ45140 MED193_04901 5.82

Type I secretion target repeat protein, Ca-binding EAQ43596 MED193_03035 5.75
Creatinase, acting on C-N bonds, arginine/proline 
metabolism, metal-dependent EAQ46665 MED193_15757 5.67

Malonyl-CoA synthase, AMP-dependent EAQ46395 MED193_14407 5.55

Metallopeptidase, family M24 EAQ46197 MED193_07379 5.44
Taurine-pyruvate aminotransferase (class III),         
pyridoxal phosphate binding EAQ43624 MED193_12173 5.23

28
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upregulated in Silicibacter under iron stress. In addition, growth 

experiments confirmed that Silicibacter acquires iron from several heme 

sources (Roe et al., 2013). The upregulation of several putative iron 

uptake systems indicates that ∆phoB might require iron as a metal cofactor 

for proteins synthesized upon P-limitation. MED193_17424 encodes a 

phosphogluconate dehydratase highly upregulated in the exoproteome of 

∆phoB (Table 3.2). This protein binds one iron-sulphur (4Fe-4S) cluster 

and is predicted to be involved in carbohydrate metabolism. In addition, 

two proteins predicted to require metal co-factors were detected in the 

∆phoB exoproteome, namely a metallopeptidase of the M24 family 

(MED193_07379) and a type I secretion target repeat protein 

(MED193_03035). However, both proteins are predicted to bind zinc, 

cobalt, manganese or nickel (Cerdà-Costa & Gomis-Rüth, 2014) and 

calcium (Delepelaire, 2004), respectively.  

Table 3.3: Homology and genome neighbourhood of two heme uptake systems of 
Phaeobacter sp. MED193. 
(A) MED193 and Silicibacter sp. TrichCH4B share the same gene neighbourhood. Green; 
ABC transporter ATPase (HmuV) and periplasmic transmembrane protein (HmuT), 
turquoise; heme oxygenase (HmuS), light grey; outer membrane receptor (HmuR), dark 
grey; outer membrane energisation complex, white; not detected. The numbers above 
indicate fold change in ∆phoB compared to WT MED193 cellular proteome, numbers below 
show locus tag range. (B) Gene homology between MED193 heme uptake systems and 
Silicibacter sp. TrichCH4B. Listed are accession numbers, locus tags, Sequence identity 
(Seq.ID) in % and e-value. 

 
 

 

MED193_17504 – MED193_17529
SCH4B_1181 – SCH4B_1187

MED193_17484 – MED193_17499
SCH4B_1177 – SCH4B_1180

0.14 3.53 2.86 7.17 4.32 0.96 0.13 -0.23 0.82

+ + + +

Identified proteins Accession 
number 
MED193

Locus tag 
MED193

Accession 
number 
TrichCH4B

Locus tag 
TrichCH4B

Seq.ID e-value

Hemin ABC transporter,            
ATP-binding protein HmuV EAQ47008 MED193_17484 EEW59515 SCH4B_1177 53% 1e-97

Hemin ABC transporter,     
permease HmuU EAQ47009 MED193_17489 EEW60117 SCH4B_1178 69% 4e-126

Hemin ABC transporter,  
periplasmic transmembrane protein HmuT EAQ47010 MED193_17494 EEW59380 SCH4B_1179 57% 6e-97

Hemin transport protein,  
degrading factor HmuS EAQ47011 MED193_17499 EEW59923 SCH4B_1180 60% 2e-156

TonB dependent hemin receptor HmuR EAQ47012 MED193_17504 EEW59184 SCH4B_1181 52% 0.0

Hypothetical protein EAQ47013 MED193_17509 EEW59584 SCH4B_1182 46% 2e-38

Outer membrane transport 
energisation protein ExbB EAQ47014 MED193_17514 EEW60097 SCH4B_1183 57% 3e-67

Outer membrane transport 
energisation protein ExbD EAQ47015 MED193_17519 EEW59511 SCH4B_1184 54% 2e-21

Biopolymer transport protein ExbD EAQ47016 MED193_17524 EEW59961 SCH4B_1185 46% 1e-34

Outer membrane transport 
energisation protein TonB EAQ47017 MED193_17529 EEW59814 SCH4B_1187 38% 4e-30

27

A 
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Apart from iron uptake through the heme transport system, it has been 

shown in other organisms that the Exb transport system (Table 3.3B) has 

a broad substrate specificity inclusive of various metals and 

macromolecules (Schauer et al., 2008).  

To gain a better insight into the function of the differentially 

expressed proteins of cellular and exoproteomes of WT MED193 (Appendix 

3.3, Appendix 3.5) and ∆phoB (Appendix 3.4, Appendix 3.6), functional 

prediction (Appendix 3.9) for each significantly upregulated and 

downregulated protein was extracted from the eggNOG database (Huerta-

Cepas et al., 2019), clustered in groups, and plotted (Figure 3.4). Here, 

the number of proteins retrieved for each of the four categories is 

displayed. The plot confirms the differences already observed in the 

proteomic analysis described above.  

 

Figure 3.4: Functional comparison of upregulated proteins of WT MED193 and 
∆phoB. 
Predicted protein functions from the eggNOG database were mined for proteins upregulated 
in WT MED193 (dark grey) and ∆phoB (dark green) cellular proteomes (CP), and WT 
MED193 (light grey) and ∆phoB (turquoise) exoproteomes (EP). Predicted functions were 
clustered in four general categories and plotted (y-axis), x-axis represents the number of 
upregulated proteins clustered in each category. 

For cellular and exoproteomes, the difference between WT MED193 

and ∆phoB was at least 65% in all four categories. Within the cellular 

proteome, proteins involved in ‘cellular processes and signalling’ pose the 

highest percentage difference between WT MED193 and ∆phoB (78.38%), 

directly followed by proteins assigned to ‘metabolism’ (75.38%). However, 

0 100 200 300
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Metabolism

Information storage and processing
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Number of proteins
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regarding exoproteomes, the number of upregulated proteins belonging to 

‘information storage and processing’ in WT MED193 is 82.24% higher 

compared to ∆phoB. In the remaining categories, there is a 66% difference 

between WT MED193 and ∆phoB.  

 The Pho regulon controls the Pi metabolism in Phaeobacter sp. 

MED193 

Since cellular proteomics revealed a significant difference in the 

category ‘metabolism’, which also includes transporters for numerous 

substrates, the relative abundance was calculated for proteins of both 

cellular and exoproteomes of WT MED193 and ∆phoB. Calculations 

revealed clear differences. Therefore, relative abundances of the 50 most 

abundant proteins of WT MED193 and relative abundances of the 

corresponding proteins of ∆phoB were plotted (Figure 3.5, Appendix 3.7, 

Appendix 3.8). Additionally, cohesive proteins were connected via lines 

and six prominent proteins were highlighted in green. 

 

Figure 3.5: Comparison of 50 most abundant proteins identified in WT MED193 
cellular (A) and exo- (B) proteomes and relative abundances of corresponding 
∆phoB proteins. 
Lines connect cohesive proteins, indicating an increase or decrease of relative abundance. 
Six proteins, namely MED193_04062, MED193_05784, MED193_06579, MED193_07903, 
MED193_10161, and MED193_11424 show a clear difference between WT MED193 and 
∆phoB and are highlighted in green.  
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These proteins showed a discrepancy in relative abundance between 

WT MED193 and ∆phoB, specifically MED193_04062, MED193_05784, 

MED193_06579, MED193_07903, MED193_10161, and MED193_11424 

(Table 3.4).  

Table 3.4: List of substrate-binding proteins and hydrolases that show a significant 
difference in relative abundance between WT MED193 and ∆phoB.  
Relative abundance is given in % for cellular (C), and exo- (E) proteomes of WT MED193 
and ∆phoB, including accession numbers and locus tags.  

 

 
Figure 3.6: Genomic neighbourhood of highly abundant substrate-binding proteins 
found in the cellular proteome of WT MED193 in comparison to ∆phoB. 
The genomic neighbourhood of PstS (MED193_04062), UgpB (MED193_07903), and PhnD 
(MED193_10161), including second Phn operon. MS/MS count numbers, light grey; only 
detected in WT MED193, dark grey; detected in WT MED193 and ∆phoB, green; not 
detected. PhoB; transcriptional regulator Pho regulon, PhoU; phosphate uptake regulator, 
PstB; ATPase of Pst transporter, PstA/C; permease of Pst transporter, PstS; periplasmic 
substrate-binding protein (PSBP) of Pst transporter, PhoR; sensor histidine kinase, UgpQ; 
glycerophosphoryl diester phosphodiesterase, UgpC; ATPase of SN-G3P transporter, 
UgpA/E; permease of SN-G3P transporter, UgpB; PSBP of SN-G3P transporter, AT; 
acetyltransferase, PhnE1/2; permease of phosphonate transporter, PhnD; PSBP of 
phosphonate transporter, PhnC; ATPase of phosphonate transporter, PhnG/H/I/L; alpha-
D-ribose 1-methylphosphonate 5-triphosphate synthase subunit, PhnJ; alpha-D-ribose 1-
methylphosphonate 5-phosphate C-P lyase, PhnK; ATPase of ribophosphonate triphosphate 
synthase reaction, PhnN; ribose 1,5-biphosphate phosphokinase, PhnM; alpha-D-ribose-1-
methylphosphonate 5-triphosphate diphosphatase, ADH; alcohol dehydrogenase.  

 

Identified proteins Accession 
number Locus tag

Relative 
abundance 
MED193 
(%)

Relative 
abundance 
ΔphoB   
(%)

Phosphate ABC transporter, PBP PstS EAQ44764 MED193_04062 C: 5.90   
E: 4.69

C: <0.01 
E: 0.09

Secreted phosphatase PhoX EAQ45878 MED193_05784 C: 2.23   
E: 2.70

C: <0.01 
E: 0.03

Glycerophosphoryl diester phosphodiesterase GlpQ EAQ46037 MED193_06579 C: 3.26   
E: 4.21

C: <0.01 
E: 0.08

SN-glycerol-3-phosphate ABC transporter, PBP UgpB EAQ45560 MED193_07903 C: 0.86   
E: 2.04

C: <0.01 
E: 0.09

Phosphonate ABC transporter, PBP PhnD EAQ43272 MED193_10161 C: 3.25   
E: 6.24

C: <0.01 
E: <0.01

Spermidine/putrescine ABC transporter, PBP PotD EAQ43393 MED193_11424 C: 0.60   
E: 3.24

C: 0.13   
E: 0.06

27

PhoB PhoU PstB PstA PstC PstS PhoR

249/4 775/0

UgpQ UgpC UgpE UgpA UgpB

78/2 305/2

AT PhnE PhnE PhnD PhnC

PhnG PhnH PhnI PhnJ PhnK PhnL PhnN PhnM ADH

78/0 161/5 81/0 76/0 73/1

599/0 108/0

7/0 195/1

28/0

9/083/017/0

12/0 33/1 21/0 27/0
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Four of these proteins are annotated as substrate-binding proteins 

of ABC transporters, thereof three proteins are predicted to be involved in 

inorganic and organic P transport (PstS; MED193_04062, UpgB; 

MED193_07903, PhnD; MED193_10161). The fourth substrate-binding 

protein is annotated as PotD (MED193_11424), potentially involved in 

spermidine/putrescine transport. Furthermore, two proteins are annotated 

as phosphatases, specifically a phosphomonoesterase (PhoX; 

MED193_05784, see Chapter 4) and a putative phosphodiesterase (GlpQ; 

MED193_06579, Figure 3.6). 

Examination of the genomic neighbourhood of the three P-related 

substrate-binding proteins demonstrated that the neighbouring proteins, 

mostly members of the ABC transporters, were either not detected or were 

barely detectable in the cellular proteome of ∆phoB. For example, proteins 

of the Pho operon, including proteins of the Pi ABC transporter Pst, the 

sensor histidine kinase PhoR and the phosphate uptake regulator PhoU, 

were represented in abundance in WT MED193, but barely or not detected 

in ∆phoB (Figure 3.6). Intriguingly, MED193 possesses two separate ‘Phn’ 

operons. Genes of these operons encode proteins predicted to be 

components of a phosphonate transporter (MED193_10146 to 

MED193_10166) and required for phosphonate degradation 

(MED193_17604 to MED193_17654). Out of all these proteins, two 

proteins were not detected in the cellular proteome of WT MED193, 

specifically PhnH and PhnK. Additionally, only two out of all proteins of 

both operons were detected in the cellular proteome of ∆phoB. However, 

the low MS/MS count of 1 indicates that both operons are regulated by 

PhoB (Figure 3.6). The substrate-binding protein PhnD (MED193_10161) 

belongs to the PhnD Superfamily (cl31344) associated with the C-P lyase 

system (Lu et al., 2020). MED193_10161 is a homolog (32% Seq.ID, e-

value 2e-28) of the previously described PhnD in E. coli (EcPhnD) (Chen et 

al., 1990; Rizk et al., 2006; Alicea et al., 2011). Several conserved amino 

acids were identified in the proteins active site through crystallisation 

studies of EcPhnD, chemically bonded with 2-aminoethyl-phosphonic acid 

(2-AEP) (Alicea et al., 2011). These conserved amino acids were found in 

other C-P lyases (Figure 3.7, Appendix 3.10, Bisson et al., 2017), also in 

MED193_10161. However, not all amino acids are conserved in MED193. 
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Here, the amino group coordinating E177 and D205 are replaced by 

two glycines. The same conservation was identified in Desulfotignum 

phosphitoxidans (Figure 3.7). Moreover, D. phosphitoxidans can utilise 

several alkyl-, organo-, and phenyl-phosphonates as a sole source of P 

(Poehlein et al., 2013). It seems likely that MED193_10161 can bind one 

or more of these substrates, thereby introducing phosphonates to the C-P 

lyase complex.  

The phosphodiesterase GlpQ (MED193_06579) was detected in the 

cellular and exoproteome of ∆phoB. However, the detection levels of GlpQ 

were distinctly higher in WT MED193 than ∆phoB. While the protein was 

counted 503 and 663 times in the WT MED193 cellular and exoproteome, 

GlpQ was only found 10 (-98%) and 52 times (-92%) in the ∆phoB cellular 

and exoproteome. Likewise, the phosphomonoesterase PhoX 

(MED193_05784) was detected in the cellular and exoproteome of ∆phoB.  

While the MS/MS count for PhoX in the cellular and exoproteome of 

WT MED193 was 1340 and 1457, respectively, in ∆phoB, PhoX was only 1 

(-99%) in the cellular and 56 (-96%) in the exoproteome. These results 

prove that both phosphatases are Pho-regulated. All proteins described 

above are either part of P-transporters or phosphatases, demonstrating 

the impact of the Pho regulon on the MED193 proteome. Likewise, the 

phospholipase C (PlcP) responsible for phospholipid remodelling in MED193 

(Figure 3.2) was detected in the cellular proteome of WT MED193 with an 

MS/MS count of 17. However, the protein was not found in the cellular 

proteome of ∆phoB, confirming the hypothesis that lipid remodelling in 

MED193 is also Pho-regulated.  

An additional seven proteins which are potentially involved in P 

metabolism were further analysed (Table 3.5). Two proteins, specifically a 

phosphodiesterase (GdpQ, MED193_11288) and a polyphosphate kinase 

(PpK2, MED193_11927) displayed a significant fold change between WT 

MED193 and ∆phoB. In addition, both proteins were detected in the cellular 

and exoproteome of WT MED193 but were non-existent in ∆phoB. This 

result indicates a Pho regulon dependency. Furthermore, two periplasmic 

substrate-binding proteins of a glycerol and G3P transporter, namely GlpV 

(MED193_09570) and UgpB (MED193_11293), were identified.  
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Whereas there was no significant fold change between WT MED193 

and ∆phoB for GlpV, the fold change was significant for UgpB.  Also, both 

proteins were found in the cellular and exoproteome of ∆phoB.  

A reduced MS/MS count and a lower relative abundance of GlpV and 

UgpB in ∆phoB in comparison to WT MED193 indicate, that both proteins 

are presumably Pho-regulated but could be co-regulated by another 

transcriptional regulator. Finally, two dehydrogenases, namely GapA 

(MED193_10071) and GlpD (MED193_19624), and a periplasmic 

phosphonate-binding protein PhnD (MED193_19449) were discovered in 

the cellular and exoproteomes of WT MED193 and ∆phoB. Although GapA 

and GlpD were significantly upregulated in the WT MED193 exoproteome, 

the relative abundance and MS/MS count of both proteins didn’t differ too 

much between WT MED193 and ∆phoB. These findings suggest that all 

three proteins are Pho-independent. 

 The identification of putative Pho boxes can help to identify more 

proteins that are Pho-regulated 

A list of putative Pho boxes, kindly provided by Dr Marta Sebastián, 

was used to confirm the dependence of proteins mentioned above on the 

Pho regulon (Appendix 3.11, unpublished data). As described in the 

literature, 34 known Pho box sequences of Sinorhizobium meliloti and ten 

known Pho box sequences of E. coli were used to create a position-weight 

matrix (Yuan et al., 2006). The consensus sequence retrieved from the 

matrix was used to scan the intergenic regions of the WT MED193 genome 

for the highest score (log-odds), using an in-house Python script. Putative 

Pho boxes were divided into high-scoring (>10) and low-scoring Pho 

boxes, according to a threshold established from proteins known to be 

Pho-regulated (Sebastián et al., 2016). Next, proteins with a putative Pho 

box were compared to the proteomic dataset, comparing P-deplete WT 

MED193 and ∆phoB cultures. From the 120 proteins that possess a 

putative Pho box, only 17 proteins were significantly upregulated in the P-

deplete WT MED193 condition. Unsurprisingly, three of the 17 Pho box-

containing proteins were listed in Table 3.4, namely: PstS; 

MED193_04062, GlpQ; MED193_06579, and UgpB; MED193_07903. A 

Pho Box upstream of PlcP (MED193_17359) confirmed once again that 
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membrane phospholipid remodelling is Pho-regulated (Sebastián et al., 

2016). Lastly, a 5’-nucleotidase/UDP-sugar hydrolase (MED193_18254, 

UshA) has a putative Pho box. Interestingly, this protein was around 6x 

higher upregulated in the cellular proteome of WT MED193 compared to 

∆phoB, confirmed by the MS/MS count (MED193: 128, ∆phoB: 0).  

The findings presented in this chapter demonstrate that the Pho 

regulon has a drastic impact on the MED193 proteome. Proteomics can be 

used as a tool to identify candidate proteins. However, biochemical studies 

of candidate proteins or the construction of deletion mutants are essential 

tools to clarify the roles of candidate proteins during P-limitation, e.g., the 

substrate specificity of substrate-binding proteins and hydrolases. More 

studies are needed to identify proteins that can complement silenced 

proteins. 

 Discussion 

The Pho regulon is the regulatory machinery essential for the P-

stress response in bacteria (Wanner, 1996; Santos-Beneit, 2015). It has 

been studied extensively in E. coli and several other bacteria (e.g., Wanner 

& Chang, 1987; Monds et al., 2006; Baek et al., 2007; Su et al., 2007). 

Many proteins involved in the P-stress response have been identified (e.g., 

Schweizer & Boos, 1985; Eder et al., 1996; Moore et al., 2005; Baek & 

Lee, 2006; Sebastián & Ammerman, 2009; Tetu et al., 2009). Here, for 

the first time, we used several techniques to decipher the Pho regulon of 

Phaeobacter sp. MED193, a member of the Roseobacter group. MED193 

was first isolated from the Mediterranean Sea (Brinkhoff et al., 2008), an 

environment that is subject to spatial and seasonal P-depletion (Lazzari et 

al., 2016). Due to its habitat, MED193 became perfectly adapted to P-

limitation, making it a favourable candidate to study P-stress.  

Methods used to decipher the P-stress response of MED193 and 

∆phoB included growth experiments, LC-MS analysis of membrane lipids, 

and cellular and exoproteome analysis. The phoB knockout mutant was 

kindly provided by Dr I. DEA Lidbury. PhoB encodes a transcriptional 

regulator and together with phoR (encoding a sensor histidine kinase), 

regulates the Pho regulon (Wanner & Chang, 1987; Wanner, 1996; Hirani 

et al., 2001). Deleting phoB abolishes the induction of the Pho regulon, 
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thereby suppressing the P-stress response. This method has previously 

been used in other studies to identify proteins involved in P-metabolism 

(e.g., Hirani et al., 2001; Baek & Lee, 2006, 2007; Lidbury et al., 2017).  

Growth experiments showed that both WT MED193 and ∆phoB grow 

in P-deplete conditions. OD540 more than doubled within the first 24 hours 

of growth. However, a significant difference (t-test score, p < 0.05) was 

found between WT MED193 and ∆phoB (Table 3.1). A similar effect has 

been reported in E. coli and Bradyrhizobium japonicum (Minder et al., 

1998; Baek & Lee, 2006, 2007). The Endpoint OD600 showed a significant 

difference in these studies between the wild type and phoB deletion 

mutant. In P-limited conditions, cultures reached a growth plateau at the 

end of exponential growth, and OD600 stayed constant for several hours. 

However, in this study OD540 dropped after 24 hours in P-depleted 

conditions by ~28% (WT MED193) and ~12% (∆phoB), and both cultures 

resulted in the same final OD540 after 48 hours of growth. The drop 

demonstrates that cells can’t survive a prolonged period of P-limitation. 

Cultures for this experiment were grown in MB for 24 hours, transferred 

to ASW with low Pi concentration (50 µM) for 24 hours and transferred 

again to P-free media for 48 hours. Prior experiments (unpublished data) 

have shown that MED193 becomes P-limited after overnight growth in MB. 

Adding the periods of P-limitation up means that WT MED193 and ∆phoB 

were P-limited for a total of 96 hours. Astonishingly, ∆phoB can survive 

and somehow adapt to such a long period of P-depletion, especially while 

not being able to make use of the Pho regulon. Contrarily, findings of this 

study suggest that WT MED193 uses P, scavenged from organic P sources 

like cell debris, to multiply rapidly, thereby increasing biomass. However, 

the rate of dying is slower in ∆phoB, indicating that the mutant can 

withstand limiting conditions better than the wild type. P obtained from 

unknown sources may be used for cell preservation rather than cell 

division. However, a more detailed growth experiment is needed to confirm 

these hypotheses. 

Comparing alkaline phosphatase activity of WT MED193 and ∆phoB 

during the starvation period confirmed that phosphatase activity was 

almost abolished, demonstrated by the significantly lower alkaline 

phosphatase activity recorded in ∆phoB (Figure 3.1). This finding coincides 
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with data found in the literature, where several phosphatases have been 

described as Pho-regulated (e.g., Coleman, 1992; Baek & Lee, 2007; 

Lidbury et al., 2017). Additionally, MED193_06579, annotated as 

phosphodiesterase GlpQ, possesses a putative Pho box, further affirming 

its Pho-dependency (Appendix 3.11). In-depth analysis will most likely 

reveal more Pho boxes associated with other phosphatases. 

Furthermore, membrane lipid quantification confirmed that lipid 

remodelling is indeed Pho-regulated (Figure 3.2). The substitute lipid 

DGTS was not detected in ∆phoB. Additionally, bioinformatics unveiled a 

putative Pho box close to plcP (unpublished data, Sebastián et al., 2016), 

and proteomics also confirmed that PlcP was undetectable in the cellular 

proteome of ∆phoB. It has previously been shown that the synthesis of 

DGTS in Sinorhizobium meliloti is Pho-dependent (Geiger et al., 1999). 

The phospholipid content was lower ∆phoB compared to WT MED193 HP. 

The relative abundance of both sulphur-containing aminolipids (SAL, SAL2, 

Appendix 3.2) was higher in the P-depleted WT MED193 cultures than in 

the P-replete WT MED193. It seems likely that ∆phoB is compensating for 

the lack of phospholipids with other lipids. 

It was expected that the expression of most proteins involved in P 

uptake and metabolism would be abolished in the ∆phoB cellular and 

exoproteome. Since the mutant could withstand prolonged P-starvation, 

other mechanisms must be available to allow for survival. Interestingly, 

five transporter systems that are predicted to be involved in iron uptake 

are within the top ten most upregulated proteins of the cellular ∆phoB 

proteome (Table 3.2). Three of the five transporter proteins share a 

homology of around 25%. Not only is the highest upregulated protein 

MED193_17504, encoding a putative hemin receptor protein, a homolog 

of HmuR of Silicibacter sp. TrichCH4B, but their gene neighbourhood is 

identical (Table 3.3). The gene neighbourhood includes two complete 

heme uptake systems. Growth experiments of Silicibacter sp. TrichCH4B 

on various natural heme compounds, e.g., Fe(III)coproporphyrin, Fe(III)-

heme, and haemoglobin A ferrous, demonstrated that the gene expression 

of the two heme uptake systems is induced by all three substrates (Roe et 

al., 2013). Iron can play a crucial part in the correct function of enzymes, 

serving as a metal cofactor for many proteins, often in the form of iron-
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sulphur clusters (Camponeschi & Banci, 2019). Several proteins were 

found in the ten most upregulated proteins predicted to require metal 

cofactors for enzyme activity. A predicted nitric oxide reductase 

(MED193_10518, NnrU) is a homolog of NnrU of Agrobacterium 

tumefaciens C58 (Seq.ID 35%, e-value 2e-06) which has been shown by 

electron paramagnetic resonance spectroscopy to require heme b as a 

metal cofactor (Beltrán et al., 2015). Also, MED193_17424 annotated as 

phosphogluconate dehydratase has two conserved cysteines (pos. 155, 

222) predicted to bind a 4Fe-4S cluster. Other metal-dependent proteins 

were upregulated in the exoproteome of ∆phoB. These proteins require 

different metals as cofactors, e.g., calcium, nickel, and manganese. 

However, no specific transporter systems for these metals have been 

detected in the most upregulated proteins. The ExbBD transport complex 

is situated in the inner membrane and linked to TonB that reaches the 

outer membrane. Here, TonB interacts with substrate-binding proteins, 

further transferring them to the ExbBD complex through structural 

conformation (Hickman et al., 2017). TonB dependent substrate-binding 

proteins have been shown to have broad substrate specificity, including 

various metals and macromolecules (Schauer et al., 2008). Findings 

regarding the coping mechanisms of ∆phoB demonstrate that the mutant 

can use alternative mechanisms to acquire essential nutrients. However, 

more studies are necessary to investigate the function of these 

transporters, e.g., TonB-ExbBD and HmuSTUV.  

Looking into the proteomes of WT MED193 and ∆phoB, it was 

obvious that the Pho regulon controls many gene operons or single genes. 

Interestingly, ∆phoB lacks many proteins involved in ‘information storage 

and processing’ (WT MED193/∆phoB: ~80%), ‘metabolism’ (WT 

MED193/∆phoB: ~68%), and ‘cellular processes and signalling’ (WT 

MED193/∆phoB: ~70%) (Figure 3.4). The ‘information storage and 

processing’ category includes proteins involved in DNA and RNA related 

processes, e.g., translation, transcription, and recombination. A 

comparison of the P-deplete WT MED193 and ∆phoB proteomes showed 

that more proteins are downregulated rather than upregulated, in the 

mutant, concluding in a lower translation and transcription rate. In the 

mutant, proteins belonging to the ‘cellular processes and signalling’ 
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category show lower detection levels. This category sums up proteins 

related to processes such as cell division and cell wall biogenesis. 

Therefore, downregulation of proteins of this category suggests that 

recombination and cell division is most likely downscaled.  

Proteins belonging to various transporters, metabolism, and energy 

production and conversion are listed in the ‘metabolism’ category. Bacteria 

possess many transporters for P, most of which are Pho-regulated. A 

reduction of proteins in this category was expected. By exploring 

upregulated metabolism-related proteins in the WT MED193 proteome 

several substrate-binding proteins and hydrolases were revealed (Table 

3.4). All these proteins are Pho-regulated in other organisms. PstS 

(MED193_04062), the periplasmic Pi binding protein of an ABC transporter, 

is situated in the Pho regulon and is induced by PhoBR (Wanner & Chang, 

1987; Scanlan et al., 1993). Furthermore, the phosphomonoesterase PhoX 

(MED193_05784) has been described to be Pho-regulated (Monds et al., 

2006; Zaheer et al., 2009). The protein GlpQ (MED193_06579) has a 

glycerophosphoryl diester phosphodiesterase domain, previously 

described in Pseudomonas (Lidbury et al., 2017). However, the MED193 

GlpQ only shows 24% Seq.ID (e-value 1e-07) to the P. strutzeri DSM4166 

GlpQ and no homology with the P. fluorescens SBW25 GlpQ. On the other 

side, MED193_06579 shows higher homology (39% Seq.ID, e-value 1e-07) 

to SCO1565, a GlpQ of Streptomyces coelicolor. A study has confirmed 

that this phosphodiesterase is PhoP-dependent (Santos-Beneit et al., 

2009). The PhoPR two-component system of Streptomyces parallels the 

PhoBR system of E. coli (Sola-Landa et al., 2003), thereby confirming the 

Pho-dependency of MED193_06579. The sn-G3P ABC transporter Ugp, 

including the substrate-binding protein UgpB (MED193_07903), has been 

demonstrated to be Pho-regulated in E. coli K-12 and Pseudovibrio sp. 

strain FO-BEG1 (Schweizer & Boos, 1985; Yuan et al., 2006; Romano et 

al., 2015), and has been confirmed by a putative Pho box sequence 

upstream of UgpB.  

The phosphonate-binding protein MED193_10161 belongs to an 

ABC transporter and is part of the C-P lyase machinery. Findings of this 

chapter have shown that the phosphonate binding protein MED193_10161, 

including all other proteins of the C-P lyase complex, was not detected in 
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∆phoB, clearly demonstrating a PhoB-dependency. This operon is Pho-

regulated in several bacteria (Wanner & Metcalf, 1992; White & Metcalf, 

2004; Dyhrman et al., 2006; Stosiek et al., 2020). Noteworthy, the 

expression of the C-P lyase operon is fundamental for some 

Prochlorococcus strains in the Sargasso Sea (Ilikchyan et al., 2010). 

Unsurprisingly, the C-P lyase complex has a broad substrate specificity 

(Stosiek et al., 2020). Finally, a Pot ABC transporter was identified, 

potentially involved in spermidine and putrescine transport. It has recently 

been shown that this transporter was highly upregulated in Pseudovibrio 

sp. strain FO-BEG1 under P-limiting conditions (Romano et al., 2015). 

Putrescine and spermidine are polyamines with various functions in 

bacteria, e.g., as protection of DNA against free radicals or as the 

backbone of some bacterial siderophores to bind iron (Wortham et al., 

2007).  

In addition, seven proteins potentially involved in P-metabolism 

were identified (Table 3.5). Interestingly, a substrate-binding protein of a 

G3P transporter (UgpB, MED193_11293) shares an operon with a 

phosphodiesterase (GdpQ, MED193_11288). Of the whole operon, UgpB 

was the only protein detectable in the ∆phoB proteome, with a reduced 

MS/MS count (-88%) in comparison to WT MED193. This could mean that 

the whole operon is Pho-regulated, and only UgpB has an additional Pho-

independent transcriptional regulator. Unfortunately, it doesn’t have a high 

Seq.ID with any previously described UgpB proteins. Additionally, a 

putative polyphosphate kinase (PPK2, MED193_11927) was identified in 

WT MED193 but not in the ∆phoB proteome. Polyphosphate kinases are 

essential for P-storage (Achbergerová & Nahálka, 2011). They can 

synthesise long and linear polyphosphate chains from ATP, thereby 

conserving high amounts of energy in P-P bonds, releasable through 

hydrolysis (Ahn & Kornberg, 1990). The MED193 PPK2 is a homolog of two 

previously described PPK2s of S. meliloti Atu0418 (SMa0172, 73% Seq.ID, 

e-value 3e-167) and P. aeruginosa (PA2428, 65% Seq.ID, 1e-139) of the 

same study (Nocek et al., 2008). Both PPK2s could add P to nucleoside 

monophosphates and diphosphates. However, the reversible reaction was 

not detected. Likewise, Yuan et al. (2006) predicted Pho boxes in several 

bacteria and discovered a Pho box near PA2428. This discovery leads to 
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the conclusion that the MED193 PPK2 is Pho-regulated too. The substrate-

binding protein of a glycerol transporter, namely GlpV (MED193_09570), 

was not significantly upregulated in the proteomes of MED193. However, 

the MS/MS count was halved in ∆phoB (MED193: 458, ∆phoB: 217). 

Unfortunately, not much is known about this protein. The transporter 

belongs to the Carbohydrate Uptake Transporter-1 (CUT1) family. It has 

been demonstrated in Rhizobium leguminosarum VF39SM that this 

transporter is involved in the transport of glycerol and G3P (Ding et al., 

2012). Furthermore, the MED193 and VF39SM GlpVs are homologs 

(Seq.ID 61%, e-value 0.0). To get a better insight into MED193_09570, 

collaborators in China overexpressed this protein and tested its binding 

affinity towards glycerol, G1P, and G3P. However, the protein didn’t bind 

any of the substrates. In addition, Chapter 5 will focus on the substrate-

binding protein MED193_19449. This protein shows no Pho-dependency. 

Finally, two dehydrogenases, namely GapD (MED193_10071) and GlpD 

(MED193_19624), clearly showed Pho-independency. GapA is potentially 

involved in the glycolytic pathway and further in carbohydrate degradation 

(Soukri et al., 1989). The MED193 GlpD is a homolog of a previously 

described G3P dehydrogenase of E. coli (Seq.ID 45%, e-value 2e-143). This 

protein is involved in the aerobic synthesis of glycerone from G3P, a step 

in the glycerol degradation pathway (Yeh et al., 2008).  

Results of this chapter demonstrate that MED193 possesses a 

comprehensive P-stress response. Many of the detected proteins discussed 

in this chapter have been described in the literature. In the future, more 

work is still required to decipher the entire Pho regulon of MED193. This 

work will include the biochemical analysis of candidate proteins mentioned 

in this section. Studying the biochemistry of substrate-binding proteins 

and hydrolases, including substrate specificity, will help to understand how 

bacteria like MED193 adapted to their nutrient-depleted environment. In 

addition, a genetic complementation of the phoB gene in MED193 is 

required to confirm that changes observed in the lipidome and proteome, 

as described in this chapter, are the result of the deletion of the phoB gene.  
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CHAPTER 4 IDENTIFICATION OF ORGANIC PHOSPHATE 

TRANSPORTERS IN PHAEOBACTER SP. MED193 

 Introduction 

Open ocean surface waters are well known for being scarce in 

nutrients (Cavender-Bares et al., 2001; Karl et al., 2001; Ammerman et 

al., 2003; Paytan & McLaughlin, 2007). One of these nutrients essential 

for growth is P (Paytan & McLaughlin, 2007; Karl, 2014; Koolman & Röhm, 

2019). Bacteria that had to adapt to these conditions developed strategies 

to increase their P-uptake (e.g. see Casey et al., 2016). They can either 

express transport proteins that have a high-affinity for Pi (Scanlan et al., 

1993; Hirani et al., 2001; Pitt et al., 2010; Cox & Saito, 2013) or use 

organic P-sources as an alternative supply (Tetu et al., 2009; Cox & Saito, 

2013; Lin et al., 2018).  

These strategies include the degradation of internal P-resources. 

Apart from nucleic acids, membrane phospholipids are a rich organic P-

source, containing up to 20% of the P content in heterotrophic bacteria 

and about 10% of the P content in some phytoplankton (Van Mooy et al., 

2008). Many marine bacteria have recently been described to recycle 

phospholipids internally as an adaptation to P-limitation. For instance, 

photoautotrophic bacteria synthesize a sulphur and sugar-containing lipid 

(SQDG) in response to reduced P-concentrations (Van Mooy et al., 2006, 

2009; Peng et al., 2019; Peng & Miao, 2020).  

In addition, the Alphaproteobacterium Phaeobacter sp. MED193 

(MED193) possesses a PlcP that shows 57% similarity to the recently 

discovered PlcP of S. meliloti (Zavaleta-Pastor et al., 2010; Sebastián et 

al., 2016). The MED193 PlcP was shown to be responsible for the 

remodelling of phospholipids, replacing them with the betaine lipid DGTS. 

It has been shown that the phospholipid content of membranes in MED193 

decreased by half under Pi-stress, whereas the amount of non-P lipids, 

e.g., betaine lipids, glycolipids and putative aminolipids, increased 

(Sebastián et al., 2016). Also, P-starvation experiments showed that PlcP 

is regulated by P-availability. The ability to remodel phospholipids as a 

response to P-limitation shows that MED193, which was isolated from the 
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nutrient-depleted Mediterranean Sea (Brinkhoff et al., 2008; Lazzari et al., 

2016), is well adapted to these conditions, making it a model organism for 

further studies regarding P-limitation.  

It has been shown that phospholipids are an important source of P 

during P-limitation. As these lipids represent a major component of 

membrane lipids, which are released after cell death, it is assumed that 

phospholipids contribute considerably to the global marine P-pool. Still, 

little is known about the concentration of phospholipids in open ocean 

waters and their degradation pathways (Suzumura, 2005; Gašparović et 

al., 2018).  

In this study, we use the marine heterotrophic bacterium 

Phaeobacter sp. MED193 as a model organism to investigate the ability to 

utilize phospholipid headgroups as the sole source of P. Using a proteomic 

approach, we identified key enzymes that are involved in the transport and 

degradation of the phospholipid headgroups phosphoryl-ethanolamine 

(PE), phosphocholine (PC) and glycerol-phosphate (PG). An extracellular 

PhoX-type phosphatase was identified that is involved in the extracellular 

cleavage of PE and PC, thereby making the substituents ethanolamine and 

choline available for import. Collaborators in China helped to confirm the 

substrate-binding protein of ethanolamine in MED193 through protein 

overexpression and substrate-binding assays.  

 Results 

 Phaeobacter sp. MED193 uses phospholipid headgroups as a source 

of P  

P-starved MED193 cells were fed with three different phospholipid 

headgroups to determine if phospholipid headgroups can be used as a 

source of P. Cell cultures of MED193 were grown under P-limiting 

conditions before P was added back in the form of PC, PE, and PG, as 

described in the experimental setup (see sections 2.1.2 and 2.1.3). Growth 

was monitored by measuring the OD540 over time. Growth experiments 

showed that MED193 was able to grow on all alternative P-sources (Figure 

4.1 and Figure 4.2A). However, irrespective of whether cultures were 

grown in flasks or microplates, cultures supplemented with each 
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phospholipid headgroup didn’t reach the same final cell yield as those 

grown on inorganic P. To some extent, this might be due to the 

requirement of an adaptation period for MED193 to grow on these organic 

P-compounds, including the activation of alternative P-transport systems 

and degradation pathways though this is more likely to cause a growth lag 

rather than a growth yield difference.

  

 
 
 
Figure 4.1: Growth of pre-starved 
MED193 cultures in different P-
conditions, flask experiment.  
ASW was supplemented with Pi (+P, O), 
phosphoryl-ethanolamine (PE, x), 
phosphocholine (PC, �), glycerol-
phosphate (PG, ∆), and no P (¯). Graph 
shows mean ± standard deviation of three 
biological replicates.

 
  Cultures that had reached the stationary phase, following growth on 

each headgroup, were sequentially transferred into fresh medium 

containing the same headgroup. These cultures were grown again and 

monitored by measuring the OD540 (Figure 4.2B and C). This experiment 

was performed to assess whether MED193 requires time to adapt to each 

phospholipid headgroup as the sole P source and whether, for example, 

specific transporters need inducing to optimize growth on each headgroup. 

This ‘resubbing’ experiment showed that the lag phase either fluctuated 

(Pi, PC), steadily decreased (PG) or stayed constant (PE).  

In the initial (IG) and first sequential growth experiment (FT), the 

growth rate was highest in +P (Pi) cultures (IG: +28% - +111%, FT: 

+37% - +72%, Table 4.1). However, growth rates of cultures 

supplemented with Pi (+P), PE, and PG were the same after the second 

sequential transfer (ST) (PC ~ -30%). Additionally, the final yield remained 

constant in the +P culture and was on average more than 60% higher than 

the final yield of the other conditions (+83% PE, +116% PC, +62% PG). 

An interesting pattern was found within cultures with added Pi (+P) and 

PC. Here, a shortened lag phase resulted in a higher growth rate (FT), 

whereas an elongated lag phase led to a reduced growth rate (ST). 
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Figure 4.2: Adaptation of MED193 cultures to different organic P sources. 
(A) Initial growth of pre-starved MED193 cultures in different P conditions, (B) first 
sequential transfer of MED193 cultures, (C) second sequential transfer of MED193 cultures. 
ASW was supplemented with Pi (+P, O), PE (x), PC (�), PG (∆) and no P (¯). Data points 
represent the mean value of 54 samples taken within one hour: OD540 measurements every 
10 minutes, three biological replicates with three technical replicates each. Standard 
deviation was calculated but is not shown due to complexity. 
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In PG cultures instead, the lag phase and final yield decreased 

throughout the experiment while the growth rate stayed constant. 

Although the lag phase of cultures supplied with PE didn’t change, a lower 

final yield followed a slower growth rate (FT), and a higher final yield was 

gained with a faster growth rate (ST). 

Table 4.1: Growth kinetics of pre-starved MED193 cultures grown in different P 
conditions. 
Comparison between initial (IG) and two sequential growth experiments (FT, ST) of 
MED193 cultures supplemented with Pi (+P), PE, PC, and PG after P-starvation. Lag phase 
[hour], growth rate [hour-1], final yield [OD540]. Red arrow: decrease, green arrow: 
increase, yellow cross: difference to the prior growth experiment is < 5%. Asterix indicates 
significant difference to the prior experiment (t-tests, p-value < 0.05). 

 

 Membrane lipid composition of Phaeobacter sp. MED193 under 

different growth conditions 

It has previously been shown that MED193 recycles membrane 

phospholipids, which are then replaced with DGTS (Sebastián et al., 2016). 

To assess whether lipid modifications took place following growth on each 

headgroup, culture samples were taken after 17.5, 22, 26.5 and 37.5 

hours of growth. Bacterial membrane lipids were extracted from collected 

samples and analysed by LC-MS (see section 2.5). It has previously been 

shown that proteins involved in cell growth, cell division, and protein 

biosynthesis dominate the proteome of marine bacteria during exponential 

growth. However, there is a clear shift towards proteins involved in 

scavenging nutrients when entering the stationary growth phase 

Culture                      
(IG = initial growth,                 
FT = first transfer,    
ST = second transfer)

Lag phase 
[hour]

Growth rate 
[hour-1]

Final yield 
[OD540]

+P (IG) 8 0.255 0.119

+P (FT) 6 0.268 0.122

+P (ST) *     13 *      0.198 0.116

PE (IG) 11 0.171 0.066

PE (FT) 11 0.156 0.056

PE (ST) 11 0.192 0.072

PC (IG) 10 0.121 0.061

PC (FT) *       4 *      0.192 0.051

PC (ST) 9 *      0.137 0.053

PG (IG) 10 0.199 0.095

PG (FT) 7 0.196 *     0.068

PG (ST) 4 0.201   *     0.057

1
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(Muthusamy et al., 2017). Therefore, samples taken after 17.5 hours were 

primarily focused on, since these represent the earliest samples taken 

during exponential growth phase. However, it is to be noted that these 

samples don’t represent the mid-exponential phase but rather the late 

exponential phase. 

The appearance of DGTS and the reduction of phospholipids would 

be an indication of P-starvation. The subsequent transfer of the P-deplete 

culture to each phospholipid headgroup would assess if changes in the 

membrane lipid composition, as mentioned above, were reversed. While 

the P-deplete culture was incubated in P-free media for 48 hours, the P-

replete culture was supplemented with 344 µM P and grown for 24 hours. 

The high concentration of P used here was to ensure the culture would not 

get P-limited, since previous experiments have revealed that MED193 

becomes P-limited after 24 hours of growth with 172.3 µM Pi (data not 

shown). A mixture of phospholipids and non-P lipids was discovered in the 

lipidome of all conditions (Figure 4.3). Phospholipids detected were PtdEtn 

and PtdGro.  

 

Figure 4.3: Lipid composition of Phaeobacter sp. MED193 cultures grown in ASW 
with different P supplements.  
Supplementation with a final concentration of 172.3 µM P as follows: K2HPO4 for +P, 
phosphocholine for PC, phosphoryl-ethanolamine for PE, glycerol-phosphate for PG (A). 
The -P culture (B) was pre-starved, whereas the +P culture (C) was grown in high P 
(344µM) to avoid P limitation. Phospholipid abundance (PtdGro, PtdCho/PtdEtn) 
significantly decreased in P-depleted cultures while betaine lipid (DGTS) abundance 
increased. The figure shows representative positive chromatograms of whole lipid extracts 
from MED193 cultures.  
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The non-P lipids found in the whole-cell lipid extracts consisted of 

the following amino acid-containing lipids: ornithine lipid (OL), glutamine 

lipid (QL) and sulphur-containing amino lipid (SAL) (Smith et al., 2021). 

Furthermore, the P-free betaine lipid DGTS was abundant in P-starved 

cultures. The proportion of the phospholipids PtdEtn and PtdGro decreased 

following P-starvation. However, the non-P lipid DGTS became more 

abundant in the P-starved cultures and even became the prevalent lipid 

(Figure 4.3B). Additionally, PtdGro was the dominant lipid in the P-replete 

positive control and no DGTS could be detected (Figure 4.3C). After adding 

phosphate back to pre-starved cultures, either in the form of inorganic 

phosphate or phospholipid headgroups, the proportion of PtdGro and 

PtdEtn slowly increased again, whereas DGTS decreased (Figure 4.3A). 

The chromatogram confirms that MED193 uses Pi, acquired from 

phospholipid headgroups, to restore phospholipids in the membrane. 

 Phosphate stress response in Phaeobacter sp. MED193  

Samples from the growth experiment in Figure 4.1 were subjected 

to a cellular and exoproteome analysis using LC-MS/MS (see section 2.4). 

A total of 2458 cellular and 1357 extracellular proteins were identified. To 

identify proteins that are induced in P-deplete MED193 cultures, samples 

from the P-deplete and P-replete (supplemented with 344 µM Pi to avoid P 

starvation) cultures were compared.  

 
Figure 4.4: Volcano plots of cellular (A) and exo- (B) proteomic data comparing P-
deplete and P-replete (high P) MED193 cultures.  
P-deplete MED193 cultures vs P-replete cultures grown in high P (344 µM). Scatter points 
represent proteins. The x-axis is the fold change for the ratio between both growth 
conditions and the y-axis is the statistical p-value. Green dots represent proteins that are 
significantly upregulated in the -P growth condition whereas red dots represent those 
proteins that are significantly downregulated (p-value <0.01, logFC 2). Four (A) or five (B) 
proteins namely MED193_04062, MED193_07903, MED193_09570, MED193_10161, and 
MED193_11293 are substrate-binding proteins of P transporters.  
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In the cellular proteome, 275 (~11%) out of 2458 identified proteins 

were significantly upregulated or downregulated (p-value <0.01, logFC of 

2, Figure 4.4A, Appendix 4.1). A higher number of significantly 

upregulated or downregulated proteins were found in the exoproteome. 

Here, 419 (~31%) of the 1357 identified proteins showed a significant fold 

change (p-value <0.01, logFC 2, Figure 4.4B, Appendix 4.2). Interestingly, 

five proteins, significantly upregulated in the P-depleted growth condition, 

are annotated as substrate-binding proteins of P-transporters, namely 

MED193_04062, MED193_07903, MED193_09570, MED193_10161 and 

MED193_11293.  

Moreover, the comparison of P-deplete to P-replete cultures showed 

that proteins belonging to the Pho regulon were affected by P-limitation. 

The Pho regulon contains genes that encode proteins involved in the P 

stress response, such as high-affinity Pi transporter systems, 

phosphatases and regulatory proteins (Moore et al., 2005; Santos-Beneit, 

2015). One of these proteins (MED193_04062) is annotated as PstS. This 

protein encodes a periplasmic Pi-binding protein and is a component of the 

high-affinity phosphate transporter Pst. This protein is highly upregulated 

in the cellular and exoproteome when P is limited. Here, it represents the 

most abundant protein in the cellular proteome and the second most 

abundant protein in the exoproteome (Table 4.2). In addition, two 

periplasmic sn-glycerol-3-phosphate (G3P) binding proteins (UgpB, 

MED193_07903 and MED193_11293), components of sn-G3P ABC 

transporters, were upregulated in the cellular and exoproteome of P-

deplete cultures. The protein GlpV (MED193_09570), annotated as 

substrate-binding protein of a glycerol ABC transporter, was more 

upregulated in the exoproteome than in the cellular proteome. 

Intriguingly, a periplasmic phosphonate binding protein, PhnD 

(MED193_10161), was one of the most abundant cellular and extracellular 

proteins in the P-limited condition. This protein is a component of a 

phosphonate ABC transport system (Table 4.2).  

To gain a better insight into the expression of these substrate-

binding proteins in different growth conditions, a heatmap was created 

based on the logFC 2 of the substrate-binding proteins and their genomic 

environment. 
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It shows the comparison between pre-starved -P cultures 

supplemented with Pi and the P-deplete, P-replete, and the pre-starved P-

deplete cultures supplemented with PE, PC and PG (Figure 4.5). The 

heatmap clearly shows that all substrate-binding proteins (highlighted in 

bold) were more upregulated in the P-deplete culture condition, except 

GlpV. Unsurprisingly, the top seven proteins in the heatmap were all highly 

upregulated in the P-deplete condition but only barely or not detected in 

the other conditions. These seven proteins are encoded by genes that 

belong to the Pho regulon, and the expression of these proteins is 

commonly used as a P stress indicator (Santos-Beneit, 2015).  

 
Figure 4.5: LogFC 2 based heatmap on transporters that were upregulated in 
different growth conditions of Phaeobacter sp. MED193 cultures.  
The heatmap shows logFC 2 based comparison between pre-starved -P cultures that were 
supplemented with Pi and P-deplete cultures, P-replete cultures (HP control), and pre-
starved -P cultures supplemented with phosphoryl-ethanolamine (PE), phosphocholine 
(PC), and glycerol-phosphate (PG). Proteins were significantly upregulated in P-deplete 
cultures compared to P-replete cultures (HP control) (p-value <0.01, minimal log2 fold 
change (logFC) of 2). The logFC 2 extends from -7 (dark grey) over 0 (white) to 7 (green). 

Three proteins annotated as components of a glycerol ABC 

transporter were highly upregulated in the pre-starved -P culture 

-P PE PC PG

+P 
co

nt
ro

l

PhoB, Pho regulon transcriptional regulator protein
PhoU, Pho regulon repressor protein
PstB, phosphate transporter, ATP BP

PstA, phosphate transporter, PP
PstC, phosphate transporter, PP

PstS, phosphate transporter, SBP
PhoR, Pho regulon sensor histidine kinase

UpgQ, glycerophosphoryl diester phosphodiesterase
UgpC, sn-G3P ABC transporter, ATP BP

UgpE, sn-G3P ABC transporter, PP
UgpB, sn-G3P ABC transporter, periplasmic SBP
GlpV, glycerol ABC transporter, periplasmic SBP

GlpS, glycerol ABC transporter, ATP BP
GlpT, glycerol ABC transporter, ATP BP

GlpQ, glycerol ABC transporter, PP
PhnE, phosphonate ABC transporter, PB
PhnE, phosphonate ABC transporter, PP

PhnD, phosphonate ABC transporter, SBP
PhnC, phosphonate ABC transporter, ATP BP
GdpQ, predicted metallophosphodiesterase
UgpB, ABC type G3P transporter, SBP

UgpE, ABC type G3P transporter, PP
UgpA, ABC type G3P transporter, PP

UgpC, ABC type G3P transporter, ATP BP

-5
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supplemented with PG. These three proteins are annotated as a substrate-

binding protein (GlpV) and two ATP binding proteins (GlpS and GlpT). The 

permease protein GlpQ, however, shows only a minor upregulation like the 

P-deplete and P-replete cultures. Furthermore, in the P-deplete condition, 

only the substrate-binding protein GlpV was upregulated. Proteins of the 

Ugp transport system were highly upregulated in the -P cultures as 

compared to the pre-starved -P culture supplemented with Pi. However, 

no upregulation, or only a minor upregulation, was found in the pre-

starved -P cultures supplemented with the phospholipid headgroups.  

Another ABC transporter system, potentially involved in the uptake 

of phosphonates (gene name Phn), was highly upregulated in the P-

deplete culture. There was no detection, or only minor detection, of this 

protein in the other conditions. The substrate-binding protein PhnD was 

slightly downregulated in cultures that were supplemented with 

phospholipid headgroups and even more downregulated in the P-replete 

culture condition. Another potential ABC type sn-G3P transporter was 

highly upregulated in P-deplete cultures. This transporter didn’t show a 

significant change in detection level in pre-starved cultures supplemented 

with any of the phospholipid headgroups. Additionally, this substrate-

binding protein (UpgB) was drastically downregulated in the P-replete 

condition. The data shown above shows that MED193 has a clear response 

to phosphate stress, including the induction of several transporters. 

However, these transporters showed no indication that they were involved 

in the transport of phospholipid headgroups (except the Glp transporter). 

The potential transport pathways and degradation of phospholipid 

headgroups will be presented in the following sections.  

 Discovery of a phosphoryl-ethanolamine degradation pathway in 

Phaeobacter sp. MED193 

Growth experiments confirmed that MED193 can grow with PE as a 

sole source of P (Figure 4.1). The lag phase of cultures grown on PE didn’t 

differ much from the +P control. However, cultures supplemented with PE 

didn’t reach the same final yield when entering the stationary phase (Table 

4.1). Growing pre-starved MED193 cultures on PE restored membrane 

phospholipids, indicated by a decreasing DGTS/PtdGro ratio (Figure 4.3A, 
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B). A proteomic approach was used to identify key enzymes that are 

involved in the catabolism of PE. Cellular and exoproteomes of PE cultures 

were compared to pre-starved cultures that were supplemented with Pi. 

Only 15 (or 47 with p-value 0.05) out of 2458 identified proteins in the 

cellular proteome were significantly up- or downregulated (p-value 0.01, 

logFC 2, Figure 4.6A, Appendix 4.3). 

 

Figure 4.6: Volcano plots of cellular (A) and exo- (B) proteomic data comparing PE 
to +P MED193 cultures.  
Pre-starved MED193 cultures that were supplemented with Pi vs cultures supplemented 
with phosphoryl-ethanolamine (PE). Scatter points represent proteins. The x-axis is the 
fold change for the ratio between both growth conditions and the y-axis is the statistical p-
value. Green dots represent proteins that are significantly upregulated in the PE growth 
condition whereas red dots represent those proteins that are significantly downregulated 
(p-value <0.05, logFC 2). Six proteins namely MED193_10021, MED193_10026, 
MED193_10041, MED193_10046, MED193_10051, and MED193_10056 are involved in the 
catabolism of ethanolamine. 

Furthermore, 15 (or 34 with p-value 0.05) out of 1357 identified 

proteins were significantly up- or downregulated in the exoproteome (p-

value 0.01, logFC 2, Figure 4.6B, Appendix 4.4). Six proteins were 

identified which were significantly upregulated in both cellular and 

exoproteome, namely MED193_10021, MED193_10026, MED193_10041, 

MED193_10046, MED193_10051 and MED193_10056 (Figure 4.6).  

Interestingly, the protein encoded by MED193_10041 shows 83% 

amino acid sequence identity to a substrate-binding protein (Csal_0678) 

from Chromohalobacter salexigens, previously described as an 

ethanolamine binding protein (Vetting et al., 2015). To test the hypothesis 

that MED193_10041 is a periplasmic ethanolamine binding protein, 

collaborators in China overexpressed this protein and used MicroScale 

Thermophoresis (MST) to show the binding affinity of MED193_10041 to 

ethanolamine (see section 2.3.4). For this purpose, the purified protein 
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was first labelled in assay buffer, mixed with serially diluted concentrations 

of ethanolamine, and the binding affinity measured. Results were analysed 

and plotted (Figure 4.7). MST analysis showed a binding affinity (Kd) of 

7.88 ± 1.88 µM ethanolamine for MED193_10041.  

 

Figure 4.7: MicroScale Thermophoresis analysis defining binding affinity of 
MED193_10041 to ethanolamine.  
Purified protein was mixed with serially diluted concentrations of ethanolamine, and binding 
affinity was measured. The x-axis represents the logarithmic concentration of serially 
diluted ethanolamine (M); the y-axis represents the normalised fluorescence (Fnorm). 
Binding affinity was calculated with Kd of 7.88 ± 1.88 µM. n=3. 

It has previously been shown that C. salexigens doesn’t possess the 

canonical ethanolamine utilisation pathway (EUT) (Vetting et al., 2015), 

and this has been best studied and described in Salmonella typhimurium 

strain LT2 (Kofoid et al., 1999). The genomic environment of 

MED193_10041, comprised of seven neighbouring genes, was compared 

to C. salexigens and S. typhimurium LT2 (Table 4.3). Intriguingly, two 

genes namely MED193_10051 and MED193_10056 are predicted to 

encode an aldehyde dehydrogenase (24% Seq.ID) and an alcohol 

dehydrogenase (32% Seq.ID) respectively, that are part of the EUT operon 

in S. typhimurium LT2. However, all seven genes of MED193 have close 

homologs in C. salexigens (Table 4.3). Furthermore, the genomic 

environment of C. salexigens is identical to MED193 (Figure 4.8). Two of 

these genes, namely MED193_10031 and MED193_10036, are annotated 

as TRAP transporter permease components, DctQ and DctM, respectively. 

However, neither protein is present in the MED193 cellular or exoproteome 

data.
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C. salexigens deletion mutants in the substrate-binding protein 

(Csal_0676) of the TRAP transporter or the L-glutamine synthetase 

(Csal_0679) are unable to grow on ethanolamine as a sole source of 

nitrogen (Vetting et al., 2015). Using this finding, Vetting et al. (2015) 

predicted an ethanolamine utilisation pathway in C. salexigens and re-

annotated the enzymes according to their function. The MED193 data 

showed that the putative proteins L-glutamine synthetase 

(MED193_10046), alcohol dehydrogenase (MED193_10056), aldehyde 

dehydrogenase (MED193_10056) and N-formylglutamate amidohydrolase 

(MED193_10026) were upregulated in both cellular and exoproteomes of 

cultures grown in ASW supplemented with PE. These four proteins are 

predicted to catalyse the degradation of ethanolamine to glycine (Figure 

4.9). The ethanolamine utilisation pathway includes a TRAP transporter 

(MED193_10031, MED193_10036, MED193_10041) which has not been 

described in MED193 before.  

 

Figure 4.9: Predicted cytoplasmic ethanolamine degradation pathway in 
Phaeobacter sp. MED193.  
The enzymes have been re-annotated to match their predicted function. Locus tags 
represent enzymes in MED193 that are upregulated in cultures grown with phosphoryl-
ethanolamine. Figure is adapted from Vetting et al., 2015. 

MED193_10041 is the substrate-binding protein of a transporter 

that belongs to the Tripartite ATP-independent Periplasmic Transporter 

(TRAP-T) family. Members of this family have been described before, 

including substrate specificity. Phylogenetic analyses were used to show 

the evolutionary relationship within the TRAP-T family.  
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Figure 4.10: The ethanolamine binding protein MED193_10041 and Csal_0678 
represent a new member of the Tripartite ATP-independent Periplasmic 
Transporter (TRAP-T) family. 
Multiple sequence alignment of the ethanolamine binding protein (BP) 
MED193_10041/Csal_0678 from Phaeobacter sp. MED193 and Chromohalobacter 
salexigens (Vetting et al., 2015), 2-oxo monocarboxylate BP from Nostoc sp. PCC7120 
(Uniprot Number: Q8YSQ6, Pernil et al., 2010), lignin derived aromatic compounds BP from 
Rhodopseudomonas palustris ATCC BAA98 (UN: Q6N8XO, Salmon et al., 2013), 
dicarboxylic acids BP from a Gammaproteobacteria bacterium (UP: A0A2E5VB86, Tully et 
al., 2018), phenylacetate/pyruvate BP from Desulfococcus multivorans DSM 2059 
(Accesion Number: AOY59254, Dörries et al., 2016), galacturonides BP from Dickeya 
didantii 3937 (UN: E0SDC9, Hugouvieux-Cotte-Pattat et al., 2001), sialic acid BP from 
Haemophilus influenzae ATCC 51907 (UN: P44542, Hopkins et al., 2013) and Vibrio 
cholerae serotype 01 N16961 (UN: Q9KR64, Mulligan et al., 2012), 2,3-diketo-L-gulonate 
(2,3-DKG) BP from Escherichia coli K12 (UN: P37676, Thomas et al., 2006), disulfide 3,3’-
dithiodipropionic acid (DTDP) BP from Bacillus halodurans ATCC BAA125 (UN: Q9K9H4, 
Kelly & Thomas, 2001; Takami et al., 2000) and Advenella mimigardefordensis DPN7 (UN: 
R4JTF7, Meinert et al., 2017; Wübbeler et al., 2014), dicarboxylate BP from Rhodobacter 
capsulatus (UN: P37735, Forward et al., 1997), taurine BP from Rhodobacter sphaeroides 
ATCC 17023 (UN: Q3IVI6, Brüggemann et al., 2004; Denger et al., 2006), 
ectoine/hydroxyectoine BP from Halomonas elongata ATCC 33173 (UN: E1VBK1, 
Grammann et al., 2002), malonate BP from Sinorhizobium meliloti 1021 (UN: Q930W1, 
Chen et al., 2010). The ethanolamine amine group is coordinated by the carbonyl of Trp215 
(blue) and the side chains of Glu220 (pink) and Asp155 (green), Tyr242 (yellow) and 
Glu220 coordinate the oxygen. The highly conserved TRAP SBP protein arginine (red) is 
only present in Rhizobium meliloti 1021 and Desulfococcus sulfovorans, however, it is 
replaced by phenylalanine (Phe177, purple) in MED193 and C. salexigens. 
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Figure 4.11 Phylogeny of the ethanolamine binding protein from Phaeobacter sp. 
MED193 within the TRAP-T family. 
The phylogenetic tree represents characterised members of the TRAP-T family including 10 
of their closest homologs retrieved through BLAST. The ethanolamine binding proteins of 
Phaeobacter sp. MED193 and Chromohalobacter salexigens cluster together and form a 
new group within the TRAP-T family. The 2-oxo monocarboxylate binding protein of Nostoc 
sp. PCC 7120 appears to be the closest relative to the ethanolamine binding protein of 
MED193 and C. salexigens. Branch length represents the expected number of substitutions 
per site. 
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Therefore, multiple sequence alignment (MSA) (Edgar, 2004b, 

2004a) was performed to compare sequences of TRAP-T family members 

and ten close homologs each (retrieved through the Transporter 

Classification Database (Saier et al., 2021) and BLAST) (Figure 4.10). 

Hereafter, the MSA was used to create a neighbour-joining tree, for more 

details see section 2.7 (Capella-Gutiérrez et al., 2009; Trifinopoulos et al., 

2016; Letunic & Bork, 2021). This phylogenetic tree shows a clear 

separation between family members (Figure 4.11), supported by 

conserved amino acids in the active ethanolamine binding site (Vetting et 

al., 2015, Figure 4.10). Co-purification of Csal_0678 and ethanolamine 

showed that the ethanolamine amine group is coordinated by the carbonyl 

of Trp215 (blue) and the side chains of Glu220 (pink) and Asp155 (green). 

Furthermore, Tyr242 (yellow) and Glu220 coordinate the ethanolamine 

oxygen. The highly conserved arginine (red) of the TRAP-T substrate-

binding protein is only present in Rhizobium meliloti 1021 and 

Desulfococcus sulfovorans. However, it is replaced by phenylalanine 

(Phe177, purple) in MED193 and C. salexigens (Figure 4.10).  

Primary production in ocean surface waters is, among other factors, 

controlled by nitrogen availability and accessibility, especially for non-

diazotrophic bacteria. However, diazotrophic bacteria can fix atmospheric 

nitrogen and are more prone to be limited by P or iron (Moore et al., 2008, 

2013; Peter & Sommer, 2015). The newly described pathway in MED193 

enables bacteria to utilise ethanolamine, a degradation product of the 

membrane phospholipid PtdEtn, as a source of nitrogen and/or carbon. To 

further investigate the abundance of the substrate-binding protein 

MED193_10041 in the marine environment, genomes and transcriptomes 

of the Ocean Gene Atlas (OGA) database (Sunagawa et al., 2015; Villar et 

al., 2018) were mined. Additionally, a hidden Markov model (hmm) file 

was created containing the sequences of MED193_10041, Csal_0678 and 

ten close homologs each. This hmm file was used as a query for a BLAST 

search to find homologs with an e-value cut-off of e-35 in the 

OM_RGCv2_metaG (metagenomics) and OM-RGCv2_metaT 

(metatranscriptomics) databases. The e-value was determined 

experimentally, ensuring that proteins within the cut-off belong to 

MED193_10041/Csal_0678 and not to other members of the TRAP-T 
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family. The protein was found to be moderately represented in the Tara 

oceans metagenomes (452 hits). Then, abundance was calculated as a 

percentage of the median abundance of ten prokaryotic single-copy 

marker genes/transcripts (Villar et al., 2018; Milanese et al., 2019). 

Boxplots represent the relationship between gene abundance (%) and 

sampling depths (Figure 4.12A). A combination of the Kruskal-Wallis test 

and the post-hoc Dunn’s test (p-value <0.05) was used for multiple 

comparison. Therefore, an in-house R-script was used. 

      
Figure 4.12: The abundance and distribution of the ethanolamine binding protein 
in the Tara oceans database – metagenomic and metatranscriptomic analysis. 
The OGA database was searched using MED193_10041 of Phaeobacter sp. MED193 with 
an e-value cut-off of e-35. Abundance was calculated as a percentage of the median 
abundance of ten prokaryotic single-copy marker genes/transcripts (Milanese et al., 2019). 
DCM, deep chlorophyll maximum; MES, mesopelagic zone; MIX, mixed layer; SRF, surface 
water. 

Additionally, the Tara Oceans metatranscriptomes database 

(Sunagawa et al., 2015; Villar et al., 2018) was searched and analysed 

using the same criteria as described above (Figure 4.12B). Metagenomics 

analysis revealed that on average, about 5-10% of microbial cells in the 

environmental dataset possess the ethanolamine binding protein (Figure 

4.12A), predominantly represented by Alphaproteobacteria (Figure 4.13, 

Appendix 4.10). However, metatranscriptomics analysis showed that it is 

highly expressed (Figure 4.12B). Since the abundance was calculated as a 

percentage of the median expression of ten prokaryotic single-copy marker 

genes, Figure 4.12B shows that the ethanolamine binding protein is highly 

A B 
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active, on average around 50-100% of the marker transcripts. Eight of the 

marker genes are involved in ribosomal structure, biogenesis, and 

translation processes. The other two marker genes are part of intracellular 

trafficking, secretion, and vesicular transport (Milanese et al., 2019). 

 
Figure 4.13: The distribution of the ethanolamine binding protein and homologs in 
the Tara oceans database.  
The weighted taxonomic distribution of homologs is modified from Krona plots (see 
Appendix 4.10), retrieved from the OGA interphase, according to the OGA catalogue 2. The 
OGA database was searched using MED193_10041 of Phaeobacter sp. MED193 with an e-
value cut-off of e-35. 94% of the homologs were found within the class of 
Alphaproteobacteria. Only 7% of the homologs accounted for members of the marine 
Roseobacter group (Rhodobacterales).  

These single-copy marker genes are model genes that can span 

more than one domain and are usually protein encoding genes (Milanese 

et al., 2019; Lu et al., 2020). Using the same approach as before (see 

section 2.7), a phylogenetic tree was created to demonstrate the 

relationship between members of the TRAP-T family including ten of the 

closest homologs and environmental samples retrieved from the BLAST 

search of ethanolamine binding protein homologs in the Tara oceans 

database (Figure 4.14). Furthermore, Krona plots retrieved from the OGA 

interphase (Appendix 4.9) were used to identify the distribution of the 

protein and its homologs within the database. Interestingly, 94% of all 

homologs belong to members of the Alphaproteobacteria.  
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However, the marine Roseobacter group contributes only 7% of all 

homologs (Figure 4.13). The findings in this section highlight the ability of 

MED193 to acquire Pi from PE as a sole source of P. Enzymes that are 

upregulated in this condition are likely to be involved in the cellular 

catabolism of ethanolamine. In addition, the substrate-binding protein of 

a TRAP transporter (MED193_10041) was demonstrably shown to bind 

ethanolamine but not PE. It is still not fully understood how MED193 makes 

ethanolamine accessible for transport, i.e., how the Pi group is cleaved off. 

I hypothesize that an extracellular phosphatase, a member of the PhoX 

family, is involved in this process. 

 The choline/betaine degradation pathway is involved in the uptake 

and catabolism of phosphocholine 

To determine if MED193 can utilise PC as a sole organic source of P, 

-P pre-starved MED193 cultures were supplemented with PC. As shown in 

Figure 4.1, MED193 was able to utilise PC and entered the exponential 

growth phase after a similar lag phase, compared to the +P culture. 

Interestingly, the cultures didn’t reach the same final yield as the cultures 

that were supplemented with Pi. The cultures adapted to the organic P 

source, as shown in the ‘resubbing’ experiment (Figure 4.2B, C). The lag 

phase was shorter, as compared to the initial growth on PC. However, the 

final yield of these cultures didn’t increase and stayed below the final yield 

of the +P culture (Table 4.1). Furthermore, the phospholipids in the 

membranes were restored, shown by the decreased DGTS/ PtdGro ratio in 

Figure 4.3A, B. As above, a proteomic approach was used to identify key 

enzymes that are involved in the utilisation and degradation of PC. In the 

cellular proteome one (or 52 with p-value 0.05) out of 2458 identified 

proteins was significantly upregulated (or downregulated (p-value 0.05), 

p-value 0.01, logFC 2, Figure 4.15A, Appendix 4.5).  

However, only two (or four with p-value 0.05) out of 1357 identified 

proteins were significantly up- or downregulated in the exoproteome of 

cultures grown in ASW with PC compared to cultures that were 

supplemented with Pi (p-value 0.01, logFC, Figure 4.15B, Appendix 4.6). 

Comparing both proteomic datasets, five proteins were identified that were 

significantly upregulated only in the PC condition, namely MED193_19144, 
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MED193_21671, MED193_21676, MED193_ 21681 and MED193_21686 

(Figure 4.15). 

 

Figure 4.15: Volcano plots of cellular (A) and exo- (B) proteomic data comparing 
PC to +P MED 193 cultures.  
Pre-starved MED193 cultures that were supplemented with Pi vs cultures supplemented 
with phosphocholine (PC). Scatter points represent proteins. The x-axis is the fold change 
for the ratio between both growth conditions and the y-axis is the statistical p-value. Green 
dots represent proteins that are significantly upregulated in the PC growth condition 
whereas red dots represent those proteins that are significantly downregulated (p-value 
0.05, logFC 2). Five proteins namely MED193_19144, MED193_21671, MED193_21676, 
MED193_21681, and MED193_21686 are involved in the degradation of choline. 

One of these proteins, MED193_21681, was annotated as a betaine 

aldehyde dehydrogenase. Betaine is the oxidation product of choline; 

hence they share a similar chemical structure. Comparison was made to a 

Roseobacter group bacterium with a published choline degradation 

pathway. SPO0084, annotated as a betaine aldehyde dehydrogenase 

(BetB), from Ruegeria pomeroyi DSS-3, is a close homolog of 

MED193_21681 (79% Seq.ID, Table 4.4). This protein has previously been 

shown to be involved in choline catabolism, catalysing the oxidation of 

choline O-sulfate to glycine betaine (Lidbury et al., 2015). The comparison 

of the genomic environment of betB (MED193_21681) to SPO0084 in R. 

pomeroyi DSS-3 showed that the gene neighbourhood looks similar, with 

four genes sharing the same annotation closely together (Figure 4.16).  

A proposed choline degradation pathway in R. pomeroyi DSS-3 was 

described by Lidbury et al., 2015. Comparing the sequence identity of all 

proteins which were predicted to be part of the catabolic pathway in R. 

pomeroyi DSS-3 versus MED193 revealed that MED193 possesses a 

homolog to each R. pomeroyi DSS-3 gene with high sequence identity 

(Table 4.4). 

-6 -4 -2 0 2 4 6
0

2

4

6

log2(fold change)

-l
o
g

1
0
(p

-v
al

u
e)

MED193_19144

MED193_21681

MED193_21671

MED193_21686
MED193_21676

A

-6 -4 -2 0 2 4 6
0

2

4

log2(fold change)

-l
o
g

1
0
(p

-v
al

u
e)

MED193_21681

B



LINDA MARIA WESTERMANN  CHAPTER 4 

 PAGE | 102 

Id
en

ti
fie

d 
pr

ot
ei

ns
A
cc

es
si

on
 

nu
m

be
r

Lo
cu

s 
ta

g
Fo

ld
 c

ha
ng

e 
ce

llu
la

r 
R
el

at
iv

e 
ab

un
da

nc
e 

in
 %

Lo
cu

s 
ta

g 
(R

ue
ge

ri
a 

po
m

er
oy

i 
D

S
S
-3

)

E-
va

lu
e 

(R
ue

ge
ri
a 

po
m

er
oy

i 
D

S
S
-3

)

Id
en

ti
ty

 
(R

ue
ge

ri
a 

po
m

er
oy

i 
D

S
S
-3

)

B
it
 s

co
re

 
(R

ue
ge

ri
a 

po
m

er
oy

i 
D

S
S
-3

)
C
ho

lin
e 

tr
an

sp
or

te
r, 

m
em

br
an

e 
pr

ot
ei

n
B
et

T
EA

Q
43

51
0

M
ED

19
3_

21
67

1
* 

2.
60

0.
00

34
S
PO

10
87

0
72

%
57

7

C
ho

lin
e 

su
lfa

ta
se

B
et

C
EA

Q
43

51
1

M
ED

19
3_

21
67

6
* 

2.
34

0.
00

19
S
PO

10
83

0
85

%
90

5

C
ho

lin
e 

de
hy

dr
og

en
as

e
B
et

A
EA

Q
43

51
3

M
ED

19
3_

21
68

6
* 

2.
45

0.
00

88
S
PO

10
88

0
77

%
87

3
B
et

ai
ne

 a
ld

eh
yd

e 
de

hy
dr

og
en

as
e

B
et

B
EA

Q
43

51
2

M
ED

19
3_

21
68

1
* 

2.
74

0.
01

43
S
PO

00
84

0
79

%
77

2

G
ly

ci
ne

 b
et

ai
ne

:h
om

oc
ys

te
in

e 
m

et
hy

lt
ra

ns
fe

ra
se

B
H

M
T

EA
Q

46
47

1
M

ED
19

3_
14

78
7

-0
.0

4
0.

00
08

S
PO

33
98

4.
7E

-1
38

66
%

38
9

G
ly

ci
ne

 b
et

ai
ne

:h
om

oc
ys

te
in

e 
m

et
hy

lt
ra

ns
fe

ra
se

B
H

M
T

EA
Q

43
52

6
M

ED
19

3_
02

68
5

-0
.1

8
0.

01
07

S
PO

18
84

2.
4E

-1
00

86
%

29
1

D
im

et
hy

lg
ly

ci
ne

 
de

hy
dr

og
en

as
e

D
M

G
D

H
EA

Q
47

34
0

M
ED

19
3_

19
14

4
* 

2.
80

0.
03

74
S
PO

06
35

0
93

%
16

24

S
ar

co
si

ne
 d

eh
yd

ro
ge

na
se

M
M

G
D

H
EA

Q
46

47
3

M
ED

19
3_

14
79

7
-0

.0
5

0.
00

11
S
PO

33
96

0
82

%
14

00
5,

10
-m

et
hy

le
ne

-H
4F

 
de

hy
dr

og
en

as
e/

m
et

he
ny

l-
H

4F
 

cy
cl

eh
yd

ro
la

se

Fo
lD

EA
Q

45
80

1
M

ED
19

3_
09

10
8

0.
29

0.
05

18
S
PO

15
59

0
83

%
49

9

Fo
rm

yl
-H

4F
 s

yn
th

st
as

e
Fh

s
EA

Q
45

80
2

M
ED

19
3_

09
11

3
0.

63
0.

26
54

S
PO

15
57

0
90

%
10

23

Fo
rm

at
e 

de
hy

dr
og

en
as

e
Fd

h
EA

Q
43

29
9

M
ED

19
3_

11
74

2
0.

52
0.

00
05

S
PO

15
55

0
82

%
92

1

Fo
rm

at
e 

de
hy

dr
og

en
as

e
Fd

h
EA

Q
43

29
8

M
ED

19
3_

11
73

7
0.

33
0.

00
03

S
PO

15
56

0
75

%
14

56

3

Ta
bl

e 
4 .

4:
 P

h
ae

ob
ac

te
r 

sp
. 

M
ED

1
9

3
 p

ro
te

in
s 

th
at

 a
re

 in
vo

lv
ed

 in
 t

h
e 

ca
ta

b
ol

is
m

 o
f 

P
C

. 
 

Th
e 

Ta
bl

e 
sh

ow
s 

th
e 

fo
ld

 c
ha

ng
e 

an
d 

re
la

tiv
e 

ab
un

da
nc

e 
of

 t
he

se
 p

ro
te

in
s 

in
 M

ED
19

3,
 a

s 
w

el
l a

s 
th

e 
se

qu
en

ce
 id

en
tit

y 
w

ith
 h

om
ol

og
s 

in
 R

. 
po

m
er

oy
i, 

in
cl

ud
in

g 
e-

va
lu

e 
an

d 
bi

t 
sc

or
e.

 S
ig

ni
fic

an
t 

fo
ld

 c
ha

ng
es

 o
f 
pr

ot
ei

ns
 a

re
 m

ar
ke

d 
w

ith
 *

* 
fo

r 
p -

va
lu

e 
<

0.
01

 o
r 

* 
fo

r 
p -

va
lu

e 
<

0.
05

. 



LINDA MARIA WESTERMANN  CHAPTER 4 

 PAGE | 103 

 
Figure 4.16: Genomic environment of choline catabolism genes in Phaeobacter sp. 
MED193 (A) and Ruegeria pomeroyi DSS-3 (B).  
TetR: transcriptional regulator (MED193_21666, SPO1082 & SPO1086); BetT: choline 
transporter (MED193_21671, SPO1087), BetC: choline sulfatase (MED193_21676, 
SPO1083); BetB: betaine aldehyde dehydrogenase (MED193_21681, SPO0084); BetA: 
choline dehydrogenase (MED193_21686, SPO1088); KE: putative L-lysine exporter 
(SPO1079). 

As all proteins of the choline catabolism pathway in R. pomeroyi 

DSS-3 have homologs with high sequence identity in MED193, the pathway 

predicted by Lidbury et al. (2015) was used to propose a pathway for the 

degradation of choline in MED193 (Figure 4.17). 

Five MED193 proteins shown in Table 4.4 are upregulated in the 

cellular proteome (highlighted in dark green, Figure 4.17). Four of these 

proteins, namely a membrane protein of the choline transporter (BetT, 

MED193_21671), a choline dehydrogenase (BetA, MED193_ 21686), a 

betaine aldehyde dehydrogenase (BetB, MED193_ 21681), and a choline 

sulfatase (BetC, MED193_21676) are predicted to be directly involved in 

the uptake and initial transformation of choline (Figure 4.17).  

Furthermore, a dimethylglycine dehydrogenase (DMGDH, 

MED193_19144), which is believed to catalyse the demethylation of 

dimethylglycine to sarcosine is highly upregulated (Table 4.4). However, a 

glycine betaine: homocysteine methyltransferase (BHMT, MED193_14787 

and MED193_14787) and a sarcosine dehydrogenase (MMGDH, MED193_ 

14797), said to catalyse the previous and following steps to DMGDH, are 

downregulated in the PC growth condition. The degradation of methylene 

tetrahydrofolate to carbon dioxide is predicted to be initiated by three 

genes, a 5,10-methylene-H4F dehydrogenase/ methenyl-H4F 

cyclohydrolase (FolD, MED193_09108), a formyl-H4F synthetase (Fhs, 

MED193_09113 & MED193_11742) and a formate dehydrogenase (Fdh, 

MED193_11737) which are slightly upregulated in the cellular proteome.  

BetT BetC BetB BetA

TetR

BetC BetBTetR

TetR

BetT BetAKEB 

A 
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Figure 4.17: Predicted choline catabolism in Phaeobacter sp. MED193.  
BetT, choline transporter; BetA, choline dehydrogenase; BetB, betaine aldehyde 
dehydrogenase; BetC, choline sulfatase; BHMT, glycine betaine: homocysteine 
methyltransferase; DMGDH, dimethylglycine dehydrogenase; MMGDH, sarcosine 
dehydrogenase; HcyH, homocysteine; Met, Methionine, FolD, 5,10-methylene-
H4F dehydrogenase/ methenyl-H4F cyclohydrolase; Fhs, formyl-H4F synthetase; Fdh, 
formate dehydrogenase; CH2=H4F, methylene tetrahydrofolate; CHOΞH4F, 5, 10-methenyl-
tetrahydrofolate; CHO-H4F, formyl-tetrahydrofolate; HCOOH, formate; H4F, 
tetrahydrofolate; CO2, carbon dioxide. Adapted from Lidbury et al., 2015. 

The results presented show that MED193 can grow on PC as a sole 

source of phosphorus. The proteomic approach revealed that the choline 

catabolism pathway, which was previously proposed in R. pomeroyi DSS-

3 (Lidbury et al., 2015), is upregulated in MED193. MED193 uses choline 

as a source of nitrogen and carbon. However, it is still unclear if an 

extracellular phosphatase of the PhoX family cleaves PC outside the cell, 

hereby making choline accessible for the transporter system. 

 Identification of organic transporters that are potentially involved in 

the uptake and catabolism of glycerol-phosphate in Phaeobacter sp. 

MED193 

As shown in growth experiments on different phospholipid 

headgroups, pre-starved -P MED193 cultures were able to utilize PG as the 

sole source of P (Figure 4.1). Cultures grown on PG had a similar lag phase 
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as the control group (+P, supplemented with Pi after pre-starvation for P) 

before reaching the exponential growth phase. However, compared to the 

+P control, cultures supplemented with PG didn’t reach the same final OD 

(Figure 4.1, Table 4.1). Sequential re-subbing in fresh media, 

supplemented with the same P source as before, showed that the lag phase 

was shorter, and the exponential growth rate was reached faster. 

Interestingly, cultures still couldn’t reach the same final yield as the control 

cultures (+P) when entering the stationary growth phase (Figure 4.2B, C, 

Table 4.1). Membrane lipid analysis by LC-MS revealed that PG was 

restored, as shown by the decreasing DGTS/ PtdGro ratio in the 

chromatogram in Figure 4.3A, B.  

 
Figure 4.18: Volcano plots of cellular (A) and exo- (B) proteomic data comparing 
PG to +P MED193 cultures.  
Pre-starved MED193 cultures that were supplemented with Pi vs cultures supplemented 
with glycerol-phosphate (PG). Scatter points represent proteins. The x-axis is the fold 
change for the ratio between both growth conditions and the y-axis is the statistical p-
value. Green dots represent proteins that are significantly upregulated in the PG growth 
condition whereas red dots represent those proteins that are significantly downregulated 
(p-value 0.05, logFC 2). Two proteins namely MED193_09570 and MED193_19449 are 
substrate-binding proteins of ABC transporters and were found in both, the cellular and 
exoproteome.  

A proteomic approach (see section 2.4) was used to identify key 

enzymes that are potentially involved in the transport, uptake, and 

catabolism of PG. Therefore, the abundance of proteins found in the PG 

condition was compared to proteins of the pre-starved -P culture that was 

supplemented with Pi. Of the 2458 identified cellular proteins, only two (or 

52 with p-value 0.05) were significantly upregulated (or downregulated 

(p-value 0.05), p-value 0.01, logFC 2, Figure 4.18A, Appendix 4.7). By 

comparison, out of the 1357 identified extracellular proteins, 11 (or 17 

with p-value 0.05) were significantly up- or downregulated (p-value 0.01, 
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log FC2, Figure 4.18B, Appendix 4.8). Comparison of the cellular and 

exoproteome data highlighted two proteins, namely MED193_09570 and 

MED193_19449 that were significantly upregulated in both datasets. As 

described above (see section 4.2.3 and Figure 4.5), MED193_09570 

encodes the protein GlpV, which is annotated as a substrate-binding 

protein of a glycerol ABC transporter.  

Looking specifically at proteins which were upregulated in the 

cellular proteome, there are a few proteins of interest. Two ATP-binding 

proteins were identified as significantly upregulated in the cellular 

proteome which are part of the same ABC transporter, namely 

MED193_09575 (GlpS) and MED193_09580 (GlpT). However, only one of 

the two permeases, identified in the cellular proteome, namely 

MED193_09590 (GlpQ), was detected with minor upregulation. The second 

permease encoded by MED193_09585 (GlpP), was not detected in the 

proteome. Looking closer at the detection levels of GlpV in the cellular and 

exoproteome dataset, there is no significant difference between the PG 

and the -P cultures (Table 4.5). However, both ATP-binding proteins GlpS 

(MED193_09575) and GlpT (MED193_09580) were highly upregulated in 

the PG condition but are only slightly upregulated or even downregulated 

in the -P control. In contrast, there was no significant difference between 

cultures grown on PG and the -P control regarding detection levels of the 

permease GlpQ (MED193_09590) (Table 4.5). 

The second significantly upregulated protein found in both the 

cellular and exoproteome is encoded by MED193_19449 and is annotated 

as a phosphonate binding protein (PhnD) of an ABC transporter. One of 

the ATP-binding proteins encoded by MED193_19454 (PhnC) was 

significantly upregulated in the cellular proteome. However, both 

permease components encoded by MED193_19459 (PhnE2) and 

MED193_19464 (PhnE1) were either not significantly upregulated or not 

detected by LC-MS/MS. In comparison to the Glp-ABC-transporter 

described above, PhnD (MED193_19449), PhnC (MED193_19454), and 

PhnE2 (MED193_19459) were significantly upregulated in the PG condition 

only but showed no upregulation in the -P control (Table 4.5). 



LINDA MARIA WESTERMANN  CHAPTER 4 

 PAGE | 107 

 Ta
bl

e 
4.

5:
 P

h
ae

ob
ac

te
r 

sp
. 

M
ED

1
9

3
 s

u
b

st
ra

te
-b

in
d

in
g

 p
ro

te
in

s 
th

at
 a

re
 u

p
re

g
u

la
te

d
 in

 c
u

lt
u

re
s 

g
ro

w
n

 w
it

h
 P

G
.  

 
Th

e 
Ta

bl
e 

sh
ow

s 
th

e 
fo

ld
 c

ha
ng

e 
of

 t
he

se
 p

ro
te

in
s 

in
 t

he
 c

el
lu

la
r 

an
d 

ex
op

ro
te

om
e,

 c
om

pa
ri
ng

 t
he

 p
ro

te
om

es
 o

f 
th

e 
-P

 c
on

tr
ol

 a
nd

 t
he

 c
ul

tu
re

s 
su

pp
le

m
en

te
d 

w
ith

 P
G

 t
o 

th
e 

pr
e-

st
ar

ve
d 

-P
 c

ul
tu

re
 s

up
pl

em
en

te
d 

w
ith

 P
i. 

Si
gn

ifi
ca

nt
 f
ol

d 
ch

an
ge

s 
of

 p
ro

te
in

s 
ar

e 
m

ar
ke

d 
w

ith
 *

* 
fo

r 
p -

va
lu

e 
<

0.
01

 o
r 

* 
fo

r 
p-

va
lu

e 
<

0.
05

. 
Pr

ot
ei

ns
 t

ha
t 

ar
e 

m
ar

ke
d 

w
ith

 N
/D

 (
no

t 
de

te
ct

ed
) 

w
er

e 
no

t 
de

te
ct

ed
 b

y 
LC

- M
S-

M
S.

 

Id
en

ti
fie

d 
pr

ot
ei

ns
A
cc

es
si

on
 

nu
m

be
r

Lo
cu

s 
ta

g
Fo

ld
 c

ha
ng

e 
  

-P
 c

on
tr

ol
  

ce
llu

la
r

Fo
ld

 c
ha

ng
e 

 
PG

  
  
ce

llu
la

r 
Fo

ld
 c

ha
ng

e 
-P

 c
on

tr
ol

 
ex

tr
ac

el
lu

la
r

Fo
ld

 c
ha

ng
e 

PG
 

ex
tr

ac
el

lu
la

r
G

ly
ce

ro
l A

B
C
 t

ra
ns

po
rt

er
, 

su
bs

tr
at

e-
bi

nd
in

g 
pr

ot
ei

n
G

lp
V

EA
Q

44
27

8
M

ED
19

3_
09

57
0

* 
2.

41
* 

2.
88

**
 3

.3
8

* 
3.

27

G
ly

ce
ro

l A
B
C
 t

ra
ns

po
rt

er
, 

  
 

AT
P-

bi
nd

in
g 

pr
ot

ei
n

G
lp

S
EA

Q
44

27
9

M
ED

19
3_

09
57

5
0.

24
* 

4.
67

N
/D

N
/D

G
ly

ce
ro

l A
B
C
 t

ra
ns

po
rt

er
, 

  
 

AT
P-

bi
nd

in
g 

pr
ot

ei
n

G
lp

T
EA

Q
44

28
0

M
ED

19
3_

09
58

0
-0

.0
5

* 
3.

35
N

/D
N

/D

G
ly

ce
ro

l A
B
C
 t

ra
ns

po
rt

er
, 

pe
rm

ea
se

G
lp

Q
EA

Q
44

28
2

M
ED

19
3_

09
59

0
0.

46
0.

86
N

/D
N

/D

Ph
os

ph
on

at
e 

A
B
C
 t

ra
ns

po
rt

er
, 

su
bs

tr
at

e-
bi

nd
in

g 
pr

ot
ei

n
Ph

nD
EA

Q
47

40
1

M
ED

19
3_

19
44

9
0.

01
* 

4.
25

* 
2.

27
**

 6
.0

6

Ph
os

ph
on

at
e 

A
B
C
 t

ra
ns

po
rt

er
, 

AT
P-

bi
nd

in
g 

pr
ot

ei
n

Ph
nC

EA
Q

47
40

2
M

ED
19

3_
19

45
4

-0
.4

6
* 

3.
24

N
/D

N
/D

Ph
os

ph
on

at
e 

A
B
C
 t

ra
ns

po
rt

er
, 

pe
rm

ea
se

Ph
nE

2
EA

Q
47

40
3

M
ED

19
3_

19
45

9
-0

.0
1

1.
49

N
/D

N
/D

5



LINDA MARIA WESTERMANN  CHAPTER 4 

 PAGE | 108 

These findings suggest that this transporter is induced by the 

presence of PG and is not regulated by the Pho regulon as the Glp-ABC-

transporter. Hence, the substrate-binding protein was overexpressed and 

purified by collaborators in China. However, the transporter didn’t show 

any binding affinity towards glycerol, G1P, or G3P. More work regarding 

PG catabolism in MED193 will be discussed in Chapter 5. 

 The extracellular alkaline phosphatase PhoX of Phaeobacter sp. 

MED193 has monoesterase activity towards phospholipid headgroups 

The results in this chapter demonstrate that MED193 can grow on 

phospholipid headgroups as a sole source of P (Figure 4.1). However, the 

findings in sections 4.2.4 and 4.2.5 only describe pathways in MED193 for 

the transport and catabolism of ethanolamine and choline and not for the 

intact headgroup. Since there was no evidence for transporters of the 

intact headgroup, it seems likely that some type of phosphatase is involved 

in the extracellular cleavage of these compounds, thereby making 

ethanolamine, choline, and P bioavailable for cells. It has previously been 

shown that members of the PhoX family are extracellular phosphatases 

(Wu et al., 2007; Kathuria & Martiny, 2011; Sebastián & Ammerman, 

2011) that are widespread in the marine environment (Sebastián & 

Ammerman, 2009). Furthermore, the relative abundance of MED193 PhoX 

was moderately high, ranking it in the top 50 of the most abundant 

proteins (Figure 4.19). 

These findings suggest that the MED193 PhoX (MED193_05784) 

phosphatase plays a crucial role in the extracellular cleavage of 

phospholipid headgroups. To determine metal requirements, substrate 

specificity, and enzyme kinetics of PhoX, an overexpression plasmid for 

MED193_05784 was synthesized in a pET151/D-TOPO vector (see section 

2.2.1). This plasmid was used to overexpress PhoX in E. coli using an auto-

induction media (see section 2.2.6). The ‘Compute pI/Mw’ tool (ExPASy 

server) was used to calculate the theoretical molecular weight of the 

protein as 73728.95 Dalton (Bjellqvist et al., 1993, 1994; Gasteiger et al., 

2005). 
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Figure 4.19: Relative abundance of 
the alkaline phosphatase PhoX in the 
exoproteome of pre-starved MED193 
cultures grown on Pi, PC, PE, and PG.  
Pre-starved MED193 cultures that were 
supplemented with Pi, phosphocholine 
(PC), phosphoryl-ethanolamine (PE), 
glycerol-phosphate (PG), and MED193 
cultures grown in high Pi (HP control). The 
x-axis displays the growth conditions and 
the y-axis the relative abundance in %. 
PhoX abundance is highest in PC, 
followed by PG, Pi, and PC and is barely 
detectable in the HP control. Graph shows 
mean ± standard deviation of triplicates. 
Significant differences are labelled (t-
test, p-value <0.05).  

Verification of the overexpressed protein was done through SDS-

PAGE (see section 2.2.7). A band of around 75 kDa was visible in the 

induced (PhoX) compared to the uninduced (negative control) culture 

(Figure 4.20). Next, PhoX was first purified by His-Tag affinity 

chromatography and sequentially by size-exclusion chromatography (see 

sections 2.2.10 - 2.2.12). A gel filtration calibration kit for high molecular 

weight proteins was used to confirm the size of PhoX. Standards used for 

the calibration were Ovalbumin (44 kDa), Conalbumin (75 kDa), and 

Aldolase (158 kDa) (Figure 4.21). After size exclusion chromatography, 

purified PhoX was concentrated using an Amicon column, and the 

concentration was measured using a NanoDrop 2000.

 

 
 
 
 
 
 
 
 
 Figure 4.20: MED193 PhoX overexpressed in E. coli. 
The protein was overexpressed in E. coli using a pET151-
D/TOPO plasmid and auto-induction media. Induced (PhoX, 
highlighted in red) and uninduced (negative control) 
cultures. Protein standard for protein size identification.
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Figure 4.21: Size exclusion chromatography of MED193 PhoX, including protein 
standards. 
Gel filtration chromatogram of PhoX and protein standards. Retention volume of MED193 
PhoX was 77.5 ml (73.8 kDa); retention volume for the standards was as follows: Aldolase, 
67.5 ml (158 kDa); Conalbumin, 75 ml (75 kDa); Ovalbumin, 82.5 ml (44 kDa). 

Additionally, bioinformatics analysis was used to further investigate 

the MED193_05784 protein. The Phyre2 protein fold recognition server 

(Kelley et al., 2016) predicted 43% identity with 83% coverage (558 

residues with 100% confidence) with the PhoX of Pseudomonas 

fluorescens Pf0-1. This protein has recently been demonstrated to be a 

monomer (Wu et al., 2007; Luo et al., 2010). Interestingly, active-site 

cofactors of multiple PhoX phosphatases have recently been characterized 

as iron-calcium clusters (Wu et al., 2007; Kathuria & Martiny, 2011), 

including the PhoX identified by Phyre2 (Yong et al., 2014). After 

purification, no enzyme activity was detectable. The substrate pNPP is 

routinely used for phosphatase activity assays. Here, the substrate gets 

hydrolysed, resulting in free Pi and the release of pNP. pNP has a yellow 

colour with a maximum absorbance at 405 nm, and this colour change can 

be measured spectrophotometrically (Bessey et al., 1946). Since no colour 

change was detectable for the native protein, it was supplemented with a 

variety of metals (Wu et al., 2007; Kathuria & Martiny, 2011; Yong et al., 

2014).  

In MED193, the addition of CaCl2 only or in combination with several 

other metals restored activity of the PhoX phosphatase, except the 

combination of CaCl2 and ZnSO4. The addition of FeCl3 resulted in 

precipitated iron, and no activity could be measured in this case (Figure 

4.22, Appendix 4.11). Although it has been previously described that PhoX 
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requires iron and calcium as metal cofactors, the data above (Figure 4.22) 

showed that the addition of Ca2+ was enough to restore activity. Given 

this, it was possible that the purified protein already contained iron. 

 

Figure 4.22: Colorimetric phosphatase 
activity assay with pNPP to test 
metal requirements of the MED193 
PhoX.  
The addition of CaCl2 could restore 
phosphatase activity in the native protein 
and in combination with all metals tested, 
except ZnSO4. Protein -CaCl2: native 
protein, protein +CaCl2: native protein 
supplemented with CaCl2. Rows list all 
metals tested. Yellow: release of pNP 
(PhoX activity), orange: precipitation of 
iron, white: no pNP release (no PhoX 
activity). 

To test this hypothesis, the protein was treated with EDTA, buffer 

exchanged, and PhoX tested for enzyme activity (see section 2.3.1.1). 

Enzyme activity towards pNPP was abolished. However, activity could be 

restored by adding Ca2+ (data not shown). This result reinforced the 

hypothesis that iron atoms are bound covalently to the enzyme. 

To further confirm this hypothesis, collaborators at the National 

Service for Electron Paramagnetic Resonance Spectroscopy (EPR) at the 

University of Manchester used EPR to determine the oxidation state of the 

MED193 PhoX iron atoms, thus, confirming the presence of iron in the 

active site of the protein (Figure 4.23). The EPR conditions and 

concentrations of reagents used for analysis and sample preparation were 

the same as used previously for P. fluorescens Pf0-1 PhoX (Yong et al., 

2014) and are briefly described in section 2.3.3. Compared to the Yong et 

al. (2014) data, as-isolated MED193 PhoX was not EPR silent (black trace). 

The addition of 5 mM dithionite (red trace) did not influence the EPR signal 

of MED193 PhoX. However, the addition of 20 mM dithionite (blue trace) 

reduced the EPR signal, which is comparable to P. fluorescens PhoX. 

Supplementation with 50 mM EDTA (green trace) enhanced the EPR signal. 

In contrast, the addition of the phospholipid headgroup PE (1 mM, cyan 

trace) did not influence the Fe3+ cluster, hence, no change in the EPR signal 

was observed. 
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Figure 4.23: Spectroscopic analysis of MED193 PhoX. 
EPR spectra of PhoX. Native protein was expected to have a binuclear Fe3+- Fe3+ cluster 
and no EPR signal. EPR signal of as-isolated protein (black trace) suggests loss of one Fe3+. 
EPR signal decreased with increasing dithionite concentration (red and blue trace), reducing 
some Fe3+ to EPR silent Fe2+. EDTA enhanced the EPR signal (green trace), confirming the 
hypothesis that high-spin Fe3+ was covalently bound to the protein. The addition of 
phosphoryl-ethanolamine (cyan trace) did not influence the EPR signal, and the substrate 
does not bind to the Fe3+-centre. 

 

Figure 4.24: Alkaline phosphatase activity assay to determine the substrate 
specificity of MED193 PhoX. 
pNPP (blue) and pNPPC (grey) were used to determine the substrate specificity of MED193 
PhoX towards mono- and diester. The activity was measured for different substrate 
concentrations (x-axis) and normalised against time and concentration of protein (y-axis). 
Minor activity/background noise was detected for pNPPC; increasing activity was measured 
with increasing pNPP concentration. Graph shows mean ± standard deviation of triplicates. 
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The experiments described above confirm that the MED193 PhoX 

requires iron and calcium for enzyme activity. Additionally, enzyme activity 

assays were performed to determine substrate specificity and enzyme 

kinetics. Initially, two widely-applied substrates were used for the 

detection of alkaline phosphatase activity to demonstrate substrate 

specificity towards phosphate monoester and phosphate diester bonds. 

Whereas the assay with the phosphate monoester pNPP showed high 

enzyme activity, the phosphate diester pNPPC showed no colour change, 

indicating that pNPPC could not be hydrolysed by PhoX (Figure 4.24). 

Subsequently, three phosphate monoesters, specifically pNPP, PE 

and PC, were used for enzyme activity assays to calculate enzyme kinetics 

using the Michaelis-Menten equation. The experimental setup is described 

in section 2.3.2. The rate of enzyme activity was plotted against substrate 

concentration (Figure 4.25) and plots were used to calculate Vmax and Km. 

Here, Vmax is defined as the maximum velocity of the reaction when the 

enzyme is saturated with the substrate, KM is the substrate concentration 

at which half Vmax is reached (Roskoski, 2015). Vmax was calculated as 

follows: pNPP 194.60 nmol min-1 mg protein-1, PC 7.89 nmol min-1 mg 

protein-1, PE 180.00 nmol min-1 mg protein-1 and KM resulted in: pNPP 

90.89 µM, PC 16.50 µM, PE 192.30 µM (Table 4.6).  

Table 4.6: Vmax and KM values calculated for Phaeobacter sp. MED193 PhoX for 
substrates pNPP, PC, and PE. 
Vmax and KM values were calculated from best fit Michaelis-Menten curves for initial enzyme 
velocity plotted against substrate concentration. 

 

Findings in this chapter suggest that MED193 PhoX is indeed 

involved in the extracellular cleavage of the phospholipid headgroups PE 

and PC consistent given the fact that no transporters for the intact 

headgroups have been found. The cleavage process makes ethanolamine, 

choline, and Pi bioavailable for cells. Furthermore, biochemical analysis of 

PhoX showed that the active site has an iron-calcium cluster cofactor which 

is required for enzyme activity.  

 

Michaelis Menten [pNPP] [PC] [PE]

Vmax (nmol min-1 mg -1) 194.60 7.89 180.00

KM (µM) 90.89 16.50 192.30

22
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Figure 4.25: Michaelis-Menten curves to determine enzyme kinetics for MED193 
PhoX with substrates pNPP, PE, and PC. 
Initial velocity (y-axis) plotted against increasing substrate concentration (x-axis). The best 
fit Michaelis-Menten curve was used to calculate Vmax and KM for pNPP (A), PE (B), and PC 
(C). Standard error (n=3). 
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 Discussion 

MED193 is a member of the Roseobacter group (Brinkhoff et al., 

2008; Simon et al., 2017). This Alphaproteobacterium was isolated from 

the Mediterranean Sea, which is known to be scarce in nutrients that are 

essential for growth, including P (Lazzari et al., 2016). Because of this, 

MED193 is used as a model organism to study adaptation mechanisms to 

P-starvation. For the first time, a proteomic approach was used to 

investigate the response of MED193 to P-limitation and to identify key 

enzymes/transporters that are required to acquire Pi from organic 

phosphates, in particular phospholipid headgroups. To do this, MED193 

cultures were first starved for P, before adding P back in the forms of Pi, 

PE, PC and PG. As a positive control, cultures were also grown under high 

Pi-replete conditions to assure continuous P-availability. For this study, 

lipidomic and proteomic analysis was performed, and growth experiments 

were monitored by measuring OD540. 

 Growth of Phaeobacter sp. MED193 on phospholipid headgroups and 

changes in the membrane lipid composition 

Growth experiments performed in this study have shown for the first 

time that the marine heterotrophic Alphaproteobacterium MED193 can 

grow on phospholipid headgroups as a sole source of P. Unsurprisingly, the 

-P control didn’t grow, demonstrating that P is essential for bacterial 

growth. Interestingly, in comparing the length of the lag phase of all 

growth conditions in the initial growth experiment, there was not a very 

large difference detected (Table 4.1). Independent of the P-source, 

whether organic or inorganic, cultures entered the exponential growth 

phase at a similar time (± 3 hours) and reached a growth plateau after 

approximately 12 hours of exponential growth. However, cultures 

supplemented with phospholipid headgroups didn’t reach the same final 

OD540 as the control group (Figure 4.1 and Figure 4.2, Table 4.1). This 

indicates that, although provided with an alternative P-source, MED193 

cells are not supplied with enough Pi to restore normal growth as hydrolysis 

of organic P and subsequent transport may be too costly (Zhang et al., 
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2014). The same effect was seen in both sequential growth experiments 

(Figure 4.2B, C).  

All growth experiments were conducted for 40 hours before 

transferring cultures to fresh media. Comparing all three growth 

experiments of the +P and PC cultures, it becomes obvious that they share 

the same pattern. In both cases, the lag phase is shortened by 25-60% 

after the first sequential transfer but increases again by 116-125% after 

the second sequential transfer. In the initial growth experiment, both PC 

and Pi (to some extent) cultures reached the stationary growth phase 

shortly before being transferred to fresh media. This explains the shorter 

lag phase and faster growth rate in the first sequential growth experiment. 

Since cultures reached the stationary phase earlier in the first sequential 

growth experiment, cells potentially became limited for nutrients again 

before transfer to fresh media occurred. The second sequential growth 

experiments demonstrate a longer lag phase and reduced growth rate. In 

Pi and PC cultures, the final yield stayed almost the same throughout the 

growth experiments with a variance of 5-16%. This means that the Pi 

retrieved from the inorganic and organic P-source is continuously and 

equally invested in bacterial growth (Table 4.1). Cultures grown on PG 

demonstrate a steadily decreasing lag phase (-60%) with decreasing final 

yield (-40%) but a constant growth rate. This indicates that cells adapted 

to the uptake of PG, resulting in a reduced lag phase. However, as stated 

above, Pi obtained from PG was either not enough to restore cell yield or 

was used for other processes rather than bacterial growth (Zhang et al., 

2014). Intriguingly, the lag phase of cultures supplemented with PE was 

constant throughout all three growth experiments. However, the growth 

rate and final yield both fluctuated by ~20%. Both growth rate and final 

yield seem to positively correlate as a higher growth rate resulted in a 

higher final yield and vice versa (Table 4.1).  

Once cells reached the stationary growth phase, OD540 was stable 

for more than 10 hours, indicating that cells entered a balanced equilibrium 

between cell division and cell death. This effect was described before in 

Symbiodinium voratum supplemented with 2-AEP and glyphosate groups 

(Tian-Tian et al., 2019). 
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Proteomic analysis showed that a PhoX-type alkaline phosphatase 

(MED193_05784) was upregulated in cultures supplemented with Pi and 

phospholipid headgroups in comparison to the culture grown on high P 

(344 µM Pi). Interestingly, this enzyme was described to be a secreted 

phosphate monoesterase (Wu et al., 2007; Luo et al., 2009; Yong et al., 

2014). We believe that the MED193 PhoX is involved in the hydrolysis of 

phospholipid headgroups, making the substituents ethanolamine, choline, 

and glycerol, as well as Pi accessible for transport. Hence, it is surprising 

that MED193 still shows signs of P-stress while the same concentration of 

P (172 µM) was provided in all conditions. The periplasmic phosphate-

binding protein PstS was upregulated in all conditions compared to the 

high P control. Since pstS is used as a universal marker gene for P-stress 

(Scanlan et al., 1993), this result indicates that MED193 was still P-limited 

despite being provided with different P-sources.  

It has previously been described in Trichodesmium ISM101 that P 

uptake from different organic P-compounds or DOP and the resulting P-

content per cell is lower compared to cultures treated with DIP (White et 

al., 2010). Furthermore, a study on several marine algae and the 

cyanobacterium Synechococcus grown on glucose-6-phosphate (G6P) 

showed that cultures utilising G6P didn’t reach the same final OD as 

cultures grown with Pi. In the same study, it was shown through 14C 

experiments that G6P was hydrolysed to acquire Pi and that a transport 

system for the sugar-phosphate is unlikely to exist (Kuenzler, 1965). 

These results confirm that growth on organic P-sources is not necessarily 

comparable to growth on Pi, highlighting Pi as the preferred bioavailable P-

source. Additionally, it affirms the importance of extracellular 

phosphomonoesterases, e.g., PhoX, in acquiring Pi from organic P-

compounds. 

This study revealed that MED193 utilises phospholipid headgroups 

as a sole source of P and restores phospholipids in its membrane (Figure 

4.3). As previously described (Sebastián et al., 2016), phospholipids are 

remodelled to DGTS when cells are P-limited, as clearly demonstrated in 

the lipid composition by a high DGTS/ PtdGro ratio in P-limited cultures 

(Figure 4.3B). However, once pre-starved cultures were supplied with a P-

source, the DGTS/PtdGro ratio decreased, proving that phospholipids in 
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membranes are restored. The chromatogram (Figure 4.3A) highlights an 

increase in PtdGro and PtdCho/PtdEtn as compared to the -P control 

independent of the P-source, whether organic or inorganic. However, 

compared to the high P control (Figure 4.3C), PtdGro in membrane lipids 

has not been restored completely. It is unclear if PtdGro can be restored 

entirely in later stages of exponential growth, thereby mirroring the 

membrane composition of P-replete cultures. It has not been described 

before to what extent the lipid status in bacteria can be reversed 

(Sahonero-Canavesi et al., 2019) and, as such, it remains unclear if DGTS 

is actively degraded by MED193 or if the DGTS/PtdGro ratio decreases as 

part of a dilution process. 

 Phosphate stress response in Phaeobacter sp. MED193  

For many years, the P stress response has been studied in E. coli as 

a model organism for bacterial P stress (Baek & Lee, 2006, 2007; Gardner 

et al., 2014). It is known that the PhoBR two-component system regulates 

the Pi stress response in bacteria. The PhoBR system controls the Pho 

regulon which encodes enzymes that are involved in Pi uptake and 

acquisition of Pi from organic phosphate (Baek & Lee, 2006; Monds et al., 

2006; Su et al., 2007; Santos-Beneit, 2015). However, not much is known 

about organic phosphate transporter systems. The response of MED193 to 

phosphate stress, as seen in the proteomic data, is comparable to E. coli. 

P-limitation triggered the induction of the Pho regulon, indicated by the 

upregulation of PhoB, PhoR, and the Pst transporter system (-P, Figure 

4.5).  

Furthermore, four putative organic P-transporters were found to be 

significantly upregulated in P-limited conditions. Firstly, proteins encoded 

by the ugp operon were upregulated, including a glycerophosphoryl diester 

phosphodiesterase (UgpQ) and an sn-G3P ABC transporter (UgpC, UgpE, 

and UgpB). It has previously been shown that the ugp operon is a member 

of the Pho regulon (Schweizer & Boos, 1985; Brzoska & Boos, 1989; 

VanBogelen et al., 1996). Interestingly, this transporter is believed to be 

inhibited by high intra- and extracellular concentrations of Pi (Brzoska & 

Boos, 1989). Additional studies showed that many marine bacteria 

retrieved from the GOS metagenome database possess ugp transporter 
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genes, allowing the uptake of glycerol phosphate monoesters and 

phosphate diesters. However, approximately half of these bacteria were 

found not to have the gene ugpQ, and, therefore, are unable to hydrolyse 

phosphodiesters (Luo et al., 2009).  

Secondly, the substrate-binding protein of an ABC transporter 

(GlpV), annotated as a glycerol transporter, was highly upregulated under 

P-limited conditions. Only this protein was upregulated whereas both ATP-

binding proteins (GlpS and GlpT) and the permease (GlpQ) of the ABC 

transporter were not significantly different to the P-replete control group. 

However, all members of this transporter were significantly upregulated in 

the culture supplied with PG. Intriguingly, not much is known about this 

transporter. A recent study on Rhizobium leguminosarum bv. viciae strain 

VF39SM showed that the glp operon consists of genes encoding an ABC 

transporter, a kinase and dehydrogenase (Ding et al., 2012). Apart from 

the regulatory gene glpR, all other genes are organised in one single 

operon. This operon was highly induced by both glycerol and G3P. In the 

Ding et al. (2012) study, radiolabelled glycerol was used to demonstrate 

that deletion of these transporter genes abolishes transport of glycerol and 

G3P.  

Thirdly, a protein annotated as PhnD, with gene name 

MED193_10161, was upregulated in the P-limited condition. As 

demonstrated in Chapter 3, this protein is most likely a member of the C-

P lyase machinery. Through proteomic analyses, several utilisation 

pathways for organic P have been discovered in P-deplete MED193 

cultures. Three of the most upregulated proteins have been described and 

analysed in this section, further highlighting the ability of MED193 to cope 

with long-term P-limitation. These results indicate that phospholipid 

headgroups derived from lysed bacteria can be a common source of P for 

bacteria in oligotrophic environments. 

 Discovery of a phosphoryl-ethanolamine degradation pathway in 

Phaeobacter sp. MED193 

For the first time, it has been demonstrated that MED193 can utilise 

PE as a sole source of P, potentially by hydrolysing this organic compound 

outside the cell, thereby making Pi and ethanolamine accessible. 
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Interestingly, phosphate acquired from extracellular PE was used to 

reinstate cell growth and partially restore membrane phospholipids as 

indicated by a decreasing DGTS/PtdGro ratio (Figure 4.3A).  

In this study, a proteomic approach was used to identify key 

enzymes that are involved in the transport and degradation of PE. A 

substrate-binding protein, MED193_10041, was upregulated in the cellular 

and exoproteome of cultures supplemented with PE (Figure 4.6). 

Subsequent bioinformatics analysis linked this protein to a previously 

described ethanolamine binding protein (Csal_0678) of Chromohalobacter 

salexigens (Vetting et al., 2015). To conduct biochemical studies on this 

protein, collaborators in China overexpressed MED193_10041 and used 

MST to demonstrate the binding affinity of the protein to ethanolamine. 

The protein was found to bind ethanolamine with a Kd of around 7.88 µM 

(Figure 4.7). The low concentration indicates that ethanolamine is a 

natural substrate of MED193_10041. Furthermore, the genomic 

environment of MED193 and C. salexigens are identical, both gene clusters 

comprising seven genes that are potentially involved in the catabolism of 

ethanolamine (Figure 4.8). Data retrieved from the phenotypical 

characterisation of deletion mutants in the ethanolamine binding protein 

and L-glutamine synthetase was used to predict an ethanolamine 

degradation pathway in C. salexigens (Vetting et al., 2015). The similarity 

between MED193_10041 and Csal_0678 (Figure 4.8) and high sequence 

identity between all proteins of both gene clusters (Table 4.5) allowed 

mapping of the predicted ethanolamine degradation pathway of C. 

salexigens to MED193 (Figure 4.9).  

The ethanolamine binding protein is part of a TRAP transporter. 

Several transporters of the TRAP-T family have been described previously 

and the substrate specificity determined (Forward et al., 1997; Takami et 

al., 2000; Kelly & Thomas, 2001; Hugouvieux-Cotte-Pattat et al., 2001; 

Grammann et al., 2002; Brüggemann et al., 2004; Thomas et al., 2006; 

Denger et al., 2006; Chen et al., 2010; Pernil et al., 2010; Mulligan et al., 

2012; Salmon et al., 2013; Hopkins et al., 2013; Wübbeler et al., 2014; 

Dörries et al., 2016; Meinert et al., 2017; Tully et al., 2018). Phylogenetic 

studies of MED193_10041 demonstrated a clear clustering with C. 

salexigens Csal_0678, both being distinct to other members of the TRAP-
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T family (Figure 4.11). MSA of TRAP-T family members confirmed the 

distinctions between MED193_10041 and Csal_0678 to other family 

members (Figure 4.10). It has previously been shown which amino acids 

are involved in the coordination of ethanolamine in the active site of 

Csal_0678 (Vetting et al., 2015). Unsurprisingly, the same amino acids are 

present in the protein structure of MED193_10041, indicating the 

composition of the active site coincides. However, the structures of other 

TRAP-T family members distinguish themselves from the ethanolamine 

binding proteins described. These findings lead to the assumption that 

MED193_10041 and Csal_0678 form a new group of substrate-binding 

proteins within the TRAP-T family.  

Ocean primary production can be limited by nitrogen availability. 

Therefore, it seems likely that ethanolamine can be used by marine 

microorganisms as a source of nitrogen. To determine the distribution of 

MED193_10041 in the marine environment, a BLAST search using a hmm 

file of MED193_10041 and Csal_0678 was used to find homologs in the 

Ocean Gene Atlas (OGA). The metagenomics analysis revealed that the 

gene is evenly distributed between different sampling depths. Here, it was 

found in around 10% of the genomes in the database (Figure 4.12). 

Moreover, looking into the taxonomic distribution of this protein, 94% of 

organisms that possess this substrate-binding protein belong to the 

Alphaproteobacteria, dominatingly in the order Pelagibacterales, known as 

SAR11 (19%, Figure 4.13, Appendix 4.9). Within the Alphaproteobacteria, 

the Roseobacter group only contributes 7%. Although the sequence of 

MED193_10041 and Csal_0678 and 10 close homologs each were included 

in the hmm file that was used as a query for the BLAST search, only 1% 

of retrieved homologs belong to Gammaproteobacteria (Appendix 4.10). 

Whilst metagenomics analysis showed that the gene was present in only 

around 10% of all searched genomes, metatranscriptomics revealed that 

the gene was highly expressed (Figure 4.12B). Since the abundance was 

calculated as a percentage of the median abundance of ten prokaryotic 

single-copy marker transcripts, the boxplot shows that the ethanolamine 

binding protein is highly active, on average around 50% of the marker 

transcripts or same transcription level as the marker transcripts. Most 

marker genes used for normalisation are involved in ribosomal processes. 
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Ribosomal genes are commonly used as so-called housekeeping genes as 

their expression is relatively stable (Thorrez et al., 2008). These genes are 

ubiquitously distributed between domains (Lu et al., 2020). In a few cases, 

transcription was higher than the marker gene expression. Finally, 

sequences retrieved from the OGA were included in the phylogenetic tree 

of the TRAP-T family, presenting a clear and distinct clustering of the 

ethanolamine binding proteins (Figure 4.13).  

Findings in this section describe a novel ethanolamine degradation 

pathway in MED193. The substrate-binding protein has been demonstrated 

to bind ethanolamine, transporting it from the periplasm to the cytoplasm 

where it potentially is further degraded to glycine. However, more work is 

needed to confirm the degradation pathway. It is still unclear if MED193 

possesses an organic transporter system for PE or if PhoX is involved in 

the cleavage of the headgroup before transport. The construction of a PhoX 

deletion mutant would help to assess whether MED193 can still grow on 

PE, assuming all extracellular phosphatase activity has been abolished. 

 The choline/betaine degradation pathway is involved in the uptake 

and catabolism of phosphocholine 

The results of this section demonstrate that MED193 can utilise PC 

as a sole source of P (Figure 4.1 & Figure 4.2). Furthermore, membrane 

phospholipids could partially be restored after adding P, in the form of PC, 

back to the media (Figure 4.3A). In the cellular and exoproteome, five 

proteins were highlighted, namely MED193_19144, MED193_21671, 

MED193_21676, MED193_21681, and MED193_21686, that were 

significantly upregulated (Figure 4.15). All these proteins have homologs 

in Ruegeria pomeroyi DSS-3 (Table 4.4). Here, these proteins are involved 

in choline metabolism (Lidbury et al., 2015). 

MED193_19144 is annotated as a dimethylglycine dehydrogenase 

(SPO0635 in DSS-3), putatively involved in the demethylation of 

dimethylglycine to sarcosine (Figure 4.17). In R. pomeroyi DSS-3, it was 

predicted that this step is catalysed by SPO3400 (Lidbury et al., 2015). 

SPO3400 has a close homolog in MED193 (MED193_14777, 80% Seq.ID, 

e-value 0.0). However, this protein was downregulated in the PC condition. 

This result suggests, that MED193_19144 is involved in the catabolism of 
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choline in MED193, potentially replacing MED193_14777. Additionally, 

MED193_21671 annotated as a choline membrane transport protein 

(BetT), is a close homolog to SPO1087 in R. pomeroyi DSS-3 (72% Seq.ID, 

Table 4.4). BetT was first described in E. coli (b0314), where it was shown 

to be a high-affinity choline transporter (Andresen et al., 1988; Lamark et 

al., 1991). Deletion mutations in E. coli (Lamark et al., 1991) and R. 

pomeroyi DSS-3 (Lidbury et al., 2015) demonstrated that BetT is 

responsible for choline uptake. Inferring from the homology of 

MED193_21671 to SPO1087 and b0314 (30% Seq.ID, e-value 4.3e-51), it 

seems likely that MED193_21671 is the choline transporter BetT in 

MED193.  

Another protein potentially involved in the choline catabolism is 

MED193_21676, highly upregulated under PC conditions and annotated as 

choline sulfatase (BetC). MED193_21676 shares high sequence identity 

with SPO1083 of R. pomeroyi DSS-3 (Table 4.4). It has been confirmed 

that BetC is essential for the growth of R. pomeroyi DSS3-3 (Lidbury et 

al., 2015) and Sinorhizobium meliloti (Østerås et al., 1998) on choline-O-

sulfate (COS). Interestingly, in S. meliloti it has been demonstrated that 

BetC has substrate specificity towards both substrates, COS and 

phosphorylcholine (Østerås et al., 1998). Hence, MED193_21676 may be 

responsible for the conversion of phosphocholine to choline (Figure 4.17). 

However, no transporter for PC has been described.  

MED193_21681 encodes a putative betaine aldehyde 

dehydrogenase (BADH, BetB). In E. coli a KM of around 1 µM for betaine 

aldehyde was determined for the BADH (Falkenberg & Strøm, 1990). In 

additional studies, it was discovered that BetB is regulated by choline 

(Lamark et al., 1991). Furthermore, no BADH activity was detected in S. 

meliloti BetB2 deletion mutants (Østerås et al., 1998). MED193_21681 has 

79% Seq ID with BetB from R. pomeroyi DSS-3. Here, the deletion of 

SPO0084 (BetB) led to an accumulation of betaine aldehyde when grown 

on choline (Lidbury et al., 2015). According to high sequence identity with 

BetB of R. pomeroyi DSS-3 (79% Seq.ID, Table 4.4), E.coli (54% Seq.ID, 

e-value 2.9e-178), and S. meliloti (61% Seq.ID, e-value 0.0) it is obvious 

that MED193_21681 encodes BetB, an oxidoreductase that oxidises 

betaine aldehyde to glycine betaine (Figure 4.17).  
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The last upregulated protein discovered in the proteome of cultures 

supplemented with PC is a putative choline dehydrogenase (CDH, BetA), 

encoded by MED193_21686. Choline dehydrogenase has been extensively 

studied (Landfald & Strøm, 1986; Styrvold et al., 1986; Pocard et al., 

1997; Rosenstein et al., 1999). Deletion of BetA in E.coli (Landfald & 

Strøm, 1986; Styrvold et al., 1986) and S. meliloti (Østerås et al., 1998), 

and CudB in Staphylococcus xylosus C2A (Rosenstein et al., 1999) 

abolished CDH activity. MED193_21686 is a homolog of E. coli BetA 

(b0311, 49% Seq.ID, e-value 3.6e-178), S. meliloti (SMc00093, 67% 

Seq.ID, e-value 0), and S. xylosus (Ga0069509_11229, 48% Seq.ID, e-

value 4e-180). It is also a homolog of SPO1088 (77% Seq.ID, Table 4.4), 

CDH of R. pomeroyi DSS-3. Here, a SPO1088 deletion mutant couldn’t 

utilise choline as a sole source of carbon. Hence, no CDH activity was 

detected (Lidbury et al., 2015). These findings suggest that 

MED193_21686 encodes a choline dehydrogenase in MED193, completing 

the initial choline degradation pathway, thereby converting choline or 

phosphocholine to sarcosine.  

Proteomic analysis of MED193 cultures grown on PC uncovered a 

gene operon that is directly induced by the compound. The bet operon of 

MED193 and R. pomeroyi DSS-3 are similar (Figure 4.16) and all proteins 

encoded by the bet operon have a homolog in R. pomeroyi DSS-3 (Table 

4.4). The results presented in this chapter indicate that MED193 possesses 

a similar choline degradation pathway as predicted in R. pomeroyi DSS-3 

(Lidbury, 2015, Figure 4.17). However, neither the predicted pathway nor 

the proteomics data had evidence for an organic PC transporter. Hence, it 

is still unclear if such a transporter exists or if a phosphatase is necessary 

for phosphate cleavage before choline uptake. 

 Identification of organic transporters that are potentially involved in 

the uptake and catabolism of glycerol-phosphate in Phaeobacter sp. 

MED193 

The findings of this section confirmed that MED193 can grow on PG 

as a sole source of P (Figure 4.1 and Figure 4.2). Furthermore, PG 

utilisation causes the reinstatement of membrane phospholipids (Figure 

4.3). A proteomic approach was used to identify key enzymes which are 
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potentially involved in PG catabolism in MED193. Two substrate-binding 

proteins were identified that were highly upregulated in the exo- and 

cellular proteomes, specifically MED193_09570 and MED193_19449 

(Figure 4.18). As described in section 4.2.3, including Figure 4.5, 

MED193_09570 is annotated as GlpV, a substrate-binding protein of a 

glycerol ABC transporter. Both ATP-binding proteins of the same ABC 

transporter, MED193_09575 (GlpS) and MED193_09580 (GlpT), were also 

significantly upregulated. However, only one of the two permeases, 

MED193_09590 (GlpQ), was detected by MS/MS. According to Table 4.5, 

GlpV is upregulated in the P-deplete and PG conditions. However, both 

ATP-binding proteins are only upregulated in the PG and not in the P-

deplete condition. As discussed in section 4.3.2 little is known about this 

transporter. In Rhizobium leguminosarum bv. viciae strain VF39SM GlpV 

was found to be part of the glp operon. This operon consists of multiple 

genes encoding an ABC transporter, a kinase, and dehydrogenase (H. Ding 

et al., 2012). Interestingly, the operon was induced by glycerol and G3P. 

MED193_09570 is a homolog of the R. leguminosarum GlpV (61% Seq.ID, 

e-value 0.0). Because of this, MED193_09570 was overexpressed and 

tested for substrate specificity by collaborators in China. However, 

MED193_09570 didn’t have a binding affinity towards glycerol, G1P, or 

G3P.  

The other protein found in cultures supplemented with PG was 

MED193_19449, annotated as PhnD. Although this protein was detected 

in the proteomes of the P-deplete and PG cultures, it was more highly 

upregulated in the PG condition (Table 4.5). PhnD is the substrate-binding 

protein of an ABC transporter, including the ATP-binding proteins PhnB 

(not detected) and PhnC (MED193_19454), and the permeases PhnE1 

(MED193_19464) and PhnE2 (MED193_19459). Many proteins that are 

annotated as PhnD have been described before (Chen et al., 1990; Wanner 

& Metcalf, 1992; Ilikchyan et al., 2009, 2010; Alicea et al., 2011; Willis et 

al., 2019). However, most of these proteins belong to the C-P lyase 

machinery, like MED193_10161 (Figure 3.7). Since the substrate 

specificity of this protein is still unclear, collaborators in China have 

overexpressed and purified this protein to conduct biochemical analyses. 

However, no binding affinity towards glycerol, G1P, or G3P was detected.  
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The substrate PG used in the growth experiment was a mixture of 

G1P and G3P. It is perhaps unlikely that bacteria can utilise G1P since 

unless bioengineered, bacteria have not been described to synthesise G1P 

(Caforio et al., 2018) and G1P represents the backbone of archaeal 

phospholipids (Nishihara et al., 1999; Caforio & Driessen, 2017). Since no 

sufficient proof for a specific PG transport pathway was found in the 

proteomics data shown here, more research is needed. Further results are 

summarised in Chapter 5. However, the data in this section indicates that 

MED193_19449 and MED193_09570 are substrate-binding proteins 

involved in PG catabolism.  

 The extracellular alkaline phosphatase PhoX of Phaeobacter sp. 

MED193 has monoesterase activity towards phospholipid headgroups 

Phosphatases play a crucial role in the adaptation of bacteria to P-

limitation, especially in the acquisition of Pi from organic P-sources. One of 

these phosphatases belongs to the PhoX-type phosphatases, an 

extracellular enzyme that has been described in several studies (Wu et al., 

2000; Monds et al., 2006; Luo et al., 2009; Sebastián & Ammerman, 2011; 

Cox & Saito, 2013; Pegos et al., 2014, 2017; Lin et al., 2018; Tian-Tian et 

al., 2019). This protein is more widely distributed in marine organisms 

than previously thought (Sebastián & Ammerman, 2009).  

The results presented in this chapter demonstrate that MED193 can 

use phospholipid headgroups as a source of P (Figure 4.1). However, there 

is no sufficient evidence that MED193 possesses organic transporters for 

PE and PC. Therefore, it seems likely that an alkaline phosphatase is 

cleaving Pi off extracellularly, thereby making Pi and the substituents 

ethanolamine and choline bioavailable for cells. The exoproteome of 

cultures supplemented with PC, PE and PG support this hypothesis. Here, 

PhoX was detected in the exoproteome, ranking the phosphatase in the 

top 50 of the most abundant proteins (Figure 4.19). To prove the 

hypothesis MED193 PhoX, encoded by MED193_05784, was 

overexpressed and purified.  

Interestingly, MED193 PhoX didn’t have any enzyme activity after 

purification. Several metals and metal combinations were tested. 

However, CaCl2 was the only additive that could reinstate enzyme activity. 
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Furthermore, Zn2+ seemed to inhibit the protein, as the combination of 

ZnCl2 and CaCl2 couldn’t restore enzyme activity (Figure 4.22). This 

coincides with previous reports that reported inhibition of the protein 

through zinc (Wu et al., 2007; Zaheer et al., 2009; Kathuria & Martiny, 

2011; Sebastián & Ammerman, 2011; Yong et al., 2014). Previous studies 

have identified cysteine, aspartate, and glutamate as zinc-ligating residues 

(Ireland & Martin, 2019). The MED193 and P. fluorescens PhoX both 

possess one cysteine, three aspartates, and five glutamates in their active 

centre. Therefore, zinc may compete with calcium for the active site. Also, 

these studies characterised the active-site cofactors as an iron-calcium 

cluster (Wu et al., 2007; Zaheer et al., 2009; Kathuria & Martiny, 2011; 

Yong et al., 2014). 

EPR was used to further confirm the oxidation state of iron ions in 

the active centre of MED193 PhoX. P. fluorescens Pf0-1 PhoX was used for 

comparison purposes. Here, the cofactors of the active centre were 

demonstrated to consist of two antiferromagnetically coupled ferric iron 

ions (Fe3+) and three calcium ions (Ca2+) (Yong et al., 2014). The EPR 

results of MED193 PhoX differed slightly from P. fluorescens PhoX (Figure 

4.23). Whereas a binuclear Fe3+- Fe3+ anti-ferromagnetically coupled-

cluster was confirmed in P. fluorescens PhoX (EPR-silent), the spectra of 

native MED193 PhoX showed a peak, indicating that the enzyme was not 

fully metallated and some protein was lacking a second Fe3+ in the active 

site. The addition of the reducing agent dithionite (5 mM and 20 mM) 

resulted in a reduced peak in both MED193 and P. fluorescens PhoX. 

However, the reduction in P. fluorescens was stronger compared to 

MED193. In conclusion, the addition of 5 mM and 20 mM dithionite 

indicates that only one Fe3+ is present in native MED193 PhoX which can’t 

be reduced by low concentrations of dithionite. However, higher 

concentrations can reduce iron atoms and thereby reduce the EPR signal. 

Interestingly, the same result as in P. fluorescens PhoX was achieved when 

adding 50 mM EDTA. Also, in the MED193 PhoX EPR spectra, the signal 

was drastically increased, confirming that only a small fraction of the high-

spin Fe3+ can be removed by EDTA, leading to an increased signal by the 

remaining Fe3+ (Yong et al., 2014).  
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However, the addition of PE didn’t influence the EPR signal. This 

suggests that the substrate does not bind directly to Fe3+ or both iron 

atoms are needed for binding. Enzyme kinetics was conducted to 

determine the Vmax and KM of MED193 PhoX. Initially, two substrates were 

used to test for substrate specificity towards phosphate monoesters and 

phosphate diesters. Whereas the phosphate monoester pNPP could be 

hydrolysed by MED193_05784, the phosphate diester pNPPC could not be 

utilised (Figure 4.24). Following these tests, the three phosphate 

monoesters pNPP, PE and PC were used to calculate enzyme kinetics using 

the Michaelis-Menten equation (Figure 4.25). The KM value of 

MED193_05784 for pNPP was 90.89 µM. In the literature, the following 

kinetic parameters for several purified PhoX were found: KM 7.9 µM in P. 

fluorescens Pf0-1 (Yong et al., 2014), KM 66-95 µM in Pasteurella multocida 

strain X-73 (Wu et al., 2007), 85.3 ± 4.5 µM in Sinorhizobium meliloti 

(Zaheer et al., 2009), KM 180 µM in a metagenome-derived alkaline 

phosphatase (mAP) of the PhoX-II cluster (Lee et al., 2015), and KM 240 

µM in Vibrio cholerae (Roy et al., 1982). The KM value calculated for 

MED193 PhoX fits well in the values retrieved for other purified PhoX. The 

relatively low KM indicates that PhoX is crucial for use of organic phosphates 

at low concentrations.  

The KM values of MED193 PhoX for the two phospholipid headgroups 

PC and PE were 16.50 µM and 192.30 µM, respectively (Table 4.6). 

Although PC and PE have a similar structure, PhoX has a more than 12 

times higher binding affinity for PC than for PE. However, MED193 PhoX 

got inhibited by PC with concentrations above 750 µM, whereas the limit 

for PE was 12 mM. In purified S. meliloti PhoX, the KM for phosphoserine 

was 26.6 ± 1.3 µM (Zaheer et al., 2009). 

 Summary and future work 

Phaeobacter sp. MED193, a member of the Roseobacter group 

(Brinkhoff et al., 2008) isolated from the P-limited Mediterranean Sea 

(Lazzari et al., 2016), is used here as a model organism to study the P 

stress response. For the first time, a proteomic approach was used to 

investigate the mechanistic response of MED193 to P-limitation and to 

identify key enzymes/transporters that are needed to acquire Pi from 
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organic P, in particular phospholipid headgroups. In this study, it was 

demonstrated that MED193 indeed can utilise the phospholipid headgroups 

PE, PC and PG as a sole source of P. Furthermore, pathways for the 

catabolism of PC and PE were elucidated, and a new group of ethanolamine 

TRAP transporters was identified. Importantly, this work has demonstrated 

the importance of phosphatases for the survival of organisms in 

oligotrophic environments. A PhoX-type phosphatase from MED193 plays 

a crucial role in the hydrolysis of phospholipid headgroups, thereby making 

Pi and ethanolamine/choline bioavailable for cells. However, more work is 

needed to confirm that the PhoX-type phosphatase is indeed cleaving the 

phospholipid headgroups extracellularly. Therefore, it will be crucial to 

generate a deletion mutation in WT MED. This approach will help to 

understand if the PhoX phosphatase is essential for the growth of MED193 

on phospholipid headgroups.  

Although no breakthrough was made in the discovery of the 

degradation and transport of PG, potential enzymes/transporters were 

found that might be involved in this process (see also Chapter 5). In 

addition, more experiments are required to demonstrate if the 

phospholipid headgroups used in this study are used as a sole source of P 

or carbon as well. Although a high concentration of carbon was used for 

the experimental setup, there is the possibility the transporters found for 

choline and ethanolamine are regulated by the carbon availability. 

Finally, samples taken for the analyses in this chapter were taken 

after 17.5 h of growth. Figure 4.1 shows that this time point represent the 

late exponential growth phase rather than the early or mid-exponential 

growth phase. It is to be considered to investigate the proteomes of 

samples taken during early growth to better understand the initial 

response to phospholipid headgroups. 
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CHAPTER 5 IDENTIFICATION OF A NOVEL TRANSPORTER INVOLVED 

IN GLYCEROL-PHOSPHATE UPTAKE IN PHAEOBACTER SP. 

MED193 

 Introduction 

Phosphorus (P) is essential for the growth of all living organisms, as 

it is a fundamental element within DNA and RNA, ATP, and membrane 

phospholipids (Paytan & McLaughlin, 2007; Karl, 2014; Koolman & Röhm, 

2019). In 1811, Vauquelin was the first to discover P in lipids extracted 

from brain tissues (Suzumura, 2005). Shortly afterwards, Gobley 

extracted a P-containing lipid from egg-yolk and brain tissues and named 

this lipid lecithin/phosphatidylcholine (Gobley, 1874a, 1874b). This lipid 

belongs to the group of glycerophospholipids derived from sn-glycerol-3-

phosphatidic acid (Suzumura, 2005).  

 

Figure 5.1: Chemical structure of bacterial (A) and archaeal (B) membrane 
phospholipids. 
(A) Bacterial phospholipid which consists of two fatty acid chains that are connected to a 
D-glycerol and phosphate backbone via ester bonds. (B) Archaeal phospholipid consists of 
two unsaturated isoprenoid chains that are connected to an L-glycerol and phosphate 
backbone via ether bonds. Both phospholipid structures contain a polar headgroup (light 
green). Adapted from Harayama & Riezman, 2018 and Coleman et al., 2019. 
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Glycerophospholipids are characterised by two fatty acid chains that 

are connected via ester bonds to a G3P backbone, which is connected to a 

polar head group (Figure 5.1A). The polar headgroup comprises either a 

nitrogenous base, glycerol, or an inositol unit (Suzumura, 2005; Schouten 

et al., 2013; Moellering et al., 2017; Harayama & Riezman, 2018; Coleman 

et al., 2019).  

These glycerophospholipids have not only been found in the 

domains of Bacteria and Eukaryota; but they have also been isolated from 

Archaea (Caforio & Driessen, 2017; Coleman et al., 2019; Law & Zhang, 

2019; Exterkate et al., 2021). Although a study suggested that archaea 

and bacteria descended from a common ancestor (Weiss et al., 2016), 

major differences between the two domains have been well characterised 

(Kandler, 1995; Reeve et al., 1997; Bell & Jackson, 1998; Kelman & 

Kelman, 2014). One of these differences is the structure of membrane 

phospholipids. In archaea, a G1P backbone connects the polar headgroup 

to highly methylated isoprenoid chains via ether bonds (Figure 5.1B) 

(Caforio & Driessen, 2017; Moellering et al., 2017; Law & Zhang, 2019; 

Exterkate et al., 2021). Intriguingly, G1P and G3P are enantiomers which 

means they are mirror images of each other but not identical (Figure 5.2) 

(Muller, 1994; Moss, 1996).  

 

Figure 5.2: Chemical structure of glycerol-1-phosphate (A) and glycerol-3-
phosphate (B). 
G1P and G3P are enantiomers. Although both structures are mirror images of each other, 
the molecules are not identical. Whereas G1P is naturally synthesised in Archaea, G3P is a 
natural compound of Bacteria and Eukaryota. 

Two different enzymes have been identified that synthesize these 

compounds. Whereas a G1P dehydrogenase (G1PDH) has been reported 

to be involved in G1P synthesis in archaea (Carbone et al., 2015), a G3P 

dehydrogenase (G3PDH) is responsible for the synthesis of G3P in bacteria 

(Caforio et al., 2018; Coleman et al., 2019). Although homologs of G1PDH 

and G3PDH have been discovered in bacteria and archaea, respectively, 
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the resulting phospholipids have not been reported in the opposing domain 

(Coleman et al., 2019). 

Interestingly, the findings described in Chapter 4 showed that 

MED193 can utilise PG as a sole source of P. However, the compound used 

in this study was a mixture of G1P and G3P, and it remains unclear if 

MED193 can use both forms of PG, or only the bacterial G3P. In this 

chapter, we demonstrate that MED193 can acquire Pi from both the 

archaeal G1P as well as the bacterial G3P. Using a proteomic approach, we 

identified potential key enzymes that are putatively involved in the 

modification, binding, transport, and degradation of G1P and G3P. 

Collaborators in China determined the substrate of a prominent substrate-

binding protein through protein overexpression and MicroScale 

Thermophoresis. Additionally, we used a phoB deletion mutant to prove 

that the utilisation of both substrates is independent of the Pho regulon.  

 Results 

 Phaeobacter sp. MED193 can utilise both glycerol-1-phosphate and 

glycerol-3-phosphate 

In this chapter, both enantiomers of GP were used as a sole source 

of P in separate experiments to distinguish differences in transport and 

metabolism. In addition to the MED193 wild type (WT MED193), a phoB 

deletion mutant (∆phoB), kindly provided by Dr Ian D.E.A. Lidbury (see 

section 2.8), was cultivated in the same conditions to determine if proteins 

involved in G1P/G3P catabolism are Pho-regulated. 

Therefore, cell cultures of WT MED193 and ∆phoB were grown under 

P-limiting conditions before P was added back, with a final concentration 

of 172 µM, in the form of Pi, G1P, and G3P as described in the experimental 

setup (see sections 2.1.2 and 2.1.3). Growth was monitored by measuring 

OD540 over 44 hours (Figure 5.3). The data clearly showed growth of WT 

MED193 and ∆phoB on both G1P and G3P as sole P-source though with a 

reduction in final cell yield in cultures supplemented with G1P and G3P 

compared to cultures grown on Pi, demonstrated by a significant difference 

(t-test, p-value <0.01) in final OD540. WT MED193 and ∆phoB cultures 

supplemented with Pi reached a similar final OD540 after 44 hours of 
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growth, with no significant difference (t-test, p-value <0.01). Differences 

in growth curves between WT MED193 and ∆phoB G1P and G3P cultures 

are not significant (t-test, p-value <0.01).  

 

Figure 5.3: Growth of pre-starved WT MED193 and ∆phoB on G1P and G3P.  
WT MED193 and ∆phoB were grown in ASW supplemented with Pi (O), G1P (r), G3P (s) 
and no P (¯). P was added back with a final concentration of 172 µM. WT MED193 
represented in dark colours and continuous connection lines: Pi, dark green; no P, black; 
G1P, purple; G3P, dark blue; ∆phoB represented in light colours and dotted connection 
lines: Pi, light green; no P, white; G1P, pink; G3P, light blue. Graph shows mean ± standard 
deviation of three biological replicates. 

Alkaline phosphatase activity towards the phosphate monoester pNPP 

and the phosphate diester pNPPC was measured after 24 hours of growth, 

during the mid-exponential growth phase (Figure 5.4). Alkaline 

phosphatase activity measurement showed a significant difference only 

between WT MED193 +P (a) and ∆phoB +P € as well as WT MED193 G1P 

(c) and ∆phoB G1P (g, t-test, p-value <0.05). Higher alkaline phosphatase 

activity was detected in WT MED193 -P cultures only. This indicates that 

no elevated phosphomonoesterase and/or phosphodiesterase activity was 

required for the catabolism of G1P and G3P. 

In addition, membrane lipids of pre-starved WT MED193 and ∆phoB 

samples grown on Pi, no P, G1P, and G3P were extracted and analysed by 

LC-MS (see section 2.5). Detected lipids were normalised against SPE, and 

relative abundance of lipids/SPE ratios was plotted (Figure 5.5). 
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Figure 5.4: Alkaline phosphatase activity of pre-starved WT MED193 and ∆phoB 
cultures after 24 hours of growth in ASW supplemented with different P sources. 
Alkaline phosphatase activity was measured towards the phosphate monoester pNPP and 
the phosphate diester pNPPC. Significant differences were found between WT MED193 +P 
(a) and ∆phoB +P (e) as well as WT MED193 G1P (c) and ∆phoB G1P (g) (t-test, p-value 
<0.05). High activity was detected in WT MED193 -P cultures only. Graph shows mean ± 
standard deviation of triplicates. 

 
Figure 5.5: Membrane lipid composition as relative abundance (%) of pre-starved 
WT MED193 and ∆phoB grown on different P-sources. 
Pre-starved WT MED193 and ∆phoB cultures were grown in ASW supplemented with Pi, 
G1P, G3P, and no P. Membrane lipid composition shows a significant difference (t-test, p-
value <0.05) between differentially labelled cultures. Numbering is specific for cultures; 
colouring refers to lipid. ∆phoB cultures supplemented with G1P and G3P show a higher 
relative abundance of PtdGro than WT MED193. Graph shows mean ± standard deviation 
of triplicates. DGTS, diacylglyceryl-trimethylhomoserine; PtdGro, phosphatidyl-glycerol; 
PtdEtn, phosphatidylethanolamine. 
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Figure 5.5 displays the relative abundance of DGTS, PtdGro, and 

PtdEtn. LC-MS data demonstrated that membrane phospholipids were 

restored in pre-starved WT MED193 and ∆phoB cultures when 

supplemented with Pi, G1P and G3P. Furthermore, whereas DGTS was 

detected in WT MED193 -P with a high relative abundance it was barely 

detectable in all other conditions, confirming that WT MED193 cultures 

supplemented with organic P in the forms of G1P and G3P can overcome 

P limitation and that lipid remodelling was abolished in ∆phoB cultures. 

 Phaeobacter sp. MED193 can utilise the archaeal phospholipid 

backbone G1P as a sole source of P 

Additionally, a proteomic approach was used to identify enzymes that 

are potentially involved in the catabolism of G1P and G3P. Samples of pre-

starved WT MED193 and ∆phoB cultures supplemented with Pi, G1P, and 

G3P were taken after 24 hours of growth and analysed by MS/MS as 

described in section 2.4. A total of 1387 proteins were detected in the 

cellular proteome, but only 629 proteins were detected in the 

exoproteome. The growth data (Figure 5.3) showed that both WT MED193 

and ∆phoB can utilise G1P as a sole source of P. Next, cellular and 

exoproteomics were used to identify enzymes that are putatively involved 

in the catabolism of G1P.  

 

Figure 5.6: Volcano plots of cellular (A) and exo- (B) proteomic data comparing 
WT MED193 G1P to WT MED193 +P cultures. 
Pre-starved WT MED193 cultures that were supplemented with Pi vs WT MED193 cultures 
supplemented with G1P. Scatter points represent proteins. The x-axis is the fold change 
for the ratio between both growth conditions and the y-axis is the statistical p-value. Green 
dots represent proteins that are significantly upregulated in the G1P growth condition 
whereas red dots represent those proteins that are significantly downregulated (p-value 
<0.05, logFC 2). Four proteins namely MED193_09570, MED193_17504, MED193_19449, 
and MED193_22031 are potentially involved in the catabolism of G1P.  
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Thereafter, the cellular and exoproteomes of WT MED193 and 

∆phoB grown on G1P were compared to the cellular and exoproteomes of 

WT MED193 supplemented with Pi (WT MED193 +P). In comparing WT 

MED193 G1P to WT MED193 +P, 33 proteins were deemed significantly 

up- and two proteins significantly downregulated in the cellular proteome 

(Figure 5.6A, Appendix 5.1, p-value <0.05, logFC 2). Similarly, in the 

exoproteome 18 proteins were significantly up- and two proteins 

significantly downregulated (Figure 5.6B, Appendix 5.2, p-value <0.05, 

logFC 2). 

However, in comparing the cellular proteome of ∆phoB G1P to WT 

MED193 +P 51 proteins were significantly up- and 108 significantly 

downregulated (Figure 5.7A, Appendix 5.3, p-value <0.05, logFC 2). In 

the exoproteome, only 17 proteins were significantly up- and 31 

significantly downregulated (Figure 5.7B, Appendix 5.4, p-value <0.05, 

logFC 2). 

 

Figure 5.7: Volcano plots of cellular (A) and exo- (B) proteomic data comparing 
∆phoB G1P to WT MED193 +P cultures. 
Pre-starved WT MED193 cultures that were supplemented with Pi vs ∆phoB cultures 
supplemented with G1P. Scatter points represent proteins. The x-axis is the fold change 
for the ratio between both growth conditions and the y-axis is the statistical p-value. Green 
dots represent proteins that are significantly upregulated in the G1P growth condition 
whereas red dots represent those proteins that are significantly downregulated (p-value 
<0.05, logFC 2). Six proteins namely MED193_09570, MED193_10071, MED193_17504, 
MED193_19449, MED193_19624, and MED193_22031 are potentially involved in the 
catabolism of G1P. 
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was the highest upregulated protein in WT MED193 and ∆phoB confirming 

Pho-independency. MED193_19454 (PhnC, ATPase) and MED193_19459 

(PhnE, permease) were also highly upregulated in the cellular proteomes 

of both WT MED193 and ∆phoB. Together, the three proteins form an ABC 

transporter, annotated as phosphonate transporter (dark blue rows in 

Table 5.1).  

MED193_17504 and another four proteins of the same operon were 

significantly upregulated in WT MED193 and ∆phoB, specifically 

MED193_17484, MED193_17494, MED193_17499, MED193_17509, and 

MED193_17514 (green rows Table 5.1). This group of proteins is predicted 

to form a TonB dependent transporter complex. A second TonB dependent 

transduction complex was detected in both cellular proteomes, formed by 

five proteins of the same operon, genes MED193_22031, MED193_22046, 

MED193_22051, MED193_22056, and MED193_22061 (purple rows in 

Table 5.1). In addition, MED193_09570 (GlpV), annotated as the glycerol 

binding protein of an ABC transporter, was more highly upregulated in WT 

MED193 than in ∆phoB. Despite this, this protein does not seem to be Pho-

regulated. However, GlpS (MED193_09575), annotated as the ATPase of 

the same ABC glycerol transporter, was upregulated in the proteome of 

WT MED193 only, whilst other proteins of this transporter were not 

detected in either proteome (yellow rows in Table 5.1). Additionally, a 

G3PDH (GlpA, MED193_19624) was upregulated in WT MED193 and the 

∆phoB mutant cellular proteome (Table 5.1). This protein is predicted to 

convert G3P to dihydroxyacetone phosphate (DHAP) (Hartley et al., 2017). 

Comparing the top upregulated proteins in the cellular proteomes of WT 

MED193 and ∆phoB, no large differences were discovered between the 

wild type and the deletion mutant.  

Three proteins of the 30 most upregulated proteins of the cellular 

proteome of ∆phoB were identified to be downregulated in the wild type, 

namely MED193_14797 (fold change ∆phoB 6.17, WT MED193 -0.85), 

MED193_15777 (fold change ∆phoB 3.41, WT MED193 -0.18), and 

MED193_19144 (fold change ∆phoB 2.55, WT MED193 -0.01) (Appendix 

5.3). MED193_14797 is annotated as an oxidoreductase/ aminomethyl 

transferase involved in the pyridine pathway, MED193_15777 is predicted 

to encode a glycosyltransferase with an EpsK domain, and MED193_19144 



LINDA MARIA WESTERMANN  CHAPTER 5 

 PAGE | 139 

is annotated as aminomethyl transferase involved in the glycine betaine 

degradation, converting dimethylglycine to sarcosine. 

Table 5.1: Top 30 most upregulated proteins in the cellular proteomes of WT 
MED193 and ∆phoB supplemented with G1P. 
Table lists fold change of 30 most upregulated proteins (p-value <0.05) in the cellular 
proteomes of WT MED193 and ∆phoB in comparison to WT MED193 +P, including locus 
tags, accession numbers, and annotations. Proteins of the same gene cluster are marked 
in the same colour. 

  

The findings in this section demonstrate that MED193 possesses 

several proteins that are potentially involved in the catabolism of G1P. 

Additionally, these proteins are not controlled by the Pho regulon, as all 

proteins are equally upregulated in the wild type and phoB deletion mutant 

cultures. However, biochemical studies of the candidate protein 

MED193_19449 are needed to confirm the substrate specificity of the 

periplasmic substrate-binding protein. 

Identified proteins Accession 
number

Locus tag WT MED193 
fold change

∆phoB    
fold change

TonB dependent iron siderophore receptor EAQ45582 MED193_08013 3.6305 4.3705

TonB dependent iron siderophore receptor, plug EAQ45588 MED193_08043 4.3237 4.1541

ABC glycerol transporter, periplasmic substrate binding protein GlpV EAQ44278 MED193_09570 5.0190 3.3905

ABC glycerol transporter, ATPase GlpS EAQ44279 MED193_09575 2.6570 0.9877

Glyceraldehyde-3-phosphate dehydrogenase GapA EAQ43254 MED193_10071 2.4205 2.7960

ABC iron/B12 (?) transporter, periplasmic substrate binding protein EAQ46986 MED193_17374 2.8319 1.4628

Inner membrane transport system, binding protein dependent FecCD EAQ46987 MED193_17379 2.1808 -0.8798

ABC iron transporter, ATPase EAQ46988 MED193_17384 3.1195 2.7334

ABC-type heme transporter, ATPase HmuV EAQ47008 MED193_17484 4.6360 4.5870

Transmembrane protein, putative periplasmic hemin binding protein EAQ47010 MED193_17494 2.6677 2.3175

Hemin degrading factor HemS EAQ47011 MED193_17499 4.8561 5.0098

TonB dependent hemin receptor protein, plug HmuR EAQ47012 MED193_17504 4.1582 4.9551

Uncharacterized protein EAQ47013 MED193_17509 2.9212 2.9343

TonB dependent transduction complex, outer membrane ExbB EAQ47014 MED193_17514 4.1783 4.2749

Antibiotic biosynthesis monooxygenase domain EAQ47108 MED193_17984 4.7421 4.5462

Uncharacterized protein EAQ47308 MED193_18984 2.8356 -0.9687

ABC phosphonate transporter, periplasmic substrate binding protein PhnD EAQ47401 MED193_19449 7.4876 7.3127

ABC phosphonate transporter, ATPase PhnC EAQ47402 MED193_19454 6.5733 7.0391

ABC phosphonate transporter, permease PhnE EAQ47403 MED193_19459 3.1188 3.3698

Haloacid dehalogenase-like hydrolase EAQ47405 MED193_19469 2.8932 2.8274

Glycerol-3-phosphate dehydrogenase GlpA EAQ47436 MED193_19624 2.3341 2.7035

Uncharacterized protein EAQ47443 MED193_19659 2.6260 0.2366

Putative imelysin, peptidase M75 family EAQ47444 MED193_19664 3.2417 2.9763

Putative hemin uptake system HemP EAQ47446 MED193_19674 3.0926 3.0284

Inner membrane protein, inhibitor of apoptosis-promoting Bax1 BI1 EAQ43490 MED193_21571 2.5192 0.9490

Outer membrane TonB dependent receptor protein, plug EAQ44834 MED193_22031 4.7050 4.8866

TonB dependent transduction complex, outer membrane ExbD EAQ44837 MED193_22046 3.0520 3.1059

TonB dependent transduction complex, outer membrane ExbB EAQ44838 MED193_22051 3.1016 2.8392

Siderophore interacting protein, oxidoreductase EAQ44839 MED193_22056 3.2479 2.4704

ABC iron transporter, ATPase EAQ44840 MED193_22061 2.3195 1.6030

1



LINDA MARIA WESTERMANN  CHAPTER 5 

 PAGE | 140 

 Glycerol-3-phosphate catabolism in Phaeobacter sp. MED193 

Growth experiments (Figure 5.3) and analysis of the membrane lipid 

composition (Figure 5.5) showed that MED193 can utilise G3P after a 

prolonged duration of P-starvation to restore both growth and membrane 

phospholipids. Cellular and exoproteomics were used to understand which 

enzymes play a crucial role in the catabolism of G3P in MED193. Here, the 

proteomes of WT MED193 and ∆phoB supplemented with G3P were 

compared to WT MED193 cultures grown on Pi (WT MED193 +P). Thirty-

nine proteins were significantly upregulated, and eight proteins 

significantly downregulated in the cellular proteome of WT MED193 grown 

on G3P (Figure 5.8A, Appendix 5.5, p-value <0.05, logFC 2) in comparison 

to WT MED193 +P. However, in the exoproteome, only 11 proteins were 

significantly upregulated, but 62 proteins were significantly downregulated 

(Figure 5.8B, Appendix 5.6, p-value <0.05, logFC 2). 

 
Figure 5.8: Volcano plots of cellular (A) and exo- (B) proteomic data comparing 
WT MED193 G3P to WT MED193 +P cultures. 
Pre-starved WT MED193 cultures that were supplemented with Pi vs WT MED193 cultures 
supplemented with G3P. Scatter points represent proteins. The x-axis is the fold change 
for the ratio between both growth conditions and the y-axis is the statistical p-value. Green 
dots represent proteins that are significantly upregulated in the G3P growth condition 
whereas red dots represent those proteins that are significantly downregulated (p-value 
<0.05, logFC 2). Four proteins namely MED193_09570, MED193_17504, MED193_19449, 
and MED193_22031 are potentially involved in the catabolism of G3P. 

Four proteins highly upregulated in both the cellular and 

exoproteome were identified: MED193_09570, MED193_17504, 

MED193_19449, and MED193_22031.  

In comparing the cellular proteome of ∆phoB G3P to WT MED193 

+P, 35 proteins were significantly upregulated, and 46 proteins were 

significantly downregulated (Figure 5.9A, Appendix 5.7, p-value <0.05, 

logFC 2). In the exoproteome of ∆phoB, 20 proteins were significantly 
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upregulated, and 32 proteins were significantly downregulated (Figure 

5.9B, Appendix 5.8, p-value <0.05, logFC 2).  

 
Figure 5.9: Volcano plots of cellular (A) and exo- (B) proteomic data comparing 
∆phoB G3P to WT MED193 +P cultures. 
Pre-starved WT MED193 cultures that were supplemented with Pi vs ∆phoB cultures 
supplemented with G3P. Scatter points represent proteins. The x-axis is the fold change 
for the ratio between both growth conditions and the y-axis is the statistical p-value. Green 
dots represent proteins that are significantly upregulated in the G3P growth condition 
whereas red dots represent those proteins that are significantly downregulated (p-value 
<0.05, logFC 2). Four proteins namely MED193_17504, MED193_19449, MED193_19624, 
and MED193_22031 are potentially involved in the catabolism of G3P. 

Four proteins were upregulated in both the cellular and 

exoproteomes of ∆phoB when grown on G3P compared to WT MED193 +P, 

namely MED193_17504, MED193_19449, MED193_19624, and 

MED193_22031. Interestingly, three of these proteins coincided with 

proteins discovered in the proteomes of WT MED193, namely 

MED193_17504, MED193_19449, and MED193_22031. In contrast, whilst 

the periplasmic substrate-binding protein (annotated as GlpV) of a glycerol 

ABC transporter (MED193_09570) was the sixth highest upregulated 

protein in the cellular proteome of WT MED193, it was significantly 

downregulated in ∆phoB (yellow rows in Table 5.2). This was of particular 

interest as this protein was upregulated in the proteome of ∆phoB G1P 

(see section 5.2.2) and ∆phoB -P (see Chapter 3), confirming that it is Pho 

independent. These findings suggest that in ∆phoB this protein is induced 

by the presence of G1P but not by G3P.  

The 30 most upregulated proteins in the cellular proteomes of WT 

MED193 and ∆phoB, when comparing growth on G3P to the WT MED193 

+P condition, were identical except for four proteins that were 

downregulated in ∆phoB, including the glycerol ABC transporter proteins 
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GlpV (MED193_09570) and GlpS (MED193_09575) (yellow rows in Table 

5.2). 

Table 5.2: Top 30 most upregulated proteins in the cellular proteomes of WT 
MED193 and ∆phoB supplemented with G3P. 
Table lists fold change of 30 most upregulated proteins (p-value <0.05) in the cellular 
proteomes of WT MED193 and ∆phoB in comparison to WT MED193 +P, including locus 
tags, accession numbers, and annotations. Proteins of the same gene cluster are marked 
in the same colour. 

 

By comparison, three significantly upregulated proteins in the cellular 

proteome of ∆phoB were down- or only slightly upregulated in WT 

MED193, namely MED193_15777 (fold change ∆phoB 3.79, WT MED193 -

0.62), MED193_19144 (fold change ∆phoB 2.55, WT MED193 0.19), and 

MED193_16924 (fold change ∆phoB 2.40, WT MED193 0.84) (Appendix 

5.7). MED193_15777 is annotated as a glycosyltransferase with EpsK 

domain, MED193_19144 is a putative dimethylglycine dehydrogenase 

involved in the glycine betaine degradation, and MED193_16924 encodes 

a putative allophanate hydrolase. Intriguingly, the two highest upregulated 

Identified proteins Accession 
number

Locus tag WT MED193 
fold change

∆phoB    
fold change

TonB dependent iron siderophore receptor EAQ45582 MED193_08013 3.8598 4.0689
ABC iron siderophore transporter, periplasmic substrate binding 
protein EAQ45586 MED193_08033 2.0354 1.7085

TonB dependent iron siderophore receptor, plug EAQ45588 MED193_08043 3.8558 3.9727

ABC glycerol transporter, periplasmic substrate binding protein GlpV EAQ44278 MED193_09570 4.3403 -0.8297

ABC glycerol transporter, ATPase GlpS EAQ44279 MED193_09575 2.5900 0.8757

Peptidoglycan binding domain containing protein EAQ43729 MED193_12698 2.2029 2.6237

ABC iron/B12 (?) transporter, periplasmic substrate binding protein EAQ46986 MED193_17374 2.8194 2.0649

ABC iron transporter, ATPase EAQ46988 MED193_17384 2.7851 2.2120

ABC-type heme transporter, ATPase HmuV EAQ47008 MED193_17484 4.3159 4.2996

Transmembrane protein, putative periplasmic hemin binding protein EAQ47010 MED193_17494 2.9053 2.7273

Hemin degrading factor HemS EAQ47011 MED193_17499 4.4914 4.7661

TonB dependent hemin receptor protein, plug HmuR EAQ47012 MED193_17504 4.3153 4.6599

Uncharacterized protein EAQ47013 MED193_17509 2.8744 3.3076

TonB dependent transduction complex, outer membrane ExbB EAQ47014 MED193_17514 3.9424 4.0950

Antibiotic biosynthesis monooxygenase domain EAQ47108 MED193_17984 4.2484 4.6397

Uncharacterized protein EAQ47308 MED193_18984 2.6056 -0.2521

ABC phosphonate transporter, periplasmic substrate binding protein PhnD EAQ47401 MED193_19449 7.8864 7.0897

ABC phosphonate transporter, ATPase PhnC EAQ47402 MED193_19454 6.6694 6.3570

ABC phosphonate transporter, permease PhnE EAQ47403 MED193_19459 3.1347 2.7649

Haloacid dehalogenase-like hydrolase EAQ47405 MED193_19469 2.6502 2.3440

Glycerol-3-phosphate dehydrogenase GlpA EAQ47436 MED193_19624 2.8085 2.4261

Putative imelysin, peptidase M75 family EAQ47444 MED193_19664 4.3752 2.8250

Putative hemin uptake system HemP EAQ47446 MED193_19674 2.5737 3.2824

Inner membrane protein, inhibitor of apoptosis-promoting Bax1 BI1 EAQ43490 MED193_21571 2.3235 0.2283

Outer membrane TonB dependent receptor protein, plug EAQ44834 MED193_22031 4.9229 4.7965

TonB dependent transduction complex, outer membrane ExbD EAQ44837 MED193_22046 2.0273 3.0265

TonB dependent transduction complex, outer membrane ExbB EAQ44838 MED193_22051 3.1404 2.5690

Siderophore interacting protein, oxidoreductase EAQ44839 MED193_22056 2.9577 2.3800

ABC iron transporter, ATPase EAQ44840 MED193_22061 1.9767 1.7138

ABC iron/B12 (?) transporter, periplasmic substrate binding protein FecB2 EAQ44843 MED193_22076 2.3396 2.6082

2
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proteins in the cellular proteome of WT MED193 and ∆phoB when 

comparing growth on G3P to the WT MED193 +P condition belong to a 

putative ABC phosphonate transporter, namely the periplasmic binding 

protein PhnD (MED193_19449) and an ATPase PhnC (MED193_19454).  

Another two proteins of the same operon were upregulated in both 

proteomes: a permease PhnE (MED193_19459) and a haloacid 

dehalogenase-like hydrolase (MED193_19469) which includes carbon and 

phosphorus hydrolases (dark blue rows in Table 5.2). Additionally, two 

operons encoding TonB dependent transduction complexes were found 

within the top 30 upregulated proteins of WT MED193 and ∆phoB (green 

and purple rows in Table 5.2). Finally, a G3PDH (GlpA, MED193_19624) 

was significantly upregulated in the wild type and the phoB deletion mutant 

(Table 5.2).  

The data presented in this section demonstrates that several proteins 

are potentially involved in the catabolism of G3P. Abolishing the phosphate 

stress response in the phoB deletion mutant didn’t influence the transport 

process of G3P which confirmed that G3P catabolism is not Pho regulated. 

However, more studies are needed to confirm substrate-binding proteins 

and other proteins involved in the G3P metabolism. 

 Identification of identical proteins that are involved in G1P and G3P 

transport in Phaeobacter sp. MED193 

Proteomic analysis revealed that several proteins that were 

significantly upregulated in WT MED193 and ∆phoB cultures supplemented 

with G1P were also significantly upregulated in WT MED193 and ∆phoB 

G3P cultures in comparison to WT MED193 +P cultures. This included four 

periplasmic substrate-binding proteins and two dehydrogenases (Table 

5.3). MED193_09570 (annotated as GlpV) is a component of an ABC 

glycerol transporter, MED193_19449 (annotated as PhnD) is the 

substrate-binding protein of an ABC phosphonate transporter. Both 

transporters are not Pho-regulated and are induced in both WT MED193 

and the ∆phoB mutant. However, clear differences can be seen in the fold 

change of both transporters.  
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Where MED193_19449 is highly upregulated in all four conditions 

tested, MED193_09570 is downregulated in ∆phoB G3P. However, the 

ATPase (GlpS, MED193_09575) of this transporter was downregulated in 

the ∆phoB mutant supplemented with G1P and G3P. Another ATPase of 

this transporter (GlpT, MED193_09580) and the two permeases (GlpP, 

MED193_09585 and GlpQ, MED193_09590) were not detected in the 

proteomes of WT MED193 and ∆phoB grown on G1P and G3P. In contrast, 

the components of the ABC phosphonate transporter, namely the 

periplasmic substrate-binding protein PhnD (MED193_19449), the ATPase 

PhnC (MED193_19454), and the permease PhnE (MED193_19459), as well 

as a haloacid dehalogenase-like phosphatase (MED193_19469) were 

highly upregulated in the WT MED193 and ∆phoB cultures supplemented 

with G1P and G3P. The other two transporters that were upregulated in 

cultures supplemented with G1P and G3P in comparison to WT MED193 +P 

cultures are annotated as TonB dependent outer membrane transporters. 

Additionally, two dehydrogenases were upregulated in WT MED193 and 

were highly upregulated in the WT MED193 and ∆phoB cultures 

supplemented with G1P and G3P, namely MED193_10073 (annotated as 

GapA) and MED193_19624 (annotated as GlpA). 

 Description of a novel periplasmic dihydroxyacetone phosphate-

binding protein of Phaeobacter sp. MED193, correlated to the 

transport of G1P and G3P 

Findings of this chapter and section 4.2.6 identified a periplasmic 

substrate-binding protein that was significantly upregulated in all growth 

experiments supplemented with PG, independent of the substrate chirality 

and Pho regulon. MED193_19449 was overexpressed by collaborators in 

China and substrate specificity biochemically determined. Here, MST was 

used to show the binding affinity of MED193_19449 towards DHAP, an 

oxidation product of G3P (Hartley et al., 2017). For this purpose, the 

protein was overexpressed and purified. Next, it was labelled in assay 

buffer, mixed with serially diluted concentrations of DHAP, and the binding 

affinity was measured (see section 2.3.4). Results were analysed and 

plotted (Figure 5.10). MST analysis showed a binding affinity (Kd) of 288.9 

± 47.4 µM DHAP for MED193_19449. Other tested substrates, including 
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Pi, phosphite, PE, PC, G1P, G3P, and 2-AEP showed no binding affinity to 

the MED193_19449 protein. 

 

Figure 5.10: MicroScale Thermophoresis analysis defining binding affinity of 
MED193_19449 to dihydroxyacetone phosphate.  
Purified protein was mixed with serially diluted concentrations of DHAP, and binding affinity 
was measured. The x-axis represents the logarithmic concentration of serial diluted DHAP 
(M); the y-axis represents the normalised fluorescence (Fnorm). Binding affinity was 
calculated with Kd of 288.9 ± 47.4 µM. n=3. 

As proven by MST, MED193_19449 is a novel DHAP binding protein 

component of a transporter belonging to the ATP-Binding Cassette (ABC) 

superfamily. This superfamily includes uptake and efflux transporters 

(Saurin et al., 1999), where transport is energized by ATP hydrolysis. 

Members of the ABC superfamily are grouped by substrate specificity. 

Several members associated with inorganic and organic phosphate 

transport have been characterised and classified before (Bisson et al., 

2017). In marine environments, P occurs in either inorganic or organic 

forms with various valance states (Karl, 2014). The DIP pool is dominated 

by variably protonated orthophosphates like H2PO4-, HPO4
2-, and PO4

3-. In 

these orthophosphates, P occurs in the fully oxidised (P5+) valance state 

(Van Mooy et al., 2015; Ruttenberg, 2019).  

Similarly, the DOP pool is dominated by phosphomonoesters and 

phosphodiesters (C-O-P) where P also occurs in its (P5+) valence state (Van 

Mooy et al., 2015; Ruttenberg, 2019). Then, around 20 years ago, 

phosphonates (C-P) have been discovered in the marine DOP pool (Quinn 

et al., 2007; McGrath et al., 2013). In phosphonates, P exists in the (P3+) 

valence state (Van Mooy et al., 2015; Bisson et al., 2017; Ruttenberg, 
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2019). Since the discovery of phosphonates in the marine environment, 

many proteins have been identified and characterized that are involved in 

the so-called C-P lyase machinery, proteins that are required for the 

transport and degradation of phosphonates (e.g., Rizk et al., 2006; Alicea 

et al., 2011; Villarreal-Chiu et al., 2012; Seweryn et al., 2015). More 

recently, a new type of inorganic phosphate has been reported in the DIP 

pool, namely phosphite (PO3
3-) and hypophosphite (H2PO2

-). In phosphite, 

the P atom exists in the (P3+) valence state, identical to phosphonates, 

whereas the P atom of hypophosphite occurs in its (P1+) valence state (Van 

Mooy et al., 2015; Bisson et al., 2017; Sosa, 2017; Ruttenberg, 2019). It 

has recently been reported that many bacterial species can utilise 

phosphite and hypophosphite as a source of P, often oxidising it to 

phosphate first (e.g., White & Metcalf, 2004; Poehlein et al., 2013; 

Polyviou et al., 2015). However, only recent studies have identified high-

affinity binding proteins of phosphite and hypophosphite (Bisson et al., 

2017).  

In the work by Bisson et al. (2017), proteins of the 

phosphonate/phosphite/phosphate periplasmic substrate-binding protein 

family Pfam12974 that bind selenophosphate (Sel-P), hypophosphite 

(HxtB), phosphite (PtxB), C-P substrates (C-P), and phosphonates (PhnD) 

have been selected to create a phylogenetic tree and demonstrate the 

relationship between members of this protein family. However, substrates 

of several substrate-binding proteins annotated as PhnD remain unclear. 

To understand the phylogeny of MED193_19449, the list of proteins 

investigated by Bisson et al. (2017) was included with MED193_19449, 

close homologs of this protein (retrieved through BLAST), and the C-P 

lyase binding protein MED193_10161 (Appendix 5.9). Next, a MSA was 

used to create a neighbour-joining tree, for more details see section 2.7 

(Edgar, 2004a, 2004b; Capella-Gutiérrez et al., 2009; Trifinopoulos et al., 

2016). The phylogenetic tree displayed a clear separation between ABC 

superfamily members (Figure 5.11). MED193_19449 clusters together 

with its homologs and apart from other groups and is closest related to the 

group of phosphite binding proteins (PtxB).  

In this section a novel substrate-binding protein from MED193 

linked to the transport of G1P and G3P is described. This substrate-binding 
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protein demonstrably binds DHAP, an oxidation product of G3P. 

Interestingly, this protein is Pho-independent and was shown to be induced 

by the presence of G1P and G3P. Furthermore, MED193_19449 was the 

highest upregulated protein in the cellular and exoproteomes of WT 

MED193 and ∆phoB supplemented with G1P, G3P, and a mixture of both 

enantiomers. However, it is still unclear which dehydrogenase is involved 

in the conversion of G3P and potentially G1P to DHAP. Candidate proteins 

have been identified but more work, including mutagenesis and 

biochemical studies, is needed to confirm the complete catabolism of G1P 

and G3P in MED193. 

 

Figure 5.11: Phylogeny of the dihydroxyacetone phosphate binding protein from 
MED193 within the ATP-Binding Cassette (ABC) superfamily. 
The phylogenetic tree represents members of the ABC superfamily associated with organic 
phosphate transport, including phosphite (PtxB), hypophosphate (HtxB), selenophosphate 
(Sel-P), C-P lyase substrates (C-P), and unknown substrates of proteins annotated as 
phosphonate binding proteins (SBP). The DHAP binding protein of MED193 (P.MED193 SBP) 
clusters within the group of other SBPs of unknown substrates. PtxB, associated with 
phosphite binding, is related closest to SBPs. Branch length represents the expected 
number of substitutions per site (see scale bar). 

 Discussion 

Membrane glycerophospholipids are ubiquitous in all three domains 

of life. However, structural differences have been discovered between 

Bacteria and Archaea (Suzumura, 2005; Schouten et al., 2013; Caforio & 
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Driessen, 2017; Moellering et al., 2017; Harayama & Riezman, 2018; 

Coleman et al., 2019; Law & Zhang, 2019; Exterkate et al., 2021). 

The results of section 4.2.6 showed that MED193 can utilise a 

mixture of G1P and G3P as a sole source of P. Since this bacterium was 

first isolated from the spatially P-depleted Mediterranean Sea (Lazzari et 

al., 2016), it qualifies as a model organism for P-limitation studies. 

Adaptation to P-limitation includes mechanisms to acquire Pi from organic 

P-sources (Tetu et al., 2009; Cox & Saito, 2013; Lin et al., 2018), including 

membrane phospholipids that are released by marine organisms, i.e., 

archaea, upon cell death. It seems likely that marine bacteria can scavenge 

P from these ‘waste products’. Archaea conduct crucial processes within 

the microbial loop, such as ammonia oxidation (Jarrell et al., 2011). In 

addition, new studies suggest that archaea contribute more than 20% of 

the total marine microbial community (Karner et al., 2001). For example, 

in the Mediterranean seas, archaea account for around 40-60% of the 

prokaryotic cell count (Fuhrman & Campbell, 1998; Chaban et al., 2006). 

Archaea are ubiquitous and play an important part in the marine food web. 

Therefore, more research is needed to understand the interactions 

between archaea and other microorganisms. This work sheds some light 

on how the marine model organism Phaeobacter sp. MED193 can acquire 

P from bacterial and archaeal phospholipids. 

For the first time, we used several methods, including lipidomics to 

study the membrane lipid composition of MED193, a proteomic approach 

to identify enzymes that are required for the acquisition of Pi from G1P and 

G3P, and enzyme kinetics to determine the substrate of a periplasmic 

binding protein involved in PG transport. Furthermore, apart from the wild 

type (WT MED193), we studied the lipidome and proteome of a phoB 

deletion mutant (∆phoB) to understand if the transport of PG is Pho 

regulated.  

First, the findings of this chapter confirmed that pre-starved -P WT 

MED193 and ∆phoB cultures can grow on G1P and G3P as a sole source of 

P and equally use both compounds (Figure 5.3). There was no significant 

difference between the growth of WT MED193 G1P and WT MED193 G3P, 

as well as ∆phoB G1P and ∆phoB G3P. Previous studies have demonstrated 

that G3P can be used as a sole source of P by various bacteria. For 
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example, the growth of several Pseudomonas strains supplemented with 

G3P showed no distinction from cultures grown on Pi (Lidbury et al., 2017). 

Wild type Staphylococcus aureus was grown on 58 P-containing 

compounds, including a mixture of G1P and G3P, and G3P only (Kelliher et 

al., 2020). Here, endpoint OD600 was reduced by ~5-15% in cultures 

supplemented with PG in comparison to control cultures grown on Pi. In 

contrast, the difference between endpoint OD540 of WT MED193 cultures 

supplemented with G3P and Pi was more than 50%. Importantly, S. aureus 

was not exposed to a prolonged period of P-starvation as the cultures in 

this study. Furthermore, the final OD600 of a S. aureus phoB deletion 

mutant grown on G3P was reduced by ~ 30% in comparison to the wild 

type, similar to the results obtained here. To date, no growth experiments 

in other prokaryotes have been conducted using G1P as a sole source of 

P.  

Next, alkaline phosphatase activity was measured to investigate if 

phosphatases are required for the growth of pre-starved WT MED193 and 

∆phoB cultures on PG (Figure 5.4). As expected, high alkaline phosphatase 

activity was measured in P-deplete WT MED193 cultures, where alkaline 

phosphatase activity exceeded 12.5 µM OD540
-1 min-1 for samples 

incubated with pNPP and 7 µM OD540
-1 min-1 for samples incubated with 

pNPPC. However, in all other conditions, alkaline phosphatase activity 

stayed below 2.5 µM OD540
-1 min-1 independent of the addition of the 

phosphate monoester or phosphate diester. This suggests that the G1P 

and G3P pathway doesn’t induce general phosphatase activity. In addition, 

the low alkaline phosphatase activity measured in P-deplete ∆phoB 

cultures confirms that silencing the Pho regulon abolishes almost all 

phosphatase activity.  

Exploring the membrane lipid composition of WT MED193 and 

∆phoB cultures after 24 hours of growth, data confirmed that 

glycerophospholipids were restored in pre-starved -P WT MED193 cultures 

grown on G1P, G3P, and Pi and lipid remodelling was abolished in the 

∆phoB mutant (Figure 5.5). Independent of the substrate chirality both 

G1P and G3P can be used to reinstate growth and membrane 

phospholipids. There was no significant difference in the relative 

abundance of lipids between WT MED193 and between ∆phoB cultures 
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supplemented with a source of P after P-starvation (t-test, p-value <0.05). 

This confirms that Pi and both PG forms can equally reinstate or preserve 

glycerophospholipids. Comparing the lipid composition of ∆phoB cultures, 

the relative abundance of PtdGro was around three times higher in cultures 

supplemented with Pi, G1P, and G3P than in P-starved cultures. Studies 

using isotope labelled G1P and G3P would help to understand if both 

compounds are equally incorporated into the backbone or polar headgroup 

of membrane phospholipids. 

To investigate the response of MED193 to G1P and G3P, a proteomic 

approach was used to determine key enzymes that are potentially involved 

in the catabolism of both P-compounds. Thereafter, LC-MS/MS was used 

to identify proteins of WT MED193 and ∆phoB that are synthesised during 

the mid-exponential growth phase when cultures were supplemented with 

G1P and G3P as a sole source of P. Comparing WT MED193 and ∆phoB 

cellular and exoproteomes to the proteome of the control WT MED193 +P 

culture, proteins were highlighted that were specifically induced by PG. 

Here, the most upregulated protein in WT MED193 and ∆phoB cultures 

supplemented with G1P and G3P was MED193_19449. This protein is 

annotated as PhnD, a phosphonate binding protein of an ABC transporter. 

The operon consists of another four proteins, including an ATPase (PhnC, 

MED193_19454), two permeases (PhnE MED193_19459 and 

MED193_19464) and a putative phosphatase of the haloacid dehalogenase 

hydrolase (MED193_19469). Of the five proteins of this operon, 

MED193_19464 was not detected in the proteome of WT MED193 and 

∆phoB, implying that both permeases are not required for the functionality 

of the ABC transporter. MS/MS counts confirmed that this operon is 

induced by G1P and G3P (Table 5.4). Where proteins of this operon were 

detected in cultures supplemented with G1P and G3P, these proteins were 

not found in control cultures grown on Pi.  

It is noteworthy, that, although proteomics allows for large-scale 

and high-throughput analyses of proteomes, there are still significant 

limitations to this method. One of these limitations is the complexity of the 

proteome. Several million proteins have been discovered to date and it is 

unlikely that the whole proteome of an organism can be detected through 

proteomics (Betzen et al., 2015). It seems likely, that proteomics primarily 
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detects highly abundant proteins but finds its limits in detecting lower 

abundant components (Chandramouli & Qian, 2009). Concerning data 

discussed in this work, it is important to factor in detection limits for 

proteins that are not or barely detectable in the proteomes of MED193 and 

∆phoB. 

Interestingly, MED193_19469 is a homolog (Seq.ID 30%, e-value 

4e-07) of Rv1692, a recently described G3P phosphatase of Mycobacterium 

tuberculosis (Larrouy-Maumus et al., 2013). Here, Rv1692 was shown to 

be involved in phospholipid polar headgroup recycling, degrading G3P to 

glycerol and Pi. In comparison to MED193, M. tuberculosis is not known to 

use lipid remodelling as a P-stress response. The predicted pathway in M. 

tuberculosis indicates that the interaction of ten proteins is needed to 

recycle phospholipids.  

Table 5.4: MS/MS count of phosphonate ABC transporter proteins detected in 
cellular proteome of WT MED193 and ∆phoB. 
MED193_19449 (PhnD), periplasmic substrate-binding protein; MED193_19454_PhnC, 
ATPase; MED193_19459 (PhnE), permease; MED193_19469, haloacid dehalogenase 
hydrolase.  

 

All findings indicated that MED193_19449 is the substrate-binding 

protein of an ABC transporter involved in the uptake of G1P and G3P. 

Therefore, our collaborators in China overexpressed this protein and tested 

the binding affinity of MED193_19449 towards various substrates, 

including G1P, G3P, glycerol, 2-AEP, and DHAP. However, MST confirmed 

binding of MED193_19449 for DHAP only, with an affinity Kd of 288.9 ± 

47.4 µM (Figure 5.10). DHAP is the oxidation product of G1P and G3P. 

Protein /      
MS/MS count

PhnD, 
MED193_10071

PhnC, 
MED193_10071

PhnE, 
MED193_19624 MED193_19469

MS/MS count 

∆phoB G1P
58 64 20 11

MS/MS count 

∆phoB G3P
51 48 13 10

MS/MS count 

∆phoB +P
0 0 0 0

MS/MS count 

WT G1P
70 58 29 9

MS/MS count 

WT G3P
98 80 26 10

MS/MS count 

WT +P
4 0 0 0

32
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Oxidation of PG is catalysed by a G3PDH (Hartley et al., 2017). It has been 

demonstrated that human and Dunaliella salina G3PDH can work 

bidirectionally, also reversing the oxidation process (Ou et al., 2006; Chen 

et al., 2012). For example, the G3PDH in humans is required for the 

conversion of DHAP to G3P, an intermediate product of the Embden-

Meyerhof glucose glycolysis pathway (Ou et al., 2006).  

However, in humans and E. coli, uptake of G3P doesn’t require a 

preceding oxidation step as required in MED193. In E. coli, a protein named 

GlpT functions as a G3P/Pi antiporter and is driven by a Pi gradient (Huang 

et al., 2003; Lemieux et al., 2004). In humans, two orthologs of GlpT exist, 

namely a G3P permease that transports G3P into mitochondria, and a 

microsomal G6P transporter, found in the lungs and kidneys (Bartoloni et 

al., 2000; Lemieux et al., 2004; Almqvist et al., 2004). However, the GlpT 

transporter protein from E. coli doesn’t have a homolog in MED193. Two 

different dehydrogenases were detected in the exo- and cellular proteome 

of WT MED193 and ∆phoB, a G3PDH (MED193_19624, GlpA) and a 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH, MED193_10071, 

GapA). MS/MS count showed that the detection level of both proteins was 

higher in WT MED193 and ∆phoB cultures supplemented with G1P and G3P 

than in control cultures grown on Pi.  

Table 5.5: MS/MS count of G3PDH detected in the exo- (EP) and cellular proteome 
(CP) of WT MED193 and ∆phoB. 
MED193_10071 (GapA), glyceraldehyde-3-phosphate dehydrogenase; MED193_19624 
(GlpA), G3P dehydrogenase. 

 

Protein /      
MS/MS count

GapA, 
MED193_10071 
EP

GapA, 
MED193_10071 
CP

GlpA, 
MED193_19624 
CP

MS/MS count 

∆phoB G1P
9 60 18

MS/MS count 

∆phoB G3P
15 57 19

MS/MS count 

∆phoB +P
3 12 8

MS/MS count 

WT G1P
29 74 32

MS/MS count 

WT G3P
9 54 54

MS/MS count 

WT +P
11 23 9

35
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However, only the GAPDH GapA (MED193_10071) was detected in 

the exoproteome. Here, GapA was significantly upregulated in WT MED193 

G1P cultures solely (fold change +2.22, p-value <0.05, logFC 2, Appendix 

5.2). By comparison, both GapA and GlpA were significantly upregulated 

in the cellular proteome of WT MED193 and ∆pho cultures supplemented 

with G1P and G3P, confirmed by higher MS/MS count in these conditions 

(Table 5.5, Appendix 5.1, Appendix 5.3, Appendix 5.5, Appendix 5.7). 

Specifically, GlpA had a higher detection level in WT MED193 cultures 

grown on G3P.  

We hypothesise that an extracellular, but membrane bound G3PDH 

(MED193_19624) dehydrogenates G3P to DHAP in Phaeobacter sp. 

MED193 (Figure 5.12). G1P is potentially dehydrogenated to DHAP by an 

extracellular GAPDH (MED193_10071). Thereafter, MED193_19449 binds 

DHAP and transports it across the inner membrane. Intracellularly, a 

membrane-bound G3PDH (MED193_19624) reverses the oxidation 

process and converts DHAP back to G1P and G3P, respectively. Finally, a 

G3P phosphatase (MED193_19469) of the HAD family hydrolases G1P and 

G3P, hereby releasing Pi.  

However, more studies are needed to confirm this hypothesis, 

including biochemical studies of both dehydrogenases, G3PDH 

(MED193_19624) and GAPDH (MED193_10071), and the G3P 

phosphatase (MED193_19469). Furthermore, phylogenetic studies 

revealed that MED193_19449 and its homologs form a new group of 

substrate-binding proteins within the ABC transporter superfamily (Figure 

5.11). Further studies are needed to define if there are any more 

substrates of this binding protein, and crystallography can help to identify 

key amino acids of the active site of MED193_19449. Finally, a 

combination of these results will help to complement the phylogenetic tree 

and describe this new ABC transporter group. 
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CHAPTER 6 HUNTING THE ELEMENTS – UNRAVELLING THE 

BIOCHEMISTRY OF PHOSPHATASES IN SYNECHOCOCCUS 

SP. WH8102 

 Introduction 

Even though phosphorus (P) is one of the most common elements 

in the Earth’s crust, its availability is limited. P is essential for all living 

organisms (Koolman & Röhm, 2019); hence, P-limitation can drastically 

influence growth. In marine environments, P occurs in different inorganic 

and organic forms (Karl, 2014). Inorganic phosphate (Pi), the preferred 

source of P for organisms, constitutes only a small fraction of the total P 

pool, which is dominated by dissolved organic P (Wu et al., 2000; 

Cavender-Bares et al., 2001; Kelly et al., 2013; Karl, 2014).  

As a result of limiting P-environments, organisms have had to adapt 

to those conditions, including synthesis of specific Pi acquisition systems 

(Scanlan et al., 1993; Hirani et al., 2001; Pitt et al., 2010; Cox & Saito, 

2013), the development of mechanisms to reduce P-requirements (e.g., 

lipid remodelling) (Van Mooy et al., 2006, 2009; Sebastián et al., 2016), 

or the ability to utilise alternative organic P-sources (Tetu et al., 2009; Cox 

& Saito, 2013; Lin et al., 2018). These adaptation mechanisms are of great 

importance since major parts of the global oceans are P-deplete 

(Ammerman et al., 2003; Paytan & McLaughlin, 2007; Karl, 2014). Here, 

the marine primary production is dominated by photoautotrophic 

organisms (Field et al., 1998; Flombaum et al., 2013; Grob et al., 2013).  

The two major primary producers are members of the genera 

Synechococcus and Prochlorococcus. Even though Synechococcus is more 

widely distributed, its abundance is generally about one order of 

magnitude lower than Prochlorococcus in regions where they co-occur (Li, 

1995; Ahlgren & Rocap, 2012; Flombaum et al., 2013). Members of the 

marine Synechococcus genus are characterised as small, unicellular, and 

ovoid cylindrical cyanobacteria (Waterbury et al., 1986). In addition, 

Synechococcus is widely distributed in the global marine environment, with 

habitats ranging from tropical waters to the polar circle. Adaptation to 

various environmental conditions is evident, resulting in a rich diversity of 
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strains and ecological niche adaptation (Scanlan et al., 2009; Palenik, 

2012). Within the genus Synechococcus, the development of generalists 

and specialists resulted in the evolution of new variants which are divided 

into several lineages and clades. It is suggested that all Synechococcus 

strains share a ‘core’ genome, a potential clade-specific genome and a 

strain-specific genome (Palenik, 2012).  

Synechococcus sp. WH8102 (hereafter Syn. WH8102), a model 

organism of Synechococcus clade III, dominates warm and oligotrophic 

environments (Palenik et al., 2003; Scanlan et al., 2009; Ahlgren & Rocap, 

2012). The P-stress response of Syn. WH8102 has been studied 

extensively (e.g., Hirani et al., 2001; Scanlan & West, 2002; Palenik et al., 

2003; Moore et al., 2005; Tetu et al., 2009). Interestingly, one of the 

adaptation mechanisms of Syn. WH8102 to limiting P-conditions is the 

synthesis of different phosphatases to release Pi from organic P-sources 

(Aiba & Mizuno, 1994; Hirani et al., 2001; Suzuki et al., 2004; Moore et 

al., 2005; Tetu et al., 2009; Casey et al., 2016). Bioinformatics analysis 

revealed that for this purpose, Syn. WH8102 possesses multiple genes that 

encode four putative ‘alkaline’ phosphatases (SYNW0120, SYNW0196, 

SYNW2391, SYNW2390) (Palenik et al., 2003; Tetu et al., 2009) and one 

PhoX-type phosphatase (SYNW1799) (Scanlan et al., 2009; Kathuria & 

Martiny, 2011). Whilst on the face of it the function of these enzymes 

during P-limitation is relatively well understood, in fact, nothing is known 

about their biochemistry, such as metal cofactors and substrate specificity. 

For example, zinc, calcium, and iron are believed to be common metal 

cofactors for most ‘alkaline’ phosphatases (Majumdar et al., 2005; Shaked 

et al., 2006; Cox & Saito, 2013; Yong et al., 2014).  

In this chapter, we used a combination of bioinformatics studies, 

such as sequence analysis and protein modelling, and biochemical analysis 

to confirm the presence of a PhoD and PhoX type phosphatase in Syn. 

WH8102. 

 Results 

Syn. WH8102 possesses four putative ‘alkaline’ phosphatases 

(SYNW0120, SYNW0196, SYNW2390, and SYNW2391), and one PhoX-

type phosphatase (SYNW1799). Although the general function of these 
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phosphatases is relatively well understood, nothing is known about their 

biochemistry, including metal requirement and substrate specificity. In this 

chapter, a combination of bioinformatics and protein overexpression was 

used to answer some of these questions. Moreover, only four of these 

phosphatases SYNW0196, SYNW1799, SYNW2390, and SYNW2391 were 

focused upon. Even though SYNW0120 is annotated as a putative alkaline 

phosphatase-like protein, with an estimated molecular weight of only 24 

kDa, conserved domain analysis revealed that the protein most likely 

belongs to the DedA family (Lu et al., 2020), consisting of uncharacterised 

membrane proteins. This protein family is associated with various cell 

processes, such as antibiotic resistance, cell division, temperature 

sensitivity, and altered membrane composition (Doerrler et al., 2013; 

Kumar & Doerrler, 2014; Panta et al., 2019), and hence was left out of the 

analysis here.  

First, to gain a better understanding of the four phosphatases 

SYNW0196, SYNW1799, SYNW2390, and SYNW2391, the software tool 

ProtParam in Expasy was used to retrieve some biochemical information 

about these phosphatases (Table 6.1) (Gasteiger et al., 2005). The 

ProtParam data showed that the number of amino acids ranges from 576 

to 750 and that all four proteins are relatively large with a minimum size 

of 63 kDa and a maximum size of 80 kDa. The theoretical isoelectric point 

(pI) is similar for all four proteins and lies within the range of 4.1 and 5.0. 

At this pH, the net charge of the protein is zero. For example, if the pH of 

the purification buffer is higher than the pI of the protein, the protein 

charge becomes negative. The charge of the protein can be important for 

affinity purification (Ritchie, 2012). Sulphur atoms count is important for 

proper calculation of protein concentration through inductively coupled 

plasma optical emission spectrometry (ICP-OES) (Suzuki et al., 2014). The 

number of sulphur atoms was 20 in SYNW1799 and between six and nine 

in the other three phosphatases. In addition, the instability index estimates 

the stability of the protein in a test tube. If the calculated value is below 

40, the protein is most likely stable, whereas a value higher than 40 

indicates that the protein might be unstable (Gasteiger et al., 2005). 

According to the calculated instability index, only SYNW1799 is unstable, 

indicating that this protein might be difficult to overexpress and purify. 
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Table 6.1: Parameters retrieved from the ProtParam tool by Expasy regarding the 
Synechococcus phosphatases SYNW0196, SYNW2390, SYNW2391, and 
SYNW1799. 
Parameters include the number of amino acids, predicted molecular weight of the protein 
in Dalton, the theoretical isoelectric point (pI), number of Sulphur atoms, and the instability 
index which determines if a protein is probably stable (<40) in a test tube.  

 

 Protein overexpression and purification 

Protein biochemistry is a field of research that is used to characterise 

proteins like pH optimum, metal requirements, substrate specificity, and 

protein localization. Therefore, overexpression and purification of 

candidate proteins are required. Plasmids for all four phosphatases 

(SYNW0196, SYNW1799, SYNW2390, and SYNW2391) were synthesised 

via GeneArtTM. Sequences were codon optimised for E. coli and sequences 

of SYNW0196, SYNW2390, and SYNW2391 cloned into a pET151/D-TOPO 

expression vector with N-terminal His-Tag (see section 2.2.1). These 

expression vectors were then transformed into the chemically competent 

T7 E. coli expression strain BL21 (DE3) (see section 2.2.4). Importantly 

for purification, the protein must be soluble. Therefore, overexpression 

was tested in various growth and expression conditions, as summarized in 

Table 6.2 (a detailed list can be found in Appendix 6.1) and solubility 

verified by SDS-PAGE (see 2.2.8). In the beginning, the expression of 

SYNW0196 and SYNW2391 resulted in insoluble protein only (Table 6.2a, 

e). The insoluble fraction mostly consists of inclusion bodies, containing 

misfolded proteins, and hydrophobic membrane proteins (Trimpin & 

Brizzard, 2018). Because of this, the codon optimised sequences of 

SYNW0196 and SYNW2391 were cloned into a pMAL c4x vector which co-

expressed a maltose-binding protein that can increase the solubility of the 

overexpressed protein (see section 2.2.2.1). In doing so the expected 

protein size increased by around 43 kDa. Thereafter, the solubility of 

Parameters SYNW0196 SYNW2390 SYNW2391 SYNW1799

Number of amino acids 749 750 576 716

Molecular weight (Da) 80393.83 79947.12 63036.21 76186.89

Theoretical pI 4.26 4.16 4.39 5.00

Sulphur atoms 9 8 6 20

Instability index 38.07 31.44 29.15 43.09

Stability               . stable stable stable unstable

1
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SYNW0196 and SYNW2391, cloned into a pMAL c4x vector, was reached 

in three overexpression conditions: in self-inducing minimal medium 

(MDA-5052), self-inducing rich medium (ZYM-5052), and self-inducing 

terrific broth (TB-5052) (Table 6.2b, f). SYNW2390 was soluble in almost 

all conditions tested (Table 6.2). However, SYNW1799 could not be 

overexpressed in any of the conditions, independent of the expression 

vector and gene sequence used (for more details see section 2.2.3, Table 

6.2c, d).  

Table 6.2: Conditions used for overexpression of Synechococcus sp. WH8102 
phosphatases in E. coli. 
The first column lists conditions used for overexpression: FormediumTM; LB, lysogeny 
broth; M9, minimal standard medium; MDA-5052, minimal self-inducing medium; TaKaRa, 
LB and M9 co-expressed with different TaKaRa chaperones; TB-5052, self-inducing terrific 
broth; ZYM-5052, rich self-inducing medium. Genes of phosphatases were cloned in 
different expression vectors: SYNW0196, pET151/D-TOPO (a) and pMAL c4x (b); 
SYNW1799, pET151/D-TOPO (c) and pet22b(+) (d); SYNW2390, pET151/D-TOPO; 
SYNW2391, pET151/D-TOPO (e) and pMAL c4x (f). Protein was either insoluble, soluble 
(highlighted in green), or not expressed (no protein).  

 

 Not only is protein solubility essential, but protein yield is also 

another important criterion for protein purification since small amounts of 

protein can get lost during the purification process. It is of great advantage 

if an overexpression condition results in a high protein yield. Comparison 

Protein /    
Condition SYNW0196 SYNW1799 SYNW2390 SYNW2391

Expression vector   
and strain

pET151/D-TOPO (a) 
pMAL c4x (b) 

pET151/D-TOPO (c) 
pet22b(+) (d) pET151/D-TOPO pET151/D-TOPO (e) 

pMAL c4x (f) 

FormediumTM: 
various temperatures, 
self-inducing 

insoluble    
protein            

(a)

insoluble    
protein

insoluble    
protein            

(e)

LB:                   
various temperatures, 
IPTG concentrations, 
and additives

insoluble    
protein            
(a, b)

soluble       
protein

insoluble    
protein             
(e, f)

M9:                 
various temperatures, 
IPTG concentrations, 
and additives

insoluble    
protein            
(a, b)

soluble       
protein

insoluble     
protein             
(e, f)

MDA-5052:                       
18 °C, 18 hours, self-
inducing

soluble      
protein            

(b)

no protein         
(c, d)

soluble       
protein

soluble       
protein             

(f)

TaKaRa:                  
LB and M9, various 
temperatures, and 
IPTG concentrations 

insoluble     
protein             

(e)

TB-5052:               
18 °C, 18 hours, self-
inducing

soluble      
protein            

(b)

no protein         
(c, d)

soluble       
protein

soluble       
protein             

(f)

ZYM-5052:                         
18 °C, 18 hours, self-
inducing

soluble      
protein            

(b)

no protein         
(c, d)

soluble       
protein

soluble       
protein             

(f)

1
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of the three self-inducing conditions mentioned above showed that the 

highest protein yield was reached in the self-inducing rich medium (ZYM-

5052), for the three phosphatases SYNW0196, SYNW2390, and 

SYNW2391 (Figure 6.1B). A detailed protocol for the overexpression of all 

three phosphatases can be found in section 2.2.6.  

 

Figure 6.1: Protein overexpression of phosphatases SYNW0196, SYNW2390, and 
SYNW2391 in three different self-inducing media conditions.  
Protein yield reached after 25 hours of overexpression using either MDA-5052 (A), ZYM-
5052 (B), or TB-5052 (C). SDS-PAGE gel of whole-cell protein extracts.  

Although a high protein yield was reached, the SYNW2390 

phosphatase could not be purified using the same protocol as described in 

section 2.2.10 and 2.2.11. SDS-PAGE revealed that the His-Tag was 

cleaved off during the purification process (data not shown). Since protein 

purification was unsuccessful, bioinformatic analysis was used to predict 

metal requirements and functions of the four phosphatases SYNW0196, 

SYNW1799, SYNW2390, and SYNW2391. Interestingly, only SYNW0196 

and SYNW2390 are homologs (30% Seq.ID, e-value 9e-10). However, 

where SYNW0196 is annotated as a PhoD-type phosphatase, SYNW2390 

doesn’t share the same conserved domain (Lu et al., 2020). Further 

examination of all four phosphatases was needed. 
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 Bioinformatics analysis and homology modelling of SYNW0196, a 

PhoD phosphatase 

To further investigate the phosphatase SYNW0196 using 

bioinformatics tools, Phyre2 was used to search for crystallised and 

characterised homologs of the protein. The Phyre2 protein fold recognition 

folder predicted 34% identity with 59% coverage (444 residues with 100% 

confidence) with the PhoD phosphatase of Bacillus subtilis (Kelley et al., 

2016). Furthermore, SYNW0196 had 11% identity with a purple acid 

phosphatase (PAP) of Ipomoea batatas (sweet potato). The PhoD 

phosphatase family consists of extra-cellular phosphodiesterases which also 

have phosphomonoesterase activity (Yamane & Maruo, 1978). Protein 

crystallography revealed that the B. subtilis PhoD phosphatase requires one 

Fe3+ and two Ca2+ ions for activity (Rodriguez et al., 2014). In comparison, 

PAPs hydrolyse phosphate monoesters and phosphoanhydride bonds and 

require a Fe3+-Mn2+ or a Fe3+-Zn2+ co-factor for activity (Klabunde et al., 

1996; Schenk et al., 2005).  

To determine if SYNW0196 belongs to the PhoD or PAP family, 

sequences of five close homologs of SYNW0196, sequences of four 

previously described PhoD type phosphatases, and sequences of three 

characterised PAPs were extracted (Appendix 6.2), and multiple sequence 

alignment (MSA) was performed using MUSCLE with default settings (Edgar, 

2004a, 2004b; Lemoine et al., 2019). The alignment shows a clear 

separation between the PhoD type phosphatases and the PAPs (Figure 6.2). 

In all three PAPs, only three of the conserved amino acids of the active site 

coincide with PhoD type phosphatases, namely Asp163, Tyr166, and His324 

(I. batatas). This clearly shows that SYNW0196 belongs to the PhoD type 

phosphatases. In addition, the alignment shows that SYNW0196 possesses 

eight of the nine conserved amino acids that are involved in metal 

coordination in the catalytic site. Only the Ca2+-coordinating Asn216 of B. 

subtilis is replaced by an aspartic acid (Asp212) in Syn. WH8102. 

Intriguingly, this difference was found in all five homologs of SYNW0196, 

distinguishing cyanobacteria from heterotrophic bacteria. This variation has 

been described before. Nonetheless, aspartic acid can bind Ca2+ as 

effectively as asparagine (Rodriguez et al., 2014). 
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Since multiple sequence alignment demonstrated that SYNW0196 is 

most likely a member of the PhoD phosphatase family, the predicted model 

of SYNW0196 based on the B. subtilis PhoD, as well as the B. subtilis PhoD 

model were extracted from the Phyre2 server and the RCSB protein data 

bank (rcsb.org, Berman et al., 2000; Burley et al., 2021). Next, UCSF 

Chimera (Pettersen et al., 2004) was used to analyse both PhoD models. 

Thereafter, MatchMaker (with default settings) was used to overlay the 

models of SYNW0196 and B. subtilis PhoD. Then, the sequence of 

SYNW0196 was used to label all amino acids of the catalytic site that are 

involved in the coordination of the 2Ca2+-Fe3+ metal-cofactor and the 

phosphate (PO4
3-) ion (Figure 6.3). 

 
Figure 6.3: Predicted catalytic site of SYNW0196.  
The active site of SYNW0196 is based on the B. subtilis PhoD (PDBe 2YEQ, Rodriguez et 
al., 2014). Amino acids that coordinate two Ca2+ ions (green) and one Fe3+ (orange), and 
the PO4

3- ion (orange tetrahedral shape with red tips) are labelled in yellow. Molecular 
graphics and analyses were performed with the UCSF Chimera package. Chimera is 
developed by the Resource for Biocomputing, Visualization, and Informatics at the 
University of California, San Francisco (supported by NIGMS P41-GM103311). 

The findings in this section confirm that SYNW0196 is most likely a 

member of the PhoD phosphatase family. However, more biochemical 
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studies are necessary to assess its substrate specificity, verify the metal 

requirements of this phosphatase, and determine its localisation. 

 Bioinformatics analysis and homology modelling of SYNW1799, a 

PhoX phosphatase 

To gain a better understanding of the phylogeny of SYNW1799, the 

same approach was used as before (see section 6.2.2). The Phyre2 protein 

fold recognition server predicted 33% identity with 73% coverage (523 

residues with 100% coverage) with the PhoX-type phosphatase of 

Pseudomonas fluorescens Pf0-1. PhoX-type phosphatases form a family of 

alkaline phosphatases that are commonly found in the periplasm of bacteria 

(Wanner, 1996; Yong et al., 2014). With few exceptions (Wu et al., 2007), 

PhoX phosphatases have been reported to hydrolyse solely phosphate 

monoester bonds with broad substrate specificity (Majumdar et al., 2005; 

Zaheer et al., 2009; Sebastián & Ammerman, 2011). In addition, prior 

studies have demonstrated that PhoX phosphatases require two Fe3+ and 

three Ca2+ ions for enzyme activity (Wu et al., 2007; Zaheer et al., 2009; 

Kathuria & Martiny, 2011; Yong et al., 2014).  

To confirm that SYNW1799 belongs to the PhoX family, sequences of 

six close homologs of SYNW1799 and sequences of four previously 

described PhoX phosphatases were extracted (Appendix 6.3), and MSA was 

performed using MUSCLE with default settings. The alignment showed clear 

conformity between all sequences examined (Figure 6.4). This verifies that 

SYNW1799 belongs to the PhoX-type phosphatases. The alignment showed 

that SYNW1799 possesses all conserved amino acids that have been 

demonstrated to be involved in the metal cofactor coordination in the active 

site. PhoX phosphatases have been subdivided into two groups, depending 

on the conserved amino acid adjacent to the Ca2+-binding Asp575. Where 

phosphatases with a flanking glycine belong to group I, phosphatases with 

a neighbouring asparagine belong to group II (Zaheer et al., 2009). In this 

analysis, only the P. fluorescens and Pasteurella multocida PhoX 

phosphatases belong to group I, all other phosphatases are members of 

group II.
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In conclusion, MSA confirmed that SYNW1799 is most likely a 

member of the PhoX phosphatase family. Therefore, the predicted model of 

SYNW1799 based on the P. fluorescens PhoX and the P. fluorescens PhoX 

model itself were extracted from the Phyre2 server and the RCSB protein 

data bank. UCSF Chimera was used to analyse both PhoX models. Here, 

MatchMaker (with default settings) was used to overlay the model of the 

model of P. fluorescens PhoX and SYNW1799, and the sequence of 

SYNW1799 was used to label amino acids of the catalytic site involved in 

the coordination of the two Fe3+ and three Ca2+ ions and the vanadate 

(VO4
3-) ion (Figure 6.5) 

 

Figure 6.5: Predicted catalytic site of SYNW1799. 
The catalytic site of SYNW1799 is based on the P. fluorescens PhoX (PDBe 3ZWU, Yong et 
al., 2014). Amino acids that coordinate the three Ca2+ ions (green), the mu-Oxo-Diiron ion 
(orange-red structure), and the VO4

3- ion (a grey tetrahedral shape with red tips) are 
labelled in white. Molecular graphics and analyses were performed with the UCSF Chimera 
package. Chimera is developed by the Resource for Biocomputing, Visualization, and 
Informatics at the University of California, San Francisco (supported by NIGMS P41-
GM103311). 

The results of this section demonstrate that SYNW1799 is most likely 

a extracellular phosphomonoesterase of the PhoX-type family. However, 
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more studies are needed to fully understand the substrate specificity of 

this protein, as well as confirmation of metals required for enzyme activity.  

 Using bioinformatics to determine the phylogeny of SYNW2390 and 

SYNW2391 

SYNW2390 and SYNW2391 are two phosphatases of Syn. WH8102 

that have not been described in detail before. Because of this, the same 

approach was used as before (see section 6.2.2). Phyre2 was used to find 

homologs of both proteins. However, the results of both homology 

searches were inconclusive. Where SYNW2390 had between 10-30% 

identity with various 5’-nucleotidases, SYNW2391 only had 10-20% 

identity with several hydrolases and reductases. MSA of SYNW2390 and 

SYNW2391 with corresponding proteins retrieved from the Phyre2 server 

didn’t identify any conserved amino acids that are involved in metal-

binding within the active centre. Therefore, the family of phosphatases 

both these proteins belong to couldn’t be identified. For further analysis, 

sequences of previously described phosphatases of various families 

(Zaheer et al., 2009; Kageyama et al., 2011; Lee et al., 2015; Lin et al., 

2015) and close homologs of SYNW0196, SYNW1799, SYNW2390, and 

SYNW2391 were mined to create a phylogenetic tree (Figure 6.6, Appendix 

6.4), as described in section 2.7 (Edgar, 2004b, 2004a; Capella-Gutiérrez 

et al., 2009; Trifinopoulos et al., 2016; Letunic & Bork, 2021). It was 

expected that the tree would help to assign SYNW2390 and SYNW2391 to 

a group of phosphatases.  

The tree showed a clear clustering of three groups: the PhoX, the 

PhoD and the PhoA phosphatase families. As expected, SYNW1799 and 

MED193_05784 were assigned to the PhoX-type family (Figure 6.6, red) 

within the PhoX-II group of phosphatases. Within the PhoX-type family, a 

clear clustering was found between the PhoX-I and PhoX-II groups. 

SYNW0196 grouped with other members of the PhoD-type family (Figure 

6.6, blue). In addition, SYNW2390 and SYNW2391 clustered within a broad 

group of PhoA-type phosphatases, including PhoA phosphatases, atypical 

PhoA phosphatases, and RTX-containing phosphatases. 
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Figure 6.6: Phylogenetic tree of alkaline phosphatases. 
The phylogenetic tree clusters phosphatases belonging to the 
PhoX (red), PhoD (blue), and PhoA (green) phosphatase 
families in three big groups. Sequences of the phylogenetic 
tree were retrieved from previous publications (Zaheer et al., 
2009; Kageyama et al., 2011; Lee et al., 2015; X. Lin et al., 
2015). Additionally, it includes close homologs of the 
Synechococcus sp. WH8102 phosphatases SYNW0196, 
SYNW1799, SYNW2390, and SYNW2391 (Appendix 6.4). The 
tree assigns SYNW1799 and the MED193 PhoX (see chapter 
4.2.7) within the PhoX-II group, characterized by an 
asparagine adjacent to the conserved Ca2+ binding Asp575. 
Where SYNW0196 clusters within the PhoD family, SYNW2390 
and SYNW2391 are grouped with PhoA-type phosphatases. 
Neighbour-joining tree with 1000 bootstraps using Maximum-
Likelihood.  
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These repeats in toxin (RTX) proteins (Welch, 2001) form a big family 

of various extracellular proteins that are described to bind Ca2+ ions and 

are secreted via the type I secretion system (Linhartová et al., 2010).  

According to the phylogenetic tree, SYNW2390 and SYNW2391 are 

most likely PhoA-type phosphatases that primarily hydrolyse 

phosphomonoester bonds (Luo et al., 2010; Lin et al., 2015) and require 

zinc and magnesium or calcium for enzyme activity (Zaheer et al., 2009; 

Luo et al., 2010; Li et al., 2018). However, more work is needed to confirm 

the structure of both proteins, including protein purification and 

crystallisation to confirm the enzyme type and metal requirements. 

Moreover, studies are required to understand the substrate specificity and 

localisation of both proteins. 

 Discussion 

Synechococcus sp. WH8102 is a model organism because it is well 

adapted to oligotrophic environments, including P-limitation (Palenik et al., 

2003; Scanlan et al., 2009; Ahlgren & Rocap, 2012). One of the adaptation 

mechanisms to P-depletion is the expression of alkaline phosphatases 

which are required to release Pi from organic phosphate (Tetu et al., 2009; 

Cox & Saito, 2013; Lin et al., 2018). Therefore, Syn. WH8102 has multiple 

genes for four putative alkaline phosphatases, namely SYNW0196, 

SYNW1799, SYNW2390, and SYNW2391 (Palenik et al., 2003; Scanlan et 

al., 2009; Tetu et al., 2009; Kathuria & Martiny, 2011).  

 Protein overexpression and purification 

This study aimed to unravel the biochemistry of all four 

phosphatases, including metal requirements and substrate specificity. 

Therefore, several overexpression conditions were tested for all four 

phosphatases (Table 6.2). Where SYNW2390 could be overexpressed 

using a pET151/D-TOPO expression vector, a pMAL c4x vector, which fuses 

a co-expressed maltose-binding protein (MBP) to the recombinant protein, 

was required to gain solubility of SYNW0196 and SYNW2391. Prior studies 

have demonstrated that fusing recombinant proteins to an MBP, a highly 

soluble protein, can promote the solubility of aggregation-prone proteins 

(Kapust & Waugh, 1999; Chen et al., 2005). After testing various 
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conditions, a rich self-inducing medium (ZYM-5052) and a specific 

overexpression protocol was used for these three proteins (for details see 

section 2.2.6), resulting in high protein yield (Figure 6.1). However, initial 

protein purification didn’t work and SYNW2390 couldn’t be purified 

following the protocol described in sections 2.2.10 and 2.2.11.  

In contrast, SYNW1799 could not be overexpressed, independent of 

the construct used and overexpression medium tested. According to 

ProtParam, SYNW1799 contains 20 sulphur atoms (Table 6.1) and a 

predicted signal sequence (see section 2.2.3). It seems likely that this 

protein requires the oxidizing microenvironment of the of E. coli periplasm 

to allow the development of disulphide bonds and thereby accurate 

formation of the mature protein (Brosnan & Brosnan, 2006; Berkman, 

2012; Manta et al., 2019). The PelB signal sequence of the pET-22b(+) 

expression vector has been shown to effectively transport mature proteins 

into the periplasm, cleaving off the signal sequence in the process 

(Mirzadeh et al., 2020). However, in the study conducted by Mirzadeh et 

al. (2020) a mild induction protocol was used, specifically 0.05 mM IPTG 

for 2 hours at 30 °C. To date, SYNW1799 has been overexpressed only 

once before. Thus, in the study conducted by Kathuria and Martiny (2011) 

a pEcoli-N-term 6xHN plasmid was used for overexpression and the protein 

was not purified but the crude extract was used for biochemical analysis. 

Unfortunately, the sequence cloned into the plasmid was not published. 

Since a plasmid with an N-terminal His-Tag was used it seems likely that 

the N-terminal signal sequence of the protein was removed. However, the 

N-terminal His-Tag might have been cleaved off naturally after protein 

synthesis, a potential reason why the protein was not purified but the 

crude extract was used in the study by Kathuria and Martiny (2011).  

Unfortunately, in this study, none of the overexpressed proteins 

could be purified and biochemical analysis conducted. Hence, 

bioinformatics was used as an alternative tool to describe the four 

phosphatases SYNW0196, SYNW1799, SYNW2390, and SYNW2391. 
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 Bioinformatics analysis and homology modelling of SYNW0196, a 

PhoD phosphatase 

The Phyre2 server was used to search for already crystallised and 

characterised homologs of SYNW0196. This protein had high identity with 

a PhoD phosphatase of Bacillus subtilis but also had some homology with 

a purple acid phosphatase (PAP) of Ipomoea batatas. Both types of 

phosphatases are closely related to each other (Rodriguez et al., 2014), 

and require two iron ions for enzyme activity. However, where PhoD 

phosphatases require two additional Ca2+ ions (Rodriguez et al., 2014; 

Browning et al., 2017), Mn2+ or Zn2+ is essential for enzyme activity in 

PAPs (Klabunde et al., 1996; Schenk et al., 2000). PhoD phosphatases 

have generally been defined as extracellular phosphodiesterases that also 

show phosphomonoesterase activity (Yamane & Maruo, 1978; Sosa et al., 

2019). PhoD phosphatases are widely abundant in ocean environments, 

especially in regions with low Pi concentrations (<10 nM) (Sebastián & 

Ammerman, 2009; Kathuria & Martiny, 2011), and are believed to be 

responsible for high dissolved organic P turnover in these areas (Sosa et 

al., 2019). In addition, P-limited marine environments often show a 

tendency towards metal depletion as well, specifically zinc and cobalt 

(Lohan et al., 2002; Shaked et al., 2006; Jakuba et al., 2008; Kathuria & 

Martiny, 2011). Zinc is not just essential for the growth of organisms; it is 

essential for the proper functioning of around 300 enzyme systems, 

including extracellular phosphatases (Lohan et al., 2002; Barnett et al., 

2014). For example, the classical PhoA phosphomonoesterase, extensively 

studied in E. coli, requires Mg2+ and Zn2+ for enzyme activity (Coleman, 

1992; Wanner, 1996; Luo et al., 2010). Since PhoD phosphatases have an 

affinity towards phosphate diesters but also phosphate monoesters, it is 

believed that these phosphatases are a replacement for the classical PhoA 

phosphatase in marine environments that are low in P and zinc 

concentrations.  

In contrast, PAPs have an affinity towards phosphate monoester and 

phosphoanhydride bonds (Klabunde et al., 1996; Schenk et al., 2005; 

Pabis et al., 2016). They are ubiquitous in mammalian cells and plants but 

have not been discovered in many prokaryotes, except for cyanobacteria 
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and mycobacteria, but with low homology (Schenk et al., 2000). 

Cyanobacterial PAPs are closest related to mammalian and low-molecular-

weight PAPs of plants (Schenk et al., 2000). However, the function of these 

proteins has not been identified yet.  

To determine the phylogeny of SYNW0196, sequences of close 

homologs of SYNW0196, characterised PhoD phosphatases, and purple 

acid phosphatases were used for multiple sequence alignment (MSA) 

(Figure 6.2, Appendix 6.2). The MSA confirmed that SYNW0196 belongs 

to the PhoD phosphatase family, sharing eight of the nine conserved amino 

acids that are required for the metal coordination in the active centre, as 

described in B. subtills. Furthermore, the substitution of the Ca2+-binding 

Asn216 of B. subtilis by an aspartic acid has been described before 

(Rodriguez et al., 2014) and is a common structural variation. Indeed, the 

carboxylates of aspartic acid or the oxygens of asparagine can bind Ca2+ 

to the same measures (Kretsinger, 2013).  

 Bioinformatics analysis and homology modelling of SYNW1799, a 

PhoX phosphatase 

SYNW1799 was the only phosphatase in this study that couldn’t be 

overexpressed. Because of this, bioinformatics was used to confirm that 

this protein is indeed a member of the PhoX family. As described before, 

the Phyre2 server was used to identify homologs of SYNW1799 that have 

already been crystallised and characterised. SYNW1799 is closely related 

to the PhoX-type phosphatase of Pseudomonas fluorescens Pf0-1, the 

same protein that was used as a comparison for the Phaeobacter sp. 

MED193 PhoX (MED193 PhoX) in section 4.2.7. This protein has been 

studied thoroughly and conserved amino acids involved in the coordination 

of metal ions have been identified (Yong et al., 2014). For comparison 

purposes, sequences of close homologs of SYNW1799 and previously 

described PhoX phosphatases, including the Phaeobacter sp. MED193 PhoX 

were extracted and MSA was performed (Figure 6.4, Appendix 6.3). The 

alignment confirmed that SYNW1799 shares all conserved amino acids 

with the P. fluorescens PhoX that have been identified by Yong et al., 

(2014). These amino acids are involved in the coordination of the two Fe3+ 

and three Ca2+ ions that are required for enzyme activity in the active 
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centre (Wu et al., 2007; Zaheer et al., 2009; Kathuria & Martiny, 2011; 

Yong et al., 2014). In addition, Zaheer et al. (2009) subdivided PhoX 

phosphatases into two groups, characterised by different conserved amino 

acids adjacent to the Ca2+ binding Asp575. Where proteins of the PhoX-I 

group contain a conserved glycine, members of the PhoX-II group all share 

an asparagine following Asp575. The alignment clusters SYNW1799, all 

homologs of SYNW1799, MED193 PhoX, and the Sinorhizobium meliloti 

PhoX within the PhoX-II group. In comparison, the P. fluorescens and 

Pasteurella multocida PhoX phosphatases are members of the PhoX-I 

group.  

It is believed that the adjacent conserved amino acids can influence 

the metal specificity of the PhoX phosphatase (Zaheer et al., 2009). Where 

PhoX-I phosphatases have shown the ability to reinstate enzyme activity 

to some degree by substituting Ca2+ ions with Co2+, Mn2+, or Ni2+ ions (Roy 

et al., 1982; Majumdar et al., 2005; Wu et al., 2007), PhoX-II 

phosphatases are strictly restricted to Ca2+ ions as a metal cofactor 

(Zaheer et al., 2009; Yong et al., 2014). A study on metal requirements 

of SYNW1799 confirmed this theory (Kathuria & Martiny, 2011). Here, it 

has been demonstrated that the enzyme had phosphate monoester activity 

towards pNPP in the crude extract after overexpression. The crude extract 

was treated with EDTA to remove metals, thereby abolishing enzyme 

activity. The activity was reinstated by adding Ca2+ ions back. Apart from 

calcium, Cu2+, Mg2+, Mn2+, and Ni2+ ions could be used to restore some 

enzyme activity. A similar trend was reported for a Prochlorococcus PhoX 

(Kathuria & Martiny, 2011). However, this theory doesn’t coincide with 

findings reported for MED193 PhoX. Although this protein is a member of 

the PhoX-I group, enzyme activity could only be restored after the addition 

of Ca2+ alone (see 4.2.7). Therefore, more studies are needed to confirm 

the correlation between the adjacent conserved amino acids and metal 

specificity. 

 Using bioinformatics to determine the phylogeny of SYNW2390 and 

SYNW2391 

Both alkaline phosphatases SYNW2390 and SYNW2391 have been 

overexpressed using a pET151/D-TOPO151 and pMAL c4x vector, 
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respectively. However, SYNW2390 could not be purified. Therefore, the 

same strategy, as described above, was used and the Phyre2 server was 

searched for close homologs of both proteins. Since results were 

inconclusive and no high identity towards any characterised proteins was 

found, phylogeny was used to determine the family of phosphatases these 

two proteins belong to. Sequences of previously described phosphatases 

(Zaheer et al., 2009; Kageyama et al., 2011; Lee et al., 2015; Lin et al., 

2015) and close homologs of SYNW2390 and SYNW2391 were extracted 

and used to create a phylogenetic tree (Figure 6.6, Appendix 6.4). The 

tree shows a clear clustering of three large groups: PhoX-type, PhoD-type, 

and PhoA-type phosphatases. Where SYNW1799 and MED193 PhoX cluster 

within the PhoX-II phosphatases (see section 6.2.3), SYNW0196 groups 

with other PhoD-type phosphatases (see section 6.2.2). In addition, 

SYNW2390 and SYNW2391 cluster with a large group of PhoA-type 

phosphatases.  

SYNW2390 and six close homologs formed a branch with PhoA 

phosphatases of Thalassiosira pseudonana CCMP1335 (Accession number 

XP_002295546), Candidatus Thiodiazotropha endoloripes (Accession 

numbers WP_069014328, WP_069019938, and WP_069005285), and 

Desulfoglaeba alkanexedens (Accession number WP_137425169). Looking 

into the conserved domains of these proteins a pattern was found (Figure 

6.7) (Lu et al., 2020; Mistry et al., 2021). The homologs of SYNW2390 all 

contained a metallophosphatase superfamily and a 5’ nucleotidase family 

domain. Where D. alkanexedens and Can. T. endoloripes have a signal 

peptide to allow transport of the mature protein into the periplasm, the 

proteins of Syn. WH8102 and T. pseudonana don’t. Therefore, proteins 

must be secreted differently. Interestingly, SYNW2390 has a C-terminal 

RTX-domain. These proteins are commonly exported via the type I 

secretion system (Linhartová et al., 2010). However, the specific 

phosphatase function of this protein is still unclear.  

Analysis of SYNW2391 revealed that there are no conserved 

domains in this protein or any of the close homologs within the same 

branch (Lu et al., 2020; Mistry et al., 2021). According to the phylogenetic 

tree, the next closest branch includes an atypical PhoA (PhoAty) 

phosphatase from Synechococcus elongatus PCC 7942 (Accession number 
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WP_011242477). This unusual phosphatase is larger than most 

phosphatases characterised to date and has similarities with the a-subunit 

of the ATPase from bacteria and chloroplasts and the UshA sugar 

phosphatase of E. coli (Ray et al., 1991). Conserved domains of this 

protein include a PhoA-like, a 5’nucleotidase, a YncE, and a DUF4214 

domain (Figure 6.7). Interestingly, SYNW2391 and the PhoAty share 

37.50% Seq.ID (e-value 3e-32). SYNW2391 is similar to the second half of 

the PhoAty protein sequence which contains the conserved domains for a 

YncE domain and a domain of unknown function (4214). The YncE domain 

is associated with DNA-binding. However, more studies are required to 

understand the function of both SYNW2390 and SYNW2391. 

Figure 6.7: Comparative structural analysis of alkaline phosphatases in different 
organisms.  
Sequence comparison of phosphatases among homologs that form a branch with 
SYNW2390 and organisms of adjacent branches. PQQ, catabolism of alcohols; RTX, 
extracellular Ca2+ binding proteins; LTD, lamin tail domain, DNA-binding; 
Exo/Endonuclease, intracellular signalling; MPP-super family, metallophosphatase 
superfamily; 5’nucleotidase, degradation of extracellular nucleotides; SP, signal peptide; 
PhoA, alkaline phosphomonoesterase; YncE, DNA-binding beta-propeller fold protein; 
DUF4212. 
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PhoX phosphatase family, respectively. However, the phosphatase family 

affiliation for SYNW2390 and SYNW2391 is still unclear. Therefore, it is of 

great importance to overexpress both phosphatases to conduct 

biochemical analyses, to fully understand the substrate specificity, the 

metal requirement and localisation of all four phosphatases. It seems likely 

that SYNW2390 and SYNW2391 require different metal cofactors in 

comparison to the Syn. WH8102 PhoD and PhoX. This would confer Syn. 

WH8102 an advantage in P-limited environments that are co-limited by 

metals. 
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CHAPTER 7 FINAL CONCLUSIONS AND FUTURE PERSPECTIVES 

 Conclusions 

The aim of this thesis was to investigate the role of phospholipid 

headgroups as the sole source of P for P-depleted marine heterotroph 

Phaeobacter sp. MED193 cultures (Chapter 4 and Chapter 5). In addition, 

we examined the P-stress response of MED193 to unravel novelties due to 

its occupation of ultra-low Pi environments (Chapter 3). Finally, we used 

various methods to characterise phosphatases of MED193 and 

Synechococcus sp. WH8102 (Chapter 4 and Chapter 6). 

 The Pho regulon of Phaeobacter sp. MED193 

In Chapter 3 a MED193 phoB deletion mutant was utilised to better 

understand which MED193 proteins are Pho-regulated by comparing the 

proteomes of P-depleted ∆phoB and WT MED193 cultures (Table 3.4). 

Many of the proteins, upregulated in P-depleted WT MED193 cultures, have 

been described before, for example the Pst transporter (Wanner & Chang, 

1987; Scanlan et al., 1993), various phosphatases (e.g., Monds et al., 

2006; Santos-Beneit et al., 2009; Zaheer et al., 2009; Lidbury et al., 

2017), and several P-related transporters (Schweizer & Boos, 1985; 

Wanner & Metcalf, 1992; White & Metcalf, 2004; Yuan et al., 2006; 

Romano et al., 2015). In addition, lipidomics analysis confirmed that lipid 

remodelling is Pho-regulated as DGTS synthesis was abolished in the phoB 

mutant (Figure 3.2). We also identified proteins that were upregulated in 

P-depleted WT MED193 cultures whose protein function is still unclear. One 

of these proteins was MED193_09570, annotated as GlpV. To date, only 

one study has focused on this protein isolated from Rhizobium 

leguminosarum VF39SM. In Rhizoboum leguminosarum VF39SM, GlpV is 

involved in the transport of glycerol and G3P (Ding et al., 2012). However, 

substrate specificity assays conducted by collaborators in China couldn’t 

identify any substrates that MED193_09570 can bind. In addition, a 

substrate-binding protein (PotD), predicted to be involved in spermidine 

and putrescine transport (Romano et al., 2015), was identified in the WT 

MED193 proteome. However, the role of putrescine and spermidine in 
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MED193 is only predicted (Wortham et al., 2007). Future work should 

focus on identifying the function and substrate specificity of GlpV 

(MED193_09570) and PotD (MED193_11424) to understand their role 

during P-limitation in MED193. In this study we examined proteomes and 

lipidomes of MED193 and ∆phoB cultures that were P-starved for 48 hours. 

A time series of samples could help to understand the progress of P-

starvation, comparing early P-stress to late P-stress response. In doing so, 

more proteins that are Pho-regulated and required for survival in limited 

P-conditions could be identified. In Arabidopsis genes involved in the P-

stress response are classified as early and late in expression. Where early 

genes encode for proteins involved in rapid Pi uptake, late genes encode 

proteins that are required for metabolic bypass processes (Ajmera et al., 

2019).  

 Novel transporters involved in the phospholipid headgroup uptake in 

Phaeobacter sp. MED193 

In Chapter 4 and Chapter 5 of this thesis a proteomic approach was used 

to investigate the ability of MED193 to utilise the four phospholipid 

headgroups PC, PE, G1P, and G3P. MED193 was able to grow on all four 

compounds (Figure 4.1, Figure 4.2, and Figure 5.3). Lipidomics analysis 

further demonstrated that the synthesis of membrane phospholipids was 

restored after the addition of the phospholipid headgroups as a sole source 

of P (Figure 4.3A and Figure 5.5) and lipid remodelling as a response to P-

limitation (Sebastián et al., 2016) was reversed. Proteomics analysis 

highlighted key enzymes that are involved in the transport and 

degradation of these phospholipid headgroups. Section 4.2.4 describes the 

catabolism of PE. Although no transporter for PE was identified, an 

ethanolamine binding protein (MED193_10041) was discovered and 

described. Collaborators in China confirmed ethanolamine as a substrate 

of this binding protein (Figure 4.7). The intracellular catabolism of 

ethanolamine was previously described in Chromohalobacter salexigens 

(Vetting et al., 2015) and adapted for MED193 (Figure 4.9), but requires 

further molecular confirmation. MED193_10041 forms a new cluster of 

substrate-binding proteins within the TRAP-T family (Figure 4.14) and 

although this protein was only moderately present in the Tara oceans 
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metagenomes (5-10%), the gene encoding the protein was highly 

expressed (Figure 4.12). Results in section 4.2.5 describe the degradation 

pathway of PC in MED193, which was recently proposed in Ruegeria 

pomeroyi DSS-3, a fellow member of the Roseobacter group (Figure 4.17 

Lidbury et al., 2015). Finally, section 4.2.6 and Chapter 5 discuss the 

identification of a substrate-binding protein (MED193_19449) of DHAP 

(Figure 5.10), an oxidation product of G3P and potentially G1P (Hartley et 

al., 2017). This substrate-binding protein forms a new cluster within the 

ABC superfamily (Figure 5.11). A G3PDH (MED193_19624) and a GAPDH 

(10071) were prominent in the proteomics data (Table 5.5). G3PDHs have 

been reported to not only oxidise G3P to DHAP, but to reverse the oxidation 

process as well (Ou et al., 2006; Chen et al., 2012). Within the operon of 

MED193_19449 we identified a putative G3P phosphatase 

(MED193_19464) which was previously described in Mycobacterium 

tuberculosis (Larrouy-Maumus et al., 2013). In connection with the 

discovery of the substrate-binding protein MED193_19449, a G3PDH, a 

GAPDH, and a G3P phosphatase, we proposed a degradation pathway of 

G1P/G3P in MED193 (Figure 5.12). Although we reported a PhoX 

phosphatase to be involved in the extracellular cleavage of PC and PE prior 

to uptake, molecular evidence it still required to confirm this hypothesis. 

In addition, the catabolism of G1P/G3P still demands further research. For 

example, the extracellular oxidation of G1P/G3P to DHAP and the 

intracellular substrate degradation process. Deleting the gene for the 

substrate-binding protein will help to understand its role in G1P/G3P 

uptake. Since phospholipids of marine bacteria account for around 10-20% 

of cellular P content (Van Mooy et al., 2008) and make up circa 1.5% of 

the particulate organic carbon pool (Gašparović et al., 2018), they 

represent an important source of P in oligotrophic oceans. Not only are 

phospholipids a lucrative source of P, but also for nitrogen and carbon. Our 

findings support the importance of phospholipids in the marine P cycle. 

However, further research is still needed to fully understand the role of 

phospholipids within the marine P cycle. 
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 Metal requirements of phosphatases of Phaeobacter sp. MED193 and 

Synechococcus sp. WH8102 

In Chapter 4 and Chapter 6 overexpression, EPR, enzyme activity assays, 

and bioinformatics were used to study the metal requirements of the PhoX 

phosphatase of MED193 (see section 4.2.7) and four phosphatases of Syn. 

WH8102 (Chapter 6). The MED193 PhoX (MED193_05784) showed 

phosphomonoesterase activity towards pNPP, PC, and PE (Figure 4.25) and 

KM values (Table 4.6) were determined that fell within the range of 

previously reported PhoX KMs of other organisms (Roy et al., 1982; Wu et 

al., 2007; Zaheer et al., 2009; Yong et al., 2014; Lee et al., 2015). 

Phosphomonoesterase activity was previously described for PhoX-type 

phosphatases, e.g., see Wu et al. (2000); Monds et al. (2006); Yong et al. 

(2014). Metal replacement experiments (Figure 4.22) and EPR (4.23) 

confirmed that iron and calcium are required for MED193 PhoX enzyme 

activity, as has been found for other bacteria (e.g., Zaheer et al., 2009; 

Kathuria & Martiny, 2011; Yong et al., 2014). In addition, we developed 

plasmid constructs and growth conditions (Table 6.2) to successfully 

overexpress the three Syn. WH8102 phosphatases SYNW0196, 

SYNW2390, and SYNW2391 in E. coli (Figure 6.1). More work is required 

to optimise the purification of these three phosphatases. Additionally, a 

suitable vector (Mergulhão et al., 2005; Mirzadeh et al., 2020) and growth 

condition need to be established for the overexpression of SYNW1799, the 

Syn. WH8102 PhoX. Enzyme activity assays and metal replacement 

studies are required to determine substrate specificity and metal 

requirements for all these proteins. This will allow me to confirm the results 

obtained through bioinformatic studies (Figure 6.2 and Figure 6.4), 

specifically that SYNW0196 is a PhoD-type phosphatase and SYNW1799 is 

a PhoX-type phosphatase, and that both enzymes require an iron-calcium 

cofactor for enzyme activity (e.g., Zaheer et al., 2009; Rodriguez et al., 

2014; Yong et al., 2014; Browning et al., 2017). Further work is required 

to identify the family of phosphatases SYNW2390 and SYNW2391 belong 

to. Apart from biochemical studies, as mentioned above, protein 

crystallisation qualifies as a suitable method to determine the structure 

and function of both phosphatases (Ronda et al., 2015). In addition, 
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identifying the localisation of the four Syn. WH8102 phosphatases and 

other phosphatases of MED193 could help to better understand the 

adaptation mechanisms of both strains to their ultra-low Pi environments. 

Bioinformatic studies predict that PhoX phosphatases are in general 

extracellular and associate PhoD and PhoA phosphatases with the 

cytoplasm (Luo et al., 2009).  

 Future perspectives 

This work has not only highlighted the importance of phospholipid 

headgroups as a source of P for bacteria, but also the requirement of 

various phosphatases to make these compounds bioavailable. Combining 

the results of all chapters it is obvious that MED193 and Syn. WH8102 

possess comprehensive mechanisms to overcome P-limitation in their 

natural environment. In recent years, improved LC-MS methods to detect 

intact polar lipids in the marine environment allowed the discovery of novel 

lipids in the oceans and the modelling of lipid distributions (Ding et al., 

2021; and references within). In addition, recent studies have focused on 

the role of lipids in the marine ecosystem (Suzumura, 2005; Frka et al., 

2011; Marić et al., 2013; Gašparović et al., 2014, 2018; Pelikan et al., 

2021). Using a combination of proteomics and lipidomics, as a single or 

meta-omics approach, will help to gain further insights into the marine P 

cycle and to unravel new links within it.  
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APPENDICES 

Appendix I CHAPTER 2 

Appendix 2.1 Codon optimised nucleotide sequence of SYNW0196 

ACCGCAAGCTTTCGTCATGGTGTTGCAAGCGGTGATCCGTATCAGGATAGCTTTGTTATTTG
GAGCCGTGTTAGTGATGTTGATGGTAGCAGCGCAAGCGTTAATTGGGAAGTTAGCAGCAGCC
CGAAATTCAAAAAACGTACCATTCTGGATAGCGGCACCATTAGCACCAGCAGCGATCGTGAT
TGGACCGTTAAAGCACTGCCGGAAGGTCTGCAGGCAGGCGAAGATTATTACTATCGTTTTGA
AGTTGATGGTGTTGTTAGTCCGGTTGGTCATGCAAGCACCCTGCCGGATAAAGCAGCAAGCG
TTCGTATGGCCGTTCTGAGCTGTGCAAATTTTACCAACACCGAATTCTTTGAAACCTATCGT
CGTGTTGCAGAAATTGATGCAGAACAGCCGTATGATATTATTCTGCATGTGGGCGATTATAT
CTATGAATATGGTCAAGGTGGTTATCCGAGCGCAGAAAGCGCAGTTGAAAATCGTGGTTTTG
AACCGGATAGCGAACTGCTGAGCCTGGATGATTATCGTCAGCGTTATGCACAGTATCATTCA
GATGCAGGTCTGCGTGAAATGCATGCAAGCGCACCGATGGTTAGCATTTGGGATGATCATGA
AACCGCAAATGATAGCTGGTTAGGTGGTGCAGAAAATCATCAGAGCGAAGTTGAAGGTGATT
GGGCAAGCCGTCGTGATGCAGCACTGCAGGCATACTATGAATGGATGCCGATTCGTGAACCG
GCACTGCGTCGTGACGTTGATCTGGGCACCGATGATAGTCCGCTGACACAGGGTTTTCGTTC
ATTTGATCTGGCAGATCTGGTTACCCTGTATGTTCTGGAAACCCGTCTGACCGCACGTGATG
AACAGCTGGCATATCCGAATAGTGATGCAGTTGCAGCACGTATTGGTGATATTCTGGCCGAT
CCGCTGCTGCTGGCAAGCTATGCAGAAAGCCTGGGTGTTGCACCGCCTGTTAGTGCCGAAGA
TCTGGATGGTGTTAATGCACTGAGCGCAGCACTGATTGATCCGGTTACACTGGAACTGGTTG
CAGCAACCGTTGCAGATGGTTGGACCAATCCGAGCCGTAATCTGCTGGGTCAAGATCAGCAG
AGCTGGCTGCAGAGCGGTCTGGCAGGTAGTGATGCCGCATGGCAGGTTCTGGGTCAGCAAGT
TCTGATGCAGAGCATGGCAATTCCGGCAGAACTGCTGCTGAATGCAACCGATCCGGATGTTC
TGGCAAAATATAGCGCACCGCTGGAAAAACTGGCAACCGGTCAGCCGCTGAATCAGGATGAA
CTGGCACTGTTTGATGAAGCAACCAAAATTCCGTATAATCTGGATGCATGGGATGGTTATGG
TGTTGAACGTGAAACCATTCTGCAGACCGCAGCAGGTCTGGGTAAAAAACTGGTTAGCCTGG
CAGGCGATACCCATAATGCCTGGGTTGGTGTTCTGGATGCCATGAGTACCGGTGCAGCAATG
CCTGGTCAGGTTGTTGGTATTGAATTTGCCACACCGGGTGTGAGCGCACCGGGTATTGAAAC
ATATATTGCACCTGGTCTGGAACCGATTTTTCTGAGCTATACCGAAGGTCTGAAATATACCG
ATCTGAGCCGTCGCGGTTTTCTGGATATTACCTTTCATGAAGAACACATCACCAGCAGTTAT
CAGCTGCTGGATCCTGATGAAGGTTGGATTGCAGATGTTCTGCAGAGTGATGATAGCTTTAG
TCCGCGTCAGCTGAGCCGTGTGGATGCAACCACCACCGCAGATATTCCGACCGGTTTTGCAC
ATGGTCGTTTTCGTGAAGTTATTCGTGCCGGTGCAGGTAATGATCGTATTGCAGCCGGTGAT
CGTAAAGGTTATGTTAGCGCAGGCGGTGGTAATGATGATATTGATGGTGGTCGTCGTGCACA
GCTGTTACTGGGTGACGAAGGTGATGATGTGATTCGTGGTCGTGGTGGTCCAGATGAACTGC
GTGGCGGTCCGGGTGCAGATAGCCTGAATGGTGGTCCTGGTGATGACCTGATTTTAGGTGGC
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GCAGGCGCAGATAGCTTTCGTATTAGCAAAGGTGACGATCGCATTGTGGATCTGGATCCGCT
GGAAGGTGACGTTCTGCTGCTGCCTGCCGGTTTAGAACCGACACTGACCAGCGCAGTTAGCG
GTGTTCTGCTGGCCACCGATCGTGGTACAACCCTGCTGGAAGGCCTGACGCTGGAACAGGTT
GAAGGACTGATTTAA 

Appendix 2.2 Codon optimised nucleotide sequence of SYNW2390 

ATGAGCTTCAAACTGCAGCTGATTCATAGCAGCGATAACGAAAGCAACTTCAAAGATGTTAA
CACCCTGGAAGATAAGGTGGTTAATTATGCAGCAATTACCGATGGTCTGCAGGATGAAGCAG
CAGCACAAGGTTGGGCAAGCCTGCATGTTACCGCAGGCGATCATACCCTGCCGAACCTGTTT
TATAGTGCCGGTGAAACCACCGAAGGTAAACCTGGTCTGGCAGATATCAAAATCTTTAATGC
CATGGGTGTGAAAGCCAATGGTATTGGTAATCATGAAATGGATGGCAACATCGGCGAATTTA
TTGATATGGTTAATGCCAGCGATTATGTTCATCTGAGCGCAAATCTGGATTTTAGCAGCGTT
GTTGATACCGATGGCAATGCAGCACCGTTTGTTAGCTATGCAGCAGATGAACCGGCACAGAG
CGTTGAAGAACTGGCAGGTAAAATTGCACCGAGCGCATATGTTGAAATTGATGGTGAGCAGA
TTGGTCTGATTGGTCGTAGCCCGAGCGAAATGTTTAGCCTGGTTGCAGATGGTAATCTGCCA
GGTCTGGATTATGTTGGTGGCACCAGCGGTGAAGGCACCGCACGTGAACCGGTGCTGGAACC
GCTGCCGCTGATCCAGGCAGAAATTGATCGTCTGACAAATCAGGGCATCAACAAGATCATCT
TTATTGATCATGCCCAGGATTATACCGATCAGAGCGTTCTGCCTGCAGAACTGGATGGTGTT
GATGTTATTATTCAGGCAGGTATGACCGGTTATATGAGCGCAGAAACCCCGAGCGGTCCGTT
TAATCTGCTGCGTACCGAAGAAGCAGGTAATCCGATTACACATAATTATCCGCTGGAAAGCA
AAGATTCAGCCGGTAAAACCGTTCTGATTACAAATACAGAGCAGATTTGGCGTTATGTTGGC
CATCTGCTGGTTCATTTTGATGATAATGGTGAGATCACCAGCTATGATGCAGATAATAGCGG
TCCGGTTCCGACCAATGATGAAGGTGTTGCAGCACTGCGTGCATGGACCAGTGGTGATGCAG
TTGCAGATCCGGTTGTTGTTAGCACCTATGAAGCACTGCTGGCAACCGATGAACTGAATGCA
GCATTTGCAGAAGTTGGCACCACCACCGATAGCCTGAATGGTGTTCGTGCAGATATTCGTAG
CCGTGAAACCAATCTGGGTCGTCTGGCAGCAGATAGCACCCTGTGGTATGCAAATCAGTATC
TGGAAGAAATTGGCGAAACCAAACGTGCCGATATTGCACTGAAAAATGGTGGTGGTATTCGT
GATACCATTGCAGGTCTGAGCCCGATTACGCAGCTGCAGGTTAATGCAGCCCTGGCATTTGA
TAATAAACTGACCATTATGGATCTGACCGGTGCAGAATTTCTGGCCATTGTTGAAAATGGTG
TTAGCCGTGCTCCGGCACTGGATGGCCGTTTTCCGCATTTTGCCGGTGCCGAACTGGATTTT
GTTACCTATCGTCCGGGTATTGAAGAAGCACTGAGCCTGACCGAAGCAAGCCGTGTTCAGAA
TCTGACCGTTAATCGTGATGATGGTAGCACCGTTGAACTGGTTAGCGATTTTTTTGTTAATG
CCGATGCACTGGAAGAGACATTTACCCTGGCAACCAATAACTATCAGGCAGGCGGTGGTGAT
GGTTATCAGGCATTTGTTCCTCTGGAAAACAAAATCGAAACCGTGATTGGCGAACAAGAAAT
CCTGGCCACCTATATTAGCGAAGAATTAGCCGGTGCAGTGGATATTTCAGATGCAGATGTTA
TTGCAAGTCCGCGTACCGATCTGATTCGTCCGCAGCTGGATGATCTGATTAATCCGAGCGAC
GAACTGATTGGTACAAGCGGTGATGATGAGCTGAAAGGTAAACGTCGTTTAGGTGGTAATAG
CCTGTATGGCAAAGAAGGTGACGATTCACTGAAAGGTCGTAAAGGTGATGATCTGCTGGATG
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GCGGTAGCGGAGATGACGTTCTGAAAGGTTTTGGTGGTAGTGATGTTTATGTGGGTAGCGCA
GGCACCGATCGTATTAATGGTTTTAGCTTTGATCAGGGTGATGTGGTTGCAATTGATAGCAG
CATTAACTTTGAAATTGTGCAGAGCGCCAATCCGAATAAAAACCTGCGTGTTGAACATGATC
TGGGCGAAATTATCTTCAAAGGTATTAAAGCAGACCAGCTGATTGATCTGCAGAATAGCATT
CAGATTACCGAAGCCATCTAA 

Appendix 2.3 Codon optimised nucleotide sequence of SYNW2391 

GCACGTATTAGCGATAGCATTATTAGTCCGCTGCAGAGCGTTAGCCCTGGTGGTGCAGAAAA
AGTTGATTGGTATGCACCGACCAAAACCGCATTTGTTATTACCGGTGAGTATACCGATGATA
AAGGTGGTCAGGTTGTTGCCATTGATTATAGCAATGGTTATGGTAAAGGCACCGCCATCGAT
GAGTATTATTTCGAAGGTGATGTTAGTGATGTTCGTGTTAGCAGCCAGGGTCTGATTGCAGC
AAGCGTTTTTGATAAAGTTACCCGTGAAGGCACCGTTCAGTTTCTGGATTTTACCAAAGAAA
GCGGTTTTACCAGCCTGGGTAGCGTTGAAGTTGGTTATCAGCCGGATCAGCTGGCATTTACC
AAAAATGGTAAAAAACTGGTGACCGCCAATGAAGGTGAACCGCTGATGTTTTATGGTAGTGA
TGAAACCAGCCAGAATCCGCGTGGTAGCATTAGCATTATCAATATTGCAAACGACCTGACCA
AAAGCAAAGTGAACACCCTGTATTTTACGAAAAGCAACAAGTACTATGAGAAACGTGGTGTT
CGTCTGTATGGTCCGGAAATGGATAGCAATAGCAAATTTGGCGAATATGATATCGAGCCGGA
ATATGTTGGTATTACCGGCAATAATACCGCACTGGTTGCACTGCAAGAAAACAATGCACTGG
CACGTGTTAATCTGAAAAAAGAAAAAATCACCGGTGTGTTTGGCCTGGGTTATAAAGATTGG
AGCGGTATTCCGTTTGATACCACCGATAAAGATGATGGTTATAATCCGACCGTTAAAGAAGG
TGTTACCAGCGCACGTATGCCGGATGGTATTGATACCTTTCAGATCAAATTAGGTGGCAAGA
AGCAGATCCTGTTTATTAGCCCGAATGAAGGCGACGGTCGTGTTCGTCCGGATGATGTTAAT
TTTGAAGCACCGGCAGATGGTGTTTATAGCTGGGGCACCAATAGTACCGGTGCCGAAATTGA
AAGCTTTACCGATCCGCTGACACTGACCGATGAAATTTACATTTATGACAAAGCCGGTGTGG
GTAACAGCGGTGATATTGAAGATGTTGAAGAGGGTGATGAATTCTTCATCACGCAGAAATAT
GGTGTGAGCAGCGACGATGAATTTTGGAGTGATGAAGTTCGTGCAAAAGACCTGGAAGATTT
TGGTGATGTGAGCAAATATGATAGCCAGATTATTGGTGAAGGTCGCATGAAAACCCTGGCAG
ATCAGAATGATCCGGTTACCGGTGGTCTGGTTGGTTTTGGTGGTCGTGGTTTTAGCATTCAT
GCAAATGATGGTAGCGTGATTTATGATAGCGGTAATCTGACAGAAGAAATTGCAGCAGAACT
GGGTTATTATCCTGATAATCGCAGTGATGACAAAGGTACAGAACCGGAAACCGTTGAATATT
TCAGCTTCGGCAAAAAAAAGAACAAACGCCATTATATTGCAGTGGCACTGGAACGTTGTTTT
AACAATGGTGATGAGGATCGTCTGGGTACAATTGTTCCGATTTTTGAAGTTGTTGATCTGGA
AGCAGCCGATAATGATGAACGTGTTAAACATGTTGCAACCCTGCAGAGTCCGGAAAGCCTGT
CACCGGAAGGTCTGCTGTTTGTTAATGATACCAATACCAGCGGTCATATGTTTGTGACCAAT
GAAGTTAGTCGTACCCTGGATACCTATGCAATTAGCCAGGCAGATCTGGCATAAGGATCCTC
TAGAGTCGACCTGCAGG 
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Appendix 2.4 Codon optimised nucleotide sequence of SYNW1799 

CGTCGTCGTAGCGTTCTGAGCCTGTTAGGTTTAGGTGGTGTTGGTGTTCTGACCGCAAAAGG
TCTGAGCGGTTGTGTTGCACCGAGCGGTAATAGCAGCGGTGTTGTTAAAGGTTTTCCGTTTC
AGCCGGTTCGTGTTCCGCTGCCGGTTAATAGTGATGGTCTGCAGGCAAGCGAACAGCAGAGC
ACCTATCGTGAACTGGCAGTTGAAGATCGTCTGACCGTTCCGGAAGGTTTTCAGAGCCAGCT
GCTGGCAGCATGGGGTGATCGTCTGGGTGATAGCCGTTTTGGTTTTAACAATGATCATCTGG
GTTTTGTTCAGCATGCACCGGATCGTGCAAGCATGACCGTTAATTTTGAATATATCAGCGCA
GTTCCGTGGGTTCAGGGTTTTGCAGAAGTTGTTGGTCGTCCGCTGCCTTTTGCAGCACTGGT
TAGCGCACTGCAGAGCAGTGATGGTGTTATTGATTGTACCGCACTGCCTGCCGGTGATCGCC
GTCTGCAGCAGATTCGTACCGTTGCAGATGAAGCAATGACCGATTTAGGTATTGGTGTGATG
ACCCTGGAACGTGATGGTCAAGGTCGTTGGAAACGTGCACAGGCACCGCAGGATCGTCGTAT
TACCGGTATTAGCGGTCTGGATGAACCGGAACAGCAACTGCTGAGCACCGGTCCGGCAGCAG
CAGTTTTTCGTGCCAGCAATCGTCAGGGTTATGATGATGGCCTGGGTGATCGCATTGTTGGC
ACCTTTGCAAATTGTGGTGGTGGTACAACCCCGTGGGGTACAGTTCTGAGCGCAGAAGAAAA
CTTTCAGAGTCAGGTGCCGGAACCGGTTTATGCAGATGGTAGCGCAGCACCGCCTAGCGAAC
GTCCGTTTGTTTGTAAAGATGGTAAATTAGGTGGTCTGGGTAATGTTTATGGTCTGGCAGGT
AACAAATATGGTTGGATGGTTGAAGTTGATCCGACCAGCGCAGATCAGACCGCAGTTAAACA
CACCGCACTGGGTCGTTTTCGTCATGAAGCCGTTGCAGTTCGTGCAGAAGCAGGTAAACCGC
TGCAGGTTTATAGCGGTTGCGATCGTCGTGGTGGTCATCTGTATCGTTTTGTTAGCGCAGAA
CGTGTTGAAACCGTTCAGGATAAACGTAATAGCCGTCTGTTTGAAGCCGGTGAACTGCAGGT
TGCACGTTTTCGTGCGGATGGTAGTGGTGAATGGCTGGCAGTTACACCGGAAAGCGTTGTTG
ATCCGTTTCGTCCGAGCCGTTTTAGTGATGCAGATCTGGGTTGTCCGGTTGAACTGCCGCAT
CGTGATCGTAGCCAGGCAGGGGCAGAACTGTTTCGTGAAGATGCAGCCGTTGAAGATTATTG
TCGTCGTTTTGCAACCCTGAGCGATCTGTACCGTGGTGAAGGTGAAGCACTGCAGGGTGCAA
TTCTGGTTGATGCCCATCTGGCAGCAAGCGCAATTGGTGCAACCCCGACCGCACGTCCGGAA
GATACCAAAATTGATCCGCTGAGCGGTGATCTGCTGATTGCATTTACCAGCGGTAGTCCGGG
TAGCACCGGTGGTGCAGATCCGGCAGTTTTTAAAGGTCCGGAAGGCCAGAGCAGCTGGGCAA
ATGGTTGGGTTATGCGTCTGAGCGAAAGCGGTGAAAATGGTTTTACCTGGCGTATGGCCGTT
ACCGGTGGTACACCGTGGGCAGGCGGTCTGGGCTTTACCAATCCGGATAATGTTGCACTGGA
TAGCAAAGGTAATCTGTGGATTGTTACCGATCGTAGCATGAAAGCATCAGCCGGTGATGTTT
TTGGTAATAATAGCTGTTGGTTTGTTCCGCGTAGCGGTAATGGTGAAGAACAGGCAGCATGT
TTTGCGACCGGTCCGATGGAATGTGAAGTGACCGGTGTTTGTCTGGATCAGGCAGAAGCAAG
CCTGTTTCTGGCAGTTCAGCATCCGGGTGAAGTTAATGGTAGCCGTAGTCAGGGTGATGAAG
AAATTCAGGCACATGAACTGGTTGATCGTGATGGTGGTGTTTTTCAGCAGCTGCGTACCGTG
CCGCTGGGTAGCAATTGGCCTGGTCAGGCACCGGCACGTCCGCCTCGTCCGGGTGTTGTTGC
AATTCAGCGTAGCAATGGTCAGCCGCTGCTGGAAGCC
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Appendix II CHAPTER 3 

Appendix 3.1 Multiple sequence alignment to confirm PhoB mutant. Blue; forward and 
reverse control primers, yellow; region A and region B, pink; PhoB sequence, light green; 
forward and reverse gentamicin primers, dark green; Gentamicin resistance cassette.  
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Appendix 3.2 Relative abundance of lipid/SPE ratios in samples taken from P-replete WT 
MED193 (MED193 HP), P-deplete WT MED193 (MED193 -P), and P-deplete ∆phoB (∆phoB 
-P) cultures. Multiple t-test analyses between MED193 -P (a), ∆phoB -P (b), and MED193 
HP (c) with p-value <0.01. SAL/SAL2; sulfur containing aminolipid, OL; ornithine lipid, QL; 
glutamine lipid; DGTS, diacylglyceryl-trimethylhomoserine; PtdGro, phosphatidyl-glycerol; 
PtdEtn, phosphatidylethanolamine. 
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Appendix 3.9 General categories of the Clusters of Orthologous Groups (COGs) including 
specific functional descriptions. 

 
 

Metabolism Cellular processes      
and signalling

Information storage   
and processing

Energy production and 
conversion

Cell cycle control, cell 
division, chromosome 
partitioning

Chromatin structure and 
dynamics

Amino acid transport and 
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Cell wall/membrane/
envelope biogenesis

Translation, ribosomal 
structure and biogenesis

Nucleotide transport and 
metabolism

Cell motility Transcription

Carbohydrate transport 
and metabolism

Post-translational 
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Coenzyme transport and 
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Signal transduction 
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